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Abstract 

Aims Comorbidities play a significant role towards the pathophysiology of heart failure with preserved ejection fraction 
(HFpEF), characterized by abnormal macrovascular function and altered ventricular–vascular coupling. However, our under-
standing of the role of comorbidities and arterial stiffness in HFpEF remains incomplete. We hypothesized that HFpEF is pre-
ceded by a cumulative rise in arterial stiffness as cardiovascular comorbidities accumulate, beyond that associated with 
ageing. 
Methods and results Arterial stiffness was assessed using pulse wave velocity (PWV) in five groups: Group A, healthy volun-
teers (n = 21); Group B, patients with hypertension (n = 21); Group C, hypertension and diabetes mellitus (n = 20); Group D, 
HFpEF (n = 21); and Group E, HF with reduced ejection fraction (HFrEF) (n = 11). All patients were aged 70 and above. Mean 
PWV increased from Groups A to D (PWV 10.2, 12.2, 13.0, and 13.7 m/s, respectively) as vascular comorbidities accumulated 
independent of age, renal function, haemoglobin, obesity (body mass index), smoking status, and hypercholesterolaemia. 
HFpEF exhibited the highest PWV and HFrEF displayed near-normal levels (13.7 vs. 10 m/s, P = 0.003). PWV was inversely 
related to peak oxygen consumption (r = �0.304, P = 0.03) and positively correlated with left ventricular filling pressures 
(E/e′) on echocardiography (r = �0.307, P = 0.014). 
Conclusions This study adds further support to the concept of HFpEF as a disease of the vasculature, underlined by an in-
creasing arterial stiffness that is driven by vascular ageing and accumulating vascular comorbidities, for example, hypertension 
and diabetes. Reflecting a pulsatile arterial afterload associated with diastolic dysfunction and exercise capacity, PWV may pro-
vide a clinically relevant tool to identify at-risk intermediate phenotypes (e.g. pre-HFpEF) before overt HFpEF occurs. 
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Introduction the HFpEF population is not fully elucidated. One theory sug-
gests that they restore the balance between left ventricular 

Despite the breakthrough in the treatment of heart (LV) function and arterial resistance (i.e. ventricular–arterial 
failure with preserved ejection fraction (HFpEF) with coupling) by ameliorating systemic arterial stiffness.2,3 This 
sodium-glucose cotransporter-2 (SGLT2) inhibitors,1 our un- supports the concept of HFpEF as a disease of the vascula-
derstanding of its pathophysiology remains incomplete. ture, characterized by augmented aortic stiffness and 
Exactly how SGLT2 inhibitors confer prognostic benefits to unfavourable late-systolic afterload on the ventricle.4–6 This 
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2 D. Ali et al. 

results in maladaptive ventricular remodelling, elevated LV 
end-diastolic pressure (LVEDP), and exercise intolerance, 
marking the onset of HFpEF.7–9 A conceptual state of ‘myo-
cardial fatigue’ is hypothesized, in which the 
energy-deprived myocardium becomes functionally 
impaired.10 With unceasing arterial afterload mismatch, a 
transition to irreversible myocardial damage may 
develop.11,12 This link between HFpEF and arterial stiffness 
is well documented,8,9,13,14 but little data exist regarding 
the early stages of arterial stiffness that precede HFpEF and 
its impact on LVEDP induced by amassing vascular comorbid-
ities, for example, diabetes mellitus (DM) and hypertension. 

HFpEF is not simply a collection of comorbidities.15 We 
hypothesized that HFpEF is preceded by a cumulative rise 
in arterial stiffness and LVEDP as cardiovascular comorbidi-
ties accumulate, beyond that associated with ageing. Fur-
thermore, to highlight its distinct pathological process from 
HF with reduced ejection fraction (HFrEF), which is charac-
terized by neurohormonal overactivation, we anticipated 
that arterial stiffness peaks in HFpEF and abates in HFrEF. 
To our knowledge, no studies have collectively investigated 
this process. Although endothelial dysfunction is often cited 
as the precursor link between HFpEF and comorbidities, this 
cellular observation lacks clinical validation. We aimed to 
provide a more clinically relevant and mechanistic approach 
by using carotid–femoral pulse wave velocity (cf-PWV) as a 
gold-standard measure of large arterial stiffness.16 This 
may help determine the usefulness of arterial stiffness as a 
biomarker in identifying intermediate phenotypes at risk of 
HFpEF, aligning with our previously posited theory of pre-
HFpEF: an incipient stage before HFpEF.17 Finally, to provide 
insight on exercise intolerance, we explored the relationship 
between cf-PWV and aerobic capacity, expressed as peak 
oxygen consumption (VO2 peak) during cardiopulmonary 
exercise testing (CPET). 

