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IMPACT OF ARTERIAL STIFFNESS ON ADVERSE CARDIOVASCULAR OUTCOMES AND 
MORTALITY IN PERITONEAL DIALYSIS PATIENTS
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♦  Background: Cardiovascular (CV) disease is a major  
cause of morbidity and mortality in patients with end-
stage renal disease. In recent years, arterial stiffness 
has taken on great importance in the pathophysiology of 
CV diseases. The independent predictive value of arterial 
stiffness for CV events and for all-cause and CV mortality 
has been demonstrated in the general population and in 
hemodialysis patients. Our aim in this study was to de-
termine the relationship of arterial stiffness with mortal-
ity and fatal and nonfatal CV events in peritoneal dialysis  
(PD) patients.
♦  Methods: In this prospective observational cohort  
study with 2 years of follow-up, we studied a cohort of 156 
PD patients with a mean follow-up of 19.2 ± 6.4 months. 
At baseline, echocardiography and standard clinical and 
biochemical analyses were performed in all patients and 
in 28 healthy subjects. Aortic stiffness index beta (ASIβ, 
a surrogate marker of arterial stiffness) was calculated  
as follows:

	 ASIβ = �ln (systolic blood pressure / diastolic blood 
pressure) / [(systolic diameter – diastolic 
diameter) / diastolic diameter].

♦  Results: During the follow-up period, 25 of the patients 
(16.0%) died, and 10 of those deaths had CV causes.  
Nonfatal CV events occurred in 15 patients. The median ASIβ 
was greater in PD patients than in control subjects (4.2 vs. 
3.5; interquartile range: 3.2 – 5.5 vs. 2.5 – 4.8; p = 0.028]. In 
the fully adjusted multivariate Cox regression analysis (co-
variates: age, sex, albumin, hemoglobin, diabetes mellitus, 
comorbid CV disease, left ventricular mass index, residual 
glomerular filtration rate, dialysate-to-plasma ratio of crea-
tinine, Kt/V urea, left ventricular ejection fraction, duration 
of dialysis, smoking), ASIβ independently predicted fatal 
and nonfatal CV events (hazard ratio: 1.239; 95% confidence 
interval: 1.103 to 1.392), but not all-cause mortality.

♦  Conclusions: Our results provide the first direct evidence 
that arterial stiffness is an independent risk predictor of 
adverse CV outcome in PD patients.
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Cardiovascular (CV) disease is a major cause of mor-
bidity and mortality in patients with end-stage renal 

disease. In dialysis patients, CV mortality is 10 – 20 times 
that in a general population when stratified by age, 
sex, race, and the presence or absence of diabetes (1). 
In peritoneal dialysis (PD) patients, more than 50% of 
mortality can be attributed to CV disease (2). In addition 
to an increased occurrence of traditional risk factors, 
patients have additional uremia-related risk factors such 
as anemia, cardiovascular calcification, endothelial dys-
function, oxidative stress, volume overload, and uremic 
toxins that contribute to this increased burden of CV 
morbidity and mortality (3,4).

In recent years, arterial stiffness has taken on great 
importance in the pathophysiology of CV diseases. In the 
European Society of Hypertension/European Society of 
Cardiology guidelines, aortic pulse wave velocity (PWV), 
measurement of which is considered the “gold standard” 
method for determining aortic stiffness, was included 
among the risk factors influencing prognosis (5). The 
independent predictive value of arterial stiffness for CV 
events and for all-cause and CV mortality has been dem-
onstrated in the general population and in hemodialysis 
patients (6–9). There is, however, no direct evidence 
showing an association between arterial stiffness and 
CV morbidity and mortality in PD patients.

Our aim in the present study was to determine the 
relationship of arterial stiffness with mortality and with 
fatal and nonfatal CV events in PD patients.
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METHODS

PATIENTS AND STUDY DESIGN

This prospective observational cohort study with 2 
years of longitudinal follow-up was started at the Erciyes 
University Medical Faculty PD unit in Kayseri in July 2007. 
The study cohort consisted of 156 PD patients and 28 
healthy subjects who gave informed consent. Patients 
were eligible for entry into the study when they had been 
on PD for at least 3 months and if they had no malignant 
disease. Patients on automated PD were excluded. Bio-
chemical analyses, echocardiographic examinations, 
assessment of dialysis indices, and determination of 
residual renal function were performed at study entry. 
Enrolment of a patient was postponed until at least 
1 month after complete resolution of complications when 
the patient had infective, CV, or any other complications 
that required hospitalization.

