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Abnormal Coronary Flow Reserve and Abnormal Radionuclide
Exercise Test Results in Patients With Normal Coronary Angiograms

VICTOR LEGRAND, MD, JOHN McB. HODGSON, MD, ERIC R. BATES, MD,
FRED M. AUERON, MD, G.B. JOHN MANCINI, MD, FRCP(C), FACC, JOSEPH S. SMITH, MD,
MILTON D. GROSS, MD, ROBERT A. VOGEL, MD, FACC

Ann Arbor, Michigan

Coronary flow reserve, exercise thallium-201 scintigra-
phy and exercise radionuclide ventriculography were
compared in 18 patients with chest pain and angiograph-
ically normal coronary arteries. Regional exercise thal-
lium-201 perfusion was abnormal in three patients, re-
gional exercise wall motion was abnormal in three other
patients and results of both tests were abnormal in one
additional patient. Left ventricular ejection fraction re-
sponses were abnormal in five of these seven patients.
The coronary flow reserve of arterial distributions with
abnormal perfusion or regional dysfunction was signif-
icantly lower than that of distributions associated with
normal radionuclide results (1.42 + 0.23 versus 2.58 +
0.83, p < 0.001).

All patients with abnormal scintigraphic results had
low coronary flow reserve (<1.95) in at least one dis-
tribution. Perfusion abnormalities appeared to be more
localized in the arterial distributions with the lowest flow
reserve. Only two patients had low flow reserve (<1.95)
with normal scintigraphic results; both were hyperten-
sive. These data suggest that abnormal exercise scinti-
graphic findings in patients with angiographically nor-
mal coronary arteries and chest pain are indicative of
true blood flow or perfusion abnormalities.

(J Am Coll Cardiol 1985;6:1245-53)

Several investigators (1-4) have reported abnormal results
on radionuclide exercise tests in patients with angiograph-
ically normal coronary arteries. Some of these results can
be explained on the basis of coronary spasm (5), cardio-
myopathy (6) or superimposition of extracardiac structures
(7). In the majority of cases, however, the reason for these
abnormalities is not clear. As coronary angiography has long
been considered the standard for the evaluation of nonin-
vasive exercise tests, these abnormal results were considered
to be false.

Coronary flow reserve is a physiologic variable that as-
sesses the ability of coronary flow to increase under hy-
peremic stimulation. Studies in patients with left ventricular
hypertrophy (8—-11), hypertension (11-13) and syndrome X
(14,15) have revealed abnormal hyperemic blood flow re-
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sponses in the absence of coronary stenoses. Additionally,
evaluation of patients with coronary artery disease has shown
significant discrepancies between anatomically defined le-
sion severity and functional significance (16). Discrepancies
between coronary anatomy and physiology are thus well
recognized.

Recently, Vogel et al. (17) developed a method for mea-
suring regional coronary reactive hyperemia, induced by
intracoronary contrast medium injection, at the time of car-
diac catheterization. This technique was used in the current
study to assess regional coronary flow reserve in patients
referred to cardiac catheterization whose angiogram re-
vealed normal coronary arteries. Radionuclide exercise tests
were obtained for all of these patients. In this study we
compared the results of exercise scintigraphy on a regional
basis with coronary flow reserve in patients with normal
coronary arteries and a chest pain syndrome, so as to clarify
any discrepancies between coronary anatomy and physiology.

Methods

Study patients. From January to June 1984, 64 male
patients with chest pain participated in a prospective pro-
tocol that compared coronary arteriography, coronary flow
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reserve and exercise scintigraphic test results. Patients were
informed of the risks of cardiac catheterization and exercise
scintigraphy and gave consent to participation in this study,
which was approved by our Institutional Committee on Hu-
man Research on January 9, 1984. Patients received an
additional 0.72 total body rads associated with their scin-
tigraphic studies. Of these 64 patients, 18 were found to
have angiographically normal coronary arteries. Their mean
age was 53 years (range 35 to 64). No patient had valvular
heart disease, cardiomyopathy or a history of electrocar-
diographic evidence of myocardial infarction. Hypertension
(blood pressure > 160/100 mm Hg) or a history of hyper-
tension controlled by medications was noted in 11 cases.
All 18 patients had exercise thallium-201 scintigraphy and
exercise radionuclide ventriculography within 2 days of car-
diac catheterization. All medications were discontinued at
least 12 hours before both the exercise tests and catheterization.

