1) Check for updates

JOURNAL OF ASAGE Publication
ENDOVASCULAR
Clinical Investigation e LULAR

Journal of Endovascular Therapy
1-8

© The Author(s) 2021

Article reuse guidelines:
sagepub.com/journals-permissions
DOI: 10.1177/15266028211007460
www.jevt.org

®SAGE

Changes in Noninvasive Arterial Stiffness
and Central Blood Pressure After
Endovascular Abdominal Aneurysm
Repair

Suzanne Holewijn, PhD"2"| Jenske J. M. Vermeulen, MSc'?,
Majorie van Helvert, MSc'?, Lennart van de Velde, MSc'?3,
and Michel M. P. J. Reijnen, MD, PhD'?3

Abstract

Purpose: To evaluate the impact of elective endovascular aneurysm repair (EVAR) on the carotid-femoral pulse wave
velocity (cfPWV) and central pressure waveform, through |-year follow-up. Materials and Methods: A tonometric device
was used to measure cfPWYV and estimate the central pressure waveform in 20 patients with an infrarenal abdominal aortic
aneurysm scheduled for elective EVAR. The evaluated central hemodynamic parameters included the central pressures,
the augmentation index (Alx), and the subendocardial viability ratio (SEVR). Alx quantifies the contribution of reflected
wave to the central systolic pressure, whereas SEVR describes the myocardial perfusion relative to the cardiac workload.
Measurements were performed before EVAR, at discharge, and 6 weeks and | year after EVAR. Results: CfPWV was
increased at discharge (12.4+0.4 vs |11.3+0.5 m/s at baseline; p=0.005) and remained elevated over the course of |-year
follow-up (6 weeks: cfPWV = 12.220.5 m/s; | year: cfPWV = 12.22+0.7 m/s, p<<0.05). After an initial drop in systolic
central pressure at discharge, all the central pressures increased thereafter up to | year, without significant differences
compared with baseline. The same was observed for the Alx and SEVR. Conclusion: Endovascular aortic aneurysm repair
caused an increase in pulse wave velocity compared with baseline, which remained elevated through | year follow-up,
which may be related to an increased cardiovascular risk. However, no differences in central pressure, augmentation index,
and subendocardial viability ration were observed during follow-up.
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therefore more patients at risk for cardiovascular events
(the patients already had generalized cardiovascular disease
at the start). One possible explanation is a potential effect of
the endograft material on the pressure wave propagation
along the arterial tree. Pressure waveforms consist of an
incident forward wave ejected by the left ventricle and a
reflected backward wave. A mismatch in elastic properties

Introduction

Endovascular repair (EVAR) is the preferred treatment for
most infrarenal abdominal aortic aneurysms (AAAs).!
Short-term results of EVAR are superior to those of open
repair in terms of 30-day mortality. However, long-term
results show that EVAR is associated with higher long-term
all-cause and cardiovascular mortality, more reinterven-
tions, and a higher secondary rupture rate compared with
open repair.> There’s however a catch-up mortality after 2
years, since survival rates within the first 2 years after sur-
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gery are higher for endovascular repair. So, the natural
course after the initial 2 years after surgery is a higher mor-
tality rate (within the 2-to 12-year time window in the ran-
domized controlled trials). If the first 2 years are taken into
account, overall mortality is equal. The catch-up mortality
is also explained by an increased survival after EVAR and
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due to the presence of an endograft in the aorta locally alters
arterial stiffness and can thereby cause additional wave
reflections, increasing myocardial afterload.®

Peripheral pressure waves can be recorded noninva-
sively, reliably, and reproducibly, with applanation tonom-
etry of the radial artery.”® Carotid-to-femoral pulse wave
velocity (cfPWV) can be recorded, which is a direct method
to measure arterial stiffness and is also an important predic-
tor of cardiovascular outcome independent of brachial
blood pressure.” Literature is inconclusive about the effect
of AAA on the cfPWYV, but there is evidence for an increase
in cfPWYV after EVAR in the early phase after surgery,'* !4
and there is evidence that this increase is absent after open
surgical aneurysm repair.'®!'> After EVAR, alterations in
arterial stiffness and wave reflections might provide insight
in the adverse effects on myocardial function and thereby
whether these alterations might lead to the adverse cardio-
vascular risk profile on long term. Data are scarce on
whether the initial increase after EVAR in PWV changes or
stabilizes over time.

