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Mitral valve prolapse (MVP) is a cardiac valve disease that not only affects the mitral
valve (MV), provoking mitral regurgitation, but also leads to maladaptive structural
changes in the heart. Such structural changes include the formation of left
ventricular (LV) regionalized fibrosis, especially affecting the papillary muscles
and inferobasal LV wall. The occurrence of regional fibrosis in MVP patients is
hypothesized to be a consequence of increased mechanical stress on the
papillary muscles and surrounding myocardium during systole and altered mitral
annular motion. These mechanisms appear to induce fibrosis in valve-linked
regions, independent of volume-overload remodeling effects of mitral
regurgitation. In clinical practice, quantification of myocardial fibrosis is
performed with cardiovascular magnetic resonance (CMR) imaging, even though
CMR has sensitivity limitations in detecting myocardial fibrosis, especially in
detecting interstitial fibrosis. Regional LV fibrosis is clinically relevant because
even in the absence of mitral regurgitation, it has been associated with
ventricular arrhythmias and sudden cardiac death in MVP patients. Myocardial
fibrosis may also be associated with LV dysfunction following MV surgery. The
current article provides an overview of current histopathological studies
investigating LV fibrosis and remodeling in MVP patients. In addition, we
elucidate the ability of histopathological studies to quantify fibrotic remodeling
in MVP and gain deeper understanding of the pathophysiological processes.
Furthermore, molecular changes such as alterations in collagen expression in
MVP patients are reviewed.
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Introduction

Mitral valve prolapse (MVP) is the most common heart valve disease with a prevalence

of 2%–3% (1, 2). Myxomatous degeneration of the mitral valve (MV) leaflets eventually leads

to systolic displacement of one or both mitral leaflets into the left atrium (3). The excessive

mobility of the prolapsing leaflets along with increased systolic annular expansion is

paralleled by superior papillary muscle (PM) displacement and a systolic curling motion

of the inferobasal left ventricle (LV) wall (4–6). The structural link to the valve and

potentially increased mechanical stress have previously been suggested as a possible
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mechanism for myocyte hypertrophy and fibrosis in these areas (7–

10). According to this hypothetic mechanism, biomechanical stress

might play a central role in the pathophysiology of the subvalvular

and surrounding ventricular structural changes, i.e., replacement

fibrosis, that occur secondary to MVP (11). Such fibrosis is

clinically relevant because of a demonstrated association with

ventricular arrhythmias and sudden cardiac death (SCD) (7, 9,

12). Cardiovascular imaging is the clinical noninvasive method

used to detect myocardial fibrosis (13), while histological

assessment is the validation standard for its detection and

quantification (14, 15). To provide a clinical benefit for MVP

patients in the future, three steps are recommended for

preclinical and clinical research: (i) improvement and refinement

in describing fibrosis, (ii) improvement in detecting fibrosis, and

(iii) targeting fibrosis by surgical or pharmacological treatment

(16). Therefore, the first step of analysis in the MVP patient

cohort is the description of the quantity and quality of fibrosis

and associated proteins to improve the knowledge about the

involved pathological processes. The assessment of MVP patients

using clinical, imaging and biological tools is necessary to

evaluate the association to heterogeneous anatomic and

pathophysiological development and progression of MVP (17).

This review provides an overview of current histopathological

studies investigating fibrosis in LV myocardium in MVP patients.
Myocardial fibrosis in MVP and
fibrosis-related remodeling

In general, myocardial fibrosis is characterized by

myofibroblasts expressing α-smooth muscle actin (α-SMA),

formation of contractile polymerized stress fibers, and increased

production of extracellular matrix (ECM) proteins such as

collagen (14, 18, 19). Mechanical cardiac stress has been shown

to induce specific molecular and biochemical alterations in the

ECM by triggering an ECM-synthesizing program of structural

and matricellular proteins (20). In addition, cardiac fibroblast

proliferation is activated with increased expression of periostin

which eventually leads to a transdifferentiation into

myofibroblasts (1, 18, 19, 21). Whether these processes play a
FIGURE 1

Exemplary histological analyses of Masson’s trichrome stained cardiac biops
undergoing mitral valve repair surgery. Advanced interstitial fibrosis (A) and re
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role in fibrosis development in MVP, as well as the underlying

potentially biomechanical triggers have to be investigated in

experimental mechanistic studies.

Myocardial fibrosis in MVP is characterized by different types

and structural distributions of fibrosis (Figure 1). This implies that

the interaction between the prolapsing, myxomatous mitral leaflets,

the PMs and the LV may result in nonuniform remodeling. This

hypothesis was originally generated following investigation of

MVP patients who died from SCD (7).

Hinderer et al. (18) described three types of myocardial fibrosis:

reactive interstitial fibrosis, infiltrative interstitial fibrosis and

replacement fibrosis. Reactive interstitial and replacement fibrosis

have been found in MVP patients.

Reactive interstitial fibrosis is defined as an increase in ECM

deposition without significant loss of cardiomyocytes (18). This

type of fibrosis includes the excess of fibrous tissue in relation to

cardiomyocytes within the myocardial interstitium, expanding

the interstitial space in the form of microscars or bands of

fibrous deposits surrounding cardiac muscle bundles or single

cardiomyocytes (20). Moreover, fibrous deposits can be formed

in the perivascular space around small blood vessels (20). In

MVP patients, interstitial fibrosis has been found by CMR T1

mapping (22) and by histopathological investigations (23, 24).

Replacement fibrosis is a locally restricted, irreversible type of

fibrosis forming a scar following cell necrosis (14, 18). In MVP

specifically, replacement fibrosis has been found in the

inferobasal myocardium and the PMs of patients with severe

mitral regurgitation (MR) (3, 12, 23, 25), as well as in the LV

myocardium at the level of the PMs and the adjacent free wall of

patients who suffered SCD (12). Myocardial fibrosis in MVP

patients can be characterized as interstitial, compact, focal,

diffuse and patchy (3, 12, 18). In addition to focal cellular

alterations and fibrosis within the PMs and LV wall, mitral leaflet

fibrosis has also been detected in MVP (12, 23, 25). Based on the

focal localization of fibrosis even in patients with mild MR, it has

been hypothesized that its development occurs secondary to local

traction of the myocardium by the prolapsing leaflets (12), a

hypothesis that needs to be proved experimentally.

