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Background: Cerebrovascular and cardiovascular diseases contribute substantially

to the mortality of end-stage renal disease patients. We sought to combine pulse

wave velocity (PWV) with galectin-3 to predict the mortality and cerebrovascular and

cardiovascular events in hemodialysis patients.

Methods and Results: End-stage renal disease patients who underwent stable

hemodialysis were screened for inclusion. Patients with preexisting cardiovascular and

cerebrovascular diseases were excluded. The primary endpoint was a composite

of all-cause mortality and major adverse cerebrovascular and cardiovascular events.

Receiver operating characteristic curve analysis was used to determine the optimal

cutoffs to dichotomize PWV and galectin-3. The study population was then stratified into

four groups based on these cutoffs. Both univariable and multivariable Cox regression

analyses were performed to estimate the hazard ratio and 95% confidence interval (CI) for

clinical factors. Model performance was compared among models with or without PWV

and galectin-3. A total of 284 patients were enrolled. During a median follow-up of 31

months, 57 patients (20.1%) reached the primary endpoint. The optimal cutoffs for PWV

and galectin-3 were 7.9 m/s and 30.5 ng/ml, respectively. In the multivariable regression

analysis, the high PWV–high galectin-3 group was associated with a 3-fold increased

risk of all-cause mortality and major adverse cerebrovascular and cardiovascular events

(hazard ratio = 3.19, 95% CI: 1.05–9.66, p = 0.04) compared with the low PWV–low

galectin-3 group. The combination of PWV and galectin-3 was associated with improved

model discrimination, calibration, and reclassification.

Conclusions: The combination of PWV and galectin-3 can be used to predict mortality

and cerebral and cardiovascular complications in hemodialysis patients.

Keywords: Galectin-3, pulse wave velocity (PWV), cerebrovascular and cardiovascular events, mortality,

hemodialysis (HD)
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INTRODUCTION

Chronic kidney disease (CKD) is a significant clinical and public
health problem with a prevalence of up to 15%. The incidence
of cerebrovascular and cardiovascular diseases in CKD patients
is two times that in those without CKD, and patients with end-
stage renal disease (ESRD) are associated with an even higher
risk (1). Despite the advances in treatment, cerebrovascular
and cardiovascular complications contribute substantially to the
mortality of dialysis patients, accounting for 54% of all deaths (2).
Early detection of these potentially fatal complications can allow
targeted interventions and eventually lead to improved survival
and quality of life.

Several non-invasive tests have been developed to predict
cerebrovascular or cardiovascular events among hemodialysis
patients. Pulse wave velocity (PWV), recommended by the
2018 European Society of Hypertension/European Society of
Cardiology hypertension management guidelines as a gold
standard for measuring the stiffness of large arteries (3), has been
shown to predict mortality and non-fatal cardiovascular events
in dialysis patients (4). However, recent studies have revealed
that the predictive power of PWV is inferior to that of simple
clinical risk scores in ESRD patients (5) and compromised elderly
patients (6).

Galectin-3, a member of the β-galactoside-binding lectin
family, has emerged as a new prognostic biomarker for a series
of cardiovascular diseases, such as congestive heart failure and
coronary artery disease (7). It is a 29–35-kDa protein secreted
by activated macrophages and other inflammatory cells and
plays an essential role in cell adhesion, activation, growth, and
differentiation (8). Many research teams, including us, have
demonstrated the associations between galectin-3 and multiple
cardiovascular complications and survival outcomes in CKD and
ESRD patients (9, 10).

Both PWV and galactin-3 measurements are non-invasive
tests and can be performed in the dialysis clinic. However,
no data have been reported on the predictive power of
combining these two assays. In this work, we aimed to
combine PWV with galectin-3 measurement to predict the
mortality and cerebrovascular and cardiovascular events in

hemodialysis patients.

METHODS

Study Population
ESRD patients who underwent stable hemodialysis at Renji
Hospital, Shanghai Jiaotong University, Shanghai, China,
between June 2014 and January 2015 were prospectively enrolled.
Stable hemodialysis was defined as receiving hemodialysis for
three sessions a week, lasting 4 to 5 h each session, for at
least 3 months. Patients with the following conditions were
excluded: congestive heart failure (New York Heart Association
class III or IV or left ventricular ejection fraction < 40%),
moderate or severe aortic valve stenosis, atrial fibrillation,
second- or third-degree atrioventricular block, use of a
pacemaker, recent myocardial infarction (MI) (≤3 months),
recent stroke (≤3 months), recent transient ischemic attack

(≤3 months), pulseless extremity, malignancy, acute infectious
diseases (≤3 months), and those who refused to participate in
this study.

All enrolled patients signed an informed consent form, and
the Ethics Committee of Renji Hospital, Shanghai Jiaotong
University, approved this study. This study was performed
following the ethical standards in the 1964 Declaration of
Helsinki and its later amendments.

