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ORIGINAL ARTICLE

Endovascular Treatment of Flow-Limiting 
Iliofemoral Stenosis Improves Left Ventricular 
Diastolic Function in Patients With HFpEF by 
Reducing Aortic Pulsatile Load
Sven Baasen , MD*; Manuel Stern , MD*; Patricia Wischmann, MD; Johanna Schremmer , MD; Roberto Sansone, MD;  
Maximilian Spieker, MD; Georg Wolff , MD; Florian Bönner, MD; Christine Quast , MD; Christian Heiss , MD; Malte Kelm , MD;  
Lucas Busch , MD

BACKGROUND: Recent research indicates that there is a high prevalence of heart failure with preserved ejection fraction 
in patients with peripheral artery disease. We hypothesized that endovascular treatment (EVT) of flow-limiting peripheral 
stenosis improves left ventricular (LV) diastolic function.

METHODS: Thirty patients with symptomatic peripheral artery disease and heart failure with preserved ejection fraction 
according to Heart Failure Association−preserved ejection fraction score who were scheduled for EVT or angiography 
were investigated at baseline, the day after EVT (n=25) or angiography (control, n=5), and at 4 months follow-up. 
Peripheral hemodynamics were determined by the total peripheral resistance, common femoral artery flow, and ankle 
brachial index. Aortic function was measured by arterial compliance, augmentation index, and pulse wave velocity. 
Aortic pulsatile load was estimated as the characteristic impedance of the proximal aorta and the magnitude of wave 
reflection (reflection coefficient). LV mass index, LV mean wall thickness, and systolic and diastolic function were 
assessed using echocardiography. Patient-centered outcomes were treadmill walking distance and New York Heart 
Association class.

RESULTS: After EVT, peripheral hemodynamics changed significantly with a decrease in total peripheral resistance and an 
increase in common femoral artery flow and ankle brachial index. Aortic function improved after EVT, with significantly 
reduced augmentation index and pulse wave velocity and increased compliance immediately and at follow-up, resulting 
in a reduction in aortic pulsatile load (characteristic impedance of the proximal aorta and reflection coefficient). 
Concurrently, LV diastolic function improved after EVT compared with control, acutely and at follow-up, with increased 
septal and lateral e´ velocities and decreased E/e´ and left atrial volume index. The LV mass index and LV mean wall 
thickness decreased at follow-up. The New York Heart Association class and treadmill walking distance improved post-
EVT at follow-up. Augmentation index, pulse wave velocity, and arterial compliance were identified as independent 
contributors to E/e´.
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CONCLUSIONS: Endovascular treatment of flow-limiting iliofemoral stenosis reduces aortic pulsatile load and concurrently 
lowers total peripheral resistance. This beneficial effect is associated with an acute and sustained improvement of left 
ventricular diastolic function.

REGISTRATION: URL: http://www.clinicaltrials.gov; Unique identifier: NCT02728479.

Key Words: aorta ◼ heart failure ◼ peripheral arterial disease ◼ pulse wave analysis ◼ stroke volume

See Editorial by Goudot and Gerhard-Herman

Peripheral artery disease (PAD) is associated with 
increased cardiovascular mortality and an increased 
risk for incident heart failure (HF).1 Furthermore, PAD 

is associated with arterial stiffness and an elevated aor-
tic augmentation index (AIx). It is now appreciated that 
wave reflection and arterial stiffness are important deter-
minants of age-related isolated systolic hypertension.2,3 
As the aorta stiffens, its pressure-buffering function is 
impaired, resulting in an increase in aortic pulsatile load 
and aortic blood pressure (aBP). Isolated systolic hyper-
tension occurs in up to 90% of patients with PAD.4 In 
the context of PAD, arterial stenoses and occlusions may 
cause local reflection of the pulse wave, increasing aortic 
augmentation and contributing to the development of iso-
lated systolic hypertension, therefore increasing the left 
ventricular (LV) afterload, which ultimately leads to HF.5,6

Approximately 10% of patients with heart failure with 
preserved ejection fraction (HFpEF) have concomitant 
PAD.7 Functional limitations in walking capacity due to 
HF are likely to mask symptoms of PAD or vice versa, 
causing underestimation of the number of patients with 

both conditions. Patients with hypertension and HFpEF 
have increased vascular stiffness; therefore, this may play 
a role in coupling vascular stiffening, increased afterload, 
and impaired left ventricular diastolic function (LVDF).8–10

We and others have previously shown that peripheral 
EVT of flow-limiting stenosis acutely lowers aBP and 
brachial blood pressure (BP), accompanied by a lowering 
of the AIx.11,12 In this proof-of-concept study, we estab-
lished a 3-element model to simultaneously and indepen-
dently analyze (1) peripheral hemodynamics determined 
by the components of total peripheral resistance (TPR) in 
patients with PAD and HFpEF; (2) aortic function encom-
passing measures of the physicomechanic properties of 
the aortic wall, blood flow, and aortic pulsatile load; and 
(3) aortic inflow defined by LV systolic function. Simul-
taneous analysis of aortic inflow, aortic function, and 
peripheral hemodynamics before and after EVT enabled 
us to selectively investigate the impact of EVT on LVDF. 
We hypothesized that EVT of flow-limiting iliofemoral 
stenosis improves LVDF and patient-centered outcomes 

Nonstandard Abbreviations and Acronyms

ABI	 ankle brachial index
aBP	 aortic blood pressure
AIx	 augmentation index
aMAP	 aortic mean arterial pressure
BP	 blood pressure
CFA	 common femoral artery
CO	 cardiac output
HFpEF	� heart failure with preserved ejection 

fraction
LV	 left ventricular
LVDF	 left ventricular diastolic function
NYHA	 New York Heart Association
PAD	 peripheral artery disease
PWV	 pulse wave velocity
SV	 stroke volume
TMWD	 treadmill walking distance
TPR	 total peripheral resistance
Zc	� characteristic impedance of the proximal 

aorta

WHAT IS NEW?
•	 Peripheral artery disease is associated with left 

ventricular diastolic function and heart failure with 
preserved ejection fraction.