Methods 

Study design 

IDENTIFY-HF was a single-centre prospective study in which 
five pre-defined groups were enrolled for the evaluation of 
arterial compliance and microvascular function as primary 
and secondary measures, respectively, in parallel with echo-
cardiographic parameters of LV diastolic function and exer-
cise capacity. The recruitment of participants and the study 
design have been detailed previously.18 IDENTIFY-HF 
(NCT03186833) was approved by the West Midlands and 
Black Country Research Ethics Committee (17/WM/0039) 
and conducted at the University Hospitals Coventry and 
Warwickshire NHS Trust in accord with the Declaration of 
Helsinki. All subjects provided written informed consent be-
fore participation. 

Study population 

All participants were aged ≥70 years and categorized into the 
following five groups: Group A (n = 21), healthy volunteers 
with a resting blood pressure (BP) < 140/90 mmHg and no 
history of DM according to WHO criteria19; Group B 
(n = 21), individuals with hypertension only (defined as 
BP ≥ 140/90 mmHg on at least two clinic visits or ambulatory 
BP monitoring and on current anti-hypertensives); Group C 
(n = 20), individuals with hypertension and DM; Group D 
(n = 21), patients with HFpEF [LV ejection fraction 
(LVEF) ≥ 50%]; and Group E (n = 11), patients with HFrEF 
(LVEF < 40%). Groups A–C had no evidence of HF based on 
the European Society of Cardiology (ESC) HF diagnostic 
criteria.20 Healthy volunteers were recruited through social 
media and posters, whereas Groups B–E were recruited from 
outpatient medical and HF clinics. 

Study procedure 

To ensure reliable vascular measurements, all study subjects 
were asked to omit their morning medications, fast for 
12 h, and abstain from caffeine, tobacco, and alcohol for 
the preceding 24 h. Vascular function studies were per-
formed in a quiet, temperature-controlled room (21–23°C) af-
ter resting for at least 10 min in the supine position. Baseline 
blood tests, transthoracic echocardiography, PWV, and laser 
Doppler flowmetry (LDF) were assessed successively and 
followed by CPET, when possible. Comparisons were made 
between Groups A and D and separately between Groups D 
and E. Estimated glomerular filtration rate was calculated 
using the Modification of Diet in Renal Disease formula, 
which used the serum creatinine values obtained from the 
participant’s blood test at their first research visit. 

Pulse waveform analysis 

Arterial tonometry was adapted from an expert consensus 
document on the measurement of aortic stiffness using cf-
PWV.16 A hand-held micromanometer-tipped transcutaneous 
probe (SPC-301; Millar Instruments, USA) coupled with the 
SphygmoCor ™ system (SphygmoCor BPAS; PWV Medical, 
Australia) was gently placed over the ipsilateral carotid and 
femoral arteries at the point of maximal pulsation. Pulse 
waves were gated to simultaneous electrocardiography. Dis-
tance between the two recording sites was measured in a 
straight line above the body surface. Cf-PWV was computed 
as the ratio of this distance and time differential between 
the onset of flow at the two points. Measurements 
were triplicated, ensuring values differed by no more than 
0.5 m/s, before an average PWV (m/s) was taken. A high 
PWV indicates raised arterial stiffness, signifying a rapid 
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3 Rising arterial stiffness with accumulating comorbidities 

return of peripherally reflected waves to the heart during 
mid-to-late systole. Aortic augmentation index (AIx), another 
surrogate marker of systemic arterial stiffness and LV systolic 
loading,21–23 was calculated as a ratio between augmented 
pressure (AP) and central pulse pressure (cPP), expressed as 
a percentage. AP was calculated as the difference between 
the first inflection point and the second (P2) maximum peak 
of the central arterial waveform, whereas cPP was estimated 
as the difference between P2 and the foot of the wave.22 

Laser Doppler flowmetry 

LDF, an index of microvascular function expressed in perfu-
sion units, was measured as previously described.24 Briefly, 
the LDF probe was kept constant over the thenar region be-
fore and during the reactive hyperaemia manoeuvre at room 
temperature (22°C). This was performed by a single user to 
avoid inter-observer variability. Laser Doppler signals were 
continuously registered on a computer software (Perisoft 
Data Acquisition; Perimed Inc). Resting basal flow was aver-
aged over 6 min of stable recordings. Forearm blood flow 
was then impeded with a pneumatic cuff inflated to 50 mmHg 
above the systolic BP (SBP) for 3 min. The signal obtained 
during complete arterial occlusion was taken as the biological 
zero. Peak hyperaemia was defined as the highest flow signal 
after release of arterial occlusion. Post-occlusive reactive area 
of hyperaemia (PORH) was defined as the area under the 
curve during hyperaemia. Linear regression was used to esti-
mate the slope from time of release to the maximum up-
stroke value. 

