
Bicycle Exercise Stress in PET for Assessment of
Coronary Flow Reserve: Repeatability and
Comparison with Adenosine Stress
Christophe A. Wyss, MD1; Pascal Koepfli, MD1; Krzysztof Mikolajczyk, PhD1; Cyrill Burger, PhD2;
Gustav K. von Schulthess, MD, PhD2; and Philipp A. Kaufmann, MD1

1Nuclear Cardiology, Cardiovascular Center, University Hospital Zurich, Zurich, Switzerland; and 2Nuclear Medicine, Department
of Medical Radiology, University Hospital Zurich, Zurich, Switzerland

PET allows absolute measurements of myocardial blood flow
(MBF). The aim of the present study was to evaluate the feasi-
bility and repeatability of supine bicycle exercise stress, com-
pared with standard adenosine stress, in PET. Methods: In 11
healthy volunteers, MBF was assessed at rest, during ade-
nosine-induced (140 �g/kg/min over 7 min) hyperemia, and
immediately after supine bicycle exercise (mean workload, 130
W, which is 70% of the predicted value) using PET and 15O-H2O.
The assessment was then repeated after 20 min. Coronary flow
reserve (CFR) was calculated as hyperemic/resting MBF for
adenosine stress and exercise stress. Repeatability was evalu-
ated according to the method of Bland and Altman. Results: No
significant differences were found between the paired resting
MBF (1.22 � 0.16 vs. 1.26 � 0.21 mL/min/g; mean difference,
3% � 11%) and the hyperemic MBF with adenosine stress
(5.13 � 0.74 vs. 4.97 � 1.05; mean difference, �4% � 14%) or
exercise stress (2.35 � 0.66 vs. 2.25 � 0.61; mean difference,
�4% � 19%). CFR was reproducible with adenosine stress
(4.23 � 0.62 vs. 4.05 � 1.06, P � not statistically significant;
mean difference, �5% � 19%) and exercise stress (1.91 � 0.46
vs. 1.80 � 0.44, P � not statistically significant; mean differ-
ence, �5% � 15%). Repeatability coefficients for MBF were
0.26 (rest), 1.34 (adenosine stress), and 0.82 (exercise stress)
mL/min/g. Conclusion: Assessment of CFR with 15O-H2O and
PET using bicycle exercise in the PET scanner is feasible and at
least as repeatable as using adenosine stress.
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Quantitative regional myocardial blood flow (MBF) can
be measured noninvasively and accurately using PET. 15O-
water is metabolically inert and freely diffuses across all
capillary membranes, including the capillary membrane of
the myocardium, rapidly equilibrating between the vascular

and extravascular spaces. The 2-min half-life of the 15O-
isotope allows repetitive MBF measurements at 10-min
intervals. A traditional shortcoming of the 15O-water tech-
nique used to be its need for additional 15O-carbon monox-
ide blood pool scans to define the regions of interest and
correct for the high 15O activity in the blood pool. Recently,
a new technique has been proposed for generating myocar-
dial images directly from dynamic 15O-water scans, elimi-
nating the need for additional C15O blood pool scans (1)
while allowing for serial 15O-water PET measurements of
MBF. This technique has recently been validated against
microspheres in experimental animals (2,3), and its repeat-
ability has been documented in humans (4).

Baseline and hyperemic MBF measurements allow the
assessment of coronary flow reserve (CFR), or hyperemic/
baseline MBF, an integrated parameter of endothelial func-
tion and vascular smooth muscle relaxation. PET has been
widely used to assess CFR in healthy volunteers and in
patients with coronary artery disease, cardiovascular risk
factors, and other cardiac diseases (5). Similarly, measure-
ment of CFR with PET has been used to assess the effects
of cardiovascular conditioning, coronary angioplasty (6),
and pharmacologic interventions (7). Adenosine or dipyrid-
amole are commonly used as a hyperemic stimulus, al-
though little is known about their interaction with drugs
studied in pharmacologic interventions. Furthermore, the
use of a pharmacologic stimulus may be of limited value in
the assessment of the physiologic importance of any car-
diovascular disease. Physical exercise is a physiologic stim-
ulus that reflects the natural response of the coronary arter-
ies to physical activities better than can any isolated
pharmacologic stimulation (8–11).

