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Abstract
The association between aortic stiffness, cardiovascular risk factors and prognosis in patients with recent ST-elevation 
myocardial infarction (STEMI) is poorly understood. We analyzed the relationship between cardiovascular risk factors 
and arterial stiffening and assessed its prognostic significance in patients with recent STEMI. We prospectively enrolled 
408 consecutive patients who sustained a first STEMI and underwent primary percutaneous coronary intervention (PPCI). 
Aortic pulse wave velocity (PWV), the most widely used measure of aortic stiffness, was determined by the transit-time 
method using velocity-encoded, phase-contrast cardiac magnetic resonance imaging. Patient characteristics were acquired 
at baseline and major adverse cardiac and cerebrovascular events (MACCE) were assessed at 13 [interquartile range (IQR) 
12–31] months. Cox regression- and logistic regression analysis were performed to explore predictors of aortic stiffness and 
MACCE. Median aortic PWV was 6.6 m/s (IQR 5.6–8.3 m/s). In multivariable analysis, age [odds ratio (OR) 1.10, 95% 
confidence interval (CI), 1.08–1.14, p < 0.001] and hypertension (OR 2.45, 95% CI, 1.53–3.91, p < 0.001) were independently 
associated with increased PWV. Sex, diabetes, smoking status, dyslipidemia, and obesity were not significantly associated 
with PWV in adjusted analysis (all p > 0.05). High PWV significantly and independently predicted occurrence of MACCE 
in adjusted analysis [hazard ratio (HR) 2.45, 95% CI 1.19–5.04, p = 0.014]. In patients with recent STEMI, the impact of 
classical cardiovascular risk factors on aortic stiffness is mainly dependent on age and increased blood pressure. Increased 
aortic stiffness is associated with adverse clinical outcome post-STEMI, suggesting it as a relevant therapeutic target in this 
population. Trial (NCT04113356).

Keywords Aortic stiffness · Pulse wave velocity · Cardiac magnetic resonance · Prognosis · ST-segment elevation 
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Background

Aortic pulse wave velocity (PWV) represents the most 
widely used measure of aortic stiffness. Elevated aortic stiff-
ness, which results in increased central pulse pressure, left 
ventricular afterload and reduced coronary artery perfusion, 
was found to independently predict future cardiovascular 
events and target organ damage in the general population 

and in patients with different cardiovascular diseases [1, 2]. 
Consequently, aortic stiffness can be useful in clinical deci-
sion making in a variety of clinical scenarios and represents 
a well-established therapeutic target to reduce the burden 
of future cardiovascular events. However, data on the exact 
role and prognostic relevance of increased aortic stiffness 
in patients with recent ST-elevation myocardial infarction 
(STEMI) is sparse [3–5]. Aortic stiffness in STEMI patients 
is likely to be related to multiple mechanisms including pre-
vious exposure to cardiovascular risk factors. However, as 
yet, there has been no systematic investigation that evalu-
ated the association between aortic stiffness and cardio-
vascular risk factors for this specific population. Previous 
studies investigating the relationship between aortic stiff-
ness and cardiovascular risk factors in other populations 
have reported conflicting results [6, 7]. Evidence for a tight 
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relation between aortic stiffness and age as well as systolic 
blood pressure is relatively consistent. In contrast, data on 
the independent association of aortic stiffness with other risk 
factors such as sex, diabetes, tobacco smoking, dyslipidemia 
and obesity are not univocal [7, 8]. Consequently, results 
from these studies cannot be generalized to other popula-
tions, including patients with recent STEMI.

Phase-contrast cardiac magnetic resonance (CMR) imag-
ing derived PVW assessment is a validated approach to 
determine aortic stiffness in vivo [9, 10]. It has been shown 
to be a robust and reproducible non-invasive technique for 
the assessment of aortic stiffness in patients with stable coro-
nary artery disease and also after STEMI [2, 11, 12].

The aim of the present study was thus to investigate the 
association of cardiovascular risk factors with aortic stiff-
ness in a well-defined cohort of patients with recent STEMI, 
treated by contemporary mechanical reperfusion. Moreover, 
we explored the prognostic relevance of aortic stiffness in 
this setting.

Methods

Study population and characteristics

In this prospective, observational study, we recruited 408 
consecutive STEMI patients in the ‘Magnetic Resonance 
Imaging In Acute ST-Elevation Myocardial Infarction’ 
(MARINA-STEMI) trial (NCT04113356).

The inclusion criteria were as follows: (1) first STEMI 
defined by clinical symptoms suggestive of ischemia and 
significant ST-segment elevation in at least two contiguous 
leads (> 0.1 mV in extremity leads; > 0.2 mV in precordial 
leads), (2) revascularization by primary percutaneous coro-
nary intervention (PPCI) within 24 h after symptom onset, 
(3) an estimated glomerular filtration rate > 30 ml/min/1.73 
 m2 and (4) Killip class < 3 at time of CMR. Exclusion cri-
teria were age < 18 years, previous coronary infarction and 
any contraindication to CMR (pacemaker, cerebral aneurysm 
clip, orbital foreign body, claustrophobia and known contrast 
agent allergy to gadolinium).

Demographic characteristics, detailed medical history and 
cardiovascular risk factors (hypertension, diabetes mellitus, 
smoking status, and hypercholesterolemia) were acquired 
according to a standardized questionnaire at baseline.

Hypercholesterolemia, diabetes and hypertension was 
defined as follows: (1) patients had known history of hyper-
cholesterolemia, diabetes or hypertension, (2) patients were 
on cholesterol-lowering, antidiabetic or antihypertensive 
medication or (3) hypercholesterolemia, diabetes or hyper-
tension was diagnosed during hospitalization. Biomarker 
assessment was performed on admission and subsequently 
once daily, until day 4 [4]. For high-sensitivity cardiac 

Troponin T, three additional measurements during the first 
24 h were performed.

Peak biomarker level was defined as highest concentra-
tion during the first 96 h after admission. Peak N-terminal 
prohormone of brain natriuretic peptide (NT-proBNP) val-
ues were missing in 7 (1.7%) patients. Admission glucose 
levels were missing in 4 (1%) patients.

Written informed consent was obtained from all patients 
prior study inclusion.

The study was approved by the local ethics committee 
of the Medical University of Innsbruck and was performed 
in conformity with the ethical guidelines of the Declaration 
of Helsinki.

Clinical endpoints

Major adverse cardiac and cerebrovascular events 
(MACCE), defined as new congestive heart failure, myo-
cardial re-infarction, stroke and all-cause mortality were 
assessed by telephone using a standardized questionnaire 
and all declared endpoints were checked afterwards by care-
fully reviewing the medical records.

