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Comparison of pulmonary and aortic root and cusp dimensions in normal adults using

computed tomography: potential implications for Ross procedure planning

Aortic Pulmonary

Summary

Aortic and pulmonary root and cusp dimensions
were measured using CTA in 50 normal adults.
Pulmonary roots had a larger basal ring and a
smaller sinutubular perimeter. Cusp dimensions
were similar; however, pulmonary cusp eH was
lower. Pulmonary root diameters showed large
variability during the cardiac cycle. These
findings may have implications for Ross
procedure planning.
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Legend: CTA — computed tomography angiography, eH - effective cusp height
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Abstract

OBJECTIVES: The Ross procedure is currently receiving renewed interest. Its function and durability depend on preservation of pulmo-
nary valve anatomy; limited data exist on normal pulmonary valve geometry. The objective was to compare aortic and pulmonary root
and cusp dimensions in adults with normal tricuspid aortic and pulmonary valves.

METHODS: We reviewed 507 coronary computed tomography studies, selecting those with adequate visibility of both pulmonary and
aortic roots for further analysis. Diastolic aortic and pulmonary root and cusp dimensions were measured. Root dimensions at different
phases of the cardiac cycle were measured in 3 patients.

RESULTS: We analysed studies of 50 patients with the mean age of 54 years [standard deviation (SD): 16]. In end-diastole, pulmonary
root had a smaller sinutubular to basal ring ratio than the aortic root [0.82 (SD: 0.09) vs 1.14 (SD: 0.12), P < 0.001]. Aortic and pulmonary
cusps had similar dimensions; however, pulmonary cusp effective height was lower [5.9 mm (SD: 1.6) vs 8.4 mm (SD: 1.2), P < 0.001].
Pulmonary basal ring perimeter was largest at end-diastole and smallest at end-systole, with the relative difference of 23.5% (SD: 2.7).

CONCLUSIONS: The pulmonary root has a similar cusp size compared to the aortic root, but a different shape, resulting in a lower pul-
monary cusp effective height. The perimeter of the pulmonary basal ring changes during the cardiac cycle. These findings suggest that
stabilizing the autograft to normal aortic, rather than pulmonary, root dimensions should result in normal autograft cusp configuration.
Computed tomography angiography could become a tool for personalized planning of the Ross procedure.

Keywords: Computed tomography angiography « Pulmonary valve anatomy * Ross procedure « Aortic valve anatomy « Cardiac cycle

INTRODUCTION

The pulmonary artery autograft is increasingly used to replace
the diseased aortic valve in the setting of the Ross procedure in
young adults. Recent studies have shown that it is associated
with excellent haemodynamics, better quality of life, better long-
term survival and higher freedom from valve-related complica-
tions compared to prosthetic aortic valve replacement [1-5].

An important prerequisite for autograft durability is the pres-
ervation of normal autograft geometry during the procedure.
Later, exposure to systemic arterial pressure may lead to auto-
graft dilatation and valve regurgitation [6]. While the relationship
between cusp and root dimensions in the aortic valve has been
characterized [7, 8], little is known about normal pulmonary root
and valve dimensions.

The most accurate measurements of the pulmonary root and
cusps come from older studies on cadavers and thus may not re-
flect the in vivo conditions [9-11]. Compared to computed to-
mography, 2D  transthoracic and  transoesophageal
echocardiography data have limited value due to dependence
on gain settings and availability of ultrasound windows, as well
as the inability to precisely measure the dimensions of the pul-
monary basal ring (BR) and sinutubular junction (STJ) in orthog-
onal views [12]. Adequate visualization of the pulmonary root
can be achieved with 3D echocardiography in only 45-75% of
patients [12].

ABBREVIATIONS Anatomical differences compared to the aortic valve also re-
late to the BR. In the aortic valve, it is ~42% muscular and 58%
BR Virtual basal ring of either aortic or pulmo- fibrous [13], while in the pulmonary valve, the BR is entirely sup-
nary valve ported by muscular sub-pulmonary infundibulum [14]. An im-
BSA Body surface area in m? calculated by portant consideration is also the difficulty of clearly imaging the
Mosteller formula thin pulmonary valve cusps with any of the currently available

CTA Computed tomography angiography imaging modalities.
eH Effective cusp height In the past years, computed tomography angiography (CTA)
NMEC National Medical Ethics Committee imaging has become increasingly used for the preoperative as-
SD Standard deviation sessment of the aortic valve, as it allows for precise determina-
ST) Sinutubular junction of either aortic or pul- tion of in vivo root and cusp dimensions [8, 15, 16]. It is yet
monary valve unknown whether it can also be used to measure details of the

pulmonary valve and root. Such details, determined in vivo,
could provide the basis for planning of the Ross procedure.

