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BACKGROUND: Mitral stenosis frequently coexists in patients with 
severe aortic stenosis. Mitral stenosis severity evaluation is challenging 
in the setting of combined aortic stenosis and mitral stenosis because of 
hemodynamic interactions between the 2 valve lesions. The impact of 
aortic valve replacement (AVR) for severe aortic stenosis on mitral stenosis 
is unknown. This study aimed to assess the effect of AVR on mitral 
stenosis hemodynamics and the clinical outcomes of patients with severe 
aortic stenosis with and without mitral stenosis.

METHODS: We retrospectively investigated patients who underwent 
surgical AVR or transcatheter AVR for severe aortic stenosis from 2008 to 
2015. Mean transmitral gradient by Doppler echocardiography ≥4 mm Hg 
was identified as mitral stenosis; patients were then stratified according to 
mitral valve area (MVA, by continuity equation) as >2.0 cm2 or ≤2.0 cm2. 
MVA before and after AVR in patients with mitral stenosis were evaluated. 
Clinical outcomes of patients with and without mitral stenosis were 
compared using 1:2 matching for age, sex, left ventricular ejection fraction, 
method of AVR (surgical AVR versus transcatheter AVR) and year of AVR.

RESULTS: Of 190 patients with severe aortic stenosis and mitral stenosis 
(age 76±9 years, 42% men), 184 were matched with 362 with severe 
aortic stenosis without mitral stenosis. Among all mitral stenosis patients, 
the mean MVA increased after AVR by 0.26±0.59 cm2 (from 2.00±0.50 
to 2.26±0.62 cm2, P<0.01). MVA increased in 105 (55%) and remained 
unchanged in 34 (18%). Indexed stroke volume ≤45 mL/m2 (odds ratio 
[OR] 2.40; 95% CI, 1.15–5.01; P=0.020) and transcatheter AVR (OR, 
2.36; 95% CI, 1.17–4.77; P=0.017) were independently associated with 
increase in MVA. Of 107 with significant mitral stenosis (MVA ≤2.0 cm2), 
MVA increased to >2.0 cm2 after AVR in 52 (49%, pseudo mitral stenosis) 
and remained ≤2.0 cm2 in 55 (51%, true mitral stenosis). During follow-
up of median 2.9 (0.7–4.9) years, true mitral stenosis was an independent 
predictor of all-cause mortality (adjusted hazard ratio, 1.88; 95% CI, 
1.20–2.94; P<0.01).

CONCLUSIONS: MVA improved after AVR in nearly half of patients with 
severe aortic stenosis and mitral stenosis. MVA remained ≤2.0 cm2 (true 
mitral stenosis) in nearly half of patients with severe aortic stenosis and 
significant mitral stenosis; this was associated with worse survival among 
patients undergoing AVR for severe aortic stenosis.
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Elevated transmitral gradient (TMG) is frequently 
observed during transthoracic echocardiography 
(TTE) in patients with aortic stenosis, a hint to-

ward the likely presence of concomitant mitral steno-
sis. Mitral stenosis is present in about 15% of patients 
with aortic stenosis.1,2 It is notable that mitral annulus 
calcification (MAC) coexists in about 50% of adults 
with severe aortic stenosis.3–6 The prevalence of cal-
cific mitral stenosis increases dramatically with age 
and aortic stenosis.7,8 The management of combined 
aortic stenosis and calcific mitral stenosis is challeng-
ing because these patients are typically frail, elderly, 
and present with multiple comorbidities. Transcath-
eter interventions for valvular heart diseases have 
provided treatment options for patients at high risk 
for surgery.9–11 Consequently, accurate preprocedural 
identification of the presence of a combined valve dis-
ease, such as concomitant mitral stenosis with aortic 
stenosis, has received increased attention.1,12 Mitral 
stenosis should not be overlooked in patients with 
severe aortic stenosis because severe mitral stenosis 
is an independent predictor of 1-year adverse clini-
cal outcomes after transcatheter aortic valve replace-
ment (TAVR).1

The presence of combined aortic stenosis and mi-
tral stenosis complicates evaluation of the severity of 
each individual lesion because of hemodynamic inter-
actions between the two lesions. Alteration of mitral 
valve hemodynamics after isolated aortic valve replace-
ment (AVR) can be useful for understanding the patho-
physiology and prognosis of combined aortic stenosis 
and mitral stenosis. Thus, this study aimed to (1) assess 
the effects of AVR on mitral stenosis severity based on 
MVA calculation using the continuity equation by Dop-
pler echocardiography; and (2) compare clinical out-
comes of patients with severe aortic stenosis, with and 
without mitral stenosis, undergoing either surgical AVR 
(SAVR) or TAVR.

METHODS
The authors declare that all supporting data are available in 
the article and its online supplementary files.