However, very few reports in the literature deal with
physical exercise in PET (12–15), and to our knowledge,
neither the feasibility nor the repeatability of exercise stress
in PET has ever been studied. Thus, the present study was
designed to evaluate the feasibility and repeatability of
inducing hyperemic MBF by supine bicycle exercise stress
in the PET scanner and to compare the resulting MBF with
adenosine-induced hyperemic MBF.

Received May 6, 2002; revision accepted Aug. 28, 2002.
For correspondence or reprints contact: Philipp A. Kaufmann, MD, Nuclear

Cardiology, Cardiovascular Center, University Hospital C NUK 32, Raemis-
trasse 100, CH-8091 Zurich, Switzerland.

E-mail: Philipp.Kaufmann@dmr.usz.ch

146 THE JOURNAL OF NUCLEAR MEDICINE • Vol. 44 • No. 2 • February 2003



MATERIALS AND METHODS

The study protocol was approved by the local ethics committee.
All subjects gave informed and written consent before the study.

Study Population
Eleven healthy male volunteers (mean age, 27 � 8 y) were

studied. None had a history of cardiovascular disease or smoking.
Entrance criteria included normal heart rate, normal blood pres-
sure, normal resting electrocardiogram (ECG), and low clinical
probability of coronary artery disease (16). In addition, all volun-
teers were carefully instructed to refrain from caffeine intake
during the 24 h before the study.

Study Protocol
Figure 1 summarizes the study protocol. With the patient’s feet

attached to a bicycle ergometer (model 380 B; Siemens-Elema
AG, Zurich, Switzerland), MBF was measured at rest. After 10
min had been allowed for decay of 15O radioactivity in the body,
MBF was measured again during adenosine-induced hyperemia.
Adenosine has a very short half-life of �10–20 s and is therefore
suitable for repetitive use within the same session. It was infused
for 7 min at 140 �g per kilogram of body weight per minute,
according to standard practice (17). Three minutes after the start of
the adenosine infusion, the hyperemic MBF measurement was
started. After 10 min, exercise was begun at 50–75 W, and
workload was increased in increments of 25–50 W until 70% of
the predicted value for upright bicycle exercise was reached (mean
workload, 130 W). MBF was measured immediately after the end
of exercise. A 20-min transmission scan was then acquired for
attenuation correction of all emission scans and to allow time for
the volunteer to recover after the physical exercise. Measurement
was repeated using the same protocol at rest, during adenosine
stress, and immediately after supine bicycle exercise.

Blood pressure was continuously monitored (Finapress; BOC
Inc., Englewood, CO) and was recorded at 1-min intervals. The
ECG was monitored continuously throughout the procedure, and a
12-lead ECG was recorded at baseline, at 1-min intervals during
adenosine administration, at each exercise level, and during 10 min
of recovery.

Image Acquisition
PET was performed on an Advance scanner (General Electric

Medical Systems, Milwaukee, WI). This device records 35 image
planes simultaneously. The axial field of view is 14.5 cm. A
30-min blank scan was recorded as part of the daily routine. The
optimal imaging position was determined by a 2-min rectilinear
scan after exposure of an external 68Ge ring source. Starting after
the background frame, 15O-water (500–700 MBq) was injected as
an intravenous bolus over 20 s at an infusion rate of 10 mL/min to
assess MBF. The line was then flushed for another 2 min. The
dynamic image sequences were 14 � 5 s, 3 � 10 s, 3 � 20 s, and
4 � 30 s.

