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Profiles of coronary blood flow velocity in patients
with aortic stenosis and the effect of valve
replacement: a transthoracic echocardiographic
study

Antoinette Kenny, Christopher R Wisbey, Leonard M Shapiro

Abstract
Objective-To report the first non-inva-
sive assessment by transthoracic Doppler
echocardiography of coronary blood flow
in patients with aortic stenosis and of the
effects of valve replacement.
Design-High frequency transthoracic
Doppler echocardiography was used to
examine resting phasic flow in the left
anterior descending coronary artery
before and after replacement of the
aortic valve in awake, unsedated patients
with pure aortic stenosis and normal
coronary arteries.
Setting-A tertiary referral cardio-
thoracic centre.
Methods-Eleven patients with pure
aortic stenosis and normal coronary
arteries (six men, five women, mean
(range) age 69 (50-82) years), were
studied the day before and 1 week after
replacement of the aortic valve. These
patients were selected from a cohort of
15 due to ease of imaging of the left
anterior descending coronary artery.
Seven had a history of angina.
Haemodynamics, peak transvalvar aortic
gradient, left ventricular mass index,
ventricular dimensions, and profiles of
coronary flow velocity were measured.
Profiles of coronary flow velocity were
also measured in a control population of
10 normal subjects (five men, five
women, mean (range) age 58 (34-66)
years).
Results-The control population showed
forward flow throughout systole, but
reversed early systolic flow (mean
velocity 20-6 (3.6) cmls) was seen in six
patients with aortic stenosis. Only three
of these patients had a clinical history of
angina. Peak and mean systolic and
diastolic forward flow velocities were
not significantly different in the control
group and in patients with aortic steno-
sis. The time from the start of systole to
the onset of forward systolic flow was sig-
nificantly longer in patients with aortic
stenosis than in the control population
(185 (8.5) v 85 (10) ms, p < 0-01). The
time from the onset of diastolic flow to
peak diastolic velocity was also signifi-
cantly longer in the aortic stenosis group
(146 (16) v 74 (13) ms, p < 0-01). These
abnormalities in profiles of coronary flow
were reversed by replacement of the
aortic valve. There was no correlation
between changes in flow profiles in

patients with aortic stenosis and pre-
operative clinical history, transvalvar
gradient, left ventricular mass index, or
ventricular dimensions.
Conclusions-Coronary flow profiles in
patients with aortic stenosis were
characterised by reversed early systolic
flow and delayed forward systolic flow
and attainment of peak diastolic velocity.
Reversal of these abnormalities by
replacement of the aortic valve may
reflect altered left ventricular and aortic
haemodynamics and contribute to the
relief of angina when left ventricular
hypertrophy persists. Further studies
may correlate abnormalities of coronary
flow with preoperative clinical and
haemodynamic state.

(Br Heart3' 1994;71:57-62)

Aortic stenosis in the presence of angiograph-
ically normal coronary arteries is often
accompanied by clinical, electrocardiographic
and histological findings suggestive of
myocardial ischaemia.1 The incidence of
angina in patients with significant aortic
stenosis has been reported to be between
40% and 80%.2A Considerable limitation of
coronary reserve, attributed to left ventricular
hypertrophy, may contribute to myocardial
ischaemia in these patients.-7 Replacement of
the aortic valve, however, relieves angina in
the immediate postoperative period without
regression of left ventricular hypertrophy. An
imbalance between myocardial oxygen supply
and demand due to decreased coronary per-
fusion pressures and increased left ventricular
wall tension may also be implicated in the
pathogenesis of angina in patients with aortic
stenosis.35 Such alterations in aortic and left
ventricular pressures may influence dynamics
of the phasic left coronary artery flow.

There have been no reports of coronary
flow patterns in awake, unsedated humans
with aortic stenosis. Invasive studies of coro-
nary flow in patients with pure aortic stenosis
have been performed in six patients during
cardiac surgery with epicardial Doppler tech-
niques and in two patients during cardiac
catheterisation with an intravascular Doppler
flow probe.9 10 These techniques, however, are
invasive and may not accurately reflect the
dynamics of resting coronary blood flow in
these patients.

