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\s=b\To evaluate the diagnostic utility and cost-effectiveness
of Doppler echocardiography in adults with symptomatic
aortic stenosis, we performed a prospective study in which
the need for aortic valve replacement (AVR) was the outcome
event. The total sample consisted of 103 adults (mean age, 69
years) undergoing cardiac catheterization for suspected aor-
tic stenosis. Twenty-six patients (25%) were used as a training
set to develop a clinical prediction rule. (1) If maximum aortic
jet velocity (Vmax) was more than 4.0 m/s, AVR was recom-
mended. (2) If Vmax was less than 3.0 m/s, AVR was not needed.
(3) If Vmax was 3.0 to 4.0 m/s and (a) Doppler aortic valve area

(AVA) was 1.0 cm2 or less, AVR was recommended, while (b) if
Doppler AVA was 1.7 cm2 or greater, AVR was not needed, and
(c) if Doppler AVA was 1.1 to 1.6 cm2, consideration of the
degree of coexisting aortic insufficiency was necessary. When
this rule was applied to the test set (n=77), the sensitivity
was 98%, with a specificity of 89% and a total error rate of
3.9%. The approach could have resulted in cost savings
between 24% and 34% compared with an invasive diagnostic
approach.

(Arch Intern Med 1988;148:2553-2560)

   valuation of the adult with symptoms of aortic stenosis
is an important clinical problem, since valve replace¬

ment is indicated when obstruction is severe.1·2 Physical
examination3·4 and several noninvasive techniques, includ¬
ing systolic time intervals,5 frequency analysis of the
murmur,6 echocardiographic imaging of the valve,7·8 and
the response of the left ventricle to pressure overload,9
have been proposed as diagnostic tests. However, none has
been consistently reliable in distinguishing severe obstruc¬
tion from mild or moderate disease. Thus, the diagnostic
method of choice has been cardiac catheterization, which
allows measurement of transaortic pressure gradient, cal-
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culation of aortic valve area, and evaluation of coexisting
aortic insufficiency.

Recently, a number of investigators1022 have used Doppler
echocardiography and a modification of Bernoulli's theorem
to determine transaortic pressure gradients noninvasively.
However, pressure gradients depend on transaortic volume
flow as well as aortic valve area. Conditions that alter
transaortic volume flow (and thus pressure gradient), such
as left ventricular dysfunction or coexisting aortic insuffi¬
ciency, are common in adults with aortic stenosis.23·24
Therefore, quantitative evaluation of the severity of aortic
stenosis requires consideration of the volume of flow, in
addition to the pressure gradient, across the stenotic valve
in systole.

Recent work has documented that aortic valve area can
be calculated by means of ultrasonic techniques, based on
the concept that systolic volume flow in the narrowed valve
orifice equals systolic volume flow just proximal to the
aortic valve.2427 Studies using this method demonstrate
good agreement between noninvasive aortic valve areas
and results at catheterization. Nonetheless, two important
clinical questions remain: Can noninvasive data be substi¬
tuted for invasive measures of severity in making clinical
decisions about aortic valve replacement? Are Doppler and
two-dimensional echocardiographic measures cost-effec¬
tive as compared with conventional invasive techniques?

To help answer these questions, we conducted a prospec¬
tive cohort study of 103 adults undergoing cardiac cathe¬
terization for suspected aortic stenosis. A clinical predic¬
tion rule was developed by means of the split-sample
technique,28 with the first26 (25%) of the patients being
used to develop the rule, which then was tested on the
subsequent 77 patients (75%). In addition, we analyzed the
cost-effectiveness of the proposed clinical prediction rule.

PATIENTS AND METHODS
Patient Population

We prospectively evaluated all adult patients undergoing cardiac
catheterization at University Hospital, Seattle, for suspected
aortic stenosis over a consecutive 22-month period. Of a total of
116 patients, 13 were not included in this study: five refused to
participate, two were medically unstable, two had technically
inadequate Doppler studies, and four had inadequate catheteriza-
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tion data (no measurement of transaortic pressure gradient). The
remaining 103 patients gave informed consent and formed the
study population. No patient was excluded because of coexisting
valvular lesions, congenital heart disease, coronary artery disease,
or left ventricular dysfunction. A comparison of hemodynamic and
Doppler data has been reported previously on the first 48 of these
patients.24

Our catheterization laboratory is used by several groups of
physicians, so that 77 (75%) of these 103 patients represent a

community-based population (56 patients from two health main¬
tenance organizations and 21 patients from community cardiolo¬
gists), while only 26 patients (25%) were referred from the
university itself. Patients ranged in age from 33 to 87 years (mean,
69 years), with 97 (94%) of 103 being over 50 years of age. There
were 67 men and 36 women. The cause of aortic stenosis was a
congenitally bicuspid valve in 26, rheumatic in six, and degener¬
ative calcific stenosis in 71 patients. All patients had symptoms of
angina (n = 59), congestive heart failure (n = 55), and/or syncope
(n = 22), and all had physical findings consistent with aortic
stenosis.

Cardiac Catheterization
Cardiac catheterization was performed for clinical indications.

