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The purpose of this study was to apply and validate a previously
developed model-based image analysis technique which de-
rives estimates of regional myocardial wall thickness and the left
ventricular radius directly from gated cardiac PET images.
Methods: In 11 normal volunteers, gated myocardial '®F-deox-
yglucose (FDG) images with 16 equal gates spanning the entire
cardiac cycle were acquired for 20 min. To improve count sta-
tistics and thus image quality, 3 and 5 of 16 gates were summed
to obtain systolic and diastolic images. Based on a five-param-
eter model, radial profiles from systolic and diastolic PET images
were fit by nonlinear regression for myocardial wall thickness, left
ventricular radius and tracer activities in the blood pool, the
myocardial tissue and the extracardiac background. Echocardi-
ography and gated magnetic resonance imaging (MRI) were
performed in 11 and 7 volunteers, respectively. Results: We
observed a significant (p < 0.001) correlation between measure-
ments obtained by gated PET imaging and the correlative imag-
ing modalities for myocardial wall thickness and left ventricular
radius. While good agreement was observed between measure-
ments of average radial shortening, estimates of average wall
thickening differed significantly. Concluslon: This model-based
analysis offers accurate estimates of regional recovery coeffi-
cients directly from gated cardiac PET images and may also
prove useful for the assessment of myocardial contractile func-
tion. These recovery coefficients are essential for the comrection
of partial volume effects when quantitative PET studies are per-
formed.
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Tle limited spatial resolution of current PET images
complicates or even precludes the extraction of true activ-
ity concentrations in myocardium directly from the ac-
quired transaxial or reoriented images of the left ventricle.
This is because of the partial volume effect (1) which be-
comes important when the size of the imaged object is less
than twice the FWHM of the final image resolution. Com-
monly, values for the FWHM of cardiac PET images range
from 8 to 15 mm depending on the reconstruction filter
used. Given a normal myocardial wall thickness of about
10 mm, partial volume effects are important in cardiac
imaging. The observed myocardial activity concentration
generally underestimates the true activity concentration.
However, partial volume effects are governed by a known,
scanner-specific relationship between the size of the im-
aged object and the spatial resolution of the tomograph.
Therefore, this underestimation of true tracer tissue activ-
ity concentrations can be corrected if the size and the
shape of the imaged object is known or can be determined
(2-4). The thickness of the left ventricular myocardium
and the cavity dimensions can be determined readily and
noninvasively with echocardiography. Echocardiographic
images, however, are frequently difficult to align with the
PET images so that echocardiographic measurements of-
ten do not correspond exactly or cannot be aligned accu-
rately with the site of the PET tissue concentration mea-
surements. Furthermore, it may be impossible to
interrogate the entire left ventricle with echocardiography.
Thus, the use of echocardiographic measurements may be
limited for partial volume corrections or even may result in
correction errors. Therefore, it would be desirable to de-
termine the left ventricular dimensions directly from the
PET images.

State-of-the-art PET scanners permit the acquisition of
ECG-gated images. Therefore, parameters of cardiac ge-
ometry can be derived directly from PET images (5). As an
additional advantage of gated image acquisition, the anal-
ysis of selected diastolic and systolic PET image frames
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FIGURE 1. Schematic, two-dimensional model of the count ac-

tivity distribution commonly depicted on a cardiac short-axis image
(left panel). The right panel illustrates corresponding radial profiles
through the center of the left ventricular cavity as expected in the
ideal case (upper part) and as predicted by modeling PET images
with a limited image resolution (lower part). The ideal count profile is

specified by five parameters (C,,, Cr,,, C, R, d), while an additional
parameter describing the PET scanner resolution (such as FWHM)

is required to specify the PET profile (Eq. 1).

might yield indices of regional myocardial contractile func-
tion, e.g., systolic radial shortening or wall thickening (6).

In the present study, we tested and validated a previ-
ously proposed model-based analysis technique (3,4) of
gated PET images in order to derive estimates of myocar-
dial wall thickness and the left ventricular radius during
systole and diastole. In addition, we investigated whether
measurements of myocardial wall thickening and radial
shortening derived from gated PET images would offer
quantitative indices of regional myocardial contractile
function. The estimates derived from the PET images were
compared against independent measurements by gated
MRI and echocardiography.

