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Abstract

Background: Mitral valve (MV) and tricuspid valve (TV) apparatus geometry are essential to define mechanisms and
etiologies of regurgitation and to inform surgical or transcatheter interventions. Given the increasing use of cardiovas-
cular magnetic resonance (CMR) for the evaluation of valvular heart disease, we aimed to establish CMR-derived age-
and sex-specific reference values for mitral annular (MA) and tricuspid annular (TA) dimensions and tethering indices
derived from truly healthy Caucasian adults.

Methods: 5065 consecutive UK Biobank participants underwent CMR using cine balanced steady-state free preces-
sion imaging at 1.5 T. Participants with non-Caucasian ethnicity, prevalent cardiovascular disease and other conditions
known to affect cardiac chamber size and function were excluded. Absolute and indexed reference ranges for MA and
TA diameters and tethering indices were stratified by gender and age (45-54, 55-64, 65-74 years).

Results: Overall, 721 (14.2%) truly healthy participants aged 45-74 years (54% women) formed the reference

cohort. Absolute MA and TA diameters, MV tenting length and MV tenting area, were significantly larger in men.
Mean = standard deviation (SD) end-diastolic and end-systolic MA diameters in the 3-chamber view (anteropos-
terior diameter) were 29404 cm (1.5+£0.2 cm/m?) and 33204 cm (1.7 0.2 cm/m?) in men, and 2.6 0.4 cm
(16402 cm/m?) and 3.0+£0.4 cm (1.8+£0.2 cm/m?) in women, respectively. Mean 4 SD end-diastolic and end-
systolic TA diameters in the 4-chamber view were 3.2+0.5cm (1.6 +0.3 cm/m?) and 3.24+0.5cm (1.7 403 cm/m?) in
men,and 2.94+04 cm (1.7 +£0.2 c/m?) and 2.8 £0.4 cm (1.7 £0.3 cm/m?) in women, respectively. With advancing
age, end-diastolic TA diameter became larger and posterior MV leaflet angle smaller in both sexes. Reproducibility of
measurements was good to excellent with an inter-rater intraclass correlation coefficient (ICC) between 0.92 and 0.98
and an intra-rater ICC between 0.90 and 0.97.

Conclusions: We described age- and sex-specific reference ranges of MA and TA dimensions and tethering indices in
the largest validated healthy Caucasian population. Reference ranges presented in this study may help to improve the
distinction between normal and pathological states, prompting the identification of subjects that may benefit from
advanced cardiac imaging for annular sizing and planning of valvular interventions.

*Correspondence: s.e.petersen@gmul.ac.uk

“William Harvey Research Institute, NIHR Barts Biomedical Research
Centre, Queen Mary University of London, Charterhouse Square,
London ECTM 6BQ, UK

Full list of author information is available at the end of the article

©The Author(s) 2020. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or

other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/. The Creative Commons Public Domain Dedication waiver (http://creativeco
mmons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.


http://orcid.org/0000-0003-4622-5160
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s12968-020-00688-y&domain=pdf

Ricci et al. J Cardiovasc Magn Reson (2021) 23:5

Page 2 of 13

Keywords: Cardiovascular magnetic resonance, Reference values, Mitral valve, Tricuspid valve, Annulus, Tenting area, }

Tethering

Introduction

Multimodality cardiovascular imaging plays a major role
in the diagnosis, prognosis, and management of valvu-
lar heart disease [1]. As a general rule, valvular regurgi-
tant lesions may present a challenge for most diagnostic
modalities because of their dynamic nature and depend-
ency on hemodynamic and physiologic conditions [2].
An integrative approach is therefore recommended to
achieve an accurate evaluation of the severity of the
lesion and its clinical significance [3].

Transthoracic echocardiography is the first-line imag-
ing modality for valvular heart disease assessment and
provides the core of the evaluation of valvular regurgi-
tation severity [4]. Cardiovascular magnetic resonance
(CMR) provides complementary and highly accurate
information about valve morphology, severity of the
regurgitant lesion and cardiac remodelling, delivering
unique insight into the mechanism of regurgitation and
additional information for optimal timing of intervention
(5, 6].

Quantitative assessment of mitral annulus (MA) and
tricuspid annulus (TA) is essential in understanding
mechanisms underlying valve regurgitation, and norma-
tive data, permitting the differentiation between normal
and pathological states, are even more so to inform sur-
gical planning. Recognizing abnormal valvular apparatus
geometry and annular dilation from standard anatomical
planes might help identify patients that may benefit from
advanced cardiac imaging and interventions [7, 8]. How-
ever, reference ranges for MA and TA dimensions were
hitherto available only for echocardiography [9, 10].

Based on the UK Biobank participant demographics
and health status in ~ 5000 consecutive participants from
the early phase of CMR [11, 12] acquisitions, we aim to
select validated normal healthy Caucasian participants in
order to establish balanced steady-state free precession
(bSSFP)-based reference values for MA and TA dimen-
sions from standard CMR two-dimensional long-axis
views.

