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Abstract

Objective: To investigate the inter-relationships between left ventricular mass (LVM), left

ventricular (LV) geometry and arterial stiffness parameters (aortic pulse wave velocity

[Ao-PWV] and heart rate-corrected augmentation index [c-AIx]) in patients with chronic

heart failure (CHF).

Methods: This study was a secondary analysis of existing data that were collected from patients

with CHF New York Heart Association class I–III with reduced ejection fraction (HFrEF) or

preserved ejection fraction (HFpEF). Transthoracic echocardiography was performed on all

patients, along with measurement of arterial stiffness parameters (Ao-PWV and c-AIx) using

sphygmocardiography.

Results: A total of 73 patients (58 males) with a mean� SD age of 55.9� 11.6 years were

enrolled in this study. Of these, 20 patients (27.4%) had systemic hypertension, 46 (63.0%) had

type 2 diabetes mellitus. Ischaemic heart disease was the main aetiology of CHF (63 of 73

patients; 86.3%). In multiple linear regression, the left ventricular mass index (LVMI) was signif-

icantly associated with c-AIx (b¼ –1.59) and EF (b¼ –1.51). Comparison of Ao-PWV among the

four LV geometric patterns revealed significant differences.

Conclusion: In this cohort of CHF patients, LVMI was predicted by c-AIx and EF. The corre-

sponding values of Ao-PWV were parallel in different LV geometric patterns and confirmed their

adverse prognostic values.
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Introduction

Cardiovascular diseases and their complica-
tions are among the main cause of death
worldwide.1 The list of recognized cardio-
vascular risk factors identifies left ventricu-
lar hypertrophy (LVH) as an independent
risk factor, which was associated with sig-
nificant cardiovascular morbidity and mor-
tality in the Framingham Heart Study
population.2 While defined as an increase
in the muscle mass of the left ventricle
(LV) and described as a risk factor, LVH
appears to be an adaptive process in
response to systemic and regional haemody-
namic factors and hence can also be
described as target organ damage.3 In addi-
tion to LV mass (LVM) itself, the geometric
pattern of the LV carries its own indepen-
dent prognostic significance. For example,
the Framingham Heart Study demonstrated
that subjects with concentric hypertrophy
had the worst prognosis, followed by
those with eccentric hypertrophy, concen-
tric remodelling and normal geometry.4

Patients with chronic heart failure (CHF)
are expected to have an element of LVH,
either because of a pre-existing hypertensive
heart disease that has become complicated
by CHF;5 or because of pre-existing coro-
nary artery disease that predisposes to the
development of LVH, even when blood
pressure is normal.6

Recently, arterial stiffness (AS) has also
been recognized as an independent cardio-
vascular risk factor, with major prognostic
importance particularly attributed to
carotid-femoral (aortic) pulse wave velocity

(Ao-PWV), more than augmentation index

(AIx).7 The Framingham Heart Study

reported that a single standard deviation

increase in Ao-PWV was associated with a

48% increase in risk for a first major car-

diovascular event.8 Increased Ao-PWV in

patients with CHF in particular is strongly

associated with a poor prognosis.9 In addi-

tion to an increased cardiovascular risk,

higher Ao-PWV together with a higher

LVM plays a role in the development of

cognitive impairment in later age in the gen-

eral population;10,11 a phenomenon that is

commonly linked to heart failure.12 The

relationship however between arterial stiff-

ness and LVM in patients with CHF has

not been specifically studied. Previous stud-

ies have shown that AS, in particular the

parameter of backward wave pressure, con-

tributes to LVM and LVH.13,14 The present

study aimed to observe the inter-

relationships between LVM, LV geometry

and AS parameters in patients with CHF.

