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♦ Background: The ability of urinary biomarkers to predict 
residual renal function (RRF) decline in peritoneal dialysis 
(PD) patients has not been defined. The present study aimed 
to explore the utility of established biomarkers from kid-
ney injury models for predicting loss of RRF in incident PD 
patients, and to evaluate the impact on RRF of using neutral-
pH PD solution low in glucose degradation products.
♦ Methods: The study included 50 randomly selected 
participants from the balANZ trial who had completed 24 
months of follow-up. A change in glomerular filtration rate 
(GFR) was used as the primary clinical outcome measure. 
In a mixed-effects general linear model, baseline measure-
ments of 18 novel urinary biomarkers and albumin were 
used to predict GFR change. The model was further used to 
evaluate the impact of biocompatible PD solution on RRF, 
adjusted for each biomarker.
♦ Results: Baseline albuminuria was not a useful predictor 
of change in RRF in PD patients (p = 0.84). Only clusterin was 
a significant predictor of GFR decline in the whole popula-
tion (p = 0.04, adjusted for baseline GFR and albuminuria). 
However, the relationship was no longer apparent when 
albuminuria was removed from the model (p = 0.31). When 
the effect of the administered PD solutions was examined 
using a model adjusted for PD solution type, baseline albu-
minuria, and GFR, higher baseline urinary concentrations 
of trefoil factor 3 (TFF3, p = 0.02), kidney injury molecule 1 
(KIM-1, p = 0.04), and interferon γ–induced protein 10 
(IP-10, p = 0.03) were associated with more rapid decline of 
RRF in patients receiving conventional PD solution compared 
with biocompatible PD solution.
♦ Conclusions: Higher urinary levels of kidney injury 
biomarkers (TFF3, KIM-1, IP-10) at baseline predicted 

significantly slower RRF decline in patients receiving bio-
compatible PD solutions. Findings from the present inves-
tigation should help to guide future studies to validate the 
utility of urinary biomarkers as tools to predict RRF decline 
in PD patients.
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Residual renal function (RRF) is a powerful prognostic 
indicator in patients with end-stage kidney disease 

(1). Preservation of RRF, especially in the setting of peri-
toneal injury, is vital in peritoneal dialysis (PD) patients 
with higher peritoneal membrane transport character-
istics, in whom reductions in ultrafiltration capacity 
and small-solute clearance can lead to volume overload 
and inadequate clearance. In spite of the paramount 
significance of RRF, reliable tools to predict RRF loss or 
preservation in PD patients are lacking.

Of numerous causes that can potentially lead to a 
loss of RRF, glucose degradation products (GDPs) in PD 
solutions have been shown to promote nephrotoxicity 
through enhanced renal tubular epithelial cell apoptosis 
(2). It is therefore biologically plausible that the use of 
“biocompatible” PD solutions low in GDP content might 
improve preservation of RRF, as suggested in a recent 
systematic review (3,4). However, a number of the studies 
analyzed were limited by a single-center setting (5–8), 
cross-over design (7,9–12), or large (>20%) drop-out rate 
(5,6,10,13–18) and by inclusion of prevalent patients, 
thus introducing Neyman bias (5,7,9–11,16,19–21). 
Using biomarkers of kidney injury to better understand 
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the underlying mechanistic pathways might help to 
identify predictors of a direct benefit of biocompatible 
solutions in the preservation of RRF. Further, biomark-
ers might serve as a tool to identify patients at higher 
risk of RRF loss and thereby assist in stratifying patients 
according to risk.

The aims of the present study were to explore the 
utility of using defined biomarkers from kidney injury 
models to predict loss of RRF in incident PD patients, and 
to evaluate the effect of using neutral-pH PD solutions 
low in GDPs by measuring baseline biomarker concentra-
tions for participants in the balANZ trial (22).

METHODS

STUDY DESIGN

A detailed description of the study design and meth-
odology has previously been published (23), as have 
the results of the main primary and secondary analyses 
(22,24,25). The trial was registered with the Australian New 
Zealand Clinical Trials Registry (ACTRN12606000044527). 
The study protocol was approved by the ethics committees 
at all participating centers. All patients provided written 
informed consent before trial participation, including 
consent to biomarker studies using stored samples. Adult 
incident PD patients who had both a measured residual 
glomerular filtration rate (GFR) of 5 mL/min/1.73 m2 or 
more and a measured daily urine volume of 400 mL or 
more at enrolment were included in the study. Pregnant 
or breastfeeding patients, individuals expected to die 
within 12 months, patients participating in trials target-
ing RRF in PD, or those with a significant cancer history 
in the preceding 5 years, acute infection at enrolment, 
contraindications to PD, any physical or mental disorder 
that appreciably hampered study protocol compliance, 
or known or suspected allergy to the trial products or 
related products were excluded. Of the 79 participants of 
the balANZ trial who had completed 24 months of follow-
up, 50 participants [25 using Balance (Fresenius Medical 
Care Australia, Milsons Point, NSW, Australia) and 25 
using Stay•Safe (Fresenius Medical Care Australia)] were 
randomly selected using a computer-generated random-
ization technique prepared by Statistical Revelations Pty 
Ltd. (http://www.statisticalrevelations.com.au/).