Radionuclide Techniques

Exercise electrocardiography with thallium-201.
Symptom-limited treadmill exercise was performed using
the standard Bruce protocol with 12 lead electrocardio-
graphic monitoring. Ischemic electrocardiographic changes
were defined as horizontal or downsloping ST segment
depression of 1 mm or greater 80 ms after the J point.

Thallium-201 (2.5 mCi) was injected intravenously 1
minute before discontinuation of exercise. Three myocardial
scintigrams (40° left anterior oblique, anterior, 70° left an-
terior oblique) were obtained beginning approximately 8
minutes after cessation of exercise. Redistribution images
were obtained 3 hours later using constant time of acqui-
sition. Images were recorded on conventional transparency
film and stored in a computer for subsequent processing and
quantitative analysis (MDS A?). Quantitative analysis of
thallium-201 uptake and washout was performed using a
circumferential profile method (18). Images were interpreted
by consensus of three experienced observers without knowl-
edge of the patients’ clinical status. Both unprocessed im-
ages and quantitative data were analyzed to provide the final
interpretation. Regions with defects on postexercise imaging
were interpreted as persistent, improved (abnormal washout)
or normal on the redistribution image.

Quantitative data were also used to examine the relation
between segmental thallium uptake during exercise and re-
gional coronary flow reserve. On the thallium scintigrams
taken in the 45° left anterior oblique projection, the ratio of
mean circumferential profile counts from the anteroseptal
region (30 to 150°) to those from the posterolateral region
(210 to 330°) was calculated. This regional thallium activity
ratio was compared with the corresponding ratio of left
anterior oblique to circumflex artery flow reserve obtained
in a similar left anterior oblique projection (in patients with
abnormal scintigraphic results or low flow reserve, or both).
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Radionuclide ventriculography. After in vivo labeling
of red blood cells by technetium-99m (25 mCi), radionuclide
ventriculography was performed at supine rest in the right
anterior oblique, left lateral and left anterior oblique views.
With the camera in the left anterior oblique position, mul-
tistage bicycle exercise was begun at a work load of 200
kilopond-meters (kpm)/min and increased by 200 kpm/min
every 3 minutes up to the symptom-limited maximal work
load. Scintigraphy was performed during the last 2 minutes
of each stage. Data were stored and analyzed using a general
nuclear medicine computer (MDS A?). Ejection fraction was
calculated by dividing stroke counts by end-diastolic counts.
Relative volume changes were assessed from end-diastolic
and end-systolic counts. All counts were first corrected for
heart rate by dividing the raw counts by the product of the
number of cycles processed and frame duration. To com-
pensate for radioactive decay during the acquisition period,
a blood sample was drawn from a peripheral vein at the end
of the study. The activity contained in the sample (S) was
determined, and blood activity (Bl) at the time of acquisition
was back calculated:

Bl (counts/s) = S (counts/s) 00192,

where t = elapsed time. Finally, a ratio of heart rate-
corrected ventricular activity to blood activity was deter-
mined that was proportional to ventricular volume.

After image enhancement by space-time smoothing, left
ventricular wall motion was assessed by viewing the scin-
tigraphic data in a closed loop format on the computer’s
video display. Corresponding rest and exercise images were
evaluated by three experienced observers who were unaware
of the patient’s clinical status. Regional exercise-induced
dysfunction was defined as any worsening of segmental
regional wall motion during exercise as compared with the
rest state, and a global abnormality was defined as a less
than 5% rise in ejection fraction associated with a relative
increase in end-systolic volume.