Myocardial re-infarction was defined according to the 
ACCF/AHA guidelines as ischemic symptoms and/or new 
significant ST-segment changes accompanied by an increase 
and/or decrease of high-sensitivity cardiac troponin T (hs-cT) 
levels. Hs-cT changes were defined as one value being above 
the 99th percentile of the upper reference limit in patients 
with normal hs-cT values or a 50% increase in patients with 
elevated baseline hs-cT values [13]. New congestive heart 
failure was defined as first onset of cardiac decompensation 
after discharge of the index event, requiring treatment with 
intravenous diuretics [13–15]. Stroke was defined according 
to the updated stroke criteria by a consultant neurologist, as an 
ischemic or hemorrhagic infarction, resulting in neurological 
dysfunction [16]. Every patient contributed only once to the 
composite MACCE endpoint. In patients with more than one 
event, the most severe endpoint was used (all-cause mortal-
ity > myocardial re-infarction > stroke > new congestive heart 
failure) as previously described [17].

Cardiac magnetic resonance imaging

CMR scans were performed on a 1.5 Tesla scanner 
(AVANTO; Siemens, Healthineers AG, Erlangen, Ger-
many). The detailed imaging protocol, post-processing 
[18], as well as method reproducibility [11] was published 
previously. Briefly, LV ejection fraction was assessed on 
short-axis (10–12 slices) cine images using breath-hold, 
retrospective electrocardiogram (ECG) triggered trueFISP 
bright-blood sequences. ECG-triggered, phase-sensitive 
inversion recovery sequences were used to obtain late gado-
linium enhancement images 15 min after application of a 
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0.2 mmol/kg bolus of contrast agent (Gadovist®, Bayer, 
Leverkusen, Germany). Hyperenhancement was defined by 
a threshold of five standard deviations higher than the signal 
intensity of remote myocardium in the opposite LV myocar-
dial segment [19] as described previously [20].

Pulse wave velocity (PWV) was determined with 
the use of a velocity-encoded phase-contrast sequence. 
Velocity encoding was set to 150  cm/s and adjusted 
in case of aliasing artefacts. Spatial resolution was 
1.33 × 1.33 × 8 mm and the repetition time was 13.6 ms. 
Retrospective ECG triggering with 128 phases per cardiac 
cycle was used. Acquisition planes were set perpendicular 
to the ascending and descending thoracic aorta as well as 
the abdominal aorta. Aortic contours were circled manu-
ally (ARGUS; Siemens, Healthineers AG, Erlangen, Ger-
many). Aortic through-plane flow (ml/s) was calculated 
at all three aortic levels using the velocity values of the 
velocity-encoded images and displayed in a flow-time 
diagram. The onset of the systolic upstroke was defined 
as the ‘arrival’ of the pulse wave at the respective level of 
measurement [21]. The distance between aortic sites was 
measured along the aortic luminal midline on an oblique 
sagittal slice. Finally, PWV was determined by dividing 
the distance between the ascending and abdominal aorta 
by the travel time of the pulse wave between sites (Fig. 1).

Statistical analyses

Statistical analysis was performed by means of IBM SPSS Sta-
tistics 26.0. (IBM, Armonk, NY, USA) and MedCalc Version 
15.8 (Ostend, Belgium). Continuous variables are presented 
as mean ± standard deviation or median with interquartile 

range (IQR) according to their distribution. Categorical vari-
ables are shown as frequencies with corresponding percent-
ages. Differences in continuous variables were tested by 
Wilcoxon–Mann–Whitney-U test. Differences in categori-
cal variables were evaluated by Chi-squared test. To disclose 
independent predictors of aortic stiffness, possible confounders 
of aortic stiffness described in previous studies [7] have been 
entered in a univariable regression analysis. All variables with 
a p-value < 0.05 in univariable regression analysis were entered 
in a multivariable linear and binary regression model. PWV 
was tested as a continuous variable as well as a dichotomized 
variable. Dichotomization was performed according to median 
PWV and the optimal cutoff value for MACCE prediction of 
7.3 m/s, as observed previously [4]. The relationship between 
PWV and clinical outcome was expressed by Kaplan–Meier 
graphs. To reveal independent outcome predictors, possible 
confounders of aortic stiffness as described in previous stud-
ies [7], as well as established prognostic factors in STEMI 
have been entered in an univariable Cox regression analysis. 
All variables of interest with a p-value < 0.05 in univariable 
regression analysis were entered in a multivariable model. For 
a better comparability, all variables were dichotomized accord-
ing to median values. All tests were two-tailed and a p-value 
of < 0.05 was considered as statistically significant.

Results

Patient characteristics

A total of 408 patients (16% female) with a median age of 
57 (IQR 50–66) years were included in the present study. 

Fig. 1  CMR determined PWV assessment. CMR cardiac magnetic resonance, PWV pulse wave velocity, aA ascending aorta, dA descending 
aorta, abdA abdominal aorta, t time (Created with Biorender)



240 The International Journal of Cardiovascular Imaging (2022) 38:237–247

1 3

All patients were treated by PPCI with a median delay 
of 192 (IQR 125–329) minutes. Time of STEMI to CMR 
examination was 3 (IQR 2–4) days and there was no sig-
nificant association between this time and PWV (p = 0.10). 
Baseline characteristics of the patient population are 
summarized in Table 1. Median PWV was 6.6 m/s (IQR 

5.6–8.3 m/s) in the overall population. Patients with PWV 
above median were significantly older [64 (IQR 55–71) vs. 
52 (IQR 47–57) years, p < 0.001], were more frequently 
female [n = 44, (21%) vs. n = 23, (12%), p = 0.009], had 
more often diagnosed hypertension [n = 134, (64%) vs. 
n = 71, (36%), p < 0.001], and were less likely smoker 

Table 1  Baseline characteristics

All p-values < 0.05 are highlighted in bold
n number, RCA  right coronary artery, LAD left anterior descending artery, LCX left circumflex artery, RI ramus intermedius, PCI percutaneous 
coronary intervention, TIMI thrombolysis in myocardial infarction, Hs-cT high-sensitivity cardiac troponin T, CK creatine kinase, NT-proBNP 
N-terminal prohormone of brain natriuretic peptide, CMR cardiac magnetic resonance, PWV aortic pulse wave velocity, IS infarct size, LVMM 
left ventricular mass, LVEF left ventricular ejection fraction, MVO microvascular obstruction

Total population (n = 408) PWV < 6.6 m/s
(n = 200, 49%)

