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Attenuation of Stress-based Ventricular Contractility in Patients with Heart Failure

and Normal Ejection Fraction

Liang Zhong,'rwp, Kian Keong Poh,*up, Li Ching Lee,’wp, Thu Thao Le, 'ms., Ru San Tan,'sp

Abstract

Introduction: The maximal rate of change of pressure-normalised wall stress do*/dt, ,_hasbeen
proposed as cardiac index of left ventricular (LV) contractility. In this study, we assessed the
capacity of de*/dt, ,_to diagnose heart failure with normal ejection fraction (HFNEF). Materi-
als and Methods: One hundred healthy normal controls and 140 patients admitted with heart
failure (100, HFREFand 40, HFNEF) underwentechocardiography for stress-based contractility
de*/dt, . Patients with significant valvular heart disease were excluded. Tissue Doppler indices
were also measured. Results: do*/dt, was4.43+1.27 stin control subjects; reduced in HFNEF,
3.02+0.98s; and HFREF, 2.00 £ 0.67 s (P <0.001). In comparison with age- and sex-matched
groups (n = 26 each), we found similar trend on reduction of de*/dt,, (normal control; 3.91
+0.87 st; HFNEF, 2.90 + 0.84 s; HFREF, 1.84 + 0.59 s, P <0.001). On multivariate analysis,
de*/dt,, was found to be the independent predictor of HFNEF and HFREF. The area under
the curve of the receiver operating characteristics (ROC) in detecting HFNEF compared with
normal controls (de*/dt,  >3.2 s*) was 0.84 (P <0.0001), and in detecting HFREF compared with
HFNEF (do*/dt, >2.32 s*) was 0.88 (P <0.0001). Conclusion: This data confirms that de*/dt,
on echocardiography is a powerful independent predictor in patients with HFNEF. In a popula-
tion with a high suspicion of HFNEF, do*/dt, , may significantly contribute to early diagnosis

and hence be useful in the triage and management of HFNEF patients.
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Introduction

Heart failure (HF) is a major health care burden: it is
the leading cause of hospitalisation in persons older than
65 years,! and confers an annual mortality of 10%.> HF
can occur with either normal or reduced left ventricular
(LV) ejection fraction (EF). Patients with heart failure
with normal ejection fraction (HFNEF) generally have
concentric LV remodeling with increased wall thickness
(duetoincreased cardiomyocyte diameter and extracellular
matrix collagen), whereas patients with HFREF often exhibit
eccentric remodeling with an increase in end-diastolic
volume (due to increased cardiomyocyte length).> Both
HF with normal EF (HFNEF) and HF with reduced EF
(HFREF), also commonly known as diastolic and systolic
HF, respectively, have equally poor prognosis.* Many studies
have reported that various systolic function indices are
mildly depressed in patients with HFNEF.>* Abnormalities

demonstrated include a reduction in long-axis shortening,’
adeclinein systolic velocity of basal myocardial and mitral
valve annular motion® and abnormalities of both strain and
strain rate.’ Indeed, it is well recognised that impairments
in myocardial contractility may coexist with HFNEF.!® A
novel LV contractility index, do*/df (maximal rate of
change of pressure-normalised wall stress) was previously
validated'" and used in recent study.'? The objective of this
study is to establish the clinical utility of do*/d¢ _as a tool
for diagnosis of HFNEF.

Materials and Methods
Subjects

Patients referred to our echocardiography service with
symptoms and signs of heat failure as assessed by expert

cardiologists by use ofthe Framingham criteria'* underwent
echocardiography and electrocardiography (ECG). Patients
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with atrial fibrillation, more than mild mitral or aortic
valvularregurgitation, and unsatisfactory echocardiographic
images were excluded. All patients had either NYHA II1
or IV heart failure. Patients with HF possessing a LVEF
>50% were deemed to have normal LVEF, in accordance
with recent consensus recommendations.' All subjects
gave informed consent. The hospital ethics committee
approved the study.

