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Background-—It remains unclear whether abnormal systolic function and relaxation are essential for developing heart failure in
pathophysiology of severe aortic stenosis.

Methods and Results-—Yorkshire pigs underwent surgical banding of the ascending aorta. The animals were followed for up to
5 months after surgery, and cardiac function was assessed comprehensively by invasive pressure–volume measurements,
3-dimensional echocardiography, echocardiographic speckle-tracking strain, and postmortem molecular and histological analyses.
Pigs with aortic banding (n=6) exhibited significant left ventricular hypertrophy with increased stiffness compared with the control
pigs (n=7) (end-diastolic pressure–volume relationship b: 0.053�0.017 versus 0.028�0.009 mm Hg/mL, P=0.007); however, all
other parameters corresponding to systolic function, including ejection fraction, end-systolic pressure–volume relationship, preload
recruitable stroke work, echocardiographic circumferential strain, and longitudinal strain, were not impaired in pigs with aortic
banding. Relaxation parameters were also similar between groups. Sarcoplasmic reticulum calcium (Ca2+) ATPase protein levels in
the left ventricle were similar. There were significant increases in 3-dimensional echocardiographic left atrial volumes, suggesting
the usefulness of these indexes to detect increased stiffness. Right atrial pacing with a heart rate of 120 beats per minute induced
increased end-diastolic pressure in pigs with aortic banding in contrast to decreased end-diastolic pressure in the control pigs.
Histological evaluation revealed that increased stiffness was accompanied by cardiomyocyte hypertrophy and increased perimysial
and perivascular fibrosis.

Conclusion-—Increased stiffness is the major early pathological process that predisposes to congestive heart failure without
abnormalities in systolic function and relaxation in a clinically relevant animal model of aortic stenosis. ( J Am Heart Assoc.
2015;4:e001925 doi: 10.1161/JAHA.115.001925)
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T ranscatheter aortic valve implantation has emerged as an
alternative therapeutic approach for patients with aortic

stenosis. Implementation of this approach in clinical practice
has expanded the population of candidates for aortic valve
replacement, including patients with severe aortic stenosis

who are considered high risk or ineligible for conventional
surgical aortic valve replacement. These patients are often
elderly with limited daily physical activity, and patients remain
asymptomatic despite vulnerability to developing heart failure
(HF); therefore, identifying the patient population with masked
HF symptoms has become of increasing importance. To this
end, it is essential to understand the underlying pathophys-
iology of HF development in severe aortic stenosis.

Newer techniques such as echocardiographic strain or
magnetic resonance strain imaging allow for more detailed
assessments of myocardial function than traditional modali-
ties. Several studies have suggested the association of
subnormal systolic function with HF in patients with severe
aortic stenosis.1–5 Meanwhile, others have reported impaired
relaxation as a major contributor to HF development in aortic
stenosis.6,7 These changes, however, can be the result of
disease progression and not the cause of HF. Consequently, it
is not clear whether these abnormalities in systolic function
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and relaxation are essential for HF development. We hypoth-
esized that increased left ventricular (LV) stiffness is the
major early abnormality in patients with severe aortic stenosis
and that it predisposes these patients to congestive HF in the
absence of systolic dysfunction or impaired relaxation. A large
animal model that mimics human aortic stenosis was
developed to test this hypothesis with comprehensive func-
tional and histological assessments.

Methods

Animal Protocols
All animal protocols complied with the National Institutes of
Health Guide for the Care and Use of Laboratory Animals and
standards of US regulatory agencies. Protocols were approved
by the institutional animal care and use committee of the Icahn
School of Medicine at Mount Sinai. A total of 14 female
Yorkshire pigs (Animal Biotech Industries (Danboro, PA)) were
included in the study. Seven pigs received aortic banding (AoB)
and were compared with control animals composed of 3 sham-
operated animals and 4 na€ıve pigs of similar age at the final time
point. Sham-surgery animals were included to provide an
overview of changes in various parameters due to animal
growth. The long-term animals underwent echocardiographic
and hemodynamic assessments at 2 months after surgery,
followed by final assessments at 3 to 5 months after surgery
(Figure 1).

