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independently related to E/T (p  !  0.01), PP (p  !  0.01), age 
(p  !  0.05), and Ke (p  !  0.05).  Conclusion:  Peritoneal fluid 
transport (Ke), as well as E/T, age and PP were found to be 
independent predictors of elevated C-F PWV in CAPD pa-
tients, suggesting that there might be a link between high 
aortic stiffness and increased Ke rate, hypothetically through 
generalized vasculopathy.  Copyright © 2007 S. Karger AG, Basel 

 Introduction 

 An increased peritoneal transport rate is associated 
with increased cardiac morbidity and mortality  [1] . Al-
though some of the increased mortality may be due to 
volume overload more commonly seen in high peritone-
al transport rate patients  [2] , one cannot exclude a pos-
sible intrinsic link between an increased peritoneal trans-
port rate and cardiovascular diseases hypothetically me-
diated through generalized vasculopathy.

  Increased arterial stiffness is associated with increased 
cardiac mortality in end-stage renal disease patients  [3–
6] . Many studies have shown that increased endothelial 
cell layer permeability is accompanied by the accumula-
tion of low-density lipoprotein in the artery wall, and 
thus may contribute to the development and/or progres-
sion of cardiovascular disease  [7, 8] . Endothelial perme-
ability is also thought to be a major cause of increased 
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 Abstract 

  Background:  A high peritoneal transport status in continu-
ous ambulatory peritoneal dialysis (CAPD) patients is associ-
ated with a markedly increased morbidity and mortality. 
While the causes are as yet unknown, overall the proportion 
of deaths due to cardiovascular disease is estimated at 40–
50% among dialysis patients. Arterial stiffness has been es-
tablished as a cardiovascular risk factor, while the links be-
tween peritoneal transport status and aortic stiffness have 
not yet been investigated.  Methods:  We included 65 preva-
lent CAPD patients (24 males/41 females) from our center in 
a cross-sectional study. Arterial stiffness was assessed by 
brachial pulse pressure (PP) and carotid-femoral pulse wave 
velocity (C-F PWV). The patients’ peritoneal fluid transport 
was assessed by kinetic modeling. The patients’ peritoneal 
small solute transport rate was assessed by D/P cr  at 4 h. Ex-
tracellular water to total body water (E/T) ratio was assessed 
by means of bioimpedance analysis. C-reactive protein was 
also measured.  Results:  C-F PWV was positively correlated 
with patients’ age (r = 0.489, p  !  0.01), diabetic status (r = 
0.327, p  !  0.01), peritoneal fluid absorption rate (Ke; r = 0.251, 
p  !  0.05), PP (r = 0.483, p  !  0.01), and E/T (r = 0.517, p  !  0.01). 
Multivariate regression analysis showed that C-F PWV was 
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peritoneal fluid transport status  [9] . Vascular stiffening 
is associated with increased arterial permeability  [10] , 
and we therefore hypothesized that vascular dysfunction 
could be one of the links between increased peritoneal 
membrane transport and cardiovascular disease. Indeed, 
we have previously reported a link between high aortic 
stiffness and increased peritoneal small solute transport 
rate  [11] . In the present study, we investigated the rela-
tionship between arterial stiffness and peritoneal fluid 
kinetics, one of the most important determinants of di-
alysis outcome.

  Methods 

 Study Population 
 Continuous ambulatory peritoneal dialysis (CAPD) patients 

from our Peritoneal Dialysis Center were enrolled. All patients 
undergoing continuous therapy were considered for inclusion. 
The exclusion criteria were: (1) patients on peritoneal dialysis 
(PD) for less than 1 month; (2) peritonitis less than 1 month before 
the study, and (3) unwillingness to participate in the study. Writ-
ten informed consent was obtained from every patient. The ethi-
cal committee of Peking University approved the study protocol.

