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Using three-dimensional (3D) transesophageal echocardiography (TEE) and isometric
handgrip exercise (IHE), we investigated the determinants of exercise-induced mitral
regurgitation (MR) according to MR etiologies. Seventy-six patients with more than mod-
erate MR, 40 patients with functional MR (FMR) and 36 patients with degenerative MR
(DMR), underwent 3D TEE combined with IHE. Mitral valve (MV) geometry and 3D
vena contracta area (3D VCA) were simultaneously evaluated at baseline and during IHE.
With regard to exercise-induced MR, D3D VCA was calculated as the difference between
3D VCA at baseline and 3D VCA during IHE. IHE caused different changes in MV geome-
try between etiologies and led to exacerbation of 3D VCA at baseline. Larger D3D VCA
was observed in the FMR group compared with the DMR group (15.9 § 10.3 mm2 versus
7.3 § 4.2 mm2; p < 0.0001). In multivariate analyses, tenting height and 3D VCA were
selected as independent factors associated with D3D VCA in the FMR group (p = 0.0135
and p = 0.0201, respectively), while flail width was selected as an independent factor associ-
ated with D3D VCA in the DMR group (p = 0.0066). In conclusion, IHE alters mitral valve
geometry and causes exacerbation of MR regardless of MR etiology and the determinants
of exercise-induced MR differed between MR etiologies. © 2021 The Author(s). Pub-
lished by Elsevier Inc. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/) (Am J Cardiol 2021;00:1−8)
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Dynamic changes in mitral regurgitation (MR) during
exercise are well-known as exercise-induced MR. When
the exacerbation is severe, it is considered a prognosticator
in heart failure (HF) patients.1,2 Exercise-stress echocardi-
ography is an essential tool for diagnosis of exercise-
induced MR. However, in previous studies, characteriza-
tions of the mechanisms for exercise-induced MR were
hampered by several limitations of 2-dimensional (2D)
transthoracic echocardiography (TTE) based quantitative
assessment of mitral valve (MV) and MR.1−3 In contrast,
with the development of 3-dimensional (3D) echocardiog-
raphy and dedicated software analysis over the past decade,
3D transesophageal echocardiography (TEE) allows accu-
rate measurement of the MV geometry and MR severity.4,5

Furthermore, isometric handgrip exercise (IHE) has long
been reported as a useful method to differentiate patients
with risk for HF among patient populations.6 In contrast to
dynamic load-testing (e.g., cycle exercise), it can be per-
formed even during TEE. In this study, using 3D TEE com-
bined with IHE, we sought to evaluate the changes in MV
geometry and MR severity during exercise and to investi-
gate the determinants of exercise-induced MR in functional
MR (FMR) compared with degenerative MR (DMR).
Methods

We prospectively enrolled symptomatic patients with
moderate or greater MR at baseline who underwent 3D
TEE at Hiroshima University Hospital between May 2017
and July 2019. The patient population was divided into an
FMR group and a DMR group based on pathogenic stratifi-
cation by 2D TTE. The etiology of MR was defined as
FMR if resulting from regional myocardial dysfunction or
global remodeling of the LV in the presence of an anatomi-
cally normal valve apparatus, or as DMR if resulting from
structural defects of the MV due to leaflet prolapse or flail.
Patients with other degenerative alterations including rheu-
matic or sclerotic changes, or definite diagnosis of infective
endocarditis were excluded. Patients with MV stenosis or
previous valve surgery were also excluded. Informed con-
sent was obtained from all participants and the study proto-
col was approved by our institutional ethics committee.