PWV ≥ 6.6 m/s
(n = 208, 51%)

p-value

Age (years) 57 [50–66] 52 [47–57] 64 [55–71]  < 0.001
Female, n (%) 67 (16) 23 (12) 44 (21) 0.009
Body mass index, kg/m2 26.2 [24.6–28.7] 26.5 [24.7–28.7] 26.2 [24.6–28.7] 0.712
Hypertension, n (%) 203 (50) 71 (36) 134 (64)  < 0.001
Antihypertensive medication
  ACE inhibitors, n (%) 47 (12) 13 (7) 34 (16) 0.002
  ATR blocker, n (%) 41 (10) 14 (7) 27 (13) 0.046
  Beta blocker, n (%) 41 (10) 11 (6) 30 (14) 0.003
  Calcium antagonists, n (%) 18 (4) 8 (4) 10 (5) 0.700
Current smoker, n (%) 223 (55) 130 (65) 93 (45)  < 0.001
Pack years 20 [0–40] 25 [7–40] 15 [0–40] 0.021
Hyperlipidemia, n (%) 222 (54) 107 (54) 115 (55) 0.717
Diabetes mellitus, n (%) 47 (12) 17 (9) 30 (14) 0.061
Admission Glucose (mmol/L) 7.3 [6.4–8.9] 7.1 [6.3–8.5] 7.5 [6.7–9.1] 0.021
Culprit lesion, n (%) 0.071
  RCA 161 (39) 73 (37) 88 (42)
  LAD 188 (46) 89 (45) 99 (48)
  LCX 55 (14) 36 (18) 19 (9)
  RI 4 (1) 2 (1) 2 (1)
Number of diseased vessels, n (%) 0.002
  1 248 (61) 138 (69) 110 (53)
  2 114 (28) 48 (24) 66 (32)
  3 46 (11) 14 (7) 32 (15)
Prior PCI, n (%) 10 (3) 4 (2) 6 (3) 0.579
Pre-interventional TIMI flow 0, n (%) 255 (63) 118 (59) 137 (66) 0.254
Post-interventional TIMI flow 3, n (%) 352 (86) 180 (90) 172 (83) 0.106
Delay (minutes) 192 [125–329] 179 [122–309] 207 [136–349] 0.048
Peak hs-cT (ng/L) 5035 [2115–8920] 4517 [1869–8444] 5366 [2428–9346] 0.066
Peak CK (U/L) 1945 [1006–3532] 1961 [972–3777] 1945 [1091–3337] 0.924
Peak NT-proBNP (ng/L) 1146 [547–2273] 909 [487–1852] 1362 [655–3020]  < 0.001
CMR parameters
  PWV (m/s) 6.6 [5.6–8.3] 5.6 [5.2–6.1] 8.3 [7.3–9.9]  < 0.001
  Time of STEMI to CMR examination (days) 3 [2–4] 3 [2–5] 3 [2–4] 0.10
  IS, % LVMM 15.2 [7.0–24.6] 13.9 [6.0–24.4] 16.5 [8.7–25.1] 0.184
  LVEF baseline (%) 52.4 [44.8–58.9] 54.2 [45.7–60.0] 50.8 [50.8–57.7] 0.035
  MVO, n (%) 210 (52) 99 (50) 111 (53) 0.179
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[n = 93, (45%) vs. n = 130, (65%), p < 0.001]. Patients 
with higher PWV had higher admission glucose [7.5 (IQR 
6.7–9.1) vs. 7.1 mmol/L (IQR 6.3–8.5), p = 0.021], and 
peak NT-proBNP [1362 (IQR 655–3020) vs. 909 ng/L 
(IQR 487–1852), p < 0.001] levels, had lower left ven-
tricular ejection fraction [50.8 (IQR 50.8–57.7) vs. 54.2% 
(IQR 45.7–60.0), p = 0.035], experienced longer delays 
from symptom onset until PPCI [207 (IQR 136–349) vs. 
179 min (IQR 122–309), p = 0.048] and lastly were more 
likely to suffer from two- [n = 66, (32%) vs. n = 48, (24%)] 
and three-vessel-disease [n = 32, (15%) vs. n = 14, (7%), 
p = 0.002].

Antihypertensive medication, including ACE inhibitors 
[n = 13, (7%) vs. n = 34, (16%), p = 0.002], ATR blocker 
[n = 14, (7%) vs. n = 27, (13%), p = 0.046] and beta blocker 
[n = 11, (6%) vs. n = 30, (14%), p = 0.003] were significantly 
associated to elevated PWV. However, no significant associ-
ation between calcium antagonists and PWV has been found 
[n = 8, (4%) vs. n = 10, (5%), p = 0.700].

Determinants of aortic PWV

In multivariable binary regression analysis, the independent 
associates of increased PWV (≥ 6.6 m/s) were age [odds 
ratio (OR) 1.10, 95% confidence interval (CI), 1.08–1.14, 
p < 0.001], hypertension (OR 2.45, 95% CI, 1.53–3.91, 
p < 0.001) and number of diseased vessels (OR 1.42, 95% CI, 
1.00–2.11, p = 0.049) (Table 2). These findings were simi-
lar for age (β = 0.477, p < 0.001), hypertension (β = 0.092, 
p = 0.036) and number of diseased vessels (β = 0.098, 
p = 0.024) when PWV was modeled as a continuous vari-
able (multivariable model R = 0.533, p < 0.001) (Table 3). 
In a further model, where dichotomization at the proposed 
cut-off value of 7.3 m/s was performed [4], the independent 
predictors were age (OR 1.12, 95% CI, 1.09–1.15, p < 0.001) 
and hypertension (OR 2.32. 95% CI, 1.42–3.79, p = 0.001) 

(Supplementary Table 5). These findings remained sig-
nificant even after adjustment for time of STEMI to CMR 
examination.

The association between PWV and age as well as PWV 
and hypertension is further illustrated in Fig. 2a and b, 
respectively.

Prognostic relevance of aortic PWV

Follow-up data was available in 401 patients (7 patients 
were lost to follow up, 1.7%). Median follow-up time was 
13 (IQR 12–31) months. During follow-up period, MACCE 
was experienced by 44 (10.8%) patients, including 13 (3.2%) 
new congestive heart failures, 14 (3.4%) myocardial re-
infarction, 8 (2.0%) strokes and 9 (2.2%) deaths. To deter-
mine the prognostic value of PWV in respect to established 
prognostic factors in STEMI, separate multivariable models 

Table 2  Logistic Regression 
Analysis for Prediction of 
PWV ≥ 6.6 m/s

All p-values < 0.05 are highlighted in bold
PWV pulse wave velocity, NT-proBNP N-terminal prohormone of brain natriuretic peptide, OR Odds ratio, 
CI Confidence interval

Univariable Multivariable

OR (95% CI) p-value OR (95% CI) p-value

Age (years) 1.11 (1.09–1.14)  < 0.001 1.10 (1.08–1.14)  < 0.001
Female sex 0.48 (0.28–0.84) 0.009
Hypertension 3.29 (2.19–4.94)  < 0.001 2.45 (1.53–3.91)  < 0.001
Current smoker 0.44 (0.29–0.65)  < 0.001
Hyperlipidemia 1.08 (0.73–1.59) 0.717
Diabetes mellitus 1.81 (0.97–3.41) 0.064
Peak NT-proBNP 1.00 (1.00–1.00) 0.003
Number of diseased vessels 1.70 (1.27–2.29)  < 0.001 1.42 (1.00–2.01) 0.049

Table 3  Linear Regression Analysis for Prediction of continuous 
PWV

All p-values < 0.05 are highlighted in bold
Multivariable model: R = 0.533, p < 0.001
PWV pulse wave velocity, NT-proBNP N-terminal prohormone of 
brain natriuretic peptide

