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Abstract

Background: We investigated mitral valve annular geometry changes during the cardiac cycle in patients with
severe mitral regurgitation (MR) who underwent cardiac computed tomography angiography (CCTA) prior to
percutaneous mitral valve replacement or annuloplasty.

Methods: Fifty-one patients with severe MR and high surgical risk (Carpentier classification: 3 type I, 16 type II, 16
type IIIa, 16 type IIIb) underwent multiphase electrocardiographically gated (0–90%) CCTA, using a second
generation dual-source CT scanner, as pre-procedural planning. Twenty-one patients without MR served as controls.
The mitral valve annulus was segmented every 10% step of the R-R interval, according to the D-shaped
segmentation model, and differences among groups were analysed by t-test or ANOVA.

Results: Mitral annular area and diameters were larger in MR patients compared to controls, particularly in type II.
Mitral annular area varied in MR patients throughout the cardiac cycle (mean ± standard deviation of maximum
and minimum area 15.6 ± 3.9 cm2 versus 13.0 ± 3.5 cm2, respectively; p = 0.001), with greater difference between
annular areas versus controls (2.59 ± 1.61 cm2 and 1.98 ± 0.6 cm2, p < 0.001). The largest dimension was found in
systolic phases (20–40%) in most of MR patients (n = 27, 53%), independent of Carpentier type (I: n = 1, 33%; II: n =
10, 63%; IIIa: n = 8, 50%; IIIb: n = 8, 50%), and in protodiastolic phases (n = 14, 67%) for the control group.

Conclusions: In severe MR, mitral annular area varied significantly throughout the cardiac cycle, with a tendency
towards larger dimensions in systole.

Keywords: Computed tomography angiography, Heart valve prosthesis, Mitral valve, Mitral valve insufficiency,
Planning techniques
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Key points

� At multiphase cardiac computed tomography
angiography (CCTA), mitral valve annulus area
showed greater modifications throughout the
cardiac cycle in patients with mitral regurgitation
than in the control group.

� Mitral valve prolapse was characterised by larger
annulus dimensions and greater changes in mitral
valve area over the cardiac cycle at CCTA in
comparison to the other functional regurgitation
types.

� The maximum annular area was mainly recorded
within 20–40% of the cardiac cycle at CCTA.

Background
Mitral valve regurgitation (MR) is the second most fre-
quent valvular dysfunction in Europe, after aortic sten-
osis [1, 2]. It is estimated that around 10% of population
aged over 75 have moderate to severe MR [3]. It can be
caused by structural abnormality of one or more compo-
nents of the mitral valve (primary MR), or by the distor-
tion of the mitral valve apparatus caused by left ventricle
(LV) and/or left atrium (LA) remodelling (secondary
MR) [4]. Severe MR is a major source of morbidity and
mortality worldwide and a frequent cause of heart fail-
ure, being associated with unfavourable prognosis when
remains untreated [5]. Despite surgery is the treatment
of choice for patients with severe MR, approximately
50% of patients are not eligible for surgery due to co-
morbidities [3, 6]. In the recent years, transcatheter mi-
tral valve implantation (TMVI) is emerging as an
effective alternative to surgery in high-risk surgical can-
didates [3]. TMVI revolutionised the management of mi-
tral valve repair/replacement percutaneously based on
MR aetiology and patients’ anatomical and clinical char-
acteristics [7, 8]. Among the available treatment options,
mitral valve replacement and annuloplasty have been
considered in case of unfavourable anatomy for trans-
catheter mitral valve edge-to-edge repair. In fact, the
preprocedural verification of anatomical suitability is
crucial for the feasibility of the procedure. Correct mitral
annulus sizing has been shown to be a major determin-
ant for the procedure outcome to avoid severe complica-
tions due to oversizing (e.g., left ventricle outflow tract
obstruction, annular rupture) or undersizing (e.g., pros-
thesis instability, paravalvular leak, residual regurgita-
tion) [9, 10]. Echocardiography is the first line
investigation to assess MR severity and its aetiology and
for preprocedural planning and intraprocedural guidance
[8]. In particular, transthoracic echocardiography (TTE)
provides a quantitative assessment of MR severity, deter-
mines the different MR mechanism, and evaluates ven-
tricular volume and function [11]. However, it is