A comprehensive 2D TTE study was performed by expe-
rienced sonographers using a commercially available ultra-
sound system (EPIQ7 with S5-1 probe; Philips, Andover,
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MA). All measurements and recordings were performed
according to the American Society of Echocardiography
recommendations.7 LV end-diastolic volume, LV end-sys-
tolic volume, LV ejection fraction, and left atrial (LA) vol-
ume were calculated by the modified Simpson method
using apical 2- and 4-chamber views.8 Systolic pulmonary
artery pressure (SPAP) was calculated according to guide-
lines and right atrial pressure was estimated from the infe-
rior vena cava diameter and respiratory changes.9 Severity
of MR was graded comprehensively by an integrative
approach using semiquantitative parameters and at least
one quantitative parameter, including proximal isovelocity
surface area-derived effective regurgitant orifice area, vena
contracta width, regurgitant volume, and presence of sys-
tolic flow reversal in pulmonary veins according to the rec-
ommendations of the European Society of Cardiology and
American Society of Echocardiography using three MR
grades: mild, moderate, and severe.10,11 Regurgitant vol-
ume was calculated by the proximal isovelocity surface
area method. Regurgitant fraction was determined by the
regurgitant volume, while LV stroke volume was calculated
as the difference between LV end-diastolic volume and LV
end-systolic volume. In patients with atrial fibrillation, the
parameters were calculated as means of 3 to 5 measure-
ments.

3D TEE was performed using an EPIQ7 ultrasound sys-
tem equipped with a matrix-array transducer that could dis-
play both 2D and 3D images (X7-2t or X8-2t Live 3D TEE
transducer; Philips). All patients were administered an
intravenous injection of diazepam and pentazocine for seda-
tion during the 3D TEE examination. Volume datasets were
obtained in the live 3D zoom mode (median frame rate: 17
Hz) or 6-beat full volume mode (median frame rate: 69 Hz)
focusing on the MV. In addition, color Doppler live 3D
zoom or 6-beat full volume datasets were acquired at the
narrowest possible depth under breath-hold to obtain a
higher volume rate (median frame rate: 35 Hz). In patients
with atrial fibrillation or inability to hold their breath, the
live 3D zoom mode with 1-beat volume acquisition was
chosen. The live 3D zoom or full volume datasets were dig-
itally stored for off-line analysis and imported into a QLAB
workstation (version 10.7; Philips).

Just before the 3D TEE examination, maximal voluntary
contraction (MVC) was measured in all patients using the
handgrip diameter. During 3D TEE, all patients were
administered sedative drugs intermittently according to
their level of sedation. After 3D volume data acquisition at
baseline for offline analysis, drug administration was
stopped to control patient awakening. In the final TEE
examination, patients used their dominant hand to perform
3 minutes of IHE at 30% MVC in a left lateral decubitus
position. Systolic blood pressure (BP), diastolic BP, and
heart rate were measured using an automated brachial artery
BP cuff (BMS-1763; Nihon Kohden, Tokyo, Japan).
Finally, hemodynamic status and 3D volume data focused
on the MV were carefully recorded for the final minute of
IHE.

All 3D volume datasets were analyzed offline using the
QLAB mitral valve navigation (MVN) and 3D quantifica-
tion (3DQ) software package (Philips). Regarding the tim-
ing for assessment of 3D MV geometry and 3D VCA, the
occurrence of the peak velocity in the corresponding contin-
uous wave Doppler signals was used for orientation. In all
FMR patients, the mid-systolic frame was selected, while in
17 DMR patients (38%), the mid-to-late systolic frame was
selected. The QLAB MVN software semi-automatically
tracked the landmarks in a specified frame to create a 3D
mitral model. After approval of the tracking, the software
provided several 3D measurements of the MV geometry:
anterolateral-posteromedial (AL-PM) diameter, anterior-
posterior (A-P) diameter, annular area, annular height, tent-
ing height, tenting volume, prolapse height, and prolapse
volume (Figure 1 A−H).4 Furthermore, in all DMR
patients, a cross-sectional plane through the MV leaflets
was selected and the maximum flail gap and width were
measured with movement of the 2D planes in the 3D space
at the same frame (Figure 1 I and J). All measurements
were acquired at baseline and during IHE with specified
timing of the systolic phase.

By quantitative analysis of 3D color Doppler data,
the 3D VCA was derived through three multiplanar
reconstruction planes in a specified frame. After the two
orthogonal long-axis planes were aligned parallel with
the direction of the proximal MR jet, the short-axis
plane was aligned perpendicular to the narrowest neck
of the MR jet just above the left atrial side of the flow
convergence zone. The resultant short-axis image of the
MR jet was manually traced to obtain the 3D VCA.5

The three multiplanar reconstruction planes of the regur-
gitant jet, 3D color MV image, and measured 3D VCA
in each FMR and DMR patient are shown in Figure 2.
3D VCA was measured at baseline and during IHE in
all patients. D3D VCA was defined as the change in 3D
VCA during exercise and calculated by the difference
between 3D VCA at baseline and 3D VCA during IHE.