STUDY OUTCOMES

Clinical Outcomes: The primary outcome measure 
was change in GFR from baseline to month 12 and to 
month 24, calculated as a 12-month value-baseline 
GFR or a 24-month value-baseline GFR respectively. The 

GFR measurement used the arithmetic mean of 24-hour 
urinary urea and creatinine clearances at 0, 12, and 
24 months.

Biomarker Assays: Urine samples were collected at the 
baseline visit. Urine was immediately stored at –80°C 
and thawed once only during the aliquoting process 
before analysis. Urinary markers of kidney injury were 
measured using an electrochemiluminescence immu-
noassay technique according to the manufacturer’s 
protocols after samples had been centrifuged at 500g 
for 5 minutes. The 96-well plates measuring alpha-
glutathione S-transferase, calbindin, clusterin, cystatin, 
epidermal growth factor, interferon γ–induced protein 10 
(IP-10), kidney injury molecule 1 (KIM-1), macrophage 
migration inhibitory factor, monokine-induced gamma 
interferon, neutrophil gelatinase lipocalin, osteoactivin, 
osteopontin, π-glutathione S-transferase, retinol bind-
ing protein 4, tissue inhibitor of metalloproteinase 1, 
trefoil factor 3 (TFF3), vascular endothelial growth factor, 
and uromodulin (Meso Scale Discovery, Gaithersburg, 
MD, USA) were analyzed on a Sector Imager 6000 (Meso 
Scale Discovery). Samples and standards were analyzed 
in duplicate with a maximum tolerated coefficient of 
variation of 20%. No inter-assay coefficient of variation 
was determined, because all samples from an individual 
were run at the same time to minimize inter-assay vari-
ability. Urinary albumin and isotope dilution mass spec-
trometry–traceable creatinine were measured using the 
turbidimetric and Jaffe methods respectively (Beckman 
Coulter, Brea, CA, USA).

STATISTICAL ANALYSES

Results are expressed as frequencies and percentages 
for categorical variables, mean ± standard deviation for 
continuous normally distributed variables, and median 
with interquartile range for continuous non-normally 
distributed variables. Differences between groups were 
analyzed using the chi-square test for categorical data, 
the t-test for continuous normally distributed data, and 
the Mann–Whitney U-test for continuous non-normally 
distributed data. To compare this selected cohort with 
the main balANZ trial participants (22), the slope of 
RRF decline over time was initially fitted using identical 
mixed-effects general linear models including treatment 
group, time, center, presence or absence of diabetic 
nephropathy, and PD modality (automated vs continuous 
ambulatory) as fixed-effects terms (model 1).

The kidney injury biomarkers were normalized to 
urinary creatinine concentration (in millimoles per 
liter) for all analyses other than the baseline descriptive 
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analysis. The data were log-transformed because of non-
normal distribution. As a consequence of transforma-
tion, relative differences and changes were considered 
in the present investigation. The relationships of each 
biomarker with age, sex, and diabetic nephropathy 
status were explored using a linear regression model. If 
a p value was less than 0.2 during univariate analysis, 
the relevant covariate was included in the multivari-
able model. To evaluate the relationship between each 
biomarker and change in RRF, a mixed-effects general 
linear model was fitted, including baseline biomarker, 
baseline GFR, time (that is, 12 or 24 months) as fixed-
effects terms and then all the two-way interactions  
(model 2).

To examine the effect of treatment, PD solution 
(biocompatible or standard) was added in the model 
as a fixed-effect term and as three-way interactions 
(model 3). The three-way interaction was used to capture 
any differences in outcome between the PD solution types 
with respect to the relationship between the baseline 
biomarker and the change from baseline GFR for each 
time point. The repeated measures nature of the data was 
taken into account by fitting the patient identification 
number as a “random” term and allowing the intercept 
and time coefficient to vary by subject.

All analyses were performed with adjustment for 
albuminuria, defined as albumin:creatinine. Because of 
a small number of observations, the number of covariates 
in models 2 and 3 had to be restricted to avoid imbalance 
and could not incorporate center, diabetic nephropathy 
status, or PD modality.

To explore the relationship between peritonitis and 
change in GFR, model 2 was applied, and peritonitis 
events were included as a time-varying covariate with 
the fixed effects instead of as a baseline biomarker. Data 
were analyzed by Statistical Revelations and using Stata/
SE 12.1 (StataCorp LP, College Station, TX, USA). A value 
of p < 0.05 was considered significant.

