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Abstract

We recently reported that preoperative endothelial dysfunction [i.e., reactive hyperemia index (RHI) <1.64] predicted short-
term postoperative adverse events in patients undergoing cardiovascular surgery. However, the relationship between pre-
operative RHI and long-term cardiovascular risk in these patients is unclear. A total of 195 patients with at least 1-year
follow-up who underwent cardiovascular surgery were included. Preoperative endothelial function was assessed by RHI. The
primary outcome was a composite of cardiac death, stroke, myocardial infarction, rehospitalization due to heart failure, and
any coronary revascularization. Nineteen patients (9.7%) met the primary outcome, including cardiac death (n=7), stroke
(n=75), heart failure (n=9), and coronary revascularization (n =2) during a median follow-up of 20 months. There was no
significant difference in the baseline characteristics between patients with RHI < 1.64 (n=86) and those with RHI> 1.64
(n=109). The primary outcome occurred in 13 patients with RHI <1.64 (15.1%) and in 6 patients with RHI > 1.64 (5.5%).
Kaplan—Meier analysis demonstrated a significantly higher incidence of the primary outcome in patients with RHI<1.64
compared to their counterpart (hazard ratio 2.94; 95% confidence interval 1.12-7.75; p=0.02). Multivariate analysis showed
diabetes and RHI < 1.64 as independent predictors for the primary outcome. In conclusion, preoperative endothelial dysfunc-
tion assessed by RHI was associated with long-term cardiovascular events in patients undergoing cardiovascular surgery.
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Introduction

Cardiovascular surgery is one of the highest-risk proce-
dures in the field of surgery, despite recent developments in
perioperative care and management [1]. Although there are
some useful prognostic risk models, such as EuroSCORE II
and JapanSCORE [2-4], these scores intrinsically predict
short-term perioperative mortality and risks by incorporat-
ing several factors, including age, sex, patient complications,
and surgical settings [5]. Therefore, the long-term prognostic
factors in these patients are still unclear.

The endothelium plays important roles in the regula-
tion of vascular tone, thrombosis, and inflammation [6].
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Impairment of endothelial function indirectly assessed by
non-invasive tests, such as flow-mediated dilation (FMD)
and reactive hyperemia index (RHI), has been reported to
lead to increased risk of subsequent cardiovascular events in
the general population or in patients with suspected ischemic
heart disease [7, 8]. Preoperative endothelial dysfunction
has been similarly shown to be a predictor of postoperative
adverse events in several types of surgeries [9, 10]. In addi-
tion, we have recently reported that preoperative-impaired
RHI (i.e., < 1.64) in patients undergoing cardiovascular sur-
gery was associated with short-term postoperative events
[11]. However, the data concerning the association during
long-term follow-up are lacking. Thus, the aim of this study
was to investigate the relation between preoperative RHI
as a surrogate marker of endothelial function and long-
term adverse events in patients undergoing cardiovascular
surgery.
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Methods
Study population

From October 2014 to April 2016, a total of 197 patients
undergoing elective cardiovascular surgery with thora-
cotomy and/or laparotomy, such as coronary artery bypass
grafting, cardiac valve and aortic surgery under general
anesthesia at Chiba University Hospital, were prospectively
enrolled, as shown in our previous report, to investigate the
association between preoperative endothelial dysfunction
and short-term postoperative events [11]. The present study
was a post hoc analysis of the previous report. Long-term
follow-up (> 1 year) data were obtained via medical records
or telephonic interview, and 2 patients were lost to follow-
up. Thus, 195 out of 197 patients (99%) were included in the
present study. Written informed consent was obtained from
all patients, and the ethical committee of Chiba University
approved this study.