Echocardiography Study

Transthoracic echocardiography was performed using
echocardiographicimaging system (Vivid 7, GE, Vingmed)
by registered diagnostic cardiac sonographers. Ventricular
dimensions, wall thickness, chamber volumes, stroke
volume and myocardial volume were determined from
2-dimensional and M-mode measurement using standard
methods.'* For measurement of LV diastolic filling pattern,
mitral flow velocities were obtained from the apical
4-chamber view using pulsed wave Doppler technique
with the sample volume at the tips of the mitral valve
leaflets. Peak E (peak early trans-mitral filling velocity
during early diastole) and A (peak trans-mitral atrial filling
velocity during late diastole) wave velocities (cm/s) were
measured and E/Aratio was calculated. E wave deceleration
time (DT) was also calculated as the time elapsed between
peak E velocity and the point where the extrapolation
of the deceleration slope of E velocity crosses the zero
baseline measured in milliseconds. LV outflow tract
velocity was obtained from apical 5-chamber view, using
pulsed wave Doppler technique with the sample volume
at the aortic annular level. LVOT maximal velocity Vo
was measured. Myocardial tissue Doppler (TDI) velocities
were also estimated at the septal and lateral mitral annular
positions, in the apical 4 chamber view. All measurements
were averaged over 3 cardiac cycles. Brachial blood
pressure was determined by sphygmomanometry. End-
systolic pressure was determined from the product of 0.9
x systolic blood pressure. Effective arterial elastance (E =
end-systolic pressure + stroke volume) and circumferential
end-systolic wall stress (cCESS) were determined as measures
of ventricular afterload.'”

Assessment of Ventricular Contractility in Terms of Stress-
based Index do*/dt

During LV contraction, myocardial sarcomere activation
generates myocardial wall stress, which in turn induces
intracavitary pressure. Rate of pressure development is
assessed by maximal dP/dt. As myocardial wall stress
precedes LV intracavitary pressure, we believe myocardial
wall stress to be a logical substrate for development of
quantitative assessment of ventricular performance. By

using biomechanical model,!!

LV wall stress is expressed as:

o=P i_Fl
N2

()

where o is wall stress,
P and V are LV intracavitary pressure and volume, and
V. is myocardial volume.

Rearranging the equation, we get:
s O R
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Analogous to dP/dt,  , we defined do*/dt, | as:
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where 6* is o/P or pressure-normalised wall stress, and
dv/de,  , maximal flow rate.

The latter is easily calculated from standard
echocardiography: product of maximal left ventricular
outflow tract (LVOT) velocity on pulse-wave Doppler echo,
Vm » and LVOT area:

dvit =V ., > 7D%4 4

where D is the LVOT diameter measured in the
2-dimensional parasternal long-axis image of the heart.
Myocardial volume is calculated from the quotient of LV
mass (obtained from standard M-mode echocardiography)
and myocardial density (assumed to be 1.05 g/ml).

Statistical Analysis

Results from normally distributed continuous data are
shown as mean + SD. Continuous variables were compared
by the use of one-way analysis of variance (ANOVA) with
Bonferroni correction. In the age- and sex-matched study,
multinominal logistic regression analysis was performed
to find predictor for HFNEF and HFREF. In addition,
receiver operating characteristics (ROC) curves were used
to determine the predictive power of do*/dt,  _for HFNEF
and HFREF. A P value of <0.05 was considered significant.
Statistical analysis was performed with SPSS software.
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Results
Patients

