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Aims Previous studies provided evidence about left ventricular systolic and diastolic dysfunction in
adults with Marfan syndrome (MFS). However, in the literature, data on right ventricular and bi-atrial
diastolic function are limited. We aimed to investigate whether, in the absence of significant valvular
disease, diastolic dysfunction is present not only in both ventricles but also in the atrial cavities.
Methods and results Seventy-two adult unoperated MFS patients and 73 controls without significant differ-
ences in age, sex, and body surface area from the patient group were studied using two-dimensional,
pulsed, and colour-Doppler and tissue-Doppler imaging (TDI). Biventricular early filling measurements
were significantly decreased in MFS patients when compared with controls (P , 0.001). Pulsed TDI early
filling measurements obtained from five mitral annular regions and over the lateral tricuspid valve corner
were significantly reduced in the patient group (P , 0.001). Indices reflecting atrial function at the reser-
voir, conduit and contractile phases were also significantly decreased in MFS patients (P , 0.001).
Conclusion This study demonstrated significant biventricular diastolic and biatrial systolic and diastolic dys-
function in MFS patients. Our findings suggest that MFS affects diastolic function independently. Diastolic
abnormalities could be attributed to fibrillin-1 deficiency and dysregulation of transforming growth
factor-b activity in the cardiac extracellular matrix.
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Introduction

Marfan syndrome (MFS) is an autosomal dominantly inher-
ited disorder of the connective tissue which chiefly affects
the ocular, musculoskeletal, and cardiovascular systems.1

This disorder is caused by mutations in the fibrillin-1
(FBN1) gene that encodes for the protein fibrillin-1.1

Fibrillin-1 is the major constituent of the extracellular
microfibrils which act as a scaffolding for the formation
and maintenance of elastic fibre.2 In addition, Ramirez and
Dietz have recently demonstrated that fibrillin-1 plays a
vital role in regulating the bioactivity of transforming

growth factor beta (TGF-b).3 TGF-b is a protein which in
the presence of fibrillin-1 deficiency induces transcriptional
responses through activation of the intracellular signalling
cascade resulting in phenotypic consequences in MFS.
Studies have shown that in aortic root and ascending aorta
excessive TGF-b activity reflects reduced content of
fibrillin-1 resulting in increased wall thickness, fragmenta-
tion, and disarray of elastic fibres and subsequent increased
collagen deposition.4,5 Although such changes have not been
investigated yet in the human myocardium, absence of a
sufficient quotient of fibrillin-1-rich microfibrils may result
in mechanical dysfunction of the elastic tissue thus causing
impaired myocardial contractility and relaxation.

Recent studies have elucidated the pre-existing conflict-
ing evidence on primary systolic biventricular myocardial
impairment in adult MFS patients using advanced
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echocardiography and cardiovascular magnetic resonance
(CMR).6,7 Previous studies also demonstrated left ventricular
(LV) diastolic abnormalities in these patients.6,8 However, in
the literature, data on right ventricular (RV) and bi-atrial
diastolic function are limited.

This study aimed to investigate whether, in the absence of
significant valvular disease, diastolic dysfunction is present
not only in both ventricles but also in the atrial cavities.
The pulmonary vein (PV) flow was also analysed to deter-
mine whether it adds any clinical value in the assessment
of LV and atrial diastolic function.

Methods

Study population

From 2004, a total of 72 adult unoperated Caucasian patients (mean
age of 32+12 years, 42 men) with no more than mild valvular
regurgitation, as indicated by echocardiography, were recruited
from the MFS clinics at St Georges, Brompton and Harefield hospitals
in London, UK. All patients were diagnosed in accordance with the
Ghent criteria by a team of three experts consisting of a geneticist
and two cardiologists (A.H.C., M.J.M., and A.K.).9 The control group
consisted of 73 normal Caucasian volunteers who were enrolled
from the personnel working at our institution. There were no signifi-
cant differences in age or body weight between the two groups
however the patients with MFS were taller than the controls as
would be expected. No study subjects had a previous history of
cardiac or any other disease that may have compromised their
cardiac function. All participants were in sinus rhythm and demon-
strated no abnormalities on a 12 lead surface ECG. A full clinical and
echocardiographic examination was performed on each subject. No
subjects had more than mild valvular disease. Twenty-two of the
MFS patients were on b-blockade medication and continued their
treatment throughout the study. Five patients, having been
informed of the protective effects of b-blockade, refused treatment
due to concerns over possible side effects. The remaining 45
patients in our population were referred to their physicians for
appropriate treatment. The study was carried out with full ethical
approval from the local Ethics Committee and all participants pro-
vided an informed, written consent.

Standard echocardiography

Two-dimensional, pulsed, and colour-Doppler and colour tissue-
Doppler images were recorded through optimal parasternal,
apical, and sub-xiphoid views using the Vivid 7 Vingmed General
Electric ultrasound scanner (GE Vingmed Ultrasound, Horten,

Norway) equipped with a 4S probe. Three consecutive cardiac
cycles were recorded for each parameter with breath held in expira-
tion. An ECG was recorded simultaneously at a sweep speed of
100 mm/s. All measurements were performed off-line using an
Echopac 6.1, GE workstation.