MATERIALS AND METHODS

The Model

A simplified two-dimensional model of the count activity dis-
tributions commonly visualized on short-axis PET images of the
left ventricle is composed of a circular blood pool surrounded by
a concentric ring of homogeneous myocardial tracer activity and
by extracardiac background activity (Fig. 1). The count activity
profile obtained along a radial ray extending from the center of the
left ventricle through myocardial tissue into the background can
be directly obtained from this two-dimensional model.

As depicted in Figure 1, the radial count distribution is speci-
fied by five parameter values including the left ventricular radius
R, the myocardial wall thickness d, the blood pool count activity
Cy» the myocardial count activity C_, and the background activity
C,. From the theoretical model, the mathematical equation of a
corresponding radial profile obtained from a PET image with
limited image resolution can be derived by convolving the theo-
retical profile with the filter function of the PET scanning device
(3,4). The equation of the tracer activity C(x) as a function of the
radial excursion x originating from the center of the left ventricle
(x = 0) is thus given by
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FIGURE 2. Example of model-based parameter estimation when
applied to an ECG-gated diastolic short-axis PET image. The radial
profile derived from the PET image is submitted to nonlinear regres-
sion analysis to obtain measurements of myocardial wall thickness
and left ventricular radius.
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where erf(u) is the error function

2 u _ ‘z
erf(u) =ﬁ J; e " dt, Eq.2
and
FWHM
S=72355 - Eq.3

Based on this model, nonlinear regression analysis can be used
to derive estimates for the five model parameters from reoriented
PET short-axis images of the left ventricle (3,4). Because the
tracer distribution on PET images is not symmetrical with respect
to the LV center, Equation 1 was only fitted for values of x = 0 to
radial rays originating from the center of the left ventricle and
extending to an external end point as specified by an operator
(Fig. 2). Thus, parameter values were independently obtained for
each radial direction.

The simplified model of tracer activity distribution also as-
sumes that radial count profiles can be modeled as a square wave
function. This is why the model applies best to cardiac short-axis
views. For transaxial images which frequently transsect the myo-
cardial wall at an oblique rather than orthogonal angle, the model
would be expected to provide less accurate estimates. Despite
these theoretical constraints, we investigated whether the profile-
fitting approach would also yield adequate estimates of cardiac
geometry when applied to transaxial images.

PET Iimage Acquisition
After giving informed consent, 11 normal volunteers with a low
probability of coronary artery disease (CAD) were studied with a
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high-spatial resolution PET scanner (Model ECAT 931; CTI/Sie-
mens, Knoxville, TN; 15 simultaneous image planes spaced 6.5
mm apart). A 20-min transmission scan was acquired to correct
the emission images for photon attenuation. At the time of the
transmission scan, 100 g of glucose (Trutol) were administered
orally to enhance myocardial ®F-deoxyglucose uptake and thus
to increase the ratio of myocardial-to-background activity (7).
Forty minutes after the intravenous injection of 10 mCi ®F-deox-
yglucose, gated image acquisition with 16 gates spanning the en-
tire RR interval was performed for 20 min. The emission data
were reconstructed into transaxial images (128 x 128-pixel ma-
trix, 1.56 mm/pixel) on a dedicated minicomputer (microVAX,
Digital Equipment Corporation, Maynard, MA) using a Shepp-
Logan filter with a cutoff frequency of 0.48 cycles per centimeter
yielding a final in-plane resolution of 10.5 mm FWHM. The axial
resolution of the scanner was approximately 7 mm FWHM.

To improve count statistics, selected gates were summed to
form a systolic and a diastolic image. By visual inspection of the
gated image sequence, the image with the smallest left ventricular
cavity and the thickest myocardial wall was identified and
summed with the two directly adjacent images to obtain the sys-
tolic image. The average duration of the systolic image was 155 *
21 msec. For the diastolic image, the last five gates occurring prior
to and concurrent with the R-wave of the ECG signal were com-
bined into a second summed image. The average duration of the
diastolic image was 259 + 35 msec.