Patients and methods

Study design and patient population

This study was a secondary analysis of

existing data that were collected from

patients with CHF New York Heart

Association (NYHA) class I–III with

reduced ejection fraction (HFrEF) or pre-

served ejection fraction (HFpEF). These

patients had participated in a prospective,

randomized, double-blind, placebo-con-

trolled study that assessed the short-term
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effect of allopurinol treatment on AS

parameters.15 This study was conducted at

King Fahd Hospital of the University-AL

Khobar, Saudi Arabia between February

2011 and August 2013.
Patients aged >18 years with clinically

stable, compensated CHF (NYHA func-

tional class I–III) with reduced or preserved

ejection fraction (EF) were recruited to the

study. Heart failure was defined by the pres-

ence of exercise intolerance, along with

signs of volume overload (pulmonary con-

gestion, raised jugular venous pressure and

peripheral oedema). Reduced systolic func-

tion was defined as left ventricular EF

<50%. All patients received optimal anti-

heart failure medications and they were on

sodium restriction (defined as <3 g/day)

and fluid restriction (<1.5 l/day). Clinical

stabilization of cardiac status and optimal

medications were required for at least

3 months before enrolment. Patients were

excluded if they had any of the following:

(i) creatinine clearance of <60ml/min;

(ii) admission to hospital within the previ-

ous 3 months due to decompensated

heart failure or new ischaemic event;

(iii) uncontrolled blood pressure (BP)

(>160/100mmHg).
The protocol was approved by the

Research Ethics Committee, Deanship of

Scientific Research, Imam Abdulrahman Bin

Faisal University, Dammam, Saudi Arabia

(no. 201065). Written informed consent

was obtained from all patients and the study

was conducted in accordance with the

Declaration of Helsinki.

Study procedure

Transthoracic echocardiography was per-

formed using a Vivid E9 machine (GE

Medical Systems, Waukesha, WI, USA)

equipped with a 3MHz transducer.

Parasternal and apical 2-dimensional echo-

cardiogram (2D) was also performed.

Measurement of LVM

The LVM was calculated according to the
guidelines of the American Society of
Echocardiography and the European
Association of Cardiovascular Imaging,
using linear measurements derived from
2D images according to the following
equation:16

LVMðgÞ ¼ 0:8� f1:04
� ½ðLV end diastolic dimension

þ Posterior wall thickness at end

� diastole

þ Interventricular septal thickness at end

� diastoleÞ3

� ðLV end diastolic dimensionÞ3�g
þ 0:6 g

The LVM was indexed to body surface
area (BSA) (g/m2) and referred to as the left
ventricular mass index (LVMI) because of
the strong association between LVM and
BSA.17 Left ventricular relative wall thick-
ness (RWT) was calculated using the for-
mula (2� posterior wall thickness)/(LV
end-diastolic dimension).16 This allows fur-
ther classification of LV geometry, accord-
ing to the following criteria:16 (i) patients
with normal LVM can either have normal
geometry (RWT �0.42) or concentric
remodelling (RWT �0.42); (ii) patients
with increased LVM can have either con-
centric hypertrophy (RWT �0.42) or eccen-
tric hypertrophy (RWT �0.42).

Measurement of AS parameters

Patients had to report in a fasted state
(12 h) within 2 weeks of their echocardiog-
raphy visit. Water and morning medica-
tions were allowed. After 30min of supine
rest, two readings of BP were taken using a
CARESCAPE V100 vital signs monitor
with Dinamap technology (GE El Seif
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Healthcare Arabia, Riyadh, Saudi Arabia).
Pulse wave analysis (PWA) and pulse wave
velocity (PWV) were measured using a
SphygmoCorVR system (AtCor Medical Pty
Ltd., Sydney, Australia). PWA was started
by performing eight readings of AIx that
were corrected for a heart rate of 75
beats/min (c-AIx). PWA software allows
derivation of the corresponding central BP
data from the derived central pressure wave
for systolic BP (c-SBP), diastolic BP
(c-DBP), mean arterial pressure (c-MAP)
and pulse pressure (c-PP). The types of arte-
rial pressure waves were characterized into
four types: A, B, C and D;18 where AIx was
>12%, >0.0% and � 12%, �0.0% or
>>12%, respectively (Supplement 1).
Furthermore, aortic backward wave pres-
sure and reflection index were determined
from the wave separation analysis of the
SphygmoCorVR -derived aortic waveform.
PWV followed by two readings for Ao-
PWV (carotid-femoral) and two readings
for brachial pulse wave velocity (carotid-
radial). Details on the methodology, report-
ing and interpretation of AS parameters
were covered in the original study.15

