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Noninvasive assessment of myocardial work ==

during left ventricular isovolumic relaxation
in patients with diastolic dysfunction
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Abstract

Background This study aims to investigate the value of myocardial work (MW) parameters during the isovolumic
relaxation (IVR) period in patients with left ventricular diastolic dysfunction (LVDD).

Methods This study prospectively recruited 448 patients with risks for LVDD and 95 healthy subjects. An additional
42 patients with invasive measurements of left ventricular (LV) diastolic function were prospectively included. The MW
parameters during IVR were noninvasively measured using EchoPAC.

Results The total myocardial work during IVR (MW,), myocardial constructive work during IVR (MCW,), myocar-
dial wasted work during IVR (MWW, ;5), and myocardial work efficiency during IVR (MWE, ;) of these patients were
122.54+60.1 mmHg%, 85.7 +£47.8 mmHg%, 36.7 & 30.6 mmHg%, and 69.4 4 17.8%, respectively. The MW during

IVR was significantly different between patients and healthy subjects. For patients, MWE, ; and MCW,, were signifi-
cantly correlated with the LV E/e'ratio and left atrial volume index, MWE, 4 exhibited a significant correlation with the
maximal rate of decrease in LV pressure (dp/dt per min) and tau, and the MWE, ; corrected by IVRT also exhibited a
significant correlation with tau.

Conclusions MW during IVR significantly changes in patients with risks for LVDD, and is correlated to LV conventional
diastolic indices, including dp/dt min and tau. Noninvasive MW during IVR may be a promising tool to evaluate the LV
diastolic function.

Keywords Diastolic dysfunction, Isovolumic relaxation, Myocardial work, Myocardial work during isovolumic

relaxation
Background
Myocardial strain analysis has been validated as a reliable
method for evaluating myocardial function. However,
strain parameters are load dependent [1]. Myocardial
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Fig. 1 Flowchart for the selection of study participants. LVDD, left ventricular diastolic dysfunction

The diastolic assessment of the left ventricle (LV)
remains challenging [8]. In several studies, MW param-
eters have exhibited some correlations with traditional
LV diastolic parameters, such as the septal and lateral tis-
sue Doppler €] average E/e’ ratio, and maximal left atrial
volume index (LAVI) [9-11]. However, MW covers a
time interval of both ventricular systole and isovolumic
relaxation (IVR). Parameters correlated to myocardial
performance during IVR, such as strain rate during IVR,
have been shown to be useful for detecting early diastolic
abnormalities, and associated with global diastolic dys-
function [12-14]. However, the MW during IVR has not
been previously investigated. Furthermore, the role of MW
parameters during the IVR period derived from MW has
never been evaluated in healthy subjects and patients.

The present study aims to investigate the value of meas-
uring MW during IVR in patients with left ventricular
diastolic dysfunction (LVDD). The hypothesis of measur-
ing MW during IVR is a promising approach to assess the
LV diastolic function.

Methods

Study population

For the present study, 448 patients with risks for LVDD
and 95 healthy subjects, who attended Beijing Hospital

between October 2019 and August 2022, were consecu-
tively included (Fig. 1).

The risks for LVDD included hypertension (systolic
and diastolic BP >140/90 mmHg), hypercholesterol-
aemia (fasting plasma low-density lipoprotein [LDL]
cholesterol > 160 mg/dL), diabetes mellitus (fasting
plasma glucose >126 mg/dl and glycated hemoglobin
level > 6.5%), and/or obesity (body mass index > 30 kg/
m?). The exclusion criteria were, as follows: (1) left
ventricular ejection fraction (LVEF) of<50%; (2) any
pathological changes that could cause a pressure gradi-
ent between the aorta and left ventricle; (3) moderate
or severe valvular heart disease; (4) arrhythmia, such
as atrial fibrillation, supraventricular arrhythmias, left
bundle branch block, etc.; (5) severe pulmonary, kid-
ney, and/or liver disease; (6) the image quality for the
speckle tracking analysis was poor.

