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Relationship Between Strain Rate and Myocardial Structure in Severe
Aortic Stenosis

Relacion entre el strain rate y la estructura miocardica en la estenosis adrtica severa

ALEJANDRO HITAMTAC SERGIO J. BARATTAM™AC DEMIAN CHEJTMAN, ALEJANDRO BENTICUAGA, RICARDO COSTANTINI,
GUILLERMO VACCARINOMTAC, MARTIN DONATOMT™AC, RICARDO GELPIMTAC, MIRIAM MATOSO, CELINA MORALES

ABSTRACT

Background: In severe symptomatic aortic stenosis (SSAS) altered global longitudinal systolic strain (GLSS) would correlate with
changes in myocardial histological architecture and could identify early contractile involvement in patients with preserved ejection
fraction (PEF).

Objective: The aim of this study was to analyze GLSS, collagen volume (CV), myocyte area (MyAr) and contractile involvement in
patients with SSAS and PEF.

Methods: Twenty six patients with SSAS and PEF (67+11 years old, 53% male) were included in the study. A preoperative hemo-
dynamic study and an intraoperative endomyocardial biopsy were performed to determine CV and MyAr. Three groups of patients
were identified: G1: compensated left ventricular hypertrophy (LVH) without coronary disease (n=8); G2: decompensated LVH
without coronary disease (n=7) and G3: decompensated LVH with coronary disease (n=11). GLSS was normalized by stroke volume,
meridional end-systolic wall stress (8) and end-diastolic diameter (EDD).

Results: No significant differences in stroke volume, + and EDD were observed between groups G1, G2 and G3. Differences between
groups were observed in: CV (%) (G1: 4.7 + 1.2, G2: 8.4 = 1.2, G3: 11.0 = 3.0; p < 0.01), MyAr (um2) (G1: 328.7 + 66.2, G2: 376.7
+ 21.9, G3: 385.0 = 13.0; p = 0.01), LVEDP (mm Hg) (G1: 13.1 = 1.5, G2: 19.0 + 3.8, G3: 23.6 + 5.8; p < 0.01), +dP/dt,,, (mm Hg/
sec / LVEDE, mm Hg) (G1: 176.4 + 45.5, G2: 89.6 + 20.1, G3: 113.1 + 43.7; p < 0.01), and GLSS (%) (G1: -17.9 + 4.2, G2: -13.5 =
2.5, G3: -13.6 = 3; p = 0.021). GLSS correlated with CV and LVEDP and it evidenced a trend to correlate with a contractility index
(+dP/dt,,, mm Hg/s / LVEDE, mm Hg).

Conclusions: Altered GLSS in patients with SSAS and PEF expresses myocardial structural changes related to increase in CV, which
is associated with enhanced LVEDP and probable myocardial contractile failure.
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RESUMEN

Introduccion: En la estenosis aértica sintomatica grave (EASG), la alteracion del strain global longitudinal sist6lico (SGLS) tendria
correlacion con las modificaciones de la histoarquitectura y podria identificar compromiso contractil temprano en pacientes con
fraccién de eyeccion conservada (FEyC).

Objetivo: Analizar el SGLS, el volumen de coldgeno (VC), el area miocitaria (ArMi) y el compromiso contractil en pacientes con
EASG y FEyC.

Material y métodos: Se incorporaron 26 pacientes con EASG y FEyC (edad 67 + 11 anos, 53% hombres). Se realizaron un estudio
hemodindmico preoperatorio y una biopsia endomiocardica intraoperatoria para determinar el VC y el ArMi. Se identificaron tres
grupos de pacientes: G1, hipertrofia ventricular izquierda (HVI) compensada sin enfermedad coronaria (n = 8); G2, HVI descom-
pensada sin enfermedad coronaria (n = 7) y G3, HVI descompensada con enfermedad coronaria (n = 11). E1 SGLS se normalizé por
volumen sistélico, estrés meridional de fin de sistole (8) y diametro de fin de didstole (DFD).