Univariable Multivariable

β p-value β p-value

Age, years 0.513  < 0.001 0.477  < 0.001
Female sex  − 0.096 0.052
Hypertension 0.205  < 0.001 0.092 0.036
Current smoker  − 0.212  < 0.001
Hyperlipidemia  − 0.040 0.415
Diabetes mellitus 0.052 0.296
Peak NT-proBNP 0.094 0.061
Number of diseased vessels 0.177  < 0.001 0.098 0.024
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for (A) patient characteristics, (B) CMR data and (C) bio-
marker data were conducted as described previously [22]. 
In multivariable Cox regression analysis, median PWV 
[6.6 m/s (IQR 5.6–8.3 m/s)] significantly and indepen-
dently predicted the occurrence of MACCE after adjust-
ment for patient characteristics [hazard ratio (HR) 2.45, 
95% CI, 1.19–5.04, p = 0.014], CMR data (HR 2.77, 95% 
CI, 1.35–5.65, p = 0.005), and biomarker data (HR 2.62, 95% 
CI, 1.28–5.35, p = 0.008) (Table 4). Also, when applying 
the proposed cut-off value of 7.3 m/s, derived in an early 
analysis of the MARINA-STEMI cohort [4], PWV remained 
an independent predictor for MACCE (HR 2.71, 95% CI 
1.44–5.11, p = 0.002) (Supplementary Table 5). The associa-
tion of PWV and MACCE is further illustrated in Fig. 2c.

Discussion

In a large contemporary cohort of STEMI patients, we 
found that aortic stiffness, as determined by PWV using 
phase contrast CMR imaging, was independently associ-
ated with age, hypertension, and multivessel disease. In 

contrast, other conventional cardiovascular risk factors 
including sex, diabetes, smoking status, dyslipidemia, and 
obesity did not show a significant association in adjusted 
analysis. Therefore, in patients with recent STEMI, aortic 
stiffness seems mainly dependent on age and increased 
blood pressure. In addition, we could demonstrate that 
STEMI patients with increased aortic stiffness have higher 
MACCE rates at medium term follow-up (13 months) 
and thus, in theory, might benefit from further therapeu-
tic interventions that address key determinants of aortic 
stiffness.

Although there is solid evidence describing the determi-
nants and prognostic implications of aortic stiffness in the 
general population [7, 23], data in patients post STEMI are 
scarce [3, 4]. Our study significantly expanded these previ-
ous data by demonstrating that, in STEMI patients, aortic 
stiffness is mainly dependent on age and increased blood 
pressure. Importantly, we could also show that increased 
aortic stiffness is associated with worse clinical outcomes 
independent of other clinical risk factors or CMR param-
eters. As such, this study provides further insights in the 
pathology of increased aortic stiffness in the largest STEMI 

Fig. 2  Association of aortic PWV in relation to age, hypertension 
and clinical outcome. PWV pulse wave velocity, STEMI ST-elevation 
myocardial infarction, CAD coronary artery disease, AS atherosclero-

sis, MACCE major adverse cardiac and cerebrovascular events (Cre-
ated with Biorender)
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cohort so far and adds important insights in prognostication 
and possible future management using PWV as a solid long-
term biomarker for blood pressure control to identify STEMI 
patients at risk to develop MACCE.

Aortic stiffness and aging

Chronological aging represents an unmodifiable risk factor 
and has a major influence on the cardiovascular system. One 
of the most evident effects is the development of atheroscle-
rosis and stiffening of large arteries [24]. Accordingly, age is 
considered a major independent and unmodifiable determi-
nant of increased aortic stiffness [7]. In our cohort, age was 
strongly correlated with aortic stiffness as determined by 
PWV. Multivariable analysis revealed that age was associ-
ated with PWV independently of other cardiovascular risk 
factors. The degree of stiffening of large arteries is strong-
est for people between 50 and 70 years of age [25]. Median 
age of our study cohort was 57 years, hence, might be an 
explanation for the very strong association of PWV with age 
observed in our cohort.

Aortic stiffness and cardiovascular risk factors

There is a general lack of consistency between studies if 
arterial stiffening is also accelerated in the presence of modi-
fiable cardiovascular risk factors such as diabetes, dyslipi-
demia, obesity and tobacco smoking [7]. After STEMI, these 

factors are prognostically important [26–30] and a correla-
tion with aortic stiffness could be a possible pathophysiolog-
ical explanation. However, in concordance to other studies 
[7, 31], we could not demonstrate a significant correlation 
between PWV and diabetes, dyslipidemia or obesity after 
multivariable adjustment. Therefore, aortic stiffening seems 
not a major mechanistic explanation for the relationship of 
these risk factors and outcome in STEMI patients.

Aortic stiffness and hypertension

At the present state of knowledge it is unclear whether 
hypertension promotes arterial stiffening or vice versa [32]. 
Due to the fact that there are observations that speak both 
for and against the hypothesis that hypertension is rather 
cause than consequence, it is most likely that both hyperten-
sion, as well as, arterial stiffening mutually influence each 
other [32, 33]. In most studies hypertension is, however, a 
well-described determinant of arterial stiffening [7]. In the 
present study, we confirm these results also for patients after 
acute STEMI. In multivariable regression analysis, hyper-
tension significantly and independently predicted aortic stiff-
ness. Our findings are in line with previous studies across 
multiple subpopulations, which observed strongest relation-
ship between age and hypertension, whereas other cardiovas-
cular risk factors failed to reliably predict arterial stiffening 
[7]. Higher PWV in patients with hypertension and STEMI 

Table 4  Cox Regression 
Analysis for the Prediction of 
MACCE

All p-values < 0.05 are highlighted in bold
MACCE major adverse cardiac and cerebrovascular events, HR Hazard ratio, CI confidence interval, PWV 
Pulse wave velocity, IS infarct size, LVMM left ventricular mass, LVEF left ventricular ejection fraction, 
MVO microvascular obstruction, Hs-cT high-sensitivity cardiac Troponin T, NT-proBNP N-terminal pro-
hormone of brain natriuretic peptide, CK Creatine kinase

Univariable Multivariable

HR (95% CI) p-value HR (95% CI) p-value

Model A: patient characteristics
 Age, > 57 years 2.57 (1.34–4.91) 0.004
 Hypertension 3.53 (1.69–7.36) 0.001 2.85 (1.35–6.02) 0.006
 Diabetes mellitus 2.68 (1.32–5.43) 0.006
 PWV, > 6.6 m/s 3.12 (1.54–6.33) 0.002 2.45 (1.19–5.04) 0.014

Model B: CMR data
 IS, > 15.2% LVMM 1.93 (1.02–3.62) 0.043
 LVEF baseline, < 52.4% 2.43 (1.30–4.54) 0.006 2.01 (1.10–3.92) 0.024
 MVO 1.93 (1.02–3.65) 0.044
 PWV, > 6.6 m/s 3.12 (1.54–6.33) 0.002 2.77 (1.35–5.65) 0.005

Model C: biomarker data
 Peak hs-cT > 5035 ng/L 1.94 (1.04–3.63) 0.037
 Peak NT-proBNP > 1146 ng/L 2.96 (1.54–5.69) 0.001 2.57 (1.33–4.97) 0.005
 Peak CK > 1945 U/L 1.61 (0.88–2.93) 0.122
 PWV, > 6.6 m/s 3.12 (1.54–6.33) 0.002 2.62 (1.28–5.35) 0.008
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could therefore in part explain the increased risk for adverse 
outcome in STEMI patients with hypertension [34].