operator-dependent and can be affected by limited
spatial resolution; it may also result inconclusive in pa-
tients with inadequate acoustic window. Preprocedural
two-dimensional and three-dimensional transesophageal
echocardiography (TEE) are essential to assess anatom-
ical detail of mitral valve remodelling [11]. It can also be
utilised in patients with inconclusive TTE or in case of
inadequate acoustic window for a more accurate estima-
tion of MR severity and mechanism [11].
Cardiac computed tomography angiography (CCTA) plays

a complementary role to echocardiography for TMVI pre-
procedural planning [12], providing additional and more pre-
cise anatomical data [11]. CCTA provides isotropic volumes
with high spatial and temporal resolution allowing highly de-
tailed anatomical information of mitral valve and of cardiac
structures over the entire cardiac cycle, providing informa-
tion about their dynamic changes [11, 12]. Therefore, CCTA
is of pivotal importance for accurate and reliable device siz-
ing, for characterisation of the landing zone and the sur-
rounding structures (e.g., calcification, left ventricle outflow
tract, coronary arteries, coronary sinus), and furthermore for
the assessment of vascular access [12–15]. Based on these
facts, CCTA is becoming increasingly important in TMVI
planning [11, 14, 16, 17].
Considering the importance of correct annular sizing

for final outcome, there are several studies investigating
the three-dimensional mitral apparatus geometry and its
variations during the cardiac cycle in healthy individuals
and in pathological condition using echocardiography
[18–22], with discordant results mainly due to limited
sample size, heterogeneous methods (bidimensional,
three-dimensional TTE, TEE), and patients’ features.
Despite CCTA is more accurate and highly reproducible
than echocardiography, only few studies are available on
mitral valve geometry changes which are mainly focused
on mitral valve prolapse [23–28]. These studies reported
discordant results regarding the cardiac phases with larger
annular dimension (systole versus diastole) and the dynamic
changes throughout the cardiac cycle (increased versus re-
duced dynamic changes). A comparative CT study of mitral
valve geometry changes over the cardiac cycle in patients
with severe MR and in patients without MR may clarify the
pathological alteration of valvular geometry and dynamics
occurring in relation to different functional MR mechanism.
The aim of the present study is to evaluate the changes

of mitral valve annular geometry throughout cardiac
cycle in patients with severe MR with different aetiol-
ogies, who underwent pre-procedural CCTA prior to
percutaneous mitral valve replacement or annuloplasty.

Methods
Study population
This retrospective single-centre study was approved by
the Institutional Review Board, and informed consent
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was signed. From January 2017 to October 2020,
seventy-two patients with severe symptomatic MR (age
> 18 years), with high surgical risk, were candidates for
percutaneous mitral valve replacement or annuloplasty
according to the 2017 ESC/EACTS guidelines [29]. They
underwent a preprocedural ECG-gated cardiac CT with
retrospective multiphase acquisition (0–90% of the
cardiac cycle). Patients with previous mitral valve surgery
(n = 12), previous aortic surgery (n = 6), and degraded
image quality due to respiratory motion artefacts (n = 3)
were excluded.
Twenty-one patients with severe aortic stenosis, with-

out MR and any previous valve or cardiac surgery who
underwent retrospective multiphase ECG-gated cardiac
CT (0–90% phases of the cardiac cycle) for TAVR plan-
ning, were considered as the control group. Additional
inclusion criteria for the control group were preserved
EF, normal sinus rhythm, absent mitral valve calcifica-
tion and/or the aorto-mitral curtain, and optimal image
quality (without breathing artefact). Enrolment flowchart
is reported in Fig. 1.

CCTA acquisition protocol
All cardiac scans were performed using a II generation
dual-source scanner (Somatom Definition Flash, Sie-
mens Healthineers, Erlangen, Germany) with a retro-
spective ECG-gated acquisition, using the automatic
tube voltage and current selection systems (CARE kV

and CARE Dose4D, Siemens Healthineers), with refer-
ence tube voltage of 120 kVp and reference tube
current-time product of 350 mAs/rotation. Gantry rota-
tion time was 0.28 s, and helical pitch was automatically
selected according to patients’ heart rate. All cardiac CT
scan were synchronised with the first pass of contrast
agent using automatic bolus-tracking method. Iodinated
contrast media (Visipaque 320, General Electric Health-
care, Chicago, IL, USA) was administered using triphasic
injection scheme: 70 mL contrast agent, followed by 40
mL of mixed solution (25% contrast agent and 75% sa-
line), followed by further 40 mL of pure saline (total vol-
ume 80 mL).
Patients with severe MR and depressed ejection