Resultados: G1, G2 y G3, sin diferencias en volumen sistélico, 8 y DFD y con diferencias en VC (%) (G1: 4,7 + 1,2; G2: 8,4 + 1,2; G3:
11,0 = 3,0; p < 0,01), ArMi (um2) (G1: 328,7 * 66,2; G2: 376,7 = 21,9; G3: 385,0 + 13,0; p = 0,01), PFDVI (mm Hg) (G1: 13,1 * 1,5;
G2:19,0 + 3,8; G3: 23,6 = 5,8; p < 0,01), +dP/dt . (mm Hg/seg/PFDVI, mm Hg) (G1: 176,4 + 45,5; G2: 89,6 + 20,1; G3: 113,1 *
43,7, p < 0,01), SGLS (%) (G1: -17,9 = 4,2; G2: -13,56 = 2,5; G3: -13,6 = 3; p = 0,021). El SGLS se correlacion6 con VC y PFDVI y
hubo tendencia con un indice de contractilidad (+dP/dt,, mm Hg/seg / PFDVI, mm Hg).

Conclusiones: Las alteraciones del SGLS en pacientes con EASG y FEyC son expresion de alteraciones estructurales del miocardio
relacionadas con incremento del VC, asociado con un aumento de la PFDVI y con probable falla miocardica contractil.
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Abbreviations

cc Correlation coefficient
cv Collagen volume
+dP/dt,,,, Positive first derivative of left ventricular pressure

-dP/dt, ., Negative first derivative of left ventricular pressure
EF Ejection fraction

G1 Group 1

G2 Group 2

G3 Group 3

GLSS Global longitudinal systolic strain

INTRODUCTION

Aortic stenosis is the most prevalent valve disease in
developed countries. In patients suffering from this
disease, surgery is indicated based on two parameters:
symptoms and ventricular function expressed by ejec-
tion fraction (EF). Patients with symptomatic severe
aortic stenosis (SSAS) are at greater risk of mortality
and require immediate valve replacement surgery. (1)
Ejection fraction is a limited parameter to assess left
ventricular (LV) function, (2-4) as many patients with
preserved EF (PEF) present altered longitudinal fiber
function assessed by tissue Doppler. (5)

The “speckle tracking” technique to study myocar-
dial fibers has shown to be useful to evaluate LV func-
tion, even in the presence of left ventricular hypertro-
phy (LVH). (6) The adaptive process of LVH in valve
disease presents myocardial structure modifications,
as development of fibrosis, which appear early in the
evolution of the disease and condition the long-term
outcome. (7, 8)

We hypothesize that global longitudinal systolic
strain (GLSS) correlates with changes in myocardial
histological architecture, and could detect early con-
tractile involvement in patients with PEF.

METHODS

Population

The study included 26 consecutive patients (mean age *
standard deviation: 67.7 = 11 years, 53% men). They pre-
sented with symptomatic aortic stenosis, defined by angina,
syncope or dyspnea at rest and/or exercise, and severe aortic
stenosis, defined by Doppler echocardiography (valve area
< 1 cm2, mean gradient > 40 mm Hg) with EF > 50%, and
were referred to Hospital Universitario Austral for aortic
valve replacement. All patients underwent preoperative
hemodynamic and Doppler echocardiographic studies. Dur-
ing surgery, a LV anterolateral wall biopsy sample was taken.

Patients with associated cardiomyopathies or other valve
diseases were excluded from the study.

Three groups of patients were identified according to left
ventricular end-diastolic pressure (LVEDP) < 15 mmHg or
> 15 mm Hg (9) assessed in the hemodynamic study, and
presence of coronary disease (every main coronary vessel le-
sion with > 50% obstruction): group 1 (G1, n = 8; LVEDP <
15 mm Hg), defined as compensated LVH without coronary
lesion; group 2 (G2, n = 7; LVEDP > 15 mm Hg) described
as decompensated LVH without coronary lesion and group
3 (G3, n = 11) termed decompensated LVH with coronary
lesion.

