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Abstract
Previous studies using conventional echocardiographic measurements have reported subclinical left
ventricular (LV) diastolic abnormalities in patients with Marfan syndrome (MFS). Left atrial (LA) strain allows
an accurate categorization of LV diastolic dysfunction. We aimed to characterize LV myocardial performance
in a cohort of MFS patients using STE-derived measurements (LV and LA strain) along with conventional
echocardiographic parameters. We studied 127 adult patients with MFS (no prior cardiac surgery or signi�cant
valvular regurgitation) and 38 healthy controls. We performed detailed echocardiograms and selected left
atrial reservoir strain (LASr) as a surrogate of impaired relaxation. Additionally, we searched for possible
determinants of LASr in patients with MFS, with a special focus on the elastic properties of the aorta. In spite
of lower E-wave, septal and lateral e’ velocities and average E/e’ ratio in MFS patients, all participants had
normal diastolic function according to current guidelines. MFS patients exhibited reduced LV global
longitudinal strain (19.3 ± 2.6 vs 21.6 ± 2.1%, p < 0,001) and reduced LASr (32.9 ± 8.5 vs 43.3 ± 7.8%, p < 0.001)
compared to controls. In the MFS cohort, we found weak signi�cant (p < 0.05) correlations between LASr and
certain parameters: E/A ratio (R = 0.258), E wave (R = 0.226), aortic distensibility (R = 0.222), stiffness index
(R=-0.216), LV ejection fraction (R = 0.214), lateral e’ (R = 0.210), LV end-systolic volume index (R=-0.210), LV
global longitudinal strain (R = 0.201), septal e’ (R = 0.185). After multivariate analysis, only LV end-systolic
volume index and E/A ratio maintained a weak independent association with LASr (R=-0,220; p = 0,017 and R 
= 0,199; p = 0,046, respectively). In conclusion, LASr is reduced in patients with MFS, which may represent an
early stage of LV diastolic dysfunction. LASr is not determined by the elastic properties of the aorta,
suggesting that impaired myocardial relaxation is a primary condition in MFS.

Introduction
Marfan syndrome (MFS) is the most frequent heritable connective tissue disorder and is essentially caused by
mutations in the FBN1 gene [1]. Besides abnormalities in the musculoskeletal and ocular systems, the
cardiovascular manifestations represent the main clinical focus while managing MFS patients, since
progressive dilatation of the aorta and acute aortic dissection are the leading causes of premature death in
untreated patients [2]. In addition, the existence of primary myocardial involvement (in the absence of
signi�cant aortic or mitral regurgitation) has long been suspected in MFS patients [3]. However, the initial
evidence was controversial [4,5], and it was not until recent years that advances in cardiac imaging have
allowed the detection of subtle cardiac impairment in this population [6–9]. Related to this, impaired
myocardial relaxation has been identi�ed in patients with MFS using conventional echocardiography [7,10–
12].

Speckle-tracking echocardiography (STE) enables objective measurement of left atrial strain (LAS), which is a
sensitive marker of diastolic dysfunction, showing good correlation with invasive measurements of left
ventricular (LV) relaxation [13,14]. To date, there are no studies describing LAS in MFS patients. Furthermore,
increased aortic wall stiffness have been documented in MFS patients [15], which may be responsible for
subsequent impaired myocardial relaxation due to increased afterload.

In the present study, our aim was to characterize LV myocardial performance in a cohort of MFS patients using
STE-derived measurements along with traditional echocardiographic parameters and compare them with
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healthy controls. Additionally, we sought to investigate the possible relationship between LAS and predictors
of diastolic dysfunction, with a special focus on the elastic properties of the aorta.

Methods
Study population:

We consecutively included 127 MFS adult patients with normal LV ejection fraction and no previous
cardiovascular surgery or signi�cant valvular regurgitation. Marfan syndrome was diagnosed according to the
Ghent criteria. We also studied 38 healthy controls (age and sex-matched).

 

Echocardiographic evaluation:

A comprehensive transthoracic echocardiographic study was performed using standard views.
Echocardiographic studies were performed with an iE33 ultrasound system (Philips Medical Systems, Best, the
Netherlands) using an S5-1 transducer. Images were digitally stored for subsequent o�ine analysis. All
participants had their blood pressure measured by cuff sphygmomanometer at the time of echocardiographic
evaluation.

