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ABBREVIATION LIST 

CVD Cardiovascular Diseases 

PD Peritoneal Dialysis 

HPDR Henan Peritoneal Dialysis Registry 
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CKD Chronic Kidney Disease 
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ABSTRACT 

Cardiovascular disease (CVD) is the leading cause of death in patients with end-stage renal disease (ESRD) 

treated by dialysis. Pulse pressure (PP) as an independent prognostic factor of cardiovascular risk might 

be clinically implicated in predicting the short-term deaths due to cardiovascular diseases in ESRD 

patients. This study aimed to investigate the dose-response association between pulse pressure (PP) and 

risk of cardiovascular mortality in patients initialising peritoneal dialysis (PD).  All patients registered with 

the Henan Peritoneal Dialysis Registry (HPDR) between 2007 and 2014 were incorporated in the 

current cohort study. PP was assessed by the date of initialisation of PD and cardiovascular mortality 

in 2 years after the initialisation of PD was defined as the outcome. All accessible clinical 

measurements were screened as covariables.  Further dose–response relationships between PP and 

risks were explored using spline models. There was a non-linear relationship between PP and the risk of 

2-year death for a cardiovascular diseases (P < 0.001 for linearity test). The PP associated with the lowest 

risk of cardiovascular mortality was 61 (95% CI 56–64) mmHg.  In ESRD patients initialising PD, PP is a good 

prognostic factor of risk of short-term cardiovascular mortality. The risk is lowest with a PP of 56–64 

mmHg. 
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INTRODUCTION 

With the increase prevalence of chronic kidney disease (CKD), the number of patients with end-stage 

renal disease (ESRD) is increasing rapidly and is becoming one of the major life-threatening diseases 

worldwide 1-3. Cardiovascular disease is the leading cause of death in patients with ESRD treated by 

dialysis 4. It has been estimated that 40%–60% of deaths in peritoneal dialysis (PD) patients are due to 

cardiovascular events 2, 5, 6. 

Observational study has reported a non-linear association between blood pressure measures 

(systolic and diastolic blood pressure) and cardiovascular mortality among incident PD patients, with 

high blood pressure (particularly > 145/92 mmHg) being associated with a higher risk of 

cardiovascular mortality 7.  

Vascular stiffness has been revealed to increase myocardial afterload and oxygen demand, to lead to 

left ventricular hypertrophy and to limit coronary filling during diastole 8. The pulsatile component of 

blood pressure (pulse pressure (PP)) is a prognostic factor of large artery stiffness and a reflection of 

the atherosclerotic burden, which itself is an independent predictor of cardiovascular risk 9, 10. An 

elevated pulse pressure is associated with a higher cardiovascular mortality 11 

Previous cohort study revealed that PP was associated with 1-year all-cause mortality among patients 

underwent hemodialysis, with high PP (>60-69 mmHg) be associated with an increased risk of 

cardiovascular mortality 12. In another cohort, a significant association was found between 30-month 

all-cause mortality and PP independent of systolic and diastolic blood pressures, with 1 mmHg 

increase of PP associated with 20% higher risk of all-cause mortality 13. However few studies have 

addressed the association between PP and cardiovascular mortality among patients initialising PD in 

prospective cohorts. In particular the dose-response association between PP and cardiovascular 

mortality among incident PD patients was not very clear. The present study aimed to examine this 
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relationship and investigates whether a threshold exists for PP in predicting the risk of 2-year 

cardiovascular mortality among those initialising PD. 

METHODS 

Data source and study population 

 For this study, we used data from the Henan Peritoneal Dialysis Registry (HPDR) to develop and 

validate the risk score. Henan is a province in the Central of China with the population over 100 

million.  Briefly, the HPDR is operated under the auspices of the Department of Nephrology, the First 

Affiliated Hospital of Zhengzhou University and provides an independent audit and analysis of renal 

care in Henan, China. During the study period, information was prospectively collected electronically 

from all renal units across Henan. Data arriving at the HPDR are subjected to an algorithm which 

identifies suspicious values, which are then further verified and corrected where necessary by 

contacting the renal unit. This study was designed as a cohort study, which included all adults aged 

more than 18 years who commenced PD between 2007-2014 and who had at least two years’ follow-

up. Patients who died, underwent transplant or whose kidney function recovered within 90 days 

after initialisation of dialysis were excluded (n=16) to avoid a reverse causality association between 

predictors and outcome. This reflects the standard approach to investigating “real” ESRD patients 

among all those receiving PD care.  We randomly allocated two thirds of patients to the derivation 

dataset and the remaining one third to a validation dataset. Ethics approval was granted by the 

Clinical Research Ethics Committee of the First Affiliated Hospital of Zhengzhou University. Written 

informed consent was obtained from all participants before inclusion. 