RESULTS

PATIENT CHARACTERISTICS

The patients were well matched for all baseline char-
acteristics except peritoneal creatinine clearance at 3 
months, which was significantly higher in the control 
patients (Table 1). No consistent relationships were 
observed for each biomarker with patient-level clinical 
data (age, sex, diabetic nephropathy; supplementary 
Table 1). However, the number of peritonitis episodes 

TABLE 1 
Baseline Characteristics of Participants

 Peritoneal dialysis (PD) solution group p
Characteristic Overall Biocompatible Control Value

Patients (n) 50 25 25 
Age (years)    
 Median 61.5 64 60 0.65
 IQR 51–68 51–69 56–65 
Sex [n (%) women] 21 (42) 12 (48) 9 (36) 0.39
Ethnicity    
 Caucasian 35 (70) 19 (76) 16 (64) 0.65
 ATSI 2 (4) 1 (4) 1 (4) 
 Asian 11 (22) 5 (20) 6 (24) 
 Maori and Pacific Islander 2 (4) 0 (0) 2 (8) 
CV disease [n (%)] 40 (80) 20 (80) 20 (80) 1.0
Diabetic nephropathy 14 (28) 4 (16) 10 (40) 0.06
Medications    
 Antiplatelet 19 (38) 7 (28) 12 (48) 0.15
 Renin–angiotensin blockade 35 (70) 17 (68) 18 (72) 0.76
 Beta-blocker 21 (42) 10 (40) 11 (44) 0.77
 Statin 35 (70) 18 (72) 17 (68) 0.76
Body mass index (kg/m2)    
 Median 28.71 26.48 29.04 0.34
 IQR 23.98–33.52 23.31–31.6 25.21–33.9 
Hemodialysis before PD [n (%)] 2 (4) 1 (4) 1 (4) 1.0
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TABLE 1 (cont’d)

 Peritoneal dialysis (PD) solution group p
Characteristic Overall Biocompatible Control Value

Initial PD modality [n (%)]    
 Continuous ambulatory 46 (92) 23 (92) 23 (92) 
 Automated 4 (8) 2 (8) 2 (8) 1.0
Prescribed volume (mL/day)    
 Median 8000 8000 8000 
 IQR 6000–8000 6000–8000 8000–8000 0.15
GFR (mL/min/1.73 m2)    
 Median 6.7 6.7 6.9 
 IQR 2.8–14.9 2.8–14.9 4.3–14.7 0.64
Urine volume (mL/day)    
 Median 1380 1566 1365 0.79
 IQR 1090–1900 1019–2100 1140–1700 
4-Hour D/P creatininea 0.63±0.11 0.66±0.12 0.60±0.10 0.07
Weekly peritoneal clearancesb    
 Urea (L) 52.68±10.06 50.61±9.02 54.75±10.79 0.15
 Creatinine (L/1.73 m2) 36.63±9.75 33.63±9.11 39.76±9.57 0.03
Peritoneal ultrafiltration (mL/d)b    
 Median 950 700 1100 0.06
 IQR 500–1352 430–1183 668–1500 
Serum albumin (g/L) 37.54±4.99 37.96±3.95 37.12±5.91 0.56
Hemoglobin (g/L)  118.28±14.60 118.6±14.96 117.96±14.54 0.88
Urinary Alb:Cr (g/mol)    
 Median 113.74 72.64 130.53 0.13
 IQR 37.13–234.28 33.17–230.65 77.16–248.45 
Creatinine-standardized 
 biomarkers (ng/mmol)    
 α-GST    
  Median 43.73 88.90 34.17 0.50
  IQR 9.21–191.81 10.55–191.83 9.21–91.68 
 Calbindin    
  Median 344.16 351.54 336.24 0.85
  IQR 195.67–612.61 144.01–612.61 237.06–571.45 
 Clusterin    
  Median 142 197.3 89 672.8 158 245 0.49
  IQR 50 460.19–245 324.8 46 827.73–258 656.7 51 552.16–238 796.5 
 Cystatin    
  Median 2 360 215 2 628 071 2 220 581 0.85
  IQR 610 555.4–5 931 519 784 778.9–4 144 707 592 395.6–7 980 353 
 EGF    
  Median 44.51 44.88 44.15 0.95
  IQR 33.22–71.09 32.21–70.26 34.01–71.09 
 IP-10    
  Median 2.12 2.36 1.88 0.92
  IQR 1.04–4.21 1.04–3.63 1.11–4.52 
 KIM-1    
  Median 162.35 166.51 140.32 0.54
  IQR 84.45–237.70 101.88–225.94 73.12–252.05 
 MIF    
  Median 3095.80 3228.61 2749.66 0.26
  IQR 1824.80–8383.25 2378.73–9426.25 1564.98–5966.11 
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were discrepant between the biocompatible group 
patients (5 episodes in 3 patients) and the control group 
patients (20 episodes in 12 patients, p = 0.005).

