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In this study, factor analysis of dynamic structures (FADS) was
used to extract the “pure” blood-pool time-activity curves
(TACs) and to generate parametric myocardial blood flow (MBF)
images (pixel unit: mV/min/g). Methods: Ten dynamic '*N-am-
monia dog PET studies (three baseline, five hyperemia and two
occlusion) were included. Three factors (TACs) and their corre-
sponding factor images (the right ventricular and left ventricular
blood pools and myocardial activities) were extracted from each
study. The left ventricular factors matched well with the plasma
TACs. The factor images of myocardium were then converted to
a parametric images of MBF using a relationship derived from a
two-compartment model. Results: MBF estimates obtained
from FADS correlated well with MBF estimates obtained with
the two-compartment model (r = 0.98, slope = 0.84) and mi-
crosphere techniques (r = 0.96, slope = 0.94). FADS-generated
MBF parametric images have better image quality and lower
noise levels compared to those generated with Patlak graphical
analysis. Conclusion: Regional MBF can be measured accu-
rately and noninvasively with **N-ammonia dynamic PET imag-
ing and FADS. The method is simple, accurate and produces
parametric images of MBF without requiring blood sampling and
spillover correction.
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Dynamic 3N-ammonia PET imaging, together with a
two-compartment tracer kinetics model, permits the non-
invasive quantification of regional myocardial blood flow in
both human studies and canines (/-3). Kuhle et al. dem-
onstrated that calculated regional values of MBF (ml/
min/g) obtained with the two compartment dynamic *N-
ammonia PET method correlated well with values obtained
from the microsphere technique (3). The standard model-
ing approach requires blood sampling to measure the input
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function and time-consuming nonlinear regression on each
regional myocardial time-activity curve (TAC). Without
spillover correction, the bi-directional cross-contamination
of activities (between blood pool and myocardium) in PET
images may affect the accuracy of MBF estimates (4). We
demonstrated the feasibility of factor analysis of dynamic
structures (FADS) to accurately extract the “pure” blood
TAC directly from dynamic '>N-ammonia PET images in a
previous study (5). This technique makes it possible to
generate quantitative estimates and parametric images of
MBF with *N-ammonia PET dynamic studies without
blood samples, region of interest (ROI) definition or spill-
over corrections.

FADS has previously been used to decompose dynamic
sequences in component images and their corresponding
TAC:s in nuclear medicine (6-11). The technique is based
on principal component analysis followed by oblique rota-
tions with positivity constraints (10). The algorithm as-
sumes that a dixel (defined as the pixel activity as a function
of time) of a dynamic study is a linear combination of a
small number of fundamental TACs termed physiological
factors. Each physiological factor is associated with an in-
dependent physiological structure (e.g., ventricular cavity
blood pool). Although the factors can be numerically de-
termined from FADS, considerable error can be found if
the component structures are physically overlapped by one
another (12). In tomographic images such as PET images,
although different anatomical structures are spatially sep-
arated, the partial volume effects and activity spillover
problems may cause the activity in one structure to be
contaminated with activity from an adjacent structure.

In this study, the potential utility of FADS generated
factors and factor images to quantitate and map MBF was
studied using ten dynamic *N-ammonia PET canine stud-
ies. The relationship between MBF and myocardial pixel
value in myocardial factor images was derived based on the
two-compartment *N-ammonia MBF model. This elimi-
nated the time-consuming nonlinear regression step for
each regional MBF calculation, and the results were used to
convert myocardial factor images into parametric images of
MBF. FADS-generated MBF parametric images were com-
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pared to MBF parametric images generated by a method
based on Patlak graphical analysis previously developed in
our laboratory (/3). The numerical accuracy of MBF esti-
mates obtained with FADS was evaluated by comparing the
results to those obtained with the microsphere technique
and the standard two-compartment tracer kinetic model.