The objective of the current study was to visualize and mea-
sure aortic and pulmonary root and cusp dimensions in adults
with normal tricuspid aortic and pulmonary valves, using CTA.
Pairwise comparison of aortic and pulmonary root and cusp
dimensions was then performed, using the measurements of the
aortic valve and root as individual controls.

PATIENTS AND METHODS
Study design

We retrospectively analysed electrocardiogram-gated and ano-
nymized coronary CTA studies of adult patients obtained from
our hospital’s picture archiving and communication system. The
CTAs were performed to rule out coronary disease or anomalies
between December 2017 and February 2024. CTA datasets in-
cluded gender, age, height and weight of the patient with all
other metadata being anonymized. Initially, the CTAs were se-
lected randomly; however, as the number of patients grew, we
tried to keep the male to female ratio at approximately 1:1, thus
adding more female or male patients as needed.

Ethics

The study was approved by the National Medical Ethics
Committee [NMEC; Komisija Republike Slovenije za medicinsko

G20z JequianoN 9z uo }senb Aq £0961.6./90Z9EAI/9/6E/OI01E/SIAD1/WOD dNO oW pEo.//:SARY WOy POPEojuUMOd



M. Jelenc et al. / Interdisciplinary CardioVascular and Thoracic Surgery 3

etiko 0120-133/2021/3 (14 May 2021), 0120-312/2022/3 (5
September 2022) and 0120-25/2024-2711-6 (24 April 2024)].
Written patient informed consent was waived as this was a non-
interventional study with retrospective data acquisition
and analysis.

Inclusion and exclusion criteria

Only patients with normally appearing tricuspid aortic and pul-
monary valves and normal aortic root size, defined as the diam-
eter of sinuses of Valsalva <40mm (largest sinus-to-sinus
distance), were included in the study. CTAs were excluded from
further analysis in the presence of 1 or more exclusion criteria.
Exclusion criteria were as follows: poor pulmonary cusp visibility,
poor contrast in the pulmonary root, cranial part of the pulmo-
nary root missing on the CTA, aortic cusp calcifications, motion
artefacts, root diameter larger than 40 mm and bicuspid aortic
valve. Adequate contrast in the pulmonary artery and adequate
visibility of pulmonary valve cusps allowed simultaneous aortic
and pulmonary valve analysis.

Valve analysis

The CTAs were imported into Mimics Innovation Suite v. 21.0
(Materialise, Leuven, Belgium) where aortic and pulmonary roots
were segmented. On each CTA, we marked the nadirs of the 3

sinuses and the 3 commissures for both the aortic and pulmo-
nary valves. The spline tool was used to trace the aortic and pul-
monary cusp insertions and geometric heights as well as aortic
and pulmonary BR at level of nadirs of the 3 sinuses.
Commissural perimeter of the root was measured at the plane
defined by the 3 commissures. In aortic roots, 1 or both coro-
nary ostia frequently branched off the root at the commissural
plane level. To avoid the interference with commissural perime-
ter measurement, the 3D aortic root models were smoothed at
the coronary ostia using Blender software (Blender Foundation,
opensource) (Fig. 1). ST) perimeter was measured at the aortic or
pulmonary narrowing above the sinuses, which was a few milli-
metres higher than the plane of the 3 commissures.

The points and splines, defined by 3D coordinates and the .stl
files of the segmented roots, were then imported into
Mathematica v12.0 (Wolfram Research, Champaign, IL, USA)
where a dedicated code was used to reconstruct the aortic and
pulmonary root in 3D space from the measured points and
splines and calculate different measurements for each patient.
The BR spline was the basis for measurements of BR perimeter,
as well as maximal and minimal BR diameter. Maximal and mini-
mal diameters were defined as the longest and the shortest
diameters passing through the centroid of the BR, respectively.
The degree of ellipticity was estimated by calculating the ratio
between minimal and maximal BR diameter. Mean BR, STJ and
commissural diameters were calculated as respective perimeters
divided by pi.