Transaortic pressure gradients were measured with the use of
fluid-filled catheters. Forward cardiac output was measured by
the thermodilution technique. Left ventricular angiography (right
anterior oblique projection) was performed in 91 patients. Mitral
régurgitation could be evaluated on a 0 to 4 + scale29 in 73 studies.
Angiography was technically adequate for calculation of left
ventricular volumes30 and total stroke volume in 73 patients.
Angiographie assessment of aortic insufficiency29 by means of
supravalvular aortography was performed in 27 patients. Coro¬
nary angiography was done in 100 patients, with significant
coronary stenosis defined as luminal diameter narrowing of 50%
or more.

Mean transaortic pressure gradients were averaged from three
to five beats. Aortic valve areas were calculated by the formula of

Gorlin and Gorlin31 with the use of angiographie cardiac output for
transaortic volume flow when appropriate.

Doppler Echocardiography
Doppler studies were performed and interpreted without knowl¬

edge of catheterization results. The Doppler study was done on
the day of catheterization in 100 patients, two days earlier in one
patient, and two weeks before catheterization in two patients.

Parasternal, long-axis, two-dimensional echocardiographic im¬
ages (ATL-600, Advanced Technology Laboratories, Bothell,
Wash) were recorded on videotape for measurement of left
ventricular outflow tract diameter. Care was taken to adjust the
transducer orientation and instrument settings for optimal defi¬
nition of the septal endocardium and anterior mitral valve leaflet
just below the aortic valve, in midsystole.24

Flow velocity in the outflow tract was recorded from an apical
approach by means of pulsed Doppler with a sample volume 9 mm
in length. With the midportion of the sample volume positioned
about 1.0 cm below the valve, flow was examined across the
outflow tract to determine if it was spatially uniform. Then the
sample volume position was adjusted, using the audible signal and
spectral output as a guide, to obtain a smooth waveform spatially
representative of flow velocities just below the region of flow
acceleration into the aortic jet. Velocity records assumed an
intercept angle of 0°. Spectral outputs were recorded on paper at
50 mm/s, and both audible and spectral outputs were recorded on
videotape.

Aortic jet velocity was recorded with continuous-wave Doppler
(Irex III-B, Irex Medical Systems, Ramsey, NJ) on paper at
50 mm/s. In each patient, multiple ultrasound windows were used
with careful angulation of the transducer to obtain a tonal, high-
pitched audible signal with a well-demarcated time-velocity curve.
The highest peak flow velocity obtained without angle correction
was assumed to have been recorded at a near-parallel intercept
angle and used for subsequent analysis. The highest-velocity
aortic jet was recorded from the apex in 92 patients and from a
suprasternal or high right parasternal position in 11 patients.

Fig 1.—Calculation of aortic valve area. Top
left, Left ventricular outflow tract diameter
is measured (arrows) from parasternal
long-axis view and cross-sectional area
(CSALVOT) calculated as n(D/2)2. Top right,
Velocity time integral in outflow tract
(VTILVOT) is recorded from apical view,
shown by crosshatching. Bottom left, Veloc¬
ity time integral in aortic jet (VTIA0 Jel) is
measured from approach giving highest
velocity, in this case apical. Bottom right,
Since stroke volume (SV) in lvot equals
stroke volume in aortic jet, aortic valve area
(AVA) can be determined.
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Aortic insufficiency was graded as 0 (absent), 1 + (turbulence
localized adjacent to the aortic leaflets), 2 + (turbulence extending
to the mitral valve leaflet tips), or 3 + (turbulence extending past
the mitral leaflet tips) by means of flow mapping32 with pulsed
Doppler (1.5-mm sample volume length) guided by two-dimen¬
sional imaging from parasternal and apical views.

Analysis of Doppler Data
Quantitative measures were made with the use of one of two

systems (Insight 2000, Franklin Ine, Woodinville, Wash, or
DataVue, MicroSonics, Indianapolis). Left ventricular outflow
tract diameter (D) was averaged from 5 to 10 midsystolic images,
and cross-sectional area was calculated as n(D/2)2. Peak velocities
and systolic flow velocity integrals in the aortic jet and in the left
ventricular outflow tract were averaged from three to five beats.
Intraobserver and interobserver mean coefficients of variation for
these measurements ranged from 2.2% to 7.9%, as reported
previously.24

Transaortic pressure gradient was determined with the modi¬
fied Bernoulli equation from the Doppler velocity waveform, with
maximum aortic jet velocity used to calculate maximum pressure
gradient, and instantaneous pressure gradients measured at
10-ms intervals to compute mean pressure gradient.

Aortic valve area was calculated with the continuity equation,24
as shown in Fig 1.

Clinical Outcome
Each patient's own cardiologist used the clinical presentation

and catheterization data to decide whether or not to recommend
aortic valve replacement for relief of aortic stenosis. This decision,
used as the initial end point for evaluation of Doppler data, was
made without reference to the proposed predictive findings;
clinicians had no knowledge of the Doppler data, and the proposed
noninvasive diagnostic approach was never available to them.

