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Abstract

Background—Mitral valve prolapse (MVP) is a common disorder associated with mitral 

regurgitation (MR), endocarditis, heart failure and sudden death. In the familial context, prior 

studies have described non-diagnostic mitral valve morphologies (‘prodromal forms’ and 

‘minimal superior displacement’ [MSD]) that may represent early expression of MVP in those 

genetically predisposed. Our objective was to explore the spectrum of MVP abnormalities in the 

community and compare their clinical and echocardiographic features.

Methods—Phenotypic heterogeneity of MVP was assessed by measuring annular diameter (D), 

leaflet displacement (Dis), thickness (T), anterior/posterior leaflet projections (A, P) onto the 

annulus, coaptation height (C or P/D), and MR jet height (JH) in a sample of 296 individuals of 

the Framingham Offspring Study who were identified as having MVP (n=77) or its prodromal 

form (N=11) or MSD (N=57), with 151 controls with no feature of MVP or its non-diagnostic 

forms.

Results—The prodromal form did not meet diagnostic criteria but resembled fully diagnostic 

MVP with regards to D, T and JH (all p > 0.05); they were similar to individuals with posterior 

MVP with regard to leaflet asymmetry and coaptation height (p = 0.91). Compared to MSDs and 

controls, prodromals had greater C, T, D and JH (all p < 0.05). MSDs shared the posterior leaflet 

asymmetry with classic MVP, but their coaptation point was more posterior (C = 31% versus 42%, 

p<0.0001).

Conclusion—Non-diagnostic morphologies of MVP are observed in the community and share 

the common feature of posterior leaflet asymmetry with fully affected individuals. Prodromal 
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morphology and MSD may represent early expressions of MVP and additional studies are 

warranted to elucidate the natural history of these phenotypes.
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Introduction

Mitral valve prolapse (MVP) is a common disorder (2-5%)1-3 characterized by 

fibromyxomatous changes in one or both of the mitral leaflets that cause displacement of the 

leaflets into the left atrium.4, 5 MVP is associated with mitral regurgitation (MR), 

endocarditis, heart failure and sudden death.6-11 Despite being the most common valvular 

pathology requiring surgery,12 little is known about the genetic mechanisms underlying the 

genesis and progression of MVP. To date, three loci for autosomal dominant, non-syndromic 

MVP have been described on chromosomes 11, 16 and 13.13-15 While filamin A has been 

identified as causing an X-linked form of MVP,16, 17 the genes for the more common form 

of autosomal dominant MVP are unknown. In the family linked to chromosome 13 and in 

other families,15 we have shown that previously non-diagnostic morphologies of MVP may 

represent mild or early stages of phenotypic expression in gene carriers. These morphologies 

include the ‘prodromal form’ and ‘minimal systolic displacement’ (MSD). Both the 

prodromal phenotype and MSD share features of excessive leaflet motion with fully 

affecteds, as demonstrated by superior motion towards the left atrium, bulging of the 

posterior leaflet relative to the anterior (albeit not diagnostic by quantitative assessment) and 

asymmetry of coaptation. In addition, in the prodromal form, leaflet excess can also 

manifest itself by anterior motion and a shift of the coaptation point towards the septum and 

the aortic root (Figure 1) as detailed below (see Methods). Prodromal members and 

individuals with MSD shared either the complete or a major portion of the haplotype with 

fully diagnostic MVP in our genetics studies.15 These non-diagnostic forms may, therefore, 

represent early expression of MVP in those genetically predisposed.

The spectrum of early MVP abnormalities noted above has been described to date only in 

families. We hypothesized that non-diagnostic forms of MVP exist in the general 

population. The Framingham Heart Study (FHS) represents an ideal setting to explore the 

phenotypic heterogeneity of MVP in the community with a focus on prodromal forms and 

MSD.