Yorkshire pigs were premedicated using intramuscular
Telazol (8.0 mg/kg; Fort Dodge). After the placement of an

intravenous line, animals were intubated and ventilated with
40% oxygen. General anesthesia was maintained with intra-
venous propofol (8 to 10 mg/kg per hour) throughout the
procedure except for surgeries in which isoflurane (2% to 3%)
was used. Intravenous saline infusion (body weight910 mL)
was maintained for a period of 30 minutes under continuous
monitoring to correct dehydration from overnight fasting. All
animals then underwent echocardiographic assessment, fol-
lowed by an AoB surgery at day 0 and hemodynamic
measurements for other time points.

Aortic Banding
After an echocardiographic evaluation, pigs (10 to 13 kg)
were positioned in the right lateral decubitus position, and left
thoracotomy was performed in the third intercostal space. A
3-cm opening was created in the pericardium, and the
ascending aorta proximal to the brachiocephalic artery was
gently isolated. A 1-cm-thick customized rubber band with a
fixed inner radius of 12 mm (approximate inner area of
4.5 cm2) was placed around the aorta and fixed with umbilical
tape. The chest was closed, air was evacuated, and animals
recovered. Sham animals received pericardial opening without
AoB.

Pressure and Volume Measurements
The methods for pressure measurement were previously
described in detail.8 Briefly, percutaneous punctures were
performed to establish vascular access to the femoral artery

Figure 1. Study design and the number of animals. Two groups of animals were included in the study.
Control group consists of 3 sham-surgery animals and 4 na€ıve pigs with similar age and weight to match the
numbers of animals in the AoB group. One pig was euthanized at 1 month because of infectious aortic
stenosis. AoB indicates aortic banding; cath., catheterization; Echo, echocardiography.
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and femoral vein. Heparin (100 IU/kg intravenously) was
administered to maintain an activated coagulation time of 150
to 250 seconds. A Swan-Ganz catheter (Edwards Lifesciences
LLC) was advanced to the main pulmonary artery, and
pressure measurements were collected. Next, through the
femoral arterial sheath, a Millar catheter (Millar Instruments)
was advanced to the left ventricle to obtain hemodynamic
parameters. Approximately 0.259body weight (in kilograms)
milliliter of cold saline was injected into the inferior vena cava
to obtain cardiac output by the thermodilution method. All
measurements were performed after the confirmation of
hemodynamic stability for 3 minutes. Data analyses were
performed using an iox2 application (Emka Technologies). At
the final time point, an inferior vena cava occlusion was
conducted to evaluate the pressure–volume relationship
during the preload reduction. The slope of the end-systolic
pressure–volume relationship was defined as a measure of
contractility. The stiffness constant (b) was determined from a
set of relationships between end-diastolic pressure (EDP) and
volume, using the following calculation: EDP=aeb�EDV. EDV
indicated end-diastolic volume, and a indicated the curve-
fitting constant. After the preload-reduction study, a pacing
catheter was advanced through the venous sheath. To
evaluate the response of a physiologically relevant increase
in heart rate, the right atrium was paced at 120 Hz, and
hemodynamic parameters were measured again.

Echocardiographic Analysis
Comprehensive transthoracic echocardiographic studies
including Doppler, 2-dimensional, and 3-dimensional (3D)
echocardiograms were performed at baseline (prior to AoB), at
2 months after AoB, and at the final time point. A Philips iE-33
ultrasound system (Philips Medical Systems) was used to
acquire echocardiographic data with a multifrequency imaging
transducer (S5 probe for 2-dimensional images or X3 probe
for 3D images). A subxiphoid approach provided an apical 4-
chamber view and 3D images of the left ventricle. Using the
parasternal approach, 3D images of the left atrium (Figure S1)
and cross-sectional images of the LV short axis were obtained
at the levels of the base, papillary muscle, and apex with a
high frame rate (60 to 100 Hz). The 2-dimensional images
were loaded into the Q-lab application (version 7.0; Philips
Medical Systems) for strain analysis using a speckle-tracking
algorithm. LV volumes and ejection fraction were obtained
from 3D images. Body surface area (in square meters) was
calculated as described previously,9 and volume parameters
were divided by body surface area to calculate volume
indexes. Longitudinal strain was obtained from apical 4-
chamber views. Short-axis images from the papillary muscle
level were used for the circumferential strain analysis. Good
inter- and intraobserver agreement was reported previously

with this method.10 Tissue Doppler images were analyzed to
determine isovolumic relaxation time. Left atrium size was
measured as the diameter from the right superior pulmonary
vein to the root of the left appendage. The degree of stenosis
due to AoB was serially evaluated by maximum velocity and
the mean pressure gradient using the continuous-wave
Doppler signal at each echocardiographic study by aligning
the ultrasound beam with the aortic flow at the level of the
banding in the apical view. In the absence of systolic
dysfunction, these parameters are used as an established
indicator of stenosis severity and allows classification of
severe aortic stenosis when the mean gradient is
>40 mm Hg, calculated by the simplified Bernoulli equation.11