Statistical analyses

All statistical analyses were performed using
Minitab statistical software, version 18
(Minitab Inc., State College, PA, USA).
Baseline data are presented as mean� SD
for continuous variables and as number and
percentages for categorical variables. Median
and ranges of values were used for data that
were not normally distributed. Comparisons
were made using unpaired Student’s t-test for
continuous variables or the v2-test for cate-
gorical variables. The Mann–Whitney U-test
was used for data that were not normally dis-
tributed. Relationships between continuous
variables were quantified using Spearman’s
rank correlation coefficient. The primary end-
point (i.e. the interaction between AS param-
eters (Ao-PWV and c-AIx) and LVMI) was

tested using multiple regression analysis.
One-way analysis of variance and Kruskal–
Wallis tests were used for the secondary end-
point (i.e. the comparison of AS parameters
among different LV geometry patterns).
A P-value <0.05 was considered statistically
significant.

Results

This study analysed data from 73 patients
(58 males, 15 females) with CHF NYHA
class I–III. The most common aetiology of
CHF was ischaemic heart disease (63 of 73
patients; 86.3%). Of the 73 patients, 20
(27.4%) had a history of systemic hyperten-
sion, 46 patients (63.0%) had type 2 diabe-
tes mellitus and six (8.2%) had atrial
fibrillation (Table 1). The peripheral BP,
AS parameters, LVM, LVMI and biochem-
ical characteristics of the patients are pre-
sented in Table 2. The mean�SD central
BP figures for the entire study cohort were
as follows (mmHg): c-SBP was 119.3� 18.7
(95% confidence interval [CI] 114.9, 123.6);
c-DBP was 73.3� 11.0 (95% CI 70.7, 75.8);
c-MAP was 92.6� 12.7 (95% CI 89.6, 95.5);
and c-PP was 46.0� 15.2 (95% CI 42.5,
49.6). The baseline lipid profile data for
the entire study cohort were as follows
(median [interquartile range]; mg/dl): total
cholesterol 150.0 (94.0–264.0), triglycerides
133.0 (22.0–380.0), high-density lipoprotein
cholesterol 37.0 (22.0–70.0) and low-density
lipoprotein cholesterol 87.0 (55.0–187.0).

The patient population was then subdi-
vided into two groups based on the presence
or absence of LVH according to a normal
range of 49–115 g/m2 for males and 43–95
g/m2 for females.16 Accordingly, 20 patients
(27.4%) were found to have LVH (five of
them had underlying hypertension and two
had hypertensive heart disease as an aetiol-
ogy of CHF); while the remaining 53 did not
have LVH (Table 1). Significantly higher
values of LVM and LVMI were observed in
patients with LVH compared with those
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without (P � 0.001 for both comparisons)

(Table 2). Patients with LVHwere associated

with less favourable LV geometry patterns

(P � 0.001) and they had significantly

higher serum uric acid concentrations

(P¼ 0.010) compared with the patients

without LVH. The patients were subdivided

into two groups according to their ejection

fraction: 47 patients had HFrEF and 26

patients had HFpEF (Tables 1 and 2). With

this classification, patients who had HFpEF

had a significantly higher pulse pressure,

higher aortic backward wave pressure,

along with smaller LVM and LVMI, and a

more favourable LV geometry as compared

with patients who had HFrEF (P< 0.05 for

all comparisons) (Table 2). Comparing their

central BP and lipid profile data based on the

presence of LVH or EF, the only significant

difference that was observed was a higher

c-PP in patients with HFpEF compared

with those who had HFrEF (mean�SD

c-PP 51.9� 15.1 versus 42.8� 14.4 mmHg,

respectively; P¼ 0.016).
Spearman’s rank correlation coefficient

analysis for LVM and LVMI with age,

body mass index (BMI), peripheral BP,

central BP, EF and AS parameters

showed that both LVM and LVMI had an

inverse correlation with EF (P< 0.001 for

both comparisons); and a positive

correlation with serum creatinine (P< 0.05

for both comparisons) and serum uric acid

(for LVMI only; P< 0.05) (Table 3).

