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Abstract

Aims While global longitudinal strain (GLS) is considered to be a sensitive marker of left ventricular (LV) function, it is sig-
nificantly influenced by loading conditions. We hypothesized that global myocardial work index (GMWI), a novel marker of
LV function, may show better correlation with load-independent markers of LV contractility in rat models of
pressure-induced or volume overload-induced heart failure.

Methods and results Male Wistar rats underwent either transverse aortic constriction (TAC; n = 12) or aortocaval fistula cre-
ation (ACF; n = 12), inducing LV pressure or volume overload, respectively. Sham procedures were performed to establish con-
trol groups (n = 12/12). Echocardiographic loops were obtained to determine GLS and GMWI. Pressure-volume analysis with
transient occlusion of the inferior caval vein was carried out to calculate preload recruitable stroke work (PRSW), a
load-independent ‘gold-standard’ parameter of LV contractility. Myocardial samples were collected to assess interstitial and
perivascular fibrosis area and also myocardial atrial-type natriuretic peptide (ANP) and brain-type natriuretic peptide (BNP)
relative mRNA expression. Compared with controls, GLS was substantially lower in the TAC group (—7.0 £+ 2.8 vs.
—14.5 + 2.5%; P < 0.001) and was only mildly reduced in the ACF group (—13.2 £ 2.4 vs. —15.4 + 2.0%, P < 0.05). In contrast
with these findings, PRSW and GMWI were comparable with sham in TAC (110 £ 26 vs. 116 + 68 mmHg; 1687 + 275 mmHg%
vs. 1537 £ 662 mmHg%; both P = NS), while it was found to be significantly reduced in ACF (58 + 14 vs. 111 + 40 mmHg;
1328 + 411 vs. 1934 + 308 mmHg%, both P < 0.01). In the pooled population, GMWI (r = 0.70; P < 0.001) but not GLS
(r = —0.23; P = 0.12) showed a strong correlation with PRSW. GLS correlated with interstitial (r = 0.61; P < 0.001) and
perivascular fibrosis area (r = 0.54; P < 0.001), and also with myocardial ANP (r = 0.85; P < 0.001) and BNP relative mRNA
expression (r = 0.75; P < 0.001), while GMWI demonstrated no or only marginal correlation with these parameters.
Conclusions Being significantly influenced by loading conditions, GLS may not be a reliable marker of LV contractility in heart
failure induced by pressure or volume overload. GMWI better reflects contractility in haemodynamic overload states, making
it a more robust marker of systolic function, while GLS should be considered as an integrative marker, incorporating systolic
function, haemodynamic loading state, and adverse tissue remodelling of the LV.
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Introduction challenging issue in the clinical practice. Undoubtedly, ejec-

tion fraction (EF) is still the mainstay parameter of LV systolic
Despite constantly improving diagnostic modalities, adequate function with well-established diagnostic and prognostic
characterization of left ventricular (LV) function still remainsa  value. Nevertheless, evidence suggests that preserved EF
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does not always indicate maintained LV contractility, and con-
versely, markedly reduced EF may be associated with unal-
tered contractile state.’

Novel measures of LV function, such as speckle-tracking
echocardiography (STE)-derived deformation parameters,
have emerged as sensitive markers of myocardial
dysfunction.”®> Measurement of myocardial deformation,
particularly global longitudinal strain (GLS), effectively de-
tects subclinical stages of LV dysfunction in a wide variety
of cardiovascular diseases.? Therefore, assessment of LV
GLS was also emphasized in the current clinical guidelines.*

According to previous studies, strain and strain rate values
show a relationship with load-independent indices of LV con-
tractility in various experimental settings, such as rat models
of athlete’s heart or diabetic cardiomyopathy.>® However,
several studies have demonstrated that STE-derived strain
parameters are significantly influenced by loading
conditions.”® In a recent study by our research group using
rat models of pressure (PO)-induced and volume overload
(VO)-induced heart failure (HF), GLS did not show a relation-
ship with LV contractility, rather reflecting ventriculo-arterial
coupling (VAC).? These observations substantially affect the
interpretation of deformation parameters in haemodynamic
overload states of the LV. Considering that the loading
conditions dynamically change in the vast majority of cardiac
disorders (e.g. progression of valvular diseases and changes
in blood pressure), strain values may not be perceived as re-
liable markers of LV contractility in a large subset of patients.

The non-invasive assessment of myocardial work was
proposed as a promising new tool to overcome the afore-
mentioned limitations of STE-based mere strain by adjusting
ventricular deformation to afterload.’® Global myocardial
work index (GMWI), measured as the area enclosed by
the pressure-strain loop, showed close correlation with
positron emission tomography-derived myocardial glucose
metabolism.'® However, data are lacking regarding its associ-
ation with the gold-standard markers of LV contractility.