•	 The impact of endovascular treatment of flow- 
limiting iliofemoral stenosis on left ventricular dia-
stolic function, aortic function, and peripheral 
hemodynamics in patients with peripheral artery 
disease and heart failure with preserved ejection 
fraction has not been studied.

•	 Our data demonstrate that endovascular treatment 
of flow-limiting stenosis reduces aortic pulsatile 
load and concurrently lowers total peripheral resis-
tance. This beneficial effect is associated with an 
acute and sustained improvement of left ventricular 
diastolic function in ameliorating heart failure.

WHAT ARE THE CLINICAL IMPLICATIONS?
•	 Screening for peripheral artery disease in heart fail-

ure with preserved ejection fraction and vice versa 
is important to optimize treatment strategies in 
these high-risk patients.

http://www.clinicaltrials.gov
https://www.ahajournals.org/doi/10.1161/CIRCHEARTFAILURE.124.012187
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such as the New York Heart Association (NYHA) class 
and walking capacity by restoring peripheral perfusion 
and lowering aortic pulsatile and resistive load.

METHODS
Data Sharing
The data that support the findings of this study are available 
from the corresponding author upon reasonable request.

Study Cohort and Patients
Patients with symptomatic Rutherford II or III PAD who were 
scheduled for EVT or angiography within the Duesseldorf PTA 
Registry (Clinical Trials identifier: NCT02728479) were eligible 
to participate if they had a LV ejection fraction ≥50% and an 
ESC Heart Failure Association−preserved ejection fraction 
score ≥5, implying “a high probability of HFpEF” according to 
the recent guideline recommendations.13 Major exclusion criteria 
included a prior documented reduction in the LV ejection frac-
tion to <50%, documented atrial fibrillation, advanced valvular 
heart disease, chronic kidney disease of stage III or higher, and 
new or increased doses of BP-lowering or pain medication dur-
ing follow-up. We prospectively investigated eligible patients at 
baseline 1 day before, 1 day after, and 4±1.3 months after EVT 
(n=25). Patients with diagnostic angiography served as a con-
trol (n=5). Patient-centered outcome measures were assessed 
by NYHA class and treadmill walking distance (TMWD; see the 
CONSORT [Consolidated Standards of Reporting Trials] dia-
gram; Figure 1). The study was conducted after approval from 
the local ethics committee (study number: 2019-382-KFogU) 
and in accordance with the Declaration of Helsinki. All patients 
gave written informed consent before the procedure.

Three-Element Model of Aortic Function and Its 
Impact on LVDF
To assess the impact of endovascular treatment of flow- 
limiting stenosis in PAD on LVDF, we defined a 3-element 
model encompassing measures of (1) peripheral hemodynam-
ics, (2) aortic function, and (3) aortic inflow. Independent of 
that, multiple echocardiographic indexes of LVDF were mea-
sured and correlated to changes in physical exertion capacity.

Peripheral Hemodynamics
The outflow of the aorta is critically determined by its afterload. 
To analyze changes in peripheral hemodynamics before, dur-
ing, and after EVT, we measured the brachial BP, ankle brachial 
index (ABI), common femoral artery (CFA) flow, and TPR deter-
mined by the ratio of cardiac output (CO) to aortic mean arterial 
pressure (aMAP).

Aortic Function
The major function of the aorta is to distribute blood flow ade-
quately to peripheral tissues and to adapt the pulsatile CO. To 
monitor the major determinants of aortic function, we analyzed 
the physicomechanic indices of the aortic wall (compliance and 
stiffness), aBP, and pulsatile characteristics of the aortic flow 
(aortic pulse pressure). The characteristic impedance of the 

proximal aorta (Zc) and the magnitude of wave reflection were 
calculated to assess the metrics of aortic pulsatile load.

Aortic Inflow
To assess the impact of EVT on LVDF, it is important to ensure 
that the systolic LV function determining the amount of aortic 
inflow remains constant before, during, and after EVT. For this 
purpose, we measured the heart rate, stroke volume (SV), and 
CO.

LVDF and Indexes of Physical Exercise Capacity
EVT-related changes in the aforementioned 3 components 
may affect LVDF, left atrial function, secondary symptoms of 
HF, and exercise capacity. Therefore, we analyzed the echocar-
diographic functional and morphological indexes of LVDF and 
the left atrium together with symptoms according to the NYHA 
classification and TMWD.