Angiographic Techniques

Coronary arteriography. Selective coronary angiog-
raphy, using the Judkins technique, was performed in mul-
tiple views. All epicardial coronary arteries were completely
normal and free of luminal irregularities. In nine patients
with chest pain at rest that suggested coronary artery spasm,
up to 0.25 mg of ergonovine maleate was injected intra-
venously, and selective right and left coronary angiograms
were repeated 3 to 4 minutes later.

Coronary flow reserve measurement. Coronary flow
reserve was determined using digital subtraction angiogra-
phy and a technique described by Hodgson et al. (19).
Selective coronary angiography for subsequent processing
was performed in the view that best separated the myocardial
perfusion bed to be studied from other structures (aorta,
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diaphragm, coronary sinus) and neighboring perfusion beds.
Usually a left anterior oblique or left posterior oblique view
was chosen for the left coronary artery, and a left anterior
oblique or right anterior oblique view for the right coronary.
Coronary angiograms were acquired using a digital angio-
graphic computer (DPS-4100C, ADAC Labs) interfaced to
a standard cineangiographic system (Philips Optimus M200).
The radiographic input signal was kept constant (fixed kV,
mA and pulse width X-ray exposure). Video output signals
were directly converted into digital images by logarithmic
analog to digital conversion. One digital image per cardiac
cycle was obtained. It was recorded in a 512 X 512 eight
bit mode matrix. This frame was electrocardiographically
gated and was obtained during cardiac diastasis just before
atrial contraction. The patient was instructed to maintain
held inspiration for 10 to 15 seconds during image acqui-
sition. Sodium-meglumine diatrizoate (Renografin-76) was
injected at a flow rate of 4 ml/s for both coronary arteries
with a total of 7 ml for the left and 5 ml for the right by
means of an electrocardiographically triggered power in-
jector (Mark IV, Medrad). The heart rate was kept constant
during image acquisition by atrial pacing at a rate 5 beats/min
higher than the basal heart rate.

To determine the regional coronary flow reserve, two
sets of images per coronary artery were obtained. First, the
passage of a single bolus of contrast medium was recorded
at rest, at least 3 minutes after contrast injection. Images
during contrast-induced hyperemic flow were then sepa-
rately obtained by recording the passage of a bolus of con-
trast medium 10 seconds after 5 to 7 ml of the medium was
injected. The doses of contrast agent used to induce hy-
peremia were identical to the doses used to image the coro-
nary artery.

Image processing was performed using standard mask-
mode subtraction. The last single frame obtained before
contrast administration was selected as the mask. Five to
seven consecutive end-diastasis frames obtained after con-
trast administration were selected as the image subset. A
single contrast intensity and appearance time-modulated
functional image was then generated from each set of en-
hanced frames. On this functional image, the intensity value
of each pixel corresponds to the cumulative contrast density
reached during image acquisition. The appearance time of
contrast was color coded, with a different color assigned to
each postcontrast injection cardiac cycle. Only pixels with
an intensity above a preset threshold appeared on the final
picture. This threshold was set at a level that excluded most
of the background noise and was between 12 and 17% (mean
13.5%) of the maximal intensity. Acquisition and process-
ing variables were identical for each pair of images (baseline
and hyperemia) so that each set was technically comparable.

Regional myocardial contrast appearance time and den-
sity (time from onset of injection to its regional appearance
within the myocardium and regional density achieved at the
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end of the series, respectively) were obtained using an au-
tomatic histographic analysis of a region of interest defined
by the operator on the functional image. As contrast density
is directly related to the volume of distribution in the myo-
cardium and flow is inversely related to myocardial contrast
appearance time, digital estimate of coronary flow was cal-
culated as

_ Volume

- = k CD/AT,
Time

where Q = mean regional coronary flow; CD = mean
cumulative contrast density; AT = mean contrast appear-
ance time; and k = a constant related to the technical char-
acteristics of the radiographic equipment, the anatomic char-
acteristics of the patient, the location of the myocardial
region of interest and the injection characteristics. As each
pair was technically identical, the coronary flow reserve, or
ratio between hyperemic (h) and basal (b) coronary flows,
was given by

c fl =& _CDy CDy
oronary Iow reserve = = g .