Diastolic function assessment

Left ventricular diastolic function
Pulsed Doppler was used to record mitral and pulmonary venous
inflow patterns. Parameters such as filling time, mitral valve
E- and A-wave velocities, E- and A-wave deceleration time (DT),
A-wave duration and isovolumic relaxation time were evaluated in
accordance with the published guidelines.10

Pulsed tissue-Doppler imaging (TDI) was also used to assess vel-
ocities recorded from the septal, anterolateral, inferior, anterior,
and inferolateral regions of the mitral annulus (Figure 1).10 The
ratio of transmitral E velocity to early diastolic mitral annular vel-
ocity E0 was calculated to approximate LV filling pressure.

The pulmonary venous inflow pattern was recorded from a four
chamber apical view using pulsed Doppler with the sample volume
positioned 1 cm within the PV. Systolic and diastolic velocities and
atrial reversal velocity and duration were measured in accordance
with the published guidelines.11 Peak atrial reversal velocity and
duration were used to calculate atrial reversal flow using the follow-
ing equation: atrial reversal flow ¼ (p � peak velocity � duration/
2)/2. The DT of the diastolic waveform component was also calcu-
lated from the Doppler trace by measuring the time interval from
the peak diastolic velocity to the point where the extended slope
reaches the zero velocity point as can be seen from Figure 2.

Right ventricular diastolic function
Where possible, the tricuspid inflow pattern was recorded using
pulsed Doppler and the early and passive filling wave velocities
were measured as described in the guidelines.10 TDI was utilized
to measure the velocities from the lateral free wall region of the tri-
cuspid annulus.10 The E/E0 ratio was also calculated.

Biatrial function assessment
Left and right atrial (LA and RA) function was assessed using two-
dimensional four-chamber apical images. The Simpson method was
used to obtain the following volumetric measurements:

(i) pre-atrial contraction LA and RA volumes, (LAVpreA and RAVpreA)
measured at the beginning of P-wave on the ECG,

(ii) minimal LA and RA volumes (LAVmin and RAVmin) measured at
the mitral and tricuspid valve closure, respectively,

Figure 1 (A and B) Images acquired from a normal volunteer and a matched patient with Marfan syndrome, respectively. The tissue-Doppler
images were taken from the lateral wall through a four-chamber apical view and demonstrate mitral annular displacement velocity
measurements.
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(iii) maximal LA and RA volumes (LAVmax and RAVmax) measured just
before the mitral and tricuspid valve opening.12

LA and RA volume tracings were started and ended at the level of
the mitral and tricuspid annuli, and when carrying out the LA
measurements care was taken to ensure that there was no inclusion
of the PVs. All volumes were indexed to body surface area (BSA). To
help in evaluating biatrial function, three indices were calculated
from the above volume measurements:

(i) LA and RA active emptying fraction (LA AEF) ¼ (LAVpreA 2

LAVmin)/LAVpreA � 100 and (RA AEF) ¼ (RAVpreA 2 RAVmin)/
RAVpreA � 100, respectively.

(ii) LA and RA expansion index (LAEI) ¼ (LAVmax 2 LAVmin)/
LAVmin � 100 and (RAEI) ¼ (RAVmax 2 RAVmin)/RAVmin � 100,
respectively.

(iii) LA and RA passive emptying fraction (LAPEF) ¼ (LAVmax 2

LAVpreA)/LAVmax � 100 and (RAPEF) ¼ (RAVmax 2 RAVpreA)/
RAVmax � 100, respectively.12

LA and RA area measurements were also performed from the
four-chamber apical view in all subjects.

Systolic function

LV and RV systolic function was also assessed in accordance with the
published AHA/ESC guidelines.13

Statistical analysis

Normally, distributed continuous variables were summarized as
means+ standard deviation (SD). Differences in continuous vari-
ables between patients with MFS and controls were investigated
using independent sample t-test, adjusting for unequal variances
when appropriate. Categorical variables were expressed as fre-
quency distributions in absolute numbers and percentages. The stat-
istical test in these cases was the x2 test.

For each set of E/E0 ratios (E0 obtained from the septal and the
lateral mitral annular corners, respectively) the LV E/E0 ratios were
initially tested as dependent variables using univariate linear
regression analyses to explore the significance of possible influencing
factors. The factors tested against E/E0 ratios were MFS diagnosis,
age,14 sex,15 BSA,16 heart rate (HR),14 LV ejection fraction (EF),17 LV
size, b-blockade, mitral valve prolapse (MVP), and LA end-systolic
volume. These analyses were then repeated keeping MFS diagnosis
as a covariate in each model. Following the results from these
initial tests, multiple regression analysis was performed using back-
ward elimination on all the identified influencing factors, and
always keeping MFS diagnosis as a covariate in the model.

The RV E/E0 ratio (E0 obtained from the lateral tricuspid annular
region) was tested using the same methodology, employing linear
regression analyses to identify the relevant influencing factors.
The factors tested against the E/E0 ratio were MFS diagnosis, age,
sex, BSA, HR, b-blockade, tricuspid valve prolapse, RV size, tricus-
pid annular plane systolic excursion (TAPSE), and RA end-systolic
volume. These analyses were then repeated, with MFS kept as a cov-
ariate in each model. Following this, as per LV E/E0 ratios, multiple
regression analysis was performed using backward elimination on all
the identified influencing factors, and always keeping MFS diagnosis
as a covariate in the model.

DT of the pulmonary venous diastolic component was tested using
the same approach against MFS diagnosis, age, sex, BSA, HR,
b-blockade, LV EF, and LA end-systolic volume.

The level of significance for all tests was 5%. The statistical analy-
sis was performed using SPSS version 15.0.