Postmortem Molecular Analysis and Histology
At the end of the study protocol, the animals were euthanized
by intravenous injection of potassium chloride under deep
isoflurane anesthesia. Hearts were explanted and weighed,
and the left ventricle was sectioned into 5 slices. One middle
slice was used for histological and molecular analyses.
Samples measuring 1 cm3 were obtained from the anterior
wall and preserved both by snap freezing and in formalin.
Frozen cardiac tissue was minced and subsequently homog-
enized in radioimmunoprecipitation assay buffer containing a
protease inhibitor cocktail (Sigma-Aldrich). Protein extracts
(10 lg) were separated on 10% SDS-PAGE, transferred to a
nitrocellulose membrane (Bio-Rad), and probed with antibod-
ies specific for sarcoplasmic reticulum Ca2+ ATPase (SER-
CA2a; Cell Signaling) and phospholamban (Cell Signaling).
Peroxidase-conjugated antibodies targeting both primary
antibodies (Sigma-Aldrich) and GAPDH (Sigma-Aldrich) were
also used. Blots were developed with SuperSignal West Pico
(Pierce). Protein band densities were quantified using ImageJ
software (National Institutes of Health). Formalin-fixed tissues
were embedded in paraffin, sectioned (8 lm), and mounted
on positively charged microscope slides. The slides were
stained with fluorescein isothiocyanate–labeled wheat-germ
agglutinin (Life Technologies) for assessing cell area as an
indicator of hypertrophy and with picrosirus red (Abcam) to
detect levels of collagen as an indicator of fibrosis.

Statistical Analysis
Data are expressed as mean�SD unless stated otherwise.
The Shapiro–Wilk normality test was conducted to test the
normality of the distribution. The unpaired t test was used to
compare the differences between 2 groups, and the Mann–
Whitney U test was used as appropriate. A paired t test was
used to compare changes within the same animal. SPSS
version 22.0 (IBM Corp) was used for all statistical analyses. A
P value <0.05 was considered statistically significant.
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Results
One pig in the AoB group was euthanized at 1 month after
the surgery because of worsening general condition.
Postmortem evaluation in this pig revealed infectious vege-
tation at the stenosis site. This pig was excluded from the
analysis; therefore, the AoB group consisted of 6 pigs

(Figure 1). There was no significant difference in the growth
of the pigs, and most functional parameters remained
nonsignificant at 2 months after the surgery, although this
was most likely due to the small number of pigs in the sham
group at this time point (Table 1). In the AoB group
compared with the control group, echocardiographic assess-
ments of pressure gradients (mean pressure gradient at

Table 1. Temporal Changes of Cardiac Parameters

Baseline 2 Months Final (3 to 5 Months)

AoB (n=6) Sham (n=3) AoB (n=6) Sham (n=3) P Value AoB (n=6) Control (n=7) P Value

BW, kg 11.5�1.2 10.7�0.6 24.2�1.9 22.7�2.1 0.32 41.3�7.1 37.1�4.4 0.22

Days after surgery 0 0 57�3 55�1 0.53 121�20 107�8† 0.37

Echocardiography

Ejection fraction (3DE), % 70.0�4.8 70.4�3.8 82.9�13.9 85.7�0.61 0.75 85.2�5.4 81.5�6.8 0.31

