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Aortic root and valve proportions: an example of the golden ratio?
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Abstract

Calcific aortic stenosis is the most common lesion requiring
valve replacement. Transcutaneous procedures (TAVR) are rap-
idly increasing yet detailed information on aortic valve and root
anatomy are sparse. This study examined gated cardiac CT scans
to make observations regarding the size and proportions of the
valve leaflets, sinuses of Valsalva, and sinotubular junction. One
hundred and fifty gated cardiac CT scans were performed for a
variety of clinical indications. Area of each cusp (short axis
plane) was measured along with sinus height (from leaflet base
to sinotubular junction), sinus width (from central coaptation
point to outer sinus edge), annular perimeter, perimeter at mid-
sinus level, and perimeter at the sinotubular junction. The right
coronary cusp was largest, the left cusp smallest, and the non-
coronary cusp intermediate in size. Each cusp was larger in men
than women, even after indexing for body surface area. By con-
trast, indexed sinus width and height did not differ between gen-
ders. No significant differences were noted between races.
Annular perimeter did not vary by age while the mid-sinus
perimeter and sinotubular junction perimeter increased with age
(p=0.01, r>=0.05 and p=0.002, r?=0.07). Interestingly, the ratio
of sinus height (average): annular radius was 1.694+0.18, very
close to the “golden ratio” of 1.62 found throughout the natural
world. This might be important for proper vortex formation in
the sinuses.
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Introduction

The aortic root is an elegantly designed structure that provides
support for the aortic valve while minimizing stress on the valve
leaflets [1-3]. It encompasses the aortic valve annulus (a virtual
structure [4]), the sinuses of Valsalva, and the sinotubular junction.
The sinuses allow for vortex formation which aids in aortic valve
closure in diastole [5]. There are also complex interactions between
the sinuses and coronary blood flow [6,7]. The advent of tran-
scatheter aortic valve replacement (TAVR) has focused more atten-
tion on the aortic root, yet data on aortic root dimensions in the gen-
eral population are sparse. The aim of this study was to make
detailed measurements of the various aortic root components in a
diverse clinical sample.

Methods

One hundred and fifty patients undergoing gated cardiac CT
scan (inpatient or outpatient) for any clinical indication between
January 2015 and December 2015 were enrolled. Demographic
and clinical data were gathered from electronic medical records.
Diabetes was considered present if listed as a diagnosis or based
on use of diabetic medication. Similarly hypertension was deemed
present based on recorded diagnosis or the use of antihypertensive
medication. Coronary artery disease was considered present if list-
ed as a diagnosis or if prior studies (e.g. stress testing or coronary
angiography) so indicated, or if the patient had a history of coro-
nary intervention or coronary bypass surgery. Chronic kidney dis-
ease was defined as an estimated glomerular filtration rate (by
MDRD formula) of <60 ml/min/m?.

All scans were performed using Brilliance iCT (Philips
Healthcare, Cleveland, OH, USA) or LightSpeed VCT (General
Electric Healthcare, Milwaukee, WI, USA) scanners and were
ECG gated. Thin CT slices ranging between 0.62 mm to 1.25
mm were obtained from “Synapse PACS” (Fujifilm Medical
Systems USA, Inc., Stamford, CT, USA). Anatomy of the aortic
valve was evaluated by previously described methods®. Briefly,
in the coronal oblique view, during diastole, a plane was posi-
tioned to match the coaptation point of the cusps and placed at
the level of the aortic annulus, the midpoint of the sinuses of
Valsalva (at the level of cusp coaptation) and at the sinotubular
junction (Figure 1). Images were carefully adjusted across cross
sectional and sagittal planes for the best alignment. Cross sec-
tional views of the aortic annulus, midpoint of sinuses and sino-
tubular junction were used to assess the perimeters at those lev-
els respectively. At the level of cusp coaptation, measurements
of cusp area and width were obtained. The sagittal plane was
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used to measure the height of each cusp from its base to the sino-
tubular junction.