We recruited 100 subjects with heart failure and reduced
ejection fraction (HFREF) and 40 with heart failure and
normal ejection fraction (HFNEF), and compared to these
with 100 healthy subjects. The subject characteristics are
listed in Table 1. HFNEF patients were likely to be older,
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female, and had higher prevalence of hypertension than
normal controls. Meando*/dt, was4.43+1.27s™ incontrol
subjects; reduced in HFNEF, 3.02 + 0.98 s™!; and HFREEF,
2.00 £ 0.67 s'. There were significantly higher values of
LVEF, heart rate (HR), and systolic blood pressure (SBP)
in HENEF compared to normal controls. As expected,
diastolic function (i.e., higher peak A, DT, septal E/E'
and lateral E/E', lower E/A ratio, septal E' and lateral E')

Table 1. Patients Characteristics and Echocardiographic Measurements in Control, HFNEF and HFREF

Variables Controls (n = 100) HFNEF (n = 40) HFREF (n = 100)
Age (years) 38+ 17 69 £ 11¢ 63 £ 128%
Male, % 70 308 77*
Height, cm 1689 155 £ 98 161 £ 128+
Weight, kg 63£10 65+ 15 65+ 16
BSA (m’) 1.71£0.16 1.66 % 0.20 1.69£0.18
HR (beats/min) 63+ 10 71£ 118 78 4 128%
Hypertension, % 20 308 358
DBP (mmHg) 71+11 75+ 12 74 £ 14
SBP (mmHg) 125+ 21 136 £ 24¢ 123 & 24*
LVEF (%) 67+5 T1E£7 274 9
Echocardiographic Measurement

EDD (cm) 481041 4.52£0.64% 5.87 £ 0.80%
EDV (ml) (M-mode) 109 £ 22 96 =+ 32 176 & 53%*
EDV (ml) (Biplane) 110 £27 93 +24 164 & 508
Stroke volume index (ml/m?) 43+ 10 43+ 10 28 + gk
LV mass index (g/m?) 74+ 16 114+ 318 126 = 37¢
Relative wall thickness 0.33 +0.06 0.51 £ 0.138 032 4+0.11*
LV Diastolic Function

E (cm/s) 79+ 16 74+ 24 74+22
A (cm/s) 53+ 17 90 =+ 26 64 & 245%
E/A ratio 1.64 £ 0.60 0.84 £0.27¢ 1.44 £ 0.96*
DT (ms) 182 £27 237 £ 62} 152 & 47%*
Septal E' (cm/s) 123£3.5 7.843.8 6.0 £ 1.9%*
Septal E/E' 6.9%£2.0 10.4 £4.2¢ 13.3 £ 5.3%
Lateral E' (cm/s) 163+438 8.8 £ 3.4 774228
Lateral E/E' 52%1.6 9.243.9 10.2 £ 4.0
LV Systolic Function

Septal S' (cm/s) 9.0+ 1.8 8.5%3.0 5.8 2.5%
Lateral S' (cm/s) 11.4£3.0 9.6%3.5 6.5 2.0%*
do*/dt,, (s") 44+12 3.0+ 0.9 2.0 4 0.7

A: mitral atrial flow velocity on echo-Doppler; BSA: body surface area; HR: heart rate; DBP: diastolic blood pressure; SBP: systolic blood pressure;
EDD: end-diastolic diameter; EDV: end-diastolic volume; DT: mitral E deceleration time; E: mitral early velocity; E': septal mitral annular myocardial

velocity on tissue Doppler imaging; LVEF: left ventricular ejection fraction.

The values are expressed as mean + SD.

$ and * denote statistically significant difference of HF compared to controls, HFREF compared to HFNEF patients, respectively.