In addition to the reduction of the oxygen supply and

nourishment in the myocardium, fibrosis causes electrical
ies of the inferobasal region of the left ventricular wall in MVP patients
placement fibrosis (B) can be detected. Scalebars = 100 µm.
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changes that predispose patients to arrhythmias (14). Diffuse

interstitial fibrosis has been associated with ventricular

arrhythmia in MVP patients and may be related to volume

overload secondary to MR (22). On the other hand, localized

fibrosis in myocardium adjacent to the PMs has been associated

with ventricular arrhythmias and SCD in the absence of diffuse

ventricular fibrosis (7, 9, 12). This supports the concept of

mechanical stress from prolapsing valve structures causing

localized fibrosis and subsequent arrhythmia substrate.

Determination of the different patterns of fibrosis and the

optimization of the imaging techniques for better detection of

these patterns is necessary, because the detection of different

types of fibrosis could result in different clinical implications in

the future. For example, it is known to date that irreversible

replacement fibrosis is of prognostic relevance, and diffuse,

interstitial fibrosis might be a dynamic, early and reversible

marker of myocardial diseases (26).

Further, the pattern of fibrosis could be influenced by

myocardial infarction, cardiomyopathy or genetic predispositions

of MVP patients (26, 27). For example, interstitial fibrosis is

mostly caused by chronic triggers such as pressure overload of

inflammation, replacement fibrosis could occur after acute

ischemic injury (28).
CMR-based quantification of fibrosis in
MVP patients

Noninvasive imaging plays a key role in direct or indirect

detection of myocardial fibrosis with the use of multiple imaging

modalities (29, 30). CMR remains the method of choice to detect

myocardial fibrosis in daily practice (14, 31). The present review

will provide a short overview about CMR-based technical

opportunities and limitations of myocardial fibrosis detection

compared to histology.

Late gadolinium enhancement (LGE)-CMR has a high

sensitivity, specificity and reproducibility to assess focal

myocardial replacement fibrosis by a relative accumulation of

gadolinium in the extracellular matrix, but is not sensitive for

identifying reactive interstitial fibrosis (13, 32–34). Furthermore,

CMR T1 mapping is suitable to quantify diffuse interstitial

fibrosis by increased extracellular volume (ECV) expansion and

seems useful to detect an early stage of fibrosis (13, 31, 35).

Additionally, higher native T1 times reflect myocardial disease

involving the myocyte and interstitium and can be performed

without the use of gadolinium-based contrast agents, and

therefore without risk of renal dysfunction (14, 36).

Both CMR-derived LGE and T1 mapping sequences have been

used to investigate myocardial fibrosis in MVP patients (11). LV

replacement fibrosis detected by LGE-CMR was found in 36.7%

of MR patients with MVP compared to 6.7% in MR patients

without MVP, suggesting a unique pathophysiology independent

of volume overload in MVP (37). Replacement fibrosis worsened

with the degree of MR ranging from 13% in trace-mild MR to

37% in severe MR (38) and increased with patient age (37). The

main pathologic findings in MVP patients are the focal fibrosis
Frontiers in Cardiovascular Medicine 03
localized to the PMs and the LV wall adjacent to the PMs,

including the inferolateral LV wall with an intramyocardial

pattern (3, 12, 38). In addition, subendocardial patterns have

been described (37).

In addition to focal and replacement fibrotic changes detected

by LGE-CMR, diffuse LV interstitial fibrosis has been quantified by

T1 mapping CMR sequences using pre- and post-contrast T1

times, and the calculated ECV fraction. ECV is a surrogate

marker of diffuse LV interstitial fibrosis and shows a good

correlation with histology in patients with cardiomyopathies,

heart failure or mixed heart valve diseases (14, 31, 39). ECV is

associated with LV dilation in asymptomatic patients with

moderate or severe primary degenerative MR (40). Bui et al.

showed a significant correlation between post-contrast T1 times

and arrhythmias, LV dilation and MR severity, respectively, in

patients with MVP (22). Moreover, they noted that among MVP

patients with ventricular arrhythmias, only 36% had LGE in LV

myocardium, and a shorter post-contrast T1 time was the only

predictor of arrhythmias. More recently, ECV fraction by CMR

was associated with increased MR severity and the presence of

symptoms, but with a similar pattern in MVP and non-MVP

cohorts (37). One previous study in patients with chronic

primary MR observed a higher biopsy-proven LV fibrosis burden

when compared to controls, even before the onset of symptoms

(41). No significant relationships were identified between biopsy

and CMR T1 mapping or LGE, however, possibly due to the

patchy nature of fibrosis and the small amount of biopsy tissue

obtained via an epicardial approach by these investigators.

Instead, ECV correlated with multiple CMR parameters of LV

function and with exercise capacity in this study (41).

Furthermore, negative results of T1 mapping do not exclude

future ventricular arrhythmias in MVP patients (35).

Previous reports showed that MVP patients with LV LGE had

less MR (8). It was hypothesized, that the traction forces from a

prolapsed MV leaflet are transmitted to the PM and LV wall

inducing myocardial fibrosis (10). The Jensen group used a novel

vacuum-based ex vivo model to demonstrate that the total PM

force varies linearly with the trans-mitral pressure (42).

Theoretically, more severe MR increases the left atrial pressure,

which leads to a decrease in trans-mitral pressure gradient, with

consequently lower PM traction force. Thus, hypothetically, MVP

patients with pronounced flail leaflet and higher regurgitation

volume might have less PM stretch.

CMR detection of fibrosis presents several limitations. For

example, T1 mapping sequences can be affected by several

artifacts. In addition, T1 sampling is sometimes performed in the

septum of a single short-axis slice based on the assumption that

it is a representative selection, which is not the case for every

cardiac pathology (43). A major disadvantage of conventional

bright-blood LGE is the poor contrast between scar tissue and

the blood pool. Hence, the scar burden can be substantially

underestimated or even completely obscured (44), especially in

cases with subendocardial patterns or PM fibrosis. Particularly in

pathologies with heterogeneous fibrotic distribution such as

MVP, a histology-based quantification and characterization of

fibrosis could be advantageous.
frontiersin.org

https://doi.org/10.3389/fcvm.2023.1057986
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/


Dieterlen et al. 10.3389/fcvm.2023.1057986
In the past 15 years, CMR-derived dark-blood LGE methods

were introduced aiming to increase the scar-to-blood contrast

and improved scar conspicuity (44, 45). Recently, Van de

Heyning et al. compared dark and bright-blood LGE and found

that dark-blood LGE-CMR improved the detection of LGE at the

level of the PMs in MVP patients (46).

