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Abstract
Background The impact of sex hormones on right and left auricular contractile apparatus function is largely 
unknown. We evaluated the impact of sex hormones on left and right heart contractility at the level of myocardial 
filaments harvested from left and right auricles during elective coronary artery bypass surgery.

Methods 150 patients (132 male; 18 female) were enrolled. Preoperative testosterone and estradiol levels were 
measured with Immunoassay. Calcium induced force measurements were performed with left- and right auricular 
myofilaments in a skinned fiber model. Correlation analysis was used for comparison of force values and levels of sex 
hormones and their ratio.

Results Low testosterone was associated with higher top force values in right-sided myofilaments but not in left-
sided myofilaments for both sexes (p = 0.000 in males, p = 0.001 in females). Low estradiol levels were associated with 
higher top force values in right-sided myofilaments (p 0.000) in females and only borderline significantly associated 
with higher top force values in males (p 0.056). In females, low estradiol levels correlated with higher top force values 
in left sided myofilaments (p 0.000). In males, higher Estradiol/Testosterone ratio (E/T ratio) was only associated 
with higher top force values from right auricular myofilaments (p 0.04) In contrast, in females higher E/T ratio was 
associated with lower right auricular myofilament top force values (p 0.03) and higher top force values in left-sided 
myofilaments (p 0.000).

Conclusions This study shows that patients’ comorbidities influence left and right sided contractility and may blur 
results concerning influence of sex hormones if not eliminated. A sex hormone dependent influence is obvious 
with different effects on the left and right ventricle. The E/T ratio and its impact on myofilament top force showed 
divergent results between genders, and may partially explain gender differences in patients with cardiovascular 
disease.
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Introduction
Clinical and basic science studies have shown important 
sex differences in cardiac structure and function [1–5]. 
Although an impact of sex hormones is frequently dis-
cussed, data from basic science studies show conflict-
ing results and cannot simply be extrapolated to clinical 
settings. Clinical studies mainly focus on functional and 
morphological differences between genders. Studies on 
humans evaluating the impact of sex hormones on con-
tractility at the level of myocardial filaments are sparse 
and limited by small study populations [6–8]. The ambi-
guity of knowledge in this topic is described by Ventetu-
olo and Subramanya et al., who stated that estradiol and 
testosterone have important but controversial and in 
part unknown roles for left and right auricular function 
[9–11].

According to the available literature, it seems obvious 
that sex hormones may have a different impact on right 
and left auricular function. The MESA study (Multi-Eth-
nic Study of Atherosclerosis), which evaluated the cor-
relation between serum level of sex hormones and RV 
and LV function and structure with cardiac MRI [9, 11] 
showed that women tended to have higher RVEF and 
lower RVSV, RV mass, RVEDV and RVESV than men 
[9]. However, concerning higher RV-EF, these data were 
derived from women with exogenous estradiol intake. 
Furthermore, higher testosterone levels were associated 
with greater RV mass and larger RV volumes in men but 
not in women [9]. The same group demonstrated that 
higher testosterone levels were associated with a mod-
est increase in left auricular mass and possibly better LV 
function in both genders [11]. In contrast, high estradiol 
levels were only associated with increased LV mass in 
men.

Dai et al. recommended investigating the combination 
of estrogens and androgens together as a ratio taking 
into account that the imbalance of hormones might be 
an important factor for sex specific cardiac function [6]. 
The importance of the interaction between these sex hor-
mones were underlined by data from the MESA study. 
This study proved that a high estradiol/testosterone ratio 
(/E/T ratio) was associated with lower RV volumes and 
presumably better RV function in men, which was not 
identified by single sex hormone analysis [9]. However, 
the impact of sex hormones, their ratio on the level of the 
contractile apparatus of the left and right ventricle was 
not evaluated.

To elucidate whether sex hormones and their ratio 
may influence the contractile apparatus we analyzed the 
impact of sex hormones and their ratio on the intrinsic 
functional state of human right and left auricular func-
tion by using calcium induced force measurements of 
skinned human fibers from the right and left auricle from 

patients with coronary heart disease undergoing elective 
coronary artery bypass grafting (CABG).

Methods
Study sample
The study included one hundred fifty patients undergo-
ing elective on-pump CABG between January 2019 and 
September 2019. We excluded patients with valve pathol-
ogies, reoperations and emergency indications. Since 
the first regression analysis revealed, that patients with 
diabetes mellitus, atrial fibrillation and peripheral arte-
rial disease develop significant lower top force values, we 
also excluded patients presenting these diagnoses and 
performed a second regression analysis. Metabolic syn-
drome included arterial hypertension, diabetes mellitus 
II, dyslipidemia and obesity (BMI > 30  kg/m2). Seventy-
one patients remained for the second regression analy-
sis (63 males and 8 females). All patients were informed 
about the aim of the study and gave their written consent 
to participate. The University Hospital ethics committee 
approved the study (IRB approval: 143/17-sc 6.10.2017).
We collected clinical findings and preoperative blood 
samples, taken prior to induction of anesthesia. Blood 
samples were immediately sent to the laboratory and 
stored at -80 °C. All data were recorded pseudonymously 
in a departmental database.