Study Population
We retrospectively investigated patients who underwent SAVR 
or TAVR for severe aortic stenosis from 2008 to 2015 at 2 
medical centers: Mayo Clinic, Minnesota, USA; and Tokyo Bay 
Urayasu/Ichikawa Medical Center, Japan. Patients with mitral 
stenosis, defined as an elevated TMG ≥4 mm Hg at baseline 
(pre-AVR) TTE, were included. Excluded were patients with 
prior aortic or mitral valve surgery (repair or replacement), 
congenital heart disease, and hypertrophic obstructive cardio-
myopathy. Patients with heart rate ≥100 bpm or moderate or 
greater mitral regurgitation or aortic regurgitation were also 
excluded because of the challenges of assessing the degree 
of mitral stenosis in these situations.13 Patients with severe 
aortic stenosis without mitral stenosis who underwent AVR 
were selected as a control group using 1:2 matching for age, 
gender, left ventricular ejection fraction, method of AVR 
(SAVR versus TAVR) and year of AVR. All patients underwent 
TTE within 30 days of AVR. Baseline demographic data and 
surgical and outcome data were extracted from the electronic 
medical record.

The Mayo Clinic Institutional Review Board approved 
the study, and research authorization was obtained from all 
patients. The Tokyo Bay Urayasu/Ichikawa Medical Center 
Human Ethics Committee approved the study, and informed 
consent regarding participation was obtained from all 
patients.

Transthoracic Echocardiography
TTE was performed using commercially available state-of-
the-art ultrasound machines. Comprehensive TTE includ-
ing aortic and mitral stenosis assessments were performed 
according to guidelines.13–15 Aortic stenosis was evaluated 
using a multiwindow approach, and aortic valve area (AVA) 
was calculated using the continuity equation. Severe aortic 
stenosis was defined as an AVA ≤1.0 cm2, indexed AVA ≤0.6 
cm2, peak velocity ≥4.0 m/s or mean gradient ≥40 mm Hg.13 
TMG and mitral valve time-velocity integral were derived from 
transmitral flow velocity waveform recorded by continuous 

Clinical Perspective

What Is New?
• In half of patients with severe aortic stenosis 

and transmitral gradient ≥4mm Hg, mitral ste-
nosis severity was overestimated; overestimation 
was more common with lower indexed stroke 
volume.

• Mitral valve area (MVA) increased to >2.0 cm2 after 
aortic valve replacement (AVR) in half of patients 
with aortic stenosis and MVA ≤2.0 cm2 before AVR 
(pseudo mitral stenosis), whereas MVA remained 
≤2.0cm2 after AVR in the others (true mitral 
stenosis).

• True mitral stenosis was associated with higher 
mortality compared with absence of mitral stenosis.

What Are the Clinical Implications?
• Mitral stenosis severity should be carefully assessed 

in the setting of severe aortic stenosis; mitral ste-
nosis severity can be overestimated, but patients 
with true mitral stenosis may require more careful 
follow-up.

• MVA ≤1.5 cm2, MAD ≤1 mm or extension of calcifi-
cation to both anterior and posterior mitral leaflets 
suggested the presence of true MS.

• Future studies need to determine whether AVR with 
concomitant mitral valve replacement improves the 
prognosis in patients with severe aortic stenosis 
and true mitral stenosis.

D
ow

nloaded from
 http://ahajournals.org by on O

ctober 9, 2019



Kato et al Hemodynamics in Mixed Aortic and Mitral Stenosis

Circulation. 2019;140:1251–1260. DOI: 10.1161/CIRCULATIONAHA.119.040679 October 8, 2019 1253

ORIGINAL RESEARCH 
ARTICLE

wave Doppler. MVA was calculated using the continuity equa-
tion as the ratio of stroke volume to mitral valve time-veloc-
ity integral. Significant mitral stenosis was defined as MVA 
≤2.0cm2 and mild mitral stenosis as MVA >2.0 cm2.7 Similarly, 
the severity of mitral regurgitation, aortic regurgitation, and 
tricuspid regurgitation were assessed using an integrated 
approach according to guideline recommendations.15 Right 
ventricular systolic pressure was estimated from peak tricus-
pid valve regurgitant jet velocity, using the simplified Bernoulli 
equation and combining this value with an estimate of the 
right atrial pressure.16

The increase or decrease in MVA after AVR was considered 
significant when it changed ≥0.1 cm2, on the basis of previ-
ous work,17 and the increase or decrease in TMG was consid-
ered significant when it changed ≥1 mm Hg. In patients with 
significant mitral stenosis at pre-AVR TTE, true mitral stenosis 
was present if MVA remained ≤2.0 cm2 at post-AVR TTE and 
pseudo mitral stenosis if MVA increased to >2.0 cm2 at post-
AVR TTE.

