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ARTICLE INFO ABSTRACT

Keywords: Purpose: To determine the reliability of subjective and objective quantification of mitral annular calcification
Aged (MAQ) in elderly patients with severe aortic stenosis, to define quantitative sex- and age-related reference values
80 and over of MAC, and to correlate quantitative MAC with mitral valve disease.

Calcification Methods: In this retrospective, IRB-approved study, we included 559 patients (268 females, median age 81 years,
Mitral valve inter-quartile range 77-85 years) with severe aortic stenosis undergoing CT. Four independent readers per-
formed subjective MAC categorization as follows: no, mild, moderate, and severe MAC. Two independent readers
performed quantitative evaluation of MAC using the Agatston score method (Agatstonyac). Mitral valve disease
was determined by echocardiography.

Results: Subjective MAC categorization showed high inter-reader agreement for no (k = 0.88) and severe MAC
(k = 0.75), whereas agreement for moderate (k = 0.59) and mild (k = 0.45) MAC was moderate. Intra-reader
agreement for subjective MAC categorization was substantial (k = 0.69 and 0.62). Inter- and intra-reader
agreement for Agatstonyac were excellent (ICC = 0.998 and 0.999, respectively), with minor inconsistencies in
MAC involving the left ventricular outflow tract/aortic valve. There were significantly more women than men
with MAC (n = 227, 85% versus n = 209, 72%; p < 0.001), with a significantly higher Agatstonyac (median
597, range 81-2055 versus median 244; range 0-1565; p < 0.001), particularly in patients =85 years of age.
Agatstonyac showed an area-under-the-curve of 0.84 to diagnose mitral stenosis, whereas there was no asso-
ciation of Agatstonyac with mitral regurgitation (p > 0.05).

Conclusions: Our study in elderly patients with severe aortic stenosis shows that quantitative MAC scoring is
more reliable than subjective MAC assessment. Women show higher Agatstonyac scores than men, particularly
in the elderly population. Agatstonyac shows high accuracy to diagnose mitral stenosis.

Mitral valve stenosis
Computed tomography

1. Introduction

Mitral annular calcification (MAC) is a chronic degenerative process
of the fibrous support structure of the mitral valve.'-* The reported
prevalence of MAC is about 8% in an unselected, general population®
and increases with age, in the presence of cardiovascular risk factors,
and with chronic kidney dysfunction.**

MAC is usually asymptomatic. However, the presence of MAC has
been associated with a higher risk of cardiovascular events and mor-
tality, conduction abnormalities, and mitral valve disease.”° In addi-
tion, extensive MAC represents a challenge for surgery when mitral
valve repair or replacement is planned.'® On the contrary, extensive
and circumferential MAC can act as an anchor for positioning balloon-
expandable valves in the mitral position.”' ™

Computed tomography (CT) enables the accurate and reproducible
assessment of cardiac calcifications, including the coronary arteries and
aortic valve.®'""'° All studies evaluating the prognostic effect of MAC
on outcome so far applied a subjective, semi-quantitative scoring
system of MAC on contrast-enhanced CT wusing different
methods.>®'”-'® For example the method described by Amat-Santos
et al.”'® used a 4-grade scoring system evaluating the circumferential
involvement of the mitral annulus, whereas involvement of >=1/2 of the
circumference represents severe MAC. Ancona et al. used a 5-grade
scoring system evaluating the extent of posterior involvement as grade
0-3 and extension to the anterior annulus as grade 4. Takana et al.'”
also used a 5-grade scoring system with grades representing the in-
volvement of 0, < 1/4, < 1/2, < 3/4 and > 3/4 of the entire annular
circumference.
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Interestingly, echocardiography employs a semi-quantitative
grading scheme similar to that from Amat-Santos et al. for CT.>'® Al-
ternatively, the severity of MAC can be assessed with echocardiography
by measuring the maximal MAC thickness from the leading to the
trailing edge.” A drawback of all these methods are their subjectivity,
and the categorization of MAC by different readers is most likely prone
to considerable intra- and inter-reader variability.

The aim of our study was (1) to determine the reliability of sub-
jective and objective quantification of MAC in elderly patients with
severe aortic stenosis, (2) to define quantitative sex- and age-related
reference values of MAC quantification using the Agatston score
method, and (3) to correlate quantitative MAC with mitral valve dis-
ease.

2. Material and methods
2.1. Patient population

Baseline data collection was performed on the basis of a nation-wide
prospective registry (SWISS TAVI Registry). This study had local in-
stitutional and ethics committee approval. All patients provided written
informed consent.