fraction showed limited tolerance to negative chrono-
tropic/inotropic agent. Therefore, low-dose beta-
blocker or diltiazem could be considered only in pa-
tients with heart rate above 100 bpm [30]. Since heart
rate was under 100 bpm in all patients (72 ± 13 bpm
in MR group and 68 ± 9 bpm in control group), no
premedication for heart rate control was administered
prior to CCTA acquisition [30].
Multiphase images were reconstructed in standard

fashion at every 10% of the R-R interval (0–90%), at a
slice thickness of 0.6 mm with an increment of 0.5 mm,
using smooth kernel (I36) and an iterative reconstruc-
tion algorithm (SAFIRE, strength 2, Siemens
Healthineers).

Fig. 1 Enrolment flowchart
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CCTA image analysis
Image analysis was performed independently by two ra-
diologists with different level of experience in cardiovas-
cular imaging (D.V. and A.P. with 3 and 10 years of
experience, respectively) blinded to clinical data, using
reformatted reconstructions of the annulus plane using a
dedicated software (Philips Intellispace Portal v8.0,
Amsterdam, The Netherlands).
According to the D-shaped segmentation model (Fig. 2),

the mitral valve annulus area and diameters [trigone-to-
trigone distance (TT), intercommissural diameter (IC),
and septal-to-lateral diameter (SL)] were measured every
10% of the entire R-R interval [23, 31, 32], in order to as-
sess their dynamic changes. Furthermore, automatic seg-
mentation of cardiac chamber has been performed with
the calculation of left ventricular ejection fraction (LV-
EF), left ventricular end-diastolic volume (LV-EDV), and
left atrial end-systolic volume (LA-ESV).

Echocardiography
Preprocedural transesophageal echocardiographic (TOE)
study was performed in all patients. Images were ob-
tained with GE Vivid E9 or GE Vivid E95 (General Elec-
tric Healthcare, Chicago, IL) and post-processed with
the EchoPAC® General Electric software by two physi-
cians (L.P. and E.A.) in consensus. LV-EF, LV-EDV, and

LA-ESV were measured following the ASE guidelines
[33].
Carpentier classification of mitral valve regurgitation

based on leaflet motion was performed [34–36], and pa-
tients were classified as type I (normal leaflet motion
and position), type II (excessive leaflet motion), type IIIa
(restricted leaflet motion in both systole and diastole),
and type IIIb (restricted leaflet motion only in systole)
(Fig. 3). In detail, type I includes patients with leaflet
perforation or cleft and patients with atrial fibrillation or
with non-ischemic cardiomyopathy; type II includes pa-
tients with mitral valve prolapse, due to Barlow’s disease
or fibroelastic deficiency, or patients with cordal or pap-
illary muscle elongation or rupture; type IIIa includes
patients with leaflet thickening and/or retraction, cordal
thickening and/or shortening, and commissural fusion
like in cases of rheumatic mitral valve disease, mitral an-
nular calcification, and drug-induced mitral valve dis-
ease; type IIIb includes patients with impairment of LV
function with annulus dilatation and papillary muscle
displacement for example in case of ischemic
cardiomyopathy.

Statistical analysis
Continuous variables were expressed as mean ± standard
deviation and categorical variables as percentage.

Fig. 2 D-shaped segmentation of mitral annulus on cardiac computed tomography angiography (CCTA). Traced in blue is the trigone-to-trigone
diameter, in yellow the septal-to-lateral diameter, in orange the intercommissural diameter, and the dashed light blue line plus the trigone-to-
trigone diameter depict the mitral annulus
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Changes in the mitral annular dimensions throughout
each phase of the cardiac cycle (0–90%) were analysed in
each patient’s group and expressed as mean ± standard
deviation.
Maximum and minimum mitral annulus area and an-

nular dimensions between MR and control groups were
compared using Student’s t test (normality was assessed
by Kolmogorov-Smirnov test).
Differences in mitral annulus area and diameters

among Carpentier’s classes and control group were eval-
uated using analysis of variance (ANOVA). Bonferroni
tests were used as a post hoc analysis among the groups.
Correlation analysis between mitral annulus area and
clinical parameters (age, gender, BSA), and cardiac
chamber volumes and function on CCTA was assessed
using Pearson or Spearman correlation tests. To evaluate
the agreement and reproducibility of the measurement
between the two readers, the intraclass correlation coef-
ficient (ICC) was used (ICC excellent 0.75–1.00; good
0.60–0.74; fair 0.40–0.59; and poor < 0.40) [37].