Since this decision potentially is related to behavioral and social
factors as well as a strictly biologic diagnosis, we further evaluated
outcome in the test set by surgical findings in those who underwent

valve replacement and by one-year cardiac mortality in those who
did not. In the test set, the outcome event used to evaluate the
predictive utility of noninvasive stenosis severity measures was
defined as positive (aortic valve replacement needed) if valve
replacement was performed with confirmation of severe stenosis
at surgery or if valve replacement was not performed but cardiac
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Fig 2.—Aortic valve area (AVA) calculated with Doppler echocar¬
diography (y-axis) are compared with aortic valve areas calculated
with Gorlin and Gorlin formula at catheterization (x-axis). SEE
indicates standard error of the estimate.
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Fig 3.—Catheterization and Doppler measures of stenosis severity plotted for those in whom
aortic valve replacement (AVR) was and was not recommended for relief of aortic stenosis. Far
left, Catheterization mean transaortic pressure gradient (APressure). Left center, Doppler
mean transaortic aortic pressure gradient. Right center, Catheterization Gorlin and Gorlin
formula aortic valve area (AVA). Far right, Doppler continuity equation aortic valve area. For
each patient group, mean values are indicated by open circle with horizontal line across it.
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Fig 4.—Maximum aortic jet velocity (Vmax) plotted for those in
whom aortic valve replacement (AVR) was and was not recom¬
mended for relief of significant aortic stenosis (AS). Dashed lines
at less than 3.0 and more than 4.0 m/s are empirically derived
break points, as discussed in text. Open circles indicate training
set from which empiric break points were derived.

death occurred within one year. The outcome event was defined
as negative (valve replacement not needed) if the subject was alive
without valve replacement one year after evaluation or if surgery
failed to confirm severe stenosis.

Statistical Analysis
Data from all three sources—Doppler echocardiography, cardiac

catheterization, and clinical outcome—were recorded and analyzed
independently. Linear regression was used to compare Doppler
data with catheterization results. The unpaired Student's t test
was used to compare group means.

The cost analysis was based on total charges for diagnostic tests
at our hospital (including hospital and professional fees). Approx¬
imate charges were $400 for a complete echocardiogram (M-mode,
two-dimensional, and Doppler), $1500 for coronary angiography
alone, and $2500 for complete right and left heart catheterization
(ventricular angiography, coronary angiography, cardiac output
determination, and measurement of transaortic pressure gradi¬
ent).

RESULTS
Aortic Stenosis Severity

At cardiac catheterization, mean transaortic pressure
gradient ranged from 2 to 107 mm Hg (mean, 47 mm Hg),
and aortic valve area ranged from 0.2 to 3.7 cm2 (mean,
0.97 cm2), with valve area 1.0 cm2 or less in 72 patients
(70% of the total group). Mean pressure gradient was less
than 30 mm Hg in 22 (31%) of these 72 patients with
significant stenosis. Cardiac index ranged from 1.6 to 7.8
L/min/m2 (mean, ±2.9 L/min/m2) and was less than
2.5 L/min/m2 in 35 patients (34% of total).

In the 27 patients with a supravalvular aortogram, aortic
insufficiency was absent in three, 1 + in nine, 2 + in five,
and 3 + in ten patients. In the 73 patients with adequate
left ventricular angiograms, mitral régurgitation was ab-

Adult With AS Symptoms Being Considered for AVR

»4.0 m/s 3.0-4.0 m/s s3.0 m/s

33/33

 I Doppler AVA
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Fig 5.—Proposed approach to adults with symptoms of aortic
stenosis. For test set, numbers indicate total number of patients in
each subset (denominator) and number who actually had outcome
event (numerator), defined as valve replacement plus one-year
follow-up. Al indicates aortic insufficiency; AS, aortic stenosis;
AVA, aortic valve area; AVR, aortic valve replacement; and Vmax,
maximum aortic jet velocity.

sent in 27, 1 + in 33, 2 + in nine, 3 + in two, and 4 + in two
patients. Coronary angiography (n = 100) showed no sig¬
nificant lesions in 50 patients, one-vessel disease in 19,
two-vessel disease in 14, three-vessel disease in 14, and
left main disease in three patients.

Doppler aortic jet velocity ranged from 1.2 to 5.9 m/s
(mean, 3.8 m/s). Maximum transaortic pressure gradient
(  ) ranged from 6 to 140 mm Hg (mean, 61 mm Hg), and
mean gradient ranged from 4 to 93 mm Hg (mean, 40 mm

Hg). Of note, Doppler maximum and mean gradients
showed excellent linear correlation (r=.99, maximum
  = 1.45 [mean   ] + 2.2 mm Hg, standard error of the
estimate [SEE] = 3.8 mm Hg). Left ventricular outflow
tract velocity ranged from 0.5 to 1.8 m/s (mean, 0.9 m/s).
Outflow tract diameter ranged from 1.4 to 3.5 cm (mean,
2.3 cm). It was unrelated to body surface area but was
smaller in women (mean±l SD, 2.0 ±0.3 cm) than in men
(2.5 ±0.3 cm) (P<.01).

Continuity equation aortic valve area ranged from 0.3 to
4.8 cm2 (mean, 1.06 cm2). Aortic insufficiency was present
by Doppler flow mapping in 88 patients (85% of total) and
was 1+ in 25, 2+ in 48, and 3+ in 15 patients. Thus, 63
patients (61%) had more than 1 + coexisting aortic insuf¬
ficiency.

In the total group (N = 103), Doppler and catheterization
data compared well for both mean transaortic pressure
gradients (r=.88; Doppler = 0.71[catheterization] +7.1
mm Hg) and aortic valve areas (r=.87; Dopp¬
ler = 0.92[catheterization] + 0.16 cm2) (Fig 2).

