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OBJECTIVES The aim of this study was to assess mitral valve (MV) remodeling and strain in patients with secondary

mitral regurgitation (SMR) compared with primary MR (PMR) and normal valves.

BACKGROUND A paucity of data exists on MV strain during the cardiac cycle in humans. Real-time 3-dimensional (3D)

echocardiography allows for dynamic MV imaging, enabling computerized modeling of MV function in normal and disease

states.

METHODS Three-dimensional transesophageal echocardiography (TEE) was performed in a total of 106 subjects: 36

with SMR, 38 with PMR, and 32 with normal valves; MR severity was at least moderate in both MR groups. Valve geo-

metric parameters were quantitated and patient-specific 3D MV models generated in systole using a dedicated software.

Global and regional peak systolic MV strain was computed using a proprietary software.

RESULTS MV annular area was larger in both the SMR and PMR groups (12.7 � 0.7 and 13.3 � 0.7 cm2, respectively)

compared with normal subjects (9.9 � 0.3 cm2; p < 0.05). The leaflets also had significant remodeling, with total MV

leaflet area larger in both SMR (16.2 � 0.9 cm2) and PMR (15.6 � 0.8 cm2) versus normal subjects (11.6 � 0.4 cm2).

Leaflets in SMR were thicker than those in normal subjects but slightly less than those with PMR posteriorly. Posterior

leaflet strain was significantly higher than anterior leaflet strain in all 3 groups. Despite MV remodeling, strain in SMR (8.8

� 0.3%) was overall similar to normal subjects (8.5 � 0.2%), and both were lower than in PMR (12 � 0.4%; p < 0.0001).

Valve thickness, severity of MR, and primary etiology of MR were correlates of strain, with leaflet thickness being the

multivariable parameter significantly associated with MV strain. In patients with less severe MR, anterior leaflet strain in

SMR was lower than normal, whereas strain in PMR remained higher than normal.

CONCLUSIONS The MV in secondary MR remodels significantly and similarly to PMR with a resultant larger annular

area, leaflet surface area, and leaflet thickness compared with that of normal subjects. Despite these changes, MV strain

remains close to or in some instances lower than normal and is significantly lower than that of PMR. Strain determination

has the potential to improve characterization of MV mechano-biologic properties in humans and to evaluate its prog-

nostic impact in patients with MR, with or without valve interventions. (J Am Coll Cardiol Img 2021;14:782–93)
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AB BR E V I A T I O N S

AND ACRONYM S

3D = 3-dimensional

AL = anterior leaflet

LV = left ventricle

LVEF = left ventricular

ejection fraction

PL = posterior leaflet

PMR = primary mitral

regurgitation

MR = mitral regurgitation

SMR = secondary mitral

regurgitation

TEE = transesophageal

cardiography
T he mitral apparatus is a complex structure
consisting of leaflets, a fibrous annulus,
papillary muscles, and chordae tendinae. To

adequately prevent mitral regurgitation (MR), these
structures undergo a synchronized deformation dur-
ing left ventricular (LV) systole in such a way to opti-
mize anterior (AL) and posterior leaflet (PL)
coaptation while minimizing tissue stress. The
saddle-shaped dynamic mitral annulus (1–6) plays
an essential role toward achieving that goal. In addi-
tion, leaflets’ size, tissue characteristics, and
morphology are other important factors that
contribute toward tissue deformation during systolic
valve closure. MR is generally divided into a primary
etiology (PMR), whereby the valve structure itself is
abnormal usually due to myxomatous degeneration,
and a secondary etiology (SMR), which is mainly
induced by distortion of the mitral apparatus second-
ary to an abnormal LV geometry. Although most of
mitral strain literature is based on animal and
in vitro studies (7–12), our recent studies were able
to assess mitral valve (MV) deformation dynamics in
humans with 3-dimensional (3D) echocardiography
acquisitions, using proprietary software developed
in our institutions. However, these were pilot studies
that tested the feasibility of MV strain in a few pa-
tients with PMR and myxomatous degeneration
(13,14). Patients with PMR had higher strain
compared with normal subjects. There was no assess-
ment of patients with secondary MR.

The advent of current 3D echocardiography with
higher spatial and temporal dynamic volumetric im-
aging, coupled with quick and efficient commercially
available tissue tracking software, has allowed for the
opportunity to expand this concept to a larger and
more diverse patient population. The objective of this
study was to quantitate and characterize MV remod-
eling and patient-specific dynamic MV leaflets defor-
mation noninvasively in patients with SMR in
comparison to those with PMR and those with normal
MV apparatus serving as control subjects. Global and
regional MV strain were compared among these
groups, and the correlates ofMV strainwere evaluated.