 

Two-dimensional and Doppler quanti�cation:

Diastolic function evaluation and cardiac chamber quanti�cation was performed according to latest
guidelines [16,17]. Diastolic measurements included peak early and late diastolic mitral �ow velocities and
their ratio (E, A, and E/A, respectively); early diastolic mitral annular velocity (e’) both septal and lateral, the E/e’
ratio (using average of septal and lateral e’); and peak tricuspid regurgitation (TR) velocity. LV and LA volumes
were obtained by Simpson’s biplane method and were indexed to body surface area (BSA).

Mitral valve prolapse (MVP) was diagnosed when the systolic displacement of at least one of the mitral
lea�ets into the LA was ≥2 mm from the mitral annular plane in the parasternal long-axis window [18].

The aortic root diameters were carefully measured at the level of the sinuses of Valsalva perpendicular to the
long axis of the aorta, using the leading-edge to leading-edge technique, following current recommendations
[19]. The end-diastolic aortic diameter was considered to calculate the aortic root z-score according to
Devereux’s method [20], which provides a measurement of this structure corrected by sex, age and BSA.

 

Speckle tracking echocardiography:

Strain analysis was performed o�ine using 2D speckle-tracking software (QLAB 10, Philips) and following
latest recommendations [21,22]. A single echocardiography specialist, who was blinded to clinical data,
selected suitable echocardiographic images and performed LV and LA strain analysis. Patients were excluded
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from this analysis if none of the recorded images were of an acceptable quality. Acquisition frame rates
ranged from 40 to 80 frames/s. We used the onset of the QRS as the reference point (RR gating). Adequate
tracking of the endocardial LV border and LA wall was veri�ed and if necessary adjusted to ensure reliable
speckle correlation. LV global longitudinal strain (LVGLS) was calculated as the average value of the peak
systolic strain curves in a 16-segment model (expressed in absolute numbers). For LAS analysis (Fig.1), we
used on a non-foreshortened apical 4-chamber view. The software divided the LA wall into 7 segments, and
generated longitudinal curves for each segment and a mean curve of all segments. LAS during reservoir phase
(LASr) was de�ned as the maximum positive mean strain value during LV systole. LAS during contraction
phase (LASct) was de�ned as the difference between the end of diastole and the onset of atrial �lling
(expressed in absolute numbers). In case of uncertainty when de�ning these phases, the mitral in�ow pro�le
was consulted for comparison. LAS during conduit phase (LAScd) was calculated as the difference between
LASr and LASct (expressed also in absolute numbers).

 

Evaluation of mechanical properties of the aorta:

The elastic properties of the aorta were assessed by the calculation of aortic distensibility (AoD) and the
stiffness index (SI). AoD refers to relative diameter change for a pressure increment and was calculated using
the following formula:

AoD = [ (Ds – Dd) / Dd ] * 1 / (SBP – DBP)

where Ds and Dd are end-systolic and end-diastolic aortic diameters respectively (both measured at the
sinuses of Valsalva), and SBP and DBP are systolic and diastolic blood pressure, respectively. SI refers to the
ratio of logarithm (systolic/diastolic pressures) to relative change in diameter and was calculated using the
following formula:

SI = ln [ (SBP / DBP ) / [ (Ds - Dd ) / Dd ] ]

 

Statistical analysis:

Continuous variables were expressed as mean ± standard deviation (SD). Categorical variables were
expressed as number and percentage. The independent samples T-Test and the chi-square test were used to
compare continuous and categorical variables, respectively. An analysis of which parameters determine LASr
was performed, with special focus on the mechanical properties of the aorta. The strength of linear
associations between LASr and possible determinants was assessed by Pearson's correlation coe�cient. In
addition, univariate and multivariate regression analyses were performed to assess which of these parameters
were independent determinants of LASr in MFS patients.

The inter- and intra-observer variabilities were assessed for LASr in 15 healthy controls and 15 MFS patients
who were randomly selected. For intra-observer variability, the same operator performed a second
measurement, more than a month after the �rst analysis. For inter-observer variability, a second operator
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analyzed the same loops. Inter-observer and intra-observer reproducibility were assessed by calculating
intraclass correlation coe�cients.

IBM SPSS Statistics software (version 21.0) was used to perform statistical analysis. The results were
considered statistically signi�cant when the p value was less than 0.05.