Results

The baseline characteristics of the study population are pre-
sented in Table 1. Patients with MFS were taller than the
normal volunteers as it was expected. HR was lower in the
patient group in comparison to controls. This could be
attributed to b-blockade effect as patients on b-blockers
had a HR lower than patients off b-blockers. There were
no statistical differences in the other described variables
between both groups.

General echocardiographic parameters

General echocardiographic parameters are shown in Table 2.
LV end-diastolic volume and LV end-systolic volume measure-
ments indexed to BSA showed statistically significant differ-
ences between the study groups, whereas the LV
end-diastolic diameter and LV end-systolic diameter values
after adjusting for BSA demonstrated no differences. LV EF
evaluated by Simpson’s biplane method was significantly
lower in patients with MFS, although it was within the
normal limits. To investigate whether the reduction in LV
EF in the patient group could be attributed to b-blockade
therapy, a statistical analysis was performed which demon-
strated that patients on b-blockers actually had higher EF
values (P ¼ 0.01) (Table 3).

RV/LV ratio was significantly higher in the patient group
indicating RV dilatation. Tricuspid annular systolic velocities
assessed by TDI were significantly reduced in MFS patients

Figure 2 (A and B) Pulmonary venous inflow patterns obtained from a normal individual and a patient with Marfan syndrome, respectively.
The spectral recordings were obtained through a four-chamber apical view using pulsed Doppler with the sample volume positioned 1 cm
within the pulmonary vein.
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when compared with normal volunteers. After adjusting for
BSA, aortic root and pulmonary artery diameters remained
significantly higher in the patient group.

Left ventricular echocardiographic diastolic
parameters

Pulsed Doppler and TDI measurements obtained from the
mitral/pulmonary inflow patterns and mitral annular displa-
cement recordings are displayed in Table 4. Early filling
measurements were significantly decreased in patients
with MFS when compared with normal controls and were
consistent with abnormal relaxation. Atrial contraction

assessment obtained from the mitral inflow pattern
showed no differences between the study groups and this
finding was echoed in the TDI measurements obtained
from the septal, anterolateral, inferior and inferolateral
mitral annular regions. With regards to PV inflow pattern,
DT of the diastolic component and atrial reversal flow
were significantly increased in patients with MFS. In the uni-
variate linear regression analyses, both the lateral and
septal E/E0 ratios were affected by MFS diagnosis, age,
sex, b-blockade, and MVP. In the second step, testing the
significance of the same factors keeping MFS diagnosis
in all models, the disease status was always significant
(P , 0.001). LV EF, BSA, and LV size were additionally

Table 2 General echocardiographic parameters in Marfan syndrome patients and controls

Variable n MFS n Controls P-value

Left ventricle
LVEDV/BSA (mL/m2) 72 45.8+10.4 73 41.2+8.9 0.005
LVESV/BSA (mL/m2) 72 15.9+5.4 73 11.6+3.3 ,0.001
LVEDD/BSA (cm/m2) 72 2.54+0.32 73 2.48+0.22 0.138
LVESD/BSA (cm/m2) 72 1.57+0.27 73 1.51+0.19 0.083
EF (%) 72 66+6 73 72+4 ,0.001
MVP (with/without) 34/38 0/73
Aortic sinus diameter/BSA (cm/m2) 72 2.05+0.35 73 1.54+0.16 ,0.001

Right ventricle
Basal RVEDD/BSA (cm/m2) 72 1.69+0.27 73 1.49+0.21 ,0.001
Basal LVEDD/BSA (cm/m2) 72 2.29+0.28 73 2.3+0.27 0.679
RV/LV ratio 72 0.75+0.12 73 0.65+0.08 ,0.001
TDI lateral (m/s) 72 0.13+0.02 73 0.16+0.02 ,0.001
TVP (with/without) 20/72 0/73
Pulmonary artery diameter/BSA (cm/m2) 72 1.24+0.22 73 1.1+0.15 ,0.001
IVC/BSA (cm/m2) 72 1.02+0.24 72 1+0.17 0.599

Results are represented as mean+ SD. P-values are obtained from t-tests, adjusted for unequal variances if necessary. MFS, Marfan syndrome patients;
BSA, body surface area; LVEDV/BSA, left ventricular end-diastolic volume indexed to BSA; LVESV/BSA, left ventricular end-systolic volume indexed to BSA;
LVEDD/BSA, left ventricular end-diastolic diameter indexed to BSA; LVESD/BSA, left ventricular end-systolic diameter indexed to BSA; EF, ejection fraction;
MVP, mitral valve prolapse; Basal RVEDD/BSA, right ventricular end-diastolic diameter measured in apical four-chamber view at base level indexed to BSA;
Basal LVEDD/BSA, left ventricular end-diastolic diameter measured in apical four-chamber view at base level indexed to BSA; RV/LV ratio, right ventricular
diameter to left ventricular diameter ratio measured in apical four-chamber view at base level; TDI, tissue-Doppler imaging; TVP, tricuspid valve prolapse;
IVC/BSA, inferior vena cava diameter indexed to BSA.