Neither LVM nor LVMI had any signifi-

cant correlation with BP, either peripheral

or central readings. The interaction between

SBP and LVMI was plotted separately for

those patients with LVH and those without

LVH (Figure 1) and in patients with

HFpEF and HFrEF (Figure 2). In terms

of possible relationships with AS

parameters, LVM had a significant inverse

correlation with AIx for both the raw and

heart rate-corrected values (P< 0.05 for

both comparisons) (Table 3).

A multiple linear regression analysis
involving all patients was performed to
determine the predictors of LVMI (the out-
come, dependent variable). Explanatory or
independent variables included in the model
were basic demographic factors (age, sex,
BMI, SBP, PP), central SBP, central PP,
c-AIx, aortic PWV, uric acid, serum creati-
nine, EF or the presence of underlying
hypertension or type 2 diabetes mellitus.
For LVMI as the dependent variable, sig-
nificant predictors were c-AIx (b¼ –1.59,
P¼ 0.002) and EF (b¼ –1.51, P � 0.001).
This suggests that patients with higher
LVMI were likely to have lower AIx and
lower EF. This model explained over 50%
of the variability in LVMI, as indicated by
R-square (Table 4). The inverse interaction
between LVMI and c-AIx was explored fur-
ther by subdividing the patient group
according to sex, age (older or younger
than the median age of 56 years) or based
on the subtype of their arterial pressure
waveform (type A, 55 patients; type B,
nine patients; type C, one patient; type D,
eight patients). In this subgroup analysis,
age and sex continued to show an inverse
interaction between LVMI and c-AIx (data
not shown), whereas there was a different
finding for the different arterial pressure
waveforms. In Figure 3, patients with
types B and C were analysed as one catego-
ry (more healthy waveforms), while patients
with types A and D were analysed as anoth-
er category (more pathological waveforms).

Comparison of the Ao-PWV values
according to their LV geometric remodelling
patterns identified that 32 patients had
normal geometry, 14 had concentric remod-
elling, 20 had eccentric hypertrophy and
seven had concentric hypertrophy. There
were significant differences in the median
Ao-PWV values in the four groups: 8.18,
10.03, 10.50 and 11.15 m/s, respectively
(P¼ 0.019) (Table 5). A comparison of the
reflection index values among the same cat-
egories showed an increasing reflection index
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for LV subtypes 1 to 4, but this did not reach

statistical significance. No significant differ-

ences were found when comparing c-AIx

and aortic backward wave pressure values

among the same categories.

Discussion

Two-dimensional echocardiography remains

the most widespread, convenient and

standard method for the assessment of

LVM, LV geometric remodelling patterns
and the detection of LVH. In direct
comparison with magnetic resonance
imaging, 2D echocardiography provided a
reliable performance for LVM assessment
and detection of LVH (correlation coefficient
of the two imaging modalities, r¼ 0.8,
P< 0.001) with limited influence of image
quality.19 Assessments of AS have become
more diverse with the derived indices and cri-
teria reflecting different aspects of the

Table 3. Correlation of clinical and arterial stiffness parameters with left ventricular mass and left ven-
tricular mass index in the entire study cohort (n¼ 73) of patients with chronic heart failure.