ECHOCARDIOGRAPHY AND BLOOD PRESSURE MEASUREMENT

All subjects underwent a complete two-dimensional 
transthoracic echocardiographic and Doppler study in the 
left lateral decubitus position. The study was performed 
by a single experienced cardiologist using a GE–Vingmed 
Vivid  7 (GE–Vingmed Ultrasound AS, Horten, Norway) 
echocardiographic machine with a 2.5-MHz transducer 
operated from multiple windows. Measurements were 
made according to the guidelines of the American Society 
of Echocardiography (10). Systolic (SD) and diastolic as-
cending aortic diameter (DD) were measured in M-mode 
at a level 3 cm above the aortic valve from a parasternal 
long-axis view, according to a method previously de-
scribed (11,12). The SD was recorded during ejection, 
and the DD, during pre-ejection. Simultaneously, blood 
pressure (BP) was measured by an oscillometric method 
using the MEC-1000 patient monitor (Mindray, Nanshan, 
Shenzhen, PR China). The average of 3 consecutive mea-
surements was accepted as the BP.

Left ventricular mass (LVM) was calculated using the 
Devereux formula and was indexed by height (13).

MEASUREMENT OF AORTIC STIFFNESS

Noninvasive measurement of arterial stiffness involves  
measurement of surrogate parameters that are intrin-
sically related to stiffness. Three main techniques are 
used:

•		 Pulse transit time
•		 Analysis of the arter ial pressure pulse and its  

wave contour

•		 Direct stiffness estimation using measurements of 
diameter and distending pressure

A beta index model assesses the regional arterial stiffness  
based on change in pressure and diameter. Vascular diam-
eters can be measured noninvasively with echocardiog-
raphy, computed tomography, and magnetic resonance 
imaging. Simultaneously or within a few minutes, BP is 
measured at the brachial artery with an oscillometric de-
vice. The curvilinear relationship between BP and vascular  
diameter is approximated using a logarithmic transforma-
tion, resulting in the beta index reflecting stiffness (14).

In the present study, we used aortic stiffness index 
beta (ASIβ) as a surrogate marker of arterial stiffness. 
The index was calculated as follows:

ASIβ = ln (systolic BP / diastolic BP) / [(SD – DD) / DD],

where ln is the natural logarithm (15–17).

DIALYSIS INDICES AND RESIDUAL RENAL FUNCTION

A standard peritoneal equilibration test as described 
by Twardowski (18) was performed to determine peri-
toneal transport characteristics. Dialysis adequacy was 
calculated from 24-hour dialysate and urine collections 
by standard methods (19). Residual glomerular filtration 
rate was estimated as the average of urea and creatinine 
clearances in 24-hour urine (20).

OUTCOME MEASURES

Clinical outcomes included all-cause mortality, CV 
mortality, and first episode of a fatal or nonfatal CV 
event. Cardiovascular events included cerebrovascular 
disease (thromboembolic or hemorrhagic), transient 
ischemic attack, peripheral vascular disease, conges-
tive heart failure, documented arrhythmia, myocardial 
ischemia, and myocardial infarction. Cardiovascular mor-
tality was defined as a death whose cause was one of 
the CV events or sudden death. A witnessed death that 
occurred within 1 hour after the onset of acute symptoms 
and without any previous condition that would seem to 
be fatal was accepted as sudden death (21). In case of 
death out of hospital, family members were interviewed 
to discover the possible cause of death. When multiple 
CV events occurred, survival analysis was limited to the 
first episode. Deaths within 3 months after transfer to 
HD were accepted as PD-related mortalities.

