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A new method ofhaemodynamic assessment of
mitral stenosis in atrial fibrillation: construction of
a nomogram
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Abstract
Accurate haemodynamic assessment of
mitral stenosis by hydraulic formulas
requires measurement of the mean valve
gradient and the cardiac output. The cal-
culation is laborious, particularly in the
presence of atrial fibrillation when
averaged values obtained from multiple
beat-to-beat determinations must be
used. The relations between valve area,
end diastolic gradient, and heart rate in
20 patients with mitral stenosis and
atrial fibrillation were examined. In
each patient the end diastolic pressure
gradient for each cardiac cycle was
related linearly to the RR interval of that
cycle, and this relation was unchanged
on exercise. The slope (S) and intercept
(I) of this relation correlated with the
degree of mitral stenosis as measured by
the Gorlin valve area. The regression
equations describing these relations
were then used to construct a nomogram
relating end diastolic pressure gradient
to mitral valve area at different heart
rates. When the nomogram was applied
to catheterisation data from a further 30
patients the results correlated well with
direct calculation of valve area by the
Gorlin formula. The nomogram is
simple to use, does not require
measurement of cardiac output, and is
independent of heart rate so that it is
unnecessary for the patient to exercise
during catheterisation.
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Haemodynamic assessment of the severity of
mitral stenosis from cardiac catheterisation
data is time consuming, particularly for
patients in atrial fibrillation. The most
accurate methods use a hydraulic formula
such as that of Gorlin and Gorlin,' which
requires measurement of the cardiac output
and the mean mitral valve gradient over 10
consecutive cardiac cycles (by planimetry or
from digitised signals). In practice many car-
diologists rely on the end diastolic gradient
across the mitral valve."' Although it is recog-
nised that this is highly dependent upon heart
rate,' there are no published tables relating
end diastolic gradient, heart rate, and the
severity of stenosis. We therefore examined

the relation between these variables in order
to devise a method of estimating the severity
of mitral stenosis and the mitral valve area
from the simple measure of end diastolic
gradient. A simple nomogram was construc-
ted and the reliability of this approach was
assessed in another group of patients.

Patients and methods
PATIENTS
Cardiac catheterisation data from an initial
group of 20 patients were analysed in detail.
All 20 were judged to have rheumatic valve
disease on the basis of a past history of
rheumatic fever and typical M mode echo-
cardiographic features and all were in establi-
shed atrial fibrillation.
To validate the nomogram constructed on

the basis of the first 20 patients, we analysed
cardiac catheterisation data in a further 30
patients. All had moderate or severe mitral
stenosis; 25 were in established atrial fibrilla-
tion and five remained in sinus rhythm at the
time of the investigation.

MEASUREMENTS
All patients were catheterised by the Sones
technique, with an 8 French Sones catheter
positioned in the body of the left ventricle and
a 7 French Cournand catheter advanced to
wedge in an upper lobe division of either the
right or left pulmonary artery. The electro-
cardiogram, pulmonary artery wedge pres-
sure, and the left ventricular pressure were
recorded simultaneously at high paper speed
of 100 mm/s and high sensitivity with careful
calibration and balancing. In each patient 50
consecutive cardiac cycles were recorded at
rest, while the patient was supine on the
cardiac catheterisation table. In 10 patients
who were able to perform supine straight leg
raising exercises sufficient to increase mean
heart rate by > 20%, 50 consecutive cycles
were also recorded immediately after this
exercise. Cardiac output at rest was calculated
by the indirect Fick method. The mitral valve
area was calculated by the formula of Gorlin
and Gorlin,' modified to take account of left
ventricular pressure measured directly.'0
The RR interval was measured from the

peak of intrinsicoid QRS deflection to the
peak of the intrinsicoid deflection of the next
QRS complex; extrasystoles were included in
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Figure I Measurement of
mitral valve gradient at
end diastole andRR
intervalfor each cardiac
cycle.
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the analysis. The end diastolic gradient across

the mitral valve was measured at the point of
upward inflection in the left ventricular pres-

sure trace or, if there was no well defined
inflection, was taken at the peak of the intrin-
sicoid deflection of the QRS complex (see fig
1).

