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OBJECTIVES The present study aimed at investigating the respective contribution of afterload and myocardial fibrosis

to pre- and post-operative left ventricular (LV) function by using stress�strain relationships.

BACKGROUND Separating the effect of myocardial dysfunction and afterload on pump performance has important

implications for the prognosis and management of patients with severe aortic stenosis (AS).

METHODS A total of 101 patients with isolated severe AS (57% men; mean age 71 years) and 75 healthy control subjects

underwent resting 2-dimensional and speckle-tracking echocardiography to measure global circumferential strain (GCS)

and global longitudinal strain (GLS), as well as end-systolic wall stress (ESWS). Normal stress�strain relationships were

constructed using control subjects’ data and fitted to linear regression. End-systolic stress�strain indexes (the number of

SDs from the mean regression line) were used as an afterload-independent index of myocardial function and compared

with myocardial fibrosis, measured on transmural myocardial biopsies harvested at the time of surgery.

RESULTS GCS and GLS were afterload-dependent in both control subjects and patients. The GLS-ESWS relationship of

patients was shifted downward compared with control subjects. Patients with reduced pre-operative end-systolic

stress�strain indexes exhibited larger degrees of interstitial myocardial fibrosis than patients without (3.8 � 2.9% vs.

8.3 � 6.3%, p < 0.001; and 4.9 � 4.4% vs. 9.5 � 6.4%; p < 0.001, for GLS and GCS, respectively). By multivariate

analysis, pre-operative end-systolic stress�strain indexes were the only predictors of post-operative longitudinal and

circumferential end-systolic stress�strain indexes (ß ¼ 0.49 and ß ¼ 0.60, respectively; p < 0.001).

CONCLUSIONS Myocardial strains are afterload-dependent. In patients with severe AS, pre-operative stress�strain in-

dexes allow identification of patients with increased myocardial fibrosis and predict the extent of functional recovery after

aortic valve replacement. (J Am Coll Cardiol Img 2019;-:-–-) © 2019 by the American College of Cardiology Foundation.
I n patients with valvular heart diseases, under-
standing the complex interplay between loading
conditions and left ventricular (LV) ejection

phase indexes, such as left ventricular ejection
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fraction (LVEF) or LV systolic strain, is crucial to
deciding on the appropriate timing of surgery (1,2).
This is particularly true in patients with severe aortic
stenosis (AS), who had the development of concentric
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ABBR EV I A T I ON S

AND ACRONYMS

AS = aortic stenosis

AVA = aortic valve area

AVR = aortic valve

replacement

ESPWTh = end-systolic

posterior wall thickness

ESWS = end-systolic wall

stress

GSC = global circumferential

strain

GLS = global longitudinal

strain

LV = left ventricular

LVEF = left ventricular ejection

fraction

LVESD = left ventricular

end-systolic dimensions

LVESP = left ventricular

end-systolic pressure

LVPSP = left ventricular peak

systolic pressure

NYHA = New York Heart

Association
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LV hypertrophy helps to maintain LVEF
within normal limits, because the increase
in systolic wall thickness counteracts the ef-
fects of increased systolic pressure on sys-
tolic wall stresses (3). However, with further
progression of AS, LVEF can eventually dete-
riorate, resulting in hemodynamic decom-
pensation and heart failure symptoms (4).
Because in many patients with severe AS
and reduced LVEF, the surgical relief of LV
obstruction permits LVEF to almost
completely recover, it has been suggested
that afterload mismatch, due to inadequate
LV hypertrophy, rather than depressed
contractility, is responsible for their reduc-
tion in LVEF (1,5). Yet, not every patient
with severe AS and reduced LVEF has normal
LVEF after aortic valve replacement (AVR)
(6). In the patients who do not, persistently
depressed LVEF despite successful AVR has
been attributed to a self-perpetuating pro-
cess of myocyte degeneration, cell death,
and replacement fibrosis, which incom-
pletely regresses upon correction of exces-
sive afterload (7,8).
Because separating the effect of depressed
myocardial contractility from that of afterload on LV
ejection phase indexes has important implications for
the prognosis and management of patients with se-
vere AS (1,2), the aim of the present study was to
investigate the respective contribution of excessive
afterload and interstitial myocardial fibrosis to pre-
and post-operative LV systolic strain. This study also
determines if adjusting pre-operative strain for
afterload allows identification of patients with
persistent post-operative dysfunction. To achieve
this, we constructed end-systolic stress�strain re-
lationships and obtained transmural biopsies in 101
patients with severe AS who underwent AVR.

METHODS

STUDY POPULATION. The study population con-
sisted of 101 consecutive patients with severe AS,
defined by an aortic valve area (AVA) <1 cm2 and an
indexed AVA #0.6 cm2/m2, who were prospectively
recruited between January 2015 and March 2017. All
patients had a class 1 indication for AVR according to
the 2012 European Society of Cardiology guidelines
(9). Patients with at least moderate aortic regurgita-
tion or mitral valve disease, a history of heart valve
surgery, significant coronary artery disease (defined
as previous myocardial infarction, coronary stenosis
>50% at pre-operative coronary angiography), or
poor echocardiographic windows were not consid-
ered for inclusion into the study. The international
review board of our institution approved the study
protocol. Written informed consent was obtained
from all patients.

