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p < 0.001), but their total force was comparable. Fpassive was 
also significantly higher in AS patients with restrictive rather 
than pseudo-normal LV filling (7.3 ± 0.5 vs. 6.7 ± 0.6, p = 
0.004). In AS patients, but not in AR patients, Fpassive showed 
a significant association with the cardiomyocyte diameter 
(R 2  = 0.88, p < 0.001 vs. R 2  = 0.31, p = 0.6).  Conclusions:  LV 
myocardial structure and function differ in AS and AR, allow-
ing for compensative adjustment of the diastolic/systolic 
properties of the myocardium.  © 2015 S. Karger AG, Basel 

 Introduction 

 Aortic stenosis (AS) and aortic regurgitation (AR) 
have their own physiology, anatomy, histology and clini-
cal outcome. The pathophysiology of pure AS is mainly 
characterized by pressure overload; in AR, volume over-
load is the main compensative mechanism  [1] . Pressure 
and volume overload lead to structural modifications 
which contribute to the functional changes of the heart. 
Different adaptations consist of myocardial stiffness and 
diastolic or systolic dysfunction which reflect specific car-
diomyocyte remodeling and the derangement of intersti-
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 Abstract 

  Objective:  We aimed to support the structural and function-
al distinction between aortic stenosis (AS) and aortic regur-
gitation (AR).  Methods:  Biopsy specimens taken from 70
selected patients (35 with AS and 35 with AR) undergoing 
aortic valve replacement (AVR) were analyzed for their car-
diomyocyte dimensions and structure, interstitial fibrosis 
and contractile function. To determine normal values of con-
tractile function, 10 donor hearts were analyzed.  Results:  
Cardiomyocyte diameter was higher in AS than in AR (22.7 ± 
2.2 vs. 13.2 ± 0.7 μm, p < 0.001). Length was higher in AR 
(121.2 ± 9.4 vs. 95.6 ± 3.7 μm, p < 0.001). Collagen volume 
fraction was increased in both AS and AR, but was lower in 
the AS specimens (7.7 ± 2.3 vs. 8.9 ± 2.3, p = 0.01). Myofibril 
density was reduced in AR (38 ± 4 vs. 48 ± 5%, p < 0.001). 
Cardiomyocyte diameter and length were closely linked to 
the relative left ventricular (LV) wall thickness (R 2  = 0.85, p < 
0.001 and R 2  = 0.68, p = 0.003). The cardiomyocytes of AS 
patients had higher Fpassive (6.6 ± 0.3 vs. 4.6 ± 0.2 kN/m 2 ,
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tial collagen and elastic compounds  [2–5] . However, de-
spite many studies having been published, some aspects 
of the relationships between structure and function in AS 
and in AR have not been definitively assessed. Mechano-
biological research is hampered because of the difficulty 
collecting human specimens in vivo, and studies on ani-
mal models or on in vitro cultured cells do not, effective-
ly, display human-like behavior. We analyzed the left 
ventricle biopsy samples obtained from patients with AS 
and AR during surgery for aortic valve replacement 
(AVR), in order to evaluate   cellular morphology,   intersti-
tial fibrosis and force measurements in isolated cardio-
myocytes. The results were correlated with left-ventricu-
lar (LV) geometry determined by echocardiography. A 
group of normal donor hearts was also analyzed as con-
trols for the histological analysis.

  Materials and Method 

 This study was designed according to the Standards for Report-
ing of Diagnostic Accuracy. 

  The study population consisted of 70 patients (35 with pure AS 
and 35 with pure AR) who underwent primary isolated AVR be-
tween September 2012 and May 2014. According to the ACC/
AHA 2006 guidelines, indications for AVR in patients with AS are: 
area <1.0 cm 2 , mean gradient >40 mm Hg, jet velocity >4.0 m/s in 
symptomatic patients, and area <0.6 cm 2 , mean gradient >60 mm 
Hg, jet velocity >5.0 m/s in asymptomatic patients. The indications 
for AVR in patients with AR were: LV dysfunction, i.e. LV ejection 
fraction (LVEF)  ≤ 0.50 in symptomatic or asymptomatic patients, 
and normal LV systolic function, i.e. LVEF >0.50 but with severe 
LV dilatation (end-diastolic dimension >75 mm or end-systolic 
dimension >55 mm) in asymptomatic patients  [6] .