ANALYSIS
The relation between the end diastolic
gradient across the mitral valve and RR
interval in each subject was analysed by linear
regression over the range of RR intervals at

which the end diastolic gradient was greater

than zero. The goodness of fit in each patient
was judged by the Pearson product-moment
correlation coefficient. When subjects were

compared a normal distribution could not be
assumed in view of the small numbers (20),
and so we used the appropriate distribution-
free statistic (Spearman rank correlation co-

efficient R).

Results
RELATION OF END DIASTOLIC GRADIENT TO RR

INTERVAL
The range of RR intervals in each patient was
(median) 470-1250 ms-the narrowest range
being 550-1080 ms and the widest range 240-
1875 ms. The relation between the end dia-
stolic gradient across the mitral valve and RR
interval was monotonic, with the end diastolic
gradient decreasing as RR interval lengthened
(Spearman R > 0-8 in each of20 patients) until
a critical RR interval above which left ven-

tricular and pulmonary artery wedges

Figure 2 Examples of the
relation between mitral
valve gradient at end
diastole and RR interval
in two patients.
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equilibrated and the end diastolic gradient was
zero (fig 2). At RR intervals shorter than this
critical RR interval the relation was approxi-
mately linear, and for each patient linear
regression analysis was used to obtain the best
fitting equation over this range. Goodness of fit
judged by the Pearson correlation coefficient r
over this range of RR was > 0-8 in each
individual patient.

Supine exercise performed in 10 patients so
as to increase mean heart rate by > 20% over
the resting state did not seem to influence the
relation of end diastolic gradient to RR interval
(fig 3). However, there was considerable scatter
in the data points so that a given RR interval
was associated with a range of end diastolic
gradients. It is therefore possible that changes
in the relation occur on exercise but are obs-
cured by this variation.

CORRELATIONS WITH MITRAL VALVE AREA

There were significant correlations between
the severity of mitral stenosis as measured by
the mitral valve area calculated according to the
Gorlin formula and the following variables:
(a) The slope of the relation of end diastolic
mitral valve gradient to RR interval correlated
with the Gorlin mitral valve area (MVAG) for
that patient (fig 4). The Spearman correlation
coefficient was R = + 0-88 (p < 0-005) and the
linear regression equation was:

slope = 10 4 (MVAG) - 1-7.

(b) The intercept of the relation ofend diastolic
mitral valve gradient to RR interval correlated
with the Gorlin mitral valve area for that
patient (fig 5). The Spearman correlation co-
efficient was R = -0 90 (p < 0 005) and the
linear regression equation was:

intercept = 1460 - 662 (MVAG).
Possible covariables in this analysis include

age, height, and weight. However, the Gorlin
mitral valve area was not found to be a function
of age, height, or weight in this group of
subjects. It is therefore unlikely that they
confounded the analysis ofMVAG with respect
to the slope or intercept.

NOMOGRAM
The above regression equations enabled the
construction of a nomogram relating end dia-
stolic mitral valve gradient to the Gorlin valve
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Nomogram for assessment of mitral stenosis in atrialfibrillation

Figure 3 Relation
between mitral valve
gradient at end diastole
andRR interval before
and after exercise in one
patient.

Figure 4 (A) Slope and
(B) intercept of the mitral
valve gradient at end
diastole (MVG-ED)
relation to RR interval
and enclosed area plotted
against the Gorlin mitral
valve area.
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Figure 5 Nomogram to
predict Gorlin valve area
from mitral valve area at
end diastole andRR
interval or heart rate.
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area at a range of different heart rates. Chosen
values of Gorlin valve area (2-0, 1-5, 1-0, and
0-5 cm2) were substituted in the equations, and
the predicted lines relating end diastolic mitral
valve gradient toRR interval were plotted in fig
5. Broken lines indicate the limits beyond
which there are insufficient data to extrapolate
these relations.
The nomogram permitted rapid estimation

of valve area-for example the data in fig 1
show a cardiac cycle with RR interval 825 ms
and an end diastolic gradient of 18 mm Hg. On
the nomogram the estimated valve area lies
between 0-5 cm2 and 1_0 cm2. Direct applica-
tion of the Gorlin formula to the catheterisation
data gave a valve area of0-68 cm2 in this patient.
All the other cardiac cycles in this recording
gave a similar estimate from the nomogram.
The nomogram was validated by analysis of

cardiac catheterisation data for a further 30
patients with mitral stenosis (five in sinus
rhythm and 25 in atrial fibrillation). The
Gorlin valve area was first predicted from the
nomogram by plotting the mitral valve gradient
at end diastole against the RR interval for each
of between two and five cardiac cycles. The
valve area was then calculated directly from the
indirect Fick cardiac output and 10 plani-
metered cardiac cycles by the Gorlin and
Gorlin formula. In 25 out of 30 cases there was
agreement, and in only one case was there a
significant discrepancy (table).