Rheumatic mitral stenosis was defined echocardiographi-
cally when typical features such as leaflet thickening, nodu-
larity, commissural fusion and chordal fusion and shortening 
were present. Calcific mitral stenosis was defined as the 
presence of a bright echo-producing structure (calcification) 
located at the mitral annulus and mitral leaflets. MAC was 
defined as the presence of dense calcium deposits at the 
base of mitral leaflets between the left atrium and ventri-
cle.18,19 The extension of calcification to both anterior and 
posterior mitral leaflets was evaluated from parasternal long 
axis view.20 Mitral annulus diameter was measured in para-
sternal long axis view at end diastole and end systole. Mitral 
annulus distension (MAD) was calculated by the difference 
between mitral annulus diameter at end diastole and end 
systole in the parasternal long axis view as a means of 
assessing the degree of mitral inflow obstruction from cal-
cification. Comprehensive transthoracic echocardiography 
was performed by multiple sonographers according to usual 
clinical practice, and data were reviewed by an experienced 
level 3 trained echocardiographer before patient dismissal 
from the laboratory. Two similarly trained investigators ana-
lyzed additional data.

Follow-Up and Outcome
The endpoint was all-cause mortality during follow-up. 
Perioperative events occurring within the same hospitaliza-
tion or 30 days after AVR (all-cause death, aortic valve reinter-
vention, myocardial infarction, stroke, renal failure, bleeding, 
need for permanent pacemaker, and new onset atrial fibril-
lation) were recorded. The latest TTE during follow-up was 
selected as the follow-up TTE. If follow-up TTE was not 
performed, post-AVR TTE was used to assess mitral steno-
sis severity during follow-up. The timing of clinical follow-up 
assessment varied according to clinical judgment.

Statistical Analysis
Continuous data are expressed as mean±SD or median 
[interquartile range] and categorical data are expressed as 
frequency or percentage. Continuous variables were com-
pared between groups using the Student t test or Wilcoxon 

rank-sum test whenever appropriate. Nominal variables 
were compared between groups using chi-square test. Pre- 
and postoperative measurements were compared using a 
paired t test and McNemar test. Matching was done using a 
greedy matching algorithm. Each patient with mitral stenosis 
was matched to 1–2 patients without mitral stenosis on age, 
gender, left ventricular ejection fraction, method of AVR, 
and year of AVR. Gender and method of AVR were required 
to be an exact match while age could differ by 5 years, left 
ventricular ejection fraction by 10%, and year of AVR by 2 
years. Most subjects were matched much closer than these 
limits. Survival analysis was performed by the Kaplan–Meier 
method and log-rank test. Cox proportional hazards model-
ing was used to identify independent predictors for all-cause 
mortality; variables that showed statistically significant dif-
ferences between groups in the univariable analysis were 
included in the model. Results of these analyses are shown 
as hazard ratios (HRs) and 95% CIs. The proportional hazard 
assumption was evaluated both visually by plotting residuals 
versus time and formally by testing for a correlation between 
residual and time. No violations of the proportional hazard 
assumption were observed. A multivariable logistic regres-
sion analysis was performed to assess independent predic-
tors of increase in MVA after AVR; variables that showed 
statistically significant differences between groups in the 
univariable analysis were included in the model. Receiver 
operating characteristics curve analysis was used to assess 
the accuracy of variables for identifying true mitral stenosis 
and the area under the curve was presented. Areas under 
the curve were compared using the method of DeLong and 
DeLong. Youden index was used to assess the optimal cut-
off value. Tests were 2-sided, and P<0.05 was considered 
statistically significant. All statistical analysis was performed 
using JMP Pro 13 and SAS version 9.4 (SAS Institute, Cary, 
North Carolina).

RESULTS
Patient Characteristics
We included 190 patients with severe aortic stenosis 
and concomitant mitral stenosis (185 from Mayo Clinic 
and 5 from Tokyo Bay Medical Center). Age was 76±9 
years, 42% were male, 31% underwent TAVR, and 107 
(56%) had significant mitral stenosis. Of 190 with mi-
tral stenosis, 184 patients could be matched with 362 
control patients with severe aortic stenosis without 
mitral stenosis. Characteristics of patients with severe 
aortic stenosis with and without mitral stenosis are 
shown in Table 1. Patients with concomitant mitral ste-
nosis more frequently had a history of diabetes, dialysis, 
chronic lung disease, and chest irradiation compared 
with controls. Frequency of atrial fibrillation was similar 
between the 2 groups. There were no significant differ-
ences in aortic peak velocity, mean transaortic gradient, 
or AVA. Left atrial volume index was larger (47±14 ver-
sus 44±13 mL/m2, P<0.01) and right ventricular systolic 
pressure was higher (41 [31–51] versus 34 [28–41] mm 
Hg, P<0.01) in patients with mitral stenosis.
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Hemodynamic Assessment of Mitral 
Valve Before and After AVR
The hemodynamic changes after AVR in 190 patients 
with mitral stenosis are shown in Table 2. TTE was per-
formed at a median of 32 [9–65] days before AVR and 
4 [3–5] days after AVR. The etiology of mitral steno-
sis was calcific in 185 (97%) and rheumatic in 5 (3%). 
The mean MVA increased after AVR by 0.26±0.59 cm2 
(from 2.00±0.50 to 2.26±0.62 cm2, P<0.01). The mean 
TMG decreased after AVR from 5.2±1.5 to 4.7±1.9 mm 
Hg (P<0.01). MVA increased after AVR in 105 (55%) 
patients, remained unchanged in 34 (18%) and de-
creased in 51 (27%). In 105 with increased MVA, the 
mean TMG decreased from 5.2±1.5 to 4.5±1.8 mm Hg 
(P<0.01). TMG decreased after AVR in 94 (49%), re-
mained unchanged in 57 (30%), and increased in 39 
(21%). Indexed stroke volume ≤45mL/m2 (odds ratio 
[OR] 2.40; 95% CI,1.15–5.01; P=0.020) and TAVR (OR, 
2.36; 95% CI, 1.17–4.77; P=0.017) were independent-
ly associated with increase in MVA after AVR as shown 
in Table  3. MVA  at baseline tended to be associated 
with improvement in MVA (OR, 0.49; 95% CI, 0.21–
1.28; P=0.088). Area under the curve of this multivari-
able model was 0.72.