Measurement of Galectin-3, Pulse Wave
Velocity, and Blood Pressure
The methods of measuring serum galectin-3, PWV, and blood
pressure were described in our previous work (9). In short, we
collected patients’ blood samples before their midweek dialysis
session and measured the serum galectin-3 concentration with
an enzyme-linked immunosorbent assay (Human Galectin-3
Quantikine ELISA Kit; R&D Systems Inc., Minneapolis, MN,
USA). The baseline laboratory data were collected, including
albumin, calcium, phosphorus, creatinine, total triglyceride, total
lipoprotein, high-density lipoprotein, low-density lipoprotein, B-
type brain natriuretic peptide, and C-reactive protein (CRP).
The single-pool Kt/V for urea was used to estimate the
dialysis adequacy.

Both the PWV and blood pressure were assessed at the same
time as galectin-3. PWV was calculated as the ratio of the
distance that the pulse wave traveled (in meters) to the pulse
transit time (in seconds) and was assessed using a portable
device (Sphygmocor XCEL; AtCor Medical, New South Wales,
Australia). The blood pressure was recorded as the average of
three consecutive brachial blood pressure readings.

Primary Endpoint and Definitions of
Comorbidities
The primary endpoint of this study was a composite of
all-cause mortality and major adverse cerebrovascular and
cardiovascular events (MACCE), including acute MI, new-onset
heart failure, ischemic stroke, and cerebral hemorrhage. The
diagnosis of acute MI required both ECG changes and the
elevation of cardiac biomarkers. Heart failure was diagnosed
clinically according to typical dyspnea symptoms, pulmonary
edema on chest X-ray, and the requirement of additional
hemodialysis. Stroke and cerebral hemorrhage were diagnosed
by neurologists and confirmed by either magnetic resonance
imaging or computed tomography. All enrolled patients were
followed until the primary endpoint or July 31, 2017, whichever
occurred earlier.

In this study, hypertension was defined as predialysis blood
pressure ≥ 140/90 mmHg (11). Diabetes was defined as a
fasting plasma glucose level ≥ 7.0 mmol/L, 2-h plasma glucose
or random glucose level of ≥11.1 mmol/L with symptoms
of hyperglycemia, or an A1C value ≥ 6.5% (12). Prior
coronary artery disease was defined as patients with documented
significant coronary artery stenosis (>70%) or a history of MI,
percutaneous coronary intervention, or coronary artery bypass
grafting surgery.
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Risk Stratification, Model Building,
Performance Evaluation, and Statistical
Analysis
Receiver operating characteristic (ROC) curve analysis was
conducted, and the areas under the ROC curve (AUCs) for PWV
and galectin-3 were calculated. The optimal cutoffs of PWV and
galectin-3 for the classification of the composite endpoint were
obtained based on the Youden index’s maximization. Based on
the ROC-optimal cutoffs for PWV and galectin-3, we further
stratified the entire study population into four groups: group 1:
low PWV–low galectin-3; group 2: low PWV–high galectin-3;
group 3: high PWV–low galectin-3; and group 4: high PWV–high
galectin-3. The cumulative incidences of the primary endpoint
for these four groups were estimated using the Kaplan–Meier
method and compared using the log-rank test.

Univariable Cox proportional-hazards regression was
performed to estimate the hazard ratio (HR) and 95% confidence
intervals (CIs) of clinical factors, and PWV and galectin-3
were included as continuous and categorical variables (cutoffs
derived from the ROC curve analysis were used) separately. A
multivariable Cox proportional-hazards model was built with
factors associated with the primary outcomes with a two-sided
p < 0.1 in the univariable analysis combined with other well-
known predictive factors. The overall goodness of fit and the
proportional-hazards assumption of the Cox regression were
assessed based on the Cox–Snell residuals.

We then evaluated the performance of four multivariable
Cox models that included different variables and determined
whether adding PWV and galectin-3 values would increase the
model performance. The model performance was assessed based
on discrimination (C statistics), calibration (Hosmer–Lemeshow
statistic), and reclassification (net reclassification improvement
and integrated discrimination improvement).

The continuous variables were tested for normal distribution
by the Kolmogorov–Smirnov test and presented as means ±

standard deviations or medians with interquartile ranges as
appropriate. Categorical variables were presented as the number
and percentage and compared using the chi-square test. For
all statistical tests, a p < 0.05 was considered significant. All
statistical analyses were performed with IBM SPSS 21.0 software
(SPSS Inc., Chicago, IL) or the R language statistical software
version 4.0.2 (The R Foundation for Statistical Computing,
Vienna, Austria).

RESULTS

Study Cohort and Baseline Characteristics
From June 2014 to January 2015, a total of 332 hemodialysis
patients were screened for inclusion. Twenty-one patients were
excluded because they met one or more of the exclusion criteria.
The other 27 patients were excluded because they refused to
participate in the follow-up, resulting in a total of 284 patients
eventually included in this analysis (Figure 1).