Clinical Outcome: Relation to Doppler Measures
On the basis of clinical and catheterization findings,

aortic valve replacement was recommended in 73 patients.
This group includes five patients in whom valve replace¬
ment was recommended but not performed: two died of
noncardiac causes before valve replacement, two did not
undergo surgery because of coexisting medical problems
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r~ Table 1.—Misclassification Rate of Proposed Noninvasive
Diagnostic Approach for Symptomatic AS in Test Set*

Predicted Outcome
Actual -"-

Outcome AVR No AVR Total
AVR needed 57 1 58
AVR not needed 2 17 19
Total 59 18 77

*AVR indicates aortic valve replacement; AS, aortic stenosis. Sensitivity
of proposed approach = 57/58 = 98%; specificity of proposed approach =

17/19 = 89%; positive predictive value = 57/59 = 97%; negative predictive
value =17/18 = 94%; total error rate = (2 +1 )/103 = 3%.

(both had cardiac death by one-year follow-up), and one
refused surgery. Severe aortic stenosis was confirmed by
direct inspection at surgery in the remaining 68 patients.

Aortic valve replacement for relief of aortic stenosis was
not recommended in 30 patients. Two of these patients had
valve replacement for predominant aortic insufficiency;
this diagnosis, and the absence of significant stenosis, was
confirmed at surgery.

For the entire study group, there was substantial overlap
between the subgroups who were and were not referred
for aortic valve replacement for Doppler maximum aortic
jet velocity, Doppler mean transaortic pressure gradient,
and Doppler valve area, even though there were significant
differences between subgroup means. Similar overlap be¬
tween these subgroups also was noted for catheterization
mean pressure gradients and valve areas (Fig 3).

Using the split-sample technique to develop a clinical
prediction rule, we examined a "training set" consisting of
the first 25% (n = 26) of the study population. This sample
size was chosen to allow at least five patients in the
smallest outcome group.28 There were significant differ¬
ences (all P<.01) between subgroup means for those in
whom valve replacement was (n = 18) and was not (n = 8)
recommended, for maximum aortic jet velocity (4.2 vs
2.6 m/s), mean pressure gradient (45 vs 16 mm Hg), and
aortic valve area (0.8 vs 2.0 cm2). However, there was
substantial overlap for the range of each variable, so that
no single value could be used to separate the two subgroups.

The overlap between subgroups was no greater for the
more easily measured maximum velocity than for mean
pressure gradient or valve area, suggesting that aortic jet
velocity might be a useful initial step in assessing aortic
stenosis severity. Therefore, we chose two maximum veloc¬
ity break points that distinguished three subgroups: one
in which valve replacement was indicated, one in which
valve replacement was not indicated, and an intermediate
subgroup in whom further diagnostic data were needed.
The lower break point was chosen empirically at 3.0 m/s,
since no patient with a velocity of less than 3.0 m/s (n = 6)
required valve replacement (Fig 4). An upper break point
of 4.0 m/s (corresponding to a mean pressure gradient of
about 45 mm Hg) was chosen on theoretical grounds to
ensure that an aortic jet velocity exceeding this value
indicated the need for valve replacement with a high
predictive value.

For patients with jet velocities of 3.0 to 4.0 m/s, the
relatively low corresponding pressure gradients may indi¬
cate either severe aortic stenosis with low transaortic
volume flow or only moderate stenosis. Of the 11 such
patients, all seven with Doppler valve area of 1.0 cm2 or
less underwent valve replacement, while the one patient
with a valve area of 1.7 cm2 or greater did not. Of the three
patients with maximum jet velocity of 3.0 to 4.0 m/s and

Table 2.—Cost Analysis
Diagnostic Approach

(N = 103) Cost/Patient, $ Total Cost, $
Echocardiogram + complete

catheterization 2900 298 700
Complete catheterization

(no echocardiogram) 2500 257500

Echocardiogram + coronary
angiogram 1900 195700*

*Reduction of 34% from echocardiogram + complete catheterization and
24% from complete catheterization without echocardiogram.

valve area of 1.1 to 1.6 cm2, two had valve replacement for
combined moderate stenosis and insufficiency.

Proposed Diagnostic Approach
The above results suggested the following diagnostic

approach (Fig 5) to the adult with symptomatic aortic
stenosis being considered for valve replacement; (1) When
maximum aortic jet velocity is more than 4.0 m/s, aortic
valve replacement can be recommended. (2) When maxi¬
mum jet velocity is less than 3.0 m/s, aortic valve replace¬
ment is not needed. (3) When maximum jet velocity is 3.0
to 4.0 m/s, Doppler determination of aortic valve area is
needed; (a) if valve area is 1.0 cm2 or less, valve replacement
can be recommended; ( ) if valve area is 1.7 cm2 or more,
valve replacement is not needed; and (c) if valve area is
between 1.1 and 1.6 cm2, the degree of coexisting aortic
insufficiency should be assessed.