  The general exclusion criteria were: severe comorbidities (e.g. 
dialysis or hepatic failure), autoimmune diseases (systemic lupus 
erythematosus, rheumatoid arthritis, scleroderma, Sjögren’s syn-
drome or psoriatic arthritis) or connective tissue disorders (Mar-
fan syndrome, Ehlers-Danlos syndrome or Loeys-Dietz syn-
drome), acute aortic dissection, congenital defects of the aortic 
valve (bicuspid valve or subvalvular stenosis induced by fixed or 
dynamic components), atrial fibrillation, contemporary mitral 
and/or tricuspid valve stenosis or regurgitation, evidence of coro-

nary stenosis and active endocarditis. We considered only negli-
gible regurgitation (in AS patients) or stenosis (in AR patients) to 
be tolerable. The etiology of AS was degenerative (senility, wear 
and tear, calcification and atherosclerosis) in 23 cases, rheumatic 
in 6 and indeterminate in 6. The etiology of AR was rheumatic in 
22 cases, a chronic consequence of previous bacterial endocarditis 
in 6, degenerative (idiopathic annuloaortic ectasia or floppy aortic 
valve) in 5 and indeterminate in 2. To avoid the bias due to differ-
ent age distribution in the groups, we included only patients who 
were 50–70 years old. There was echocardiographic evidence of 
pressure overload in all AS patients and of volume overload in all 
AR patients. Patients with diabetes mellitus were excluded due to 
possible collagen derangements that could hinder the correct 
evaluation of the interstitial fibrosis. A further exclusion criterion 
in patients with AS was a reduced LV systolic function, i.e. LVEF 
<0.50. All patients underwent preoperative conventional coro-
nary angiography or 64-slice multidetector computed tomogra-
phy  [7] .

  Ten normal hearts obtained from donors for transplantation 
were analyzed as controls. Their age range was 17–42 years (mean 
28.7 ± 7.1). These controls had normal cardiac dimensions, wall 
thickness and LVEF. The main clinical and demographic charac-
teristics of the study cohort are reported in  table 1 . All patients 
provided written informed consent prior the inclusion and the In-
stitutional Research Ethics Committee approved the study.

  Echocardiographic Measurements and Calculations 
 Transthoracic examination was performed in all patients. 

When it was considered inadequate, the transesophageal approach 
was employed. AS was graded according to EAE/ASE recommen-
dations and AR according to ASE recommendations  [8, 9] . Size, 
geometry and function were evaluated according to ESC recom-
mendations  [10] . Peak and mean aortic gradients were calculated 
from continuous-wave Doppler by the modified Bernoulli equa-
tion and the aortic valve area with the continuity equation. The LV 
function was evaluated as LVEF calculated by the Simpson rule 
and the endocardial and mid-wall fractional shortening. The LV 
mass index (LVMI) was calculated from LV linear dimensions by 
the ASE-recommended formula and was normalized to body sur-
face area. Calculation of relative wall thickness permitted catego-
rization of LV hypertrophy as concentric ( ≥ 0.42) or eccentric 
( ≤ 0.42). Patterns of LV remodeling were classified following the 
scheme proposed by Gaasch and Zile  [11] . Pulse-wave tissue
Doppler imaging was performed in the apical views to acquire mi-
tral annular velocities and support 2-dimensional images for LV 
diastolic analysis.

AS 
(n = 35)

AR 
(n = 35)

p

Age, years (mean ± SD) 62 ± 7 60 ± 6 0.3
Female gender, n 12 (34%) 15 (43%) 0.8
Body mass index (mean ± SD) 24 ± 4 25 ± 4 0.2
Hypertension, n 15 (43%) 18 (51%) 0.6

 Hypertension was considered as a blood pressure >140/90 mm Hg. 