Endovascular Treatment
Iliac lesions were treated with angioplasty (Passeo 35, 
Biotronic), followed by the implantation of balloon-expandable 
stents (Dynamic, Biotronic). Femoropopliteal arteries were 
treated with angioplasty, followed by drug-coated balloon treat-
ment (Passeo-Lux 18, Biotronic), and if necessary, with self-
expandable nitinol stents (Innova, Boston Scientific). To further 
stratify lesion characteristics, the stented segment was calcu-
lated as a cylindrical volume (V) as follows: Vstent=π×r²×l.

Measures of Peripheral Hemodynamics
Office measurements were performed, including a standard-
ized vascular ultrasound assessment (10 MHz transducer; Vivid 
I, GE) and measurement of the ABI. Brachial BP was mea-
sured using an automated clinical digital sphygmomanom-
eter (Dynamap Vital Signs Monitor, Dinamap, General Electric 
Health Care, Solingen, Germany). CFA blood flow was calcu-
lated as volume flow [mL/min]=π×r2[cm]×Vmean[cm/s]×60. 
TPR was estimated as aMAP divided by CO.

Measures of Aortic Function
The systolic aBP, diastolic aBP, aMAP, aortic pulse pressure, 
and AIx@HR75 were determined by applanation tonometry 
measured at the radial artery using the SphygmoCor system 
with transfer function (AtCor Medical, Sydney, Australia). The 
average values of 3 repeated measurements were noted. The 
SphygmoCor system was used for the measurement of the 
carotid-to-femoral PWV (cfPWV) according to current guide-
lines.14 The femoral artery on the noninterventional side was 
chosen as the femoral derivation point for the measurement of 
cfPWV. For bilateral procedures, the limb with the higher ABI 
was chosen as the femoral derivation point. Arterial compliance 
was estimated by the ratio of SV to aortic pulse pressure.15 The 
Zc was calculated according to Mitchell et al16 as follows: the 
aortic pressure curve and the LV outflow tract flow were digi-
tized using a graph plotting program (WebPlotDigitizer), then 
we calculated the slope of the 2 superimposed graphs to esti-
mate the Zc. With this superimposed graph, the magnitude of 
wave reflection, defined as the reflection coefficient, was cal-
culated as described by Chirinos et al.17
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Figure 1. Overview of the study cohort, 3-element model of the aorta, and study protocol.
A, CONSORT diagram. B, Three-element model of the aorta depicting parameters of inflow, aortic function, and peripheral hemodynamics. 
C, The study protocol. ABI indicates ankle brachial index; aBP, aortic blood pressure; AIx, augmentation index; AP, augmentation pressure; 
aPP, aortic pulse pressure; BP, blood pressure; CFA, common femoral artery; CKD, chronic kidney disease; CO, cardiac output; CONSORT, 
Consolidated Standards of Reporting Trials; HFpEF, heart failure with preserved ejection fraction; HR, heart rate; LVDF, left ventricular diastolic 
function; LVEF, left ventricular ejection fraction; NYHA, New York Heart Association; PWV, pulse wave velocity; RC, reflection coefficient; SV, 
stroke volume; TMWD, treadmill walking distance; TPR, total peripheral resistance; and Zc, characteristic impedance of the proximal aorta.



Baasen et al PAD and Diastolic Function

809Circ Heart Fail. 2024;17:e011258. DOI: 10.1161/CIRCHEARTFAILURE.123.011258� September 2024

Measures of Aortic Inflow
Transthoracic and Doppler echocardiography were performed 
by our echocardiography laboratory, which was blinded to the 
clinical information and treatment assignment, with commer-
cially available ultrasound systems (GE Healthcare, Chicago, 
IL). The Simpson method was used to calculate the LV ejection 
fraction. SV was determined as the product of the LV outflow 
tract area and the velocity time integral; CO was derived as the 
product of heart rate and SV.

Left Ventricular Diastolic Function
Transmitral flow, containing the E/A ratio, was assessed by 
pulsed wave Doppler at the top of mitral valve leaflets. The mitral 
annulus velocity was obtained from tissue Doppler imaging 
mode at septal and lateral annulus with pulsed wave Doppler. 
The E wave of transmitral flow was divided by the septal and 
lateral mitral annulus velocities and averaged as the E/e´mean 
ratio. LV mass index and LV wall thickness were assessed for 
each patient. Left atrial parameters, including the left atrial area, 
left atrial volume, and left atrial volume index, were assessed in 
4- and 2-chamber views. Continuous wave Doppler was used 
to obtain the peak tricuspid regurgitant velocity as a measure 
of systolic pulmonary artery pressure.

Patient-Centered Outcomes: TMWD and NYHA 
Class
PAD-related clinical evaluations included staging by the 
Rutherford classification and TMWD if possible. The NYHA 
class was assessed at baseline 1 day before and at follow-up 
after EVT or diagnostic angiography.

Statistical Analyses
Categorical variables are presented as absolute numbers (n) 
and percentages (%); statistical comparisons for these vari-
ables were made by Fisher exact test. Continuous variables 
are expressed as the mean values and standard deviations 
and were compared by unpaired t test. Changes in parame-
ters (delta) were calculated as postangioplasty values minus 
baseline (pre angioplasty) values and expressed as the means 
with 95% CIs. Within-subject changes with single comparisons 
in hemodynamics and echocardiographic parameters were 
analyzed using a paired Student t test. Linear relationships 
between continuous variables were expressed as Pearson’s 
r. Statistical significance was assumed at P≤0.05. Linear uni-
variate and multivariate regression analyses were performed 
to test the relationships between independent variables of 
peripheral hemodynamics, aortic function, aortic inflow (CO), 
and the dependent variable E/e´. All individual baseline, post-
EVT, and follow-up observations of patients participating in the 
study were entered into the models, thus including repeated 
measures. The model was tested for collinearity between mea-
sures of aortic inflow, function, and peripheral hemodynam-
ics. Potential confounders were entered into stepwise linear 
regression models, including standard modifiable risk factors 
for cardiovascular disease (diabetes, hyperlipidemia, hyperten-
sion, and smoking), age, BMI, CKD, sex, and CAD.