PET Image Analysis

For further processing, the systolic and diastolic images were
transferred to a low-cost desktop computer workstation (Macin-
tosh Ilci, Apple Computer Inc, Cupertino, CA). The transaxially
acquired diastolic and systolic images were reoriented into short-
axis views using image processing software as described previ-
ously (8-10). One pair of corresponding systolic and diastolic
short-axis images located between the base of the heart and the
insertion point of the papillary muscles was selected for further
processing.

After an operator had drawn one circular region of interest
(ROI) in the center of the left ventricular cavity and a second one
outside of the epicardial border of the myocardium to encompass
background activity, 60 equally spaced, radial profiles with a
thickness of 1 pixel were generated from the center of the left
ventricle to the outer boundary of the circular region. Nonlinear
regression analysis was performed to fit the five-parameter model
to each single profile. The effective FWHM value for each profile
was calculated from the transaxial and the axial FWHM values
and from the reorientation angle of the short-axis PET image as
previously reported (8). On a Macintosh IIci computer with a
68030 processor clocked at 25 MHz, the average processing time
to fit one radial profile was approximately 1.6 sec.

Individual values of both the internal radius and the wall thick-
ness were combined using the associated chi-square values as
weights to obtain average values for eight 45°-sectors as well as for
the entire myocardium. Eighteen of 176 (10%) myocardial sectors
which included part of the papillary muscle were excluded from
this analysis to facilitate the comparison with echocardiography.
The parameter estimation technique was applied also to a selected
midventricular transaxial PET image. Similar to the analysis of
reoriented images, a single, operator-defined center point was
used to sector the entire transaxial image. The parameters derived
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by nonlinear regression analysis of the transaxial images were
compared to those from gated magnetic resonance images.

Correlative Imaging Techniques

Two-dimensional and M-mode echocardiography were per-
formed in all 11 volunteers with the transducer in the parasternal
position. The left ventricular radius was measured from standard
M-mode images in the parasternal long-axis view. For measure-
ments of myocardial wall thickness, a complete cardiac cycle of
two-dimensional short-axis images was digitized as a cine loop
sequence (30 frames/sec) and analyzed using a semiautomated
computer algorithm. Endocardial and epicardial borders were au-
tomatically generated by a computer algorithm and manually ad-
justed by the operator using a rubber band technique. Average
values for myocardial wall thickness were derived for eight myo-
cardial segments and for the entire myocardium.

MRI was performed in 7 of the 11 volunteers on a 0.3 T
(12 MHz) Fonar Beta 3000-M scanner with a vertical field (Fonar,
Melville, NY). The pulse sequence was optimized to obtain a
multiplane and multigate acquisition protocol with flow compen-
sated field echo images (256 phase encoding levels, 7-mm slice
thickness, TE: 12 ms, TR: RR interval, 12-15 gates per heart
cycle, flip angle 45°). No presaturation pulses were used since we
worked with bright blood registration.

The location of the heart within the thoracic cavity was iden-
tified on coronal scout scans. Gated image sequences were then
obtained spaced apart by 2 cm at 3 to 5 transaxial image levels
encompassing the left ventricle. The image acquisition period
required 60-90 min for completion. The MRI scanner model used
in this study did not permit the use of double angulation tech-
niques to obtain cardiac short-axis images. The number of tran-
saxial image planes and their spacing was considered inadequate
to reorient the acquired images into short-axis images. Thus, a
gated transaxial image sequence obtained at a midventricular level
was transferred to a Macintosh computer for further processing
by medical image processing software (9, 10).