Figure 1: Aortic commissural perimeter measurement in patients with commissural plane transecting 1 or both coronary ostia. (A) View of the aortic root at the com-
missural plane. (B) 3D model of the segmented root, with commissural plane marked with red arrow. Coronary arteries are cut flush at the ostia. (C) Same aortic root
with the 3D model smoothed at the coronary ostia. (D) 3D model with sinuses smoothed, appearing as if there were no coronary ostia. LCA: left coronary artery; LN:
left noncoronary commissure; R: nadir of the right sinus; RCA: right coronary artery; RL: right left commissure; RN: right noncoronary commissure.
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Cusp effective height was calculated as the distance between
the BR plane, defined by the 3 nadirs of the sinuses, and the tip
of the geometric height spline. The free margin length of a
cusp was estimated by adding the distances from the 2 corre-
sponding commissures to the tip of the geometric height
spline. The entire process of valve analysis was shown in a
video previously [17].

Additionally, 3 patients had usable CTA images at 30, 40, 50,
60, 70 and 80% of the R-R interval, allowing measurement of
changes in pulmonary root and aortic root dimensions during
the cardiac cycle.

Statistical methods

Statistical data analysis was performed using JASP v 0.14.1
(University of Amsterdam, Netherlands). Normal distribution of
variables was assessed using the Shapiro-Wilk test. Continuous
variables are reported as mean and standard deviation (SD) if
normally distributed and as median and interquartile range oth-
erwise. Differences between the patients were analysed using
Student’s t-test. Differences between the aortic and pulmonary
root were analysed using paired samples t-test, Wilcoxon
signed-rank test and repeated measures ANOVA with post-hoc
test with Bonferroni correction. P-value of <0.05 was considered
statistically significant.

PACS

;

RESULTS

We reviewed 507 coronary CTAs. Four hundred fifty-seven CTAs
were excluded due to 1 or more exclusion criteria leaving 50
CTAs for detailed analysis (Fig. 2). Incidence of exclusion criteria
was as follows: poor cusp visibility in 388 (84.9%), low contrast
in the pulmonary artery in 338 (74.0%), missing cranial part of
the pulmonary root in 178 (38.9%), aortic cusp calcifications in
27 (5.9%), motion artefacts in 22 (4.8%), aortic root size more
than 40 mm in 13 (2.8%) and bicuspid aortic valve in 9 (2.0%).
The number of exclusion criteria per excluded CTA was as fol-
lows: 1in 77 (16.8%), 2 in 255 (55.8%), 3 in 105 (23.0%) and 4 in
18 (3.9%).

Detailed analysis was performed on CTAs of the 50 patients
who met the inclusion criteria. All valve analyses were per-
formed in end-diastolic phase of the cardiac cycle with R-R in-
terval at a median of 75 (interquartile range: 4)% of the cardiac
cycle. Median heart rate at acquisition was 65 (interquartile
range: 8) beats per minute. Slice thickness was 0.6 mm. CTAs
were acquired using different systems from 1 vendor (41
Somatom Force, 9 Somatom Drive, both Siemens Healthineers,
Erlangen, Germany).

Mean patient age was 54years (SD: 16, range: 19-76), 27
patients (54%) were male, mean height and weight were 172 cm
(SD: 10, range: 150-191) and 77 kg (SD: 13, range: 55-106), re-
spectively. Mean body surface area (BSA) was 1.91 m? (SD: 0.21,

Anonymized coronary CTAs
December 2017 - February 2024
age, heigh and weight in metadata

(n = 507)

Exclusions
having one or more
exclusion criteria
(n =457)

\/

Exclusion criteria

poor pulmonary cusp visibility

low contrast in pulmonary artery

< missing cranial part of the pulmonary root
aortic cusp calcifications

motion artefacts

sinuses of Valsalva = 40 mm

bicuspid aortic valve

Selected coronary CTAs
normal tricuspid aortic and pulmonary
valves with good cusp visibilty

(n =50)

;

Analysis

Figure 2: Study flowchart. CTA: computed tomography angiography; PACS: hospital’s picture archiving and communication system.
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range: 1.59-2.35). Women were older [60 (SD: 13) vs 50 (SD: 17)
years, P=0.029, Student’s t-test] and had smaller BSA [1.75 (SD:
0.13) vs 2.06 (SD: 0.15) m?, P < 0.001, Student’s t-test].