All 3D reconstructions were performed utilizing an
“IntelliSpace 3D” workstation (Philips Healthcare).

Results

Baseline characteristics are described in Table 1, while aortic
root measurements are described in Table 2.

Of the 3 cusps, the right (RCC) was the largest, the left (LCC)
was the smallest, and the non-coronary cusp (NCC) was interme-
diate in size. Each cusp was statistically significantly larger in men
than women (p<0.0001 for each). After indexing to body surface
area (BSA) the differences in mean values between men and
women remained statistically significant (Table 2) but there were
large areas of overlap in each case. Sinus width and height were
also greater in men than women (in each case) but these differ-
ences became nonsignificant after indexing for body surface area
(BSA). The annulus perimeter was 79.3+6.8 mm in men vs
71.6£5.9 mm in women (p<0.0001); after indexing to BSA no sig-
nificant gender difference was seen. No significant differences
were noted between races. Annular perimeter did not vary by age.
By contrast, perimeters at the mid-sinus level and at the sinotubu-
lar junction were increased at older ages though the association
was weak (p=0.01, r squared=0.05 and p=0.02, r squared=0.07).
Other parameters were not associated with age except for height of
the right coronary sinus which showed a weak but significant
inverse correlation with age (p=0.004, r squared=0.05). The ratio
of sinus height (average):annular radius was 1.69+0.18.

Discussion

This investigation focused on aortic root dimensions in a diverse
clinical sample. There are several observations of interest including
gender differences in various parameters. All perimeters and sinus
measurements were larger in men than women but these differences
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were no longer significant after indexing for BSA. However, mean
area of the individual valve leaflets was greater in men than women
and these differences remained significant after indexing for BSA.
We also found differences in leaflet area between the leaflets with
the left cusp being the smallest and the right being the largest. The
reasons for this latter variation are unclear but may have to do with
adjacent anatomic structures such as the atrial septum, aorto-mitral
continuity, left atrial appendage, and pulmonary trunk. In addition,
the right sinus of Valsalva is not constrained by adjacent structures
and has been observed to expand more in systole than the other two
sinuses [2]. Related to these size differences, it is interesting to note
a previous study by our group, of 318 non-contrast CT scans (per-
formed for any reason), wherein frequency of leaflet calcifications
varied by leaflet: the left cusp most often contained calcifications
(39%) followed by the noncoronary cusp (32%), with calcifications
least often present in the right cusp (24%) [9].

Possible associations between perimeter values and age were
also explored. Perimeters at the mid-sinus level and sino-tubular
junction were noted to increase with increasing age. By contrast,
there was little change in annular perimeter, a finding that has been
reported by others [10].

Table 1. Baseline characteristics.

Age (years) 547113
Male (%) 49
Body surface area (mykg) 1.96+0.27
Race (%)
Black 73
White 13
Hispanic 8
Other 6
Hypertension (%) 30
Diabetes mellitus (%) 27
Chronic kidney disease (%) 6
Coronary artery disease (%) 18

Figure 1. Left panel shows placement of the various perimeter cut planes; the center panel illustrates measurement of sinus height; the right
panel illustrates measurement of cusp area and width. LCC, left coronary cusp; RCC, right coronary cusp; NCC, non-coronary cusp.
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Understanding normal aortic root dimensions and proportions
are important for several reasons:

Disease can alter these relationships. This can result in hemo-
dynamic changes and can potentially affect myocardial energetics.
For example, thoracic aortic aneurysms have been reported (via in
vitro models) to cause flow disruption in adjacent normal sections
of the aorta, and to increase shear stresses [11]. Anatomic distor-
tion of the aortic root can also lead to aortic regurgitation. Marfan
disease would be a classic example.

Surgical reconstruction of the aortic root should aim to repro-
duce normal proportions as closely as possible. In this regard it is
interesting to note the findings of Toninato et al. [12], who
observed marked energy loss in a simulation where there were no
sinuses.