Table 1 Baseline characteristics

Variable n MFS n Controls P-value

Sex (male/female) 42/30 33/40 0.114a

Age (years) 72 32+12 73 30+7 0.096
Weight (kg) 72 76.8+13.9 73 78.1+14.8 0.587
Height (cm) 72 186.4+10.2 73 182.6+9.9 0.026
BSA (m2) 72 2.0+0.2 73 2.0+0.2 0.925
b-Blockers (on

atenolol/not on
atenolol)

22/50 0/73 ,0.01

Heart rate (b.p.m.) 72 57+9 73 61+9 0.010
SBP (mmHg) 72 115+11 73 114+7 0.600
DBP (mmHg) 72 75+8 75+6 0.649
PASP (mmHg) 71 23+3 73 23+3 0.747
MPADP (mmHg) 70 9+3 73 9+2 0.618

Results are represented as mean+ SD. P-values are obtained from t-tests, adjusted for unequal variances if necessary. MFS, Marfan syndrome; BSA, body
surface area; SBP, systolic blood pressure; DBP, diastolic blood pressure; PASP, pulmonary artery systolic pressure; MPADP, mean pulmonary artery diastolic
pressure.

ax2 test.
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identified as significant influencing factors, whereas LA end-
systolic volume was statistically indicative (P ¼ 0.089). The
significance of the disease status was confirmed by the sub-
sequent multiple regression analysis (results shown in
Table 5) demonstrating a positive association with both the
lateral and the septal E/E0 ratios. Similarly, in the final
models, age and BSA demonstrated a positive effect.
b-Blockade, MVP, and LV EF were negatively associated
with E/E0 ratios although b-blockers only had a significant
effect on septal E/E0 ratio and MVP only on lateral E/E0

ratio. In addition, it was apparent from the results that
sex also plays a significant role on LV diastolic function.

Pulmonary vein inflow pattern

The disease status and HR were also found to be significant
independent factors affecting the DT of the PV inflow dias-
tolic component which could reflect LA and ventricular myo-
cardial relaxation abnormalities.

Right ventricular echocardiographic
diastolic parameters

Pulsed Doppler and TDI measurements obtained from the
tricuspid inflow pattern and lateral tricuspid annular
displacement recordings are described in Table 6. Early
filling measurements were significantly reduced in patients
with MFS when compared with normal controls suggesting
abnormal relaxation. Atrial contraction measurements from

the tricuspid inflow pattern showed no differences between
the study groups, whereas those taken from the TDI were
significantly decreased in MFS patients. Mean PA diastolic
pressure values showed no differences between the two
groups. Multiple regression analysis demonstrated that MFS
diagnosis was strongly associated with reduced diastolic
function (positive association with E/E0 ratio). Age was also
positively associated with E/E0 ratio, whereas HR and TAPSE
(as an indicator of RV systolic function) showed a negative
association. As with the LV, female gender was shown to be
associated with reduced diastolic function.

Atrial echocardiographic parameters

LA and RA echocardiographic volumetric measurements and
derived indices are presented in Table 7. Atrial volumes
measured at the beginning of the P-wave from a surface
ECG showed no differences between the study groups which
is consistent with the atrial contraction measurements
obtained from the MV/TV Doppler inflow patterns. Indices
reflecting the atrial function at the reservoir, conduit, and
contractile phases were significantly reduced in the patient
group when compared with the normal volunteers.

Discussion

This study revealed significant differences in diastolic func-
tion in both ventricles and atria in adult unoperated patients
with MFS. Our investigation confirms findings reported in the

Table 3 Echocardiographic parameters in patients on and off b-blockers

Region of heart Variables n MFS b-blockers n MFS No b-blockers P-value

Left ventricle LV EDV (mL) 22 85.3+19.2 50 90.9+25.1 0.355
LVESV (mL) 22 27.8+9.5 50 33.8+12.8 0.052
LV EF (biplane)(%) 21 68.7+5.45 50 64.35+6.36 0.008
MV E-wave (m/s) 22 0.84+0.18 49 0.77+0.15 0.132
MV A-wave (m/s) 22 0.48+0.11 49 0.48+0.13 0.85
E-wave DT (ms) 22 223.8+37.2 49 214.6+40.3 0.367
TDI E0-wave LW (m/s) 22 0.14+0.04 50 0.15+0.04 0.39
E/E0 ratio LW 22 24.3+10.5 50 21.2+9.8 0.23
Aortic root/BSA (cm/m2) 22 2.08+0.40 50 2.03+0.32 0.59

Right ventricle TAPSE (cm) 22 2.19+0.46 44 2.22+0.43 0.751
TV E-wave (m/s) 17 0.56+0.09 36 0.55+0.10 0.716
TV A-wave (m/s) 17 0.39+0.12 36 0.37+0.12 0.529
TV DT (ms) 17 273.18+67.7 36 274.36+71.7 0.953
TDI E0-wave (m/s) 22 0.14+0.04 50 0.14+0.04 0.83
TDI A-wave (m/s) 22 0.11+0.04 50 0.10+0.03 0.142
E/E0 ratio 17 4.3+1.93 36 4.12+1.24 0.68
PA diameter/BSA (cm/m2) 21 1.26+0.27 48 1.22+0.20 0.596
TR flow (m/s) 22 2.10+0.21 49 2.12+0.16 0.608

Atria LAV (biplane) (mL) 22 22.19+7.42 50 22.72+9.21 0.813
LAVmax (biplane) (mL) 22 35.65+9.83 50 35.72+13.02 0.983
LAVmin (biplane) (mL) 22 16.11+6.14 50 16.65+7.06 0.757
PVD DT (ms) 22 300.72+60.77 49 281.49+54.48 0.189
RAV (m/s) 22 0.29+0.05 49 0.30+0.05 0.557
RAV (biplane) (mL) 18 30.96+8.2 39 34.85+13.01 0.25
RAVmax (biplane) (mL) 18 34.63+9.68 39 39.26+14.45 0.223
RAVmin (biplane) (mL) 18 17.67+5.87 39 21.24+9.28 0.14

