
ocal variation in values of myocardial @3-adrenoceptor
density (Bmax)may be of interest in cardiac diseases in which
altered function of the sympathetic nervous system is
thought to play an important pathophysiological role. These
include hypertrophic cardiomyopathy and ischemic and
arrhythmogenic heart disease. Regional measurements may
provide a better understanding of the underlying pathophysi
ology and the efficacy of various treatment regimens (1).
Using in vitro binding assays, changes in Bmaxhave been
recorded in many cardiac diseases (2), specifically conges
tive heart failure (3), myocardial ischemia (4), cardiomyopa
thy (5) and valvular disease (6). Furthermore, changes of
Bmax have been associated with hypertension (7), diabetes

(8), hyperthyroidism (9) and chronic drug administration
(10). Regional variation of the sympathetic function of the
heart may be expected in coronary artery and arrhythmo
genic heart disease (11), diabetic cardiac neuropathy (12)
and during the process of reinnervation after heart transplan
tation (13, 14). Measurement of cardiac receptor density
using in vitro binding assays, however, requires myocardial
biopsies or autopsy material, making regional information
difficult to obtain and repeated measurements impossible to
perform. PET allows local quantification of isotope concen
tration to be made in vivo, providing an unrivaled noninva
sive means of performing regional measurements of cardiac
microcirculatory function, tissue metabolism and autonomic
nervous system activity (15). Using PET and the non
selective @3-antagonist radioligand (S)-[' â€˜C]-(4-(3-tertiary
butylamino-2-hydroxypropoxy)-benzidimazole-2)-on hy
drochloride (CGP)-12177, it is possible to measure Bm@
noninvasively in the left ventricle (16â€”23).This provides
regional information with the ability to perform repeat
measurements and obtain data in healthy volunteers.

However, a problem associated with PET measurements
in small regions is the potential for biased results because of
lower signal-to-noise ratios (24). The first studies using PET
and@ â€˜C-CGPreported down-regulation of @3-adrenoceptors
in the left ventricle of patients with idiopathic dilated (18)
and hypertrophic (19,21) cardiomyopathies. In these studies,
the ability of PET to obtain regional information was not
fully exploited; for example, heterogeneity was studied by

Quantificationof myocardial@3-adrenoceptordensity(Bm@)Sof
interestin cardiacdiseasesin which alteredfunctionof the
sympatheticnervoussystemis thoughtto playa pathophysiologi
cal role. PET provides an unrivaled means of taking regional
measurementsof cardiacmicrocirculatoryfunction,tissueme
tabolismand autonomicnervoussystemactivity.Measurements
in small regionalareasmay be biasedbecauseof increased
noise levels.This studyexaminedthe parametricpolar map
approachfor the regionalquantificationof Bm@.Methods:
DynamicPETwith parametricpolar map imagingwas performed
in 10 healthyvolunteersand4 patientswithhypertrophiccardio
myopathy using (S)-[11C]-(4-(3-tertiarybutylamino-2-hydroxypro
poxy)-benzidimazole-2)-on hydrochloride (CGP)-1 2177 and a
double-injectionprotocol.Time-activitycurveswerecorrectedfor
partialvolume,spill-overandwallmotioneffects.ThemeanBmax
oftheleftventriclewascalculatedintwoways.First,theaverage
time-activitycurveof all segments,havingthe highestachievable
signal-to-noiseratio,wasusedto calculateB,T@@X(mTAC)(themyocar
dial beta-adrenoceptor density of the left ventricle calculated
using the average time-activity curve). The bias in Bm@(mTAC)
introduced by noise is minimal. Second, an estimate of whole
heart receptordensitywas calculatedusing the polar map
methodby averagingthe values of Bm@obtainedfor 576
individualsegments.In thesecalculations,threedifferentfilters
(3 x 5, 3 x 9 and 3 x 13 segments) were used to smooth the
time-activity curves before calculating B,,@.Mean values of
whole-left-ventricular receptor density obtained by averaging
regional values using the different filters (B@(pMF1,@))were
comparedwith Bm@(mTAC)to assess bias introducedby the polar
map approach. Segments with a calculated Bmaxoutside the
range 0.1â€”50pmol/gwere consideredunreliableand were
excluded from the analysis. Results: The differences between
the two methodsof calculatingBm@were small (7.8%,4.8% and
3.2%, with the three filters, respectively). Reliable results were
obtained in >95% of the segmentsand in 9 volunteersand all 4
patients.Copclusion: When using PET for the quantificationof
@3-adrenoceptordensity, the regional variation in Bm@can be
reliablyassessedusingtheparametricpolarmapapproach.
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Lefroy et al. (19), by obtaining values of Bmaxfrom only 20
segments in the left ventricle.