Data were analyzed using GraphPad Prism version 6.00 
(La Jolla, California, IL) and IBM SPSS software version 25.0 
(Armonk, NY).

RESULTS
Study Population and Procedures
A total of 30 patients with symptomatic PAD and con-
comitant HFpEF (see Tables S1 and S2 for the Heart 
Failure Association−preserved ejection fraction scores 
and Figure S1) were included. Baseline characteristics 
between these 2 groups were not statistically differ-
ent (Table 1). Exposure to HF medications was similar 
between the 2 groups at baseline (Table 1). The detailed 
HF medication burden at baseline and follow-up is sum-
marized in Table S3. Detailed lesion and procedural char-
acteristics are shown in Tables S4 and S5. The control 
group was managed conservatively or scheduled for sur-
gery based on the lesion characteristics after diagnostic 
angiography (Table S5). No major adverse cardiac and 
cerebrovascular events or major adverse limb events 
occurred during follow-up (Table S6).

Endovascular Treatment Leads to a Sustained 
Decrease in TPR and an Increase in ABI and 
CFA Blood Flow
The ABI of the treated leg did not differ between groups 
(Table S3) at baseline and significantly increased from 
0.67±0.14 to 0.84±0.17 and 0.88±0.14 at follow-up 
after EVT (Table 2). There was no significant change in 
the ABI in the control group. TPR decreased significantly 
(P=0.041) after successful EVT with a sustained effect 
at follow-up (Table 2), whereas no significant change 
was noted in the control group.

The total CFA blood flow significantly increased after 
successful EVT and at follow-up, whereas no significant 
change in the CFA blood flow was noted in the control 
group (Table 2).

Normalized Aortic Function Mediated Through 
Improved Peripheral Hemodynamics
Systolic aBP decreased after EVT. The mean differ-
ence 1 day after EVT was −8 mm Hg (P=0.056) and 
−9 mm Hg at follow-up (P=0.036). Diastolic aBP was 
not affected by EVT. AMAP decreased after EVT with a 
mean difference of −5 mm Hg 1 day after EVT and −5 
mm Hg at follow-up, whereas no significant change was 
noted in the control group (Table 2). The mean aortic 
pulse pressure decrease was −7 mm Hg and −8 mm Hg 
at follow-up compared with baseline. There was no sig-
nificant change in aBP in the control group (Table 2).

Arterial compliance significantly increased after 
successful EVT and at follow-up, whereas no signifi-
cant change was noted in the control group (Table 2). 
PWV significantly decreased after successful EVT and 
at follow-up, whereas a modest increase was noted at 
follow-up in the control group (Table 2). When changes 
in arterial compliance and PWV were adjusted for aMAP, 
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only arterial compliance increased significantly after suc-
cessful EVT at follow-up (Table S7). AP and AIx@HR75 
were significantly lower after EVT and at follow-up, while 

there was no significant change in the control group 
(Table 2).

Zc and reflection coefficient as metrics of aortic pul-
satile load decreased after EVT and at follow-up (Figure 
S2; Table 2). Zc decreased significantly after EVT and at 
follow-up, whereas no significant change was noted in 
the control group (Figure S2; Table 2). Reflection coef-
ficient decreased significantly after EVT and at follow-
up, while there was no significant change in the control 
group (Figure S2; Table 2).

Constant Aortic Inflow After Endovascular 
Treatment
As shown in Table S8, there were no significant differ-
ences in baseline measures of aortic inflow between 
the groups. In both groups, LV ejection fraction, SV, and 
CO remained unchanged 1 day after the procedure and 
at follow-up. Table 2 summarizes measures of aortic 
inflow.

Immediate and Chronic Improvement of 
Markers for LVDF After Endovascular Treatment
As shown in Table S8, there were no significant differ-
ences in the baseline echocardiographic parameter LVDF 
between the groups. Markers of LVDF acutely improved 
after successful angioplasty with a sustained effect at follow- 
up, with an increase in lateral and septal e´ velocities and 
decreases in E/e´, tricuspid regurgitant, and left atrial vol-
ume index. LV mass index and mean LV wall thickness 
decreased at follow-up in successfully treated patients 
(Figure 2; Table 3). A summary of the changes in LVDF 
between EVT and control at different time points is shown 
in Table S9 and summarized in Figure 2. In a subgroup 
analysis, the effect of bilateral EVT (n=8) on E/e´ and 
left atrial volume index was greater than that of unilateral 
EVT (n=17; Figure S3). Improvements in TMWD, ABI, and 
CFA flow are associated with a reduction in E/e´ (Figure 
S4). When stent volume was calculated as a cylinder, the 
effect of larger stent volume had a greater effect on E/e´ 
than smaller volumes (Figure S5).