Accordingly, we hypothesized that compared with GLS,
GMW!I shows better correlation with load-independent
markers of LV contractility assessed by pressure-volume anal-
ysis in rat models of PO-induced and VO-induced HF.

Methods
Animals

The investigation conformed to the EU Directive 2010/63/EU
and the Guide for the Care and Use of Laboratory Animals
used by the US National Institutes of Health (NIH Publication
No. 85-23, revised 1996). The experiments were approved by
the Ethical Committee of Hungary for Animal Experimenta-
tion. The study is interpreted in accordance with the ARRIVE

(Animals in Research: Reporting in Vivo Experiments)
guidelines.!* The animals were kept under standard condi-
tions (22 + 2°C with 12 h light/dark cycles) and were allowed
access to laboratory rat diet and water ad libitum during the
entire experimental period.

Experimental groups

The following four groups were studied in the current
investigation:

Transverse aortic constriction (TAC) group (n = 12): rats
underwent TAC surgery, with a median follow-up period of
15 weeks;

Sham, group (n = 12): rats underwent sham surgery (same
procedure as TAC surgery without constriction of the aorta),
with a median follow-up period of 15 weeks;

Aortocaval fistula (ACF) group (n = 12): rats underwent ACF
surgery, with a median follow-up period of 24 weeks;

Sham, group (n = 12): rats underwent sham surgery (same
procedure as ACF operation without creation of the
aortocaval fistula), with a median follow-up period of
24 weeks.

Surgical models of pressure and volume
overload-induced heart failure

Transverse aortic constriction operation was performed to
establish PO-induced HF, as described previously.® In brief,
male Wistar rats (2-3 weeks old, 50-75 g) were
anaesthetised by isoflurane. Subsequently, a left anterolat-
eral thoracotomy was performed, and the aortic arch be-
tween the brachiocephalic trunk and the left common
carotid artery was prepared. This segment of the aorta was
subsequently constricted to the size of a 21-gauge needle
(outer diameter of 0.8 mm). Age-matched sham-operated an-
imals underwent the same surgical procedure but without
the completion of the aortic constriction (Sham,). In line with
previous literature data, a median follow-up period of
15 weeks was utilized after TAC/Sham, surgery to achieve
characteristic features of PO-induced HF.

Aortocaval fistula operation was carried out to establish
VO-induced HF according to the previously published
protocol.® Briefly, under isoflurane anaesthesia male Wistar
rats (5-6 weeks old, 175-200 g) underwent midline laparot-
omy. The abdominal aorta and the inferior vena cava were
subsequently isolated from the surrounding connective tissue
and temporarily clipped between the left renal artery and the
aortic bifurcation. After exclusion, the anterior surface of the
aorta was punctured with an 18-gauge needle (outer diame-
ter of 1.3 mm), which was thereafter advanced through the
adjacent venous wall, successfully creating an ACF. The punc-
ture of the anterior aortic surface was sealed by applying a
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drop of a cyanoacrylate glue (Loctite, Dusseldorf, Germany).
Sham-operated animals were subjected to the same surgical
procedure but with no ACF creation (Sham,). Based on previ-
ous publications, a mean follow-up period of 24 weeks was
applied after ACF/Sham, to evoke characteristic features of
VO-induced HF.

Conventional and speckle-tracking
echocardiography

Echocardiographic acquisitions were performed with an
echocardiographic imaging unit (Vivid i, GE Healthcare)
equipped with a 13 MHz linear transducer (GE 12L-RS, GE
Healthcare, Waukesha, WI, USA) according to our previously
described internal protocol with minor modifications.'?
Briefly, following anaesthesia using 5% isoflurane, the rats
were placed on an automatic heating pad in a supine position
in order to maintain a body temperature of 37°C measured
via rectal temperature probe. The thorax of the animals was
shaved to improve the acoustic window. Time-gated loops
in two-dimensional parasternal long-axis and short-axis views
as well as M-mode acquisitions at the mid-papillary level
were recorded by a single operator blinded to the experimen-
tal groups. By using an insonation depth of 2.5 cm, a constant
frame rate of 218 frame/s was achieved. Digital images were
analysed by a single operator in a blinded fashion using an
image analysis software (EchoPac, GE Healthcare). All values
were calculated as an average of three consecutive cardiac
cycles. LV end-diastolic diameter (LVEDD), LV end-systolic di-
ameter (LVESD), anterior wall thicknesses (AWT), and poste-
rior wall thicknesses (PWT) in diastole (d) were measured
on M-mode recordings. Using these aforementioned parame-
ters, fractional shortening (FS as [LVEDD-LVESD]/LVEDD), LV
mass, and relative wall thickness (RWT as [AWTd + PWTd]/
LVEDD) were quantified. LV end-diastolic volume (LVEDV),
LV end-systolic volume (LVESV) and ejection fraction (EF)
were also calculated according to the biplane ellipsoid model.