 Table 1.  Clinical profile of patients
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  Myocardial Biopsies 
 Full-thickness specimens from the apex of the left ventricle 

were obtained before cannulation for cardiopulmonary bypass to 
avoid interferences due to handling, hypothermia or cardioplegia. 
All donor hearts were sampled from the apex just before being ex-
planted. Six donor hearts were additionally sampled from the LV 
mid-lateral wall to evaluate the difference between the apex and 
the lateral LV wall. Biopsy products were divided into samples of 
about 5–8 mg each. Three were fixed in 5% formalin at room tem-
perature and 3–4 were analyzed within 1–3 h for cardiomyocyte 
force measurements. The formalin-fixed biopsies were used for 
histomorphometry. Histologic evaluation was performed by 2 pa-
thologists blinded to the condition of the patients.

  Light Microscopy 
 Light microscopy was performed for cardiomyocyte dimen-

sions on 4-μm-thick sections of formalin-fixed tissue stained with 
hematoxylin and eosin (HE). Histochemical staining (i.e. Picro-
sirius red, Masson trichrome and Van Gieson) techniques were 

used for the tissue components. Areas of reparative and perivascu-
lar fibrosis were excluded. 

  When mechanical disruption of the tissue structure was seen, 
the biopsy sample was excluded. Subsequent image analysis with 
Scion Image 4.0.3.2 software (Scion Corporation, Frederick, Md., 
USA) was performed to determine cardiomyocyte diameter (MyD) 
and length (MyL) in micrometers as well as the extent of interstitial 
fibrosis. MyD perpendicular to the outer contour of the cell mem-
brane at the nucleus region and MyL as the distance between in-
tercalated disks were determined in at least 10 myocytes after the 
exclusion of clearly transverse or oblique-cut myocytes. Interstitial 
fibrosis was measured as the percentage of connective areas aver-
aged over 5 representative fields and expressed as connective vol-
ume fraction (CVF). Based on CVF values, the extent of interstitial 
fibrosis was graded as low (0–5%, class I), intermediate (5–10%, 
class II), or high (10–15%, class III)  [2] .

  Electron Microscopy 
 Biopsy samples were fixed in 2.5% glutaraldehyde/0.1  M  caco-

dylate buffer, rinsed in cacodylate buffer, fixed in 1% osmium te-
troxyde/0.1  M  cacodylate buffer, and then rinsed again in buffer. 
Tissue samples were gradually dehydrated in a series of ascending 
concentrations of ethanol, and then immersed in propylene oxide 
before infiltration with the epoxy resin Epon 812. Ultrathin sec-
tions were collected on 100-mesh copper grids and double-stained 
with uranyl acetate and lead citrate. Sections were examined in a 
Zeiss 900 transmission.

  Cardiomyocyte myofibrillar density and the number of mito-
chondria were determined. Myofibrillar density was estimated as 
the proportion of the sum of myofibrillar areas related to total cel-
lular area in 5–8 representative myocytes, and recorded as myofi-
bril volume fraction (MVF).

  Force Measurements in Isolated Cardiomyocytes 
 Force measurements were performed in single, mechanically 