Image Processing
The sinograms obtained were corrected for attenuation and were

reconstructed on a workstation (SUN Microsystems, Mountain
View, CA) using standard reconstruction algorithms. Images were
transferred to a personal computer (model 2200; transtec Com-
puter AG, Bulach, Switzerland) and were analyzed with pixelwise
modeling software (PMOD; University Hospital Zurich, Zurich,
Switzerland). Myocardial images were then generated directly
from the dynamic 15O-water study, avoiding the need for addi-
tional 15O-carbon monoxide blood pool scans to define regions of
interest as previously reported (1–4). Briefly, the factor sinograms
were generated by linear dimension reduction of the dynamic
sinograms, on which the required variate and covariate factors (the

FIGURE 1. MBF was assessed with H2
15O and PET at rest (Rest 1), during adenosine-induced hyperemia (Ado 1; intravenous

adenosine infusion at 140 �g/min/kg over 7 min), and immediately after supine bicycle exercise (Ex 1) in scanner (workload is
indicated in watts). All measurements were repeated (Rest 2, Ado 2, and Ex 2) after 20-min transmission scan.
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myocardial and blood time–activity curves) were modeled from
the lung time–activity curve. The general theory for optimal linear-
dimension reduction of sequences of medical images has recently
been reported (18,19). Factor images were generated by iterative
reconstruction (1). Regions of interest were drawn within the left
ventricle on 4–6 consecutive image planes and were projected
both onto the dynamic 15O-water images, to generate blood time–
activity curves (input function), and onto the right ventricle, to
correct for spillover in the septum. Similarly, myocardial regions
of interest were drawn within the left ventricular myocardium on
at least 12 consecutive image planes and were projected onto the
dynamic 15O-water images to obtain tissue activity curves. The
regions were drawn semiautomatically using a centerline within
the myocardium. The junctions of right and left ventricle were
marked to indicate the septum. The left ventricular free wall was
then subdivided geometrically into 3 segments of the same size. In
accord with the recommendations of the American Society of
Echocardiography (20), the left ventricle was subdivided into a
total of 16 segments. However, for the present analysis the sub-
segments were grouped to obtain a mean value for septal, anterior,
lateral, and inferior wall segments. Arterial and tissue activity
curves were fitted to a single-tissue-compartment tracer kinetic
model to give values of regional and global MBF (mL/min/g), as
has previously been described (7,21).

MBF, CFR, and Coronary Resistance
Because MBF at rest is determined mainly by cardiac workload

(22), we corrected MBF at rest for rate–pressure product (RPP)
using the following equation: Corrected MBF � (MBF/RPP) �
104 (3). To account for the variability of coronary driving pressure,
the ratio of mean arterial pressure to MBF was calculated as an
index of coronary resistance as previously described (23,24).

CFR was defined as the ratio of MBF during hyperemia (in-
duced by either adenosine or exercise) to MBF at rest and was
calculated for baseline and repeated measurements.

Statistical Analysis
Statistical comparison of hemodynamic data, MBF, and CFR

was performed by 1-way ANOVA for repeated measurements.
Data are reported as mean � SD. To test the repeatability of each
measurement, we analyzed the difference between the 2 measure-
ments according to the method of Bland and Altman (25). The
repeatability coefficient was calculated as 1.96 times the SD of the
differences, following the definition adopted by the British Stan-
dards Institution (26). For better comparison, the repeatability

coefficient is also given as a percentage of the average value of the
2 measurements.

RESULTS

The procedure was well tolerated, apart from the common
side effects caused by adenosine. None of the subjects
experienced any ECG changes during the procedure.

Hemodynamics
During the 2 resting measurements, systolic blood pres-

sure, diastolic blood pressure, mean aortic blood pressure,
and RPP were comparable (Table 1). However, heart rate
was slightly higher during the repeated resting measure-
ments, possibly because recovery time after bicycle exercise
was too short for some volunteers. For the RPP values at the
initial and repeated rest tests, we found a repeatability
coefficient of 2,573, that is, 32% of the mean RPP. The
same comparison during the 2 adenosine infusions revealed
no significant difference between the mean values (Table 1).
The repeatability coefficient of RPP was comparable,
namely 3,826, or 32% of the mean RPP. The value for the
comparison of baseline and repeated exercise was 5,020,
that is, 26% of the mean RPP.