Correlating these imaging techniques with histological data

would improve the informative value of imaging techniques

regarding quantification of fibrosis in MVP, and long-term data

collected with more sensitive imaging tools could provide

information about the progression of fibrosis over time without

additional biopsy sampling.
Histology-based quantification of
fibrosis in MVP patients

Histopathological analysis of myocardial biopsies is generally

the gold standard for fibrosis detection and characterization,

while CMR represents the gold standard for non-invasive

detection of myocardial fibrosis (14). While in clinical practice

CMR is utilized regularly, details of myocardial fibrosis can be

examined more reliably by histological analysis, making the two

methods complimentary techniques (20). In contrast to CMR,

histological analysis of cardiac biopsies can identify the type of

fibrosis (interstitial or replacement fibrosis) as well as structural

distribution (e.g., diffuse, compact, focal) within the tissue.

Furthermore, histological abnormalities such as fibrous deposits

in the perivascular space of arterioles that also occur in MVP

patients can be detected (20, 47).

Moreover, histology-based analysis provides the possibility to

quantify the total collagen content, and to discriminate between

different collagen types. Thus, histopathological analysis of

myocardial biopsies may yield extremely valuable information in

the context of mechanistic investigation of MVP-associated

myocardial fibrosis, potentially leading to discovery of novel

treatment options. Histological detection of fibrosis can furthermore

guide advances in chemistry that provide specificity for collagen in

CMR and positron emission tomography (PET) probes, with the

potential for improved noninvasive detection of fibrosis (48).

With regard to MVP, there still is scarce knowledge about the

development of myocardial fibrosis and the progression of fibrotic

changes. Five studies have reported histological findings of fibrosis

within the myocardium of MVP patients (Table 1). Three reports

included tissue analyses of a multicentric patient cohort (12, 23, 49),

while another two summarized investigations from single center

cohorts (3, 50). In these studies, histological assessment was

performed using hematoxylin eosin staining to identify abnormal

histological features within the LV. Connective tissue was stained

according to van Gieson or with trichrome and picrosirius red

reagents (Table 1). These stains allow quantification of fibrosis and

evaluation of fibrotic distribution.

Three of the 5 histopathological studies investigating

myocardial fibrosis in MVP patients analyzed cardiac tissue from

autopsy cases of SCD victims with MVP (12, 23, 50). The

advantage of analyzing autopsy cases is the availability of the
Frontiers in Cardiovascular Medicine 04
whole heart for histopathological analysis, which allows more

reliable results from different regions of the heart or the whole

ventricular wall. In a study including 70 autopsy cases of SCD

with isolated MVP and 70 autopsy control cases, 29% of the

MVP SCD patients showed focal fibrosis, 24% multisegment

fibrosis in the subendocardial-midmural LV layer, and 24%

multisegment fibrosis plus focal midmural fibrosis (23). In 85%

of all cases with fibrotic abnormalities, fibrosis involved the

subendocardial-midmural layer of the ventricle wall, while 15%

showed transmural fibrosis (23). In another report on MVP

patients deceased from SCD, the same authors found an

endocardial-to-epicardial gradient of fibrosis in the myocardium

of MVP patients, with the highest amounts in the inner third (49).

A consistent pathological feature of MVP is the regionalized

fibrosis of the PMs, the LV myocardium at the level of PMs and

in the inferobasal region reported for 75%–90% of the cases (3,

12, 23, 50). Basso et al. quantified the fibrotic tissue area in the

LV of MVP autopsy cases as 30.5% at the level of PMs and

33.1% in the inferobasal wall (12). Additionally, endomysial and

patchy replacement fibrosis at the level of the PMs and the

adjacent free wall in all patients as well as in the subendocardial-

midmural layer in the inferobasal wall in 88% of the patients was

reported, and the authors described increased cardiomyocyte

diameters and dysmorphic nuclei in fibrotic areas of the LV

myocardium (12). For 24% of the cases, a midwall

interventricular septum fibrosis was reported (50).

It is hypothesized that the high-quality histological results obtained

in autopsy cases with MVP do not fully explain the pathological

processes of living MVP patients. Hence, it is important to consider

investigations in living MR patients with syndromic or non-

syndromic MVP. Our group recently published a small study cohort

of six patients with severe MR secondary to MVP undergoing MV

repair surgery (3). In biopsies obtained intraoperatively from valve-

linked myocardium, we found pronounced replacement fibrosis

within the inferobasal myocardium as well as myocytic bordering of

the fibrotic zone with changes in cell size and the presence of

disorganized sarcomeres. These changes were not present in control

regions such as the interventricular septum and the LV apex. Fibrotic

changes in the chordae tendineae and the surrounding tissue have

also been described by other groups (25, 51). Interestingly, a higher

grade of interstitial fibrosis was reported in MVP patients with

idiopathic ventricular tachycardia (24).

Assessment of perivascular fibrosis by histological evaluation is

an additional option to evaluate the progression of fibrosis in

cardiac tissue. Because perivascular fibrosis might reduce the

oxygen supply and tissue nourishment (52), its assessment and

correlation with disease progression should be investigated. In

MVP patients, perivascular fibrosis has been reported (23), but

has not been quantified yet.

Despite the obvious advantages of histological fibrosis

quantification, it remains limited by the amount of tissue that is

available for analysis as well as sampling errors. Tissue analysis,

especially when performed in living MVP patients, is locally

restricted and there is risk of obtaining a non-representative

biopsy. This risk can be reduced with bioptating at defined

positions according to a standardized protocol. While studies with
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TABLE 1 Overview of studies investigating myocardial fibrosis in MVP patients.

References Study population Analyses Main findings
Morningstar,
2021 (3)

n = 6 patients with severe MR
secondary to MVP and indication for
MV repair

- Masson’s trichrome stain
- collagen stain

- pronounced replacement fibrosis within the inferobasal myocardium with
little evidence of fibrosis within the apex or interventricular septum
- increased collagen I protein in fibrotic regions
- myocytes bordering the fibrotic zone with changes in cell size and presence
of disorganized sarcomeres
- peripapillary zone with numerous activated myofibroblasts
- increase of CD206+ cells in the papillary region compared to septum or apex

Han, 2021 (48) n = 17 SCD patients with MVP
n = 17 age-, gender- and BMI-matched
controls with noncardiac causes of
death

- picrosirius red stain - endocardial-to-epicardial gradient of fibrosis with the highest amounts in
the inner third
- more interventricular septum fibrosis in MVP-SCD victims than in controls
- fibrosis in the RV free-wall comparable between MVP-SCD victims and
controls
- comparable fibrosis deposition in the anterior wall and the interventricular
septum
- comparable fibrosis deposition in the lateral and the posterior wall

