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Abstract. Left ventricular (LV) dysfunction in conjunction 
with postcapillary pulmonary hypertension (PH) is frequently 
associated with right ventricular (RV) dysfunction, deter-
mining the patient prognosis. Compensatory mechanisms for 
RV dysfunction have not been previously evaluated in detail. 
Since calcium dependent right atrial (RA) dynamics are a 
surrogate for RA contractile properties, the present study 
examined the calcium dependency of RA tissue obtained 
from patients with or without postcapillary PH. In total, 
15 patients with PH (PH group; mean age, 70.7±7.2 years) and 
10 patients without postcapillary PH (non-PH group; mean age, 
55.7±11.8 years) who were scheduled to undergo elective left 
heart valve surgery were included in the current study. Calcium 
concentration (pCa; shown as the negative log10) against force 
curves were generated, while LV and RV function was evalu-
ated by echocardiography. Echocardiography data revealed a 
significantly reduced LV function in the PH group, while the 
RV function was preserved in the two groups, precluding overt 
RV dysfunction. In the PH group, significantly reduced force 
values were detected at high pCa values when compared with 
the non-PH group force, indicating impaired RA function. 
Furthermore, reduced calcium sensitivity was observed (which 
was determined as the pCa at half maximal activation) in the 
PH group, and the presence of a compensatory mechanism 
for reduced force capacity was hypothesized. In conclusion, 
the preliminary results of the current study showed impaired 
RA contractile properties in postcapillary hypertension with 
preserved RV function. The diminished RA compensatory 
mechanisms may lead to accelerated RV dysfunction in the 
clinical course of postcapillary PH.

Introduction

Pulmonary hypertension (PH) is a pathophysiological disorder 
that may involve multiple clinical conditions and can compli-
cate numerous cardiovascular and respiratory diseases (1). The 
incidence of PH is 97 cases per million with a female-to-male 
ratio of 1.8 in the UK (1). Left-sided heart failure is considered 
to be the most common cause of PH. Furthermore, PH may 
have clinical consequences on the right-side heart function; 
however, severe PH in these cases is relatively uncommon (1).

Postcapillary PH in patients with left ventricular (LV) 
dysfunction is a well‑defined risk factor for right ventricular 
(RV) heart failure and subsequent increased morbidity and 
mortality (2,3). Compensatory mechanisms to overcome RV 
dysfunction are not well defined for these patients, and only 
limited data are available in the literature about dealing with 
the effect of postcapillary PH on right atrial (RA) dynamics 
and contractile features (4,5).

For precapillary PH, RA compensatory mechanisms 
have been described in animal models with inconclusive 
results (6,7). In general, precapillary PH RV pressure overload 
leads to myocardial hypertrophy (7), with the detrimental 
effect of RV diastolic dysfunction (6,8,9). Thus, RA function 
is the critical factor for RV filling, and any RA dysfunction 
may initiate right heart failure in patients with PH (6,8). 
The compensatory mechanism for RV diastolic dysfunction 
involves increased RA contractility, thus maintaining the RV 
filling (6). The importance of RA function is underlined in a 
study by Shiina et al (10), which described a strong correlation 
between right heart failure and reduced RA contractility in 
patients with chronic precapillary PH.

The aim of the present study was to evaluate RA func-
tion in postcapillary PH in patients with LV dysfunction due 
to left heart valve pathology. Since RA calcium-dependent 
skinned fiber dynamics are a surrogate for RA contractile 
properties, the calcium-dependent RA contractile dynamics 
were investigated in patients scheduled to undergo elective 
left heart valve surgery who presented with or without post-
capillary PH.

Patients and methods

Ethics. The study was approved by the Ethics Committee of 
the Medical Association Rheinhessen. All patients provided 
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written informed consent for the use of intraoperative 
resected tissue in further research examination. The study was 
performed according to the Declaration of Helsinki (11).

Patients. A retrospective study was performed using prospec-
tively collected data from patients scheduled to undergo elective 
left heart valve surgery due to aortic and mitral valve disease at 
the Department of Cardiothoracic and Vascular Surgery of the 
University of Mainz (Mainz, Germany) between January 2011 
and December 2014. In total, 25 patients undergoing cardiac 
surgery were included in the present study. The patients were 
divided into two groups, as follows: The postcapillary PH group 
(PH group), consisting of 15 patients, and the non-postcapillary 
PH group (non-PH group), consisting of 10 patients. The patients 
were classified according to the New York Heart Association 
(NYHA) classification system (12). Patient demographics and 
characteristics are presented in Table I.