METHODS

PATIENT POPULATION. The patient population was
prospectively enrolled between May 2017 and May
The authors attest they are in compliance with human studies committe

institutions and Food and Drug Administration guidelines, including patien

visit the Author Center.

Manuscript received November 24, 2020; revised manuscript received Febru
2018 and included subjects who underwent
transesophageal echocardiography (TEE) at
Houston Methodist Hospital for evaluation
of significant native MR. PMR was defined as
MR due to leaflet prolapse and/or flail. SMR
was defined as MR due to annular dilation
and/or leaflet tethering with normal leaflet
structure and no evidence of prolapse.
Normal subjects were patients who had
other nonvalvular indications for TEE (e.g.,
stroke evaluation in sinus rhythm) where the
MV and cardiac structure and function were
likely be normal based on a recent trans-
thoracic study. The MV was defined as
normal when the MV leaflets had no obvious

degenerative changes, namely, there was no evi-
dence of thickening, calcification, mitral annulus
calcifications, MR, or other valvular lesions, in the
setting of normal LV and left atrial size, LV ejection
fraction (LVEF), and LV wall motion in sinus rhythm.
Patients with prosthetic valves, MV endocarditis, or
suboptimal and/or absent images were excluded
from the study (8 studies in total were excluded;
n ¼ 2 for normal subjects; n ¼ 6 for PMR). Blood
pressure and heart rate were recorded at the time of
3D TEE acquisition. LVEF was determined either
from the TEE or from the most recent transthoracic
echocardiogram or cardiac magnetic resonance study
(most within 7 days of TEE). Baseline demographic
and clinical data were obtained at the time of
enrollment. The study was approved by the human
research review board of Houston Methodist Hospi-
tal. All patients provided written informed consent
before undergoing TEE.
3-DIMENSIONAL ECHOCARDIOGRAPHY PROTOCOL.

Three-dimensional TEE studies were performed on
either the EPIQ or iE33 ultrasound systems (Philips,
Andover, Massachusetts) using the X7-2t probe. The
imaging protocol consisted of a mid-esophageal zoom
3D volume acquisition that included the full extent of
the mitral annulus, the anterior and posterior leaflets,
and the aortic annulus throughout the cardiac cycle.
The acquisition protocol was adjusted for each study
to maximize frame rate while maintaining an
adequate spatial resolution. This was performed
preferentially using multibeat stitched acquisitions or
using the high volume rate feature of iE33 and EPIQ
machines when the multibeat attempt caused a
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FIGURE 1 Stepwise Approach to MV Modeling and Strain Measurement Using 3D TEE
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(Top left) Demonstration of the strain calculation process in a patient with secondary mitral regurgitation (MR). (Top center) The process begins with 3-dimensional

(3D) acquisition and leaflets tracking, followed by (bottom center) the creation of a representative mitral valve (MV) model overlaying the 3D acquisition. The

numerous mesh points in the model are tracked throughout systole to generate a surface strain heat map from mid- to end-systole (bottom right).

TEE ¼ transesophageal echocardiography.
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significant stitching artifact (mean 3D frame rate was
33.5 frames/s). The 3D images were digitally stored as
part of each study for post-processing and off-line
analysis. MR severity was determined quantitatively
from the TEE or a recent transthoracic echocardio-
gram following calculation of the mitral regurgitant
volume, regurgitant fraction, and the effective
regurgitant orifice area, or semi-quantitatively using
an integrative approach in accordance with the
American Society of Echocardiography native valve
regurgitation guidelines (15).

PATIENT-SPECIFIC MV TRACKING AND MODELING.

Patient-specific models of the motion of the MV
annulus and leaflets throughout systole were gener-
ated off-line from the 3D TEE datasets using the 4D-
MV Assessment software, TomTec Image-Arena
version 4.6 (TomTec Imaging Systems, Unters-
chleissheim, Germany) as depicted in Figure 1. The
TomTec software automatically segments out the
leaflets and annulus on each 3D image frame
throughout systole, with minor operator adjustments
afterwards. The resultant MV discretized graphic
representations generates a mathematical mesh of
800 to 1,000 points of the MV on each image frame. In
addition, each MV model contains the respective total
and specific leaflet area, annulus circumference and
area, along with annular antero-posterior diameter
and height. These basic MV dimensions were ac-
quired at the mid-systolic frame.

