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Objectives: To investigate the relation between coronary flow reserve (CFR), coronary zero flow pres-
sure (Pzf), and residual myocardial viability in patients with acute myocardial infarction.
Designs: Prospective study.
Setting: Primary care hospital.
Patients: 27 consecutive patients with acute anterior myocardial infarction.
Main outcome measures: 18F-fluorodeoxyglucose (FDG) positron emission tomography (PET) was
used in 27 patients who underwent successful intervention within 12 hours of onset of a first acute ante-
rior myocardial infarction. Within three days before discharge they had < 25% stenosis in the culprit
lesion as determined by angiography 24 (3) days after acute myocardial infarction. Pzf and the slope
index of the flow-pressure relation (SIFP) were calculated from the simultaneously recorded aortic pres-
sure and coronary flow velocity signals at peak hyperaemia.%FDG was quantified by comparing FDG
uptake in the infarct myocardium with FDG uptake in the normal myocardium.
Results: There was a correlation between %FDG and CFR, where y = −1.477x + 62.517, r = −0.072
(NS). There was also a correlation between %FDG and SIFP, where y = −0.975x + 60.542,
r = −0.045 (NS), and a significant correlation between %FDG and Pzf, where y = −0.98x + 85.108,
r = −0.696 (p < 0.001).
Conclusions: CFR does not correlate with FDG-PET at the time of postreperfusion evaluation of residual
myocardial viability. The parameter that correlates best with residual myocardial viability is Pzf and this
may be a useful index for predicting patient prognosis.

It has previously been reported that, while no improvement
in left ventricular function can be detected immediately fol-
lowing reperfusion for acute myocardial infarction (AMI),

subsequently left ventricular function does gradually
recover.1–4 For this reason, evaluation of residual myocardial
viability following reperfusion provides important clues for
predicting patient prognosis. The use of positron emission
tomography (PET) permits evaluation of the metabolic condi-
tion of the infarct myocardium and is the yardstick for assess-
ing myocardial viability.5–10 However, the number of institu-
tions that are able to install and use PET is limited by
maintenance cost and other local considerations. Thus, in
practice, dobutamine stress echocardiography11 12 and 201thal-
lium reinjection or rest redistribution imaging5 6 11 are used to
assess myocardial viability. The relation between gradual
recovery of coronary flow reserve (CFR) and improvement in
cardiac function in AMI has been described previously13–15 but
it is unclear whether CFR also correlates with quantitative
evaluation by PET. Also, zero flow pressure (Pzf) may reflect
microvascular tone and may increase after AMI.16 However, its
exact relation with residual myocardial viability following
reperfusion is unclear. In this study, we used quantitative 18F-
fluorodeoxyglucose (FDG)-PET to investigate the relation
between CFR, Pzf, and residual myocardial viability following
successful angioplasty.

METHODS
Patient enrolment
Our patient population comprised 29 patients admitted to our
hospital between September 1999 and April 2001 for a first time
acute anterior myocardial infarction and who underwent emer-
gent coronary angiography within 12 hours of the onset of

symptoms followed by successful coronary intervention. Under
predischarge angiography, all patients also had < 25% stenosis
at the culprit lesion and underwent FDG-PET within three days
of angiography. Diagnosis of AMI was based on chest pain last-
ing > 30 minutes, > 1 mm elevation on two or more
consecutive leads on ECG, increased creatine kinase concentra-
tions > 2 times the normal value, and MB fraction increase. The
following were excluded from the study: patients who had had
coronary artery bypass surgery; patients with significant steno-
sis in a coronary artery other than the infarct related artery;
patients whose final TIMI (thrombolysis in myocardial infarc-
tion) flow grade was 2 or below; patients who had valve disease
symptoms exceeding New York Heart Association functional
class II; patients with cardiogenic shock; patients with cardiac
hypertrophy on echocardiography; patients with anaemia;
patients with insulin dependent diabetes mellitus; and patients
who responded suboptimally to treatment for diabetes or
hyperlipidaemia. Two patients in whom it was impossible to
record coronary flow were also ultimately excluded, leaving a
final total of 27. Table 1 shows the findings of clinical and initial
angiographic evaluation of these AMI patients. The Osaka City
University Hospital Research and Ethics Committee approved
the protocol for the study and all patients gave informed written
consent before participation.
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Coronary intervention
For all patients, we used the femoral artery approach with a 7
or 8 French gauge guiding catheter, an initial bolus of
10 000 U of intravenous heparin, and intracoronary injection
of 5 mg isosorbide dinitrate into the culprit coronary artery. In
all patients, the culprit lesion was identified in the left anterior
descending artery, proximal or mid-portion, before interven-
tion. All patients underwent primary stenting, preceded by
balloon predilatation and the use of intravascular ultrasound
to measure vessel diameter (media to media) distal to the cul-
prit lesion. A Multi-Link stent (ACS, Santa Clara, California,
USA) was then sized to 90% of this diameter and dilated at
14 atm. If residual stenosis was not reduced to < 25%, we
selected the next balloon size up and redilated, not concluding
the procedure until TIMI 3 flow was obtained. All patients
were started on a post-treatment regimen of aspirin 88 mg/
day and ticlopidine hydrochloride 200 mg/day.