Q. AT, AT,
Animal studies have demonstrated a close relation between
flow ratios measured by an electromagnetic flow probe and
CD/AT ratios measured by digital subtraction angiography
(r = 0.92).

Reproducibility of sequential measures was calculated as
+13% and inter- and intraobserver variability values were
excellent (19). To minimize vagaries due to the technique,
baseline and hyperemic studies were acquired with the pa-
tient in the same position relative to the camera and X-ray
tube and with identical contrast injection characteristics.
Studies with motion artifacts or arrhythmias were repeated.
In addition, hyperemia was induced in the standard manner
described, heart rate was kept constant by pacing and mean
blood pressure did not differ by more than 5% between
comparative studies.

Data analysis. Angiographically assessed regional coro-
nary flow reserve was obtained for 49 arterial distributions
(left anterior descending, 18; left circumflex, 17; right coro-
nary or left posterior descending, 4) and compared with
thallium-201 perfusion and radionuclide ventriculographic
wall motion in the same distribution. Comparisons between
groups were made with an unpaired ¢ test. Differences were
considered significant when confidence limits exceeded 95%
(p < 0.05). The results are expressed as mean = SD.

Results

Clinical and electrocardiographic characteristics.
The characteristics of 11 patients with normal radionuclide
test results were compared with those obtained in 7 patients
with abnormal test results (Table 1). Only the average age
of patients was different between the two groups.
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Table 1. Characteristics of the 11 Patients Without and 7
Patients With Abnormal Radionuclide Test Results

Normal Test Abnormal
Results Test Results
(n = 11) n="7)
Age (yr) 50 = 7.9% 57.7 = 4.7
Angina pectoris 3 5
Hypertension
Uncontrolled 3 3
Controlled 3 2
Medications
Diuretics 2 3
Nitrates 7 5
Beta-adrenergic 4 4
blocking agents
Ca’* antagonists 3 1
Exercise
Duration (s) 481 £ 108 426 + 122
Level (m) 8.74 £ 1.72 8.26 + 2.03
Rate-pressure product 293 + 62 245 = 65
(X 10%
*p < 0.05.

Seven patients had abnormal radionuclide test results
(Table 2). Five had anginal pain (exertional pain relieved
by rest and nitrates) and two had atypical chest pain. Three
were hypertensive at the time of the study, and two had a
history of hypertension controlled by medication. Two pa-
tients had abnormalities on the electrocardiogram at rest;
one had left ventricular hypertrophy by voltage criteria and
another had diffuse nonspecific T wave abnormalities. The
treadmill exercise test was terminated because of severe
shortness of breath in five patients, general fatigue in one
patient and hip pain in one patient. Two patients (Cases 1
and 3) complained of chest pain during and after exercise,
and the exercise electrocardiogram demonstrated an isch-
emic response in two other patients.
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Radionuclide results. Exercise thallium-201 scintigra-
phy revealed segmental abnormalities in four patients. Pa-
tient 1 had a reversible inferoposterior defect and abnormal
washout in the anterior region. Patient 4 had a persistent
inferoposterior defect. Patient 8 had apical and inferoseptal
defects with redistribution. Patient 11 had abnormal anterior
and anteroseptal washout.

