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Combined impact of elevated arterial 
stiffness and left ventricular filling pressure 
on outcomes after off-pump coronary artery 
bypass grafting
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Abstract 

Background: Brachial‑ankle pulse wave velocity (baPWV) and early diastolic transmitral flow velocity to mitral 
annular tissue velocity (E/e′)—which are markers of arterial stiffness and left ventricular (LV) filling pressure, respec‑
tively—have been associated with morbidity and mortality. We investigated their combined impact on postoperative 
complications and long‑term survival of patients undergoing off‑pump coronary artery bypass grafting (OPCAB).

Methods: A cohort of 164 patients were divided into four groups: baPWV ≤ 19 m/s and E/e′ ≤ 15 (reference), 
baPWV > 19 m/s and E/e′ ≤ 15 (high‑PWV‑only), baPWV ≤ 19 m/s and E/e′ > 15 (high‑E/e′‑only), and baPWV > 19 m/s 
and E/e′ > 15 (high‑PWV‑and‑E/e′). After inverse probability treatment weighting adjustment, each group was 
compared with the reference group to analyze the odds ratios of postoperative complications and the Kaplan–Meier 
survival curves, and to identify the group representing an independent prognostic predictor.

Results: The median age and follow‑up duration were 69 years and 57.2 months, respectively. Both postoperative 
acute kidney injury (POAKI) and atrial fibrillation (POAF) were higher in the high‑PWV‑and‑E/e′ group (adjusted odds 
ratio (OR) = 89.5; 95% confidence interval (CI), 8.5–942.3; p < 0.001 and OR = 12.5; CI, 2.5–63.8; p = 0.002, respectively). 
Compared to the reference group, only the high‑PWV‑and‑E/e′ group showed significantly lower survival rate (91.0%; 
CI, 82.8–100% vs. 44.8%; CI, 21.2–94.6%) and a higher hazard for all‑cause mortality after adjustment for covariates 
(hazard ratio = 6.1; p = 0.002).

Conclusion: Concurrent elevation in PWV and E/e′ may independently affect not only the rates of POAKI and POAF 
but also long‑term survival after OPCAB.
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Background
Pulse wave velocity (PWV) is now widely accepted as 
an index of arterial stiffness [1]. As increased arterial 
stiffness may promote left ventricular (LV) hypertrophy 

and reduce coronary perfusion, elevated PWV may 
be associated with LV diastolic dysfunction and heart 
failure with preserved ejection fraction (HFpEF) [2, 
3]. The ratio of early transmitral blood flow velocity to 
early diastolic mitral annular velocity (E/e′) is a marker 
of filling pressure which has been used to estimate the 
diastolic function [4]. Like elevated PWV, elevated 
E/e′ is associated with a higher risk of cardiovascular 
events and deaths in various patient populations [5, 6]. 
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However, the association of PWV or E/e′ with cardiac 
surgical outcomes has rarely been reported.

In a previous study, we reported earlier that elevated 
brachial-ankle PWV (baPWV) was an independent 
predictor of postoperative acute kidney injury (POAKI) 
that was also associated with the composite rate of 
stroke and/or delirium as well as the duration of ven-
tilatory support [7]. In another work, our team demon-
strated that high PWV was significantly correlated with 
elevated E/e′ [8].

Considering the reported negative impact of dias-
tolic dysfunction on post-cardiovascular surgery out-
comes [9], we hypothesized that the combined impact 
of elevated PWV and E/e′ is greater than the impact of 
the isolated elevation of either PWV or E/e′. We also 
speculated that this concurrent elevation of PWV and 
E/e might be a more reliable predictor of long-term 
survival.

The aim of this study was to investigate whether the 
combination of significant elevations in both PWV and 
E/e′ affects postoperative complications and long-term 
overall survival after off-pump coronary artery bypass 
grafting (OPCAB).

Materials and methods
Patient selection
This study cohort is similar to our previous one with 
similar inclusion and exclusion criteria (Fig.  1) [7]. The 
present work additionally analyzed images of the imme-
diate postoperative coronary angiography (CAG) and 
the preoperative tissue Doppler echocardiography, and 
the follow-up of the cohort was lengthened to a median 
of 57.2  months postoperatively to investigate longer-
term survival. In total, 323 patients underwent coro-
nary artery bypass grafting (CABG) between April 2013 
and July 2019. From these patients, 159 patients were 
excluded, and 164 patients undergoing isolated OPCAB 
were ultimately analyzed. The exclusion criteria were: (1) 
On-pump CABG, to avoid bias due to cardiopulmonary 
bypass, (2) absence of PWV measurements, (3) insertion 
of aorto-iliac or renal stent, (4) patients with oliguria or 
already undergoing dialysis, (5) combination with any 
other cardiac procedures, (6) uncontrolled and severe 
hypertension (blood pressure > 160/100  mmHg), to 
avoid potentially incorrect assessments of PWV that can 
change with wild fluctuations of BP.