Methods

Study population

CMR examinations of 5065 consecutive UK Biobank
participants were evaluated. Participants with non-
Caucasian ethnicity, known cardiovascular disease,
hypertension, respiratory disease, diabetes mellitus,
hyperlipidemia, hematological disease, renal disease,
rheumatological disease, malignancy, symptoms of chest

pain or dyspnea, current- or ex-tobacco smokers, those
taking medication for diabetes, hyperlipidemia or hyper-
tension and those with body mass index (BMI) > 30 kg/
m? were excluded from the analyses. We further excluded
individuals with valvular heart disease of any type and
severity. In order to create evenly distributed age-dec-
ade groups (45-54, 55-64, 65-74 years), all participants
older than 74 years were also excluded from the cohort.
Age- and sex-specific reference ranges for the left ventri-
cle, right ventricle and atria from the same study popula-
tion has been previously reported [13].

CMR protocol

The full UK Biobank CMR protocol has been extensively
described elsewhere [12]. Briefly, al CMR examina-
tions were performed in Cheadle, United Kingdom, on
a clinical wide bore 1.5 T scanner (MAGNETOM Aera,
Syngo Platform VD13A, Siemens Healthineers, Erlangen,
Germany). Assessment of MA and TA was performed
based on the combination of long axis cines (4-cham-
ber, 2-chamber and 3-chamber views) acquired at one
slice per breath-hold. All acquisitions used bSSFP with
typical parameters (subject to standard radiographer
changes to planning), as follows: repetition time/echo
time=2.6/1.1 ms (2.7/1.16 ms for long axis), flip angle
80°, Grappa factor 2, voxel size 1.8 mm x 1.8 mm x 8 mm
(6 mm for long axis). The actual temporal resolution of
32 ms was interpolated to 50 phases per cardiac cycle
(~20 ms). No signal or image filtering was applied
besides distortion correction.

Image analysis

Standard operating procedures for the analysis of MA
and TA dimensions and tethering indices were devel-
oped and approved prior to study initiation (Fig. 1). CMR
scans were analysed using CVi42 post-processing soft-
ware (Version 5.1.1, Circle Cardiovascular Imaging Inc.,
Calgary, Canada).

Mitral valve measurements

Two operators (ER. and N.A.) performed linear meas-
urement of MA on both end-systolic (frame with the
largest left atrium) and end-diastolic (frame with the
smallest left atrium) cardiac phases in horizontal long
axis (HLA) (4-chamber) and vertical long axis (VLA)
(2-chamber) and sagittal left ventricular outflow tract
(LVOT) (3-chamber; conventional anteroposterior annu-
lus) views. Mitral valve (MV) tenting area and tenting
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Fig. 1 Mitral annular and tricuspid annular dimensions and tethering indices. 3C, 3-chamber view; 4C, 4-chamber view; MA, mitral annulus; MV,

height (depth) were assessed in 3-chamber view on the
mid-systolic cardiac phase (the frame midway between
MYV closure and end-systole) [4]. The length of the ante-
rior mitral leaflet (AML) was measured in the 3-cham-
ber view, from the most distal part of the leaflet up to
its insertion during mid- or end-diastole, using the last
diastolic image where the AML was most clearly vis-
ible. All measurements were then indexed to body sur-
face area (BSA) or to height. Furthermore, we measured
a and P angles that the mitral leaflets create with the MA
line during mid-systole in the 3-chamber view, and the
ratio of posterior to anterior leaflet tethering angle, rep-
resenting a measure of the tethering pattern (the higher
the ratio, the more asymmetric the pattern) [14]. Finally,
we computed the ratio of diastolic antero-posterior MA
diameter to AML length [15].

Tricuspid valve measurements

Two operators (ER. and N.A.) performed linear measure-
ment of TA on both end-systolic (frame with the largest
right atrium) and end-diastolic (frame with the small-
est right atrium) cardiac phase in HLA (4-chamber)
view. TV tenting area and tenting height (or depth) were
assessed in 4-chamber view on the mid-systolic cardiac
phase [4].

Additionally, we computed the ratio of end-diastolic
TA to MA diameter in HLA (4-chamber) view.

Inter- and intra-observer variability between analysts
for MA and TA measurements was assessed by analysis
of fifty randomly selected CMR examinations, repeated
after a one-month interval.

Statistical analysis

All data are presented as mean=+standard deviation,
unless stated otherwise. Continuous variables were visu-
ally assessed for normality using histograms and Q—Q
plots. Independent sample Student’s t-test was used to
compare mean values of CMR parameters between men
and women. Outliers were defined a priori as CMR meas-
urements more than three interquartile ranges below the
first quartile or above the third quartile and removed
from the analyses. Mean values for all cardiac param-
eters are reported by gender and age subgroups (45-54,
55-64, 65—-74). An extension of the Wilcoxon rank-sum
test was used to test the significance of trends across age
subgroups [16]. Reference ranges for measured data are
defined as the 95% prediction interval which is calculated
by mean=tyo,s 1 (V(n+1)/n) (SD) [17]. Absolute val-
ues of MA and TA dimensions and tethering indices were
also indexed to BSA (using the DuBois and DuBois for-
mula [18]) and height.
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The reference ranges for the whole cohort were defined
as the range where the measured value fell within the
95% prediction interval for the whole cohort regardless of