MBF and CFR
The first and second resting mean MBF values were

1.22 � 0.16 and 1.26 � 0.21 mL/min/g, respectively (Table
2), with a mean difference of 3% � 11% (P � not statis-
tically significant [NS]). The individual MBF values and the
Bland–Altman plot are shown in Figure 2. The agreement of
both measurements is shown in Figure 3. The repeatability
coefficient for resting MBF was 0.26 mL/min/g, equaling
21% of the mean (Table 2). The respective values for the
corrected MBF were 1.75 � 0.37 and 1.46 � 0.29 mL/
min/g (P � NS), resulting in a slightly higher mean differ-
ence of �12% � 16% and a repeatability coefficient of 0.58
mL/min/g (37% of the mean).

Adenosine induced a significant increase in mean
MBF—to 5.13 � 0.74 mL/min/g (initial adenosine test; P �
0.0001 vs. initial rest test) and 4.97 � 1.05 mL/min/g
(repeated adenosine test; P � 0.0001 vs. repeated rest test),

TABLE 1
Hemodynamics

Parameter Rest 1 Rest 2 P Adenosine 1 Adenosine 2 P Bicycle 1 Bicycle 2 P

SBP* 112 � 10 119 � 11 NS 121 � 7 127 � 16 NS 157 � 27 150 � 22 NS
DBP* 65 � 9 68 � 12 NS 63 � 10 71 � 8 �0.05 79 � 9 80 � 9 NS
MAP* 81 � 8 85 � 9 NS 83 � 7 90 � 10 NS 105 � 14 103 � 11 NS
HR (bpm) 64 � 6 73 � 10 �0.05 92 � 16 97 � 15 NS 125 � 19 123 � 21 NS
RPP 7,148 � 1,122 8,673 � 1,299 �0.05 11,212 � 2,121 12,336 � 2,795 NS 19,432 � 5,629 18,394 � 5,192 NS

*Values are given in mm Hg.
1 � initial test; 2 � repeated test; SBP � systolic blood pressure; DBP � diastolic blood pressure; MAP � mean arterial pressure; HR �

heart rate; RPP � rate–pressure product (SBP � HR).
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with no significant difference (�4% � 14%) between the 2
hyperemic measurements (Fig. 2). The repeatability coeffi-
cient for the 2 hyperemic MBF values (Table 2) was 1.34
mL/min/g (27% of the mean).

Bicycle exercise also induced a significant increase in
mean MBF—to 2.35 � 0.66 mL/min/g (initial exercise test;
P � 0.001 vs. initial rest test) and 2.25 � 0.61 mL/min/g
(repeated adenosine test; P � 0.001 vs. repeated rest test),
with no significant difference (�4% � 19%) between the 2
hyperemic measurements. The agreement of both measure-
ments is shown in Figures 2 and 3. The repeatability coef-
ficient for the 2 MBF values after exercise was 0.82 mL/
min/g (36% of the mean) (Table 2). The MBF values were
significantly lower after exercise than during adenosine
stress (P � 0.001). The values of the regional MBF are
given in Table 2. The best (lowest) repeatability coefficient
was that for the inferior wall at rest.

CFR values are summarized in Table 3 and shown in
Figures 4 and 5. CFR at the initial adenosine test (MBF for
initial adenosine test divided by MBF for initial rest test;
relative values) was 4.23 � 0.62, and CFR at the repeated
adenosine test (MBF for repeated adenosine test divided by
MBF for repeated rest test) was 4.05 � 1.06 (mean differ-
ence, �5% � 19%; P � NS). After the resting MBF was
corrected for RPP, the respective CFR values were 3.06 �
0.84 and 3.54 � 1.09 (mean difference, 13% � 24%; P �
NS). The repeatability coefficient was 1.44 (35%) for CFR
and 1.48 (44%) for corrected CFR (Table 3). The values for
CFR using bicycle exercise stress were 1.91 � 0.46 and
1.80 � 0.44 (mean difference, �5% � 15%; P � NS),
which were significantly lower than the values using aden-
osine (P � 0.0001). The repeatability coefficient was 0.56
(30%). Generally, the regional CFR values showed consid-
erably lower repeatability than did the global values.

Coronary Resistance
Coronary resistance did not differ significantly between

the 2 resting measurements (67 � 10 vs. 69 � 11 mm

Hg/mL/min/g; P � NS) and the 2 respective hyperemic
measurements, that is, adenosine stress (17 � 4 vs. 19 � 5,
P � NS) and bicycle stress (45 � 13 vs. 50 � 12). Thus,
coronary resistance dropped significantly during bicycle
exercise compared with the value during rest (P � 0.001 vs.
rest), and showed a further decrease during adenosine stress
(P � 0.01 vs. exercise).