Inclusion and exclusion criteria. Postcapillary PH was 
defined by a mean pulmonary artery pressure (mPAP) of 
≥25 mmHg (iE33 xMATRIX Echocardiography System; 
Philips Healthcare, Amsterdam, The Netherlands) in the pres-
ence of left-sided valvular heart disease and the absence of 
any primary pulmonary artery hypertension (PAH), according 
to previously reported guidelines (13). Preserved RV function 
was defined when the tricuspid annular plane systolic excur-
sion (TAPSE) was ≥16 mm (14).

Patients with precapillary arterial hypertension, idio-
pathic, heritable forms of PAH, PAH associated with 
infectious disease, connective tissue diseases, congenital 
diseases, pulmonary veno-occlusive diseases, other pulmo-
nary diseases and chronic thromboembolic PH were excluded 
from the current study. Furthermore, patients presenting as 
emergency cases, patients requiring cardiac procedures with 

the exception of aortic and mitral valve surgery, endocarditis 
cases, and patients with clinical and echocardiographic signs 
of chronic, acute right or acute left heart failure were also 
excluded.

Clinical setting. Hemodynamic data from all patients were 
obtained preoperatively by means of standard right heart cath-
eterization, as described previously (1). The mean RA pressure 
(mRAP), mPAP and pulmonary artery wedge pressure (PAWP) 
were recorded (iE33 xMATRIX echocardiography system).

Preoperative echocardiography was performed in all 
patients (iE33 xMATRIX echocardiography system). 
Standard echocardiographic measurements were performed 
in expiration. The following parameters were measured: The 
LV ejection fraction (LVEF) was determined according to the 
biplane Simpson's method (14). In addition, dilatation of the 
right and left atria and ventricles was assessed by transtho-
racic echocardiography (2D and M-mode; iE33 xMATRIX 
echocardiography system). LV dilatation was defined when 
the LV end-diastolic diameter (LVEDD) was >55 mm and RV 
dilation was determined when the RV end-diastolic diameter 
was >30 mm. Similarly, RA dilatation was defined when the 
minor RA axis was >4.4 cm and the major axis was >5.3 cm, 
whereas left atrial dilatation was defined when the end‑systolic 
diameter was >40 mm (M-mode).

TAPSE was measured with two-dimensional M-mode 
echocardiography. However, the RV diastolic function in 
presence of tricuspid regurgitation (TR) and atrial fibrillation 
was not assessed. Echocardiographic views, measurements, 
as well as calculations, were performed according to recent 
guidelines (14,15).

Skinned fiber preparation. Skinned fiber preparation was 
performed as previously described (16,17). Briefly, the fibers 

Table I. Data presented as mean ± standard deviation, or as % (n) unless otherwise indicated.

Variable  PH group (n=15) Non-PH group (n=10) P-value

Age, years 70.70±7.20 55.70±11.80 0.008
Female, n (%) 9 (60)   4 (6) 0.900
Height, cm 168.00±9.60 171.00±13.00 0.900
Weight, kg 68.00±12.00 76.00±17.00 0.700
Body surface area, m2 1.78±0.90 1.90±0.70 0.900
Body-mass index 23.00±3.80 25.40±3.80 0.800
COPD, n (%) 0 (0) 0 (0) 
Diabetes mellitus, n (%) 3 (20) 0 (0) 0.050
Creatinine (mg/dl) 1.01±0.80 0.67±0.40 0.700
Chronic atrial fibrillation, n (%) 8 (53)   2 (20) 0.020
PAVD, n (%) 1 (6.6) 0 (0) 0.800
Stroke incident, n (%) 0 (0) 0 (0) 
Arterial hypertension, n (%) 8 (53)   5 (50) 0.900
NYHA class III-IV, n (%) 5 (38) 0 (0) 0.030
LVEF, % 47.00±0.14 60.00±0.50 0.007

