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Aims It has been hypothesized that in response to dilation of the aortic root, the aortic valve cusps may remodel to prevent
aortic regurgitation (AR). The aim of the present study was to evaluate the association between aortic cusp dimensions
and aortic root geometry.

Methods
and results

Three-dimensional transoesophageal echocardiography was performed in 40 patients with aortic root dilation (mean
age 57+12 years, 75% men, 35% bicuspid aortic valve) and 20 controls with a normal aortic root (mean age 61+13
years, 65% men). Aortic valve geometry was measured, and the ratio between closed cusp area and sinotubular junction
(STJ) area as a measure of the aortic cusp remodelling relative to the aortic root dilation was assessed. Patients with
aortic root dilation with tricuspid aortic valve (n ¼ 26) showed significant increase in aortic cusp size. However, the
closed cusp area to STJ area ratio was smaller in dilated aortic roots [0.88 (95% confidence interval: 0.78–0.98)] com-
pared with normal aortic roots [1.22 (95% confidence interval: 1.02–1.41); P ¼ 0.002]. In addition, in patients with cen-
tral AR, there was insufficient cusp tissue, as suggested by a closed cusp area to STJ area ratio of 0.75 (95% confidence
interval: 0.67–0.82), compared with relative excess of cusp tissue in eccentric AR with a ratio of 1.14 (95% confidence
interval: 1.01–1.27; P , 0.001).

Conclusion Aortic root dilation was associated with significant increase in aortic valve cusp size. However, this increase seemed
insufficient to match aortic root size, particularly in central AR, whereas in eccentric AR, there was relative abundance
of cusp tissue resulting in relative cusp prolapse.
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Introduction
Aortic root dilation involving particularly the aortic annulus can lead
to aortic regurgitation (AR) due to malcoaptation of aortic valve
cusps.1 Idiopathic aortic root dilation is the leading cause of valvular
insufficiency in �10–30% of patients with AR.2,3 However, not all
patients with aortic root dilation exhibit AR. It could be hypothe-
sized that in patients with aortic root dilation, the aortic valve cusps
may be exposed to increased wall stress that triggers their

remodelling and growth to compensate and preserve valvular com-
petence. Indeed, computational models have shown that the aortic
valve can adapt in response to aortic root dilation.4 However, in
clinical practice, these models are time consuming and require
high computational costs. In patients who underwent clinically indi-
cated three-dimensional transoesophageal echocardiography
(3DTEE), we evaluated whether the aortic valve cusps show remod-
elling to compensate for the aortic root dilation. The aims of the
present study were (i) to assess whether patients with aortic root
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dilation show remodelling of the aortic valve cusps to prevent AR
and (ii) to investigate whether this remodelling is different in patients
with central and eccentric regurgitant jets.

Methods

Patients
A total of 40 patients with aortic root dilation [defined as maximum diam-
eter of the sinus of Valsalva (SOV) of ≥40 mm in men and ≥36 mm in
women or maximum diameter of the sinotubular junction (STJ)
≥36 mm in men and ≥32 mm in women5,6], who underwent clinically in-
dicated 3DTEE, were included. Patients with tricuspid aortic valve were
divided into two subgroups according to the presence of AR and accord-
ing to the presence of a central or eccentric AR jet. Patients with more
than mild aortic stenosis were excluded. In addition, a control group of
20 patients who underwent clinically indicated 3DTEE (i.e. evaluation of
the mechanism of mitral regurgitation, suspected endocarditis, and evalu-
ation of cerebrovascular accident or in the context of left atrial appendage
closure) and who had normal dimensions of the aortic root and normal
functioning tricuspid aortic valve was included.

Clinical characteristics were prospectively collected in the Depart-
mental Cardiology Information System (EPD-Visionw, Leiden University
Medical Center, Leiden, The Netherlands) and retrospectively analysed.
3DTEE data of the aortic valve and root geometry were analysed offline
and compared between patients with aortic dilation and controls. In
addition, aortic valve and root geometry were compared between pa-
tients with central and eccentric AR. The institutional review board ap-
proved this retrospective analysis of clinically acquired data and waived
the need for patient written informed consent.