Preoperative clinical chemistry included HbA1C, cre-
atinine, glomerular filtration rate (GFR) and N-terminal 
pro brain natriuretric peptid (NT-proBNP). The blood 
samples for the measurement of Estradiol and Testoster-
one were routinely taken in the morning and at the same 
time for all patients. Estradiol and testosterone were 
measured with automated Immunoassay system (Cobas 
e601).

Tissue harvest
All patients underwent on pump aortocoronary bypass 
grafting (CABG). Right auricular tissue was resected for 
venous cannulation for institution of cardiopulmonary 
bypass. The left auricle was removed after aortic cross 
clamping and antegrade infusion of Buckberg blood car-
dioplegia for the purpose of stroke prevention (4 min).

Myofilament preparation
Our experimental setup has been described in full detail 
before [3, 4]. Briefly, the intraoperatively resected tissue 
was transported in ice-cold oxygenated cardioplegic solu-
tion, containing BDM (Sigma Aldrich Chemie GmbH, 
Steinheim, Germany). For the skinning procedure, the 
trabeculae were excised and permeabilized with Triton-
X solution (Sigma Aldrich Chemie GmbH, Steinheim, 
Germany). The skinned myofilaments were then attached 
to a force transducer and a forceps and the experiments 
were conducted by immersing the myofilaments in twelve 
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bowls with increasing calcium concentrations. The cal-
cium concentration is displayed as logarithmic calcium 
concentration (pCa), which is a negative decadic loga-
rithm. We started with the lowest calcium concentration 
at pCa 7.0 and increasing at 6.5, 6.0, 5.75, 5.5, 5.4, 5.3, 5.2, 
5.1, 5.0, 4.75, 4.52. Length changes, recorded by the force 
transducer, were recorded and stored in a database.

Statistical methods
Exploratory data analysis included descriptive statistics 
as well as boxplots, histograms and kernel density esti-
mates to visualize the distribution of force values and 
study variables. The five replicates of force measurements 
for each patient at a specific calcium concentration tissue 
sample were aggregated to means for all further statistical 
analyses. We used three parameters for the assessment of 
cardiac contractility: top force value, calcium sensitivity 
(calcium concentration of half maximal activation) and 
steepness of the curves defined as Hill slope. Data are 
presented as mean ± standard deviation. Sex hormones 
were analyzed as high and low sex hormone concentra-
tions according to the mean value. Treshold was 22.8 pg/
ml for 17ß-Estradiol and 3.7 ng/ml for testosterone. E/T 
ratio was grouped in center (Q2, Q3) and tails (Q1, Q4).

We used spline regression models to visualize the func-
tional relationship between force values and the -log10 of 
the calcium concentrations series (7.0, 6.5, 6.0, 5.75, 5.5, 
5.4, 5.3, 5.2, 5.1, 5.0, 4.75, 4.52). Calcium concentrations 
were transformed by a restricted cubic spline function 
with 6 knots placed based on Harrell’s recommended 
percentiles. All force pCa curves were fitted for mea-
surements obtained from the left and right heart muscle 
separately. In addition to curves for the total population 
we fitted curves for subgroups to explore the impact of 
study variables (age, gender, BMI, Estradiol, testoster-
one, HbA1c, lung function (FEV), renal function (GFR), 
PAD, atrial fibrillation, diabetes, metabolic syndrome, 
EuroScore). Atrial fibrillation, diabetes mellitus and PAD 
significantly decreased force development of right- and 
left sided myofilaments and were subsequently excluded 
in a second regression analysis. The second parametric 
regression analysis excluding patients with atrial fibrilla-
tion, diabetes mellitus and PAD included 63 male and 8 
female patients.

Curves for Estradiol and Testosterone were addition-
ally fitted stratified by sex to explore whether hormones 
act differently on force in males and females. Continuous 
variables were categorized in 4 groups defined by quar-
tiles of the observed distribution. Finally, we used non-
linear regression to model the force values as a function 
of the -log10 of the calcium concentrations. As functional 
relationship we assumed a sigmoid form reflecting the 
Hill equation with four parameters [12]. One parameter 
(bottom force, i.e. the force at pCa = 7.0) was fixed to 

zero, the other three parameters (top force, pCa50 and 
Hill slope) were estimated from the data using nonlinear 
least-squares estimation. Top force quantifies the maxi-
mum force reached by the muscle sample stimulated at 
pCa = 4.52; pCa50 quantifies the calcium sensitivity of the 
muscle tissue sample as the concentration required for 
50% of maximum force, whereas the Hill slope describes 
the slope of the curve at the midpoint pCa50. In addition, 
we calculated t-tests to compare the parameter estimates 
obtained from the different subgroups.

All statistical analyses were conducted using the soft-
ware STATA (StataCorp. 2017. Stata Statistical Software: 
Release 15. College Station, TX: StataCorp LLC).