The diastolic shape of the pulmonary root was different from
the aortic root. BR diameter was larger in pulmonary roots,
whereas the ST)] and commissural diameters were smaller
(Table 1; Fig. 3; Supplementary Material, Fig. ST). Consequently,

the STJ to BR ratio was larger in aortic roots [1.14 (SD: 0.12) vs
0.82 (SD: 0.09), P <0.001] with a mean difference of 0.32 (95%
Cl 0.29, 0.35). Also, the BR ellipticity ratio was smaller in pulmo-
nary roots (signifying a more elliptical and less circular shape).
The cusp measurements, apart from mean effective cusp
height (eH), were similar in aortic and pulmonary valves.
Estimated free margin length and commissural height were

Table 1: Comparison of pulmonary and aortic root and cusp dimensions

Aortic root (n = 50) Pulmonary root (n = 50) P-value®

Mean (SD) Mean (SD)
Basal ring diameter (mm) 24.6(2.7) 30.2(3.0) <0.001
Basal ring ellipticity ratio® 0.77 (0.05) 0.64 (0.09) <0.001
Basal ring area (mm?) 4571 (95) 645 (131) <0.001
Sinutubular diameter (mm) 27.8(2.7) 24.6 (2.4) <0.001
Sinutubular area (mm?) 599 (123) 473 (93) <0.001
Sinutubular to basal ring ratio 1.14(0.12) 0.82 (0.09) <0.001
Commissural diameter (mm) 31.3(3.3) 26.7 (2.9) <0.001
Commissural area (mm?) 741 (151) 540 (118) <0.001
Mean cusp insertion (mm) 51.0(5.8) 52.6(5.2) <0.001
Mean commissural height (mm) 19.4 (2.3) 19.4 (2.0) 0.981
Mean intercommissural distance (mm) 23.4(2.2) 20.4 (2.0) <0.001
Mean geometric height (mm) 15 6(1.7) 16.4(1.7) <0.001
Mean effective height (mm) 4(1.2) 5.9(1.6) <0.001
Mean estimated free margin length (mm) 33 5(3.9) 34.2 (4.0) 0.069
Root volume (cm?) 12.3(3.6) 13.9 (4.3) <0.001

*Paired samples t-test.
BEllipticity ratio is defined as minimal/maximal diameter.
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Figure 3: Case-by-case differences in selected root and cusp measurements.

[¥1)

(7]
«3
3o
5a
e
<
>3
a5

G20 JoquianoN 9z uo 1sanb Aq £09616./90Z9EAY/9/6€/2I01HE/SIA01/W0D dNO"DIWISPEDE//:SANY WOI) PAPEOJUMOQ


https://academic.oup.com/icvts/article-lookup/doi/10.1093/icvts/ivae206#supplementary-data
https://academic.oup.com/icvts/article-lookup/doi/10.1093/icvts/ivae206#supplementary-data

6 M. Jelenc et al. / Interdisciplinary CardioVascular and Thoracic Surgery

Basal ring diameter (BR)

. 40t Pearson’s r = 0.790 ]
€ P <0.001 °
£ 35 ° ®

[ .. i
% 'e
° -
2 30} L LoFa e ® 1

2/
g 25 ¢
c b 4
E ® Men
3 Women
& 20 L L L L L L L ]
20 22 24 26 28 30
Aortic valve BR (mm)
Geometric cusp height (gH)
E 20 Pearson’sr=0.727 ° A
I P < 0.001 ® oe® o %6
> 181 0 ]
c .0
3 ® %3 o
)
E 16f <% 1
g .. [}
g 14} 1
2
% 12F ® Men ]
E Women
n:_ 10 L L L L L
12 14 16 18 20
Aortic valve mean gH (mm)
Cusp insertion length (ClI)
E 65} pearson's r= 0.880 ]
= P <0.001 S o e
(@] 60 ) - 1
S e &, a:a ¢
3 55f S 1
e z
)