MATERIALS AND METHODS
Nitrogen-13-Ammonia Dog PET Studies

Ten dynamic 3N-ammonia PET studies (three baseline, five
dipyridamole induced hyperemia and two coronary occlusion)
from a previous study conducted in our laboratory were used (3).
These PET studies were performed in four mongrel dogs (weigh-
ing 25 to 32.5 kg). Following intravenous injection of '*N-ammonia
(20 mCi in 2-8 ml saline), dynamic images were obtained with a
tomograph. The dynamic sequence consisted of twelve 10 sec and
six 20 sec scans for a total scan time of 4 min. Four gated frames,
equally gated based on the electrocardiographic lead II signal,
were acquired immediately after the dynamic sequence for 20 min.

Blood samples were taken from the abdominal aorta at 10 sec
interval for the first 2 min. In addition, four blood samples were
taken at 40, 80, 120 and 180 sec to determine the nonammonia
metabolites in the arterial input function. Assays of >N plasma
concentrations were performed in a well counter after centrifuga-
tion of the blood samples. The percentages of nonammonia me-
tabolites in the blood at the times between the samples were
derived by linear interpolation of metabolites determined from the
four arterial samples. Each blood TAC was corrected for physical
decay and nonammonia metabolites. A cylinder phantom filled
with ®Ge/%®Ga solution was scanned on the same day of the PET
study to determine the conversion factor between image data in
units of counts per minute per pixel and well counter data in units
of counts per minute per milliliter.

The 128 X 128 (1.38 mm?/pixel) transaxial images were recon-
structed using a Shepp-Logan filter with a cutoff frequency of 0.48
Nyquist frequency, yielding an in-plane spatial resolution of ~10.5
mm FWHM. Fifteen simultaneous cross-sectional images, with
6.75 mm plane separation, were generated with a total axial field
of view of 10.8 cm. Photon attenuation was corrected with a
20-min transmission scan using a ®*Ge/*®Ga external ring source.
The 15 contiguous transaxial images of each study were then
reoriented into 6 left ventricular short-axis slices as previously
described (14). In each study, the diastolic frames of gated study
and ungated dynamic frames were reoriented into short-axis im-
ages using the same reorientation parameters.

Microsphere Studies

Regional MBF for each study was measured independently with
radioactive carbonized polystyrene microspheres (15 ). Simulta-
neous with the intravenous injection of '*N-ammonia, approxi-
mately 2 X 10° microspheres labeled with scandium-46, niobium-
95, tin-113, or ruthenium-103 were injected over 15 sec into the
left atrium. Arterial blood was withdrawn at a constant rate of 7.2
ml/min for 2 min and counted in a well counter for microsphere
activity. After completion of the studies, the heart was removed,
washed and cut into 1-cm thick left ventricular short-axis cross
sections. After each section had been photographed, it was subdi-
vided further into 0.5- to 1-g tissue samples, each of which was
counted in a well counter for its microsphere activity concentra-
tion. Regional MBF by microspheres (ml/min/g) was then calcu-
lated (15).
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Estimation of Regional MBF Using a Two-
Compartment Model

For regional MBF estimation, each short-axis myocardial sec-
tion (midventricular plane, either plane 2 or 3 of 6 contiguous
short-axis planes) was divided into eight sectors (10 dog studies, 80
sectors in total). The eight (45° for each sector) sectorial region of
interests were defined by the two contours separated radially by
three pixels (1.17 mm/pixel) and centered at the peak of myocar-
dial circumferential activity (3). In the model fitting, the 45°
sectors were first defined using the last frame of the dynamic
sequence (pixel unit: counts/sec). The eight sectorial TACs were
then derived by applying the same sectors to the entire dynamic
sequence. Sectorial recovery coefficients for a given image were
obtained by profile analysis of the activity across the myocardial
wall on the diastolic gated image (3,16). For each study, short-axis
image reorientation (/4 ), myocardial sector structure and recovery
coefficient determination (3,16) were processed using an image
processing program EXPLORER (UCLA) implemented in a
Macintosh® II computer.