After identification of systolic and diastolic MRI images by
visual analysis of the image sequence, the operator outlined the
center of the left ventricle and the endo- and epicardial borders on
both images using a 256 x 256-pixel matrix with a pixel size of
1 x 1 mm. Automated computer software was then used to mea-
sure the left ventricular radius and the myocardial wall thickness
along 64 equally spaced radial rays and to derive average values
for eight 45° segments and for the entire left ventricle. Segments
including parts of the mitral valve plane or of the papillary muscles
were excluded from further analysis due to the low contrast be-
tween blood pool and myocardium that is frequently observed in
these regions. A sample pair of systolic and diastolic PET and
MRI images is depicted in Figure 3.

RESULTS

Measurements of mean myocardial wall thickness and
mean left ventricular radius derived from reoriented gated
PET images and from echocardiographic images in 11 nor-
mal volunteers are compared in Figure 4. A significant
correlation was observed between the two imaging modal-
ities for both wall thickness measurements (PET-d = 0.49
Echo-d + 7.2, s.e.e. = 0.067, r = 0.87, n = 22) and
measurements of left ventricular radius (PET-r = 0.84
Echo-r + 1.7, s.e.e. = 0.11, r = 0.87, n = 22). However,
the slope of the regression line for wall thickness values
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FIGURE 3. Sample images of corresponding midventricular tran-
saxial views acquired during cardiac diastole with gated PET imag-
ing (A) and gated MR imaging (B). Regions of interest delineating
the endocardial and epicardial borders are displayed as graphical
overiays in white.

was lower than the corresponding slope for values of the
left ventricular radius due to a systematic overestimation of
the diastolic wall thickness by PET measurements.

When segmental rather than average values of myocar-
dial wall thickness were compared, the equation of the
regression line was essentially unchanged while the ob-
served correlation coefficient was reduced (PET-d = 0.45
Echo-d + 7.6, s.e.e. = 0.053, r = 0.56, n = 158). This
increased data scatter probably reflects inaccuracies in
aligning myocardial segments between the reoriented PET
images and the two-dimensional short-axis echo images.
As echocardiographic measurements of the left ventricular
radius were not obtained from the two-dimensional images
but from the more precise M-mode imaging technique, a
regression analysis by segments could not be performed for
segmental values of the left ventricular radius.

Figure 5 depicts the results of regression analysis com-
paring PET and MRI measurements of cardiac dimensions
derived from transaxial images at a midventricular level.
Based on theoretical considerations, the profile-fitting
method is not entirely adequate for the analysis of transax-
ial PET images, but the correlation of measurements be-
tween both imaging modalities was highly significant
(PET-d = 0.79 MRId + 3.3, s.e.e. =0.048,r = 0.98,n =

-
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FIGURE 5. Regression plots between the average myocardial
wall thickness (A) and left ventricular radius (B) as derived from
transaxial images by magnetic resonance and PET imaging. The
dashed line indicates the line of identity for reference purposes.

= 13). The use of midventricular cross sections which are
oriented relatively perpendicular to the image plane most
likely accounts for the good agreement.

When individual segmental rather than average values
were correlated, the results of the regression analysis
closely mirrored the results obtained by comparing average
values (PET-d = 0.85 MRId + 2.5, s.e.e. = 0.072, r =
0.82, n = 69; PET-r = 0.8 MRI-r + 3.7,s.e.e. =0.05, r =
0.89, n = 69). Table 1 summarizes the different results
obtained by regression analysis.

Fractional shortening of the left ventricular diameter and
myocardial wall thickening have been used successfully as
quantitative descriptors of regional myocardial wall mo-
tion. Thus, we also studied the feasibility to assess regional
contractile function based on estimates from our model-
fitting approach by comparing the measurements of rela-
tive radial shortening and relative wall thickening obtained
from echo and gated PET images (Fig. 6). Measurements
of mean fractional radial shortening derived from PET
(30% + 4%) and echo (31% * 9%) images were not signif-
icantly different (p = n.s., paired t-test, n = 11). However,
the measurements of wall thickening assessed by PET