Han, 2020 (22) n = 70 autopsy cases of SCD with
isolated MVP
n = 70 autopsy cases of noncardiac,
motor vehicle accident death

- hematoxilin eosin stain
- connective tissue stain (van
Gieson, trichrome or picrosirius
red)

- abnormal LV histological features in 79% of MVP cases
- patterns of interstitial and/or perivascular fibrosis
- 24% multisegment fibrosis, 29% focal fibrosis, 24% multisegment and focal
fibrosis
- 24% without fibrosis
- 85% fibrosis involving the subendocardial-midmural layer
- 15% transmural fibrosis

Garbi, 2018 (49) n = 68 SCD patients with MVP as cause
of death

- hematoxilin eosin stain - fibrosis found in 81% of the cases (89% confined to the LV, 11% involving
the right ventricle)
- focal, interstitial fibrosis within the inner wall, involving particularly the
inner subendocardium, trabeculae and PMs
- fibrosis confluent within the inner third of the LV basal posterior wall, with
extensive replacement fibrosis extending into the trabeculae and
posteromedial PM
- 18% with fibrosis within the lateral and anterior LV wall
- 24% with midwall interventricular septum fibrosis

Basso, 2015 (12) n = 43 SCD patients with MVP
n = 15 age- and sex-matched controls
with noncardiac causes of death

- hematoxilin eosin stain
- connective tissue stain (van
Gieson, trichrome or picrosirius
red)

- LV myocardium with increased endomysial and patchy replacement-type
fibrosis at the level of PMs and adjacent free wall in 100% of the patients and
in the subendocardial-midmural layer in the inferobasal wall under the
posterior MV leaflet in 88% of the patients
- focal fibrosis was present even with only mild MR
- mean fibrous tissue % area in MVP SCD victims is 30.5% at the level of PMs
and 33.1% in the inferobasal wall myocardium
- increased cardiomyocyte diameters and dysmorphic/dysmetric nuclei in the
LV myocardium at the level of PMs and the inferobasal wall

BMI, body mass index; LV, left ventricle; MR, mitral regurgitation; MV, mitral valve; MVP, mitral valve prolapse; PM, papillary muscle; RV, right ventricle; SCD, sudden cardiac

death.
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cardiac tissue of SCD victims offers the opportunity to obtain

multiple and/or transmural samples from the LV wall (12, 49), the

sampling in living patients is limited. For example, Morningstar

et al. Obtained LV biopsies from the inferobasal LV wall (3).

However, histological quantification of representative biopsies

is the most precise method to detect myocardial fibrosis and

allows a very detailed and specific analysis of molecular changes,

e.g., by determining the content of different collagen types.
Collagen expression in MVP patients

Collagens form the ground substance of connective tissue (53).

Fibrillar collagen I and collagen III are the major collagens in the

human cardiac muscle with a share of 85% and 11%, respectively
Frontiers in Cardiovascular Medicine 05
(18, 20). In myocardial fibrosis, an alteration of the collagen

I/collagen III ratio occurs, which differs according to the respective

underlying pathology (14, 18). For example, an increase of the

ratio due to an excess of collagen I was documented for elderly

patients, and patients with aortic stenosis and hypertensive heart

disease (20). In contrast, patients suffering from ischemic heart

disease tend to show a decreased collagen I/collagen III ratio

caused by excessive collagen III expression (20). In general, an

increase of the collagen I/collagen III ratio is associated with an

increase of myocardial stiffness, because type I collagen fibers have

a higher stiffness than type III collagen fibers (14, 54).

InMVPpatients, investigations of collagen content anddistribution

in the myocardium are rare. Our group recently documented increased

collagen I content in fibrotic LV regions ofMVP patients (3). However,

we did not compare our MVP patients to a control group. Instead,
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patients served as their own control by comparing valve-linked

myocardium to LV regions not affected by prolapsing MV structures

such as the LV apex and interventricular septum.

Figure 2 shows examples of immunohistochemical stains of

collagen I and collagen III in exemplary LV regions of MVP

patients, demonstrating that collagen content and distribution

differ between regions. One major advantage of histological

analysis is the ability to differentiate between different types of

collagen. Immunohistochemical collagen I staining allows the

differentiation of interstitial, compact, diffuse and patchy fibrotic

structures (18). The length of collagen fibers gives further

information on the type of fibrosis. While short collagen fibers

are characteristic for diffuse fibrosis, longer fibers between

myocardial bundles are commonly found in patchy fibrosis (18).

Cardiac collagen IV seems to play a role in myocardial fibrosis,

because it induces the transdifferentiation of myofibroblasts and its

disruption results in reduced fibrosis (18). With increasing

remodeling activity, collagen deposition increases from the outer

to the inner third of the LV free wall (20). The analysis of

collagen expression in MVP cardiac tissue can help improve the

understanding of disease extent and progression and may lead to

novel mechanistic insights that can inform the development of

therapeutic targets of myocardial fibrosis.
Myocardial inflammation in MVP
patients

Morningstar et al. described a regional LV inflammation in the

peripapillary region of patients with MVP detected by CD206+

macrophage infiltration (3). Using hybrid PET-CMR, an

association between degenerative, non-severe MR and occult

myocardial inflammation was found that could explain that the

majority of SCD victims with MVP do not have severe MR (55).

These data point out that inflammatory processes could be

involved in MVP-related myocardial fibrosis. The histological

evaluation allows the further characterization and quantification

of activated tissue-resident or infiltrated immune cells.

Monocytes, macrophages and mast cells are known to regulate

cardiac fibrosis (56). For examples, infiltrated monocytes and
FIGURE 2

Immunohistochemical staining of collagen type I in cardiac biopsies obtained fr
Scalebars = 100 µm.
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macrophages are the primary source of fibrogenic growth factor

amd cytokines, produce matricellular proteins and secrete matrix

remodeling proteases (57), thereby exerting profibrotic effects in

the myocardium. Myocardial resident mast cells mediate pro-

and anti-fibrogenic signals be secreted proteins such as chymase

and tryptase that induce TGF-β1 production (56) or vascular

endothelial growth factor-A that increases capillary density in

damaged cardiac tissue thereby inducing tissue repair (58, 59).

In addition, perivascular fibrosis, which has been reported in

MVP patients (23), can be triggered by endothelial cells

producing pro-inflammatory molecules that recruit lymphocytes

and macrophages with fibrogenic potential (60).

