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Background: Concomitant TV repair during mitral valve (MV) surgery based on tricuspid valve annulus
(TVA) dilation, rather than the degree of tricuspid regurgitation (TR), is beneficial and supported by the
valve guidelines. We sought to determine TVA geometry and dimensions in controls and assess the changes
that occur in patients with severe primary (PMR) and secondary (SMR) mitral regurgitation without TR.
Methods: We analyzed cardiac computed tomographic angiography (CCTA) of 125 consecutive subjects:
50 controls with normal coronary CCTA and no valvular dysfunction, 50 PMR patients referred for robotic
repair, and 25 SMR patients referred for transcatheter therapy. Patients with >2+ TR on echocardiography
were excluded. Annular measurements were performed using dedicated software and compared. Correlations
and determinants of TVA dimensions were analyzed.

Results: Patients with SMR were older and had significantly more comorbidities. In controls, the TVA was
larger and more planar and eccentric compared to the MV annulus (all P<0.01). Dimensions of both annuli
correlated significantly (r>0.5; P<0.001 for all dimensions) in controls and patients with severe MR. In both
PMR and SMR, the TVA enlarged in all dimensions (P<0.01) with a trend towards becoming more circular.
On multivariable regression, the MV annular area was the primary determinant of the TVA area (adjusted
B=0.430, P<0.001).

Conclusions: Substantial changes in TVA dimensions are encountered in patients with severe MR even
in the absence of severe TR such that TVA and MVA dimensions remain correlated. Close attention to the

['VA in patients with severe MR is warranted.
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Introduction angiography (CCTA) (5-8), have investigated its shape and

geometry and the pathologic changes that can occur in

Since the early report from Levine and colleagues (1) different types of valvular disease. Similarly, but to a lesser

describing the complex non-planar saddle contour of the extent, there have been separate studies examining the
mitral valve annulus (MVA), many studies, both based on tricuspid valve annulus (T'VA), an equally complex three-
echocardiography (2-4) and cardiac computed tomographic dimensional structure (9-11), and the changes that occur in
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secondary tricuspid regurgitation (TR) (12-14) which is the
most common form of disease affecting the tricuspid valve
(TV) (15).

However, only a few small studies (and none based on
CCTA) have concomitantly examined both annuli (16-18),
and these were almost exclusively in normal healthy subjects.
The importance of assessing the TVA changes that occur
in MV disease was highlighted by Dreyfus and colleagues
(19,20), who advocated TV repair based on the degree
of TVA dilation irrespective of the grade of TR. Annular
dilation has been extensively and consistently shown to be
a major determinant for the development of significant TR
(21-23). Early identification of annular changes and potential
interventions may improve right ventricular remodeling and
halt the progression to severe TR, thus improving outcomes
(19,24). Based on these findings, the valve guidelines support
TV repair in patients undergoing left-sided surgery, based on
TVA dilation alone (15).

We sought to concomitantly examine the MVA and TVA
geometry and dimensions in control subjects without mitral
or tricuspid valve dysfunction and patients with severe
primary (PMR) or secondary (SMR) mitral regurgitation
but without severe TR using CCTA.

We present the following article in accordance with the
STROBE reporting checklist (available at: http://dx.doi.
org/10.21037/cdt-20-903).

Methods

The study was conducted in accordance with the
Declaration of Helsinki (as revised in 2013). The study
was approved by the Institutional Review Board of the

Cleveland Clinic Foundation (No. 19-811) with a waiver for
informed consent.

Study population

Three cohorts were identified by consecutive review of
gated CCTA scans performed at our institution starting in
January 2018, according to the scan indication (Figure I).
For the control cohort, we studied 50 consecutive subjects
who underwent a coronary CCTA for atypical chest
discomfort. We only included those with normal coronary
anatomy, no abnormal cardiac findings, and no known
other cardiac comorbidities. Thirty-eight (76%) of these
patients also had echocardiograms available showing normal
biventricular size and function, normal biatrial size, and no
significant MR or TR. For PMR, we included the first 50
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patients referred for cardiac computed tomography (CT)
as part of planning for robotic mitral valve (MV) repair.
All patients had echocardiograms available with findings
of myxomatous MV disease, severe mitral regurgitation,
and normal left ventricular function. We excluded patients
with associated significant (>3+) TR (N=1). Only 1 PMR
patient had 2+ TR. For SMR, we included the first 25
patients referred for cardiac CT as part of planning
transcatheter MV intervention (TMVI), specifically for
SMR, as determined by the multidisciplinary valve team.
All patients had echocardiograms available showing left
ventricular dysfunction, severe MR, and the mechanism of
MR described as functional/secondary. We also excluded
those with associated significant (>3+) TR (N=1); 7 SMR
patients had 2+ TR.

Cardiac CT data acquisition

All CCTA were contrast-enhanced (Omnipaque 350,
GE Healthcare) and ECG synchronized, performed with
multi-detector CT technology (Siemens Definition Flash
or Somatom Force dual-source). Imaging was acquired
during a single breath-hold. The tube voltage and current
were determined according to the patient’s size. Scan range
extended from the carina to just below the heart for controls
and SMR patients and to the pelvis for PMR patients.

For the control group, coronary CT scans were typically
acquired with prospective triggering in diastole (65-70%
interval). In the case of retrospective acquisition (N=5),
diastolic acquisition at the 70% phase was selected for
analysis. All SMR patients underwent a retrospectively
gated-acquisition with reconstructions at 10% intervals
of the cardiac cycle, where the 70% phase was chosen for
analysis. For PMR patients, the protocol consisted of a
prospectively triggered helical high-pitch acquisition in mid
diastole (~70% phase).