Two-dimensional transthoracic
echocardiography
Transthoracic echocardiography was performed using commercially
available ultrasound system (Vivid E9, General Electric Healthcare,
Vingmed, Horten, Norway) equipped with M5S transducer. Two-
dimensional and Doppler data were acquired in the parasternal and ap-
ical views according to current recommendations.7,8 AR grade was as-
sessed using a multiparametric approach including the measurement of
the jet width relative to the left ventricular outflow tract width and the
vena contracta in parasternal long-axis and apical views. AR was graded
as 0 (no), 1 (mild), 2 (mild–moderate), 3 (moderate–severe), or 4 (se-
vere).7 Left ventricular end-diastolic and end-systolic volumes were
measured, and left ventricular ejection fraction was calculated in the ap-
ical two- and four-chamber views according to the Simpson’s biplane
method.8

3DTEE data acquisition and analysis
3DTEE was performed using commercially available ultrasound system
(Vivid E9, General Electric Healthcare) equipped with a fully integrated
2D/3D matrix transducer (GE 6VT-D, General Electric Healthcare).
Mid-oesophageal images of the aortic valve and aortic root were ob-
tained in the short axis at 308–458 and in the long axis at 1208–1308.
To acquire 3DTEE images, the aortic root was imaged from the aorto-
ventricular junction (AVJ) to the STJ in two orthogonal planes. There-
after, single-beat and multi-beat 3DTEE data of the aortic valve and
root were acquired to optimize spatial and temporal resolution. Atten-
tion was paid to avoid stitching artefacts in the multi-beat data acquisi-
tion. The echocardiographic data were digitally stored in cine-loop
format, and data were retrospectively analysed using commercially avail-
able software (EchoPac 112.0.1, GE Medical Systems, Horten, Norway).

Figure 1 Measurements of aortic valve geometry in 3D TEE images. (A) Flexi-slice method was used to obtain a true short axis of the aortic
valve at the level of cusp coaptation. (B) Cusp height was measured during end-systole from the internal border of the aortic root till the free edge
of the cusp. (C) Intercommissural distance was measured during end-systole between the commissures. (D) Closed cusp area was measured during
end-systole for all cusps. (E) Open cusp area was measured during mid-systole for all cusps. (F) Cusp depth was measured during end-systole per
cusp in the cross-sectional image of the middle of the cusp between the deepest point of the belly of the cusp and the cross-sectional plane. (G)
Central coaptation deficit was measured during end-systole at the central coaptation point between each pair of coapting cusps.
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Figure 2 Measurements of aortic root geometry in 3D TEE images. Flexi-slice method was used to obtain a true short axis of the aortoven-
tricular junction (A), sinus of Valsalva (B), and sinotubular junction (C). Aortic root area, minimum, and maximum diameter were measured during
end-systole in 3DTEE images.
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Table 1 Echocardiographic characteristics of patients with normal vs. dilated aortic root with tricuspid or bicuspid
aortic valve

Normal aortic root (n 5 20) Dilated aortic root
with TAV (n 5 26)

Dilated aortic root
with BAV (n 5 14)

P-value

Age (years) 61+13 59+13 55+11 0.436

Male gender 13 (65%) 21 (81%) 9 (64%) 0.392

Body surface area (m2) 1.95+0.17 2.04+0.15 1.92+0.22 0.093

Left ventricular end-diastolic volume (mL) 123+24 151+50 158+69 0.080

Left ventricular end-systolic volume (mL) 49+18 64+26 72+44 0.070

Left ventricular ejection fraction (%) 60+10 58+6 57+10 0.364

Cusp height 15.7 (13.8–16.3) 18.2 (16.3–20.2) 19.5 (18.1–22.1) ,0.001

Intercommissural distance 19.3 (17.8–20.6) 25.8 (22.3–28.3) 24.5 (21.8–27.5) ,0.001

Total closed cusp area (cm2) 6.7 (6.0–7.7) 10.1 (8.5–12.5) 10.0 (7.7–11.4) ,0.001