The hemodynamic changes according to the meth-
od of AVR are shown in Table I in the online-only Data 
Supplement. In 58 patients undergoing TAVR, the 
mean MVA increased by 0.42±0.55 cm2 (1.96±0.50 
to 2.38±0.64 cm2, P<0.01). The mean stroke volume 
and indexed stroke volume markedly increased after 
TAVR (stroke volume: 86±15 to 97±19 mL, P<0.01; in-
dex stroke volume: 45±8.0 to 51±11 mL/m2, P<0.01). 
In 132 patients undergoing SAVR, the mean MVA in-
creased by 0.19±0.59 cm2 (2.02±0.50 to 2.21±0.60 
cm2, P<0.01), but the mean stroke volume and indexed 
stroke volume did not significantly change.

Of 51 patients with decreased MVA after AVR, in-
dexed stroke volume decreased in 40 and heart rate 
decreased in 11; decreases were related to the de-
crease in transmitral flow rate. Of 39 patients with in-
creased TMG, heart rate increased in 34 and indexed 
stroke volume increased in 4; in 1 patient with normal 
left ventricle size and heavy calcification of the mitral 
valve, MVA decreased after TAVR using a 31-mm self-
expandable valve.

True Mitral Stenosis
Stroke volume and indexed stroke volume were lower 
before AVR in patients with significant mitral steno-
sis (MVA ≤2 cm2) compared with those with mild mi-
tral stenosis (stroke volume: 82±15 versus 99±20 mL, 
P<0.01, indexed stroke volume: 44±8 versus 50±10 
mL/m2, P<0.01). Moreover, MVA tended to increase 
after AVR in patients with small MVA. We further as-

sessed MV hemodynamics in 107 patients with sig-
nificant mitral stenosis before AVR. Of these patients, 
MVA increased to >2.0 cm2 after AVR in 52 (49%, 
pseudo mitral stenosis) and remained ≤2.0 cm2 in 55 
(51%, true mitral stenosis) as shown in Figure 1. In pa-
tients with true mitral stenosis, the mean stroke vol-
ume, MVA, and TMG did not significantly change after 
AVR. In patients with pseudo mitral stenosis, the mean 
indexed stroke volume increased (44±9 to 51±11 mL/
m2, P<0.01) and the mean MVA increased after AVR by 
0.80±0.43 cm2 (1.72±0.21 to 2.52±0.40 cm2, P<0.01), 
and TMG decreased after AVR (5.2±1.4 to 4.3±1.5 mm 
Hg, P<0.01). Examples of true and pseudo mitral steno-
sis are shown in Figure 2.

To identify true mitral stenosis among patients with 
severe aortic stenosis and mitral stenosis, mitral valve 
hemodynamics and anatomical features at baseline 
were compared in patients with true mitral stenosis 
(n=55) and pseudo or mild mitral stenosis (n=135) in 
Table 4. TMG was higher in patients with true mitral 
stenosis than pseudo or mild mitral stenosis (6.0±2.0 
versus 4.9±1.2 mm Hg, P<0.01). Extension of calcifi-
cation to mitral leaflets was more frequently observed 
in patients with true mitral stenosis than pseudo or 
mild mitral stenosis (18% versus 6%, P<0.01). MAD 
tended to be smaller in patients with true mitral ste-
nosis. Stroke volume, indexed stroke volume, and AVA 
were smaller in patients with true mitral stenosis than 
pseudo or mild mitral stenosis (82±16 versus 92±20 
mL, P<0.01, 45±8 versus 48±10 mL/m2, P=0.062, and 
0.73±0.15 versus 0.82±0.16 cm2, P<0.01, respectively). 
TAVR was performed in 16 (28%) of patients with true 
mitral stenosis and 39 (30%) of those with pseudo or 
mild mitral stenosis (P=0.78). The other characteristics 
listed in Table 1 were similar in patients with true mitral 
stenosis and pseudo or mild mitral stenosis