Pulse pressure definition 

Pulse pressure was defined as systolic minus diastolic blood pressure. Both systolic and 

diastolic blood pressures were measured at the time when patients initializing PD treatment. 
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Defining outcome, covariables, and missing data 

 We defined our primary outcome as recorded death with clinically diagnosed cardiovascular disease 

14, 15. We also obtained data on other covariables (as listed in Table 1), which can be 

associated with pulse pressure to allow adjustment for confounding.  These data were 

measured at the time when patients started PD treatment. For co-variables used in the final 

model, our cohort had missing information on body mass index (13.5%), phosphorus (21.0%), albumin 

(20.0%), total protein (22.6%), total cholesterol (24.3%), low density lipoprotein (24.6%), fasting 

glucose (16.0%), sodium (8.0%), systolic blood pressure (4.8%), and diastolic blood pressure (4.8%). 

We used multiple imputation to replace missing values by using a chained equation approach based 

on all variables. We created 30 imputed datasets for missing variables that were then combined 

across all datasets by using Rubin’s rule to obtain final model estimates 16. 

 

Statistical methods 

We used Logistic regression model to calculate the incidence rate ratio for cardiovascular mortality 

according to pulse pressure levels. The dose-response associations between pulse pressure 

measurements and the risk of cardiovascular mortality was estimated using a linear model, a natural 

cubic spline model with three equally spaced knots determined from the level of pulse pressure 

measures, and a quadratic spline models. The natural cubic spline model was chosen as the best-fit 

model for the relationship curve because of its lowest Akaike information Criterion compared with 

those of the linear model or quadratic spline model. For sensitivity analysis, the natural cubic spline 

models for the overall dataset were repeated using other potential knots, chosen to lie within the 

range for minimum to maximum measure of pulse pressure. A linear test was used in the natural 

cubic spline model to test its linearity of the relationship. The break-point test was carried out to 

target the potential thresholds (Percentile 5 to Percentile 95 of pulse pressure measures) by 



6 

incorporating the piecewise term into the cubic spline model. The threshold with a significant break 

in the regression coefficients and achieving the minimum AIC was chosen as the final threshold. The 

95% CI of the threshold was obtained from 1000 bootstrap samples. 

All analyses were performed using STATA (STATA SE 15.0 StataCorp, College Station, TX, USA). All P 

values were calculated using two-tailed tests and a P value <0.05 was taken to indicate statistical 

significance. 

RESULTS 

Characteristics 

In our cohort, we analysed information on 3,054 patients with 437 cardiovascular deaths within 2 

years of initialisation of PD. Table-1 summarises the basic characteristics of the study population. 

3,054 patients with mean age 48.9 years initializing PD treatment were included in this study. The 

prevalence of pre-existing cardiovascular diseases and type 2 diabetes was 45.3% and 14.7%, 

respectively. Within 2 years since initialisation of PD, 14.3% deaths due to cardiovascular diseases 

were observed. 

Distribution of PP 

The distribution of PP was presented in Figure-1. Patients with cardiovascular deaths within 2 years 

of initialisation of PD were more likely to have higher levels of PP comparing with those without 

cardiovascular deaths, as the median with interquartile range was 70.8 (59.0 to 79.1) and 60.0 (50.1 

to 70.2) mmHg, respectively. 

