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Abstract
Background Increased pulse-wave velocity (PWV) entails elevated arterial stiffness and is associated with adverse cardio-
vascular outcomes. Previous studies have shown PWV increases following endovascular aneurysm repair (EVAR). Animal 
models suggest elevated PWV following endograft deployment occurs in conjunction with decreased aortic compliance and 
increased aortic impedance. This could lead to unwanted effects on left ventricular (LV) function. This study evaluates the 
early implications of EVAR on aortic mechanics and associated LV function.
Materials and methods Prospective observational study of elective EVAR for abdominal aneurysm. Transesophageal echo-
cardiography was used to acquire LV flow and function, as well as images of the ascending aorta. Speckle tracking echocar-
diography (STE) software analysis allowed for determination of aortic volume change throughout the cardiac cycle. Aortic 
mechanics (including compliance, impedance and reflected wave analysis) and left-ventricular function (including cardiac 
output, hydraulic load and diastolic function) were measured pre- and post-endograft deployment.
Results Endograft deployment resulted in no significant increase in aortic impedance. It did alter the timing of reflected 
waves in the aorta, with a greater positive wave being reflected during systole. This increased the hydraulic load on the LV 
with corresponding statistically non-significant trends for decreasing cardiac output and LV diastolic function.
Discussion STE represents an emerging imaging modality for aortic biomechanical assessment. The increased PWV seen 
following EVAR may not reflect the same aortic biomechanical pathophysiology as in the non-surgical population with 
measures of increased arterial stiffness. The stiffer endograft does not appear to acutely increase aortic impedance, though 
it does alter the timing of reflected waves which may have negative effects on LV function.

Keywords Endovascular aneurysm repair · Aortic compliance · Aortic strain · Aortic impedance · Wave form analysis · 
Speckle tracking echocardiography
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1 Introduction

Elevated measures of arterial stiffness (central and periph-
eral) have been shown to negatively impact LV systolic 
and diastolic function, impair coronary blood flow, and 
have been identified as a risk factor for cardiovascular 
disease and mortality [1–9]. One possible mechanism 
for these findings is that increased arterial stiffness can 
create additional LV work while simultaneously making 
coronary perfusion less efficient. The hydraulic load (IE: 
work) encountered during LV ejection is directly increased 
when arterial stiffening (less compliance) results in higher 
aortic input impedance. The size and timing of reflected 
waves will also change in the setting of a stiff arterial tree, 
often with a larger positive reflected wave returning to the 
proximal aorta in systole instead of diastole. This altera-
tion of reflected wave properties can indirectly add to the 
increased LV hydraulic load, while also causing dimin-
ished coronary perfusion.

Endovascular aneurysm repair (EVAR) is well-estab-
lished and frequently used treatment modality for aortic 
pathology, including abdominal aortic aneurysms (AAA). 
Accordingly, much research has been generated on the 
local effects of the graft with respect to the mechanisms of 
endoleak, graft migration and aneurysm sac remodeling. 
There has also been interest in the arterial physiologic 
effects of placing artificial graft material into the aorta, 
as well as the potential implications on cardiac function. 
A dog model demonstrated that proximal thoracic aortic 
stenting results in increased overall aortic input imped-
ance, ascending aorta characteristic impedance (Z0) and 
pulse-wave velocity (PWV). These alterations occurred 
in conjunction with decreased total arterial compliance, 
alterations in reflected wave properties and reduced LV 
output (measured as lower aortic flow) [10]. An increased 
PWV has subsequently been demonstrated in human 
patients following implantation of an EVAR endograft 
[11–16]. Although this suggests an endograft induced 
increase in aortic stiffness, a comprehensive analysis of 
the biomechanical impact of endograft implantation has 
not been possible due to the invasive measures that would 
be required.

Recent improvements in medical imaging, combined 
with the rapid growth in computing power, has resulted 
in an emergence of non- or minimally-invasive methods 
for performing more nuanced determinations of aortic 
mechanical properties. Ultrasound images of the aorta 
can be acquired with intraoperative transesophageal echo-
cardiography (TEE). These images can then be analyzed 
with speckle tracking (STE), a validated method which is 
able to follow tissue motion and quantify position, strain, 
and velocity [17, 18]. Though mostly used for quantifying 

ventricular function, this technology has been used to 
quantify aortic properties- including correlation with his-
tologic and physical biomechanical testing of subsequently 
excised aortic tissue [19–21].

We report a technique using STE to assist in non-inva-
sively determining the immediate effects of abdominal endo-
graft deployment on aortic input impedance, ascending aor-
tic compliance, systemic vascular resistance, reflected wave 
properties and LV function.