Predischarge coronary angiography and flow velocity
measurement
All patients underwent predischarge angiography by the bra-
chial approach, 24 (3) days after AMI. All medication was
stopped at least 24 hours before catheterisation for angio-
graphy. An initial intravenous bolus of 3000 U of heparin was
followed by intracoronary injection of 5 mg of isosorbide dini-
trate into the culprit coronary artery through a 6 French guid-
ing catheter (Brite Tip 0.067 inch, Cordis, Miami, Florida,
USA). After confirming that residual stenosis was < 25% and
that there was no collateral flow, we began to measure flow
velocity. A 0.014 inch coronary Doppler guidewire (FloWire,
JOMED, Rancho Cordova, California, USA) was inserted into
the left anterior descending coronary artery and its tip
inserted to beyond the culprit lesion in a position distal to all
septal branches and diagonals. Continuous coronary blood
flow velocity profiles were obtained by a 15 MHz pulsed Dop-
pler velocimeter (FloMap, JOMED) along with simultaneous
ECG and arterial pressure. After stable signals of coronary
blood flow were obtained, 30 µg of intracoronary ATP was
administered over 10 seconds and measurements were

recorded for five minutes. CFR was calculated as the ratio of
mean coronary blood flow velocity obtainable during the peak
response to ATP (maximal hyperaemia) to mean coronary
blood flow velocity at the basal state.

Instantaneous assessment of the flow–velocity relation
We calculated Pzf and the slope index of the flow–pressure rela-
tion (SIFP) using the method previously described by de Bruyne
and colleagues.17 Figure 1 illustrates how the various indices
were derived from pressure and flow velocity recordings. Pzf and
SIFP were calculated from the simultaneously recorded aortic
pressure and coronary flow velocity signals at peak hyperaemia.
The aortic pressure tracing and instantaneous peak coronary
blood flow velocity were digitalised with a sample frequency of
125 Hz. The instantaneous relation between coronary flow
velocity and coronary pressure during one cardiac cycle was
displayed as a velocity–pressure loop calculated by specially
designed software. For each beat, the slope of the diastolic por-
tion of the loop was calculated and expressed in cm/s/mm Hg.
Pzf was taken as the value where flow on the SIFP line was zero.
The diastolic interval of the velocity–pressure loop to be
analysed was selected manually from the maximal diastolic
velocity to the onset of rapid decline of coronary flow velocity
caused by myocardial contraction. The slope values were
accepted only when the correlation coefficient of the linear
regression between velocity and pressure during the selected
diastolic interval was > 0.96, thus eliminating major pressure or
velocity tracing distortion. The values reported in this study are
the mean values of three consecutive cycles selected during
peak hyperaemia.

PET imaging
A Shimadzu SET 1400 W-10 PET scanner (HEADTOME IV,
Shimadzu, Kyoto, Japan) was used for PET Imaging. This
scanner can obtain seven slices simultaneously with a 13 mm
interval, slice thickness of 11 mm full width at half maximum,
and spatial resolution of 4.5 mm full width at half maximum.
Axial 6.5 mm interval Z motion of the scanner provided 14
contiguous transverse slices of the myocardium. A 10 minute

Table 1 Clinical and initial angiographic findings of the 27 patients who underwent successful angioplasty

Patient
Age
(years) Sex

LAD infarct
portion

Stenosis severity
(%)

Time to angioplasty
(hours)

Peak CK
(IU/l)

LV global ejection
fraction (%)

1 48 M Mid 99 3.5 1080 54
2 50 M Proximal 100 6 8377 31
3 75 M Mid 99 5.5 1789 56
4 56 M Proximal 90 3 1820 55
5 50 M Mid 90 2 536 77
6 32 M Mid 100 4 2240 50
7 68 M Mid 100 4 7480 51
8 64 M Proximal 100 8 4727 45
9 66 M Proximal 100 3 1791 57