Statistical analyses were performed with JMP ver. 14.0
software (SAS Institute Inc., Cary, NC). Continuous varia-
bles were expressed as median (25th and 75th percentiles)
or mean § standard deviation (SD). Groups comparisons
were performed by Student’s t-test. A paired t-test was used
to compare hemodynamic status and MV geometry at rest
and during IHE. Comparisons of the effects of IHE on MV
geometry between the groups were carried out by two-way
ANOVA for repeated measures. Correlations between peak
Vo2 and D3D VCA in the FMR and DMR groups were
assessed by Pearson correlation coefficients and linear
regression analysis. Multivariate stepwise linear regression
analysis was performed to identify contributing factors
related to D3D VCA in the FMR and DMR groups, and sig-
nificant variables in the univariate analyses were entered
into the models. The following potential univariate predic-
tors at baseline were initially considered for the analysis:
systolic BP, diastolic BP, heart rate, AL-PM diameter, A-P
diameter, annular area, annular height, tenting height, tent-
ing volume, prolapse height, prolapse volume, flail gap, flail
width, and baseline 3D VCA. For reproducibility, 3D TEE
measurements, as described by absolute differences with
SDs and intraclass correlations, were analyzed in a ran-
domly selected sample of 40 datasets in MR patients (20
FMR patients and 20 DMR patients). The selected datasets
were evaluated at 1 month after the initial measurement by
the first author for intra observer variability and by a second
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Figure 1. 3D parameters of MV geometry. (A−H) After approval of the tracking, the MVN software semi-automatically creates a 3D mitral model and pro-

vides 3D parameters of the MV. (I, J) In patients with degenerative MR, flail gap (I) and flail width (J) are searched and measured at their maximum length

in a cross-sectional plane through the MV leaflets. 3D = three-dimensional; MV =mitral valve; MR =mitral regurgitation; MV =mitral valve.
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observer for interobserver variability. Two-sided values of
p < 0.05 were considered statistically significant.
Results

A total of 76 patients were enrolled in the study. The
FMR group consisted of 40 patients comprising 17 dilated
cardiomyopathy, 10 ischemic cardiomyopathy, and 13 atrial
MR, while the DMR group consisted of 36 patients com-
prising 21 leaflet prolapse and 15 leaflet flail. The clinical
and TTE parameters in the two MR groups are summarized
Figure 2. . Examples of 3D VCA quantitative analysis in functional MR and deg

software can display three orthogonal planes of the regurgitant jet and a 3D MV

of the regurgitant jet, 3D VCA is obtained by the short-axis plane at the narrowe

area. Other abbreviations as Figure 1.
in Table 1. In the 2D TTE parameters, the FMR group had
significantly larger LV end-diastolic volume, LV end-sys-
tolic volume, and lower LV ejection fraction (all p < 0.001)
with larger LA volume. As for MR severity, both regurgi-
tant volume and fraction were similar in the two groups
(Table 1).

The hemodynamic status and 3D parameters of MV
geometry in the two MR groups at baseline and during IHE
are summarized in Table 2. In the baseline 3D parameters
of MV geometry, AL-PM diameter, A-P diameter, annular
area, and annular height also showed no significant
enerative MR. Using acquired 3D color Doppler MV data, the QLAB 3DQ

image. After the two orthogonal long-axis planes are set with the direction

st neck region of the regurgitant jet (white circles). VCA = vena contracta



Table 1

Clinical and echocardiographic characteristics

Variable Functional

MR (n = 40)

Degenerative

MR (n = 36)

p

Age (years) 71 (61−77) 68 (60−74) 0.96

Men 25 (63%) 22 (61%) 0.90

Body surface area (m2) 1.61 (1.46−1.72) 1.59 (1.43−1.77) 0.63

Atrial fibrillation 13 (33%) 3 (8%) 0.02

Hypertension 29 (73%) 18 (50%) 0.04

Left ventricular end-

diastolic volume (mL)