Statistical analyses were performed using SPSS Statistics
Version 20 (IBM, Armonk, NY); p-values < 0.05 were
considered statistically significant.

Results
Patients’ characteristics
Baseline characteristics of patients with MR and control
subjects are reported in Table 1.
Patients with MR were mainly men (n = 27, 53%)

with a mean age of 72 ± 14 years old. They were classi-
fied as follows: 3 patients (5.8%) with Carpentier type I,
16 patients (31.4%) with type II, 16 patients (31.4%) with
type IIIa, and 16 patients (31.4%) with type IIIb. Most of
the patients with MR (n=30, 59%) had atrial fibrillation.
Control group included 21 subjects with mean age of 80
± 6 years old, and among them, 43% (9/21) were male.

Mitral annulus geometry
Table 2 and Fig. 4 show the minimum and maximum
annulus area, IC, SL, and TT diameters in MR and

Fig. 3 Transesophageal echocardiographic (TOE) images of mitral regurgitation (MR) according to the Carpentier classification. The MR flow
direction is represented by an orange arrow. (a) An example of Carpentier type I: long-axis midesophageal (ME) view TOE showing normal valve
anatomy with no prolapse or tethering but atrial dilatation/dysfunction (atrial MR) with horizontal coaptation of the leaflet (white arrow). (b) An
example of Carpentier type II: prolapse of posterior leaflet (white arrow) in a valve with myxomatous degeneration (Barlow’s disease). (c)
Carpentier type IIIa. Long-axis ME view TOE showing diastolic movement restriction (white arrows) in a valve affected by rheumatic disease. Of
note, leaflet thickening and retraction with “hockey stick” morphology of anterior leaflet (white arrow on the right side). (d) Carpentier type IIIb.
Long-axis ME view TOE showing systolic movement restriction in a patient with previous anterior myocardial infarction. Of note, the coaptation
gap between mitral valve leaflets (white arrow)
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control groups as well as its changes throughout the car-
diac cycle. Maximum area and diameters were signifi-
cantly larger in MR patients in comparison to control
subjects (p < 0.001) except for TT distance (p = 0.207,
Table 2). The SL/IC ratio, index of ellipticity, was greater
in MR than in control patients (0.82 ± 0.09 versus 0.73 ±
0.05; p < 0.001).
MR Carpentier types showed significantly different an-

nular area (p = 0.002), IC (p = 0.002), and SL (p = 0.013)
diameters (Table 3). Carpentier type II showed largest
area (18.0 ± 4.5 cm2), IC diameter (52.6 ± 6.4 mm),
and SL diameter (42.5 ± 6.4 mm), however, with only

significant difference compared with Carpentier type IIIa
(p = 0.001 for each parameters).
No differences were reported in TT diameter among

each Carpentier types (p = 0.152).
The maximum annulus area in MR group was corre-

lated to male sex (r = 0.402, p = 0.003), LV-EDV (r =
0.378, p = 0.006), and LA-ESV (r = 0.565, p < 0.001). It
was not significantly correlated with age (r = −0.224, p =
0.114), BSA (r = 0.052, p = 0.765), LV-EF (r = 0.089, p =
0.536), and atrial fibrillation (r = 0.062, p = 0.670). In the
control group, the annulus area was significantly corre-
lated with BSA (r = 0.71, p = 0.001), male sex (r = 0.60,

Table 2 Left cardiac chamber volumes and mitral annulus metrics in MR and control subjects