CT data analysis

All CT measurements were performed offline using
dedicated software for annular segmentation (Aquarius
iNtuition v4.4.13, TeraRecon, Foster City, California).
Two authors (SK and SCH) performed all MVA and TVA
annular measurements by co-review. The method for
segmentation of the annulus was performed as previously
described for the MVA after identifying the trigones (6,25),
but with the inclusion of the anterior MVA horn (Figure 2)
to represent the 3D saddle shape of the annulus fully. A

Cardiovasc Diagn Ther 2021;11(1):68-80 | http://dx.doi.org/10.21037/cdt-20-903


http://dx.doi.org/10.21037/cdt-20-903
http://dx.doi.org/10.21037/cdt-20-903

70 Kapadia et al. Tricuspid annular changes in mitral regurgitation

N = 56 excluded
- Coronary artery disease: 17
- Coronary artery anomaly (origin, aneurysm, dissection,
myocardial bridge): 18 — . 50controls
- Aortic or mitral valve disease: 8
- Aortic aneurysm: 6
- Others (HOCM, Pectus, prior surgery): 6
- Atrial fibrillation: 1

Consecutive coronary CTAs

Consecutive “robotic” mitral 1 excluded for significant (3+)

S . 50PMR

valve repair CTAs tricuspid regurgitation

Consecutive CTAs for TMVI for 1 excluded for significant (3+) 25 SMR
Secondary MR tricuspid regurgitation

Figure 1 Flow diagram of the study participants. Consecutive CCTA were reviewed for inclusion; 56 controls were excluded for the
reasons detailed above. One patient in each PMR and SMR groups were excluded for the presence of significant >2+ tricuspid regurgitation.
CTA, computed tomographic angiography; CCTA, cardiac computed tomographic angiography; HOCM, hypertrophic obstructive
cardiomyopathy; TMVI, trancatheter mitral valve intervention; MR, mitral regurgitation; PMR, primary mitral regurgitation; SMR,

secondary mitral regurgitation.

Figure 2 Mitral valve annular (upper panels) and tricuspid valve annular (lower panels) segmentation and dimensions. Both annuli were
segmented using dedicated software. Projected annular area and perimeter, and annular distances and height were measured, as depicted.
The images to the right show the 3D spatial annular representation. IC, intercommissural distance; SL, septo-lateral distance; AS, antero-

septal distance; SI, supero-inferior distance.

similar method was used to segment the TVA. Briefly, the interpolation of seeding points manually placed along
MVA and TVA axes passing through the center of the valves the annular insertion. The saddle-shaped configuration
were first identified. Then, 12 planes, evenly rotated (every of the annulus was adopted. All measurements were
30 degrees) around these axes, were automatically defined. obtained by the least-squares plane method projection

The annular contour was generated by cubic-spline fitted to the annulus contour. In addition to the annulus
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area and projected perimeter, the septo-lateral (SL) and
intercommissural (IC) distances of the MVA were measured
in accordance with prior reports (6,25). For the TVA, we
measured the superoinferior (SI) distance as the maximal
length extending along the superior-inferior axis (superior
and inferior vena cava) parallel to the chest wall, and
the anteroseptal (AS) distance as the maximal distance
orthogonal to the SI distance/chest wall (Figure 2). While
prior TVA studies (13,22) have referred to the SI dimension
as anteroposterior and AS as septolateral, we adopted SI and
AS as better anatomic descriptors of the measurements for
our study. The height of the annulus was measured as the
orthogonal distance between the highest and lowest points
along the z-axis. The eccentricity index was calculated as
IC/SL for the MVA and SI/AS for the TVA. The atrial
areas were measured as a projected area on a reconstructed
4-chamber view.

Echocardiographic data

All echocardiograms were performed within one year of
the CCTA, except for controls where the echocardiograms
were more than a year apart in 16 subjects. The reports
were reviewed, and the following variables extracted:
degree of MR (1+ to 4+), effective regurgitant orifice area
(EROA) as measured by the proximal isovolumetric surface
area (PISA) method, degree of TR (1+ to 4+), estimated
right ventricular systolic pressure (RVSP) in mmHg, left
ventricular (LV) end-diastolic volume (in mL), and LV
ejection fraction (%). The right ventricular (RV) size and
function were qualitatively assessed, and we dichotomized
them as normal in size vs. dilated and normal in function vs.
dysfunctional.

Statistical analysis

Normality was assessed with the Shapiro-Wilk statistic.
Categorical variables are presented as number (percentage)
and continuous variables as mean = SD or median (25", 75"
percentile). All measurements were also indexed to body
surface area (BSA), as prior studies have shown that these
dimensions vary with BSA (3,6,11). Categorical variables
were compared using the Chi-square test. For continuous
variables, when comparing between two groups, we used
the Student z-test (normal distribution) or the Mann-
Whitney U test (for non-normally distributed data). When
comparing three groups, we used the ANOVA method with
post hoc analysis using the Tukey’s test. For correlations,
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we used the Spearman test. To assess the predictors of the
TVA area adjusted to BSA, we performed multivariable
linear regression. Only variables that were significantly
correlated with the dependent variable were included. We
also excluded independent covariates that were significantly
inter-correlated (R>0.6) to avoid collinearity. Statistical
analyses were performed using SPSS Statistics 24 (IBM
Corp., Armonk, New York, USA). A 2-tailed P value <0.05
was considered statistically significant.

Results
Patient characteristics

The baseline clinical, echocardiographic, and CCTA
characteristics are presented in 7able 1. The SMR group had
significantly more comorbid conditions compared to PMR
and controls, including coronary artery disease and atrial
fibrillation (both P<0.001). The SMR group also displayed
significant differences in the echocardiographic findings (all
P<0.001) with lower ejection fraction, more frequent RV
dilation and dysfunction, and higher estimated RVSP.