Recognizing these so-called ‘early forms’ of MVP may be important because MVP often 

manifests clinically in the 5th or 6th decade of life as a severe cardiac event. Early 

recognition may facilitate newer therapeutic approaches, analogous to those currently being 

investigated in the Marfan syndrome, in which angiotensin I receptor blockade leads to 

down regulation of TGF-beta and limitation of clinical disease progression.18-20
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Methods

Participants

Individuals who participated in the fifth examination cycle of the FHS Offspring cohort 

(1991-1995), constituted the sampling frame for this investigation. The examination 

protocol was approved by the institutional review board of Boston Medical Center, and all 

subjects provided written informed consent.

At this examination cycle, all attendees underwent routine transthoracic echocardiography 

(see below). As previously described,3 the echocardiograms of all subjects who had 

previously been identified as possibly having MV leaflet displacement suggesting MVP in 

any two-dimensional view or on M-mode echocardiography at any prior examination of the 

Offspring cohort were reviewed to ensure that no cases of MVP were missed among 3491 

attendees at the fifth examination cycle. This broad approach identified 518 individuals with 

possible MVP. First, the echocardiograms obtained at the fifth examination of these subjects 

were assessed to identify those in whom qualitative superior displacement of the MV leaflets 

during systole warranted a quantitative evaluation to determine whether MVP was actually 

present. The 151 individuals identified in this way were paired with controls (1:1) matched 

for age and sex who were also drawn from the fifth examination cycle but who were initially 

coded as having no evidence of prolapse. Of this original sample of 302 individuals, 

echocardiographic images of 6 individuals were deemed of inadequate quality for detailed 

analysis. Therefore, the final sample for this investigation consisted of 296 individuals (151 

controls). Also, for the purpose of this investigation, the total number of offspring 

individuals in the fifth generation was 3485 (3491-6). Prevalence of MVP in the Offspring 

cohort was calculated based on this denominator.

Clinical characteristics

At the fifth examination cycle, all attendees underwent a routine medical history, targeted 

physical examination for cardiovascular disease, anthropometry and laboratory assessment 

of cardiovascular disease risk factors. Clinical variables used in the present investigation 

included: age, sex, history of smoking, treatment for hypertension, systolic and diastolic 

blood pressure, body mass index (BMI, calculated as weight (kg) / [height (m)]2), and the 

presence of a precordial systolic murmur on auscultation.

Echocardiographic characteristics

All subjects underwent standard two-dimensional echocardiography with a commercially 

available system (Sonos 1000, Hewlett–Packard, Andover, Mass.) that used a 2.5-MHz 

transducer. Images included complete parasternal, apical, and subcostal views and color 

Doppler assessment of valvular regurgitation. All measurements were performed with a 

DigiView Off-line Cardiac Analysis System.

Echocardiograms were examined blinded to previous MVP diagnosis3 and clinical history. 

Using current two-dimensional echocardiographic criteria,21, 22 the diagnosis of MVP was 

made by measurement of maximal MV leaflet superior systolic displacement (Dis) relative 

to the line connecting the annular hinge points (annular dimension or D). The projections of 
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the anterior and posterior MV leaflets onto the mitral annulus (A, P) were also assessed at 

end-systole (Figure 1D).15 The meeting point of the MV leaflets relatively to the annulus 

was quantified by the leaflet coaptation height (C or P/D) (See Figure 1). Normally, the MV 

leaflets meet posteriorly within the 25-30% of the left ventricular cavity because the 

posterior leaflet is shorter than the anterior (Figure 1A). In patients with MVP, coaptation is 

typically displaced anteriorly, consistent with elongation of the posterior MV leaflet, which 

can produce excessive leaflet motion not only into the left atrium but also toward the aortic 

root. Finally, MR severity was quantified by color Doppler as the maximum systolic 

proximal MR jet height (JH). Previous studies have indicated that proximal jet size basically 

reflects the size of the vena contracta, a fundamental measure of lesion severity, and 

correlates well with independent invasive and noninvasive measures of regurgitant volume 

and fraction.23-26 A jet height of 2 mm effectively separates trace physiologic backflow 

from mild MR, while 5 mm or more indicate moderate severity.23, 25, 26 All of the above 

echocardiographic parameters were measured in the parasternal or apical long-axis views at 

end-systole. MV leaflet thickness (T) was measured at end-diastole in the same views as the 

leading to trailing edge of the thickest area of the mid-portion of the leaflet, excluding focal 

areas of thickness and chordae.