Area under the curve of MVA for identifying true 
mitral stenosis (0.86; 95% CI, 0.80–0.90) was high-
er than TMG (0.70; 95% CI, 0.61–0.77, versus MVA 
P<0.01) and MAD (0.57; 95% CI, 0.48–0.65, versus 
MVA P<0.01). MVA ≤1.9cm2 best identified true mitral 
stenosis (sensitivity, 93%; specificity, 73%; accuracy, 
78%). The sensitivity, specificity, and accuracy of other 
variables were, respectively, 36%, 95%, and 77%, for 
MVA ≤1.5cm2; 80%, 50%, and 58%, for TMG ≥5mm 
Hg; 22%, 86%, and 65%, for MAD ≤1 mm; and 
18%, 94%, and 72%, for extension of calcification to 
mitral leaflets.

Clinical Outcomes and Perioperative 
Events
Clinical outcomes were compared among the 3 groups 
with severe aortic stenosis: true mitral stenosis, pseudo 
or mild mitral stenosis, and controls. Perioperative all-
cause mortality was similar (1.9%, 0.8%, and 2.2%, 
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respectively, P=0.40). Patients with pseudo or mild mi-
tral stenosis more frequently needed permanent pace-
maker as shown in Table 5. During the median follow-
up period of 2.9 [0.7–4.9] years, 196 patients (36%) 
died, including 49% (n=26) with true mitral stenosis 
and 44% (n=58) with pseudo or mild mitral stenosis. 
Of 184 patients with mitral stenosis, 139 (81%) of the 
171 who were alive at 1-year post-AVR TTE were still 
being followed. Follow-up TTE was performed in 61% 
of patients with mitral stenosis. Severe mitral stenosis 
(MVA ≤1.5cm2) was observed in 18 (34%) of patients 

with true mitral stenosis (25% after AVR increasing to 
34% during follow-up, P=0.025), and it was observed 
in 9 (7%) of those with pseudo or mild mitral stenosis 
during follow-up of median 0.9 years [5 days–3 years]. 
Transcatheter mitral valve replacement for severe mi-
tral stenosis was performed in 2 (4%) with true mitral 
stenosis, and transcatheter mitral valve replacement for 
severe mitral regurgitation was performed in 1 (0.8%) 
with pseudo or mild mitral stenosis (P=0.14). True mitral 
stenosis and pseudo or mild mitral stenosis were associ-
ated with higher mortality compared with controls as 

Table 1. Patient Characteristics

Clinical and echocardiographic characteristics
All Mitral Stenosis

(n=190)

Case-Matched Comparison

Mitral Stenosis 
(n=184)

Controls 
(n=362) P Value

Age, y 76±9 77±9 77±9 0.96

Male 80 (42) 76 (41) 150 (41) 0.98

Body mass index, kg/m2 30 [26–35] 30 [26–35] 29 [25–32] <0.01*

New York Heart Association Class III or IV 134 (71) 128 (70) 220 (61) 0.043*

Diabetes mellitus 83 (44) 80 (43) 91 (25) <0.01*

Dyslipidemia 161 (85) 155 (84) 311 (86) 0.60

Hypertension 163 (86) 159 (86) 302 (83) 0.36

Atrial fibrillation 39 (21) 38 (21) 59 (16) 0.21

Creatinine, mg/dL 1.1 [0.9–1.4] 1.1 [0.9–1.4] 1.0 [0.8–1.2] 0.12

Dialysis 9 (4.7) 9 (4.9) 5 (1.4) 0.014*

Chronic lung diseases 78 (41) 74 (40) 104 (29) <0.01*

Cerebral vascular diseases 54 (28) 53 (29) 89 (25) 0.29

Chest irradiation 11 (5.8) 9 (4.9) 4 (1.1) <0.01*

Previous myocardial infarction 30 (16) 28 (15) 60 (17) 0.68

Previous coronary artery bypass graft 26 (14) 25 (14) 59 (16) 0.41

Surgical details

  Transcatheter aortic valve replacement 58 (31) 55 (30) 106 (29) 0.88

  Concomitant coronary artery bypass graft 43 (23) 41 (22) 87 (24) 0.65

  Concomitant tricuspid valve surgery 3 (1.6) 3 (1.6) 4 (1.4) 0.86

Echocardiography at baseline

  Left ventricular ejection fraction, % 63±10 63±10 63±9 0.84

  Left ventricular end diastolic diameter, mm 48±6.5 48±6.3 48±5.5 0.25

  Left ventricular end systolic diameter, mm 31±6.9 30±6.8 31±5.8 0.88

  Left ventricular mass, g 227±59 227±58 222±63 0.35

  Left atrial volume index, mL/m2 49±14 49±14 44±13 <0.01*

  Stroke volume, mL 89±19 89±19 93±19 0.068

  Indexed stroke volume, mL/m2 47±10 47±9 49±10 0.012*

  Aortic valve

     Peak velocity, m/s 4.6±0.6 4.6±0.6 4.6±0.5 0.68

     Mean pressure gradient, mmHg 54±14 54±14 53±13 0.45

     Aortic valve area, cm2 0.79±0.16 0.79±0.16 0.81±0.18 0.19

  Moderate or greater tricuspid regurgitation 14 (7.4) 13 (7.1) 15 (4.1) 0.14

  Right ventricular systolic pressure, mmHg 41 [30–50] 41 [31–50] 34 [28–41] <0.01*