Healthy subjects were defined, as follows: subjects
who are free of any diseases and cardiovascular risk
factors, such as hypertension, hyperlipemia, diabetes,
obesity and coronary artery disease (CAD); subjects
not receiving medications; subjects without abnormal
findings in the routine transthoracic echocardiogra-
phy, based on the guidelines of the American Society
of Echocardiography (ASE) [15]. Healthy subjects were
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excluded when the image quality was poor in the
speckle tracking analysis.

An additional 42 patients, who received LV catheteriza-
tion due to suspected CAD, were prospectively recruited.
The invasive measurements included the maximal rate of
decrease in LV pressure (dp/dt min), time constant of LV
isovolumic pressure decline (tau), and left ventricular end
diastolic pressure (LVEDP).

The present study was approved by the institutional
review board (IRB) (NCT03905200). All participants
provided a signed informed consent.

Echocardiography

Echocardiography was conducted by experienced sonog-
raphers using the Vivid E95 ultrasound system (GE Ving-
med Ultrasound, Horten, Norway). Images in cine loop
format were analyzed offline using the EchoPAC soft-
ware (EchoPAC 204, GE Vingmed Ultrasound). All indi-
ces were measured according to ASE guidelines [15, 16].
Pulse Doppler imaging was used to measure the mitral
valve peak early (E) and late (A) diastolic velocities, E/A
ratio, and LV isovolumic relaxation time (IVRT). LVEF
was calculated using the biplane Simpson’s method. LV
global longitudinal strain (GLS) was defined as the aver-
age peak longitudinal strains obtained from three apical
views [17]. Peak strain dispersion (PSD) was the standard
deviation of the time-to-peak longitudinal strains for all
segments [18].

According to the criteria of ASE [19], the cut-offs for
abnormal LV diastolic performance were, as follows:
(1) septal mitral annular e’ velocity of<7 cm/s or lateral
mitral annular ¢’ velocity of<10 cm/s; (2) average E/e’
ratio of>14; (3) LAVI of >34 ml/m?% (4) peak tricuspid
regurgitation velocity of >2.8 m/s. The patients were diag-
nosed, as follows: LVDD, when >50% of the indexes met
the above criteria; indeterminate LVDD, when merely
50% of the criteria were positive; with risk of develop-
ing LVDD but not LVDD yet, when<50% of the indexes
met the above criteria [19]. For patients with LVDD,
the severity of LVDD was defined according to the 2016
EACVI criteria [19, 20], as follows: mild, when E/A <0.8
and E<50 cm/s or>2 negative criteria (LAVI>34 ml/
m>, average E/e’>14, or TR>2.8 m/s); moderate, when
E/A<0.8 and E>50 cm/s or 0.8<E/A<2+4+>2 posi-
tive criteria (LAVI>34 ml/m? average E/e’>14, or
TR >2.8 m/s); severe, when E/A > 2. Based on the above
two criteria, the patients in the present study were cat-
egorized into three subgroups: patients with risks
for LVDD but without LVDD (n=237), patients with
indeterminate or mild LVDD (n=113), and patients
with moderate or severe LVDD (n=98). Among these
patients, three patients met the criteria for mild LVDD,
and seven patients met the criteria for severe LVDD.
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Conventional myocardial work parameters

In the EchoPAC software, the MW parameters were
obtained through the pressure-strain loop (PSL) area
module constructed from the curves for noninvasively
estimated LV pressures and LV strains. The peak LV sys-
tolic pressure was assumed to be equal to the brachial
cuff systolic BP measured during the echocardiographic
study. This noninvasive method was validated by vari-
ous research teams [1, 3, 4, 21, 22]. The myocardial work
was calculated as the integral of power between mitral
valve closure and mitral valve opening. The timings for
the valvular events were defined on Doppler spectrums
before entering the automated function imaging (AFI).
The global work index (GWI) was defined as the total
MW within the PSL area, from mitral valve closure to
mitral valve opening. Global constructive work (GCW)
was defined as the MW performed for shortening during
ventricular systole and lengthening during IVR. Global
wasted work (GWW) was defined as the MW performed
for lengthening during ventricular systole and shortening
during IVR. Global work efficiency (GWE) was calcu-
lated as the percentage of myocardial constructive work
in the total MW (GCW / [GCW + GWW ] x 100).

