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vs. 

Hemodialyzer vs. peritoneum? 

+ the effects of 

intercurrent disease 

time 

glucose exposure 
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Stagnant layers at mesothelial and capillary side: not relevant 

Mesothelial cell layer: not relevant 

Interstitial tissue: (minor) diffusive resistance 

Capillary wall: most important restriction barrier 

  

‘6 barriers for transport’ 

Nolph et al. Kidney Int 18 (Suppl 20): S111-S116, 1980 

Flessner et al. J Am Soc Nephrol 2: 122-135, 1991 



Essentials of Peritoneal Dialysis 

 Capillary wall is the most important restriction barrier 

and determines the peritoneal membrane’s 

     size-selectivity through a system of pores 

 

  the “PORE THEORIES” 

‘2D membrane with pores’ 

 
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SOLUTE REMOVAL 

surface area 
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Small pores with constant radius 40-50Å 
majority 

for transport of low molecular weight solutes 

 

Large pores with various radii, average > 150Å 
minority (less than 0.1% of total pore count) 

for transport of macromolecules 

 

Ultra-small pores with radius 3-5Å 
for transport of water only 

accounts for 1/2 of transcapillary water transport 

The THREE pore theory 
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The pore theory explains the “classical” mechanisms of 

transmembrane transport of molecules. 

 

 

 

The THREE pore theory 

 

DIFFUSION 

 

movement of solutes along their concentration gradient 

 

 

 

 

 

 

Bammens Semin Nephrol 31: 127-137, 2011 

SOLUTE REMOVAL 
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diffusive permeability (membrane- and solute-specific) 

(Fick’s first law of diffusion) 
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Diffusive transport 
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diffusive permeability (membrane- and solute-specific) 
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concentration difference between plasma and dialysate 
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concentration difference between plasma and dialysate 

 

diffusive permeability (membrane- and solute-specific) 

 

surface area (membrane-specific) 

 

 

 

mass transfer area coefficient (MTAC) 

Diffusive transport 

Js =       .A.∆C 
Df 

∆x 

 

(Fick’s first law of diffusion) 



Essentials of Peritoneal Dialysis 

Diffusive transport 

Js =       .A.∆C 
Df 

∆x 

 

(Fick’s first law of diffusion) 

Transport of small molecules up to MW of β2M (11,8 kDa) 

NOT limited by size of the pores 

 

 

 

MTAC for a given solute ONLY determined by 

effective vascular peritoneal surface area (number of pores) 

Js = MTAC.∆C 
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The THREE pore theory 

 

CONVECTION 

 

movement of solutes along with fluid as it moves across 

the membrane (solvent drag) 

 

 

 

 

 

 

Bammens Semin Nephrol 31: 127-137, 2011 

The pore theory explains the “classical” mechanisms of 

transmembrane transport of molecules. 

 

 

 

SOLUTE REMOVAL 
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Js = Jv.C.(1-σ) 

Convective transport 

water flux (membrane-specific) 

 

mean solute concentration in the membrane (P+D)/2 

 

Staverman’s reflection coefficient 

= how difficult it is for a solute to be transported by 

solvent drag across a semi-permeable membrane 

(membrane- and solute-specific) 
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σ    Staverman’s reflection coefficient 
 

= how difficult it is for a solute to be transported by 

solvent drag across a semi-permeable membrane 
 

= fraction of maximal osmotic pressure a solute 

can exert across a semi-permeable membrane 

 

 

 

S   sieving coefficient 
 

= how easy it is for a solute to be transported by 

solvent drag across a semi-permeable membrane 
 

= fraction of maximal solute transport by solvent drag 

across a semi-permeable membrane 
 

 

 

Convective transport 
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For a semi-permeable membrane, S and σ are expected 

to be perfectly interchangeable concepts! 
 

 

 

 

0

1

0 1

 

σ

  

 

 

S

  

 

the “ideal” two-pore membrane 

 

S = 1 - σ 

Convective transport 
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0

1

0 1

 

σ

  

 

 

S

  

 

 

S = 1 - σ 

σglucose very low! 

Convective transport 
 

For a semi-permeable membrane, S and σ are expected 

to be perfectly interchangeable concepts! 
 

 

 

 

SMALL (and large) PORES 
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0

1

0 1

 

For a semi-permeable membrane, S and σ are expected 

to be perfectly interchangeable concepts!  