Validation of Proposed Approach
This noninvasive diagnostic approach was then applied

to our "test set," consisting of the remaining 75% of the
study population (n = 77) (Fig 5). The proposed noninvasive
diagnostic approach suggested that valve replacement was
indicated in 59 patients. In 53 of these patients (90%),
valve replacement actually was recommended. Of the six
patients in whom the need for valve replacement was

suggested by the noninvasive data but not actually rec¬

ommended, two patients had valve areas between 1.1 and
1.6 cm2 and 2 to 3 + coexistent aortic insufficiency by both
Doppler and catheterization; during the following year, one
of these patients died suddenly and one underwent valve
replacement. The other four patients had Doppler valve
areas of 1.0 cm2 or less, there was close agreement between
Doppler and invasive pressure gradients and valve areas,
and two died during follow-up. Thus, based on clinical
follow-up in addition to actual clinical management and
surgical findings, only two (2.6%) of the 77 patients
represent false-positive results for the proposed noninva¬
sive approach. These two patients were alive with stable
symptoms one year after cardiac catheterization.

In the remaining 18 patients, the noninvasive diagnostic
approach suggested that valve replacement was not
needed. In 16 (89%) of these patients, the actual clinical
decision was that valve replacement was not indicated for
relief of aortic stenosis. At one year of follow-up, all but
one of these patients were alive, and this single death was
noncardiac (autopsy confirmed). For the two patients in
whom valve replacement was performed even though the
noninvasive approach suggested that it was not needed,
Doppler measures of mean pressure gradient and valve
area underestimated the degree of stenosis in one patient.
The other patient underwent coronary artery bypass sur¬
gery for angina refractory to medical therapy; moderate
aortic stenosis, suggested by Doppler and confirmed at
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Fig 6.—With bayesian analysis, posttest likelihood of need for
aortic valve replacement (AVR) (vertical axis) was calculated for
each hypothetical pretest likelihood (horizontal axis). Pretest and
corresponding posttest likelihoods for study population are indi¬
cated by arrow. AS indicates aortic stenosis.

catheterization, was reconfirmed at surgery, at which time
valve replacement was performed electively. Had coronary
surgery not been needed, valve replacement surgery would
not have been done in this patient. Thus, only one (1.3%)
of the 77 patients represents a false-negative result for the
proposed approach.

Of note, all 33 patients with maximum aortic jet velocity
greater than 4.0 m/s were referred for valve replacement,
while none of the 13 with jet velocity less than 3.0 m/s
needed valve replacement. Thus, the predictive value of
maximum aortic jet velocity greater than 4.0 m/s or less
than 3.0 m/s was 100%. The sensitivity, specificity, predic¬
tive value, and total error rate for the proposed approach
in the test set are shown in Table 1.

Cost Analysis
The total cost of this noninvasive diagnostic approach

was compared with that of "conventional" diagnostic eval¬
uation. The diagnostic testing that constitutes "conven¬
tional" laboratory evaluation for symptomatic aortic ste¬
nosis differs from institution to institution. Many
physicians would perform echocardiographic studies as a

guide to subsequent right and left heart catheterization
(approach A); others might consider noninvasive studies
to be superfluous and proceed directly to complete cathe¬
terization (approach B). With the use of the noninvasive
approach outlined above, all patients would have undergone
echocardiography plus coronary angiography, which we
assumed was needed in all these symptomatic patients
(approach C). The cost of these approaches is compared in
Table 2.

On the basis of this analysis, the relative total cost of
"conventional" diagnostic testing ranges from 1.3 to 1.5
times the cost of noninvasive testing. Assuming coronary
angiography is necessary in all patients, potential cost
savings are 24% to 34% if the noninvasive approach had
been used for decision making.

COMMENT
In this prospective cohort study, we developed and

validated a noninvasive approach to adults with sympto¬
matic aortic stenosis with the use of Doppler measures as
predictive findings compared with blinded assessment of

clinical outcome.28 Our goals were to improve patient care

by decreasing costs while maintaining clinical accuracy. If
validated by others, the proposed clinical prediction rule
could be widely applicable, since Doppler measures of
stenosis severity are feasible and the study group largely
represented a community-based population.

Doppler Measures of Aortic Stenosis Severity
Transvalvular pressure gradient is an important indica¬

tor of aortic stenosis severity. Doppler pressure gradients
show good agreement with invasive measures, as found not
only in this study, but also in flow and animal models of
stenosis3336 and in other clinical studies of children and
adults.1022 It should be emphasized that optimal Doppler
velocity recordings require substantial technical expertise,
and underestimation of pressure gradients can result from
misalignment of the ultrasound beam and aortic jet. Fur¬
thermore, it is noteworthy that because of left ventricular
dysfunction, an intermediate pressure gradient (mean   ,
25 to 45 mm Hg) was present despite severe stenosis in one
third of our patients.

Aortic valve area itself can be determined by means of
the Doppler continuity equation2427 or other noninvasive
methods.37·41 The Doppler approach makes several assump¬
tions about fluid dynamics below and in the narrowed
orifice,42 and, again, technical mistakes in recording Dopp¬
ler velocities and outflow tract diameters can lead to
erroneous valve areas. On the other hand, measurement of
transaortic pressure gradient43 and transaortic volume
flow30 at catheterization, and the Gorlin and Gorlin
formula4446 itself, also have potential sources of error.

While measures of the severity of aortic stenosis can be
determined accurately (at experienced centers) with Dopp¬
ler echocardiography, the utility of these data for managing
individual patients has not, to our knowledge, been evalu¬
ated previously.