2 sor w @ 3
g
> 45} ' ]
©
5 40 ® Men ]
% Women
o 35L, ‘ ‘ ‘ ‘ s 1

35 40 45 50 55 60 65
Aortic valve mean CI (mm)

Sinutubular junction diameter (STJ)

Pearson’s r = 0.515
301 P<0.001 L ]

25+ )

20+ ® Men ]
Women

Pulmonary valve STJ (mm)

22 24 26 28 30 32 34
Aortic valve STJ (mm)

Effective cusp height (eH)

E 10l Pearson’s r = 0.294 L ]
= P =0.038
[ J

% )
c gh P ]
o 6f A e T 1
= Y < [ ]
g ® o oo % °
> 4 ° -
g o ® o ® o Men
£ 2t Women -
=
T . . . . . .

5 6 7 8 9 10 11

Aortic valve mean eH (mm)

Body surface area (BSA) and BR

— 45t @ Pulmonary BR ]
E 40F Pearson’s r = 0.674, P < 0.001 ]
g °
= b ° i
% * o ® ee-‘e 3
§ 3o =37, P, ]
© =<e , LI vEs 2
25F A 4 A 3-;4:—‘— — a 1]
2 e 'y
e A
g 20 F ]
8 45, AAorticBR # Men
Pearson’s r = 0.735, P < 0.001 Women
10 1 1 1 1 L
1.4 1.6 1.8 2.0 2.2 2.4

Body surface area (m?)
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metric height (gH), mean cusp effective height (eH) and mean cusp insertion length (Cl). Note the strong correlation for BR, gH and Cl, moderate for ST) and weak
for eH. Both pulmonary and aortic BR show positive correlation with body surface area (BSA).

identical. Cusp insertion length and geometric cusp height were
larger in pulmonary roots (P < 0.001); however, the difference
was small (0.8 mm in geometric cusp height and 1.6 mm in cusp
insertion length) (Table 1; Fig. 3; Supplementary Material, Fig. S1).

Pulmonary root and cusp dimensions showed strong correla-
tion with aortic root and cusp dimensions, except for eH, which
showed only weak correlation (Fig. 4 and Supplementary
Material, Table S1). Root and cusp dimensions correlated posi-
tively with BSA.

Pulmonary root during cardiac cycle

Three patients had usable CTA images of the aortic and pulmo-
nary root at 30-80% of the R-R interval. Two were female aged
29 and 53years and 1 was a 72-year-old male. Their BSAs were
1.73, 1.81 and 2.14 m?, respectively.

The muscular pulmonary BR showed large variations in perim-
eter during the cardiac cycle in all 3 patients. The mean differ-
ence between relative maximal and minimal perimeter was
23.5% (SD: 2.7). Pulmonary BR perimeter was shortest at the
end-systole and longest at the end-diastole (Fig. 5). The distal
vascular part of the pulmonary root (ST) and commissural pe-
rimeter) dilated passively with the increase in pulmonary artery
pressure. The mean difference between relative maximal and
minimal perimeter was 12.0% (SD: 7.0) for ST) perimeter and
14.0% (SD: 4.0) for commissural perimeter (Fig. 5). Similar trends
were observed in pulmonary BR area, commissural area and ST)
area, showing relative variation of 43.6% (SD: 3.4), 27.0% (SD:
7.0) and 23.0% (SD: 11.0), respectively.

In the same 3 patients, the variations in aortic root perimeters
were much smaller. The relative differences for aortic BR perim-
eter, commissural perimeter and ST) perimeter were 5.6% (SD:
1.6), 3.6% (SD: 1.2) and 3.1% (SD: 2.1), respectively. Relative
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CTA imaging in the 30-80% of the RR interval only.

differences for aortic BR area, commissural area and ST) area
were 10.4% (SD: 2.8), 7.0% (SD: 4.0) and 6.0% (SD: 4.0),
respectively.

DISCUSSION

To our knowledge, this is the first in vivo investigation analysing
pulmonary valve geometry compared to normal aortic valve ge-
ometry. Normal diastolic pulmonary valve BR is larger than aor-
tic BR in this in vivo study. This was previously shown in 6801
autopsied hearts used for cryopreservation [10]. In the similar
BSA range as our study (between 1.5 and 2.4 m?), the average
cadaveric pulmonary BR diameter was 3.1 mm (SD: 0.2) larger
than the aortic BR [10]. In our study, this difference was 5.6 mm
(SD: 1.9). The reason for this difference may be that the CTAs
were analysed at end-diastole, when right ventricular (and sub-
pulmonary infundibular) muscle is actively distended, whereas in
cadaveric hearts, the muscle is relaxed but not distended.