10 57 M Proximal 90 5 1680 73
11 49 M Mid 100 8 4530 56
12 75 F Proximal 99 3 1254 75
13 77 M Proximal 99 6 2136 55
14 70 M Proximal 100 4.5 3875 56
15 65 M Proximal 90 4 3540 55
16 68 M Proximal 100 6 8790 30
17 67 F Proximal 100 4 4045 54
18 59 M Mid 99 4 4367 53
19 62 M Proximal 100 3 3867 52
20 64 M Mid 99 3 2569 68
21 50 M Mid 90 2 1021 72
22 74 M Mid 99 4 3475 54
23 45 M Mid 100 5 3560 52
24 53 M Proximal 99 3 2390 57
25 65 M Proximal 100 3 4015 54
26 67 M Proximal 100 5 7230 28
27 66 F Mid 90 3 824 75

Mean(SD) 61(11) 4.2(2.5) 3445(2288) 55(12)

CK, creatine kinase; F, female; LAD, left anterior descending artery; LV, left ventricular; M, male.
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transmission scan was performed using a rotating germanium
68 rod source. The acquired data were used to correct emission
images of FDG for body attenuation. The patient was injected
intravenously with 259–370 MBq of FDG 30–60 minutes after
the patient’s meal supplemented with a 50 g glucose solution.
Forty to 50 minutes was allowed for cardiac uptake of FDG.
Static imaging of glucose utilisation at rest was then
performed for 10 minutes. Images were collected in 256 × 256
matrices and reconstructed by a computer system (Dr View,
Asahi-Kasei Joho System) using Butterworth and ramp filters
along the short axis of the heart.

Quantitative analysis of relative uptake of FDG
Each short axis slice was divided into 36 sectors of 10° each
and a bull’s eye polar map was reconstructed from the short

axis slices extending from the base to the apex. The maximum
count in the left ventricle was selected and the value of each
pixel was normalised to a maximum count of 100. The left
ventricle was divided into nine segments and the mean of
normalised counts of each segment was calculated. The mean
normalised counts of FDG of apical segment were defined as
%FDG. We quantified %FDG by comparing FDG uptake in the
infarct myocardium with FDG uptake in the normal
myocardium.5 18–21

Wall motion analysis by echocardiography
Regional wall motion was examined one month and six
months after the coronary intervention by echocardiography.
The left ventricular wall was divided into 16 segments and the
regional wall motion of each segment was examined and
scored according to a modification of the recommendation of
the American Society of Echocardiography,22 which assigns 1
for normal, 2 for hypokinesis, 3 for akinesis, and 4 for
dyskinesis.

Statistical analysis
Qualitative data are expressed as frequencies. Continuous
variables are expressed as mean (SD). The relation between
%FDG of PET and Pzf or other variables was assessed by linear
regression analysis. To determine cut off points of Pzf, %FDG,
CFR, and SIFP as predictors of left ventricular wall motion
recovery, receiver operating characteristic analyses were
performed. A χ2 test was used to detect differences between
categorical variables. Calculations were made with the use of
the Stat View version 5.0 statistical software. Differences were
considered significant if p < 0.05.

RESULTS
Wall motion score index
Cut off points of Pzf, %FDG, CFR, and SIFP for left ventricular
wall motion recovery, determined by receiver operative
characteristic analysis, were 28.2, 60, 2.5, and 1.7, respectively.
These cut off points were used, respectively, to divide patients
into two groups and to calculate wall motion score index
(WMSI) from echocardiograms recorded one month and six
months after onset. In the Pzf < 28.2 group, 12 of 15 patients
(80%) had improved WMSI six months later, while in the Pzf
> 28.2 cohort, 2 of 12 (17%) had improved WMSI (p < 0.01).
Of patients with %FDG > 60%, 10 of 13 (77%) had improved
WMSI six months later, while only 4 of 14 patients with %FDG
< 60% (29%) improved over the same period (p < 0.01). For
patients with CFR > 2.5, 6 of 12 (50%) had improved WMSI
six months after onset, while 8 of 15 (53%) patients with CFR

Figure 1 Simultaneous pressure and flow velocity tracings during
maximal hyperaemia (A) and superimposed instantaneous
velocity–pressure loops for three beats (B). The instantaneous
hyperaemic diastolic velocity–pressure loop represents the slope of
the linear portion of this loop. Pa, aortic pressure; vel, Doppler
coronary flow velocity.