Table 1 Baseline characteristics of the normal control
study population

Age subgroups (years)

45-54 55-64 65-74
Number of participants 224 302 195
Age (years) 51(2) 59 (3) 68 (2)
Male gender 103 (46) 142 (47) 83 (43)
Systolic blood pressure (mmHg) 126 (14) 133 (16) 136 (18)
Diastolic blood pressure (mmHg) 76 (9) 77(9) 76 (9)
Heart rate (bpm) 66.9 (9.9) 684 (12.1)  68.6(10.6)
Weight (kg) 706 (12.7) 699 (120) 67.7(11.3)
Height (m) 1.72(0.09) 1.70(0.09) 1.69(0.09)
BSA (m?) 1.83(0.20) 1.81(0.19) 1.77(0.18)
BMI (kg/m?) 24.2(2.9) 244 (2.7) 242 (2.8)

All continuous values are reported in mean =+ standard deviation (SD), while
categories are reported as number (percentage)

BMI, body mass index; BSA, body surface area
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age decade. The borderline zone was defined as the upper
and lower ranges where the measured value lay outside
the 95% prediction interval for at least one age group.
The abnormal zone was defined as the upper and lower
ranges, where the measured values were outside the 95%
prediction interval for any age group [13]. Intra-class cor-
relation coefficients (ICC) were obtained to assess inter-
and intra-observer variability. Two-way ICC (2,1) was
computed for inter-observer ICCs, to reflect the fact that
a sample of cases and a sample of raters were observed,
whereas a one-way ICC (1,1) was computed for intra-
observer ICC [19]. A p-value<0.05 was considered sta-
tistically significant for all tests. Statistical analysis was
performed using R (version 3.3.0, Statistical Software, R
Foundation for Statistical Computing, Vienna, Austria).

Results

Of 5065 CMR scans acquired between 30th April 2014
and 30th August 2015, 91 examinations were discarded as
either the CMR data were of insufficient quality or CMR
identifier, and subject identifier did not match. Outli-
ers (n=10) and individuals with pair-wise missing data

Table 2 Absolute normal reference ranges of mitral and tricuspid valve annulus measurements in Caucasian men

Parameters

Mitral valve annulus

MA diameter at end-diastole, 4C (cm)
MA diameter at end-systole, 4C (cm)
MA diameter at end-diastole, 3C (cm)
MA diameter at end-systole, 3C (cm)
MA diameter at end-diastole, 2C (cm)
MA diameter at end-systole, 2C (cm)
MV tenting length, 3C (cm)

MYV tenting area, 3C (cm®)

AML length, 3C (cm)

AML (o) angle, 3C (°)

PML (B) angle, 3C (°)

MA/AML ratio, 3C

Tethering angle (B/o) ratio

Tricuspid valve annulus

TA diameter at end-diastole, 4C (cm)
TA diameter at end-systole, 4C (cm)
TV tenting length, 4C (cm)

TV tenting area, 4C (cm?)

TA/MA diameter ratio at end-diastole, 4C

Abnormal low

Normal range Abnormal high

Borderline zone
Borderline zone

Abnormal low and high refer to the lower and upper reference limits, respectively. They are defined as measurements which lie outside the 95% prediction interval
at all age groups. Borderline zone values should be looked up in the age-specific tables. The borderline zone was defined as the upper and lower ranges where the
measured value lay outside the 95% prediction interval for at least one age group. All measurements are reported in cm (areas in cm?), except for ratios and angles

2C, two-chamber; 3C, three-chamber; 4C, four-chamber; AML, anterior mitral leaflet; BSA, body surface area; MA, mitral annulus; MV, mitral valve; PML, posterior mitral

leaflet; TA, tricuspid annulus; TV, tricuspid valve



Ricci et al. J Cardiovasc Magn Reson (2021) 23:5

Page 5 of 13

Table 3 Normal reference ranges of mitral and tricuspid valve annulus measurements indexed to BSA in Caucasian men

Parameters

Abnormal low

Mitral valve annulus

MA diameter at end-diastole, 4C (cm/m?)
MA diameter at end-systole, 4C (cm/m?)
MA diameter at end-diastole, 3C (cm/m?)
MA diameter at end-systole, 3C (em/m?)
MA diameter at end-diastole, 2C (cm/m?)
MA diameter at end-systole, 2C (cm/m?)
MYV tenting length, 3C (cm/m?)

MYV tenting area, 3C (cm*/m?)

AML length, 3C (cm/m?)

AML (o) angle, 3C (°/m?)

PML (B) angle, 3C (°/m?)

MA/AML ratio, 3C

Tethering angle (B/o) ratio

Tricuspid valve annulus

TA diameter at end-diastole, 4C (cm/m®)
TA diameter at end-systole, 4C (cm/m?)
TV tenting length, 4C (cm/m?)