Comparison between the MVA and TVA dimensions in
controls

In the control group, the indexed TVA area, perimeter,
and SI and AS distances were significantly larger (all P
values <0.01) than the MVA area, perimeter, and IC and SL
distances, respectively (Table 2).

While the eccentricity index of the TVA was significantly
larger compared to that of the MVA (P=0.004), the annular
height was significantly higher for the MVA (P<0.001).

A strong (r>0.5) and significant (P<0.001) correlation was
found between the indexed MVA and TVA areas (r=0.585),
perimeters (r=0.877), IC and SI distances (r=0.831), and
SL and AS distances (r=0.670), respectively, in the control
group (Figure 3).

MVA dimensions in PMR and SMR patients

When comparing the MVA dimensions across the three
groups of patients, MVA dimensions (area, perimeter, and
IC and SL distances) were significantly increased in both
PMR and SMR groups compared to controls (P<0.001).
On post hoc analysis, the PMR group tended to have larger
dimensions compared to SMR, with the non-indexed and
indexed MVA (Tukey’s test P=0.001 and 0.013, respectively),
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Table 1 Baseline clinical, echocardiographic, and CCTA characteristics
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Variable Controls (N=50) SMR (N=25) PMR (N=50) P value

Clinical
Age (years) 48 [38, 55] 70[63, 77.5] 55 [48, 59] <0.001
Female (%) 48 52 38 0.435
BMI (kg/m?) 29.51 [24.18, 34.75] 26.06 [23.33, 27.69] 25.71 [22.96, 27.82] 0.002
BSA (cm?) 2.07+0.34 1.83+0.18 1.93+0.04 <0.001
Diabetes (%) 2 28 0 <0.001
Hypertension (%) 24 76 30 <0.001
Hyperlipidemia (%) 12 44 30 0.007
Current Smoking (%) 8 20 2 0.026
Atrial fibrillation (%) 0 52 22 <0.001
Coronary artery disease (%) 0 68 0 <0.001

Echocardiographic and CCTA data
Radiation dose (DLP in mGycm) 386 [259, 577.5] 914 [659.5, 1,244 .5]* 408.5 [283.5, 508.75] <0.001
EROA (cm?) N/A 0.32[0.29, 0.41] 0.63 [0.47, 0.96] <0.001*
LVEF (%) 61.5 [60, 66] 32 [23, 40] 66 [60, 69.25] <0.001
LVEDV/BSA (ml/m?) 46.12 [40.86, 53.75] 95.69 [73.05, 135.4] 74.95 [59.47, 91.06] <0.001
LA area (cm’/m?) 8.25[6.95, 9.15] 16.82 [13.17, 18.06] 12.97 [10.69, 15.75] <0.001
RV dilation (%) 0 36 4 <0.001
RV dysfunction (%) 0 48 2 <0.001
RA area (cm’/m?) 7.78[6.70, 8.57] 11.21 [9.25, 13.56] 8.20[7.02,9.2] <0.001
Estimated RVSP (mmHg) 24 [19, 28] 52 [40, 58.5] 29.50 [25, 38.5] <0.001

Data are presented as mean + SD or median [25th, 75th percentile] for continuous measures and % for categorical measures. *, only
PMR and SMR groups were compared. The control group was not included. **, SMR patients had a retrospective multiphase acquisition
throughout the cardiac cycle without dose modulation. In contrast, PMR patients had a single phase prospective acquisition. BMI, body
mass index; BSA, body surface area; DLP, dose-length product; EROA, effective regurgitant orifice area; N/A, not assessable; LVEF, left
ventricular ejection fraction; LVEDV, left ventricular end-diastolic volume; LA, left atrium; RV, right ventricle; RA, right atrium; RVSP, right
ventricular systolic pressure; PMR, primary mitral regurgitation; SMR, secondary mitral regurgitation.

non-indexed perimeter (Tukey’s test P=0.001,) non-indexed
SL and IC distances (Tukey’s test P=0.033 and 0.001,
respectively) significantly larger in PMR compared to SMR.
However, the indexed perimeter (Tukey’s test P=0.333)
and indexed SL and IC distances (Tukey’s test P=0.899 and
0.217, respectively) were not significantly different (1able 3).

There were no differences in terms of annular height
between the three groups (non-indexed P value =0.835
and indexed P value =0.118). However, when comparing
the annular eccentricity, the MVA became more circular in
SMR and PMR (P=0.002), with a significant decrease in the

© Cardiovascular Diagnosis and Therapy. All rights reserved.

eccentricity index in both MR groups compared to controls
(Tukey’s test P=0.003 and P=0.016; respectively).

TVA dimensions in PMR and SMR patients

Both PMR and SMR patients had significant changes in the
TVA dimensions compared to controls. These changes were
consistent in terms of larger non-indexed and indexed areas
and perimeters, and indexed distances. On post boc analysis,
the SMR group had even larger dimensions compared
to PMR in non-indexed and indexed areas (Tukey’s test