140 (105−201) 111 (81−136) < 0.001

Left ventricular end-

systolic volume (mL)

89 (56−134) 39 (31−46) < 0.001

Left ventricular ejection

fraction (%)

36 (28−48) 66 (62−69) < 0.001

Left atrial volume (mL) 100 (76−132) 85 (64−110) 0.046

Systolic pulmonary artery

pressure (mm Hg)

36 (29−49) 34 (27−40) 0.40

Severe mitral regurgitation 23 (58%) 27 (75%) 0.11

Regurgitant volume (mL) 44 (32−56) 61 (44−75) 0.22

Regurgitant fraction (%) 47 (42−64) 51 (44−57) 0.81

Data are shown as median (interquartile range) or n (%).
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differences. The FMR group had higher tenting height and
larger tenting volume than the DMR group (both p <
0.0001). In contrast, the DMR group had higher prolapse
height and larger prolapse volume than the FMR group
(both p < 0.0001). IHE elevated the baseline systolic BP,
diastolic BP, and heart rate in both MR groups (all p <
0.001). The changes in systolic BP and heart rate did not
differ significantly between the two groups, whereas the
changes in diastolic BP were larger in the DMR group com-
pared with the FMR group (Table 2). In the FMR group,
significant augmentations in tenting height and tenting vol-
ume were observed during IHE (both p < 0.001). Mean-
while, in the DMR group, significant reductions in annular
Table 2

Impacts of isometric handgrip exercise on hemodynamic status and 3D mitral valv

Variable Functional MR (n = 40)

Baseline Handgrip

Hemodynamic status

Systolic blood pressure (mm Hg) 122 § 28 138 § 32*

Diastolic blood pressure (mm Hg) 74 § 18 83 § 18*

Heart rate (bpm) 77 § 17 84 § 16*

3D mitral valve geometry

AL-PM diameter (mm) 39.6 § 5.8 39.6 § 5.9

A-P diameter (mm) 31.9 § 5.2 31.7 § 5.2

Annular area (100 mm2) 10.5 § 3.1 10.3 § 3.1

Annular height (mm) 4.3 § 1.3 4.1 § 1.3

Tenting height (mm) 8.8 § 2.6 9.3 § 2.6*

Tenting volume (mL) 3.8 § 1.7 4.1 § 1.8*

Prolapse height (mm) 0.3 § 0.7 0.2 § 0.7

Prolapse volume (mL) 0.0 § 0.0 0.0 § 0.0

Flail gap (mm) N/A N/A

Flail width (mm) N/A N/A

Data are shown as mean § SD.

* p < 0.05 versus baseline.
y p < 0.05 versus functional MR.

AL-PM, anterolateral-posteromedial; A-P, antero-posterior.
height and tenting volume were observed during IHE (both
p < 0.02). Furthermore, significant augmentations in pro-
lapse height, prolapse volume, flail gap, and flail width
were observed in the DMR group (Table 2).

Representative 3D color Doppler images of the MV and
MR at baseline and during IHE in both MR groups are
shown in the upper panels in Figure 3A and 3B. Different
mitral models in each phase analyzed by the MVN software
are shown in the lower panels of Figure 3A and 3B.

Figure 4 shows the changes in 3D VCA caused by IHE.
In our study, baseline 3D VCA in the FMR group was
smaller than that in the DMR group (36.7 § 17.5 mm2 vs
46.4 § 19.0 mm2; p = 0.022). IHE caused significant exac-
erbations of baseline 3D VCA in both MR groups (FMR:
36.7 § 17.5 mm2 to 52.6 § 24.0 mm2; DMR: 46.4 § 19.0
mm2 to 53.8 § 21.1 mm2; both p < 0.0001). Despite the
presence of smaller 3D VCA at baseline, the FMR group
had larger D3D VCA than the DMR group (15.9 § 10.3
mm2 vs 7.3 § 4.2 mm2; p < 0.0001).

