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Come valutare la permeabilità peritoneale: 

istruzioni per l’uso! Cosa sono i test di 

permeabilità peritoneale e come si possono 

utilizzare nella pratica quotidiana.



Valutazione della funzione e

follow-up della membrana peritoneale

I test di equilibrazione peritoneale (PET) 



Summary of my  talk

• Why we need of peritoneal tests?

• Are the peritoneal tests useful in clinical practice?

• What kind of peritoneal tests we have? 

Peritoneal functional tests
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Rippe B, Stelin G. Kidney Int 40: 315-325, 1991

Rippe B. Perit Dial Int 24: 10-27, 2004

The three-pore model of peritoneal membrane

d(VDCD)/dt = JS = MTAC(KBD)(CB – CD) + JVCm(1-) – LCD

n

dV/dt = JV = LpS . (P -protprot + gg - -ii) – L
i=1

Reabsorption



Distributed model

δ(θCT)/ δt = - δjST/ δx +qSBTL  

jST(x, t) = -DT•δCT/δx(x, t) +STjVTCT(x, t)  

qSBTL(x, t) = kBCB - KTCT(x, t) – qVLCT(x,t)  

Flessner MF et al . Am J Physiol 1984; 246:R597-R607

Flessner MF. Contrib Nephrol 2006; 150:28-36
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The peritoneal membrane and the 3-pore model

Large pore

r ~ 250 Å

Small pore

r ~ 40-50 Å

Ultrasmall pore

r ~ 2.5 Å

Capillary

lumen

Peritoneal

interstitium
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Rippe et al, Kidney Int 1991

Capillary

endothelium

Solutes diffusion 
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Free-water

transport

(protein losses)



Shimizu H et al PDI 2007



Williams JD et al Kidney Int 2004

Natural course of peritoneal membrane biology during PD



Davies SJ Kidney Int 2004

Longitudinal relationship between solute transport 

and UF capacity in PD patients



•Il follow-up della funzionalità della 

membrana peritoneale può essere 

effettuata con dei test di funzionalità 

peritoneale

•Molto più difficile è effettuare delle 

biopsie seriate della membrana 

peritoneale per valutare il danno 

anatomico 



Morelle et al, Perit Dial Int 2021

Back to the patient: peritoneal transport testing 

and expectations from clinicans
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→ Individual transport characteristics of the peritoneal membrane

Diffusion rate of 

small solutes
Water transport 

(‘ultrafiltration’)

AQP-mediated

water transport 



Il PET standard (2.27% glucosio)

Twardowski ZJ, et al. Peritoneal equilibration test. Perit Dial Bull 1987; 7:138-47



Dr. Twardowski

USA

Verger et al, et al, Front Perit Dial 1986; Twardowski et al, Perit Dial Bull, 1987

Peritoneal equilibration test (PET)

• Standardized 4-h dwell, using 2.5% or 4.25% glucose

• Quantification of the equilibration rate of small solutes across

the membrane (D/Pcreat 4h)

+ net UF and sodium sieving (using hypertonic glucose)

• Safe, easy, accurate, highly reproducible
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(Twardowski ZJ, et al Blood Purif 1989)

Il PET standard
Classificazione del tipo di trasporto

Rapidi

Rapidi

Lenti

Lenti



Twardowski [1] USA [2] Messico [3] UK [4] NZ-Australia [5] Netherland [6] Italy [7]

H >0.81 >0.79 >0.80 >0.78 >0.81 >0.82 >0.80

HA 0.65-0.81 0.67-0.79 0.68-0-80 0.65-0.78 0.69-0.81 0.72-0.82 0.71-0.80

Media 0.65 0.67 0.68 0.65 0.69 0.72 0.71

LA 0.50-0.61 0.55-0.66 0.56-0.67 0.52-0.64 0.57-0.68 0.62-0.71 0.62-0.70

L <0.50 <0.55 <0.56 <0.52 <0.57 <0.62 <0.62

1. Twardowski ZJ, et al. Perit Dial Bull 1987.

2. Mujais S, et al. Kidney Int 2002.

3. Cueto-Manzano AM, et al. Perit Dial Int 1999.

4. Davies SJ. Kidney Int 2004.

5. Rumpsfeld M, et al. J Am Soc Nephrol 2006.

6. Smit W, et al. Perit Dial Int 2003.

7. La Milia V, et al. Kidney Int 2006.

Da: La Milia V. Test di equilibrazione peritoneale: attualità e prospettive future. GIN 2007; 6: 510-525.