Results
The study cohort consisted of 150 patients (132 men 
(88%) and 18 women (12%). Demographic data are 
depicted in Table 1.

Both groups were comparable except for lower height 
(159.7 ± 5.4 cm versus 173.4 ± 6.5 cm, p < 0.00), and body 
surface area (1.8 ± 0.1 m2 versus 2.0 ± 0.2 m2, p < 0.00), 
better FEV1 (106.4 ± 20.4% versus 88.7 ± 18.4%, p = 0.003) 
and lower serum creatinine in women. Serum concen-
trations of estradiol and testosterone were significantly 
lower in women.

We observed higher top force values for left-sided myo-
filaments (p = 0.000) and decreased calcium sensitivity 
(pCa50, p = 0.044) in all patients compared to right –sided 
myofilaments (Fig. 1).

Calcium concentrations (negative decadic logarithm) 
dependent force development (mN).

However, steepness of the curve (Hill slope) did not dif-
fer between left- and right-sided myofilaments (p = 0.05).

We could not identify a significant impact of gender or 
age on right- or left myofilament contractility (Tables  2 
and 3).

Based on mean values we analyzed high and low sex 
hormone concentrations. Threshold was 22.8 pg/ml for 
17ß-Estradiol and 3.7 ng/ml for testosterone (Tables  4 
and 5).

Low 17ß-estradiol levels were associated with higher 
top force in males’ right-sided myofilaments (p = 0.004). 
In women, a trend towards low 17ß-estradiol concen-
trations and higher top force values in right-sided myo-
filaments was observed (p = 0.052). 17ß-estradiol had no 
impact on left auricular myofilament top force values in 
both sexes.

There was a significant correlation of low testoster-
one serum concentration and higher top force values in 
right-sided myofilaments in males (p = 0.000) and females 
(p = 0.000). In contrast, there was no impact of testoster-
one on left-sided myofilament contractility.

E/T ratio analysis demonstrated (Table 6) that high E/T 
ratio was associated with higher top force in right-sided 
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Table 1 Patient’s characteristics
Characteristics TOTAL Male Female P- value
Number of patients n(%) 150 (100%) 132 (88) 18 (12)
Age (y, mean ± SD) 67.9 ± 9.6 67.4 ± 9.7 71.0 ± 7.7 0.133
Height (cm, mean ± SD) 171.8 ± 7.8 173.4 ± 6.5 159.7 ± 5.4 = 0.000
Weight (kg, mean ± SD) 86.7 ± 15.1 88.4 ± 14.7 73.8 ± 5.4 = 0.000
Body Mass Index (kg/m², mean ± SD) 29.3 ± 4.1 29.3 ± 4.1 29.9 ± 4.3 0.856
Body Surface Area (m², mean ± SD) 2.0 ± 0.2 2.0 ± 0.2 1.8 ± 0.1 = 0.000
EuroSCOREII (mean ± SD) 2.6 ± 12.3 2.7 ± 13.1 2.3 ± 1.7 0.078
Diabetes mellitus (n, %) 54 (36) 48 (36.14) 6 (33) 0.426
1: Type I 1 (0.6) 1 (0.7) 0
2: Type II without medication 10 (6.6) 7 (5.3) 3 (16.6)
3: II with oral medication 23 (15.3) 20 (15.2) 3 (16.6)
4: II with insulin 3 (2) 3 (2.3) 0
5: II with oral med. + insulin 16(10.6) 16 (12.1) 0
6: Prediabetes 1 (0.6) 1 (0.7) 0
Hypertension (n, %) 129 (86) 112 (84.8) 17 (94.4) 0.271
Metabolic Syndrome (n, %) 37 (24.6) 97 (73.5) 14 (77.7) 0.746
Dyslipidemia (n, %) 125 (83.3) 113 (85.6) 12 (66.6) 0.278
Nicotine abuse (n, %) 47 (31.3) 43 (23.6) 4 (22.2) 0.721
ACE inhibitors (n, %) 82 (54.6) 80 (60.6) 2 (11.1) 0.388
Ca channel antagonists (n, %) 37 ((24.6) 35 (26.5) 2 (11.1) 0.041
Statines (n, %) 125 (83.3) 113 (85.6) 12 (66.6) 0.233
FEV1% Predicted (mean ± SD) 90.7 ± 19.5 88.7 ± 18.4 106.4 ± 20.4 0.003
Peripheral arterial disease (n, %) 19 (12.6) 16 (12.1) 3 (16.6) 0.569
Atrial Fibrillation (n, %) 27 (18) 24 (18.2) 3 (16.6) 0.522
1: Permanent (n, %) 7 (4.6) 7 (5.3) 0
2: Paroxysmal (n, %) 20 (13.3) 17 (12.9) 3 (16.6)
Creatinine (mg/dl, mean ± SD) 1.22 ± 0.06 1.25 ± 0.07 1.05 ± 0.09 0.049
GFR (MDRD, ml/min/1.73 m², mean ± SD) 71.4 ± 21.8 72.5 ± 21.6 63.6 ± 21.4 0.101
HbA1C (IFCC, mmol/mol) 44.2 ± 11.1 44.5 ± 11.6 41.9 ± 5.47 0.895
Estradiol (pg/ml, mean ± SD)) 38.2 ± 170.7 40.2 ± 176.4 9.4 ± 3.9 = 0.000
Testosterone (ng/ml, mean ± SD)) 3.8 ± 2.2 4.1 ± 2.0 0.5 ± 1.2 = 0.000
NTPro-BNP (pg/ml, mean ± SD) 1207.4 ± 3342.5 1267.4 ± 3532.3 741.8 ± 894.8 0.578
Previous (last 12 months) STEMI (n, %) 7 (4.6) 6 (4.5) 1 (5.5) 0.343
Previous (last 12 months
NSTEMI