PH, pulmonary hypertension; COPD, chronic obstructive pulmonary disease, PAVD, peripheral arterial venous disease; NYHA, New York 
Heart Association; LVEF, left ventricular ejection fraction.
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were collected during surgery following resection of the 
right auricle. Using a non-touch-technique, the auricle was 
transferred in an ice‑cooled vial (4˚C) containing a modi-
fied cardioplegic solution (Krebs‑Henseleit solution, which 
included: 118.07 mmol/l NaCl, 11.1 mmol/l C6H12O6.H2O, 
4.7 mmol/l KCl, 25 mmol/l NaHCO3, 1.2 mmol/l KH2PO4, 
1.2 mmol/l MgSO4.7H2O, 1.8 mmol/l CaCl2.2H2O) and 
30 mmol/l 2,3-butanedione monoxime (C4H7NO2) as an 
ATP-sensitive potassium channel inhibitor. For examina-
tion, the tissue was transferred to a dish containing an 
ice‑cooled (4˚C) preparation solution, with the following 
contents: 68.08 mM C3H4N2, 65.01 mM NaN3, 380.4 mM 
C14H24N2O10, 154.3 mM C4H10O2S2, 203.3 mM MgCl2.6H2O, 
and 605.2 mM C10H14N5O13P3Na2. The muscle bundles were 
then resected out of the auricle and transferred to a test 
tube containing the modified preparation solution with 1% 
Triton X-100 in order to permeabilize the membrane of the 
fibers, with incubation for 24 h at 4˚C on a shaking device. 
The purpose of these preparatory steps was to remove all 
membrane‑dependent properties (also known as ‘skinning’). 
Following this skinning process, the RA muscle bundles were 
transferred to a separate ice‑cooled (4˚C) dish containing 
preparation solution, in order to prepare single muscle stripes 
(size, 2‑2,5x0,3 mm) under the microscope (magnification, x10; 

Leica DM1000; Leica Microsystems GmbH, Wetzlar, 
Germany).

Log10 calcium concentration (pCa) against force measure‑
ments in RA tissue. A muscle investigation system (Gradient 
Program; Scientific Instruments, Heidelberg, Germany) was 
used to expose the RA fibers to gradual increase of pCa for 
force measurements. The experimental set-up is depicted in 
Fig. 1. The RA fibers were fixed in the perfusion chamber and 
incubated with a relaxation solution, containing the following: 
68.08 mM C3H4N2, 327.2 mM C4H8N3O5PNa2.4H2O, 
65.01 mM NaN3, 380.4 mM C14H24N2O10, 203.3 mM MgCl2, 
154.2 mM C4H10O2S2, 605.2 mM C10H14N5O13P3Na2, and 
400 U/ml creatine kinase. By adding 147.02 mM CaCl2 to the 
relaxation solution, a pCa-force curve was created. pCa was 
shown as the negative log10 of the calcium concentration. A 
specifically designed software (Gradient Program; Scientific 
Instruments) was used to calculate the amount of calcium 
required to achieve a stepwise increase in pCa according to 
the equation described by Morano et al (16) and Fabiato and 
Fabiato (17). The pCa included concentrations between 6.5 and 
4.0, in 0.5 increments. For each patient, a set of three RA fibers 
underwent calcium-induced force measurements. Thus, a total 
of 45 samples were evaluated in the PH group and 30 samples 
in the non-PH group.

Statistical analysis. Statistical analysis was performed 
using SPSS software (version 23; IBM Corp., Armonk, NY, 
USA). Patient continuous demographics are presented as 
the mean ± standard deviation, while categorical data are 
presented as percentages. Normal distribution was tested 
with Shapiro‑Wilk test. Continuous variables were statisti-
cally analyzed with Welch's t-test, and categorical data 
were compared with Wilcoxon signed‑rank test and χ² test. 
Two-sided P-values of <0.05 were considered to indicate 
statistically significant differences.

Results

Demographics. The demographic information and clinical data 
of the patients are depicted in Table I. When compared with 
the non‑PH group, patients in the PH group had a significantly 
higher age (P=0.008) and higher prevalence of atrial fibrilla-
tion (P=0.02). In addition, a higher proportion of PH patients 
presented class III-IV disease (according to the NYHA clas-
sification; P=0.03) and a reduced LVEF (P=0.007).