Methodological limitations have until
recently prevented non-invasive assessment of
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Table I Characteristics and haemodynamics ofpatients who undenvent aortic valve replacement

Before After

Sex Age Angina RSF AVG LVMI LVHt HR MAP TSF DTP SVp SVm DVp DVm HR MAP TSF**DTP**SVp SVm DVp DVm

F 73 - + 100 322 12 74 97 210 250 -14 -12 60 34 103 95 100 30 18 17 43 33
M 73 + + 72 287 6 63 110 200 170 -24 -16 37 23 93 103 80 30 26 20 38 28

15 10
F 73 - + 80 122 9 75 100 200 120 -15 -10 41 30 72 100 80 140 21 14 40 28

16 12
M 63 - - 120 203 7 53 135 210 180 14 9 30 20 62 130 150 100 15 12 26 18
F 80 + - 130 359 6 75 83 190 170 11 10 37 25 87 87 60 70 10 8 35 25
M 82 + + 48 271 13 89 87 - 140 -17 -12 31 20 84 83 - 60 17 3 40 29
M 50 + - 82 - 7 67 107 140 150 13 11 37 26 63 100 70 60 7 5 27 19
F 64 + + 116 148 9 60 113 200 110 -33 - 26 48 32 90 113 90 60 10 8 24 16

16 12
M 79 + - 55 - 9 73 133 160 30 12 9 36 28 75 117 140 20 19 15 46 34
M 58 + - 63 240 3 113 93 - 140 - - 39 25 83 93 - 90 12 11 32 25
F 63 - + 110 395 9 60 90 160 140 - 30 -21 36 28 60 107 40 90 20 18 33 26

14 12

**p < 0-01 by Wilcoxon signed rank paired test between before and after values.
tLeft ventricular hypertrophy; Estes score.
RSF, reversed systolic flow; AVG, peak transvalvar gradient (mm Hg); LVMI, left ventricular mass index (g/m2); HR, heart rate (beats/min); MAP, mean arterial
pressure (mm Hg); TSF, time from onset of systole to forward systolic flow (ms); DTP, time from onset of diastolic flow to peak flow (ms); SVp, peak systolic
velocity (cm/s); SVm, mean systolic velocity (cm/s); DVp, peak diastolic velocity (cm/s); DVm, mean diastolic velocity (cm/s).

patterns of coronary blood flow in patients
with aortic stenosis. It is now possible to
image and measure blood flow velocities in
the distal left anterior descending coronary
artery (LAD) with high frequency trans-
thoracic Doppler echocardiography.11 12 We
used this non-invasive technique to charac-
terise profiles of blood flow velocity in the
LAD under physiological conditions, before
and after valve replacement in patients with
aortic stenosis.

Patients and methods
PATIENTS
Eleven patients with pure aortic stenosis
admitted for elective replacement of the
aortic valve were studied. All had angio-
graphically normal coronary arteries. These
patients were selected from a group of 15
because of ease of imaging of the LAD. There
were six men and five women; the mean
(range) age was 69 (50-82) years. Seven had
symptoms of angina pectoris and all had
dyspnoea on exertion or dizziness. All
patients had electrocardiographic evidence of
left ventricular hypertrophy by the Estes
scoring system,"3 and all showed a strain
pattern (table 1). A control group of 10
normal subjects (five men, five women; mean
(range) age 58 (34-66) years) were also
studied.

ULTRASOUND EQUIPMENT
A Vingmed CFM 750 ultrasound unit with 5
MHz and 2-5 MHz mechanical transducers
and a stand alone continuous wave Doppler
transducer was used. The 5 MHz transducer
has a focal length of 40 mm with a lateral
resolution of 0-6 mm and an axial resolution
of >0 3 mm operating at its nominal fre-
quency. It is a broad bandwidth transducer
allowing the transmission and reception of
ultrasound frequencies over a wide range for
both imaging and Doppler, enabling opera-
tion at a frequency of 6-3 MHz in this study.
A Doppler frequency of 4 MHz was used
enabling a Nyquist limit of 0 9 m/s at the

imaging depths used. The Vingmed CFM
750 unit incorporates a 512 line scan
converter.

