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The use of H2
15O PET scans for the measurement of myocardial

perfusion reserve (MPR) has been validated in both animal
models and humans. Nevertheless, this protocol requires cum-
bersome acquisitions such as C15O inhalation or 18F-FDG injec-
tion to obtain images suitable for determining myocardial re-
gions of interest. Regularized factor analysis is an alternative
method proposed to define myocardial contours directly from
H2

15O studies without any C15O or FDG scan. The study vali-
dates this method by comparing the MPR obtained by the
regularized factor analysis with the coronary flow reserve (CFR)
obtained by intracoronary Doppler as well as with the MPR
obtained by an FDG acquisition. Methods: Ten healthy volun-
teers and 10 patients with ischemic cardiopathy or idiopathic
dilated cardiomyopathy were investigated. The CFR of patients
was measured sonographically using a Doppler catheter tip
placed into the proximal left anterior descending artery. The
mean velocity was recorded at baseline and after dipyridamole
administration. All subjects underwent PET imaging, including 2
H2

15O myocardial perfusion studies at baseline and after dipy-
ridamole infusion, followed by an FDG acquisition. Dynamic
H2

15O scans were processed by regularized factor analysis. Left
ventricular cavity and anteroseptal myocardial regions of inter-
est were drawn independently on regularized factor images and
on FDG images. Myocardial blood flow (MBF) and MPR were
estimated by fitting the H2

15O time–activity curves with a com-
partmental model. Results: In patients, no significant difference
was observed among the 3 methods of measurement—Doppler
CFR, 1.73 � 0.57; regularized factor analysis MPR, 1.71 � 0.68;
FDG MPR, 1.83 � 0.49—using a Friedman 2-way ANOVA by
ranks. MPR measured with the regularized factor images cor-
related significantly with CFR (y � 1.17x � 0.30; r � 0.97). In the
global population, the regularized factor analysis MPR and FDG
MPR correlated strongly (y � 0.99x; r � 0.93). Interoperator
repeatability on regularized factor images was 0.126 mL/min/g
for rest MBF, 0.38 mL/min/g for stress MBF, and 0.34 for MPR
(19% of mean MPR). Conclusion: Regularized factor analysis
provides well-defined myocardial images from H2

15O dynamic

scans, permitting an accurate and simple measurement of
MPR. The method reduces exposure to radiation and examina-
tion time and lowers the cost of MPR protocols using a PET
scanner.
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The noninvasive assessment of regional myocardial
blood flow (MBF) at rest or in response to either exercise or
pharmacologic interventions is of great importance in the
diagnosis and the evaluation of coronary artery disease
(CAD) and other heart diseases. PET is a reliable and
noninvasive tool to quantify absolute MBF. Among the
different PET tracers that are available to study perfusion,
H2

15O has major advantages: free diffusion; kinetics inde-
pendent of changes in myocardial metabolism; and a short
half-life (2.1 min), allowing sequential measurements with a
low radiation burden for patients. The efficiency of H2

15O as
a flow tracer has been widely validated in dogs by the
microsphere technique (1) and in humans by comparative
studies with invasive procedures (2–7). However, because
H2

15O is not trapped by myocardial cells, tissue cannot be
directly distinguished on the dynamic images. Subtraction
of the first images, on which only blood cavities are visible,
is unrealistic because of the poor signal-to-noise ratio
(SNR) of H2

15O dynamic images. This limitation hinders the
use of this tracer in clinical routine. C15O, which permits
labeling of the vascular volume, has been used in combina-
tion with H2

15O for delineation of the myocardial wall from
other anatomic structures (7,8) to obtain tissue H215O time–
activity curves suitable for MBF measurements using com-
partmental analysis (9). Another method consists of com-
bining the H2

15O bolus technique with a metabolic18F-FDG
study used to define myocardial regions of interest (ROIs)
(3). The use of FDG appears cumbersome except for com-
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bined flow–metabolism studies in patients who have CAD
and are being considered for revascularization procedures
(2,3).