v Left ventricular

LVEDP Left ventricular end-diastolic pressure

LVH Left ventricular hypertrophy

LVMI Left ventricular mass index

MFS Midwall fractional shortening

PEF Preserved ejection fraction

SSAS Severe symptomatic aortic stenosis

ts0 Time taken for pressure to fall to 50% its initial value

Study protocol

Echocardiographic study: An echocardiography and GLSS
analysis with speckle tracking using Vingmed VIVID 7
equipment (GE Vingmed, Milwaukee, WT, USA) and 3.5
MHz transducer were performed following the American
Echocardiography Society recommendations. (10)

Left ventricular fractional shortening, LV volume and
EF (Simpson’s method) were calculated. (10). Midwall
fractional shortening (MFS) (11) was determined and nor-
malized by meridional end-systolic wall stress. (12) Aortic
valve area was calculated by the continuity equation and
gradients according to the modified Bernouilli equation
(4V2).

Left ventricular mass was estimated according to the
American Echocardiography Society and the LV mass in-
dex (LVMI) was obtained, considering that increased values
were > 115 g/m2 in men and > 95 g/m2 in women. (13)

Two-dimensional echocardiography with gray-scale
speckle tracking images, in 2, 3 and 4 chamber long axis api-
cal views with frame rate > 50 frames/s (14) was used to
evaluate GLSS. (14) The Lagrange formulation (L2L0/L0)
was applied to calculate strain (15) using GE (EchoPAC ver-
sion 7.0.0, General Electric-Vingmed) software. The end-sys-
tolic endocardial contour was manually traced according to
the literature, and then the software concentrically defined
the region of interest automatically. (16)

To analyze strain each apical image was divided into six
segments and GLSS was calculated from the average of 18
segments.

Hemodynamic study

A hemodynamic study was performed prior to surgery reg-
istering left intraventricular pressure and aorta/LV gradi-
ent. Pressures were recorded on a computerized Philips
Polygraph system (Xper Information System XIMs Version
1.2.01474) connected to an Edwards LifeScience pressure
transducer. Aortic pressure, LV systolic pressure (mm Hg)
and LVEDP (mm Hg) were measured. In addition, maximum
velocity of LV pressure rise (+dP/dt, ., mm Hg/s), the in-
verse of the linear slope originating from applying the natu-
ral logarithm to the exponential fall of LV pressure during
the period of isovolumic relaxation (lin tau, ms), and the
time of LV pressure fall to 50% its initial value (t5;), taking
as initial LV value the one corresponding to -dP/dt,., were
obtained.

The contractile state was calculated as the ratio between
+dP/dt,,. and LVEDP (17)

The two components of diastolic function were evalu-
ated: relaxation and myocardial stiffness. Isovolumic relaxa-
tion was assessed as the time taken for pressure to fall to
50% its initial value (t5), taking as initial pressure the value
corresponding to the time of -dP/dt,,,.. Myocardial stiffness
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was evaluated as the ratio between LV end-diastolic pressure
and diameter.

Collagen content and morphometry

Left ventricular anterolateral biopsies were taken during
surgery, fixed in 10% formaldehyde buffer at room temper-
ature and included in paraffin. Serial 5 wm sections were
then stained with hematoxylin-eosin and Picrosirius red to
quantify interstitial collagen and with rhodamine to calcu-
late myocyte area (WGA no.RL-1022, Vector Laboratories,
Burlingame,CA).

Myocyte images were obtained using a fluorescence mi-
croscope (Olympus BX61) attached to a digital camera and
myocyte cross-sectional areas stained with rhodamine-lectin
were measured with an image analyzer (Image Pro Plus 6.0,
Media Cybernetics, Inc, Silver Spring, Md). At least 80 myo-
cyte cross-sectional areas were routinely measured. (18)

In the sections stained with the Pricosirus red technique,
interstitial collagen deposition was measured using the same
digital imaging system. The percent collagen volume (CV) of
each region was calculated adding the corresponding colla-
gen areas and dividing by the total myocyte areas plus the
areas of collagen tissue, as previously described. (18)