Cardiovasc Diagn Ther 2021;11(1):68-80 | http://dx.doi.org/10.21037/cdt-20-903



Cardiovascular Diagnosis and Therapy, Vol 11, No 1 February 2021 73

Table 2 Comparison of mitral vs. tricuspid dimensions in controls

Variable Mitral valve Tricuspid valve P value
Annular area (cm?) 10.40+1.71 12.64+2.25 <0.001
Area/BSA (cm?/m?) 5.1+0.86 6.27+1.47 <0.001
Projected perimeter (mm) 116.16+9.93 130.9 +11.32 <0.001
Perimeter/BSA (mm) 57.38+8.18 64.99+11.54 <0.001
IC and Sl distances (mm) 39.20+3.98 45.02+5.08 <0.001
IC/BSA and SI/BSA (mm/m?) 19.28+2.65 22.38+4.46 <0.001
SL and AS distances (mm) 33.68+3.23 36.16+5.50 0.003
SL/BSA and AS/BSA distances (mm/m?) 16.64+2.61 17.94+3.71 0.002
IC/SL and SI/AS ratios 1.16+0.11 1.27+0.24 0.004
Annular height (mm) 11.69+3.96 7.68+2.44 <0.001
Indexed height (mm/m?) 5.78 +2.02 3.84+1.48 <0.001

IC, intercommissural distance; SL, septo-lateral distance; AS, antero-septal distance; Sl, supero-inferior distance; BSA, body surface area.
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Figure 3 Correlations between mitral and tricuspid valves annular dimensions in controls. Correlations between MVA and TVA areas and
perimeters, IC and SI distances, and SL and AS distances in controls. All dimensions are indexed to BSA (body surface area). MVA, mitral
valve annulus; TVA, tricuspid valve annulus; Peri, perimeter; IC, intercommissural distance; SL, septo-lateral distance; AS, antero-septal

distance; SI, supero-inferior distance.
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Table 3 Mitral valve annular dimensions in controls, primary, and secondary mitral regurgitation

Tukey’s test P values: SMR

Variable C(,?:t;gl)s SMR (N=25) PMR (N=50) A'\\llz\:: P POS;ZZ: I:;iiyosnt%t vs. controls; PMR vs. controls;
- P PMR vs. SMR; respectively

MVA area (cm?) 10.4+1.71 13.76+3.18 16.46+3.82 <0.001 PMR > SMR > controls <0.001; <0.001; 0.001

MVA area/BSA (cmz/mz) 5.1+0.86 7.54+1.69 8.55+1.73 <0.001 PMR > SMR > controls <0.001; <0.001; 0.013

MVA perimeter (mm) 116.16+9.93 133.48+15.21 146.18+16.38  <0.001 PMR > SMR > controls <0.001; <0.001; 0.001

MVA peri/BSA (mm/m’) 57.38+8.18  73.40+9.11 76.46+9.19 <0.001 PMR = SMR > controls <0.001; <0.001; 0.333

MVA SL distance (mm) 33.68+3.23  40.12+5.07 43.16+6.05 <0.001 PMR > SMR > controls <0.001; <0.001; 0.033

MVA SL distance/BSA 16.64+2.61 22.20+3.29 22.52+3.13 <0.001 PMR = SMR > controls <0.001; <0.001; 0.899

(mm/m?)

MVA IC distance (mm) 39.20+3.98  43.24+5.07 47.46+5.25 <0.001 PMR > SMR > controls 0.002; <0.001; 0.001

MVA IC distance/BSA  19.28+2.65  23.68+2.99 24.86+3.01 <0.001 PMR = SMR > controls <0.001; <0.001; 0.217

(mm/m?)

MVA height (mm) 11.69+33.96 12.18+3.25 11.77+2.87 0.835 PMR = SMR = controls N/A

MVA height/BSA 5.78+2.02 6.68+1.73 6.14+1.47 0.118 PMR = SMR = controls N/A

(mm/m?)

MVA ratio: IC/SL 1.16+0.11 1.08+0.09 1.11+0.11 0.002 PMR = SMR < controls 0.0083; 0.016; 0.560

MVA, mitral valve annulus; IC, intercommissural distance; SL, septo-lateral distance; BSA, body surface area; PMR, primary mitral

regurgitation; SMR, secondary mitral regurgitation.

P=0.005 and <0.001, respectively), perimeters (Tukey’s
test P=0.014 and 0.003, respectively), and indexed SI
(Tukey’s test P=0.02) and AS distances (Tukey’s test
P=0.004) (Table 4).

The TVA height did not change among the three groups
(ANOVA P value =0.766). When comparing the eccentricity
index, there was a statistically significant difference among
the three groups (P value =0.029), with a trend towards a
decrease in both SMR (P value =0.062) and PMR (P value
=0.068) groups compared to controls.

Correlations between the MVA and TVA dimensions in
PMR and SMR

In both PMR and SMR groups, MVA and TVA area,
perimeters, IC and SI distances, and SL and AS distances
remained largely (r>0.5) and significantly (P<0.01)
correlated, with more pronounced TVA changes for similar
MVA dimensions in SMR compared to PMR (Figure 4).

Predictors of indexed TVA area

The univariable correlates of the indexed TVA area are

© Cardiovascular Diagnosis and Therapy. All rights reserved.

listed in Table 5. Age, but not gender, was significantly
correlated. The indexed MVA area and indexed RA area
showed strong correlations. The LVEF, indexed LVEDYV,
RVSP, and presence of dysfunctional RV showed moderate
correlation. A dilated RV was not significantly correlated
(P=0.095).

On multivariable analysis (Tuble 5), the model (R’=0.591,
P<0.001) showed that only the indexed MVA area, RA
area, and LVEDV independently predicted the TVA area
with the largest contribution from the indexed MVA area
($=0.420, P<0.001).

Discussion

In this study, we present CCTA annular measurements of
both the mitral and tricuspid valves in controls and examine
and compare the changes that occur with PMR and SMR.
There are multiple important findings. First, the MVA
and TVA dimensions are significantly correlated in control
subjects as wells as in patients with severe PMR and SMR.
Second, the TVA enlarges in both PMR and SMR patients,
even in the absence of severe TR. Third, while MVA

dimensions tend to be larger in PMR patients compared to
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Table 4 Tricuspid valve annular dimensions in controls, primary, and secondary mitral regurgitation

75

Tukey’s test P values:

. ANOVA P , SMR vs. controls; PMR vs.