Seventy-five healthy volunteers were recruited by
advertisement in the local community to construct
normal end-systolic stress�strain relationships. All
were considered to be normal by history, physical
examination, 2-dimensional and Doppler echocardi-
ography, as well as resting and exercise electrocar-
diograms. None of the subjects was taking
cardiovascular drugs at the time of the study, and all
were in sinus rhythm.

DOPPLER ECHOCARDIOGRAPHY. Echocardiographic
data were obtained using an IE33 echocardiographic
system (Philips Medical Systems, Andover, Massa-
chusetts) equipped with a X5-1 1/5-MHz phased-array
transducer. All subjects underwent a comprehensive
resting examination, including 2-dimensional echo-
cardiography and Doppler examinations. All tests
were conducted by experienced cardiologists.

DATA ANALYSIS. The AVA was calculated using the
continuity equation, as previously recommended
(10). Mean transvalvular flow rates were calculated by
dividing stroke volume by the LV ejection time. LV
volumes and LVEF were calculated using the biplane
Simpson method, whereas LV mass was calculated
according to the method by Devereux et al. (11).

Myocardial strain was computed on 2-dimensional,
gray-scale harmonic images acquired in the 3 stan-
dard apical views (2-, 3-, and 4-chamber) and the left
parasternal short-axis view (at mid-ventricular level)
at a frame rate of 55 to 60 frames/s during breath-hold
(3 heartbeats each). Care was taken to avoid fore-
shortening in apical views. Native 2-dimensional im-
ages were stored digitally for later off-line analysis.

Global longitudinal strain (GLS) and global
circumferential strain (GSC) were computed using a
dedicated strain analysis software (Tomtec, Philips
Medical Systems, Andover, Massachusetts). Briefly,
for determination of GLS, markers were placed onto
the mitral annulus and the apex on end-diastolic
4-chamber, 2-chamber, and long-axis apical images.
For determination of GCS, markers were placed onto
the endocardial borders of the 2 papillary muscles, as
well as on the endocardial border of the inferior wall
on end-diastolic mid-ventricular short-axis images.
The software program automatically detects the
endocardial contours on a frame-by-frame basis and
generates deformation curves. GLS was computed as
the mean of 18 segments, whereas GCS was computed
using a 6-segment model. End-systolic GLS and GCS



TABLE 2 Baseline Hemodynamic and Echocardiographic Characteristics

Healthy Control
Subjects
(n ¼ 75)

Severe AS
(n ¼ 101) p Value

Hemodynamic date

Heart rate, beats/min 67 � 10 71 � 13 0.021

Mean arterial pressure, mm Hg 98 � 12 95 � 13 0.128

LV function

Indexed LVEDV, ml/m2 68 � 12 66 � 16 0.492

Indexed LV mass, g/m2 67 � 15 90 � 25 <0.001

LVEF, % 63 � 5 59 � 9 <0.001

Global longitudinal strain, % �20 � 2 �17 � 2 <0.001

Global longitudinal SSI �0.01 � 1.4 �2.9 � 2.2 <0.001

Global circumferential strain, % �30 � 3 �29 � 5 0.110

Global circumferential SSI �0.4 � 4.1 �1.7 � 3.7 0.033

ESWS, 103 dynes/cm2 37 � 14 33 � 15 0.051

Indexed stroke volume, ml/m2 40 � 11 38 � 9 0.073

Sphericity index 0.57 � 0.13 0.45 � 0.18 <0.001

Thickness to radius ratio 0.38 � 0.10 0.51 � 0.14 <0.001

Aortic valve stenosis indexes

Mean transvalvular FR, ml/s - 225 � 57 -

Peak velocity, cm/s - 420 � 69 -

Mean gradient, mm Hg - 45 � 15 -

EOA, cm2 - 0.70 � 0.16 -

Indexed EOA, cm2/m2 - 0.37 � 0.08 -

Values are mean � SD.

EOA ¼ effective orifice area; ESWS ¼ end-systolic wall stress, FR ¼ flow rate; LV ¼ left ven-
tricular; LVEDV ¼ left ventricular end-diastolic volume; LVEF ¼ left ventricular ejection fraction;
SSI ¼ stress�strain index.

TABLE 1 Baseline Demographic and Clinical Characteristics

Healthy Control
Subjects
(n ¼ 75)

Severe AS
(n ¼ 101) p Value

Demographic data

Age, yrs 56 � 19 71 � 10 <0.001

Male 40 (53) 57 (57) 0.296

Body surface area, kg/m2 1.82 � 0.18 1.89 � 0.21 0.013

Risk factors

Systemic hypertension 18 (24) 64 (63) <0.001

Dyslipidemia 45 (60) 60 (59) 0.834

Diabetes 0 (0) 15 (15) <0.001

Smokers 9 (12) 44 (44) <0.001

Family history of coronary artery disease 9 (12) 30 (30) 0.008

Comorbidities

Coronary artery disease 0 (0) 19 (19) -

Stroke 0 (0) 3 (4)

COPD 0 (0) 8 (8) -

Atrial fibrillation 0 (0) 7 (7) -

GFR, ml/min 119 � 20 74 � 18 <0.001

Symptoms

NYHA functional class III to IV 0 (0) 14 (14) -

Angina 0 (0) 17 (17) -

Syncope 0 (0) 4 (4) -

Values are mean � SD or n (%).