Total open cusp area (cm2) 2.5 (2.1–3.4) 5.6 (3.8–6.9) 3.9 (2.6–6.0) ,0.001

Central coaptation deficit 0 (0–0) 2.5 (1.3–4.0) 2.0 (0.8–3.8) ,0.001

Cusp depth 9.0 (7.1–9.3) 10.3 (9.3–12.3) 10.3 (7.4–12.6) 0.003

AVJ area (cm2) 4.2 (3.7–4.4) 5.2 (4.6–6.2) 5.8 (3.7–6.4) 0.002

AVJ minimum diameter 20 (19–21) 24 (22–26) 24 (21–25) 0.001

AVJ maximum diameter 26 (25–27) 29 (26–31) 29 (25–31) 0.044

AVJ eccentricity index 0.76 (0.71–0.83) 0.80 (0.74–0.89) 0.82 (0.77–0.90) 0.127

SOV area (cm2) 7.4 (6.7–8.3) 12.1 (10.4–14.8) 11.2 (9.8–14.6) ,0.001

SOV minimum diameter 27 (25–29) 36 (33–38) 33 (29–37) ,0.001

SOV maximum diameter 34 (31–36) 42 (40–47) 42 (39–45) ,0.001

SOV eccentricity index 0.80 (0.76–0.83) 0.83 (0.79–0.87) 0.80 (0.73–0.84) 0.291

STJ area (cm2) 5.3 (4.9–6.3) 11.4 (8.3–14.4) 9.3 (8.0–13.0) ,0.001

STJ minimum diameter 25 (25–26) 35 (32–40) 34 (29–38) ,0.001

STJ maximum diameter 27 (26–30) 40 (36–44) 38 (33–43) ,0.001

STJ eccentricity index 0.93 (0.85–0.96) 0.91 (0.86–0.95) 0.89 (0.87–0.93) 0.796

Data are presented as number (percentage), mean+ standard deviation, or median (inter-quartile range). Dimensions are displayed in millimetre unless otherwise specified.
AVJ, aortoventricular junction; BAV, bicuspid aortic valve; SOV, sinus of Valsalva; STJ, sinotubular junction; TAV, tricuspid aortic valve.
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For 3DTEE data analysis, three orthogonal multiplanar reformation
planes were reconstructed and aligned in the centreline of the aortic
root to obtain the true short axis of the aortic valve at the level of
cusp coaptation. Figure 1 shows the different aortic valve geometric
measurements. An end-systolic 3DTEE frame with the aortic valve
closed was used to measure the cusp height, intercommissural distance,
and closed cusp area. The cusp height was measured from the internal
border of the aortic root till the free edge of the cusp for each cusp sep-
arately and averaged. The intercommissural distance was measured be-
tween each commissure and also averaged. In patients with a bicuspid
aortic valve, the intercommissural distance was defined as the distance
between the two non-fused commissures. The cusp area was measured
per each cusp and then summed to obtain the total closed cusp area. A
mid-systolic 3DTEE frame was used to measure each cusp area and then
summed to obtain the open cusp area. Two additional measurements
were performed during end-systole: the cusp depth was measured
per cusp in the cross-sectional image of the middle of the cusp between
the deepest point of the belly of the cusp and the cross-sectional plane
and thereafter averaged, whereas the central coaptation deficit was
measured at the central coaptation point between each pair of coapting
cusps and averaged. When there was full coaptation of the cusps in the
centre, the coaptation deficit was defined as 0 mm.

In addition, the aortic root measurements were performed in the
true short axis of the aortic root at three levels as displayed in Figure 2.
The area, minimum, and maximum diameter of the AVJ, SOV, and STJ
were measured during an end-systolic frame on the 3DTEE image.
The eccentricity index was calculated per each level of the aortic root
dividing the minimum diameter by the maximum diameter at each par-
ticular level.

Statistical analysis
All data analyses were performed using the SPSS software (Version 20.0.
IBM Corp., Armonk, NY, USA). Continuous variables were reported as
mean+ standard deviation and compared with the Student’s t-test
when normally distributed. Median and inter-quartile range were re-
ported for non-normally distributed variables and were compared
with the Mann–Whitney U-test. Categorical variables were reported
as counts and percentages and compared using the x2 test. Differences
between controls, patients with dilated aortic root and bicuspid aortic
valve, and patients with dilated aortic root and tricuspid aortic valve
were reported. Further analyses were performed in subjects with tricus-
pid aortic valve (patients with aortic root dilation vs. controls), to make
sure the morphology of the aortic valve was not responsible for the dif-
ferences between patients with aortic root dilation and controls. Linear
regression analysis without including an intercept was used to assess the
ratio between the aortic root area at the level of the STJ and the closed
cusp area. Subanalysis was performed between aortic dilation patients
with tricuspid aortic valve with and without AR and between aortic dila-
tion patients with tricuspid aortic valve with central AR and eccentric
AR. The intra-observer and inter-observer variabilities were evaluated
in 10 individuals randomly selected. The mean difference and 95% con-
fidence interval between two measurements for all aortic valve and aor-
tic root measurements were calculated. A P-value ,0.05 was
considered statistically significant.