Results
Study population characteristics

The demographic, clinical and echocardiographic characteristics of MFS patients and healthy controls are
shown in Table 1. Among MFS patients, the reported use of beta-blockers and angiotensin II receptor blockers
(ARBs) was 28% and 39%, respectively. Measured pulse pressure was lower in the MFS sample, due to
signi�cantly lower values of SBP. The aortic root diameter and calculated SI were higher in MFS, as opposed to
AoD, that was found to be reduced in this group of patients compared to controls.

We identi�ed MVP in 61 (48%) of all MFS patients enrolled in our study. All these cases were mild, without
signi�cant (moderate or severe) mitral regurgitation.

The MFS group exhibited increased end-diastolic and end-systolic LV volumes compared to controls (adjusted
for BSA). A trend towards lower LVEF was seen in MFS patients, but still within normal limits.

According to current guidelines, it is important to mention that all participants had normal LV diastolic
function. MFS patients showed lower e’ velocities (septal and lateral) and higher average E/e’ ratio compared
to controls, but still within normal range. The analysis of mitral in�ow and LA size in MFS patients revealed a
slightly reduced E/A ratio and a modestly larger LAVi than healthy controls, but this difference did not reach
statistical signi�cance.

 

Speckle-tracking analysis:

LV strain analysis was feasible in 119 MFS patients (93.7%) and in all healthy controls. LVGLS was
signi�cantly reduced in MFS patients, with mean values slightly below the range of normality (~20%). LAS
analysis was feasible in 114 MFS patients (89.8%) and in 35 healthy controls (92.1%). We found that LASr
was signi�cantly lower in the MFS group, re�ecting an impaired LV relaxation. For this reason, despite LASct
was not different between the two groups, conduit function (assessed by LAScd) was also reduced in MFS
patients compared to healthy controls.

 

Reproducibility

Inter- and intra-observer variability for LASr were assessed by the Bland-Altman method (Figure 2). The
reproducibility of LASr measurements was excellent. The intraclass correlation coe�cients were 0.94 (95% CI:
0.87 – 0.97) and 0.97 (95% CI: 0.95–0.99) for inter- and intra-observer variability, respectively.
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Determinants of LASr in MFS patients

We found no differences in LASr values regarding gender, use of beta-blockers, use of ARBs or presence of
MVP (Figure 3). Therefore, we focused the analysis of possible determinants of LASr on the continuous
variables. We observed weak positive correlations between LASr and some of these variables: LVEF, LVGLS,
AoD, E wave, E/A ratio and e’ velocities (both septal and lateral). Besides, LVESVi and aortic SI showed
signi�cant correlation with LASr, that was also weak but negative in both cases (Table 2 and Figure 4). We
performed linear regression analysis including all the variables that demonstrated signi�cant correlation with
LASr (Table 3). After multivariate analysis, only LVESVi and E/A ratio remained signi�cantly associated with
LASr in MFS patients. However, the absolute value of the standardized β coe�cient was low for both variables,
meaning that these variables might not be strong determinants of the reservoir function of the LA.

Discussion
Our results demonstrated that

MFS patients, with no previous cardiovascular surgery or signi�cant valvular regurgitation, showed a
subtle impairment in certain parameters of LV myocardial performance compared to controls, including a
slightly reduced LVGLS;

despite this, the mean values of all conventional diastolic measurements were within normal limits and,
more importantly, none of the participants met the criteria for abnormal diastolic function according to
current guidelines;

LAS analysis, as part of the evaluation of diastolic function, was highly feasible and reproducible in MFS
patients;

a signi�cant reduction in LASr was observed in MFS patients compared to healthy controls, re�ecting an
early impairment in myocardial relaxation;

although weak correlations were found between LASr and certain echocardiographic parameters,
multivariate analysis revealed that neither AoD nor SI were independent determinants of LASr in MFS.