RH-PAT

Endothelial function was indirectly evaluated by reactive
hyperemia-peripheral arterial tonometry (RH-PAT) by
EndoPAT2000 device (Itamar Medical, Caesarea, Israel)
before cardiovascular surgery during hospitalization. The
methodology of RH-PAT measurement has been previously
described [9, 11, 12]. Briefly, all patients had fasted and
refrained from caffeine, tobacco, and medications for at least
8 h. The test was performed in a quiet and temperature-
controlled room in the early morning. A finger probe for RH-
PAT was placed on each index finger, and after a baseline
period of 5 min, the blood pressure cuff on the test arm was
inflated to obtain complete occlusion for 5 min. Thereaf-
ter, the cuff was deflated and the hyperemic response of the
occluded arm was recorded for another 5 min. The RH-PAT
data were automatically analyzed to calculate RHI, which
is the ratio of amplitude of the PAT signal after cuff defla-
tion divided by those before cuff inflation, indexed to the
contralateral arm.

Endpoints

The primary outcome was a composite of cardiac death,
stroke, myocardial infarction, rehospitalization due to heart
failure, and any coronary revascularization during the fol-
low-up period [13, 14]. Cardiac death was defined as death
due to myocardial infarction, heart failure, or documented
sudden death without apparent non-cardiac causes. Stroke
was defined as an acute onset of focal or global neurological
deficit accompanied by typical findings on brain imaging.

Myocardial infarction was defined according to the third uni-
versal definition of myocardial infarction > 72 h after cardio-
vascular surgery [15]. Rehospitalization due to heart failure
was defined as readmission with typical clinical findings
of heart failure, requiring additional treatment. Any coro-
nary revascularization included all percutaneous coronary
interventions and coronary artery bypass grafting after the
index cardiovascular surgery. The patients were divided into
2 groups according to the best cut-off value of RHI in our
previous report (i.e., 1.64) [11].

Statistical analysis

Statistical analysis was performed with SAS statistical soft-
ware package version 9.4 (SAS Institute, Cary, NC). Contin-
uous variables are expressed as the mean + standard devia-
tion. Categorical variables are represented as frequency (%).
Continuous variables with normal distribution were com-
pared using Student’s ¢ test and categorical variables were
compared by Fisher’s exact test. Kaplan—-Meier analysis with
the log-rank test was used to compare event-free survival
rates in patients with RHI<1.64 and RHI> 1.64. A Cox
proportional-hazards model was used to estimate unadjusted
and adjusted hazard ratios with corresponding 95% confi-
dence intervals. The covariates were selected on the basis of
an association with the primary outcome in the present study
using an inclusion criterion of p <0.05. A value of p <0.05
was considered statistically significant.

Results

As mentioned above, long-term follow-up of at least 1 year
was completed in 195 patients. Overall, mean RHI was
1.81 +0.48. There was no significant difference in baseline
characteristics between patients with RHI < 1.64 (n=286)
and those with RHI> 1.64 (n=109) (Table 1). During a
median follow-up of 20 months, 19 patients (9.7%) met the
primary outcome, including cardiac death (n="7), stroke
(n=15), rehospitalization due to heart failure (n=9), and any
coronary revascularization (n=2). There was no myocardial
infarction during the follow-up period. The primary outcome
occurred in 13 patients with RHI<1.64 (15.1%) and in 6
patients with RHI> 1.64 (5.5%) (Table 2). Kaplan—-Meier
analysis demonstrated a significantly higher incidence of the
primary outcome in patients with RHI <1.64 compared to
their counterpart (p =0.02) (Fig. 1). The results of the uni-
variate and multivariate Cox proportional-hazard regression
analyses are shown in Table 3, which indicated diabetes mel-
litus and RHI < 1.64 as significant and independent predic-
tors for the primary outcome.
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Table 1 Patient characteristics