COPD ¼ chronic obstructive pulmonary disease; GFR ¼ glomerular filtration rate; NYHA ¼ New
York Heart Association.
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were computed at the time of aortic valve closure, as
previously described (12).

In addition to these ejection phase indexes, end-
systolic meridional wall stress (ESWS) was calcu-
lated using the following equation:

ESWS ¼ð1:33� LVESP� LVESDÞ=
ð4� ESPWTh ½1þ ðESPWTh=LVESDÞ�Þ

where LVESP is the LV end-systolic pressure, LVESD
is the LV end-systolic diameter, and ESPWTh is the
end-systolic posterior wall thickness. For the calcu-
lation of ESWS, LVESP was considered to be equal to
mean arterial pressure, and the echocardiographic
measurements were made at end-systole. We also
calculated ESWS using left ventricular peak systolic
pressure (LVPSP) (13). In normal control subjects,
LVPSP was estimated by systolic cuff pressure, and,
in patients with AS, by adding the mean pressure
gradient to the systolic cuff pressure.

MORPHOLOGICAL TISSUE ANALYSIS. At the time of
AVR, 2 to 4 transmural myocardial biopsies, weighing
approximately 25 to 75 mg each, were harvested from
the anterior wall, between the first and second diag-
onal branches using a Tru-Cut biopsy needle (Care-
Fusion, Waukegan, Illinois), as previously described
(14). Samples were immediately fixed in 10% buffered
formalin, embedded in paraffin, sectioned, and
stained with picrosirius red (15). Stained sections
were digitized with a SCN400 slide scanner (Leica
Biosystems, Wetzlar, Germany). Quantification was
performed using TissueIA software (Leica Bio-
systems, Dublin, Ireland). After elimination of arti-
facts and peri-vascular fibrosis, the area occupied by
interstitial fibrosis was expressed as a proportion of
the total myocardial area. Four different histological
slices were analyzed per patient.

STATISTICAL ANALYSIS. All analyses were per-
formed using SPSS (IBM, Armonk, New York) and the
Stata (Stata, College Station, Texas) software.
Continuous variables were expressed as mean � 1 SD
and categorical variables as counts and proportions.
Data were tested for normality using the Kolmogorov-
Smirnov test (see Supplemental Table 1) and
compared using Student’s t-tests (paired or unpaired)
or the chi-square test, when appropriate. All tests
were 2-sided, and p values <0.05 were considered a
statistically significant difference. End-systolic
stress�strain relationships were constructed by plot-
ting GLS or GSC against ESWS in both healthy control
subjects and patients with severe AS (16). The re-
lationships obtained in healthy control subjects were
fitted to a simple linear regression. The regression
lines and their 95% confidence intervals were used to

https://doi.org/10.1016/j.jcmg.2019.05.020


FIGURE 1 End-Systolic Stress�Strain Relationships in Healthy

Control Subjects
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(A) Relationship between end-systolic wall stress and global longitudinal

and circumferential (B) end-systolic strain in 75 healthy control subjects,

along with 95% confidence intervals. A linear inverse correlation was

observed between these parameters.
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define the normal range of myocardial strains over a
broad range of afterload conditions (17). To verify that
the obtained end-systolic stress�strain relationships
were independent of age, a similar analysis was
conducted using the data from an age-matched sub-
group. For this purpose, a single logistic regression
score, with age as the sole variable, was generated for
each healthy control subject and patient with severe
AS, and used to select pairs of subjects with matched
scores in the 2 groups (2:1 match) using a greedy,
nearest-neighbor matching algorithm and a caliper of
0.20 SD of the logistic regression score. Individual
end-systolic stress�strain data points of patients
with severe AS were then plotted on the same graphs.
End-systolic stress�strain indexes (the number of SDs
from the mean regression line) were calculated and
used as an afterload-independent index of myocar-
dial function (Supplemental Figure 1) (17,18). Forward
stepwise multiple regression analysis was used to
assess potentially independent correlates of GLS,
GCS, and their corresponding stress�strain indexes.
Receiver-operating characteristic curve analysis was
used to determine thresholds of interstitial myocar-
dial fibrosis that were associated with depressed
longitudinal or circumferential stress�strain indexes.
For this purpose, the best cutoffs of interstitial
myocardial fibrosis were defined as the highest You-
den index. Finally, intraobserver and interobserver
agreement for strain measurements was tested in 20
randomly selected cases according to the Bland-
Altman method and expressed as bias (mean abso-
lute difference � SD) and intraclass correlation
coefficients.