Variable Controls (N=50) SMR (N=25) PMR (N=50) value Post hoc Tukey'’s test controls: PMR vs. SMR:
respectively

TVA area (cm?) 12.64+2.25 17.28 £3.59 14.88+3.49 <0.001 SMR > PMR > controls <0.001; 0.001; 0.005
TVA Area/BSA (cm*/m?)  6.27+1.47 9.51+1.99 7.76x£1.77 <0.001 SMR > PMR > controls <0.001; <0.001; <0.001
TVA Perimeter (mm) 130.9 +11.32 150.32+15.58 140.52+15.49 <0.001 SMR > PMR > controls <0.001; <0.002; 0.014
TVA Peri/BSA (mm/mz) 64.99+11.54  82.89+11.25 73.74+10.74 <0.001 SMR > PMR > controls <0.001; <0.001; 0.003
TVA Sl distance (mm) 45.02+5.08 50.88+5.26 47.86+5.49 <0.001 SMR > PMR > controls* <0.001; 0.022; 0.05*
TVA Sl distance/BSA 22.38+4.46 28.06+4.02 25.19+4.29 <0.001 SMR > PMR > controls <0.001; 0.004; 0.02
(mm/m?
TVA AS distance (mm) 36.16+5.5 44.12+5.70 41.02+6.52 <0.001 SMR > PMR > controls* <0.001; <0.001; 0.09*
TVA AS distance/BSA 17.94+3.71 24.33+3.75 21.45+3.46 <0.001 SMR > PMR > controls <0.001; <0.001; 0.004
(mm/m?)
TVA height (mm) 7.68+2.44 7.40+2.68 7.32+2.56 0.766 SMR = PMR = controls N/A
TVA height/BSA (mm/ 3.84+1.48 4.13+1.67 3.88+1.45 0.726 SMR = PMR = controls N/A
m?)
TVA ratio: SI/AS 1.27+0.24 1.160.13 1.18+0.17 0.029 SMR = PMR < controls' 0.062"; 0.068"; 0.896

*, only a trend towards SMR larger than PMR; T, only a trend towards SMR and PMR < controls. TVA, tricuspid valve annulus; SI,
supero-inferior distance; AS, antero-septal distance; BSA, body surface area; PMR, primary mitral regurgitation; SMR, secondary mitral

regurgitation.

SMR patients, the relative increase in TVA dimensions is
greater in patients with SMR compared to PMR. Finally,
the TVA annular area indexed to BSA is mainly determined
by the indexed MVA area.

Comparison of MVA and TVA in control subjects

In this study, we found that among control subjects, the
MVA and TVA are significantly correlated in size. However,
the TVA is larger than the MVA, more eccentric (SI/AS >
IC/SL), and more planar (less height). This is the largest
study to examine both annuli concomitantly and the first
to use CCTA as the imaging modality to do so. These
findings are in concordance with a prior cardiac magnetic
resonance study that assessed both annuli in 13 healthy
subjects (16). Given its excellent spatial resolution, and the
non-user dependent nature of the technique (compared
to echocardiography), CCTA has been widely used for
annular measurements and as a key tool in planning both
transcatheter mitral (26,27) and tricuspid interventions
27,29).

© Cardiovascular Diagnosis and Therapy. All rights reserved.

Our reported MVA area indexed to BSA in controls
(5.120.86 cm’/m’) is in concordance with prior CCTA studies
reporting normal values ranging from 4.5 to 5.5 cm’/m’
(5-7,29), with the largest study to date by Naoum and
colleagues (6) indicating a mean area of 4.70.6 cm’/m’. The
smaller area in their report is most likely explained by their
truncation of the anterior horn of the MVA and adoption
of the D-shaped rather than saddle-shaped annulus.
Similarly, our TVA dimensions are in close concordance
with the diastolic measurements from a recent CCTA TVA
study (30). These measurements were slightly larger than
diastolic echocardiographic measurements (10-14). This
is most likely due to the difference in imaging modalities,
as shown by Addetia and colleagues (11), who found that
CT derived TVA areas to be 3.8+1.7 cm’ larger than that
obtained by 3D echocardiography.

MVA and TVA changes in both PMR and SMR

Both PMR and SMR lead to significant MVA changes,
with a larger and more circular (more relative increase

Cardiovasc Diagn Ther 2021;11(1):68-80 | http://dx.doi.org/10.21037/cdt-20-903



76 Kapadia et al. Tricuspid annular changes in mitral regurgitation

110.0
140  SMR:r=0636,P<0.001 imf 'fg-;ggf g<g-gg' 2
PMR: r=0.736, P<0.001 r=0820:E 50001
1000 |
12.0 €
< ~
€ € 900
= 100 £
§ <
= @ 80.0
< a
@ 80+ =
® O 700
L 60 <
< O SMR g o0 O SMR
< O PMR 60.0 —| Oo O PMR
F 40 o 0 — SMR — SMR
— PMR S — PMR
50.0 4
20— T T T T 1 . : : J . ¢
20 60 80 100 120 140 60.0 70.0 800 900 , ;oo‘o 110.0
MVA Area/BSA (cm’/m?) MVA Peri/BSA (mm?/m?)
40.0 35.0
SMR: r=0.533, P=0.006 o SMR: 1=0.543, P=0.005
R PMR: r=0.713, P<0.001 PMR: r=0.557, P<0.001
‘e 350+ —~ 30.0
£ €
E S~
S €
< 300 E 350
%) <<
m [}
= ﬂ\3
%) %)
< 250 < 200
- g
20.0 15.0 | o} O SMR
° o 5 O PMR
— SMR
— PMR
15.0 10.0 |
T T T T 1 T T T T 1
15.0 20.0 25.0 30.0 35.0 15.0 20.0 25.0 30.0 35.0
MVA IC/BSA (mm/m?) MVA SL/BSA(mm/m?)