Speckle tracking echocardiography analysis was performed
in accordance with our internal protocol as described in detail
previously.® Briefly, 2D loops optimized for STE were obtained
from the parasternal long-axis view. Using dedicated software
(EchoPac v113, GE Healthcare), a blinded operator analysed
three different parasternal long-axis acquisitions, with three
cardiac cycles used from each acquisition. After manual
contouring of the endocardial border, the software automat-
ically separated the myocardial region of interest into six seg-
ments and tracked their longitudinal deformation frame-by-
frame, determining GLS. In case of low tracking fidelity, the
contour was further corrected manually, and the analysis
was repeated. The acceptance of a segment for inclusion in
further analysis was guided by the recommendation of the
software. lIdeally, for each parameter (3 x 3 x 6), 54

segmental values were available. Animals with <36 values
were not included in statistical analysis (none).

Pressure-volume analysis

Left ventricular pressure-volume (P-V) analysis was per-
formed according to the previously described protocol, with
slight modifications.™® In brief, immediately after the comple-
tion of the echocardiographic acquisitions, the rats were
tracheotomized, intubated, and artificially ventilated with
1-1.5% isoflurane gas in 100% O,. Rocuronium bromide in
the dose of 2 mg/kg was administered intraperitoneally to in-
duce muscle relaxation. A polyethylene catheter was inserted
into the left external jugular vein for fluid administration. A
2F microtip pressure-conductance catheter (SPR-838, Millar
Instruments, Houston, Texas, USA) was inserted into the right
carotid artery and subsequently advanced into the ascending
aorta. Following stabilization, arterial blood pressure was
recorded. The catheter was then guided into the LV under
pressure control. With the use of a dedicated P-V analysis
program (PVAN, Millar Instruments, Houston, TX, USA), the
following were calculated/determined: LV end-systolic pres-
sure (LVESP), LV end-diastolic pressure (LVEDP), LVEDV,
LVESV, EF, stroke volume (SV), and cardiac output (CO).
Stroke work (SW) was estimated as the area of the
resting pressure-volume loop. In order to calculate
load-independent contractility parameters, P-V loops were
registered at transiently decreasing preload. This was
achieved by transient occlusion of the inferior caval vein. Pre-
load recruitable stroke work (PRSW) was calculated as a
load-independent reliable index of LV contractility. Further-
more, to characterize myocardial compliance, the slope of
the end-diastolic P-V relationship (EDPVR) was derived from
P-V analysis. Parallel conductance and volume calibration of
the conductance system were performed as previously
described.**

Interstitial and perivascular fibrosis

Transverse transmural 5-pm thick slices of the ventricles
were cut and placed on adhesive slides. The extent of
myocardial fibrosis was assessed on picrosirius-stained sec-
tions, as also described earlier.®® ImageJ software (National
Institutes of Health) was used to identify the picrosirius-red
positive area. Six images (magnification 50x) were randomly
taken from the free LV wall on each section. After back-
ground subtraction, eye-controlled auto-threshold was deter-
mined to detect positive areas. The collagen area (picrosirius
red positive area-to-total area ratio) was determined on each
image, and the mean value of six images was used to repre-
sent each animal. The perivascular fibrosis was assessed by
the percentage of perivascular collagen area to total vascular
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area.’® The extent of perivascular fibrosis was also assessed
by using Imagel) software. The evaluation of the histological
sections was performed by an independent observer who
was blinded to the experimental design.