STATISTICAL ANALYSIS

Data are presented as mean ± standard deviation unless 
otherwise specified. Comparisons between patients and 
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healthy subjects were performed using the unpaired 
Student t-test or Mann–Whitney U-test, as appropriate. 
Multivariate linear regression was used to evaluate the 
correlations of various parameters with ASIβ. Because 
of its skewed distribution, ASIβ was log-transformed be-
fore entry into the regression model. Baseline variables  
were added into the model, and backward stepwise  
elimination was applied to remove insignificant vari-
ables. The Cox proportional hazards model was used 
to determine independent predictors of outcome. The 
covariates for the models were age, sex, duration of 
dialysis, diabetes mellitus, pre-existing CV disease, smok-
ing, dialysate-to-plasma ratio (D/P) of creatinine, Kt/V 
urea, residual glomerular filtration rate, left ventricular 
ejection fraction, LVM index (LVMi), hemoglobin, and 
albumin. The cohort was stratified into quartiles accord-
ing to ASIβ value. Survival rates for fatal or nonfatal CV 
events by quartile were analyzed using the Kaplan–Meier 
method. Differences in survival were compared using the 
log-rank test.

Statistical analyses were performed using the SPSS 
software package (version 13.0: SPSS, Chicago, IL, USA).

RESULTS

Table 1 shows the baseline demographic characteris-
tics of the patients. Mean age was 48.2 ± 13.7 years, and 
mean dialysis follow-up was 19.3 ± 6.5 months. Table 2 
shows the demographic and biochemical parameters of 
the PD patients and healthy subjects. Table 3 shows the 
values for BP, ASIβ, and echocardiographic parameters. 
The median ASIβ was significantly higher in patients than 
in healthy subjects (4.2 vs. 3.5).

During the follow-up period, 25 patients (16.0%) 
died, 24 (15.4%) transferred to hemodialysis, 12 (7.7%) 
underwent renal transplantation, and 9 (5.8%) trans-
ferred to another units. Of the 25 deaths, 10 had CV 
causes (including ischemic heart disease in 5 patients, 
cerebrovascular disease in 2 patients, heart failure in 
1 patient, arrhythmia in 1 patient, and sudden death 
in 1 patient). The causes of the 15 non-cardiac deaths 
included peritonitis in 4 patients, other infections in 7 
patients, respiratory failure in 1 patient, pulmonary em-
boli in 1 patient, liver failure in 1 patient, and malignancy 
in 1 patient. Nonfatal CV events occurred in 15 patients 

TABLE 1 
Baseline Demographic and Clinical Characteristics  

of the Patients

		  Characteristic	 Value

Mean age (years)	 48.2±13.7
Males [n (%)]	 80 (51)
Renal diagnosis [n (%)]	
	 Hypertensive nephropathy	 55 (35.3)
	 Diabetic nephropathy	 36 (23.1)
	 Glomerulonephritis	 12 (7.7)
	 Others	 53 (33.9)
Duration of dialysis (months)	 41.2±33.5
Mean follow-up (months)	 19.3±6.5
Comorbid cardiovascular disease [n (%)]	 28 (18)
Diabetes mellitus [n (%)]	 42 (27)
Total Kt/V	 2.5±0.8
Residual GFR (mL/min per 1.73 m2)	 5.8±3.9
D/P creatinine	 0.70±0.11
Smoking habit [n (%)]	 37 (23.7)
Use of antihypertensive medication [n (%)]	
	 Ca antagonists	 73 (46.8)
	 ACEIs or ARBs	 67.0 (42.9)
	 Beta-blockers	 32 (20.5)
Use of HMG-CoA inhibitors [n (%)]	 20 (12.8)

GFR  = glomerular filtration rate; D/P  = dialysate-to-plasma 
ratio; ACEI = angiotensin converting–enzyme inhibitor; ARB = 
angiotensin  II receptor blocker; HMG-CoA  = 3-hydroxy-3-
methylglutaryl-coenzyme A.