The median age in this 284-patient cohort was 61 years, and
males comprised 58.1% of the cohort. All patients had undergone
stable hemodialysis for an average of 90 months. The mean

serum concentration of galectin-3 was 29.68 ± 9.95 ng/ml, and
the median PWV was 8.7 m/s (interquartile range: 7.65, 10.61).
The baseline demographic characteristics, hemodialysis data, and
serum parameters of the entire population are summarized in the
first column of Table 1.

Receiver Operating Characteristic Curve
Analysis and Risk Stratification
In the ROC curve analysis (Supplementary Figure 1), the
optimal cutoff point for galectin-3 was 30.5 ng/ml (AUC = 0.61,
p = 0.01), and the cutoff for PWV was 7.9 m/s (AUC = 0.60,
p= 0.02).

Based on the ROC-optimal cutoffs for PWV and galectin-
3, we divided the study patients into four groups: group 1:
low PWV–low galectin-3; group 2: low PWV–high galectin-3;
group 3: high PWV–low galectin-3; and group 4: high PWV–
high galectin-3. The baseline characteristics of these four groups
are presented in the second to fifth columns of Table 1. The
differences in age, history of hypertension and diabetes, several
hemodialysis-related variables, and the low-density lipoprotein
level were statistically significant between the four groups.

Follow-Up and the Primary Endpoint
The median follow-up duration was 31 months. A total of
57 patients (20.1%) reached the composite endpoint of all-
cause mortality and MACCE. Twenty-four (57.1%) of the deaths
were caused by cerebrovascular or cardiovascular diseases (2
MIs, 3 heart failure cases, 5 sudden cardiac deaths, 10 cerebral
hemorrhages, and 4 ischemic strokes), and seven (16.7%) were
attributable to infection.

Univariable and Multivariable Cox
Regression Analysis
In the univariable Cox regression analysis
(Supplementary Figure 2), both PWV and galectin-3 were
associated with increased risk of the composite endpoint
(HR for PWV = 1.11, 95% CI: 1.01–1.22, p = 0.033; HR for
galectin-3 = 1.03, 95% CI: 1.01–1.06, p = 0.014). In addition,
age, hypertension, and phosphorus levels were also significant
predictors for the composite endpoint. Using group 1 (low
PWV–low galectin-3) as the reference group, we found that
only group 4 (high PWV–high galectin-3) was associated
with a significantly increased risk of the composite endpoint
(HR= 4.74, 95% CI = 1.67–13.47, p = 0.003). The increased
risks in the other two groups were not statistically significant.
The Kaplan–Meier curves of these four groups are plotted
in Figure 2. Similarly, compared with group 1, group 4 had
significantly worse outcomes (i.e., increased risk of composite
endpoints, log-rank p= 0.001).

In the multivariable Cox regression analysis adjusted for age,
mean arterial pressure, albumin, CRP, and phosphorus (Table 2),
we observed that only group 4 (high PWV–high galectin-3) was
associated with a significantly increased risk of the composite
endpoint (HR= 3.19, 95% CI= 1.05–9.66, p= 0.04).
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FIGURE 1 | Flow chart of patient enrollment and exclusion.

Model Performance Comparison
Webuilt fourmultivariable Cox regressionmodels and compared
their model performances. Model 1 only included age, mean
arterial pressure, albumin, CRP, and phosphorus; model 2
included all variables in model 1 plus PWV; model 3 included
all variables in model 1 plus galectin-3; model 4 included all
variables in model 1 plus both PWV and galectin-3. Among
these four models, model 4 had the best performance in terms
of discrimination, calibration, and reclassification (Table 3).

DISCUSSION

Our study innovatively combined PWVwith galectin-3 to predict
mortality and MACCE in hemodialysis patients. We successfully
identified the appropriate cutoffs to dichotomize both measures
separately. We demonstrated that patients with high PWV and
high galactin-3 levels are associated with a 3-fold increased risk
of mortality and MACCE. Our study provides a foundation

for incorporating these two measures into the cerebral and
cardiovascular risk assessment for hemodialysis patients.

Arterial stiffness is associated with primary coronary events,
fatal stroke, and all-cause and cardiovascular mortality in
patients with hypertension (13–15), and its prognostic value
for mortality has also been confirmed in type 2 diabetes
and glucose intolerance patients (16). The association between
arterial stiffness and the composite endpoint of MACCE in
patients with ST-elevation MI has also been established (17).

PWV is considered the gold standard for measuring arterial
stiffness (3, 18). However, it remains controversial whether PWV
can predict cardiovascular events in dialysis patients. Blacher
et al. first demonstrated that PWV was associated with both all-
cause mortality and cardiovascular mortality in ESRD patients.
In their multivariable model, each PWV increase of 1 m/s was
associated with a 1.39-fold increased risk of all-cause death (19).
In the CORD study, Verbeke et al. also confirmed that central
arterial stiffness is an independent predictor of mortality and
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TABLE 1 | Baseline characteristics.