As shown in Table 3, univariable analyses revealed that
tenting height, tenting volume, and baseline 3D VCA were
significantly correlated with D3D VCA in the FMR group.
Meanwhile, AL-PM diameter, prolapse height, prolapse
volume, flail gap, flail width, and baseline 3D VCA were
significantly correlated with D3D VCA in the DMR group.
When these univariable determinants were entered into the
multivariable stepwise linear regression analysis, tenting
height (p = 0.014) and baseline 3D VCA (p = 0.02) were
selected as independent predictors of D3D VCA in the
FMR group, whereas only flail width (p = 0.007) was
selected as an independent predictor of D3D VCA in the
DMR group.

The intra observer and interobserver variabilities of the
3D TEE datasets were 1.9 § 1.4 and 2.4 § 1.9 mm for 3D
measurements of MV geometry and 2.5 § 1.7 and 3.2 §
2.4 mm2 for 3D VCA, respectively. The intraclass
e geometry

Degenerative MR (n = 36) p (time- group interaction)

Baseline Handgrip

131 § 19 149 § 19* 0.51

78 § 12 94 § 13*,y 0.01

72 § 12 80 § 12* 0.73

39.2 § 4.2 39.5 § 4.4 0.23

31.4 § 4.2 31.8 § 4.1 0.14

10.2 § 2.3 10.3 § 2.4 0.08

3.8 § 1.1 3.4 § 0.7*,y 0.36

6.0 § 1.9y 5.8 § 1.9y < 0.001

1.5 § 0.9y 1.4 § 0.9*,y < 0.001

3.9 § 2.1y 4.6 § 2.2* < 0.001

0.5 § 0.5y 0.6 § 0.7* < 0.001

3.7 § 1.5 4.0 § 1.9* N/A

11.2 § 3.1 11.6 § 3.2* N/A

www.ajconline.org


Figure 3. . Representative cases of IHE-stress 3D TEE. (Upper) 3D color MV images at baseline and during IHE in both MR groups (left, functional MR;

right, degenerative MR). (Lower) 3D MV geometry analyzed by the MVN software at baseline and during IHE in both MR groups (left, functional MR; right,

degenerative MR). Note that exacerbation of the MR jet and the changes in MV geometry occur concomitantly during IHE. IHE = isometric handgrip exer-

cise. Other abbreviations as Figure 1.
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correlations (95% confidence intervals) were 0.94 (0.92
−0.96) and 0.93 (0.91−0.95) for 3D measurements of MV
geometry and 0.92 (0.90−0.95) and 0.90 (0.86−0.93) for
3D VCA, respectively.
Discussion

To date, several studies using 2D TTE with cycle
exercise have shown that exercise-induced MR was
associated with acute pulmonary edema, exercise intol-
erance, and poor prognosis regardless of the MR
etiology.1,3,12,13 Indeed, exercise-stress echocardiography
Figure 4. Changes in 3D VCA during IHE in the two MR groups. IHE significan

triangles, degenerative MR), but larger D3D VCA is observed in the functional M

0.0001 versus baseline, yp = 0.022 versus functional MR, zp = 0.82 versus functio

1 and 2.
has proven to be a strong prognostic indicator in
patients with unexplained dyspnea and may be useful
for classification of heart failure with preserved LV
ejection fraction.14,15 Thus, the current guidelines of the
American Society of Echocardiography and European
Association of Echocardiography recommend 2D TTE
with cycle ergometer exercise for general diastolic stress
testing.16,17 However, compared with TEE, it is well
known that TTE has several clinical limitations to its
application from the perspective of imaging quality. For
example, obesity, poor acoustic window limited by
respiratory excursion, and motion artifacts impair the
tly increases baseline 3D VCA in both MR groups (circles, functional MR;

R group compared with the degenerative MR group (p < 0.0001). * p <
nal MR. IHE = isometric handgrip exercise. Other abbreviations as Figures