Myocardial gene expression

Deep-frozen samples of LV myocardium (n = 7-8 per group)
were homogenized (Precellys Evolution tissue homogenizer,
Bertin Instruments, Montigny-le-Bretonneux, France) in a ly-
sis buffer (RLT buffer; Qiagen, Hilden, Germany). During tis-
sue homogenization, the temperature of the samples was
maintained at 0°C by using the Cryolis Evolution cooling sys-
tem (Bertin Instruments). RNA was isolated using the RNeasy
Fibrous Tissue Mini Kit (Qiagen), according to the manufac-
turer’s instructions. The quality and concentration of isolated
RNA  were assessed by the NanoDrop 2000
Spectrophotometer (Thermo ScientificTM, Waltham, MA,
USA). Accordingly, optical density at 230, 260, and 280 nm
was measured. The ratios of 230/260 and 230/280 nm were
defined for quality control. Reverse transcription reaction
(1 pg total RNA of each sample) was completed using the
QuantiTect Reverse Transcription Kit (Qiagen). Quantitative
real-time PCR was performed with the StepOnePlus
Real-Time PCR System (Applied Biosystems, Foster City, CA,
USA) in triplicates of each sample in a volume of 10 pl in
each well containing cDNA (1 pL), TagMan Universal PCR
MasterMix (5 plL), and a TagMan Gene Expression Assay
(0.5 pL) (Applied Biosystems) for the following pathological
hypertrophy marker genes: atrial natriuretic peptide (ANP;
assay ID: Rn00664637_g1) and brain-type natriuretic peptide
(BNP; assay ID: Rn00580641_m1). Gene expression data were
normalized to glyceraldehyde 3-phosphate dehydrogenase
(GAPDH; assay ID: Rn01775763_gl1), and expression levels
were calculated using the CT comparative method (2-ACT).
All results are expressed as values normalized to a positive
calibrator (a pool of cDNA from all samples of the Sham,
group [2-AACT).

Assessment of myocardial work

To assess myocardial work, longitudinal strain and invasive LV
pressure recordings were exported and analysed using our

custom-made software (implemented in C#). First, the open-
ing and closure timepoints of the mitral and aortic valves
were identified on the analysed echocardiographic loops by
visual assessment. These timestamps were defined automat-
ically on the LV pressure curves during the P-V analysis. Next,
using these temporal reference points, both curves were dis-
sected into four sections (isovolumetric contraction, ejection,
isovolumetric relaxation, and diastolic filling), with each sec-
tion of the strain curve being matched with the correspond-
ing section of the pressure tracing. Due to the different
temporal resolution of the datasets (strain tracing: 218/s,
LV pressure: 1000/s), the timestamps of the pressure and
strain tracings were normalized in each section. The strain
values were then interpolated for the timestamps based on
the LV pressure recording. The four sections of the recordings
were subsequently concatenated, and pressure-strain loops
were plotted. The instantaneous power was calculated by
multiplying the strain rate (obtained by differentiating the
strain curve) and the instantaneous LV pressure. Finally,
GMWI was computed by integrating the power from mitral
valve closure until mitral valve opening.*°

Statistical analysis

All values are expressed as mean + standard error of the
mean. The distribution of the datasets was tested by the Sha-
piro-Wilk normality test. An unpaired two-sided Student’s
t-test, in case of normal distribution, or a Mann-Whitney U
test, in case of non-normal distribution, was used to compare
means of two independent groups (TAC vs. Sham, and ACF vs.
Sham,) and the HF models (TAC vs. ACF).

Based on the normal or non-normal distribution of
datasets, Pearson or Spearman test was used for correla-
tional analysis.

A P value of <0.05 was used as criterion for statistical sig-
nificance. Furthermore, two additional categories (P < 0.01
and P < 0.001) were introduced to indicate the strength of
the observed statistical difference.

Intracbserver and interobserver variability of the most rel-
evant deformation parameters was also assessed using coef-
ficient of variation and Lin’s concordance correlation
coefficient (Table 1).

Table 1 Intra- and interobserver variability of the key LV deformation parameters

Intraobserver variability

Interobserver variability

ICC (95% ClI) cv 1CC (95% ClI) cv
GLS 0.974 (0.913-0.993) 4.168% 0.944 (0.816-0.985) 7.462%
GMWI 0.962 (0.872-0.990) 4.954% 0.929 (0.771-0.980) 7.883%

ICC, intraclass correlation coefficient; CV, coefficient of variation; Cl, confidence interval; GLS, global longitudinal strain; GMWI, global

myocardial work index
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Results

The TAC and ACF groups showed the characteristic features
of PO-induced and VO-induced HF (Table 2). As a marker of
severe PO, LVESP was found to be markedly elevated in
TAC, while mildly lowered in ACF compared with their corre-
sponding Sham group. LVEDP was significantly increased in
both HF models. LVESV was found to be increased in both
TAC and ACF; however, ACF chamber enlargement was more
pronounced. PV analysis-derived LVEF was found to be lower
in both TAC and ACF; however, the extent of reduction was
markedly higher in TAC. SW was comparable between the
study groups, while CO was significantly lower in both HF
models compared with their corresponding Sham group.
EDPVR showed marked increase in the TAC group compared
with its corresponding control group. In contrast, EDPVR did
not differ in the ACF group from its Sham group (Table 2).

Echocardiographic measurements showed significantly in-
creased LVEDD and LVESD in both HF groups, with an evi-
dently higher increment of LV dimensions in the ACF group.
RWT was markedly increased in TAC (concentric hypertrophy)
and decreased in ACF (eccentric hypertrophy) compared with
their corresponding Sham group. LVM and LVMi were ele-
vated in both TAC and ACF to a comparable extent. Func-
tional parameters, such as LVEF and FS, demonstrated
markedly lower systolic function in TAC. FS was significantly
lower in ACF, while EF showed only a tendency toward lower
values when compared with Sham, (Figure IA, Table 3).