Cardiopulmonary exercise test 

All participants were invited for CPET on a cycle ergometer at 
70 rpm using a ramp protocol adapted from existing 
guidelines.25 This was conducted by a trained exercise physi-
ologist blinded to previous vascular measurements. Breath-
by-breath metabolic gas exchange and minute ventilation 
were measured and used to derive respiratory exchange ratio 
(RER) and VO2 peak (mL/kg/min), which was averaged over 
the final 30 s of the test. Termination was symptom driven. 
Peak exercise test was defined by RER ≥ 1.1. 

Study power 

Assuming 80% power and 5% α-value (two-tailed hypothesis), 
sample sizes of n = 11 for HFrEF group and n = 21 for the 
other groups were required to detect a difference in 
cf-PWV among the five groups using the overall F-test in a 
one-way ANOVA and for pairwise comparisons between 
healthy volunteers and other groups. Group means (8.6 m/s 
for control, 8.9 m/s for HFrEF, 11.3 m/s for HFpEF, and 

9.95 m/s for hypertension and diabetes groups) and standard 
deviation (SD) of 1.7 m/s were based on previous studies.24,26 

Statistical analysis 

Continuous data were summarized as mean ± SD or median 
(interquartile range) depending on normality. Categorical 
data, expressed as numbers (percentages), were compared 
using χ2 tests. As appropriate, ANOVA and Kruskal–Wallis 
tests were used to compare continuous demographic data 
(e.g. age) and for unadjusted analysis of outcome measure-
ments. Analysis of covariance, specifically a general linear 
model adjusting for potential confounders [age, body mass 
index (BMI), and renal function], was used to compare mean 
outcomes among the five groups with post hoc Bonferroni 
correction for multiple comparisons. For pairwise compari-
son, mean differences with 95% confidence intervals (CIs) 
were reported. Pearson’s correlation was used to assess for 
correlations between estimated LVEDP, VO2 peak, and PWV. 
P < 0.05 was considered statistically significant. All data were 
analysed on IBM SPSS v26 software. 

Results 

Baseline characteristics 

Baseline characteristics of study subjects for the five groups 
are summarized in Table 1. Mean ages for the five groups 
were unequal (P = 0.001), with mean ages being greater in 
HF participants (HFpEF, 81 ± 5.7; HFrEF, 79 ± 6.8 years) than 
healthy volunteers (74 ± 3.5 years). Although there was no 
significant difference in mean BMI across the five groups 
(P = 0.206), the proportion of patients with obesity 
(BMI ≥ 30) differed significantly (P = 0.021). Groups C–E had 
a significantly higher proportion of obese individuals com-
pared with the control group. In the HFpEF group, 4/21 
(19.0%) male and 5/21 (23.8%) female patients were found 
to be obese. Expectedly, atrial fibrillation (AF) was most prev-
alent in the HFpEF group, of which 2/21 (9.5%) were thin 
(BMI < 25) female patients with AF. No current smokers 
were identified in both HF groups compared with 9.5% in 
Groups B and C. A progressive reduction in renal function 
was observed from Groups B to E, reaching a nadir in the 
HF population (Group B, 91.4 ± 19.8; Group C, 66.8 ± 22.1; 
HFpEF, 54 ± 23; HFrEF, 58.9 ± 17.6 mL/min/1.73 m2), com-
pared with controls (92.7 ± 22.2 mL/min/1.73 m2, 
P < 0.001). Baseline HF medications were optimized in all 
patients with HFrEF, with every patient receiving a form of 
renin-angiotensin-aldosterone-system inhibitor, including 
sacubitril/valsartan. However, due to concerns regarding 
hyperkalaemia, only 36% could tolerate mineralocorticoid 
antagonists. Of note, only one patient with HFrEF did not 

ESC Heart Failure (2023) 
DOI: 10.1002/ehf2.14422 

https://mL/min/1.73
https://mL/min/1.73


4 

 20555822, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ehf2.14422 by T

est, W
iley O

nline L
ibrary on [14/06/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

D. Ali et al. 

Table 1 Baseline characteristics of patients from Groups A to E 

Patient groups 

Group A Group B Group C Group D Group E 
Baseline variables Control (n = 21) HTN (n = 21) HTN + DM (n = 20) HFpEF (n = 21) HFrEF (n = 11) P-value 