MR group (total = 51) Control group (total = 21) p value

Volumes and function at Echo

Left atrium ESV, mL 131 ± 55 62 ± 12 < 0.001

Left ventricle EDV, mL 161 ± 81 83 ± 23 < 0.001

Ejection fraction, % 44.4 ± 15.7 63.6 ± 5.8 < 0.001

Volumes and function at CCTA

Left atrium ESV, mL 202.7 ± 71.3 107.7 ± 24.3 < 0.001

Left ventricle EDV, mL 240.5 ± 110.3 135.6 ± 29.1 < 0.001

Ejection fraction, % 40.7 ± 15.0 68.7 ± 7.4 < 0.001

Mitral valve geometry at CCTA

D-shaped area max, cm2 15.6 ± 3.9 9.5 ± 1.8 < 0.001

D-shaped area min, cm2 13.0 ± 3.5 7.6 ± 1.6 < 0.001

TT distance max, mm 26.5 ± 4.1 25.3 ± 3.1 0.207

IC diameter max, mm 48.6 ± 6.4 39.6 ± 3.1 < 0.001

SL diameter max, mm 40.0 ± 5.5 29.7 ± 3.4 < 0.001

SL/IC ratio 0.82 ± 0.09 0.73 ± 0.05 < 0.001

Valve calcium volume, cm3 729.7 ± 1,994.1 0 < 0.001

Continuous variables are reported as mean ± standard deviation
CCTA cardiac CT angiography, EDV end diastolic volume, MR mitral valve regurgitation, TT trigone-to-trigone distance, IC intercommissural diameter, SL
septal-to-lateral diameter

Table 1 Baseline patients’ characteristics

MR patients (total = 51) Control subjects (total = 21)

Patient characteristics

Age, years 72 ± 14 80 ± 6

Males, n (%) 27 (53%) 9 (43%)

Body mass index, kg/m2 24.5 ± 5.2 26 ± 6

Body surface area, m2 1.77 ± 0.24 1.73 ± 0.25

Atrial fibrillation, n (%) 30 (59%) 0 (0%)

Carpentier classification

Type I, n (%) 3 (5.9%) -

Type II, n (%) 16 (31.4%) -

Type IIIa, n (%) 16 (31.4%) -

Type IIIb, n (%) 16 (31.4%) -

Continuous variables are reported as mean ± standard deviation, except otherwise specified
MR Mitral valve regurgitation
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p = 0.005), LV-EDV (r = 0.73, p = 0.001), and LA-ESV (r
= 0.52, p = 0.020) but not with LV-EF (r = 0.14, p =
0.547).

Mitral annulus dynamic changes in the cardiac cycle (0–
90%)
Exemplifying cases of mitral valve annulus modification
in the cardiac cycle in control subjects and Carpentier

MR classes are reported in Fig. 5. The maximum and
minimum value of the mitral annulus area across the en-
tire cardiac cycle (0–90%) were significantly different in
the MR group (15.6 ± 3.9 versus 13.0 ± 3.5 cm2 respect-
ively, p = 0.001) as well as in the control group (9.62 ±
1.76 cm2 versus 7.60 ± 1.65 cm2 respectively, p < 0.001),
with greater difference in MR patients compared to con-
trol subject (2.59 ± 1.61 versus 1.98 ± 0.6 cm2, p <

Fig. 4 Mitral valve dimension modification during the cardiac cycle in mitral regurgitation and control patients

Table 3 Mitral annular dimensions in the different types of MR based on Carpentier’s classification

Type I (total, 3) Type II (total, 16) Type IIIa (total, 16) Type IIIb (total, 16) p value

Mitral valve geometry

D-shaped area max, cm2 15.9 ± 7.8 18.0 ± 4.5a 12.9 ± 2.4a 15.8 ± 3.2 0.002

Maximum TT distance, mm 30.3 ± 7.9 27.5 ± 4.5 25.4 ± 3.5 26.0 ± 2.9 0.152

Maximum IC diameter, mm 47.9 ± 3.1 52.6 ± 6.4a 44.4 ± 5.0a 49.0 ± 5.6 0.002

Maximum SL diameter, mm 41.4 ± 2.3 42.5 ± 6.0a 36.5 ± 5.0a 40.8 ± 4.4 0.013

Calcification volume, cm3 0 ± 0 635 ± 2,031 1,331± 2,551 360 ± 1,106 0.469

Maximum area in 20–40% cycle 1/3, 33% 10/16, 63% 8/16, 50% 8/16, 50% -

Maximum area in 60–80% cycle 1/3, 33% 3/16, 19% 5/16, 31% 3/16, 19% -

Data are reported as mean ± standard deviation
MR Mitral valve regurgitation, TT Trigone-to-trigone distance, IC Intercommissural diameter, SL Septal-to-lateral diameter
aAt post hoc analysis significant differences (p = 0.001 for each parameter)
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0.001). This result is driven mainly by Carpentier type II
patients, which showed greater difference between max-
imum and minimum annulus areas (3.73 ± 2.25 cm2; p <
0.001) (Table 4 and Fig. 6).
Less dynamic changes were observed in types I, IIIa, and