The study protocol was approved by the Seoul Metro-
politan Government—Seoul National University Hospi-
tal’s institutional review board (IRB No. 10-2021-140), 
and the requirement for informed consent was waived 
because this retrospective review of medical records did 
not adversely affect the rights or welfare of the subjects.

Preoperative measurement of baPWV and E/e′
The vast majority of the patients—who were referred 
for CABG from the cardiology department—under-
went PWV measurements prospectively before surgery 
because several prospective studies related to PWV 
involved patients with coronary artery disease. The meas-
urement was simple and noninvasive. By wrapping cuffs 
around both brachialis and ankles, the pulse volume 
waveform, blood pressure, phonogram, and heart rate 
were recorded simultaneously using a volume-plethys-
mographic apparatus (VP-1000, Colin Co. Ltd.; Komaki, 
Japan). A higher PWV value suggests a stiffer arterial 
system. The mean values between the left and right baP-
WVs were used for analysis. We have already previously 
detailed the calculation of baPWV [7]. Accordingly, high 
baPWV was defined as baPWV > 19  m/s, which was an 
independent predictor of POAKI following OPCAB.

Transthoracic echocardiography (Sequoia, Siemens 
Medical Solutions or Vivid 7, GE Medical Systems) with 
tissue Doppler analysis was routinely performed before 
surgery. The peak early transmitral filling velocity during 
early diastole (E) was imaged and early diastolic veloc-
ity at the septal mitral annulus (e′) was determined in 
the apical four-chamber view, under pulsed-wave Dop-
pler examination of the mitral inflow as well as tissue 
Doppler imaging of the mitral annulus. We intended to 
exclude cases in which e′ and E/e′ may not provide a reli-
able estimate of LV filling pressure due to valve patho-
genesis, including significant mitral annular calcification 
and moderate-to-severe mitral regurgitation, but no such 

Fig. 1 Flow chart for patient selection. CABG, coronary artery bypass 
grafting; EVAR, endovascular abdominal aortic repair; PWV, pulse 
wave velocity
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case had to be excluded. Based on the 2016 American 
Society of Echocardiography (ASE) recommendations for 
the evaluation of LV diastolic function using echocardi-
ography [10] and studies investigating E/e′ [11], high E/e′ 
was defined as an E/e′ ratio greater than 15 at the septal 
side.

Surgical techniques
Our OPCAB strategy has already been described in our 
previous study investigating the association between 
baPWV and POAKI [7]. In brief, we first fabricated the 
composite graft by attaching the saphenous vein (SV) 
harvested from the lower leg to the in  situ left inter-
nal thoracic artery (LITA) in a Y-shaped configuration. 
Next, the LITA was anastomosed to the left anterior 
descending coronary artery, followed by SV sequential 
anastomoses to the other target coronary arteries. For 
cases in which a single inflow source was not appropri-
ate due to flow competition, the proximal end of the 
SV graft was attached to the proximal ascending aorta 
via partial clamping or by using a Heartstring III proxi-
mal seal system (Maquet holding B.V. & Co., Rastatt, 
Germany). A total arterial bypass was occasionally per-
formed using either the right internal thoracic artery or 
the radial artery in patients younger than 60 years of age. 
All patients routinely underwent immediate postopera-
tive CAG to confirm the quality of bypass anastomoses. 
When the problems that were found correctible, such as 
in cases of graft kinking, thrombosis, or occlusion, they 
were addressed by adjuvant percutaneous coronary inter-
vention or reopening sternum followed by the release of 
kinking or additional bypass grafting.