Age (years) 74 ± 3.5 75 ± 3.8 76 ± 4.7 81 ± 5.7 79 ± 6.8 0.001 
Male sex, no. (%) 9 (42.9) 10 (47.6) 14 (70.0) 8 (38.1) 7 (63.6) 0.347 
Systolic BP (mmHg) 124.9 ± 11.4 151.1 ± 25.4 139.2 ± 26.7 124 ± 19.9 115 ± 13.7 0.001 
Diastolic BP (mmHg) 
Body mass index (kg/m2) 

75.5 ± 11 
24.6 ± 3.5 

84.7 ± 13.8 
27.4 ± 4.2 

75.2 ± 11 
30.9 ± 6.6 

66 ± 12.1 
29.5 ± 4.1 

70.3 ± 9.5 
29.7 ± 4.3 

<0.001 
0.206 

Obesity (BMI ≥ 30) 1 (4.8) 5 (23.8) 9 (45.0) 9 (42.9) 5 (45.5) 0.021 
Functional class, n (%) 

NYHA class 1 — — — 4 (19) 1 (9) 
NYHA class 2 — — — 12 (57) 7 (64) — 
NYHA class 3 — — — 5 (24) 3 (27) 
NYHA class 4 — — — 0 0 

Comorbidities, no. (%) 
Diabetes mellitus 0 0 20 (100) 7 (33.3) 3 (27.3) — 
Treated hypertension 0 21 (100) 20 (100) 17 (81) 8 (72.7) — 
Ischaemic heart disease 0 2 (9.5) 6 (30) 2 (9.5) 4 (36) 0.007 
Hypercholesterolaemia 0 5 (23.8) 9 (45) 8 (38.1) 7 (63.6) 0.002 
Atrial fibrillation 0 0 0 14 (66.7) 5 (45.5) <0.001 
Current smoker 1 (4.7) 2 (9.5) 2 (9.5) 0 0 0.277 
Echocardiography 
LVEF 66.1 ± 5.4 65 ± 3.1 60.8 ± 6.1 62.9 ± 7.4 27.2 ± 13.4 <0.001 
Average E/e′ 
Indexed LV mass (g/m2) 

8.5 ± 1.1 
97 ± 24.7 

9.5 ± 2.2 
87 ± 39.8 

12.9 ± 4.8 
96 ± 24.2 

18.6 ± 3.5 
127 ± 33.6 

21.4 ± 1.9 
131 ± 24.5 

<0.001 
0.001 

Laboratories 
SCr (mmol/L) 
eGFR (mL/min/1.73 m 2) 

79.8 ± 18.3 
92.7 ± 22.2 

79.6 ± 16.4 
91.4 ± 19.8 

112 ± 41.1 
66.8 ± 22.1 

133 ± 46.8 
54 ± 23 

119 ± 32.0 
58.9 ± 17.6 

<0.001 
<0.001 

Haemoglobin (g/L) 139 ± 11.7 140.1 ± 11.5 126 ± 16.7 119.7 ± 13.4 132.2 ± 18.6 <0.001 
NT-proBNP (pg/mL) 27.5 ± 47.6 25.9 ± 23.7 53.5 ± 55.2 269.3 ± 158.2 259.3 ± 158 <0.001 
Medications, no. (%) 
DHP-CCB 0 14 (66.7) 10 (50) 7 (33.3) 1 (9.1) — 
Beta-blockers 0 4 (19.0) 7 (35.0) 8 (38.1) 10 (90.9) — 
Thiazide loop diuretic 0 7 (33.3) 6 (30) 1 (4.8) 1 (9.1) — 
Loop diuretic 0 2 (9.5) 2 (10) 18 (85.7) 10 (90.9) — 
ACE-I 0 9 (42.9) 4 (20) 5 (23.8) 5 (45.5) — 
ARB 0 5 (23.8) 7 (35) 5 (23.8) 1 (9.1) — 
Spironolactone 0 2 (9.5) 1 (5) 4 (19.0) 4 (36.4) — 
Sacubitril/valsartan 0 0 0 0 5 (45.5) — 

ACE-I, angiotensin-converting enzyme inhibitor; ARB, angiotensin II receptor blocker; BMI, body mass index; BP, blood pressure; DHP-CCB, 
dihydropyridine calcium channel blocker; DM, diabetes mellitus; eGFR, estimated glomerular filtration rate; HFpEF, heart failure with pre-
served ejection fraction; HFrEF, heart failure with reduced ejection fraction; HTN, hypertension; LVEF, left ventricular ejection fraction; NT-
proBNP, N-terminal pro-brain natriuretic peptide; NYHA, New York Heart Association; SCr, serum creatinine. 
+/� values are means ± standard deviation. 

tolerate beta-blockers. In patients with hypertension (Groups 
B and C), approximately 55–60% received angiotensin-
converting enzyme inhibitors or angiotensin II receptor 
blockers, whereas the remaining received calcium channel 
blockers (CCBs), in line with UK national hypertension guide-
lines in patients older than 55 years. Around 10% in these 
groups were prescribed loop diuretics by their general practi-
tioners to manage ankle oedema for reasons other than HF, 
such as a side effect of CCBs. 