End-diastolic volume
index (3DE), mL/m2

72.1�16.9 78.3�15.7 69.4�20.3 81.7�7.1 0.35 81.9�11.7 87.1�10.3 0.41

End-systolic volume
index (3DE), mL/m2

21.6�6.1 22.9�2.9 11.2�7.7 11.7�1.3 0.92 11.8�3.7 15.6�4.7 0.14

Stroke volume index
(3DE), mL/m2

50.5�12.2 55.5�13.8 58.2�21.5 70.0�5.8 0.39 70.1�12.3 71.6�13.8 0.84

E wave, cm/s 62.5�11.6 72.3�19.1 65.8�13.5 61.1�3.7 0.58 61.4�14.1 71.1�7.0 0.14

E-wave deceleration time, ms 109�40 85�18 124�48 84�23 0.23 102�22 85�26 0.22

A wave, cm/s 52.6�8.1 60.7�12.9 66.6�8.4 56.5�12.6 0.19 74.4�13.5 70.0�14.5 0.58

E/A 1.20�0.27 1.18�0.07 1.02�0.36 1.12�0.30 0.68 0.82�0.07 1.05�0.22 0.03

E’, cm/s 8.4�1.6 11.3�1.9 7.9�1.6 9.9�3.7 0.27 7.3�1.9 10.3�1.5 0.01

E/E’ 7.5�1.0 6.3�0.6 8.5�1.6 6.9�2.9 0.31 8.7�2.3 7.0�1.1 0.10

IVRT, ms 71.8�26.3 71.1�8.3 76.8�14.9 70.3�6.0 0.39 95.1�25.8 80.4�8.2 0.23

LA diameter, mm 26.0�3.5 27.3�2.5 33.8�3.8 28.3�3.5 0.07 42.0�4.2 38.6�4.8 0.20

Left atrial ejection fraction
(3DE), %

64.3�8.7 62.5�4.9 61.1�7.4 64.4�9.3 0.58 58.3�6.8 63.6�5.4 0.14

LA maximum volume index
(3DE), mL/m2

26.4�2.3 26.1�5.1 39.2�10.0 28.4�2.5 0.12 51 (34, 66) 29 (27, 43) 0.04*

LA minimum volume index
(3DE), mL/m2

9.4�2.7 9.7�1.5 15.3�5.5 10.0�2.3 0.16 23.1�12.9 12.1�2.7 0.05

Invasive hemodynamics

LV maximum pressure, mm Hg N/A N/A 171�34 124�17 0.07 214 (186, 245) 132 (125, 141) 0.005*

End-diastolic pressure, mm Hg N/A N/A 20.1�4.0 13.8�4.4 0.07 16.7�4.8 14.4�3.4 0.34

Maximum dP/dt, mm Hg/s N/A N/A 2890�380 2055�350 0.02 2445�387 2331�528 0.67

dP/dt at pressure 40, mm Hg/s N/A N/A 1609�342 1641�226 0.89 1503�410 1644�310 0.5

Minimum dP/dt, mm Hg/s N/A N/A �2100�592 �2277�445 0.67 �2870�1051 �2612�461 0.6

Tau, ms N/A N/A 52.9�11.4 59.7�8.4 0.39 47.2�16.7 53.1�8.8 0.46

Relaxation time, ms N/A N/A 119�14 140�13 0.06 118�12 131�17 0.13

Mean�SD. 3DE indicates 3-dimensional echocardiography; A, late diastolic transmitral flow velocity; AoB, aortic banding; BW, body weight; dP/dt, peak left ventricular pressure rate; E,
early diastolic transmitral flow velocity; E’, early diastolic mitral annular velocity; IVRT, isovolumic relaxation time; LA, left atrial; LV, left ventricular; N/A, not available.
*Mann–Whitney U test, median (interquartile range).
†Sham pigs.
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2 months: 45.4�22.5 versus 1.7�1.2 mm Hg, P=0.01;
final: 78.1�27.4 versus 3.7�2.1 mm Hg, P=0.003) and
velocities (maximum velocity (Vmax) at 2 months:
436�77 versus 93�23 cm/s, P<0.001; final: 510�130 ver-
sus 106�8 cm/s, P=0.001) at the banding sites increased
significantly after surgery (Figure 2). There were nonsignifi-
cant increases in these parameters from 2 months to the

final time point (Vmax P=0.16, mean pressure gradient
P=0.10), suggesting stenosis progression due to animal
growth. At the final time point, pigs with AoB presented with
significantly higher maximum LV pressure than control pigs.
The hearts of the pigs with AoB exhibited significant
hypertrophy, demonstrated by a higher ratio of heart weight
to body weight (Figure 3).