Based on prior clinical and prognostic studies,8, 9, 21, 22, 27, 28 MVP was diagnosed if leaflet 

displacement exceeded 2 mm. Subjects were classified as having classic MVP (displacement 

>2 mm, thickness ≥5 mm) or non-classic MVP (displacement >2 mm, thickness <5 

mm).8, 21, 22, 27 Non-diagnostic forms of uncertain clinical importance were described based 

on the common feature of posterior leaflet asymmetry, frequent in fully affected members. 

Subjects with borderline degrees of displacement of the MV leaflets (≤2 mm) but posterior 

coaptation were designated as having MSD (Figure 2). Prodromal individuals didn't have 

diagnostic leaflet displacement beyond the annulus, but their pattern of leaflet closure or 

coaptation resembled fully expressed MVP. Compare Figure 1C, in which classic MVP 

leaflets meet halfway up the dotted annular line, with Figure 1B, which shows a subject with 

no displacement of leaflets into the left atrium beyond the annulus but with an anterior shift 

(> 40%) of the coaptation point. This shift has been correlated quantitatively with posterior 

leaflet length (see Discussion). Finally, controls were defined as individuals: 1) who did not 

meet the echocardiographic criteria described for MVP, prodromals, or MSDs, and 2) who 

had no other MV disease such as mitral stenosis of congenital mitral pathology.

Statistical methods

Clinical (sex, systolic murmur, smoking history, treatment for hypertension, BMI, systolic 

and diastolic blood pressure) and echocardiographic characteristics (D, T, Dis, A, P, C, and 

JH) were compared in the four groups (MVP, MSD, prodromals, and controls) by ANOVA 

for continuous variables and by logistic regression analysis for categorical variables. All 

echocardiographic parameters were adjusted for age and sex. Correlation coefficients among 

observations made by the same reader on different occasion or among different observers 

reading the same images were used to estimate inter and intra-observer variability for select 

MV measurements. All analyses were conducted using SAS version V9.3 on a SUN 

Ultrasparc workstation. A two-sided p value <0.05 was the criterion for statistical 

significance. A post-hoc Duncan test was used to correct for multiple comparisons.
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Results

The clinical characteristics of the participants are summarized in Table 1. Age, sex 

distribution and BMI were similar in all groups (MVP, MSD, prodromals, and controls, p > 

0.05 for all comparisons). There was no statistically significant difference among the four 

groups in regards to blood pressure, history of smoking and treatment of hypertension (p > 

0.05 for all comparisons). Patients with MVP had a higher prevalence of a precordial 

systolic murmur compared to the other three categories (all p < 0.05).

The echocardiographic characteristics of the participants with classic MVP and its non-

classic forms are summarized in Table 2. The overall prevalence of MVP (including its non 

classic forms) was 2.2% of the offspring generation (77/3485). The majority of cases of 

MVP was non-classic (41/77 [53%]). Prolapse more commonly involved only the posterior 

MV leaflet (34/77 [44%]). All the participants with MSD except one had involvement of the 

posterior MV leaflet only.

Morphological heterogeneity

Review of echocardiographic images revealed a wide spectrum of phenotypic morphologies 

in MVP. Of the 296 individuals that we evaluated, 77 had fully diagnostic MVP and varying 

leaflet involvement as described in Table 2. Nevertheless, the majority of individuals with 

MVP had asymmetric prolapse of the posterior MV leaflet relative to the anterior, a common 

pattern described in other MVP series.21, 29 Sixty-eight individuals were designated as 

having forms not meeting current diagnostic criteria: 11 with the prodromal morphology, 

and 57 with MSD of the MV posterior leaflet.