Haemodynamics and echocardiography 

Average SBP was unequal across the five groups (P = 0.001) 
with hypertensive subjects with or without DM (Group B, 
151.1 ± 25.4; Group C, 139.2 ± 26.7 mmHg), exhibiting 
greater SBP than that of healthy volunteers (Table 1). 

Although both HF groups had a high prevalence of hyperten-
sion, average SBP was within the normal range (HFpEF, 
124 ± 19.9; HFrEF, 115 ± 13.7 mmHg), reflecting either an 
advanced stage of HF associated with decapitated hyperten-
sion or a greater use of renin-angiotensin-aldosterone-system 
inhibitors. Average LVEF was severely reduced in HFrEF 
(27.2 ± 13.4%) compared with HFpEF (62.9 ± 7.4%). Subjects 
with HFpEF and HFrEF exhibited markedly raised estimated 
LVEDP (average E/e′ 18.6 ± 3.5 in HFpEF; E/e′ 21.4 ± 1.9 in 
HFrEF) associated with greater indexed LV masses, compared 
with the other groups (Table 1). 

Pulse wave analysis 

There was a consecutive rise in cf-PWV across Groups A–D as  
vascular comorbidities accumulated by definition of groups, 
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5 Rising arterial stiffness with accumulating comorbidities 

Figure 1 Mean pulse wave velocity for all groups with 95% confidence intervals and pairwise P-values from linear model results in Table 2 adjusted for 
age and estimated glomerular filtration rate. 

peaking in HFpEF (Group A, 10.19 ± 2.02; Group B, 
12.20 ± 2.39; Group C, 13.05 ± 2.70; Group D, 
13.36 ± 2.92 m/s) before returning to near-normal levels in 
HFrEF (10 ± 0.9 ms) (Figure 1 and Table 2). After adjusting 
for age, obesity, smoking, hypercholesterolaemia, anaemia, 
and renal function, mean differences in cf-PWV between con-
trol and each of Groups B–D remained statistically significant 
(Table 3). The largest adjusted mean difference in cf-PWV 
was observed between Group C (hypertension and diabetes) 
and HFrEF [cf-PWV 3.17 (1.40, 4.93), P < 0.001], followed by 
HFpEF vs. HFrEF [cf-PWV 2.82 (1.03, 4.61), P = 0.002] and 
Group C vs. control [cf-PWV 2.25 (1.15, 4.65), P = 0.001]. Aug-
mentation index was elevated in subjects with hypertension 
(35 ± 8%), hypertension and diabetes (32 ± 11%), followed 
by HFpEF (29 ± 11%), indicating increased late-systolic reflec-
tive waves from a stiff arterial vasculature. 

Microvascular function by laser Doppler 
flowmetry 

There was a suggestion that microvascular dysfunction was 
most prominent in subjects with hypertension and diabetes 
(Group C). This group exhibited numerically higher basal 
and peak blood flow, delayed peak to hyperaemia, and lowest 
area of PORH (i.e. reduced global flow and impaired vasodila-
tory response) among the five groups (Table 2). However, 
there were no statistically significant differences in these pa-
rameters between the groups. It is important to note the 
marked intra-group variability in most of these parameters 
as reflected by their wide interquartile range. Area under 
the curve for PORH can be affected by red blood cell concen-

tration (e.g. reduced in anaemia); however, PORH was similar 
between HFpEF and control Group A despite significant dif-
ferences in baseline haemoglobin. 

Exercise capacity 

Out of a total of 74 participants, 23 participants were unable 
to complete CPET due to either participant refusal or ortho-
paedic impairment to exercise. CPET data were obtained in 
51 participants, all of which reached an average RER ≥ 1.1 
to mark peak exercise effort. A consecutive decrease in exer-
cise capacity was observed across Groups A through to E 
(Table 4). Average VO2 peak was significantly different be-
tween the five groups (P = 0.003) with HFpEF subjects achiev-
ing a very low average VO2 peak (10.5 ± 2.6 mL/kg/min) 
followed by HFrEF (11.2 ± 2.3 mL/kg/min) compared with nor-
mal values seen in the healthy controls (19.4 ± 6.4 mL/kg/ 
min). Both HF groups had an average percentage predicted 
VO2 peak of approximately 62%, indicating moderate to 
severely impaired exercise tolerance secondary to HF. 