Improved TMWD and NYHA Class at Follow-Up
TMWD improved significantly after EVT, whereas no 
significant change was observed after angiography. The 
mean TMWD improved from 79±44 m at baseline to 
213±135 m and 242±136 in treated patients at follow-
up (Table 2).

In addition to a limitation in the walking distance, most 
patients were affected by coexisting dyspnea (Table 1). 
As shown in Figure 3, the NYHA class significantly 
decreased at follow-up after successful EVT (P=0.033), 
whereas the NYHA class remained unchanged in the 
control group.

Table 1.  Baseline Clinical and Demographic Characteristics 
of PAD Patients

Baseline characteristics EVT Control P value 

N 25 5 …

Age, y 65.5±8.1 62.9±9.9 0.52

Sex, male, n (%) 16 (64) 3 (60) 1.00

BMI, kg/m² 25.9±4.3 27.0±3.8 0.60

Former smoker, n (%) 8 (32) 1 (20) 1.00

Current smoker, n (%) 10 (40) 3 (60) 0.63

Type 2 diabetes, n (%) 10 (40) 3 (60) 0.62

Arterial hypertension, 
n (%)

24 (96) 5 (100) 1.00

Hyperlipidemia, n (%) 11 (44) 4 (80) 0.33

CAD, n (%) 16 (64) 4 (80) 0.64

Chronic kidney disease, 
n (%)

10 (40) 3 (60) 0.63

Clinical stage

 � Rutherford II–III, n (%) 25 (100) 5 (100) 1.00

 � NYHA I, n (%) 0 (0) 0 (0) 1.00

 � NYHA II, n (%) 14 (56) 4 (80) 0.62

 � NYHA III, n (%) 10 (40) 1 (20) 0.63

 � NYHA IV, n (%) 1 (4) 0 (0) 1.00

Medication

 � Aspirin, n (%) 20 (80) 5 (100) 0.56

 � Oral anticoagulant, 
n (%)

3 (12) 0 (0) 1.00

 � Beta blocker, n (%) 16 (64) 4 (80) 0.64

 � ACE inhibitor, n (%) 11 (44) 3 (60) 0.64

 � ARB, n (%) 10 (40) 1 (20) 0.63

 � CBB, n (%) 7 (28) 1 (20) 1.00

 � Diuretics, n (%) 6 (24) 1 (20) 1.00

 � AldA, n (%) 4 (16) 1 (20) 1.00

 � SGLT2i, n (%) 1 (4) 0 (0) 1.00

 � Sacubitril/valsartan, 
n (%)

0 (0) 0 (0) 1.00

 � Statin, n (%) 24 (96) 5 (100) 1.00

Laboratory

 � GFR, mL/min 70±26 59±16 0.41

 � NT-proBNP, pg/mL; 
median [IQR]

322 [235–1020] 370 [308–941] 0.66

 � HbA1c (%) 6.0±1.2 6.4±0.6 0.44

Categorical variables are presented as absolute numbers (n) and percentages 
(%); statistical comparisons for these were made by the Fisher exact test. Con-
tinuous variables are expressed as the mean values and SD and compared by un-
paired t test. NT-proBNP levels are expressed as median with interquartile range. 
The values presented in the column “P value” represent the overall difference 
between 3 groups. ACE indicates angiotensin-converting enzyme inhibitor; AldA, 
aldosterone antagonist; ARB, angiotensin receptor blocker; BMI, body mass index; 
CAD, coronary artery disease; CBB, calcium channel blocker; EVT, endovascular 
treatment; GFR, glomerular filtration rate; HbA1c, hemoglobin A1c; IQR, interquar-
tile range; NT-proBNP, N-terminal pro-B-type natriuretic peptide; NYHA, New 
York Heart Association; and SGLT2i, sodium-glucose cotransporter-2 inhibitor.
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Independent Contributors to E/e´
Among hemodynamic and nonhemodynamic factors, 
components of physicomechanical properties at the 
level of aortic function (PWV, AIx, and arterial compli-
ance) independently contributed to E/e´ in multivariate 
analysis, but systolic aBP and aMAP did not (Table S10). 
Measures of the level of aortic outflow were not indepen-
dently associated with E/e´.

To determine whether adjustment for comorbidities 
weakened the association between indexes of aor-
tic function and E/e´, stepwise linear regression mod-
els were repeated to include comorbidities. The model 
remained largely unchanged, with parameters of aortic 
function (arterial compliance, AIx, and PWV) that were 

significant in all models, even after Bonferroni adjust-
ment for multiple testing (Table S11).

DISCUSSION
This study shows for the first time that endovascular 
treatment of flow-limiting stenosis in PAD patients with 
HFpEF reduces aortic pulsatile load and concurrently 
lowers TPR. This beneficial effect is associated with 
acute and sustained improvement of LVDF that amelio-
rates HF, independent of standard modifiable cardiovas-
cular risk factors. Physicomechanical properties of the 
aorta (AIx, PWV, and arterial compliance) were identified 
as independent contributors to E/e´.