Exercise radionuclide ventriculography revealed seg-
mental abnormalities in four patients. In these patients,
relative left ventricular end-systolic volume increased from
3 to 38% (mean 17.5%), relative end-diastolic volume in-
creased from 9 to 42% (mean 22%) and ejection fraction
ranged from a 3% decrease to a 4% increase (mean 1.5%
increase). Regional wall motion study revealed global hy-
pokinesia in three patients (Cases 3,6 and 17), and infer-
oapical and posterolateral hypokinesia in one patient (Case
4). One additional patient (Case 11) with an abnormal thal-
lium-201 scintigram had an abnormal exercise ejection frac-
tion response, but no segmental wall motion abnormality.
Five of the seven patients with regional scintigraphic ab-
normalities had an abnormal exercise ejection fraction re-
sponse, whereas all of the 11 patients without segmental
scintigraphic abnormalities had a normal ejection fraction
response.

Angiographic results. Contrast ventriculographic find-
ings were normal for all patients. One patient (Case 9) had
mitral valve prolapse. Coronary vessels were completely
normal in all subjects, without luminal irregularities. Er-
gonovine challenge was performed in 9 patients and was
positive in only one patient (Case 11), producing focal,
subtotal occlusion of the proximal left anterior descending
coronary artery.

Coronary flow reserve. The coronary flow reserve of
at least two major arterial distributions was determined in
all patients. In five instances, the flow reserve of only two
arterial distributions was assessed because of left coronary

Table 2. Clinical and Electrocardiographic Characteristics of Seven Patients With Abnormal
Functional Test Results and Normal Coronary Angiograms

Exercise-

Patient Chest Rest Limiting Exercise
No. Pain HTN Medications* ECG Symptoms RPP ECG
| AP + Nitrates, atenolol LVH Hip pain 144 -

3 AP - Nitrates nl Fatigue 228 -
4 Atyp + HCTZ, propranolol STTW Dyspnea 206 -
6 Atyp +(c) HCTZ, atenolol nl Dyspnea 254 -
8 AP - Nitrates nl Dyspnea 293 +
i1 AP +(c) HCTZ/amiloride, nl Dyspnea 224 +

nitrates,
propranolol
17 AP + Nitrates, nifedipine nl Dyspnea 366 -

*Discontinued before exercise test. AP = angina pectoris; Atyp = atypical chest pain; (c) = controlled
by medication; ECG = electrocardiogram; HCTZ = hydrochlorothiazide; HTN = hypertension; LVH = left
ventricular hypertrophy; nl = normal; RPP = rate pressure product; STTW = ST and T wave abnormalities.
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artery dominance, excessive motion, poor inspiration or
catheter wedging in the coronary ostium.

All arterial distributions with abnormal thallium-201 per-
fusion or regional dysfunction during exercise had low coro-
nary flow reserve values (< 1.95 for our laboratory), ranging
between 1.00 and 1.74 (mean 1.42 = 0.23). By compar-
ison, coronary flow reserve of arterial distributions asso-
ciated with normal regional radionuclide test results ranged
from 1.12 to 4.60 (mean 2.58 * 0.83; p < 0.001) (Fig.
1). Mean coronary flow reserve was similar for each major
coronary artery and was always significantly higher (p <
0.001) for arterial distributions not associated with scinti-
graphic abnormalities (Fig. 2).

Individual coronary flow reserve determinations are shown
in Figure 3. The flow reserve of six patients with abnormal
radionuclide tests was reduced in all arterial distributions;
in three patients, radionuclide angiography showed regional
left ventricular dysfunction during exercise. In three others
thallium-201 perfusion manifested regional abnormalities.
In one patient (Case 4), the flow reserve of the left anterior
descending coronary artery was normal (4.10), whereas the
flow reserve of the left circumflex and left posterior de-
scending coronary arteries were reduced (1.20 and 1.23).
This patient demonstrated hypokinesia and thallium-201
perfusion defects in the inferior and posterolateral areas.

The coronary flow reserve of patients with normal radio-
nuclide test results was above 1.95 in all but two cases
(Cases 15 and 18). These two patients with low regional
flow reserves (1.12 and 1.39 in Case 15; 1.71, 1.81 and
3.08 in Case 18) also had hypertension that was not con-
trolled by medication. Another hypertensive patient (Case
16), however, and three patients (Cases 5,7 and 10) with a
history of prior hypertension had normal results on radio-
nuclide tests and normal flow reserve.