LEAFLETS THICKNESS. Anterior and posterior leaf-
lets mean thickness was manually calculated on 4D-
MV Assessment software, TomTec Image-Arena
version 4.6 software (TomTec Imaging Systems). The
2D contour of each leaflet was traced and its cross-
sectional area determined. In addition, the distance
between the leaflet tip and its annular insertion (leaflet
length) wasmeasured.Mean leaflet thicknesswas then
calculated for each valve as the ratio of leaflet cross-
sectional area to leaflet length. These measurements
were performed on the 4-chamber (mid-esophageal:
zero degrees) and 3-chamber (mid-esophageal: 120
degrees) views; the maximum thickness determina-
tion for each leaflet was chosen.

STRAIN COMPUTATION. Diffeomorphic registration
has been applied to quantitate ventricular geometry,
motion, and myocardial strain (16–19) and has been
validated using simulated 3D ultrasound imaging (20)
and synthetic ultrasound image sequences (21).



TABLE 1 Baseline Characteristics and Differences Among the Groups

Normals (n ¼ 32) Primary MR (n ¼ 38) Secondary MR (n ¼ 36) p Value

Age, yrs 55 � 2.6 69 � 1.7* 68 � 2.2† <0.001

Male 17 (53) 23 (60) 21 (58) 0.71

Hypertension 20 (63) 20 (53) 27 (75) 0.136

CAD 3 (9) 9 (24) 15 (42)†‡ 0.01

Diabetes mellitus 6 (19) 7 (18) 10 (28) 0.55

Dyslipidemia 17 (53) 21 (55) 22 (61) 0.79

CKD 5 (16) 6 (16) 17 (47)†‡ 0.002

BSA, m2 2 � 0.05 2 � 0.04 2 � 0.04 0.46

SBP, mm Hg 133 � 4.1 124 � 5.0 123 � 4.4 0.33

DBP, mm Hg 73 � 2.0§ 63 � 2.1 68 � 2.5 0.006

HR, beats/min 69 � 2.4 66 � 2.0 81 � 2.7†‡ <0.001

LVEF, % 64 � 0.6§|| 58 � 1.6¶ 45 � 2.1 <0.001

Severe MR 0 (0) 26 (68)¶ 14 (39) 0.01

Regurgitant volume, ml N/A 57.1 � 3.1¶ 42.6 � 2.2 0.003

Regurgitant fraction, % N/A 47 � 2 47 � 2 0.91

Effective regurgitant orifice area, cm2 N/A 0.42 � 0.04¶ 0.29 � 0.02 0.045

Values are mean � SE or n (%). *Primary > normal subjects; p < 0.05. †Secondary > normal subjects; p < 0.05. ‡Secondary > primary; p < 0.05. §Normal subjects > primary;
p < 0.05. ||Normal subjects > secondary; p < 0.05. ¶Primary > secondary; p < 0.05.

BSA ¼ body surface area; CAD ¼ coronary artery disease; CKD ¼ chronic kidney disease; DBP ¼ diastolic blood pressure; HR ¼ heart rate; LVEF ¼ left ventricular ejection
fraction: MR ¼ mitral regurgitation; N/A = not applicable; SBP ¼ systolic blood pressure.
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Because the 4D-MV Assessment module embedded
into TomTec v4.6 does not provide detailed point-
wise tracking of mitral leaflet motion, we developed a
proprietary software to compute pointwise tracking
of leaflets dynamic deformation using diffeomorphic
registration between mid- and end-systole (22–24);
see the Supplemental Appendix for further details.
The software can then compute the mid- to end-
systolic tissue isotropic strain IS(x) at roughly 800
MV leaflets points x, with no assumptions on tissue
elasticity. For each leaflet point x, and any small
leaflet patch P(x) around x, the computed deforma-
tion of P(x) between mid- and end-systole roughly
multiplies lengths by a dimensionless factor s(x),
called the geometric strain at x (24). The isotropic
strain IS(x) at x is defined as the magnitude of length
dilation (or contraction) around x, given by IS(x) ¼ j
s(x) � 1 j. Therefore, isotropic strain is used to denote
the relative multidirectional linear changes of a patch
of tissue surrounding point (x), which essentially re-
flects area deformation between mid- and end-
systole. The strain computed at nearly 800 points
per leaflet characterize the distribution of IS values on
the leaflet surface. These patient-specific strain maps
are then graphically displayed on the mid-systolic 3D
image of the MV. Strain was quantitated for the AL,
the PL, and for the total MV leaflet. Lastly, in the few
patients who were in atrial fibrillation at the time of
image acquisition, the beat that best represented the
average heart rate was picked to calculate strain to
minimize the effect of beat-to-beat variability.
PMR COHORT: REGIONAL HIGH-STRAIN CONCENTRATION.