DISCUSSION

PET is used increasingly in studies comparing the effect
of various pharmacologic interventions on myocardial per-
fusion. At the same time, little is known about potential
interactions between most of the study drugs and adenosine
or dipyridamole, both of which are commonly used as
pharmacologic hyperemic stressors. The use of physical
exercise as a hyperemic stimulus avoids these problems. In
addition, bicycle exercise—although performed with the
patient supine in the scanner—represents a physiologic
stimulus and thus reflects the natural response of MBF to
physical activities better than can any isolated pharmaco-
logic stimulation (8–11). Therefore, assessment of the fea-
sibility and repeatability of hyperemic MBF using supine
bicycle exercise stress in the PET scanner, and comparison
with adenosine-induced hyperemic MBF, are important is-
sues.

For the measurement of global MBF at rest, we found a
repeatability coefficient of 0.26 mL/min/g (21% of the av-
erage value between the initial and repeated rest measure-
ments), indicating good repeatability for the method and
comparing well with our previous data (3). It remains dif-
ficult, however, to assign the small difference between the 2
measurements either to an intrinsic error in the measure-
ment (methodologic error) or to real changes in MBF (phys-
iologic variability). Because MBF at rest depends largely on
cardiac work, that is, myocardial oxygen consumption,
MBF at rest is expected to vary with RPP. To allow com-
parable interpretation of the quantitative data, some inves-

TABLE 2
Myocardial Blood Flow

Parameter Rest 1 Rest 2

Repeatability
coefficient

Adenosine
1

Adenosine
2

Repeatability
coefficient

Bicycle 1 Bicycle 2

Repeatability
coefficient

Abs.
% of
mean Abs.

% of
mean Abs.

% of
mean

Global
Uncorrected 1.22 � 0.16 1.26 � 0.21 0.26 21 5.13 � 0.74 4.97 � 1.05 1.34 27 2.35 � 0.66 2.25 � 0.61 0.82 36
Corrected 1.75 � 0.37 1.46 � 0.29 0.58 37

Regional
Septal 1.14 � 0.14 1.23 � 0.50 0.66 55 4.75 � 1.06 4.40 � 0.90 2.68 59 2.53 � 0.74 2.23 � 0.73 1.64 68
Anterior 1.25 � 0.27 1.35 � 0.31 0.58 45 5.24 � 0.99 5.37 � 1.75 3.72 70 2.08 � 0.63 2.14 � 0.92 1.34 62
Lateral 1.14 � 0.25 1.12 � 0.14 0.52 46 4.94 � 1.15 5.04 � 1.46 3.44 69 2.36 � 0.56 2.13 � 0.63 1.06 46
Inferior 1.18 � 0.26 1.21 � 0.14 0.46 38 5.16 � 1.15 5.13 � 1.52 2.84 55 2.91 � 0.84 2.48 � 0.61 1.64 60

Abs. � absolute; 1 � initial test; 2 � repeated test.
Values are given in mL/min/g.
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tigators have proposed that MBF be corrected for RPP, an
index of external cardiac work (27). This correction did not
improve agreement between the 2 measurements in our
study, probably because RPP varied only slightly between
the initial and repeated rest measurements, underlining the
rapid recovery of hemodynamic conditions after adenosine
and bicycle exercise stress. However, the recovery time
after physical exercise might have been slightly too short in
some of the volunteers, although for the sake of the repeat-
ability of our data, we did not aim for the maximal work-
load.