25 (16.6) 24 (18.2) 1 (5.5) 0.158

Previous PCI 28 (18.6) 27 (20.5) 1 (5.5) 0.063
Previous CABG 0 0 0
3 vessel disease 125 (83.3) 109 (82.6) 16 (88.8) 0.063
2 vessel disease (25 16.6) 23 (17.4) 2 (11.1) 0.252
1 vessel disease 0 0 0
Number arterial grafts
(mean ± SD)

1.4 ± 0.8 1.4 ± 0.8 1.4 ± 0.8 0.69

Number venous grafts
(mean ± SD)

1.75 ± 0.75 1.7 ± 0.8 1.8 ± 0.7 0.024

Number of bypasses
(mean ± SD

3.22 ± 0.8 3.16 ± 0.8 3.28 ± 0.8 0.208

LVEF (%) ± SD 50 ± 14.6 53 ± 10.3 47 ± 19.0 0.129
TAPSE mm ± SD 22,5 ± 3.5 22 ± 3.9 21 ± 3.0 0.199
sPAP (mmHg ± SD) 29,8 ± 9.7 28.8 ± 9.4 30.8 ± 9.9 0.246
Left ventricular stroke volume
(ml ± SD)

82.5 ± 20.6 88.1 ± 21.3 77 ± 19.9 0.064

Ovariectomy (n, %) 0 (0)
Hysterectomy (n, %) 0 (0)
Hormone replacement therapy (n, %) 0 (0)
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myofilaments in men (p = 0.023) but no effect on left-
sided myofilaments. The E/T ratio had no effect on wom-
en’s right- or left-sided myofilament contractility.

Analysis of comorbidities (Table 7, at the end of docu-
ment) showed a negative impact of atrial fibrillation on 

both left- and right-sided myofilaments, of peripheral 
arterial disease (PAD) on left-sided myofilaments and of 
diabetes mellitus on right-sided myofilaments.

After exclusion of these confounders a second para-
metric regression analysis was performed and 71 patients 

Table 2 Impact of gender on left and right heart contractility
T-statistics P-value Coefficient

Male vs. female
Left
Top Force

0.66 0.511 Males = 0.99
Females = 1.02

Male vs. female
Left
pCa 50

1.07 0.283 Males = 5.43
Females = 5.46

Male vs. female
Left
Hill slope

0.85 0.397 Males = 2.09
Females = 1.83

Male vs. female
Right
Top Force

0.75 0.453 Males = 0.79
Females = 0.75

Male vs. female
Right
pCa 50

0.81 0.419 Males = 5.47
Females = 5.52

Male vs. female
Right
Hill slope

0.50 0.617 Males = 1.76
Females = 1.60

Table 3 Impact of low versus high age on left and right heart 
contractility

T-statistics P-value Coefficient
Low vs. high age
Left
Top Force

1.36 0.175 Low = 1.025
High = 0.977

Low vs. high age
Left
pCa 50

1.44 0.150 Low = 5.419
High = 5.45

Low vs. high age
Left
Hill Slope

0.69 0.489 Low = 2.15
High = 1.98

Low vs. high age
Right
Top Force

1.13 0.258 Low = 0.81
High = 0.76

Low vs. high age
Right
pCa 50

0.83 0.406 Low = 5.46
High = 5.50

Low vs. high age
Right
Hill slope

0.48 0.633 Low = 1.79
High = 1.69

Fig. 1 Force values of right heart myofilaments were lower than left side for all patients
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remained (63 males and 8 females). Results are depicted 
in Table 8 (at the end of document).

Low estradiol values were associated with borderline 
higher force values in right-sided myofilaments of men 
(p = 0.056) but not in left-sided myofilaments (p = 0.1). 
In women low estradiol was associated with higher top 
force values in both right- and left-sided myofilaments.

Low testosterone levels correlated with higher top 
force values in both men’s and women’s right-sided myo-
filaments only.

Higher top force values were noted in right-sided myo-
filaments of male patients with higher E/T ratios (p 0.04). 
In women, higher E/T ratio was associated with higher 
top force values in left-sided myofilaments (p 0.000) but 
lower top force values in right-sided myofilaments.

Discussion
To the best of our knowledge, this is the first study to 
describe the impact of 17ß-estradiol, testosterone serum 
concentration and their ratio on the contractile func-
tion of left and right auricular myofilaments in patients 
scheduled for aortocoronary bypass grafting.