RESULTS

BASELINE CLINICAL, HEMODYNAMIC, AND ECHO-

CARDIOGRAPHIC CHARACTERISTICS. The clinical,
demographic, and echocardiographic characteristics
of the study population are shown in Tables 1 and 2.
On average, healthy volunteers were younger and
presented with fewer cardiovascular risk factors and
comorbidities than patients with severe AS.

From an echocardiographic point of view, LVEF
was higher and GLS was lower in healthy control
subjects than in patients with severe AS. In contrast,
ESWS tended to be lower in patients with severe AS
than that in healthy control subjects, but not
significantly.

END-SYSTOLIC STRESSLSTRAIN RELATIONSHIPS IN

HEALTHY CONTROL SUBJECTS. The relationship
between ESWS and either GLS or GCS in healthy
control subjects is shown in Figure 1. As expected, a
significant inverse correlation was observed between
myocardial strains and ESWS. The 95% confidence
interval of these linear relations was used to define
the normal range of myocardial strains over a broad
range of afterload conditions. The end-systolic
stress�strain relationships obtained in the age-
matched subgroup (Supplemental Tables 2 and 3)
were similar and not statistically different from those
obtained in the entire cohort (GLS ¼ [0.056 � ESWS] �
21.8; SEE ¼ 1.4 in matched healthy control subjects vs.
GLS ¼ [0.046 � ESWS] � 21.6; SEE ¼ 1.5 in the entire
cohort; GCS ¼ [0.133 � ESWS] � 35.3; SEE ¼ 2.0 in
matched healthy control subjects vs. GCS ¼ [0.148 �
ESWS] � 35.9; SEE ¼ 2.2 in the entire cohort).

https://doi.org/10.1016/j.jcmg.2019.05.020
https://doi.org/10.1016/j.jcmg.2019.05.020


FIGURE 2 End-Systolic Stress�Strain Relationships in Patients With

Severe AS
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stenosis (AS), along with 95% confidence intervals of the same relationship

in healthy control subjects.

J A C C : C A R D I O V A S C U L A R I M A G I N G , V O L . - , N O . - , 2 0 1 9 Slimani et al.
- 2 0 1 9 :- –- Stress�Strain Relationships in Aortic Stenosis

5

END-SYSTOLIC STRESSLSTRAIN RELATIONSHIPS IN

PATIENTS WITH SEVERE AS. Figure 2 shows the
distribution of end-systolic stress�strain data points
of individual patients with severe AS. As illustrated,
myocardial strains were also afterload-dependent in
patients with severe AS. However, their end-systolic
stress�strain relationships differed from that in
healthy control subjects. For GCS, although all but 18
end-systolic stress�strain data points were found to
be within 2 SDs of normal, the slope of the end-
systolic stress�strain relationship was significantly
steeper than that in heathy control subjects (p ¼ 0.021
for the difference in slopes; p ¼ 0.55 for the difference
in intercepts). For GLS, a significant parallel down-
ward shift of the end-systolic stress�strain relation-
ship was observed (p ¼ 0.21 for the difference in
slopes; p ¼ 0.005 for the difference in intercepts),
with approximately one-half the individual end-
systolic stress�strain data points being below 2 SDs
of normal (Central Illustration). Similar results were
obtained if LVPSP was used in the ESWS equation
(Supplemental Figure 2).

As shown in Table 3, patients whose end-systolic
stress�strain data points were below 2 SDs of
normal were more likely to be in atrial fibrillation, to
exhibit a higher LV mass and a lower EF, and to
display a higher degree of interstitial myocardial
fibrosis.

MULTIVARIATE DETERMINANTS OF GLS, GCS, AND

END-SYSTOLIC STRESSLSTRAIN INDEXES IN

PATIENTS WITH SEVERE AS. As shown in Table 4,
stepwise multiple regression analysis identified the
degree of interstitial fibrosis, ESWS, and atrial fibril-
lation as independent correlates of both pre-
operative GLS and GCS. Multivariate analysis also
identified interstitial fibrosis and atrial fibrillation as
the only significant correlates of pre-operative longi-
tudinal and circumferential end-systolic stress�strain
indexes (Supplemental Table 4, Figure 3). Similar re-
sults were obtained if LVPSP was used in the ESWS
equation (Supplemental Tables 5 and 6). Figure 4 il-
lustrates representative strain curves and histological
cross-sections from 2 patients with normal and
reduced longitudinal end-systolic stress�strain
indexes.

THRESHOLDS OF INTERSTITIAL MYOCARDIAL FIBROSIS

ASSOCIATEDWITH DEPRESSED STRESSLSTRAIN INDEXES.

Receiver-operating characteristics curve analysis was
used to identify the cutoff values of interstitial
myocardial fibrosis associated with reduced longitu-
dinal or circumferential stress�strain indexes. For
both stress�strain indexes, a cutoff value of 4.88%
was indentified (AUC: 0.73 for longitudinal
stress�strain indexes and 0.76 for circumferential
stress�strain indexes).

PRE-OPERATIVE CORRELATES OF POST-OPERATIVE

LONGITUDINAL AND CIRCUMFERENTIAL FUNCTION.