Regional resting MBF was similar in the 4 left ventricular
segments, with a comparable coefficient of variance in all
regions. Agreement between repeated measurements in
each segment was considerably inferior to agreement be-
tween repeated global MBF values. This inferiority could be

due partly to methodologic issues, because regions of inter-
est of smaller size have poorer count statistics than do larger
regions of interest. In addition, however, the spatial heter-
ogeneity of myocardial perfusion is well accepted (28) and
may have influenced our results. Regional variability in
perfusion has been observed in the hearts of all species
studied thus far (29–31). King et al. (30), for example,
found that even after correcting for methodologic error and
temporal variability, flow to small regions of the left ven-
tricle of conscious baboons ranged almost 6-fold at the
largest extreme. Recently, the issue of heterogeneity of
MBF in healthy humans has been extensively discussed
(31). Briefly, differences in local metabolic needs, perhaps
secondary to differences in regional function, have been
suggested. Temporal heterogeneity may cause changing
variations within regions (32). Spatial heterogeneity in re-

FIGURE 2. (A) Repeated resting and hyperemic MBF measurements. Paired values are given for each participant. Mean values
(large circles) are given as mean � 1 SD. (B) Differences in paired values are plotted against their average value (Bland–Altman plot).
Repeatability is best at rest but comparable during adenosine and bicycle exercise. Rest 1 and 2, Ado 1 and 2, and Ex 1 and 2 are
defined as in Figure 1.
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gional MBF seems to be linked to arteriolar or tissue oxygen
partial pressure over a broad range, from 40 to 200 mm Hg
in dogs (33). Furthermore, a linear relationship between
coronary flow distribution and tissue norepinephrine content
may exist (34). Thus, physiologic heterogeneity may con-
siderably contribute to the larger variability in segmental
MBF, and temporal variations may at least partly explain
the inferior repeatability of regional MBF measurements,
compared with global MBF.

The 2 adenosine measurements of global MBF revealed a
repeatability coefficient of 1.34 mL/min/g (27% of the mean
value), only slightly higher than that observed for resting
MBF (21%) and comparing well with previous results (3).
Similarly, hyperemic regional MBF showed a higher repeat-
ability coefficient for all left ventricular segments, indicat-
ing reduced agreement, compared with rest.

The repeatability coefficient for the 2 exercise measure-
ments was 0.82 mL/min/g (36% of the mean) and, thus,
comparable to adenosine stress, although exercise-induced
hyperemia was significantly lower than adenosine-induced
hyperemia. Several factors may have contributed. First, the

volunteers were not asked to perform to their maximal level
of effort, in order to allow for (hemodynamic) recovery
within a reasonable time as requested by the repeatability
study protocol. Second, data were acquired not during ex-
ercise (to avoid excessive motion artifacts during scanning)
but immediately after exercise, when the workload on the
heart and the heart rate rapidly decrease and when flow is
also expected to rapidly fall. Thus, the exercise-induced
MBF should be considered the MBF after submaximal
exercise stress, possibly limiting clinical usefulness. How-
ever, the MBF values are quite comparable or even slightly
higher than those achieved during dobutamine stress
(35,36). In perfusion imaging, dobutamine stress has been
shown to provide results that are clinically equivalent to
those of adenosine stress (37).

Because MBF during maximal vasodilation depends
mainly on coronary driving pressure (i.e., mean coronary
artery pressure), we estimated the coronary resistance dur-
ing hyperemia to account for changes in hemodynamic
conditions. In fact, resistance was almost identical during
both adenosine-induced hyperemic measurements. Resis-

FIGURE 3. Scattergram of repeated MBF measurements (mL/min/g). Line of equality, along which points would lie if agreement
were perfect, is shown.

TABLE 3
Coronary Flow Reserve

Parameter Adenosine 1 Adenosine 2

Repeatability coefficient

Bicycle 1 Bicycle 2

Repeatability coefficient

Absolute % of mean Absolute % of mean

Global
Uncorrected 4.23 � 0.62 4.05 � 1.06 1.44 35 1.91 � 0.46 1.80 � 0.44 0.56 30
Corrected 3.06 � 0.84 3.54 � 1.09 1.48 44

Regional
Septal 4.41 � 1.20 4.00 � 1.46 3.59 85 2.26 � 0.75 1.96 � 0.71 1.61 76
Anterior 4.33 � 1.20 4.16 � 1.64 3.63 85 1.60 � 0.37 1.57 � 0.52 0.86 54
Lateral 4.57 � 1.69 4.29 � 1.41 4.25 96 2.19 � 0.81 1.77 � 0.45 2.09 106
Inferior 4.64 � 1.55 4.33 � 1.34 2.99 67 2.59 � 0.70 2.07 � 0.45 1.20 52