TV tenting area, 4C (cm*/m®)

TA/MA diameter ratio at end-diastole, 4C

Normal range Abnormal high

Borderline zone
Borderline zone

Abnormal low and high refer to the lower and upper reference limits, respectively. They are defined as measurements which lie outside the 95% prediction interval
at all age groups. Borderline zone values should be looked up in the age-specific tables. The borderline zone was defined as the upper and lower ranges where the
measured value lay outside the 95% prediction interval for at least one age group. All measurements are indexed to body surface area and reported in cm/m? (areas in

cm?/m?), except for ratios and angles

2C, two-chamber; 3C, three-chamber; 4C, four-chamber; AML, anterior mitral leaflet; BSA, body surface area; MA, mitral annulus; MV, mitral valve; PML, posterior mitral

leaflet; TA, tricuspid annulus; TV, tricuspid valve

for annular measurements (n="72) were also excluded.
Finally, 721 (14.5%) subjects met the inclusion criteria.
The baseline characteristics of the reference cohort are
presented in Table 1. The mean age of the cohort was
5947 years (range 45-74) years. Men were taller, heav-
ier, and had higher BSA values. A summary of absolute
and indexed CMR parameters stratified by gender is
presented in Additional file 1: Tables S1-S3 and further
stratification by age and gender is reported in Additional
file 1: Tables S4—S9.

CMR reference ranges of MA and TA dimensions and
tethering indices are provided in a traffic light format for
males and females regardless of their age groups for both
absolute and indexed values (Tables 2, 3, 4, 5, Additional
file 1: Tables S10, S12). Age-specific reference ranges
are also provided in tables dedicated to measured CMR
values in the borderline (yellow) zone (Tables 6, 7, 8, 9,
Additional file 1: Tables S11-S13).

Mitral valve measurements

Absolute MA diameters in 4C, 3C and 2C views, MV
tenting length, MV tenting area, AML length and MA/
AML ratio were significantly larger in men compared
with women (Additional file 1: Table S1). However,
after adjustment for BSA, women had larger MA diam-
eters, AML length, AML and posterior mitral leaf-
let (PML) angles and tethering angle ratio (Additional
file 1: Table S2). Conversely, after adjustment for height,
MA diameters in 2C view, MV tenting area, MV tent-
ing length and MA/AML ratio were larger in men, while
AML and PML angles, and tethering angle ratio were
larger in women (Additional file 1: Table S3).

With advancing age, both absolute and indexed MV
tenting area trended down in men, while posterior MV
leaflet angle and tethering angle ratio were smaller in
both sexes (Additional file 1: Tables S4—S9).
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Table 4 Normal reference ranges of mitral and tricuspid valve annulus measurements in Caucasian women

Parameters

Abnormal low

Mitral valve annulus

MA diameter at end-diastole, 4C (cm)
MA diameter at end-systole, 4C (cm)
MA diameter at end-diastole, 3C (cm)
MA diameter at end-systole, 3C (cm)
MA diameter at end-diastole, 2C (cm)
MA diameter at end-systole, 2C (cm)
MV tenting length, 3C (cm)

MV tenting area, 3C (em?)

AML length, 3C (cm)

AML (o) angle, 3C (°)

PML (B) angle, 3C (°)

MA/AML ratio, 3C

Tethering angle (B/o) ratio

Tricuspid valve annulus

TA diameter at end-diastole, 4C (cm)
TA diameter at end-systole, 4C (cm)
TV tenting length, 4C (cm)

TV tenting area, 4C (cm?)

TA/MA diameter ratio at end-diastole, 4C

Normal range Abnormal high

Borderline zone
Borderline zone

Abnormal low and high refer to the lower and upper reference limits, respectively. They are defined as measurements which lie outside the 95% prediction interval
at all age groups. Borderline zone values should be looked up in the age-specific tables. The borderline zone was defined as the upper and lower ranges where the
measured value lay outside the 95% prediction interval for at least one age group. All measurements are reported in cm (areas in cm?), except for ratios and angles

2C, two-chamber; 3C, three-chamber; 4C, four-chamber; AML, anterior mitral leaflet; BSA, body surface area; MA, mitral annulus; MV, mitral valve; PML, posterior mitral

leaflet; TA, tricuspid annulus; TV, tricuspid valve.

Tricuspid valve measurements

Absolute and height-indexed TA diameters, TV tenting
length, TV tenting area and end-diastolic TA/MA diam-
eter ratio were significantly larger in men (Additional
file 1: Tables S1-S3, S8-S9). After adjustment for BSA,
end-diastolic TA diameter was significantly larger in
women (Additional file 1: Table S7).

With advancing age, TV tenting length trended down
in men, while end-diastolic TA diameter and TA/MA
diameter ratio became larger in both sexes (Additional
file 1: Tables S4-S9).

Intra- and inter-observer variability

Good to excellent intra- and inter-observer variabil-
ity was achieved for all measurements with an inter-
rater ICC between 0.92 and 0.98 and an intra-rater ICC
between 0.90 and 0.97.