Table 2 Primary endpoint

Discussion

Variable All (n=195) RHI<1.64 (n=86) RHI>1.64 (n=109) p value
Age (years) 70.1+10.8 70.0+10.3 702+11.1 0.92
Men 128 (66%) 56 (65%) 72 (66%) 1.00
Body mass index (kg/m?) 23.1+3.3 232432 23.0+3.4 0.68
Hypertension 138 (71%) 64 (74%) 74 (68%) 0.34
Diabetes mellitus 45 (23%) 17 20%) 28 (26%) 0.39
Dyslipidemia 129 (66%) 61 (71%) 68 (62%) 0.23
Current smoker 29 (15%) 14 (16%) 15 (14%) 0.69
eGFR (ml/min/1.73 m?) 55.8+19.2 547175 56.7+20.5 0.47
Left-ventricular ejection fraction (%) 58.7+11.2 57.1+12.6 60.0+9.8 0.07
Medication
ACE-T or ARB 107 (55%) 51 (59%) 56 (51%) 0.31
B-blocker 62 (32%) 26 (30%) 36 (33%) 0.76
Diuretic 72 (37%) 38 (44%) 34 (31%) 0.07
Statin 89 (46%) 43 (50%) 46 (42%) 0.31
Type of surgery
CABG 70 (36%) 30 (35%) 40 (37%) 0.88
Aortic valve surgery 71 (36%) 33 (38%) 38 (35%) 0.65
Mitral valve surgery 56 (29%) 30 (35%) 26 (24%) 0.11
Tricuspid valve surgery 31 (16%) 16 (19%) 15 (14%) 0.43
Thoracic aortic surgery 33 (17%) 16 (19%) 17 (16%) 0.70
Abdominal aortic surgery 10 (5%) 5 (6%) 5 (5%) 0.75
LAA closure and/or maze procedure 27 (14%) 15 (17%) 12 (11%) 0.22
Other 16 (8%) 8 (9%) 8 (7%) 0.79
Reactive hyperemia index 1.81+0.48 1.42+0.15 2.11+0.44 <0.001

ACE-I angiotensin converting enzyme inhibitor, ARB angiotensin receptor blocker, CABG coronary artery
bypass grafting, eGFR estimated glomerular filtration rate, LAA left atrial appendage, RHI reactive hyper-

emia index

Variable All (n=195) RHI<1.64 RHI> 1.64 p value
(n=86) (n=109)

Primary endpoint 19 9.7%) 13 (15.1%) 6 (5.5%) 0.03

Cardiac death 7 (3.6%) 6 (7.0%) 1(0.9%) 0.045

Stroke 5(2.6%) 4 (4.7%) 1(0.9%) 0.17

Myocardial infarction 0 (0%) 0 (0%) 0 (0%) -

Rehospitalization due to HF 9 (4.6%) 6 (7.0%) 3(2.8%) 0.19

Any coronary revascularization 2 (1.0%) 1(1.2%) 1 (0.9%) 1.00

HF heart failure, RHI reactive hyperemia index

The present study demonstrated that preoperative RHI
had a predictive value for long-term cardiovascular events
in patients undergoing cardiovascular surgery, as well as

diabetes mellitus.
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Role of endothelial function

Since the endothelial cells regulate vascular tone, thrombo-
sis, and inflammation [6], endothelial dysfunction is report-
edly related to cardiovascular events [7, 8]. It is conceiv-
able that endothelial dysfunction induces atherosclerotic
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Fig. 1 Kaplan—Meier analysis for the probability of the primary out-
come consists of cardiac death, stroke, myocardial infarction, rehos-
pitalization due to heart failure, and any coronary revascularization
in patients with RHI<1.64 and those with RHI> 1.64. RHI reactive
hyperemia index

progression and thrombus formation, and future adverse
events, such as myocardial infarction and stroke [16, 17].
Patients with endothelial dysfunction also have limited arte-
rial vasodilatory response, which may impair cardiac out-
put reserve [18], leading consequently, to heart failure. In
addition, inflammation is associated with a wide range of
cardiovascular outcomes [19].

Endothelial dysfunction and long-term
cardiovascular events

RHI can non-invasively and operator-independently assess
endothelial function with excellent reproducibility [20-22],
however, it is an indirect surrogate marker [23]. RHI < 1.67
has been conventionally indicated as endothelial dysfunc-
tion [14], which is very similar to our previous result of
the best cut-off value for predicting short-term postopera-
tive adverse events (i.e., 1.64) [11]. Although, with that
threshold, impaired endothelial function was associated
with postoperative events, the long-term prognostic impact
of endothelial dysfunction assessed by RHI in patients
undergoing cardiovascular surgery was unknown. Thus, the
present study first reported preoperative RHI as a long-term