RRF DECLINE

The monthly rates of GFR change (model 1) in 
the treatment and control groups were –0.18 mL/
min/1.73 m2 and –0.30 mL/min/1.73 m2 respectively 
in the first year (0.12 mL/min/1.73 m2 difference; 95% 

confidence interval: –0.02 to 0.26 mL/min/1.73 m2; 
p = 0.08) and –0.12 mL/min/1.73 m2 and –0.07 mL/
min/1.73 m2 respectively in the second year (–0.05 mL/
min/1.73 m2 difference; 95% confidence interval: –0.13 
to 0.03 mL/min/1.73 m2; p = 0.19). The differences in 
RRF decline between the solution groups during the 
24-month period were not statistically signif icant  
(p = 0.37), and rates of change within each year were 
similar for both treatments. Patients with a higher base-
line GFR were more likely to experience larger changes in  

TABLE 1 (cont’d)

 Peritoneal dialysis (PD) solution group p
Characteristic Overall Biocompatible Control Value

 MIG    
  Median 12.59 16.25 9.65 0.25
  IQR 3.69–38.81 7.14–45.84 3.19–22.20 
 NGAL    
  Median 109 714.6 211 149.2 100 072.8 0.21
  IQR 60 601.58–278 891.7 92 484.16–278 891.1 37 749.7–238 026 
 Osteopontin    
  Median 48 426.07 50 862.28 45 211.11 0.48
  IQR 29 695.63–69 294.92 30 658.59–69 965.77 29 509.42–55 839.76 
 Osteoactivin    
  Median 241.29 241.09 241.49 0.47
  IQR 161.28–501.54 157.76–483.98 175.09–501.85 
 π-GST    
  Median 2173.37 3554.39 1532.54 0.65
  IQR 851.15–6387.15 1232.16–6823.60 851.15–5051.49 
 RBP4    
  Median 71 451.93 68 358.08 79 317.73 0.98
  IQR 25 547.82–160 881.6 25 547.82–171 725.5 30 842.87–138 027.4 
 TIMP-1    
  Median 1974.06 2377.64 1830.26 0.62
  IQR 972.87–6387.95 972.87–6112.88 1004.73–6387.95 
 TFF3    
  Median 490.14 492.11 450.64 0.93
  IQR 148.69–804.80 148.69–804.80 165.45–777.03 
 Uromodulin    
  Median 201.66 202.10 200.71 0.81
  IQR 140.38–458.83 160.64–365.70 140.38–772.59 
 VEGF    
  Median 11.49 12.02 11.04 0.53
  IQR 6.88–16.81 6.88–23.85 8.82–14.72 

IQR = interquartile range; ATSI = Aboriginal and Torres Strait Islander; CV = cardiovascular; GFR = glomerular filtration rate; D/P = 
dialysate-to-plasma ratio; Alb:Cr = albumin-to-creatinine ratio; α-GST = alpha-glutathione S-transferase; EGF = epidermal growth 
factor; IP-10 = interferon γ–induced protein 10; KIM-1 = kidney injury molecule 1; MIF = macrophage migration inhibitory factor; 
MIG = monokine-induced gamma interferon; NGAL = neutrophil gelatinase lipocalin; π-GST = π-glutathione S-transferase; RBP4 = 
retinol binding protein 4; TIMP-1 = tissue inhibitor of metalloproteinase 1; TFF3 = trefoil factor 3; VEGF = vascular endothelial 
growth factor.
a Collected at month 1.
b Collected at month 3.
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GFR (p < 0.001), such that for every 1 mL/min/1.73 m2 
increase in baseline GFR, patients could expect a  
decline in GFR of 0.55 mL/min/1.73 m2 at 2 years 
(for example, patients with a baseline GFR of 10 mL/
min/1.73 m2 might reach a GFR of 4.5 mL/min/1.73 m2 at 
2 years). Although the two-way interaction term between 
peritonitis episodes and PD solution was not statistically 
significant (p = 0.07), the foregoing results suggest the 
possible presence of a differing relationship between 
peritonitis episodes and change in GFR according to the 
type of PD solution received over time. The nature of the 
interaction was further explored, but showed no strong 
evidence of an association between peritonitis episodes 
and change in GFR for the biocompatible (p = 0.47) and 
standard (p = 0.10) solution groups.

KIDNEY INJURY BIOMARKERS AS PREDICTORS OF OVERALL 
RRF DECLINE

Concentrations of kidney injury biomarkers were 
comparable between the treatment and control groups 
at baseline (Table 1 and supplementary Table 2). On its 

own, baseline albuminuria did not predict change in 
GFR (p = 0.84, Figure 1). Of eighteen “novel” biomarkers 
examined, only clusterin was a significant predictor of 
GFR decline (p = 0.04, model 2; Table 2), independent 
of PD solution. However, the nature of the relationship 
between clusterin and RRF differed at month 12 and 
month 24 (p = 0.04, supplemental Figure 1), which might 
have been influenced by a differential effect of baseline 
albuminuria (p = 0.08). The relationship was no longer 
present if albuminuria was removed from the model (p = 
0.31, supplemental Figure 2).