To assess the patient-specific highest strain and its
localization in both leaflets and regions of the leaflets
with or without prolapse and/or flail in the PMR
cohort, we defined 6 geometric regions of interest,
corresponding to the 3 scallops of the AL and PL
(medial, central, and lateral thirds of each leaflet
area). This methodology was previously used and
explained in detail in our previous publication (13).
High strain was defined as strain that was greater
than that of the patient-specific 75th percentile. The
mean high-strain concentration was computed for
each scallop region.

REPRODUCIBILITY. Interobserver and intraobserver
reproducibility of MV modeling and strain calcula-
tions were performed in a total of 10 cases (random
selection in each group: 3 normal subjects, 4 with
PMR, and 3 with SMR). Interobserver and intra-
observer strain values for the ALs and PLs, as well as
total MV strain were compared and correlated.

STATISTICAL ANALYSIS. For each patient and each
MV leaflet, we systematically computed 50 quantiles
of the patients’ leaflet strain values. This enabled the
comparison of strain distributions between patients,
both within and across patient groups. To quantify
similarity or dissimilarity between any 2 strain distri-
butions, we implemented the classic Kolmogorov-
Smirnov test. Strain percentiles were computed from
strain values at 800 points per patient leaflet. These
values were weakly correlated, so our Kolmogorov-

https://doi.org/10.1016/j.jcmg.2021.02.004


TABLE 2 MV Geometric Variables and Differences Among the Groups

Normals Primary MR Secondary MR p Value

MV annulus

Area in projection, cm2 9.93 � 0.32 13.32 � 0.74* 12.73 � 0.72† 0.001

Circumference, cm 11.68 � 0.19 13.43 � 0.36* 13.01 � 0.37† 0.001

Height, cm 0.77 � 0.03 0.83 � 0.05 0.73 � 0.04 0.21

A-P diameter, cm 3.34 � 0.07 3.79 � 0.10* 3.79 � 0.12† 0.003

Annular area change, % 14.8 � 0.96‡§ 8.2 � 0.69 6.6 � 0.66 <0.001

MV leaflets

AL thickness, mm 1.63 � 0.05 2.57 � 0.11* 2.55 � 0.09† <0.001

PL thickness, mm 1.99 � 0.08 3.1 � 0.12*|| 2.78 � 0.09† <0.001

AL area, cm2 6.44 � 0.21 7.23 � 0.41 8.49 � 0.45†¶ 0.002

PL area, cm2 5.17 � 0.22 8.35 � 0.55* 7.71 � 0.49† <0.001

Total leaflets area, cm2 11.6 � 0.4 15.6 � 0.8* 16.2 � 0.9† <0.001

Leaflets area ratio (PL/AL) 0.82 � 0.04 1.21 � 0.07*|| 0.92 � 0.04 <0.001

Values are mean � SE. *Primary > normal subjects; p < 0.05. †Secondary > normal subjects; p < 0.05. ‡Normal subjects > primary; p < 0.05. §Normal subjects > secondary;
p < 0.05. ||Primary > secondary; p < 0.05. ¶Secondary > primary; p < 0.05.

AL ¼ anterior leaflet; A-P ¼ anterior-posterior; MV ¼ mitral valve; PL ¼ posterior leaflet; other abbreviation as in Table 1.
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Smirnov tests took into account correlations to
compare strain percentiles across patients (25). Values
of demographic data and geometric parameters are
expressed as mean � SE. Overall difference between
the total groups was tested using the 1-way analysis of
variance test for continuous variables and the chi-
square test for categorical variables. Differences in
means for demographic data, MV geometric, and MR
severity data, in addition to total and per leaflet mean
strain data, among the 3 groups were tested using the
1-way analysis of variance. When there was an overall
significant difference, the Bonferroni multiple com-
parison test was used to account for the multiple
comparisons. Univariable and multivariable linear
regression analysis were performed to assess de-
terminants of MV strain with clinical and MV geo-
metric parameters. All statistics were performed using
Stata Statistical Software Release 16 (StataCorp, Col-
lege Station, Texas). Statistical significance was
defined as 2-tailed p < 0.05 for all tests.

RESULTS

PATIENT POPULATION. The study population
included a total of 106 subjects: 36 patients with SMR,
38 patients with PMR, and 32 subjects with normal
MVs. Table 1 details the demographics and general
echocardiographic findings of the 3 groups. Of the 36
patients with SMR, 14 had severe and 22 had moder-
ate MR. Most had nonischemic etiology (n ¼ 25), and
11 had ischemic MR with leaflet tethering associated
with regional wall motion abnormalities. Of the 38
patients with at least or more than moderate PMR, 26
had severe MR. Underlying etiology was flail leaflets
in 31 patients and prolapse in 7; most lesions were in
the PL (n ¼ 31), 6 in the AL, 3 were bileaflet prolapse,
and 4 were commissural lesions. Patients with PMR
had larger regurgitant volume and effective regur-
gitant orifice area, but similar regurgitant fraction,
compared with their SMR counterparts (Table 1).
Mean age was lower in the normal group compared
with both the PMR and SMR groups. LVEF was
significantly different among the groups, being
lowest in patients with SMR, intermediate in PMR,
and highest in normal subjects (Table 1). Heart rate
was slightly higher in the SMR group and comparable
in normal subjects and patients with PMR. Systolic
blood pressure was similar among the 3 groups. A
total of 13 patients (7 in the SMR and 6 in the PMR
groups) were in atrial fibrillation during the acquisi-
tion of the TEE images.