Figure 2. Echocardiographic assessment of stenosis at the aortic banding site using continuous Doppler.
Both Vmax and mean PG were significantly increased at 2 months and at final time points in AoB pigs.
*P<0.05. AoB indicates aortic banding; PG, pressure gradient; Vmax, maximum velocity.
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Importantly, major systolic and relaxation parameters
including LV ejection fraction by 3D echocardiography, peak
LV pressure rate of rise, peak LV pressure rate of decline, Tau,
and relaxation time were similar between the groups,
indicating no depression in contractility and lusitropy in pigs
with AoB (Table 1). These observations were supported by the
pressure–volume analysis during the preload reduction study,
in which higher end-systolic elastance and preload recruitable
stroke work were demonstrated without impaired arterial–
ventricular coupling (Figure 4, Table 2). Interestingly, LV EDP
was not different between the groups, suggesting a compen-
sating condition in pigs with AoB; however, pressure–volume
relationship analysis revealed stiffer left ventricles in pigs with
AoB, determined by significantly higher b of the end-diastolic
pressure-volume relationship (Figure 4, Table 2).

Echocardiographic Strain and Left Atrial Volumes
Speckle-tracking strain analysis was performed at the final
time point. All acquired images were adequate for strain
analysis. Although pigs with AoB presented significant hyper-
trophy, there was no difference in longitudinal or circumferen-
tial strain between AoB and sham pigs (Figure 5). Left atrial 3D
echocardiographic imaging exhibited significantly higher max-
imum and minimum left atrial volumes (Table 1).

Pacing Study
After baseline hemodynamic measurements were acquired, a
pacing study was performed to examine the impact of
increased heart rate within a physiological range. A pacing
rate of 120 beats per minute in the right atrium increased LV
EDP in pigs with AoB, whereas LV EDP decreased in the
control animals (Figure 6). On average, there was an increase
of �50% in EDP during pacing in pigs with AoB. These results

indicate a propensity for developing congestive HF in these
pigs. Changes in LV maximum pressure, LV pressure rate of
rise and decline, and Tau were lower in pigs with AoB but did
not reach statistical difference.

Postmortem Histology and SERCA2a Expression
Consistent with the macroscopic presentation, histological
evaluation of the left ventricle confirmed cardiomyocyte
hypertrophy in pigs with AoB (Figure 7). In addition, myocar-
dium of pigs with AoB had significantly increased collagen
volume fractions in both perimysial and perivascular areas
(Figure 7). To investigate whether there was molecular
evidence of systolic dysfunction, expression of SERCA2a
and phospholamban was studied. We found no difference in
these protein expression levels between the groups (Fig-
ure 8).

Discussion
In the present study, we demonstrated that increased LV
stiffness alone, but not impaired LV systolic function or
abnormal relaxation, is the major abnormality at the early
stages of severe aortic stenosis in a clinically relevant
experimental animal model; however, this increased LV
stiffness was associated with a propensity to develop
congestive HF in response to the physiological increase in
heart rate despite the absence of systolic dysfunction and
relaxation abnormalities. Normal systolic function was con-
firmed by comprehensive cardiac functional analyses includ-
ing 3D echocardiography, pressure–volume relationship, and
speckle-tracking echocardiographic strain. Consistent
with our findings that relaxation and systolic function were
normal, myocardial SERCA2a protein levels were similar
between the groups. In contrast, LV stiffness evaluated by

Figure 3. Cross-sections of the explanted heart. Macroscopic hypertrophy is apparent in pigs with aortic banding (AoB), with significantly
heavier heart weight (P=0.001). *P<0.05.
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pressure–volume loop analysis revealed stiffer left ventricle in
pigs after AoB. This finding is consistent with the severe
myocardial hypertrophy observed in the pigs with AoB.
Moreover, histopathological studies indicated that cardiomyo-
cyte hypertrophy and increased fibrosis are major contribu-
tors to increased LV stiffness. To our knowledge, this study is
the first to demonstrate isolated increased LV stiffness and its
association with HF in the absence of systolic dysfunction and
impaired relaxation in severe aortic stenosis, using compre-
hensive functional analyses.

Several large animal models of AoB have been developed
previously, with use of dogs, pigs, and sheep showing varying
results.6,12–20 Although some studies have reported subnor-
mal systolic function after AoB,13,15,16 our animals did not
develop systolic dysfunction up to 5 months after the surgery,
with final LV maximum pressure >200 mm Hg. In contrast,
our animals showed supranormal systolic function, as
suggested by the increased slope of the end-systolic
pressure–volume relationship, the higher preload recruitable
stroke work, and the lower arterial–ventricular coupling. The
discrepancy may be due to the time point examined after AoB,
the age of the animals, and the degree of induced stenosis.
The absence of systolic dysfunction with increased stiffness is
an attractive feature of our model because it allows for
isolation of LV stiffness and systolic dysfunction. This model
also may be useful for evaluating various therapeutic
approaches targeting HF with preserved ejection fraction;
the presentation of this type of HF is similar, with increased
myocardial stiffness as a major contributor to development of
HF in both diseases.