The aim of this study was to investigate the effect of bias
in the measurement of regional Bmaxin small areas of the left
ventricle using the parametric polar map approach. Scan
data collected for some of the studies previously reported
(19,21,23) were used in this analysis for obtaining a range of
low to high values for Bmax.

MATERIALSAND METHODS

Population
Four patients with hypertrophic cardiomyopathy (3 men, 1

woman; 55 Â±6 y) and 10 healthy volunteers (5 men, 5 women;
53 Â± 12 y) were studied after a 6-h fast. A 2lG cannula was
inserted into a forearm vein for the infusion of tracers. Blood
pressure and electrocardiogram were recorded at 10-mm intervals
throughout the study. All subjects gave written informed consent to
aprotocolapprovedbytheHammersmithHospitalResearchEthics
Committee and the United Kingdom Administration of Radioactive
Substances Advisory Committee.

PETScanning
The subjects were positioned on the couch of an ECAT

931â€”08/1215-plane positron tomograph (CTI/Siemens Inc., Knox
ville, TN), and the heart was positioned in the center of the field of
view using a short rectilinear transmission scan. A 20-mm transmis
sion scan was performed using retractable circular ring sources,
each filled with â€”@74 MBq (2 mCi) @Ge.Regional blood volume
was then measured by inhaling â€˜50-labeledcarbon monoxide
(C'50). Oneminuteafter theC'50 inhalation(a4-mmgasdelivery
at a flow of 500 mlJmin and a radioactive concentration of 3.0
MBq [0.08 mCi]/mL), a 6-mm static emission scan was performed.
Four serial venous samples were taken during this scan and counted
in a well counter cross-calibrated with the scanner. Finally, a
dynamic @3-adrenoceptorscan was acquired using the double
injection protocol described by Delforge et al. (16). A first dose of
â€œC-CGP(4.2 Â±0.4 fig, 156 Â±28 MBq [4.2 Â±0.8 mCil) was
followed 30 mm later by a second dose (24.3 Â±1.8 jig, 330 Â±58
MBq [8.9 Â±1.6 mCi]). Both doses were infused over a 2-mm
period. The dynamic scan comprised 55 frames, the first, a 30-s
background frame, followed by 24 frames (8 X 15, 4 X 30, 2 X 60,
2 X 120, 8 x 150 s) acquired after the first injection and an
additional 30 frames (8 X 15,4 X 30, 2 X 60, 2 X 120, 14 X 150s)
acquired after the second.

Data Analysis
Sinograms were normalized, attenuation corrected and recon

structed to provide dynamic images with a transaxial spatial
resolution of 8.4 mm full width at half maximum (FWHM) and a
slice thickness of 6.6 mm FWHM.

Parametric images of blood volume (VB. mLimL region of
interest [ROI)) were acquired by relating equilibrium images of the
C'50 distribution to the radioactivity concentrationof venous
blood samples obtained during the scan. Parametric images of
extravascular density (Dcv [g/mL ROIl) were acquired by normal
izing the transmission (TR) scan to determine the tissue density
distribution (g/mL ROl). This was achieved by dividing the
transmission image by the mean pixel count from a vascular ROI in
the chamber of the left ventricle (ROITRLV)and multiplying by the
value for the density of blood (1.06 g/mL, Geigy Scientific Tables).

This relies on the known linear relationship between pixel counts in
the transmission image and physical density (24). Extravascular
density was determined by subtracting vascular density (l.O6VB [g
blood/mL ROIl) from the density distribution (24,25), thus

D@, = 1.06 â€”[(Tr/ROiTRLV) V,@].