 

From a pathophysiological point of view, the myocardial dysfunction seen in MFS can be explained by the
existence of abnormalities in the underlying connective tissue that results in a stiff extracellular matrix with a
weakened elastic recoil [23]. Supporting this hypothesis, a number of studies have con�rmed the presence of
subclinical diastolic abnormalities in the MFS population. In a small observational study, De Backer et al
reported a subtle diastolic impairment in MFS patients, characterized by increased deceleration time of the E
wave and reduced septal TDI velocity [11]. Rybczynski et al found reduced early diastolic TDI velocities in a
cohort of MFS adults with and without aortic root surgery [12]. Later studies reproduced similar �ndings
[7,10,24], which are also in agreement with our results.
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To the best of our knowledge, our study is the �rst to describe LAS analysis by STE in patients diagnosed with
MFS. In a previous study, Kiotsekoglou et al performed a laborious assessment of LA function using volume
measurements by Simpson method, demonstrating a reduction in reservoir, conduit and contractile function in
MFS patients [10]. Our results are comparable, except we did not �nd any differences regarding the values of
LA strain during contraction phase (LASct). In our opinion, this should be interpreted as a sign of incipient
diastolic dysfunction, where early passive �lling of the LV is slightly reduced while the active emptying of the
LA is still preserved.

 

LAS has recently emerged as a promising tool in the evaluation of diastolic function. Strain analysis by STE
has the added bene�ts of being semi-automated and angle-independent. Feasibility and reproducibility of this
technique are high, as shown in our study. Remarkably, none of the individuals in the MFS cohort met the
criteria for abnormal diastolic function according to current guidelines. Despite this, we found mean values of
LAS among MFS patients that were clearly below the described threshold for normality (39%, 23% and 18% for
LASr, LAScd and LASct, respectively) [25]. Among the different measurements described in LAS analysis, we
believe that LASr is the most representative parameter for various reasons. First, reduced LASr is an early
marker of LV stiffness that re�ects the compromised ability of the atrium to act as a reservoir during
ventricular systole, thereby arising before structural remodeling [26]. Second, LASr has an excellent agreement
with invasively determined pressures – especially in patients with normal LVEF [27] - and allows, as a single
marker, an accurate categorization of the degree of diastolic dysfunction [28]. Finally, decreased LASr has
been linked to higher risk of cardiovascular events in different clinical scenarios [29–32]. For this reason, we
believe that our results are of great relevance and might set the basis for future investigations exploring the
prognostic value of LASr in MFS patients.

 

In the literature, the reported prevalence of MVP in MFS is widely variable. The proportion of at least mild
mitral valve pathology has been estimated to be approximately 75%, whereas the prevalence of more severe
myxomatous thickening with prolapse is closer to 25% in these individuals [33]. In our MFS cohort, almost half
of the patients had MVP. Neither of these patients had signi�cant mitral regurgitation. Noteworthy, the value of
LASr was similar between individuals with and without MVP, meaning that MVP alone is not associated with
functional impairment of the LA.

 

There is limited evidence about the possible natural determinants of LA strain. Recent studies have suggested
that age, LV strain, average TDI e’ velocity and LAVi may be predictors of LASr [34-36]. In our study, LVESVi and
E/A ratio were the only independent determinants of LASr. These correlations were weak, but our results agree
with the existence of an intimate link between LASr and LV mechanics.
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As mentioned above, reduced LA strain is a sign of poor LA compliance. This situation could also be a
consequence of atrial structural remodeling due to increased interstitial �brosis, usually accompanied by LA
enlargement. Conversely, atrial functional remodeling results in decreased function with or without changes in
LA size [37]. In our study, LAVi was comparable in MFS and healthy controls. Additionally, we did not �nd a
signi�cant correlation between LASr and LAVi in MFS patients. Thus, based on our results, we consider that
impaired LASr was most likely due to impaired LV relaxation rather than intrinsic remodeling of the LA.

 

None of the elastic properties of the aorta (AoD or SI) showed independent associations with LASr in our MFS
cohort. Univariate linear regression did �nd a weak correlation between these variables and reservoir strain.
However, after adjustment for parameters related to myocardial function, this association lost signi�cance.
Similar �ndings have been reported by others [8,38], observing abnormalities in LV function that were
independent from measurable derivatives of aortic elasticity. In this context, it should be mentioned that
altered diastolic function has been described already in children with MFS [39,40]. Such �ndings in the early
childhood, along with our results, further support the hypothesis that impaired myocardial relaxation may be a
primary condition rather than a consequence of reduced aortic compliance in patients with MFS.