Relaxation and stiffness are sometimes discussed together
as a form of diastolic dysfunction without clear distinction.
This is because in many cases, impaired relaxation and
increased stiffness coexist in diastolic dysfunction; however,
our pigs with AoB presented with increased stiffness without
delayed relaxation. Consistent with this finding, it was
reported that a mouse model of a-myosin heavy chain
missense mutation presented significantly impaired relaxation
in the absence of HF or elevated EDP.21,22 These data suggest
that relaxation and stiffness abnormalities do not necessarily
parallel and that increased stiffness alone is the key factor for

Figure 4. Representative pressure–volume loops of AoB and control pigs. Steeper end-systolic pressure–
volume relationship was found in pigs with AoB compared with control pigs. Despite similar end-diastolic
pressure before occlusion, pigs with AoB presented steeper end-diastolic pressure–volume relationship,
indicating stiffer left ventricle. AoB indicates aortic banding; corr., corrected.

Table 2. Pressure–Volume Loop Relationships

AoB (N=6) Control (n=7) P Value

ESPVR

Slope,
mm Hg/mL

4.66 (2.83 to 5.74) 1.68 (1.13 to 1.90) 0.005*

V0, mL �29.8�22.0 �62.9�23.1 0.02

Ea/Ees 0.97�0.61 1.68�0.51 0.04

PRSW

Slope,
mm Hg

176 (103 to 202) 55 (48 to 81) 0.008*

EDPVR

a 3.03�2.29 0.63�0.22 0.15

b 0.053�0.017 0.028�0.009 0.007

AoB indicates aortic banding; a, curve fitting constant; b, stiffness constant; Ea/Ees,
arterial elastance/end-systolic elastance; EDPVR, end-diastolic pressure volume
relationship; ESPVR, end-systolic pressure volume relationship; PRSW, preload
recruitable stroke work; V0, volume axis intercept of end-systolic pressure-volume
relationship.
*Mann–Whitney U test, median (interquartile range).
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HF induction. They also highlight the importance of distin-
guishing relaxation and stiffness when evaluating HF with
diastolic abnormalities. We found that increased cardiomyo-
cyte hypertrophy and increased fibrosis were potential
contributors to increased LV stiffness. A recent study in a
rat model of swimming-induced cardiac hypertrophy without
significant myocardial fibrosis reported improved LV relaxa-
tion without altered stiffness.23 Although it remains specula-
tive, fibrosis seems to have a significant impact on LV
stiffness, although the amount is minor in our model.

Our findings have important clinical implications. If
subnormal systolic function or impaired LV relaxation is the
key early indicator of HF development in patients with severe
aortic stenosis, clinicians can focus on detailed functional

imaging studies to identify these abnormalities. Unfortunately,
our study demonstrated that this is not the case, and thus
patients with severe aortic stenosis are at risk of developing
congestive HF without any evidence of systolic dysfunction or
impaired relaxation. Instead, increased LV stiffness seems to
be the critical early pathological process that predisposes to
congestive HF development in this model. Precise measure-
ment of LV stiffness requires pressure–volume loop analysis
using invasive catheterization and load-alteration studies.
Several formulas for estimating LV stiffness have been
proposed,24,25 but these formulas contain many assumptions,
and whether they are always applicable to different disease
conditions remains unclear. Consequently, identifying the
early manifestation of HF in asymptomatic severe aortic