Data shown are mean±SD, median [interquartile range], or n (%).
*P<0.05 mitral stenosis vs controls.
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shown in Figure 3 (true mitral stenosis: HR, 2.10; 95% 
CI, 1.37–3.23, P<0.01; pseudo or mild mitral stenosis: 
HR, 1.57; 95% CI, 1.14–2.16; P<0.01). Adjusted for 
variables that showed significant differences in the uni-
variable analysis (age, New York Heart Association class 
III or IV, atrial fibrillation, creatinine, diabetes, hyperten-
sion, cerebrovascular diseases, chronic lung disease, 
TAVR, and left ventricular ejection fraction at baseline), 
true mitral stenosis was an independent predictor of 
mortality (HR, 1.88; 95% CI, 1.20–2.94; P<0.01) as 

shown in Table II of the online-only Data Supplement. 
Pseudo or mild mitral stenosis was not an indepen-
dent predictor of mortality (adjusted HR, 1.38; 95% 
CI, 0.99–1.91; P=0.053). TAVR was not independently 
associated with mortality (adjusted HR, 1.19; 95% CI, 
0.84–1.69; P=0.33).

DISCUSSION
This is the first large study to quantitatively describe 
changes in MVA after AVR. MVA increased in half of 
patients with severe aortic stenosis and mitral stenosis. 
True mitral stenosis (MVA ≤2 cm2 before and after AVR) 
was found in nearly half of patients with severe aortic 
stenosis and significant mitral stenosis and was asso-
ciated with poorer survival after AVR compared with 
patients with severe aortic stenosis without mitral ste-
nosis.

Hemodynamic assessment of combined mitral ste-
nosis and aortic stenosis is challenging. The combina-
tion of aortic stenosis and mitral stenosis results in a 
greater reduction of cardiac output than isolated valvu-
lar stenosis.21 The continuity equation is a standard for 
measuring the effective MVA,22 but MVA can be flow 
dependent when the MV is mildly stenotic23 resulting in 
overestimation of mitral stenosis in the setting of severe 
aortic stenosis. Regarding other methods to evaluate 
MVA, the pressure half-time method is unreliable in the 
setting of severe aortic stenosis as a result of impaired 
left ventriclar diastolic function,13 and the accuracy of 
planimetry method in calcific mitral stenosis may be 
impaired by heavy calcification.2 The continuity equa-
tion was the most often performed method to measure 
MVA in this population. However, our results should be 
confirmed with an integrated approach including three-
dimensional echocardiography in future studies. The 
postoperative improvement in MVA was mainly related 
to the finding of reduced indexed stroke volume at pre-
AVR TTE. Some patients with low-flow aortic stenosis 
have been noted to normalize indexed stroke volume at 
discharge after TAVR;24 relief from severe aortic stenosis 

Table 2. Mitral Valve Hemodynamics Before and After Aortic Valve 
Replacement

Hemodynamic parameters
Before AVR 

(n=190)
After AVR

(n=190) P Value

Heart rate, beats per minute 72±11 75±11 <0.01*

Hemoglobin, g/dL 12.0±1.8 9.7±1.3 <0.01*

Left ventricular ejection fraction, % 63±10 62±8 0.087

Left ventricular end diastolic 
diameter, mm

48±6 47±7 <0.01*

Left ventricular end systolic 
diameter, mm

31±7 31±7 0.53

Stroke volume, mL 89±19 91±20 0.16

Indexed stroke volume, mL 47±10 48±11 0.078

Mitral valve

    Mitral valve area, cm2 2.00±0.50 2.26±0.62 <0.01*

    Indexed mitral valve area, cm2/m2 1.05±0.26 1.19±0.35 <0.01*

    Mitral valve time-velocity 
integral, cm

46±11 42±10 <0.01*

    Transmitral gradient, mmHg 5.2±1.5 4.7±1.9 <0.01*

Aortic valve

    Aortic valve area, cm2 0.79±0.16 1.98±0.63 <0.01*

    Peak velocity, m/s 4.6±0.6 2.5±0.5 <0.01*

    Mean pressure gradient, mmHg 54±14 15±6 <0.01*

Moderate or greater tricuspid 
regurgitation

14 (7) 21 (11) 0.088

Right ventricular systolic pressure, 
mmHg

41±16 41±12 0.86

Data shown are mean±SD or n (%).
*P<0.05, before versus after aortic valve replacement.