Both interstitial and perivascular fibrosis were markedly in-
creased in TAC, while remaining unaltered in ACF compared
with their corresponding Sham group. On the other hand,
both HF groups demonstrated significantly higher ANP and
BNP expression. Nevertheless, the relative increase in the na-
triuretic gene expression was more pronounced in TAC
(P < 0.001; Figure 1B).

While conventional echocardiographic parameters showed
no sign of overt functional deterioration, PRSW was markedly
lower in ACF compared to Sham,. Moreover, in contrast with
the markedly decreased EF and FS, LV contractility appeared
to be preserved in TAC (Figure 2).

Global longitudinal strain was lower in both haemody-
namic overload groups compared with their corresponding
sham. Nevertheless, the extent of decrease was more evident
in TAC (Figure 2). In contrast with these findings, GMW!I was
found to be markedly lower in ACF compared with Sham,,
while TAC showed GMWI values that were comparable with
Sham (Figure 2).

In the pooled study population, EF failed to demonstrate a
relationship with PRSW (r = 0.07, P = 0.67). GLS also did not
correlate with PRSW (r = —0.23, P = 0.12). On the other hand,
GMW!I showed a strong positive correlation with PRSW
(r = 0.70, P < 0.001; Figure 3). This finding was consistent
when only the TAC-Sham, (r = 0.77; P < 0.001) and ACF-
Sham, (r = 0.71; P < 0.001) groups were examined. Whereas

PO vs. VO

P value
(Sham, vs. ACF)

VO-induced HF

P value
(Sham, vs. TAC)

PO-induced HF

Table 2 Basic haemodynamic data of the study groups

P value

ACF (n = 12)

Sham, (n = 12)

TAC (n = 12)

Sham; (n = 12)

0.40
<0.001
0.07
<0.001
0.15
<0.001

<0.01

0.98

0.06
<0.001
<0.001
<0.001

0.02

<0.01

175 =53

309 = 22
475.2 £ 93.5
448 = 9.6

1069 = 17.4
262.5 £ 70.9

212.7 £ 59.5

310 = 22
120.6 = 14.3
10.5 = 3.0
280.1 £ 354
119.4 = 36.0
160.7 = 33.0
57.7 £ 10.5

0.01
<0.001
<0.001

0.25
<0.001
<0.001
<0.001

301 = 22
233.1 £ 31.7

331 =29
118.2 = 14.0
8725
283.5 £47.4
124.7 = 26.9
158.8 = 27.3

56.4 £ 5.1

LVESP, mmHg
LVEDP, mmHg
LVEDV, uL
LVESV, pL

HR, b.p.m.
SV, uL

EF, %

- < |%
oo >
e =
9°° |3
€
3
o
>
2
©°
-~
(%]
8
9

m 00 O
cow [2
oo 0—'
=
o
>
o
=
=]
c
[}
>
[+ =
< L
0 o M -0
Lo |23
> RS |B
ol I
—no |§¥
HHH |28
NN O L wn
N O ™M S <
NS o a;
0 o EV’
O — S5
L E
279
@ >
Lo
Sam |BE
NSo |s 8
—0° |sHh
—mo ?_’5
H o+ H L;m
~no~ |3 o
o~ |2
cwvo |5 E
omnoc |52
< — >g
£y
gg
=
L5
-
N
coo |8
OO |'c©
$°% <3
P
o =
c
<9
x‘>
£
L0
27
sz
#gﬂ c L
Ne2e |23
oo |&T.
Ha4 2L
< wn < v ©n
NN €9
como |59
wono |§ &
N — Qv
D=
22
2 4
A
= T
% o c
352 [g2
om®S |og®
— Mo 17;3
HA 4|25
ovox |LT
ng N |Bo
noo |§>
N LN O =
N — e>:"§
o n”
o wn
s
215
22 |E&¢
€2 |38
« LT |90
L o€ |vpo
EIT E |8+
SE L |8 c
EEZL |TE
Y- v
o=4g [0.9
Vohw |U D