2  Materials and Methods

This study received approval from our institutional 
ethic committee. Participants were selected from adult 
(age > 18 years) patients scheduled to have elective EVAR 
for AAA. Exclusion criteria included patient refusal, con-
traindication to trans-esophageal echocardiography, prior 
aortic surgery, aortic valve abnormality (stenosis, regur-
gitation or prosthesis), atrial fibrillation and severe aortic 
calcification (> 2/3 circumference). After being identified 
and enrolled in the study demographic, medical information 
and current medications were collected. All procedures were 
performed under general anesthesia. Pre-implantation data 
was acquired once the patient was in a plane of anesthe-
sia with stable hemodynamics. Post-implantation data was 
acquired in the operating theatre, shortly after endograft 
deployment when the patient had stable hemodynamics.

2.1  Data‑Collection and Analysis

2.1.1  Echocardiography

Trans-esophageal echocardiogram (TEE) was performed in 
each patient using a GE Vivid 7 machine (General Electric, 
Fairfield, Connecticut, USA). The following views were 
obtained (Fig. 1):

1. Mid-esophageal 4-chamber view.
2. Tissue-Doppler imaging (TDI) and pulsed-wave Doppler 

(PWD) of the lateral and septal mitral valve annuli.
3. PWD of the trans-mitral flow.
4. Mid-esophageal long axis view of the aortic valve, 

including the aortic root and proximal ascending aorta
5. Deep-transgastric view of the aortic valve with PWD of 

the left ventricular outflow tract (LVOT), just proximal 
to the aortic valve.

2.1.2  Speckle‑Tracking Echocardiography

Analysis of the TEE images were performed post-acquisition 
offline using a PC workstation and EchoPac, Version 7.2.0 
software (General Electric, Fairfield, Connecticut, USA). 
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The value for peak mitral annulus TDI velocity in early 
diastole was obtained for both the septal and lateral annuli 
(E’sept and E’lat) at the same times peak trans-mitral flow 
velocity in early diastole (E) using PWD.

Measurements of proximal aortic dimensions were taken 
from the standard TEE mid-esophageal aortic long-axis view 

using the caliper function (Fig. 2). The aorta was divided 
into 2 segments. The first segment was the aortic root while 
the second segment was the proximal ascending aorta. 
The anterior and posterior lengths of the aortic root were 
measured as 2 straight lines spanning, but not including, 
the walls of the Sinus of Valsava from the aortic valve to 

Fig. 1  Images demonstrating the standard views and Doppler quan-
tification acquired from each patient before and after EVAR proce-
dure. a Mid-esophageal 4-chamber view. b Mid-esophageal aortic 
valve long axis view. c Trans-mitral pulse wave Doppler flow. d Tis-

sue Doppler imaging of the basal septal and basal lateral LV walls. e 
Deep transgastric aortic valve/LVOT view. f LVOT pulse wave Dop-
pler flow

Fig. 2  Caliper measurements of the ascending aorta used to calculate 
compliance. Taken from the mid-esophageal long axis view of the 
aorta at end-systole. A1 posterior length of segment 1 (aortic root), 

A2 anterior length of segment 1, B1 posterior length of segment 2 
(ascending aorta), B2 anterior length of segment 2, C segment 1 
diameter, D segment 2 diameter. See Methods section for details
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the sinotubular junction. The second segment was measured 
as 2 straight lines along the anterior and posterior aortic 
walls, from the sinotubular junction extending 2 cm into the 
ascending aorta. The lengths of the second segment were 
shortened in the event of poor image quality or if the bound-
ary of the image prevented a full 2 cm segment. The anterior 
and posterior segment lengths were averaged to obtain a 
single length for our calculation of aortic volume. The diam-
eters of each segment were taken inner edge to inner edge, 
at the midpoint of the segment. The diameter of the LVOT 
was also measured from this view. All measurements were 
taken at end-systole.

Speckle tracking imaging (STI) analysis was performed 
using the same EchoPac software. In the mid- esophageal 
four-chamber view the endocardial border of the left ventri-
cle (LV) was traced. Appropriate tissue tracking was con-
firmed with the program’s own quality control feature, as 
well as visually by the investigators by observing a full cine 
loop to ensure the ventricular walls were tracked throughout 
the cardiac cycle. The STI-derived peak values for longitu-
dinal tissue velocity, longitudinal strain rate and radial strain 
rate of the basal-septal and basal-lateral walls were meas-
ured in early diastole (Fig. 3).