Figure 1. Coronary flow reserve for arterial distributions without
(open circles) and with (closed circles) radionuclide abnormalities
(exercise thallium-201 scintigraphy or radionuclide ventriculog-
raphy, or both).
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Figure 2. Coronary flow reserve for each major arterial distri-
bution. Arterial distributions with normal radionuclide results (open
circles) and those with abnormal results (closed circles) are rep-
resented. Flow reserve differences between vascular distributions
with normal and abnormal radionuclide results are significant
(p < 0.001) within each major arterial distribution. LAD = left
anterior descending coronary artery; LCX = left circumflex coro-
nary artery; RCA/LPD = right coronary artery or left posterior
descending coronary artery.

Relation between relative thallium distribution and
coronary flow reserve. The relative perfusion provided by
the left anterior descending (LAD) and circumflex (LCX)
arteries was analyzed in the left anterior oblique projection
for patients with a low flow reserve. In this projection,
perfusion beds of these arteries are not overlapping and can
be adequately compared by both techniques. Regional
LAD/LCX ratios of mean stress thallium activity and re-
gional LAD/LCX ratios of flow reserve for the patients are
given in Table 3. Flow reserve ratios were, respectively,
0.60 and 0.55 for Cases 1 and 11, the two patients with the
lowest LAD/LCX stress thallium uptake ratios. The flow
reserve ratio was 3.33 for the patient in Case 4, who had a
defect in the circumflex distribution. It approached unity for
the five patients without thallium perfusion abnormalities
and for the patient in Case 8, who had an inferoapical defect.
The 4 hour thallium ratios increased in. Cases | and 11 with
an abnormal clearance rate of thallium in the anterior and
anteroseptal regions.

Relation between exercise limitation and coronary flow
reserve. Maximal metabolic demand during exercise was
estimated by the rate-pressure product achieved during ex-
ercise thallium scintigraphy and by the triple index (heart
rate X blood pressure X exercise/baseline ratios of end-
diastolic volume) achieved during exercise radionuclide
ventriculography. These indexes were compared with coro-
nary flow reserve for all but two patients (Cases 2 and 16)
who stopped exercise at a submaximal level because of
musculoskeletal problems without signs of ischemia. No
correlation was found between these indexes and the lowest
coronary flow reserve in each patient. However, a fair, but
significant, correlation was observed between the triple in-
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dex and the mean coronary flow reserve: y = 0.56x +
1.74; r = 0.52; p < 0.05 (Fig. 4).

Discussion

The accuracy of functional testing has always been de-
termined by results from coronary angiography. Although
a close relation exists between scintigraphic abnormalities
and the presence of coronary disease, numerous studies
(1-4) have shown abnormal exercise test results in the ab-
sence of any epicardial coronary artery disease. Although
our study confirms that radionuclide stress test results can

Table 3. Comparison Between Relative Thallium Distribution
and Coronary Flow Reserve in Nine Patients With Abnormal
Flow Reserve '

Regional
Flow

: Regional Thallium Activity Ratio Rese.rve
Patient Rutio

No. Exercise LAD/LCX 4 hour LAD/LCX LAD/LCX

1 0.82 1.01 0.60
3 0.93 0.97 1.00
4 1.38 1.40 333
6 0.89 0.87 1.00
8 0.91 0.86 0.85
1 0.75 1.00 058
15 0.86 0.95 0381
17 0.96 0.96 0.92
18 0.98 1.04 110

Correlation between exercise LAD/LCX ratio and LAD/LCX coronary
flow reserve ratio: y = 0.21x + 0.71; r = 0.974. LAD = left anterior
descending; LCX = circumflex artery.

be abnormal in the absence of angiographically visible coro-
nary stenoses, the major observation is that all abnormal
exercise thallium-201 and radionuclide ventriculographic test
results were associated with abnormal flow reserve values.
Inversely, seven of nine patients with low flow reserve val-
ues had abnormal exercise scintigraphic test results.