Additionally, central pressure waveforms can be synthe-
sized from the peripheral waveform with a generalized
radial-to-aorta transfer function.'® From these central wave-
forms the central pressures can be derived, as well as the
augmentation index (Alx), and subendocardial viability
ratio (SEVR). Alx quantifies the contribution of reflected
wave to the central systolic pressure. SEVR describes the
myocardial perfusion relative to the cardiac workload.!” So
far, limited and conflicting evidence is available on effect of
AAA on central pressure wave morphology.'® ! Both cen-
tral systolic pressure and Alx have independent predictive
value for cardiovascular outcome.?>2

The aim of this study is to provide insight in changes
through 1-year follow-up in cfPWV and central pressure
hemodynamics after EVAR.

Materials and Methods

This study was designed as a prospective single center
study. The study was approved by the regional Medical
Ethics Committee (CMO-2016-2431) and the local institu-
tional review board. The study protocol was registered in
clinicaltrials.gov (NCT03469388). The study was con-
ducted in accordance with the principles of the Declaration
of Helsinki and Good Clinical Practice guidelines.

Study Population

Patients with an infrarenal AAA scheduled for elective
EVAR and aged =18 years were consecutively approached
and enrolled in the study after providing written informed
consent. Patients were excluded in case of a life expectancy
=2 years, a psychiatric or other condition hampering
informed consent, the presence of an irregular pulse, the

presence of peripheral arterial disease (ankle-brachial index
<0.9 or obstruction validated on imaging), a ruptured,
symptomatic or mycotic AAA, and/or participation in
another clinical trial. The choice of endograft was based on
anatomical features and decided upon in a local vascular
consensus meeting. All endografts were implanted accord-
ing to instructions for use.

Noninvasive Pulse Wave Velocity Measurements
and Pressure Wave Analysis

The SphygmoCor device (AtCor medical Pty Ltd, Sydney,
Australia) was used to perform cfPWV and pressure wave-
form measurements. The cfPWV was measured according the
instructions for use of the SpygmoCor at the right carotid and
femoral artery after at least 10 minutes of rest. The direct dis-
tance X 0.8 was used to calculate cfPWV according to the
guidelines.?” The built-in generalized radial-to-central-aorta
transfer function (validated in multiple studies as summarized
by Weber et al*® in 2014) was used to produce the synthesized
central pressures and obtain arterial stiffness parameters. The
tonometer was placed on the radial artery just above the wrist
and recorded at least 10 pressure waves with a sample rate of
128 Hz. The device automatically finished recording after col-
lection of 10 subsequent sufficient quality waves (quality
index >0.9). Radial peak pressures were calibrated against
mean arterial pressure (calculated as 0.6 X diastolic pressure
+ 0.4 X systolic pressure) at the brachial artery, determined
as the mean of the second and third readings of 3 conventional
brachial cuff measurements.

The assessed pressure wave analysis parameters included
the systolic, diastolic, and mean pressures, the Alx and the
SEVR. The Alx was normalized for heart rate of 75 beats
per minute.

Measurements were performed before surgery (base-
line), at discharge, and during follow-up at 6 weeks and 1
year with patients in supine position. Patients were
instructed to be in a fasting state according to the recom-
mendations by the expert consensus document.?’