STI analysis was further applied to the ascending aorta 
using the EchoPac software’s pre-set for two- chamber LV 
images using a method we have previously described [4]. 
This method includes adjusting the software’s pre-set spatial 
and timing filters to the lowest level. The walls of the aortic 
root and ascending aorta were traced from the aortic valve 
annulus to the most distal portion of the ascending aorta 
that was visible on the acquired images. Proper aortic tissue 
tracking was confirmed in the same fashion as mentioned 
above. The region of interest (ROI) was made as narrow as 
possible to best conform to the width of the aorta. The ROI 

borders were further adjusted so that the software’s pre-set 
labels for identifying LV segments matched the aortic seg-
ments described above. The ROI for the LV basal segments 
spanned the aortic root while the LV mid segments spanned 
the proximal 2 cm of ascending aorta (Fig. 4). The LV api-
cal segments did not track any aortic tissue and were not 

Fig. 3  Speckle tracking imaging of the LV. Peak longitudinal veloc-
ity, peak longitudinal strain rate (Fig. 3a) and peak radial strain rate 
(Fig.  3b) were taken in early diastole (E’). The basal septal wall is 

depicted in yellow, the basal lateral wall is depicted in red and the 
peak values are identified with a white arrow

Fig. 4  The aortic root and proximal ascending aorta are traced 
using speckle tracking imaging software. The region of interest was 
adjusted so that the width incorporated the aortic wall. The segments 
were adjusted to include the posterior root (yellow), anterior root 
(red), posterior ascending aorta (cyan) and proximal ascending aorta 
(blue)
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included in our analysis. Radial velocity and longitudinal 
strain rates were taken for the anterior and posterior walls of 
the aortic root and ascending aorta (Fig. 5). The graphs pro-
duced by the EchoPac software were converted into digital 
form using Digitize-It (version 1.5.8b, Bormisoft, Braunsch-
weig, Germany) and saved as a text file.

2.1.3  Arterial Pressure Acquisition and Aortic Pressure 
Derivation

A right radial artery catheter placed prior to the induction 
of anesthesia. The catheter was connected to the transducer 
via a short length of pressure tubing (12 cm) to optimize the 
resonant frequency of the system. The filter of the arterial 
pressure channel on the Datex/Ohmeda S5 monitor was set 
to a frequency of 44 Hz and the analogue waveforms (radial 
artery pressure wave and the ECG) were acquired simul-
taneously through the data-out port at 1000 Hz using an 
analogue–digital converter (National Instruments, Austin, 
Texas, USA) and LabVIEW (National Instruments, Aus-
tin, Texas, USA). A pop-test was performed prior to every 
recording in order to calculate the system’s resonant fre-
quency and dampening coefficient. Ten to twelve pressure 
waves were averaged from the peak of the QRS complex 
of the ECG. The arterial pressure wave was then calibrated 
using the systolic and diastolic pressure recorded at the time 
of the acquisition. The pressure wave was then corrected for 
the resonance characteristics of the system and converted to 

an aortic pressure waveform using a previously validated 
transfer function [22].

2.1.4  Calculation of Aortic Parameters

Off-line analysis was performed using Maple (version 
18.02, MapleSoft, Waterloo, Ontario, Canada). The aortic 
pressure wave was used to calculate the rate of pressure 
change (dP/dt) during the cardiac cycle. The STI based 
graphs of aortic radial velocity and longitudinal strain rate 
were used to calculate aortic volume and its rate of change 
during the cardiac cycle (dV/dt). All signals were filtered 
using a Butterworth, 4-element filter with a cut-off fre-
quency of 16 Hz. The minor differences in the duration of 
the dP/dt and dV/dt waves were corrected through interpo-
lation of the dV/dt waveforms. The ECG- gating from the 
TEE machine and anesthesia monitor were not identical 
resulting in a timing shift of the graphs of dP/dt and dV/
dt. Therefore, we aligned the two graphs at the point where 
both dP/dt and dV/dt were initially positive. The interac-
tions of pressure and volume change were used to gener-
ate pressure–volume loops for each patient, both before 
and after stent implantation (Fig. 6). We then produced 
graphs displaying total proximal aortic compliance (com-
bined aortic root + ascending aorta) over the entire cardiac 
cycle. To calculate proximal aortic systolic compliance, 
the start of systole was initially identified by consider-
ing the time point in the cardiac cycle where dP/dt first 

Fig. 5  Speckle tracking imaging analysis of the aortic root and proximal ascending aorta. Region of interest was adjusted as described in the text 
and Fig. 4. Radial velocity and longitudinal strain rates were taken throughout the cardiac cycle in order to measure aortic volume change
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becomes positive (Fig. 7a). The value of this time point 
was then used on the generated compliance versus time 
curve to identify the approximate beginning of systole. 
An asymptote near the start of systole and a flat nadir at 
the end of systole were consistent findings in all the study 
subjects (Fig. 7b). There was high variability in both the 
data values near the asymptote and the length of the nadir. 
Therefore, to obtain consistent measurements between 
patients, the first post-asymptote peak on the compliance 
curve in systole was chosen as the starting point and the 
beginning of the nadir as the end-point for measuring early 
systolic aortic compliance. Thus, proximal aortic systolic 

compliance (CAortaSyst) was defined as the average com-
pliance over this period (Fig. 7b).