Results
Table 1 outlines the echocardiographic characteristics of patients
with aortic root dilation (mean age 57+12 years, 75% men) divided
by aortic valve morphology and controls (mean age 61+ 13 years,
65% men). There were no differences in age, gender, and body

surface area. Per definition, controls showed normal anatomy and
dimensions of aortic valve and aortic root. Left ventricular volumes
were significantly larger, and left ventricular ejection fraction was
slightly lower in patients with aortic root dilation compared with
controls.

Aortic valve and root geometry in aortic
root dilation
Table 1 shows the aortic valve and root geometric measurements in
patients with aortic root dilation compared with controls. Per def-
inition, all aortic root measurements were larger in patients with
aortic root dilation in comparison to controls. In patients with di-
lated aortic roots, the AVJ was slightly more rounded [eccentricity
index: 0.80 (inter-quartile range: 0.75–0.89)] compared with nor-
mal oval-shaped aortic roots [eccentricity index: 0.76 (inter-quartile
range: 0.71–0.83); P ¼ 0.052]. There was no difference in eccentri-
city index of the SOV and STJ between controls and patients with
dilated aortic root. Patients with aortic root dilation showed en-
larged aortic cusps as displayed by a larger cusp height, closed
cusp area, and open cusp area. In patients with normal dimensions
of the aortic root, there was no central coaptation deficit, compared
with a median central coaptation deficit of 4.0 mm (inter-quartile
range: 2.0–6.4 mm; P , 0.001) in patients with dilated aortic root.
Furthermore, the cusp depth was larger in patients with dilated aor-
tic root compared with controls. Table 1 shows the aortic valve geo-
metric measurements for patients with dilated root and tricuspid
aortic valve and for patients with dilated root and bicuspid aortic
valve.

In controls, the closed cusp area was on average 1.22 times the
STJ area (95% confidence interval: 1.02–1.41), whereas in patients
with dilated aortic root with tricuspid aortic valve, the closed cusp

Figure 3 Ratio between closed cusp area and sinotubular junc-
tion area in patients with normal vs. dilated aortic root with tricus-
pid aortic valve. Linear regression analysis through origin was
performed to assess the ratio between closed cusp area and sino-
tubular junction area, which was 0.88 in dilated aortic roots and
1.22 in normal controls.
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area was only 0.88 times the STJ area (95% confidence interval:
0.78–0.98; P ¼ 0.002). This indicates that, although aortic root dila-
tion was associated with cusp enlargement and increase in closed
cusp area, this enlargement was not sufficient compared with nor-
mal aortic roots, resulting in more frequent AR (Figure 3).

Aortic valve and root geometry in patients
with aortic root dilation and with or
without AR
Among the 26 patients with aortic root dilation and tricuspid aortic
valve, 15 patients showed AR grade ≥2 (mean age 60+ 12 years,
87% men) and the remaining 11 patients showed AR grade ,2
(mean age 56+ 14 years, 73% men; Table 2). Patients with AR
had significant larger left ventricular volumes and slightly lower
left ventricular ejection fraction compared with patients without
AR. In terms of aortic dimensions, both groups of patients were
comparable. However, there was a difference in the central coapta-
tion deficit, which was only 1.7 mm (inter-quartile range: 0.7–
2.7 mm) in patients with AR grade ,2, compared with 3.3 mm
(inter-quartile range: 2.0–5.0 mm; P ¼ 0.010) in patients with AR
grade ≥2. The ratio between closed cusp area and STJ area was
0.91 (95% confidence interval: 0.73–1.10) in patients without AR

and 0.86 (95% confidence interval: 0.74–0.98; P ¼ 0.660) in patients
with AR.