GEOMETRY OF THE MV ANNULUS AND LEAFLETS.

The geometric parameters of the MV apparatus
quantitated from 3D TEE (MV annulus and leaflets)
are detailed in Table 2. MV annular area was signifi-
cantly larger in both the SMR and PMR groups (12.7 �
0.7 and 13.3 � 0.7 cm2, respectively) compared with
that of normal subjects (9.9 � 0.3 cm2; p < 0.05).
Similarly, total MV leaflet area was larger in the SMR
(16.2 � 0.9 cm2) and PMR (15.6 � 0.8 cm2) groups
versus normal subjects (11.6 � 0.4 cm2; both
p < 0.0001), with no difference seen in total MV
leaflet area between the SMR and PMR groups.

Regionally, AL surface area was largest in the SMR
group, intermediate in PMR, and smallest in the
normal group. In contrast, PL surface area was larger
in patients with SMR and PMR compared with normal
subjects (Table 2). The ratio of leaflet areas (PL over
AL) was 0.9 � 0.04 in SMR, similar to normal subjects



FIGURE 2 Strain Percentile Curves Reflecting the Regional Distribution of Strain on the Anterior and Posterior MV Leaflets in Normal Valves and in Patients With

Primary and Secondary MR
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Strain percentile curves showing the percent of the approximately 800 analyzed points on the MV that have a strain value at or below the respective value on the curve

for the group analyzed (e.g., 50th percentile is the median). MV strain was significantly higher in the primary MR group for both leaflets. MV strain values in secondary

MR were overall similar to normal subjects. Example cases from each group are depicted in the lower diagrams as heat maps of isotropic strain along the surface of the

MV. Abbreviations as in Figure 1.
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(0.8 � 0.04), indicating that remodeling occurred to
the same degree in both leaflets in the SMR group. In
contrast, PL/AL area ratio was largest in the PMR
group (1.2 � 0.07) compared with both normal sub-
jects and SMR (p < 0.001), denoting a larger innate or
growth of the posterior leaflet in PMR compared with
the anterior leaflet in this group.

Leaflets had significantly higher thickness in both
the SMR and PMR groups compared with that of
normal subjects, both of the AL and PL (Table 2).
Thickness of the AL was comparable in SMR and PMR;
the PL was even thicker in PMR compared with SMR
(Table 2).
MV LEAFLET STRAIN. Deformation analysis in the
ALs and PLs was calculated and represented graphi-
cally as percentile strain distribution (Figure 2).
Respective patient examples of MV strain heat maps
from each group are also shown in Figure 2. Strain
percentile in the AL trended lower in the SMR group
compared with normal subjects but was highest in the
PMR group. Strain in the PL was similar in the SMR
group and normal subjects and was also highest in the
PMR group. Therefore, despite a larger MV annulus
and leaflet surface area, strain in the SMR group was
not significantly different from that of the normal
group.

Mean strain values for the total MV, the ALs and
PLs leaflets for each group are shown in Figure 3.
Mean strain values were significantly higher in the PL
compared with the AL in all 3 groups: SMR (10.9 �
0.4% vs. 6.8 � 0.3%); PMR (13 � 0.4% vs. 10.8 �
0.4%); and normal MV (9.3 � 0.4% vs. 7.6 � 0.3%)
(p < 0.015 for all). Despite significant MV apparatus
remodeling in SMR, total MV strain was similar to
normal valves (8.8 � 0.3% vs. 8.5 � 0.2%, but signif-
icantly lower than that in PMR (12 � 0.4%;
p < 0.0001).

In the group with MV prolapse (n ¼ 38), prolapse
and/or flail occurred in the PL in most patients
(n ¼ 31; 82%), which permitted the analysis of



FIGURE 3 MV Strain in Normals Valves and in Patients With Primary and Secondary MR
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regional strain differences in the involved scallops
versus noninvolved scallops. Strain was significantly
higher in the affected region compared with the
nonaffected scallops (p < 0.001).

STRAIN IN ISCHEMIC VERSUS NONISCHEMIC SMR.