  Peritoneal Fluid Transport Modeling 
 Patients were asked to complete a written 10-day ultrafiltra-

tion (UF) record before undergoing a peritoneal equilibration 
test. All the patients were taught to appropriately record their di-
alysis exchanges, including exchange time, dwell time, dialysate 
glucose concentration, dwell volume, and drainage volume. The 
drainage volumes were double checked by weight measurement. 
The pooled UF records of the special protocol were used for com-
puter simulation to estimate the peritoneal fluid kinetics, and 
three arbitrary coefficients, which reflect the patients’ peritoneal 
fluid kinetics,   were calculated  [12] . Briefly, during a PD dwell, the 
rate of change in intraperitoneal volume at a given moment (dV/
dt) equals the instantaneous net volume flow (J V ) occurring 
through the peritoneal membrane, which can be described ac-
cording to the following phenomenological equation  [13] :

1

n

v

pro pro g g i i
i

dV J

LpS P L

dt

=

= =

+ +� � � �

          

(1)

  Here LpS stands for the peritoneal UF coefficient.  � P represents 
the mean hydrostatic pressure difference between the blood cap-
illaries and peritoneal cavity,  �  �  pro  and  �  �  g  are the colloid and 
crystalloid osmotic pressure difference caused by the plasma pro-
teins and glucose, respectively.  �  �  i  represents the crystalloid os-
motic pressure difference caused by other solutes across the peri-
toneum including NaCl. Osmotic pressure is particularly induced 
by a glucose-changed exponential during a dwell.  �  prot ,  �  g  and  �  i  
represent the average osmotic reflection coefficients for total pro-
tein glucose and other solutes across the peritoneum, respectively. 

L stands for the lymph flow from the peritoneal cavity to the 
blood, whereas V represents volume and t is time. 

 Equation 1 contains several exponential crystalloid osmotic 
pressure terms. Having the ‘lumped’ rate constant ‘k’ (min –1 ) and 
other constant terms,  � P,  �  pro   �   �  �  pro , and L, equation 1 can be 
integrated over time (t) and yields the following  [13] :

  V D (t) = V 0  + Q T   �  (1 – exp(–k  �  t)) – K e   �  t                                (2)

  Here V D (t) represents the drained dialysate volume as a function 
of time. V 0  is the volume instilled at time zero, whereas Q T , K e , 
and k are parameters that determine the change occurring in 
V D (t) as a function of time. The coefficient Q T  represents the 
maximal fluid volume that can be transported into the perito-
neal cavity by glucose-induced osmosis during a dwell (the theo-
retical maximum drainable volume), when both lymphatic and 
capillary fluid absorptions to the blood are set to zero. Thus Q T  
describes the ‘height’ of the V D (t) (or intraperitoneal volume) ver-
sus time curve  [14] . The coefficient k can be approximated by the 
ratio of the glucose permeability-surface area product (glucose 
mass transfer area coefficient) to the mean intraperitoneal fluid 
volume during the measurement period. K e  represents the sum of 
capillary and lymphatic fluid absorption rate from the peritoneal 
cavity. 

 In the present study, we applied a nonlinear least squares re-
gression analysis to determine Q T , K e , and k from the recorded UF 
volume versus time data. All computer simulations were per-
formed with Matlab 6.5 (The Math Work, Inc., Natick, Mass., 
USA).

  Fast Peritoneal Equilibration Test 
 The fast peritoneal equilibration test was performed as de-

scribed by Twardowski et al.  [15] . The dialysate to plasma creati-
nine (D/P cr ) and glucose (D/P glucose ) concentration ratio at 4 h of 
dwell was used to describe the peritoneal small solute transport 
rate.

  Measurement of Pulse Wave Velocity 
 The aortic pulse wave velocity (PWV) was determined using 

an automatic device, the Complior (Colson, Garges les Gonesses, 
France)  [16] , which allowed on-line pulse wave recording and au-
tomatic calculation of PWV. Common carotid artery and femoral 
artery pressure wave forms were recorded noninvasively using a 
TY-306 Fukuda pressure sensitive transducer (Fukuda, Tokyo, Ja-
pan). Measurement was repeated over 10 different cardiac cycles, 
and the mean value was used for the final analysis. The distance 
traveled by the pulse wave was measured over the body surface as 
the distance between the two recording sites (D), while pulse tran-
sit time (t) was automatically determined by the Complior. PWV 
was automatically calculated as PWV = D/t. Details, as well as 
validation of this automatic method and its reproducibility, have 
been reported previously  [16] . All the PWV measurements were 
performed by one doctor and the intra-observer coefficient of 
variation was about 1.74–7.95%. All our patients were asked to 
stop their antihypertensive medications for at least 24 h prior to 
evaluation. Patients were divided into high or low carotid-femoral 
(C-F) PWV groups according to mean C-F PWV value: those 
above the mean C-F PWV value were in the high C-F PWV group, 
while those below the mean C-F PWV value were in the low C-F 
PWV group.
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  Bioimpedance Analysis 
 Multiple-frequency bioelectrical impedance analysis was per-