Between November 2008 and May 2019, we screened 1736 con-
secutive patients with severe aortic stenosis undergoing CT as part of
the institutional pre-procedural protocol prior to transcatheter aortic
valve replacement (TAVR). Only patients undergoing non-enhanced CT
were included in this study (n = 564). Five patients with previous
mitral valve replacement/repair were excluded. Finally, a total of 559
patients (268 females, 291 males, median age 81 years, inter-quartile
range 77-85 years) were included in this study. Patient demographics,
cardiovascular risk factors, medical history, and echocardiographic
findings were noted for each patient.

2.2. CT data acquisition and image reconstruction

All patients underwent CT on either a second or third generation
dual-source CT scanner (SOMATOM Force; SOMATOM Definition
Flash; Siemens Healthineers, Forchheim, Germany). Prospectively
electrocardiography (ECG)-gated non-enhanced CT was performed in a
sequential mode at 70% of the RR interval at a tube voltage of 120 kVp.
Reconstruction parameters were as follows: slice thickness, 3 mm; in-
crement, 1.5 mm; reconstruction kernel, soft tissue convolution kernel,;
filtered back projection as recommended for aortic valve and coronary
artery calcium scoring.'® Then, prospectively ECG-gated high-pitch CT
angiography of the thoracoabdominal aorta was performed with our
default protocol using a patient-dependent contrast media volume (io-
promide, Ultravist®, 370 mg/mL; Bayer HealthCare, Berlin, Germany)
as described before.*’

2.3. Subjective MAC assessment

Four blinded and independent readers ([J.S.], [L.W.], [A.E.] and
[M.E.]) with 2, 5, 6, and 7 years of experience in cardiovascular ima-
ging were instructed to semi-quantitatively assess MAC according to the
method described by Amat-Santos et al."®* MAC was grouped into four
categories and severity was determined by the circumferential in-
volvement of the mitral ring. No MAC; mild MAC: involvement of less
than one-third of the annulus; moderate MAC: involvement between
one-third and half of the mitral annular circumference; severe MAC:
calcification of more than half of the mitral annular circumference.

Using the 3D tool of a dedicated post-processing software (3mensio
Structural Heart 7.3, Pie Medical Imaging, Maastricht, The
Netherlands), readers were instructed to create multiplanar views in-
cluding axial and double oblique views at the mitral annular level as
average intensity projections or maximal intensity projections at their
own discretion to assess MAC (Fig. 1, Panel A-C). After evaluating five
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cases together (being not part of this study) readers evaluated cases
independent from each other. One reader evaluated all patients and
three readers evaluated 400 cases to determine inter-reader agreement.
Two readers performed a second readout of 200 randomly selected
cases to assess intra-reader agreement. This readout was performed one
month after the initial assessment in order to avoid recall bias.

2.4. Objective, quantitative MAC assessment

Two other independent readers ([A.S.], [R.H.]) not involved in the
subjective readout and with 3 and 4 years of experience in cardiovas-
cular imaging quantified MAC on axial slices using a commercially
available post-processing platform (3mensio Structural Heart 7.3, Pie
Medical Imaging, Maastricht, The Netherlands) (see Fig. 1, Panel D-F).
One reader performed a second readout of 400 randomly selected cases
to determine intra-reader agreement.

The software automatically detects pixels =130 Hounsfield Units
(HU), and observers marked each calcified lesion at the base of mitral
leaflets between the left atrium and ventricle by carefully placing re-
gions-of-interest (ROI) and excluding calcification of the mitral leaflets,
left ventricular outflow tract, aortic valve and/or the coronaries. The
Agatston scores for individual calcifications of the mitral annulus were
added to derive the total Agatston score of the mitral annulus
(Agatstonyac)-

2.5. Echocardiography

Using commercially available ultrasound systems transthoracic
echocardiography was performed before valve replacement. Images
were acquired according to current guidelines and analyzed offline by
certified staff members. The degree of mitral regurgitation and mitral
stenosis was assessed using structural, spectral, and colour-Doppler
images and were graded as mild, moderate, or severe using multi-
parametric assessments according to the European Association of
Echocardiography/American  Society of Echocardiography re-
commendations.”’*** According to Okuno et al. relevant mitral valve
disease was considered in the presence of moderate or severe mitral
regurgitation or mild, moderate or severe mitral stenosis.”