Changes in hemodynamic and echocardiographic pa-
rameters after AVR are shown in Table 5. GLS
improved 6 months after surgery, whereas LVEF and
GCS did not. Stepwise multivariate regression
analysis identified pre-operative end-systolic
stress�strain indexes as the only independent corre-
lates of both post-operative longitudinal and
circumferential end-systolic stress�strain indexes
(ß ¼ 0.49 and ß ¼ 0.60, respectively; both p < 0.001).

https://doi.org/10.1016/j.jcmg.2019.05.020
https://doi.org/10.1016/j.jcmg.2019.05.020
https://doi.org/10.1016/j.jcmg.2019.05.020


CENTRAL ILLUSTRATION End-Systolic Stress�Strain Relationship in Severe AS and its
Relationship to Interstitial Myocardial Fibrosis
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(Top) Relationship between end-systolic wall stress and global longitudinal end-systolic strain in 101 patients with severe aortic stenosis

(AS), along with 95% confidence intervals of the same relationship in healthy control subjects. (Bottom) Scatterplot comparing global

longitudinal end-systolic stress�strain indexes and the extent of interstitial myocardial fibrosis on histology. An inverse correlation was found

between these parameters, indicating lesser contractility in the presence of higher amounts of interstitial fibrosis.
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Empirical receiver-operating characteristic curves
were also generated to determine the optimal cutoff
values of pre-operative longitudinal and circumfer-
ential end-systolic stress�strain indexes for
prediction of persistent post-operative dysfunction.
By using a cutoff value of �3 SDs for longitudinal end-
systolic stress�strain index (AUC: 0.76) and �4 SDs
for circumferential end-systolic stress�strain index



TABLE 3 Baseline Hemodynamic and Echocardiographic Characteristics According to SSIs

LSSI >�2 SD
(n ¼ 60)

LSSI <�2 SD
(n ¼ 41) p Value

CSSI >�2 SD
(n ¼ 83)

CSSI <�2 SD
(n ¼ 18) p Value

Clinical data

Atrial fibrillation 2 (3) 5 (13) 0.097 1 (1) 6 (33) <0.001

Hemodynamic data

Heart rate, beats/min 69 � 10 75� 16 0.031 70 � 12 80 � 16 0.003

Mean arterial pressure, mm Hg 96 � 13 94 � 12 0.371 95 � 13 96 � 14 0.856

LV function

Indexed LVEDV, ml/m2 65 � 13 68 � 20 0.471 65 � 15 72 � 20 0.121

Indexed LV mass, g/m2 83 � 22 100 � 27 0.001 87 � 24 104 � 28 0,009

LVEF, % 61 � 7 57 � 9 0.006 61 � 7 54 � 11 0.001

LVEF <50% 1 (2) 5 (12) 0.013 1 (1) 5 (5) <0.001

ESWS, 103 dynes/cm2 33 � 12 32 � 17 0.844 31 � 13 41 � 17 0.004

Indexed stroke volume, ml/m2 39 � 9 36 � 10 0.201 38 � 9 34 � 11 0.069

Sphericity index 0.45 � 0.16 0.45 � 0.22 0.986 0.43 � 0.17 0.52 � 0.23 0.068

Thickness to radius ratio 0.48 � 0.12 0.55 � 0.17 0.020 0.51 � 0.14 0.52 � 0.17 0.770

Aortic valve stenosis indexes

Mean transvalvular FR, ml/s 224 � 51 226 � 64 0.819 229 � 54 207 � 68 0.151

Peak velocity, cm/s 419 � 63 421 � 77 0.862 426 � 65 389 � 81 0.038

Mean pressure gradient, mm Hg 45 � 14 45 � 17 0.931 47 � 14 38 � 18 0.027

EOA, cm2 0.70 � 0.16 0.72 � 0.15 0.517 0.70 � 0.16 0.71 � 0.15 0.760

Indexed EOA, cm2/m2 0.38 � 0.08 0.37 � 0.08 0.715 0.37 � 0.08 0.38 � 0.08 0.777

Histology

Interstitial fibrosis, % 3.8 � 2.9 8.3 � 6.3 <0.001 4.9 � 4.4 9.5 � 6.4 0.001

Values are n (%) or mean � SD.

CSSI ¼ circumferential stress�strain index; LSSI ¼ stress�strain index; other abbreviation as in Table 2.
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(AUC: 0.84), persistent post-operative dysfunction
was identified with a sensitivity of 82% and 80%,
respectively, and a specificity of 76% and 72%.

REPRODUCIBILITY. Intraobserver and interobserver
reproducibility was evaluated in 20 randomly
selected patients. Results are shown in Table 6.

DISCUSSION

The aim of the present study was to investigate the
respective contribution of excessive afterload and
interstitial fibrosis to the pre- and post-operative LV
systolic strain in patients with severe AS and to test
whether pre-operative end-systolic stress�strain re-
lationships can be used to identify patients with
persistent LV dysfunction after AVR. Our results can
be summarized as follows.

1) In healthy control subjects, both GLS and GCS
displayed significant dependence on afterload.

2) In patients with severe AS, GLS and GCS strains
also displayed significant afterload dependence.
Longitudinal end-systolic stress�strain relation-
ships were significantly shifted downward
compared with healthy control subjects, which
suggested reduced myocardial longitudinal con-
tractile function.