Definitions of postoperative and long‑term outcomes
Operative mortality was defined as the number of deaths 
within 30  days of surgery. Daily 12-lead electrocardio-
gram (ECG) and continuous monitoring of the ECG were 
routinely performed. Levels of cardiac enzymes such as 
creatine kinase isoenzyme (CK-MB) and troponin I were 
routinely assessed at 1, 12, 24, and 48 h after protamine 
reversal. Perioperative myocardial infarction (PMI) was 
defined by an elevation in biomarkers including either 
CK-MB concentration > 40  ng/mL or peak troponin I 
levels > 15 ng/mL at 12 h postoperatively along with the 
presence of new pathological Q waves or left bundle 
branch block at ECG. Renal function was assessed by 
measuring the levels of serum creatinine and calculating 
the estimated glomerular filtration rate (eGFR) using the 
Modification of Diet in Renal Disease (MDRD) equation. 
Postoperative GFR was defined as the lowest eGFR within 
7 postoperative days (PODs). According to the 2012 Kid-
ney Disease: Improving Global Outcomes (KDIGO) 
Foundation consensus statement [12], POAKI was 

defined as stage 1 or higher based on any of the follow-
ing criteria: urine output < 0.5 mL/kg/h for 6 h or longer; 
elevation of serum creatinine within 2 PODs > 0.3  mg/
dL; and a serum creatinine increase > 1.5-fold relative to 
the baseline value within 7 PODs. Postoperative stroke/
delirium (POSD) was a composite variable consisting 
of isolated stroke and isolated delirium, and a combina-
tion thereof. Stroke was defined as cerebral infarction of 
ischemic or hemorrhagic etiology, or transient ischemic 
attack based on brain imaging studies and consultation 
with neurologists. Delirium was defined based on the cri-
teria of the fifth edition of the Diagnostic and Statistical 
Manual of the American Psychiatric Association (DSM-
5) and the diagnosis was established in consultation 
with neuropsychiatrists. Postoperative pneumonia was 
defined as a lower respiratory tract infection with accom-
panying consolidation detected on a chest X-ray.

Late mortality was defined as all-cause mortalities after 
30 days of operation. Patients were identified as still liv-
ing on October 31, 2021. The median follow-up duration 
was 57.2 months (range, 40.0–84.0 months) and none of 
the patients were lost to follow-up.

Statistical analysis
For descriptive statistics, the categorical variables are 
expressed as counts and percentages. Values for con-
tinuous variables are expressed as mean ± standard 
deviation (SD) or, when the data are not equally distrib-
uted, as median (interquartile range, IQR). The base-
line characteristics and postoperative complications 
were descriptively analyzed and compared across the 
four independent groups. One-way analysis of variance 
(ANOVA) or the Kruskal–Wallis test was used to test 
differences across the groups according to the normality 
assumption, which was assessed with the Kolmogorov–
Smirnov test. Post-hoc analysis was also performed using 
Bonferroni’s t-test or Dunn’s test for normally distrib-
uted or non-normally distributed continuous variables, 
respectively. For categorical variables, the Pearson χ2 test 
or the Fisher’s exact test was used. Further, to address the 
selection bias between groups, the inverse probability of 
treatment weighting (IPTW) was performed, which was 
estimated as the inverse of propensity scores. The pro-
pensity score was derived from a generalized logit model 
with demographic variables such as sex, age, body mass 
index (BMI), and smoking history.

Multivariable logistic regression models, which were 
adjusted for baseline characteristics including preexisting 
comorbidities, were used to compare the odds ratios of 
each group with those of the reference group to analyze 
the several important postoperative complications. Sur-
vival rate was estimated using Kaplan–Meier methods 
and between-group comparisons were performed using 
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the log-rank test. Univariable and multivariable Cox 
proportional-hazards models were used to evaluate the 
impact of the risk factors on overall survival. The covari-
ates, which were included in the multivariable logistic or 
Cox regression models, were selected for having exhib-
ited statistical significance in the univariable analyses. A 
p-value < 0.05 was considered to be statistically signifi-
cant. For multiple inter-group comparisons, Bonferroni 
correction was applied. Analyses were performed using 
IBM SPSS Statistics for Windows, version 26.0 (IBM 
Corp., Armonk, NY, USA) and R version 4.1.1 (R Founda-
tion for Statistical Computing, Vienna, Austria).