Discussion

Over the last century, a sharp transition in the spec-
trum of valvular heart disease has been recognized. With
longer lifespan expectancy most valve pathology is now
degenerative, and the burden of valvular heart disease on
healthcare systems is expected to increase. Mitral regur-
gitation is the most prevalent subtype of valvular heart
disease in the general population, as well as the second
most frequent indication for heart valve surgery [20]. Tri-
cuspid regurgitation has been reported the second most
common valvular heart disease after mitral regurgita-
tion, namely in the elderly population, with a significant
impact on survival [21]. Transcatheter valve technology
has progressed and gained popularity as a suitable alter-
native for the treatment of valvular heart disease. This has
renewed the interest in multimodality imaging of mitral
and tricuspid valve, and mostly functional mitral regur-
gitation and tricuspid regurgitation, in which precise
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Table 5 Normal reference ranges of mitral and tricuspid valve annulus measurements indexed to BSA in Caucasian

women

Parameters

Abnormal low

Mitral valve annulus

MA diameter at end-diastole, 4C (cm/m?)
MA diameter at end-systole, 4C (cm/mz)
MA diameter at end-diastole, 3C (cm/m?)
MA diameter at end-systole, 3C (cm/m?)
MA diameter at end-diastole, 2C (cm/m?)
MA diameter at end-systole, 2C (cm/m?)
MYV tenting length, 3C (cm/m?)

MYV tenting area, 3C (cm*/m?)

AML length, 3C (cm/m?)

AML (o) angle, 3C (°/m?)

PML (B) angle, 3C (°/m?)

MA/AML ratio, 3C

Tethering angle (B/o) ratio

Tricuspid valve annulus

TA diameter at end-diastole, 4C (cm/m°)
TA diameter at end-systole, 4C (cm/m?)
TV tenting length, 4C (cm/m?)

TV tenting area, 4C (sz/mz)

TA/MA diameter ratio at end-diastole, 4C

Normal range Abnormal high

Borderline zone
Borderline zone

Abnormal low and high refer to the lower and upper reference limits, respectively. They are defined as measurements which lie outside the 95% prediction interval
at all age groups. Borderline zone values should be looked up in the age-specific tables. The borderline zone was defined as the upper and lower ranges where the
measured value lay outside the 95% prediction interval for at least one age group. All measurements are indexed to body surface area and reported in cm/m? (areas in

cm?/m2), except for ratios and angles

2C, two-chamber; 3C, three-chamber; 4C, four-chamber; AML, anterior mitral leaflet; BSA, body surface area; MA, mitral annulus; MV, mitral valve; PML, posterior mitral

leaflet; TA, tricuspid annulus; TV, tricuspid valve

quantitative assessment of annular geometry is essential
for understanding the mechanisms of regurgitation and
planning of valvular intervention. However, quantita-
tive measurements only provide meaningful information
when compared to relevant reference values.

Our study provides absolute and indexed age- and
gender-specific CMR reference ranges of MA and TA
dimensions and indices of leaflet tethering based on the
largest population-based dataset derived from a cohort
of 721 Caucasian adults aged 45-74 rigorously free from
pathophysiological or environmental risk factors affect-
ing cardiac structure or function.

The measurements provided in this study identify nor-
mative data from standardized anatomical planes on
two-dimensional bSSFP long-axis views, with somewhat
expected differences from previously published echocar-
diographic thresholds.

Dilation of the MA is a key mechanism in the devel-
opment and progression of both primary and second-
ary mitral regurgitation, whereas abnormal indices of

leaflet tethering are major determinants of ischemic
mitral regurgitation [2]. The cut-off for MA dilata-
tion endorsed by the European Society of Cardiology is
3.5 cm (and/or MA/AML ratio > 1.3) [15], based on unin-
dexed transoesophageal echocardiography measurement
of the end-diastolic antero-posterior diameter of the
MA performed in 49 anaesthetized patients scheduled
for MV surgery [22]. However, subsequent echocardio-
graphic studies reported wide inter-individual variabil-
ity of MA measurements [23] and different thresholds
between sexes [10]. In our study, mean+SD end-dias-
tolic and end-systolic MA diameters in the 3-cham-
ber view (antero-posterior diameter) were 2.9+0.4 cm
(1.540.2 cm/m?) and 3.3+£0.4 cm (1.740.2 cm/m?) in
men, and 2.6+0.4 cm (1.6+0.2 cm/m?) and 3+0.4 cm
(1.840.2 cm/m?) in women, respectively. These results
are consistent with previous evidence from Pini and col-
leagues who first observed gender differences in MV
dimensions [24]. Particularly, the ratio of MV dimen-
sions to BSA tended to be larger in normal women.
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men