Characteristics Overall (n = 284) Group 1a (n = 56) Group 2 (n = 34) Group 3 (n = 98) Group 4 (n = 96) P

Age, years 61 (51.25, 68) 54 (38.25, 62) 58.5 (47, 65.25) 64 (58.75, 71.25) 63 (55.25, 70) <0.001

Male, n (%) 165 (58.1) 33 (58.93) 19 (55.89) 53 (54.08) 60 (62.5) 0.683

BMI, kg/m2 21.81 ± 3.33 21.37 ± 3.35 22.93 ± 3.54 21.63 ± 3.17 21.84 ± 3.36 0.164

Hemodialysis data

Dry weight, kg 59.84 ± 11.33 58.28 ± 10.59 63.59 ± 12.55 59.13 ± 11.52 60.13 ± 10.96 0.155

Dialysis duration, months 90 (56, 155) 99 (59, 181) 91 (47.25, 138.25) 82 (48.75, 145.5) 92.5 (62, 158.25) 0.129

Brachial SBP, mmHg 150.46 ± 25.64 136.96 ± 22.55 130.71 ± 20.19 158.76 ± 22.13 156.87 ± 25.75 <0.001

Brachial DBP, mmHg 82.91 ± 13.64 82.14 ± 15.81 78.06 ± 12.50 84.25 ± 12.83 83.70 ± 13.26 0.125

PP, mmHg 46.5 (36.25, 59) 38.5 (30.25, 49.5) 37 (30.75, 41.25) 50 (44, 67) 53.5 (39, 65.75) <0.001

MAP, mmHg 105.38 ± 16.57 100.59 ± 18.07 95.59 ± 15.38 109.10 ± 14.62 107.84 ± 16.14 <0.001

spKt/V for urea 1.60 (1.41, 1.91) 1.55 (1.41, 2.00) 1.52 (1.33, 1.80) 1.67 (1.44, 1.89) 1.61 (1.43, 1.93) 0.414

Comorbidities

Hypertension, n (%) 238 (83.80) 40 (71.43) 28 (82.35) 90 (91.84) 80 (83.33) 0.011

Diabetes, n (%) 36 (12.68) 0 (0) 3 (8.82) 12 (12.24) 21 (21.88) 0.001

Prior CAD, n (%) 19 (6.69) 3 (5.36) 0 (0) 8 (8.16) 8 (8.33) 0.340

Stroke history, n (%) 19 (6.69) 1 (1.79) 6 (17.65) 6 (6.12) 6 (6.25) 0.032

Current medication

Antihypertensives, n (%) 204 (71.83) 35 (62.5) 22 (64.71) 79 (80.61) 68 (70.83) 0.070

Phosphate binders, n (%) 223 (78.52) 44 (78.57) 32 (94.12) 77 (78.57) 70 (72.92) 0.082

Statins, n (%) 46 (16.2) 8 (14.29) 5 (14.71) 14 (14.29) 19 (19.79) 0.709

Lab result

Total triglyceride, mmol/L 1.46 (1.07, 2.29) 1.43 (0.93, 1.86) 1.91 (1.26, 3.01) 1.58 (1.16, 2.37) 1.37 (1.02, 2.06) 0.051

Total lipoprotein, mmol/L 3.95 (3.34, 4, 59) 3.97 (3.54, 4.41) 4.13 (3.56, 4.46) 3.97 (3.28, 4.90) 3.81 (3.30, 4.53) 0.519

HDL, mmol/L 1.06 ± 0.31 1.11 ± 0.29 1.10 ± 0.38 1.06 ± 0.30 1.01 ± 0.30 0.252

LDL, mmol/L 2.23 ± 0.77 2.16 ± 0.62 2.33 ± 0.73 2.40 ± 0.79 2.05 ± 0.81 0.011

BNP, pg/ml 251.5 (131, 484.75) 276 (103, 553) 210 (121.75, 382.75) 247.5 (150.5, 462.75) 274 (141, 498.5) 0.736

Albumin, g/L 39.33 ± 3.32 39.97 ± 3.42 39.53 ± 3.31 38.74 ± 3.43 39.50 ± 3.08 0.141

CRP, mg/L 2.2 (0.96, 6.15) 1.52 (0.89, 4.11) 1.80 (0.70, 5.89) 2.17 (0.95, 6.57) 3.42 (1.17, 7.37) 0.064

Calcium, mmol/L 2.35 ± 0.26 2.32 ± 0.24 2.37 ± 0.22 2.33 ± 0.29 2.39 ± 0.23 0.335

Phosphorus, mmol/L 1.81 ± 0.51 1.93 ± 0.56 1.84 ± 0.53 1.78 ± 0.44 1.74 ± 0.54 0.170

Creatinine, µmol/L 1,034.35 ± 235.75 1,049.94 ± 238.68 1,116.14 ± 229.72 1,006.05 ± 231.48 1,025.20 ± 236.96 0.117