Aortic valve and root geometry in aortic
root dilation patients with central and
eccentric AR jet
There were 15 patients with aortic root dilation with tricuspid aor-
tic valve with AR grade ≥2 who were divided into two subgroups:
patients with central AR jet (n ¼ 8, mean age 64+ 13 years, 75%
men) were compared with patients with eccentric AR jet (n ¼ 7,
mean age 56+ 12 years, 100% men). There were no differences
in left ventricular volumes and function between these subgroups.
Table 3 shows the aortic valve and root geometric measurements
in patients with aortic root dilation with central AR jet and patients
with eccentric AR jet. Patients with central AR jet were comparable
to those with eccentric AR jet regarding aortic cusp size. Further-
more, there were no significant differences in cusp depth and central
coaptation deficit. Patients with central AR jet had slightly larger STJ
area compared with patients with eccentric AR jet. Furthermore,
the morphology of the aortic root was different between patients
with central and eccentric AR jet with more oval AVJ in central
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Table 2 Echocardiographic characteristics of patients with dilated aortic root with tricuspid aortic valve with and
without aortic regurgitation

AR grade <2 (n 5 11) AR grade ≥2 (n 5 15) P-value

Age (years) 56+14 60+12 0.482

Male gender 8 (73%) 13 (87%) 0.698

Body surface area (m2) 2.02+0.17 2.05+0.14 0.610

Left ventricular end-diastolic volume (mL) 125+34 170+52 0.019

Left ventricular end-systolic volume (mL) 48+15 76+26 0.004

Left ventricular ejection fraction (%) 61+5 55+5 0.004

Cusp height (mm) 17.3 (16.0–20.0) 18.3 (16.7–20.7) 0.467

Intercommissural distance (mm) 24.7 (20.0–28.0) 26.3 (23.0–28.3) 0.125

Total closed cusp area (cm2) 10.0 (7.7–11.5) 10.5 (8.6–14.6) 0.406

Total open cusp area (cm2) 4.3 (3.6–6.6) 5.7 (4.1–7.9) 0.392

Central coaptation deficit (mm) 1.7 (0.7–2.7) 3.3 (2.0–5.0) 0.010

Cusp depth (mm) 10.7 (9.7–12.3) 10.3 (9.3–12.3) 0.695

AVJ area (cm2) 5.6 (4.8–5.8) 4.7 (4.5–6.3) 0.897

AVJ minimum diameter (mm) 24 (21–26) 23 (22–26) 0.793

AVJ maximum diameter (mm) 29 (28–30) 29 (25–31) 0.979

AVJ eccentricity index 0.77 (0.72–0.80) 0.84 (0.75–0.89) 0.287

SOV area (cm2) 11.5 (9.1–13.4) 12.6 (10.5–16.4) 0.377

SOV minimum diameter (mm) 34 (32–38) 37 (33–42) 0.152

SOV maximum diameter (mm) 41 (38–47) 42 (40–53) 0.251

SOV eccentricity index 0.83 (0.81–0.87) 0.80 (0.78–0.89) 0.795

STJ area (cm2) 9.7 (7.9–12.2) 11.8 (9.7–15.0) 0.232

STJ minimum diameter (mm) 33 (32–38) 38 (32–41) 0.322

STJ maximum diameter (mm) 36 (33–41) 43 (37–45) 0.138

STJ eccentricity index 0.92 (0.90–0.97) 0.90 (0.85–0.95) 0.311

Data are presented as number (percentage), mean+ standard deviation, or median (inter-quartile range).
AR, aortic regurgitation; AVJ, aortoventricular junction; SOV, sinus of Valsalva; STJ, sinotubular junction.
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AR jet compared with eccentric AR jet (eccentricity index 0.75 vs.
0.89; P ¼ 0.005).

The ratio between the closed cusp area and the STJ area was dif-
ferent between groups (Figure 4). Patients with central AR jet had a
closed cusp area of 0.75 times the STJ area (95% confidence interval:
0.67–0.82), indicating that there was not enough cusp tissue in re-
lation to the STJ area to cover the aortic orifice. In patients with an
eccentric AR jet, the closed cusp area was 1.14 times the STJ area
(95% confidence interval: 1.01–1.27), indicating that there was ex-
cess cusp tissue in relation to the STJ area to cover the aortic orifice
area resulting in a relative prolapse.

Intra-observer and inter-observer
variabilities
The variability in measurements within an observer and between
observers was evaluated in 10 subjects. The mean and 95% confi-
dence interval of the difference between two measurements were
displayed in Table 4.

Discussion
The present study hypothesized that in patients with aortic root
dilation, remodelling of the aortic valve cusps occurs with

enlargement of the cusp surface. Patients with aortic root dilation
showed significant enlargement of the aortic valve cusps. However,
this remodelling might be insufficient to match the aortic root area,
resulting in AR. Various types, of AR seem to result from different
remodelling processes. Central AR was associated with cusp tissue
deficiency, whereas eccentric AR was associated with relative abun-
dance of cusp tissue resulting in relative prolapse.