The dynamic@ â€˜C-CGPframes were corrected for decay, and a
static â€œC-CGPimage was created by summing the frames from
6â€”30mm. This image was used to define the axis for re-orientation
and for myocardial delineation. All images were re-oriented to 12
myocardial short-axis slices and analyzed using a modification of
the parametric polar map method described by Blanksma et al.
(26). The myocardial areas in the short-axis slices were defined by
two concentric circles to delineate the inner (endocardial) and outer
(epicardial) surfaces. The myocardium was then circumferentially
divided into 48 segmental ROIs within each slice. Time-activity
curves were generated for all ROIs, resulting in a total of 576
curves. To obtain the appropriate values of blood volume and tissue
density for each region, the same ROIs were applied to the VBand
DEV images. Blood activity was assessedusing small circular
regions drawn in the left atrium. Time-activity curves from each of
the ROIs applied to the dynamic â€˜â€˜C-CGPscan were corrected for
spill-over (â€œC-COPblood background) and partial volume effects
(wall thickness and wall motion) using the values of DEVand VB
determined for the corresponding regions using the equation:

C, = [Cm (V8 X C@)J/DEv,

where C@and Cmdenote the â€˜â€˜C-CGPconcentrations in myocardial
tissue (Bq/g) and the myocardial ROIs (Bq/mL ROl), respectively.
C@denotes the vascularâ€˜â€˜C-COPconcentrationobtainedfromthe
left atrial ROI (Bq/mL blood). The blood component V5 is assumed
to be arterial.This is reasonablebecause it is dominatedby arterial
spill-over from the left ventricular blood pool (27). Normal
myocardial blood volume is approximately 12%, of which approxi
mately 4% is arterial. In addition, the single pass extraction of
â€œC-COPis thoughtto be low (20%, Rhodes et al., unpublished
data, 1995), resulting in similar venous and arterial concentrations.
The concentration of@ â€˜c-cop bound to @3-adrenoceptorsafter each
injection was assessed using a logarithmic curve fit between 10and
30 mm and between 40 and 75 mm. @3-adrenoceptordensity
(pmol/g) was calculated between the limits 0.1 and 100 pmol/g
using the concentrations obtained by the fitting procedure and the
injected doses as described by Delforge (17).

Polar Map Calculations. Before the value of B,@ for each ROl
was calculated, time-activity curves were filtered using the data in
the surrounding regions. Three different filters were used to assess
regional@

Filter 1. Time-activity curves from 3 X 13 ROIs were averaged
for all segments except those at the apical or basal boundary of the
heart, where 2 x 13 segments were averaged.

Filters 2 and 3. Time-activity curves were averaged from 3 X 9
(or 2 X 9) segments and 3 X 5 (or 2 X 5) segments, respectively.
Two examples of filter 2, one at the basal boundary and one
midventricular, are displayed in Figure 1. Each filter was based on
averaging the time-activity curves of the segment of interest and
the surrounding segments, using equal weighting factors for all
segments. The segments with a calculated B,,@outside the range
0.1â€”50pmol/gwereconsideredunreliableandwereexcludedfrom
further analysis.
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smallest filter, one study (volunteer 10) yielded unacceptable
results in 16% of the segments.

DISCUSSION

This study examined the possibility of measuring regional

myocardial B@ in the left ventricle with the parametric
polar map approach. Acceptable results were obtained in 13
out of 14 studies. Although significant, only small differ
ences were found between the myocardial @3-adrenoceptor
density calculated with a single average whole-heart time
activity curve (Bm,j@(mTAC))and that determined with the polar
map approach (Bm@(pMF1m3)).The values of Bm@,,found for
the 4 patients with cardiomyopathy were lower than the
values obtained for the healthy volunteers, as previously
reported (19,21,23). There was, however, no apparent differ
ence in bias recorded for the two groups.