STUDY PROTOCOL
Patients gave informed consent. Patients were
studied on the day before and 1 week after
replacement of the aortic valve. The patient
rested comfortably for 10 minutes and then
haemodynamics were measured and echo-
cardiography performed. Peak transvalvar
aortic gradient, left ventricular mass index,
left ventricular dimensions, and profiles of
coronary flow velocity were recorded. The
control group was studied on one occasion
and profiles of coronary flow velocity
recorded.

HAEMODYNAMIC MEASUREMENTS
Heart rate and systolic and diastolic blood
pressure (SBP and DBP) were measured with
a sphygmomanometer. Mean arterial blood
pressure (MAP) was calculated from the
formula: MAP = DBP + (SBP-DBP)/3.

PEAK TRANSVALVAR AORTIC GRADIENT
Continuous wave Doppler was used to
determine the flow velocity across the aortic
valve. Apical, suprasternal, and right paraster-
nal views were used to minimise the angle of
incidence between the Doppler beam and
flow allowing detection of highest transvalvar
velocities. The highest velocity was judged
from the optimal audio signal and spectral
display. The peak instantaneous pressure
gradient across the aortic valve was calculated
with the modified Bernoulli equation:
gradient = 4 (velocity)-2

LEFr VENTRICULAR MASS INDEX

Left ventricular mass (LVM) was calculated
from end diastolic left ventricular internal
dimension (LVID) and posterior and septal
wall thickness (PWT and IVST) on echo-
cardiography by the Penn convention method
with the formula: LVM = 1P04 ((LVID +
PWT + IVST)3 - (LVID)3-14 g.'4 Left
ventricular mass was indexed for body surface
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Aortic stenosis and the effect of valve replacement

Figure 1 A longitudinal axis image by high frequency transthoracic Doppler
echocardiography of the distal LAD in a patient with aortic stenosis.

area to provide a left ventricular mass index
(LVMI).

PROFILES OF CORONARY BLOOD FLOW
VELOCITY
The technique of imaging the distal LAD and
measuring blood flow velocities with high
frequency transthoracic Doppler echocardio-
graphy has been described previously.1' 12 A
modified low left parasternal window and 5
MHz transducer were used to obtain long
axis images of the left ventricle and the ultra-
sound beam was then angled laterally and
superiorly to image the anterior interventricu-
lar groove. The distal LAD running in the
interventricular groove lies only 2-4 cm from
the chest wall and therefore well within the
focal zone of high frequency transducers.
This allows high quality imaging. All studies
were performed by one operator (AK) and
recorded on videotape for subsequent
analysis.

Profiles of LAD blood flow velocity were
recorded by placing a pulsed sample volume
in the lumen of the distal LAD. Care was
taken to record good quality narrow spectral
traces with clean envelopes and a pure audio
sound. The incident angle 'between the

Table 2 Haemodynamic data in patients before and after
aortic valve replacement and in controls

Patients

Controls Before After p Valuet

HR - 73 (5 2) 79 (4-1) NS
MAP - 104 (5-1) 103 (4 2) NS
SVp* 18 (1-1) 14 (0-6) 16 (1-7) NS
SVm* 13 (09) 11 (04) 12 (1-7) NS
DVp 44 (2 8) 39 (2-5) 35 (2-1) NS
DVm 31 (2-4) 27 (1-3) 26 (1-7) NS
TSF 85 (10) 185 (8 5) 90 (12) <0-01
TDF 441 (7 2) 480 (6-1) 420 (5-2) NS
DTP 74 (13) 146 (16) 68 (11) <0-01

*Forward systolic flow (cm/s).
tWilcoxon signed rank paired test, differences between
patients before and after valve replacement, and patients
before operation and controls.
Abbreviations as for table 1, and TDF, time from onset of
systole to start of diastolic flow (ms).