isolated cardiomyocytes following the protocol described by Fal-
cão-Pires et al.  [12]  and Borbély et al.  [13] . Biopsy samples (4–
5 mg wet weight) were defrosted, dissected into strips and placed 
in a skinning solution (all in m M : free Mg 1, KCl 100, ethylene 
glycol tetraacetic acid 2, Mg-ATP 4 and imidazole 10; pH 7.0) 
and mechanically minced. To remove all membrane residuals, 
samples were incubated for 5 min in relaxing solution supple-
mented with 0.2% Triton X-100, in order to obtain cardiomyo-
cytes dependent only on externally supplied calcium for force 
development. Single myocytes were suspended between a force 
transducer and a piezoelectric actuator. First-order laser diffrac-
tion was used to determine sarcomere length, which was held 
constant at 2.2 μm. Myocytes were relaxed and activated at vari-
ous Ca2+ concentrations [pCa = –10log(Ca2+)]. The solution 
contained 1,2-bis(2-aminophenoxy) ethane-N,N,N′N′-tetraace-
tic acid as a Ca2+ buffer. Starting from pCa 9.0 m (relaxation), 
exposed to a series of solutions, maximal activation was obtained 
at pCa 4.5. The maximal activation was used to calculate maxi-
mal calcium-activated isometric force (Fmax). Once a steady-state 
force level was reached, the length of the myocyte was reduced 
by 20% within 2 ms by means of the piezoelectric motor (slack 
test). The distance between the baseline and the steady-state 
force level was the total force (Ftotal). The cell was then restretched 
and returned to the relaxing solution, in which a second slack 
test of 10-second duration was performed to determine the pas-

 Table 2.  Echocardiographic LV morphologic and functional char-
acteristics

AS (n = 35) AR (n = 35)

LV end-diastolic volume, ml/m2 70 ± 8 115 ± 29
LV peak systolic volume, ml/m2 21 ± 4 55.3 ± 7.3
LVEF, % 67 ± 5 51 ± 6
LVMI, g/m2 144 ± 12 212 ± 29
LV mass/volume ratio 1.2 ± 0.2 0.9 ± 0.05
Relative wall thickness, % 0.5 ± 0.04 0.3 ± 0.03
LV posterior wall thickness in the 

diastole, mm 12 ± 2 11 ± 2
Interventricular septum thickness in 

the diastole, mm 13 ± 1 12 ± 2
Indexed left-atrium diameter, 

mm/m2 25 ± 2 22 ± 2
Pulmonary artery systolic pressure, 

mm Hg 61 ± 7 30 ± 8
Indexed aortic valve area, cm2/m2 0.6 ± 0.03
Peak velocity, m/s 4 ± 0.04
Peak transvalvular gradient 108 ± 18
Mean transvalvular gradient 59 ± 7
Deceleration time, m/s 164 ± 25
Diastolic flow reversal prominent 

holodiastolic
Regurgitant jet/left ventricle outflow 

tract width, %a 0.6 ± 0.07
Vena contracta width, cma 0.6 ± 0.02
Regurgitant volume, ml/beat 57 ± 5
Regurgitant fraction, % 54 ± 6
Effective regurgitant orifice area, cm2 30 ± 4
Endocardial fractional shortening, % 28 ± 2 20 ± 3
Mid-wall fractional shortening, % 21 ± 2 13 ± 3

 Values are mean ± SD.
a At a Nyquist limit of 50 – 60 cm/s.
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sive force (Fpassive). Maximal calcium activated tension (Factive) 
was calculated by subtracting Fpassive from Ftotal at saturating Ca2+ 
(pCa 4.5).

  Statistics 
 Values are given as mean ± SD. The Mann-Whitney U test was 

used for variables not normally distributed. Categorical variables 
were analyzed with the χ 2  test or the Fisher exact test when appro-
priate. The Pearson correlation coefficient was used to assess the 
association between variables. In addition, pairwise correlations 
were determined by linear regression analysis. A p value of <0.05 
was considered significant. Data were analyzed by SPSS version 15 
for Windows (SPSS, Inc., Chicago, Ill., USA).

  Results 

 Echocardiography 
 Preoperative echocardiographic characteristics are 

summarized in  table 2 . Regarding AR, quantitative pa-
rameters should be viewed with caution and only in the 
context of the other signs of severity because of the intrin-
sic limitations of quantitative measurement techniques. 
All patients had an increased LVMI. In the AS patients, 
grade II LV diastolic dysfunction (pseudo-normal filling 
of the left ventricle) occurred in 25 patients (71.4%) and 
grade III (restrictive filling of the left ventricle) in 10 
(28.6%). All AR patients had LV dilatation. Eight patients 
(22.8%) showed preserved LV function, 16 (45.7%) had 

an LVEF of 40–50%, 6 (17.2%) of 30–40% and 5 (14.3%) 
of <30%. According to the scheme of LV remodeling 
based on volume, mass and geometry, all of the AS pa-
tients had concentric hypertrophy; 8 of the AR patients 
(26.6%) had physiologic hypertrophy and 22 (73.4%) had 
eccentric hypertrophy.