Characteristic

Left ventricular

mass, g

Left ventricular

mass index, g/m2

Age, years –0.029 0.188

Body mass index, kg/m2 0.304* 0.024

Ejection fraction, % –0.462** –0.543**

Fractional shortening, % –0.389* –0.409**

Serum uric acid, mg/dl 0.183 0.279*

Serum creatinine, mg/dl 0.244* 0.246*

Augmentation index, % –0.295* –0.083

Heart rate-corrected augmentation index, % –0.369* –0.169

Aortic backward wave pressure, mmHg –0.144 –0.091

Reflection index, % –0.160 0.053

Aortic pulse wave velocity, m/s –0.034 0.086

Brachial pulse wave velocity, m/s 0.051 –0.041

*P< 0.05, **P< 0.001; Spearman’s rank correlation.

Figure 1. Scatterplot of left ventricular mass index (LVMI) versus systolic blood pressure in patients based
on presence of left ventricular hypertrophy (LVH). Patients without LVH (A; n=53) and patients with LVH (B;
n=20).

Alem and Alshehri 9



pathophysiology of the arterial tree.

Nevertheless, aortic PWV remains the ‘gold

standard’ measure of cardiovascular risk.

The interaction between measurements of

LVM and AS has been previously studied,

but mostly in the context of systemic hyper-

tension.20–22

The findings of the present study were

consistent with small scale studies con-

ducted on hypertensive populations and it

has shown similar findings with regard to

the association between LVM and mid-

wall fractional shortening,23,24 serum uric

acid, 25,26 and serum creatinine level.27,28

However, the lack of a significant interac-

tion between LVMI and blood pressure

(most importantly SBP), as demonstrated

in the Framingham Heart Study,29 led to

the present study considering the difference

in these relationships based on the presence

of LVH and underlying EF (Figures 1

and 2). In patients with CHF in the current

study, there was a non-significant positive

interaction between SBP and LVMI in

patients without LVH and in those

HFpEF; while, there was a non-significant

inverse interaction between SBP and LVMI

in patients with LVH and in those HFrEF.
The LVMI was predicted by two factors

with inverse interactions, c-AIx and EF,

while Ao-PWV was not found to be a sig-

nificant predictor. The most abundant,

Figure 2. Scatterplot of left ventricular mass index (LVMI) versus systolic blood pressure in patients
based on whether they had preserved ejection fraction (HFpEF; A; n¼ 26) or reduced ejection fraction
(HFrEF; B; n¼ 47).

Table 4. Multiple linear regression model for left ventricular mass index for the entire study cohort
(n¼ 73) of patients with chronic heart failure.

Independent variable

All patients with chronic heart failure

n¼ 73

Coef SE Coef P-value

Heart rate-corrected

augmentation index, %

–1.59 0.494 P¼ 0.002

Ejection fraction, % –1.51 0.292 P � 0.001

Model summary S R-sq R-sq (adj) R-sq (pred)

25.46 51.61% 39.73% 24.64%
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comparable data in the published literature