Indication for left heart surgery differed between the two 
groups, with mitral valve regurgitation surgery required in 
significantly more PH group patients, as the compared with 
the non-PH group (100% vs. 30%, respectively; P 0.001).

Echocardiography. The hemodynamic and echocardiographic 
data of the patients are shown in Table II. In the PH group, 
mean PAWP, mPAP and mRAP were significantly higher, as 
compared with the values in the non-PH group (all P<0.001; 
Figs. 2-4), whereas the LVEF was significantly reduced 
(P=0.007; Table II) as an expression of post capillary PH 
with impaired LV function. Although LV dilatation was more 
frequently observed in the PH group (P=0.03; Table II), the 
LVEDD revealed no differences between the two groups 

Figure 1. Experimental set-up of the ‘muscle investigation system’ used in 
the present study. The master pump transports a specific amount of calcium 
solution into the perfusion chamber, and the slave pump withdraws the 
same amount out of the perfusion chamber. Thus, the calcium concentra-
tion increases in the perfusion chamber and the pCa-force curve is recorded 
by the attached computer system. pCa, calcium concentration (given as the 
negative log10).
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(60±11 mm in the PH group vs. 48±14 mm in the non-PH 
group; P=0.8; Table II). Similarly, TAPSE did not differ signif-
icantly between the two groups (18±4.4 mm in the PH group 
vs. 21.5±2.2 mm in the non-PH group; P=0.8; Fig. 5), although 
the presence of RA dilation (80 vs. 20%; P 0.001) and RV 
dilatation (20 vs. 10%; P 0.02) was significantly increased in 
the PH group compared with the non-PH group (Table II). 
Furthermore, significantly more patients in the PH group had 
a TR ≥II ,̊ while TR was more frequently observed in the PH 
group (86 vs. 40%; P=0.04), when compared with the non-PH 
group.

pCa‑force measurements. The pCa-force values of the two 
groups are demonstrated in Table III. Higher force values 

were observed at the three highest concentrations of calcium, 
with force values in the non‑PH group being significantly 
increased when compared with the PH group (at pCa 4.0: 
4.1±0.5 vs. 2.9±0.3 mN, P=0.001; at pCa 4.5: 2.9±0.2 vs. 
2.2±0.3 mN, P=0.01; at pCa 5.0: 2.2±0.3 vs. 1.7±0.2 mN, 
P=0.01). In addition, calcium sensitivity, which was defined 
as the pCa at half maximal force (shown as pCa2+

50) was 
different among groups. The PH group achieved half 
maximal force at a pCa of 5.5, whereas the non-PH group 
reached half maximal force at a pCa of 5.0. These findings 
suggest that patients with PH develop half maximal force at a 
lower concentration of calcium, when compared with non-PH 
patients; therefore, the affinity to calcium is higher in the 
PH group.

Figure 2. Distribution of the mPAP values in the PH and non-PH groups. PH, 
pulmonary hypertension; mPAP, mean pulmonary artery pressure.

Table III. pCa force values (mean ± standard deviation).

 PH group Non-PH group 
Variable (n=15) (n=10) P-value

pCa, mN
  4.0 2.90±0.30 4.1±0.50 0.001
  4.5 2.20±0.30 2.9±0.20 0.010
  5.0 1.70±0.20 2.2±0.30 0.010
  5.5 1.40±0.04 1.2±0.03 0.800
  6.0 1.00±0.04 0.8±0.03 0.900
  6.5 0.60±0.05 0.4±0.03 0.800
pCa2+

50 5.5 5.0 0.010

PH, pulmonary hypertension; pCa2+
50, calcium concentration at which 

half maximal activation was achieved; pCa, calcium concentration 
(given as the negative log10).
 

Table II. Patient hemodynamic parameters.