 

However, the water-only channels make the peritoneal 

membrane “more than a semi-permeable membrane”! 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

σglucose 0.03 

the peritoneal membrane 

 

  S = 1 - σ 

Apparent σglucose = higher 

 

σ

  

 

 

S

  

 SMALL (and large) PORES 

ULTRA-SMALL PORES 
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Ultra-small pores with radius 3-5Å 

Agre et al. Am J Physiol 265: F463-F476, 1993 

AQUAPORIN-1 

The THREE pore theory 
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Davies Kidney Int 70 (Suppl 103): 76-83, 2006 

The THREE pore theory 

ULTRAFILTRATION 
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Davies Kidney Int 70 (Suppl 103): 76-83, 2006 

The THREE pore theory 

ULTRAFILTRATION 
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Coester et al. NDT Plus 2: 104-110, 2009 

Ultrafiltration 
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Peritoneal membrane evaluation 

CARI Guidelines 2005  

Canadian Society of Nephrology, PDI 31: 218-239, 2011 

NKF K/DOQI Am J Kidney Dis 48 (Suppl 1): S138-S142, 2006 

UK Renal Association, Guidelines 2010 (review due 2013)  

http://www.renal.org/
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Peritoneal membrane evaluation 

ISPD PDI 26: 520-522, 2006 

SOLUTE REMOVAL 
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Peritoneal membrane evaluation 

ISPD PDI 20 (Suppl 4): S5-S21, 2000 

ULTRAFILTRATION 
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van Biesen et al. Nephrol Dial Transplant 25: 2052-2062, 2010 

Peritoneal membrane evaluation 
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The original 2.27% PET test 

Twardowski Blood Purif 7: 95-108, 1989 

(D/Pcreatinine reflects effective vascular surface area, 

rather than the intrinsic permeability of the membrane!) 

SOLUTE  TRANSPORT 
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The original 2.27% PET test 

SOLUTE  TRANSPORT ULTRAFILTRATION 
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FAST 

AVERAGE 

SLOW 

Twardowski Blood Purif 7: 95-108, 1989 

FAST 

AVERAGE 

SLOW 

The original 2.27% PET test 

SOLUTE  TRANSPORT ULTRAFILTRATION 



Essentials of Peritoneal Dialysis 

van Biesen et al. Nephrol Dial Transplant 25: 2052-2062, 2010 

FAST 

AVERAGE 

SLOW 

Can be derived from clinical observation 

without need of formal testing!  

Fast/slow: need a test? 
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Davies Kidney Int 70 (Suppl 103): 76-83, 2006 

The original 2.27% PET test 

ULTRAFILTRATION 
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Davies Kidney Int 70 (Suppl 103): 76-83, 2006 

The aquaporins? 

ULTRAFILTRATION 
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With a hypertonic dialysate solution, 

dialysate Na+  concentration will decrease initially 

due to water-only transport across aquaporins. 

 

= SODIUM SIEVING Time profile D/Psodium, Dsodium  

(or D/D0 or ΔDsodium at 1 hour) 

CAN BE USED TO ASSESS THE 

CONTRIBUTION OF AQUAPORIN 

TRANSPORT TO ULTRAFILTRATION 

Modified (3.86%) PET test 

ISPD definition of UF failure = 

< 400ml UF after 4 hours of 3.86% glucose 
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BUT: 

A flat SODIUM SIEVING profile may have different meanings! 

(at least theoretically) 

 

aquaporin deficiency 

“very very fast” small solute transport (small pores) 

Modified (3.86%) PET test 
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BUT: 

A flat SODIUM SIEVING profile may have different meanings! 

(at least theoretically) 

 

aquaporin deficiency 

“very very fast” small solute transport (small pores) 

fibrotic peritoneal interstitium (“closed membrane”, uncoupling) 

Modified (3.86%) PET test 
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Pore models: interstitium? 