Aortic stiffness and multi‑vessel coronary artery 
disease

Another finding of our study is that in multivariable regres-
sion analysis, the number of affected vessels, detected at the 
time of PPCI, was significantly and independently associ-
ated with PWV. This observation underscores the validity of 
our data and is in line with previous findings, where a close 
relationship between PWV and the extent of coronary artery 
disease has been observed [35, 36].

Aortic stiffness and prognosis

Earlier studies demonstrated the prognostic value of aor-
tic stiffness in the general population [23]. In this study, 
we were able to prove these findings also for patients with 
STEMI, as PWV significantly and independently predicted 
MACCE after adjustment for patient characteristics, CMR 
data and biomarker data. Furthermore, we could corroborate 
the prognostic relevance of the previously suggested cut-off 
value of 7.3 m/s [4], in a more than two times larger cohort.

Considering our findings, the association between 
MACCE and PWV is mainly driven by the occurrence of 
myocardial re-infarction (3.4%) and new congestive heart 
failure (3.2%). This is in line with previous findings, dem-
onstrating that increased arterial stiffening and their related 
changes in hemodynamics can cause vascular shear stress 
resulting in atherosclerotic plaque rupture and subsequent 
myocardial infarction [37, 38]. Additionally, our findings 
emphasize the pathophysiological impact of aortic stiff-
ness on the myocardium resulting in new congestive heart 
failure. This may be mainly caused by myocardial fibrosis, 
left ventricular hypertrophy and hampered myocardial per-
fusion which are known to be of importance in the setting 
of adverse cardiac remodeling and LV dysfunction [1, 39]. 
Stroke was responsible for 2.2% of MACCE. These findings 
are in line with previous data indicating that arterial stiffen-
ing increases the risk for subclinical brain infarction and 
incident of stroke [40]. This may be caused by high aortic 
pulsatility and related changes in hemodynamics, leading to 
plaque ulceration, brain vascular remodeling and impaired 
oxygen delivery to the brain [1, 37].

Due to its prognostic implications [4, 23], knowledge about 
main factors influencing aortic stiffness might assist to fur-
ther optimize measures of secondary prevention. Per defini-
tion, aging, as an unmodifiable risk factor does not allow any 
preventive interventional strategies. Hypertension, however, 
as the other main determinant of arterial stiffening offers a 
valuable therapeutic target for antihypertensive agents. Con-
sidering, that the progression of arterial stiffening is thought 

to be non-linear and peaks within 50–70 years of age [25, 31], 
in younger STEMI patients, hypertension represents the main 
modifiable determinant of arterial stiffening and provides an 
effective therapeutic target for several antihypertensive drugs 
which have shown to reduce stiffening of large arteries over 
time [10]. In respect of the tight relationship between hyper-
tension and PWV demonstrated by our data and by the ongo-
ing debate if hypertension is rather cause than consequence 
of arterial stiffening [32], it has to be assumed that hyperten-
sion and aortic stiffness positively influence each other. Due 
to the fact that at present we cannot target aortic stiffness as 
there is no therapeutic approach available, unfavorable factors 
that strongly influence aortic stiffness have to be eliminated. 
Hence, strict antihypertensive therapy (especially in high risk 
STEMI patients with increased PWV values), as emphasized 
by the SPRINT Trial [41], might offer the potential to reduce 
ongoing arterial stiffening, prolong lifespan [42], prevent 
major cardiovascular complications [41] and in a further con-
sequence improve clinical outcome [4].

This study shows that aortic stiffness should not be con-
sidered as an innocent expression of vascular aging but 
as relevant marker of adverse cardiovascular outcome in 
patients with STEMI. Further work, preferable randomized 
studies, should focus on the exact role of aortic stiffness in 
risk stratification and therapeutic guidance in this population 
of high-risk patients.

Limitations

The present study has limitations. Firstly, availability of 
cardiovascular risk factors before the cardiac event, such as 
detailed information on hypertension including the grade 
of hypertension or data on 24-h blood pressure behavior, as 
well as long-term blood-sugar levels were missing. Hence, 
discrimination between patients with moderate to high-risk 
and their impact on arterial stiffening could not be per-
formed. Comparable with other studies, twelve percent of 
the patients in our analysis had diabetes [43]. However, this 
relatively small number of diabetic patients limits definitive 
conclusions regarding the association between PWV and 
diabetes in STEMI patients.

Secondly, the exclusion criteria of our study may have 
led to an underrepresentation of high-risk patients such as 
older patients with advanced comorbidities. Nevertheless, 
our analysis included a broad range of consecutive STEMI 
patients treated according to contemporary guidelines. The 
median age and other baseline characteristics are compara-
ble with previous data on all-comer STEMI patients [44] and 
large multicenter CMR STEMI studies [45, 46]. Although 
our analysis is currently the largest CMR study on the prog-
nostic role of PWV after STEMI, the relative small number 
of adverse events limited the number of variables that could 
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be included in the multivariable models. Therefore, further 
validation is desirable.

Conclusion

Our findings show that age and hypertension are the key 
determinants of aortic stiffness in patients with recent 
STEMI. In contrast, sex, diabetes, smoking status, dyslipi-
demia, and obesity did not show a significant association 
with aortic stiffness. Furthermore, we could demonstrate 
that patients with recent STEMI and increased aortic stiff-
ness have higher rates of MACCE events. Considering that 
hypertension might be the major modifiable determinant of 
arterial stiffening, PWV could be viewed as a long-term bio-
marker for blood pressure control to identify STEMI patients 
at an increased risk for the development of MACCE. In this 
specific population, it should be of major interest to aggres-
sively control blood pressure to potentially prolong lifespan 
[42] and improve clinical outcome [4]. Further research in 
this direction is warranted.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s10554- 021- 02383-0.

Funding Open access funding provided by University of Innsbruck 
and Medical University of Innsbruck. This study was funded by grants 
from the Austrian Science Fund (FWF): KLI 772-B, the Tiroler Wis-
senschaftsfonds and by the Austrian Society of Cardiology.

 Data availability The data that support the findings of this study are 
available from the corresponding author on reasonable request.

 Code availability Not applicable.

Declarations 

Conflict of interest The authors declare that there is no conflict of in-
terest.

Availability of data and material The authors have full control of all 
primary data. The data underlying this article will be shared on reason-
able request to the corresponding author.

Ethical approval The study was approved by the local ethics committee 
of the Medical University of Innsbruck and was performed in conform-
ity with the ethical guidelines of the Declaration of Helsinki.

Consent to participate Written informed consent was obtained from 
all patients prior study inclusion.