Processing of H2
15O PET dynamic image sequences with

factor analysis methods (10,11) was proposed to estimate
the myocardial factor images directly from dynamic studies
(12). The limitation of the use of this conventional factor
analysis algorithm is the effect of noise in the raw dynamic
data on the factor images. To overcome this limitation,
another method has been proposed that is close to factor
analysis and based on the linear reduction of signal in the
sinogram space (13). The method requires the introduction
of some a priori physiologic information that assumes that
the kinetics of the right and left cavities can be derived from
the lung kinetics. The myocardial factor image is then
reconstructed from the appropriate myocardial sinogram by
an iterative reconstruction method. Finally, MBF is esti-
mated by applying the 1-compartment model to time–activ-
ity curves resulting from the ROIs that are manually delin-
eated on myocardial factor images. This procedure has
recently been validated by comparing, in a group of volun-
teers and patients, the results obtained by the 2 ways of
estimating myocardial ROIs: myocardial factor images and
a conventional method that subtracts C15O images from
H2

15O images (14).
This study evaluated an alternative method, based on the

spatial regularization of factor analysis of medical image
sequences (FAMIS), that was recently proposed (15) to
improve the quality of factor images for studies with a low

SNR. The method applies the conventional algorithm of
factor analysis on filtered backprojection reconstructed dy-
namic series without requiring an a priori physiologic as-
sumption. Regularization of the factor images is the last step
of the algorithm. For patients, the new processing method to
estimate the myocardial perfusion reserve (MPR) was com-
pared with invasive measurement of coronary flow reserve
(CFR) using an intracoronary Doppler technique. For all
subjects (patients and volunteers), the MPR obtained from
regularized factor images (RFIs) was compared with the
MPR obtained from FDG acquisition.

MATERIALS AND METHODS

Study Population
The main characteristics of the population are indicated in

Table 1. It included 10 patients (3 women, 7 men; age range,
29–67 y; mean age, 51 y) and 10 healthy volunteers (4 women,
6 men; age range, 30–63 y; mean age, 46 y).

Six of the 10 patients had CAD, as assessed by clinical history
and by coronary angiography, and significant stenosis (range,
71%–91%) of the left anterior descending (LAD) artery. None of
these 6 patients had a clinical history of, or electrocardiography
findings indicating, prior myocardial infarction. Visual and quan-
titative analysis showed all 6 patients to have normal regional and
global angiographic left ventricular ejection fraction, and at the
time of examination all were clinically stable and were taking
�-blockers, diltiazem, or nitrates.

Four of the 10 patients had had at least 1 episode of acute
congestive heart failure related to idiopathic dilated cardiomyop-
athy. The coronary arteriogram did not show significant stenosis,

TABLE 1
Subject Characteristics, Doppler CFR in LAD Artery, and PET MPR in Associated Anteroseptal Regions

Subject
no.

Etiology/%
stenosis EF

Doppler
CFR

MPR

FAMIS-Op1 FAMIS-Op2 FDG

P1 LAD/75% 61 2.1 1.87 1.96 2.03
P2 LAD/91% 56 1.2 1.39 1.45 1.48
P3 LAD/80% 49 2 2.12 2.01 2.31
P4 LAD/88% 54 1.4 1.12 1.11 1.2
P5 IDC/NS 17 1.7 1.69 1.83 1.59
P6 IDC/NS 18 1.5 1.40 1.26 2.16
P7 IDC/NS 37 1.2 1.13 1.10 1.36
P8 LAD/85% 60 1.2 1.09 1.29 1.48
P9 LAD/71% 66 3 3.34 3.79 2.73
P10 IDC/NS 10 2 1.97 2.11 1.98
C1 None 78 NA 3.36 NA 3.08
C2 None 61 NA 2.06 NA 2.50
C3 None 68 NA 1.97 NA 3.07
C4 None 59 NA 3.32 NA 3.30
C5 None 72 NA 3.81 NA 4.42
C6 None 56 NA 4.93 NA 4.30
C7 None 64 NA 3.43 NA 3.59
C8 None 70 NA 3.55 NA 3.24
C9 None 76 NA 4.43 NA 4.25
C10 None 63 NA 4.84 NA 4.35

EF � ejection fraction; P � patient; LAD � left anterior descending; IDC � idiopathic dilated cardiomyopathy; NS � not significant;
C � control; NA � not available.
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and no other recognized etiology was evident. At least 1 wk before
entering the study, all 4 patients were clinically stable and were
taking diuretics and angiotensin-converting enzyme inhibitors.