Variable PH group (n=15) Non-PH group (n=10) P-value

LV ejection fraction, % 47.00±0.14 60.00±0.05 0.007
Mean LVEDD, mm 60.00±11.00 48.00±14.00 0.800
TAPSE, mm 18.00±4.40 21.50±2.20 0.800
Tricuspid regurgitation ≥II˚, n (%) 10 (67) 0 (0) 0.030
Mitral valve regurgitation, n (%)   15 (100)   5 (50) 0.030
Mitral valve regurgitation ≥II˚, n (%)   15 (100)   3 (30) 0.001
Aortic valve stenosis, n (%)   6 (40)   3 (30) 0.700
Aortic regurgitation, n (%) 0 (0)   2 (20) 0.050
mRAP, mmHg 10.00±2.70 4±2.4 <0.001
mPAP, mmHg 52.6±17 21.30±1.30 <0.001
Mean PAWP, mmHg 23.00±1.00 8.26±3.00 <0.001
RA dilatation, n (%) 12 (80) 2 (20) 0.001
RV dilatation, n (%)   3 (20) 1 (10) 0.020
LA dilatation, n (%) 11 (73) 2 (20) 0.040
LV dilatation, n (%)   7 (47) 1 (10) 0.030

Data are presented as the mean ± standard deviation or as n (%), unless otherwise indicated. PH, pulmonary hypertension; LV, left ventricular; 
LVEDD, left ventricular end-diastolic diameter; TAPSE, tricuspid annular plane systolic excursion; mRAP, mean right atrial pressure; mPAP, 
mean pulmonary artery pressure; PAWP, pulmonary artery wedge pressure; RA, right atrial; RV, right ventricular; LA, left atrial.
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Discussion

The present study investigated an RA skinned fiber model in 
patients with postcapillary PH due to valvular LV dysfunction, 
and the results showed significantly reduced contractile forces 
when compared with those in patients without PH. These 
data may be interpreted as signs of impaired RA compensa-
tory mechanism in postcapillary PH. Notably, patients in 
the PH group had absence of clinical and echocardiographic 
signs of overt RV impairment, as indicated by the TAPSE 
values. According to previous studies (18-20), TAPSE is a 
reliable echocardiographic parameter for the assessment of 
RV function in the presence of postcapillary PH. TAPSE has 
been recently reported to be equal or even superior to other 
RV-echo-Doppler indices (18,19). Guazzi et al (21) showed that 
TAPSE and systolic PAP reflect the contractile state of the RV 
in clinical settings; in this echocardiographic study about RV 
contractile function, TAPSE and systolic PAP used as in vivo 
indices for RV length and developed force were found to better 
reflect the contractile state of RV. However, it was not possible 

to exclude latent RV dysfunction with the methods used in 
the present study, since TAPSE was at the lower limit of the 
established values, RA and RV dilatation was present, and a 
higher incidence of TR was detected. Furthermore, diastolic 
dysfunction was not evaluated in the present study population 
due to the high incidence of atrial fibrillation and TR, factors 
that make determination of RV diastolic impairment difficult. 
Thus, based on the observations, RV dysfunction can be 
suspected.

In precapillary PH, impaired RA contractility is associ-
ated with signs of right heart failure (10). Since no clinical 
signs of right heart failure were observed in the present 
study, but signs of chronic LV dysfunction were detected, it 
was hypothesized that the patients had chronic LV dysfunc-
tion involving the right ventricle at the level of the contractile 
apparatus albeit with the RV function clinically preserved. 
Due to the interventricular interaction between LV and RV 
function, the RV function can be impaired in patients with 
LV dysfunction. This physiological interaction has to be 
considered, since up to one third of right‑sided stroke occur-
rence is due to LV septal contraction (22). This interaction 
has been proven in the clinical setting of chronic volume 
overload in mitral valve regurgitation. For instance, Le 
Tourneau et al (23) showed that, in patients with impaired 
LV systolic function, the RV function is mainly dependent 
upon LV remodeling and septal function, but only weakly 
dependent on pulmonary systolic pressure. In precapillary 
PH, a compensatory mechanism for RV functional impair-
ment involves increased RA contractility, which maintains 
RV filling over a long period of time (6,9). Considering the 
importance of interventricular interaction and RA function 
for RV performance, dysfunction of both components may 
be detrimental in PH patients. Reduced absolute force values 
in combination with increased calcium sensitivity in the 
PH group indicate that RA compensatory mechanisms are 
limited in postcapillary PH due to chronic LV dysfunction, 
which may lead to an accelerated development of RV failure. 
Only limited clinical data are available on the RA compensa-
tory mechanism for RV-functional adaptation in precapillary 
and postcapillary PH (5,22,24).