Consent for publication All authors have read and approved the sub-
mission of the manuscript.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 

provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article's Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article's Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

References

 1. Chirinos JA, Segers P, Hughes T, Townsend R (2019) Large-artery 
stiffness in health and disease: JACC state-of-the-art review. J 
Am Coll Cardiol 74(9):1237–1263. https:// doi. org/ 10. 1016/j. jacc. 
2019. 07. 012

 2. Kaolawanich Y, Boonyasirinant T (2020) Incremental prognostic 
value of aortic stiffness in addition to myocardial ischemia by 
cardiac magnetic resonance imaging. BMC Cardiovasc Disord 
20(1):287. https:// doi. org/ 10. 1186/ s12872- 020- 01550-w

 3. Imbalzano E, Vatrano M, Mandraffino G, Ghiadoni L, Gangemi S, 
Bruno RM et al (2015) Arterial stiffness as a predictor of recovery 
of left ventricular systolic function after acute myocardial infarc-
tion treated with primary percutaneous coronary intervention. Int 
J Cardiovasc Imaging 31(8):1545–1551. https:// doi. org/ 10. 1007/ 
s10554- 015- 0733-8

 4. Feistritzer HJ, Klug G, Reinstadler SJ, Reindl M, Niess L, Nalbach 
T et al (2017) Prognostic value of aortic stiffness in patients after 
st-elevation myocardial infarction. J Am Heart Assoc. https:// doi. 
org/ 10. 1161/ JAHA. 117. 005590

 5. Akkus O, Sahin DY, Bozkurt A, Nas K, Ozcan KS, Illyes M 
et al (2013) Evaluation of arterial stiffness for predicting future 
cardiovascular events in patients with ST segment elevation and 
non-ST segment elevation myocardial infarction. Sci World J 
2013:792693. https:// doi. org/ 10. 1155/ 2013/ 792693

 6. Benetos A, Waeber B, Izzo J, Mitchell G, Resnick L, Asmar R 
et al (2002) Influence of age, risk factors, and cardiovascular 
and renal disease on arterial stiffness: clinical applications. Am 
J Hypertens 15(12):1101–1108. https:// doi. org/ 10. 1016/ s0895- 
7061(02) 03029-7

 7. Cecelja M, Chowienczyk P (2009) Dissociation of aortic 
pulse wave velocity with risk factors for cardiovascular dis-
ease other than hypertension: a systematic review. Hyperten-
sion 54(6):1328–1336. https:// doi. org/ 10. 1161/ HYPER TENSI 
ONAHA. 109. 137653

 8. Payne RA, Wilkinson IB, Webb DJ (2010) Arterial stiffness 
and hypertension: emerging concepts. Hypertension 55(1):9–14. 
https:// doi. org/ 10. 1161/ HYPER TENSI ONAHA. 107. 090464

 9. Laurent S, Cockcroft J, Van Bortel L, Boutouyrie P, Giannat-
tasio C, Hayoz D et al (2006) Expert consensus document on 
arterial stiffness: methodological issues and clinical applica-
tions. Eur Heart J 27(21):2588–2605. https:// doi. org/ 10. 1093/ 
eurhe artj/ ehl254

 10. Cavalcante JL, Lima JA, Redheuil A, Al-Mallah MH (2011) 
Aortic stiffness: current understanding and future directions. J 
Am Coll Cardiol 57(14):1511–1522. https:// doi. org/ 10. 1016/j. 
jacc. 2010. 12. 017

 11. Klug G, Feistritzer HJ, Reinstadler SJ, Mayr A, Kremser C, 
Schocke M et al (2014) Use and limitations of cardiac magnetic 
resonance derived measures of aortic stiffness in patients after 
acute myocardial infarction. Magn Reson Imaging 32(10):1259–
1265. https:// doi. org/ 10. 1016/j. mri. 2014. 08. 020

 12. Grotenhuis HB, Westenberg JJ, Steendijk P, van der Geest RJ, 
Ottenkamp J, Bax JJ et al (2009) Validation and reproducibility 
of aortic pulse wave velocity as assessed with velocity-encoded 

https://doi.org/10.1007/s10554-021-02383-0
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.jacc.2019.07.012
https://doi.org/10.1016/j.jacc.2019.07.012
https://doi.org/10.1186/s12872-020-01550-w
https://doi.org/10.1007/s10554-015-0733-8
https://doi.org/10.1007/s10554-015-0733-8
https://doi.org/10.1161/JAHA.117.005590
https://doi.org/10.1161/JAHA.117.005590
https://doi.org/10.1155/2013/792693
https://doi.org/10.1016/s0895-7061(02)03029-7
https://doi.org/10.1016/s0895-7061(02)03029-7
https://doi.org/10.1161/HYPERTENSIONAHA.109.137653
https://doi.org/10.1161/HYPERTENSIONAHA.109.137653
https://doi.org/10.1161/HYPERTENSIONAHA.107.090464
https://doi.org/10.1093/eurheartj/ehl254
https://doi.org/10.1093/eurheartj/ehl254
https://doi.org/10.1016/j.jacc.2010.12.017
https://doi.org/10.1016/j.jacc.2010.12.017
https://doi.org/10.1016/j.mri.2014.08.020


246 The International Journal of Cardiovascular Imaging (2022) 38:237–247

1 3

MRI. J Magn Reson Imaging 30(3):521–526. https:// doi. org/ 10. 
1002/ jmri. 21886

 13. Reindl M, Tiller C, Holzknecht M, Lechner I, Beck A, Plap-
pert D et al (2019) Prognostic implications of global longitu-
dinal strain by feature-tracking cardiac magnetic resonance in 
ST-elevation myocardial infarction. Circ Cardiovasc Imaging 
12(11):e009404. https:// doi. org/ 10. 1161/ CIRCI MAGING. 119. 
009404

 14. O’Gara PT, Kushner FG, Ascheim DD, Casey DE, Chung MK, 
de Lemos JA et al (2013) 2013 ACCF/AHA guideline for the 
management of ST-elevation myocardial infarction: a report of 
the American College of Cardiology Foundation/American Heart 
Association task force on practice guidelines. J Am Coll Cardiol 
61(4):e78–e140. https:// doi. org/ 10. 1016/j. jacc. 2012. 11. 019

 15. Thygesen K, Alpert JS, Jaffe AS, Simoons ML, Chaitman BR, 
White HD et al (2012) Third universal definition of myocardial 
infarction. Circulation 126(16):2020–2035. https:// doi. org/ 10. 
1161/ cir. 0b013 e3182 6e1058

 16. Sacco RL, Kasner SE, Broderick JP, Caplan LR, Connors JJB, 
Culebras A et al (2013) An updated definition of stroke for the 
21st century: a statement for healthcare professionals from the 
American Heart Association/American Stroke Association. Stroke 
44(7):2064–2089. https:// doi. org/ 10. 1161/ str. 0b013 e3182 96aeca

 17. Eitel I, Stiermaier T, Lange T, Rommel KP, Koschalka A, Kow-
allick JT et al (2018) Cardiac magnetic resonance myocardial 
feature tracking for optimized prediction of cardiovascular 
events following myocardial infarction. Jacc Cardiovasc Imaging 
11(10):1433–1444. https:// doi. org/ 10. 1016/j. jcmg. 2017. 11. 034