Doppler beam and direction of blood flow
was noted for each patient and the same
angle to flow used for the postoperative
velocity recordings.

Velocity measurements were made with the
internal measurement analysis package of the
ultrasound unit. Systolic and diastolic peak
and mean velocities were obtained by manual
tracing around the spectral envelope. The
time from onset of systole, taken as the Q
wave on the electrocardiograph, to the onset
of forward systolic flow was measured. The
time from the onset of diastolic flow to peak
diastolic velocity was also measured. A mean
of 10 measurements of each variable was
made. Measurement of profiles of coronary
flow velocity by this method has been shown
to be reproducible with satisfactory between
and within observer variability.'5

STATISTICAL ANALYSIS
Values are mean (SEM). The differences
between the control and aortic stenosis
groups and between measurements before
and after operation were compared with the
Wilcoxon signed rank paired test. The
strength of the association of these differences
with other variables (peak transvalvar
gradient, left ventricular mass index, and left
ventricular dimensions) was assessed with
the non-parametric Spearman correlation
coefficient.

Results
Table 1 shows the characteristics of the study
population. The mean (SEM) peak trans-
valvar gradient was 89 (8-5), range 48-130
mm Hg. Mean (SEM) left ventricular mass
index measured 261 (30 7), range 122-395
g/m.2 High quality images of the LAD (fig 1)
and Doppler spectral traces of coronary flow
were obtained in all patients. The mean inci-
dent angle to flow measured 490 (2- 1). In two
patients the standard left parasternal views
were not of sufficient quality to allow mea-
surement of left ventricular dimensions and
wall thickness.

COMPARISON WITH CONTROL GROUP
The control population showed normal
biphasic, diastolic predominant, coronary
flow with forward flow throughout systole
(table 2). Reversed early systolic flow, mean
velocity 20-6 (3 6) cm/s, was seen in six
patients with aortic stenosis (fig 2A); only
three of these patients had a history of angina.
All but one of these six showed forward
systolic flow late in systole. There was no
obvious systolic flow in one patient before the
operation. Peak and mean systolic and
diastolic forward flow velocities were not
significantly different between the control
group and patients with aortic stenosis. The
time from the start of systole to the onset of
forward systolic flow was significantly longer
in patients with aortic stenosis at 185 (8 5)
ms, compared with 85 (10) ms in the
control population, p < 0 01. This delay in
onset of systolic flow was also seen in patients
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Figure 2 A Doppler
spectral trace offlow in the
LAD in a patient with
aortic stenosis (A) before
and (B) after replacement
of the aortic valve.
Reversal offlow in early
systole is seen before valve
replacement (open arrow).
Forwardflow late in
systole is shown (arrow).
Thefigure is annotated to
indicate the time
measurements made: time
interval I is the timefrom
onset ofsystole toforward
systolic flow (TSF): time
interval 2 is the timefrom
onset ofsystole to start of
diastolic flow (TDF); time
interval 3 is the timefrom
onset of diastolic flow to
peak diastolicflow (DTP).

without reversed early systolic flow. There
was no significant difference in the interval
from the Q wave on the electrocardiograph
to the onset of the diastolic component of
coronary flow between the two groups (480
(6 1) and 441 (7.2) ms). Diastolic coronary
flow in aortic stenosis was characterised by
a slow upstroke with a prolongation of
the time from the start of diastolic flow to
attainment of peak diastolic velocity com-
pared with controls (146 (16) v 74 (13) ms,
p < 0-01).