Statistical Analysis

Normality was determined based on visual inspection of the
normality graphs and tested using the Shapiro-Wilk test.
Baseline characteristics are presented as median and inter-
quartile range (IQR). cfPWV values were corrected for
mean arterial pressure (MAP). Changes over time were
tested using analysis of variance (ANOVA) for repeated
measures or Kruskal-Wallis, if assumptions for ANOVA
were violated. P values <0.05 were considered as signifi-
cant. Statistical analyses were performed using IBM SPSS
Statistics (SPSS version 25.0 for windows, IBM Corporation,
Armonk, NY, USA).
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Enrollment ]
Assessed for eligibility (n= 53 ) Excluded (n=33)
¢ Cognitive impairment (n=3)
¢ Comorbidity (n=5)
¢ EVAR combined with additional stenting
(n=3)
> e Logistic reasons” (n=6)
o Other procedure than EVAR (n=5)
¢ Peripheral artenal disease (n=7)
v ¢ Reintervention (n=1)
[ Included n=20 ] ¢ Symptomatic (n=1)
¢ No orwithdrawal informed consent (n=2)
v
[ Measurements ]
PWA analyzed excluded
Baseline 19 1 poor quality
Discharge 16 3 logistics (already discharged to home)
6-8 weeks follow-up 19 1 poor quality
1 year follow-up 19 1 poor quality
PWV
Baseline 16 3 logistics (time lacking before surgery)
Discharge 11 3 logistics (already discharged to home)
5 not succeeded (1x hematoma, 4x pain/wounds)
6-8 weeks follow-up 18 1 triggering failure
1 year follow-up 19
One patient had broad QRS-complex; triggering failed so all measurements failed at all follovi-up moments

Figure |. Inclusion flowchart. PWA, pressure wave analysis; PWYV, pulse wave velocity; EVAR, endovascular aneurysm repair.
*Logistic reasons included the nonavailability of researcher to perform measurement at scheduled operating room and inability to schedule

preoperative measurements with patients.

Results

Twenty patients were included between May 2017 and
August 2018 (Figure 1). Baseline characteristics are
depicted in Table 1. In 13 (65%) patients, an Endurant II
(Medtronic, Santa Rosa, CA), in 6 (30%) patients (30%), an
Excluder (W.L. Gore and associates, Flagstaff, AZ) and in 1
(5%) patient, an AFX (Endologix, Irvine, CA) endoprosthe-
sis was implanted.

Not all measurements in all patients succeeded as shown
in Figure 1. In total three pressure wave analysis measure-
ments were of insufficient quality. In 3 patients, both mea-
surements were not performed because of logistics reasons,
including the nonavailability of researcher to perform

measurement at scheduled operation time and inability to
schedule preoperative measurements with patients. One
PWYV measurement did not succeed because of failing trig-
gering, and five measurements did not succeed because of
hematoma and/or pain at the groin.

cfPWV and Pressure Wave Analysis

The cfPWV was significantly increased at discharge, when
compared to baseline (12.4*+0.4 vs 11.3 = 0.5 m/s,
p=0.005). During follow-up there were no further changes
and the levels remained significantly higher relative to
baseline through 1-year follow-up (p=0.519, one-year
12.2%0.7 m/s compared with baseline).
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Table |. Baseline Patient and Aneurysm Characteristics.?

Patient Characteristics

Median (Q3-Ql) or n (%)

Age (years)
Male gender, n (%)
Body mass index (kg/m?)
Systolic blood pressure (mm Hg)
Diastolic blood pressure (mm Hg)
Current smoker, n (%)
History of smoking, n (%)
Hypertension, n (%)
Hyperlipidemia, n (%)
Statin use, n (%)
Anticoagulant therapy, n (%)
ASA classification, n (%)
2
3
4
Medical history
Cardiac disorder, n (%)
Arrhythmia
Congestive heart failure
Coronary artery disease
Myocardial infarction
Coronary artery bypass grafting
Percutaneous coronary intervention
Stroke, n (%)
Transient ischemic attack, n (%)
Family history of AAA, n (%)
Renal insufficiency, n (%)
Diabetes mellitus, n (%)
Chronic obstructive pulmonary disease, n (%)
Cancer, n (%)

75.0 (76.5-68.0)
17 (85.0)
26.2 (29.2-24.6)
I51.5 (164.0-135.0)
85.0 (95.5-76.0)
2 (10.0)
15 (75.0)
15 (75.0)
18 (90.0)
19 (95.0)
19 (95.0)