Relationship between pulse wave velocity, 
estimated left ventricular end-diastolic pressure, 
and exercise capacity 

Finally, we determined whether raised arterial stiffness was 
associated with exercise intolerance and raised LVEDP, both 
of which are hallmark signs of HFpEF. As shown in Figure 2, 
there was a moderate negative correlation between cf-PWV 
and VO2 peak (Groups A–E, r = �0.304, 95% CI �0.603, 
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7 Rising arterial stiffness with accumulating comorbidities 

Table 3 Comparison of groups with pulse wave velocity after adjusting for age, renal function, body mass index, haemoglobin, smoking 
status, and hypercholesterolaemia 

Predictors of PWV Multivariate regression analysis (beta, 95% CI, P-value) 

Age (years) 
Renal function (eGFR) 
Body mass index 
Haemoglobin 
Current smoker 
Hypercholesterolaemia 

0.23 (0.13, 0.34), <0.001 
0.02 (�0.005, 0.04), 0.126 
0.14 (0.03, 0.24), 0.012 

0.008 (�0.03, 0.04), 0.670 
0.75 (�1.37, 2.87), 0.485 

�0.72 (�1.93, 0.49), 0.241 

Group comparison Mean difference in pulse wave velocity (95% CI), P-value 

Comparisons with control 
Hypertension without diabetes mellitus 1.85 (0.37, 3.33), 0.015* 
Hypertension with diabetes mellitus 2.25 (1.15, 4.65), 0.001* 
HFpEF 1.87 (0.54, 4.57), 0.014* 
HFrEF �0.80 (�2.31, 1.78), 0.80 

Comparisons with hypertension group 
Hypertension with diabetes mellitus 1.05 (�0.59, 2.69), 0.206 
HFpEF 0.28 (�1.20, 2.62), 0.461 
HFrEF �2.11 (�4.05, �0.18), 0.033* 

Comparison with hypertension + diabetes 
HFpEF �0.34 (�1.94, 1.26), 0.67 
HFrEF �3.17 (�4.93, �1.40), <0.001* 

Comparison with HFpEF 
HFrEF �2.82 (�4.61, �1.03), 0.002* 

CI, confidence interval; eGFR, estimated glomerular filtration rate; HFpEF, heart failure with preserved ejection fraction; HFrEF, heart fail-
ure with reduced ejection fraction; PWV, pulse wave velocity. 
*Statistically significantly calculated by analysis of covariance general linear model after adjustment of above predictor variables. By 
Bonferroni’s correction, a pairwise comparison between two groups is statistically significant if P < 0.005 (0.05/10). 

�0.032, P = 0.03; if Group E excluded, r = �0.426, 95% CI 
�0.739, �0.15, P = 0.004), suggesting that the higher the ar-
terial stiffness, the lower the exercise capacity. There was a 
moderate positive correlation between cf-PWV and esti-
mated LVEDP based on E/e′ (r = 0.307, 95% CI 0.068, 0.567, 
P = 0.014). 

Discussion 

This study aids towards the understanding of the pathophys-
iology of HFpEF by investigating its relationship with arterial 
stiffness, diastolic dysfunction, and exercise capacity across 
five groups of individuals. Our findings were as follows: (i) 
cf-PWV increased from Groups A to D as vascular comorbidi-
ties of diabetes and hypertension accumulated independent 
of age, renal function, BMI, and other risk factors for arterial 
stiffness; (ii) HFpEF exhibited the highest cf-PWV and HFrEF 
displayed near-normal levels; and (iii) arterial stiffness was in-
versely related to exercise capacity on CPET and positively 
correlated with LV filling pressures on echocardiography. 

Arterial stiffness and the continuum of heart 
failure with preserved ejection fraction 

By studying at earlier time points in the disease process, early 
changes in arterial compliance, LV remodelling, and LV 
diastolic dysfunction (LVDD) can be appreciated. It is well 

recognized that arterial stiffening is a common feature of 
ageing,27,28 hypertension,6,29,30 diabetes,31,32 and chronic 
kidney disease (CKD)33,34 and an independent predictor of 