Results
Baseline characteristics
The median age of this study population was 69  years 
and 79.9% of the patients had triple-vessel disease, with a 
median EF of 61.0% and a median EuroSCORE II value of 
1.6. To assess the effect of each group on the outcomes, 
the patients were divided into four groups: (1) eleva-
tion in baPWV alone (baPWV > 19  m/s and E/e′ ≤ 15, 
high-PWV-only group), (2) elevation in E/e′ alone 
(baPWV ≤ 19  m/s and E/e′ > 15, high-E/e′-only group), 
(3) elevation in both baPWV and E/e′ (baPWV > 19 m/s 
and E/e′ > 15, high-PWV-and-E/e′ group), and eleva-
tion in neither baPWV nor E/e′ (baPWV ≤ 19  m/s and 
E/e′ ≤ 15, reference group). In terms of the potential 
influence of mitral regurgitation (MR) on E/e′, such an 
influence was expected to be minimal, as all the patients 
with MR > moderate grade underwent combined mitral 
procedure and were therefore excluded from this study 
in advance. It can be seen in Table  1 that the differ-
ences between groups in age, sex, and smoking history 
disappeared after IPTW adjustment. The parameters 
of hypertension, diabetes, EF, eGFR,, EuroSCORE II, 
and CHA2DS2-VASc SCORE differed across the four 
groups: hypertension rate, diabetes rate, and CHA2DS2-
VASc SCORE were all highest in the high-PWV-and-E/e′ 
group. LVEF was significantly low in the high-E/e′-only 
group because 17 patients (58.6%) with EF < 50% were 
included in this group. EuroSCORE II value was the 
highest in the high-E/e′-only group. Estimated GFR was 
the lowest in the high-PWV-and-E/e′ group. However, 
the groups did not show differences in the frequencies of 
cerebrovascular accidents, peripheral arteriopathy, acute 
myocardial infarction, extent of coronary vessel involve-
ment including left main disease, and previous coronary 
intervention.

Postoperative outcome
Table 2 presents the statistics of postoperative outcomes. 
There was no operative mortality. The PMI rate was 9.8%, 
which was slightly higher, but it was not different across 

the groups. It can at least said that this higher rate was 
not related to more frequent graft occlusion, because 
total graft patency based on the immediate postoperative 
coronary angiographic findings was nearly 97%, which 
was not bad; moreover, the numbers of the patients with 
PMI and the patients with the graft occlusion were not 
matched, as there were 15 patients with at least one graft 
occlusion and only four patients with PMI. The compli-
cation variables demonstrating significant differences 
across the groups were POAKI (p < 0.001), postopera-
tive atrial fibrillation (POAF) (p < 0.001), and intra-aortic 
balloon pump support (p = 0.001). Table  3 presents the 
impact of combined elevation of PWV and E/e′ on major 
postoperative complications after adjustment for various 
pre-existing comorbidities. Compared to the reference 
group, only the high-PWV-and-E/e′ group showed a sta-
tistically higher adjusted odds ratio (OR) (OR = 89.5; 95% 
confidence interval (CI), 8.5–942.3; p < 0.001). The high-
PWV-only group showed a trend of POAKI although the 
p-value was higher than 0.05. The adjusted OR of POAF 
was also significantly higher only in the high-PWV-and-
E/e′ group (OR = 12.5; CI, 2.5–63.8; p = 0.002). There 
were no differences in POSD risk among these inter-
group comparisons after adjusting for multiple covari-
ates. For reference, the results of the analysis before 
IPTW adjustment were summarized in Additional file 1: 
Table S1 and S2).

Late mortality and long‑term survival
Late all-cause mortality of the patient cohort was 12.8% 
(21 of 164 patients). The late mortalities were 5.6%, 7.1%, 
20.7%, and 44.4% for the reference, high-PWV-only, 
high-E/e′-only, and high-PWV-and-E/e′ group, respec-
tively. After IPTW adjustment, the unadjusted estimated 
overall survivals of respective groups are presented as 
Kaplan–Meier curves in Fig. 2. The overall survival rates 
differed significantly across the groups (p < 0.001), as 
they were 91.0% (CI, 82.8–100%), 93.2% (CI, 84.3–100%), 
84.9% (CI, 73.2–98.4%), and 44.8% (CI, 21.2–94.6%) in 
the reference, high-PWV-only, high-E/e′-only, and high-
PWV-and-E/e′ group, respectively. The overall surviv-
als of the high-PWV-only and high-E/e′-only groups 
were not different from that of the reference group in 
the inter-group comparisons (Table  4). Only the sur-
vival rate of the high-PWV-and-E/e′ group was signifi-
cantly lower, and this significance was maintained even 
after covariate adjustment (HR = 6.1 (CI, 2.0–18.5); Bon-
ferroni adjusted p = 0.009). Although the preoperative 
LVEF and EuroSCORE II values were worst in the high-
E/e′-only group, the HRs of these values turned out to 
be insignificant for all-cause mortality. (, respectively).) 
(Table  4). We also found that cerebrovascular acci-
dent (CVA) and chronic obstructive pulmonary disease 
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(COPD) were independent risk factors for all-cause mor-
tality (HR = 2.8; CI, 1.1–7.2; p = 0.034 and HR = 3.8; CI, 
1.1–13.8; p = 0.040) (Table 5). For reference, the results of 
the analysis before IPTW adjustment were summarized 
in Additional file 1: Tables S3 and S4).