5 (25.0)
14 (70.0)
I (5.0)

2 (10.0)
| (5.0)
Il (55.0)
5 (25.0)
4(20.0)
5 (25.0)
| (5.0)
4(20.0)
7 (35.0)
8 (40.0)
3(15.0)
2 (10.0)
8 (40.0)

Abbreviations: AAA, abdominal aortic aneurysm; ASA, American Society of Anesthesiologists physical status.
*Continuous data are presented as the medians and interquartile ranges (Q3—-Q/1); categorical data are given as the counts (percentage).

Central hemodynamic related parameters through the
first year after EVAR are depicted in Table 2 and Figure 2.
The central systolic pressure significantly decreased at dis-
charge compared with baseline (137.2+13.6 vs 143.0+15.2
mm Hg, p=0.046), without significant decreases in the other
parameters. At 6-week and 1-year follow-up, the central
pressures returned to the baseline values (141.2£15.9 mm
Hg, p=0.819 compared with baseline; and 147.018.1 mm
Hg, p=0.090, respectively). The Alx and SEVR decreased
after treatment (25.4%8.9 vs 32.3%+8.9, p=0.003; and
141.6%15.9 vs 155.6£28.9, p=0.046, respectively), which
returned to baseline values at 6 weeks (Alx = 29.7%+7.6,
p=0.225 compared with baseline; and SEVR = 154.5+29.5,
p=0.637 compared with baseline) and 1-year follow-up
(Alx = 28.7%8.0, p=0.157 compared with baseline; and
SEVR = 159.4%27.3, p=1.000 compared with baseline).

Clinical Outcome

During follow-up, 7 adverse events occurred, including post-
operative fever of unknown origin (n=4), wound infection

(n=2), and bleeding of access site requiring surgical correc-
tion (n=1). All were early complications, anticipated, and
related to EVAR. At 1-year follow-up, a type II endoleak was
reported in 7 patients, without other types of endoleaks.
Comparison of those with and without type II endoleak at
1-year follow-up showed no differences in any of the mea-
sured parameters.

Discussion

In the current study, EVAR was related to an increase in
cfPWYV, which sustained through 1-year follow-up, which
could be related to an increased cardiovascular risk.
However, no differences in central pressure, Alx, and SEVR
were observed during follow-up.

The baseline characteristics show that cfPWYV and blood
pressure were higher than reference values for this age
group,* reflecting the expected preexistent adverse cardio-
vascular risk profile in patients with AAA.

In addition, cfPWYV further increased with about 1 m/s
after EVAR, which sustained through 1-year follow-up. The
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Table 2. Changes in Pulse Wave Velocity and Pressure Wave Parameters Over Time.

Mean (SD) Baseline Discharge 6 Weeks | Year
Pulse wave velocity (m/s) 11.3 (0.5) 12.4 (0.4)*# 12.2 (0.5)*% 12.2 (0.7)%
Heart rate (beats/min) 61.4 (10.8) 71.9 (11.8)% 64.7 (12.6)*# 62.3 (10.3)
Central systolic pressure (mm Hg) 143.0 (15.2) 137.2 (13.6)% 141.2 (15.9) 147.0 (18.1)
Central diastolic pressure (mm Hg) 83.1 (10.0) 79.0 (9.3) 85.4 (8.6)* 88.2 (10.8)
Central mean pressure (mm Hg) 107.2 (10.8) 102.6 (9.6) 107.7 (9.1)* 112.1 (12.8)
Peripheral systolic pressure (mm Hg) 145.3 (19.4) 139.5 (12.6) 141.6 (17.2) 150.4 (19.5)*
Peripheral diastolic pressure (mm Hg) 81.4 (9.9) 77.9 (9.2) 82.8 (10.5)* 87.6 (10.7)#
Peripheral mean pressure (mm Hg) 105.7 (12.9) 98.22 (10.3)* 104.1 (11.5) 110.7 (14.2)
Augmentation index 32.3 (8.9) 25.4 (8.9)# 29.7 (7.6) 28.7 (8.0)
Subendocardial viability ratio 155.6 (28.9) 141.6 (15.9)% 154.0 (29.5)* 159.4 (27.3)