Test di Equilibrazione Peritoneale 

Categorie nelle varie casistiche



•What kind of peritoneal tests we have? 

1. Tests based on the PET principle 

2. Tests not based on the PET principle



Tests not based on the PET principle

• Personal Dialysis Capacity (PDC)

• APEX (Accelerated Peritoneal Examination) test

• PT 50 (time required to reach 50% solute equilibrium)



Test basati sui principi del PET

• PET Modificato (3.86%-PET)

• Mini-PET e Doppio Mini-PET

• Standard Peritoneal Permeability Analysis (SPA)

• PET Modificato con un drenaggio temporaneo

• PET-Unico (Uni-PET) (Doppio Mini-PET integrato con il  

3.86%-PET)

• Altri test (es. Dialysis Adequacy and Transport Test or 

DATT; APEX)



Tests based on the PET principle

1.36%

2.27%

3.86%











Tests based on the PET principle

3.86% Glucose PET

More information on peritoneal UF and sodium sieving phenomenon (Free-

water transport)

ISPD Ad Hoc Committee on Ultrafiltration Management in Peritoneal Dialysis Perit Dial Int 2000; Monquil M et al 

Perit Dial Int 1995

Mini-PET

More information on free-water transport La Milia V et al Kidney Int 2005 
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More information on peritoneal UF and sodium sieving phenomenon (Free-
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Perit Dial Int 1995
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Tests based on the PET principle

1.36%

2.27%

3.86%



3.86% PET vs 2.27% PET
ISPD Ad Hoc Committee on Ultrafiltration Management in 

Peritoneal Dialysis Perit Dial Int 2000

• Risultati simili sul trasporto dei soluti di 
piccolo peso molecolare (Smit W et al Perit Dial Int 2000; Pride 

ET et al Perit Dial  Int 2002)

• Migliori informazioni sulla UF peritoneale 
per il maggiore gradiente osmotico 
(coefficiente di variazione: 10% vs 25%) (Davies 

SJ Kidney Int 2006;La Milia V et al. Kidney Int 2006)

• Fenomeno del sieving del sodio (D/PNa) e 
valutazione indiretta del trasporto di acqua 
libera (Monquil M et al Perit Dial Int 1995)



Free-water transport across the ultrasmall pores 
explains the sodium sieving or sodium dip

• Rapid decrease in dialysate sodium 

concentration 

• during the first part (60 min) 

• of a dwell with hypertonic glucose

• Dilution of sodium in the peritoneal

fluid by free-water transport across

• the ultrasmall pores and

• the ‘whole’ peritoneal membrane



Wang T et al Kidney Int 1997

1.36%

2.27%

3.86%

Sodium sieving during peritoneal dwell with different 

glucose concentration



Wang T et al Kidney Int 1997

1.36%

2.27%

3.86%

Sodium sieving during peritoneal dwell with different 

glucose concentration
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Identity of ‘water-specific channels’

Osmotic gradient

Simple diffusion

Facilitated diffusion

Peter Agre

Nobel Prize in Chemistry, 2003

• Small proteins with properties of water channels 

• Facilitate the diffusion of water molecules across 

biological membranes - called aquaporins

• Expressed in RBC and in kidney tubules



Structural information obtained by electron 

cryomicroscopy shows that the pore formed by 

AQP1, with its narrow diameter of only 2.8 Å, 

allows the accommodation of a single water 

molecule and perfectly fits the postulated size of 

the ultrasmall pore (by B. Rippe) of the peritoneal 

membrane.

Aquaporin-1 (AQP1)





Devuyst et al, Am J Physiol 1998 ; Ni et al, Kidney Int 2006; Morelle et al, Am J Physiol Renal Physiol 2014
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Devuyst et al, Am J Physiol 1998 ; Ni et al, Kidney Int 2006; Morelle et al, Am J Physiol Renal Physiol 2014
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• Critical role for AQP1

• Small molecule 

(MW 180 Da, RH 0.37 nm)

• Diffuses rapidly across 

membranes, transient effect on 

UF

• Mixture of glucose polymers

• Variable size, incl. large (colloidal) 

molecules

• Slowly absorbed, long-dwells

• Role of AQP1?