The aortic valve and root form a complex structure in which the
valvular function is largely dependent on the aortic root dimensions
and morphology. In a normal aortic root, the dimensions depend on
body size and gender and increase during a life time.5,6 Computa-
tional models have shown that an increase in AVJ diameter was as-
sociated with a decrease in coaptation height and coaptation area.9

Furthermore, in patients with STJ dilation, an increase in the ratio
between STJ and AVJ was associated with a decrease in the coapta-
tion height resulting in an incomplete closure of the aortic valve.10 In
addition, in models with aortic root dilation, the aortic cusps are
pulled apart resulting in increased stress (defined as force per
area) and increased strain (defined as percentage extension of
cusp tissue) on the aortic cusps.4 This may lead to aortic cusp re-
modelling to bear the higher stress posed on the cusps. Studies
on valvular biomechanical properties showed increased cellular
stiffness of valvular interstitial cells in left-sided heart valves (aortic
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Table 3 Echocardiographic characteristics of patients with dilated aortic root and tricuspid aortic valve with central vs.
eccentric aortic regurgitation

Central AR (n 5 8) Eccentric AR (n 5 7) P-value

Age (years) 64+13 56+12 0.284

Male gender 6 (75%) 7 (100%) 0.509

Body surface area (m2) 2.10+0.16 1.99+0.09 0.123

Left ventricular end-diastolic volume (mL) 160+58 182+47 0.444

Left ventricular end-systolic volume (mL) 73+30 80+22 0.637

Left ventricular ejection fraction (%) 54+4 56+5 0.533

Cusp height (mm) 18.5 (16.5–20.4) 18.0 (16.7–22.3) 0.908

Intercommissural distance (mm) 26.3 (25.2–28.3) 26.3 (22.3–31.0) 0.601

Total closed cusp area (cm2) 10.7 (8.9–13.7) 9.4 (8.5–17.6) 0.862

Total open cusp area (cm2) 5.7 (3.6–7.6) 5.7 (4.1–8.7) 0.728

Central coaptation deficit (mm) 3.7 (2.4–5.8) 2.7 (1.3–4.0) 0.201

Cusp depth (mm) 10.3 (8.1–11.9) 9.7 (9.3–14.0) 0.907

AVJ area (cm2) 4.7 (3.5–6.0) 5.8 (4.6–7.2) 0.245

AVJ minimum diameter (mm) 22 (19–24) 26 (23–29) 0.016

AVJ maximum diameter (mm) 28 (26–31) 30 (25–32) 0.642

AVJ eccentricity index 0.75 (0.70–0.83) 0.89 (0.84–0.96) 0.005

SOV area (cm2) 12.9 (10.7–15.7) 11.1 (10.0–20.2) 0.602

SOV minimum diameter (mm) 37 (35–41) 34 (32–42) 0.384

SOV maximum diameter (mm) 44 (40–51) 42 (40–54) 0.770

SOV eccentricity index 0.87 (0.80–0.90) 0.80 (0.76–0.85) 0.083

STJ area (cm2) 13.0 (11.7–16.3) 9.7 (7.4–13.6) 0.093

STJ minimum diameter (mm) 40 (35–41) 32 (29–40) 0.093

STJ maximum diameter (mm) 44 (40–47) 34 (31–45) 0.131

STJ eccentricity index 0.91 (0.85–0.95) 0.89 (0.84–0.87) 0.908

Data are presented as number (percentage), mean+ standard deviation, or median (inter-quartile range).
AR, aortic regurgitation; AVJ, aortoventricular junction; SOV, sinus of Valsalva; STJ, sinotubular junction.
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valve and mitral valve) as opposed to right-sided heart valves.11 This
suggests that valvular interstitial cells respond to increased cusp
stress by altering cellular stiffness.12 Aortic valvular interstitial cells
are phenotypically plastic and can transdifferentiate into myofibro-
blasts during cusp remodelling.13 However, exact changes in aortic
cusp biomechanics on a microscopic level in aortic root dilation
have not been described.

