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Abstract

Purpose of Review This review summarizes the pathophysiology of mitral annular calcification (MAC) with recent findings and
current strategies for diagnosis and treatment.

Recent Findings Major factors in MAC development seem to be shear stress of the flow past the mitral valve, local inflammation,
and dysregulation in regulators of mineral metabolism. MAC itself poses daunting technical challenges. Implanting a valve on
top of the calcium bar might lead to paravalvular leak (PVL) that is less likely to heal. Annular decalcification allows for better
valve seating and potentially better healing and less PVL. This, however, comes with the risk for catastrophic atrioventricular
groove disruption. MAC can be sharply dissected with the scalpel; the annulus can be reconstructed with the autologous
pericardium. Transcatheter mitral valve replacement is a promising approach in the treatment of patients who are deemed
high-risk surgical candidates with severe MAC.

Summary MAC is a multifactorial disease that has some commonalities with atherosclerosis, mainly regarding lipid accumula-
tion and calcium deposition. It is of great clinical importance, being a risk marker of cardiovascular events (including sudden
death) and, with its progression, can have a negative impact on patients’ lives.
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Introduction

Mitral annular calcification (MAC) is a pathological entity
that was recognized in the early twentieth century [1, 2]. It is
a chronic process in which microinjuries and endothelium
dysfunction lead to lipid accumulation progressing to calcium
deposition, involving the fibrous annulus of the mitral valve
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such as palpitations (owing to atrial fibrillation), dyspnea (due
to mitral regurgitation or stenosis), and focal deficits (after
stroke) [5, 13, 14, 15¢, 16].

Its prevalence in the general population is as high as 10%,
according to large autopsy studies, tending to affect more
women and the elderly [8, 9e, 13, 17, 18].

Pathophysiology and Association
with Atherosclerosis

Due to its higher prevalence in the elderly population and its
time-dependent character, MAC was thought to be a passive
process of calcium deposition [19].

It is now understood that it has a more active character in a
regulated process, akin to bone formation with lipoprotein
deposition and foci of chronic inflammation, similar to ath-
erosclerosis, and it is even debatable whether they are different
diseases or a spectrum of the same disease [20e, 21].

Its pathophysiology is probably heterogeneous, with mul-
tiple variables playing their specific roles, but with some serv-
ing as key steps.

Microinjuries

The current understanding of the onset of MAC is probably a
microinjury/endothelium dysfunction caused by shear stress
in the mitral valve annulus. The connection between mitral
leaflets and its annulus is under increased shear stress due to
its conformation, particularly in the posterior region [22].

Conditions that increase mitral annular stress, such as aortic
stenosis or systemic arterial hypertension, are also associated
with MAC [23, 24].

Shear stress and turbulent flow are sufficient to activate the
endothelium, leading to local inflammation. When sustained,
they lead to proliferation and migration of inflammatory cells
and lipid accumulation [25].

Whole blood viscosity (WBV) also plays an important role
in MAC formation, as a major component in valve shear
stress. WBV can be calculated using hematocrit (HCT, %)
and total plasma protein (TP, g/l), dividing it into (a) high
shear rate (HSR) and (b) low shear rate (LSR) equations:

HSR : WBV (208 s7') = (0.12 x HCT) +0.17 x (TP-2.07)
LSR: WBV (0.5s5") = (1.89 x HCT) +3.76 x (TP-78.42)

Cetin et al. studied 184 patients with MAC and 133 patients
without MAC to confirm the role of WBV using this formula
and to measure early diastolic mitral annular velocity (Ea) and
late diastolic mitral annular velocity (Aa) with pulse Doppler
tissue echocardiography. After adjusting for known risk fac-
tors for MAC, WBYV values were independent predictors of
MAC, with a cutoff value of 70.1 for WBV in LSR, a sensi-
tivity of 83.7%, and a specificity of 73.7% (AUC 0.785,
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P <0.001); and a WBYV cutoff value of 17.5 in HSR, a sensi-
tivity of 79.6%, and a specificity of 71.4% (AUC 0.761,
P <0.001) for the prediction of MAC [26¢].