Glucose Icodextrin

Morelle et al, J Am Soc Nephrol 2018
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Icodextrin induces water transport independently of water channels, 

exclusively across small pores (enhanced water and sodium removal)

Pathways and mechanisms 
of icodextrin-induced water flow?

Icodextrin 

vs. glucose or 

aminoacids

Mouse model of PD

Aqp1 mice

2-h dwells



Critical Role of Water Channels in PD

• AQP1 water channels expressed in the microvascular 
endothelium of the peritoneal membrane

• Facilitate osmotic water transport across the peritoneal 
membrane (40-50% of net ultrafiltration using hypertonic 
glucose)

• Pharmacological modulation of water channels (expression or 
function) influences glucose-driven UF

• Icodextrin generates water transport independently from water 
channels (colloidal osmosis)



Heimbürger O et al Nephrol Dial Transplant 1994

D/P Na in pazienti con deficit di ultrafiltrazione

Pts senza UFF

Dip del D/PNa 

ridotto

Dip del D/PNa 

assente

http://ndt.oxfordjournals.org/content/current


Pts without UFF
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La Milia V et al Kidney Int 2006

∆ Dialisato Na nei pazienti in dialisi peritoneale



La Milia V et al Kidney Int 2006

∆ Dialisato Na nei pazienti in dialisi peritoneale



Tests based on the PET principle 

3.86% Glucose PET

More information on peritoneal UF and sodium sieving phenomenon (Free-

water transport)

ISPD Ad Hoc Committee on Ultrafiltration Management in Peritoneal Dialysis Perit Dial Int 2000; Monquil M et al 

Perit Dial Int 1995

The sodium sieving is a semi-quantitative measure of FWT

With the 3.86%-PET we can not measure the FWT



Tests based on the principle 

of PET

3.86% Glucose PET

More information on peritoneal UF and sodium sieving phenomenon (Free-

water transport)

ISPD Ad Hoc Committee on Ultrafiltration Management in Peritoneal Dialysis Perit Dial Int 2000; Monquil M et al 

Perit Dial Int 1995

Mini-PET

More information on free-water transport La Milia V et al Kidney Int 2005 



Tests based on the PET principle

1.36%

2.27%

3.86%



Noi abbiamo suggerito un metodo per quantificare 

l’ultrafiltrazione attraverso i piccoli pori (UFSP) basata sulla 

clearance del Na durante un test di equilibrazione peritoneale 

di un’ora: il Mini-PET

La Milia et al. Kidney Int 2005

UFSP = NaR/Nap

Free-H2O = UF totale - UFSP

3.86% Mini-PET

La riduzione della concentrazione di sodio nel dialisato (∆ D Na) o 

del D/PNa che si ottiene con il 3.86%  PET è utile per studiare il 

trasporto di acqua libera (FWT) ma non è capace di quantificarla

http://www.nature.com/ki/journal/v76/n11/


Peritoneal transport characteristics of 52 patients in PD 

therapy assessed during the 3.86%-PET and the 3.86%-Mini-PET

3.86%-PET 3.86%-Mini-PET

UF (mL)
749 ± 224 (686-749) 493 ± 170 (446-541)

UFSP (mL) - 279 ± 142 (239-318)

Free water transport (mL) - 215 ± 86 (191-239)

D/D0 0.28 ± 0.08 (0.25-0.30) 0.58 ± 0.09 (0.56-0.61)

D/PCreat 0.69 ± 0.10 (0.66-0.72) 0.43± 0.09 (0.41-0.46)

Nap (mmol/L) 141.8 ± 2.1 (141.2-142.4) 142.2± 2.7 (141.5-143.0)

NaDialysateIn (mmol/L) 133.4 (132.2-134.7) 133.2 (132.2-134.8)

NaDialysateOut (mmol/L) 127.5 ± 5.2 (126.1-129.0) 123.3 ± 3.9 (122.2-124.4)

DipNaD (mmol/L) -6.2± 5.1 (-7.6, -4.7) -10.0 ± 4.2 (-11.1, -8.8)