Results are represented as mean+ SD. MFS, Marfan syndrome; LVEDV, left ventricular end-diastolic volume; LVESV, left ventricular end-systolic volume; LV
EF, left ventricular ejection fraction; MV E-wave, mitral valve early filling wave; MV A-wave, mitral valve atrial contraction wave; DT, deceleration time; TDI
E0-wave, tissue-Doppler imaging early filling velocity; LW, lateral wall; BSA, body surface area; TAPSE, tricuspid annular plane systolic excursion; TV E-wave,
tricuspid valve early filling wave; TV A-wave, tricuspid valve atrial contraction wave; PA, pulmonary artery; TR, tricuspid regurgitation; LAV, left atrial
volume; PVD DT, deceleration time of the diastolic component of pulmonary venous inflow; RAV, right atrial volume.
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Table 4 Diastolic left ventricular echocardiographic parameters in Marfan syndrome patients and controls

Variable n MFS n Controls P-value

Peak E (m/s) 71 0.79+0.16 73 0.88+0.16 0.002
Peak A (m/s) 71 0.48+0.12 73 0.48+0.11 0.854
E/A ratio 71 1.76+0.56 73 1.87+0.46 0.167
DT of the E-wave (ms) 71 217.5+39.4 73 204.4+20.7 0.013
A-wave duration (ms) 71 146.2+18.3 73 148.5+18.8 0.450
IVRT (ms) 72 73.91+14.11 73 65.40+9.42 ,0.001
E0 anterolateral (m/s) 72 0.15+0.04 73 0.21+0.03 ,0.001
A0 anterolateral (m/s) 72 0.09+0.02 73 0.10+0.02 0.214
E0 septal (m/s) 72 0.11+0.03 73 0.16+0.03 ,0.001
A0 septal (m/s) 72 0.09+0.02 73 0.10+0.02 0.060
E0 inferior (m/s) 68 0.13+0.04 73 0.19+0.03 ,0.001
A0 inferior (m/s) 68 0.10+0.02 73 0.11+0.02 0.412
E0 anterior (m/s) 68 0.14+0.04 73 0.20+0.03 ,0.001
A0 anterior (m/s) 68 0.09+0.02 73 0.10+0.02 0.024
E0 inferolateral (m/s) 66 0.14+0.04 73 0.20+0.03 ,0.001
A0 inferolateral (m/s) 66 0.09+0.02 73 0.10+0.02 0.354
E/E0 ratio anterolateral 71 5.83+1.81 73 4.34+0.96 ,0.001
E/E0 ratio septal 71 7.72+2.33 73 5.61+1.32 ,0.001
PV peak systolic wave (m/s) 71 0.55+0.13 73 0.55+0.11 0.826
PV peak diastolic wave (m/s) 71 0.58+0.14 73 0.57+0.13 0.600
PV diastolic wave DT (ms) 71 287.4+56.8 73 215.6+41.8 ,0.001
PV atrial reversal velocity (m/s) 71 0.30+0.05 73 0.27+0.04 0.001
PV atrial reversal wave duration (ms) 71 119.3+18.1 73 106.1+16.5 ,0.001
PV atrial reversal flow (mL/s) 71 27.9+6.7 73 22.9+5.6 ,0.001

Results are represented as mean+ SD. P-values are obtained from t-tests, adjusted for unequal variances if necessary. LV, left ventricle; MFS, Marfan syn-
drome patients; E, early left ventricular filling; A, atrial left ventricular filling; DT of the E wave, early left ventricular filling deceleration time; IVRT, iso-
volumic relaxation time; E0, peak early diastolic annular myocardial velocity; A0, peak atrial diastolic annular myocardial velocity; PV, pulmonary vein; PV
diastolic wave DT, pulmonary vein diastolic component deceleration time.

Table 5 Regression analysis results

Region of heart/dependent variable Variables b-Coefficient(95% CI) P-value

Left ventricle
E/E0 ratio septal MFS 0.54 (1.589, 3.035) ,0.001

Age 0.17 (0.008, 0.066) 0.013
Sex 0.31 (0.663, 2.043) ,0.001
On b-blockers 20.15 (1.815, 0.052) 0.04
EF 20.20 (0.017, 0.124) 0.01
BSA 0.20 (0.401, 3.603) 0.015

E/E0 ratio lateral MFS 0.37 (0.618, 1.772) ,0.001
Age 0.2 (0.11, 0.054) 0.004
Sex 0.3 (0.465, 1.497) ,0.001
On b-blockers 20.13 (1.259, 0.066) 0.08
EF 20.19 (0.010, 0.091) 0.015
BSA 0.23 (0.549, 2.967) 0.005
MVP 20.24 (1.501, 0.333) 0.002

PV inflow pattern
Diastolic component DT MFS 0.54 (49.85, 82.63) ,0.001

HR 20.20 (2.236, 0.456) 0.003
Right ventricle
E/E0 ratio MFS 0.29 (0.032, 0.009) ,0.001

Age 0.17 (0.001, 0.000) 0.027
Sex 0.17 (0.002, 0.023) 0.025
HR 20.16 (0.001, 0.000) 0.041
TAPSE 20.38 (0.020, 0.047) ,0.001

Regression coefficient for age corresponds to 1 year increase. The baseline category for sex is female. MFS, Marfan syndrome; EF, ejection fraction; BSA,
body surface area; MVP, mitral valve prolapse; HR, heart rate; TAPSE, tricuspid annular plane systolic excursion; DT, deceleration time.
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previous studies of LV diastolic function6,8 but is the first to
systematically assess and demonstrate RV and atrial diastolic
dysfunction in a fairly large series of MFS patients. Biventri-
cular systolic impairment was also observed in our patients
and its possible impact on diastolic function was taken
into account.