Endothelial-Mesenchymal Transformation

In the embryonic heart, endothelial cells (ECs) in the cardiac
cushions downregulate cellular adhesion molecules, transient-
ly upregulating the contractile protein alpha-smooth muscle
actin, differentiating in mesenchymal cells and then migrating
to the valve interstitium to become valvular interstitial cells
(VICs) [27].

VICs have multiple phenotypes, notably quiescent valvular
interstitial cells—which are the most abundant type in healthy
adult valve tissue and activated valvular interstitial cells.
Quiescent valvular interstitial cells have mechanical sensors
that allow them to respond to stress or trauma [27, 28].

Endothelial dysfunction caused by shear stress can lead to
the transformation of quiescent valvular interstitial cells into
activated valvular interstitial cells through changes in
transforming growth factor and smooth muscle alpha-actin
levels, as seen in mitral valves subjected to mechanical stress.
Activated valvular interstitial cells produce higher levels of
alkaline phosphatase, and start to express osteocalcin and
CD 31 (markers for osteoblasts), which may lead to calcific
deposition [27-30]. Over time, these deposits coalesce into a
fibrotic, macroscopically rigid band, in a process similar to
bone formation [23, 24].

The Role of Inflammation

It is still debatable if MAC is associated with systemic inflam-
matory markers [6]. Inflammation may play an important role
in the development of MAC at the site of valvular calcification
and in the early stages of the disease, but several studies have
not found significant relationships between inflammatory
markers and MAC after adjusting for cardiovascular disease
risk factors [9e, 31].

There is a lack of studies to confirm the role of paracrine
signaling in MAC formation, but recently the association be-
tween MAC and epicardial fat thickness (EFT) has been dem-
onstrated by Guler and Varol [32]. In their study, 78 patients
with MAC were compared to a control group and found that
EFT was significantly higher, with no differences in cardio-
vascular risk factors between groups. They postulate that EFT
may play a role in MAC development by secreting inflamma-
tory cytokines that would act locally.

Rezaeian et al. studied 631 HIV+ men to verify whether
there was an association between HIV and MAC. They found
that HIV+ patients are 3 times more likely to have MAC, but
no relationship between inflammatory markers and presence
of MAC. They ascribed this finding to the chronic use of
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protease inhibitors with their resulting metabolic disorders
[31, 33].

The Role of Altered Mineral Metabolism

CKD is a strong risk factor for MAC. Part of this association
may be due to the fact that in both diseases, patients tend to
have more atherosclerotic risk factors [6], but also owing to an
altered state in body minerals, notably the calcium-
phosphorus metabolism and the role of endothelial-
mesenchymal transformation (EMT) of VICs in osteoblastic-
like cells [29, 34].

Blood levels of calcium and phosphorus are kept adequate
by a delicate balance between parathyroid hormone and
calcitriol—converted from 25-hydroxyvitamin D3
(25(0H)D) in the kidneys. Most of the body’s calcium and
phosphorus is trapped in the bones: less than 1% is circulating
in the bloodstream. Parathyroid hormone signalizes for calci-
um reabsorption from bones and kidneys, increasing blood
calcium levels and stimulating renal phosphate excretion;
while calcitriol increases serum calcium and phosphate levels
by stimulating intestinal absorption. Renal failure leads to a
decrease in serum calcium and an increase in serum phos-
phate. Parathyroid tries to achieve homeostasis by elevating
parathyroid hormone secretion, thus promoting calcium reab-
sorption from bones [6].

Tibuakuu et al. performed a large population analysis of
5530 patients from MESA (Multiethnic European Study of
Atherosclerosis) to study the association of high or low serum
25(0OH)D with valvular calcification. They found that patients
with 25(OH)D >20 ng/ml were more likely to have MAC.
However, after adjusting to other variables, no statistically
significant association was found [34].

Other regulators of mineral metabolism also seem to influ-
ence MAC development. Fetuin-A is a binding protein that
inhibits crystallization of calcium-phosphorus in soft tissue. In
a study of 3585 patients from CHS (Cardiovascular Health
Study), Bortnick et al. found a strong inverse association of
fetuin-A and MAC, questioning if increased fetuin-A levels
could decrease MAC progression [9¢].

Fibroblast growth factor 23 (FGF-23) controls serum phos-
phate by inhibiting renal tubular transport and calcitriol syn-
thesis, and high levels of this protein are being associated with
MAC [9e, 35].