Methodological Considerations
The Parametric Polar Map Method. The parametric polar

map method is a general approach that can be used for all
cardiac PET studies. It has been applied successfully to
studies of myocardial glucose uptake (26) and perfusion
(28). This approach is compatible with the standardization
and automation of data analysis and gives a clear presenta
tion of the regional distribution of the parameter under
investigation. In this study, three filter sizes and 12 myocar
dial slices divided into 48 segments each were used.
Depending on the tracer, the model and the signal-to-noise
characteristics, segments can be averaged or more complex
filtering methods can be used to obtain better signal-to-noise
ratios. The standardization of the number of slices has a
great advantage when comparing the distribution of Bm,@,,(or
other cardiological parameters, e.g., perfusion and glucose
uptake) between volunteer and patient groups. However, a
standard reorientation to 12 short-axis slices gives a variable
axial thickness of the sectors between subjects, because of
variation in the size of the heart. In larger hearts, the volume
of a sector will be larger and could therefore give data with a
better signal-to-noise ratio. Thus, the amount of bias may
vary between hearts of different sizes. However, when a

filter results in a low bias, the true differences in Bmaj@
between volunteers and patients will generally be much
larger than those introduced by the polar map analysis. The
division of each myocardial short-axis slice into 48 seg
ments results in a progressively smaller volume per seg
ment, moving from the base of the heart to the apex.
Therefore, the bias in the apical region will be expected to be
slightly higher than in the other regions. Division of the
apical region into a smaller number of segments might solve
this problem but would require a more complex spatially
variable filter.

Calculation of B,,,,,@.When considering differences in the
subjects' ages, the values of B,,@ obtained for the normal
subjects in this study are, as expected, similar to those
reported by Lefroy et a!. (19), Choudhury et al. (21) and
Rosen et al. (22), but are slightly higher than those reported

FIGURE1. Extentoffilter2 isshownprojectedontopolarmap
of heart for basal segment (filter size: 2 x 9 segments) and
midventricularsegment(filtersize:3 x 9segments).Tocalculate
Bm@ in segment of interest (white in figure), average time-activity
curveofsurroundingsegments(marked)andsegmentof interest
was averaged,usingequalweight for all segments.A = anterior;
Ap = apical;B = basal; I = inferior;L = lateral;S = septal.

Whole Heart B,,,@Calculation. The mean left ventricular Bm@
was calculated in two ways. First, the average time-activity curve
of all segments was used to calculate Bm,,,@(mTAC).ThiS curve has the
highest achievable signal-to-noise ratio and, therefore, the mini
mum bias due to noise. Second, the mean B,,,.@was calculated using
the polar map method with the three filters (B,,@.@(pMF1,@)),where
B,,,.@values in all acceptedsegmentswere averaged.

Values obtained with the different filters (B,,,@(pMF1@@j3))were
compared with Bfl@.@((mTAC)to assess the noise-related bias intro
duced by the polar map approach. This difference was expressed as
percentage of Bm@(mTAC).

Statistical Analysis. The results are presented as mean Â± SD.

Student paired t test was used for statistical analysis of differences
between B,p@@(mTAC)and B,@(PMFI,,J@).P value < 0.05 was consid
ered statistically significant.

RESULTS

Polar maps from two volunteer and two patient studies are
shown in Figure 2. Figure 2A shows a polar map from a
healthy volunteer with a homogeneous distribution of B@.
Figure 2B demonstrates the distribution of receptor density
from a volunteer with high values in the inferior area,
possibly due to spill-over from the liver. Figure 2C shows
the heart of a patient with a low, homogeneous distribution
of B,,,.,@,and Figure 2D illustrates a patient with a heteroge
neous distribution of receptor density, with lower Bm@
values in the anterior and posterolateral areas. With all
filters, significant differences were found between Bm@X(mTAC)
and B,@(pMFl,@,3)(Table 1). The largest difference was found
with the smallest filter (7.8% Â±7.3%). In all studies but one,
@3-adrenoceptor density could be calculated in more than