Left ventricular diastolic function

The observed diastolic abnormalities could not be attributed
to valvular or ischaemic heart disease as no subject had
more than mild valvular regurgitation or any history of
cardiac pain and/or ischaemic ECG changes.

The significant differences in LV diastolic function could
be explained by a number of other factors such as age,
sex, BSA, HR, b-blockade, MVP, LV size, and systolic func-
tion. Diastolic dysfunction could also be explained by
reduced LA end-systolic volume leading to reduced atrial
pressure and hence the lower peak velocities observed in
the early phase of the diastolic filling pattern. Factors
such as HR and LA end-systolic volume showed no effect
on LV diastolic function. MVP was demonstrated to have no
significant impact on E/E0 ratio with E0 obtained from the
septal mitral annular corner, but did affect the ratio when
E0 was recorded from the lateral region. This difference
can probably be explained from the fact that the majority

of patients demonstrating MVP had only posterior mitral
valve leaflet involvement.

Yip et al.17 reported that early diastolic function is tightly
coupled to the previous systole even in individuals with
normal EF. They suggested that isolated diastolic dysfunc-
tion as shown in MV inflow Doppler patterns in the presence
of normal LV systolic function is a very uncommon finding. In
our study, the diastolic dysfunction could be partially
explained by the mild primary systolic myocardial impair-
ment observed in the patient group.

Evaluation of diastolic function must always take into
account changes with ageing. Data obtained from our
series of patients are in line with the previous studies on
the effect of age on diastolic function.14 Race and gender
are other important determinants to be considered in the
assessment of diastolic function.15 The prevalence of dias-
tolic heart failure is higher and the prognosis worse in men
compared with women and in African-American patients
compared with White patients. Race could not play a role
in detecting differences in our study, as we examined only
Caucasian individuals. Sex, however, had a significant
impact on diastolic function with females shown to be
more prone. Other significant identified factors were BSA
and b-blockade. Maceira et al.16 reported that increasing
BSA had a positive effect on early peak filling rate in their
CMR study. The slight b-blockade effect could be explained
by reduced HR or impaired LV systolic function in our series

Table 7 Left atrial and right atrial echocardiographic parameters in Marfan syndrome patients and controls

Variable Left atrium Right atrium

n MFS n Controls P-value n MFS n Controls P-value

Atrial volume/BSA (mL/m2) 72 11.3+3.9 73 12.4+4.0 0.112 72 13.6+4.8 73 13.1+3.9 0.540
Maximal atrial volume/BSA (mL/m2) 72 18.5+5.9 73 23.9+6.9 ,0.001 72 19.5+6.6 73 22.6+6.1 0.003
Minimal atrial volume/BSA (mL/m2) 72 8.3+2.6 73 7.3+2.6 0.020 72 9.3+3.5 73 7.6+2.5 0.002
Atrial expansion index

(reservoir) (%)
72 130.2+49.2 73 245.6+73.7 ,0.001 72 118.2+49.1 73 212.1+80.5 ,0.001

Passive emptying fraction
(conduit) (%)

72 38.1+12.3 73 48.2+9.4 ,0.001 72 29.1+15.7 73 41.6+10.6 ,0.001

Active emptying fraction
(contractile) (%)

72 25.6+13.3 73 40.8+11.4 ,0.001 72 31.1+12.0 73 41.5+11.1 ,0.001

Results are represented as mean+ SD. P-values are obtained from t-tests, adjusted for unequal variances if necessary. LA, left atrium; RA, right atrium;
MFS, Marfan syndrome patients; BSA, body surface area.

Table 6 Diastolic right ventricular echocardiographic parameters in Marfan syndrome patients and controls

Variable n MFS n Controls P-value

Peak E (m/s) 53 0.55+0.10 58 0.68+0.13 ,0.001
Peak A (m/s) 53 0.38+0.12 58 0.40+0.10 0.272
E/A ratio 53 1.58+0.47 58 1.80+0.43 0.013
DT of the E-wave (ms) 53 274.0+69.8 58 194.9+29.7 ,0.001
E0 lateral (m/s) 72 0.14+0.04 73 0.17+0.03 ,0.001
A0 lateral (m/s) 72 0.11+0.03 73 0.13+0.03 0.001
E/E0 ratio 72 4.18+1.48 73 4.17+1.09 0.979
Mean PA diastolic pressure (mmHg) 70 8.7+2.6 71 8.5+2.2 0.618

Results are represented as mean+ SD. P-values are obtained from t-tests, adjusted for unequal variances if necessary. RV, right ventricle; MFS, Marfan
syndrome patients; E, early right ventricular filling velocity; A, atrial right ventricular filling velocity; DT of the E-wave, early right ventricular filling decel-
eration time; E0, peak early diastolic annular myocardial velocity; A0, peak atrial diastolic myocardial velocity; PA, pulmonary artery.
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of patients. Our analysis showed no HR effect on the early LV
filling phase. With regards to b-blockade, the subgroup of
patients on medication demonstrated higher EF values
than patients off treatment. This could be attributed to
the lower HR in the b-blockade subgroup improving EF
through the Frank Starling mechanism. The true effect of
b-blockade on LV function cannot be fully evaluated from
this study due to the relatively small number of patients
on b-blockers.