Statistical analysis

Intraobserver and interobserver variability of GLSS calcula-
tion was assessed using the coefficient of variation, resulting
in 5.4% and 6.2% variation, respectively. Measurements of
three consecutive beats were averaged. Discrete variables
were expressed as frequencies and percentages and continu-
ous variables as means and standard deviations. Qualitative
variables were analyzed using the chi-square test with Yates
correction or Fisher’s exact test. Continuous independent
variables were analyzed using Student’s t test for non-
paired data or the Wilcoxon rank-sum test, as appropriate.
Spearman “s correlation coefficient was used to analyze cor-
relation between continuous variables. A p value < 0.05 was
considered as statically significant. A ROC curve analysis
was used to establish the longitudinal systolic strain cut-off
point to predict the presence of decompensated hypertrophy.

Ethical considerations

All patients signed an informed consent (Hospital Universi-
tario Austral Ethics Committee, in accordance with the Hel-
sinki Declaration of 1975, revised in 1983).

RESULTS

Cardiac structure and function

Endomyocardial biopsy

The histologic structure presented differences be-
tween groups both in myocyte area as in CV (p <
0.01). All groups has an equivalent LVMI (quantitative
concept for hypertrophy); however, the morphometric
analysis revealed that compensated hypertrophy (G1)
had a smaller myocyte area than decompensated G2
and G3 groups (p < 0.05) (Figure 1A). Decompensat-
ed groups showed greater increase of CV compared to
the compensated group despite an equivalent LVMI (p
< 0.05), supporting the qualitative concept of hyper-
trophy due to structural difference for a comparable
mass index (Fig. 1B).

Diastolic function
The LVEDP was used as cut-off point to separate com-

pensated versus decompensated hypertrophy popula-
tions according to Peterson et al. (9) The pressure dif-
ference between groups in the absence of changes in
diastolic diameter would express an increase in myo-
cardial stiffness in patients with decompensated LVH
(G2 and G3, p < 0.02).

Increased LVEDP was associated with structural
changes, correlating with increased CV [correlation
coefficient (CC) 0.97, p< 0.001]. All patients had im-
paired myocardial relaxation, expressed by a change in
taub0, without differences between groups (Table 1).

Systolic function

All groups presented EF within the normal range
(see Table 1), without differences in LVMI, basal and
normalized by wall stress MF'S, or hemodynamically-
assessed LV end-systolic pressure, suggesting absence
of systolic dysfunction based on these variables.

Two sensitive parameters used to detect systolic
function impairment: a hemodynamic parameter
[+dP/dt,,. (mm Hg/s) normalized by LVEDP (mm Hg)]
normalized in turn by preload due to its dependence
on this variable), and an echocardiographic parameter
(GLSS), evidenced more marked involvement in G2
and G3 decompensated hypertrophy groups compared
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Fig. 1. Myocyte area differences between groups. B. Percent dif-
ferences of collagen volume between groups (*p < 0.05 G1 vs. G2
and G3).
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Fig. 2. Area under the ROC curve showing sensitivity and specificity
of global longitudinal systolic strain cut-off point of -13.2%

to the G1 compensated group (p < 0.05).

Global longitudinal systolic strain was normalized
in all groups by preload (end-diastolic diameter), af-
terload (meridional end-systolic wall stress) and LV
stroke volume, which can modify GLSS without being
evidence of contractile impairment. (19-21) As shown
in Table 1, absence of significant differences between
groups for the three variables, suggests that GLSS ab-
normalities would be secondary to myocardial struc-
tural and functional modifications.

Absolute GLSS changes correlated with LVEDP
(CC-0.59, p < 0.05) and with CV (CC -0.44, p < 0.05).
In addition, a trend was observed in the correlation
between GLSS and +dP/dt,,. (mm Hg/s) normalized
by LVEDP (mm Hg) with CC of -0.71 (p = 0.06), which
did not attain statistical significance probably due to
the small number of patients.

A GLSS value < -13.2% discriminated compensat-
ed versus decompensated LVH with an area under the
ROC curve of 0.77 (p = 0.01), with 43.75% sensitivity
and 100% specificity (Figure 2).