  Morphometric Analysis 
 In the donor hearts, MyD, MyL, CVF and MVF were 

14 ± 2 μm, 90 ± 15 μm, 5 ± 2% and 50 ± 4%, respectively. 
No significant differences were detected between the apex 
and mid-lateral LV wall. The MyD was significantly in-
creased in the AS hearts (22.5 ± 2.2 μm, p < 0.001), but 
the MyL (95.6 ± 3.7 μm, p = 0.1) remained unchanged. In 
the AR hearts, there were few/no changes in the MyD 
(13.2 ± 0.7 μm, p = 0.1), but the MyL was significantly 
greater (121.1 ± 8.4 μm, p < 0.001;  fig. 1 a). The MyD was 
in close linear relation to the degree of concentric hyper-
trophy (R 2  = 0.84, p < 0.001) and the MyL with the degree 
of eccentric hypertrophy (R 2  = 0.68, p = 0.008;  fig. 1 b). 
Myofibrillar density, evaluated as MVF, was significantly 
lower in AR patients than in AS patients (38 ± 4 vs. 49 ± 
5%, p < 0.001). The basic structure of sarcomeres was pre-
served in both groups. The MVF and MyD were in close 
linear relation in both the AS (R 2  = 0.76, p = 0.002) and 
AR (R 2  = 0.79, p = 0.001) specimens. The higher degree 
of LV diastolic dysfunction in AS patients tended to relate 
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  Fig. 1.   a  Bar graph display of cardiomyo-
cytes dimension in the left ventricles of pa-
tients with AS or AR compared to controls. 
 b  Cardiomyocyte dimensions analyzed for 
correlation to concentric (RWT  ≥ 0.42) or 
eccentric (RWT  ≤ 0.42) hypertrophy. 
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to the higher MVF (R 2  = 0.61, p = 0.04) and MyD (R 2  = 
0.52, p = 0.05). The higher LV diastolic volume in AR pa-
tients tended to relate to the higher MyL (R 2  = 0.66, p = 
0.4) but not to the MVF (R 2  = 0.4, p = 0.08). In the AS 
specimens, the sarcomere width was increased as a pos-
sible consequence of its parallel replication; in AR speci-
mens, it was reduced as it was replicated mainly in series. 

  Compared to normal values, the interstitial fibrosis 
was significantly increased in both the AS and AR speci-
mens (p < 0.001). However, AS patients had a higher CVF 
than AR patients (8.9 ± 2.3 vs. 7.7 ± 2.3, p = 0.01) and 
there was a different distribution of low, intermediate or 
high CVF in the AS and AR samples ( fig. 2 a). The CVF 
and MyD showed a positive linear correlation in both AS 
(R 2  = 0.83, p = 0.003) and AR (R 2  = 0.61, p = 0.01) speci-
mens ( fig. 2 b). Notably, AS specimens revealed a high de-
gree of disarray of interstitial connective fibers. Collagen 
deposits interrupted the normal juxtaposition of cardio-
myocytes in the AS samples, but were normally distrib-
uted in AR specimens ( fig. 3 a: a3, a4 and b2, b3).