Diagnostic Utility
In this study, we developed a multifactor noninvasive

approach for evaluating the adult with symptomatic aortic
stenosis. The simple measurement of maximum aortic jet
velocity provided a useful initial diagnostic step, since all
patients with high jet velocity (>4.0 m/s) had valve replace¬
ment recommended for relief of aortic stenosis, while no

patient with low jet velocity (<3.0 m/s) required valve
replacement. The utility of this simple measurement is not
surprising. Symptomatic patients with high aortic jet
velocity usually have significant isolated stenosis; occasion¬
ally they have moderate stenosis combined with moderate
régurgitation but still are candidates for valve replace¬
ment. At the other end of the spectrum, patients with low
jet velocities do not have significant aortic stenosis or

régurgitation and do not need valve replacement.
Patients with jet velocities between 3.0 and 4.0 m/s (41%

of the study population) require further evaluation. These
velocities indicate a maximum instantaneous pressure gra¬
dient of 36 to 64 mm Hg, corresponding to a mean pressure
gradient of about 25 to 45 mm Hg. This group includes not
only patients with moderate aortic stenosis and normal
cardiac output, but also those with severe stenosis and low
pressure gradient (due to low transaortic volume flow) and
those with moderate stenosis and coexisting moderate
insufficiency. Determination of aortic valve area is impor¬
tant in these patients. Those with Doppler valve areas of
1.0 cm2 or less have severe stenosis (with small gradients
due to low transaortic volume flow), and valve replacement
can be recommended. Those with valve area of 1.7 cm2 or
more do not have significant stenosis.

Downloaded From: http://archinte.jamanetwork.com/ by a Yale University User  on 09/04/2014



Symptomatic adults with maximum velocity between 3.0
and 4.0 m/s but with a valve area between 1.1 and 1.6 cm2
represent a more difficult problem. Evaluation of the
degree of coexisting aortic insufficiency may be helpful,
since patients with mixed moderate stenosis and moderate
insufficiency may benefit from valve replacement. How¬
ever, other factors must be considered in these patients,
including the presence and degree of left ventricular
dilation, duration of symptoms, and degree of symptomatic
limitation. In some cases, cardiac catheterization may be
needed, not only to confirm the severity of aortic valve
disease but also to evaluate for coronary artery disease as
another potential cause of symptoms.

Cost-effectiveness
In this study population, the proposed noninvasive ap¬

proach could have accrued savings between 24% and 34%.
Although the actual costs used for this analysis will vary
between institutions and may change over time, the relative
costs of these diagnostic procedures should be less variable.
Similarly, although patient charges may not always accu¬
rately reflect actual costs, they should reflect the relative
costs of these procedures. Some patients may not need
coronary angiography if severe aortic stenosis has been
excluded, so that cost savings potentially may be greater
than predicted by this analysis. Since the proposed ap¬
proach results in cost savings with an equal clinical outcome
compared with a conventional diagnostic approach, use of
the term "cost-effective" is appropriate.41

Limitations of Proposed Approach
A potential shortcoming of this analysis is that the

validity of the proposed diagnostic approach is judged by
comparison with actual clinical decisions. Thus, there was
no objective gold standard. Nonetheless, these decisions
were made without knowledge of the Doppler data and
thereby avoid test review bias. They also were made by
each patient's cardiologist rather than by a single individ¬
ual; thus, differing standards for "significant" stenosis may
have been used in each case, and the "correct" decision
may not always have been made. The validity of our
definition of a true-positive result is supported by anatomic
confirmation of severe stenosis in patients undergoing valve
replacement.

It is more difficult to define what represents "correct"
management for patients in whom surgery was not rec¬
ommended. Thus, we used cardiac mortality at one year as
an additional end point for definition of the true-negative
results. Follow-up was assessed at only one year, since a

longer duration of clinical follow-up without subsequent
evaluation of aortic stenosis severity may be misleading
due to disease progression. In addition, most of these
patients had comorbid cardiac disease (especially coronary
artery disease), and it was not always possible to separate
death due to aortic stenosis from that due to other cardiac
causes.

Despite these potential limitations, the total error rate
of the proposed approach was only 4%. Even if valve
replacement alone were considered the outcome event, the
total "error rate" would increase to only 8%.

It should be emphasized that our noninvasive approach
applies only to patients with signs, symptoms, and two-
dimensional echocardiographic findings of native valvular
aortic stenosis who are being considered for valve replace¬
ment. In an asymptomatic patient, many physicians would
choose to defer valve replacement, even if stenosis were
severe. In our population, in which the pretest likelihood
of the need for valve replacement was 70%, the proposed
approach increased the posttest likelihood48 to 95% with a
positive result or decreased it to 5% with a negative result
(Fig 6).

Further evaluation of the proposed approach is needed
in a larger population of patients with aortic stenosis with
both clinical and hemodynamic follow-up before this ap¬
proach is widely applied. Follow-up in particular may help
resolve the issue of apparent "misdiagnosis." Ideally, the
strategy should be tested in both the academic and com¬
munity medical settings.

Conclusions
A simple triage approach to adults with symptomatic

aortic stenosis, based on noninvasive measures of aortic
maximum jet velocity and valve area, has utility in diag¬
nosis and patient management and offers potential cost
savings. The high prevalence of left ventricular dysfunction
in elderly patients with aortic stenosis is noteworthy, and
the significance of moderate pressure gradients must be
interpreted cautiously. In these patients, aortic valve area
determination is particularly useful. The proposed nonin¬
vasive approach to adults with symptomatic aortic stenosis
appears to be clinically accurate and cost-effective. Ex¬
trapolation of these Doppler techniques to the larger
population of mildly symptomatic or asymptomatic patients
with a systolic murmur may be possible.