Figure 4. Distribution of the mRAP values in the PH and non-PH groups. PH, 
pulmonary hypertension; mRAP, mean right atrial pressure.

Figure 5. Distribution of the TAPSE values in the PH and non-PH groups. PH, 
pulmonary hypertension; TAPSE, tricuspid annular plane systolic excursion.

Figure 3. Distribution of the PAWP values in the PH and non-PH groups. PH, 
pulmonary hypertension; PAWP, pulmonary artery wedge pressure.
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The results of animal studies investigating the effect of 
precapillary hypertension on the RA compensatory mechanism 
are inconsistent (9,25). For instance, Gaynor et al (6) demon-
strated the increase of RA contractility and distensibility as a 
result of increased RV strain; however, methodological limita-
tions exist, since these data were calculated and not measured. 
By contrast, studies in rodent models demonstrated that induced 
PH resulted in marked reduction of Ca2+-activated force and 
in reduced maximal Ca2+-dependent force values (9,25). To 
the best of our knowledge, no animal studies showing the 
effect of postcapillary hypertension on the RA compensatory 
mechanism are available. Due to the inconsistent results from 
animal studies, it can only be speculated whether these data 
are applicable for the clinical setting of chronic precapillary or 
postcapillary PH. The majority of clinical studies investigated 
patients subsequent to heart lung transplantation for severe 
precapillary PH, and did not focus on cellular RA compensatory 
mechanisms (2,5). Rain et al (5,26) demonstrated increased 
stiffness of cardiomyocytes and cardiomyocyte sarcomeres 
as a result of RV diastolic dysfunction, and increased calcium 
sensitivity as a compensatory mechanism in RV-myocardial 
specimens in patients with precapillary PH and impaired 
RV function. Upon investigation of the left ventricle, it was 
demonstrated that reduced force capacity can be compensated 
with increased affinity to calcium (27). This compensatory 
mechanism cannot utilize full force capacity, since increased 
calcium sensitivity leads to incomplete actin-myosin detach-
ment; therefore, this mechanism compensates only in part for 
RV myocardial dysfunction (26).

To the best of our knowledge, this is the first study in 
humans to examine RA tissue exposed to chronic volume 
overload. However, the present study presented various limita-
tions. Firstly, the number of patients examined in current study 
was limited. To overcome this drawback, a larger sample size 
is required to support the current results. In addition, RA 
tissue was examined, which may not be representative for RV 
contractile dynamics. However, Vannier et al (28) demonstrated 
that the myofibrils contractile force of atrial and ventricular 
fibers show the same contractile and properties, which may 
support the assumption that these results are representative for 
the right heart. Another limitation of the present study is that 
the groups differed concerning the indication for surgery. In 
the PH group, mitral valve regurgitation with chronic volume 
overload and eccentric hypertrophy was the main indication 
for surgery, whereas in the non-PH group, aortic stenosis 
with pressure overload and concentric hypertrophy was the 
predominant indication for surgery. Myocardial hypertrophy 
is a strong factor influencing maximal calcium activated force 
and calcium sensitivity in left heart failure in rodents (29), 
although it remains unclear whether this is also the case in 
humans. Differences in the manifestation of hypertrophy may 
have an impact on RA calcium activation, thus influencing the 
results of the present study. We hypothesize that, although RV 
systolic function was preserved (TAPSE, >16 mm), the higher 
prevalence of TR may be a sign of a latent RV impairment that 
is not yet clinically apparent. This hypothesis requires further 
investigation with magnet resonance imaging (30).

In conclusion, the present preliminary results in patients 
with postcapillary PH demonstrated reduced RA contractile 
forces and increased calcium sensitivity. The present clinical 

study is the first to show evidence that the RA compensatory 
mechanism is already impaired at a point in time when no 
clinical and overt echocardiographic signs of RV dysfunc-
tion are present in postcapillary PH. This may have a clinical 
impact on the timing of surgical intervention, since occurrence 
of RV dysfunction in left heart disease is a powerful predictor 
of cardiovascular and overall survival (23,31). The current 
results may support the policy of early surgical or interven-
tional treatment in patients presenting with left heart valvular 
pathology. Nevertheless, it has to be considered that these 
results are only preliminary, and further clinical studies with 
larger patient cohorts are mandatory to determine the clinical 
importance of these findings.
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