The detection of infiltrated cells or perivascular fibrosis could

give further hints to find the cause of LV fibrosis in MVP

patients und underlines the necessity of histopathological

investiagtions of the myocardium in the MVP population.
Summary

In summary, the histopathological assessment of MVP-induced

myocardial fibrosis in several studies has provided insight into the

complex nature of fibrotic changes in MVP. To improve the clinical

benefits in MVP patients in the future, correlating histological findings

with imaging techniques, especially the different CMR methods such

as bright- and dark-blood LGE, is necessary. Furthermore, the full

spectrum of histological techniques such as staining with multiple

dyes as well as immunohistochemistry for the detection of specific

targets of interest should be used to further the understanding of

disease development and progression. This includes the application of

a classification for fibrosis type and distribution in MVP patients. The

combination of advanced imaging methods and histological analyses

may lead to novel mechanistic insights and possible therapeutic targets

within the development of myocardial fibrosis in MVP.
Author contributions

The authors confirm contribution to the paper as follows:

conception and design: MTD, RS, MMC, MAB; data collection:
om the inferobasal (A), apical (B) and the septal regions (C) in MVP patients.

frontiersin.org

https://doi.org/10.3389/fcvm.2023.1057986
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/


Dieterlen et al. 10.3389/fcvm.2023.1057986
MTD, KK, RS, KW, JM, RAL, AVK, MAB; draft manuscript

preparation: MTD, KK, RS, MMC, KW, JM, RAN, SM, RAL,

AVK, MAB. All authors contributed to the article and approved

the submitted version.
Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.
Frontiers in Cardiovascular Medicine 07
The reviewer CB declared a past co-authorship with the

authors MAB, RAL, RAN to the handling editor.
Publisher’s note

All claims expressed in this article are solely those of the authors and

do not necessarily represent those of their affiliated organizations, or

those of the publisher, the editors and the reviewers. Any product

that may be evaluated in this article, or claim that may be made by its

manufacturer, is not guaranteed or endorsed by the publisher.
References
1. Prunotto M, Caimmi PP, Bongiovanni M. Cellular pathology of mitral valve
prolapse. Cardiovasc Pathol. (2010) 19:e113–7. doi: 10.1016/j.carpath.2009.03.002

2. Levine RA, Hagége AA, Judge DP, Padala M, Dal-Bianco JP, Aikawa E,
et al. Yacoub MH; leducq mitral transatlantic network. Mitral valve disease–
morphology and mechanisms. Nat Rev Cardiol. (2015) 12:689–710. doi: 10.1038/
nrcardio.2015.161

3. Morningstar JE, Gensemer C, Moore R, Fulmer D, Beck TC, Wang C, et al. Mitral
valve prolapse induces regionalized myocardial fibrosis. J Am Heart Assoc. (2021) 10:
e022332. doi: 10.1161/JAHA.121.022332

4. Clavel MA, Mantovani F, Malouf J, Michelena HI, Vatury O, Jain MS, et al.
Dynamic phenotypes of degenerative myxomatous mitral valve disease: quantitative
3-dimensional echocardiographic study. Circ Cardiovasc Imaging. (2015) 8:e002989.
doi: 10.1161/CIRCIMAGING.114.002989

5. Hei S, Iwataki M, Jang JY, Kuwaki H, Fukuda S, Kim YJ, et al. Relations of
augmented systolic annular expansion and leaflet/papillary muscle dynamics in late-
systolic mitral valve prolapse evaluated by echocardiography with a speckle tracking
analysis. Int Heart J. (2020) 61:970–8. doi: 10.1536/ihj.20-236

6. Hei S, Iwataki M, Jang JY, Kuwaki H, Mahara K, Fukuda S, et al. Possible
mechanism of late systolic mitral valve prolapse: systolic superior shift of leaflets
secondary to annular dilatation that causes papillary muscle traction. Am J Physiol
Heart Circ Physiol. (2019) 316:H629–38. doi: 10.1152/ajpheart.00618.2018

7. Rizzo S, Perazzolo Marra M, De Gaspari M, Basso C. The missing pieces in the
puzzle of arrhythmic mitral valve prolapse: papillary muscles, mitral annulus
dysjunction, and myocardial scarring. Heart Rhythm. (2021) 18:577–8. doi: 10.1016/
j.hrthm.2021.01.004

8. Perazzolo Marra M, Basso C, De Lazzari M, Rizzo S, Cipriani A, Giorgi B, et al.
Morphofunctional abnormalities of mitral Annulus and arrhythmic mitral valve
prolapse. Circ Cardiovasc Imaging. (2016) 9:e005030. doi: 10.1161/CIRCIMAGING.
116.005030

9. Nagata Y, Bertrand P, Dal-Bianco J, Melnitchouk S, Baliyan V, Holmfang F, et al.
Myocardial fibrosis relates to abnormal myocardial mechanics in patients with
mitral valve prolapse. J Am Coll Cardiol. (2020) 75:1547. doi: 10.1016/S0735-1097
(20)32174-4

10. Park MH, van Kampen A, Melnitchouk S, Wilkerson RJ, Nagata Y, Zhu Y, et al.
Native and post-repair residual mitral valve prolapse increases forces exerted on the
papillary muscles: a possible mechanism for localized fibrosis? Circ Cardiovasc
Interv. (2022) 15:e011928. doi: 10.1161/CIRCINTERVENTIONS.122.011928

11. Kelley BP, Chaudry AM, Syed FF. Developing a mechanistic approach to sudden
death prevention in mitral valve prolapse. J Clin Med. (2022) 11:1285. doi: 10.3390/
jcm11051285

12. Basso C, Perazzolo Marra M, Rizzo S, De Lazzari M, Giorgi B, Cipriani A, et al.
Arrhythmic mitral valve prolapse and sudden cardiac death. Circulation. (2015)
132:556–66. doi: 10.1161/CIRCULATIONAHA.115.016291

13. Pype LL, Bertrand PB, Paelinck BP, Heidbuchel H, Van Craenenbroeck EM, Van
De Heyning CM. Left ventricular remodeling in non-syndromic mitral valve prolapse:
volume overload or concomitant cardiomyopathy? Front Cardiovasc Med. (2022) 12
(9):862044. doi: 10.3389/fcvm.2022.862044

14. Espeland T, Lunde IG, Amundsen B H, Gullestad L, Aakhus S. Myocardial
fibrosis. Tidsskr Nor Laegeforen. (2018) 138(16). doi: 10.4045/tidsskr.17.1027