Figure 2 Improvement of wall
motion score index (WMSI) between
one month and six months after
coronary intervention. CFR, coronary
flow reserve; FDG, 18F-fluorodeoxy-
glucose; Pzf, zero flow pressure; SIFP,
slope index of the flow–pressure
relation.
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< 2.5 improved over the same period (NS). For SIFP, of
patients with SIFP > 1.7, 6 of 12 (50%) had improved WMSI
six months after onset, as did 8 of 15 (53%) patients with SIFP
< 1.7 (NS; fig 2).

Correlation between %FDG, CFR, SIFP, and Pzf
The final patient population was 27, after exclusion of the two
patients for whom good coronary flow patterns could not be
obtained. We recorded good aortic pressure–flow velocity trac-
ings for all 27 patients. Figure 3 shows the correlation between
%FDG and CFR where y = −1.477x + 62.517, r = −0.072
(NS). Figure 4 shows the correlation between %FDG and SIFP,
where y = −0.975x + 60.542, r = −0.045 (NS). Figure 5 shows
the correlation between %FDG and Pzf, where
y = −0.98x + 85.108, r = −0.696, p < 0.001, which is a signifi-
cant correlation. Pzf alone was significantly correlated with
quantitative FDG-PET; CFR and SIFP were not.

DISCUSSION
In this study, we successfully intervened during the acute
phase in 27 consecutive patients with acute anterior myocar-
dial infarction, reducing residual stenosis to 0%. We quantita-
tively evaluated residual myocardial viability one month after
onset with the use of FDG-PET. The parameter derived from
the aortic pressure–flow relation that correlated most closely
with %FDG was Pzf. CFR and SIFP did not correlate.

CFR and myocardial viability
Several reports suggest that CFR is low immediately after
intervention, even in the absence of epicardial artery stenosis.
It is similarly reported that CFR may be increased 24 hours or
even two weeks after intervention and that it correlates better
with other evidence of improved wall motion and myocardial
contrast echocardiography.13–15 The possible causes of this may
be distal embolisation caused by thrombus or a variety of

mechanisms attributable to reperfusion injury, such as
compression by tissue oedema,23 platelet plugging,24 neutro-
phil adhesion,25 damage from free radicals,26 or inappropriate
vasoconstriction. The combination of two or more of these
factors immediately after acute phase intervention may result
in reduced CFR. For this reason, CFR does not accurately
reflect the viability of intervention salvaged myocardium
immediately after intervention and for about one month. The
high CFR observed in some patients in our study, despite
almost no myocardial viability, may be attributed to CFR’s lack
of correlation with %FDG. Following reperfusion, the infarct
territory is a mix of viable and non-viable tissue, with the
relative degree of each determining viability.27 28 When there is
no stenosis in the epicardial artery, CFR is determined by the
response of the microvasculature.

According to Chilian and colleagues, the microvasculature
response is as follows: the 120–150 µm pre-arterioles cause
the flow dependent vascular dilatory response and the
30–60 µm arterioles produce the myogenic and metabolic
response.29 30 Viable myocardium is the aggregate of these flow
regulating units. The degree of viability correlates with the
total mass of the flow regulating units still working normally.
Even in cases where there is very little viable myocardium, if
there is no epicardial stenosis, CFR may appear normal
because a certain number, however small, of these flow regu-
lating units are functioning normally. In contrast, as CFR is
not affected by perfusion bed mass, CFR may correlate closely
with simple measures of stenosis severity. Suryapranata and
colleagues31 previously reported that CFR assessed immedi-
ately after recanalisation is a good predictor of left ventricular
wall motion recovery. However, their patient population had a
mean peak creatine phosphokinase concentration of 995 IU/l,
which is much lower than the mean of 3455 IU/l of our own
myocardial infarction population. Ten days after onset, 20 of
22 patients in the study of Suryapranata and colleagues had
improved wall motion, whereas in our study this was true of
only 14 of 27 patients at six months. It may well be that in
patients with this degree of residual viability, CFR correlates
well with myocardial viability. Another very important factor
is that CFR is heavily influenced by haemodynamic factors at
the time it is measured, such as blood pressure and heart
rate.32

SIFP, Pzf, and myocardial viability
Experimental studies have shown that the SIFP is superior to
CFR for the assessment of directional changes in coronary
conductance because of its independence of haemodynamic
conditions at the time of assessment.33 However, unlike CFR,
SIFP is influenced and altered by perfusion bed mass. In our
study, we found no correlation between SIFP and infarct myo-
cardial viability. Very few reports have dealt with the clinical
significance of Pzf immediately after AMI. We believe this is
the first report of an investigation of the relation between Pzf

Figure 3 Correlation between the ratio of the maximum count of
left ventricular to mean normalised count of infarction area (%FDG)
and coronary flow reserve (CFR).