Ten healthy volunteers having normal echocardiography find-
ings were used as control subjects. They underwent the whole PET
procedure but not the Doppler study. These volunteers were age-
matched and sex-matched to the patients.

Study Protocol
The Doppler study was performed 1 d before the PET study.

Neither clinical modification nor therapy change occurred between
the 2 studies. All subjects refrained from oral intake of methyl
xanthines, including caffeine, on the day of the studies so as not to
diminish the effects of dipyridamole. The protocol was approved by
the local ethical committee. Each subject gave informed consent.

Intracoronary Doppler Measurement of CFR. After diagnostic
catheterization, an additional dose of 5,000 U heparin was given
intravenously, and an 8-French guiding catheter was positioned in
the main left coronary artery. The electrocardiogram and mean
arterial pressure were monitored continuously. A 3-French Dopp-
ler catheter (NuVel; NuMed, Inc., Hopkinton, NY) with a side-
mounted crystal of 20 MHz was advanced through the guiding
catheter into the proximal segment of the LAD remote to any large
branch. The Doppler signal was transmitted to a velocimeter
(MDV 20; Millar Instruments, Inc., Houston, TX) and recorded on
an ES 1000 recorder (Gould Instrument, Inc., Ballainvilliers,
France). The position of the catheter and the range of the sample
volume were adjusted to obtain a high-quality signal, as assessed
by both audio and graphic controls, and remained unchanged
thereafter.

To ensure that the PET measurement of coronary reserve could
be performed in similar conditions, no nitrate was injected through
the guiding catheter before the Doppler assessment of vasodilator
reserve. Dipyridamole (0.80 mg/kg) was infused intravenously at a
rate of 10 mg/min. Coronary blood-flow velocities were continu-
ously recorded during the 10 min after the end of dipyridamole
infusion. The coronary reserve value was calculated as the mean
velocity measured between the fifth and tenth minutes divided by
the rest velocity.

After completion of coronary reserve measurement, coronary
angiography was performed to evaluate the effect of dipyridamole
on coronary artery diameter through a quantitative densitometric
analysis of coronary diameter (TSI system; Troütement Synthése
Image, Inc., Marne-la-Vallée, France).

PET Acquisition. The subjects were positioned in a TTV03
time-of-flight PET scanner (LETI-CEA, Grenoble, France). Trans-
mission scans were obtained with a retractable 68Ge ring source
and used for subsequent attenuation correction of the emission
scans. The electrocardiogram was monitored continuously during
the examination and 30 min before and 60 min after the PET scan.
Blood pressure was measured before injection and every 2 min
during the whole examination. The positioning of the heart in the
center of the field of view was checked by recording a 5-min
transmission scan before the examination. Correct positioning was
maintained throughout the study by using laser beams and by
marking the skin of the subject’s torso.

MBF experiments consisted of intravenous bolus injections of
H2

15O (11.1 MBq/kg). The experimental protocol included 2 in-
jections with a 20-min delay to allow for 15O decay: one at baseline
conditions and another 4–6 min after intravenous injection of
dipyridamole (0.80 mg/kg, at a rate of 10 mg/min). Data were

acquired in list mode during the 5 min after arrival of the blood
radioactivity in the left ventricular cavity.

The subjects finally underwent an FDG PET study. They were
given an oral 100-g glucose load 1 h before FDG imaging. After
intravenous injection of an FDG concentration of 3.7 MBq/kg,
data were acquired in list mode during 60 min.

PET Data Analysis
Image Reconstruction. The H2

15O dynamic perfusion studies of
39 scans (15 � 4 s and 24 � 10 s) were reconstructed using a
backprojection algorithm with a Hanning filter (cutoff frequency,
0.5 mm�1). Images were corrected for attenuation, random events,
dead-time losses, and scattered radiation (16). A 20-min static
FDG image recorded 40 min after injection was reconstructed
using the same procedure. From 2 to 4 consecutive slices were
considered for each scan.