2Continuous data are presented as the means = SD.
*p<<0.05 compared with previous measurement. #p<<0.05 compared with baseline.
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Figure 2. Differences in carotid-to-femoral pulse wave velocity (cfPWYV; corrected for mean arterial pressure) in meters per second
(a), central systolic pressure (CSP) in mm Hg (b), augmentation index corrected for heart rate of 75 beats per minute (AIx@HR75)
(c), and subendocardial viability ratio (SEVR) (d) compared with baseline and with the previous time point. Presentation of mean
differences in bars and 95% confidence interval in whiskers.

*Denotes p<<0.05 compared with previous measurement and #denotes p<<0.05 compared with baseline.
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fact that the initial increase in cfPWV remains stable
through 1-year follow-up is important information in the
light of the increased cardiovascular risk in patients treated
with EVAR. A pooled data analysis from 17,635 subjects in
16 studies showed that, after adjustment for age and sex, the
increase in risk for cardiovascular events, cardiovascular
mortality, and total mortality was 45%, 41%, and 22%,
respectively, for an increase of 1 standard deviation change
in log PWV. After adjustment for additional risk factors, the
respective increases were 30%, 28%, and 17%.° To exem-
plify these results, for a 60-year old man who is a non-
smoker, nondiabetic, and normo-lipidemic, a 1 m/s increase
in PWV leads to a 7% increase of the hazard for cardiovas-
cular events.’! PWYV integrates and reflects the long-term
effect of the established, as well of the currently unknown,
risk factors on the arterial wall, together with the genetic
predisposition of the individual. Since most patients with an
AAA have one or more cardiovascular risk factors, this risk
might be even higher. An increase in PWV leads to an
increased cardiovascular risk in the future, so it is important
if the increase after EVAR is a temporarily increase or a
permanent increase. [f PWV would have decreased within a
year after treatment; the short-term increase would not
likely have led to an increased cardiovascular risk on the
longer term. However, the current study showed a persistent
increased PWV after EVAR.

Furthermore, the study showed that adding PWV
improved the 10-year risk classification of patients at inter-
mediate risk for cardiovascular disease.’ The 2013 European
Society of Hypertension/European Society of Cardiology
guidelines for the management of arterial hypertension rec-
ommended the assessment of PWV for the evaluation of
subclinical organ damage in hypertensive patients, and sug-
gests a cutoff of 10 m/s to discriminate between normal aor-
tic elasticity and aortic stiffening.?’*> For clinical practice,
this suggests that cardiovascular risk stratification could be
optimized for patients with an AAA by adding PWV
measurements.

The increase in cfPWV after EVAR is in line with previ-
ous studies.!®'*33 Other studies reported the immediate to
early effect up to 6 weeks, with 2 reports showing an
increased cfPWV at 6 months'""* and 1 study showing an
increased cfPWYV in 30 patients at 1 year after treatment.'?
There is evidence that different types of endografts could
have differential effect on cfPWV after EVAR.*% An
increased cardiovascular mortality and morbidity after
endovascular versus open surgical treatment has been
shown by multiple studies.>> Previous studies have sug-
gested that alterations in wave reflections due to inserting a
relatively stiff endograft could be an explanation for this
increase in cardiovascular mortality.''** It has been sug-
gested that the increase in PWYV, as a result of these altera-
tions in wave reflections might be an explanation. Also, an
increased inflammatory response®® and an increased left

ventricular load'? have been suggested as possible causes.
Larger studies are needed to elucidate this issue.