We would like to thank Erie B. Larson, MD, for his critical review of the
manuscript and Carolyn L. Gardner, RDMS, Carol D. Kraft, RDMS, and
Robyn Reamer, RDMS, for their technical expertise in performing the
echocardiograms.

References
1. Rackley CE, Edwards JE, Wallace RB, et al: Aortic valve disease, in

Hurst JW (ed): The Heart, ed 6. New York, McGraw-Hill International Book
Co, 1986, pp 729-753.

2. Braunwald E: Valvular heart disease, in Braunwald E (ed): Heart
Disease, ed 2. Philadelphia, WB Saunders Co, 1984, pp 1095-1105.

3. Eddelman EE, Frommeyer WB, Lyle DP, et al: Critical analysis of
clinical factors in estimating severity of aortic valve disease. Am J Cardiol
1973;31:687-695.

4. Roberts WC, PerloffJK, Constantino T: Severe valvular aortic stenosis
in patients over 65 years of age. Am J Cardiol 1971;27:497-506.

5. Voelkel AG, Kendrick M, Pietro DA, et al: Noninvasive tests to
evaluate the severity of aortic stenosis: Limitations and reliability. Chest
1980;77:155-160.

6. Johnson GR, Meyers GS, Lees RS: Evaluation of aortic stenosis by
spectral analysis of the murmur. JAm Coll Cardiol 1985;6:55-63.

7. Weyman AE, Feigenbaum H, Dillon JC, et al: Cross-sectional echo-
cardiography in assessing the severity of valvular aortic stenosis. Circula-
tion 1975;52:828-834.

8. DeMaria AN, Bommer W, Joye J, et al: Value and limitations of cross\x=req-\
sectional echocardiography of the aortic valve in diagnosis and quantifica-
tion of valvular aortic stenosis. Circulation 1980;62:304-312.

9. Reichek N, Devereux RB: Reliable estimation of peak left ventricular
systolic pressure by M-mode echographic-determined end-diastolic relative
wall thickness: Identification of severe valvular aortic stenosis in adult
patients. Am Heart J 1982;103:202-209.

10. Hatle L, Angelsen BA, Tromsdal A: Non-invasive assessment of
aortic stenosis by Doppler ultrasound. Br Heart J 1980;43:284-292.

11. Hatle L: Noninvasive assessment and differentiation of left ventric-
ular outflow obstruction with Doppler ultrasound. Circulation 1981;64:381\x=req-\
387.

12. Lima CO, Sahn DJ, Valdes-Cruz LM, et al: Prediction of the severity
of left ventricular outflow tract obstruction by quantitative two-dimensional
echocardiographic Doppler studies. Circulation 1983;68:348-354.

13. Stamm RB, Martin RP: Quantification of pressure gradients across
stenotic valves by Doppler ultrasound. J Am Coll Cardiol 1983;2:707-718.

14. Berger M, Berdoff RL, Gallerstein PE, et al: Evaluation of aortic
stenosis by continuous wave Doppler ultrasound. J Am Coll Cardiol
1984;3:150-156.

15. Stevenson JG, Kawabori I: Noninvasive determination of pressure
gradients in children: Two methods employing pulsed Doppler echocardi-
ography. J Am Coll Cardiol 1984;3:179-192.

16. Otto CM, Janko C, Prestley R, et al: Measurement of peak blood flow

Downloaded From: http://archinte.jamanetwork.com/ by a Yale University User  on 09/04/2014



velocity in adults with valvular aortic stenosis using high pulse repetition
frequency duplex pulsed Doppler echocardiography, abstracted. JAm Coll
Cardiol 1984;3:494.

17. Currie PJ, Seward JB, Reeder GS, et al: Continuous-wave Doppler
echocardiographic assessment of severity of calcific aortic stenosis: A
simultaneous Doppler-catheter correlative study in 100 adult patients.
Circulation 1985;71:1162-1169.

18. Simpson IA, Hunston AB, Sheldon CD, et al: Clinical value of
Doppler echocardiography in the assessment of adults with aortic stenosis.
Br Heart J 1985;53:636-639.

19. Williams GA, Labovitz AJ, Nelson JG, et al: Value of multiple
echocardiographic views in the evaluation of aortic stenosis in adults by
continuous-wave Doppler. Am J Cardiol 1985;55:445-449.

20. Agatston AS, Chengot M, Rao A, et al: Doppler diagnosis of valvular
aortic stenosis in patients over 60 years of age. Am J Cardiol 1985;56:106\x=req-\
109.

21. Hegrenaes L, Hatle L: Aortic stenosis in adults: Noninvasive esti-
mation of pressure differences by continuous wave Doppler echocardiogra-
phy. Br Heart J 1985;54:396-404.

22. Yeager M, Yock PG, Popp RL: Comparison of Doppler-derived
pressure gradient to that determined at cardiac catheterization in adults
with aortic valve stenosis: Implications for management. Am J Cardiol
1986;57:644-648.