TABLE 2 
Baseline Demographic and Biochemical Parameters in 

Peritoneal Dialysis Patients and Healthy Subjectsa

			   Healthy	 p	
	 Parameter	 Patients	 controls	 Value

Subjects (n)	 156	 28	
Age (years)	 48.2±13.7	 49.±8.3	 0.447
Males (%)	 51	 50	 0.901
BMI	 26.0±5.4	 26.0±3.5	 0.994
Hemoglobin (g/dL)	 11.1±1.8	 14.6±1.2	 0.001
Creatinine (mg/dL)	 9.2±3.4	 0.76±0.17	 0.001
Albumin (g/dL)	 3.2±0.46	 3.9±0.30	 0.001
Total cholesterol	 188.5	 199.5	 0.997
  (mg/dL)	 (157.0–220.0)	 (153.7–212.2)	
LDL cholesterol	 115.5	 121.7	 0.481
  (mg/dL)	 (94.0–149.0)	 (88.2–139.5)	
HDL cholesterol	 31.0	 38.5	 0.005
  (mg/dL)	 (26.0–40.0)	 (30.2–47.0)	
Triglycerides	 141.5	 133.5	 0.783
  (mg/dL)	 (91.2–206.0)	 (88.7–249.0)	
Calcium (mg/dL)	 8.6±0.79	 9.1±0.74	 0.003
Phosphorus (mg/dL)	 4.6±1.5	 3.8±0.5	 0.001
Ca×P (mg2/dL2)	 39.57±13.3	 34.8±5.6	 0.002
PTH (pg/mL)	 164.9±162.0	 —	

BMI = body mass index; LDL = low-density lipoprotein; HDL = 
high-density lipoprotein; PTH = parathyroid hormone.
a	 Data shown as mean ± standard deviation, or median and 

interquartile range. 
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1.392), but not all-cause mortality. All-cause mortality 
was predicted by age, serum albumin, and LVMi. Increases 
in age and in LVMi increased the risk of all-case mortality, 
but increases in serum albumin reduced that risk. Table 4 
sets out all the outcome results. Figure 1 shows cumula-
tive event-free survivals for fatal and nonfatal CV events 
in relation to ASIβ quartiles. Comparisons between the 
survival curves were highly significant. Patients in the 
lower ASIβ quartiles had better event-free survival rates 
than did patients in the higher quartiles.

DISCUSSION

Elasticity of the large arteries plays an important role 
in the transformation of pulsatile blood flow (a result 

(ischemic heart disease in 8, cerebrovascular event in 3, 
congestive heart failure in 3, and arrhythmia in 1).

In the linear regression analysis, the log-transformed 
ASIβ showed the strongest correlation with age (stan-
dardized coefficient β = 0.373, p < 0.001), followed by 
total Kt/V (β = –0.180, p = 0.023) and diabetes (β = 0.159, 
p = 0.054) (for model: R2 = 0.182, p < 0.001).

The number of CV deaths was small (only 10), and 
to avoid an underpowered analysis, multivariate Cox 
regression was not performed for CV deaths. In the fully 
adjusted multivariate Cox regression analysis, the ASIβ 
independently predicted fatal and nonfatal CV events 
(hazard ratio: 1.239; 95% confidence interval: 1.103 to 

TABLE 3 
Blood Pressure (BP), Aortic Lumen Diameter, Aortic  

Stiffness Index β (ASIβ), and Echocardiographic  
Parameters in Peritoneal Dialysis Patients  

and Healthy Subjectsa

		  Healthy	 p
	 Parameter	 Patients	 controls	 Value

Systolic BP (mmHg)	 139.2±26.4	 123.8±17.0	 0.003
Diastolic BP (mmHg)	 84.9±17.2	 75.6±13.0	 0.005
Aortic SD (mm)	 31.07±3.98	 31.53±3.52	 0.564
Aortic DD (mm)	 27.82±4.00	 27.39±3.23	 0.588
ASIβ	 4.2	 3.5	 0.028
	 (3.2–5.5)	 (2.5–4.8)	
LV ejection fraction (%)	 66.0	 68.0	 0.158
	 (58.2–74.0)	 (64.2–73.0)	
LV mass index (g/m2.7)	 52.2	 42.2	 0.006
	 (42.9–65.1)	 (36.0–58.2)	

SD = systolic diameter; DD = diastolic diameter; 
LV = left ventricular. 
a	Data shown as mean ± standard deviation, or median and 

interquartile range. 