The echocardiographic differences between the four groups are shown in Table 3. The 

prodromal morphology did not meet diagnostic criteria (mean posterior displacement 

beyond the annulus of 1.1 ± 0.6 mm, no anterior leaflet displacement) but resembled the 77 

MVPs with regards to D, posterior/anterior T and JH (all p > 0.05). Interestingly, 

prodromals were similar to posterior MVP relatively to leaflet asymmetry (evidence of 

posterior leaflet bulging compared to the anterior by qualitative assessment, not quantified if 

not beyond the annulus). Coaptation height was higher in prodromals compared to all MVPs 

(bileaflet + monoleaflet), likely due to the contribution of anterior MVP (C = 49% versus 

42% in all MVP, p = 0.007). It is hypothesized that a longer anterior leaflet in anterior MVP 

may lower the coaptation point (i.e., shift it posteriorly), leading to a smaller coaptation 

height value in the overall MVP group. For similar reasons, anterior leaflet projection was 

smaller and posterior leaflet projection was greater in prodromals compared to all MVPs (p 

= 0.007 and p = 0.05, respectively). A sub-analysis comparing prodromals to bileaflet, 

anterior, and posterior MVP by ANOVA was pursued to account for type of leaflet 

involvement IFigure 3). The sub-analysis showed that prodromals had an anteriorly shifted 

coaptation height, similarly to posterior MVP (C = 49% versus 50% in posterior MVP, p = 

0.9). Coaptation height was higher than bileaflet and monoleaflet anterior MVP (C = 49% in 

prodromals versus 27% and 42%, p = 0.007 and p < 0.0001, respectively). Compared to the 

57 individuals with MSD, and the 151 controls, prodromals had greater C, T, D and JH (all p 

< 0.05). MSDs shared the posterior leaflet asymmetry with MVP, but similar to controls, 

their MV leaflet coaptation point was more posterior (C = 31% in MSDs and 28% in 
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controls versus 42% in MVPs, both p<0.0001). When adjusted for age and sex, annular size 

and MR proximal JH were slightly greater in MSDs when compared to controls (p = 0.02 

and p = 0.004, respectively; this difference was statistically non- significant in the 

unadjusted analysis), possibly reflecting different cavity size and filling pressures in younger 

females compared to older males. Annular size and degree of MR remained less than in 

individuals with MVP and prodromal morphology after sex/age adjustment. The other 

results described above did not differ when the analysis was adjusted to age and sex.

Patterns of mitral regurgitation

Except for MVP, the amount of mitral regurgitation was trivial (JH < 2 mm) in all 

categories. Even among individuals with MVP, only 5/77 had more than moderate (JH ≥ 5 

mm) mitral regurgitation, thus confirming the known low rates of clinically apparent disease 

in the FHS MVP population.3 Interestingly, the 9 individuals with a prodromal morphology 

and quantifiable MR all showed a late-systolic (albeit trivial) jet of regurgitation similar to 

classic MVP, as previously described in families.15

Reproducibility of Echocardiographic Findings

The intraobserver and interobserver correlations for mitral-leaflet displacement, leaflet 

thickness, and the degree of mitral regurgitation in 20 subjects exceeded 0.97 as previously 

reported.3 Reproducibility for the novel echocardiographic parameters of anterior/posterior 

leaflet projections and leaflet coaptation height was also very good with correlations 

exceeding 0.94.

Discussion

Our investigation demonstrates that non-diagnostic morphologies previously recognized 

only in the familial context are not infrequent in the community and share features 

indicating excessive MV leaflet motion with fully diagnostic MVP. Specifically, we have 

recognized two ‘early’” or non-diagnostic phenotypes of MVP in the FHS: the ‘prodromal 

morphology’ and MSD. Prodromal individuals lack diagnostic MV leaflet displacement into 

the atrium but have two salient features: anterior displacement of the coaptation point >40%, 

and a leaflet coaptation pattern of bulging of the posterior leaflet relative to the anterior 

similar to that seen in classic posterior leaflet MVP (the most common MVP type in the 

FHS), and in many individuals with bileaflet MVP. Therefore, leaflet elongation can 

manifest itself not only by superior motion into the LA but also by anterior motion that 

shifts the coaptation point of the MV leaflets toward the aortic root and septum. 