The two-compartment model established by Smith et al. and
validated by Kuhle et al. was used for estimating regional MBF
(ml/min/g) (1-3). The initial 2 min of kinetic data were used for
analysis. The model contains a freely diffusible *N-ammonia com-
partment and a second compartment containing metabolically
trapped N label (2). K, (ml/min/g) and k, (min~") represent the
forward and reverse rates for exchange between these two com-
partments. The term V (ml/g) represents the physical distribution
volume of free '>N-ammonia in myocardium. At any time t after
injection, total >N activity in the myocardial ROI (Qi(t), cpm/
pixel) is the sum of the radioactivity in the free diffusible (Q,(t),
cpm/pixel) and in the trapped (Q,(t), cpm/pixel) compartments.
Spillover (SP,,) from blood-pool activity (AB(t), cpm/pixel) to
myocardium activity is also included. Therefore,

Qi(t) = Qu(t) + Qx(t) + SPy - AB(t). Eq. 1

The radioactivity change rate in the freely diffusible (dQ, (t)/dt)
and trapped (dQ,(t)/dt) compartments in myocardium can be
described by the following equations:

dQ(t)  Ki+MB

F
at v QM) + kQut) + MBF - C,(t)

Eq.2

dQyt K
5 = v QO ~ k),

Eq.3
where C,(t) is the arterial input function. Replacement of tissue
blood radioactivity (C,(t)) with plasma radioactivity was validated
by Weinberg et al. (17). In this model, V was fixed at 0.8 ml/g and
k, was set to 0 during the first 2 min after tracer injection because
of the relatively long clearance half-times of trapped >N activity
(1). The model is relatively insensitive to errors in k, and V, as
previously shown by Krivokapich et al. (2). Furthermore, the
relationship between K, and MBF (18),

K, = MBF[1.65¢!»MBF) _ 1], Eq. 4

was used during model fitting to reduce the number of variable
parameters to two parameters, MBF and SP,,. This model has
been validated in canine studies (3). A good relationship between
MBF and the rate-pressure product in human studies at rest also
supports the approximation used in this model (19).
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Generation of Parametric MBF Image Using Patlak
Graphical Analysis

The dynamic frames obtained from 70 to 120 sec after *N-
ammonia injection and plasma TAC were used to generate the
Patlak parametric MBF images using the method described by
Choi et al. (13). The following Patlak equation was evaluated on
a pixel-by-pixel basis:

t
j Ci(1) dr
0

Ca(®)

. MBF*V N
(MBF + K,)?

AB(t)
bt Ca (t) ’

Qit)
Cit)

where K, the slope of the straight portion of the Patlak plot
(normalized counts, Q;(t)/C,(t), versus normalized time, [ C,(7)
d7/C,(t)), is related to the MBF by the following equation:

K = MBF[1 — 0.607¢~(1MBP], Eq.6

Since a better correlation was found between the constrained
Patlak graphical analysis and the two-compartment model results
(13), the parametric images were generated by constraining the
intercept (MBF?V/(MBF + K,)? + SP,, - AB(t)/C,(t)) of the Pat-
lak equation within the physiologically acceptable range (lower
limit: 0.43, upper limit: 0.65) suggested by Choi et al. (13).

FADS of Ungated Dynamic Images

This study used the FADS algorithm originally established by
Barber and Di Paola et al. (6,10). The method generates physio-
logical factors and factor images using normalized TACs from
each dixel. Each dixel, treated as an n-dimensional vector (n =
total frame number of dynamic study), was assumed to be a linear
combination of the “pure” physiologic TACs. Using principal
component analysis of the dixels, a new reference vector space was
created which could be iteratively rotated until all factors and
factor images were positive. In summary, four steps were involved
in this algorithm: (a) data preprocessing; (b) principal component
analysis; (c) oblique rotation under positivity constraints; and (d)
factor image computation. Two modifications were used in the
present study. First, we found that weighting the normalized dixel
vectors to scan duration improved the accuracy of the algorithm.
Second, we computed the coordinates of the oblique factors by
minimizing the negative values in both the factors and the factor
images using a constrained optimization routine (MATLAB®,
MathWorks, Inc. Natick, MA). This latter modification resulted in
a faster convergence speed.