Parameters 45-54 years 55-64 years 65-74 years
Mitral valve annulus lower | mean upper lower | mean upper lower | mean upper
MA diameter at end-diastole, 4C (cm) 2.4 32 4.1 23 32 4.1 23 3.2 4.1
MA diameter at end-systole, 4C (cm) 2.4 33 43 2.3 33 43 2.2 33 4.4
MA diameter at end-diastole, 3C (cm) 2.2 2.9 3.7 2.0 2.8 3.6 2.0 2.9 3.8
MA diameter at end-systole, 3C (cm) 2.6 34 4.1 2.5 33 4.1 24 34 43
MA diameter at end-diastole, 2C (cm) 2.8 3.6 4.4 2.9 3.6 4.2 2.8 3.6 4.4
MA diameter at end-systole, 2C (cm) 2.9 3.6 4.4 2.8 3.7 4.5 2.9 3.7 4.6
MYV tenting length, 3C (cm) 0.4 0.7 1.0 0.3 0.6 1.0 0.4 0.7 1.0
MYV tenting area, 3C (cm?) 0.9 1.5 2.2 0.6 1.4 2.1 0.7 1.4 2.2
AML length, 3C (cm) 1.8 2.1 2.5 1.7 2.1 2.5 1.7 2.1 2.5
AML (o) angle, 3C (°) 17 38 58 13 37 61 14 38 61
PML (B) angle, 3C (°) 29 54 79 22 50 78 24 46 68
MA/AML ratio, 3C 1.0 1.4 1.7 0.9 1.3 1.7 1.0 1.4 1.8
Tethering angle (B/o) ratio 0.3 1.6 2.9 0.2 1.5 2.7 0.2 1.3 2.5
Tricuspid valve annulus

TA diameter at end-diastole, 4C (cm) 2.2 3.1 4.1 2.2 32 42 2.3 33 4.4
TA diameter at end-systole, 4C (cm) 2.2 32 4.2 2.1 3.2 4.3 23 33 4.4
TV tenting length, 4C (cm) 0.1 0.4 0.7 0.1 0.4 0.7 0.1 0.3 0.6
TV tenting area, 4C (cm?) 0.2 0.7 1.1 0.2 0.7 1.1 0.2 0.6 1.1
TA/MA diameter ratio at end-diastole, 4C 0.7 1.0 1.3 0.7 1.0 1.4 0.7 1.1 1.5

Male reference ranges detailing mean, lower reference limit and upper reference limit by age group. Reference limits are derived by the upper and lower bounds of
the 95% prediction interval for each parameter at each age group. All measurements are reported in cm (areas in cm?), except for ratios and angles

2C, two-chamber; 3C, three-chamber; 4C, four-chamber; AML, anterior mitral leaflet; BSA, body surface area; MA, mitral annulus; MV, mitral valve; PML, posterior mitral

leaflet; TA, tricuspid annulus; TV, tricuspid valve

Nevertheless, upon adjustment for height, antero-pos-
terior MA dimensions were no longer different between
sexes. Mean=+SD of MA/AML ratio was larger in men
(1.4+£0.2) compared with women (1.3£0.2). MA/AML
ratio did not change significantly with age in either
gender.

The most common methods proposed in the litera-
ture to quantify the degree of tethering include (i) tent-
ing area, a simple area measurement from the leaflet
tips to the annular plane performed at mid-systole, and
(if) coaptation height or depth, measuring the distance
from the leaflet tips to the annular plane at mid-systole.
Both parameters have been shown to correlate with the
severity of secondary mitral regurgitation and mid-term
postoperative outcome [25]. Importantly, annular dila-
tion alone without leaflet tethering is an uncommon
cause of significant secondary mitral regurgitation, such
as in patients with left atrium dilatation from long-stand-
ing atrial fibrillation [26]. Furthermore, tethering angles
define the geometrical relationship between the base of
the leaflets to the annulus: a represents the angle between
the annular plane and AML and  the angle between

the annular plane and PML [27, 28]. Despite poor
inter-modality agreement, a higher ratio of posterior to
anterior angle—describing an asymmetric tenting phe-
notype—has been reported as a predictor of increased
mitral regurgitation severity [14]. In our cohort, tether-
ing angle ratio was larger in women (1.6 +0.6) compared
with men (1.5£0.6), and declining with ageing along
with the reduction of p angle.

Accurate non-invasive measurement of TA size also
has important clinical and surgical implications. The
American College of Cardiology/American Heart Associ-
ation (ACC/AHA) guidelines defines TA dilatation as an
end-diastolic diameter >40 mm or>21 mm/m? in the 4C
transthoracic view and is the primary imaging criterion
used to indicate severe tricuspid regurgitation [29]. How-
ever, these cut-offs were identified from apical 4-cham-
ber echocardiographic view in studies not uniformly
reporting the timing of the cardiac cycle to conduct TA
measurement. Three-dimensional echocardiography cap-
tured higher thresholds for TA enlargement, reporting
an upper limit of normal for TA diameter in the 4C view
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Table 7 Age-specific normal reference ranges of mitral and tricuspid valve annulus measurements indexed to BSA