EFFECTS OF REPIACEMENT OF THE AORTIC VALVE
After valve replacement all patients showed
forward flow throughout systole with coro-
nary flow profiles similar to the control group
(fig 2B, table 2). The time from the onset of
systole to the start of forward systolic flow
was significantly shorter after valve replace-
ment (185 (8 5) ms before; 90 (12) ms after,
p < 0.01). The interval from the Q wave on
the electrocardiograph to the onset of the
diastolic component of coronary blood flow
was unaffected (480 (6) ms before; 420 (5) ms
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after). The time from the onset of diastolic
flow to peak diastolic velocity was also
reduced after valve replacement; (146 (16)
ms before; 68 (11) ms after, p < 0-01). Heart
rate, MAP, and peak and mean systolic and
diastolic forward flow velocities were not
significantly altered by valve replacement.
Only forward flow velocities were considered
for estimation of peak and mean systolic
values. There was no correlation between
abnormalities in coronary flow patterns and
preoperative symptoms, transvalvar gradient,
left ventricular mass index, or ventricular
dimensions.

Discussion
Angina pectoris is a frequent symptom in
aortic stenosis in the presence of angio-
graphically normal coronary arteries.2A Left
ventricular hypertrophy due to pressure over-
load in aortic stenosis has been shown to be
associated with significant abnormalities in
coronary perfusion. Most studies have
examined the coronary reactive hyperaemic
response and shown considerable decreases in
coronary reserve to the hypertrophied left
ventricle in patients with aortic stenosis.7 By
contrast, coronary reserve in vessels that per-
fuse the non-hypertrophied right ventricle are
nearly normal suggesting that hypertrophy is
an important factor limiting coronary
reserve.5 Similar decreases in coronary reserve
were obtained in children with supravalvar
aortic stenosis.16 The coronary vasodilator
reserve in the left descending coronary artery
was not significantly improved immediately
after partial relief of obstruction of the aortic
valve, suggesting that extravascular compres-
sive forces are not responsible for the impair-
ment found in coronary reserve. 16 The
decrease in coronary reserve in left ventricular
hypertrophy induced by pressure overload
has been attributed to inadequate growth of
new vessels in relation to increase in myo-
cardial mass.'7 It is postulated that the abnor-
mality in coronary reserve contributes to
myocardial ischaemia in patients with aortic
stenosis and normal coronary arteries.
Replacement of the aortic valve in these
patients, however, relieves symptoms of
angina without regression of left ventricular
hypertrophy. Also patients with aortic steno-
sis, left ventricular hypertrophy, and reduced
coronary reserve often experience angina
whereas patients with volume overload, left
ventricular hypertrophy, and equally reduced
coronary reserve typically do not. 18 Other
abnormalities of coronary flow must therefore
be implicated in the pathogenesis of angina in
patients with aortic stenosis.
The results of studies of coronary perfusion

at rest in aortic stenosis have been conflicting.
Animal studies suggest that cardiac hyper-
trophy secondary to a pressure load is asso-
ciated with normal myocardial perfusion at
rest. 17 In patients with aortic stenosis,
however, both normal and reduced left ven-
tricular blood flow per unit mass at rest have
been reported.'9-21 Some studies have shown
changes in transmural myocardial blood flow

and metabolism, whereas others have not.22-25
As patients with aortic stenosis have changes
in aortic and left ventricular pressures as well
as left ventricular hypertrophy this could
produce alterations in the dynamics of
coronary blood flow. Replacement of the
aortic valve in these patients should alter left
ventricular and aortic haemodynamics and
may correct abnormal flow patterns.
The aim of this study was to assess profiles

of resting phasic coronary blood flow velocity
in patients with aortic stenosis before and
after replacement of the aortic valve and to
determine whether changes in flow correlated
with degree of left ventricular mass, transval-
var gradient, or ventricular dimensions. This
is the first non-invasive study to examine the
dynamics of coronary blood flow under
physiological conditions in patients with
aortic stenosis. Two invasive studies, one
with an intravascular Doppler flow probe and
the second an epicardial Doppler probe at
the time of bypass surgery, have described
waveforms of coronary blood flow velocity in
patients with aortic stenosis.9 "0 These studies,
however, were performed in small numbers of
patients under invasive conditions and may
not accurately reflect the dynamics of resting
coronary blood flow in aortic stenosis.