1 � initial test; 2 � repeated test.
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tance during bicycle exercise was significantly higher but
almost identical in the 2 bicycle stress measurements. This
finding is in line with previous reports, in which exercise
stress in addition to pharmacologic stress was shown to
increase coronary vascular resistance, thus significantly de-
creasing hyperemic MBF and CFR (15). This decrease most
likely results from an increase in extravascular compressive
forces caused by higher ventricular pressures and contrac-
tility during physical stress. In view of the fact that repeated
measurements revealed almost identical results after calcu-
lation of coronary resistance, it seems appropriate to assume
that physiologic heterogeneity may be more important in
accounting for the differences in repeated MBF measure-
ments and that methodologic issues are less important.

As a reflection of the repeatability of global MBF mea-
surements at rest and during adenosine stress, the baseline
(4.23 � 0.62) and repeated (4.05 � 1.06) CFR values were

similar (P � NS). However, the repeatability coefficient
was 1.48 (36%), indicating variability in the hemodynamic
response to adenosine. Correction of resting MBF did not
improve the repeatability of CFR, confirming that such
correction is not mandatory for intragroup comparisons when
hemodynamic parameters such as RPP remain stable (3). The
repeatability coefficient for global exercise-induced CFR was
0.56 (30%), indicating that the repeatability of CFR is at least
as good with exercise stress as with adenosine.

Studies of regional MBF have demonstrated that the
distribution of maximal MBF is extremely heterogeneous
(29), resulting in a wide dispersion of CFR (27). Thus, the
modest repeatability of regional CFR in our study may be
explained mainly by physiologic heterogeneity rather than
solely by methodologic issues.

We have previously reported, for a larger number of
subjects, that resting MBF was slightly higher in women

FIGURE 4. (A) Repeated assessment of CFR with and without correction of baseline MBF for RPP. Paired values are given for
each participant. Mean values (large circles) are given as mean � 1 SD. (B) Differences in paired values are plotted against their
average value (Bland–Altman plot). Ado 1 and 2 and Ex 1 and 2 are defined as in Figure 1; corr � corrected.
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than in men but that no sex differences existed during
hyperemia (31). Thus, although we have not included fe-
male volunteers in the present study, one can reasonably
anticipate that sex differences would not have significantly
changed our results with regard to stress perfusion measure-
ment.

Repetitive MBF measurements in the same patients have
been reported by others, albeit usually to compare MBF
measurements with different approaches (38,39). In addi-
tion, the repeatability of MBF measurements for PET with
pharmacologic stress has been reported using water (3) and
ammonia (27) as flow tracers.

To our knowledge, the present study is the first to report
the feasibility and range of repeatability of bicycle exercise
stress for inducing hyperemic MBF in PET with 15O-labeled
water. How far apart measurements can be without causing
a problem remains a question of judgment for each individ-
ual study and clinical setting. Our data also provide infor-
mation helpful for choosing the sample size of clinical PET
studies. The repeatability of PET in patients with heart
disease remains to be determined.

CONCLUSION

Assessment of CFR with 15O-H2O and PET using bicycle
exercise stress in the PET scanner is feasible and at least as
repeatable as using adenosine stress. Our results support the
use of bicycle exercise stress in PET as a physiologic
stimulus to induce hyperemic flow.
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3. Schäfers-KP, Spinks-TJ, Camici-PG, et al. Absolute quantification of myocardial

blood flow with H2
15O and 3-dimensional PET: an experimental validation.

J Nucl Med. 2002;43:1031–1040.
4. Kaufmann PA, Gnecchi-Ruscone T, Yap JT, Rimoldi O, Camici PG. Assessment

of the reproducibility of baseline and hyperemic myocardial blood flow measure-
ment with 15O-labeled water and PET. J Nucl Med. 1999;40:1848–1856.

5. Jenni R, Wyss CA, Oechslin EN, Kaufmann PA. Coronary microcirculatory
dysfunction in isolated ventricular non-compaction. J Am Coll Cardiol. 2002;39:
450–454.