Table 3

Correlations and associations of baseline hemodynamic status and 3D mitral valve geometry with D3D vena contracta area during isometric handgrip

exercise

Functional MR Univariable Multivariable

r p B b 95% CI p VIF

Tenting height 0.47 0.002 1.456 0.366 0.318-2.593 .014 1.098

Tenting volume (per 0.1 mL) 0.28 0.079

Baseline 3D vena contracta area 0.45 0.003 0.202 0.343 0.034-0.371 .02 1.098

Degenerative MR Univariable Multivariable

r p B b 95% CI p VIF

AL-PM diameter 0.29 0.088

Prolapse height 0.36 0.029

Prolapse volume (per 0.1 mL) 0.34 0.044

Flail gap 0.39 0.020

Flail width 0.44 0.007 0.611 0.445 0.182-1.039 .007 1.000

Baseline 3D vena contracta area 0.41 0.013

b, standardized regression coefficient; CI, confidence interval; VIF, variance inflation factor.
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measurement accuracy for MV geometry and quantita-
tive MR.18,19 Furthermore, these limitations are known
to be exacerbated by cycle exercise, even at low inten-
sity. In contrast, 3D TEE combined with IHE makes it
possible to obtain accurate parameters of MV geometry
and 3D VCA without such limitations. The present study
substantiates the hypotheses suggested by several prior
studies, highlighting the putative value of 3D echocardi-
ography-based evaluation of the mechanisms of exer-
cise-induced MR. The main findings in the present
cohort of symptomatic patients with moderate or greater
MR were: (1) IHE alters MV geometry and causes
exacerbation of 3D VCA regardless of MR etiology; and
(2) the factors associated with D3D VCA differ between
FMR and DMR.

With regard to changes in MV geometry during IHE, the
present study showed that IHE in the FMR group signifi-
cantly increased tenting height and volume with no annular
parametrical changes. Overt heart failure symptoms fre-
quently occur in FMR because of LV dysfunction and
remodeling. It has been presumed that exercise-induced
MR in FMR is caused by increased tethering force in the
MV, which is affected by various components during exer-
cise, including LV geometry (size and sphericity), dys-syn-
chrony, and induced myocardial ischemia. 20,21 Although
changes in LV geometry were not evaluated in this study,
we believe that increased LV afterload during IHE altered
LV geometry and then increased the tethering force in the
MV. Meanwhile, the MV geometry response during IHE in
the DMR group was entirely different, comprising
decreases in annular height, tenting height, and tenting vol-
ume, and increases in prolapse height, prolapse volume,
flail gap, and flail width. No significant changes in AL-PM
diameter, A-P diameter, and annular area were observed
during IHE in the DMR group, similar to the FMR group.
In DMR, therefore, the increase in LV afterload during IHE
may contribute to compression of the MV toward the left
atrium, followed by augmentation of the extent of leaflet
prolapse. The newly advocated exercise test, IHE-stress 3D
TEE, demonstrated these MV geometrical changes and
their association with increases in 3D VCA, suggesting
different mechanisms for exercise-induced MR according
to its etiology.

In this study, tenting height and baseline 3D VCA were
selected as multivariable determinants of exercise-induced
MR in patients with FMR, whereas only flail width was
selected in patients with DMR. Therefore, even if non-
severe MR is observed on resting echocardiography,
patients with clinically significant MR who have effort dys-
pnea in daily life or are hospitalized for worsening heart
failure should be suspicious for MR exacerbation upon
exercise, especially among FMR patients with large tenting
height and baseline 3D VCA and DMR patients with large
flail width. Furthermore, transient increases in MR during
exercise may accelerate progression of LV remodeling and/
or valvular degeneration, which can trigger further defor-
mation of the MV with greater extents of leaflet tethering
and/or prolapse. Our findings establish the determinants of
exercise-induced MR differed between MR etiologies, and
highlight the importance for simultaneous assessment of
MR severity and MV geometry during exercise in heart fail-
ure patients with moderate or greater MR.

There were some limitations in this study. This was a
single-center study. Because of the small number of
patients in the study population, the strength of the imaging
variables for incremental addition to determine exercise-
induced MR is uncertain. Further validation in a larger mul-
ticenter study is required to confirm our findings. Second,
the changes in the LV and atrial geometry, which may help
differentiate atrial from ventricular FMR and the IHE-
induced pathophysiology of atrial vs ventricular FMR, were
not evaluated in this study. Finally, we selected patients
with MR based on the presence of leaflet prolapse or flail
leaflet as DMR. Therefore, our findings cannot be applied
to patients with other degenerative alterations, such as rheu-
matic or sclerotic changes, infective endocarditis.
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