. - : - - TABLE 1
13; PET-r = 0.77 MRI-T + 4.4, s.e.e. = 0.069, r = 0.96, n Results of R ion Analvsi
r Slope s.e.e. Intercept n
20 y £ 40 > Wall thickness
2049x4 7212086 3 Zo8uxe1T.a087 2D-Echo (avg.) 0.85 049 0.067 7.2 22
o] oomeeeer £ F % Beadi o 2DEcho(seg) 056 045 0053 76 158
§ Ky € /. MRI (avg.) 0898 079 0048 33 13+
T ol § = P MRI (seg.) 082 08 0072 25 69
. LV radius
J o7 i o M-Mode 087 084 0110 17 22
J
? 7 B systokc A ool MRI (avg.) 096 077 0069 44 13
) clastolc ) MRI (seg.) 089 080 0050 37 69
0 5 10 15 P 0 10 2 2 P
Wall Thickness by 2D-Echo [mm) Left Ventricular Radius by M-Mode [mm) .lnme | 'a'o” q dm

FIGURE 4. Regression plots between the average myocardial
wall thickness (A) and the left ventricular radius (B) as derived from
short-axis images by and PET imaging. The
dashed line indicates the line of identity for reference purposes.
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nance image preciuded the contouring of the endo- and epicardial bor-
ders so that the image had to be omitted from further analysis.

avg. = average value for each patient; r = cormelation coefficient;
s.e.e. = standard error of the estimate; and n = number of points.
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FIGURE 6. Fractional radial shortening and myocardial wall
thickening from diastole to systole as obtained from echocardio-
graphic and PET images. Statistical analysis showed a significant
difference for the average segmental wall thickening between PET
and echocardiography (paired t-test, p < 0.001).

(15% + 7%) were significantly lower than values from echo
(58% + 14%) due to the overestimation of diastolic wall
thickness values by the model-fitting method (p < 0.001,
paired t-test, n = 11).

A statistical analysis of the fractional radial shortening in
eight anatomical segments revealed a significant difference
between segments (p < 0.001, ANOVA). Therefore, we
compiled a normal database of mean values (u) and stan-
dard deviations (s.d.) for the regional radial shortening
fraction and displayed the normal range between u + 2 s.d.
and u — 2 s.d. using a polar coordinate system (Fig. 7).
When patient data are plotted within this display frame, a
graphical representation is obtained that provides a simple
interpretation and quantitative assessment of the regional
myocardial wall motion.

To assess the impact of applying the model-fitting algo-
rithm to systolic rather than ungated images, we also tested
whether the profile-fitting algorithm would provide ade-
quate correction values when applied to ungated images.

Radial Shortening
Sect. % of diastole

71+ 8
78t 5
72t 6
63t 6
66+ 11
69t 4
70+ 5
63t 7

ONONDBDWN =

Inferior

FIGURE 7. Polar map piot of the fractional shortening of the left
ventricular radius between diastole (100%) and systole (% of dia-
stolic value) for eight myocardial segments (plot: normal range =
mean * 2 s.d.; table: values as mean + s.d.). Statistical analysis
revealed a significant difference between the segmental values
(ANOVA, p < 0.001).
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While this approach, however, would not require gated
image acquisition and thus be more convenient to imple-
ment, we found that corrected activity values derived from
ungated images are 17% =+ 13% lower than the correspond-
ing values obtained from systolic gated images taken as a
reference standard. This difference was significantly differ-
ent from O (t-test, p < 0.001) and probably precludes the
use of ungated images for the correction of partial volume
and wall motion effects by the proposed algorithm.

DISCUSSION

This study employed model-based parameter estimation
techniques to derive from gated cardiac FDG images sys-
tolic and diastolic measurements of regional myocardial
wall thickness and left ventricular radius in normal sub-
jects. We found a significant correlation between these
measurements and corresponding values obtained from
two correlative imaging techniques, echocardiography and
gated MRI. It should be noted, however, that systolic and
diastolic measurements are clustered into two data groups
so that correlation analysis may partly reflect the distribu-
tion of the measurements.