Discussion
The dependence of the end diastolic mitral
valve gradient on heart rate (and on RR
interval) has long been appreciated.' It may
be particularly difficult to interpret the end
diastolic gradient at extremes ofheart rate" and
in patients in atrial fibrillation. Whereas
corrections have been described for the effect
of heart rate on the peak to peak aortic valve
gradient,'2 none has been formulated for the
mitral valve gradient. Accordingly, supine
exercise during cardiac catheterisation has for
many years been advocated as a means of
identifying patients with important mitral
stenosis who at rest have a normal or slow heart
rate with only small to moderate transmitral
gradients.69 However, exercise during cardiac
catheterisation is often hindered by patient
discomfort, poor motivation, and the need to
maintain sterility.9 Increased ventilation by the
patient may cause wide swings in intrathoracic
pressure, confusing the interpretation of the
pressure tracings.9 In those patients unable to
increase their heart rate sufficiently by exercise
during catheterisation it has been suggested
that atropine or dobutamine should be used." 4
The converse problem may arise in patients
who are anxious or unwell at the time of
catheterisation in whom it is not always possi-
ble or desirable to slow a fast heart rate. The
effects of extreme heart rates on the assessment
may unduly influence the choice between
medical treatment and valve replacement or
balloon dilatation if the severity of mitral
stenosis is borderline.
The problem of differing heart rates in the
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assessment of mitral stenosis can be partly
avoided by applying hydraulic formulas to
catheterisation data to calculate the effective
area of the valve orifice. The best known and
most widely used of the hydraulic formulas is
that developed by Gorlin and Gorlin on the
basis of Poiseuille's law and Torricelli's orifice
equation.' This has the general form:

valve area =
mean flow rate through valve

empirical constant x /mean pressure difference

the empirical constant being different for
mitral stenosis and for aortic stenosis.'
Modifications to the original formula"'8 and
even new hydraulic formulas'"" have been
proposed, but the Gorlin formula remains the
most widely used.45 Estimates of mitral valve
area by this method correlate well with valve
area determined at surgery,' although there
may be a tendency systematically to under-
estimate valve area under conditions of very
low cardiac output.""23 In the present study,
resting cardiac output was > 2-5 1/min in all
cases (mean 3-4 1/min), so the Gorlin formula is
likely to have provided an accurate estimate of
valve area.

Non-invasive assessment of the severity of
mitral stenosis by conventional or Doppler
echocardiography or both is convenient and
reliable."'46 However, echocardiography
requires a skilled operator and clear recordings
are not possible in up to 10% of patients."2729
Care is needed in interpretation because these
methods may be inaccurate at fast heart rates
and at high flows'3 and when the valve orifice is
very small." Mitral pressure half time in par-
ticular is influenced by several factors besides
valve area." 12 Thus in patients undergoing
cardiac catheterisation for another reason, such
as coexisting coronary artery disease, the
haemodynamic data obtained may be useful in
assessing the severity of mitral stenosis.

Hydraulic formulas arguably provide the
most accurate estimates of valve area,' but are
tedious to use and require measurement of
cardiac output. The labour can be reduced by
digitisation of pressure signals to enable com-
puted calculation, but such facilities are not
widely available. The time taken for accurate
planimetry led Potanin et al '3 to suggest super-
imposition ofpressure tracings and visual com-
parison of areas as an alternative. However, like
the nomogram of Negri et al'4 (based on a
simplified hydraulic formula rather than the
Gorlin formula) this approach still requires the
cardiac output to be measured. A nomogram
relating the end diastolic mitral valve gradient
and heart rate to valve area might allow
accurate assessment more conveniently than
either Gorlin's original formula or Negri's
nomogram.
Our data suggest that the relation between