 

Limitations

A number of limitations should be considered. First, our study was conducted in a single center, which implies
that our results are di�cult to generalize. Second, the strain analysis was performed using a single-vendor
software, which also limits the external reproducibility of our results. Furthermore, this software was not
speci�cally designed for LAS analysis. However, the application of LV software packages for the study of LA
function has been widely used and validated in clinical practice. Third, phenotypic-genotypic correlation was
missing in our study. Despite a substantial proportion of the enrolled individuals had genetic testing
performed, there was a large spectrum of different mutations that hindered the search for interpretable
associations between genotype and myocardial abnormalities.   

Conclusions
This study demonstrates that patients with MFS, in the absence of previous cardiac surgery or signi�cant
valvular regurgitation, present with reduced values of LASr as a marker of subclinical diastolic dysfunction.
According to our results, reduced LASr is not determined by the elastic properties of the aorta, supporting the
hypothesis that impaired myocardial relaxation is a primary condition in MFS. Future investigations should
address the prognostic value of LAS in these patients, as well as the role of preventive and therapeutic
interventions in the setting of MFS-related cardiomyopathy.
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Table 1. Baseline characteristics
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  MFS patients (n=127) Controls (n=38) p

Age 33.5 ± 13.0 32.5 ± 8.1 0.542

Male (%) 61 (48%) 18 (47%) 0.943

Height (cm) 182.9 ± 11.1 171.0 ± 10.4 <0.001

Weigth (kg) 74.1 ± 16.5 66.6 ± 9.9 0.001

BSA (m2) 1.95 ± 0.25 1.78 ± 0.18 <0.001

SBP (mmHg) 118.5 ± 12.7 123.8 ± 9.8 0.010

DBP (mmHg) 71.0 ± 10.0 71.2 ± 9.4 0.915

Pulse pressure (mmHg) 47.5 ± 9.9 52.6 ± 9.6 0.007

Aortic root (mm) 39.1 ± 5.3 30.1 ± 3.0 <0.001

Z-Score 2.54 ± 1.39 0.13 ± 0.93 <0.001

Aortic distensibility (mm Hg−1) x 10-3 0.97 ± 0.45 1.55 ± 0.56 <0.001

Stiffness index 3.72 ± 0.45 3.15 ± 0.36 <0.001

LVEDVi (ml/m2) 52.2 ± 10.8 46.7 ± 10.5 0.006

LVESVi (ml/m2) 21.4 ± 5.7 18.2 ± 4.5 0.002

LVEF (%) 59.3 ± 5.5 61.0 ± 4.2 0.068

E-wave (cm/s) 75.1 ± 15.8 81.6 ± 14.2 0.025

A-wave (cm/s) 54.1 ± 13.6 53.6 ± 12.7 0.848

E/A ratio 1.5 ± 0.4 1.6 ± 0.4 0.084

Lateral e’ (cm/s) 12.6 ± 3.5 16.5 ± 3.2 <0.001

Septal e’ (cm/s) 9.6 ± 2.2 12.2 ± 2.3 <0.001

Average E/e’ ratio 7.0 ± 1.8 5.8 ± 1.0 <0.001

TR velocity (cm/s) 206.2 ± 24.5 200.5 ± 24.9 0.440

LAVi (ml/m2) 25.4 ± 7.7 22.8 ± 5.4 0.062

STE-derived measurements:

LVGLS (%) 19.3 ± 2.6 21.6 ± 2.1 <0.001

LASr (%) 32.9 ± 8.5 43.3 ± 7.8 <0.001

LASct (%) 13.4 ± 6.1 14.5 ± 4.9 0.327

LAScd (%) 18.9 ± 7.2 28.9 ± 5.7 <0.001
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Values are expressed as mean ± SD or n (%). BSA, body surface area; DBP, diastolic blood pressure; LASr,
LAScd and LASct: left atrial strain during reservoir, conduit and contraction phase, respectively; LAVi, left atrial
volume indexed to BSA; LVEDVi, left ventricular end-diastolic volume indexed to BSA; LVEF, left ventricular
ejection fraction; LVESVi, left ventricular end-systolic volume indexed to BSA; LVGLS, left ventricular global
longitudinal strain; SBP, systolic blood pressure; STE, speckle-tracking echocardiography; TR, tricuspid
regurgitation.