PWV, m/s 8.70 (7.65, 10.61) 7.11 (6.50, 7.59) 7.15 (6.46, 7.67) 9.72 (8.84, 10.97) 9.69 (8.63, 11.63) <0.001

Galectin-3, ng/ml 29.68 ± 9.95 21.56 ± 6.03 36.22 ± 3.68 22.90 ± 5.93 39.02 ± 6.61 <0.001

BMI, body mass index; BNP, B-type brain natriuretic peptide; CAD, coronary artery disease; CRP, C-reactive protein; DBP, diastolic blood pressure; HDL, high-density lipoprotein; LDL,

low-density lipoprotein; MAP, mean arterial pressure; PP, pulse pressure; PWV, pulse wave velocity; SBP, systolic blood pressure; spKt/V, single-pool Kt/V.
aGroup 1: low PWV–low galectin-3; group 2: low PWV–high galectin-3; group 3: high PWV–low galectin-3; and group 4: high PWV–high galectin-3 values.

non-fatal cardiovascular events in dialysis patients (4). However,
a more recent study showed that the prognostic power of PWV
is inferior to that of simple clinical risk scores, and the risk
discrimination and reclassification in patients with ESRD was
only modestly improved (5). In a head-to-head comparison, the
impact of PWV was insignificant when the ankle-brachial BP
index was included as a covariate in the multivariable analysis
(20). Additionally, the prognostic value of PWV was found to
be compromised in elderly patients (6) and dialysis patients with
moderate to severe aortic calcification (4).

As a member of the β-galactoside-binding lectin family,
galectin-3 can amplify inflammatory and fibrotic processes
(21). It has been well-established that a high concentration
of galectin-3 is independently associated with all-cause and
cardiovascular mortality and an increased risk of heart failure
in the general population (22). Galectin-3 has also been shown

to be an excellent predictor of mortality in heart failure patients
(23). Furthermore, one experimental study demonstrated that
inhibition of galectin-3 reduces atherosclerosis in apolipoprotein
E-deficient mice (24), suggesting that galectin-3 plays a critical
role in the development of atherosclerosis. The association
between galectin-3 and atherosclerosis has also been verified
by studies in MI patients and patients who received coronary
angiography (7, 25).

However, the association between galectin-3 and
cardiovascular diseases in CKD patients is unclear. The
prognostic power of galectin-3 was found to be compromised
by adding renal function into the models (26). Additionally,
Zamora et al. found that renal function significantly influenced
the prognostic value of galectin-3 in heart failure patients
(27). In contrast, in the LURIC study, which was based on a
group of patients with impaired renal function, the galectin-3
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FIGURE 2 | Kaplan–Meier curves of the four groups: group 1: low PWV–low galectin-3; group 2: low PWV–high galectin-3; group 3: high PWV–low galectin-3; and

group 4: high PWV–high galectin-3.

TABLE 2 | Multivariable Cox regression model for the composite endpoint.

Variables HR 95% CI p-value

Age, years 1.04 1.01–1.07 0.011

MAP, mmHg 0.99 0.97–1.01 0.164

Albumin, g/L 0.99 0.90–1.09 0.858

CRP, mg/L 1.01 0.99–1.04 0.245

Phosphorus, mmol/L 0.79 0.43–1.46 0.446

PWV and Galectin-3 groupsa

Group 1 1 (reference)

Group 2 1.37 0.34–5.48 0.660

Group 3 1.94 0.62–6.12 0.258

Group 4 3.19 1.05–9.66 0.040

CI, confidence interval; CRP, C-reactive protein; HR, hazard ratio; MAP, mean arterial

pressure; PWV, pulse wave velocity.
aGroup 1: low PWV–low galectin-3; group 2: low PWV–high galectin-3; group 3: high

PWV–low galectin-3; and group 4: high PWV–high galectin-3 values.

concentration was significantly associated with all-cause and
cardiovascular mortality (10). Consistent with the LURIC study,
Obakata et al. found that galectin-3 had independent and

incremental prognostic value for all-cause death and a composite
of all-cause mortality and MACCE in chronic hemodialysis
patients (28).

Although the evidence is conflicting, PWV and galectin-3
are still considered new predictors of cardiovascular diseases.
Combining these two indicators may be a reasonable and
promising approach for predicting cerebral and cardiovascular
risks. Our study showed that appropriate risk stratification could
help identify the patients at the highest risk, who will also
be candidates for aggressive intervention. There is compelling
evidence that combining multiple biomarkers is beneficial for
therapy and may improve early risk stratification. In a model in
which the risk factors were adjusted, the highest risks of death
due to all-causes and cardiovascular death in patients with heart
failure were observed when both B-type brain natriuretic peptide
and galectin-3 were elevated (29). It is also worth noting that
in our study, the model performance comparison showed that
adding PWV and galectin-3 can improve model discrimination,
calibration, and reclassification.

This study has several limitations. First, it was a single-
center observational study that cannot define the cause–effect
relationship. Second, all enrolled patients in the current study
were Chinese, and the results may not be generalizable
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TABLE 3 | Model performance comparison.