events in HFpEF.9,24,26,35,36cardiovascular By investigating 
this collectively, the potential additive effects of such comor-
bidities on the ventricular–vascular stiffness that underlie 
HFpEF can be appreciated, as reflected in modern interna-
tional guidelines. Whereas the latest ESC 2021 HF guideline 
categorizes HF by LVEF cut-offs,37 the American Heart 
Association equivalent recognizes HF as a clinical continuum, 
defining stages A and B as individuals at risk of HF with 
evidence of structural heart disease in the latter.38 This spec-
trum is reflected in our study groups. Group C (hypertension 
and DM) is akin to stage B, wherein asymptomatic individuals 
exhibited rising arterial stiffness, estimated LVEDP (E/e′ ≥ 13), 
and N-terminal pro-brain natriuretic peptide (NT-proBNP) 
(two-fold greater than healthy controls) towards but below 
the threshold that marked the onset of HFpEF (Group D). 
Pathophysiologically, if the effects of comorbidities remain 
unaddressed, it may only be a matter of time for the high ar-
terial stiffness to exert enough hydraulic afterload on a 
maladaptively remodelled LV for Group C to progress to 
HFpEF.8,23,35 In support of this, PWV-based arterial stiffness 
was found to be independently associated with the degree 
of LV hypertrophy (LVH), diastolic dysfunction, and 
NT-proBNP irrespective of BP, BMI, and renal 
function.13,27,39,40 Furthermore, individuals with HF with 
mid-range ejection fraction were found to have greater 
cf-PWV than HFrEF, but similar to HFpEF, adding support to 
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the concept of HF as a continuous spectrum with varying de-
grees of ventricular–arterial stiffness.41 Together, these find-
ings corroborate with our previous observations that LVDD 
transitions through stages from pre-clinical LVDD, pre-HFpEF, 
to HFpEF,17,42 plausibly driven by an increasing arterial stiff-
ness from rising age and comorbidity burden. 

Effects of comorbidities on arterial stiffness 

Arterial stiffness progresses rapidly with duration and 
worsens with amalgamating comorbidities, changes that 
may be small individually but cumulatively significant.4,27,36 

For example, even though cf-PWV did not substantially in-
crease from Groups B to C (P = 0.21) or from Groups C to D 
(P = 0.67) (Table 3), the small incremental rises (Figure 1) 
can have significant impact on ventricular–arterial coupling 
and LVDD, particularly in comorbid patients. Indeed, a differ-
ence in cf-PWV of 2–3 m/s was found to be equivalent to 
several decades of vascular ageing.31 Studies have shown 
that diabetic subjects with HFpEF had significantly more pro-
nounced arterial stiffness, LVH, and HF symptoms than HFpEF 
alone31 and that the effect of diabetes on cf-PWV was greater 
among individuals with CKD than those without CKD.33 

Pathophysiologically, as comorbidities accumulate, elastic 
arteries become stiffer from elastin fragmentation, medial 
calcification, and collagen deposition.34,43 Reflected pressure 
waves consequently arrive earlier to the heart, imposing 
excessive pulsatile workload on the LV with increased 
myocardial oxygen demand. This in turn drives a process 
of LVH, myocardial energetic inefficiency, and cardiac 
dysfunction.5,11,12,44 Although SGLT2 inhibitors may play a 
role in mediating this process, optimizing comorbidities re-
mains a vital means of halting the progression to and of 
HFpEF.3,6 

Significance of vascular ageing 

It is also important not to overlook age as another important 
driver in the development of HFpEF because advanced age, 
particularly in women, has been shown to contribute signifi-
cantly to arterial and diastolic stiffness.45 This was appreci-
ated in our study. First, Group D reflects the typical profile 
of HFpEF, in which individuals were predominantly older 
and more likely to be women.37,38 Second, whereas the rise 
in cf-PWV from Groups A to D remained statistically signifi-
cant after adjustment for age (and other risk factors), the re-
lationship between cf-PWV and VO2 peak (r = �0.304) and 
with E/e′ (r = 0.307) was lost after correction for age. In a 
study assessing the effects of age and gender on arterial stiff-
ness and LVDD, a similar strength correlation was found be-
tween PWV and E/e′ (r = 0.26), which was only seen in elderly 
women and not in younger women or men.28 It may be 

ESC Heart Failure (2023) 
DOI: 10.1002/ehf2.14422 

https://1.04�1.18
https://1.12�1.33
https://1.15�1.32
https://1.12�1.26


 20555822, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ehf2.14422 by T

est, W
iley O

nline L
ibrary on [14/06/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

9 Rising arterial stiffness with accumulating comorbidities 

Figure 2 Relationship between pulse wave velocity and peak VO2. 

speculated that comorbidities and female gender predispose 
the individual to HFpEF, whereas the additional effects of in-
creasing age on ventricular–vascular stiffness may accelerate 
and eventually precipitate the development of HFpEF. 