Quantitatively, we previously observed that the height of coaptation relative to the annulus 

(P/D in Figure 1D) correlated well with the ratio of anterior to posterior leaflet length (r 

=0.83) in the chromosome 11 family.15 This association has been recognized during surgical 

repair of MVP in patients who have long posterior MV leaflets that are more prone to 

having their coapted leaflets shift anteriorly and obstruct the LV outflow tract,30 an 

abnormality that is reducible by Carpentier's ‘sliding’ of the posterior leaflet downward.31 In 

the current study, we have also shown for the first time that prodromals resemble fully 

diagnostic MVP relatively to other features such as having thicker MV leaflets, a larger MV 

annulus, and with regard to the degree of mitral regurgitation on color flow imaging. These 
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additional features may apply to prodromals found in the general population only, or simply 

may not have been adequately quantified in the families previously evaluated. In MSD, the 

coaptation point is posterior (similarly to normal individuals), but the presence of excessive 

leaflet motion is demonstrated by posterior MV leaflet asymmetry and borderline leaflet 

displacement. In individuals with MSD, MV leaflets are thinner and the amount of MR is 

trivial, suggesting that MSD may represent a milder non-diagnostic phenotype compared to 

the prodromal morphology.

Our study not only explores the phenotypic spectrum of MVP in the community, but also 

confirms the low prevalence of significant MVP-related MR in the general population in 

comparison with referral-biased series.3, 32 Specifically, the degree of MR was on average 

trivial in both MSD and prodromals (although in the latter case closer to the mild MR found 

in the majority of MVPs), with only 5 fully diagnostic MVP cases showing greater than 

moderate MR. Our study also confirms that MVP is not a disease of young women as 

previously reported,33 but has similar age and sex distribution compared to normal 

individuals.3

The clinical significance of non-diagnostic MV morphologies is intuitive in the familial 

context. Specifically, prodromal members and individuals with MSD shared either the 

complete or a major portion of the haplotype with fully diagnostic MVP in the pedigree 

linked to chromosome 13.15 This same prodromal morphology was also observed in the 

family linked to chromosome 11. When we reviewed all echocardiograms in that family 

blinded to haplotype status, we discovered 5 individuals with a prodromal morphology who 

turned out to be carriers of the haplotype, as did another with MSD.15 In the general 

population, progression studies are needed to fully understand the clinical significance of 

non-diagnostic MV morphologies. If non-diagnostic forms are truly early or mild MVP 

phenotypes, they could provide an opportunity for tailored interventions to limit clinical 

disease progression and/or reveal modifying genes or environmental factors. The novel 

echocardiographic parameter of coaptation height is essential for better understanding of 

MVP mechanisms and progression: MVP is not just excessive superior but also anterior 

motion, an innovative concept that can lead to discovery. Similarly to Marfan syndrome, in 

which angiotensin I receptor blockade leads to down regulation of TGF-beta and limitation 

of clinical disease progression, targeted medical intervention on early stages of MVP may 

improve clinical outcomes such as development of MR or heart failure.

Study limitations

The true number of non-diagnostic morphologies, particularly of the prodromal individuals, 

may have been underestimated in the current study. Specifically, the study design was based 

on the initial qualitative identification of MVP cases followed by age-sex matching and 

generation of a limited sample. Review and quantification of echocardiographic parameters 

was simply not possible for all 3845 individuals of the offspring generation, leading to 

possible under diagnosis of prodromal morphologies. In addition, the offspring generation 

was assessed at echo 5 when the average age of the participants was approximately 60 years. 