DISCUSSION
The increase in wall stress triggers LVH as compen-
sating response. This hypertrophy progresses with
quantitative changes (mass increase) and qualita-
tive changes (structural modifications). In our work,
qualitative changes were produced without LVMI dif-
ferences between groups; as expressed by Karl We-
ber “it is not the quantity, but rather the quality of
myocardium that distinguishes hypertensive cardio-
myopathy from adaptive hypertrophy of the athlete”.
(22)

Among these changes, fibrosis is usually an early

finding in symptomatic aortic stenosis even with pre-
served EF and contributes to the progression from
compensated hypertrophy to heart failure, (7) with
significant impact on the clinical condition as well as
in the long-term survival after aortic valve replace-
ment. (8)

Our patients had normal EF, but it is known that
this index is subject to changes depending, among
other variables, on chamber geometry, afterload and
mass increase. (1-3) Ejection fraction is more ac-
curate to assess chamber function than ventricular
function, as it predominantly expresses myocardial
radial function and is less affected by subendocardial
abnormalities. (23) Midwall fractional shortening, a
more specific index of ventricular function evaluation
in hypertrophy, (24) was normal in all the groups,
even after normalizing by wall stress. This behavior
could be attributed to its application in a population
of patients with normal EF and end-systolic stress <
120 kdynes/cm2, a cut-off point deemed inadequate
to consider LVH by some authors (12), and suggests
that myocardial dysfunction should not be ruled out
in these patients based only on normal EF and even
MFS.

Another two parameters detecting myocar-
dial contractile failure, even in aortic stenosis, (6)
one hemodynamic (+dP/dt,,., (25) normalized by
LVEDP), and the other echocardiographic (GLSS)
(26) confirmed systolic function involvement, espe-
cially in decompensated groups, and would be useful
tools to characterize subtle functional changes.

Myocardial involvement and structural changes
initially and mainly affect the subendocardium, (27)
altering longitudinal function that is not accurately
evaluated by EF but by other indexes, as mitral an-
nulus lateral displacement by M mode echocardiog-
raphy and/or tissue Doppler, or systolic longitudinal
strain. (28)

Other studies have described altered strain in
both asymptomatic and symptomatic severe aor-
tic stenosis with PEF, (5, 6, 29) but we believe the
most important concept is demonstrating that such
a GLSS alteration represents myocardial structural
involvement correlated with changes of systo-dias-
tolic function. In this sense, it is necessary to point
out that other variables that might alter GLSS be-
havior, other than myocardial contractility and fi-
brosis, are not responsible for its changes. We have
shown that the most important factors influencing
strain changes: preload, afterload and stroke volume
do not account for its modification, indicating the re-
sponsibility of myocardial structural and contractile
involvement.