Estimation of RFIs. FAMIS was applied to dynamic recon-
structed images, according to previously described algorithms
(17,18), to process the whole set of slices simultaneously. Three
factors (f1(t), f2(t), and f3(t), with t being the time variable) and 3
factor images (a1(p), a2(p), and a3(p), with p being the pixels of the
images) were estimated from the image sequence. They were
associated, respectively, with the right cavities, the lungs and left
cavities, and the tissues, including myocardium and liver (Fig. 1).

Once the factors were estimated, the conventional factor images
(CFIs) were computed as the least squares solution, which mini-
mized the term E1 (Eq. 1), representing the squared difference
between the raw dynamic data s(p,t) and the combination of the
factors fk(t) and of the factor images ak(p):

E1 � �
t�1

T �
p�1

P �s�p, t� � �
k�1

3

fk�t� .ak�p��2

. Eq. 1

The contribution ck of the kth factor image was defined as the
part of the total information that the kth factor image represented
in the image sequence such that:

ck �

�
p�1

P �
t�1

T

fk�t� .ak�p�

�
l�1

3 �
p�1

P �
t�1

T

fl�t� .al�p�

. Eq. 2

Spatial regularization of factor images was achieved using a
previously described algorithm (15). The method consists in min-
imizing a criterion E, being the sum of 2 terms. The first term, E1,
represents the adequacy to the raw data, which is minimized by
FAMIS; the second term, E2, introduces some a priori information
about the factor images, assuming a regional smoothness of these
images. The term E2 is mathematically defined as follows:

E2 � � .�
k�1

3
1

ck

.��
p�1

P �
p*�V�p�

h	�ak�p� � ak�p*���, Eq. 3

with h	 being a convex function to account for intensity variation
between each pair of neighboring pixels. To avoid a blurring effect
at the frontier between adjacent regions, quadratic function is
replaced with the following function, h	:

h	�x� � � � 	�2x � 	� if x ��	
x2 if �	 � x � 	
	�2x � 	� if x � 	

. Eq. 4
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The function h	 is quadratic for small variations in intensity
(less than 	) and linear for large variations (15).

The coefficient � is set to adjust the trade-off between the fit to
the raw data and the a priori information. The 3 terms in Equation
3 corresponding to the 3 factor images are weighted by the inverse
of the contribution of each factor image to take into account the
lower SNR of the factor images having the smaller contributions.

First trials on simulations showed that the regularization proce-
dure improved factor images from both qualitative and quantitative
points of view (15). Moreover, there was still some flexibility in
the choice of the regularization parameters. The method was
applied to real H2

15O myocardial studies by determining regular-
ization coefficients from the simulation of a dynamic myocardial
PET study (15). A value of 0.26 was chosen for the coefficient �,
and the parameter 	 was set at 1% of the maximum value in the
factor images. RFIs were computed slice by slice for each patient
on both baseline and stress H2

15O studies (Fig. 2).
Extraction of Kinetics. On each slice were drawn ROIs encom-

passing the left ventricular cavity and the anterior, septal, and
lateral myocardial walls. These regions were manually outlined
both on FDG images and on RFIs but independently of each other.
A 3-color superimposition of the factor images (Fig. 3) was chosen

to show complementary structures (i.e., the right and left cavities
and the myocardium) on the same figure. The user could adjust the
integration of the 3 colors. The graphics software was developed
using the Interactive Data Language (Research Systems, Inc.,
Boulder, CO). Regions were drawn on RFIs resulting from base-
line studies and were then reported on RFIs resulting from stress
studies to check the accuracy of their location. H2

15O time–activity
curves were generated for each ROI by reporting the region on the
original dynamic series.