3) Patients with reduced pre-operative longitudinal
and circumferential end-systolic stress�strain in-
dexes exhibited larger degrees of interstitial
myocardial fibrosis than patients without.

4) By multivariate analysis, pre-operative
stress�strain indexes were found to be the
only significant predictors of post-operative
stress�strain indexes.

LOAD-DEPENDENCE OF LV EJECTION PHASE

INDEXES. Despite decades of experimental and clin-
ical research, assessing LV contractile performance
remains a complex and difficult task. In daily clinical
practice, this is usually achieved by calculating the
LVEF or the percent fractional shortening (12). How-
ever, these ejection phase indexes are markedly
affected by the heart’s loading conditions and vary
directly with end-diastolic fiber length (pre-load) and
inversely with afterload (4,19). Their clinical useful-
ness is thus limited by their inability to distinguish
between the mechanical effects of altered loading
conditions and an intrinsic depression of the
inotropic state.



TABLE 4 Univariate and Multivariate Determinants of Pre-Operative Longitudinal and

Circumferential Strains

Univariate Analysis Multivariate Analysis

R p Value ß p Value

Global longitudinal strain

Interstitial fibrosis 0.50 <0.001 0.35 <0.001

LV ejection fraction �0.45 <0.001

ESWS 0.42 <0.001 0.25 0.005

Atrial fibrillation 0.41 <0.001 0.26 0.003

Indexed LV mass 0.41 <0.001

Indexed stroke volume �0.33 0.001

Indexed LVEDV 0.25 0.013

Sphericity index 0.22 0.025

Mean pressure gradient �0.21 0.037

Peak transaortic velocity �0.20 0.043

Mean flow rate �0.19 0.063

Global circumferential strain

ESWS 0.65 <0.001 0.51 <0.001

LV ejection fraction �0.51 <0.001

Atrial fibrillation 0.51 <0.001 0.35 <0.001

Interstitial fibrosis 0.45 <0.001 0.19 0.010

Sphericity index 0.43 <0.001

Indexed stroke volume �0.38 <0.001

Indexed LV mass 0.34 0.001

Indexed LVEDV 0.29 0.003

Peak transaortic velocity �0.28 0.005

Mean flow rate �0.27 0.006

Mean pressure gradient �0.27 0.006

Thickness to radius ratio �0.18 0.073

Abbreviations as in Table 2.

Slimani et al. J A C C : C A R D I O V A S C U L A R I M A G I N G , V O L . - , N O . - , 2 0 1 9

Stress�Strain Relationships in Aortic Stenosis - 2 0 1 9 :- –-

8

Several alternative methods for assessing LV con-
tractile performance have been proposed to overcome
these limitations. It has been known for many years
that the LV isovolumetric force�length relation,
which is dependent on contractile state, describes the
maximal force attainable for any degree of myocardial
stretch (20,21). Experimental data have shown that
LV force�length relations obtained either during
isovolumetric contractions or at the end of ejection in
isotonically contracting hearts are virtually identical
(22,23). For any LV contractile state, the LV iso-
volumetric force�length relation predicts that short-
ening of isotonic contractions will cease when the
active force�length relation coincides with a point on
the isovolumetric force�length line. At this point, the
LV wall force equals the maximal force that muscle
length can sustain, and LV shortening ends. This
relation was shown to be sensitive to the contractile
state, to be independent of end-diastolic fiber length
and peak LV ejection forces, and to incorporate
afterload (24). These studies of basic cardiovascular
physiology provide the rationale for using ESWS (i.e.,
the force opposing shortening or afterload) and
shortening relationships as an index of the contractile
state that incorporates afterload. These relationships
have been extensively validated in humans and suc-
cessfully used in various physiological and patho-
logical conditions (16–18)

DEVELOPMENT OF ESWSLMYOCARDIAL STRAIN

RELATIONS. In recent years, myocardial deformation
indexes, such as GLS, GCS, and radial strain, were
proposed as an alternative to conventional ejection
phase indexes (12). These indexes, and particularly
those derived from 2-dimensional speckle tracking
echocardiography, were extensively validated. They
were also shown to be highly reproducible and to
offer incremental prognostic information over LVEF
in a variety of cardiac conditions (25). Similar to
conventional LV ejection phase indexes, myocardial
strains are nonetheless influenced by the heart’s
loading conditions (26). It thus mandatory to take the
prevailing loading conditions into consideration
when interpreting myocardial strain measurements.