95% of the segments, even with the smallest filter. With the
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by Merlet et al. (18). This discrepancy is partly due to the
subsequent improvement in the method of calculating Bmax
used by Delforge (17), which was the method we used from
the outset. In addition, different corrections for the partial
volume effect were used. Merlet et al. (18) used a recovery
factor based on echocardiographic measurements of left
ventricular wall thickness. This approach does not correct
for partial volume effects arising from wall motion. Further
more, the spill-over effect of radioactivity in the heart
chambers was not considered in their calculations. In our
study, tissue density and blood volume were measured to
correct for partial volume effects, wall motion and the
spill-over of activity from blood to tissue. The main
advantage of this method is that correction factors are
assessed shortly before the â€œc-cop scan using the same
instrumentation. A drawback is that an additional C'50 scan
is required, resulting in a higher radiation dose to the subject
and a higher risk of artifact due to movement between scans.

An alternative approach to the assessment of partial

volume effects would be to use the information on tissue
fraction obtained from the myocardial perfusion measure
ments using intravenous H2150 bolus (25,29,30). The main
advantage of an assessment of perfusable tissue fraction is
that a correction for infarcted areas is made. This allows the
normalization of a given parameter to the amount of viable
(H2'50 exchangeable) myocardial tissue in an ROl. This
contrasts with a normalization based on extravascular den
sity in which the parameter is expressed per gram of total
tissue (i.e., viable plus scar). Although myocardial perfusion
is routinely measured in most cardiac studies performed by
our group, the â€˜â€˜C-COPprotocols used here relied on
myocardial perfusion measurements made using the inhala
tion of C'502 (27). Because the approach is associated with
erroneously high values of tissue fraction in the septum due
to spill over from the right ventricle(25), extravascular
density was used for the partial volume correction in these
clinical studies. It has been shown that this problem can be
overcome by using intravenous H2150 (30). Ideally, such
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Subject
no.mTACmB@pmol/mLPMF

1 (3 x 13se9ments)PMF 2 (3 x 9segments)PMF 3 (3 x5segments)mB@

pmoVmLDifference%mB@ pmol/mLDifference %mB@ pmol/mLDifference%Patient

TABLE 1
Differences Between Mean Bm@(mTAC)and Mean Bm@(pMF)

14.44.52.6 (576)4.63.9 (576)4.87.3(576)24.54.5â€”0.0
(576)4.5â€”0.0 (576)4.60.8(576)34.64.82.5
(576)4.95.0 (576)5.313.5(575)45.55.96.2(576)6.111.3(573)6.620.4

(568)Volunteer16.66.71

.0 (576)6.71 .0 (576)6.81 .7(576)26.76.80.6
(576)6.81 .0 (576)6.92.5(576)37.17.20.8
(576)7.21 .7 (576)7.32.1(576)47.87.80.9
(576)7.81 .2 (576)7.92.1(576)58.18.1â€”0.3
(576)8.1â€”0.3 (576)8.10.1(576)68.38.63.1
(576)8.74.0 (576)8.85.2(576)79.19.88.2
(576)10.211.8 (570)10.212.7(564)89.410.17.4
(576)10.410.9 (576)11.421.9(565)911.111.64.5
(576)12.18.3 (576)13.016.4(561)1016.918.27.7(536)18.17.1

(510)17.53.1(482)Mean3.2*4.8t7.8tSD2.94.27.3

*P< 0.05.
tP< 0.005.
Significant differences between mean B,,@(mB@) calculated with the polar map method with different filters (PMF) and mean B@

calculated with one average time activity curve (mTAC),based on paired Student ttest.
Numberofacceptedsegmentsusedforcalculationof meanB,,@is indicatedinparentheses.

correction factors should be obtained from the@ â€˜C-COPscan
itself. However, a new model would have to be developed to
achieve this goal, and the introduction of two extra factors
(blood volume and tissue fraction) into the model would
reduce the precision of all parameters. The choice of 50
pmollg as an upper limit for the calculated values of@ is
arbitrary. However, varying this limit from 25â€”90pmol/g
did not have much effect, except in volunteer 10. Changing
the lower limit for calculation of Bmaxfrom 0.1â€”0.01pmol/g
did not affect the number of unacceptable segments, indicat
ing that these were segments in which a Bmaxcould not be
calculated with the current double-injection method. The

high number of segments (40â€”94)with unreliable values of
Bm@ (0.l or 50 pmol/g) in volunteer 10 might be related

to the very high Bmax(mTAC)(16.9 pmol/g). However, no
reasons for the results in this study could be found.