IIIb across the cardiac cycle (Fig. 6). In the MR group, the
minimum valvular area was found mainly at 0–20% of cardiac
cycle (23/51 patients, 45%) while the maximum area was
mainly observed at 20–40% phases of cardiac cycle (n = 27,
53%) (Fig. 7). This was due to larger annulus area in systolic
phase (20–40%) in type II, type IIIa, and type IIIb, while type I
MR showed random distribution of the maximum area.
In the control group, the minimum and maximum areas

were more homogeneously distributed, with minimum area
mostly found in 0–20% phases of the cardiac cycle (n = 14,
67%) and the maximum area mainly in protodiastolic phases
(40–60% of the cardiac cycle, n = 14, 67%) (Fig. 7).

Interobserver agreement
The interobserver agreement was excellent for all the
analysed parameters: annular area (ICC 0.94, 95%

confidence interval (CI), 0.91–0.95), IC diameter (ICC
0.91, 95% CI, 0.89–0.93), SL diameter (ICC 0.91, 95% CI
0.86–0.94), and TT distance (ICC 0.87, 95% CI 0.78–
0.96).

Discussion
Correct mitral annulus measurement is of pivotal im-
portance for device sizing and for a successful TMVI
procedure [10, 15]. The understanding of the dynamic
changes of the mitral annulus geometry across the car-
diac cycle has implications on landing zone and device
delivery [38].
Previous studies showed discordant results regarding

mitral valve geometry changes in patients with MR
[14, 16, 17, 28]. Therefore, an improvement in under-
standing of mitral valve geometry and dynamic
changes across the cardiac cycle in relation to the dif-
ferent functional aetiologies of MR is of great import-
ance to improve CCTA scanning protocol in order to
improve image analysis and reduce radiation
exposure.

Fig. 5 Short-axis reformatted cardiac computed tomography angiography images of the mitral valve annulus in each cardiac phase in
exemplifying control patient and in mitral regurgitation patients according to Carpentier classification

Table 4 Difference between maximal and minimal annular area measured through the cardiac cycle in control subjects and MR
patients based on Carpentier’s classification

Control group MR total MR type I MR type II MR type IIIa MR type IIIb p value

Δ Area
max-min, cm2

1.98 ± 0.6 2.59 ± 1.61 2.26 ± 0.1 3.73 ± 2.25 2.39 ± 1.0 1.7 ± 0.52 < 0.001

Data are reported as mean ± standard deviation
MR Mitral valve regurgitation
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To the best of our knowledge, this is the first study
providing a multiphase CCTA characterisation of mitral
annulus geometry in patients with severe MR of different
functional aetiologies.
Main findings of the present study were mitral valve

annulus was significantly enlarged in severe MR patients
(p < 0.001), especially in mitral valve prolapse (Carpen-
tier type II), which were also characterised by greater
changes of mitral annulus area and diameters during the

cardiac cycle (p = 0.002, p = 0.002, and p = 0.013 for mi-
tral annulus area, IC, and SL diameters, respectively).
Largest annular area was mainly observed in systolic
phases (20–40% phases) in severe MR patients (53%),
differently from control subjects with largest annular
area mostly found in protodiastolic phases (40–60%
phases, 67% of patients). Finally, the mitral annulus area
changed significantly during the cardiac cycle,

Fig. 6 Dynamic modifications of the mitral annulus area through the different phases of the cardiac cycle according to Carpentier classification of
mitral regurgitation and in control patients