Morphological changes in peritoneal membrane 
THICKNESS OF SUBMESOTHELIAL COMPACT ZONE 

 

 

 

 

 

 

 

 

 

 

 

 

Williams et al. J Am Soc Nephrol 13: 470-479, 2002 

Normal After 9 years of PD 



Essentials of Peritoneal Dialysis 
Rippe et al.  Am J Physiol Renal Physiol 292: F1035-F1043, 2007 

the serial three-pore membrane/fiber matrix model 

Pore models: interstitium? 
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Rippe et al.  Am J Physiol Renal Physiol 292: F1035-F1043, 2007 

the serial three-pore membrane/fiber matrix model 

Pore models: interstitium? 
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The Osmotic Conductance to Glucose 

 

= the ability of glucose to exert an osmotic pressure 

   sufficient to cause transperitoneal ultrafiltration 

= Lp.S.σ (μl/min/mmHg) 

The concept of OCG 

Rippe et al.  Am J Physiol Renal Physiol 292: F1035-F1043, 2007 
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Lp.S.σ (μl/min/mmHg) 

OCG: the Dummy’s view 

 

    

 

          Reflection coefficient of glucose 

    = lower in case of aquaporin dysfunction 

    = lower in case of increased small solute transport 

 

      Surface area 

    = higher in case of increased small solute transport 

 

Hydraulic conductivity 

    = lower in case of fibrosis 
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OCG 
Free water 

transport 

Small pore water 

transport 

Reference normal normal normal 

Increased small 

solute transport 
normal normal low 

Aquaporin 

dysfunction 
low low normal 

Fibrotic 

interstitium 
low low low 

OCG: the Dummy’s view 

Lp.S.σ (μl/min/mmHg) 

A flat SODIUM SIEVING profile may have different meanings! 

(at least theoretically) 

 

aquaporin deficiency 

“very very fast” small solute transport (small pores) 

fibrotic peritoneal interstitium (“closed membrane”, uncoupling) 
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(double) mini-PET 

Mini-PET added value:  

quantitative assessment of free water transport 

and small pore water transport 

 

Double mini-PET added value: 

quantitative assessment of free water transport 

and small pore water transport 

+ 

assessment of osmotic conductance to glucose 

A flat SODIUM SIEVING profile may have different meanings! 

(at least theoretically) 

 

aquaporin deficiency 

“very very fast” small solute transport (small pores) 

fibrotic peritoneal interstitium (“closed membrane”, uncoupling) 
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Mini-PET 

1 hour of 3.86% 

assessment of D/Pcreatinin, D/Pglucose, D/D0 or ΔDsodium 

calculation of free & small pore water transport 

Smit et al. Perit Dial Int 23: 440-449, 2003 

La Milia et al. Kidney Int 68: 840-846, 2005 

(double) mini-PET 
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Mini-PET 

1 hour of 3.86% 

assessment of D/Pcreatinin, D/Pglucose, D/D0 or ΔDsodium 

calculation of free & small pore water transport 

Smit et al. Perit Dial Int 23: 440-449, 2003 

La Milia et al. Kidney Int 68: 840-846, 2005 

(double) mini-PET 
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Double mini-PET 

1 hour of 1.36%, followed by 1 hour of 3.86% 

 

From the 3.86% hour: 

assessment of D/Pcreatinin, D/Pglucose, D/D0 or ΔDsodium 

calculation of free & small pore water transport 

 

From the two consecutive dwells of 1 hour: 

La Milia et al. Kidney Int 72: 643-650, 2007 

Osmotic Glucose Conductance (OCG) 

(ml/min/mmHg) 

(double) mini-PET 
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Double mini-PET 

 

 

D/Pcreatinin, D/Pglucose  

cannot be extrapolated to the classical or modified PET result 

 

 

Ultrafiltration volume after 1 hour 3.86% 

cannot be referenced to the ISPD definition of UF failure 

(double) mini-PET       uni-PET 

Rodriguez et al. Blood Purif 25: 497-504, 2007 

Waniewski et al. ASAJO J 42: 518-523, 1998 

Imholtz et al. Kidney Int 46: 333-340, 1994 
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Uni-PET 

 

1 hour of 1.36%,  

followed by 4 hours of 3.86%, 

 

but with temporary drainage 

after 1 hour 

La Milia et al. J Nephrol 23: 633-647, 2010 

UNI-PET  naam: datum:

Con- Tijd Procedure UNI-PET volume volume naam bloed

centratie In uit dialysaat staal

dialysaat staal uit

2,27% 2l s'avonds . wegen zak+ emmer+klemmen in dagboek pat

. 8-10u terplaatse

Na 8-10 u verblijftijd 2,27 %

1,36%2L T0 . wegen 1,36% zak +emmer+klemmen

. rechtopstaande uitloop over 20min

. inloop over 10 min, liggende houding

rotatie om 400ml

.dialysaatstaal direct na inloop 1,36% Dt-60

(100ml uit, staalname en reinfusion)