Table 2.  Three-Element Model of the Aorta Encompassing Measures of Peripheral Hemodynamics, Aortic Function, and Aortic 
Inflow

 

EVT, n=25 Control, n=5

Before After Follow-up 

P value 
(before 
vs af-
ter) 

P value 
(before 
vs FU) 

P value 
(after 
vs FU) Before After Follow-up 

P value 
(before 
vs af-
ter) 

P value 
(before 
vs FU) 

P value 
(after 
vs FU) 

Peripheral hemodynamics

 � bSBP, mm Hg 136±21 130±17 128±14 0.13 0.053 0.52 132±13 135±14 139±13 0.087 0.14 0.33

 � bDBP, mm Hg 74±10 75±8 74±8 0.73 0.76 0.92 68±9 71±11 71±8 0.12 0.52 1.0

 � bPP, mm Hg 63±21 55±15 53±13 0.08 0.032 0.53 64±10 64±9 69±8 0.70 0.12 0.12

 � TPR, 

dynes×s/cm5

2043±332 1846±372 1881±315 0.041 0.047 0.83 2044±393 2049±399 2097±285 0.86 0.35 0.48

 � CFA blood 

flow, mL/min

580±204 845±207 863±212 <0.001 <0.001 0.16 610±122 595±120 598±109 0.31 0.33 0.89

 � TMWD, m 79±44 213±135 242±136 <0.001 <0.001 0.021 82±43 76±36 82±41 0.31 1.00 0.31

 � ABI 0.67±0.1 0.84±0.2 0.88±0.1 <0.001 <0.001 0.042 0.70±0.1 0.71±0.1 0.70±0.1 0.78 0.90 0.59

Aortic function

 � aSBP, mm Hg 128±19 120±16 119±14 0.056 0.036 0.79 130±14 131±17 133±17 0.55 0.14 0.09

 � aDBP, mm Hg 75±10 74±9 74±8 0.90 0.85 0.97 74±8 76±8 75±8 0.10 0.31 0.69

 � aMAP, mm Hg 93±10 88±8 88±7 0.06 0.040 0.70 92±10 94±11 94±11 0.80 0.77 0.97

 � aPP, mm Hg 53±19 46±15 45±13 0.019 0.012 0.77 57±10 56±12 58±11 0.59 0.58 0.16

 � AIx@HR75 (%) 32.5±8.5 28.0±9.1 27.9±6.2 0.039 0.040 0.97 31.0±3.7 31.4±3.4 32.0±3.2 0.37 0.35 0.37

 � PWV, m/s 11.7±2.9 9.6±2.2 9.8±2.3 0.002 0.002 0.44 11.4±1.5 11.7±1.3 12.2±1.5 0.50 0.10 0.11

Zc, time domain, 

mm Hg×s/mL

0.154±0.018 0.136±0.015 0.133±0.015 0.001 <0.001 0.51 0.156±0.018 0.159±0.011 0.162±0.009 0.70 0.46 0.62

 � Reflection co-

efficient (%)

61±6 56±5 56±4 0.004 0.001 0.80 60±7 59±6 60±6 0.91 0.89 0.80

 � Compliance, 

mL/mm Hg

1.13±0.4 1.40±0.5 1.54±0.6 0.003 <0.001 0.14 0.97±0.3 1.02±0.4 0.95±0.2 0.53 0.39 0.33

Aortic inflow

 � Left ventricular 

ejection fraction 

(%)

56±12 57±10 57±9 0.59 0.70 0.50 53±5 53±6 53±6 0.62 0.62 0.62

 � SV, mL 53±4 55±4 55±4 0.13 0.11 0.92 53±4 53±4 52±2 1.0 0.76 0.79

HR, bpm 69±9 73±13 69±9 0.09 0.94 0.13 73±6 73±5 72±5 1.0 0.46 0.37

 � CO, L/min 3.7±0.6 4.0±0.8 3.8±0.6 0.12 0.13 0.80 3.7±0.4 3.7±0.4 3.6±0.2 0.85 0.76 0.54

Continuous variables are expressed as mean values and SD and compared by 2-sided unpaired t test; bold font indicates a significant difference (P<0.05). ABI indi-
cates ankle brachial index; aDBP, aortic diastolic blood pressure; AIx@HR75, frequency normalized augmentation index; aMAP, aortic mean arterial pressure; aPP, aortic 
pulse pressure; aSBP, aortic systolic blood pressure; bDBP, brachial diastolic blood pressure; bPP, brachial pulse pressure; bSBP, brachial systolic blood pressure; CFA, 
common femoral artery; CO, cardiac output; EVT, endovascular treatment; FU, follow-up; HR, heart rate; PWV, pulse wave velocity; SV, stroke volume; TMWD, treadmill 
walking distance; TPR, total peripheral resistance; and Zc, characteristic impedance.

https://www.ahajournals.org/doi/suppl/10.1161/CIRCHEARTFAILURE.123.011258
https://www.ahajournals.org/doi/suppl/10.1161/CIRCHEARTFAILURE.123.011258
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Figure 2. Peripheral endovascular treatment (EVT) improves left ventricular diastolic function (LVDF).
Functional and morphological changes in LVDF after EVT. Septal e´ (A), lateral e´ (B), E/e´ average (C), tricuspid regurgitation (TR; D), left 
atrial volume index (LAVI; E), LV mean wall thickness (F), and LV mass index in female (LVMI; G) and male (H) patients before (circle), after EVT 
(triangle), and at the follow-up (square) after elective EVT (n=25) or diagnostic angiography alone as a control (n=5). Unpaired t test was used 
to calculate P values.
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Table 3.  Parameters of Left Ventricular Diastolic Function Before, After, and at Follow-Up After Endovascular Treatment or Di-
agnostic Angiography as a Control