Table 3. Logistic Regression Analysis for Increase in Mitral Valve Area After Aortic Valve Replacement

Determinants of increase in mitral valve area

Univariable Multivariable

Odds Ratio 95% CI P Value Odds Ratio 95% CI P Value

Transcatheter aortic valve replacement 2.56 1.32–4.96 <0.01 2.36 1.17–4.77 0.017

Echocardiographic variables before aortic valve replacement

    Indexed stroke volume ≤45 mL/m2 2.48 1.38–4.47 <0.01 2.40 1.15–5.01 0.020

    Mitral valve area per 1 cm2 0.30 0.15–0.57 <0.01 0.49 0.21–1.13 0.088

    Mitral valve time-velocity integral per 1 cm 1.03 1.00–1.06 0.035 1.03 0.99–1.07 0.19

The area under the curve was 0.72. Also considered in the univariable analysis—but not significant—were age, sex, New York Heart Association class, creatinine, 
atrial fibrillation, chest irradiation, previous myocardial infarction, previous coronary artery bypass graft, concomitant coronary artery bypass graft, concomitant 
tricuspid valve surgery, heart rate, hemoglobin, left ventricular ejection fraction, left ventricular end diastolic diameter, left ventricular end systolic diameter, left atrial 
volume index, aortic valve area, aortic valve peak velocity, aortic valve mean pressure, transmitral gradient, mitral annulus diameter, moderate or greater tricuspid 
regurgitation, and right ventricular systolic pressure.
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can contribute to increased stroke volume after AVR. 
Our study included predominantly patients with calcific 
mitral stenosis, who have prominent calcification at the 
base of the leaflets without commissural fusion as seen 
in rheumatic mitral stenosis.8 These features may lead 
to more significant flow-related changes in mitral valve 
opening.

In patients with true mitral stenosis, the mean MVA 
and stroke volume did not change after AVR. In ad-
vanced stages of mitral stenosis, calcification extends 
to the mitral leaflets and the mitral annulus fails to 
dilate during diastole.25,26 Calcification reduces mitral 
leaflet mobility;20,27 the rigid annulus and leaflets might 
limit the increase in stroke volume. In this study, true 
mitral stenosis was associated with poorer all-cause 
mortality in patients with severe aortic stenosis. Thus, 
there is a need to identify true mitral stenosis at pre-
AVR TTE. In our study, MVA ≤1.9 cm2 best identified 
patients with true mitral stenosis. However, MVA ≤1.5 
cm2, MAD ≤1 mm and extension of calcification to mi-
tral leaflets were also useful to distinguish true from 
pseudo mitral stenosis.

TAVR was an independent predictor of improvement 
in MVA. This might be related to increase in stroke vol-
ume after TAVR. Previous papers have reported that 
stroke volume was larger at discharge in patients un-
dergoing TAVR than SAVR.28,29 The prevalence of true 

mitral stenosis was similar in patients undergoing TAVR 
and SAVR, and TAVR did not affect all-cause mortality. 
TAVR was associated with an advantage in hemody-
namics immediately after TAVR.30

Our results showed that patients with true mitral 
stenosis had substantial mortality. However, pseudo 
or mild mitral stenosis was also associated with poorer 
survival compared with controls (patients with severe 
aortic stenosis without mitral stenosis). MAC was prev-
alent in this study; in a previous paper, patients with 
elevated TMG as a result of MAC were found to have 
worse outcomes compared with the general population 
even when TMG were only mildly elevated.31 MAC ap-
pears to be a marker for multiple comorbidities associ-
ated with worse prognosis rather than being the direct 
cause of increased mortality.31,32 Moreover, the postop-
erative mortality and morbidity of simultaneous double 
valve replacement is much higher than the risk of either 
AVR or MVR alone.33,34 Future studies are needed to de-
termine whether concomitant MVR improves the prog-
nosis in patients with severe aortic stenosis and mitral 
stenosis.

Clinical Implication
Mitral stenosis severity should be carefully assessed in 
the setting of severe aortic stenosis because mitral ste-

Figure 1. Hemodynamics of true mitral stenosis (MS) and pseudo MS. 
In 107 patients with mitral valve area (MVA) ≤2.0 cm2 at baseline, MVA increased to >2.0 cm2 after aortic valve replacement (AVR) in 52 patients (pseudo MS), 
whereas it remained ≤2.0 cm2 in 55 patients (true MS). *P<0.05 before AVR vs after AVR. HR indicates heart rate; MV TVI, mitral valve time-velocity integral; SV, 
stroke volume; and TMG, transmitral gradient.