Estimation of MPR. For each study, the left ventricular cavity
time–activity curve was used as the input function (19) and the
myocardial time–activity curves were fitted by a 1-compartment
model that estimates 3 parameters (rate constants K1 and K2 and a
spillover fraction, fv) (20). RFIT software (Lawrence Berkeley
National Laboratory, Berkeley, CA) was used for this purpose
(21). The MBF was estimated as the blood-to-tissue transfer rate
constant K1. Regional MPR was estimated as the ratio of peak K1

to baseline K1. For comparison with intracoronary Doppler CFR,
the MPR was measured in corresponding territories (LAD region)
using an ROI encompassing the anterior and septal regions.

Two sets of MPR estimates were obtained: FAMIS-Op1 MPR,
which was obtained from the ROIs that were drawn on the RFIs,

FIGURE 1. Three factors (A) and factor images (B) ob-
tained on 4 consecutive slices for patient with idiopathic
dilated cardiomyopathy. First row shows right cavities,
second row shows left cavities, and third row shows
myocardium and other tissues.
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and FDG MPR, which was obtained from the ROIs that were
drawn on the FDG scans. A second estimation of MPR (FAMIS-
Op2 MPR) was performed by a second operator for patient studies
only.

Statistical Analysis
Parameters are expressed as mean � SD. They were compared

using paired or unpaired Student t tests when appropriate. A
correlation coefficient, assuming a linear regression, was calcu-
lated for paired variables. The level of statistical significance was
set at 0.05. Bland–Altman representation (22) was used to account
for the absence of any absolute reference method.

RESULTS

Experimental Results
For the global population, a slight, significant increase in

mean arterial blood pressure occurred after dipyridamole
infusion when compared with baseline (135 � 23 mm Hg
after dipyridamole and 127 � 15 mm Hg at baseline). Heart
rate increased significantly (88 � 13 bpm after dipyrida-

mole and 64 � 12 bpm at baseline). For patients, differ-
ences in blood pressure and heart rate between the Doppler
and PET examinations were not statistically significant.

No significant change in coronary artery diameter oc-
curred after dipyridamole infusion. Individual measure-
ments of intracoronary Doppler CFR are listed in Table 1.
The mean CFR was 1.60 � 0.33 for patients with idiopathic
dilated cardiomyopathy and 1.82 � 0.70 for patients with
LAD stenosis.

CFIs and RFIs were computed systematically. The effect
of regularization can be seen by comparing Figures 1 and 2.
Table 2 shows the SNRs, which were estimated as the mean
value of intensity divided by the SD of intensity, inside each
myocardial region of CFIs and of RFIs. In all cases, regu-
larization improved the SNR. The mean relative improve-
ment in SNR (defined as the difference between the SNR of
CFIs and the SNR of RFIs divided by the SNR of CFIs) was
70% for the global patient population, 81% for the group
with idiopathic dilated cardiomyopathy, and 63% for the

FIGURE 2. RFIs obtained for same pa-
tient as in Figure 1, with same layout.

FIGURE 3. Three-color representation of RFIs (blue for right cavities, red for left cavities, and green for myocardium and other
tissues) used for manual delimitation of left ventricle and myocardial ROIs.
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LAD group. Table 2 shows that the quality of myocardial
factor images was generally worse for stress studies; the
mean SNR inside myocardial regions of CFIs was 2.59 �
0.49 for baseline studies and 2.29 � 0.58 for stress studies.
A paired t test proved that the difference was significant
(P 
 0.005). Regularization of stress images significantly
improved SNR, which was 3.69 � 1.10 (P 
 0.00001).
However, this SNR remained significantly less than the
SNR in baseline RFIs, which was 4.59 � 1.11 (P 
 0.002).

For delineation of the left ventricular and myocardial
ROIs, the RFIs (and not the CFIs) were used. The operators
considered the 3-color display of the cavities and myocar-
dium factor images to be better than the display of the
myocardial factor image alone, because myocardial ROIs
could be defined while avoiding left and right cavities. In
such conditions, the delineation was possible in all cases.
Individual MPR values obtained from the anteroseptal re-
gion are shown in Table 1. The mean values (�SD) of MPR
were 1.55 � 0.36 for patients with idiopathic dilated car-
diomyopathy, 1.82 � 0.85 for patients with LAD stenoses,
and 3.57 � 1.01 for healthy volunteers. With the second
operator, the values were 1.57 � 0.48 for patients with
idiopathic dilated cardiomyopathy and 1.94 � 0.98 for
patients with LAD stenoses.