 

EVT, n=25 Control, n=5

Before After Follow-up 

P value 
(before 
vs after) 

P value 
(before 
vs FU) 

P value 
(after 
vs FU) Before After Follow-up 

P value 
(before 
vs after) 

P value 
(before 
vs FU) 

P value 
(after 
vs FU) 

E/e´ mean 16.0±2.0 13.9±1.3 13.9±1.4 <0.001 <0.001 0.87 15.7±1.2 15.9±1.3 16.0±1.1 0.88 0.75 0.89

e´ septal, cm/s 5.9±1.1 6.6±1.1 6.7±1.1 0.024 0.013 0.77 5.7±0.3 5.8±0.3 5.8±0.4 0.69 0.68 0.93

e´ lateral, cm/s 8.6±1.5 9.5±1.6 9.6±1.5 0.040 0.023 0.84 8.2±1.1 8.2±1.1 8.1±1.1 1.00 0.96 0.96

TR velocity, cm/s 3.0±0.2 2.9±0.3 2.8±0.2 0.024 0.006 0.77 3.1±0.2 3.2±0.2 3.2±0.2 0.34 0.17 0.58

Left atrial volume 
index, mL/m²

36.4±3.0 34.1±2.8 33.9±3.0 0.007 0.004 0.79 37.7±1.8 38.5±4.7 38.8±3.8 0.71 0.55 0.91

LV mean wall 
thickness, mm

13.4±1.3 13.4±1.3 12.7+1.3 0.88 0.043 0.048 13.3±1.0 13.3±1.0 13.3±0.9 0.92 0.95 0.97

Female LVMI, g/m2 125±4 125±4 121±4 0.95 0.029 0.038 126±3 124±3 127±4 0.55 0.81 0.49

Male LVMI, g/m2 154±9 154±10 147±9 0.96 0.040 0.038 154±2 153±1 155±2 0.61 0.57 0.24

Continuous variables are expressed as mean values and SD and compared by 2-sided unpaired t test; bold font indicates a significant difference (P<0.05). CO 
indicates cardiac output; EVT, endovascular treatment; FU, follow-up; HR, heart rate; LV, left ventricular; LVMI, left ventricular mass index; SV, stroke volume; and TR, 
tricuspid regurgitation.

PAD and HFpEF
This study was conducted in a unique cohort of patients 
with severe symptomatic PAD of the iliofemoral seg-
ment who were scheduled for endovascular treat-
ment and concomitant HFpEF. PAD and HFpEF share 
similar cardiovascular risk factors, such as hyperten-
sion, diabetes, dyslipidemia, and advanced age, and 
this condition is present in ≈15% of patients with 
HFpEF.7 The actual prevalence of HF in patients with 
PAD might be underestimated and vice versa, since 
symptoms can be masked by coexisting claudication 
or dyspnea, depending on the severity of the disease 
burden. Claudication may be masked by reduced exer-
cise capacity due to fluid overload as a result of high 
LV filling pressures in HFpEF, leading to underdiagno-
sis of PAD in these patients. Recent data suggest that 
the presence of PAD in patients with HFpEF is asso-
ciated with adverse cardiovascular events.18 There-
fore, screening for PAD in HFpEF may be useful to 
optimize treatment strategies in this high-risk cohort. 
In this trial, all patients experienced claudication and 
dyspnea (≥NYHA II), but most patients’ quality of life 
was predominantly limited by claudication, complicat-
ing the NYHA assessment. Approximately 35% of 
patients with HFpEF presented dyspnea on exertion, 
which might have been masked in patients with the 
HFpEF and PAD phenotypes.19

Endovascular Treatment of Flow-Limiting 
Stenosis Increases Regional Blood Flow, 
Consecutively Decreasing TPR
All patients in this study were affected by symptom-
atic flow-limiting iliofemoral stenosis with a markedly 

reduced ABI and TMWD at baseline. Endovascular 
treatment of flow-limiting iliofemoral stenosis led to a 
significant increase in CFA blood flow of the target leg 
with a concomitant increase in arterial perfusion pres-
sure, as indicated by an elevated ABI and improved 
functionality with an increased TMWD. This regional 
hemodynamic effect translated into a decrease in TPR 
lasting 4 months after endovascular treatment. Endo-
vascular treatment of flow-limiting stenosis achieved a 
remarkable systolic aBP lowering of ≈8 to 9 mm Hg and 
≈7 systolic brachial BP 1 day after angioplasty and at 
the 4-month mean follow-up.