The LVOT flow acquired from the intra-operative TEE 
using PWD was digitized (DigitizeIt version 1.5.8b, Borm-
isoft, Braunschweig, Germany) at 2000 Hz, resampled at 
1000 Hz and filtered. Stroke volume (SV) and cardiac index 
(CI) were calculated:

(1)
SV = � × LVOT radius2 × LVOT velocity time integral

(2)CI = SV × HR/BSA

Fig. 6  By combining STI-based 
aortic volume change with 
invasively measured arterial 
pressure pressure–volume loops 
were generated for each patient 
before and after deployment of 
the EVAR endograft. Arrows 
depict the direction of the loops 
during the cardiac cycle

Fig. 7  The determination of proximal aortic systolic compliance was 
completed in a 2-step process. The start of systole was determined by 
identifying the time point where dP/dt first became positive (Fig. 7a). 
This time value was then used on the compliance curve to locate 
the start of systole (Fig. 7b). A consistent finding was an asymptote 

in this area. The mean compliance in the period from the first post-
asymptote peak until the beginning of the nadir was used to calcu-
late proximal aortic systolic compliance (CAortaSyst) in our analysis. 
This period is represented by the shaded box
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By combining LVOT flow and central aortic pressure, 
aortic input impedance was plotted across the frequency 
spectrum up to 15 Hz. The zero modulus was taken as sys-
temic vascular resistance (SVR). The aortic characteristic 
impedance (Z0) was calculated from the average impedance 
in the 5–15 Hz frequencies, excluding any values that were 
more than 2 standard deviations above the average. The left 
ventricular pulsatile power, including mean and oscillatory 
power, was calculated from the pressure and flow waves 
using methodology previously described [23]. Additional 
use of the aortic pressure included wave form analysis allow-
ing identification of the forward (incident) and backward 
(reflected) components (Fig. 8). This was done according 
to previously accepted methods [24–27]. We calculated the 
total forward, total backward, systolic forward and systolic 
backward waves. The reflection coefficient (PB/PF) was 
determined by the total reflected wave divided by the total 
forward wave.

2.2  Statistical Analysis

A sample size was calculated that would allow for com-
parison of post-EVAR changes in both LV diastolic function 
and aortic characteristic impedance. We used data from a 
previous study which measured characteristic impedance in 
both normotensive and hypertensive middle-aged patients, 
similar to our patient population. Their results showed a 
mean Z0 of 166 dynes s cm−5 with a standard deviation of 
69 dynes s cm−5 [28]. Eighteen patients would allow for 
a detection of a post-implantation increase in impedance 
of 40% with 80% power and a p value < 0.05 [24]. A 40% 
relative change in impedance was felt to be clinically signifi-
cant based on a similar change described by Dobson et al. 
[10]. This assertion is supported by studies showing that a 
20–40% difference in valvuloarterial impedance impacts the 
clinical outcomes in patients with aortic valve stenosis [29].

With regards to diastolic function, STI values in mid-
dle-aged patients with mild or moderate diastolic dysfunc-
tion, the average longitudinal early diastolic strain rate was 
1.15%/s with a standard deviation of 0.26%/s [30]. Twenty-
one patients would allow for detecting a 20% decrease in 
diastolic function following EVAR with a power of 80% 
and a p value < 0.05 [31]. This change is likely clinically 
relevant based on the findings of Tsioufis et al., where a 
20% difference in diastolic function was observed between 
normotensive and hypertensive patients [32].

All statistical analysis was performed using Analyze-It 
software version 3.90.7 (Analyze-It Software Ltd, Leeds, 
UK). Descriptive statistics were used for demographic and 
intra-operative data. The values for LV diastolic function and 
all measures of aortic function were analyzed for changes 
following endograft implantation using a Student’s T test.

3  Results

Twenty-one patients were included in the study. Three of the 
patients had incomplete data sets due to equipment failure 
or inadequate TEE images, therefore a total of 18 patients’ 
data was analyzed. The demographic information and med-
ical information is summarized in Table 1. Intraoperative 
hemodynamic details and endograft information is listed in 
Table 2. There was a near-significant trend towards higher 
systolic blood pressure after the EVAR procedure increasing 
from a mean (SD) of 109.5 (17.1) mmHg to 119.0 (20.3) 
mmHg (p = 0.06). There was no significant difference after 
EVAR in diastolic blood pressure (p = 0.59), mean arterial 
pressure (p = 0.35), heart rate (p = 0.19), and a trend towards 
reduced cardiac index (p = 0.11).