The relationship between structural and func-
tional changes showed linear correlation between
strain alterations and CV, suggesting that structural
transformations condition functional modifications
(even in patients with PEF). Global longitudinal sys-
tolic strain changes, (after excluding confounding
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Clinical variables &1 62 63 p Table 1. Clinical, hemodynamic,
echocardiographic and myo-
Age 6812 64.14+9,92 71£11.59 ns cardial histological characteris-
Male/Female gender 2/5 3/4 9/3 tics in the 26 patients included
SBP 119.71+22.84 125.14+5.87 132+9.03 ns in the three groups
NYHA functional class for angina
Il 3 3 1
1l 1 2
\% 1
NYHA functional class for dyspnea
Il 3 6 4
1l 3 3
vV
Angina 4 4 3 ns
Dyspnea 6 6 7 ns
Syncope 0 1 1 ns
Cardiac catheterization
LVESP 202.5+19.46 211.28+40.47 193.16+24.37 ns
LVEDP 13.17+£1.5 19+3.89 23.7+£5.8 <0.01
+dP/dt__, mm Hg/s 2230.75+493.03 1830.28+346.98  22316.5+313.02 0.07
+dP/dt__,, mm Hg/s normalized 176.4+45 89.64+20 113.17+41 <0.01
by LVEDP mmHg
t50 24.99+2.41 32.66+5.96 32.52+8.85 ns
Myocardial histology
Myocyte area, pm2 328.7+66 376.7+21.9 385.05+13 <0.01
Collagen volume, % 4.77+1.27 8.40+1.27 11.05+3.08 <0.01
Echocardiography
Ejection fraction, % 75.71+5.93 64+6.03 66.72+10.65 0.04
End-systolic diameter, mm 29.74+6.26 26.33+5.39 33.37+8.06 ns
End-diastolic diameter, mm 49.31+5.29 48.16+5.15 52.75+4.15 ns
End-diastolic pressure, 0.27+0.01 0.39+0.06 0.44+0.11 <0.02
mmHg/end-diastolic diameter, mm
Myocardial mass index, gm/m? 198+85 162443 209+42 ns
Meridional end-systolic stress, kdynes/cm? 42.54+22.03 37.7+14.98 51.67+24.15 ns
MEFS, % 14.15+3.95 14.96+2.7 13.48+4.35 ns
MFS/stress 18.68+0.83 18.86+0.56 18.05+1.04 ns
Aortic valve area, cm? 0.77+0.26 0.45+0.07 0.74x0.15 ns
Mean aortic gradient, mmHg 52.74+18.,87 66.83+10.83 48.36+9.42 <0,05
Peak aortic gradient, mmHg 89.28+26.,32 103.66+15.06 80.09+16.1 0,07
Preoperative peak global longitudinal -17.73+4.57 -13.4+3.04 -13.58+3.13 <0.05
strain, %
Stroke volume 42.49+£9.91 38.98+8.50 41.76+9.03 ns
G1: Group 1. G2: Group 2. G3: Group 3. NYHA: New York Heart Association. SBP: Systolic blood pressure. LVESP: Left
ventricular end-systolic pressure. LVEDP: Left ventricular end-diastolic pressure. +dP/dt: Positive first derivative of left
ventricular pressure. t50: Time taken for pressure to fall to 50% its initial value. MFS: Midwall fractional shortening.
ns: Not significant.

variables) and its correlation with LVEDP and CV,
together with the trend to correlate with +dP/dt .
(mm Hg/s) normalized by LVEDP (mm Hg), indicate
that the observed alterations would have a structural
basis associated with increased CV and a functional

behavior related to end-diastolic pressure and con-
tractile state.

Different studies have described the association
between altered strain in patients with symptomat-
ic aortic stenosis and its impact on increased long-
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term risk and clinical events. (5) Lancellotti et al.
studied patients with asymptomatic aortic stenosis
and observed that GLSS < -15.9% (30) was a prog-
nostic marker of adverse outcome. In our patients,
the group with compensated LVH presented higher
values than the cut-off point, whereas in the decom-
pensated groups with or without coronary disease,
values were -13.5% and -13.6%, respectively, with a
cut-off point of -13.2% separating with high specific-
ity patients with compensated LVH from those with
decompensated LVH. Lafitte et al. (5) described a
population of patients with severe aortic stenosis in
which the cut-off point of longitudinal basal septum
strain < -13% identified a subpopulation of patients
with adverse outcome and greater event rate.

Global longitudinal systolic stress normalization in
the postoperative long-term follow-up after valve re-
placement has been shown by several authors (31) and
in our experience this behavior one year after valve re-
placement was only observed in the compensated LVH
group. Finally, the correlation between de degree of
fibrosis and strain alterations has been described by
other authors (32) and by our group (33), as well as its
normalization after aortic valve replacement. (34)

Clinical impact

Since symptomatic aortic stenosis is the most preva-
lent valve disease involving elderly patients (9% mor-
tality in octogenarian patients with pure aortic valve
replacement in the best world centers) (35) in whom
it is difficult to categorize symptoms, (36) and EF
presents limitations in myocardial function evalua-
tion, it is important to identify other risk markers to
improve stratification and decision-making.

CONCLUSIONS

Altered GLSS in patients with SSAS and PEF ex-
presses myocardial structural alterations related to
increased CV, which is associated with higher end-
diastolic pressure and probably myocardial contrac-
tile failure.
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