Figure 4 Correlations between mitral and tricuspid valves annular dimensions in primary and secondary mitral regurgitation. Correlations
between MVA and TVA areas and perimeters, IC and SI distances, and SL and AS distances in PMR and SMR. All dimensions are indexed
to BSA. MVA, mitral valve annulus; TVA, tricuspid valve annulus; BSA, body surface area; IC, intercommissural distance; SL, septo-lateral

distance; AS, antero-septal distance; SI, supero-inferior distance; PMR, primary mitral regurgitation; SMR, secondary mitral regurgitation.

Table 5 Univariable and multivariable predictors of tricuspid valve annular area indexed to body surface area (T'VA area/BSA)

Covariate r coefficient P value (univariable) B (SE) Beta P value (multivariable)
Female 0.066 0.465 N/A* N/A* N/A*

Age 0.414 <0.001 -0.004 (0.015) -0.025 0.795

MVA/BSA 0.662 <0.001 0.420 (0.084) 0.430 <0.001

RA area/BSA 0.617 <0.001 0.267 (0.078) 0.351 0.001

Dilated RV 0.158 0.095 N/A* N/A* N/A*

Dysfunctional RV 0.355 <0.001 0.108 (0.619) 0.017 0.862

LVEDV/BSA 0.439 <0.001 0.012 (0.006) 0.176 0.046

LVEF -0.432 <0.001 N/A' N/A' N/A'

RVSP 0.345 0.001 0.007 (0.12) 0.050 0.571

*, not included in the multivariable model given lack of significant univariable correlation. *, not included in the multivariable model to avoid
collinearity with LVEDV/BSA. BSA, body surface area; RA, right atrium; RV, right ventricle; LVEDV, left ventricular end-diastolic volume;
LVEF, left ventricular ejection fraction; RVSP, right ventricular systolic pressure.
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Figure 5 Summary of the MVA and TVA geometric changes in patients with PMR and SMR without significant associated TR, becoming

larger and more circular. While MVA changes tend to be more pronounced in PMR, TVA changes are more pronounced in SMR. SL,

septolateral distance, IC, intercommissural distance; AS, anteroseptal distance; SI, super-oinferior distance; MVA, mitral valve annulus;

TVA, tricuspid valve annulus; PMR, primary mitral regurgitation; SMR, secondary mitral regurgitation; TR, tricuspid regurgitation.

in SL with a resultant decrease in IC/SL ratio) annulus
than in patients without MR (Figure 5). This is consistent
with prior literature (5-7,31), and the tendency for these
changes to be more pronounced with PMR has already
been reported (6). The novel finding from this study is the
impact of both forms of MR on the TVA, even without
significant associated TR (=3+). These changes remained
significant even after excluding patients with 2+ TR (Tables
S1 and S2) and patients with atrial fibrillation (Tables S3
and S4). The TVA becomes larger, with a relatively more
pronounced increase in the AS distance and a tendency to
become more circular (decrease in SI/AS ratio). In contrast
to the MVA changes, these TVA changes are significantly
more pronounced in the SMR group compared to PMR.
TVA dilation has been consistently shown to be a major
determinant in the development of significant functional
TR (12-14,21,22), with surgical literature (19,24) and
valve guidelines (15) advocating for concomitant TV
repair during PMR surgery based on annular dilation
regardless of the degree of TR. In the study by Dreyfus

© Cardiovascular Diagnosis and Therapy. All rights reserved.

and colleagues (19), nearly 50% of patients with PMR
undergoing MV repair had a TVA diameter greater than
twice the normal (>70 mm). Those patients who received
concomitant TV repair (on the basis of annular dilation)
had significantly better functional (lower NYHA class)
and echocardiographic (lower TR grade) outcomes with
a trend toward improved survival. As a reference, the
patients in our analysis had even larger changes of the TVA
in the SMR group. It is noteworthy that our CCTA TVA
measurements do not precisely reflect the anteroseptal
to the anteroposterior commissural distance reported by
Dreyfus et al. This distance is likely to be closer to the SI
distance in our study but is not exactly the same. Future
studies will be needed to correlate surgical and CCTA
measurements.

With accumulating experience and data, patients with
SMR are increasingly referred for transcatheter therapy
given the benefits it has shown with respect to functional
outcomes and survival (32). As isolated tricuspid valve
surgery is not commonly performed, there has been a
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growing interest in percutaneous tricuspid repair in recent
years. Small series’ have demonstrated the feasibility of
tricuspid annuloplasty and edge-to-edge leaflet repair, and
the TriValve registry showed a reduction in heart failure
hospitalization and improved survival with transcatheter TV
intervention (33-35). Nevertheless, there is a lack of data
regarding the optimal timing of intervention for patients
with TR (36) and uncertainty with respect to the factors
impacting patient selection (37). Based on the surgical
outcomes data available thus far, it is at least hypothesis-
generating to suggest that a similar percutaneous approach
of intervention based on TVA changes rather than TR
could be considered, especially among those patients already
undergoing percutaneous repair of SMR.

Determinants of TVA dimensions

In both MR groups, the MVA and TVA dimensions
remained strongly and significantly correlated. When
assessing the determinants of the TVA area, the MVA
area was an independent and robust predictor, even after
controlling for other variables. This highlights the intimate
relationship between both atrioventricular annuli in healthy
and diseased states. Interestingly, the RA but not the
RV size was also a significant predictor of TVA changes.
Comparatively, in a CCTA study assessing the determinants
of MVA size in patients with SMR, LA size but not LV size
was the primary determinant of MVA dimensions (6).