Pre-operatively the peak systolic mean (SD) STE meas-
ures of aortic longitudinal strain rates were 1.36 (0.80) %/s 
for the anterior segments and 1.57 (0.73) %/s for the pos-
terior segments while the STE aortic radial velocities were 

Fig. 8  Example from one of our 
study subjects of our wave form 
analysis using the aortic pres-
sure wave (solid; red) allowing 
identification of the forward 
(hashed; blue) and backward 
(hashed-dot; pink) components. 
A difference can be seen in the 
size and timing of the reflected 
wave in a pre-EVAR compared 
to b post-EVAR
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3.30 (1.12) cm/s for the anterior segments and 3.02 (0.95) 
cm/s for the posterior segments. Post-operatively peak sys-
tolic aortic longitudinal strain rates were 1.69 (1.10) %/s for 
the anterior segments and 1.78 (1.00) %/s for the posterior 
segments while the aortic radial velocities were 3.52 (0.99) 
cm/s for the anterior segments and 3.22 (1.18) cm/s for the 
posterior segments.

Full results of the comparative analysis of aortic and left 
ventricular diastolic function post-EVAR are included in 
Tables 3 and 4. Following deployment of the endovascular 
stent graft proximal aortic systolic compliance (p = 0.60) 
and calculated SVR (p = 0.21) were not significantly altered 
by EVAR endograft deployment while the aortic charac-
teristic impedance (Z0) had a borderline significant post-
EVAR decrease from a mean (SD) of 133.8 (63.6) dynes s/
cm5 to 102.3 (77.5) dynes s/cm5 (p = 0.06). The magnitude 
of forward and reflected waves did not change significantly, 
however the reflection coefficient increased from a mean 
(SD) of 0.85 (0.08) to 0.88 (0.07) (p = 0.03). This was due to 
a change in the timing of positive reflected waves, with the 
systolic component increasing significantly (p = 0.002). The 
left ventricular pulsatile power (hydraulic load) increased 

from a mean (SD) of 160.1 (108.3) mW to 206.3 (93.8) 
mW (p = 0.05). There was a non-significant trend towards 
increased LV diastolic impairment post-EVAR, in both TDI 
and STI measured parameters (Table 4).

4  Discussion

Our results show that immediately after deployment of an 
EVAR endograft there was no increase in aortic character-
istic impedance, ascending aortic compliance or systemic 
vascular resistance. The positive reflected wave remained the 
same size, however the timing of its reflection was altered, 
with a greater portion now returning during systole. We 
found that the LV experienced an increased pulsatile load, 
though the LV stroke volume and cardiac index were not 
affected. Finally, there may have been a small impairment 
of LV diastolic function, but not to a great enough extent to 
meet statistical significance.

As the aorta stiffens pulse waves originating in the heart 
conduct to the periphery with increasing velocity. As a 
result, pulse wave velocity (PWV) can be used as an indi-
rect measure of the relative stiffness of the arterial system. 
It has been frequently used in clinical studies quantifying 

Table 1  Patient demographics, comorbidities and pre-operative medi-
cations

Values are expressed as mean (SD) or as percentage where indicated
ACEi angiotensin-converting enzyme inhibitors, ARB angiotensin-II 
receptor blockers, BMI body mass index, BSA body surface area

Age (years) 71 (7)

Gender (% male) 89
Height (cm) 175 (8)
Weight (kg) 90 (19)
BMI (kg/m2) 29.3 (5.1)
BSA  (m2) 2.08 (0.24)
Comorbidities (%)
 Hypertension 83
 Smoking 28
 Chronic lung disease 17
 Coronary artery disease 61
 Congestive heart failure 6
 Cerebrovascular disease 0
 Diabetes mellitus 17
 Chronic renal failure 0
 Dyslipidemia 67

Pre-op medications (%)
 Beta-blockers 44
 Calcium-channel blockers 22
 ACEi/ARB 78
 Diuretics 28
 Statins 67
 Nitrates 6

Table 2  Intra-operative clinical and procedural data

Values are expressed as mean (SD) or as number (%) where indicated
CI cardiac index, DBP diastolic blood pressure, EVAR endovascular 
aneurysm repair, HR heart rate, MAP mean arterial blood pressure, 
SBP systolic blood pressure, SVI stroke volume index

Pre-EVAR hemodynamic parameters

 SBP (mmHg) 110 (17)
 DBP (mmHg) 59 (6)
 MAP (mmHg) 79 (12)
 HR (beats  min−1) 59 (9)
 SVI (mL/m2) 29 (7)
 CI (L/min/m2) 1.7 (0.5)

Post-EVAR hemodynamic parameters
 SBP (mmHg) 119 (20)
 DBP (mmHg) 60 (10)
 MAP (mmHg) 82 (16)
 HR (beats  min−1) 61 (8)
 SVI (mL/m2) 31 (6)
 CI (L/min/m2) 1.9 (0.4)

Endograft used [number (%)]
 Anaconda 11 (61)
 Cook low profile 1 (6)
 Excluder 1 (6)
 Gore TAG 3 (17)
 Medtronic 1 (6)
 OLB 32 1 (6)
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changes in arterial stiffness due to aging or disease states. 
More importantly, increasing arterial stiffness as detected 
by elevated PWV has been linked to subclinical target 
organ disease and impaired cardiovascular health, includ-
ing increased mortality [5–9]. The potential value of PWV 
as a clinical tool for improving long-term cardiovascular 
patient care has led to its inclusion in both the American 
Heart Association and European Society of Cardiologists’ 
most recent guidelines on the management of arterial hyper-
tension and aortic disease [33, 34].