ESC Heart Failure 2021; 8: 2220-2231

DOI: 10.1002/ehf2.13314



Myocardial work index is a marker of contractility 2225

Figure 1 (A) Morphological features of the study groups measured by echocardiography. Upper panel: Representative 2D echocardiographic images of
the two heart failure models and a Sham-operated animal (red lines: myocardial wall thickness, white lines: end-diastolic diameter). While the left
ventricular (LV) end-diastolic diameter was markedly enlarged in aortocaval fistula (ACF, n = 12) group, it was only mildly increased in transverse aortic
constriction (TAC, n = 12) compared to their corresponding control (Sham, and Sham,, n = 12/12). The relative wall thickness was decreased in ACF,
while it was increased in TAC. LV fractional shortening was significantly lower in both HF groups. On the other hand, LV ejection fraction was main-
tained in ACF, while it was significantly lower in TAC compared to their corresponding Sham. [Statistics: Student’s unpaired t-test]. (b) Markers of left
ventricular (LV) fibrosis and wall stress. Upper panel: Representative histological samples of the two heart failure models and a Sham-operated animal.
The area of interstitial and perivascular fibrosis was unaltered in the aortocaval fistula (ACF, n = 6) model compared to its Sham operated control
(Sham,, n = 6), while it was significantly increased in transverse aortic constriction (TAC, n = 6) model compared with the corresponding Sham group
(Sham, n = 6). Nevertheless, both atrial (ANP) and brain-type natriuretic peptide (BNP) levels were significantly increased in both HF models.
[Statistics: Student’s unpaired t-test; Mann—Whitney U-test].
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Table 3 Basic echocardiographic data of the study groups

PO vs. VO
P value
<0.001
<0.001
<0.001

0.03

VO-induced HF

ACF (n = 12)

PO-induced HF

TAC (n = 12)

P value (Sham, vs. ACF)

Sham, (n = 12)

P value (Sham, vs. TAC)

Sham; (n = 12)

<0.001
<0.001
<0.001
<0.001
<0.001

<0.01

8.69 = 0.66
0.341 £ 0.05
3.42 = 0.69
2.87 = 0.55

13.25 = 1.06
342 £5.0

8.37 £ 0.54
4.82 = 0.71
0.491 = 0.07
1.39 £ 0.18

<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001

<0.01

8.98 = 0.54
6.21 = 0.82

0.657 = 0.11
2.69 = 0.59

2.29 = 0.47
30.7 £ 8.8

7.85 = 0.76
416 = 0.76

0.497 = 0.05
1.19 £ 0.24

1.09 £ 0.19
474 =54

2

LVEDD, mm
LVESD, mm
LVM, g

RWT, %

0.03
0.28

<0.01

1.26 £ 0.14
425 6.4

LVMi, g/m
FS, %

<0.001
<0.001
<0.001
<0.001

0.06
<0.001
<0.001
<0.001
<0.001

59.0 + 3.6
1815.3 = 251.3
743.1 £ 111.9

1072.2 £ 172.6
337 487 + 66 083

64.8 + 9.2

546.8 = 46.2
191.7 = 50.1

355.0 £ 63.3
127 973 = 19 838

0.16
0.20

296.3 £ 54.0
89 708 + 17 382

49.6 = 8.9
600.7 £ 74.2
304.4 £ 741

128.0 = 39.8

255.8 £ 62.9
102 295 + 22 236

66.7 = 6.2
383.8 £ 91.1

LVESV, uL

LVEDV, uL
SV, uL

EF, %

CO, mL/min

CO, cardiac output; EF, ejection fraction; FS, fractional shotening; LVEDD, left-ventricular end-diastolic diameter; LVEDV, left ventricular end-diastolic volume; LVESD, left ventricular

end-systolic diameter; LVESV, left ventricular end-systolic volume; LVM, left ventrricular mass; LVMi, left ventricular mass index; RWT, relative wall thickness; SV, stroke volume.

GLS did not correlate with LV contractility, it showed a strong
correlation with relative LV ANP (r = 0.85; P < 0.001) and BNP
(r=0.75; P < 0.001) expression as well as with LV interstitial
(r = 0.61; P < 0.001) and perivascular fibrosis (r = 0.54;
P < 0.001) (Figure 4). GMW!I demonstrated only marginal
or no correlation with these markers (vs. ANP: r = —0.42,
P < 0.05; vs. BNP: r = —0.35, P = 0.09; vs. interstitial fibrosis:
r = —0.03, P = 0.88; vs. perivascular fibrosis: r = 0.09,
P = 0.57). Furthermore, the extent of interstitial (r = 0.52,
P < 0.001) and perivascular (r = 0.57, P < 0.001) myocardial
fibrosis showed correlation with diastolic stiffness parameter
EDPVR.

Intracbserver and interobserver variability measurements
confirmed high reproducibility of the GLS and GMWI mea-
surements (Table I).