  In the control myocytes, the number and the size of 
mitochondria were 30–40% of total volume and 0.5–1 × 
3–5 μm, respectively. They were unmodified in the AS 
samples but were increased in the AR myocytes (40–45% 
of myocyte volume and 0.7–1.2 × 5–7 μm). In the AR my-
ocytes, mitochondria were not only positioned outside the 
myofibrils (as in normal or in AS myocytes) but also inside 

them ( fig. 3 b: a3 and b1–3). Ultrastructural images were 
observed in AS myocytes, but not in AR myocytes, in the 
areas of vacuolization and in the lipofuscin granules adja-
cent to the nucleus and interposed inside the myofibrils 
( fig. 3 a: a1, a2;  fig. 3 b: a1, a2). Furthermore, interruption 
of subendocardial elastic-fiber network was found in AR 
specimens but not in AS specimens ( fig. 3 a: a4, b4).

  Measurement of Mechanical Properties 
 In the donor hearts, Fpassive and Ftotal at a maximal ac-

tivation of cardiomyocytes were 3.6 ± 0.4 and 21.2 ± 3.1 
kN/m 2 , respectively. The average force-pCa relations are 
shown in  figure 4 a. Ftotal at pCa 4.5 was similar in AS and 
AR myocytes (19.5 ± 5.2 vs. 18.5 ± 8.3 kN/m 2 , p = 0.5).

  Fpassive was higher in AS than in AR (6.6 ± 0.3 vs. 4.6 ± 
0.2 kN/m 2 , p < 0.001;  fig. 4 b). In AS patients, the higher 
Fpassive, evaluated by means of linear regression analysis, 
showed a close relationship with the higher cardiomyo-
cyte diameter (R 2  = 0.88, p < 0.001), but in AR patients, 
there was no similar relationship with the increased car-
diomyocyte length (R 2  = 0.25, p = 0.7). Consequently, Fpas-

sive was significantly higher in AS patients with grade III 
(restrictive filling) rather than with grade II (pseudo-nor-
mal filling) LV diastolic dysfunction (7.3 ± 0.5 vs. 6.7 ± 0.6, 
p = 0.004). Fpassive was, moreover, independent of the 
LVEF (p = 0.7), the peak LV systolic volume (p = 0.6) and 
the end LV diastolic volume (p = 0.7).
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  Fig. 2.   a  Bar graph display of CVF in the 
specimens of patients with aortic stenosis 
or aortic regurgitation compared to con-
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cate individuals in each group.  b  Cardio-
myocyte dimensions analyzed for correla-
tion to CVF in the specimens of patients 
with AS or AR. 
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  Discussion 

 This study yielded the following information: (1) 
MyD was larger in AS, but MyL was increased in AR, (2) 
myocardial fibrosis was increased in both AS and AR, but 
AS patients had a higher CVF than AR patients, (3) myo-
fibril density was higher in AS, reflecting a different sar-
comere architectural pattern, (4) the number, size and 
distribution of mitochondria were increased in AR car-
diomyocytes, (5) lipofuscin deposition occurred adja-

cent to the nucleus and between the myofibrils in the AS 
samples, (6) at a sarcomere length of 2.2 μm, Ftotal at max-
imal Ca2+ was comparable between AS and AR samples, 
but Fpassive was higher in the cardiomyocytes from the AS 
patients and (7) the structural and functional changes 
and the difference in systolic and diastolic properties of 
the left ventricle were in close correlation.

  Adults with AS or AR show different functional and 
geometrical patterns, occurring as adaptive responses to 
pressure (concentric LV hypertrophy) or volume (ec-

a

a1

a1 b1

a2 b2

a3 b3

b1

a2 b2

a3 b3

a4 b4 b

  Fig. 3.   a  Histological images. AS (left column): a1 high cellularity 
and a large amount of cytoplasmic deposits of lipofuscin (HE, 
×40); a2 interstitial fibrosis is more evident (blue) among myocar-
dial tissue (red; Masson trichrome); a3 collagen deposits (red) in-
terrupting normal juxtaposition of cardiomyocytes (green; Picro-
sirius red); a4 normal network of subendocardial elastic fibers (van 
Gieson). AR (right column): b1 myocardial disarray (HE, ×40); b2 
normal collagen (blue) distribution (Masson trichrome); b3 nor-
mal collagen distribution (red) among cardiomyocytes (Picrosiri-
us red); b4 interruption of subendocardial elastic fiber network 
(van Gieson).  b  Ultrastrucural images obtained by electron mi-