KIDNEY INJURY BIOMARKERS AS PREDICTORS OF RRF DECLINE  
IN RESPONSE TO BIOCOMPATIBLE COMPARED WITH 
CONVENTIONAL PD SOLUTIONS

As in the findings from the model 2 analysis, base-
line albuminuria was not predictive of GFR change after 
adjustment for treatment effect (p = 0.28). When the 
effect of PD solution type on GFR change was examined 
separately for each biomarker (model 3), three biomark-
ers (TFF3, IP-10, KIM-1) were identified to be significant 

TABLE 2 
Relationships Between the Biomarkers and Change in Glomerular Filtration Rate from Baseline,  

Adjusted for Baseline Albuminuria

 Term in p Value Slope for biomarker at
 each model Biomarker Time Interactiona Month 12 Month 24

α-GST 0.93 0.61 0.73 0.01 –0.10
Calbindin 0.07 0.57 0.79 2.06 2.29
Clusterin 0.95 0.04 0.04 –0.75 0.88
Cystatin 0.31 0.20 0.25 0.33 0.76
EGF 0.82 0.70 0.35 0.16 –0.82
IP–10 0.38 0.60 0.17 0.34 1.18
KIM–1 0.23 0.97 0.59 1.51 1.09
MIF 0.17 0.88 0.82 1.25 1.12
MIG 0.73 0.36 0.23 –0.06 0.55
NGAL 0.93 0.73 0.88 –0.13 –0.03
Osteoactivin 0.23 0.47 0.64 1.38 1.83
Osteopontin 0.23 0.32 0.41 0.80 1.33
π–GST 0.63 0.85 0.69 0.36 0.19
RBP4 0.76 0.16 0.19 –0.12 0.59
TFF3 0.85 0.54 0.79 –0.18 –0.06
TIMP–1 0.66 0.19 0.22 0.005 0.67
Uromodulin 0.89 0.77 0.50 0.11 –0.39
VEGF 0.27 0.63 0.97 –1.24 –1.20

α-GST = alpha-glutathione S-transferase; EGF = epidermal growth factor; IP-10 = interferon γ–induced protein 10; KIM-1 = kidney 
injury molecule 1; MIF = macrophage migration inhibitory factor; MIG = monokine-induced gamma interferon; NGAL = neutrophil 
gelatinase lipocalin; π-GST = π-glutathione S-transferase; RBP4 = retinol binding protein 4; TFF3 = trefoil factor 3; TIMP-1 = tissue 
inhibitor of metalloproteinase 1; VEGF = vascular endothelial growth factor.
a Interaction: biomarker × time.
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predictors of GFR change. However, there were some 
differences in the nature of the relationship between 
each biomarker and GFR change over time. First, the 
three-way interaction of TFF3 was significant, which 
suggests the presence of a differing relationship between 
baseline TFF3 and change in GFR according to the type 
of PD solution received over time (p = 0.02, Table 3). The 
slopes of the change from baseline GFR at 12 months and 
24 months for baseline TFF3 were +0.51 mL/min/1.73 m2 
and +1.37 mL/min/1.73 m2 for the treatment group, and 
–1.58 mL/min/1.73 m2 and –2.51 mL/min/1.73 m2 for the 
control group (Figure 2). In contrast, IP-10 and KIM-1 
were associated with GFR change for type of treatment 
received (p = 0.03 and p = 0.04 respectively); however, 
their relationship did not change over time (p = 0.88 and 
p = 0.22 respectively). For example, the slopes of the 
change from baseline GFR at 12 and 24 months for IP-10 
were +3.71 mL/min/1.73 m2 and +4.52 mL/min/1.73 m2 
for the treatment group and –0.88 mL/min/1.73 m2 and 
+0.11 mL/min/1.73 m2 for the control group (Figure 3). 
Findings were similar for KIM-1 (Figure 4). Furthermore, 
even after accounting for interaction terms, there was 
still a significant difference in GFR change for KIM-1 
between the treatment and control groups, possibly 
suggesting a residual effect of PD solution received even 
after accounting for the interactions (p = 0.03). None of 
the other biomarkers demonstrated any association with 
change in GFR for the treatment received over time.

A sensitivity analysis was performed for the urinary 
biomarkers that showed significant differences between 
the biocompatible and standard solution types (IP-10, 
KIM-1, TFF3). In that analysis, an outlier patient from 
the biocompatible group who appeared to experience 

improved RRF over time (gain of 5.4 mL/min/1.73 m2 
by month 24) was excluded. Although the direction of 
the slopes remained unchanged for all three biomarkers 
(supplementary Table 3), the results pertaining to IP-10 
(p = 0.32; supplementary Figure 3) and KIM-1 (p = 0.21; 
supplementary Figure 4) no longer reached the level 
of statistical significance. The marker TFF3 remained a 
significant predictor of slower RRF decline in patients 
receiving biocompatible solutions (p = 0.047; supple-
mentary Figure 5).