MW parameters during the isovolumic relaxation period
The MW parameters for ventricular systole were derived
by entering the timings of the mitral valve closure and
aortic valve closure (defined from the Doppler trace
at the aortic valve). Global systolic constructive work
(GSCW) was defined as the MW during shortening in
systole, and global systolic wasted work (GSWW) was
defined as the MW during lengthening in systole. The
MW parameters specific for IVR were calculated through
deduction: MCW,, (myocardial constructive work dur-
ing IVR, the myocardial work performed for lengthening
during IVR)=GCW—GSCW; MWW,z (myocardial
wasted work during IVR, the myocardial work performed
for shortening during IVR) = GWW—GSWW. The total
myocardial work during IVR (MW,) was obtained from
the sum of MCW,; and MWWz Myocardial work
efficiency during IVR (MWEyz) was calculated, as fol-
lows: MCW g / (MCWpyg+MWWiyp) X 100%. The
MW |y parameters were normalized by dividing these by
the corresponding IVRT.

Invasive measurements

A total of 42 patients, who underwent LV catheterization
for coronary angiography, were prospectively included.
The invasive LV pressure was recorded. The LV dp/dt
min, tau and LVEDP were averaged over 3—-6 cardiac
cycles. An LVEDP value of>16 mmHg was defined as
an elevated LV filling pressure [23]. The invasive values
were measured by two researchers, who were blinded to
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Table 1 Clinical characteristics of healthy subjects and patients
Variable Healthy subjects (n =95) With risk for LVDD but Indeterminate or Moderate or P-value
no LVDD (n=237) mild LVDD (n=113) severe LVDD
(n=98)
Age, years 388486 626+89% 66.5+9.1° 69.1+£96 <0.001
Men, n (%) 50 (52.6) 164 (69.2)° 70(61.9) 52(53.1) 0.007
BMI, kg/m? 235430 258438 256431 264439 <0001
Systolic BP, mmHg 1186+ 13.8M5 13034165% 13544171 13514158 <0.001
Diastolic BR, mmHg 7574105 760£112 7484107 750499 0.747
Heart rate, beats/min 68.7 4100 663497 6544106 646494 0.024
Cardiovascular risk factors
Hypertension, n (%) 0(0)" 160 (67.5)*F 93 (82.3) 75 (76.5) <0.001
Hypercholesterolemia, n (%) 0 () 168 (70.9) (7 2) 67 (68.4) <0.001
DM, n (%) JORS 102 (43.0)° 3(46.9) 56 (57.1) <0001
CAD, n (%) 0(0)f 31 (55.3)F (43 8) 44 (454) <0001
Biochemical indexes
BNP, pg/ml - 27.4(13.5-49.6)° 400 (214-77.8)° 76.9 (45.2-153.2) <0.001
HbA1c, % - 66+1.1 68+1.1 68+14 0.182
Fasting blood-glucose, mmol/L - 61+£16° 6.7+23 64+25 0.024
Uric acid, umol/L - 3398+775° 41.84989° 41224446.1 0.021
LDL_C, mmol/L - 22407 23408 21408 0335
Homocysteine, pmol/L - 11.9434% 140480 138478 0.005
LPa, mg/L - 99 (43.5-192.5) 101 (41.3-269.8) 116 (17.5-261.5) 0973
Creatinine, umol/L - 70.7£145 725+194 783+50.8 0.086

BNP Brain natriuretic peptide, CAD Coronary artery disease, BMI/ Body mass index, BP Blood pressure, DM Diabetes mellitus, LDL_C Low-density lipoprotein cholesterol,

LVDD Left ventricular diastolic dysfunction
P <0.05, compared to subjects with risks for LVDD but no LVDD
¥ P<0.05, compared to indeterminate or mild LVDD patients

§ P<0.05, compared to moderate or severe LVDD patients

the results of the MW measurements. All patients under-
went coronary angiography with multiple projections.
CAD was defined when the lumen was stenotic for more
than 50% in one or more major epicardial coronary arter-
ies [24].