Fig. 7 Distribution of maximum mitral annular area in mitral regurgitation and control patients
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independently from the presence of MR, with the great-
est change in Carpentier type II.
Our findings are in accordance with previous studies

on echocardiography [20, 22, 39, 40] and CCTA [23–25]
that demonstrated a significant mitral valve annulus en-
largement in patients with mitral valve prolapse (Car-
pentier type II) and moderate-to-severe MR. This is
probably related to both an increased outward tension
during systole caused by excessive valve tissue and to
mitral annular disjunction that causes the displacement
of the posterior leaflet and annulus into the left atrium.
Some studies suggested a correlation between mitral

valve area and left cardiac chamber volumes in the end-
stage MR, independent of different leaflet motion alter-
ations [20, 23, 25, 39, 40]; our results confirmed the
aforementioned findings. Similarly to the control group,
in MR patients, larger annular area was found in men
[23, 25, 41, 42], while no significant correlation was
achieved with BSA, which is likely due to the massive
annular dilation and end-stage mitral valve apparatus re-
modelling in the patients with severe MR.
Larger mitral annulus area was found mostly in sys-

tolic phases in type II and types IIIa and IIIb MR pa-
tients, differently from control subjects in which
larger dimension was mainly observed in early- to
mid-diastolic phases (40–60%, n=14, 67% of cases).
This finding is in accordance with a previous CCTA
study [24]. Larger systolic dimensions in MR patients
is likely due to systolic annular overexpansion and/or
disjunction in type II [18, 25, 43] and annulus en-
largement with systolic contractility dysfunction in
type III MR patients [35]. Patients with mitral pro-
lapse showed greater changes in mitral annulus area
during the cardiac cycle, differently from other Car-
pentier types of MR, which were characterised by less
dynamism. These findings were supported by previous
CCTA studies on mitral valve prolapse [18] and func-
tional MR [25, 32].
The low dynamic changes found in all Carpentier

types except in type II might be more evident in our
study compared to previous ones [25, 32], probably
due to high prevalence of atrial fibrillation (30, 59%),
which is likely to reduce the magnitude of dynamic
changes of the mitral annulus during the cardiac
cycle. Minimum annular dimension was found in the
early systolic phase, caused by the active anteropos-
terior annulus contraction aimed to avoid early regur-
gitation [18, 20]. TT distance was not significantly
enlarged in MR patients; this can be explained by the
fact that the trigone zone and aorto-mitral curtain
mainly consist of fibrotic tissue and thus being less
prone to dilation, contrary to the posterior mitral an-
nulus which is mainly muscular and consequently less
resistant [20].

Mitral valve segmentation was performed using the D-
shaped model, which is more accurate and reproducible
than the saddle-shaped model in depicting the mitral an-
nulus in MR patients [20, 24], and the planar landing
zone of TMVI device [23, 31, 32]. In agreement with
previous CCTA studies [20, 24], excellent accuracy of
mitral annulus segmentation was found.
This study has some limitations: first, the relatively

limited sample size. However, TMVI is a quite recent
procedure for dedicated patients, therefore is performed
in a limited and selected number of candidates. Only
few patients with type I MR were included, reflecting the
limited suitability of this category to these types of per-
cutaneous treatment. Moreover, the control group con-
sisted of patients without mitral valve disease who
underwent multiphase CCTA for TAVR planning. Calci-
fication of the aorto-mitral curtain determined a smaller
mitral annulus area [44]; therefore, only patients with
normal cardiac chamber volumes and function with no
valvular calcification were included. Moreover, mitral
annulus area and diameters in our control group were in
line with previous data on healthy subjects [25], showing
small valve area, delayed proto-diastolic peak, stable dia-
stolic values, and a more efficient pre-systolic contrac-
tion with preserved contractility. A multiphase ECG-
gated CCTA scan of the entire cardiac cycle cannot be
justified in healthy subjects due to radiation exposure
issue. Finally, our analysis is limited to the evaluation of
only mitral valve annulus during the cardiac cycle. How-
ever, in the setting of TMVI, a number of additional pa-
rameters could be extracted from CCTA including
calcification, leaflet tethering, abnormalities of papillary
muscle insertion or anatomy, LVOT, regurgitant frac-
tion, and percutaneous access [45].
In conclusion, our results showed largest annulus area

mostly in systolic phases independently from the Car-
pentier MR type, with greater dynamic changes of the
mitral annulus during the cardiac cycle in mitral valve
prolapse compared to the other pathological conditions,
which, on the contrary, were less dynamic.
Based on these findings, further research is required

with aim of reducing radiation exposure. In fact, a multi-
phase ECG-gated CCTA acquisition with dose modula-
tion should be considered. This would allow us to obtain
full dose image acquisition in systole, necessary for bet-
ter image definition and more accurate sizing, with re-
duced dose during the remaining phase of the cardiac
cycle that could be however used to evaluate dynamic
changes of cardiac structures, cardiac chamber volumes,
and function.
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