In the present study, we constructed
ESWS�myocardial strain relationships by plotting
GLS or GSC against ESWS in both healthy control
subjects and patients with severe AS (16–18). The re-
lationships obtained in normal control subjects were
fitted to a simple linear regression model and used to
define the normal range of myocardial strains over a
broad range of afterload conditions, as previously
validated (16). Individual stress�strain data points of
patients with severe AS were then plotted on the
same graph. The vertical distance of each individual
patient data point with respect to the normal regres-
sion line was used as an afterload-independent index
of myocardial performance. Our data confirmed that
myocardial strains are afterload-dependent, both in
normal individuals and in patients with severe AS.
Interestingly, in patients with severe AS, the end-
systolic stress�strain relationships differed from
that in healthy control subjects. For GCS, most end-
systolic stress�strain data points were found within
2 SDs of normal. However, the slope of the end-
systolic stress�strain relationship was significantly
steeper than that in healthy control subjects. For GLS,
a significant parallel downward shift of the end-
systolic stress�strain relationship was observed,
with approximately one-half the individual end-
systolic stress�strain data points being found below
2 SDs of normal. These data suggested that the lon-
gitudinal function became depressed before the
circumferential function did. Similar results, that is,
reduced longitudinal function despite normal EF and
GCS, were reported by other investigators, and were
found to correlate with more extensive LV



FIGURE 3 Relation of End-Systolic Stress�Strain Indexes to Interstitial

Myocardial Fibrosis
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Scatterplot comparing (A) global longitudinal and (B) circumferential end-

systolic stress�strain indexes and the extent of interstitial myocardial

fibrosis on histology. An inverse correlation was found between these pa-

rameters, indicating lesser contractility in the presence of higher amounts

of interstitial fibrosis.
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remodeling (higher LV mass and presence of
concentric LV hypertrophy) and greater severity of AS
(27–29) Surprisingly, none of these studies attempted
to take afterload into consideration. When adjusting
for afterload using end-systolic stress�strain re-
lationships, only one-half of our patients with severe
AS presented with truly depressed longitudinal
function. More importantly, only 2 parameters were
found to correlate with reduced end-systolic
stress�strain indexes, namely, tissue fibrosis and
atrial fibrillation.

INTERSTITIAL MYOCARDIAL FIBROSIS IN SEVERE

AS. The association between LV hypertrophy and the
development of interstitial myocardial fibrosis in pa-
tients with severe AS has been known for many years.
Back in the early 1980s, Krayenbuehl et al. (8)
demonstrated that patients with severe aortic disease
developed proportionate LV hypertrophy and
myocardial fibrosis. These same investigators subse-
quently found that interstitial myocardial fibrosis
directly affected LV systolic and diastolic properties
and regressed more slowly after AVR than LV mass.
Recently, several investigators made similar obser-
vations (30–32). These investigators also demon-
strated that the presence of histological myocardial
fibrosis correlated well with that of mid-wall late
gadolinium enhancement on cardiac magnetic reso-
nance studies. They also showed that the presence
and extent of these mid-wall late enhancement areas
was associated with poorer post-operative outcome.

In the present study, we examined the impact of
interstitial myocardial fibrosis on GLS and GCS using
end-systolic stress�strain relationships to adjust for
the confounding effects of afterload. We found that
whenever the end-systolic stress�strain indexes
were <2 SDs of normal, this was associated with
larger amounts of interstitial myocardial fibrosis as
determined by histology.

ATRIAL FIBRILLATION AND MYOCARDIAL DEFORMATION

IN SEVERE AS. Another salient finding of our study
was the association between atrial fibrillation and
depressed longitudinal function in patients with se-
vere AS. Although speculative, we believe this was
due to the reduced pre-load that accompanies atrial
fibrillation. We and others (4,5,33) demonstrated that
patients with severe AS were extremely dependent on
atrial contraction to maintain stroke volume and
cardiac output within normal limits. We also
demonstrated that patients with severe AS and LV
hypertrophy frequently displayed markedly pro-
longed relaxation constants, making their diastolic
filling volume, and hence, their forward stroke vol-
ume, extremely dependent on the duration of
diastole (33). In atrial fibrillation, both phenomena
(i.e., the loss of atrial contribution to LV filling and
the reduced diastolic filling time) contribute to
reducing the filling volume, and subsequently, the
forward stroke volume. Combined with the loss of
pre-load reserve that characterizes pressure-
overloaded LVs, the onset of atrial fibrillation is
thus likely to result in reduced pre-load and aggra-
vation of afterload mismatch, and hence, in altered
ejection phase indexes, such as LVEF and myocardial
strain.
CLINICAL IMPLICATIONS. Our findings have impor-
tant clinical implications. First, they demonstrate
that the presence of truly depressed longitudinal or



FIGURE 4 Changes in Myocardial Strain After AVR
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Representative examples of 2 patients with severe AS (aortic valve area [AVA] 1 cm2 and indexed AVA 0.6 cm2/m2). Both display reduced pre-operative global lon-

gitudinal strain (GLS). The patient in the top panel had a low degree of interstitial fibrosis (0.7%) and recovered normal longitudinal function post-operatively,

whereas the patient in the bottom panel exhibited larger degrees of interstitial fibrosis (12.9%) and displayed no significant recovery of longitudinal function post-