Discussion
We demonstrated that the concurrent elevation of PWV 
and E/e′ influenced POAKI, POAF and, critically, long-
term survival in patients undergoing OPCAB, even after 
adjusting for potential risk factors. However, the isolated 
elevation of each indicator did not significantly affect 
the postoperative outcomes. This implies that the vari-
ous pathways to the postoperative outcomes from the 
two indicators—PWV and E/e′—were integrated to take 
effect. It can therefore be inferred that the numbers of 
patients with concurrent elevation in the two indicators, 
with high possibility, were unwittingly included in most 
of the previous data separately demonstrating the predic-
tive value of either indicator. One example of this can be 
seen in our previous study with the same cohort, which 
elucidated that baPWV was an independent predictor 
of POAKI. Although the authors were not aware of the 
additional impact of E/e′ at that point, it is true that the 
18 cases with the concurrent elevation were embedded in 
the high baPWV group [7].

Due to the absence of early mortality in this study, 
the ways in which arterial stiffness and diastolic filling 

Table 2 Postoperative complications

AKI acute kidney injury; DA total number of distal anastomoses; E early diastolic mitral inflow velocity; e′ early diastolic mitral annular tissue velocity; ECMO 
extracorporeal membrane oxygenator; IABP intraaortic balloon pump; ICU intensive care unit; IPTW inverse probability of treatment weighting; MI myocardial 
infarction; PA total number of patent anastomoses; PWV pulse wave velocity
a Reference: neither high PWV nor high E/e′
Post-hoc tests were performed between the following groups: bHigh-E/e’-only vs. Reference; cHigh-PWV-and-E/e’ vs. Reference; dHigh-PWV-and-E/e’ vs. High-PWV-
only; eHigh-PWV-and-E/e’ vs. High-E/e’-only; fHigh-PWV-only vs. Reference; gHigh-E/e’-only vs. High-PWV-only

After IPTW adjustment

Referencea High‑PWV ‑only High‑E/e′ ‑only High‑PWV ‑and‑E/e′ P

N 89 28 29 18

AKI, n (%) or % 5.4 19.8 7.1 52.9  < 0.001c,e

Stroke/delirium, n (%) or % 12.9 15.9 5.8 24.0 0.319

Atrial fibrillation, n (%) or % 23.1 7.8 27.9 68.6  < 0.001c,d,e

Graft patency, PA/DA (%) or % 97.7 94.7 96.6 98.1 0.745

Perioperative MI, n (%) or % 10.4 16.8 3.3 0.0 0.158

IABP support, n (%) or % 0.8 0.0 15.7 0.0 0.001b

ECMO support, n 0 0 0 0 –

Pneumonia, n (%) or % 4.4 4.3 13.3 9.5 0.343

Peak troponin‑I, ng/mL 2.5 (1.0–5.2) 2.2 (1.3–5.4) 1.3 (0.6–2.6) 3.4 (1.1–5.7) 0.373

Ventilator support, hrs 17.7 (14.0–21.0) 18.5 (15.0–23.7) 18.9 (15.0–23.7) 22.0 (19.0–25.6) 0.533

ICU stay, hrs 46.0 (28.0–69.5) 46.0 (26.0–91.0) 45.0 (26.0–91.0) 46.0 (37.0–67.0) 0.807

Hospital stay, days 9.0 (8.0–12.0) 9.0 (8.0–12.0) 9.0 (8.0–12.0) 9.0 (9.0–26.0) 0.079

30‑day mortality, n 0 0 0 0 –

Table 3 Comparison of major postoperative complications 
across the groups

CI confidence interval; E early diastolic mitral inflow velocity; e′ early diastolic 
mitral annular tissue velocity; IPTW inverse probability of treatment weighting; 
OR odds ratio; POAF postoperative atrial fibrillation; POAKI postoperative acute 
kidney injury; POSD postoperative stroke and/or delirium; PWV pulse wave 
velocity
a Reference: neither high PWV nor high E/e′