Figure 5. Echocardiographic speckle-tracking strain analysis. AoB pigs exhibited thicker wall thickness at
both end-diastole and end-systole (top); however, both peak circumferential and longitudinal strains were
not different between the groups (P=0.63 and P=0.45, respectively) (bottom). AoB indicates aortic banding;
bpm, beats per minute; GC, global circumferential, HR, heart rate; NS, not significant.
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stenosis patients remains challenging. Although most studies
of patients with severe aortic stenosis report the presence of
diastolic functional abnormalities,26,27 comprehensive evalu-
ation of specific diastolic parameters is not yet available using
standard noninvasive tools; therefore, in current guidelines,
diastolic functional parameters are not included in the
decision-making process for patients with severe aortic
stenosis.28 Our results demonstrated that 3D echocardiogra-
phy–derived left atrial volumes were significantly increased in
pigs after AoB, and these indexes had superior sensitivity
relative to conventional 2-dimensional left atrial diameter to
detect the difference between groups. The left atrium is
constantly exposed to increased LV filling pressure in a stiff
heart, promoting left atrial remodeling. In fact, left atrial
remodeling has been proposed as a chronic marker for
diastolic dysfunction.29 Focused evaluation of the left atrium
using sophisticated techniques may provide better diagnostic
information in patients with severe aortic stenosis. Another
approach that may be useful in the detection of early signs of
HF in this patient population is fibrosis evaluation, based on
our findings. Noninvasive quantification of fibrosis may be
performed with serum markers30 or with cardiac magnetic
resonance. In fact, several studies have shown correlation
between fibrosis assessed by histology and cardiac magnetic
resonance imaging using late gadolinium enhancement31,32

and T1 mapping33 in patients with severe aortic stenosis.
Because these correlations were evaluated in patients with a
relatively large degree of fibrosis, further study is necessary to
examine cardiac magnetic resonance sensitivity to small
increases in myocardial fibrosis, as found in our study. From a
therapeutic point of view, our findings suggest that antihy-
pertrophic and antifibrotic therapies may be beneficial to
prevent the development of HF in patients with aortic
stenosis.

Limitations
Due to the nature of animal studies, whether the pigs had HF
symptoms remains uncertain, although we did not find any
difference in the pig behaviors compared with the sham
animals. The propensity for development of congestive HF
was determined by increased EDP during the pacing study.
Ideally, this should be performed by exercise testing; however,
the difficulty of training the pigs for adequate exercise testing
and of performing stable placement of the pressure–volume
catheter during exercise precluded this option. The pacing
method to mimic exercise has been reported previously,14

and the clear difference in response to pacing in our study
suggests the utility of this method to uncover the propensity
for HF development in patients with limited exercise ability.

Figure 6. Hemodynamic changes induced by pacing study. Pigs received right atrial pacing (120 bpm) with continuous hemodynamic
monitoring. End-diastolic pressure decreased in the control group but increased in the AoB group (P<0.001), suggesting the propensity of the
latter to develop congestive heart failure. Although the parameters did not reach statistical significance, changes in dP/dtmax, dP/dtmin, and Tau
were smaller in AoB pigs, suggesting limited functional reserve. *P<0.05. AoB indicates aortic banding; bpm, beats per minute; dP/dtmax, peak
left ventricular pressure rate of rise; dP/dtmin, peak left ventricular pressure rate of decline; LV, left ventricular; NS, not significant.
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The supracoronary stenosis in the AoB pig model may differ in
the coronary flow pattern from valvular stenosis in humans;
however, impaired coronary flow similar to human aortic
stenosis has been shown in a dog model of AoB with a

banding location similar to ours.14 Not all animals in the
control group underwent sham surgery, and this may have
caused unrecognized heterogeneity in this group related to
the surgical procedures.

Figure 7. Histological characterization of the left ventricular myocardium. AoB pigs presented a significantly larger cardiomyocyte area
(P<0.001), increased perimysial fibrosis (P=0.01), and increased perivascular fibrosis (P=0.045). Scale bars indicate 50 lm for WGA figures,
200 lm for perimysial fibrosis figures, and 100 lm for perivascular fibrosis figures. Error bars indicate standard error. *P<0.05. AoB indicates
aortic banding; WGA, wheat-germ agglutinin.

Figure 8. SERCA2a and PLN expression in the left ventricle. Both SERCA2a and PLN levels were not different between the AoB and control
groups. AoB indicates aortic banding; NS, not significant; PLN, phospholamban; SERCA2a, sarcoplasmic reticulum calcium (Ca2+) ATPase.
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Conclusion
Early abnormality in severe aortic stenosis is characterized by
increased LV stiffness, whereas systolic dysfunction or
impaired relaxation is not necessarily present in this early
pathological process. Increased LV stiffness due to cardio-
myocyte hypertrophy and increased tissue fibrosis contrib-
utes to the propensity to develop congestive HF. Our animal
model offers a unique opportunity to study the role of LV
stiffness independent of systolic dysfunction and impaired
relaxation.
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