Recent studies using advanced non-invasive imaging of the aortic
valve suggest the presence of differences in aortic cusp size between
dilated and normal aortic roots.14,15 Measurements of the aortic
valve and root geometry with 3DTEE and computed tomography
have shown good correlations.14 Using computed tomography,
Kim et al.15 showed significant changes in aortic cusp sizes in patients
with aortic root dilation compared with normal aortic roots. Pa-
tients with aortic root dilation had significantly larger aortic cusps
compared with patients with normal aortic roots. Furthermore,
the ratio between the closed cusp area and aortic root area was re-
duced in patients with aortic root dilation without AR and even
more reduced in patients with AR. In this particular subgroup of pa-
tients, AR results from a central coaptation defect due to larger aor-
tic root area.15 Of note, patients with eccentric AR due to aortic
valve prolapse were excluded. To understand whether remodelling
of the aortic cusps also occurs in eccentric AR due to prolapse, Sato
et al.16 demonstrated that the prolapsing cusp was elongated and ex-
panded in comparison with the other cusps on surgical inspection.
The present study shows that in aortic root dilation patients with
eccentric AR, there was a relative abundance of cusp tissue which
may result in relative prolapse. However, the underlying mechanism
and whether it is indeed an inappropriate adaptation of the cusps to
the increased stress due to aortic root dilation remain unclear.

Clinical implications
The present study provides insight into aortic cusp adaptation in pa-
tients with aortic root dilation. This might impact on the timing and
type of aortic valve reconstructive surgery. Insufficient coaptation of
aortic valve cusps in aortic root dilation may result in AR. Current
guidelines recommend aortic valve and root surgery in patients with
significant aortic root dilation, symptomatic AR, or asymptomatic
AR with left ventricular dilation or dysfunction.17 However, long-
lasting increased stress on the cusps may result in thickening of
the cusps with implications for reparability of the aortic valve. Fur-
thermore, the mechanism of AR is important for the selection of the
appropriate technique to reconstruct the aortic valve and root
complex. In central AR, purely caused by aortic root dilation, valve-
sparing root replacement techniques (remodelling or reimplanta-
tion technique) may be sufficient to reduce the aortic root diameter
to match the aortic valve cusp size.1 However, in eccentric AR, cusp
reconstruction with central cusp plication, triangular resection, or
cusp resuspension may be needed.1 In addition to the AR mechan-
ism, the ratio between closed cusp area and STJ area might help in
determining which aortic valve reconstructive technique is most ap-
propriate. Further research should elucidate how this ratio can be
implemented into clinical practice.

Study limitations
The present study was limited by a small sample size. 3DTEE was
performed in all patients and controls with the same vendor. The
measurements were performed manually by the same investigator.
In future research, automated measurements may be of incremental
value for which dedicated software is needed. In addition, although
the planes were oriented to obtain the true short axis and long axis
of the aortic valve and root, the measurements were performed in
one plane. Therefore, the cusp length over the belly of the cusp
could not be determined. In addition, the present software was

Figure 4 Ratio between closed cusp area and sinotubular junc-
tion area in patients with tricuspid aortic valve with dilated aortic
root and central vs. eccentric aortic regurgitation. Linear regres-
sion analysis through origin was performed to assess the ratio be-
tween closed cusp area and sinotubular junction area, which was
0.75 in patients with central aortic regurgitation and 1.14 in pa-
tients with eccentric aortic regurgitation. AR, aortic regurgitation.

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Table 4 Intra-observer and inter-observer variabilities

Intra-observer
variability

Inter-observer
variability

Cusp height (mm) 0.7 (21.3 to 2.7) 20.6 (22.2 to 1.1)

Intercommissural
distance (mm)

0.7 (22.9 to 4.3) 20.5 (23.6 to 2.6)

Total closed cusp
area (cm2)

0.8 (21.1 to 2.7) 0.4 (21.0 to 1.7)

Total open cusp area
(cm2)

20.1 (23.2 to 3.0) 20.3 (21.5 to 0.9)

Cusp depth (mm) 0.0 (24.0 to 4.1) 22.1 (25.2 to 1.0)

AVJ area (cm2) 0.0 (21.4 to 1.4) 0.0 (20.9 to 0.9)

AVJ diameter (mm) 0.0 (26.8 to 6.8) 0.3 (25.7 to 6.2)

SOV area (cm2) 0.0 (21.4 to 1.4) 0.0 (21.3 to 1.3)

SOV diameter (mm) 0.0 (25.0 to 5.0) 0.3 (23.8 to 4.4)