in Caucasian men

Parameters 45-54 years 55-64 years 65-74 years
Mitral valve annulus lower | mean upper lower @ mean upper lower @ mean upper
MA diameter at end-diastole, 4C (cm/m?) 1.2 1.6 2.0 1.1 1.6 2.1 1.2 1.7 2.2
MA diameter at end-systole, 4C (cm/m?) 1.2 1.7 2.2 1.1 1.7 2.2 1.1 1.7 2.3
MA diameter at end-diastole, 3C (cm/m?) 1.1 1.5 1.8 1.0 1.4 1.9 1.0 1.5 2.0
MA diameter at end-systole, 3C (cm/m?) 1.3 1.7 2.1 1.2 1.7 2.1 1.3 1.8 2.2
MA diameter at end-diastole, 2C (cm/mz) 1.5 1.8 2.2 1.5 1.8 2.2 1.4 1.9 23
MA diameter at end-systole, 2C (cm/m?) 1.5 1.8 2.2 1.4 1.9 23 1.5 2.0 2.5
MYV tenting length, 3C (cm/m?) 0.2 0.3 0.5 0.2 0.3 0.5 0.2 0.3 0.5
MYV tenting area, 3C (cm?/m?) 0.4 0.8 1.1 0.3 0.7 1.1 0.3 0.7 1.1
AML length, 3C (cm/m?) 0.9 1.1 1.3 0.8 1.1 1.3 0.8 1.1 1.4
AML (o) angle, 3C (°/m?) 8.0 19 30 7.0 19 32 6.0 20 33
PML (B) angle, 3C (°/m?) 13 28 42 11 26 41 12 24 36
MA/AML ratio, 3C 1.0 1.4 1.7 0.9 1.3 1.7 1.0 1.4 1.8
Tethering angle (B/ar) ratio 1.6 1.6 29 0.2 1.5 2.7 0.2 1.3 2.5
Tricuspid valve annulus

TA diameter at end-diastole, 4C (cm/m?) 1.1 1.6 2.1 1.1 1.6 2.2 1.1 1.7 23
TA diameter at end-systole, 4C (cm/m?) 1.1 1.6 2.2 1.0 1.6 2.2 1.1 1.7 2.4
TV tenting length, 4C (cm/m?) 0.1 0.2 0.3 0.0 0.2 0.3 0.0 0.2 0.3
TV tenting area, 4C (cm*/m?) 0.1 0.3 0.6 0.1 0.3 0.6 0.1 0.3 0.6
TA/MA diameter ratio at end-diastole, 4C 0.7 1.0 1.3 0.7 1.0 1.4 0.7 1.1 1.5

Male reference ranges detailing mean, lower reference limit and upper reference limit by age group. Reference limits are derived by the upper and lower bounds
of the 95% prediction interval for each parameter at each age group. All measurements are indexed to body surface area and reported in cm/m? (areas in cm?/m?),

except for ratios and angles

2C, two-chamber; 3C, three-chamber; 4C, four-chamber; AML, anterior mitral leaflet; BSA, body surface area; MA, mitral annulus; MV, mitral valve; PML, posterior mitral

leaflet; TA, tricuspid annulus; TV, tricuspid valve

of 2.3 cm/m?[30], exactly matching our results in both
sexes.

Limitations

The normative reference ranges described were derived
from a population of 45-74 years of Caucasian ethnic-
ity, and may not be generalizable to other ethnic and age
groups.

Measurements were performed exclusively from stand-
ardized anatomical planes on two-dimensional bSSFP
long axis views routinely acquired as part of left ventricu-
lar structure and function module [31]; therefore inter-
commissural annular diameter from modified 2C view
was not available [32]. The complex anatomy of both
MA and TA requires high-spatial resolution 3D imaging
modalities for optimal evaluation of annular dimensions

and geometry and should rely upon 3D whole-heart
CMR data sets with multiplanar reformatting, as for 3D
transesophageal echocardiography and cardiac com-
puted tomography [33, 34]. Accordingly, in view of the
expected suboptimal accuracy of the 2D-approach, we
were also unable to adequately evaluate MA and TA area
and short-axis dimensions. Although fully 3D dynamic
reconstruction of MA and TA can be accurately per-
formed by CMR, this is a time-consuming process typi-
cally practiced only in patients being considered for valve
intervention [35]. Specific whole heart 3D CMR studies
are needed to obtain reference values of TA and MA area
and short-axis dimensions.

Our data were obtained from healthy subjects with-
out valvular heart disease and therefore do not affect
previous evidence that severe annular dilatation (>5 cm
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Table 8 Age-specific absolute normal reference ranges of mitral and tricuspid valve annulus measurements in Caucasian
women

Parameters 45-54 years 55-64 years 65-74 years
Mitral valve annulus lower upper lower upper lower upper
MA diameter at end-diastole, 4C (cm) 2.4 3.6 2.2 3.6 2.1 3.7
MA diameter at end-systole, 4C (cm) 24 3.8 23 3.9 2.1 3.9
MA diameter at end-diastole, 3C (cm) 1.9 33 1.9 33 1.9 33
MA diameter at end-systole, 3C (cm) 2.3 3.8 2.3 3.8 2.3 3.8
MA diameter at end-diastole, 2C (cm) 2.6 3.9 2.5 3.8 2.5 3.8
MA diameter at end-systole, 2C (cm) 2.6 39 2.5 3.99 24 4.1
MYV tenting length, 3C (cm) 0.3 0.9 0.3 0.9 0.3 0.9
MYV tenting area, 3C (sz) 0.5 1.9 0.6 1.9 0.5 1.8
AML length, 3C (cm) 1.7 24 1.6 2.4 1.7 23
AML (o) angle, 3C (°) 18 54 18 58 19 54
PML (B) angle, 3C (°) 33 80 26 85 23 30
MA/AML ratio, 3C 0.9 1.6 0.9 1.7 0.9 1.7
Tethering angle (B/ar) ratio 0.5 29 0.3 2.8 0.4 2.6
Tricuspid valve annulus