formed using the Hydra analyzer (Xitron Technologies, San Di-
ego, Calif., USA). The procedure is described in detail elsewhere 
 [17] . Briefly, after a patient drained the dialysate and was in a su-
pine position for at least 10 min, the standard tetrapolar elec-
trodes were placed on the left side of the body. Three consecutive 
measurements were performed during a 2-min period while re-
cording extracellular water, intracellular water, and total body 
water. Based on these data, the ratio of extracellular water to total 
body water (E/T) ratio was calculated  [18] .

  Inflammation 
 Serum C-reactive protein (CRP) was measured using a com-

mercial high-sensitivity assay.

  Statistic Analysis 
 Continuous variables are expressed as the mean  8  SD or me-

dian (range) for non-normally distributed variables. Pearson’s 
correlation was performed when the relationship between C-F 
PWV and other clinic parameters was explored. Multiple regres-
sion analysis was performed to identify the determinants of in-
creased C-F PWV. Briefly, we performed a linear regression in-
corporating all factors significantly associated with PWV in uni-
variate analysis. All tests were two-sided. A p value of  !  0.05 was 
taken as statistically significant. All analyses were completed with 
SPSS software, version 12.0 (SPSS, Chicago, Ill., USA).

  Results 

 Sixty-five CAPD patients were included in the present 
study, 24 male and 41 female patients with an average age 
of 61  8  12 years. The mean time on PD in these patients 
was 22  8  22 months. Their average height was 158  8  8 
cm, while their average weight was 61  8  11 kg. Seventeen 
of the patients had diagnosed diabetes mellitus. The pa-
tients’ clinical and biochemical data are shown in  table 1 . 
Comparison of the patients’ clinical and biochemical pa-
rameters according to their C-F PWV is shown in  table 2 . 
Briefly, patients’ age, diabetic status, systolic blood pres-
sure, pulse pressure (PP), and C-F PWV were significant-
ly higher in the high PWV group, compared to the low 
PWV group. In the high PWV group K e  was higher than 
in the low PWV group (p = 0.077).

  In univariate analysis, C-F PWV was positively associ-
ated with patients’ age (r = 0.489, p  !  0.01), diabetic status 
(r = 0.327, p  !  0.01), K e  (r = 0.251, p  !  0.05), PP (r = 0.483, 
p  !  0.01), systolic blood pressure (r = 0.329, p  !  0.01), and 
E/T (r = 0.517, p  !  0.01). There was also a positive correla-
tion between K e  and D/Pcr (r = 0.377, p  !  0.01). However, 
no significant correlation was observed between C-F 
PWV and CRP (r = 0.219, p = 0.09). C-F PWV was not 
significantly correlated with Q T  (r = 0.262, p = 0.09) and 

the coefficient k   (r = 0.091, p  1  0.05). Nor was C-F PWV 
associated with the patients’ time on PD, diastolic blood 
pressure, serum hemoglobin, albumin, calcium, phos-
phate, and iPTH.

  Multivariate regression analysis results are shown in 
 table 3 . Briefly, both E/T, PP, age, and K e  were found to be 
independently associated with PWV and together ex-
plained 50.6% of the total variance.

  Discussion 

 In the present study, we evaluated correlations be-
tween PD transport markers and arterial stiffness in 65 
stable CAPD patients. We show that C-F PWV is associ-
ated with an increased peritoneal fluid absorption rate 
(K e ) independent of previously reported associations to 
fluid status, age and pulse pressure.

  High peritoneal transport patients have been shown to 
have a worse clinical outcome, including more hypoalbu-
minemia, reduced lean body mass, and more uremic 
symptoms, hypertension, and hospitalizations  [19–21] . 
Survival studies have shown significantly increased mor-
tality in patients with an increased peritoneal transport 
rate  [1, 2, 22] . We have also previously found an associa-
tion between arterial stiffness and increased peritoneal 
small solutes transport rate  [11] . In the present study, we 
extend this finding by showing a significant association 
between peritoneal fluid absorption rate (K e ) and PWV. 