Association between PP ad CVD mortality and potential threshold 

Dose-response relationship curves were derived from the natural cubic spline models within original 

dataset with adjustment of covariables in Figure-2, which was similar to dose-response relationship 

curves were derived from the natural cubic spline models within imputed datasets with adjustment 

of covariables in Supplemental Figure-1. There was a non-linear relationship between PP and risk of 
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cardiovascular mortality (linearity test: P < 0.0001). There was strong evidence that a threshold of PP 

estimated at 61 (95% confidence interval: 56-64) mmHg was associated with the lowest risk of 

cardiovascular mortality, as tested by linear threshold models. The increased cardiovascular mortality 

risks were observed among those with PP above the threshold (Table-2).  

DISCUSSION 

We have found that non-linear association between PP and risk of 2-year cardiovascular mortality 

among patients initialising PD. To our knowledge, this is the first study to examine such risks and we 

provide strong evidence of a threshold in the relationship between PP and risk of short-term 

cardiovascular deaths at a PP of 61 mmHg. 

PP as an independent prognostic factor of cardiovascular risk has been well established by previous 

observational and intervention studies, in which PP was associated with increased all-cause mortality 

from populations underwent dialysis. For example, in a French cohort, it was found PP, a surrogate 

measure of arterial stiffness, is a better predictor of all-cause mortality risk than either systolic or 

diastolic blood pressure, at least among hemodialysis patients aged > 50 years 17. The independent 

prognostic value of PP in predicting mortality among people having end-stage renal diseases or 

undergoing dialysis has also been shown previously 12, 13. 

The risks of elevated blood pressure have been repeatedly demonstrated by clinical observational 

studies. Many studies have described a gradual increase in the risk of mortality with increasing levels 

of PP, especially in patients treated by dialysis. In a US retrospective national cohort study, in 

patients undergoing maintenance hemodialysis, an incremental increase of 10 mmHg in post-dialysis 

PP was associated with a 12% increase in the hazard for all-cause death within 12 months 12. In another 

US cohort study, it was found that every 10 mm Hg decrease in pulse pressure during dialysis was 

associated 20% of decrease of 6-month all-cause hospitalisation or deaths among patients 

undergoing maintenance hemodialysis 18. In a French cohort, over median 6.5 years follow-up, 1.85 
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fold risk of cardiovascular death was observed by every 10 mmHg increase of PP among patients 

treated by hemodialysis 17. 

Although cardiovascular mortality/incidence has been found to have a U-shaped relationship with 

systolic/diastolic blood pressure in patients with end-stage renal diseases before in epidemiological 

studies 7, 19, its J-shaped relationship with PP has not previously been investigated, especially in terms 

of the continuous association rather than the categorization of PP. In the US hemodialysis cohort, a 

J-shape association between PP and 1-year all-cause mortality was identified and PP more than 61 

mmHg was found to be associated with significant higher risk of 1-year all-cause mortality 12. 

Consistent with previous studies, the present study showed a much higher risk of cardiovascular 

mortality in patients initializing PD whose pulse pressure was both above and below 61 mmHg. 

The lowest mortality from cardiovascular diseases (i.e. threshold ) has previously been identified at 

145/92 mmHg, based on its J-shape relationship with blood pressure in patients initialising PD 7.In 

particular, two American PD cohorts identified a PP threshold at 49-67 mmHg among patients with 

mean age at 50-60 years 19. This finding was similar to the results of the present observational study 

where the lowest risk of cardiovascular mortality was found to be a PP of 61 mmHg for end-stage 

renal disease patients starting PD treatment. 

In patients with end-stage renal diseases, increases in oxidative stress, carbonyl stress and advanced 

glycation end-products may combine to exaggerate the alterations in collagen and elastin structure 

and function, with a resultant loss of vascular elasticity that leads to vascular stiffness. PP is thought 

to act as a surrogate for this clinical situation 20, 21. PP also reflects the vascular stiffness that increases 

with advancing age and leads to coronary heart disease 22-24. As a result of the earlier vascular aging 

that occurs with renal failure, an abnormal PP in people initialising PD could explain the risks of 

cardiovascular mortality observed in the present study 22-24. 
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Although systolic blood pressure is a strong surrogate in predicting the risk of cardiovascular 

mortality 7, it might still be worth observing PP in the daily care of people initialising PD in view of its 

independence as a prognostic factor of coronary mortality. Indeed, the elevated PP observed in 

people with initialisation of PD and the associated elevation in cardiovascular mortality may imply 

that PP should be a target for therapeutic intervention in these people. In the study by 

Lertdumrongluk et al. 19, which included people treated by hemodialysis, a reduction in PP was 

associated with an improvement in outcomes. 