The endografts used in EVAR procedures are made with 
material that is stiffer than the native aorta, even in the set-
ting of atherosclerotic or aneurysmal disease. Therefore, it 
is not surprising that an increased PWV measured across the 
EVAR site has been a consistently reported finding. Lan-
telme et al. assessed 50 patients following either open or 
endovascular AAA repair. After a median follow-up interval 
of 47 days they demonstrated an increase in mean PWV 
from a baseline of 11.3 to 12.3 m/s, or approximately 10% 

(p = 0.001) [13]. Of note, the hemodynamic alterations were 
different between the surgical graft prosthesis and the endo-
graft, suggesting device material cannot be ignored. Post-
EVAR increase in PWV was confirmed by Kadoglou, et al. 
with a 25% increase in mean PWV (13.11 m/s to 16.41 m/s) 
after 6 months [11]. The post-op intervals, population demo-
graphics and surgical specifics were not identical in each 
study, which may explain the difference in relative PWV 
change. Importantly, the finding of increased PWV post-
EVAR was consistent and both authors suggest that this 
elevation may have clinical implications given the clear 
association of elevated PWV and cardiovascular outcomes in 
non-surgical populations. Their concern is further supported 
by the results of subsequent studies where an increased 
post-EVAR PWV was also associated with higher levels of 
inflammatory markers, increased LV mass, and LV diastolic 
dysfunction [12, 15, 16]. In one study, increased LV mass 
was detected as early as one week following an EVAR pro-
cedure [16].

Table 3  Aortic properties, LV 
pulse power and wave analysis 
results

Values are expressed as mean (SD)
Mean Syst Comp mean ascending aorta systolic compliance, Reflect Coeff wave reflection coefficient, Sys-
tolic FWD systolic forward wave, SVR systemic vascular resistance, Total FWD total forward wave, Z0 aor-
tic characteristic impedance

PRE POST p value

SVR (dynes s/cm5) 1694 (513) 1574 (497) 0.21
Z0 (dynes s/cm5) 134 (64) 102 (78) 0.06
Mean syst comp (mL/dynes/m2) 4.14  E−5 (2.16  E−5) 4.49  E−5 (3.25  E−5) 0.60
Pulse power (mW) 160 (108) 206 (93) 0.05
Total FWD (dynes/cm2) 5.56 E4 (9.58 E3) 5.66 E4 (1.38 E4) 0.73
Systolic FWD (dynes/cm2) 2.55 E4 (6.81 E3) 2.76 E4 (7.89 E3) 0.20
Total reflected (dynes/cm2) 4.72 E4 (9.22 E3) 4.96 E4 (1.13 E4) 0.24
Systolic reflected (dynes/cm2) 1.74 E4 (4.45 E3) 2.09 E4 (4.62 E3) 0.002
Reflect coeff 0.85 (0.08) 0.88 (0.07) 0.03

Table 4  Pre-operative and 
post-operative measures of LV 
diastolic function

Values are expressed as mean (SD)
b-Septal LV basal septal wall, b-Lateral LV basal lateral wall, SR strain rate, STI speckle tracking imaging, 
TDI tissue Doppler imaging