operatively. AVR ¼ aortic valve replacement; GCS ¼ global circumferential strain; other abbreviation as in Figure 2.
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circumferential function, as identified by end-systolic
stress�strain relationships, is a marker of significant
myocardial tissue damage. Second, they allow pre-
dicting which patient is unlikely to recover normal
systolic function after AVR. We found a strong asso-
ciation between end-systolic stress�strain indexes
measured 6 months after AVR and both interstitial
myocardial fibrosis and pre-operative end-systolic
stress�strain indexes. We also found that these in-
dexes allowed predicting persistent post-operative
dysfunction with a sensitivity of 80% to 82% and a
specificity of 72% to 76%. Few previous studies have
investigated the ability of myocardial deformation
indexes to predict functional recovery or LV reverse
remodeling after AVR (34–36) Although these studies
demonstrated that pre-operative myocardial strain
was a predictor of post-operative functional recovery,
the published cutoff values were quite varied, prob-
ably due to the known vendor dependency of normal
strain values (37). In this regard, the present approach
might offer a vendor-independent solution, with
stress�strain indexes being expressed in relative
terms rather than in absolute terms.
STUDY LIMITATIONS. This study had limitations that
should be acknowledged. First, we used the mean
arterial pressure as a surrogate to end-systolic arterial



TABLE 5 Changes in Hemodynamic and Echocardiographic

Parameters After AVR

Pre-Op Post-Op p Value

Hemodynamic date

Heart rate, beats/min 71 � 13 70 � 13 0.525

Mean arterial pressure,
mm Hg

95 � 13 96 � 11 0.179

LV function

Indexed LVEDV, ml/m2 66 � 16 71 � 17 0.061

Indexed LV mass, g/m2 90 � 25 76 � 16 <0.001

LV ejection fraction, % 59 � 9 60 � 8 0.559

Global longitudinal
strain, %

�17 � 2 �18 � 3 0.001

Global longitudinal SSI �2.9 � 2.2 �1.8 � 2.8 <0.001

Global circumferential
strain, %

�29 � 5 �30 � 5 0.378

Global circumferential SSI �1.7 � 3.7 �1.1 � 4.3 0.100

ESWS, 103 dynes/cm2 33 � 15 33 � 13 0.240

Sphericity index 0.45 � 0.18 0.42 � 0.13 0.281

Thickness to radius ratio 0.51 � 0.14 0.51 � 0.12 0.996

Aortic valve stenosis indexes

Mean transvalvular FR, ml/s 225 � 57 230 � 71 0.894

Peak velocity, cm/s 420 � 69 193 � 54 <0.001

Mean gradient, mm Hg 45 � 15 9 � 5 <0.001

EOA, cm2 0.72 � 0.16 1.86 � 0.70 <0.001

Indexed EOA, cm2/m2 0.37 � 0.08 0.98 � 0.36 <0.001

Values are mean � SD.

AVR ¼ aortic valve replacement; other abbreviations as in Table 2.

TABLE 6 Intraobserver and Interobserver Reproducibility

Intraobserver
Reproducibility

Interobserver
Reproducibility

ICC 95% CI Bias ICC 95% CI Bias

Global longitudinal
strain

0.87 0.72–0.96 0.02 � 0.59 0.84 0.58–0.94 0.04 � 0.95

Global circumferential
strain

0.89 0.74–0.96 0.03 � 1.43 0.86 0.61–0.96 0.20 � 1.40

CI ¼ confidence interval; ICC ¼ intraclass correlation coefficient.

PERSPECTIVES

COMPETENCY IN MEDICAL KNOWLEDGE: In patients with

severe AS, and particularly those with LV hypertrophy, who had

depressed contractility can be concealed by the increase in wall

thickness, myocardial strains should always be assessed together

with ESWS. In these patients, end-systolic stress�strain rela-

tionships allow identification of patients presenting with signifi-

cant interstitial myocardial fibrosis and predict the extent of

recovery of myocardial strains after AVR.

TRANSLATIONAL OUTLOOK: Additional studies, preferably

multicentric, are needed to validate the present findings and to

test whether the results of the present study are applicable to all

patients who undergo AVR for the treatment of severe AS.
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pressure instead of calculating this parameter by
calibrated carotid pulse tracings (38), as was done in
our previous studies (18,33). This was due to the
unavailability of the appropriate instrument on the
echocardiographic systems used in this study.
Nonetheless, based on the high degree of covariance
between mean arterial pressure and end-systolic
arterial pressure that we found in our previous
experience (r2 ¼ 0.89; p < 0.001) (Supplemental
Figure 3) (33), we did not believe this significantly
affected our results. Second, the control subjects
were not matched to the patients with severe AS,
particularly with respect to age and cardiovascular
risk factors. Arguably, this could have affected the
measurements made, and thereby, could have
confounded the normal ranges provided. As shown
earlier, the end-systolic stress�strain relationships
obtained with the data with the data of an age-
matched subgroup of healthy control subjects being
similar to those obtained in the whole cohort, this
was unlikely the case.
CONCLUSIONS

Because of their afterload dependence, myocardial
strains should be assessed together with end-systolic
wall stress. This is particularly important in patients
with LV hypertrophy, who had depressed contrac-
tility can be concealed by the increase in wall thick-
ness. In patients with severe AS, end-systolic
stress�strain relationships allow identification of
patients presenting with significant interstitial
myocardial fibrosis and predict the extent of recovery
of myocardial strains after AVR.
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