15. Karamitsos TD, Arvanitaki A, Karvounis H, Neubauer S, Ferreira VM.
Myocardial tissue characterization and fibrosis by imaging. JACC Cardiovasc
Imaging. (2020) 13:1221–34. doi: 10.1016/j.jcmg.2019.06.030

16. de Boer RA, De Keulenaer G, Bauersachs J, Brutsaert D, Cleland JG, Diez J, et al.
Towards better definition, quantification and treatment of fibrosis in heart failure. A
scientific roadmap by the committee of translational research of the heart failure
association (HFA) of the European society of cardiology. Eur J Heart Fail. (2019)
21:272–85. doi: 10.1002/ejhf.1406

17. Delling FN, Noseworthy PA, Adams DH, Basso C, Borger M, Bouatia-Naji N,
et al. Research opportunities in the treatment of mitral valve prolapse: jACC expert
panel. J Am Coll Cardiol. (2022) 80:2331–47. doi: 10.1016/j.jacc.2022.09.044

18. Hinderer S, Schenke-Layland K. Cardiac fibrosis—a short review of causes and
therapeutic strategies. Adv Drug Deliv Rev. (2019) 146:77–82. doi: 10.1016/j.addr.2019.
05.011

19. Ivey MJ, Tallquist MD. Defining the cardiac fibroblast. Circ J. (2016) 80:2269–76.
doi: 10.1253/circj.CJ-16-1003

20. López B, Ravassa S, Moreno MU, José GS, Beaumont J, González A, et al. Diffuse
myocardial fibrosis: mechanisms, diagnosis and therapeutic approaches. Nat Rev
Cardiol. (2021) 18:479–98. doi: 10.1038/s41569-020-00504-1

21. Zhao S, Wu H, Xia W, Chen X, Zhu S, Zhang S, et al. Periostin expression is
upregulated and associated with myocardial fibrosis in human failing hearts.
J Cardiol. (2014) 63:373–8. doi: 10.1016/j.jjcc.2013.09.013

22. Bui AH, Roujol S, Foppa M, Kissinger KV, Goddu B, Hauser TH, et al. Diffuse
myocardial fibrosis in patients with mitral valve prolapse and ventricular arrhythmia.
Heart. (2017) 103:204–9. doi: 10.1136/heartjnl-2016-309303

23. Han HC, Parsons SA, Teh AW, Sanders P, Neil C, Leong T, et al. Characteristic
histopathological findings and cardiac arrest rhythm in isolated mitral valve prolapse
and sudden cardiac death. J Am Heart Assoc. (2020) 9:e015587. doi: 10.1161/JAHA.
119.015587

24. La Vecchia L, Ometto R, Centofante P, Varotto L, Bonanno C, Bozzola L,
et al. Arrhythmic profile, ventricular function, and histomorphometric findings in
patients with idiopathic ventricular tachycardia and mitral valve prolapse:
clinical and prognostic evaluation. Clin Cardiol. (1998) 21:731–5. doi: 10.1002/clc.
4960211007

25. Hjortnaes J, Keegan J, Bruneval P, Schwartz E, Schoen FJ, Carpentier A, et al.
Comparative histopathological analysis of mitral valves in barlow disease and
fibroelastic deficiency. Semin Thorac Cardiovasc Surg. (2016) 28:757–67. doi: 10.
1053/j.semtcvs.2016.08.015

26. Bing R, Dweck MR. Myocardial fibrosis: why image, how to image and clinical
implications. Heart. (2019) 105:1832–40. doi: 10.1136/heartjnl-2019-315560

27. Shabani M, Dutta D, Ambale-Venkatesh B, Post WS, Taylor KD, Rich SS, et al.
Rare genetic variants associated with myocardial fibrosis: multi-ethnic study of
atherosclerosis. Front Cardiovasc Med. (2022) 9:804788. doi: 10.3389/fcvm.2022.
804788

28. Eijgenraam TR, Silljé HHW, de Boer RA. Current understanding of fibrosis in
genetic cardiomyopathies. Trends Cardiovasc Med. (2020) 30:353–61. doi: 10.1016/j.
tcm.2019.09.003

29. Gupta S, Ge Y, Singh A, Gräni C, Kwong RY. Multimodality imaging assessment
of myocardial fibrosis. JACC Cardiovasc Imaging. (2021) 14:2457–69. doi: 10.1016/j.
jcmg.2021.01.027

30. Weinsaft JW, Kim J. Beyond the mitral valve: myocardial fibrosis for therapeutic
decision-making and prognostication of degenerative mitral regurgitation. JACC
Cardiovasc Imaging. (2022) 15:237–9. doi: 10.1016/j.jcmg.2021.07.025

31. Iles LM, Ellims AH, Llewellyn H, Hare JL, Kaye DM, McLean CA, et al.
Histological validation of cardiac magnetic resonance analysis of regional and
diffuse interstitial myocardial fibrosis. Eur Heart J Cardiovasc Imaging. (2015)
16:14–22. doi: 10.1093/ehjci/jeu182

32. Salemi VM, Rochitte CE, Shiozaki AA, Andrade JM, Parga JR, de Ávila LF, et al.
Late gadolinium enhancement magnetic resonance imaging in the diagnosis and
prognosis of endomyocardial fibrosis patients. Circ Cardiovasc Imaging. (2011)
4:304–11. doi: 10.1161/CIRCIMAGING.110.950675
frontiersin.org