In the SMR group (n ¼ 36), there were 11 (31%) pa-
tients who had an ischemic etiology for their MR (i.e.,
ischemic leaflet tethering). Mean AL strain, mean PL
strain, and mean total strain were all comparable
between patients with ischemic MR and patients with
nonischemic MR (6.7 � 0.3% vs. 7.0 � 0.5%; 10.7 �
0.5% vs. 11.4 � 0.7%; and 8.7 � 0.3% vs. 9.2 � 0.5%,
respectively). The slightly lower strain in ischemic
MR did not reach statistical significance.

CLINICAL AND IMAGING PARAMETERS ASSOCIATED

WITH STRAIN. We sought to elucidate the potential
clinical, echocardiographic, and geometric valve and
annular parameters that were associated with mean
MV strain. Table 3 displays the univariable and
multivariable analyses of the correlates of valve
strain in the total population. Valve thickness,
severity of MR, and the presence of prolapse or flail
were the univariate predictors of valve strain. MR
severity and MR etiology were highly associated
(p < 0.001). Because of collinearity between these 2
variables, we chose to drop MV prolapse and/or flail
and include MR severity because it is common for
both MV diseases; valve thickness was the only
parameter associated with MV strain on multivariable
analysis. The relationship between mean MV strain
and leaflets thickness is depicted in Figure 4 (r ¼ 0.33;
p < 0.001). The regression lines for all patients and for
those with SMR and PMR are shown separately,
highlighting the lower strain values seen in SMR
compared with PMR throughout the range of valve
thickness (Figure 4). Because of the relation of MR
severity to strain, we analyzed MV strain in patients
with less than severe MR. In patients with moderate
SMR, AL strain was lower than that in normal subjects
(6.2 � 0.3% vs. 7.6 � 0.3%; p < 0.001), whereas AL
strain in moderate PMR remained higher than that in
normal subjects (9.6 � 0.6% vs. 7.6 � 0.3%; p < 0.01).
In the posterior leaflets, moderate SMR strain was
similar to normal subjects (10.2 � 0.5% vs. 9.3 � 0.3%,
respectively; p ¼ 0.17).

REPRODUCIBILITY. The interoperator strain distri-
bution correlation was strong for both the ALs
(r ¼ 0.90) and PLs (r ¼ 0.83). The absolute strain
difference was 2 � 0.3% for the AL and 1.7 � 0.4% for
the PL. In contrast, intraoperator correlation was
strong for the ALs (r ¼ 0.93) and the PLs (r ¼ 0.92).
The absolute strain difference was 1.7 � 0.2% for the
AL and 1.9 � 0.2% for the PL. Strain percentile dis-
tribution along the ALs and PLs were comparable for
both interoperator and intraoperator (the
Kolmogorov-Smirnov p value was nonsignificant for
ALs and PLs for both interoperator and intraoperator
distributions).

DISCUSSION

In this investigation, real-time 3D TEE allowed the
quantitation of patient-specific MV leaflet deforma-
tion in a population with regurgitant valves of various
etiologies and normal subjects. MV geometric and
strain models were generated using a combination of
available and proprietary software. Patients with SMR
had significant geometric remodeling of the MV
apparatus, in leaflet area, annular dimensions, and
leaflet thickness, similar to PMR, with the distinction
that PL area was larger and thicker in PMR. MV strain
was higher in the PL compared to that of the AL in all
patient groups. Despite major MV remodeling in SMR,
valve strain was similar overall to or slightly lower
than normal and much lower than PMR (Central
Illustration).

MV MODELING FOR STRAIN CALCULATION.

Most of the earlier studies that evaluated MV defor-
mation and leaflets tissue elastic properties were
based on animal models in which crystals were sur-
gically implanted on the MV and their motion tracked
using dedicated cameras (1–3,6,7,9,12). Information
on strain distribution on the surface of MV leaflets in
humans is quite limited, involving a small number of
patients. The saddle shape of the MV annulus was
shown to increase leaflets curvature and contribute to



TABLE 3 Univariable and Multivariable Correlates of MV Strain

Univariable Multivariable

Estimated Coefficient (95% CI) p Value Estimated Coefficient (95% CI) p Value

Mean leaflet thickness, mm 0.0199 (0.0088 to 0.0311) 0.001 0.0164 (0.0018 to 0.031) 0.028

MR severity

No MR Ref. Ref.