For delineation of the left ventricular and myocardial
ROIs from FDG scans, the static 1-h images were used
without reference to the factor images. Individual MPR
values obtained from the anteroseptal region defined on the
FDG scans are shown in Table 1. The mean values (�SD)
of MPR were 1.77 � 0.36 for patients with idiopathic
dilated cardiomyopathy, 1.87 � 0.59 for patients with LAD
stenoses, and 3.61 � 0.68 for healthy volunteers.

Comparison Between CFR Measurements and
Different MPR Measurements

For the 10 patients, 4 sets of reserve values were available
(Table 1). Friedman ANOVA by ranks showed no signifi-
cant difference among the methods of measurement. Results
obtained using the RFIs correlated significantly with results

obtained using the intracoronary Doppler method (Fig. 4)
(y � 1.17x � 0.30; r � 0.97 for the first operator; y �
1.35x � 0.54; r � 0.95 for the second operator). The
Bland–Altman representation of experimental data (Fig. 5)
shows that the discrepancy between RFIs and intracoronary
Doppler methods (0.37) was reduced when compared with
the discrepancy between FDG and intracoronary Doppler
methods (0.57). After removal of the outlier, the discrep-
ancy between FDG and Doppler dropped to 0.42.

Interoperator reproducibility in the definition of ROIs
was assessed by comparing MBF in the regions delimited
by the 2 operators. No significant difference was found
using a Student paired t test (P � 0.88). Repeatability
coefficients were determined using the Bland–Altman ap-
proach. They equaled 0.126 mL/min/g for the global anal-
ysis including the whole myocardium (0.176 mL/min/g for
the regional analysis) in rest studies and 0.38 mL/min/g for
the whole myocardium (0.55 mL/min/g for the regional
analysis) in stress studies. Repeatability coefficients of
MPR were 0.34 (i.e., 19% of mean MPR) for the global
myocardium and 0.54 (i.e., 31% of mean MPR) for the
regional analysis.

For the 10 healthy volunteers, 2 sets of MPRs were avail-
able. No significant difference was found between them. For
the global population, a highly significant correlation (y �
0.99x; r � 0.93) was found between the MPR obtained from
RFIs and the MPR obtained from FDG scans (Fig. 6).

Results for both the LAD and the non-LAD regions are
given in Table 3 to assess the potential of the method for
estimating regional MPR. In healthy volunteers and patients
with idiopathic dilated cardiomyopathy, no significant dif-
ference was found between the MPR in the LAD regions
and the MPR in the non-LAD regions. In patients with LAD
stenoses, no significant difference was found between the
MPR in the LAD regions and the MPR in the non-LAD
regions; however, the mean value of MPR was slightly
greater in the non-LAD regions than in the LAD regions
(1.94 vs. 1.82).

TABLE 2
SNR of Anterior, Lateral, and Septal Myocardial Regions for CFIs and RFIs

Patient
no.

Baseline Stress

Anterior Lateral Septal Anterior Lateral Septal

CFI RFI CFI RFI CFI RFI CFI RFI CFI RFI CFI RFI

1 3.26 5.92 3.15 5.67 3.00 5.43 3.37 5.16 2.67 3.51 3.93 5.66
2 3.77 6.61 3.19 6.59 3.61 6.34 2.59 3.31 2.46 3.17 2.49 3.20
3 2.58 4.93 2.74 4.95 2.68 4.65 2.89 5.18 2.68 4.64 2.28 3.63
4 2.64 3.79 2.17 3.08 2.85 4.19 2.54 4.32 1.95 2.86 2.18 3.27
5 2.17 3.92 2.15 3.77 2.14 3.61 2.05 3.12 1.87 2.76 1.98 2.92
6 2.51 3.98 2.63 3.89 2.31 3.20 2.98 4.52 2.83 4.36 2.74 3.77
7 3.15 6.81 2.69 4.24 2.90 4.38 1.21 1.39 1.61 2.18 1.46 1.67
8 2.47 4.78 1.88 3.22 2.19 3.49 2.10 3.70 2.01 3.45 1.98 3.51
9 2.37 4.28 2.22 3.86 2.36 3.80 1.99 3.15 2.05 2.98 2.41 3.55