Figure 1 is the flowchart for the FADS MBEF calculation used in
this study. The 128 X 128 X 18 short-axis dynamic images (the
same image plane used in the two-compartment model fitting)
were first masked to form a 64 X 64 X 18 dynamic image file. The
masked area includes right and left ventricular blood pools and the
entire myocardium. The masked images were then submitted to
the FADS algorithm. The first three factors were extracted, ac-
counting for ~95% of the total variance in the data. The three
64 X 64 factor images were then computed by projecting all the
dixels of the original masked 64 X 64 dynamic images on the three
factors. To be consistent with the two-compartment model fitting
and Patlak graphical analysis, only the initial 2-min kinetic data
were used to generate the factor images.

Estimation of Regional MBF and Generation of
Parametric MBF Images Using FADS

Integration of Equations 2 and 3, assuming k, is negligible,
results in:
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original dynumic images ( 128x128x18 )

—— masked dynamic images ( 64x64x18 )
‘ data preprocessing
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‘ oblique axis rotation
normnlizedlfmovs (18x3)

|
myocardial factor

[ |
RV factor LV factor

| 1 L }
factor images computation
factor images (64x64x3)
|
| | |
RV imagc myocardial image LV image
scalc factor
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sector's MBF (8)
Eq. 12
myocardial MBF image ( 64x64x1)

FIGURE 1. Flowchart of FADS algorittm and MBF calculation
used in all 10 dog studies.

K, + MBF J’t I'
Q)= — ———— | Q)(v)d7+ MBF | C,(1)dr.

v Eq.7
0 0

K [!
QM) =+ f Qy(7) dr. Eq.8
0

Since FADS can separate blood-pool activity from myocardial
activity, the SPy, term in Equation 1 can be ignored. By substitut-
ing Q,(t) and Q,(t) in Equation 1, assuming SP,,, is negligible and
using the relationship that Q,(t) = MBF - V(K, + MBF) ™! - Ca(t)
at equilibrium (when at t = t., dQ,(t)/d(t) = 0 in Eq. 2) (13), the
following equation is obtained:

t 2
1
m J; Cy(ndr+ (MBF—-O-K.)Z C.(¢).
Eq.9

On the right side of Equation 9, the second term, MBF?V/(MBF
+ K,)?: C,(t), is negligibly small compared to the first term,
((K,MBF)/(K, + MBF)- f C,(7) dr. For example, when at t = 1
min, =<4% if MBF is smaller than 5 ml/min/g; <0.3% if MBF is
smaller than 0.5 ml/min/g) and can thus be ignored. Further
support for the omission of the second term will be shown by
results in Figure 6. Therefore, by omitting the second term and
substituting K, in Equation 9 using Equation 4, one has:

Q1) =
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t
Qi(t) = MBF[1 — 0.607¢'~-2MBF)] f Cu(7 dr. Eq.10
0

Let Q(t) be the myocardial factor and MBF; be the MBF estimate
of the myocardial factor using two-compartment model fitting,
thus:

Qi) _ MBF[1 — 0.607¢! "' MBP)]
Q1) - MBF{1 - 0.607e(—l.15/MBF.)] .