Methodological limitations have until
recently hampered attempts at non-invasive
measurement of coronary blood flow. It is
now possible to image the distal LAD and
measure profiles of coronary blood flow
velocity with high frequency transthoracic
Doppler echocardiography."1 12 This tech-
nique is easiest in patients with left ventricu-
lar hypertrophy."1 12 The patients in this
study, therefore, are ideally suited for exami-
nation by this technique. Definition of the
morphology of the distal LAD by this method
is compatible with that obtained by coronary
angiography,'2 and the technique is sensitive
in detecting alterations in diameter of the
LAD in response to pharmacological agents.26
It is the first method to allow non-invasive
measurement of profiles of coronary artery
blood flow under physiological conditions
and repeated examinations may be easily
performed. We have shown that measure-
ment of profiles of coronary flow velocity by
this method is reproducible with satisfactory
within and between observer variability. 15
We showed reversed early systolic flow and

a significantly longer time from the onset of
systole to the start of forward systolic flow in
patients with aortic stenosis than in a normal
control group. These findings are in keeping
with patterns of coronary phasic flow
obtained during cardiac surgery in patients
with aortic stenosis.9 Reduced systolic flow
but overall normal coronary flow per unit of
myocardial mass has been shown in studies
of animals with acute aortic stenosis.27-29
Reversed systolic flow has also been found in
the proximal left coronary artery at coronary
angiography in patients with aortic stenosis.Y
In our study the reversed systolic flow
disappeared and forward systolic flow started
significantly earlier after valve replacement.
By contrast, Fujiwara et al found reversal of
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flow at the end of systole after valve replace-
ment in five out of six patients studied.9
These findings, however, were made imme-
diately after bypass and may reflect acute
effects on the coronary capacitance vessels
due to rapid changes in left ventricular wall
and aortic root pressures.
The time from the onset of diastolic flow to

peak diastolic velocity was also significantly
longer in patients with aortic stenosis before
valve replacement. The reduced rate of
diastolic inflow in these patients may reflect
diastolic dysfunction or increased resistance
secondary to increased stress in the ventricu-
lar wall.
We did not show a correlation between

abnormalities of coronary phasic flow and
preoperative angina, left ventricular mass,
transvalvar gradient, or ventricular dimen-
sions. The numbers, however, are small and
future studies in larger numbers of patients
with varying degrees of severity of aortic
stenosis may determine a relation between
patterns of coronary flow in these patients
and preoperative clinical, haemodynamic,
and anatomical features. Similarly, a larger
study population allowing comparison of
groups with and without abnormalities of
coronary flow is required to assess the signifi-
cance of these factors in the pathogenesis of
angina in patients with aortic stenosis.

LIMITATIONS
Although this technique gives a non-invasive,
repeatable method of analysing coronary flow
it is not possible to image the distal LAD
in all patients. Success rates of between 30%
to 80% have been reported in unselected
populations and the technique is easiest in
patients with good acoustic windows and
left ventricular hypertrophy.'1 12 An advantage
is that high quality images of the LAD are
obtained that may potentially allow quanti-
tative measurements of coronary blood flow.
The incident angle between the Doppler
beam and direction of flow is large (490
(2 10) in our study) which can lead to errors
in determining absolute velocities. In our
study, however, we are looking at changes
within patients and therefore the absolute
measurements are not as important as the
relative changes.

In conclusion this is the first study to
characterise phasic coronary blood flow in
aortic stenosis under physiological conditions
in the intact patient. Coronary blood flow
velocities before valve replacement showed
reversed early systolic flow, a delay in the
onset of forward systolic flow and in attain-
ment of peak diastolic velocity. The reversal
of these features by replacement of the aortic
valve may contribute to the relief of angina
when left ventricular hypertrophy persists.
Further studies are indicated to determine the
relation between the abnormalities of coro-

nary flow found and preoperative clinical and
haemodynamic state.
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