2.6. Statistical analysis

Non-parametric, continuous variables are presented as median va-
lues with interquartile ranges (IQR) and were compared with the Mann-
Whitney-U test. To compare subjective MAC assessment between
readers multireader Fleiss' kappa analysis was performed. According to
Landis and Koch, the level of agreement for overall subjective analysis
and analysis of individual categories were categorized as almost perfect
(k > 0.8), substantial (k = 0.6-0.8) and moderate (k = 0.4-0.6).%°
Inter- and intrareader agreement for Agatstonyac was evaluated using
intraclass correlation coefficients (ICC). According to Rosner, an
ICC > 0.75 was categorized as excellent.”’ Receiver operatic char-
acteristics (ROC) analysis was performed to determine the area-under-
the-curve (AUC) with a 95% confidential interval (95% CI) for Agat-
stonyac and subjective MAC assessment to diagnose mitral stenosis and
regurgitation. Youden's index was applied to derive a cut-off value with
high sensitivity and specificity.

All analyses were performed using commercially available software
(SPSS 26, IBM Corporation, Armonk, NY, USA). A two-tailed p < 0.05
was considered to infer statistical significance.

3. Results

Baseline characteristics of our study cohort are provided in Table 1.
134 patients had relevant mitral regurgitation (24%) and 25 patients
had mitral stenosis (4%).
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Table 1
Patient demographics.
Count Percentage
Females 268 48%
NYHA III or IV 239 43%
Arterial hypertension 458 82%
Diabetes 149 27%
Dyslipidaemia 372 67%
Chronic obstructive pulmonary disease 66 12%
Cerebrovascular disease 114 20%
Peripheral artery disease 105 19%
Renal replacement or dialysis 14 3%
Chronic kidney disease KDIGO grade =3 291 52%
Mitral regurgitation (= moderate) 134 24%
Mitral stenosis (= mild) 24 4%
Median IQR
Age (years) 81 77-85
Body surface area (m?) 1.83 1.67-1.97
Logistic EuroScore II 3.4 2.0-6.5

Abbreviations: KDIGO, kidney disease improving global outcomes; IQR, inter-
quartile range; NYHA, New York Heart Association.

3.1. Subjective MAC assessment

Subjective MAC categorization among the four readers showed a
substantial agreement (k = 0.67). Agreement for individual categories
showed that the agreement for no MAC was nearly perfect (k = 0.88)
and agreement for severe MAC was substantial (k = 0.75). However,
agreement for mild (k = 0.45) and moderate (k = 0.59) MAC was only
moderate. Table 2 shows the results of inter-reader MAC categorization.
Intra-reader variability was substantial for both readers (reader 1,
k = 0.69; reader 2, k = 0.62).

Table 2
Variability of subjective inter-reader assessment of MAC (n = 400).
Reader 1 Reader 2 Reader 3 Reader 4
No MAC 106 (27%) 107 (27%) 118 (30%) 121 (30%)
Mild MAC 143 (36%) 141 (35%) 120 (30%) 132 (33%)
Moderate MAC 82 (21%) 84 (21%) 87 (22%) 77 (19%)
Severe MAC 69 (17%) 68 (17%) 75 (19%) 70 (18%)

Categorization shown as count (percentage).
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Fig. 1. Semi-quantitative and quantita-
tive MAC assessment. Panels A-C illustrate
subjective MAC assessment using a dedi-
cated software tool. Rotation of crosshairs
(A, B) enables the multiplanar assessment of
the mitral annulus (C) with average in-
tensity projections or maximum intensity
projections (C). Panels D-F illustrate quan-
titative MAC assessment. Panels E and F
show the post-processing for calcium quan-
tification using a semi-automated software
tool with automatic detection of pixels
>130HU (blue, E) and the manual identi-
fication of MAC (purple, F). . (For inter-
pretation of the references to colour in this
figure legend, the reader is referred to the
Web version of this article.)

3.2. Objective, quantitative MAC assessment

Evaluation of non-enhanced CT revealed 123 patients without MAC
(22%) and 436 patients with MAC (78%). Objective, quantitative MAC
assessment in patients with MAC showed a median Agatstonyac score
of 889 (IQR: 218-2'592; range: 2-18281). A sex-specific analysis
showed significantly more females than males (n = 227, 85% versus
n = 209, 72%; p < 0.001) with MAC, with significantly higher
Agatstonyac scores in females compared to males (median 597, range
81-2’055 versus median 244; range 0-1’565; p < 0.001). An age-
matched analysis showed that these differences were larger in patients
=85 years (Fig. 2).