Magnesium also appears to play a role in MAC formation.
It protects against calcification by negatively regulating oste-
ogenic differentiation through a transient receptor potential
melastatin (TRPM?7) activity and increased expression of
osteopontin and matrix Gla protein (both anticalcification pro-
teins) [36].

Studying 150 diabetic patients with mild to moderate CKD
in a prospective study, Silva et al. observed that serum mag-
nesium levels below 1.7 mg/dl were independent predictors of

mitral valve calcification, adding that in these populations
magnesium should be considered therapeutic to prevent mitral
calcification [35].

The Genetic Modulation

Afshar et al. demonstrated the relationship between genetic
predisposition to high triglyceride levels and their association
with MAC. They reviewed three large patient cohorts—the
Framingham Health Study, MESA, and the AGE-RS (Age,
Gene/Environment Susceptibility-Reykjavik Study), and noted
that triglyceride genetic risk score (GRS) is strongly associated
with MAC (odds ratio [OR] per triglyceride GRS unit: 1.73;
95% confidence interval [CI]: 1.24-2.41; P=0.0013). Since
triglyceride GRS is highly correlated with circulating triglycer-
ide levels, they postulated that deposition of triglycerides in the
mitral annulus may influence the development of MAC [20-].
Thanassoulis et al. performed a genome-wide investigation
among 3975 patients diagnosed with MAC by CT, and iden-
tified two single nucleotide polymorphisms (SNPs) on chro-
mosome 2 near /LIF9 gene cluster associated with MAC,
designated as rs/7659543 and rs13415097, with P=1.5 x
10® and P=1.8 x 10°®, respectively, for MAC association
[37]. These aforementioned P values mean genome-wide sig-
nificance (GWS), which is a specific threshold for determin-
ing the statistical significance of a reported association be-
tween a given SNP and a given trait (in this case, MAC).

Diagnoses/Imaging

Chest X-ray (Fig. 1) may show a C-, J-, U-, or O-shaped
radiopaque image in the mitral annulus, usually with its open-
ing directed to the aortic valve. Because of the left pulmonary
veins, sometimes it is better visualized in lateral projections

[5].

Fig. 1 Chest X-ray displaying mitral annulus calcification (yellow
arrows). MAC, mitral annulus calcification
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On M-mode echocardiography, MAC is seen as an echo-
dense band near the mitral valve, usually beneath the posterior
leaflet, anterior and parallel to the left ventricular free wall. On
2D echocardiogram (Fig. 2), it is seen as an irregular, echo-
dense shell-like structure that produces acoustic shadowing
[11, 38]. The calcific deposits are most often seen in the pos-
terior part of the annulus, evenly distributed. When it occurs in
the anterior region, it tends to be in the medial segment [39].

3D transesophageal echocardiography (Fig. 3) can be used
to determine the effective orifice area of the mitral valve and
mitral annular area by measuring the inner and outer mitral
annulus and the posterior leaflet’s angle opening to calculate
the reduction of the mitral valve area; thus, it can also be used
to determine if the mitral valve should be approached in pa-
tients undergoing aortic valve surgery [40].

MAC can be visualized and quantified from a single com-
puted tomography (CT) image acquisition (Fig. 4) without
additional contrast agents [41]. Electrocardiogram (ECG)-gat-
ed cardiac CT is a useful tool to measure the extent and loca-
tion of MAC and to plan the surgery when indicated. It can
accurately show areas where there is more calcium, where it
does not allow suture, and where it is safe to do. It can also
predict the need for decalcification and reconstruction of the
annulus, providing vital anatomical information reducing
periprocedural risk of complications [21, 42]. In patients un-
dergoing transcatheter mitral valve replacement (TMVR), car-
diac CT is crucial to evaluate the left ventricle outflow tract
(LVOT) to predict obstruction after valve implantation [43¢].

CT for the evaluation of MAC should ideally have high-
resolution images of the left atrium (LA)-left ventricle (LV)
annular junction, to clearly assess the full extent of the disease,
which in some cases can infiltrate the LV, interventricular
septum, and right ventricle.

Fig. 2 2D echocardiogram displaying MAC (yellow arrows). MAC,
mitral annulus calcification; LA, left atrium; LV, left ventricle
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Due to its pattern, some areas of the annulus that may
appear to be heavily calcified in CT scan are in truth fibrotic
tissue [44].