Finally, we note with interest that the ratio of the sinus height
to annular radius was 1.69 in this sample, very close to the “golden
ratio” of 1.62 which is found throughout the natural world [13]. To
our knowledge this is a new finding. The golden ratio can generate
an equiangular spiral (Figure 2) which appears quite similar to the
vortices that form in the sinuses of Valsalva and which were first
demonstrated by Leonardo da Vinci [14]. We postulate that this
ratio may be important for efficient vortex formation and optimal
blood flow through the aortic root.

These findings have potential importance for understanding
aortic root pathology. Determining normal ranges for its compo-
nent parts allows us to define what is abnormal. We can also use
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resultant hemodynamic/physiologic consequences. This knowl-
edge can potentially benefit patients undergoing surgical or tran-
scutaneous procedures of the aortic root and valve. Careful pre-
procedure planning is necessary to maximize the chances of a
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Figure 2. Left: a golden spiral - a logarithmic spiral whose growth
factor is the golden ratio; the spiral gets wider (more distant from
its origin) by a factor of 1.62 for every quarter turn it makes.
Right: vortex flow in the sinuses of Valsalva as imaged by MRI:
reproduced from Oechtering ef al., J Thorac Cardiovasc Surg

. . . . 2016;152:418-2 ith ission.
this information to understand how the aortic root fails and the 15 7> with permission

Table 2. Aortic root measurements by gender.

RCC (mm?) 288.4£72.5 214.3£53.2 <0.0001
LCC (mm?) 252.8+58.9 200.9+49.1 <0.0001
NCC (mm?) 265.8+65.6 213.2+52.3 <0.0001
Indexed RCC (mm¥m?) 141.8+38.3 117.2+32.3 <0.0001
Indexed LCC (mm¥m?) 123.8+29.8 109.2+29.3 0.004
Indexed NCC (mm¥m?) 130.0+32.8 116.5+32.8 0.02
RCC sinus height (mm) 21.8+3.7 18.6+2.3 <0.0001
LCC sinus height (mm) 21.3+3.1 18.7+2.5 <0.0001
NCC sinus height (mm) 22.0+3.5 19.0+2.3 <0.0001
Indexed RCC sinus height (mm/m?) 10.6+2.1 10.2+1.7 0.19
Indexed LCC sinus height (mm/m?) 10.4+1.8 102+1.8 0.66
Indexed NCC sinus height (mm/m?) 10.7+£2.1 10.4+1.6 0.25
RCC sinus width (mm) 18.0+2.3 154+138 <0.0001
LCC sinus width (mm) 16.9+2.0 14.9+2.1 <0.0001
NCC sinus width (mm) 18.1£2.2 16.0«1.9 <(0.0001
Indexed RCC sinus width (mm/m?) 8.8+1.5 84+14 0.10
Indexed LCC sinus width (mm/mZ) 8.3+14 82+14 0.71
Indexed NCC sinus width (mm/m?) 8.9+14 8.8+1.5 0.70
Annular perimeter (mm) 79.3+6.8 71.6+5.9 <(0.0001
Mid-sinus perimeter (mm) 113.0+9.6 100.1+10.0 <0.0001
Sino-tubular junction perimeter (mm) 93.1+8.9 82.8+8.4 <0.0001
Indexed annular perimeter (mm/m?) 38.7+4.6 39.1+4.9 0.63
Indexed mid-sinus perimeter (mm/m?) 59.3+7.8 54.8+8.3 0.73
Indexed sino-tubular junction perimeter (mm/m?) 45.1+7.2 45.2+6.6 0.64

RCC, right coronary cusp; LCC, left coronary cusp; NCC, non-coronary cusp.
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from a diverse clinical sample undergoing CT examination of the facilitating smooth closure. J Thorac Cardiovasc Surg 2008;
chest for any reason and may not reflect dimensions in the general 136:1528-35, 1535.el.
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radius ratio even closer to the golden ratio. In this sample of 265-272.
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ral world. This may have to do with optimal vortex formation Am Soc Echocardiogr 2013;26:419-27.
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