Study limitations

The main limitation of this study is that the MVA and
TVA dimensions were measured in a single diastolic
phase, though prior reports found significant variations
throughout the cardiac cycle (2,14,16). However, careful
attention was made that all selected scans were within a
similar diastolic phase. Another limitation is that contrast
opacification was aimed at the left side. While this resulted
in suboptimal opacification of the right heart, it did
not affect the identification of the TVA borders and its
segmentation. Finally, the RV size and function assessment
by echocardiogram were qualitative, as a quantitative
assessment is not routinely performed.

Conclusions

The normal TVA is larger, more eccentric, and more planar
compared to the normal MVA in diastole. Both annuli

© Cardiovascular Diagnosis and Therapy. All rights reserved.
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dimensions are significantly correlated in healthy subjects
and remain so in severe MR. Even in the absence of severe
TR, both PMR and SMR lead to significant TVA changes,
in addition to their impact on the MVA. While PMR tends
to have a bigger effect on the MVA, SMR leads to more
substantial changes in the TVA. These findings highlight
the need for careful follow-up and consideration for early
intervention on the TV in both MR groups as intervening
on the dilated TVA, irrespective of the degree of TR, has

been shown to be beneficial.
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Supplementary

Table S1 Mitral valve annular dimensions in controls, primary, and secondary mitral regurgitation after excluding patients with significant TR

(>2+TR)

ANOVA P Post hoc Tukey’s test P values: SMR
Variable Controls (N=50) SMR (N=18) PMR (N=49) Tukey’s test  vs. controls; PMR vs. controls;
value ) ) :
interpretation PMR vs. SMR; respectively

MVA area (cm?) 10.4+1.71 13.39+2.97 16.53+3.83 <0.001 PMR > SMR > 0.003; <0.001; 0.001
controls

MVA area/BSA 5.1+0.86 7.42+1.41 8.57+1.75 <0.001 PMR > SMR > <0.001; <0.001; 0.015

(cm®/m?) controls

MVA perimeter (mm) 116.16+9.93  131.50+13.94 146.51+16.38 <0.001 PMR > SMR > 0.001; <0.001; 0.001
controls

MVA peri/BSA (mm/m?) 57.38+8.18 73.28+7.50 76.39+9.28 <0.001 PMR = SMR > <0.001; <0.001; 0.388
controls

MVA SL distance (mm) 33.68+3.23 39.22+4.41 43.18+6.11 <0.001 PMR > SMR > 0.001; <0.001; 0.015
controls

MVA SL distance/BSA  16.64+2.61 22.06+2.84 22.45+3.12 <0.001 PMR = SMR > <0.001; <0.001; 0.875

(mm/m?) controls

MVA IC distance (mm)  39.20+3.98 42.89+4.65 47.63+5.16 <0.001 PMR > SMR > 0.011; <0.001; 0.001
controls

MVA IC distance/BSA 19.28+2.65 23.78+2.24 24.88+3.04 <0.001 PMR = SMR > <0.001; <0.001; 0.324

(mm/m?) controls

MVA height (mm) 11.69+33.96 12.19+3.34 11.85+2.85 0.617 PMR = SMR = N/A
controls

MVA height/BSA 5.78+2.02 6.77+£1.74 6.16+1.47 0.249 PMR = SMR = N/A

(mm/m? controls

MVA ratio: IC/SL 1.16+0.11 1.10+0.10 1.11+0.11 0.045 PMR = SMR < 0.033; 0.048; 0.670
controls

MVA, mitral valve annulus; IC, intercommissural distance; SL, septo-lateral distance; BSA, body surface area; PMR, primary mitral
regurgitation; SMR, secondary mitral regurgitation.
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Table S2 Tricuspid valve annular dimensions in controls, primary, and secondary mitral regurgitation after excluding patients with significant TR

(>2+TR)
ANOVA P Tukey’s test P values: SMR

Variable Controls (N=50) SMR (N=18) PMR (N=49) Post hoc Tukey’s test  vs. controls; PMR vs. controls;

value .

PMR vs. SMR; respectively

TVA area (cm?) 12.64+2.25 17.11 £3.63 14.90+3.52 <0.001 SMR > PMR > controls <0.001; 0.001; 0.005
TVA Area/BSA 6.27+1.47 9.58+2.12 7.74+1.79 <0.001 SMR > PMR > controls <0.001; <0.001; <0.001
(cm?/m?)
TVA Perimeter (mm) 130.9 +11.32 149.33+15.83 140.41£15.63 <0.001 SMR > PMR > controls <0.001; <0.002; 0.014
TVA Peri/BSA 64.99+11.54 83.66+12.25 73.41+10.60 <0.001 SMR > PMR > controls <0.001; <0.001; 0.003
(mm/m?)
TVA Sl distance (mm)  45.02+5.08 50.17+5.51 47.82+5.54 0.004 SMR > PMR > controls® <0.001; 0.022; 0.05*
TVA Sl distance/BSA 22.38+4.46 28.12+4.46 25.08+4.26 0.003 SMR > PMR > controls <0.001; 0.004; 0.02
(mm/m?)
TVA AS distance (mm)  36.16+5.5 43.90+4.74 41.00+6.59 <0.001 SMR > PMR > controls* <0.001; <0.001; 0.09*
TVA AS distance/BSA  17.94+3.71 24.34+3.89 21.37+£3.44 <0.001 SMR > PMR > controls <0.001; <0.001; 0.004
(mm/m?)
TVA height (mm) 7.68+2.44 6.89+2.76 7.26+2.56 0.133  SMR = PMR = controls N/A
TVA height/BSA 3.84+1.48 3.92+1.80 3.83+1.43 0.360 SMR = PMR = controls N/A
(mm/m?)
TVA ratio: SI/AS 1.27+0.24 1.16+0.13 1.19+0.17 0.039 SMR = PMR < controls’ 0.071'; 0.069"; 0.902