Model 1a Model 2 Model 3 Model 4

Discrimination

C statistics (95% CI) 0.364 (0.196, 0.601) 0.421 (0.242, 0.523) 0.526 (0.341, 0.622) 0.625 (0.59, 0.66)

Calibration

H-L X2 = 12.623, p = 0.5947 X2 = 9.156, p = 0.609 X2 = 7.263, p = 0.764 X2 = 4.539, p = 0.806

Reclassification

IDI, 95%CI Reference 0.005 (−0.012, 0.051) 0.006 (−0.009, 0.058) 0.090 (0.049, 0.133)

NRI, 95%CI Reference 0.102 (−0.167, 0.521) 0.201 (−0.148, 0.407) 0.457 (0.323, 0.573)

CI, confidence interval; H-L, Hosmer–Lemeshow statistic; NRI, net reclassification improvement; IDI, integrated discrimination improvement.
a Model 1 included the following variables: age, mean arterial pressure, albumin, C-reactive protein, and phosphorus; Model 2 = Model 1 + pulse wave velocity; Model 3 = Model 1 +

galectin-3; Model 4 = Model 1 + pulse wave velocity + galectin-3.

to other populations. Third, we did not perform serial
measurements of galectin-3 during the follow-up, making
it impossible to conduct a longitudinal analysis. Fourth,
the sample size in the current study was still limited,
and only midterm follow-up results were available. Further
studies with a larger sample size and longer follow-up time
are warranted.

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

ETHICS STATEMENT

The studies involving human participants were reviewed and
approved by The Ethics Committee of Renji Hospital, Shanghai
Jiaotong University. The patients/participants provided their
written informed consent to participate in this study. Written
informed consent was obtained from the individual(s) for the
publication of any potentially identifiable images or data included
in this article.

AUTHOR CONTRIBUTIONS

QZ and ZN conceived and designed the study. QZ performed
the experiments. QZ, MZ, XL, YF, JL, and ZL collected the
clinical data. QZ and KY analyzed the data and wrote the paper.
ZN reviewed and edited the manuscript. All authors read and
approved the manuscript.

FUNDING

This study was partly funded by the National Natural Science
Foundation of China (81770666), National Health and Family
Planning Commission of China (201740037), Clinical Research
Center, Shanghai Jiao Tong University, School of Medicine
(DLY201805), and the Science and Technology Innovation Fund
of Shanghai Ninth People’s Hospital (CK2019010).

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fmed.
2020.579021/full#supplementary-material

REFERENCES

1. United States renal data system 2018 annual data report. Volume 2: End-

Stage Renal Disease. Chapter 8: Cardiovascular Disease in Patients With ESRD.

Available online at: https://www.Usrds.Org/2018/view/default.Aspx (accessed

June 15, 2020).

2. United States renal data system 2018 annual data report. Volume 2: End-Stage

Renal Disease. Chapter 5: Mortality. Available from: https://www.Usrds.Org/

2018/view/default.Aspx (accessed June 15, 2020).

3. Williams B, Mancia G, Spiering W, Agabiti Rosei E, Azizi M, Burnier

M, et al. Practice guidelines for the management of arterial hypertension

of the European society of hypertension and the European society

of cardiology: ESH/ESC task force for the management of arterial

hypertension. J Hypertens. (2018) 36:2284–309. doi: 10.1097/HJH.0000000000

001961

4. Verbeke F, Van Biesen W, Honkanen E, Wikstrom B, Jensen PB, Krzesinski

JM, et al. Prognostic value of aortic stiffness and calcification for

cardiovascular events and mortality in dialysis patients: outcome of the

calcification outcome in renal disease (CORD) study. Clin J Am Soc Nephrol.

(2011) 6:153–9. doi: 10.2215/CJN.05120610

5. Tripepi G, Agharazii M, Pannier B, D’Arrigo G, Mallamaci F, Zoccali C, et al.

Pulse wave velocity and prognosis in end-stage kidney disease. Hypertension.

(2018) 71:1126–32. doi: 10.1161/HYPERTENSIONAHA.118.10930

6. Ferreira JP, Girerd N, Pannier B, Rossignol P, London GM. High pulse-wave

velocity defines a very high cardiovascular risk cohort of dialysis patients

under age 60. Am J Nephrol. (2017) 45:72–81. doi: 10.1159/000453338

7. Lisowska A, Knapp M, Tycinska A, Motybel E, Kaminski K, Swiecki P, et al.

Predictive value of Galectin-3 for the occurrence of coronary artery disease

and prognosis after myocardial infarction and its association with carotid IMT

values in these patients: a mid-term prospective cohort study. Atherosclerosis.