Statistical analysis

Continuous variables with normal distribution were
expressed as mean + standard deviation (SD), or median
(interquartile range) when the normal distribution was
not confirmed. The comparison of normally distributed
variables between two groups was performed using inde-
pendent-sample ¢-test. The comparison of non-normally
distributed variables was performed using Mann—Whit-
ney U-test. Comparisons among three or more groups
of continuous variables were analyzed using analysis of
variance (one-way ANOVA, non-normally distributed
variables were log transformed). X? or Fisher’s exact test
was used for categorical data comparisons. Pearson’s
correlation was used to test the association between
MW parameters during IVR, and clinical or conven-
tional echocardiographic variables, or dp/dt min, tau and

LVEDP. The intra- and inter-observer variabilities of the
MW parameters during IVR were assessed using intra-
class correlation coefficients (ICCs). P<0.05 was consid-
ered statistically significant. The statistical analysis was
conducted using the SPSS 23.0 software.

Results

Comparison between patients in the different LVDD
subgroups and normal subjects

The clinical and biochemical characteristics are pre-
sented in Table 1. The present study included 95 healthy
patients, 237 patients with risk for LVDD but no con-
firmed LVDD, 113 patients with indeterminate or mild
LVDD, and 98 patients with moderate or severe LVDD.
The age, body mass index (BMI), and systolic BP were
significantly lower in healthy subjects, when compared to
the patients (P<0.001). The levels of plasma brain natriu-
retic peptide (BNP) and uric acid were higher in the mod-
erate or severe LVDD group, when compared to the levels
in the other two patient groups (P <0.005). There were no
significant differences in the majority of the clinical and
biochemical characteristics (BMI, diastolic BP, heart rate,
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Table 2 Echocardiographic data of healthy subjects and patients
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Variable Healthy subjects (n=95) With risk for LVDD but Indeterminate or mild  Moderate or severe P-value
no LVDD (n=237) LVDD (n=113) LVDD (n=98)
Echocardiographic parameters
LVEF, % 6524211 63.64+4.1% 61.6+6.8° 596485 <0.001
IVRT, ms 643+£233™ 920+31.9% 10844363 100.7 +£339 <0.001
€'Septal TDI, cm/s 0.13£0.09™ 0.06+0.02" 0.0540.01 0.0540.01 <0.001
e'Lateral TDI, cm/s 0.15+£003" 0.09+0.02% 0.06+0.02 0.06+0.02 <0.001
Mitral E/e’ ratio 654158 9.74+2.1% 150+£33° 184£55 <0.001
LAVI, ml/m? 185446 227+65% 292+70° 380470 <0.001
LAST, % 3744811 289+7.4% 238+60° 208+69 <0.001
PASP, mmHg 217+£39™ 262+54° 264+62° 306463 <0.001
GLS and MWs
GLS, % -18342.5M 173427 -165+33 -16.34+4.0 <0.001
PSD, ms 4574187 6144325 71.0£32.1 7114318 <0.001
GWI, mmHg% 1,848.0+302.1 1,830.7 +£3796 1,807.2+475.2 1,810.64549.7 0.889
GCW, mmHg% 2,008.1+294.8 2,058.04394.6 2,068.1 4982 2,020945719 0.688
GWW, mmHg% 7164383 105.5470.2% 141.84£90.1 13564794 <0001
GWE, % 95.7 4235 93.843.8% 918455 915458 <0.001
MW,y parameters
MW, mMHg% 78.8+41.9' 116.7 £56.0* 137.34+657° 119.3+60.5 <0.001
MCW,ye, mmHg% 59343417 85.7 £44.9° 95.5450.2° 745+£496 <0.001
MWW, mmHg% 19541641 31.04£29.3% 4184333 4484278 <0.001
MWE, g, % 74941377 73541577 69.3+17.3° 5944197 <0.001