Clinically, it is not clear how PP can be reduced: current antihypertensive treatment often focuses on 

reduction of the extracellular volume or smooth muscle cell tone, thereby reducing systolic and 

diastolic blood pressure. When both pressures are reduced, PP might not change. Nevertheless, 

identifying a high or low PP could prompt a review of cardiovascular disease risk factors, or degree 

of heart failure, with intensification of therapy if appropriate. This could include a discussion with the 

people about lifestyle factors such as smoking, diet and physical activity. For example, intervention 

could be prompted at PPs of ≤ 50 and ≥ 70 mmHg to take account of biological variation and 

accuracy issues (and to use rounded numbers to facilitate implementation). The feasibility and 

impact of such an intervention merits further investigation. 

Our results might be influenced by confounding by unmeasured risk factors, for example, those due 

to under-recording of pre-existing comorbidities and their duration. The duration of reduced renal 

function would be a particularly important measure prone to under-estimation. Secondly, we lacked 

data on lifestyle factors, including smoking, drinking and physical activity. Thirdly, we did not adjust 

for PD patients’ socioeconomic status that would likely impact on PD patients’ 

treatment/management status and their general health status. Fourthly, some clinical prognostic 

factors that could influence for cardiovascular death outcome, like left ventricular ejection fraction, 

pulmonary arterial pressure, right ventricular systolic pressure or adequacy of dialysis, et al, were not 

https://www.ncbi.nlm.nih.gov/pubmed/?term=Lertdumrongluk%20P%5BAuthor%5D&cauthor=true&cauthor_uid=26034226
https://www.ncbi.nlm.nih.gov/pubmed/?term=Lertdumrongluk%20P%5BAuthor%5D&cauthor=true&cauthor_uid=26034226
https://www.ncbi.nlm.nih.gov/pubmed/?term=Lertdumrongluk%20P%5BAuthor%5D&cauthor=true&cauthor_uid=26034226
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available in this study, which suggesting that future external replication studies with more 

comprehensive clinical measurements are warranted. Finally, the proportion of clinical measurement 

data that was missing was relatively high requiring multiple imputation, which suggesting that 

further replication in the external dataset are warranted. 

CONCLUSION 

In summary, there was a non-linear relationship between PP and risk of cardiovascular mortality in 

patients initialising PD. The PP threshold for the lowest cardiovascular mortality was found to be 61 

(95% confidence interval: 56-64) mmHg. PP might be a useful prognostic factor to consider risk in 

clinical practice. 

DATA AVAILABILITY 

The data used to support the findings of this study are available from the corresponding author upon 

request. 

ACKNOWLEDGEMENT 

We thank the First Affiliated hospital of Zhengzhou University approved this study. We thank Henan 

Peritoneal Dialysis Registry (HPDR) to provide the data for this study. This work was supported by 

the National Natural Science Foundation of China (Grant Nos. 81570690, 81873611 and 81700633), 

Science and Technology Innovation Team of Henan (Grant No. 17IRTSTHN020); Foundation and 

Frontier Technology Research Program of Henan Province (Grant No.142300410211). Dr Dahai Yu was 

funded by Honorary Public Health Academic Contract from Public Health England. 

 

CONFLICT OF INTEREST 

The authors declare that there are no conflicts of interest to disclose/ 

 

REFERENCES 

1. Collins AJ, Kasiske B, Herzog C, et al. Excerpts from the United States Renal Data System 2004 
annual data report: atlas of end-stage renal disease in the United States. Am.J.Kidney Dis. 2005; 45: 
A5,7, S1-280. 

2. Collins AJ, Foley RN, Chavers B, et al. 'United States Renal Data System 2011 Annual Data Report: 
Atlas of chronic kidney disease & end-stage renal disease in the United States. Am.J.Kidney Dis. 2012; 
59: A7, e1-420. 