Assessment of inter-Regional Heterogeneity. Assessment
of the spatial distribution of @3-adrenoceptordensity needs
high-quality data. Patient movement between and during
scans should be avoided because this can result in consider
able artifact. Another factor that should be considered when
assessing heterogeneity is the contamination of the myocar
dial regions by surrounding tissue. The kinetics of â€œC-COP
in surrounding tissue will often differ from that in the
myocardium, resulting in a differently shaped time-activity
curve. In this study, 3 subjects were found with higher values
of Bma@@flthe inferior region, which could have been caused
by spill-over from the liver. An example of this is shown in
Figure 2B. To improve the regional measurement of myocar

dial Bm@ or other parameters being measured, further
investigations should focus on techniques to correct for any
subject movement between scans and tissue contamination
from surrounding tissues like the liver.

The differences found between B@(mTAC) and B@(p@j@,@)

could occur for two reasons. First, the Bmax(mTAC)is calcu
lated using the average time-activity curve. This could lead
to biased results due to tissue heterogeneity. Because a non
linear relation exists between the time-activity curve and the
calculated value of Bm@,the average time-activity curve of
the whole heart might result in a bias in Bmax(mTAC).This
could explain the differences found in this study (31). On the
other hand, the polar map approach uses smaller regions to
assess regional differences in Bmax. Smaller regions lead to a

lower signal-to-noise ratio, which, because of the nonlinear
amplification of the noise signal, could also introduce bias
into results (27). This study cannot differentiate between the
two effects, which may both influence the results. Bias due
to heterogeneity could also be present at the regional level.
The increasing difference between Bm@(mTAC)and Bmax(pMFlpj@)
with decreasing size of segment is possibly more suggestive
of a noise, especially considering the (slight) reduction in
accepted segments for the less smoothed segments. Addi
tional studies are required to assess the nature of the bias in
more detail.

An important issue is which filter or region size should be
used for the analysis of cardiac @3-adrenoceptor measure
ment studies. Smaller filters reduce the chance of biased
results due to heterogeneity but allow a larger bias due to the
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comparison of oxygen- 15-water bolus injection, slow infusion and oxygen-15-

carbon dioxide slow inhalation. JNucl Med. 1995;36:78â€”85.

30. Hermansen F, Rosen SD, Fath-Ordoubadi F, et al. Measurement of myocardial
blood flow with oxygen-15 labeled water: comparison of different administration
protocols. EurJ Nuci Med. 1998:25:751â€”759.

31. Blomqvist 0, Lammertsma AA, Mazoyer B, Wienhard K. Effect of tissue
heterogeneity on quantification in positron emission tomography. EurJ Nuci Med.
1995;22:652â€”663.

lower signal-to-noise ratios. Larger filters, however, will
reduce the chance of regional differences being detected.
Because the differences found between whole heart Bm@,,and
the mean Bm@of individual areas are negligible compared to
the expected differences in cardiac disease, the polar map
approach with any of the filters used in this study may be a
useful method to assess regional differences. In theory, a
direct in vitro validation study would be the best way to
assess the polar map approach for regional measurements.

However, it is difficult to compare the results from in vitro
methods with PET studies, as the former are expressed as
pmol/g of protein and the latter as pmol/g of tissue. In
addition, receptor densities are environment-dependent and
are not necessarily the same in vivo and ex vivo. Neverthe
less, Merlet et al. (18) have successfully compared changes

in receptor density measured using in vitro methods with

PET measurements and shown a good correspondence.

CONCLUSION

This study has demonstrated that the parametric polar
map method is a feasible approach for assessing regional
variations in Bmax. This method should be useful in the
investigation of cardiac diseases in which a regional varia
tion in @3-adrenoceptor density may be expected, e.g.,
ischemic heart disease and arrythmogenic cardiomyopa
thies.
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