We found that low estradiol serum levels were associ-
ated with higher force values in right-sided myofilaments 
in men and women. Since diabetes mellitus, AF and POD 
had a negative effect on force development of both right 
and left auricular myofilaments these patients’ samples 
were excluded from further testing. The negative inotro-
pic effect of these comorbid factors has been described 
before [13–16].

After exclusion of samples from such patients low 
17ß-estradiol was associated with higher left auricular 
top force values in women, but not in men. In contrast, 

Table 4 Impact of low and high (median as cut off ) estradiol 
hormone levels on left and right heart contractility
All patients (n = 150) T-statistics P-value Coefficient
Estradiol LAA/Male 
Top force

1.66 0.096 Low value = 0.97
High value = 1.02

Estradiol LAA/Male 
pCa 50

0.73 0.466 Low value = 5.42
High value = 5.44

Estradiol LAA/Male Hill 
slope

0.23 0.822 Low value = 2.13
High value = 2.06

Estradiol RAA/Male 
Top force

2.61 0.004 Low value = 0.85
High value = 0.75

Estradiol RAA/Male 
pCa 50

0.05 0.958 Low value = 5.47
High value = 5.47

Estradiol RAA/Male Hill 
slope

0.31 0.754 Low value = 1.80
High value = 1.72

Estradiol LAA/Female 
Top force

1,39 0.163 Low value = 1.12
High value = 0.99

Estradiol LAA/Female 
pCa 50

0.63 0.528 Low value = 5.44
High value = 5.49

Estradiol LAA/Female 
Hill slope

0.30 0.762 Low value = 1.91
High value = 1.75

Estradiol RAA/Female 
Top force

1.94 0.052 Low value = 0.87
High value = 0.69

Estradiol RAA/Female 
pCa 50

0.63 0.528 Low value = 5.52
High value = 5.51

Estradiol RAA/Female 
Hill slope

0.30 0.761 Low value = 1.48
High value = 1.71

Table 5 Impact of low and high (median as cut off ) Testosterone 
hormone levels on left and right heart contractility
All patients (n = 150) T-statistics P-value Coefficient
Testosterone LAA/
Male Top force

1.01 0.313 Low value = 1.01
High value = 0.97

Testosterone LAA/
Male pCa 50

0.35 0.724 Low value = 5.42
High value = 5.43

Testosterone LAA/
Male Hill slope

0.15 0.882 Low value = 2.12
High value = 2.07

Testosterone RAA/
Male Top force

4.53 0.000 Low value = 0.88
High value = 0.71

Testosterone RAA/
Male pCa 50

0.27 0.790 Low value = 5.48
High value = 5.47

Testosterone RAA/
Male Hill slope

0.16 0.872 Low value = 1.78
High value = 1.73

Testosterone LAA/
Female Top force

0.80 0.424 Low value = 1.01
High value = 0.98

Testosterone LAA/
Female pCa 50

0.04 0.970 Low value = 5.43
High value = 5.43

Testosterone LAA/
Female Hill slope

0.04 0.968 Low value = 2.05
High value = 2.06

Testosterone RAA/
Female Top force

3.96 0.000 Low value = 0.86
High value = 0.72

Testosterone RAA/
Female pCa 50

0.54 0.588 Low value = 5.49
High value = 5.47

Testosterone RAA/
Female Hill slope

0.54 0.965 Low value = 1.74
High value = 1.73

Table 6 Sex hormone, E/T ratio and correlation to Top Force 
values

T-statistics P-value Coefficient
All patients (n = 150)
LAA vs. RAA
Top Force

8.10 0.000 LAA = 1.00
RAA = 0.79

LAA vs. RAA
pCa 50

2.02 0.044 LAA = 5.43
RAA 5.48

LAA vs. RAA
Hill slope

1.90 0.057 LAA = 2.06
RAA = 1.74

E/T ratio and pCa ;Men, 
LAA, Top Force

0.78 0.44 center = 0.98
tails = 1.01

E/T ratio and pCa ;Men, 
RAA, Top Force

2.27 0.023 Low 
value = 0.75
High value: 
0.83

E/T ratio and pCa ;Women, 
LAA, Top Force

0.48 0.6 center = 1.00
tails: 1.03

E/T ratio and pCa ;Women, 
RAA, Top Force

1.20 0.2 Low 
value = 0.85
High 
value = 0.71
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All patients (n = 150) T-statistics P-value Coefficient
Atrial fibrillation LAA Top force 6.27 0.000 no = 1.04