Abnormal flow reserve and normal coronary arter-
ies. Two of the seven patients with abnormal exercise test
results were found to have abnormalities that have been
shown previously to be associated with abnormal scintig-
raphy and normal coronary arteries. One factor observed in
patients with normal arteries and abnormal exercise tests is
coronary spasm (5). Patient 11 had resting and exertional
angina and demonstrated spasm of the left anterior descend-
ing coronary artery after injection of ergonovine. Interest-
ingly, the flow reserve was markedly reduced in the left
anterior descending artery distribution (1.01), whereas this
artery was known not to be in spasm. Ergonovine challenge
was negative in three other patients with low flow reserve.
Despite the absence of electrocardiographic Q waves or
history of prolonged chest pain, Patient 4 had a persistent
inferoposterior thallium-201 defect and abnormal wall mo-
tion both at rest and during exercise. He is likely, thus, to
have had a silent myocardial infarction. Myocardial infarc-
tion can be asymptomatic (20) and can occur in the absence
of angiographic coronary stenoses (21,22). Coronary spasm
has been proposed as a precipitating factor (23,24), but
ergonovine challenge was negative in this case. Experi-
mental studies have shown that coronary flow reserve is
reduced after repeated episodes of ischemia (25), but chronic
flow reserve after myocardial infarction has not been ex-
tensively studied. The etiology of the five other abnormal
exercise test results is not known.
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Figure 4. Relation between maximal metabolic requirements
achieved during symptom-limited exercise (expressed by the triple
index) and mean coronary flow reserve. The closed circles rep-
resent patients with abnormal scintigraphic results. The open cir-
cles represent those with normal functional tests. Two of the 18
patients who stopped exercise because of musculoskeletal prob-
lems are not included. A positive correlation was found between
the two variables: y = 0.56x + 1.74;r = 0.52: p < 0.05. BP
= blood pressure; EDV = end-diastolic volume; HR = heart
rate.

Using other techniques, abnormal coronary flow reserve
has been observed in patients with hypertension (11-13) or
left ventricular hypertrophy, or both (8—11). Although un-
controlled hypertension or a history of hypertension was
noted in 11 patients in this study, only two patients had
electrocardiographic criteria for left ventricular hypertro-
phy, of whom one had abnormal flow reserve. No echo-
cardiographic studies, however, were performed to assess
the presence or severity of left ventricular hypertrophy in
these subjects. Angiographic quantitation of left ventricular
hypertrophy remains crude and therefore was not performed
as part of this study. It is not clear whether decreased hy-
peremic flow (13,26-28) or increased basal flow (9.10,29),
or both (12), are responsible for the abnormal flow reserve
in the presence of hypertension or left ventricular hypertro-
phy. Moreover, subtle differences in muscle mass may have
substantial implications for flow distribution. Knowledge of
perfusion per gram at baseline and during maximal hyper-
emia would help clarity this issue. The current investigation
cannot address this problem because the angiographic tech-
nique allows determination of only relative flow changes to
an arterial distribution for which myocardial mass is not
known.
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Scintigraphic abnormalities, exercise limitation and
coronary flow reserve. A false positive thallium-201 scin-
tigram is sometimes due to soft tissue attenuation (7) or
apical thinning (30). In this study, decreased thallium ac-
tivity thought to be due to valve planes, soft tissue super-
imposition or apical thinning was not interpreted as abnor-
mal. Moreover, we used quantitative analysis in conjunction
with visual interpretation to improve diagnostic accuracy
(18,31). The defects detected appeared in the vessel distri-
bution with the lowest flow reserve in three patients and
was inferoseptal and apical in a fourth patient who had
similarly low flow reserve values in all arterial distributions
(Fig. 3, Table 3). Because thallium-201 recognizes relative
perfusion abnormalities, it is understandable that the scin-
tigrams were abnormal in the vascular distributions with the
lowest coronary flow reserve. Although five of the seven
patients with segmental scintigraphic abnormalities had ab-
normal exercise ejection fraction responses, the results of
thallium-201 and radionuclide ventriculography did not agree
consistently. This may represent a different pathophys-
iologic mechanism in these patients as compared with those
having significant arterial stenoses.