Despite the aforementioned possible confounding factors
that have been shown to have an impact on diastolic func-
tion our results strongly supported the involvement of the
disease status with diastolic dysfunction.

Right ventricular diastolic function
In patients with interpretable Doppler inflow recordings, the
filling pattern was indicative of impaired diastolic function.
As with LV diastolic function, early peak velocities of the
diastolic phase were significantly reduced in MFS patients.
This observed difference in the inflow patterns was sup-
ported by the TDI data that were available for all study sub-
jects. The revealed differences could not be caused by
valvular disease as none of the study subjects had more
than mild valvular disease. Coronary heart disease could
not also be considered as a determinant due to the
absence of a relevant history and/or ischaemic ECG
ST-segment abnormalities.

As with the LV, our analysis demonstrated that age and
gender constitute important factors affecting the RV dias-
tolic function. Our data corroborate findings by Maceira
et al.16 and Kukulski et al.18 using CMR and Doppler myocar-
dial imaging, respectively. Systolic function is recognized to
have a significant impact on LV diastolic function. Systolic
tricuspid annular displacement measurements which are
extremely well correlated to RV EF were shown to have a
significant impact on RV diastolic function.19,20 HR was also
shown to have a significant effect. Nevertheless, diagnosis
of MFS was still shown to have a significant, detrimental
effect on RV diastolic function.

Atrial function
Both atria play an important role in the overall performance
of the cardiovascular system. The significance of the
observed differences in the pulmonary venous inflow
pattern sheds new light on LV myocardial relaxation and
LA function. The difference in DT of the diastolic component
of this pattern suggests impaired LV and/or impaired atrial
relaxation. Among multiple possible confounders, only HR
and diagnosis of MFS were found to be significant. The
increased atrial reversal flow in the patient group although
within the normal limits could reflect LA compensation for
the reduced early filling. However, the absence of differ-
ences in the A-wave of the mitral inflow pattern between
the two groups could represent a non-sufficient compen-
sation. Increased atrial reversal flow in our patients could
not be explained by a short atrio-ventricular delay as none
of the patients had a PR interval ,120 ms.

In clinical practice, two-dimensional echocardiography
plays a key role in the evaluation of LA and RA volumes. In
our study, the measurement of atrial volume by the
Simpson method demonstrated reduced contractile, reser-
voir, and conduit function for both atria. After adjusting
for various parameters which could influence the atrial

function, the disease status was found to have a significant
association with impairment in the function of both atria.

Suggested underlying Marfan syndrome pathogenetic
mechanisms
Our results indicate a clear link between MFS and myocar-
dial dysfunction. Studies in fibrillin-1-deficient mice have
immensely improved our understanding about the structure
and assembly of fibrillin-1 microfibrils and its role in TGF-b
regulation in the cardiovascular system.3 Fibrilin-1 microfi-
brils constitute an essential component of the extracellular
matrix and play a vital role in the function and mainten-
ance of the elastic fibres in the myocardial tissue. Exper-
imental studies on the MFS mouse model showed
fragmentation of the elastic fibres and increased collagen
deposition attributed to fibrillin-1 deficiency and associ-
ated excessive TGF-b bioactivity.4 Diastolic abnormalities
could be caused by similar mechanisms resulting in loss
of elastic tissue integrity and impaired elastic recoil in
the human myocardium. However, histological evidence
supporting the proposed underlying pathogenetic pathways
in humans is still lacking and needs to be investigated
in depth.

Limitations

Although it was stated that functional abnormalities could
not be attributed to the presence of ischaemic heart
disease, this cannot be ruled out as a factor as none of the
patients underwent an angiogram since there was no indi-
cation to warrant one. Likewise, although none of the
study subjects had any history or symptoms of diabetes,
chronic obstructive pulmonary disease, atherosclerosis and
Graves’ disease, laboratory tests for the listed conditions
were not performed and hence these entities cannot be
totally ruled out as other underlying factors affecting myo-
cardial function.

For all patients with MFS, the diagnosis was established on
the basis of the Ghent criteria. There is an ongoing project
to confirm this diagnosis with a full genotypic analysis. A
genotype/phenotype correlation will be commented on as
the subject of a future scientific work.

RV inflow pattern could not always be recorded to a stan-
dard sufficient for appropriate analysis. Hence, relevant
data could not be provided for all participants. However,
TDI data from the lateral region of the tricuspid annulus
could be acquired for all participants.

As explained in our methodology, 31% of the study
patients were on b-blockade therapy. In splitting the
patient series into two groups, one on and one off
b-blockers, statistical analysis showed no differences in
the measured echocardiographic parameters except for
EF which was found to be slightly higher in patients on
treatment. As discussed earlier, this could be due to
lower HR and the overall EF for the patient group was
still significantly lower than in controls. Multiple regression
analysis did demonstrate that b-blockade had an effect on
the E/E0 ratio when E0 was measured from the septal region
of the mitral annulus. However, a possible effect of
b-blockade on the other recorded parameters cannot be
fully excluded due to the relatively small number of
patients on b-blockers.
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Conclusions

Our study revealed significant biventricular diastolic and
biatrial systolic and diastolic dysfunction in a fairly large
series of adult, unoperated patients with MFS in the
absence of valvular disease. This is in addition to the biven-
tricular systolic dysfunction, reported in the previous
articles. Although the effect of age, gender, and systolic
impairment on diastolic function cannot be ruled out as con-
tributing factors, our findings suggest that MFS affects dias-
tolic function independently. Pulmonary venous Doppler
inflow pattern recordings can provide useful insights into
LA/LV function. With regards to the underlying pathogenetic
mechanisms, further investigation is needed to determine
whether the observed abnormalities are caused by fibrillin-1
deficiency and TGF-b dysregulation.