yes = 0.80
Atrial fibrillation LAA pCa 50 0.30 0.763 no = 5.43

yes = 5.42
Atrial fibrillation LAA Hill slope 1.11 0.267 no = 2.10

yes = 1.82
Atrial fibrillation RAA Top force 6.27 0.000 no = 0.81

yes = 0.66
Atrial fibrillation RAA pCa 50 0.30 0.763 no = 5.47

yes = 5.51
Atrial fibrillation RAA Hill slope 1.11 0.267 no = 1.74

yes = 1.72
PAOD LAA Top force 2.88 0.004 no = 1.01

yes = 0.90
PAOD LAA pCa 50 0.60 0.546 no = 5.43

yes = 5.42
PAOD LAA Hill slope 0.08 0.937 no = 2.06

yes = 2.03
PAOD RAA Top force 0.63 0.531 no = 0.79

yes = 0.75
PAOD RAA pCa 50 0.20 0.844 no = 5.48

yes = 5.48
PAOD RAA Hill slope 0.15 0.882 no = 1.73

yes = 1.78
Arterial hypertension LAA Top force 1.61 0.107 no = 0.94

yes = 1.01
Arterial hypertension LAA pCa 50 0.20 0.844 no = 5.42

yes = 5.43
Arterial hypertension LAA Hill slope 1.15 0.882 no = 1.83

yes = 2.09
Arterial hypertension RAA Top force 0.36 0.718 no = 0.80

yes = 0.78
Arterial hypertension RAA pCa 50 0.36 0.722 no = 5.45

yes = 5.48
Arterial hypertension RAA Hill slope 2.10 0.036 no = 1.55

yes = 1.77
IDDM LAA Top force 0.72 0.472 no = 1.01

yes = 0.98
IDDM LAA pCa 50 1.86 0.063 no = 5.41

yes = 5.47
IDMM LAA Hill slope 0.63 0.528 no = 2.14

yes = 1.97
IDDM RAA Top force 4.03 0.000 no = 0.83

yes = 0.70
IDDM RAA pCa 50 1.29 0.198 no = 5.46

yes = 5.52
IDMM RAA Hill slope 0.53 0.599 no = 1.78

yes = 1.66
Metabolic syndrome LAA Top force 0.43 0.664 no = 1.01

yes = 0.99
Metabolic syndrome LAA pCa 50 0.31 0.759 no = 5.43

yes = 5.43
Metabolic syndrome LAA Hill slope 0.29 0.771 no = 2.13

yes = 2.03
Metabolic syndrome RAA Top force 0.21 0.832 no = 0.78

yes = 0.79

Table 7 Influence of comorbidities on left and right heart contractility
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right auricular top force values revealed higher values 
with low 17ß-estradiol in both genders. Low testoster-
one was associated with higher right auricular myofila-
ment top force values in both men and women. There 
was no effect of testosterone on left-sided myofilament 
force values. In men higher E/T ratio was associated with 
higher top forces in right auricular myofilaments only. 
For women higher E/T ratio was associated with higher 
top force values in left-sided but lower top force values in 
right-sided myofilaments.

Our results correspond with previous studies. Sitzler et 
al. observed a negative inotropic effect on force develop-
ment after exposure to 17ß Estradiol in human right atrial 
tissue samples [8]. In his study, addition of testosterone 
on the specimen had no effect on contractility leading 
to the assumption of a calcium antagonistic effect, pos-
sibly due to interaction with 1,4 dihydropyridine bind-
ing site of L-type calcium channels, of 17ß estradiol on 
right atrial myofilaments [8, 17, 18]. Jiang et al. showed 
an inhibition of the slow calcium inward current induced 
by 17ß-estradiol in isolated guinea-pig ventricular myo-
cytes [19], This inhibition was not present after exposure 
to testosterone, supporting a negative inotropic effect of 
17ß-estradiol [8, 17–19]. This effect might contribute to 
the reduced force values associated with higher estra-
diol concentrations in our study group. But furthermore 
estradiol also seems to have a direct effect on the con-
tractile proteins, since estradiol seems to attenuate atrial 
essential myosin light chain expression in cardiomyo-
cytes exerting a negative inotropic effect [20].

Ventetuolo et al. observed genetic variations in estra-
diol metabolism associated with right auricular mor-
phology. This supports our results that an effect of 17ß 
estradiol was present on right atrial myofilaments only. 
The observed effect of higher testosterone concentra-
tions leading to low top force values in right atrial myo-
filaments from both sexes can be due to an inflammatory 
effect of testosterone with subsequent cardiac remodel-
ing and reduced RV function [3, 21, 22]. Furthermore, the 
presence of different modifications of androgen receptor 
genotypes in men associated with reduced RVEF may 
support our results [10]. We did not find any association 
of lower testosterone and force values in left auricular 
myofilaments in either gender. Testosterone may influ-
ence L-type calcium channels [23, 24]. However contra-
dictory observation s about the effect of testosterone on 
L-type calcium channels have been published [23, 24]. 

Golden et al. reported an increase of mRNA levels of 
L-type calcium channels after testosterone application, 
which might indicate increased contractility [23]. In con-
trast Gupte et al. showed that testosterone metabolites 
blocks L-type calcium channels in isolated rat hearts with 
Langendorff perfusion and inhibits cardiac contractility 
[25]. Moreover, testosterone acts not only via androgen 
receptors but also via genomic pathways [26].

Thus conflicting results clearly demonstrate that the 
influence of testosterone on cardiac contractility is not 
fully understood and that further research is mandatory.