3. Sun L, Zou LX, Han YC, et al. Forecast of the incidence, prevalence and burden of end-stage renal 
disease in Nanjing, China to the Year 2025. BMC Nephrol. 2016; 17: 60,016-0269-8. 



11 

4. Go AS. Cardiovascular Disease Consequences of CKD. Semin.Nephrol. 2016; 36: 293-304. 

5. de Jager DJ, Grootendorst DC, Jager KJ, et al. Cardiovascular and noncardiovascular mortality 
among patients starting dialysis. JAMA 2009; 302: 1782-9. 

6. Johnson DW, Dent H, Hawley CM, et al. Association of dialysis modality and cardiovascular 
mortality in incident dialysis patients. Clin.J.Am.Soc.Nephrol. 2009; 4: 1620-8. 

7. Zhang X, Yu D, Cai Y, et al. Dose-Response Between Cardiovascular Risk Factors and Cardiovascular 
Mortality Among Incident Peritoneal Dialysis Patients. Kidney Blood Press.Res. 2018; 43: 628-38. 

8. Dart AM, Kingwell BA. Pulse pressure--a review of mechanisms and clinical relevance. 
J.Am.Coll.Cardiol. 2001; 37: 975-84. 

9. Cockcroft JR, Wilkinson IB, Evans M, et al. Pulse pressure predicts cardiovascular risk in patients 
with type 2 diabetes mellitus. Am.J.Hypertens. 2005; 18: 1463,7; discussion 1468-9. 

10. Panagiotakos DB, Kromhout D, Menotti A, et al. The relation between pulse pressure and 
cardiovascular mortality in 12,763 middle-aged men from various parts of the world: a 25-year follow-
up of the seven countries study. Arch.Intern.Med. 2005; 165: 2142-7. 

11. Domanski M, Mitchell G, Pfeffer M, et al. Pulse pressure and cardiovascular disease-related 
mortality: follow-up study of the Multiple Risk Factor Intervention Trial (MRFIT). JAMA 2002; 287: 
2677-83. 

12. Klassen PS, Lowrie EG, Reddan DN, et al. Association between pulse pressure and mortality in 
patients undergoing maintenance hemodialysis. JAMA 2002; 287: 1548-55. 

13. Liu JH, Chen CC, Wang SM, et al. Association between pulse pressure and 30-month all-cause 
mortality in peritoneal dialysis patients. Am.J.Hypertens. 2008; 21: 1318-23. 

14. Yu D, Simmons D. Association between blood pressure and risk of cardiovascular hospital 
admissions among people with type 2 diabetes. Heart 2014; 100: 1444-9. 

15. Yu D, Cai Y, Graffy J, Holman D, Zhao Z, Simmons D. Development and External Validation of Risk 
Scores for Cardiovascular Hospitalization and Rehospitalization in Patients With Diabetes. 
J.Clin.Endocrinol.Metab. 2018; 103: 1122-9. 

16. Yu D, Cai Y, Chen Y, et al. Development and validation of risk prediction models for cardiovascular 
mortality in Chinese people initialising peritoneal dialysis: a cohort study. Sci.Rep. 2018; 8: 1966,018-
20160-3. 

17. Amar J, Vernier I, Rossignol E, et al. Nocturnal blood pressure and 24-hour pulse pressure are 
potent indicators of mortality in hemodialysis patients. Kidney Int. 2000; 57: 2485-91. 

18. Inrig JK, Patel UD, Toto RD, et al. Decreased pulse pressure during hemodialysis is associated with 
improved 6-month outcomes. Kidney Int. 2009; 76: 1098-107. 



12 

19. Lertdumrongluk P, Streja E, Rhee CM, et al. Changes in pulse pressure during hemodialysis 
treatment and survival in maintenance dialysis patients. Clin.J.Am.Soc.Nephrol. 2015; 10: 1179-91. 

20. Malone AF, Reddan DN. Pulse pressure. Why is it important? Perit.Dial.Int. 2010; 30: 265-8. 

21. Raitakari OT, Juonala M, Taittonen L, et al. Pulse pressure in youth and carotid intima-media 
thickness in adulthood: the cardiovascular risk in young Finns study. Stroke 2009; 40: 1519-21. 