Moderate MR 0.0044 (�0.0134 to 0.0223) 0.624 �0.01 (�0.0318 to 0.0117) 0.362

Severe MR 0.0335 (0.0163 to 0.0508) <0.001 0.0172 (�0.0051 to 0.0395) 0.13

Age 0.0001 (�0.0004 to 0.0001) 0.680

SBP (mm Hg) �0.0002 (�0.0005 to 0.0001) 0.131

Sex 0.0022 (�0.0132 to 0.0176) 0.779

LVEF (%) �0.00005 (�0.0007 to 0.0006) 0.877

Annulus area (cm2) 0.0009 (�0.0009 to 0.0027) 0.320

Annulus height (cm) 0.0076 (�0.0222 to 0.0373) 0.614

Annulus area change (%) �0.0005 (�0.0018 to 0.0009) 0.497

MR etiology

Normal Ref.

Prolapse 0.0511 (0.0191 to 0.0831) 0.002

Flail 0.033 (0.015 to 0.051) <0.001

Ischemic 0.0073 (�0.0178 to 0.0325) 0.563

Nonischemic 0.002 (�0.0172 to 0.0212) 0.837

CI ¼ confidence interval; other abbreviations as Tables 1 and 2.
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reducing peak leaflet stress in 3 patients (6) and in
animal valve models (4,6,26). Human MV models
based on 10 normal subjects were used to emulate
mitral leaflets deformation during isovolumic
contraction (27). A MV model based on 3D echo im-
ages for 2 normal subjects and 2 patients with MR
(10,11) aimed to model valve leaflet strain, assuming
that papillary muscles remain at constant distance
from the mitral leaflets (28,29). Because the in vivo
biomechanical properties of human MV leaflets are
not yet well quantified, all the previously mentioned
investigations used elasticity model parameters
derived from animal data (4,26).

In the present study, we quantitated MV leaflets
strain and its regional distribution in regurgitant MV
and normal subjects. It built on our recent pilot ob-
servations (13,14), and, with >100 patients, presented
the largest MV strain data in humans. The tracking of
the MV leaflets was automated, with minimal oper-
ator input required, mostly in PMR cases with flail or
significant prolapse with a large malcoaptation gap.
Patient-specific leaflet deformations were recon-
structed by computerized diffeomorphic registration
of the 3D echocardiography images. Computed strain
was then systematically generated by leaflet dy-
namics at approximately 800 points on the MV (30).
This enabled the comparative study of patient-
specific strain distributions among patient groups.

Quantifying leaflet strain as indicator of MV tissue
fatigue has several advantages. First, this approach
can be easily implemented for human subjects through
computer analysis of standard 3D echocardiography.
Second, we did not need to introduce any elasticity
hypotheses of MV leaflet tissue for strain calculation.
Realistic MV elasticity models are anisotropic and
highly nonlinear so that in most publications, param-
etrization of elasticity models for humanMVs relies on
stress measurements made in vivo on animal models.
Comparison of MV strain distributions across patients
is robust to reconstruction errors, because it relies on
percentile curves computed from approximately 800
strain values for each leaflet, so that the error on any
strain percentile is 20 times smaller than the errors
affecting individual strain values.
STRAIN IN ANTERIOR VERSUS POSTERIOR MV

LEAFLETS. In all MVs, including those in normal
subjects and those with PMR and SMR, MV strain was
found to be higher in the PL compared with the AL.
This could be explained by the lower stiffness on the
posterior aspect of the mitral annulus, as previously
demonstrated histologically (31). May-Newman et al.
(32), using excised porcine valves, demonstrated that
the PL was more extensible than its anterior coun-
terpart, with significantly higher strain attained at the
same stress values. These findings, which are in line
with our previous pilot data (13,14), are of particular
clinical interest, because it is well established that
most mitral annular calcifications occur in the pos-
terior mitral annulus (33). In SMR, the higher strain in
the PL is still observed. The repetitive regional
deformation of relatively higher magnitude could
hypothetically be a contributing mechanism to the



FIGURE 4 Mean MV Strain Versus Mean Leaflet Thickness, Color-Coded for

Each MV Group
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observed posterior annular calcifications in the aging
MV or in a milieu more susceptible to inflammation or
calcification (e.g., renal disease).
MV STRUCTURE AND/OR REMODELING AND STRAIN.

Both the SMR and PMR groups had significant
remodeling of the MV apparatus. The MV annulus
area and perimeter were larger and to a similar extent
in both groups compared with that of normal subjects
(Table 2). Leaflet surface area was also similarly larger
in SMR and PMR compared with that of normal sub-
jects, although with some differences regionally. In
SMR, both the ALs and PLs were proportionally
enlarged, preserving the PL/AL area ratio to <1 in
normal subjects. In contrast, the larger leaflets in PMR
predominantly involved the PL, altering the PL/AL
area ratio to >1. Whether this is innate or part of the
remodeling process in PMR could not be determined
from the present study.