Since sex hormones interact, their balance could be 
more relevant than single hormone serum concentration 
and assessment of E/T ratio on myocardial performance 
a valuable process [6]. In our study population higher E/T 
ratio was associated with higher right auricular top force 
values in men but had no effect on left auricular myofila-
ments. In contrast, a higher E/T ratio in women corre-
lated with reduced right auricular top force values and 
higher left auricular top force values indicating a gender 
and side (right atrial or left atrial) specific effect. The 
effect of E/T ratio in men is supported by Ventetuolo et 
al. They showed that higher E/T ratio was associated with 
lower RV volume in men, implicating better RV function 
[9]. Since human studies concerning sex hormones and 
their impact on myocardial contractility in women are 
lacking, one has to rely on animal studies up to now.

However, these results are even more conflicting. A 
positive effect of 17ß estradiol on cardiac contractility 
was reported with different animal models [27–31]. In all 
models ovariectomy had no effect on cardiac function. 
Subsequent estrogen replacement had either no effect or 
resulted in reduced cardiac function [27–31]. One has to 
consider if results from animal models might be species 
specific, since myosin isoenzymes and contractility are 
species-specific. Therefore, these results may only be par-
tially applicable to humans [32].

Limitations
Several limitations must be noted. First, despite being 
one of the largest studies with human tissue, the sam-
ple size is still too small to draw firm conclusions con-
cerning the influence of sex hormones on left and right 
auricular myofilaments. This limits the statistical power 
of the results concerning E/T ratio in the female group. 
Furthermore the female sample size is very small and 
the advanced age combined with the postmenopausal 

All patients (n = 150) T-statistics P-value Coefficient
Metabolic syndrome RAA pCa 50 0.87 0.386 no = 5.44

yes = 5.49
Metabolic syndrome RAA Hill slope 0.37 0.710 no = 1.83

yes = 1.71

Table 7 (continued) 
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T-statistics P-value Coefficient
All patients (n = 71)
LAA vs. RAA
Top Force

7.79 0.000 LAA = 1.06
RAA = 0.87

LAA vs. RAA
pCa 50

1.88 0.060 LAA = 5.42
RAA 5.45

LAA vs. RAA
Hill slope

1.95 0.051 LAA = 2.21
RAA = 1.81

Male vs. female
Left
Top force

0.48 0.629 Males = 1.06
Females = 1.07

Male vs. female
Left
pCa 50

1.07 0.283 Males = 5.41
Females = 5.43

Male vs. female
Left
Hill slope

0.98 0.327 Males = 2.29
Females = 1.72

Male vs. female
Right
Top force

0.73 0.465 Males = 0.88
Females = 0.79

Male vs. female
Right
pCa 50

0.81 0.419 Males = 5.45
Females = 5.45

Male vs. female
Right
Hill slope

0.61 0.541 Males = 1.83
Females = 1.66

Low vs. high Age
Left
Top Force

0.27 0.786 Low = 1.06
High = 10.6

Low vs. high Age
Left
pCa 50

1.08 0.281 Low = 5.41
High = 5.43

Low vs. high Age
Left
Hill Slope

0.57 0.569 Low = 2.22
High = 2.21

Low vs. high Age
Right
Top Force

0.85 0.396 Low = 0.89
High = 0.83

Low vs. high Age
Right
Top Force

0.83 0.406 Low = 5.45
High = 5.46

Low vs. high Age
Right
Top Force

0.52 0.603 Low = 1.85
High = 1.74

Estradiol
LAA/Male
Top force

1.43 0.180 Low = 1.03
High = 1.09

Estradiol
LAA/Male
pCa 50

0.73 0.466 Low = 5.41
High = 5.42

Estradiol
LAA/Male
Hill Slope

0.13 0.893 Low = 2.17
High = 2.41

Estradiol
RAA/Male
Top force

1.92 0.056 Low = 0.92
High = 0.84

Estradiol
RAA/Male
pCa 50

0.39 0.696 Low = 5.48
High = 5.42

Table 8 Regression analysis after exclusion of patients with atrial fibrillation, peripheral arterial disease and diabetes mellitus II
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T-statistics P-value Coefficient
Estradiol
RAA/Male
Hill Slope