prognostic factor in patients with cardiovascular surgery.
Recent meta-analysis revealed that RHI had a long-term
prognostic value in patients with suspected ischemic heart
disease, established coronary artery disease, and heart fail-
ure with preserved ejection fraction [24]. One of the stud-
ies with the longest follow-up period (i.e., 7 years) reported
that the patients with low RHI had a significantly higher
incidence of cardiovascular death and hospitalization due
to cardiovascular causes, and numerically greater number of
strokes compared to those with high RHI [8]. Another study
investigating subjects with heart failure also indicated that
the patients with low RHI had a numerically higher inci-
dence of cardiovascular death and significantly more hospi-
talizations due to heart failure than their counterparts [14].
These results are consistent with the present study. On the
other hand, there were no myocardial infarctions and only
2 revascularizations in the present study. Thus, the relation
between endothelial function and coronary events was not
elucidated in this particular population, possibly due to the
small number of the events. Although there was a relatively
large study reporting that patients with low RHI underwent
more subsequent coronary revascularization [13], the recent
annual rate of myocardial infarction beyond the acute phase
of cardiovascular surgery is < 1%, even in patients with coro-
nary bypass grafting involving the left main trunk [25]. As
a result, this study indicated that the patients with impaired
RHI were likely to develop future cardiovascular events,
predominantly comprised of cardiac death, stroke, and
rehospitalization due to heart failure in patients undergoing
cardiovascular surgery.

Potential implication to evaluate preoperative
endothelial function

In addition to risk stratification, the potential importance of
evaluating endothelial function is underscored by previous
studies which showed that patients without improvement
in endothelial function are associated with cardiovascular
events [26]. Endothelial function can be improved by some
interventions such as diet, exercise and medications, includ-
ing renin—angiotensin system inhibitors or statins [27-29].
Patients undergoing cardiac surgery are still challenging,
with a high incidence of subsequent cardiovascular events

Table 3 Cox proportional-
hazards analysis for
cardiovascular events

Variable Univariable Multivariable
HR (95% CI) p value HR (95% CI) p value
Diabetes mellitus 4.22 (1.70-10.46) 0.002 3.57 (1.34-9.36) 0.01

eGFR (ml/min/1.73 m?)

Left-ventricular ejection fraction (%)

Reactive hyperemia index < 1.64

0.97 (0.95-0.998) 0.04
0.96 (0.93-0.99) 0.02

2.94 (1.11-7.75) 0.03 2.79 (1.03-7.53) 0.04

CI confidence intervals, eGFR, estimated glomerular filtration rate, HR hazard ratio
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[30]. Therefore, implementing a perioperative strategy to
improve endothelial function may ameliorate long-term out-
comes in patients undergoing cardiovascular surgery.

Study limitations

There are several limitations in this study. First, this is a
post hoc analysis of a single center study, and the number of
included patients was relatively small. However, all patients
were prospectively enrolled and the follow-up rate was high
(99%). Second, the patients with not only cardiac surgery,
but also thoracic and abdominal aortic surgery were included
into this study. Third, endothelial function was evaluated
by RHI in the present study, while FMD has been used in
a number of previous studies. RHI has no apparent correla-
tion with FMD [31], and additionally both RHI and FMD
are indirect assessments of endothelial function. Thus, using
RHI and FMD as surrogate markers of endothelial func-
tion remains controversial [23]. Although endothelium-
independent nitroglycerin-mediated vasodilation should be
compared with endothelium-dependent reactive hyperemia
to purely test it, endothelium-independent vasodilating
examinations were not conducted in the present study. RHI
and FMD can indirectly assess endothelial function from
different aspects, and are reported to predict cardiovascular
events with a similar prognostic magnitude [24]. Fourth,
RHI was measured once before cardiovascular surgery in the
present study. However, the test—retest reliability of RHI has
been reported to be acceptable [22].

Conclusion

Preoperative endothelial dysfunction assessed by RHI was
associated with long-term cardiovascular events in patients
undergoing cardiovascular surgery.
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