Despite a similarly remodeled MV apparatus in
SMR and PMR, strain was higher in PMR in both the
ALs and PLs, suggesting that the intrinsic properties
of the MV (i.e., myxomatous degeneration in PMR)
played a significant role in leaflet deformation (34).
This was consistent with findings at pathology that
showed higher intrinsic strain in myxomatous valves
(35). In contrast, in patients with SMR, strain was
overall comparable to normal subjects despite a larger
annulus, leaflet surface area, and increased thickness.
This finding was of interest, particularly in view of
data at pathology that showed increased stiffness and
thickness of such valves, likely because of higher
collagen and glycosaminoglycans content (36–38).
The finding of overall near-normal strain in SMR in
the present study might be related to opposing factors
on MV strain when evaluated in vivo; the increased
annular area, leaflet area, and severity of MR might
increase MV strain, modulating the intrinsic proper-
ties of the valve tissue in SMR (36–40). In patients
with less severe MR, strain in the anterior leaflet in
SMR was less than normal, unmasking some of the
valve tissue properties in SMR. For similar valve
thickness, strain was consistently lower in SMR
compared with PMR (Figure 4).

Remodeling of the MV in response to changes in LV
geometry and/or infarction is an active area of inves-
tigation (36–40). Recently, increased gene expression
of matrix proteins and smaller leaflets were found in
MVs of hearts with volume overload subjected to small
apical infarctions, suggesting impaired adaptive valve
growth and more SMR (39). The clinical impact of
strain measurement in SMR, alone or in conjunction
with altered geometric MV parameters and severity of
MR, remains to be determined. Having the methodol-
ogy to quantitate MV strain in vivo would facilitate
such evaluation in the future.

STUDY LIMITATIONS. Leaflet thickness measure-
ments might be limited by TEE’s intrinsic spatial
resolution and the methods we used in determining
these values; we preferred to obtain an average
thickness as opposed to a repeated linear thickness
measurement that would increase variability. Strain
is anisotropic in the MV, and the current area strain
merged both radial and circumferential strain, so our
conclusions might be limited by 2 factors—the high
variability in strain within groups and the combining
of radial and circumferential strains in the method
used. However, in vitro data showed that in SMR and
PMR, both directional strains were affected in the
same direction, although with different magnitudes.
Although we tried to incorporate as many parameters
as possible into the multivariable analysis, we realize
that other factors could be at play and were not fully
captured by our analysis. Despite this being the
largest MV strain study to date, the sample size in
each group remained relatively small and further in-
vestigations are warranted to confirm strain de-
terminants. Finally, the multibeat and high volume
rate acquisitions on 3D TEE included data from at
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Mitral valve (MV) strain is highest in primary mitral regurgitation (MR) due to MV prolapse. Valve strain in secondary MR is overall similar to normal valves and may be

lower on anterior leaflets in patients with less severe MR. Posterior MV leaflet strain is consistently higher than anterior leaflet strain, regardless of the presence or

absence of MV disease.
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most 4 consecutive beats. Although these beats could
potentially have variable strain values, we assumed
that those differences were negligible because the
beats were consecutive, in the setting of a stable heart
rate, blood pressure, patient motion, and respiratory
effort.
CONCLUSIONS

This was the largest study in humans in which
patient-specific strain was quantified noninvasively
on MV leaflets. Patients with SMR had significant
valve remodeling and increased valve thickness,



PERSPECTIVES

COMPETENCY IN MEDICAL KNOWLEDGE: Most

previously published MV leaflet deformation studies

were performed in animal models. Our study explored

the geometric and deformation characteristics in pa-

tients with SMR compared with those with PMR and

normal subjects. Patients with SMR had larger and

thicker valves, larger annuli but similar strain, and in

some instances, lower than normal valves. Strain was

highest in PMR. Valve thickness, severity of MR, and

primary etiology of MR were correlates of strain, with

leaflet thickness being the multivariable parameter

significantly associated with MV strain.

TRANSLATIONAL OUTLOOK: Our noninvasive

quantitative strain approach adds to the armamen-

tarium of MV assessment tools by opening a new

window to evaluate and potentially detect subclinical

MV disease. Further studies are needed to establish

the prognostic impact of strain in the natural history

of SMR and PMR or after valve interventions.
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similar to PMR and yet had close to, or in some in-
stances, lower strain than normal, but consistently
lower than PMR, paralleling the biochemical changes
observed at pathology. Strain was higher in the PL in
all MV, supporting the predilection of the PL and
annulus to disease states. With the availability of MV
strain calculations, longitudinal studies are needed to
assess the prognostic impact of MV strain in patients
with MV disease and its possible implications in valve
interventions.
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