D
ow

nloaded from
 http://ahajournals.org by on O

ctober 9, 2019



Kato et al Hemodynamics in Mixed Aortic and Mitral Stenosis

October 8, 2019 Circulation. 2019;140:1251–1260. DOI: 10.1161/CIRCULATIONAHA.119.0406791258

OR
IG

IN
AL

 R
ES

EA
RC

H 
AR

TI
CL

E

nosis severity can be overestimated. On the other hand, 
patients with true mitral stenosis may require more 
careful follow-up. The presence of true mitral steno-
sis was rare when MVA was >1.9 cm2 at pre-AVR TTE 
and it was likely with MVA ≤1.5 cm2, MAD ≤1 mm, or 
extension of calcification to both anterior and poste-
rior mitral leaflets. Perioperative outcomes were simi-
lar among true mitral stenosis, pseudo or mild mitral 
stenosis, and controls. Moreover, most patients with 
combined severe aortic stenosis and mitral stenosis are 
at high risk for surgery as a result of advanced age, co-
morbidities, and MAC. Thus, it might be reasonable to 
leave mitral stenosis untreated at the time of AVR and 
consider a staged procedure for mitral stenosis in symp-
tomatic patients. Transcatheter interventions, such as 
staged transcatheter MVR or simultaneous transatrial 
MVR at the time of AVR, may be optimal treatment op-
tions in patients with severe aortic stenosis and mitral 
stenosis.11,35

Limitations
We focused on the management in patients with se-
vere aortic stenosis and elevated TMG. Many patients 
with mild mitral stenosis were included in this study. 
The sample size was inadequate to assess the clinical 
outcomes in patients with severe mitral stenosis. Be-

cause this was a retrospective study, MVA and TMG 
were not systemically measured in the control group; 
however, it would be unlikely that significant mitral ste-
nosis was missed in these patients because, in our labo-
ratories, continuous wave Doppler is typically obtained 

Figure 2. Examples of true mitral stenosis (MS) and pseudo MS. 
Upper images show an example of true MS at diastole. Mitral annulus calcification and extension of calcification to mitral valve leaflets were observed at baseline 
(upper left). The mobility of mitral valve leaflets was severely reduced and mitral valve area (MVA) did not change after aortic valve replacement (AVR) (upper right). 
Lower images show an example of pseudo MS at diastole with limited leaflet opening (lower left). The mobility of leaflets improved after AVR (lower right). 

Table 4. Mitral Valve Hemodynamics and Anatomical Features Before 
Aortic Valve Replacement in Patients With Mitral Stenosis

Mitral valve features

True Mitral 
Stenosis
(n=55)

Pseudo or 
Mild Mitral 

Stenosis 
(n=135) P Value

Mitral valve area, cm2 1.60±0.24 2.16±0.49 <0.01*

Mitral valve time-velocity integral, cm 52±10 44±11 <0.01*

Transmitral gradient, mmHg 6.0±2.0 4.9±1.2 <0.01*

Rheumatic mitral stenosis 1 (1.8) 4 (3.0) 0.65

Chest irradiation 3 (5.5) 8 (5.9) 0.90

Mitral annulus calcification 52 (96) 120 (94) 0.49

Extension of calcification to leaflets 10 (18) 8 (6.0) <0.01*

Mitral annulus diameter at end 
diastole, mm

24±3.6 25±3.5 0.16

Mitral annulus diameter at end 
systole, mm

22±3.6 22±3.4 0.49

Mitral annulus distension, mm 2.3±1.3 2.8±1.2 0.057

Data shown are mean±SD or n (%).
*P<0.05, significant differences between two groups.
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in patients with evidence of aliasing across the mitral 
valve or significantly elevated pulsed-waved Doppler 
velocities. Although we evaluated mitral regurgitation 
severity with an integrated approach, it is possible that 
some patients with moderate or greater mitral regurgi-
tation were not recognized because of the difficulty in 
assessing mitral regurgitation severity in the presence 
of MAC. MAC was not quantified. Patients with atrial 
fibrillation were included in the study and multiple val-
ues were averaged, according to our usual clinical prac-
tice. Measurement errors resulting from thoracotomy 
or cardiotomy might be present. Investigators were not 
blinded. A longer follow-up period is needed to appre-
ciate the full impact of our findings. This study provides 
limited insight into the mechanisms of increased mor-
tality because the cause of death was not known. Fol-
low-up TTE was not performed in all patients with mi-
tral stenosis, and the frequency of severe mitral stenosis 
during follow-up might be underestimated. Last, true 

mitral stenosis was diagnosed with only hemodynamics 
shortly after AVR in this study. Preoperative assessment 
of hemodynamics using exercise stress echocardiogra-
phy and quantitation of MAC using cardiac computed 
tomography may be beneficial to classify true or pseu-
do mitral stenosis in future studies.

CONCLUSION
Mitral stenosis severity was overestimated in half of pa-
tients with severe aortic stenosis and concomitant TMG 
≥4 mm Hg, especially in those with lower indexed stroke 
volume. However, in nearly half of patients with severe 
aortic stenosis and significant mitral stenosis (MVA ≤2.0 
cm2), true mitral stenosis was present and associated 
with higher mortality compared with those without mi-
tral stenosis. MVA ≤1.5 cm2, MAD ≤1 mm or extension 
of calcification to both anterior and posterior mitral leaf-
lets suggested the presence of true mitral stenosis.
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