n (%) After IPTW adjustment

OR (95% CI) P

POAKI 26 (15.9) 0.002

Referencea 5 (5.6) 1

High‑PWV‑only 7 (25.0) 6.193 (0.987, 38.860) 0.052

High‑E/e′‑only 3 (10.3) 0.963 (0.112, 8.285) 0.973

High‑PWV‑and‑E/e′ 11 (61.1) 89.458 (8.493, 942.275)  < 0.001

Hosmer–Lemeshow test 0.7663

POAF 45 (27.4) 0.004

Reference 21 (23.6) 1

High‑PWV‑only 2 (7.1) 0.321 (0.053, 1.937) 0.216

High‑E/e′‑only 11 (37.9) 2.119 (0.645, 6.958) 0.216

High‑PWV‑and‑E/e′ 11 (61.1) 12.512 (2.453, 63.830) 0.002

Hosmer–Lemeshow test 0.091

POSD 19 (11.6) 0.736

Reference 8 (9.0) 1

High‑PWV‑only 4 (14.3) 1.315 (0.278, 5.491) 0.718

High‑E/e′‑only 2 (6.9) 0.566 (0.083, 2.623) 0.483

High‑PWV‑and‑E/e′ 5 (27.8) 1.744 (0.296, 10.510) 0.523

Hosmer–Lemeshow test 0.480
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pressure affect early mortality could not be analyzed. 
However, POAKI and POAF were significantly affected 
by the concurrent elevation of PWV and E/e′. Whether 
these complications are related to early cardiovascular 
mortality in this kind of population requiresfurther inves-
tigation [13, 14]. Partially consistent with earlier stud-
ies [15] and our previous report [7], isolated high PWV 
here showed a trend of being an independent risk factor 

associated with POAKI (OR = 6.2; p = 0.052). However, 
the combination of elevated E/e′ and high PWV led to a 
substantial increase in the odds ratio of POAKI (OR, 89.5; 
p < 0.001), even though the isolated high of E/e′ was not 
associated with POAKI. By contrast, a recent retrospec-
tive observational study revealed that an E/e′ > 15 was an 
independent predictor of POAKI occurring after OPCAB 
[11]; it should be noted that patients with concurrently 

Fig. 2 Comparison of Kaplan–Meier overall survival curves

Table 4 Inter‑group comparison with Cox regression analysis for all‑cause mortality

CI confidence interval; E early diastolic mitral inflow velocity; e′ early diastolic mitral annular tissue velocity; HR hazard ratio; IPTW inverse probability of treatment 
weighting; PWV pulse wave velocity
a Reference: neither high PWV nor high E/e′; bBonferroni adjusted p-value

Group comparison After IPTW adjustment

Univariable analysis Multivariable analysis

HR (95% CI) Pb HR (95% CI) Pb

Group  < 0.001 0.004

High‑PWV‑only vs.  Referencea 0.866 (0.163, 4.614) 1.000 0.882 (0.163, 4.788) 1.000

High‑E/e′‑only vs. Reference 1.596 (0.473, 5.387) 1.000 0.984 (0.275, 3.528) 1.000

High‑PWV‑and‑E/e′ vs. Reference 8.466 (3.262, 21.971) 0.005 6.090 (2.001, 18.532) 0.009

High‑E/e′‑only vs. High‑PWV‑only 1.843 (0.306, 11.099) 1.000 1.116 (0.174, 7.168) 1.000

High ‑PWV‑and‑E/e′ vs. High‑PWV‑only 9.777 (1.919, 49.806) 0.037 6.903 (1.247, 38.215) 0.161

High‑PWV‑and‑E/e′ vs. High‑E/e′‑only 5.304 (1.672, 16.828) 0.028 6.186 (1.693, 22.598) 0.035
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high PWV and E/e′ could have been unwittingly included 
in that E/e′ > 15 group though. However, there have been 
some explanations of the association between high E/e′ 
and POAKI: First, high E/e′ indicates elevated LV filling 
pressure and may contribute to increased intra-abdom-
inal venous pressure and subsequent reduction in renal 
blood flow and GFR [16]. Second, increased LV filling 
pressure aggravates hemodynamic instability, which is 

frequently triggered by lifting the heart during OPCAB, 
which in turn causes renal ischemia. Third, fluid overload 
during and after operation can induce capillary dysfunc-
tion at the glomerulus and may also trigger POAKI. In 
fact, high PWV is linked to elevated E/e′, which affects 
postoperative renal function. Increased arterial stiffness 
triggers premature return of reflected pulse waves, which 
facilitates diastolic coronary artery filling during late 

Table 5 Analysis of risk factors for all‑cause mortality with Cox proportional hazards model