D/PNa60’ 0.89 ± 0.03 (0.88-0.90) 0.89 ± 0.03 (0.88-0.89)

NaR (mmol) 82 ± 26 (75-89) 40 ± 20 (34-45)

La Milia V et al Kidney Int 2005 

46  18%



Peritoneal biopsy specimens 

testing AQP-1 expression for 

endothelial cells in blood 

vessels 

Free water transported through AQP 

after 1 hour in the PET and AQP-1 

expression

Schoenicke G et al Am J Kidney Dis 2004N = 57



Fluid profiles for patients with normal ultrafiltration 

or with ultrafiltration failure (SPA with dextran 70)

Smit W et al Kidney Int 2004

TCUF

TCUF
USPF

USPFFWT

FWT

Normal UF ( n = 29 ) UF failure ( n = 11)

Corrected for Na diffusion



Tests based on the principle 

of PET

3.86% Glucose PET

More information on peritoneal UF and sodium sieving phenomenon (Free-

water transport)

ISPD Ad Hoc Committee on Ultrafiltration Management in Peritoneal Dialysis Perit Dial Int 2000; Monquil M et al 

Perit Dial Int 1995

Mini-PET

More information on free-water transport La Milia V et al Kidney Int 2005 

Double Mini-PET

More information on osmotic conductance to glucose La Milia V et al Kidney Int 2007 



Doppio Mini-PET

•Due mini-PET sequenziali di 60 minuti

• Il primo mini-PET effettuato con una soluzione di 

glucosio al 1.36%, il secondo effettuato con una 

soluzione di glucosio al 3.86%



Tests based on the PET principle

1.36%

2.27%

3.86%



SP 40-50 Å

Endotelio Mesotelio

Glucosio

USP 3-5 Å

UF Osmotica

H2O-libera

(UFUSP)

H2O + Soluti

(UFSP)

SP 40-50 Å
g = 0.03

g = 1

n

dV/dt = JV = Lp
.S . (P - protprot + gg - -ii) – L

i=1

JV  1/MTACGluc

Rippe B et al Perit Dial Int 2004

Legge di Starling

Lume

Capillare

Interstizio
Cavità

peritoneale

Lp.S.g = Conduttanza Osmotica al glucosio

Conduttanza Osmotica al glucosio



Osmotic conductance to glucose and 

peritoneal UF 

 UF Normal (N=35) UF Failure (N=20) 

TCUFR (mL/min/1.73m2) 3.8 (1.6-6.7) 2.1 (0.9-3.7)* 

ELAR (mL/min/1.73m2) 1.0 (0.0-2.4) 1.5 (0.5-6.3)** 

Max dip D/PNa 0.109 (0.026-0.170) 0.032 (0.007-0.095)* 

LPS•g (L/min/mmHg) 3.0 (0.8-7.1) 2.1 (0.4-4.3)** 

MTACCreat (mL/min/1.73m2) 9.0 (3.7-16.2) 12.9 (7.8-18.4)* 

Assorbimento Gluc. (%) 60 (41-77) 73 (54-88)* 

 

 
*P<0.001; **P<0.05

Smit W et al Perit Dial Int 2004



Parikova A et al Kidney Int 2006



Doppio Mini-PET

Conduttanza Osmotica al glucosio 

(Lp∙S∙g or OCG)

Jv0 = Lp∙S∙σg ∙RT ∙(Cg1-Cg2)
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Stelin G, Rippe B Kidney Int 1990

Rippe B et al Perit Dial Int 2004

Lp∙S∙σg ∙1.7

3.86%

1.36%

http://www.nature.com/ki/journal/v76/n11/


Uni-PET: 3.86%-PET integrato con il  

Doppio Mini-PET (PET-Unico)
•Sosta con 1.36%, di 1 ora, seguita da:

•3.86%-PET, di 4 ore

•Drenaggio temporaneo dopo 1 ora:

-valutazione del volume intra-peritoneale (pesatura)

-campionatura dell’effluente  per misurare il Na

-reinfusione dell’effluente

• Drenaggio finale dopo 4 ore

La Milia V J Nephrol 2010; 23:633-647



•Are the peritoneal tests useful in the 

clinical contest? 