If MBF,; is small (e.g. <0.3), [1 — 0.607¢‘~'*™BF] will approx-
imate 1.0 and the MBF of a region i can be calculated using the
following relationship:

Qi(t) = _ (- 1.25/MBF)
Q) X MBF; = MBF[1 - 0.607¢ ],
where Q,(t)/Qt) is the pixel value of the myocardial factor image
at region i. In this study, the MBF; was estimated using the
FADS-generated left ventricular TAC and myocardium factor
fitted to the two-compartment model. We validated the extraction
of left ventricular TAC using FADS and '*N-ammonia dog PET
studies in a previous study (5). The FADS-generated left ventric-
ular TACs matched the arterialized well counter measurements
(see Fig. 7). When MBF; was larger than 0.3, it was adjusted to a
smaller value by dividing the myocardial factor with a scale factor
(greater than 1.0) before model fitting and multiplying the myo-
cardial factor image with the same scale factor. The parametric
MBF image was then generated from the myocardial factor image
using the relationship of Equation 12 on a pixel-by-pixel basis.
For regional MBF estimation, the eight mean sectorial MBF
values were obtained by defining the 45° sectors in the myocardial
factor image (pixel unit: ml/min/g). Since the counts in the original
dynamic images were directly related to the MBF values in the
myocardial factor image, the eight 45° sectors delineated in the
factor images were very similar to those delineated in the original
dynamic images. Partial volume effects were corrected using sec-
torial recovery coefficients obtained from the diastolic gated image
(3). Due to the rapid serial image phase of the study protocol, only
the ungated dynamic images were acquired. Ideally, the TACs
derived from the ungated images should be corrected for partial
volume effects and cardiac motion. Activity recovery based solely
on the diastolic activity thickness, however, was used due to:

Eq. 11

Eq. 12

1. The heart spends a greater fraction of the cardiac cycle in
diastole. The ungated images therefore have more of a dia-
stolic character.

2. The activity-smearing effects of heart motion offset the un-
derestimation of true myocardial activity using recovery co-
efficients derived from the diastolic images (3).

The sectorial MBFs were then calculated using the mean pixel
value of each sector and Equation 12 (Fig. 1) by a table-lookup
approach.

RESULTS

Figures 2 and 3A show the three factor images and three
FADS-generated factors in a '*N-ammonia dog PET study.
The results were consistent in all ten dog studies. The three
factors were similar to the TACs generated from ROI
(right ventricular: ~170 mm?; left ventricular: ~390 mm?
and myocardium: ~20 mm?) drawings on three structures
in the original dynamic images (Fig. 3B). The ROIs were
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FIGURE 2. Three factor images obtained from a dynamic 'N-
ammonia dog PET study from FADS. Structures were identified as
(left) right ventricular, (middle) left ventricular blood pools and (right)
myocardium. Results were consistent in all 10 studies.

carefully defined to minimize spillover. Bi-directional cross-
contamination (spillover) of activities were not observed in
the left ventricular and myocardial factors. That is, the left
ventricular factor decreased monotonically and no late in-
crease in left ventricular factor values resulting from activ-
ity spillover from tissue to the left ventricular cavity was
observed. Additionally, no early “vascular peak” was evi-
dent in the myocardial factors.

Figure 4 includes selected images from ten studies at a
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FIGURE 3. (A) Three factors obtained from a dynamic '*N-am-
monia dog PET study from FADS. Each factor corresponded to right
ventricular (open circle), left ventricular (solid circle) blood pools or
myocardial activities (open triangle). (B) ROI-generated TACs from
the original dynamic images of the same dog. Results were consis-
tent in all ten studies.
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FIGURE 4. Activity distributions (cps/pixel) and parametric MBF images (pixel unit: mV/min/g) from ten dynamic '*N-ammonia dog PET
studies. From left to right: baseline studies (images 3, 6, 10); hyperemia studies (images 1, 2, 4, 7, 8); occlusion studies (images 5, 9). (Row
1) Image activity distributions accumulated 3 to 4 min after '*N-ammonia injection. (Row 2) Parametric MBF images using Patlak graphical
analysis. (Row 3) Parametric MBF images from FADS and Equation 12.

single image plane. Images in the first row are activity
distributions accumulated 3 to 4 min after '*N-ammonia
injection. Images in the second row are the MBF paramet-
ric images using Patlak graphical analysis, while images in
the third row are FADS MBF parametric images. Com-
pared to the activity distribution images (row 1), the factor
images (row 3) had lower noise levels. In addition, the
spillover activities from the left ventricular chamber to
myocardium could be taken into account by the factor
analysis. Although Patlak parametric images had increased
contrast between the myocardial and background tissues
(comparing rows 1 and 2 images), the y-intercept constraint
in Patlak analysis can introduce artifacts in the image (e.g.,
ninth image in row 2). Notice that the parametric images
generated by FADS have lower noise levels compared with
Patlak parametric images (comparing row 2 and row 3
images).