Pre Post p value

b-Lateral E’ TDI (cm/s) 8.21 (1.93) 7.71 (2.46) 0.17
b-Septal E’ TDI (cm/s) 7.62 (1.80) 6.85 (2.30) 0.10
b-Lateral E/E’ 9.05 (2.71) 9.78 (4.21) 0.33
b-Septal E/E’ 9.80 (3.29) 11.04 (5.40) 0.19
b-Lateral STI longitudinal velocity (cm/s) − 6.49 (2.18) − 6.18 (1.96) 0.51
b-Septal STI longitudinal velocity (cm/s) − 5.65 (1.85) − 5.30 (1.66) 0.15
b-Lateral STI Longitudinal SR (%/s) 1.05 (0.56) 1.05 (0.45) 0.98
b-Septal STI Longitudinal SR (%/s) 0.88 (0.47) 0.78 (0.31) 0.46
b-Lateral STI radial SR (%/s) − 3.65 (2.00) − 2.94 (1.66) 0.29
b-Septal STI radial SR (%/s) − 2.22 (1.13) − 2.29 (1.75) 0.85
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Studies in animal models shed light onto the implications 
of increased PWV with regards to concurrent changes in 
aortic mechanical properties and possible mechanisms for 
the negative LV effects observed in humans. Using a canine 
model Dobson et al. implanted an endograft in the thoracic 
aorta [10]. There was a significant elevation in PWV post-
deployment (418 cm s−1 vs. 755 cm s−1, p < 0.05), a find-
ing consistent with the EVAR patient studies mentioned 
above. This change occurred alongside other changes in 
the ascending aortic mechanical properties. Significant 
post-stent increases occurred in proximal aortic impedance 
(Z0 = 0.250 mmHg mL−1 s−1 vs. 0.414 mmHg mL−1 s−1, 
p < 0.05). Additionally, total arterial compliance decreased 
(0.446 mL mmHg−1 vs. 0.276 mL mmHg−1, p < 0.05) along-
side a near- significant increase in SVR (5.8 mmHg mL−1 s−1 
vs. 7.7 mmHg mL−1 s−1, p = 0.06). There was also an altera-
tion of reflected wave forms, with the reflected wave coeffi-
cient becoming dominated by a large negative reflected wave 
(0.09 vs − 0.49, p < 0.05). Due to endograft-aorta impedance 
mismatch one would expect to see larger positive and nega-
tive reflected waves, from the proximal and distal ends of the 
graft respectively which would typically cancel each other. 
The authors suggest the change in wave co-efficient in their 
study was due to increased proximal aortic stiffness sup-
pressing the positive reflected wave, unmasking the negative 
wave. Another interesting finding was a measurable decrease 
in aortic flow (IE cardiac output) which neared statistical 
significance (0.89 L min−1 vs. 0.66 L min−1, p = 0.09), pos-
sibly as a result of the described changes in the aortic prop-
erties causing an increased LV hydraulic load. An alteration 
of aortic input impedance by thoracic grafting was similarly 
found in Mekkaoui et al. using a porcine model [35]. Of 
particular note, these changes resulted in an impairment of 
the natural diastolic augmentation of blood flow to the coro-
nary and supra-aortic arteries. The findings of these papers 
suggest that (1) increased PWV may reflect other concurrent 
changes in aortic mechanics, including proximal characteris-
tic impedance, (2) the net effect of these changes may have 
a deleterious effect on coronary blood flow, LV hydraulic 
load and cardiac output and (3) these results provide possi-
ble mechanistic explanations for the findings in post-EVAR 
human studies.

Previous studies in human subjects following EVAR had 
failed to demonstrate any “upstream” alteration in aortic 
stiffness [13, 36]. But these studies did not assess all of the 
aspects of aortic mechanical behaviour, nor did they measure 
aortic stiffness in the same fashion as the animal studies. 
This methodological discordance could easily explain the 
discrepant findings. Our study did not have such limitations. 
Even though our study methods closely approximated those 
in the animal studies, we did not find the changes in ascend-
ing aortic compliance or characteristic impedance identi-
fied by Dobson and Mekkaoui. An obvious explanation is 

that these changes simply do not occur in humans. Failed 
translation of animal models to human clinical studies is 
not uncommon. Other possible explanations do exist. Our 
patients, unlike the animal studies, had endografts deployed 
more distally in the aorta (abdomen vs thoracic) which may 
be too remote to induce changes in the ascending aorta. 
Alternatively, inhaled volatile anesthetic’s suppression of the 
sympathetic nervous system may have counteracted the pro-
posed mechanism of sympathetic activation for the changes 
in local aortic mechanics following endograft implanta-
tion [37–39]. Our measured SVR was lower post-EVAR, 
likely reflecting the cumulative effect of general anesthesia 
on decreased sympathetic/vascular tone at the level of the 
small arteries and arterioles (considered to be the largest 
contributors to SVR) [40]. It should be noted that neither set 
of animals in the comparison studies were anesthetized in 
a similar fashion to our patients (IE general anesthesia with 
inhaled volatile anesthetics).

Reflected waves occur whenever a point of impedance 
mismatch occurs along the arterial tree. A transition point 
to higher or lower impedance results in positive and negative 
reflected waves respectively. There are naturally occurring 
reflection points in the normal human arterial system, a neg-
ative wave reflects near the origins of the abdominal vessels 
while a positive one originates near the femoral arteries. As 
the arterial tree stiffens due to aging and vascular disease the 
size and timing of the positive reflected wave may change. 
Instead of providing diastolic blood flow augmentation, the 
wave arrives during systole. This results in added hydraulic 
load on the left ventricle, impaired coronary blood flow, LV 
diastolic dysfunction and contribution to long term adverse 
cardiovascular outcomes [41–43]. Stiffer endograft material 
also creates an impedance mismatch which may affect wave 
reflection properties. Our data suggests that although the 
absolute size of the positive reflected wave did not change, 
the timing was altered with an increased systolic component. 
This systolic reflected wave augmentation likely explains the 
increased fractional pulse pressure and trend towards higher 
systolic blood pressure, with no corresponding change in 
mean or diastolic pressures. It may also explain the increased 
LV hydraulic load and trend towards lower cardiac output 
despite the marginally decreased aortic impedance. The 
mechanism for previously reported PWV associated changes 
in LV mass and diastolic function following EVAR may in 
fact be a result of endograft induced changes in reflected 
wave properties, not increased aortic impedance.