Inter- and intrareader agreement for quantitative MAC assessment
using the Agatston method was excellent (ICC = 0.998 and
ICC = 0.999, respectively). Fig. 3 illustrates the almost perfect agree-
ment between two readers evaluating Agatstonyac with minor incon-
sistencies in patients with extensive calcifications extending to the left
ventricular outflow tract and/or aortic valve.

3.3. Comparison between subjective and objective MAC assessment

Fig. 4 shows the distribution of Agatstonyc for each category of
subjective MAC assessment with overlapping error bars between ad-
jacent categories depending on calcification volume and density.
Median Agatstonyac scores for the subjective category “no MAC” was 0
(range: 0-11), 317 for “mild MAC” (range: 0-10’076), 1’829 for
“moderate MAC” (range: 2-11’364), and 4’713 for “severe MAC”
(range: 376-187281).

3.4. Association of MAC with baseline patient characteristics

Patients with moderate or severe mitral regurgitation did not show
a significantly higher Agatstonysc compared to those with mild or no
mitral regurgitation (p = 0.10; Table 3). Patients with mitral stenosis
showed a significantly higher Agatstonyac (median: 4’713, IQR: 1’660-
10’396) compared to patients without mitral stenosis (median: 330,
IQR: 16-1703; p < 0.001; Table 3). Agatstonyac shows an AUC of
0.84 (95% CI: 0.78-0.91) to diagnose mitral stenosis. Youden's index
revealed that a Agatstonyac cut-off-value of 1406 has a sensitivity of
80% and specificity of 72% to diagnose mitral stenosis.

4. Discussion

The main results of our study are as follows: (1) subjective MAC
assessment is prone to substantial intra- and interreader variability
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Fig. 2. Age- and sex-specific analysis of quantitative MAC. Note the higher Agatstony,c scores for females than for males particularly at = 85 years of age.

particularly in cases with mild and moderate MAC; (2) inter- and in-
trareader variability of objective MAC assessment is almost perfect with
only minor inconsistencies in patients with extensive MAC being in
continuity with adjacent structures; (3) higher Agatstonyac scores are
more frequent in women, with differences being pronounced in patients
over 84 years of age; (4) Agatstonyac shows high accuracy to diagnose
mitral stenosis, whereas there is no correlation of Agatstonyac with
mitral regurgitation.

The mitral valve is a complex structure with a three-dimensional
saddle shaped annulus.”>*” CT can provide high-resolution, three-di-
mensional data for the evaluation of the mitral annulus including ad-
jacent structures such as the circumflex artery and represents the
imaging modality of choice for the evaluation of distribution and extent
of MAC.”>*® Quantitative evaluation of coronary artery and aortic
valve calcifications on CT images with dedicated software platforms are

easy to perform and are highly reproducible.’*'® For the assessment of
aortic valve calcifications, quantitative assessment has outperformed
subjective assessment.'*'® Quantitative calcification assessment not
only allows for the differentiation between no, mild, moderate and
severe aortic valve calcification but also allows to quantify different
degrees of severe aortic valve calcification and allows to objectify sex-
specific differences in valve calcifications.'*'%*°

The presence of MAC has been related to a higher risk of cardio-
vascular events, cardiovascular death, and all-cause mortality.>®° For
outcome studies, subjective semi-quantitative MAC assessment on
contrast-enhanced CT with different methods were described,>%'7:'¢
which limit the comparability among these studies. Using one of these
previously introduced subjective scoring systems'® we found a sub-
stantial to almost perfect agreement between four readers in patients
having either no or severe MAC. However, subjective assessment

°
15000 *®
—_ °
o
] °
2 °
c
°
2 10000 ¢ °
s — 4
> [ ]
< °
— o o%
0
@ °
= @
o~ o ®
5 ° &
£ 5000 o°°
& ‘).‘
&
° "o
of
0 5000 10000 15000

Reader 1 MAC [Agatston Score]

Fig. 3. Correlation of quantitative MAC between 2 readers. The scatter plot illustrates almost perfect agreement between two readers evaluating MAC in an
objective quantitative manner using the Agatston Score (r = 0.998, p < 0.001).
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Fig. 4. Distribution of Agatstonysc between categories of subjective MAC assessment. The boxplots with large error bars indicating overlap of Agatstonyac
scores between subjective MAC categories depending on calcification volume and density.