Figure SA shows the correlation of sectorial myocardial
blood flows obtained from the FADS and microsphere
study in ten dog studies. Good correlation, r equals to 0.96,
was obtained (y = 0.94x + 0.09, r = 0.96, n = 80). Figure
5B shows the correlation of sectorial MBFs obtained from
FADS and the two-compartment model methods (y =
0.84x + 0.20, r = 0.98, n = 80). Whereas the two-compart-
ment model required blood sampling and nonlinear regres-
sion for each sectorial TAC (eight sectors per myocardi-
um), FADS requires only one nonlinear regression to the
FADS myocardial factor. When the pure sectorial TACs
were generated by multiplying the myocardial factor by the
mean sectorial pixel values of the factor image and fitted
using the two-compartment model, the correlation of MBFs
from model fitting and FADS improved and approximated
1 (Fig. 6). The results validated the assumptions used in the
derivation of Equation 12.

DISCUSSION

This study demonstrates that FADS technique together
with a relationship (Eq. 12) derived from two-compartment

Factor Analysis on Estimation of Myocardial Blood Flow ® Wu et al.

modeling provides a simple method for generating MBF
parametric images using dynamic *N-ammonia PET stud-
ies. The FADS method is advantageous in that blood sam-
pling, ROI definition, spillover corrections and nonlinear
regression on each regional TAC are not required. Further-
more, FADS can compress the entire dynamic PET studies
into a limited number of factors and factor images (e.g.,
three factors and three factor images in this study). Re-
gional MBFs from the FADS technique correlated well
with those obtained with the two-compartment model and
the microsphere technique (r = 0.98 and 0.96, respectively).
There are limitations in FADS:

1. Each component structure should be homogeneous
(i.e., all points in the myocardial structure can be
described by the same model function and are differ-
ent only in the magnitude).

2. FADS can separate structures only if there is an in-
complete overlap. The requirement that the entire
myocardium is homogeneous may not be exactly valid,
but it is approximately true over the MBF range of 0.5
~ 3.5 ml/min/g.

In PET imaging, in which the final resolution is about 10
mm (FWHM), although different anatomical structures
(e.g., myocardium and left ventricular blood pool) are spa-
tially separated, partial volume effects and spillover prob-
lems may cause activity in one structure to be contaminated
with activity from an adjacent structure. If the blood pool
and myocardial activities are mostly overlapped in the dy-
namic images, there will be cross-contamination between
the FADS factors. Figure 7 shows the plasma samples
corrected for nonammonia metabolites and the FADS-
generated left ventricular factor (also after metabolites cor-
rection) from a dog study. Except for a time lag of the
plasma samples, the overall shapes of plasma samples and
left ventricular factor were similar, the spillover activity
from the myocardial was negligible (e.g. lack of a high tail
of left ventricular factor). The time lag of the plasma sam-
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FIGURE 5. Comelation of sectorial MBFs obtained from (A) FADS
and the microsphere technique (y = 0.94x + 0.09, r = 0.96, n = 80)
and (B) FADS and conventional two-compartment mode! fitting (y =
0.84x + 0.20, r = 0.98, n = 80).

ples may be due to the transit time of radioactive bolus
from the left ventricular cavity to the sampling site in the
abdominal aorta. Furthermore, spillover of activity from
the blood pool to the myocardial factor was not observed
[e.g., lack of an early peak in the myocardial factor (Fig. 3)].
These results demonstrate the capability of FADS in gen-
erating pure factors from >N-dynamic ammonia PET stud-
ies.