22. Franklin SS, Lopez VA, Wong ND, et al. Single versus combined blood pressure components and 
risk for cardiovascular disease: the Framingham Heart Study. Circulation 2009; 119: 243-50. 

23. Staessen JA, Gasowski J, Wang JG, et al. Risks of untreated and treated isolated systolic 
hypertension in the elderly: meta-analysis of outcome trials. Lancet 2000; 355: 865-72. 

24. McEniery CM, Spratt M, Munnery M, et al. An analysis of prospective risk factors for aortic 
stiffness in men: 20-year follow-up from the Caerphilly prospective study. Hypertension 2010; 56: 36-
43. 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



13 

FIGURE LEGENDS 

Figure-1. Distribution of pulse pressure among patients with and without cardiovascular mortality 

 

1, indicates having cardiovascular mortality; 0, indicates having no cardiovascular mortality 
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Figure-2. Dose-response association between pulse pressure and risk of cardiovascular mortality 

among patients initializing peritoneal dialysis: estimated from original dataset 

 

Characteristics included in Table-1 were adjusted. 
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Table-1. Baseline Characteristics of study populations. 

Binary variable are displayed as numbers (percentage) and continuous variables are displayed as median 

(interquartile). 

  Characteristics 

N 3054 

Cardiovascular Deaths, n (%) 437 (14.3) 

Male Gender, n (%) 1790 (58.6) 

Primary Glomerular Disease, n (%) 1446 (47.3) 

Age, years 48.9 (38.2 to 59.0) 

Haemoglobin, g/L 88.0 (74.5 to 102.0) 

Packed cell volume  19.0 (2.5 to 27.5) 

Reticulocyte, %  4.8 (13.1 to 60.5) 

Phosphorus, mg/dl 1.8 (1.4 to 2.2) 

Albumin, g/L 33.5 (29.7 to 37.9) 

Total iron binding capacity , μmol/L 44.9 (35.0 to 53.0) 

FeTIBC, mmol/L 24.9 (20.9 to 41.0) 

Creatinine, µmol/L 840.8 (633.0 to 1066.0) 

estimated Glomerular Filtration rate, mL/min/1.73 m2 4.8 (3.6 to 6.8) 

Total protein, g/L 57.6 (52.2 to 63.1) 

Prealbumin, mg/L 29.3 (196.0 to 363.0) 

Total Cholesterol, mmol/L 4.4 (3.6 to 5.2) 

Low density lipoprotein, mmol/L 2.6 (1.9 to 3.4) 

Fasting glucose, mmol/L 5.0 (4.3 to 6.0) 

Sodium, mEq/L 140.0 (136.8 to 142.4) 

C-reaction protein, mg/dl 2.5 (1.0 to 5.5) 

Body mass index, kg/m2 22.7 (20.6 to 24.9) 

Systolic blood pressure, mmHg 144.0 (135.0 to 158.8) 

Diastolic blood pressure, mmHg 86.5 (80.0 to 95.0) 

Cardiovascular diseases, n (%) 1384 (45.3) 
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Type 2 Diabetes, n (%) 449 (14.7) 

Taking antihypertensive treatment, n (%) 1257 (41.2) 

 

 

 

 

 

Table-2. Adjusted incidence rates ratios for cardiovascular mortality by 1 unit increase in pulse 

pressure in groups classified by pulse pressure (61 mmHg) among patients initializing peritoneal 

dialysis 

 

 ‡ Indicates age and gender were adjusted; * indicates characteristics included in Table-1 were adjusted. 

 

 Pulse pressure ≤ 61 mmHg P-value Pulse pressure > 61 mmHg P-value 

Adjusted incident rates ratio‡ 0.93 (0.91 to 0.95) 0.047 1.17 (1.12 to 1.19) <0.0001  

Adjusted incident rates ratio* 0.96 (0.92 to 1.00) 0.063  1.26 (1.24 to 1.33) <0.0001   
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Supplemental Figure-1. Dose-response association between pulse pressure and risk of cardiovascular 

mortality among patients initializing peritoneal dialysis: estimated from imputed datasets 

 

Characteristics included in Table-1 were adjusted. 

 
 

 