The mean coronary flow reserve at rest in patients with
normal coronary arteries appears to be an indicator of
exercise limitation. Although weak, the correlation between
an index of metabolic requirement during exercise (triple
index) and flow reserve indicates that higher flow demands
are met by higher vascular reserves. However, the com-
parison between these two variables may be of limited value
if exercise is interrupted because of extracardiac reasons or
if metabolic and flow requirement determinations are in-
accurate. This can explain in large part the dispersion ob-
served between flow reserve and triple index, as well as the
lack of correlation with rate-pressure product.

Study limitations. This study has several limitations.
First, contrast medium does not stimulate maximal coronary
blood flow. Adenosine triphosphate, papaverine or dipyrid-
amole are more potent vasodilators (32—34). However, mul-
tiple coronary flow reserve determinations would be more
difficult to perform because of the prolonged vasodilator
effects of these drugs (33,34). This point is critical when
digital radiographic techniques are used to measure flow
reserve; repeated determinations are sometimes required be-
cause of technical difficulties and the risks involved with
catheterization are known to increase with the duration of
the procedure. Thus, the coronary flow reserve determined
in this study by contrast induced hyperemia may be some-
what underestimated. Nevertheless, significant differences
in flow reserve between patient groups with normal and
abnormal functional tests were found.

Second, determination of coronary flow reserve by digital
subtraction angiography requires precisely timed contrast
medium injection and data acquisition, as well as patient
cooperation. Despite these technical limitations, interpret-
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able studies were obtained for 18 of 19 patients referred for
catheterization who were found to have normal coronary
arteries.

Third, it is well known that coronary flow is altered by
intracoronary contrast medium injection. Hodgson et al.
(35) reported that when using an ionic contrast agent (Reno-
grafin-76), these alterations are predictable and occur in
parallel during the first few seconds of both baseline and
hyperemic flow. It is for this reason that this technique
assesses relative blood flow from the ‘‘washin’” portion of
the time-density curve. Nonionic contrast agents were not
used because they produce less hyperemia but similar initial
blood flow alterations. Animal studies have demonstrated a
good correlation between coronary flow reserve determi-
nations made by electromagnetic flow meter and this digital
subtraction angiographic technique with the use of an ionic
contrast agent (19). Using this method to measure flow
reserve in human subjects has advantages compared with
other techniques: measurements can be made in all major
coronary distributions, and information is readily available
at the time of catheterization.

Fourth, although the medications were stopped for 12
hours or longer before the exercise tests, we cannot exclude
the persistence of some pharmacologic effects that would
have tended to make some of the results negative. Thus, it
is possible that the results would have been even more
striking if the patients had not been receiving any medi-
cations for a longer period.

Conclusion. From this study, which provides the first
correlation of regional blood flow and exercise scintigraphic
data in human subjects, we conclude that patients with an-
giographically normal coronary arteries and abnormal radio-
nuclide test results have abnormal coronary flow reserve in
arterial distributions corresponding to scintigraphic abnor-
malities. Although it is appropriate that exercise scintigra-
phy be used as a noninvasive method for predicting coronary
anatomy, abnormal scintigraphic results in patients with
normal arteriograms likely depict true physiologic blood
flow or myocardial perfusion abnormalities.

We are indebted to Glenn Beauman, Michael LeFree and Sandy Simon
for technical assistance; and to Diane Bauer for assistance in preparing the
manuscript.
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