MAC can be classified as mild (focal, soft echodensity of
the mitral annulus, < 180° of total annular circumference),
moderate (more prominent echodensity of the annulus, <
270° of total annular circumference), or severe (marked
echodensity involving more than 270° of circumference of
the mitral annulus or progressing to LV inflow tract or thick-
ness >4 mm) [45, 46e°].

Caseous calcification of the mitral annulus (CCMA) is a
relatively uncommon progression of MAC, with prevalence
ranging around 0.6% of patients with MAC [47]. The precise
mechanism of transformation is not yet fully understood.

As with MAC, patients with CCMA are usually asymp-
tomatic. In rare cases, it can lead to significant pathologies.
In one post-mortem examination of a patient with CCMA,
Curl et al. found that the caseous calcification extended to
most of the interventricular septum, a large portion of the left
ventricular wall, and a portion of the right ventricular wall. It
also passed through the myocardium emerging in the epicar-
dium. Histopathological findings of epicardial plaque had dif-
fuse calcification with mixed necrotic eosinophilic material,
and in the intracardiac mass there were areas of amorphous
necrotic material, and sparse chronic inflammation including
lymphocytes and histiocytes [48].

CCMA is seen on transthoracic echocardiography as a
round, echo-dense mass in the periannular region, usually
close to the posterior leaflet, without acoustic shadowing arti-
facts with central areas of echolucencies resembling liquefac-
tion [49], almost always presenting in the posterior leaflet,
with some rare exceptions [50].

In some cases, it can be a challenging differential diagnosis
with cardiac tumors and myocardial abscesses [48, 51].
Although rare, both CCMA and endocarditis can coexist [52].

The diagnosis of CCMA by echocardiography can some-
times be difficult, especially in patients with poor acoustic
windows. In such cases, cardiac CT can help in the diagnosis.
CCMA appears in CT as an oval- or crescent-shaped
hyperdense mass with a calcified rim [53].

Clinical Implications

Although patients with MAC are asymptomatic in most cases,
it is associated with CVD, including increased risk of sudden
death [54], and several complications can arise with its
progression.

Cerebrovascular Events
MAC is related to cerebrovascular events (CVEs), with risk

ranging from 4.8 to 24.1% in several studies [15¢]. Possibly,
the mechanism is embolization of caseous necrotic debris
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Fig. 3 Two- and three-dimensional echocardiograms displaying caseous calcification of the mitral annulus. CCMA, caseous calcification of the mitral

annulus. a 2D echo, b 3D echo (reproduced from Pala et al. [81])

from CCMA lesion and embolization of calcium and choles-
terol particles [15¢, 55, 56]. CCMA may impose a high risk of
CVEs. In a review of 86 publications with a total of 130
patients, Dietl et al. found a prevalence of CVE in patients
with CCMA of 19.2%, giving us some reason to considerate
the possibility of elective surgical resection of CCMA in low-
risk asymptomatic patients to prevent CVE [15¢].

Mitral Valve Disease

Mitral regurgitation (MR) is often associated with MAC (15—
55%), mainly explained by the fact that the annulus may be
impaired in reducing its diameter during systole, and when the
calcified mass extends beneath the posterior leaflet, causing
distortion of the posterior leaflet and making coaptation of the
leaflets less effective [5].

Mitral stenosis (MS) can also occur as caused by MAC,
almost always when it is severe [39, 57]. The main mechanism
appears to be a reduction in the effective orifice area and an

Fig. 4 Computed tomography displaying mitral annulus calcification
(yellow arrows). LA, left atrium; LV, left ventricle

impairment of the posterior leaflet opening [40]. Due to its
apparent mechanism—microinjury and endothelium dysfunc-
tion, facilitated by increased stress on the fibrous skeleton of
the valve—it is reasonable to assume that it is more often a
consequence of MS than the cause [58].

Endocarditis

Although MAC was thought to be the result of bacterial en-
docarditis, it is now known that this is not the case; in fact,
patients with MAC are at risk of developing endocarditis [5].
In a small autopsy report, a high prevalence of Staphylococcus
aureus in these patients was emphasized [59]. It is most often
described in autopsy studies, rarely reported during life [60].