https://doi.org/10.1016/j.carpath.2009.03.002
https://doi.org/10.1038/nrcardio.2015.161
https://doi.org/10.1038/nrcardio.2015.161
https://doi.org/10.1161/JAHA.121.022332
https://doi.org/10.1161/CIRCIMAGING.114.002989
https://doi.org/10.1536/ihj.20-236
https://doi.org/10.1152/ajpheart.00618.2018
https://doi.org/10.1016/j.hrthm.2021.01.004
https://doi.org/10.1016/j.hrthm.2021.01.004
https://doi.org/10.1161/CIRCIMAGING.116.005030
https://doi.org/10.1161/CIRCIMAGING.116.005030
https://doi.org/10.1016/S0735-1097(20)32174-4
https://doi.org/10.1016/S0735-1097(20)32174-4
https://doi.org/10.1161/CIRCINTERVENTIONS.122.011928
https://doi.org/10.3390/jcm11051285
https://doi.org/10.3390/jcm11051285
https://doi.org/10.1161/CIRCULATIONAHA.115.016291
https://doi.org/10.3389/fcvm.2022.862044
https://doi.org/10.4045/tidsskr.17.1027
https://doi.org/10.1016/j.jcmg.2019.06.030
https://doi.org/10.1002/ejhf.1406
https://doi.org/10.1016/j.jacc.2022.09.044
https://doi.org/10.1016/j.addr.2019.05.011
https://doi.org/10.1016/j.addr.2019.05.011
https://doi.org/10.1253/circj.CJ-16-1003
https://doi.org/10.1038/s41569-020-00504-1
https://doi.org/10.1016/j.jjcc.2013.09.013
https://doi.org/10.1136/heartjnl-2016-309303
https://doi.org/10.1161/JAHA.119.015587
https://doi.org/10.1161/JAHA.119.015587
https://doi.org/10.1002/clc.4960211007
https://doi.org/10.1002/clc.4960211007
https://doi.org/10.1053/j.semtcvs.2016.08.015
https://doi.org/10.1053/j.semtcvs.2016.08.015
https://doi.org/10.1136/heartjnl-2019-315560
https://doi.org/10.3389/fcvm.2022.804788
https://doi.org/10.3389/fcvm.2022.804788
https://doi.org/10.1016/j.tcm.2019.09.003
https://doi.org/10.1016/j.tcm.2019.09.003
https://doi.org/10.1016/j.jcmg.2021.01.027
https://doi.org/10.1016/j.jcmg.2021.01.027
https://doi.org/10.1016/j.jcmg.2021.07.025
https://doi.org/10.1093/ehjci/jeu182
https://doi.org/10.1161/CIRCIMAGING.110.950675
https://doi.org/10.3389/fcvm.2023.1057986
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/


Dieterlen et al. 10.3389/fcvm.2023.1057986
33. Kim RJ, Chen EL, Lima JA, Judd RM. Myocardial gd-DTPA kinetics determine
MRI contrast enhancement and reflect the extent and severity of myocardial injury
after acute reperfused infarction. Circulation. (1996) 94:3318–26. doi: 10.1161/01.
CIR.94.12.3318

34. Rathod RH, Powell AJ, Geva T. Myocardial fibrosis in congenital heart disease.
Circ J. (2016) 80:1300–7. doi: 10.1253/circj.CJ-16-0353

35. Nagata Y, Bertrand PB, Levine RA. Malignant mitral valve prolapse: risk and
prevention of sudden cardiac death. Curr Treat Options Cardiovasc Med. (2022)
24:61–86. doi: 10.1007/s11936-022-00956-3

36. Bull S, White SK, Piechnik SK, Flett AS, Ferreira VM, Loudon M, et al. Human
non-contrast T1 values and correlation with histology in diffuse fibrosis. Heart. (2013)
99:932–7. doi: 10.1136/heartjnl-2012-303052

37. Kitkungvan D, Nabi F, Kim RJ, Bonow RO, Khan MA, Xu J, et al. Myocardial
fibrosis in patients with primary mitral regurgitation with and without prolapse. J Am
Coll Cardiol. (2018) 72:823–34. doi: 10.1016/j.jacc.2018.06.048

38. Constant Dit Beaufils AL, Huttin O, Jobbe-Duval A, Senage T, Filippetti L,
Piriou N, et al. Replacement myocardial fibrosis in patients with mitral valve
prolapse: relation to mitral regurgitation, ventricular remodeling, and arrhythmia.
Circulation. (2021) 143:1763–74. doi: 10.1161/CIRCULATIONAHA.120.050214

39. de Meester de Ravenstein C, Bouzin C, Lazam S, Boulif J, Amzulescu M,
Melchior J, et al. Histological validation of measurement of diffuse interstitial
myocardial fibrosis by myocardial extravascular volume fraction from modified
Look-locker imaging (MOLLI) T1 mapping at 3 T. J Cardiovasc Magn Reson.
(2015) 17:48. doi: 10.1186/s12968-015-0150-0

40. Edwards NC, Moody WE, Yuan M, Weale P, Neal D, Townend JN, et al.
Quantification of left ventricular interstitial fibrosis in asymptomatic chronic
primary degenerative mitral regurgitation. Circ Cardiovasc Imaging. (2014)
7:946–53. doi: 10.1161/CIRCIMAGING.114.002397

41. Liu B, Neil DAH, Premchand M, Bhabra M, Patel R, Barker T, et al. Myocardial
fibrosis in asymptomatic and symptomatic chronic severe primary mitral regurgitation
and relationship to tissue characterisation and left ventricular function on
cardiovascular magnetic resonance. J Cardiovasc Magn Reson. (2020) 22:86. doi: 10.
1186/s12968-020-00674-4

42. Stephens SE, Kammien AJ, Paris JC, Applequist AP, Ingels NB, Jensen HK, et al.
In vitro mitral valve model with unrestricted ventricular access: using vacuum to close
the valve and enable static trans-mitral pressure. J Cardiovasc Transl Res. (2022)
15:845–54. doi: 10.1007/s12265-021-10199-5

43. Barison A, Grigoratos C, Todiere G, Aquaro GD. Myocardial interstitial remodelling
in non-ischaemic dilated cardiomyopathy: insights from cardiovascular magnetic
resonance. Heart Fail Rev. (2015) 20:731–49. doi: 10.1007/s10741-015-9509-4

44. Kellman P. Dark-Blood late-enhancement imaging improves detection of
myocardial infarction. JACC Cardiovasc Imaging. (2018) 11:1770–2. doi: 10.1016/j.
jcmg.2017.10.014

45. Holtackers RJ, Van De Heyning CM, Chiribiri A, Wildberger JE, Botnar RM,
Kooi ME. Dark-blood late gadolinium enhancement cardiovascular magnetic
resonance for improved detection of subendocardial scar: a review of current
techniques. J Cardiovasc Magn Reson. (2021) 23:96. doi: 10.1186/s12968-021-00777-6

46. Van De Heyning CM, Holtackers RJ, Nazir MS, Grapsa J, Demetrescu C, Pype L,
et al. Dark-blood late gadolinium enhancement CMR improves detection of papillary
Frontiers in Cardiovascular Medicine 08
muscle fibrosis in patients with mitral valve prolapse. Eur J Radiol. (2022) 147:110118.
doi: 10.1016/j.ejrad.2021.110118

47. John BT, Tamarappoo BK, Titus JL, Edwards WD, Shen WK, Chugh SS. Global
remodeling of the ventricular interstitium in idiopathic myocardial fibrosis and
sudden cardiac death. Heart Rhythm. (2004) 1:141–9. doi: 10.1016/j.hrthm.2004.02.
021