were based on either patients with systemic

hypertension or those from community-

based studies where the most abundant

cardiovascular risk factor was systemic

hypertension. For example, a few of these

studies failed to show associations between

AS indices and LVMI,20,21,30,31but several

have shown positive interactions between

LVMI and Ao-PWV,13,14,22,32 AIx,33,34

backward wave pressure,13 cardio-ankle

vascular index,35,36 aortic stiffness37 and

ambulatory arterial stiffness index.25

Mixed results were reported from patients

with chronic kidney disease/haemodialy-

sis38–41 and young and healthy adults.42,43

A study consisting of 512 hypertensive

patients supported the findings of the pre-

sent study and showed that AIx correlated

inversely with RWT after the age of 65

years, despite the fact that there was a pos-

itive correlation for those under 65 years.44

Such findings were explained by the obser-

vation that AIx tends to stabilize or decline

after the age of 65 years.44Furthermore, an

update on 5799 participants from the

Framingham Heart Study population

(30% were hypertensive) showed that Ao-

PWV had a positive association with LVM,

while AIx had an inverse association, both

of which disappeared when the models were

adjusted for mean arterial pressure.45

The current findings suggest that there

might be an age-related stage where degen-

erative/pathological processes reverse the

expected/physiological relationship between

LVMI and c-AIx (Figure 3). In the present

study, Ao-PWV was highest in patients

with concentric hypertrophy, followed by

eccentric hypertrophy, concentric remodel-

ling and lowest in normal geometry. This

matches the order of prognostic significance

that LV geometry had in the Framingham

Heart Study population for total cardiovas-

cular events and all-cause mortality over a

follow-up period of 8 years.4 To the best of

our knowledge, this is the first study docu-

menting this association in patients with

Figure 3. Scatterplot of left ventricular mass index (LVMI) versus heart rate-corrected augmentation index
(c-AIx) in patients stratified according to their pulse wave type (type A, 55 patients; type B, nine patients;
type C, one patient; type D, eight patients).
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CHF. In the literature, another study dem-
onstrated a similar relationship for carotid-
PWV to show a similar pattern with LV
geometry in a population with documented
or suspected coronary artery disease.46

While another study showed a similar pat-
tern of worsening Ao-PWV with worsening
carotid geometric phenotype in a
population-based study, 48% of whom
were hypertensive.47

The main limitations of this current
study were the small size of the patient

population and the relative lack of statisti-
cal power when the subgroups were com-
pared. Comparative interpretation is also
compromised because the published litera-
ture focuses mainly on patients with sys-
temic hypertension and not cardiac failure.
A small study on patients with HFrEF
showed AS values similar to this cohort,
however their population was a decade
older as compared with the present
study.48 Also, there was a paucity of infor-
mation specifically derived from studies in

Table 5. Comparison of aortic pulse wave velocity (PWV), heart rate-corrected augmentation index (c-
AIx), aortic backward wave pressure and reflection index among different left ventricular (LV) geometry
patterns for the entire study cohort (n¼ 73) of patients with chronic heart failure.

Aortic PWV

Statistical

analysisa

LV subtypeb Median Range P¼ 0.019

1 (n¼ 32) 8.18 5.50–15.50

2 (n¼ 14) 10.03 6.30–14.20

3 (n¼ 19) 10.50 6.40–21.65

4 (n¼ 7) 11.15 8.75–14.65

c-AIx

LV subtype Mean SD NS

1 (n¼ 32) 22.62 11.25

2 (n¼ 14) 22.45 8.10

3 (n¼ 20) 24.05 9.21

4 (n¼ 7) 24.54 12.08

Aortic backward wave pressure

LV subtypeb Mean SD NS

1 (n¼ 30) 20.33 7.98

2 (n¼ 14) 23.04 7.44

3 (n¼ 18) 21.34 8.82

4 (n¼ 7) 28.13 12.35

Reflection index

LV subtypeb Median Range NS

1 (n¼ 30) 62.13 16.33–96.00

2 (n¼ 14) 68.94 51.00–98.67

3 (n¼ 18) 78.19 37.00–97.17

4 (n¼ 7) 87.38 34.00–90.67

Data presented as mean� SD. Median (interquartile range) used for data that were not normally distributed.
aComparisons were made using one-way analysis of variance and Kruskal–Wallis tests; NS, no significant between-group

difference (P � 0.05).
bOne patient did not have any baseline data for aortic-PWV and four had missing data on aortic backward wave pressure

and reflection index.

LV subtypes: 1, normal geometry; 2, concentric remodelling; 3, eccentric hypertrophy; 4, concentric hypertrophy.
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the Saudi population with regard to BP,

AS, LV structural and functional changes

with age, and other risk factors, as well as

any superimposed pathological process

such as CHF.
In conclusion, this current study was con-

ducted among patients with CHFwith differ-

ent LV geometric patterns. The LVMI was

predicted by c-AIx and EF. The lack of a

significant association between LVMI and

BP was likely due to specific characteristics

of this small patient population in terms of

LVM and EF. However, these results suggest

the need for proper epidemiological studies in

the Saudi population. Despite the study lim-

itations, the identification of a correlation

betweenAo-PWVandLV geometry is entire-

ly consistent with the known adverse prog-

nostic significance in relation to future total

cardiovascular events and all-cause mortality

established in the literature.
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