 18. Reinstadler SJ, Klug G, Feistritzer HJ, Mayr A, Bader K, Mair J et al 
(2014) Relation of plasma adiponectin levels and aortic stiffness 
after acute ST-segment elevation myocardial infarction. Eur Heart J 
Acute Cardiovasc Care 3(1):10–17. https:// doi. org/ 10. 1177/ 20488 
72613 516015

 19. Bondarenko O, Beek AM, Hofman MB, Kuhl HP, Twisk JW, van 
Dockum WG et al (2005) Standardizing the definition of hyperen-
hancement in the quantitative assessment of infarct size and myocar-
dial viability using delayed contrast-enhanced CMR. J Cardiovasc 
Magn Reson 7(2):481–485. https:// doi. org/ 10. 1081/ jcmr- 20005 3623

 20. Reindl M, Tiller C, Holzknecht M, Lechner I, Hein N, Pamminger M 
et al (2020) Aortic stiffness and infarct healing in survivors of acute 
ST-segment–elevation myocardial infarction. J Am Heart Assoc 
9(3):e014740. https:// doi. org/ 10. 1161/ jaha. 119. 014740

 21. Feistritzer HJ, Reinstadler SJ, Klug G, Kremser C, Seidner B, Ester-
hammer R et al (2015) Comparison of an oscillometric method with 
cardiac magnetic resonance for the analysis of aortic pulse wave 
velocity. PLoS ONE 10(1):e0116862. https:// doi. org/ 10. 1371/ journ 
al. pone. 01168 62

 22. Carrick D, Haig C, Rauhalammi S, Ahmed N, Mordi I, McEntegart 
M et al (2016) Prognostic significance of infarct core pathology 
revealed by quantitative non-contrast in comparison with contrast 
cardiac magnetic resonance imaging in reperfused ST-elevation 
myocardial infarction survivors. Eur Heart J 37(13):1044–1059. 
https:// doi. org/ 10. 1093/ eurhe artj/ ehv372

 23. Vlachopoulos C, Aznaouridis K, Stefanadis C (2010) Prediction 
of cardiovascular events and all-cause mortality with arterial stiff-
ness: a systematic review and meta-analysis. J Am Coll Cardiol 
55(13):1318–1327. https:// doi. org/ 10. 1016/j. jacc. 2009. 10. 061

 24. Hamczyk MR, Nevado RM, Barettino A, Fuster V, Andrés V (2020) 
Biological versus chronological aging: JACC focus seminar. J Am 
Coll Cardiol 75(8):919–930. https:// doi. org/ 10. 1016/j. jacc. 2019. 11. 
062

 25. McEniery CM, Yasmin, Hall IR, Qasem A, Wilkinson IB, Cockcroft 
JR (2005) Normal vascular aging: differential effects on wave reflec-
tion and aortic pulse wave velocity: the Anglo-Cardiff collaborative 
trial (ACCT). J Am Coll Cardiol 46(9):1753–1760. https:// doi. org/ 
10. 1016/j. jacc. 2005. 07. 037

 26. Reinstadler SJ, Stiermaier T, Eitel C, Metzler B, Waha Sd, Fuernau 
G et al (2017) Relationship between diabetes and ischaemic injury 
among patients with revascularized ST-elevation myocardial infarc-
tion. Diabetes Obes Metab 19(12):1706–1713. https:// doi. org/ 10. 
1111/ dom. 13002

 27. Reinstadler SJ, Metzler B (2020) Myocardial damage after primary 
PCI: does obesity really matter? Jacc Cardiovasc Interv 13(8):973–
975. https:// doi. org/ 10. 1016/j. jcin. 2020. 02. 037

 28. Reinstadler SJ, Reindl M, Tiller C, Holzknecht M, Klug G, Metzler 
B (2018) Obesity paradox in ST-elevation myocardial infarction: is 
it all about infarct size? Eur Heart J 5(2):180–182. https:// doi. org/ 
10. 1093/ ehjqc co/ qcy042

 29. Haig C, Carrick D, Carberry J, Mangion K, Maznyczka A, Weth-
erall K et al (2018) Current smoking and prognosis after acute ST-
segment elevation myocardial infarction: new pathophysiological 
insights. Jacc Cardiovasc Imaging 12(6):993–1003. https:// doi. org/ 
10. 1016/j. jcmg. 2018. 05. 022

 30. Karayiannides S, Norhammar A, Frøbert O, James SK, Lagerqvist B, 
Lundman P (2018) Prognosis in patients with diabetes mellitus and 
STEMI undergoing primary PCI. J Am Coll Cardiol 72(12):1427–
1428. https:// doi. org/ 10. 1016/j. jacc. 2018. 06. 061

 31. Benetos A, Adamopoulos C, Bureau JM, Temmar M, Labat C, Bean 
K et al (2002) Determinants of accelerated progression of arterial 
stiffness in normotensive subjects and in treated hypertensive sub-
jects over a 6-year period. Circulation 105(10):1202–1207. https:// 
doi. org/ 10. 1161/ hc1002. 105135

 32. Humphrey JD, Harrison DG, Figueroa CA, Lacolley P, Laurent S 
(2016) Central artery stiffness in hypertension and aging: a problem 
with cause and consequence. Circ Res 118(3):379–381. https:// doi. 
org/ 10. 1161/ CIRCR ESAHA. 115. 307722

 33. Hamczyk MR, Nevado RM, Barettino A, Fuster V, Andres V (2020) 
Biological versus chronological aging: JACC focus seminar. J Am 
Coll Cardiol 75(8):919–930. https:// doi. org/ 10. 1016/j. jacc. 2019. 11. 
062

 34. Reinstadler SJ, Stiermaier T, Eitel C, Saad M, Metzler B, de 
Waha S et al (2016) Antecedent hypertension and myocardial 
injury in patients with reperfused ST-elevation myocardial infarc-
tion. J Cardiovasc Magn Reson 18(1):80. https:// doi. org/ 10. 1186/ 
s12968- 016- 0299-1

 35. Vallée A, Cinaud A, Protogerou A, Zhang Y, Topouchian J, Safar 
ME et al (2020) Arterial stiffness and coronary ischemia: new 
aspects and paradigms. Curr Hypertens Rep 22(1):5. https:// doi. 
org/ 10. 1007/ s11906- 019- 1006-z

 36. Mattace-Raso FUS, van der Cammen TJM, Hofman A, Popele 
NMV, Bos ML, Schalekamp MADH et al (2006) Arterial stiff-
ness and risk of coronary heart disease and stroke. Circulation 
113(5):657–63. https:// doi. org/ 10. 1161/ circu latio naha. 105. 555235

 37. Mattace-Raso FU, van der Cammen TJ, Hofman A, van Popele NM, 
Bos ML, Schalekamp MA et al (2006) Arterial stiffness and risk of 
coronary heart disease and stroke: the Rotterdam study. Circulation 
113(5):657–663. https:// doi. org/ 10. 1161/ CIRCU LATIO NAHA. 105. 
555235