Acknowledgements

We would like to acknowledge the continuous support given to us by
Mr Simon Robson of GE Medical Systems. We are also grateful to St
George’s University of London and St George’s Hospital NHS Trust for
their full support.

Conflict of interest: none declared.

Funding

This study was funded by the Bluff Field Charitable Trust,
the Henry Smith Charity, and the Foyle Foundation through
the Marfan Trust.

References
1. Pyeritz RE, Dietz HC. Marfan syndrome and other microfibrillar disorders.

In: Royce PM, Steinmann B eds, Connective Tissue and Its Heritable Dis-
orders. 2nd ed. Wiley-Liss, Inc; 2003. p585–626.

2. Rosenbloom J, Abrams WR, Mecham R. Extracellular matrix 4: the elastic
fiber. FASEB J 1993;7:1208–18.

3. Ramirez F, Dietz HC. Marfan syndrome: from molecular pathogenesis to
clinical treatment. Curr Opin Genet Dev 2007;17:252–8.

4. Dietz HC, Loeys B, Carta L, Ramirez F. Recent progress towards a molecu-
lar understanding of Marfan syndrome. Am J Med Genet C Semin Med
Genet 2005;139:4–9.

5. Habashi JP, Judge DP, Holm TM, Cohn RD, Loeys BL, Cooper TK et al.
Losartan, an AT1 antagonist, prevents aortic aneurysm in a mouse
model of Marfan syndrome. Science 2006;312:117–21.

6. De Backer JF, Devos D, Segers P, Matthys D, Francois K, Gillebert TC et al.
Primary impairment of left ventricular function in Marfan syndrome. Int J
Cardiol 2006;112:353–8.

7. Rybczynski M, Koschyk DH, Aydin MA, Robinson PN, Brinken T, Franzen O
et al. Tissue Doppler imaging identifies myocardial dysfunction in adults
with Marfan syndrome. Clin Cardiol 2007;30:19–24.

8. Das BB, Taylor AL, Yetman AT. Left ventricular diastolic dysfunction in
children and young adults with Marfan syndrome. Pediatr Cardiol 2006;
27:256–8.

9. De Paepe A, Devereux RB, Dietz HC, Hennekam RC, Pyeritz RE. Revised
diagnostic criteria for the Marfan syndrome. Am J Med Genet 1996;62:
417–26.

10. Quinones MA, Otto CM, Stoddard M, Waggoner A, Zoghbi WA. Recommen-
dations for quantification of Doppler echocardiography: a report from the
Doppler Quantification Task Force of the Nomenclature and Standards
Committee of the American Society of Echocardiography. J Am Soc Echo-
cardiogr 2002;15:167–84.

11. Garcia MJ, Thomas JD, Klein AL. New Doppler echocardiographic appli-
cations for the study of diastolic function. J Am Coll Cardiol 1998;32:
865–75.

12. Sirbu C, Herbots L, D’Hooge J, Claus P, Marciniak A, Langeland T et al.
Feasibility of strain and strain rate imaging for the assessment of regional
left atrial deformation: a study in normal subjects. Eur J Echocardiogr
2006;7:199–208.

13. Lang RM, Bierig M, Devereux RB, Flachskampf FA, Foster E, Pellikka PA
et al. Recommendations for chamber quantification. Eur J Echocardiogr
2006;7:79–108.

14. Yu CM, Sanderson JE. Right and left ventricular diastolic function in
patients with and without heart failure: effect of age, sex, heart rate,
and respiration on Doppler-derived measurements. Am Heart J 1997;
134:426–34.

15. Vasan RS, Benjamin EJ, Levy D. Prevalence clinical features prognosis of
diastolic heart failure: an epidemiologic perspective. J Am Coll Cardiol
1995;26:1565–74.

16. Maceira AM, Prasad SK, Khan M, Pennell DJ. Reference right ventricular
systolic and diastolic function normalized to age, gender and body
surface area from steady-state free precession cardiovascular magnetic
resonance. Eur Heart J 2006;27:2879–88.

17. Yip GW, Zhang Y, Tan PY, Wang M, Ho PY, Brodin LA et al. Left ventricular
long-axis changes in early diastole and systole: impact of systolic function
on diastole. Clin Sci (Lond) 2002;102:515–22.

18. Kukulski T, Hubbert L, Arnold M, Wranne B, Hatle L, Sutherland GR.
Normal regional right ventricular function and its change with age: a
Doppler myocardial imaging study. J Am Soc Echocardiogr 2000;13:
194–204.

19. Kaul S, Tei C, Hopkins JM, Shah PM. Assessment of right ventricular func-
tion using two-dimensional echocardiography. Am Heart J 1984;107:
526–31.

20. Kjaergaard J, Petersen CL, Kjaer A, Schaadt BK, Oh JK, Hassager C.
Evaluation of right ventricular volume and function by 2D and 3D echo-
cardiography compared to MRI. Eur J Echocardiogr 2006;7:430–8.

Biventricular diastolic and biatrial systolic and diastolic dysfunction in MFS patients 955