Figure 3. Reduction in NYHA class after endovascular 
treatment of flow-limiting iliofemoral stenosis.
NYHA class (blue indicates NYHA I, orange indicates NYHA II, 
gray indicates NYHA III, and yellow indicates NYHA IV) at baseline 
before angioplasty (n=25) of flow-limiting stenosis and at follow-up. 
Wilcoxon signed-rank test was used to calculate P value. NYHA 
indicates New York Heart Association.
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Reduced Aortic Pulsatile Load Mediated by a 
Decrease in TPR After Endovascular Treatment
As noted above, a high-risk population of patients with 
a high burden of cardiovascular risk factors and severe 
symptomatic PAD characterized by a severely impaired 
peripheral perfusion and reduced TMWD was investi-
gated. As previously described, we observed an acute 
lowering of the AIx through endovascular treatment of 
iliofemoral stenosis.12 Importantly, this acute effect per-
sisted for 4 months, which corroborates previous stud-
ies by Jacomella et al.20 This suggests that in patients 
with peripheral arterial lesions, these may act as major 
pulse reflection sites, increasing the aortic systolic BP by 
aortic augmentation. Arterial lesions represent a point of 
impedance that enhances pulse wave reflection. There-
fore, endovascular treatment of a flow-limiting stenosis 
reduces the local impedance, which reduces the mag-
nitude of the backward wave, as indicated by a reduced 
reflection coefficient, allowing the pulse wave to travel fur-
ther distally. Thus, the change in the AIx induced by endo-
vascular treatment is explained by a primary decrease in 
the contribution of the pressure wave reflected at the 
lesion and thereby a secondary decrease in aortic BP, 
thus decreasing the AP.12 Moreover, we observed a pro-
nounced acute and chronic lowering of the PWV in suc-
cessfully treated patients. The PWV is strongly correlated 
with BP and, in particular, the MAP.21,22 According to the 
concept of pulse wave reflection and sites of impedance, 
we speculate that through a BP-dependent decrease in 
the PWV, the arrival of reflected waves to the proximal 
aorta occurs later, which leads to an additional decrease 
in the AIx. This results in improved ventricular-arterial 
coupling through a beneficial reduction in aortic pulsatile 
load, as evidenced by decreased Zc, decreased reflec-
tion coefficient, and increased arterial compliance.

Lowered Aortic Pulsatile Load Is Associated 
With Acute and Chronic Improvement of the 
LVDF
Our study demonstrates that peripheral endovascular 
treatment acutely improves peripheral hemodynamics 
and lowers the aortic pulsatile load, which is associated 
with favorable improvement in the LVDF. We found a 
rapid improvement in the LV filling pressure, as shown 
by a reduction in early mitral inflow velocity relative to 
early diastolic LV relaxation (E/eʹ) as a main measure 
of LVDF, an effect that was already significant 1 day 
after peripheral endovascular treatment and exhibited 
a sustained effect at follow-up. This functional effect 
was accompanied by a morphological decrease in the 
left atrial volume index, which was sustained until the 
end of the study. Moreover, we observed a regression 
of the LV mass index after 4 months, indicating favor-
able LV remodeling. Bilateral endovascular treatment 

of flow-limiting stenoses had a greater impact on LVDF 
than unilateral treatment. At the end of the study, <10% 
of patients were affected by NYHA class III or higher 
symptoms.

Multivariate analysis with different models consis-
tently showed that the physicomechanical properties of 
aortic function (AIx, PWV, and arterial compliance) were 
identified as contributors to mean E/eʹ, whereas the 
nonpulsatile elements of aortic function (aMAP), systolic 
aBP, and aortic outflow (TPR, CFA flow, and ABI) did not 
affect E/eʹ independently. Similar to the study of Borlaug 
et al,23 the present study shows that markers of the level 
of aortic function (arterial compliance), but not peripheral 
hemodynamics (TPR), are associated with E/eʹ.

These data support the hypothesis that wave reflec-
tions play an important role in abnormal ventricular- 
arterial interaction with premature arrival of the back 
wave at the proximal aorta in mid-to-late systole, result-
ing in systolic pressure augmentation as observed in 
patients with HFpEF.24 EVT of flow-limiting stenosis 
results in a favorable improvement in the characteristic 
impedance of the proximal aorta, reduced magnitude 
of wave reflections expressed by reduced AIx, systolic 
aBP, and post-EVT reflection coefficient with improved 
diastolic function.

Moreover, to avoid symptomatic claudication, patients 
with PAD might restrict their physical activity, potentially 
leading to deconditioning and deterioration of cardio-
vascular fitness. Therefore, by improving lower extrem-
ity blood flow, endovascular treatment of flow-limiting 
peripheral stenosis promotes patient mobility and quality 
of life in the short term.

Limitations
This single-center investigation had some limitations. 
First, in this proof-of-concept study, the number of 
patients was small; therefore, clinical outcomes should 
be evaluated in large-scale trials to support the gener-
alizability of our results. The study was not randomized; 
therefore, in this cohort, significant and even nonsig-
nificant characteristics and unmeasured confounders 
might have biased the results. However, the core labora-
tory assessing LVDF was blinded to EVT. We measured 
the changes in hemodynamics and echocardiographic 
parameters within a short time frame after EVT and the 
improvements in LVDF in the mid-term follow-up, indi-
cating the sustainability of the acute beneficial effects 
of EVT on LVDF, but without assessing outcome data in 
rehospitalization due to HFpEF in the long-term period.

Conclusions
Our data demonstrated that successful endovascu-
lar treatment of flow-limiting stenosis in patients with 
definite HFpEF acutely led to improvement of diastolic 
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function, with a sustained effect at the 4-month follow-
up. This favorable effect was accompanied by a clinically 
relevant reduction in NYHA class. Physicomechanical 
properties of aortic function (AIx, PWV, and arterial com-
pliance) were identified as independent contributors to 
E/e´. Whether improvement of HFpEF in patients with 
PAD through endovascular treatment of flow-limiting 
stenosis improves their overall prognosis has to be 
tested.
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