Eicher et al. studied 62 cases of native mitral valve infec-
tive endocarditis diagnosed with transesophageal echocardi-
ography (TEE) and found that 24% had vegetations originat-
ing from a calcified mitral annulus. This group of patients had
significantly larger vegetations, a high frequency of ring ab-
scess and a high frequency of para-annular ventriculoatrial
leakage, and worse clinical outcomes when compared with
patients who had endocarditis originating from the mitral leaf-
lets [61, 62].

Conduction System Disease

The association between MAC and cardiac conduction disor-
ders has been well reported since the early twentieth century
[1]. Patients with MAC may have a wide variety of related
arrythmias, with prevalence ranging from 55 to 70%, mainly
atrial fibrillation (AF) and atrioventricular block [58, 63].

The association between AF and MAC is largely demon-
strated by Wesley et al., where 6641 patients from MESA
study were evaluated for the presence of MAC: 9.3% had
MAC and, at an average follow-up of 8.5 years, 4.6% devel-
oped AF, with MAC associated with an increased risk (HR
1.9, 95% CI 1.5-2.5) [64].
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Possible explanations are that calcium may deposit in the
membranous portion of the intraventricular septum close to
the bundle of His and its branches, causing delays in the
interatrial and intra-atrial electromechanical coupling inter-
vals. In addition, patients with MAC have a large left atrium
when compared with the normal population [65].

Current Strategies

Facing MAC in a symptomatic patient is not an easy task.
When calcification in the mitral annulus becomes symptom-
atic, the patient is usually elderly and with comorbidities that
make the treatment exceedingly difficult. Moreover, when it
presents symptoms, MAC is already at an advanced stage,
especially in cases of anterior annular calcification and pro-
gression to the left ventricle [66¢].

Over the past years, several surgical techniques had
emerged to deal with MAC and its possible complications,
usually divided into two categories: with mitral annulus re-
construction or without mitral annulus reconstruction.

Surgery with Mitral Annulus Reconstruction

As previously described, MAC can extend in some cases in-
volving the whole annulus, passing through LVOT and pene-
trating various areas of the myocardium, sometimes not
allowing valve repair or even replacement. In those cases,
debridement of the calcified areas may be necessary. With
extensive debridement, the mitral annulus may be compro-
mised and need reconstruction.

Some surgical techniques have been performed over the
years, trying to decalcify the mitral annulus, allowing valve
repair or replacement in the native annulus [3, 44, 67-69].

En bloc decalcification and reconstruction of the annulus
was first described by Carpentier. In this technique, the calci-
fied annular bar was removed and the exposed myocardium
was covered with atrium flap or autologous/bovine pericardi-
um patch. Results range from originally 2.9% in-hospital mor-
tality to 20% in recent studies [3, 67, 68], and 5-year survival
around 68% in older series [69].

When done en bloc, this type of decalcification is said to
reduce the risk of embolic events rather than taking piece by
piece of calcified areas. Even so, special attention should be
paid to removing all debris [44].

Over time, it has been observed that aggressive annular
debridement greatly increases operative complexity [67] and
can lead to atrioventricular groove rupture, circumflex coro-
nary artery injury, and thromboembolic events [70, 71].

Surgery without Mitral Annulus Reconstruction

Several studies have demonstrated the safety of replacing the
mitral valve in a MAC patient, with little debridement of the
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calcified area, achieving satisfactory results, with no differ-
ence in mortality compared with patients who underwent mi-
tral valve replacement without MAC [66¢].

Techniques vary from implanting the prosthetic valve in
intra-atrial position and in intra-annular position.

Intra-atrial techniques in which the mitral prosthesis would
be inserted over the mitral annulus to avoid implantation in the
heavy calcified annulus have been described several times.
Nataf et al. proposed enlarging the sewing ring of the prosthe-
sis with a Dacron collar and then implant it 0.5—1.5 cm above
the mitral annulus. Atoui et al. performed a variation of this
technique in which they inserted the prosthesis above the mi-
tral annulus with pledgeted suture in the atrial free wall. In
both procedures, due to exposure of the left atrium to ventric-
ular pressures, aneurysmal dilatation and prothesis dehiscence
can occur [70, 72].