DISCUSSION

The present investigation is the first to explore the 
ability of a large number of kidney injury biomarkers to 
predict RRF loss and the first to evaluate the effect of 
biocompatible solutions on those markers in incident 
PD patients. In contrast to its utility in patients with 
chronic kidney disease (CKD), albuminuria was not a 

Figure 2 — Relationship between change from baseline esti-
mated glomerular filtration rate (eGFR) and baseline trefoil 
factor 3 (TFF3) by time and peritoneal dialysis solution type 
(Balance, Stay•Safe: Fresenius Medical Care, Sydney, Austra-
lia), adjusted for baseline eGFR and baseline albuminuria at 
(A) month 12 and (B) month 24 (p = 0.02).

(A)

(B)
Figure 1 — Relationship between change from baseline 
estimated glomerular filtration rate (eGFR) and baseline al-
buminuria by time, adjusted for baseline eGFR at months 12 
and 24 (p = 0.84).
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useful predictor of RRF change in PD patients. Only 
baseline clusterin concentration demonstrated a sig-
nificant relationship with change in RRF independent of 
the type of PD solution received. When the effect of the 
PD solutions was examined (conventional vs biocompat-
ible), higher urinary concentrations of TFF3, KIM-1, and 
IP-10 at baseline were associated with more rapid RRF 
decline in patients receiving conventional PD solutions. 
After exclusion of an outlier, sensitivity analysis yielded 
significant results only for urinary TFF3.

A number of studies have consistently reported that 
albuminuria and proteinuria strongly and independently 
predict progression of CKD (26–28). However, their impact 
on RRF in PD patients remain elusive. Kang and colleagues 
(29) reported an adverse impact of heavy proteinuria 
on RRF decline in incident PD patients. However, theirs 

was a single-center retrospective observational study, 
with significant disparity in baseline characteristics 
of the patients, who were stratified according to base-
line 24-hour proteinuria (group A: <500 mg; group B: 
500 – 3500 mg; group C: >3500 mg), leading to a higher 
proportion of patients with diabetic nephropathy being 
allocated to group C compared with group A (76.5% vs 
28.6%, p < 0.001). Although the multivariate linear 
regression analysis identified proteinuria as a signifi-
cant predictor of RRF decline (p < 0.001), the model did 
not appear to be adjusted for diabetic nephropathy. 
Moreover, a prospective cohort study of 242 incident 
PD patients did not identify 24-hour proteinuria as an 
independent predictor of RRF decline in a multivariate 
analysis (30). Similarly, the present study did not observe 
baseline albuminuria to be a useful predictor of RRF 

TABLE 3 
Relationship Between the Biomarkers and Change in Glomerular Filtration Rate from  

Baseline and Peritoneal Dialysis (PD) Solution Type,  
Adjusted for Baseline Albuminuria

 Slope for biomarker, by solution group
 Term in p Value Biocompatible at Control at
 each model Biomarker Time Solution Interactiona Month 12 Month 24 Month 12 Month 24

Albumin 0.41 0.96 0.59 0.28 –0.26 –0.07 –0.57 –1.35
α-GST 0.86 0.82 0.63 0.59 0.11 0.20 –0.20 –0.45
Calbindin 0.09 0.93 0.80 0.21 1.62 2.58 2.67 1.84
Clusterin 0.81 0.02 0.38 0.06 –0.64 2.04 –1.97 –0.76
Cystatin 0.16 0.09 0.12 0.08 0.96 2.27 –0.04 0.03
EGF 0.92 0.55 0.11 0.81 3.07 1.87 –2.44 –3.13
IP–10 0.06 0.92 0.68 0.88b 3.71 4.52 –0.88 0.11
KIM–1 0.05 0.80 0.03 0.22c 4.41 5.22 0.32 –0.62
MIF 0.25 0.74 0.53 0.15 0.88 1.74 1.18 0.56
MIG 0.99 0.52 0.44 0.54 0.48 1.56 –1.33 –0.71
NGAL 0.82 0.33 0.53 0.27 –0.28 0.94 –0.84 –0.78
Osteoactivin 0.22 0.58 0.32 0.18 2.05 3.52 0.83 0.50
Osteopontin 0.37 0.60 0.33 0.50 1.39 2.18 0.40 0.19
π–GST 0.60 0.99 0.52 0.84 0.53 0.50 0.20 0.02
RBP4 0.92 0.23 0.35 0.13 –0.004 1.42 –0.52 –0.58
TFF3 0.41 0.74 0.10 0.02 0.51 1.37 –1.58 –2.51
TIMP–1 0.84 0.16 0.14 0.10 0.65 2.12 –1.12 –0.97
Uromodulin 0.76 0.39 0.29 0.74 1.95 0.91 –0.42 –1.04
VEGF 0.44 0.89 0.44 0.12 1.12 2.17 0.91 –0.41