Discussion

In our study, invasive haemodynamic and conventional echo-
cardiographic measurements of the ACF and TAC groups con-
firmed the characteristic features of VO-induced and
PO-induced HF, respectively. In contrast with the conven-
tional parameters of LV function, PV analysis-derived PRSW
—a load-independent gold-standard parameter of LV
inotropy—showed markedly reduced myocardial contractility
in ACF, whereas it was found to be preserved in TAC. While
LV GLS did not reflect the actual inotropic state of the LV in
our current experiments, GMWI demonstrated a strong linear
correlation with PRSW. On the other hand, GLS showed nota-
ble correlation with LV interstitial and perivascular fibrosis as
well as myocardial natriuretic peptide expression in the
pooled population.

Current HF guidelines strongly emphasize the importance
of LVEF measurement: the distinction of HF with reduced
(HFrEF) or with preserved EF (HFpEF) carries important con-
sequences in patient management.16 The assessment of LV
systolic function by EF is still fundamental, as impaired LVEF
is a more or less unambiguous marker of underlying cardiac
disease. Nevertheless, it is widely known that EF is signifi-
cantly affected by multiple factors, including preload,
afterload, and chamber geometry. Therefore, EF should not
be perceived as a marker of contractility per se but rather
as an integrative index of systolic performance.’ To date, sep-
aration of the different determinants (e.g. inotropy, preload,
and afterload) of LV systolic function is only feasible by
performing invasive P-V analysis. In fact, the caval vein occlu-
sion method enables the investigator to measure PRSW,
which has been reported to be highly independent from
chamber geometry and loading conditions.'” By calculating
PRSW, prior experimental studies have revealed that LV con-
tractility shows typical alterations in PO-induced and
VO-induced HF.% Importantly, these investigations have
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Figure 2 Left ventricular (LV) functional parameters. (A) Representative pressure-volume loops of the study groups. Preload recruitable stroke work, a
load-independent marker of contractility, showed distinct changes in haemodynamic overload states: aortocaval fistula (ACF, n = 12) demonstrated
significantly deteriorated values, while the transverse aortic constriction (TAC, n = 12) group had maintained LV contractility. (b) In contrast with these
findings, global longitudinal strain was only mildly decreased in the ACF group while it was markedly lower in TAC compared with their corresponding
sham (Sham, and Sham,, n = 12/12). (c) Representative pressure-strain loops of the study groups. The changes of global myocardial work index (GMWI)
showed a pattern resembling to PRSW: in ACF, GMWI was significantly lower, while it was preserved in TAC compared with their control. [Statistics:

Student’s unpaired t-test].
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also highlighted that EF does not reflect the changes in LV
inotropy under pathophysiological states when chronic hae-
modynamic overload is present.'>® Accordingly, preserved
or even increased PRSW along with clearly decreased EF
has been reported in aortic banded rats.*®° On the contrary,
massively reduced PRSW coupled with slightly decreased EF
has been consequently noted in ACF models.*® The signifi-
cance of the LV contractility determination in haemodynamic
overload-induced HF is highlighted by the fact that it might
anticipate the improvement of LV systolic function after cor-
rection of the primary haemodynamic insult. However, P-V
analysis cannot be routinely performed in the everyday clini-
cal situation. Hence, efforts have been made to find alterna-
tive less-invasive methods.

Speckle tracking echocardiography has emerged as one po-
tential candidate. This is underpinned by the fact that GLS has
exhibited high sensitivity in detecting myocardial dysfunction
at an early phase of HF development, when conventional
functional measures (i.e. EF) are still in the normal range.?

Furthermore, GLS was shown to have a strong diagnostic
and prognostic role in a wide variety of cardiovascular dis-
eases, effectively facilitating its implementation to everyday
clinical practice.> According to previous studies using rat
models of athlete’s heart and diabetic cardiomyopathy,
STE-derived strain and strain rate parameters indeed show
a relationship with load-independent markers of LV contrac-
tility, which elucidates its incremental clinical value.>® Never-
theless, it is important to mention that in these experimental
settings, pathological LV overload was absent. In a recent
publication of our research group, we have demonstrated
that GLS does not correlate with LV contractility indices in
rat models of VO-induced and PO-induced HF, rather
reflecting VAC.® Therefore, GLS carries similar shortcomings
to the conventional measures of LV function with its consid-
erable load sensitivity.