48. Montesi SB, Désogère P, Fuchs BC, Caravan P. Molecular imaging of fibrosis:
recent advances and future directions. J Clin Invest. (2019) 129:24–33. doi: 10.1172/
JCI122132

49. Han HC, Parsons SA, Curl CL, Teh AW, Raaijmakers AJA, Koshy AN, et al.
Systematic quantification of histologic ventricular fibrosis in isolated mitral valve
prolapse and sudden cardiac death. Heart Rhythm. (2021) 18:570–6. doi: 10.1016/j.
hrthm.2020.12.021

50. Garbi M, Lancellotti P, Sheppard MN. Mitral valve and left ventricular features
in malignant mitral valve prolapse. Open Heart. (2018) 5:e000925. doi: 10.1136/
openhrt-2018-000925

51. Roberts WC, Vowels TJ, Ko JM, Hebeler RF Jr. Gross and histological features
of excised portions of posterior mitral leaflet in patients having operative repair of
mitral valve prolapse and comments on the concept of missing (= ruptured)
chordae tendineae. J Am Coll Cardiol. (2014) 63:1667–74. doi: 10.1016/j.jacc.2013.
11.017

52. Piek A, de Boer RA, Silljé HH. The fibrosis-cell death axis in heart failure. Heart
Fail Rev. (2016) 21:199–211. doi: 10.1007/s10741-016-9536-9

53. Bloch W, Korkmaz Y. Classical histological staining procedures in
cardiovascular research. Pract Methods Cardiovasc Res. (2005) 140:485–99. doi: 10.
1007/3-540-26574-0_24

54. Collier P, Watson CJ, van Es MH, Phelan D, McGorrian C, Tolan M, et al.
Getting to the heart of cardiac remodeling; how collagen subtypes may contribute
to phenotype. J Mol Cell Cardiol. (2012) 52:148–53. doi: 10.1016/j.yjmcc.2011.10.002

55. Russak AR, Trivieri MG, Garg J, Robson PM, Pawale A, Pyzik R, et al.
Characterization of myocardial inflammation and fibrosis in patients with
arrhythmic mitral valve prolapse and only mild or moderate mitral regurgitation.
Circulation. (2019) 140:14487. doi: 10.1161/circ.140.suppl_1.14487

56. Jiang W, Xiong Y, Li X, Yang Y. Cardiac fibrosis: cellular effectors, molecular
pathways, and exosomal roles. Front Cardiovasc Med. (2021) 8:715258. doi: 10.
3389/fcvm.2021.715258

57. Chen B, Frangogiannis NG. Immune cells in repair of the infarcted myocardium.
Microcirculation. (2017) 24. doi: 10.1111/micc.12305

58. Nako H, Kataoka K, Koibuchi N, Dong YF, Toyama K, Yamamoto E, et al. Novel
mechanism of angiotensin II-induced cardiac injury in hypertensive rats: the critical
role of ASK1 and VEGF. Hypertens Res. (2012) 35:194–200. doi: 10.1038/hr.2011.175

59. Tang JM, Luo B, Xiao JH, Lv YX, Li XL, Zhao JH, et al. VEGF-A promotes
cardiac stem cell engraftment and myocardial repair in the infarcted heart. Int
J Cardiol. (2015) 183:221–31. doi: 10.1016/j.ijcard.2015.01.050

60. Salvador AM, Nevers T, Velázquez F, Aronovitz M, Wang B, Abadía Molina A,
et al. Intercellular adhesion molecule 1 regulates left ventricular leukocyte infiltration,
cardiac remodeling, and function in pressure overload-induced heart failure. J Am
Heart Assoc. (2016) 5:e003126. doi: 10.1161/JAHA.115.003126
frontiersin.org

https://doi.org/10.1161/01.CIR.94.12.3318
https://doi.org/10.1161/01.CIR.94.12.3318
https://doi.org/10.1253/circj.CJ-16-0353
https://doi.org/10.1007/s11936-022-00956-3
https://doi.org/10.1136/heartjnl-2012-303052
https://doi.org/10.1016/j.jacc.2018.06.048
https://doi.org/10.1161/CIRCULATIONAHA.120.050214
https://doi.org/10.1186/s12968-015-0150-0
https://doi.org/10.1161/CIRCIMAGING.114.002397
https://doi.org/10.1186/s12968-020-00674-4
https://doi.org/10.1186/s12968-020-00674-4
https://doi.org/10.1007/s12265-021-10199-5
https://doi.org/10.1007/s10741-015-9509-4
https://doi.org/10.1016/j.jcmg.2017.10.014
https://doi.org/10.1016/j.jcmg.2017.10.014
https://doi.org/10.1186/s12968-021-00777-6
https://doi.org/10.1016/j.ejrad.2021.110118
https://doi.org/10.1016/j.hrthm.2004.02.021
https://doi.org/10.1016/j.hrthm.2004.02.021
https://doi.org/10.1172/JCI122132
https://doi.org/10.1172/JCI122132
https://doi.org/10.1016/j.hrthm.2020.12.021
https://doi.org/10.1016/j.hrthm.2020.12.021
https://doi.org/10.1136/openhrt-2018-000925
https://doi.org/10.1136/openhrt-2018-000925
https://doi.org/10.1016/j.jacc.2013.11.017
https://doi.org/10.1016/j.jacc.2013.11.017
https://doi.org/10.1007/s10741-016-9536-9
https://doi.org/10.1007/3-540-26574-0_24
https://doi.org/10.1007/3-540-26574-0_24
https://doi.org/10.1016/j.yjmcc.2011.10.002
https://doi.org/10.1161/circ.140.suppl_1.14487
https://doi.org/10.3389/fcvm.2021.715258
https://doi.org/10.3389/fcvm.2021.715258
https://doi.org/10.1111/micc.12305
https://doi.org/10.1038/hr.2011.175
https://doi.org/10.1016/j.ijcard.2015.01.050
https://doi.org/10.1161/JAHA.115.003126
https://doi.org/10.3389/fcvm.2023.1057986
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/

	Histopathological insights into mitral valve prolapse-induced fibrosis
	Introduction
	Myocardial fibrosis in MVP and fibrosis-related remodeling
	CMR-based quantification of fibrosis in MVP patients
	Histology-based quantification of fibrosis in MVP patients
	Collagen expression in MVP patients
	Myocardial inflammation in MVP patients
	Summary
	Author contributions
	Conflict of interest
	Publisher's note
	References