1. PET data provide information for the 

PD prescription

2. Peritoneal transport changes over 

time

3. PET data are important for the 

diagnosis and prognosis of PD patients



Why evaluation of membrane function matters

61

Net UF

La Milia et al, Perit Dial Int 2017

758 incident PD patients with 4.25% dextrose-based 4-h PET at PD start, Italy

Significant variability in membrane characteristics between individuals, already at PD initiation 

• Associated with outcome

• Clinical impact on fluid removal and dialysis prescription

PSTR Dip Na

0.3 to >0.9 -600 to +1500 ml -3 to +20 mEq/l



(Twardowski ZJ, et al ASAIO Trans 1990)



(Twardowski ZJ, et al ASAIO Trans 1990)



Prescrizione della tecnica         

in base al PET

Rapidi (H) Trasportatori → APD

Lenti (L) Trasporatori → high-dose CAPD (HD)

Medio Rapidi Trasportatori (H-A) → CAPD o CCPD1

Medio Lenti (L-A) Trasportatori → CAPD o CCPD2



Un algoritmo per il follow-up dei pazienti in dialisi peritoneale

Coester AM et al NDT Plus 2009









•Are the peritoneal tests useful in the 

clinical contest? 

1. PET data provide information for the 

PD prescription

2. Peritoneal transport changes over 

time

3. PET data are important for the 

diagnosis and prognosis of PD patients



Davies SJ Kidney Int 2004

Longitudinal relationship between solute transport 

and UF capacity in PD patients



•The follow-up of the peritoneal 

membrane functionality can be 

performed with the peritoneal 

functional test

•Much more difficult is to perform the 

serial biopsies of the peritoneal 

membrane to evaluate the anatomical 

damage



•Are the peritoneal tests useful in the 

clinical contest? 

1. PET data provide information for the 

PD prescription

2. Peritoneal transport changes over 

time

3. PET data are important for the 

diagnosis and prognosis of PD patients



La Milia V, et al. Kidney Int 2006; 69: 927-33. 



The ratio of creatinine in the dialysate and in the plasma 

after a 4-h dwell (D/PC; per 0.1 increment) and mortality in 

PD patients

Brimble KS et al JASN 2006; 17:2591-8





Peritoneal Equilibration Test and Patient Outcomes

Mehrotra, Rajnish; Ravel, Vanessa; Streja, Elani; Kuttykrishnan, Sooraj; Adams, Scott V.; Katz, Ronit; Molnar, Miklos Z.; Kalantar-Zadeh, Kamyar

Clinical Journal of the American Society of Nephrology10(11):1990-2001, November 2015.

https://journals.lww.com/cjasn/Fulltext/2015/11000/Peritoneal_Equilibration_Test_and_Patient_Outcomes.14.aspx




High and Low transporters        

APD vs CAPD

Johnson DW, et al. Superior survival of high transporters treated with automated 

versus continuous ambulatory peritoneal dialysis. Nephrol Dial Transplant 2010.

http://ndt.oxfordjournals.org/content/current


1. I dati del PET forniscono informazioni per la 

prescrizione della DP

2. Il trasporto Peritoneale varia con il tempo

3. I dati del PET sono importanti per la diagnosi e la 

prognosi dei pazienti in DP

•I test di funzionalità peritoneale sono utili 

nella pratica clinica? 



• Are the peritoneal tests useful for the diagnosis of 

EPS? 

1. The classical PET is not discriminative for the 

diagnosis of EPS and do not confirm the presence or the 

absence of EPS

2. The new tests could be more useful for the diagnosis

of EPS?



J Am Soc Nephrol October 2015 26: 2521–2533

http://www.sin-italy.org/web/procedure/leggi.cfm?q=aHR0cDovL2phc24uYXNuam91cm5hbHMub3JnOjgwL2NvbnRlbnQvdm9sMjYvaXNzdWUxMC8%3D












• What is the next future?



Mehrotra et al KI 2021





Conclusioni

• Oggi abbiamo numerosi test sulla funzione della 

membrana peritoneale, più sofisticati rispetto al classico 

2.27%-PET  di Twardowski 

• Un uso estensivo di questi nuovi test potrebbe essere utile 

nel prossimo futuro sia per migliorare la diagnosi che la 

prognosi dei pazienti in dialisi peritoneale

• Con questi test è possibile un’esplorazione “completa” 

delle funzioni della membrana peritoneale 