*, only a trend towards SMR larger than PMR; T, only a trend towards SMR and PMR < controls TVA, tricuspid valve annulus; Sl, supero-
inferior distance; AS, antero-septal distance; BSA, body surface area; PMR, primary mitral regurgitation; SMR, secondary mitral

regurgitation.
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Table S3 Mitral valve annular dimensions in controls, primary, and secondary mitral regurgitation after excluding patients with atrial fibrillation

Tukey’s test P values: SMR

Variable (i'c\)lrltsrcca)l)s SMR (N=12) PMR (N=39) ANOVA P value tzcs)f:nr;c;f -::ttxet?/oi vs. controls; PMR vs. controls;
- P PMR vs. SMR; respectively

MVA area (cm?) 10.4+1.71 11.83+2.21 16.44+3.79 <0.001 PMR > SMR > 0.042; <0.001; 0.001
controls

MVA area/BSA (cm?’m?)  5.1+0.86 6.58+0.85 8.63+1.72 <0.001 PMR > SMR > 0.001; <0.001; 0.013
controls

MVA perimeter (mm) 116.16+9.93 124.00+11.48 146.18+16.27 <0.001 PMR > SMR > 0.047; <0.001; 0.001
controls

MVA peri/BSA (mm/m?) 57.38+8.18  69.42+5.81 77.26+8.97 <0.001 PMR > SMR > <0.001; <0.001; 0.014
controls

MVA SL distance (mm) 33.68+3.23  37.58+3.65 43.23+5.90 <0.001 PMR > SMR > 0.022; <0.001; 0.001
Controls

MVA SL distance/BSA  16.64+2.61 21.17+£2.59 22.80+2.96 <0.001 PMR = SMR > <0.001; <0.001; 0.176

(mm/m?) controls

MVA IC distance (mm)  39.20+3.98  40.67+4.08 47.28+5.35 <0.001 PMR > SMR > 0.080; <0.001; 0.001
controls

MVA IC distance/BSA  19.28+2.65  22.58+1.98 25.03+3.01 <0.001 PMR = SMR > <0.001; <0.001; 0.022

(mm/m?) controls

MVA height (mm) 11.69+33.96  11.77+3.90 11.84+2.99 0.981 PMR = SMR = N/A
Controls

MVA height/BSA 5.78+2.02 6.61+2.18 6.23+1.55 0.300 PMR = SMR = N/A

(mm/m? controls

MVA ratio: IC/SL 1.16+0.11 1.08+0.09 1.11+0.11 0.006 PMR = SMR < 0.046; 0.014; 0.870
controls

MVA, mitral valve annulus; IC, intercommissural distance; SL, septo-lateral distance; BSA, body surface area; PMR, primary mitral
regurgitation; SMR, secondary mitral regurgitation.
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Table S4 Tricuspid valve annular dimensions in controls, primary, and secondary mitral regurgitation after excluding patients with atrial

fibrillation
ANOVA P Tukey’s test P values: SMR

Variable Controls (N=50) SMR (N=12) PMR (N=39) Post hoc Tukey’s test  vs. controls; PMR vs. controls;

value .

PMR vs. SMR; respectively

TVA area (cm?) 12.64+2.25 15.58+3.03 14.97+3.48 <0.001 SMR > PMR > controls 0.005; 0.001; 0.097*
TVA area/BSA 6.27+1.47 8.74+1.67 7.90+1.81 <0.001 SMR > PMR > Controls <0.001; <0.001; 0.072*
(cm?/m?)
TVA perimeter 130.9 +11.32 142.42+13.87 141.05+14.77 <0.001 SMR > PMR > controls 0.020; 0.001; 0.044
(mm)
TVA peri/BSA 64.99+11.54 80.00+9.89 74.85+10.83 0.001 SMR > PMR > controls <0.001; <0.001; 0.042
(mm/m?)
TVA Sl distance 45.02+5.08 48.58+5.01 48.03+5.31 0.011 SMR > PMR > controls* <0.001; 0.021; 0.05*
(mm)
TVA Sl distance/ 22.38+4.46 27.31+£3.89 25.56+4.34 <0.001 SMR > PMR > controls <0.001; 0.004; 0.02
BSA (mm/m?)
TVA AS distance 36.16+5.5 41.42+3.99 41.05+6.45 <0.001 SMR > PMR > controls* 0.015; <0.001; 0.12*
(mm)
TVA AS distance/ 17.94+3.71 23.33+3.38 21.73+3.61 <0.001 SMR > PMR > controls <0.001; <0.001; 0.272*
BSA (mm/m?)
TVA height (mm) 7.68+2.44 6.92+2.11 7.51+£2.56 0.628 SMR = PMR = controls N/A
TVA height/BSA 3.84+1.48 3.88+1.17 4.04+1.51 0.816 SMR = PMR = controls N/A
(mm/m?)
TVA ratio: SI/AS 1.27+0.24 1.18+0.14 1.19+0.18 0.022 SMR = PMR < controls' 0.067"; 0.069"; 0.989

*, only a trend towards SMR larger than PMR; T, only a trend towards SMR and PMR < controls TVA, tricuspid valve annulus; SI, supero-
inferior distance; AS, antero-septal distance; BSA, body surface area; PMR, primary mitral regurgitation; SMR, secondary mitral

regurgitation.
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