Table 2. Correlations between LASr and continuous variables in MFS patients
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  Pearson Correlation p value

LASr 1.000  

Age 0.095 0.316

Height -0.066 0.484

Weight -0.105 0.267

BSA -0.100 0.289

SBP 0.067 0.484

DBP 0.021 0.830

PP 0.064 0.505

LVEDVi -0.133 0.160

LVESVi -0.210 0.026*

LVEF 0.214 0.022*

LVGLS 0.201 0.033*

Aortic root -0.124 0.189

Z-Score -0.163 0.082

Aortic distensibility 0.222 0.020*

Stiffness index -0.216 0.024*

E-wave 0.226 0.008*

A-wave -0.041 0.331

E/A ratio 0.258 0.006*

Lateral e' 0.210 0.013*

Septal e' 0.185 0.026*

Average E/e’ ratio -0.017 0.859

TR velocity -0.022 0.850

LAVi -0.131 0.165

(*) Signi�cant correlations with p value < 0.05

BSA, body surface area; DBP, diastolic blood pressure; LASr, LAScd and LASct: left atrial strain during reservoir,
conduit and contraction phase, respectively; LAVi, left atrial volume indexed to BSA; LVEDVi, left ventricular
end-diastolic volume indexed to BSA; LVEF, left ventricular ejection fraction; LVESVi, left ventricular end-
systolic volume indexed to BSA; LVGLS, left ventricular global longitudinal strain; SBP, systolic blood pressure;
TR, tricuspid regurgitation.
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Table 3. Linear regression analysis of determinants of LA reservoir strain in MFS patients.

  Univariate analysis Multivariate analysis  

  Unstandardized
coe�cient
(95%CI)

Standardized
β*

p
value

Unstandardized
coe�cient
(95%CI)

Standardized
β

p
value

 

 

LVESVi -0.315 (-0.592
to -0.039)

 -0.210 0.026 -0.334 (-0.606
to -0.061)

-0.220 0.017  

LVEF 0.339 (0.049 to
0.629)

0.214 0.022 0.106 (-0.306 to
0.518)

0.066 0.610  

E-wave 0.121 (0.023 to
0.219)

0.226 0.016 0.017 (-0.126 to
0.160)

0.030 0.811  

E/A ratio 4.987 (1.488 to
8.486)

0.258 0.006 3.837 (0.065 to
7.608)

0.199 0.046  

Lateral e' 0.513 (0.065 to
0.961)

0.210 0.025 0.269 (-0.218 to
0.756)

0.109 0.275  

Septal e' 0.713 (-0.007 to
1.433)

0.185 0.052 0.092 (-1.201 to
1.384)

0.024 0.888  

Stiffness
index

-4.099 (-7.652
to -0.546)

-0.216 0.024 -0.057 (-10.032
to 9.917)

-0.003 0.991  

Aortic
distensibility

4.201 (0.665 to
7.737)

0.222 0.020 2.948 (-0.549 to
6.445)

0.156 0.098  

LVGLS 0.671 (0.054 to
1.289)

0.201 0.033 0.336 (-0.292 to
0.964)

0.101 0.291  

(*) Standardized beta coe�cient equals Pearson correlation coe�cient and compares the strength of the
effect of each individual independent variable to the dependent variable. The higher the absolute value of the
beta coe�cient, the stronger the effect.

LVEF, left ventricular ejection fraction; LVESVi, left ventricular end-systolic volume indexed to BSA; LVGLS, left
ventricular global longitudinal strain.

Figures
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Figure 1

Example of LAS measurement (apical 4-chamber view) in a healthy control using 7 segments (different
colours) with corresponding strain curves, and average strain curve (white dotted line). LASr: LA strain during
reservoir phase; LAScd: LA strain during conduit phase; LASct: LA strain during contraction phase.
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Figure 2

Inter-observer (left) and intra-observer (right) variability for LASr assessed by Bland-Altman plots. The
difference in each pair of measurements was plotted against the pair’s mean.
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Figure 3

Comparison of LASr values according to gender, mitral valve prolapse (MVP), treatment with beta-blockers and
angiotensin II receptor blockers (ARB). No signi�cant differences were observed. Values are expressed as
mean ± SD.
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Figure 4

Regression plots demonstrating the relationship between LASr and its possible determinants. Only the
continuous variables showing signi�cant correlations (p<0,05) with LASr are depicted in this �gure.