To avoid complications of implanting a mitral prosthesis in
an atrial position, some techniques have emerged trying to
place the valve inside the calcified annulus. Disadvantages
of this type of technique are the risks of paravalvular leakage,
valve dehiscence, and friable calcified annulus embolism. In
addition, passing sutures through the calcified annulus can be
challenging if not all calcified areas are well known [68, 73,
74]. Note that implanting a mitral prosthesis into a heavily
calcified annulus can sometimes force the surgeon to place a
smaller prosthesis than if decalcification techniques were
applied.

Before choosing this type of implantation, the surgeon
should know preoperatively which valve is to be implanted,
being careful to choose one with an adequate orifice area, and
not allowing prosthesis-patient mismatch, which increases
perioperative and long-term mortality [75].

Lafrenicre-Bessi et al. [76] described recently a new surgi-
cal approach to manage MAC and avoid debridement by
using a transseptal approach and a mitral valve anchoring
strategy inside the coronary sinus. According to the authors
[76], this new surgical method was devised to anchor the
prosthetic valve, using the native uncalcified coronary sinus,
to avoid postoperative sequelae such as paravalvular leak and
valve dehiscence caused by suture placement through calci-
fied or debrided structures. The idea behind this technique
came from the approach extending up to the opening of the
coronary sinus into the right atrium. The concept of opening
the sinus would allow for enough tissue to anchor a mitral
prosthesis slightly over the plane of the annulus for approxi-
mately one-third of the circumference of the valve in its pos-
terior aspect.

Management of CCMA
Chauvette et al. [77] described a transseptal approach to deal

with CCMA extending from the left atrioventricular groove
into the left ventricular posterior wall. An incision is made on
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the atrial endocardium contiguous to the posterior portion of
the mitral annulus toward the posterior commissure. After
resection of the toothpaste-like material, circular stiches like
purse strings from within are performed and then tied to oblit-
erate the dead space left by the resection.

Transcatheter Mitral Valve Replacement

With the advancement of transcatheter devices to replace heart
valves, patients with MAC who are at high risk for conven-
tional mitral replacement have another option. Transcatheter
mitral valve replacement (TMVR) is still at its first stages and
is not offered outside tertiary/specialized centers.

In 2018, Guerrero et al. published the 1-year outcomes of a
multicenter experience of 116 extreme surgical risk patients
with severe MAC who underwent TMVR. The mean age was
73 + 12 years, 68% were female, the mean Society of Thoracic
Surgeons (STS) score was 15.3+11.6%, and 90% were in
New York Heart Association (NYHA) functional class III or
IV. Despite 100% technical success (according to Mitral Valve
Academic Research Consortium), high 30-day mortality rates
(13% cardiovascular deaths and 12% non-cardiac deaths) and
I-year mortality rates (23.5% cardiovascular deaths and
30.2% non-cardiac deaths) were observed, and LVOT obstruc-
tion was the most important and independent predictor [78e].

In patients at high risk of LVOT obstruction, open atrial
transcatheter implantation is another possibility, with early
studies showing mortality rates ranging from 0 to 27%. In this
modality, after cardiopulmonary bypass, the mitral valve is
exposed by left atriotomy. To avoid LVOT obstruction, resec-
tion of the anterior mitral valve leaflet is performed. CT sim-
ulation of the neo-LVOT after valve implantation is used to try
to avoid the risk of LVOT obstruction [79]. Pratz et al. pub-
lished an experience of 26 patients, with a mean age of 78 +
7 years: 92% were female and 96% were in NYHA III or IV.
The 30-day mortality was still high (27%). In a single center,
Russel et al. published a study of 8 patients with mean STS
score of 8%. They reported zero in-hospital or 30-day mortal-
ity. Both achieved 100% technical success with very low
paravalvular leakage [79, 80].

Conclusion

MAC is a complex disease that affects the elderly or patients
with comorbidities that already impair their life condition,
thus imposing a great challenge in follow-up and treatment.

Advances in cardiovascular calcification mechanism stud-
ies may provide physicians with insights into different ap-
proaches in the future, acting when the disease is not yet
symptomatic, preventing its progression.

Once MAC advances to cause symptoms, decisions must
be made to choose the best type of interventional therapy.

Surgeons and interventional cardiologists must balance the
pros and cons of surgical and transcatheter procedures to en-
sure the lowest possible risk of adverse events.
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