GCW Global constructive work, GLS Global longitudinal strain, GWE Global work efficiency, GWI Global work index, GWW Global wasted work, /VR Isovolumic
relaxation, IVRT Isovolumic relaxation time, LASr Left atrial longitudinal strain during reservoir phase, LAVI Maximal left atrial volume index, LVEF Left ventricular
ejection fraction, LVDD Left ventricular diastolic dysfunction, MCW,,, Myocardial constructive work during IVR, MW Myocardial work, MW, Total myocardial work
during IVR, MWE,; Myocardial work efficiency during IVR, MWW, Myocardial wasted work during IVR, PASP Pulmonary artery systolic pressure, PSD Peak strain

dispersion, TDI Tissue doppler imaging

* P<0.05, compared to subjects with risks for LVDD but no LVDD
¥ P<0.05, compared to indeterminate or mild LVDD patients

$ P<0.05, compared to moderate or severe LVDD patients

HbAlc, fasting blood-glucose, LDL cholesterol, LPa and
creatinine) among the patient groups (P>0.05).

The echocardiographic indices for LV systolic and dias-
tolic performance were significantly different among the
patient groups (Table 2). The PSD was higher in patients
with intermediate/mild LVDD and moderate/severe
LVDD. GWW was significantly lower, and GWE was sig-
nificantly higher in healthy subjects, when compared to
patients with risks for LVDD. There was no significant
difference in GWW or GWE between patients with inde-
terminate or mild LVDD, and patients with moderate or
severe LVDD.

Associations between myocardial work parameters

during the isovolumic relaxation period, and the clinical
and echocardiographic variables in healthy subjects
(Supplementary table 1).

The values for MW yp, MCW iy, MWWy and MWE
in healthy subjects are presented in Table 2. MWy,
MCW,yx and MWW were significantly correlated

with LV IVRT and systolic BP. Both MW and MCW
were mildly correlated with the left atrial longitudinal
strain during the conduit phase (LAScd). No significant
correlations were found between the MW parameters
during IVR, and age or heart rate.

Associations between myocardial work parameters

during the isovolumic relaxation period, and the clinical
and echocardiographic variables in patients
(Supplementary table 1)

MW g, MCW yr and MWW were significantly cor-
related with the IVRT. MWE, exhibited a mild corre-
lation with the IVRT (r=-0.121, P<0.05). MW and
MCW y were associated with age and systolic BP. The
MW parameters during IVR exhibited weak or no cor-
relations with most of the left atrial strain parameters
and serum biochemical indicators. No significant cor-
relation was found between MW parameters during the
IVR period and heart rate. MWz and MCW, were
significantly higher in patients with risk for LVDD but no
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Fig. 2 MW parameters during IVR, when compared across the different groups. IVR, isovolumic relaxation; LVDD, left ventricular diastolic
dysfunction; MCW, s, myocardial constructive work during IVR; MW,g, total myocardial work during IVR; MWE, 5, myocardial work efficiency during
IVR; MWW, 5, myocardial wasted work during IVR. "P<0.05, when compared to healthy subjects

confirmed LVDD, when compared to healthy subjects.
MW yr and MCW/y reached the maximum in patients
with indeterminate or mild LVDD, and these declined in
patients with moderate or severe LVDD (Table 2, Fig. 2).
MWE, exhibited a unidirectional change along with
the severity of LVDD, with the lowest value in patients
with moderate or severe LVDD (Table 2, Fig. 2). IVR ‘cor-
rected’ MW yr, MCW g and MWWy did not exhibit
the dynamic pattern mentioned above when the diastolic
dysfunction progressed. With the progress of the dias-
tolic dysfunction, the IVR ‘corrected’ MW Wy gradually
increased, while the IVR ‘corrected” MWEy gradually
decreased (Supplementary table 2, Supplementary Fig. 1).

Correlations among invasive measurements

and myocardial work during the isovolumic relaxation
period, myocardial work, and other diastolic parameters
The measurements obtained during catheterization are
presented in Supplementary table 3. LVEDP was elevated
in 26 patients (61.9%). The dp/dt min and tau were sig-
nificantly correlated with MWE,,; (r=0.329, P=0.033
and r=-0.503, P=0.001, respectively; Table 3, Fig. 3).
Normalized MWW, and normalized MWE; were
significantly correlated with tau (r=0.333, P=0.031

and r=-0.316, P=0.042, respectively; Supplementary
table 4). The dp/dt min was significantly correlated with
GWI, LASr and LASct. Tau was significantly correlated
with GWE, GWI, GCW, LASr and LASct. LVEDP was
significantly correlated with IVRT, € septal TDI, and
LAVI (Supplementary table 4).