TABLE 4 
Cox Proportional Hazards Models for All-Cause Mortality and Fatal or Nonfatal Cardiovascular Events

		  Parameter	 Wald Z	 p Value	 HR	 95% CI

All-cause mortality				  
	 Albumin (g/dL)	 8.72	 0.003	 0.222	 0.082 to 0.603
	 Age (years)	 13.1	 0.001	 1.071	 1.032 to 1.111
	 LV mass index (g/m2.7)	 8.17	 0.004	 1.026	 1.008 to 1.044
	 Diabetes (present)	 3.79	 0.051	 2.333	 0.995 to 5.471
Fatal or nonfatal CV events				  
	 ASIβ	 13.12	 0.001	 1.239	 1.103 to 1.392
	 Age (years)	 6.84	 0.009	 1.047	 1.011 to 1.083
	 LV ejection fraction (%)	 16.12	 0.001	 0.931	 0.899 to 0.964

HR = hazard ratio; CI = confidence interval; LV = left ventricular; ASIβ = aortic stiffness index beta.

Figure 1 — Comparison of cumulative event-free survival 
(Kaplan–Meier analysis) for fatal and nonfatal cardiovascular 
events in peritoneal dialysis patients stratified by quartiles  
of aortic stiffness index beta (ASIβ). A log-rank test showed  
a significant difference between the 1st and 3rd quartiles  
(p < 0.015), 1st and 4th quartiles (p < 0.001), 2nd and 4th 
quartiles (p < 0.001), and 3rd and 4th quartiles (p < 0.017).
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of the intermittent nature of ventricular contraction) 
into steady blood flow. During the diastole, recoil of the 
central arteries pushes the blood forward and hence pro-
vides a continuous blood supply for organs and tissues. 
Reduction in arterial compliance, known as arterial stiff-
ness, changes the BP profile: the systolic BP increases 
and the diastolic BP decreases, resulting in high pulse 
pressure. Increased pulse pressure raises the ventricular 
afterload, causes ventricular hypertrophy, and reduces 
coronary perfusion (22).

Arterial stiffness can be measured noninvasively by 
various methods. Measurement of the aortic PWV is 
generally considered the “gold standard” because it is 
simple, noninvasive, and reproducible (23). The local 
and noninvasive ASIβ is comparable, with a high degree 
of accuracy, to invasive methods (17).

Increased arterial stiffness commonly occurs in pa-
tients with chronic renal failure even in the early period 
of disease (24,25). Endothelial dysfunction, chronic 
inflammation, vascular calcification, advanced glycation 
end products (AGEs), and increased renin–angiotensin–
aldosterone activity are the main causes of arterial stiff-
ness associated with chronic renal failure (26–32). In the 
present study, age (positively), Kt/V urea (negatively), 
and diabetes were found to correlate with arterial stiff-
ness. It is well known that vessels stiffen as age increases 
(33) because of an overproduction of abnormal collagen 
fibers and a relative loss of elastin in the extracellular 
matrix of arteries. The change in the collagen/elastin 
ratio causes an increase in arterial stiffness (34). Uremic 
toxins such as asymmetric dimethylarginine (ADMA) 
and AGEs also play a role in the development of arte-
rial stiffness (35,36). A decrease in dialysis adequacy 
may increase the level of uremic toxins, including ADMA 
and AGEs, and thus may contribute to the development 
of arterial stiffness. Furthermore, uremic toxins may 
cause arterial stiffness through vascular calcification. 
The transformation of vascular smooth muscle cells to 
osteoblast-like cells and the resulting vascular calcifica-
tion are induced by uremia (37).

Left ventricular hypertrophy is an expected result of 
vascular stiffness; we nevertheless found no relation 
between those parameters, which might be explained 
by the fact that the LVM can be also strongly affected by 
other parameters such as hypervolemia and hypertension 
rather than arterial stiffness.