6. Uren NG, Crake T, Lefroy DC, de Silva R, Davies GJ, Maseri A. Delayed
recovery of coronary resistive vessel function after coronary angioplasty. J Am
Coll Cardiol. 1993;21:612–621.

7. Guethlin M, Kasel AM, Coppenrath K, Ziegler S, Delius W, Schwaiger M.
Delayed response of myocardial flow reserve to lipid-lowering therapy with
fluvastatin. Circulation. 1999;99:475–481.

8. Matsuzaki M, Gallagher KP, Patritti J, et al. Effects of a calcium-entry blocker
(diltiazem) on regional myocardial flow and function during exercise in conscious
dogs. Circulation. 1984;69:801–814.

9. Kaufmann P, Vassalli G, Utzinger U, Hess OM. Coronary vasomotion during
dynamic exercise: influence of intravenous and intracoronary nicardipine. J Am
Coll Cardiol. 1995;26:624–631.

10. Kaufmann P, Mandinov L, Hess OM. Coronary stenosis vasoconstriction: impact
on myocardial ischaemia. Eur Heart J. 1997;18:1853–1859.

11. Kaufmann P, Frielingsdorf J, Mandinov L, Hess OM. Influence of the culprit
lesion on clinical symptoms of coronary artery disease, with special emphasis on
exercise data. Coron Artery Dis. 1998;9:185–190.

12. Tamaki N, Yonekura Y, Senda M, et al. Myocardial positron computed tomog-
raphy with 13N-ammonia at rest and during exercise. Eur J Nucl Med. 1985;11:
246–251.

13. Krivokapich J, Smith GT, Huang SC, et al. 13N ammonia myocardial imaging at
rest and with exercise in normal volunteers: quantification of absolute myocardial
perfusion with dynamic positron emission tomography [see comments]. Circu-
lation. 1989;80:1328–1337.

14. Nienaber CA, Gambhir SS, Mody FV, et al. Regional myocardial blood flow and
glucose utilization in symptomatic patients with hypertrophic cardiomyopathy.
Circulation. 1993;87:1580–1590.

15. Muller P, Czernin J, Choi Y, et al. Effect of exercise supplementation during
adenosine infusion on hyperemic blood flow and flow reserve. Am Heart J.
1994;128:52–68.

16. Diamond G, Forrester J. Analysis of probability as an aid in the clinical diagnosis
of coronary artery disease. N Engl J Med. 1979;300:1350–1358.

FIGURE 5. Scattergram of repeated CFR measurements (relative values). Line of equality, along which points would lie if
agreement were perfect, is shown.

BICYCLE VERSUS ADENOSINE STRESS IN PET • Wyss et al. 153



17. Cerqueira MD, Verain MS, Schwaiger M, Heo J, Iskandrian AS. Safety profile of
adenosine stress perfusion imaging: results from the adenoscan multicenter trial
registry. J Am Coll Cardiol. 1994;23:384–389.

18. Hermansen F, Lammertsma AA. Linear dimension reduction of sequences of
medical images: I. Optimal inner products. Phys Med Biol. 1995;40:1469–1481.

19. Hermansen F, Bloomfield PM, Ashburner J, Camici PG, Lammertsma AA.
Linear dimension reduction of sequences of medical images: II. Direct sum
decomposition. Phys Med Biol. 1995;40:1921–1941.

20. Schiller NB, Shah PM, Crawford M, et al. Recommendations for quantification
of the left ventricle by two-dimensional echocardiography. J Am Soc Echocar-
diogr. 1989;2:358–367.

21. Hermansen F, Rosen SD, Fath-Ourdubadi F, et al. Measurement of myocardial
blood flow with oxygen-15 labelled water: comparison of different administration
protocols. Eur J Nucl Med. 1998;25:751–759.

22. Kitamura K, Jorgensen CR, Gobel FL, et al. Hemodynamic correlates of myo-
cardial oxygen consumption during upright exercise. J Appl Physiol. 1972;32:
516–522.

23. Kaufmann PA, Gnecchi-Ruscone T, Schäfers KP, Lüscher TF, Camici PG. Low
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