10 1.88 3.89 2.20 6.29 1.92 4.13 1.78 5.14 1.92 6.07 1.63 4.65
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DISCUSSION

This study validates the use of regularized FAMIS for
determining MPR from H2

15O dynamic PET scans without
additional scanning. This new approach was validated in 2

ways. The first validation was obtained from a study of 10
cardiopathic patients by comparing the MPR with an inde-
pendent method based on intracoronary Doppler measure-
ments. The second validation was obtained by comparing

FIGURE 4. Correlation of MPR using either FDG study (A) or H2
15O RFI (first operator, B; second operator, C) with CFR using

intracoronary Doppler technique.

FIGURE 5. Bland–Altman representation of MPR using either FDG study (A) or H2
15O RFIs (B) with CFR using intracoronary

Doppler technique.
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the MPR obtained from ROIs delineated on the RFIs with
the MPR obtained from ROIs delineated on the FDG scan.
The MPR values obtained from the RFIs correlated strongly
with both the CFR measurements and the MPR values
obtained from the FDG scan.

Hermansen et al. (13) recently proposed another ap-
proach to generate high-quality myocardial factor images.
Our method differs in several points. First, we analyzed the
reconstructed images, not the sinograms. Second, no a priori
physiologic information was required to estimate factors
and factor images; in particular, we did not need a model to
estimate heart cavity kinetics from lung kinetics. Third, 3
complementary factor images (right cavities, left cavities,
and tissue) were generated, and all were useful for delin-
eating myocardial ROIs; indeed, their superimposition
avoided the potentially large contamination of myocardial
regions by the cavities. Finally, standard and time-efficient

algorithms for reconstruction (filtered backprojection) and
factor analysis could be used. The main originality of the
algorithm presented here was the final regularization of the
factor images.

The clinical validation we present supplements clinical
validations previously reported (13,14), which used the
method of Hermansen et al. (13). Indeed, baseline MBF
studies of ischemic patients (13) and MPR measurements of
volunteers (14) have been reported, but not MPR measure-
ments of patients. Moreover, the validation was compared
with an independent method, the intracoronary Doppler
technique.

For patients with idiopathic dilated cardiopathy, the MPR
values (1.55 � 0.36; range, 1.13–1.97) were close to those
published in the literature; a mean value of 1.7 � 0.21 was
recently reported (23). For patients with coronary artery
stenoses (range, 71%–91%), the mean MPR value was
1.87 � 0.59 (range, 1.09–3.34). Similar values for patients
with coronary artery stenoses have been reported (24,25).
The low MPR values in the reference normal territory
(non-LAD region) of CAD patients were already reported
(25). A possible explanation is that an abnormal flow re-
serve in angiographically normal territories could represent
early functional abnormalities of vascular reactivity (25).

Factor analysis was successfully applied to myocardial
perfusion PET studies to estimate input function from small
hearts using FDG (26) and to estimate myocardial factor
images with good precision using 13N ammonia (27). H2

15O
studies are more difficult to process because of the low SNR
and the free diffusion of the water. Our study shows that
regularized FAMIS applied to MBF H2

15O studies enabled
the generation of high-quality factor images on which myo-
cardium could be delineated accurately and separated from

FIGURE 6. Correlation of MPR obtained
from H2

15O RFIs with MPR obtained from
FDG scan.

TABLE 3
MPR, Estimated from ROIs Drawn on RFIs, in LAD and

Non-LAD Regions

Patient
no.

MPR Control
no.