Observer variabilities of myocardial work parameters
during the isovolumic relaxation period

The intra- and inter-observer variabilities were meas-
ured in 30 randomly selected subjects. The ICC for
intra-observer variability was 0.85 (95% CI: 0.71-0.93)
for MWy and 0.87 (95% CI: 0.75-0.94) for MWEy.
The ICC for inter-observer variability was 0.85 (95% CI:
0.55-0.94) for MW,z and 0.85 (95% CI: 0.70-0.92) for
MWE;yg.

Discussion

MW parameters during IVR are novel echocardiographic
parameters derived from MW. The present study was the
first to report on MW parameters during the IVR period.
The investigators identified novel MW parameters dur-
ing IVR, which were correlated with the LV diastolic dys-
function measured by conventional echocardiography.
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Table 3 Correlations between invasive measures of LV diastolic function and MW, parameters (n=42)

Variable dp/dt min, mmHg/s tau, ms LVEDP, mmHg

r P r P r P

MW,ye, mmHg% -0.055 0.728 0.009 0.957 -0.216 0.170
MCW,yz, mmHg% 0.042 0.791 -0.162 0.305 -0.131 0.408
MWW,p, mmHg% -0.194 0218 0.294 0.059 -0.266 0.089
MWE 5, % 0329 0033 -0.503" 0.001 -0.021 0.894

dp/dt min the maximal rate of left ventricular pressure decrease, VR Isovolumic relaxation, LVEDP Left ventricular end diastolic pressure, MCW,,,, Myocardial
constructive work during IVR, MW, total myocardial work during IVR, MWE,,, Myocardial work efficiency during IVR, MWW,,,; Myocardial wasted work during IVR.

Normalized MW,,; parameters, MW, parameters corrected by IVRT
"P<0.05

"P<0.01
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Fig. 3 Correlations between dp/dt min and MWE, (A), and correlations between tau and MWE, 4 (B); dp/dt min, the maximal rate of left
ventricular pressure decrease; IVR, isovolumic relaxation; MWE, z, myocardial work efficiency during IVR

In addition, it was identified that MW-derived indices,
especially MWE,, moderately correlated with the inva-
sively measured dp/dt min and tau.

Myocardial work parameters during isovolumic relaxation
in healthy subjects

For the 95 healthy subjects, MWz, MCW yr, MWWy
and MWE,,; were not correlated with age or heart rate.
These findings were different from the findings reported
by Santoro et al. [25]. In the study conducted by Santoro
et al,, 65% of the patients were <49 years old, while in the
present study, 85.3% of the patients were <49 years old.
Furthermore, a study revealed that the levels of GCW,
GWW and GWE were stable until the age of 45 years old.
Thereafter, there was an upward shift to further stable
values of GCW, and a linear increase in GWW with the
advance of age, resulting in lower GWE [9]. The differ-
ence in age may have contributed to the different find-
ings between these studies. For the heart rate, the present
results were consistent with the results reported by pre-
viously published studies [9, 26]. The MW during IVR

increased with the increase in systolic BP. The impact
of BP on MW indices was reported by a study [27, 28].
This impact appears to exist even within the physiologi-
cal range of BP during the shorter period of the car-
diac cycle, such as IVR. In addition, most of the MWy
parameters in the present study had very strong positive
correlations with IVRT. This implies that the longer the
IVR, the higher the total work of the myocardium.
Cardiac efficiency is the ratio between constructive
work and total work (the sum of both constructive and
wasted work). It was identified that in normal controls,
MWEyg (74.91+13.7%) was significantly lower than the
GWE analyzed during systole and IVRT (95.7 £2.3%).
This suggests that there is a higher proportion of wasted
MW during the IVR interval, when compared to that in
systole. The shortening, which is waisted and included
in the calculation of wasted MW in IVR, is also called,
post-systolic shortening [29]. Although widely deemed
as a pathological sign, post-systolic shortening appeared
to exist in healthy subjects in the present study. This was
also observed by other studies [30, 31]. The quantification
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of myocardial work efficiency would help to further dif-
ferentiate between patients and normal subjects.