Figure 4 Correlation between %FDG and the slope index of the
flow–pressure relation (SIFP).

Figure 5 Correlation between %FDG and zero flow pressure (Pzf).
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and myocardial viability. Increased Pzf may reflect accentua-
tion of microvascular tone and decreased perfusion bed mass
caused by non-viable tissue may be a cause of accentuation of
microvascular tone. It has also been reported that the no
reflow phenomenon in patients with AMI following reper-
fusion may be associated with improvement in wall motion
and left ventricular remodelling.34 35 Recent attention has
focused on treatments that reduce, even slightly, the incidence
of no reflow.36 37 Terai and colleagues have even suggested in
their study detailing significantly increased Pzf in no reflow
patients that increased Pzf is the mechanism of the no reflow
phenomenon.16 We have not touched on this in our study but
suspect that the no reflow area may correlate with Pzf and
%FDG.

Study limitations
Our study may be said to have the following limitations:

• Our patient population comprised only 27 subjects; a larger
number is required to confirm the clinical usefulness of our
results.

• It is not clear whether FDG-PET study one month after
onset of AMI fully reflects residual myocardial viability.
Additional long term PET study may be required to confirm
the accuracy of these results.

• We used aortic pressure at the guiding catheter to obtain Pzf
and SIFP but it is not clear whether this pressure is the
same as coronary perfusion pressure.

• We extrapolated from a straight line to determine Pzf. The
segment of the diastolic pressure–flow velocity loop from
which this line has been extrapolated is very short, making
the chance of error very large.

Ideally, we should have extrapolated Pzf after induction of a
very long diastole as described by Di Mario and colleagues.38

However, Nanto and associates39 have shown that Pzf
calculated from the coronary pressure–flow relation during a
normal cardiac cycle under vasodilatation correlated well with
that during the long diastole (r = 0.75, p < 0.01).For patients
who have had an AMI, however, causing a long pause in the
subacute phase entails a risk of cerebral infarction and could
not be considered for all patients in our population. We believe
that this method is safe in the clinical setting.

In North America and Europe, patients are largely expected
to be discharged within 10 days of an AMI. From the point of
view of clinical usefulness, Pzf must be calculated immedi-
ately after intervention but, as has been said, the acute phase
of AMI is often characterised by distal embolisation caused by
thrombus or a variety of other mechanisms caused by
reperfusion injury, such as compression by tissue oedema,
platelet plugging, neutrophil adhesion, damage from free
radicals, or inappropriate vasoconstriction. The combination
of two or more of these factors immediately after acute phase
intervention may result in reduced CFR or increased Pzf. In
this study, we tried as much as possible to exclude the
influence of these factors from our results to elucidate the
correlation between myocardial viability, CFR, and Pzf.

Conclusions
Pzf is easily extrapolated and calculated in the catheterisation
laboratory with the use of a Doppler guidewire and is not
greatly influenced by haemodynamics. In patients successfully
reperfused for AMI, CFR does not correlate with FDG-PET at
the time of relatively early postreperfusion evaluation of
residual myocardial viability. The parameter that correlates
best with residual myocardial viability is Pzf and this may be a
useful index for predicting patient prognosis following AMI.
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IMAGES IN CARDIOLOGY.............................................................................
Complete occlusion of the abdominal aorta with a solitary kidney

A76 year old man, who had neither claudication nor lower
extremity rest pain, consulted our hospital because he was sus-
pected of having arteriosclerosis obliterans of both inferior

limbs. He had suffered from severe hypertension for 26 years and
developed myocardial infarction at 61 years of age.

Magnetic resonance angiography revealed the complete occlusion
of the abdominal aorta associated with a solitary kidney, and
extensive collateral vascular supply to the lower extremities. Digital
subtraction angiography confirmed the complete occlusion of the
abdominal aorta and a solitary kidney with a high grade ostial
atherosclerotic right renal artery stenosis. Three dimensional compu-
ter tomography revealed that the extensive collateral vascular supply
to the lower extremities originated from the internal thoracic artery–
superior epigastric artery, and the superior mesenteric artery to the
external iliac artery (right). From these observations, the patient was
diagnosed as having perirenal abdominal aortic occlusion with a soli-
tary kidney. We suggested that he did not have any symptoms such as
claudication or lower extremity rest pain because of extensive collat-
eral vascular supply to the lower extremities.
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