The assumption that MBF; is small (e.g. <0.3 ml/min/g)
in the derivation of Equation 12 needs to be justified. In the
ten dog studies, nine MBF; (<(0.27) satisfied the assump-
tion and one MBF; equaled 0.48 (study 1). When sectorial
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FIGURE 6. Correlation of sectorial MBFs obtained from FADS
and conventional two-compartment model fitting (y = 1.03x — 0.01,
r = 1.0, n = 80). Sectorial TACs in two-compartment model fitting
used pure TACs obtained by subtracting blood-pool spillover activ-
ity from the original TACs (which is equals to the mean sectorial pixel
value multiplied by the myocardial factor).

MBFs were estimated using the original and adjusted MBF;
in study 1 (0.48 and 0.23 ml/min/g, respectively, the adjusted
MBEF; is estimated from half of the myocardial factor as
described in Materials and Methods) and compared (the
differences were small, <6%). Therefore, sectorial MBF
errors would have been small if the unadjusted MBF; (0.48)
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FIGURE 7. Comparison of plasma samples (comrected for
nonammonia metabolites) (open circle) and the left ventricular factor
(comected for nonammonia metabolites and scales) (solid circle)
from a '*N-ammonia dog PET study. Results were consistent in all
ten studies.
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was used. Figure 6 showed good correlation between MBFs
obtained from the FADS method and conventional two-
compartmental model fitting (slope = 1.02, r = 1.0, n =
80). The good correlation (Figure 5A), slope = 0.95, r =
0.96, n = 80) between FADS and the microsphere tech-
nique further verifies the use of Equation 12 in converting
the myocardial factor image to the parametric MBF image.

Although Patlak graphical analysis (Patlak parametric
image generation requires ~10 sec on a SPARC® 10 SUN
workstation, Mountain View, CA) is computationally faster
than the FADS technique (2 ~ 3 min), FADS-generated
parametric MBF images have lower noise levels compared
to Patlak parametric images (Fig. 6, rows 2 and 3). When
regional MBF calculation is desired, Patlak graphical anal-
ysis and conventional modeling methods require TAC gen-
eration and linear or nonlinear regression in each region
(each nonlinear regression requires ~10 sec). The FADS
technique, however, requires only one nonlinear regression
of the myocardial factor in the formation of a parametric
image; the MBF calculation in any pixel location can then
be calculated using Equation 12. The decreased noise in
FADS-generated parametric images may be due to removal
of spillover activity from the blood pool and reduction of
noise when the myocardial factor images were generated.
Patlak parametric MBF images in this study were generated
by constraining the intercept of the Patlak equation within
the physiological range (lower limit: 0.43, upper limit: 0.65)
estimated from human studies (13). These constraints may
not be appropriate for the canine model and may explain
the artifacts in some images (e.g., ninth image in row 2 of
Fig. 4).

Except for the manually applied mask, all the other steps
in this study can be automated (Fig. 1). The computation-
ally time-consuming steps were the axis oblique rotation
and nonlinear regression on the myocardial factor. For a
three-factor study on the midventricular plane, the proce-
dure required approximately 2 ~ 3 min of computation
time. Since we used a command language (MATLAB®) in
a SPARC® 10 SUN workstation, the computation time is
expected to be shortened by implementing programs using
a lower level language such as C. Although three factors
were generated using FADS in each study, it might be
beneficial if these factors could be applied to additional
studies. Due to the variability of the input functions and
heterogeneous myocardial uptake among subjects, a sepa-
rate factor analysis for each study is required.

CONCLUSION

Regional MBF can be measured accurately and nonin-
vasively from *N-ammonia dynamic PET imaging and the
FADS technique. FADS provides a simple method to ac-
curately map the distribution and magnitude of myocardial

Factor Analysis on Estimation of Myocardial Blood Flow ® Wu et al.

perfusion and produces parametric MBF images without
blood sampling and spillover correction.
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