These findings are also confirmed by strong clinical evi-
dence. Increased LV preload results in augmented GLS, and
conversely, LV unloading decreases GLS values.®?! In patients
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Figure 3 Correlation of left ventricular (LV) contractility and LV deformation parameters. Global longitudinal strain (GLS) did not correlate with preload
recruitable stroke work (PRSW). Conversely, global myocardial work index (GMW!I) demonstrated strong correlation with PRSW, a gold standard
load-independent parameter of LV contractility in the pooled study population (n = 48). [Statistics: Pearson’s correlation coefficient analysis].
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with severe LV volume overload (e.g. mitral and/or aortic re-
gurgitation), maintained LV systolic function may obscure sig-
nificant LV contractile dysfunction: marked reduction in GLS
is a common finding following mitral valve repair even in
the presence of maintained (or even supernormal) preopera-
tive values.?*%3 In contrast with these findings, GLS values are
generally lower in the case of LV pressure overload (e.g. arte-
rial hypertension and aortic valve stenosis), and the deterio-
ration in GLS can be at least partially restored by
appropriate treatment (blood pressure-lowering medical
therapy and valve replacement).”?*

Importantly, other factors with limited reversibility may
also affect LV longitudinal deformation. Beyond loading con-
ditions, altered LV geometry and adverse myocardial tissue
remodelling also contribute to the changes of GLS values.?>%®
The presence of conduction abnormalities (e.g. left bundle
branch block) were also found to impair GLS through in-
creased afterload sensitivity.?” Nevertheless, even if overt
changes of the myocardial macrostructure and microstruc-
ture are observed, GLS is highly dependent on the corre-
sponding loading conditions.

The rationale of myocardial work is based on these obser-
vations: the pressure-strain curve-derived indices examine LV
deformation in the context of the corresponding pressure.'®

By using the data of the STE analysis and a simple blood pres-
sure measurement, GMWI is an easy-to-measure parameter
which is already implemented into a commercially available
software.?® Myocardial work index has shown to be sensitive
markers of LV dysfunction, enabling the detection of myocar-
dial damage on the regional and global levels.*®?® Clinical
data are scarce regarding GMWI in overload states. However,
available evidence are concurrent with our observations:
arterial hypertension with no signs of HF augments GMWI,
while mitral regurgitation results in lower GMWI values.?*°
Moreover, the correction of mitral regurgitation with
transcatheter mitral valve repair is associated with
increasing myocardial work indices along with unchanged
GLS, justifying the concept of load-adjusted deformation
parameters.3°

On the other hand, GLS demonstrated strong correlation
with interstitial and perivascular fibrosis in addition to myo-
cardial BNP expression. Previous clinical studies confirm
these findings, demonstrating that GLS is an early and reliable
marker of LV fibrosis as well as a precise parameter of LV wall
stress.>%32 According to these results, GLS may rather be per-
ceived as a composite marker of overall LV myocardial ‘well-
ness’, incorporating contractility, loading conditions, and
adverse myocardial tissue remodelling.
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Figure 4 Correlation between global longitudinal strain (GLS) and markers of LV wall stress and fibrosis. GLS showed a significant correlation with atrial
natriuretic peptide (ANP; n = 24) as well as area of myocardial interstitial fibrosis (n = 39) in the pooled study population. [Statistics: Pearson and Spear-

man correlation coefficient analysis].
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Conclusions

In our study, rat models of PO-induced and VO-induced HF
showed discrepancy between the load-independent
markers of contractility and the STE-derived GLS: in the
presence of considerable LV haemodynamic overload, GLS
does not reflect inotropy. GMWI, which examines LV longi-
tudinal deformation in the context of the corresponding
pressure, may be a useful marker of LV contractility in a
wide range of loading conditions. As such, it may be a ro-
bust marker of LV systolic function with a meaningful clin-
ical value. Nevertheless, GLS demonstrated a relationship
with LV myocardial fibrosis and neurohumoral markers of
LV wall stress, suggesting that LV GLS may not be a pure
functional, but a more integrative parameter, as its magni-
tude is influenced by inotropy, chamber geometry, and ad-
verse tissue remodelling.

Limitations

Regarding our study, several limitations may be addressed.
Firstly, rat models of PO-induced and VO-induced HF
pathophysiologically differ from the clinical setting observed
in humans. In the ACF model, an acute severe LV VO is gen-
erated, compared to the typically progressively worsening
VO associated with mitral or aortic regurgitation. It is also im-
portant to mention that the TAC model does not cover the
whole spectrum of aortic stenosis. Of particular interest, in
distinct patients (e.g. low-flow, low-gradient aortic stenosis),
impairment of LV contractility can be seen.®®

In contrast to the conventional method where LV GLS is
measured from multiple apical views, GLS was quantified
from the parasternal long-axis view. Nevertheless, evidence
suggests that the insonation angle has only a modest effect
on the measurement of LV GLS.34 In order to calculate GMWI,
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invasively measured LV pressure was used. Nevertheless, the
calculation of GMWI by the commercially available
non-invasive method have been thoroughly validated against
invasive measurements. Due to these differences, GMWI was
calculated using a custom software. However, the utilized
myocardial work calculation method is fundamentally the
same as those described in previous publications.®
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