α-GST = alpha-glutathione S-transferase; EGF = epidermal growth factor; IP-10 = interferon γ–induced protein 10; KIM-1 = kidney 
injury molecule 1; MIF = macrophage migration inhibitory factor; MIG = monokine-induced gamma interferon; NGAL = neutrophil 
gelatinase lipocalin; π-GST = π-glutathione S-transferase; RBP4 = retinol binding protein 4; TFF3 = trefoil factor 3; TIMP-1 = tissue 
inhibitor of metalloproteinase 1; VEGF = vascular endothelial growth factor. 
a Three-way interaction: biomarker × time × PD solution type.
b Two-way interaction (IP-10 × PD solution type), p = 0.03.
c Two-way interaction (KIM-1 × PD solution type), p = 0.04.
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decline. Discrepant findings in PD patients compared with 
CKD patients might stem from the presence of additional 
diverse potential causes of RRF decline in dialysis patients 
(for example, GDP-related tubular epithelial cell apopto-
sis), with the contribution from tubular injury possibly 
being of greater importance than that from glomerular 
pathology (represented by albuminuria).

In contrast, urinary clusterin was able to predict 
RRF decline independent of the PD solution received. 
Clusterin is a 75 – 80 kDa disulfide-linked heterodimeric 
protein involved in cell adhesion, tissue remodeling, cell-
cycle regulation, apoptosis, and DNA repair. Its molecular 
size prevents its filtration in the kidney (that is, urinary 
levels are specific to kidney injury), and increased urinary 
levels have been reported after renal ischemia or expo-
sure to various nephrotoxins (cisplatin, for instance), 
presumed to represent damage to the proximal and distal 
tubules (31–33). However, it is difficult to ascertain the 
cause of the opposing relationship between clusterin and 
GFR change at 12 and 24 months. Apart from appearing 
biologically implausible, the association was no longer 
present when albuminuria was removed from the model, 
thereby raising the strong possibility of a type I statistical 
error rather than a true association. In addition, when an 
attempt was made to examine the effect of PD solution 
type, no difference according to the type of PD solution 
received was identified.

Nonetheless, three other biomarkers demonstrated 
differing relationships with change in RRF over time 
depending on the type of PD solution received. One of 
those markers was TFF3, and in contrast to KIM-1 and 

IP-10, its effect on change in GFR by PD solution type 
increased with longer duration of follow-up, as evidenced 
by differences in the slopes of the treatment and control 
groups at months 12 and 24 (2.09 mL/min/1.73 m2 vs 
3.88 mL/min/1.73 m2 by baseline TFF3). Greater decline 
in GFR for a given baseline level of TFF3 was evident in 
the control group, but was not observed in the treatment 
group. Trefoil factors are produced throughout the renal 
tract, with TFF3 predominating in cells of the proximal 
and distal tubules and collecting duct (34). These factors 
are thought to be responsible for renal regeneration after 
an injury. In a rat model of drug toxicity, urinary TFF3 lev-
els were significantly depressed after an exposure to toxic 
drugs (for example, cisplatin, gentamicin) for 2 weeks 
(35). Knowledge about TFF3 in humans is very limited, 
and reported findings differ from the results of preclinical 
studies. For example, the post hoc matched case–control 
study of the Atherosclerosis Risk in Communities study 
reported an association between higher urinary TFF3 and 
incident CKD (defined as development of an estimated 
GFR < 60 mL/min/1.73 m2 and a decrease of ≥25% in 
estimated GFR from baseline to follow-up) over a median 
follow-up of 8.6 years (36). That association persisted 
even after adjusting for CKD risk factors (adjusted odds 
ratio: 1.35; 95% confidence interval: 1.11 to 1.64). 
Similarly, the present study observed a higher risk of 
RRF decline with greater baseline urinary TFF3, which 
was lessened in patients treated with biocompatible PD 
solution. The apparent disparity in findings compared 
with the rat model studies might relate to species het-
erogeneity or to differences in the nature of the injury 

Figure 3 — Relationship between change from baseline esti-
mated glomerular filtration rate (eGFR) and baseline inter-
feron γ–induced protein 10 (IP-10) by time and peritoneal 
dialysis solution type (Balance, Stay•Safe: Fresenius Medical 
Care, Sydney, Australia), adjusted for baseline eGFR and base-
line albuminuria at month 24 (two-way interaction: IP-10 × 
solution type; p = 0.03).

Figure 4 — Relationship between change from baseline esti-
mated glomerular filtration rate (eGFR) and baseline kidney 
injury molecule 1 (KIM-1) by time and peritoneal dialysis 
solution type (Balance, Stay•Safe: Fresenius Medical Care, 
Sydney, Australia), adjusted for baseline eGFR and baseline 
albuminuria at month 24 (two-way interaction: KIM-1 × solu-
tion type; p = 0.04).
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state (acute vs chronic). In the absence of data from 
a well-designed clinical trial primarily examining the 
effect of urinary TFF3 on renal outcomes in humans, 
the findings of the present study should be considered 
hypothesis-generating.