Indices for left ventricular diastolic dysfunction

Traditional LV diastolic function indices, such as septal
and lateral e average E/e’ ratio and LAVI, are the recom-
mended measurements for diastolic function analysis [19].
However, each index has its limitations [13, 20]. There-
fore, the identification of optimal parameters for LV dias-
tolic assessment remains as an ongoing pursuit, from both
clinical and research perspectives. MW parameters dur-
ing IVR may be good candidates. MW parameters during
IVR were significantly correlated with the LV systolic and
diastolic functional parameters in the present study. How-
ever, it was observed that similar to IVR [32], MW, and
MCW |y exhibited a dynamic pattern as the diastolic dys-
function progressed. This may limit its clinical application,
since the MW values were lower in patients with moder-
ate and severe LVDD, when compared to patients with
indeterminate and mild LVDD. The significant correlation
between these MW parameters and IVR duration was
likely responsible for this pattern. As the left atrial pressure
increased along with the diastolic dysfunction, the IVR
was shortened after initially being prolonged [19]. After
MWyr and MCW,y;, were normalized for IVRT time,
these parameters no longer exhibited the dynamic pattern
mentioned above as the diastolic dysfunction progressed.
Among all the MW parameters, regardless of whether
these were normalized or non-normalized, MWEy was
better and not impacted by the dynamic pattern. As shown
in Fig. 2, MWEy exhibited a unidirectional change as the
diastolic dysfunction progressed, making it a good candi-
date for diagnosis, and stratifying the degree of diastolic
dysfunction (9.2+5.3%/s, 7.2+3.6%/s, and 6.5+4.5%/s,
respectively, for subjects with risk for LVDD but no LVDD,
indeterminate or mild LVDD patients, and moderate or
severe LVDD patients, P<0.05).

Associations between myocardial work during isovolumic
relaxation and invasive measurements

The noninvasive assessment of LV diastolic function
remains challenging [19]. The correlations between some
traditional parameters and invasive parameters were
weak in the present study. The E/e’ ratio has been gen-
erally accepted for estimating the increase in LV filling
pressure, and is included in the present guidelines and
recommendations. However, the correlation between
E/e’ and dP/dt min, tau, or LVEDP was poor in the pre-
sent study (r=0.084, r=0.029 and 0.032, respectively).
Similar results were also reported by other studies [33,
34]. Based on the present results, MWE, is promis-
ing, since this was significantly associated with both
tau (r=-0.503) and dp/dt min (r=0.329). As the most
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established index to describe myocardial relaxation [35],
the tau index measured during IVR was mostly correlated
with MWE . LVEDP is an important measurement for
ventricular filling pressure, which is impacted by both
myocardial relaxation and myocardial stiffness [36, 37].
This explains why there was no correlation between MW
during IVR and LVEDP.

Limitations

The present study had some limitations that should be
mentioned. The average age of the healthy subjects was
significantly lower, when compared to the patient groups.
However, there was no significant correlation between
age and MW parameters during IVR in healthy subjects.
Hence, the impact of age on the MW parameters may
not be significant. In the present study, echocardiogra-
phy and cardiac catheterization were not simultaneously
performed. Therefore, the pressure data during the IVR
period was derived based on estimation, affecting the
reliability of the MW parameters. Furthermore, the role
of ventricular dyssynchrony was not comprehensively
evaluated in the present study. Increased ventricular
afterload would impair early relaxation, and induce wall
dyssynchrony. The present results revealed that there
was a mild correlation between PSD and MW, param-
eters. However, further in-depth research on the dyssyn-
chrony and contraction of myocardial fibers during IVRT
is needed. Lastly, there were very few patients with mild
and severe LVDD.

Conclusions

MW during IVR progresses along with the severity of
LVDD, and has some correlation with LV invasive dias-
tolic indices, including dp/dt min and tau. Noninvasive
MW during IVR may be a promising tool to evaluate the
LV diastolic function.
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