For measurements of diastolic wall thickness, we found
a systematic overestimation by the model-based estimation
technique when compared to echocardiography and MRI.
This overestimation can partly be attributed to wall motion
effects that are expected to be more pronounced for the
diastolic PET image with an average duration of 269 msec
as compared to the echocardiographic image with a dura-
tion of 33 msec even though wall motion during diastolic
diastasis is expected to be limited. Also, the performance
of the model-fitting approach is expected to depend on the
image resolution and object size and probably degrades for
objects that are significantly smaller than the FWHM value
such as the normal diastolic myocardium.

Parameters derived through our model-fitting technique
can also be used to characterize and assess regional myo-
cardial contractile function. While myocardial wall thick-
ening cannot be tracked with sufficient accuracy based on
our method, the regional fractional shortening of the left
ventricular radius can be reliably delineated. Similar to
previous investigations that used echocardiographic imag-
ing or ultrafast computed tomography (/1-13), we also
observed a significant difference in radial shortening frac-
tions between different anatomical segments. Therefore,
the interpretation of results obtained from patient studies
should be performed with respect to the variations ob-
served in a group of normal subjects.

The estimation technique proposed in the present study
could prove useful to eliminate or lessen artifactual inho-
mogeneities of the regional tissue tracer activity due to
partial volume and wall motion effects. Moreover, this
method may also be used to derive corrected time-activity
curves for tracer kinetic models from dynamic image se-
quences. Currently, dynamic image acquisition still pre-
cludes a simultaneous gated acquisition mode. If, however,
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gated images are acquired subsequent to the dynamic ac-
quisition period, the true tracer tissue concentrations can
be estimated from the systolic portion of these images by a
model-based analysis. These estimates are expected to be
accurate because artifacts associated with wall motion or
partial volume effects would be reduced and because the
accuracy of the model-fitting technique is better for systolic
images as has been shown in the present study. The ratio
between estimates of the true tracer tissue activities and
corresponding uncorrected activity values from ungated
images could be applied as correction factors to the time-
activity curves from dynamic images to correct for wall
motion and partial volume effects.

In certain circumstances, the particular biodistribution
of tracer substances permits the use of simplified graphic
methods to derive quantitative estimates of kinetic param-
eters of potential clinical relevance (14). For these meth-
ods, partial volume correction is intrinsic to the model
specifications and need not be done explicitly. However,
while these methods provide quantitative cardiac PET im-
aging, they apply only in selected cases and do not offer a
noninvasive assessment of regional contractile function.

Previous studies have attempted to utilize the observed
change of myocardial count activities from systolic to dia-
stolic time frames to assess myocardial contractility (6, 15).
While this simple method may be useful to study regional
patterns of myocardial contractility, it does not provide
quantitative estimates of regional myocardial wall thick-
ness or left ventricular radius and thus does not allow the
implementation of automated algorithms for partial volume
correction.

Our model-based estimation technique of cardiac geom-
etry, however, is also associated with several limitations.
Firstly, an ECG-gated acquisition mode requires that a
stable and regular cardiac rhythm be maintained through-
out the acquisition period which may not be fulfilled in
patients with heartbeat irregularities such as atrial fibrilla-
tion or extrasystole. Moreover, successful profile fitting
also requires that the gated images be of high image quality
with adequate count rates. Therefore, when compared to
acquisition protocols for static PET imaging, the acquisi-
tion time for gated PET imaging needs to be increased or a
higher dose of tracer activities needs to be administered.
Both these adjustments to the imaging protocol may not
always be feasible either in patients or in PET studies that
involve several sequential injections of tracer substances.
Lastly, in myocardial segments with reduced or absent
tracer uptake, the fitting algorithm may fail and thus will be
of limited value. It remains to be determined, however,
how the fitting algorithms will perform in myocardial seg-
ments with a moderate decrease in count activity or with
an uneven tracer distribution.

CONCLUSION

A previously developed, model-based parameter estima-
tion technique has been validated. The approach offers
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estimates of regional cardiac dimensions during systole and
diastole and can be derived directly from gated PET im-
ages. The approach should prove useful for correction of
partial volume and wall motion effects and, thus, for quan-
titative PET imaging. Moreover, the method offers a
unique possibility to relate noninvasively and near simul-
taneously regional myocardial perfusion, metabolism and
contractile function.
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