Like TFF3, KIM-1 is a biomarker that represents 
renal tubular damage. In the normal kidney, KIM-1 is 
not expressed; it undergoes marked upregulation and 
insertion into the apical membrane of the proximal 
tubule in response to renal injury to confer phagocytic 
capacity to clear cell debris (37). Although most of the 
experience concerning the role of KIM-1 in predicting 
renal injury comes from an acute kidney injury model, 
elevated urinary levels have been associated with graft 
loss after renal transplantation (38). In contrast, Bhavsar 
and colleagues (39), in their matched case–control post 
hoc analysis of the Atherosclerosis Risk in Communities 
and the Atherosclerosis Risk in Communities carotid 
magnetic resonance imaging studies did not identify 
baseline urinary KIM-1 as a useful predictor of incident 
CKD in patients who had normal renal function at study 
commencement. To date, no other study has examined 
the utility of KIM-1 in predicting renal outcome in dialy-
sis patients. In the context of these diverse findings in 
various patient populations, additional studies to better 
examine the utility of KIM-1 for predicting RRF should 
be performed.

Lastly, IP-10, unlike KIM-1, has a predominantly 
immunomodulatory function. It is a potent chemotactic 
factor for T lymphocytes and has been shown to promote 
endothelial microvascular injury in a rat model (40). 
Although its utility has not been examined in dialysis 
patients, higher levels of urinary IP-10 have been asso-
ciated with greater decline in renal function in patients 
with diabetic nephropathy (41). Moreover, higher early 
post-transplant IP-10 concentrations in urine have been 
associated with worse short- and long-term graft func-
tion after renal transplantation (42).

Nonetheless, after exclusion of an outlier, sensitivity 
analyses found that results for IP-10 and KIM-1 no longer 
reached the level of statistical significance. Although the 
consistent direction of the slopes in the outcomes of the 
sensitivity analyses are reassuring, the results obtained 
should be interpreted with caution given the significant 
influence that one subject had on the results.

The findings from this study are unique, because the 
utility of biomarkers of kidney injury in PD patients has 
not been previously explored. The reported outcomes are 
strengthened by measurement of the largest number of 
“novel” and traditional biomarkers from comprehensively 
described, truly incident PD patients from a multicenter 
multinational randomized controlled trial.

However, the conclusions that can be drawn from 
this study are challenged by several limitations. First, 
to examine the effect of biomarkers on RRF, a subgroup 
of patients who had completed 24 months of follow-up, 
including all measurements of GFR, were selected. That 
approach might inadvertently have introduced selection 
bias, thereby decreasing the sensitivity of the biomarkers 
examined by excluding patients who experienced faster 
loss of RRF and who became anuric before 24 months. 
The findings are further compromised by the resultant 
smaller sample size, which also constrained the ability to 
adjust for covariates as in the main balANZ trial (22). The 
adjustment for center effect might have been particularly 
relevant, because the samples might have been handled 
differently depending on the treating center, introducing 
the risk of pre-analytical variation. Although the analysis 
did not observe significant association between peri-
tonitis and change in GFR, that result might have been 
limited by the small sample of the full cohort, given that 
it is biologically plausible that more frequent episodes 
of peritonitis might have negatively influenced RRF. 
Second, the biomarkers were measured only in urine, 
without correlation with serum concentrations. However, 
as mentioned earlier, some biomarkers—for example, 
clusterin—are not normally filtered by the glomerulus; 
urinary levels are therefore specific to kidney injury. 
Third, when adjusted for albuminuria, the opposing 
relationship between baseline clusterin and GFR change 
at months 12 and 24 raises concern about the possibility 
of a type I statistical error potentially resulting from the 
examination of a large number of biomarkers.

Nonetheless, the aim of the present study was to 
explore the utility of a large number of biomarkers and 
thus to provide information that could guide future 
studies of more “ideal” biomarkers to examine in detail 
in incident PD patients. The prospective utility of bio-
markers in PD patients is attractive, especially because 
traditional markers of renal injury such as albuminuria 
have been inconsistently reported as useful predictors 
of RRF loss. Moreover, the potential benefit of biocom-
patible PD solutions compared with conventional PD 
solutions at the given baseline levels of the biomarkers 
(that is, KIM-1, TFF3, IP-10) indicate their possible use 
for targeted implementation of treatment using biocom-
patible PD solutions.

CONCLUSIONS

The traditional urinary biomarker albuminuria was 
not a useful predictor of RRF loss in incident PD patients. 
In contrast, higher urinary levels of the kidney injury 
biomarkers TFF3, KIM-1, and IP-10 at baseline predicted 
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significantly slower RRF decline in patients receiving bio-
compatible PD solution than in those receiving standard 
PD solution. The present study is the first to examine the 
utility of both traditional and “novel” urinary biomark-
ers of kidney injury in predicting RRF loss in incident 
PD patients and the first to demonstrate differences in 
clinical outcome according to baseline biomarker levels in 
groups of patients using different PD solutions. Although 
definitive evidence was not provided, the findings of this 
study should help to guide future studies.
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