(2016) 246:309–17. doi: 10.1016/j.atherosclerosis.2016.01.022

8. Ochieng J, Furtak V, Lukyanov P. Extracellular functions of galectin-3.

Glycoconj J. (2002) 19:527–35. doi: 10.1023/B:GLYC.0000014082.99675.2f

9. Zhang Q, Yin K, Zhu M, Lin X, Fang Y, Lu J, et al. Galectin-3 is associated

with arterial stiffness among hemodialysis patients. Biomark Med. (2019)

13:437–43. doi: 10.2217/bmm-2018-0488

10. Drechsler C, Delgado G, Wanner C, Blouin K, Pilz S, Tomaschitz A,

et al. Galectin-3, renal function, and clinical outcomes: results from

the LURIC and 4D studies. J Am Soc Nephrol. (2015) 26:2213–21.

doi: 10.1681/ASN.2014010093

Frontiers in Medicine | www.frontiersin.org 7 October 2020 | Volume 7 | Article 579021

https://www.frontiersin.org/articles/10.3389/fmed.2020.579021/full#supplementary-material
https://www.Usrds.Org/2018/view/default.Aspx
https://www.Usrds.Org/2018/view/default.Aspx
https://www.Usrds.Org/2018/view/default.Aspx
https://doi.org/10.1097/HJH.0000000000001961
https://doi.org/10.2215/CJN.05120610
https://doi.org/10.1161/HYPERTENSIONAHA.118.10930
https://doi.org/10.1159/000453338
https://doi.org/10.1016/j.atherosclerosis.2016.01.022
https://doi.org/10.1023/B:GLYC.0000014082.99675.2f
https://doi.org/10.2217/bmm-2018-0488
https://doi.org/10.1681/ASN.2014010093
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles


Zhang et al. Galectin-3, PWV, MACCE, and Hemodialysis

11. Mancia G, Fagard R, Narkiewicz K, Redon J, Zanchetti A, Bohm M, et al.

ESH/ESC guidelines for the management of arterial hypertension: the Task

Force for the Management of Arterial Hypertension of the European Society

of Hypertension (ESH) and of the European Society of Cardiology (ESC). Eur

Heart J. (2013) 34:2159–219. doi: 10.1093/eurheartj/eht151

12. American Diabetes A. 2. Classification and Diagnosis of Diabetes: Standards

of Medical Care in Diabetes-2020. Diabetes Care. (2020) 43(Suppl. 1):S14–31.

doi: 10.2337/dc20-S002

13. Boutouyrie P, Tropeano AI, Asmar R, Gautier I, Benetos A, Lacolley P, et al.

Aortic stiffness is an independent predictor of primary coronary events in

hypertensive patients: a longitudinal study. Hypertension. (2002) 39:10–5.

doi: 10.1161/hy0102.099031

14. Laurent S, Boutouyrie P, Asmar R, Gautier I, Laloux B, Guize L,

et al. Aortic stiffness is an independent predictor of all-cause and

cardiovascular mortality in hypertensive patients. Hypertension. (2001)

37:1236–41. doi: 10.1161/01.HYP.37.5.1236

15. Laurent S, Katsahian S, Fassot C, Tropeano AI, Gautier I,

Laloux B, et al. Aortic stiffness is an independent predictor of

fatal stroke in essential hypertension. Stroke. (2003) 34:1203–6.

doi: 10.1161/01.STR.0000065428.03209.64

16. Cruickshank K, Riste L, Anderson SG, Wright JS, Dunn G, Gosling RG.

Aortic pulse-wave velocity and its relationship to mortality in diabetes and

glucose intolerance: an integrated index of vascular function? Circulation.

(2002) 106:2085–90. doi: 10.1161/01.CIR.0000033824.02722.F7

17. Feistritzer HJ, Klug G, Reinstadler SJ, Reindl M, Niess L, Nalbach

T, et al. Prognostic value of aortic stiffness in patients after ST-

elevation myocardial infarction. J Am Heart Assoc. (2017) 6:e005590.

doi: 10.1161/JAHA.117.005590

18. Willum-Hansen T, Staessen JA, Torp-Pedersen C, Rasmussen S, Thijs L,

Ibsen H, et al. Prognostic value of aortic pulse wave velocity as index of

arterial stiffness in the general population. Circulation. (2006) 113:664–70.

doi: 10.1161/CIRCULATIONAHA.105.579342

19. Blacher J, Guerin AP, Pannier B, Marchais SJ, Safar ME, London GM. Impact

of aortic stiffness on survival in end-stage renal disease. Circulation. (1999)

99:2434–9. doi: 10.1161/01.CIR.99.18.2434

20. Kitahara T, Ono K, Tsuchida A, Kawai H, Shinohara M, Ishii Y, et al. Impact

of brachial-ankle pulse wave velocity and ankle-brachial blood pressure index

on mortality in hemodialysis patients. Am J Kidney Dis. (2005) 46:688–96.

doi: 10.1053/j.ajkd.2005.06.016

21. Li LC, Li J, Gao J. Functions of galectin-3 and its role in fibrotic

diseases. J Pharmacol Exp Ther. (2014) 351:336–43. doi: 10.1124/jpet.114.