Table 3
Comparison of Agatstonyac with patient baseline characteristics.
Agatstonyac p-value
Median IQR

Sex Female 597 81-2055 < 0.001
Male 244 0-1565

NYHA III or IV No 371 11-1828 0.48
Yes 451 36-1894

Arterial Hypertension No 335 0-1882 0.76
Yes 402 27-1846

Diabetes No 330 16-1798 0.11
Yes 574 52-2460

Dyslipidaemia No 548 47-1950 0.11
Yes 322 14-1746

Chronic obstructive pulmonary No 402 25-1829 0.96

disease Yes 260 20-2851

Cerebrovascular disease No 389 17-1826 0.46
Yes 396 52-1982

Peripheral artery disease No 352 24-1721 0.13
Yes 548 50-2755

Renal replacement or dialysis No 422 26-2017 0.93
Yes 362 203-1912

Chronic kidney disease KDIGO No 357 22-1831 0.58

grade =3 Yes 415 25-1934

Mitral regurgitation (= moderate)  No 335 8-1827 0.10
Yes 581 89-2095

Mitral stenosis (= mild) No 327 16-1721 < 0.001
Yes 4465 1535-10717

Non-parametric, continuous variables are presented as median values with in-
terquartile ranges (IQR) and were compared with the Mann-Whitney-U test.
Abbreviations: CABG, coronary artery bypass grafting; KDIGO, kidney disease
improving global outcomes; IQR, interquartile range; MAC, mitral annular
calcification; NYHA, New York Heart Association; PCI, percutaneous coronary
intervention.

showed limited reproducibility in patients with mild and moderate
MAC severity who represent the majority (52-57%) of patients in our
study. On the contrary, quantitative MAC assessment was highly re-
producible showing only minor inconsistencies between readers in pa-
tients with extensive calcifications extending beyond the mitral annulus
to the left ventricular outflow tract and/or the aortic valve. In these
patients, readers have to manually segment part of this continuous
calcification and subjectively decided which part of the calcification
belongs to the mitral annulus, resulting in minor inter- and intra-reader
variability.

Quantitative MAC assessment may not only increase the reliability
but also helps overcoming the problem of the lack of comparability
between studies. A drawback of this method is the need for non-en-
hanced CT. However, this must be put into perspective considering the
higher age of the population with MAC and the relatively low radiation
dose needed to perform non-enhanced CT.”° Furthermore, future stu-
dies may show that quantitative MAC assessment is possible also in
contrast-enhanced CT, similar to previous reports in quantification of
aortic valve or coronary calcification on contrast-enhanced CT.***!

In contrast to aortic valve calcification showing higher Agatston
scores in men than in women,”” MAC is more frequent and more ex-
tensive in women.® Our results are in line with these previous findings
showing higher Agatstonyac scores in women, particularly in patients
=85 years of age.

In patients with MAC, an increased prevalence of both mitral re-
gurgitation” and mitral stenosis” is described in the literature. Abra-
mowitz et al.” described a similar frequency of mitral regurgitation in
patients with and without MAC. Okuno et al.* found no relationship
between subjective MAC grading and mitral regurgitation in patients
with aortic stenosis, however, found a significant correlation between
MAC severity and mitral stenosis. Our study shows similar results by
demonstrating no significant differences in Agatstonysc scores between
patients with relevant or no/mild mitral regurgitation. Furthermore, we
found considerably higher Agatstonyac scores in patients with mitral
stenosis than in those without.

4.1. Limitations

The following study limitations must be acknowledged. First, this
was a retrospective single-center study with inherent limitations and
possibility of selection bias. Second, in line with previous studies,
subjective MAC assessment was performed on CT angiography image
data. Reconstruction parameters in CT may influence the visibility of
calcifications and different CT protocols may alter the visualization of
calcifications, which was not assessed in this study. Third, we did not
compare our quantitative results from CT with those from echo-
cardiography. Fourth, our study cohort comprised patients with severe
aortic stenosis planned to undergo TAVR. This limits generalizability of
our results to other patient cohorts. Finally, our study lacks outcome
data, and further research is warranted to assess whether quantitative
MAC assessment is comparable or exceeds subjective MAC assessment
for outcome prediction.
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5. Conclusions

Our study in elderly patients with severe aortic stenosis shows
considerable intra- and inter-reader variability of subjective MAC as-
sessment which can be overcome with objective, quantitative MAC
assessment using the Agatston method. The highly reliable quantitative
MAC assessment should be evaluated in future outcome studies, having
the potential to overcome previous limitations in the comparability of
different subjective MAC assessments scores.
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