. wegen uitloop nacht

60 min verblijftijd start na inloop

Na 60 min verblijftijd 1,36%

3,86%2l T0 . wegen 3,86% zak+emmer+klemmen

. uitloop 1,36% over 20 min

. Inloop 3,86% over 10min

. dialysaatstaal uitloop 1,36% Dref

. dialysaatstaal direct na inloop 3,86% DT0

(100 ml uit, staalname en reinfusion)

. Wegen uitloop 1,36%

60 min verblijftijd start na inloop 

Na 60 min verblijftijd 3,86 %

T60 .  volledige uitloop over 20min

in enkelvoudige uitloopzak

. wegen uitloop

. uitloop terug laten inlopen, 10ml in DT60

zak laten voor staalname dialysaat

. bloedstaal PT60

120 min verblijftijd start na inloop

Na 120min verblijftijd 3,86 %

T120 . dialysaatstaal  (100ml uit, DT120

staalname en reinfusion)

. Na 240 min verblijftijd 3,86%

dialysaat T240 wegen dialysaatzak+emmer+klemmen in dagboek pat

zie 

voor- . uitloop over 20 min

schrift . staal uitloop DT240

. inloop (zie voorschrift)

. wegen uitloop

(double) mini-PET       uni-PET 
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OCG 
Free water 

transport 

Small pore water 

transport 

Reference normal normal normal 

Increased small 

solute transport 
normal normal low 

Aquaporin 

dysfunction 
low low normal 

Fibrotic 

interstitium 
low low low 

OCG: the Dummy’s view 

Lp.S.σ (μl/min/mmHg) 

A flat SODIUM SIEVING profile may have different meanings! 

(at least theoretically) 

 

aquaporin deficiency 

“very very fast” small solute transport (small pores) 

fibrotic peritoneal interstitium (“closed membrane”, uncoupling) 
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Galach et al. Nephrol Dial Transplant 28: 447-454, 2013 

OCG: what does it mean? 

increasing/fast small solute transport  
≠ 

low osmotic conductance to glucose 
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La Milia et al. J Nephrol 23: 633-647, 2010 

OCG: what does it mean? 

low OCG 

normal OCG 

ULTRAFILTRATION 
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Coester et al. Perit Dial Int 34: 195-203, 2014 

OCG: what does it mean? 

Low osmotic conductance to glucose 

is particularly seen in late ultrafiltration failure. 
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OCG 
Free water 

transport 

Small pore water 

transport 

Reference normal normal normal 

Increased small 

solute transport 
normal normal low 

Aquaporin 

dysfunction 
low low normal 

Fibrotic 

interstitium 
low low low 

OCG: the Dummy’s view 

Lp.S.σ (μl/min/mmHg) 

A flat SODIUM SIEVING profile may have different meanings! 

(at least theoretically) 

 

aquaporin deficiency 

“very very fast” small solute transport (small pores) 

fibrotic peritoneal interstitium (“closed membrane”, uncoupling) 

‘isolated aquaporin dysfunction probably non-existent’ (Rippe a.o.) 
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La Milia et al. Kidney Int 72: 643-650, 2007 

OCG: what does it mean? 

Double mini-PET test 
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Lambie et al. Kidney Int 78: 611-618, 2010 

OCG: what does it mean? 
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Morelle et al. J Am Soc Nephrol 20: 2521-2533, 2015 



Essentials of Peritoneal Dialysis 

OCG: what does it mean? 

Morelle et al. J Am Soc Nephrol 20: 2521-2533, 2015 
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OCG: what does it mean? 

Morelle et al. Perit Dial Int 36: 227-231, 2016  
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Davies Kidney Int 70 (Suppl 103): 76-83, 2006 

The THREE pore theory 

ULTRAFILTRATION 
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The SPA test 

Pannekeet et al. Kidney Int 48: 866-875, 1995 

1.36% glucose solution + Dextran 70 (1g/L) 
 

allows calculation of  

 MTAC (i.e. D/P) of creatinin, urea, urate 

 glucose absorption rate 

 net ultrafiltration 
 

but also 

effective lymphatic absorption rate 

clearances of other molecules (β2M, IgG,…) 

 

 

 



 
Now you know 

how to evaluate the peritoneal membrane! 

…IS IT NOT USEFUL ANYMORE? 

…IS IT STILL MANDATORY? 

 
WHO KNOWS THE ANSWER? 

 
BUT… 
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