(Bonferroni pairwise test, P value <0.05)
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Table 2. Echocardiographic Measurements in Age- and Sex-matched Control, HFNEF and HFREF

Variables Controls (n = 26) HFNEF (n = 26) HFREF (n = 26)
EDD (cm) 4.81+0.38 4.61 +0.61 5.74 + 0.84%*
EDV (ml) (M-mode) 109+ 19 100 + 31 167 + 53%*
EDV (ml) (Biplane) 100 + 23 90 +31 154 + 485%
LVEF (%) 68.3+5.1 66.5+4.9 33+ 13.7%*
LV diastolic function

E/A ratio 0.96 +0.38 0.78 £0.24 1.26 +0.90*
DT (ms) 214 +47 214 + 67 157 + 415
Septal E/E' 8.48+2.10 9.79+3.29 13.68 + 4.78%*
Lateral E/E' 6.64 £ 1.55 8.39+£2.76 10.28 =+ 3.40%*
LV afterload

E, (mmHg/ml) 1.70 + 0.49 1.80 + 0.60 2.69 + 0.82%*
CESS (g/cm?) 133 £42 102 +26 231 + 998+
LV systolic function

Septal S' (cm/s) 73+3.7 82+3.1 5.4+ 1.5%
Lateral S' (cm/s) 8.8+4.8 93433 5.8+ 1.5%*
do*/dt,, (s") 3.91+0.87 2.90 +0.84%* 1.84 £ (0.59%*

A: mitral atrial flow velocity on echo-Doppler; BSA: body surface area; HR: heart rate; DBP: diastolic blood pressure; SBP: systolic blood pressure;
MBP: mean blood pressure; EDD: end-diastolic diameter; EDV: end-diastolic volume; DT: mitral E deceleration time; E: mitral early velocity; E'": septal
mitral annular myocardial velocity on tissue Doppler imaging; LVEF: left ventricular ejection fraction.

The values are expressed as mean + SD.

¥ and * denote statistically significant difference of HF compared to controls, HFREF compared to HFNEF patients, respectively.

(Bonferroni pairwise test, P value <0.05)

Table 3. Multivariate Logistic Regression for Each Variable to Predict (a) HFNEF Compared with Controls, (b) HFREF Compared with Controls, (c)

HFNEF Compared with HFREF

Variables Controls vs HFNEF Controls vs HFREF HFNEF vs HFREF
Coefficient (95% CI) Coefficient (95% CI) Coefficient (95% CI)
Septal E/E' -0.048 (-0.48, 0.38) 0.56 (-0.073, 1.20) 0.60 (0.039, 1.16)*
Lateral E/E' 0.51(-0.13, 1.14) 0.15 (-0.64, 0.95) -0.31 (-0.88, 0.26)
E/A ratio -2 (-4.61, 0.64) -1.06 (-3.58, 1.46) 0.54 (-1.34,2.43)
DT -0.002 (-0.019, 0.016) -0.019 (-0.043, 0.004) -0.018 (-0.036, 0)*

do/dt, (s -1.80 (-3.08, -0.51)*

-5.90 (-9.20, -2.92)*

417 (-6.91, -1.46)*

*represents P <0.05

is impaired in HFNEF. Longitudinal systolic velocities
septal S' and lateral S' are depressed in HFNEF compared
to normal control.

In age- and sex-matched 26 subjects in each of three
groups, mean do*/dt, was 3.91 s (95%CI, 3.56-4.26
s in control subjects; reduced in HFNEF, 2.90 s (95%
CI, 2.56-3.24 s'); and HFREF, 1.84 (95% CI, 1.60-2.07
s1) (Table 2). Amongst clinical and echocardiographic
variables, do*/dt _was the only independent predictor of
HFNEF and HFREF on multinomial logistic regression
analysis (Table 3). The coefficient for do*/dt, _was —1.80
(P = 0.006) between HFNEF and controls, and —5.90 (P

<0.001) between HFREF and controls, respectively. Area
under ROC (receiver operating characteristic) curve for
the prediction of HFNEF with do*/dt <3.20 s was 0.84
(P <0.001) (Fig. 1A) compared with controls; while area
under ROC curve for the prediction of HFREF with do*/
dt, <2.32s'was0.88(P<0.001)(Fig. 1B) compared with
HFNEF, respectively.