MPR

LAD Non-LAD LAD Non-LAD

1 1.87 1.62 1 2.89 3.82
2 1.39 0.98 2 1.52 2.54
3 2.12 1.92 3 3.33 2.37
4 1.12 1.14 4 3.89 4.66
5 1.69 1.76 5 5.39 6.85
6 1.40 1.45 6 5.01 4.85
7 1.13 1.22 7 3.80 2.47
8 1.09 1.31 8 3.50 4.00
9 3.34 4.66 9 5.12 3.00

10 1.97 1.43 10 4.30 5.12
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heart cavities and lungs. During stress studies, the volume
of displacement of the myocardium is increased. Because
the acquisitions are not gated by the electrocardiogram and
the myocardial contraction is larger, the same quantity of
tracer is distributed in an apparently larger volume. For this
reason, the SNR of dipyridamole factor images is lower than
the SNR of baseline factor images. However, regularization,
which largely improves the SNR of both baseline and di-
pyridamole factor images, always makes possible myocar-
dial segmentation.

Although RFIs are useful for the segmentation of the
myocardial wall, factors cannot be directly used for the
modeling step. Estimated factors are not equivalent to myo-
cardial time–activity curves (Fig. 1), for several reasons.
The initial undersampling of pixels in the image sequence
(6 � 6 clusters in myocardial studies) generates mixed
kinetics. The aggregation improves SNR in factor estima-
tion, but as a result, the factors are contaminated by each
other. Moreover, because only 3 factors are estimated, the
lung kinetics are not extracted, and these factors are also
contaminated by the lung kinetics. As a consequence, fac-
tors and factor images cannot be used directly to extract
quantitative information. The myocardial factor image is
not strictly equivalent to a tissue blood-flow image, even if
the myocardial factor image is related to this blood-flow
information.

Uncontaminated kinetics could be estimated by FAMIS
using adequate physiologic constraints. Such an estimation
would require a complete modeling of the kinetics of the
study, including the circulation in the right and left cavities
and in the lungs, which is beyond the scope of this article.
However, this step is a prerequisite for obtaining RFIs that
are of true diagnostic image quality. In this study, the value
of the RFIs was assessed only in the crucial step of per-
forming an accurate myocardial segmentation for H2

15O
studies.

The aim of this study was to estimate MBF or coronary
reserve using H2

15O dynamic PET scans alone. The advan-
tages of such a modified procedure are obvious and signif-
icant: a reduction in the radiation dose to the patient, a
shortened acquisition time, and a consequent reduced ex-
amination cost. Furthermore, the effects of possible patient
motion between the dynamic studies and the supplementary
scan are removed. This possible motion results in an error in
the positioning of ROIs in the dynamic studies and can
explain the larger differences that were observed between
FDG and intracoronary Doppler studies.

Different abnormalities have been studied, and the
method has proven robust. However, patients with 3-vessel
disease that includes large, hypoperfused necrotic territories
should be specifically studied and may reveal an intrinsic
limitation of the method caused by poor count statistics in
H2

15O PET scans.
Despite the suggestion that MRI may be used to estimate

a coronary reserve index (28), the potential field of appli-
cations for H2

15O PET scans remains wide because PET

ensures that absolute values of regional peak and baseline
MBF will be determined. Absolute myocardium flow mea-
surements ensure a direct evaluation of MBF reserve that
reflects the ability of vasculature to increase flow maximally
in response to a hyperemic stimulus. The 2 techniques (PET
and Doppler) are not strictly equivalent, because PET mea-
surements are directly related to the myocardium, whereas
Doppler measurements are performed on coronary arteries.
The absolute quantification of MBF or of MPR can be used
in pharmacology trials to measure the impact of drugs. The
opportunity to measure MPR noninvasively is an advantage
in following up the effect of medical therapy and of major
therapeutic interventions, such as revascularization proce-
dures, in ischemic patients. Moreover, with PET, one can
simultaneously assess perfusion and metabolism or perfu-
sion and receptor kinetics.

CONCLUSION

H2
15O dynamic PET scans with appropriate image post-

processing allowed a noninvasive estimation of MBF. Vari-
ability in the determination of MPR was less with RFIs than
with the conventional method using FDG scans. Artifacts
caused by patient motion between successive scans were
suppressed ipso facto. The results of this study suggest that
supplementary examinations such as C15O or FDG can be
eliminated in MBF and MPR measurement protocols, even
for patients with cardiac diseases.
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