0.04 0.970 Low = 1.73
High = 1.97

Estradiol
LAA/Female
Top force

5.09 0.000 Low = 1.57
High = 0.99

Estradiol
LAA/Female
pCa 50

0.24 0.811 Low = 5.37
High = 5.45

Estradiol
LAA/Female
Hill Slope

0.30 0.761 Low = 2.18
High = 1.66

Estradiol
RAA/Female
Top force

9.22 0.000 Low = 1.64
High = 0.67

Estradiol
RAA/ Female
pCa 50

0.35 0.725 Low = 5.40
High = 5.47

Estradiol
RAA/ Female
Hill Slope

0.51 0.609 Low = 1.51
High = 1.72

Testosterone
LAA/ Male
Top Force

0.23 0.820 Low = 1.07
High = 1.05

Testosterone
LAA/ Male
pCa 50

0.35 0.724 Low = 5.41
High = 5.42

Testosterone
LAA/ Male
Hill Slope

0.85 0.394 Low = 2.18
High = 2.44

Testosterone
RAA/ Male
Top Force

4.39 0.000 Low = 0.97
High = 0.79

Testosterone
RAA/ Male
pCa 50

1.24 0.217 Low = 5.48
High = 5.43

Testosterone
RAA/ Male
Hill Slope

0.81 0.416 Low = 1.74
High = 1.96

Testosterone
LAA/ Female
Top Force

0.24 0.807 Low = 1.06
High = 1.06

Testosterone
LAA/ Female
pCa 50

0.10 0.918 Low = 5.41
High = 5.42

Testosterone
LAA/ Female
Hill Slope

0.33 0.745 Low = 2.12
High = 2.33

Testosterone
RAA/ Female
Top Force

3.34 0.001 Low = 0.93
High = 0.80

Testosterone
RAA/ Female
pCa

0.78 0.435 Low = 5.48
High = 5.43

Testosterone
RAA/ Female
Hill Slope

0.20 0.842 Low = 1.72
High = 1.96

Table 8 (continued) 
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hormone status is not representative for all females, 
which might have influenced the results. Second, a 
possible impact of hormone replacement therapy or 
hysterectomy/ ovariectomy on cardiac function and 
hormone status could be of high interest, however none 
of our patients received hormone replacement therapy 
or underwent hysterectomy or ovariectomy. We can-
not exclude that medication like ACE inhibitors, which 
decrease pre- and afterload, might have influenced 
the contractile behavior of the skinned fibers through 
decreased wall stress. Third, we used human atrial tis-
sue from left and right auricle. If these results can be 
extrapolated to ventricular tissue still is a matter of dis-
cussion although Vannier et al. observed similar con-
tractile properties of human atrial and ventricular tissue 
thereby concluding a transferability of these results to 
ventricular tissue [33]. Fourth, all female patients in our 
study were postmenopausal, so 17ß-estradiol serum val-
ues were decreased and analyzed with a mean cut off. A 

control group of premenopausal women would be desir-
able to assess differences of 17ß-estradiol on contractil-
ity. Furthermore, the total number of women was low 
in our study, reflecting a well-known great dilemma of 
studies. Fifth, previous myocardial infarction as well as 
reduced left ventricular function in fermales might have 
also influenced the contractile properties of the myofila-
ments. Sixth, operator-specific treatment of the tissue 
samples with possible damage to the trabeculae can-
not be excluded, although harvesting protocols were 
designed with a high degree of standardization. Seventh, 
we cannot estimate the influence of pathologic condi-
tions like coronary heart disease, a chronic disease asso-
ciated with inflammation, as an impact factor on cardiac 
properties of the myofilaments in opposite to normal 
physiological conditions. We have to admit restrictively 
that the observed correlations of sex hormones and car-
diac function on level of the myofilaments might differ in 
healthy persons without cardiac disease.

T-statistics P-value Coefficient
E/T ratio
LAA/ Male
Top Force

0.26 0.795 Low = 1.06
High = 1.05

E/T ratio
LAA/ Male
pCa 50

0.36 0.719 Low = 5.41
High = 5.42

E/T ratio
LAA/ Male
Hill Slope

0.04 0.970 Low = 2.33
High = 2.24

E/T ratio
RAA/ Male
Top Force

2.06 0.04 Low = 0.82
High = 0.94

E/T ratio
RAA/ Male
pCa 50

0.20 0.842 Low = 5.46
High = 5.45

E/T ratio
RAA/ Male
Hill Slope

0.14 0.886 Low = 1.80
High = 1.85

E/T ratio
LAA/ Female
Top Force

4.71 0.000 Low = 1.03
High = 1.11

E/T ratio
LAA/ Female
pCa 50

1.23 0.219 Low = 5.51
High = 5.35

E/T ratio
LAA/ Female
Hill Slope

0.06 0.949 Low = 1.61
High = 2.27

E/T ratio
RAA/ Female
Top Force

2.17 0.030 Low = 0.98
High = 0.59

E/T ratio
RAA/ Female
pCa 50

1.18 0.239 Low = 5.37
High = 5.57

E/T ratio
RAA/ Female
Hill Slope

0.18 0.856 Low = 1.66
High = 1.86

Table 8 (continued) 
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Despite these limitations our study may serve as cata-
lyst for future mechanistic and observational studies to 
define the influence of sex hormones on right and left 
heart contractility.

Conclusions
In summary, patients’ comorbidities influence left and 
right sided contractility and may disguise or eliminate 
the effect of sex hormones on cardiac contractility. A 
sex hormone dependent influence is evident with differ-
ent effects on the left and right ventricle. The E/T ratio 
and its impact on myofilament top force values showed 
divergent results for men and women and may partially 
explain gender differences in patients with cardiovascular 
disease.

Our preliminary results should trigger further studies 
on the impact of sex hormones on cardiac contractility in 
a gender-dependent manner.
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