Chi-square model was performed for diagnosis of HFNEF
compared with normal controls. Figure 2 showed that do*/
dt was the greatest contributor (incremental y*) to the
total model y for predicting HFNEF among normal LVEF
subjects in this study. The marked increase in the cumulative
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Fig. 1. The area under the receiver operating characteristic (ROC) curve is
used for the detection of HFNEF and controls (A) and in HFREF and HFNEF
patients (B), using decreased do*/dt, .
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Fig. 2. Incremental value of E/E', E/A and DT and da*/dtﬂm variables for
predicting heart failure with normal ejection fraction (HFNEF). Note the
marked increase in the cumulative prognostic information provided by do*/
dt, . over the presence of abnormal E/A and DT added to other tissue Doppler

m

echocardiographic variables (i.e., septal E/E").
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prognostic information providedby do*/dt  wasnoted over
the presence of abnormal E/A and DT added to other tissue
Doppler echocardiographic variables (i.e., septal E/E").

Discussion

This study shows that patients with HFNEF have
significantly reduceddo*/dt,  compared tonormal controls.
Onmultinomial logistic regression analysis,do™*/dt,  isthe
only independent predictor for HFNEF versus normal, and
outperforms conventional diastolic and systolic parameters.
This finding raises the possibility that patients with HFNEF
have impaired ventricular contractility undetected by the
measurements usually made when patients with suspected
heart failure undergo echocardiographic assessment. Before
accepting this point of view, one must ask what exactly
does do*/dt, measure and why should this index identify
abnormalities apparently missed by conventional indices
such as fractional shortening and left ventricular ejection
fraction?

do*/dt ., the change rate of normalised wall stress
derived from biomechanical model," is quite different from
left ventricular ejection fraction and other conventional
measurement of left ventricular systolic function. It is
related more to myocardial contractility.!! Consistent with
other study in the literature, LV wall stress was proposed
as an intrinsic measure of LV contractile function.'*'¢ Since
pressure is not always easily measurable, we conceived
maximum pressure-normalised stress as a contractility
indicator. This eliminates the pressure term and facilitates
calculation of the index from noninvasive measurements.
Pressure-normalised stress (o/P) is, by nomeans, an arbitrary
concept. Ithas also been employed by other investigators as
anindex of wall stress since itis a pure geometric parameter
and represents the left ventricle’s physical response to
loading, and allows comparison between ventricles at
different pressure. Furthermore, normalisation of ventricular
measurements to the myocardial volume or mass has been
used to standardise pressure volume relations.'”!* We have
hence extended this concept and formulated an expression
where do*/dt ~can be represented as the quotient of
maximal left ventricular flow rate and myocardial volume."
Indeed, HFNEF have been reported to correlate with
left ventricular mass and LV concentric hypertrophy, as
evident from the studies, which reported a high LV wall
mass-volume ratio in HFNEF.?® This phenomenon allows
the preservation of endocardial motion despite reduced
shortening of individual fibers such that the EF remains
normal.?! On the other hand, progressive LV remodeling
contributes to adecrease in outflow rate.”> Our change rate of
normalised wall stress index do*/dt, _is only dependenton
outflow rate and wall volume of LV chamber and represents
anintegrated assessment of LV contractility.!! These studies
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provide a rationale supporting our observations relating
do*/dt, with HFNEF and HFREF.

Assessment of Patient with HFNEF

Although mechanisms for HFNEF remain incompletely
understood, diastolic dysfunctionis said to play a dominant
role: i.e., impaired relaxation, increased passive stiffness,
increased end-diastolic pressure (EDP). The increased EDP
can be obtained by cardiac catheterisation and estimated
by Doppler echocardiography. The recent criteria proposed
by the European Society of Cardiology (ESC) included
this condition for evaluation diastolic dysfunction in the
diagnosis of HFNEF.? If the ratio E/E' is <8, it is likely
that LV filling pressure is normal; conversely, if the ratio
is >15, it is very unlikely that filling pressure is less than
15 mmHg. However, a ratio of 8 to 15 is more ambiguous,
this limits the usage on diagnosis of HFNEF whose E/E' are
located in this range. In our data, both the values of septal
E/E' and lateral E/E' are 9.79 + 3.29 and 8.39 + 2.76 in
HFNEF. This is the reason that E/E' is not the independent
predictor for diagnosis of HFNEF in this study.