Arterial stiffness is prevalent in hemodialysis and PD 
patients alike (38–40). The impact of dialysis modality 
on arterial function is not clear. Although some cross-
sectional studies reported that PD patients have stiffer 
arteries (41,42), no longitudinal study has been under-
taken in this field. As in the literature, the PD patients 

in our study had higher ASIβ values than did the healthy 
subjects. Zapolski et al. (43) assessed a mean ASIβ of 5.34 
in 60 PD patients. The ASIβ in that cohort was higher 
than that in ours (5.34 vs. 4.2). The difference in age 
between the two cohorts (51.7 years vs. 48.2 years) may 
partly explain the difference in arterial stiffness. Because 
most studies of arterial stiffness in PD patients have used 
the aortic PWV method of measurement, it is difficult to 
compare our results with those of other studies.

Some studies in the literature support the notion 
that renal transplantation may lead to improvement 
in arterial stiffness in dialysis patients. Stompor et al. 
reported amelioration in the progression of arterial stiff-
ness in PD patients after renal transplantation (44). In a 
cross-sectional study, Covic et al. (41) found that renal 
transplantation patients had lower PWV values than did 
HD and PD patients. However, the level of kidney func-
tion after transplantation is the main factor determining 
arterial stiffness.

A number of studies showed that arterial stiffness can 
predict the risk of the future fatal and nonfatal CV events 
and of all-cause mortality (7,45–48). In a recent meta-
analysis that included 17 longitudinal studies evaluat-
ing arterial stiffness by aortic PWV in 15 877 subjects, 
Vlachopoulos et al. (49) reported that “an increase in 
aortic PWV by 1 m/s corresponded to an age–sex and risk  
factor adjusted risk increase of 14, 15, and 15% in total CV  
event, CV mortality, and all-cause mortality, respectively.”

The first study to clearly indicate that aortic stiffness is 
an independent risk factor for CV and all-cause mortality 
in HD patients was reported by Blacher et al. (8). In their 
study, which followed 241 HD patients for an average of 72 
months, each aortic PWV increase of 1 m/s was related to 
a 39% adjusted risk increase in CV outcomes. In another 
study in 265 HD patients, Shoji et al. showed that PWV is 
a significant predictor for CV and overall mortality (9). 
However, in the study reported by Covic et al. (50), arte-
rial stiffness measured as augmentation index did not 
correlate with mortality in HD patients. Those authors 
concluded that arterial stiffness might, in fact, depend 
on patient age and concurrent comorbidity.

Most of the studies that examined the association 
between arterial stiffness and outcomes in dialysis popu-
lations were conducted in HD patients. To date, only one 
study has involved PD patients. Gao et al. (51) studied 
100 PD patients and used aortic PWV as a surrogate of 
arterial stiffness. They did not find any effect of arterial 
stiffness on mortality; however, they showed that PWV 
independently predicted the number of hospitalizations. 
Short follow-up duration (9.4 ± 4.6 months) was a pos-
sible reason for the absence of a relation between aortic 
stiffness and mortality in their study.
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To the best of our knowledge, our study is the first 
to date to demonstrate that aortic stiffness can predict 
adverse CV outcomes in PD patients. Aortic stiffness 
independently predicted composite fatal and nonfatal 
CV events regardless of other factors known to affect 
outcome in PD patients—namely, age, pre-existing CV 
disease, overall duration of PD, diabetes mellitus, smok-
ing, degree of left ventricular hypertrophy, ejection 
fraction, serum albumin, hemoglobin, and lipid levels. 
A 1-unit increase in ASIβ corresponded to an age–, sex–, 
and risk factor–adjusted 23% risk increase for fatal and 
nonfatal CV events.

Our study has several limitations. First, the number 
of endpoints for the outcome analysis was small, which 
might have reduced the power of the study. Second, all 
of the parameters were measured on a single occasion at 
study entry; changes over time were not included in the 
analyses. This omission may have decreased the predic-
tive power of the parameters.

CONCLUSIONS

Our results provide the first direct evidence that 
arterial stiffness is an independent predictor of risk for 
adverse CV outcome in PD patients. By incorporating arte-
rial stiffness measurement into regular CV assessments, 
PD patients who are at increased CV risk can be pinpointed 
earlier, and active preventive therapy can be started.
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