Prodromal morphologies are mostly found in younger individuals in the familial context, 

mainly in children of affected parents.
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Conclusions

As in the familial context, non-diagnostic morphologies exist in the community and share 

the common feature of posterior leaflet asymmetry with MVP. Prodromal morphology and 

MSD may represent early expressions of MVP and potential targets for tailored 

interventions to limit clinical disease progression.
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Figure 1. 
Echo examples of posteriorly coapting leaflets (anterior leaflet [AL]; posterior leaflet [PL]) 

in a normal subject (A) versus increased coaptation height in a prodromal individual and an 

elongated posterior leaflet (B) and in a subject with classic posterior MVP into the left 

atrium (LA) (C). D, Schematics showing projections of anterior (A) and posterior (P) 

leaflets onto the mitral annular diameter (D). C indicates the coaptation height relative to the 

annulus and is calculated as P/D. AO, aorta; LV, left ventricle; and RV, right ventricle.
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Figure 2. 
Example of minimal systolic displacement (MSD) with 1) posterior coaptation 2) posterior 

leaflet asymmetry which resembles that seen in fully affected individuals BUT with 3) 

borderline degree of displacement (≤ 2 mm, involving the posterior leaflet).
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Figure 3. 
Comparison between prodromals and MVP type relative to coaptation height. MV= mitral 

valve. LS = least square.
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Table 1
Clinical characteristics

MVP
(n=77)

MSD
(n=57)

AAC
(n=11)

Referents
(n=151)

Demographics and Lifestyle

Age (years) 55.9 ± 10.7 57.4 ± 9.8 59.5 ± 7.1 55.4 ± 10.1

Sex, n (% women) 42 (54) 40 (70) 7 (64) 96 (63)

History of ever smoking, n (%) 28 (36.3) 21 (36.8) 2 (18.1) 68 (45.0)

Clinical

Body mass index (kg/m2) 24.7 ± 3.2 24.3 ± 3.4 26.4 ± 6.0 26.2 ± 4.8

Systolic blood pressure (mmHg) 122 ± 17 125 ± 15 125 ± 17 123 ± 19

Diastolic blood pressure (mmHg) 72 ± 10 74 ± 7 74 ± 4 73 ±10

Treatment for hypertension, n (%) 10 (13) 9 (16) 2 (18) 28 (18)

Systolic murmur, n (%) 22 (28)* 7 (12) 1 (9) 18 (12)

MVP = mitral valve prolapse; MSD = minimal superior systolic displacement of the mitral leaflets; AAC = abnormal anterior coaptation. Values 
are expressed as mean ± SD (%)

*
p<0.05.
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Table 2
Mitral valve and left chamber characteristics by echocardiography

MVP
(n=77)

MSD
(n=57)

AAC
(n=11)

Referents
(n=151)

Annular size, D (mm) 30.9 ± 5.6a 28.6 ± 4.1b 30.1 ± 4.1a 27.3 ± 3.8b

Anterior projection, A (mm) 17.6 ± 4.8a 19.3 ± 3.9a 15.4 ± 1.7b 19.3 ± 3.6a

Posterior projection, P (mm) 13.0 ± 4.4a 8.9 ± 1.9b 15.4 ± 1.7c 7.8 ± 1.8b

Coaptation height, C or P/D (%) 42 ± 12a 31 ± 6b 49 ± 3c 28 ± 2b

Anterior thickness (mm) 4.3 ± 0.9a 3.4 ± 0.5b 4.0 ± 0.6a,c 3.1 ± 0.7d

Posterior thickness (mm) 4.8 ± 0.9a 3.6 ± 0.6b 4.2 ± 0.9a,c 3.1 ± 0.7d

Anterior displacement (mm) 1.5 ± 1.4a 0.0 ± 0.1b 0.0 ± 0.0b 0.0 ± 0.0b

Posterior displacement (mm) 2.2 ± 1.2a 1.5 ± 0.2b 1.1 ± 0.6c 0.0 ± 0.0d

LA ant-post diameter (mm) 3.2 ± 0.3a 3.0 ± 0.2b 3.1 ± 0.2a 3.0 ± 0.4c

LV fractional shortening (%) 37 ± 5a 36 ± 4a 37 ± 3a 36 ± 4a

MVP = mitral valve prolapse; MSD = minimal systolic displacement; AAC = abnormal anterior coaptation; LA = left atrium; ant-post = antero-
posterior; LV = Left ventricular. In each row, means with different superscript letters are significantly different, p<0.05, otherwise p≥0.05.
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