the end diastolic mitral valve gradient and RR
interval is approximately linear. Regression
analysis provides an equation for each patient
that fits the data points well with correlation
coefficient r > 0-8, provided that care has been
taken to obtain a technically satisfactory pul-
monary wedge trace with little respiratory
variation in the pressure. This linear relation

contrasts with the time course of the left
ventricular-pulmonary wedge pressure differ-
ence during diastole in each individual cardiac
cycle, when the pressure difference seems to
decline in an approximately exponential
fashion. The explanation for this discrepancy is
uncertain-it may depend on interactions be-
tween the length of preceding cardiac cycles
and haemodynamic factors including left atrial
filling"5 and the inotropic"'38 and lusitropic3'4
state of the left ventricle, which may be par-
ticularly complex in atrial fibrillation.42 The
simplicity of the linear relation between end
diastolic gradient and RR interval is, however,
an advantage in the construction of a
nomogram (fig 5).
The nomogram is easy to use and a single

data point may suffice. Any single cardiac cycle
from the recording in fig 1 gave a point between
the 0 5 cm' and 1-0 cm' lines of the nomogram
when the Gorlin calculation gave a value of0 68
cm' in that patient. The nomogram was
validated by comparison with direct calculation
of the valve area by the Gorlin formula in a
separate group of 30 patients with mitral sten-
osis. There was agreement in 25/30 (83%) and
disagreement in five. The largest difference
was in a patient with a directly calculated valve
area of 2-2 cm', in whom the nomogram
predicted a valve area of between 1-0 and 1-5
cm'. Even this difference, although undesir-
able, was unlikely to lead to a major change in
the management of the individual patient.
The high level of agreement between

nomogram estimates and direct Gorlin formula
estimates of mitral valve area is perhaps sur-
prising because cardiac output is required for
calculation of the Gorlin valve but is not for the
nomogram. Estimation of cardiac output is
often inaccurate and this might be expected to
produce discrepancies between the two
methods. However, when the two methods
were compared, the estimates of mitral valve
area were divided into only five categories
(corresponding to clinically very severe, severe,
moderate, mild, and trivial mitral stenosis)
(table). Thus even a 20-30% error in the
estimation of cardiac output might not change
the category ofvalve area into which the Gorlin
formula estimate falls. Obviously in a simple
analysis end diastolic gradient must depend
upon cardiac output and flow rate across the
valve as well as upon heart rate and mitral valve
area. Furthermore, mitral valve area is, to a
certain extent, influenced by flow rate. The
apparent independence of the nomogram from
the cardiac output may simply reflect a narrow
range of cardiac outputs in the subjects in the
study, or a systematic relation between valve
area and resting cardiac output, or both.
There are several other sources of inaccuracy

in the data from which the nomogram was
derived that might reduce the accuracy of the
nomogram. These are the use of fluid filled
rather than transducer tipped catheters, the use
of pulmonary capillary wedge pressure to
reflect left atrial pressure, and the use of the
indirect Fick method to measure cardiac out-
put.
Another possible cause of error is mitral
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regurgitation, which leads to greater mean
diastolic transmitral flow than would be cal-
culated from the net forward cardiac output.
This will lead to underestimation of mitral
valve area by the Gorlin formula, on which this
nomogram is based.2 None of the subjects in
the present study had mitral regurgitation in
excess of angiographic grade 2: it is unlikely
that the nomogram will be applicable in cases
with severe mitral regurgitation. Subject to this
restriction, the nomogram may be used in any
patient in whom a significant end diastolic
gradient has been recorded and can be related
to the RR interval.

CONCLUSION
In mitral stenosis complicated by atrial fibrilla-
tion, the linear relation between RR interval
and mitral valve gradient at end diastole per-
mits the calculation of simple variables that
correlate with mitral valve area calculated by
the Gorlin formula. They can thus be used to
assess the severity of mitral stenosis, and this is
done most conveniently in the form of a
nomogram. The nomogram correlates closely
with the Gorlin hydraulic formula but is
simpler to use and does not require cardiac
output measurement. Furthermore, it is
independent of heart rate and it is therefore
unnecessary for the patient to exercise during
cardiac catheterisation.
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