Table 1. Clinical and biochemical data of the study population

Variables 

SBP, mm Hg 146825
DBP, mm Hg 83813
PP, mm Hg 63822
C-F PWV, m/s 11.182.3
Hemoglobin, g/l 115818
Albumin, g/l 3589
CRP, mg/l 10.00 (0.35–262.04)
Calcium, mmol/l 2.280.4
Phosphate, mmol/l 1.680.5
iPTH, pg/ml 1848182
Ke, ml/min 0.5880.33
E/T 0.5180.04

SBP = Systolic blood pressure; DBP = diastolic blood pressure; 
PP = pulse pressure; C-F PWV = carotid-femoral pulse wave ve-
locity; CRP = C-reactive protein; iPTH = intact parathyroid hor-
mone; Ke = peritoneal fluid absorption rate; E/T = extracellular 
water to total body water ratio.
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While we cannot say if the observed vascular stiffening 
is a cause or consequence of disturbed vascular perme-
ability  [10] , it is well known that vascular permeability is 
one of the major determinants of peritoneal small solute 
transport rate  [23] . Our results support a previous hy-
pothesis that high peritoneal transport may be just one 
symptom of a generalized vascular disorder related to ac-
celerated atherosclerosis in CAPD patients  [24] .

  Consistent with previous reports  [25–27] , we also 
found significant associations between PWV and CRP, 
PP, and age. Additionally, we found that E/T, a marker of 
fluid status  [28] , was also a strong and independent risk 
factor, further underscoring the putative link between 
volume status and arterial stiffness. We also found that 
patients’ peritoneal small solute transport rate is positive-
ly correlated with the peritoneal fluid absorption rate, 
which is consistent with our previous study  [29] . Ma-
teijsen et al.  [30]  have previously suggested that there are 
two types of high peritoneal transport. However, there 
was no difference in time on PD between patients with 
low and high PWV, suggesting that other causes may be 
more important than the type of high transport. The re-
lationship between peritoneal transport rate, fluid ab-
sorption, volume status and arterial stiffness in the pres-
ent study warrants further studies.

  In conclusion, the present study shows that C-F PWV 
is associated with increased K e  in CAPD patients. K e , in 
addition to E/T, age and PP, is an independent risk factor 
for elevated C-F PWV in CAPD patients, suggesting that 
there might be a link between high aortic stiffness and an 
increased peritoneal fluid transport rate.

Table 2. Comparison of patients’ clinical and biochemical parameters according to their C-F PWV

Low C-F PWV group High C-F PWV group

Patients, n 33 32
Age, years 57813 6588*
Time on PD, months 20822 25822
Diabetes 4 13*
Weight, kg 61812 61810
Height, cm 15988 15787
SBP, mm Hg 138820 156827*
DBP, mm Hg 84813 82813
PP, mm Hg 54815 74824*
C-F PWV, m/s 9.481.1 12.981.7*
Hemoglobin, g/l 113818 118819
Albumin, g/l 35.789.4 34.887.9
CRP, mg/l 5.29 (0.52–34.28) 14.86 (0.35–262.04)
Calcium, mmol/l 2.180.4 2.280.3
Phosphate, mmol/l 1.580.5 1.680.5
iPTH, pg/ml 1878207 1808153
Ke, ml/min 0.5180.23 0.6680.40**
E/T 0.5080.04 0.5380.04

See table 1 for definitions of abbreviations.
* p < 0.01 between low and high C-F PWV group; ** p = 0.077 between low and high C-F PWV group.

Table 3. Result of a multivariate regression analysis of predictors 
of PWV in 65 CAPD patients

B SE Standardized
coefficient

t value p value

Intercept –3.571 2.613                         – 1.367 0.177
E/T 16.685 5.810 0.310 2.872 0.006
PP 0.035 0.010 0.345 3.569 0.001
Age 0.048 0.020 0.260 2.379 0.021
Ke 1.544 0.731 0.197 2.113 0.039

The initial model included all parameters associated with 
PWV in univariate analysis, i.e. age, diabetic status, pulse pres-
sure (PP), extracellular water to total body water ratio (E/T) by 
bioimpedance analysis, peritoneal fluid absorption rate (Ke) and 
small solute transport assessed by D/P glucose.
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