The central systolic pressure, Alx, and SEVR initially
showed a decrease after EVAR. No new medications were
started before discharge. Various other factors may have
affected blood pressure during the discharge measurements,
including anesthetics during surgery, the passive supine
position in the ward, and increased compliance of anti-
hypertensive use in the hospital setting. We have interpreted
that anesthetics and blood regulation during the procedure
might have affected the blood pressures. Also, patients were
in supine position mostly after the procedure, which might
also have had an effect on blood pressure. The same trend
was observed for peripheral blood pressure.

No significant increase in central pressures and derived
parameters was observed thereafter through 1-year follow-
up. It could be hypothesized that waves will be reflected to
the heart earlier and with increased magnitude when a rela-
tively stiff endograft is inserted in an aneurysmatic abdomi-
nal aorta, resulting in increased central pressures and Alx.
This would increase the ventricular after-load and systolic
work. A previous study reported that each increase of 10 per-
centage points in Alx, increased the risk of all-cause and car-
diovascular mortality by 51% and 48%, respectively in
patients with end-stage renal disease.’’” A meta-analysis
showed that an increase in Alx of 10% was associated with a
32% increase in cardiovascular event risk and a 38% increase
in all-cause mortality risk.>* The current analyses, however,
showed no differences in mean and diastolic central pressure
and Alx directly post-EVAR, except for a decreased systolic
pressure. At 6-week and 1-year follow-up, no significant dif-
ferences relative to before EVAR were observed. Our results
therefore do not support the above hypothesis.

Previously, it was shown that the Alx decreased after
both EVAR and open surgical repair, whereas the SEVR
decreased after open surgical repair, but not after EVAR at
6-month follow-up.’® Also, a decreased Alx after EVAR
was reported 4 weeks after EVAR.! In contrast, others
showed an increased Alx (+4%) after EVAR and a
decreased Alx (—8.5%) after open surgical repair.'® The use
of different measurement devices and different types of
endografts implanted, makes a comparison between studies
difficult to perform. Only 1 study reported the SEVR values
and described a decrease after open AAA repair that main-
tained up to 6-month follow-up, without differences after
EVAR .3® This appears to be in contrast with the significant
decrease in SEVR at discharge, but this was followed by
return to baseline at 6 weeks, in the current report.

The evidence of an increased PWV after AAA treatment
has been accumulating, but data on the influence of AAA
treatment on pressure wave parameters are scarce. So, we
think that the hypothesis is confirmed with regard to PWV;
however, more research is needed in larger patient groups
with regard to pressure wave analysis.
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The current study is limited by the small sample size.
Additionally, PWV measurements cannot reliably be per-
formed in some patients because of triggering problems
with the electrocardiogram; in the current study in 1 patient
the measurement did not succeed because of a broad QRS
complex. After treatment, PWV measurements could not
successfully be performed in some patients because of
hematoma and pain in the groin.

This study was designed as an explorative study and
future studies could well include other pathologies and
techniques, when the technique is proven to be valid.
Furthermore, this study was not designed to be able to show
a causal relation between the increase in PWV and future
cardiovascular events; larger studies with specific design
are needed to draw conclusions on this topic.

In hindsight, it might be better to not include the AFX
but refrain to 1 single endograft or 2 in equally large groups.
Additionally, we did not exclude patients with carotid dis-
case on forehand. We had one patient with an occlusion of
the right carotid artery; however, in this patient it was pos-
sible to measure the left carotid and left femoral, so this did
not influence the results.

In the meanwhile, we have started a study in patients
under surveillance for an AAA that has not reached the treat-
ment threshold yet, in which these measures are performed
at baseline (along with a carotid artery reactivity test;
NCT03989011). Patients will be followed for 2 years.
Besides, we have started a study in patients scheduled for
treatment of their AAA (all treatment modalities;
NCT04183426). In that study these measures are performed
before treatment, and 6 weeks, 1 year, and 2 years after treat-
ment. These studies will provide more answers.

Conclusions

Endovascular aortic aneurysm repair caused an increase in
pulse wave velocity compared with baseline, which
remained elevated through 1-year follow-up, which may be
related to an increased cardiovascular risk.

However, no differences in central pressure, augmenta-
tion index, and subendocardial viability ration were
observed during follow-up.
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