TA diameter at end-diastole, 4C (cm) 2.1 35 2.1 3.6 2.1 3.9
TA diameter at end-systole, 4C (cm) 2.0 3.6 1.9 3.7 1.9 3.8
TV tenting length, 4C (cm) 0.1 0.5 0.1 0.5 0.1 0.5
TV tenting area, 4C (cm®) 0.2 0.8 0.1 0.8 0.1 0.8
TA/MA diameter ratio at end-diastole, 4C 0.7 1.2 0.7 1.3 0.7 1.4

Female reference ranges detailing mean, lower reference limit and upper reference limit by age group. Reference limits are derived by the upper and lower bounds of
the 95% prediction interval for each parameter at each age group. All measurements are reported in cm (areas in cm?), except for ratios and angles

2C, two-chamber; 3C, three-chamber; 4C, four-chamber; AML, anterior mitral leaflet; BSA, body surface area; MA, mitral annulus; MV, mitral valve; PML, posterior mitral
leaflet; TA, tricuspid annulus; TV, tricuspid valve

in primary MR and>3.7 cm in ischemic mitral regurgi- CMR scans were not performed repeatedly on the
tation) is a predictor of unsuccessful repair [36]. This same individuals over time; therefore, the associations
extends to the measurement of tethering indices, which  described between age and CMR measurements are not
have most frequently been evaluated in surgical series to  longitudinal, but cross-sectional.

assess the efficacy of MV and TV repair [25, 37].
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Table 9 Age-specific normal reference ranges of mitral and tricuspid valve annulus measurements indexed to BSA

in Caucasian women

Parameters 45-54 years 55-64 years 65-74 years
Mitral valve annulus lower upper lower upper lower upper
MA diameter at end-diastole, 4C (cm/m?) 1.4 2.2 1.3 2.2 1.2 23
MA diameter at end-systole, 4C (cm/m?) 1.4 2.3 1.3 2.3 1.3 2.4
MA diameter at end-diastole, 3C (cm/m?) 1.1 2.0 1.1 2.0 1.2 2.0
MA diameter at end-systole, 3C (cm/m?) 1.3 2.2 1.4 23 1.4 23
MA diameter at end-diastole, 2C (cm/m?) 1.5 2.3 1.5 2.3 1.5 2.3
MA diameter at end-systole, 2C (cm/m?) 1.5 2.4 1.5 2.4 1.4 2.5
MYV tenting length, 3C (cm/m?) 0.2 0.5 0.2 0.5 0.2 0.5
MYV tenting area, 3C (cm’/m?) 0.3 1.1 0.4 1.1 0.3 1.1
AML length, 3C (cm/m?) 0.9 1.5 0.9 1.5 1.0 1.4
AML (01) angle, 3C (°/m?) 10 33 11 35 11 33
PML (B) angle, 3C (°/m?) 18 49 15 51 13 49
MA/AML ratio, 3C 0.9 1.6 0.9 1.7 0.9 1.7
Tethering angle (f/ar) ratio 0.5 2.9 0.3 2.8 0.4 2.6
Tricuspid valve annulus

TA diameter at end-diastole, 4C (cm/m?) 1.2 2.1 1.2 2.2 1.3 2.3
TA diameter at end-systole, 4C (cm/m?) 1.1 22 1.1 22 1.2 23
TV tenting length, 4C (cm/m?) 0.1 0.3 0.0 0.3 0.0 0.3
TV tenting area, 4C (cm*/m?) 0.1 0.5 0.1 0.5 0.1 0.5
TA/MA diameter ratio at end-diastole, 4C 0.7 1.2 0.7 1.3 0.7 14

Female reference ranges detailing mean, lower reference limit and upper reference limit by age group. Reference limits are derived by the upper and lower bounds
of the 95% prediction interval for each parameter at each age group. All measurements are indexed to body surface area and reported in cm/m? (areas in cm?/m?),

except for ratios and angles

2C, two-chamber; 3C, three-chamber; 4C, four-chamber; AML, anterior mitral leaflet; BSA, body surface area; MA, mitral annulus; MV, mitral valve; PML, posterior mitral

leaflet; TA, tricuspid annulus; TV, tricuspid valve

Conclusions

This study provides age- and sex-specific normal refer-
ence ranges of MA and TA dimension and tethering
indices from the largest healthy Caucasian population
and will be useful in the analysis of CMR examinations
in both clinical and research settings. Notably, refer-
ence ranges presented in our study may help to improve
the distinction between normal and pathological states,
prompting the identification of subjects that may benefit
from advanced cardiac imaging for annular sizing and
planning of valvular interventions.
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