218370

22. Ho JE, Liu C, Lyass A, Courchesne P, Pencina MJ, Vasan RS, et al.

Galectin-3, a marker of cardiac fibrosis, predicts incident heart failure in the

community. J Am Coll Cardiol. (2012) 60:1249–56. doi: 10.1016/j.jacc.2012.

04.053

23. Imran TF, Shin HJ, Mathenge N,Wang F, Kim B, Joseph J, et al. Meta-Analysis

of the usefulness of plasma galectin-3 to predict the risk of mortality in

patients with heart failure and in the general population. Am J Cardiol. (2017)

119:57–64. doi: 10.1016/j.amjcard.2016.09.019

24. MacKinnon AC, Liu X, Hadoke PW, Miller MR, Newby DE, Sethi T.

Inhibition of galectin-3 reduces atherosclerosis in apolipoprotein E-deficient

mice. Glycobiology. (2013) 23:654–63. doi: 10.1093/glycob/cwt006

25. Maiolino G, Rossitto G, Pedon L, Cesari M, Frigo AC, Azzolini M, et al.

Galectin-3 predicts long-term cardiovascular death in high-risk patients with

coronary artery disease. Arterioscler Thromb Vasc Biol. (2015) 35:725–32.

doi: 10.1161/ATVBAHA.114.304964

26. de Boer RA, Lok DJ, Jaarsma T, van der Meer P, Voors AA, Hillege

HL, et al. Predictive value of plasma galectin-3 levels in heart failure

with reduced and preserved ejection fraction. Ann Med. (2011) 43:60–8.

doi: 10.3109/07853890.2010.538080

27. Zamora E, Lupon J, de Antonio M, Galan A, Domingo M, Urrutia A,

et al. Renal function largely influences Galectin-3 prognostic value in

heart failure. Int J Cardiol. (2014) 177:171–7. doi: 10.1016/j.ijcard.2014.

09.011

28. Obokata M, Sunaga H, Ishida H, Ito K, Ogawa T, Ando Y, et al.

Independent and incremental prognostic value of novel cardiac biomarkers

in chronic hemodialysis patients. Am Heart J. (2016) 179:29–41.

doi: 10.1016/j.ahj.2016.05.018

29. Zhang Y, Zhang R, An T, Huang Y, Guo X, Yin S, et al. The utility of galectin-3

for predicting cause-specific death in hospitalized patients with heart failure.

J Card Fail. (2015) 21:51–9. doi: 10.1016/j.cardfail.2014.10.006

Conflict of Interest: The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be construed as a

potential conflict of interest.

Copyright © 2020 Zhang, Yin, Zhu, Lin, Fang, Lu, Li and Ni. This is an open-access

article distributed under the terms of the Creative Commons Attribution License (CC

BY). The use, distribution or reproduction in other forums is permitted, provided

the original author(s) and the copyright owner(s) are credited and that the original

publication in this journal is cited, in accordance with accepted academic practice.

No use, distribution or reproduction is permitted which does not comply with these

terms.

Frontiers in Medicine | www.frontiersin.org 8 October 2020 | Volume 7 | Article 579021

https://doi.org/10.1093/eurheartj/eht151
https://doi.org/10.2337/dc20-S002
https://doi.org/10.1161/hy0102.099031
https://doi.org/10.1161/01.HYP.37.5.1236
https://doi.org/10.1161/01.STR.0000065428.03209.64
https://doi.org/10.1161/01.CIR.0000033824.02722.F7
https://doi.org/10.1161/JAHA.117.005590
https://doi.org/10.1161/CIRCULATIONAHA.105.579342
https://doi.org/10.1161/01.CIR.99.18.2434
https://doi.org/10.1053/j.ajkd.2005.06.016
https://doi.org/10.1124/jpet.114.218370
https://doi.org/10.1016/j.jacc.2012.04.053
https://doi.org/10.1016/j.amjcard.2016.09.019
https://doi.org/10.1093/glycob/cwt006
https://doi.org/10.1161/ATVBAHA.114.304964
https://doi.org/10.3109/07853890.2010.538080
https://doi.org/10.1016/j.ijcard.2014.09.011
https://doi.org/10.1016/j.ahj.2016.05.018
https://doi.org/10.1016/j.cardfail.2014.10.006
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles

	Combining Pulse Wave Velocity With Galectin-3 to Predict Mortality and Cerebrovascular and Cardiovascular Events in Hemodialysis Patients
	Introduction
	Methods
	Study Population
	Measurement of Galectin-3, Pulse Wave Velocity, and Blood Pressure
	Primary Endpoint and Definitions of Comorbidities
	Risk Stratification, Model Building, Performance Evaluation, and Statistical Analysis

	Results
	Study Cohort and Baseline Characteristics
	Receiver Operating Characteristic Curve Analysis and Risk Stratification
	Follow-Up and the Primary Endpoint
	Univariable and Multivariable Cox Regression Analysis
	Model Performance Comparison

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Supplementary Material
	References