23. Otto CM, Pearlman AS, Comess KA, et al: Limitations of Doppler
measurement of volume flow in adults with aortic stenosis, in Roelandt J
(ed): Color Doppler Flow Imaging. Dordrecht, the Netherlands, Martinus
Nijhoff Publishers, 1986, pp 155-167.

24. Otto CM, Pearlman AS, Comess KA, et al: Determination of the
stenotic aortic valve area in adults using Doppler echocardiography. J Am
Coll Cardiol 1986;7:509-517.

25. Skjaerpe T, Hegrenaes L, Hatle L: Non-invasive estimation of valve
area in patients with aortic stenosis by Doppler ultrasound and two
dimensional echocardiography. Circulation 1985;72:810-818.

26. Zoghbi WA, Farmer KL, Soto JG, et al: Accurate noninvasive
quantification of stenotic aortic valve area by Doppler echocardiography.
Circulation 1986;73:452-459.

27. Richards KL, Cannon SR, Miller JF, et al: Calculation of aortic valve
area by Doppler echocardiography: A direct application of the continuity
equation. Circulation 1986;73:964-969.

28. Wasson JH, Sox HC, Neff RK, et al: Clinical prediction rules:
Applications and methodological standards. N Engl J Med 1985;313:793\x=req-\
799.

29. Grossman W, Dexter L: Profiles in valvular heart disease, in Gross-
man W (ed): Cardiac Catheterization and Angiography, ed 2. Philadelphia,
Lea & Febiger, 1980, pp 305-324.

30. Sandler H, Dodge HT: The use of single plane angiocardiograms for
the calculation of left ventricular volume in man. Am Heart J 1968;75:325\x=req-\
334.

31. Gorlin R, Gorlin SG: Hydraulic formula for calculation of the area of
the stenotic mitral valve, other cardiac valves, and central circulatory

shunts: I. Am Heart J 1951;41:1-29.
32. Ciobanu M, Abbasi AS, Allen M, et al: Pulsed Doppler echocardiog-

raphy in the diagnosis and estimation of severity of aortic insufficiency. Am
J Cardiol 1982;49:339-343.

33. Vasko SD, Goldberg SJ, Requarth JA, et al: Factors affecting accuracy
of in vitro valvular pressure gradient estimates by Doppler ultrasound. Am
J Cardiol 1984;54:893-896.

34. Requarth JA, Goldberg SJ, Vasko SD, et al: In vitro verification of
Doppler prediction of transvalve pressure gradient and orifice area in
stenosis. Am J Cardiol 1984;53:1369-1373.

35. Callahan MJ, Tajik AJ, Su-Fan Q, et al: Validation of instantaneous
pressure gradients measured by continuous-wave Doppler in experimentally
induced aortic stenosis. Am J Cardiol 1985;56:989-993.

36. Smith MD, Dawson PL, Elion JL, et al: Correlation of continuous
wave Doppler velocities with cardiac catheterization gradients: An experi-
mental model of aortic stenosis. J Am Coll Cardiol 1985;6:1306-1314.

37. Kosturakis D, Allen HD, Goldberg SJ, et al: Noninvasive quantifica-
tion of stenotic semilunar valve areas by Doppler echocardiography. J Am
Coll Cardiol 1984;3:1256-1262.

38. Warth DC, Stewart WJ, Block PC, et al: A new method to calculate
aortic valve area without left heart catheterization. Circulation 1984;70:976\x=req-\
983.

39. Ohlsson J, Wranne B: Noninvasive assessment of valve area in patients
with aortic stenosis. J Am Coll Cardiol 1986;7:501-508.

40. Holmvang G, McConville B, Tomlinson CW: Doppler derived valve
area in adults with aortic stenosis, abstracted. J Am Coll Cardiol 1985;
5:403.

41. Handshoe R, Smith M, Elion JL, et al: Determination of aortic and
mitral valve area by means of continuous wave Doppler and thermodilution
cardiac output, abstracted. J Am Coll Cardiol 1985;5:485.

42. Kececioglu-Draelos Z, Goldberg SJ, Areias J, et al: Verification and
clinical demonstration of the echo Doppler series effect and vortex shed
distance. Circulation 1981;63:1422-1428.

43. Folland ED, Parisi AF, Carbone C: Is peripheral arterial pressure a

satisfactory substitute for ascending aortic pressure when measuring aortic
valve gradients? J Am Coll Cardiol 1984;6:1207-1212.

44. Rodrigo FA: Estimation of valve area and 'vascular resistance': A
critical study of the physical basis of the methods employed. Am Heart J
1953;45:1-12.

45. Milnor WR: Hemodynamics. Baltimore, Williams & Wilkins, 1982,
pp 23-24.

46. Cannon SR, Richards KL, Crawford M: Hydraulic estimation of
stenotic orifice area: A correction of the Gorlin formula. Circulation 1985;
71:1170-1178.

47. Doubilet P, Weinstein MC, McNeil BJ: Use and misuse of the term
'cost effective' in medicine. N Engl J Med 1986;314:253-256.

48. Diamond GA, Forrester JS: Analysis of probability as an aid in the
clinical diagnosis of coronary-artery disease. N Engl J Med 1979;300:1350\x=req-\
1354.

Downloaded From: http://archinte.jamanetwork.com/ by a Yale University User  on 09/04/2014