STJ area (cm2) 0.5 (21.3 to 2.3) 0.3 (20.8 to 1.5)

STJ diameter (mm) 0.3 (24.2 to 4.7) 0.6 (22.7 to 3.8)

Data are presented as mean difference between measurements (95% confidence
interval).
AVJ, aortoventricular junction; SOV, sinus of Valsalva; STJ, sinotubular junction.
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not able to measure curved lengths such as the free edge cusp
length. In the present study, histological samples were not available.
Therefore, it cannot be proved that actual cusp remodelling oc-
curred. To obtain more insight into the effects of aortic root dilation
on the aortic valve cusps, further research including histological
samples of aortic valve cusps in dilated aortic root is needed.

Conclusion
The present study showed an increase in aortic cusp size in patients
with aortic root dilation in comparison to patients with normal aor-
tic roots. However, the enlargement seemed insufficient to match
the aortic root area as indicated by a decrease in closed cusp area
to STJ area ratio in patients with a dilated aortic root. Furthermore,
in patients with tricuspid aortic valve and central AR, the cusp area
in relation to the aortic root area was small, whereas in patients with
tricuspid aortic valve and eccentric AR, there was relative abun-
dance of cusp tissue resulting in relative cusp prolapse. This provides
further insight into aortic valve cusp remodelling in patients with
aortic root dilation. Additionally, the ratio between closed cusp
area and STJ area may be helpful in the future to determine the tim-
ing and type of aortic valve reconstructive surgical technique.
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model of the aortic root and valve: optimization of graft size and sinotubular junc-
tion to annulus ratio. J Thorac Cardiovasc Surg 2013;146:1227–31.

11. Merryman WD, Youn I, Lukoff HD, Krueger PM, Guilak F, Hopkins RA et al. Cor-
relation between heart valve interstitial cell stiffness and transvalvular pressure: im-
plications for collagen biosynthesis. Am J Physiol Heart Circ Physiol 2006;290:
H224–31.

12. Sacks MS, Yoganathan AP. Heart valve function: a biomechanical perspective. Philos
Trans R Soc Lond B Biol Sci 2007;362:1369–91.

13. Rabkin-Aikawa E, Farber M, Aikawa M, Schoen FJ. Dynamic and reversible changes
of interstitial cell phenotype during remodeling of cardiac valves. J Heart Valve Dis
2004;13:841–7.

14. Calleja A, Thavendiranathan P, Ionasec RI, Houle H, Liu S, Voigt I et al. Automated
quantitative 3-dimensional modeling of the aortic valve and root by 3-dimensional
transesophageal echocardiography in normals, aortic regurgitation, and aortic sten-
osis: comparison to computed tomography in normals and clinical implications. Circ
Cardiovasc Imaging 2013;6:99–108.

15. Kim DH, Handschumacher MD, Levine RA, Sun BJ, Jang JY, Yang DH et al. Aortic
valve adaptation to aortic root dilatation: insights into the mechanism of functional
aortic regurgitation from 3-dimensional cardiac computed tomography. Circ Cardi-
ovasc Imaging 2014;7:828–35.

16. Sato Y, Kamata J, Izumoto H, Nasu M, Kawazoe K. Morphological analysis of aortic
root in eccentric aortic regurgitation using anyplane two-dimensional images pro-
duced by transesophageal three-dimensional echocardiography. J Heart Valve Dis
2003;12:186–96.

17. Vahanian A, Alfieri O, Andreotti F, Antunes MJ, Barón-Esquivias G, Baumgartner H
et al. Guidelines on the management of valvular heart disease (version 2012). Eur
Heart J 2012;33:2451–96.

M.V. Regeer et al.1048

2016;18:167–79.

D
ow

nloaded from
 https://academ

ic.oup.com
/ehjcim

aging/article/18/9/1041/3060670 by guest on 23 April 2024



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile ()
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.5
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings false
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Preserve
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
    /Courier
    /Courier-Bold
    /Courier-BoldOblique
    /Courier-Oblique
    /Helvetica
    /Helvetica-Bold
    /Helvetica-BoldOblique
    /Helvetica-Oblique
    /Symbol
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /Times-Roman
    /ZapfDingbats
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 175
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50286
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG2000
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 20
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 175
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50286
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG2000
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 20
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages true
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 175
  /MonoImageDepth 4
  /MonoImageDownsampleThreshold 1.50286
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ()
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