Our study has also shown large variations in pulmonary BR,
commissural and STJ perimeters during the cardiac cycle. The
large diastolic pulmonary BR perimeter and its variability during
the cardiac cycle are probably due to its muscular composition
and active contraction [14]. Commissural and ST) perimeter
changes during the cardiac cycle are opposite to the BR perime-
ter changes. They apparently dilate passively during systole
when pulmonary arterial pressure is rising and decrease in size
during diastole when the pressure is falling.

The cyclical changes in aortic perimeters were much smaller.
BR perimeter variability was only 5.6% in our study and was
even less at the commissural and STJ levels. Hamdan et al. [18]
have reported a 2.2% BR perimeter change in normal subjects

with mean age of 56 years and <1% BR perimeter change in el-
derly patients with aortic stenosis. The main mechanism of aor-
tic orifice area increase during systole seems to be the shape
change due to movement of the aorto-mitral continuity and not
increase in perimeter [18].

Anatomical studies have previously shown that the normal
aortic and pulmonary valves have approximately equally sized
cusps [14]. This was confirmed by our study. Interestingly, pul-
monary cusps had lower eH at the end-diastole. This is the result
of smaller commissural and ST) diameters and larger BR diame-
ter of the pulmonary root in diastole. Similar observations have
been made in a computer simulation study of the aortic valve
[19] The low eH and progressive BR dilatation during diastole
may be responsible for the mild or trace pulmonary regurgita-
tion, which has been reported in 40-78% of patients with mor-
phologically normal pulmonary valves [20].

If the pulmonary cusps have similar shape and dimensions as
the aortic cusps, changing the pulmonary root to an aortic root-
like shape should increase cusp effective height to the values
that are normal for the aortic valve. In our series, this would
translate to predominant reduction of pulmonary BR and slight
increase in pulmonary STJ. This also indicates that for creation of
an aortic root-like configuration, as in the Ross operation, annu-
lar size reduction to that of a normal aortic annulus should be
aimed for. Leaving the pulmonary annulus unrestricted may
contribute to autograft regurgitation, even in the absence of sec-
ondary dilatation.

Changing the autograft dimensions to improve cusp effective
height and maintaining this configuration in the long term is
crucial in the Ross procedure in which autograft dilatation leads
to regurgitation [6]. Different techniques have been developed

G20 JoquianoN 9z uo 1sanb Aq £09616./90Z9EAY/9/6€/2I01HE/SIA01/W0D dNO"DIWISPEDE//:SANY WOI) PAPEOJUMOQ



8 M. Jelenc et al. / Interdisciplinary CardioVascular and Thoracic Surgery

to prevent autograft dilatation, such as autologous root inclusion
technique [21-23], prosthetic material inclusion technique
(Dacron or Ross-PEARS) [24-26] and full root replacement tech-
nique with BR and STJ stabilization and wrapping of the auto-
graft with the remnants of aortic wall [27, 28]. Most current
techniques already reduce the pulmonary BR to dimensions of a
normal aortic BR by implantation in the aortic root, which is ei-
ther normal per se or reduced and stabilized with an
annuloplasty.

Limitations

The study applies only to tricuspid aortic and pulmonary valves.
One of the major limitations is the poor pulmonary cusp visibility
on CTA, particularly in systole. Another important limitation is
the lack of clinical data and comorbidities. The normal function
of pulmonary and aortic valves was assumed, based on their ap-
pearance on CTA, and was not confirmed by echocardiography.

CONCLUSION

The pulmonary root has a similar cusp size compared to the aor-
tic root, but a different shape, resulting in a lower pulmonary
cusp effective height. The perimeter of the pulmonary BR
changes significantly during the cardiac cycle. These findings
suggest that stabilizing the autograft to normal aortic, rather
than pulmonary, root dimensions should result in normal auto-
graft cusp configuration. CTA could become a tool for personal-
ized planning of the Ross procedure.
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