CI confidence interval; CKD chronic kidney disease; E early diastolic mitral inflow velocity; e′ early diastolic mitral annular tissue velocity; HR hazard ratio; IABP 
intraaortic balloon pump; IPTW inverse probability of treatment weighting; OR odds ratio; PCI percutaneous coronary intervention; PWV pulse wave velocity

Italics indicate nested data
a Reference: neither high PWV nor high E/e′; bThe covariates included in the multivariable models were selected based on statistical significance (p < 0.05) in 
univariable analysis

Risk factors After IPTW adjustment

Univariable analysis Multivariable analysis

HR (95% CI) P HR (95% CI) Pb

Group  < 0.001 0.004

Referencea 1 1

vs. High-PWV-only 0.866 (0.163, 4.614) 0.866 0.882 (0.163, 4.788) 0.885

vs. High-E/e′-only 1.596 (0.473, 5.387) 0.451 0.984 (0.275, 3.528) 0.981

vs. High-PWV-and-E/e′ 8.466 (3.262, 21.971)  < 0.001 6.090 (2.001, 18.532) 0.002

Sex, Female 1.081 (0.447, 2.616) 0.863

Age 1.044(0.994 1.097) 0.085

Age 75 2.421 (0.972, 6.027) 0.058

Body mass index 0.886 (0.783, 1.002) 0.054

Smoking 1.303 (0.570, 2.980) 0.531

Obesity 0.389 (0.147, 1.028) 0.057

NYHA functional class 0.829 (0.449, 1.531) 0.549

Hypertension 3.409 (0.933, 12.454) 0.064

Diabetes 1.520 (0.659, 3.507) 0.326

Insulin 1.792 (0.615, 5.218) 0.285

Dyslipidemia 1.854 (0.813, 4.228) 0.142

Cerebrovascular accident 3.172 (1.368, 7.356) 0.007 2.796 (1.081, 7.233) 0.034

Peripheral arteriopathy 2.814 (1.248, 6.347) 0.013 1.867 (0.731, 4.772) 0.192

CKD grade ≥ 4 4.073 (1.640, 10.115) 0.003 2.611 (0.872, 7.823) 0.086

COPD 3.275 (1.003, 10.697) 0.049 3.830 (1.061, 13.833) 0.040

Acute myocardial infarction 1.526 (0.561, 4.149) 0.408

Atrial fibrillation 2.930 (0.167, 51.358) 0.462

PCI 1.028 (0.289, 3.657) 0.966

EuroSCORE II 1.088 (0.965, 1.228) 0.170

 EuroSCORE II ≥ 4 1.432 (0.487, 1.211) 0.514

 EuroSCORE II > 7 2.154 (0.362, 12.809) 0.399

CHA2DS2‑VASc SCORE 1.081 (1.016, 1.151) 0.013 1.023 (0.941, 1.111) 0.597

Ejection fraction 1.011 (0.979, 1.044) 0.514

Pulmonary hypertension 1.089 (0.989, 1.199) 0.083

Preoperative IABP 0.405 (0.023, 7.090) 0.536

Three vessel disease 0.537 (0.232, 1.245) 0.147

Left main disease 0.841 (0.351, 2.013) 0.697

Urgency 0.989 (0.096, 10.232) 0.992
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systole [17]. This premature return decreases diastolic 
pressure and compromises coronary blood flow, which 
can aggravate the ventricular relaxation disturbance and 
elevate the LV filling pressure [18].

The results of this study also emphasized the combined 
impact of elevated arterial stiffness and LV filling pres-
sure on POAF. The isolated high-PWV-only and high-
E/e′-only group failed to show statistical significance 
in predicting POAF, whereas the high PWV-and-E/e′ 
group did demonstrate significance. In fact, some reports 
have shown an association either between AF and PWV 
or between AF and E/e′. PWV has been reported to be 
significantly correlated with left atrial dimension inde-
pendent of typical determinants such as age, gender, 
body mass index, ventricular remodeling and filling pres-
sure, and it is therefore associated with the risk of AF 
[19]. The broad association between diastolic dysfunc-
tion and AF has also been investigated [20]. Current 
reviews suggest that left atrial and pulmonary vein pres-
sure overload caused by non-compliant LV lead to atrial 
myocardial remodeling both electrically and structur-
ally, which increases the risk of AF [21]. However, these 
reports did not investigate either the combined effect or 
the isolated effect of PWV and E/e′ on AF.