Arterial stiffness in heart failure with reduced 
ejection fraction 

One major difference in the pathophysiology between HFrEF 
and HFpEF relates to changes in the pulsatile arterial haemo-
dynamics. It has been suggested that whereas HFpEF is pri-
marily associated with high vascular afterload, HFrEF exhibits 
lower pulse wave analysis-derived measures of arterial stiff-
ness (PWV, cPP, and AIx) due to failure of the mechanical 
pump, whereby a significantly reduced stroke volume leads 

23,41to truncated ejection duration and arterial flow. This 
may explain why Group E (HFrEF), with an average LVEF of 
27%, displayed levels of cf-PWV similar to those of healthy 
controls (10 ± 0.9 vs. 10.19 ± 2.02 m/s, P = 0.56). Strictly 
speaking, arterial stiffness was increased in Groups A and E, 
albeit slightly, because cf-PWV > 10 m/s is considered path-
ologic and predictive of major adverse cardiovascular 
events.16,46 In the case of HFrEF, the marginal rise in cf-
PWV, despite the reduced arterial flow from mechanical 
pump failure, may be attributed to coexisting cardiovascular 
risk factors and advanced age. A prospective cohort study ad-

justed for these risk factors and found that the association 
between cf-PWV and adverse cardiac events in HFrEF was 
no longer significant, suggesting that the poorer outcome 
was likely driven by cardiovascular risk factors rather than 
the elevated cf-PWV itself.47 

It is also important to note that brachial BP does not re-
flect arterial stiffness. Both HF groups had similarly normal 
brachial BP, which could be attributed to optimal 
anti-hypertensive therapy over a longer duration. However, 
cf-PWV in HFpEF was on average 2.68 m/s greater than that 
in HFrEF (P = 0.003). This could not be explained by age, 
BMI, or renal function because neither of these variables var-
ied significantly between the two. Patients with identical BP 
can have substantially different afterload patterns due to 
the complex and dynamic interplay in the mechanical proper-
ties of the heart and arterial tree.23 In other words, HFpEF pa-
tients can still have significantly raised arterial stiffness in the 
face of normotension. 

Exercise capacity 

High arterial stiffness may contribute to the pathophysiology 
of exercise intolerance, a hallmark of HFpEF.7 A statistically 
significant negative correlation was observed between 
cf-PWV and VO2 peak (r = �0.304, P = 0.03), suggesting that 
the greater the arterial stiffness, the lower the exercise 
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10 D. Ali et al. 

capacity (Figure 2). Its strength of correlation was likely atten-
uated by including individuals from Group E who had near-
normal cf-PWV values but significantly reduced VO2 peak. 
By excluding Group E, the strength of the same correlation 
was moderate (r = �0.426, P = 0.004). A relatively small num-
ber of patients who completed the CPET were included in the 
analysis. Nonetheless, our results are consistent with other 
studies that have shown an independent association between 
cf-PWV and VO2 peak in hypertensive patients (r = �0.512, 
P = 0.003),48 HFpEF (r = �0.34, P < 0.05),49 and HFrEF 
(r = �0.39, P = 0.0007).50 This high resting arterial stiffness 
will rise steeply during exercise, leading to a dramatic in-
crease in proximal arterial load on the LV.49 The imbalance 
in ventricular–arterial coupling widens further and exercise 
intolerance ensues.7 

Microvascular dysfunction 

The secondary measure of LDF-based microvascular dysfunc-
tion was not found to be significantly different between the 
groups. Likewise, other studies have not been able to consis-
tently demonstrate endothelial dysfunction in HFpEF 
clinically.26,51 Even the assessment of endothelial-dependent 
vasodilatory response, for example, to acetylcholine, was 
not found to be useful in differentiating pathophysiological 
mechanisms between HFpEF and HFrEF because both groups 
had equally impaired vasodilatory responses.26 However, a 
larger sample size was required given the large variability 
for each parameter in all five groups. 

Limitations 

This study should be interpreted within the context of its lim-
itations. The cross-sectional nature cannot establish a cause-
and-effect relationship between arterial stiffness and HFpEF; 
however, valuable insight was provided on the role of comor-
bidities in HFpEF by examining across various patient pheno-
types. Although this study adjusted for certain confounding 
variables known to affect arterial stiffness, for example, BMI 
and age, the available data on smoking and hypercholesterol-
aemia were limited to binary categorical values. A more nu-
anced analysis could have been achieved by incorporating 
continuous variables such as smoking pack years and serum 
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lipid levels. Although the study size ensured 80% power for 
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Conclusions 

This study adds further support to the concept of HFpEF as a 
disease of the vasculature, underlined by an increasing arte-
rial stiffness that is driven by vascular ageing and accumulat-
ing non-cardiac comorbidities of hypertension and diabetes. 
Reflecting a pulsatile arterial afterload associated with dia-
stolic dysfunction and exercise capacity, PWV may provide a 
clinically relevant tool to identify at-risk intermediate pheno-
types (e.g. pre-HFpEF) before overt HFpEF occurs. After all, 
prevention is preferred over controlling the disease process, 
despite the promising benefits of SGLT2 inhibitors in HFpEF. 
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