croscopy. AS (left column): a1 lipofuscin granules adjacent to the 
nucleus of myocardiocytes (×3,000); a2 lipofuscin granules inter-
posed between the myofibrils (×4,400); a3 longitudinal section of 
parallel myofibrils and large mitochondria (×7,000). AR (right col-
umn): b1 numerous mitochondria interposed between the myofi-
brils around the nucleus (×3,000); b2 higher magnification of nu-
merous mitochondria located between the myofibrils (×4,400); b3 
numerous collagen fibrils and myofibrils with large mitochondria 
interposed (×3,000). c = Collagen fibrils; l = lipofuscin granules;
m = mitochondria; mf = myofibrils; n = nucleus. (Colors refer to 
the online version only.)  
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centric LV hypertrophy) overload  [14–16] . The histol-
ogy is characterized by distinct cardiomyocyte reshap-
ing and interstitial fibrosis  [15] . In AS, we observed car-
diomyocytes growing in a transverse direction, but the 
cell length remained almost constant; in AR, they main-
ly grew in length  [16] . The different remodeling reflect-
ed different myofibril proportions and sarcomere re-
shaping. The sarcomeres appeared to be added side-by-
side in parallel in AS (where myocardiocytes are wider) 
and end-to-end in series in AR (where myocardiocytes 
are longer). These processes are not completely clear, 
but some studies have suggested that the peak systolic 
wall stress (pressure overload) or the end-diastolic wall 
stress (volume overload) could trigger different cell 
shapes because of distinct growth factors  [14] . Reason-
ably, pressure overload requires wider cardiomyocytes 
against a greater afterload, and volume overload re-
quires longer cardiomyocytes to modulate the Frank-
Starling mechanism.

  As a rule, volume and pressure overload require ex-
traordinary energetic support  [17–19] . Nonetheless, we 
observed that the number and size of mitochondria in-
creased only in the AR cardiomyocytes. This appears to be 
a paradox, considering that AS cardiomyocytes reason-
ably require higher ATP support. However, it has been 
reported that, as the demand for ATP increases, levels of 

phosphocreatine are progressively depleted, and substrate 
utilization switches toward free fatty acids  [20] ; this in-
creases the production of reactive oxygen species  [17] . 
Oxidatively damaged mitochondria become the target for 
phagocytosis, with lysosomes starting the lipofuscinogen-
esis  [21] . Accordingly, we detected granules of lipofuscin 
in the cardiomyocytes from the AS patients. Finally, we 
established an interesting correlation between myocyte 
remodeling and patterns of interstitial fibrosis consistent 
with the different geometric and functional properties of 
the left ventricle in AS patients versus AR patients. Fur-
thermore, the analysis of contractile function demonstrat-
ed a similar Ftotal but an increased resting tension (Fpassive) 
in AS patients, both of which likely reflect not only the 
rearray of myofibrils inside the sarcomere but also a shift 
toward other isoforms with different functional proper-
ties (i.e. β-myosin heavy channel by α-myosin heavy chan-
nel, N2BA titin isoform by N2BA isoform and obscurin A 
by obscurin B)  [13, 14, 22–25] .

  Limitations 
 The statistical power of this study may have been ham-

pered by the small size of our cohort. All biopsy samples 
were derived from the apex, so myocardial tissue hetero-
geneity as a major factor of bias would have been over-
looked.
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  Fig. 4.   a  Average Ftotal-pCa relation for 
pooled cardiomyocytes of control, AS and 
AR groups.  b  Bare graph display of Ftotal at 
maximal activation and Fpassive in cardio-
myocytes from AS and AR hearts com-
pared to controls. 
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  Conclusions 

 The study demonstrated that the LV myocardium in 
AS and AR differs in both its cellular architecture and 
function. These structural and functional abnormalities 
allow for the compensative adjustment of the diastolic/
systolic properties of the myocardium.
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