Diastolic function has been shown to deteriorate in 
the setting of increases in measures of arterial stiffness 
(including PWV), as well as fractional pulse pressure 
and reflected waves [2, 32, 44–49]. If implantation of an 
abdominal endograft in an EVAR procedure alters any or 
all of these aortic properties, there may be clinical impli-
cations on left ventricular diastolic function. Several of 
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our measures of LV diastolic function suggest relaxation 
is impaired following EVAR, though they did not meet 
statistical significance. More time may be required for 
diastolic function to be affected following EVAR. Takeda 
et al. found no change in diastolic function in the setting 
of increased PWV post-EVAR. However, at a 1 year fol-
low-up over half the patients had deterioration in exercise 
tolerance and reduced diastolic function [15]. Therefore, 
although we did see statistically significant changes in 
diastolic function, there is both substrate (IE immediate 
increase in LV hydraulic load) and evidence to suggest 
that given enough time or a larger sample size we may see 
diastolic dysfunction in these patients.

4.1  Limitations

Our parameters, though comprehensive, were only meas-
ured immediately following endograft deployment. There-
fore, we do not know how any of these might progress 
over time. Do those that become altered, such as reflected 
wave properties and LV hydraulic load, remain the same, 
become more prominent, or eventually normalize? Do 
factors that did not change, such as proximal aortic com-
pliance and diastolic function change over time? During 
intra-operative data collection our patients were under 
general anesthesia which impacts LV preload, afterload 
and sympathetic tone, potentially affecting our results. We 
were unable to include measurements of PWV concur-
rently with our other parameters. This limits the ability 
to put our findings into context with those from studies 
where increased PWV was measured post-EVAR. Given 
the ubiquity of elevated PWV following EVAR it is rea-
sonable to assume we would have had a similar increase 
as well. We are not able to comment on the effects of dif-
ferent graft manufacturers or materials on the parameters 
measured because a majority of our patients had the same 
endograft implanted. Previous studies have suggested 
that differences between graft materials affect measures 
of aortic stiffness [12, 13, 37]. Finally, we have no con-
trol group with which to compare. One study that did 
include matched controls found that although EVAR grafts 
acutely increased PWV and reflected waves, these changes 
remained stable over time. The control group had gradual 
increases in PWV and reflected waves over time, and even-
tually the two groups were similar [14]. This suggests that 
the immediate changes in aortic stiffness, wave reflections 
and cardiac function following EVAR may just accelerate 
changes to the cardiovascular system which would have 
occurred over time in a non-surgical cohort. Whether it is 
detrimental to EVAR patients to have these changes occur 
acutely and sooner than would naturally occur is a question 
that requires further study.

5  Conclusion/Future Directions

Primarily, our study demonstrates that speckle tracking echo-
cardiography represents a promising tool to non-invasively 
quantify aortic biomechanics in a real-time clinical setting.

In the setting of EVAR for abdominal aneurysms, meas-
ures of aortic stiffness that directly affect LV afterload, such 
as aortic impedance, ascending aortic compliance and SVR 
do not immediately increase following endograft implanta-
tion. The graft does appear to create an impedance mismatch 
which results in changes to the timing of positive reflected 
waves resulting in a greater systolic component. This tim-
ing shift is associated with an increased LV hydraulic load, 
which showed a trend towards decreased cardiac output and 
impaired LV diastolic relaxation [23].

To better describe the natural progression of aortic and 
cardiac changes following EVAR further studies should 
focus on the following: (1) Measure the corresponding 
changes in proximal aortic impedance, ascending aortic 
compliance, pulse wave analysis, PWV, LV hydraulic load, 
and LV systolic/diastolic function immediately following the 
procedure (IE after effects of general anesthesia are gone), 
then again at mid- and long-term intervals. (2) Examine 
these same parameters after placing stents in more proximal 
locations such as the thoracic aorta, aortic arch and ascend-
ing aorta. (3) Perform a similar comprehensive analysis with 
a variety of graft materials and designs (both surgical and 
endovascular) to determine inter-graft differences. These 
additional studies would allow for a more thorough descrip-
tion of the changes that occur after endovascular graft proce-
dures, the clinical implications of these changes, and further 
explore ways to minimize any potential negative effects with 
different graft designs or materials.
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