In fact, it is not the aim of this study to demonstrate the
use of do*/dt, _as asole clinical and diagnostic parameter
to diagnose HFNEF. It will obviously require a different
study design to demonstrate the diagnostic efficacy of
do*/dt  either in isolation or in combination with other
parameters. Nevertheless, in this study, we aim to examine
anindex that we have developed from engineering precepts,
and translated it into the clinical arena. We found that do*/
dt, can better differentiate normal versus HFNEF than
conventional parameters of diastolic function. That our
formulation fordo*/dt,  reducesto sosimpleaformulation
is a bonus that should garner clinical applicability. Further,
the notion of LV mass as an independent diagnostic
parameter in HF has been corroborated by preliminary
reports by other groups.”” However, none of these have
arrived at this notion via the rational process and rigorous
mathematical modeling that we have originated.

Contractility in Patients with HFNEF

The abnormal myocardial contractility may coexist with
normal EF because concentric hypertrophy preserves the
extent of endocardial motion in HFNEF.?! A number of
studies have reported abnormalities in regional systolic
function such as the longitudinal axis®® and strain and strain
rate.” However, all these measurements have been questioned
because they can be altered by acute or chronic changes
in preload, afterload and contractility and influenced by
remodeling.’ Therefore, factors such as preload and afterload
must be incorporated into the analysis to determine a true
change in contractility. In this data, there is no significant

difference onpreload (i.e. EDV)and afterload (i.e., effective
arterial elastance Ea and circumferential end-systolic wall
stress, cESS) in HFNEF compared to normal controls (Table
2). We measured systolic mitral annular velocity (septal S'
and lateral S') and found septal S' and lateral S' are lower
in HFNEF compared to controls (Table 1) (septal S', 8.5
3.0 cm/s vs 9.0 £ 1.8 cm/s, P = 0.43; lateral S', 9.6 + 3.4
cm/s vs 11.4 £ 3.0 cm/s, P = 0.001). Our index do*/dt,
in this study shows significantly impaired LV contractility
in HFNEF. In a recent large, population-based study from
(n = 2042), patients with HFNEF did display impaired
contractility compared with normal controls subjects.!”

Of course, there is increasing recognition that a “load-
independent index of contractility” can not truly exist,
because loading itselfaltermyofilament Ca** sensitivity and
force-generation capacity.?*? We performed load sensitivity
testing of do*/dt _in human subjects, which inevitably
limits the extent of physiological manipulation in previous
study.!! Fortunately, there is no significant difference on
loading condition (i.e, preload and afterload) in HFNEF
compared to normal controls (Table 2).

Study Limitations

The present study is relatively small and uses a select
referral-based retrospective population which may limit the
statistical power and predictability. Further, the lack of gold
standard for the diagnosis of HFNEF impacts the selection
of patients. In this study, the diagnosis of heart failure was
based on expert cardiology assessment of symptoms, signs,
x-ray and response to diuretics treatment, following the
Framingham recommendation.'

Conclusion

The diagnosis and management of HF and the evaluation
of new therapeutic agents require sensitive measure of
cardiac function. Because both the disease and its treatment
are chronic processes, noninvasive methods that can be
used serially are highly desirable. Our study suggests that
decreaseddo*/dt,  isareliableindicator of HF withnormal
ejection fraction. Because it is easily obtained at a steady
state, ithas clinical appeal. Future studies will need to assess
the use of this parameter for improving the understanding
of heart failure and targeting of heart failure therapies.
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