 38. Cheng GC, Loree HM, Kamm RD, Fishbein MC, Lee RT (1993) 
Distribution of circumferential stress in ruptured and stable athero-
sclerotic lesions. A structural analysis with histopathological cor-
relation. Circulation 87(4):1179–1187. https:// doi. org/ 10. 1161/ 01. 
cir. 87.4. 1179

 39. Weber T, Chirinos JA (2018) Pulsatile arterial haemodynamics in 
heart failure. Eur Heart J 39(43):3847–3854. https:// doi. org/ 10. 1093/ 
eurhe artj/ ehy346

 40. Ben-Shlomo Y, Spears M, Boustred C, May M, Anderson SG, Ben-
jamin EJ et al (2014) Aortic pulse wave velocity improves cardio-
vascular event prediction: an individual participant meta-analysis 
of prospective observational data from 17,635 subjects. J Am Coll 
Cardiol 63(7):636–646. https:// doi. org/ 10. 1016/j. jacc. 2013. 09. 063

https://doi.org/10.1002/jmri.21886
https://doi.org/10.1002/jmri.21886
https://doi.org/10.1161/CIRCIMAGING.119.009404
https://doi.org/10.1161/CIRCIMAGING.119.009404
https://doi.org/10.1016/j.jacc.2012.11.019
https://doi.org/10.1161/cir.0b013e31826e1058
https://doi.org/10.1161/cir.0b013e31826e1058
https://doi.org/10.1161/str.0b013e318296aeca
https://doi.org/10.1016/j.jcmg.2017.11.034
https://doi.org/10.1177/2048872613516015
https://doi.org/10.1177/2048872613516015
https://doi.org/10.1081/jcmr-200053623
https://doi.org/10.1161/jaha.119.014740
https://doi.org/10.1371/journal.pone.0116862
https://doi.org/10.1371/journal.pone.0116862
https://doi.org/10.1093/eurheartj/ehv372
https://doi.org/10.1016/j.jacc.2009.10.061
https://doi.org/10.1016/j.jacc.2019.11.062
https://doi.org/10.1016/j.jacc.2019.11.062
https://doi.org/10.1016/j.jacc.2005.07.037
https://doi.org/10.1016/j.jacc.2005.07.037
https://doi.org/10.1111/dom.13002
https://doi.org/10.1111/dom.13002
https://doi.org/10.1016/j.jcin.2020.02.037
https://doi.org/10.1093/ehjqcco/qcy042
https://doi.org/10.1093/ehjqcco/qcy042
https://doi.org/10.1016/j.jcmg.2018.05.022
https://doi.org/10.1016/j.jcmg.2018.05.022
https://doi.org/10.1016/j.jacc.2018.06.061
https://doi.org/10.1161/hc1002.105135
https://doi.org/10.1161/hc1002.105135
https://doi.org/10.1161/CIRCRESAHA.115.307722
https://doi.org/10.1161/CIRCRESAHA.115.307722
https://doi.org/10.1016/j.jacc.2019.11.062
https://doi.org/10.1016/j.jacc.2019.11.062
https://doi.org/10.1186/s12968-016-0299-1
https://doi.org/10.1186/s12968-016-0299-1
https://doi.org/10.1007/s11906-019-1006-z
https://doi.org/10.1007/s11906-019-1006-z
https://doi.org/10.1161/circulationaha.105.555235
https://doi.org/10.1161/CIRCULATIONAHA.105.555235
https://doi.org/10.1161/CIRCULATIONAHA.105.555235
https://doi.org/10.1161/01.cir.87.4.1179
https://doi.org/10.1161/01.cir.87.4.1179
https://doi.org/10.1093/eurheartj/ehy346
https://doi.org/10.1093/eurheartj/ehy346
https://doi.org/10.1016/j.jacc.2013.09.063


247The International Journal of Cardiovascular Imaging (2022) 38:237–247 

1 3

 41. Group TSR (2015) A randomized trial of intensive versus standard 
blood-pressure control. N Engl J Med 373(22):2103–2116. https:// 
doi. org/ 10. 1056/ nejmo a1511 939

 42. Vaduganathan M, Claggett BL, Juraschek SP, Solomon SD (2020) 
Assessment of long-term benefit of intensive blood pressure control 
on residual life span. JAMA Cardiol 5(5):576–581. https:// doi. org/ 
10. 1001/ jamac ardio. 2019. 6192

 43. Lacy PS, O’Brien DG, Stanley AG, Dewar MM, Swales PPR, Wil-
liams B (2004) Increased pulse wave velocity is not associated with 
elevated augmentation index in patients with diabetes. J Hyper-
tens 22(10):1937–1944. https:// doi. org/ 10. 1097/ 00004 872- 20041 
0000- 00016

 44. Pedersen F, Butrymovich V, Kelbaek H, Wachtell K, Helqvist 
S, Kastrup J et al (2014) Short- and long-term cause of death in 
patients treated with primary PCI for STEMI. J Am Coll Cardiol 
64(20):2101–2108. https:// doi. org/ 10. 1016/j. jacc. 2014. 08. 037

 45. Alzuhairi KS, Lonborg J, Ahtarovski KA, Nepper-Christensen L, 
Kyhl K, Lassen JF et al (2020) Sub-acute cardiac magnetic reso-
nance to predict irreversible reduction in left ventricular ejection 
fraction after ST-segment elevation myocardial infarction: a DAN-
AMI-3 sub-study. Int J Cardiol 301:215–219. https:// doi. org/ 10. 
1016/j. ijcard. 2019. 10. 034

 46. Eitel I, Wohrle J, Suenkel H, Meissner J, Kerber S, Lauer B et al 
(2013) Intracoronary compared with intravenous bolus abciximab 
application during primary percutaneous coronary intervention 
in ST-segment elevation myocardial infarction: cardiac magnetic 
resonance substudy of the AIDA STEMI trial. J Am Coll Cardiol 
61(13):1447–1454. https:// doi. org/ 10. 1016/j. jacc. 2013. 01. 048

Publisher's Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1056/nejmoa1511939
https://doi.org/10.1056/nejmoa1511939
https://doi.org/10.1001/jamacardio.2019.6192
https://doi.org/10.1001/jamacardio.2019.6192
https://doi.org/10.1097/00004872-200410000-00016
https://doi.org/10.1097/00004872-200410000-00016
https://doi.org/10.1016/j.jacc.2014.08.037
https://doi.org/10.1016/j.ijcard.2019.10.034
https://doi.org/10.1016/j.ijcard.2019.10.034
https://doi.org/10.1016/j.jacc.2013.01.048

	Determinants and prognostic relevance of aortic stiffness in patients with recent ST-elevation myocardial infarction
	Abstract
	Background
	Methods
	Study population and characteristics
	Clinical endpoints
	Cardiac magnetic resonance imaging
	Statistical analyses

	Results
	Patient characteristics
	Determinants of aortic PWV
	Prognostic relevance of aortic PWV

	Discussion
	Aortic stiffness and aging
	Aortic stiffness and cardiovascular risk factors
	Aortic stiffness and hypertension
	Aortic stiffness and multi-vessel coronary artery disease
	Aortic stiffness and prognosis
	Limitations

	Conclusion
	References