This study chose POSD as a neurologic outcome varia-
ble because delirium is one of the afflicting complications 
that we could come across often after cardiac surgery, 
and, it is a form of neurocognitive decline that should be 
treated as brain damage after cardiac surgery together 
with stroke. Delirium is likely the most common symp-
tom of Type-II brain injuries [22, 23]. High PWV can 
elicit elevated pulse pressures, which are correlated with 
stroke [24]. The carotid-femoral PWV exhibited poor 
neurocognitive dysfunction after aortic valve replace-
ment [25]. However, in this study, POSD was associated 
with neither the high-PWV-only group nor the high-
PWV-and-E/e′ group. As shown in Fig. 2, the long-term 
survival rate of the high-PWV-and-E/e′ group was signif-
icantly higher than that of any other group; with covari-
ates adjustment, the disadvantage in survival was still 
maintained compared to the reference and the High-E/e′-
only group. However, there were no survival differences 
among the other three groups. In other words, the eleva-
tion of a single indicator—among either PWV or E/e′—
was not sufficient to affect the survival rate in this study. 
The two indicators are associated with each other in 
terms of diastolic dysfunction [8], and each of them has 
been reported to be associated with all-cause mortalities 
in various populations. In some large-scale cohort stud-
ies with follow-up periods longer than 8 years, PWV has 
been shown to be associated with all-cause mortality and 
MI in patients with stable angina, while also having been 
shown to be associated with cardiovascular mortalities 

in patients with type 2 diabetes [26, 27]. Regarding the 
negative impact of E/e′, the increase in LV filling pres-
sure, as assessed by E/e′, was associated with increasing 
death rate in a cohort of 577 patients undergoing CABG, 
aortic valve replacement (AVR), or CABG with AVR [6]. 
The prognostic implications of E/e′ have mainly been 
investigated in non-surgical patients with various heart 
diseases. In a study enrolling 230 patients with non-val-
vular AF, the cumulative survival during follow-up (aver-
age 245  days) was significantly lower in subjects with 
E/e′ > 15 than it was in those with E/e′ ≤ 15, and the high 
E/e′ was an independent predictor of mortality [28].

Although there have been no robust explanations or 
hypotheses regarding the synergistic effect of the concur-
rent elevation of PWV and E/e′ on mortality, it is inferred 
that different deleterious processes of arterial stiffness 
and diastolic dysfunction could combine to increase the 
impact on mortality. For example, in a case of the con-
current elevation of both indicators, there would be an 
increased possibility of the development of both HFpEF 
and diastolic dysfunction, which would consequently lead 
to lower survival, compared to a case of the lone eleva-
tion of either indicator. Further, elevated arterial stiffness 
has other pathophysiology for long-term mortality such 
as stroke and coronary events [29], which could in turn 
contribute to the influence of the lone elevation of E/e′.

This study has some limitations that must be addressed. 
First, the four study groups still do not appear to be bal-
anced, even after IPTW adjustment for demographic 
data such as age, sex, and smoking history. However, it 
seems natural that the variables of hypertension and dia-
betes still differed across the groups because they are all 
closely related to PWV. Subsequently, these unmatched 
variables including risk scores were all included in the 
adjustment for the multivariable regression analyses. Sec-
ond, the study neither routinely evaluated PWV and E/e′ 
nor conducted such evaluations in consecutive patients. 
This might have contributed to selection bias. Third, the 
study did not consider the potential effect of antihyper-
tensive drugs or hemodynamic alteration on E/e′ and 
PWV. Moreover, perioperative hemodynamic status and 
transfusion volume, which could have affected the post-
operative renal function, were not controlled. Fourth, 
unfortunately, baPWV was not routinely assessed post-
operatively, and it is not clear whether the two indicators 
improve after OPCAB and play a role in the improved 
outcomes; it should be noted that there has been a pau-
city of data for reference on this subject. Lastly, the sam-
ple size was small for a four-group comparison, and the 
study was retrospective, thus suggesting the need for a 
larger, prospective study to corroborate or further inves-
tigate the findings reported here. Nevertheless, the com-
bined data of PWV and E/e′ in this study represent a rare 
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finding that shows the potential of their promising role 
in risk prediction, at least in patients undergoing CABG.

Conclusions
Concurrent elevation in arterial stiffness and LV filling 
pressure may independently affect not only the rates of 
major postoperative complications including POAKI 
and POAF but also long-term survival after OPCAB. 
The addition of PWV and E/e′ to the baseline model 
containing conventional risk factors may improve the 
risk prediction of POAK, POAF, and all-cause mortal-
ity. Large-scale studies are needed to further investigate 
these preliminary findings.
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