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ChapterChapter 11 

Generall Discussion 



I nn this thesis various aspects of peritoneal water transport have been described. The 

investigationss were done in patients, using standardized peritoneal permeability analyses. The 

experimentss were performed during different conditions in peritoneal dialysis. The issues on 

peritoneall  water transport that are discussed include (1) the pathways for water transport, (2) the 

assessmentt of free water transport, (3) the influence of the dialysis solution on wrater transport 

andd (4) condit ions that can cause impaired water transport. Finally, possible future investigations 

aree indicated. 

Pathwayss for water transport 

Waterr transport from the circulation to the peritoneal cavitv takes place through the different 

poress in the peritoneal membrane. Transport through the large pores depends on hydrostatic 

forces,, mostly influenced bv the intraperitoneal pressure, which can van' owing to stature. 

Becausee of the small number of these pores, their contribution is quantitatively low. Fluid 

transportt through the small pore system is mainly dependent on hydrostatic and osmotic forces. 

Colloidd osmotic pressure is created by the albumin concentration of plasma and by the colloid 

osmoticc pressure of the dialvsis solution, in case a polyglucose solution is used. Other dialysis 

solutionss create a crystalloid osmotic pressure gradient. However, due to the small size of these 

solutes,, thev wil l easily pass through the small pores. Therefore, a third set of pores has been 

postulated,, impermeable to solutes, but very sensible to crystalloid osmotic forces; the "water-

only""  transcellular pathway [1]. These pores have been identified as aquaporin-1 and can be 

demonstratedd in peritoneal tissues, especially in the endothelial cells of peritoneal capillaries and 

venuless [2,3]. Aquaporin-1 is a tetramer within the plasmalemmal membrane, which consists of 4 

subunits.. The functional properties of all subunits are unknown. Studies in which aquaporin-1 

wass blocked with mercury-chloride, indeed showed that net ultrafiltration decreased significantly. 

Thiss was assumed to be caused by a decrease in free water transport [3]. 

T h ee asses sment of free water transport 

Sincee free water transport is assumed to account for about 50% of transcapillary ultrafiltration, 

whenn a hyperosmolar solution is used, different methods have been applied to quantify the 

amountt of free water transported during a standardized dwell. Among these, is the measurement 

off  the difference in net ultrafiltration between a 3.86% and a 1.36% glucose solution. This 

method,, however, requires two permeability tests, which are both subject to variation, and is very 

timetime consuming for patients. Therefore, the determination of the sieving of sodium is currently 

thee one most often used. 
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Thiss "sieving of sodium" is a phenomenon in which a marked dip in dialysate sodium 

concentrationn occurs in the first phase of a dwell. The magnitude of the dip can be used as an 

estimationn of the amount of free water transport. High transport rates can influence the 

magnitudee of the dip, caused by relatively high sodium diffusion rates, and consequently lead to 

ann underestimation of free water transport. Therefore a method has been developed to correct 

forr sodium diffusion [4]. In this method the MTAC of urate was assumed to equal that of 

sodium.. In this way the amount of sodium transport due to diffusion only could be calculated. 

Thiss could than be subtracted from the measured dialysate sodium concentration, resulting in the 

actuall  sodium sieving. 

Sodiumm sieving is investigated with a hyperosmolar solution, because then the highest 

osmoticc gradient is present. The committee on ultrafiltration failure of the ISPD, therefore, 

advisedd to perform peritoneal function tests with a 3.86% glucose solution [5]. However, until 

recentlyy these function tests were generally performed with a 2.27% glucose solution (PET) or a 

1.36%% glucose solution (SPA). As a result, no reference value of this parameter was available. To 

determinee normal values, we analyzed 154 standard peritoneal permeability analyses, using a 

3.86%% glucose solution. We calculated normal values for all transport characteristics, including 

thee maximum dip in D /P sodium, after correction for diffusion of sodium from the circulation 

too the dialysate (chapter 3). In this way the function of aquaporin-1, assumed to be responsible 

forr free water transport, can be assessed in the follow-up of patients and impaired free water 

transportt as a cause of ultrafiltration failure can be analyzed. 

Unfortunately,, the method of correction for sodium diffusion requires a lot of parameters 

thatt are not routinely measured in a standard PET. These include plasma and dialysate urate 

concentrationss at several time points and fluid kinetics, obtained with intraperitoneally 

administeredd dextran 70 as a volume marker. Consequently, it was not easy to use in general 

practice.. We therefore developed a method to correct for sodium diffusion, applicable in a PET 

(chapterr 4). The parameters used were plasma and dialysate concentrations of sodium and 

creatininee at time point 0 and 240 minutes and the instilled and drained volume, which are 

normallyy obtained in a PET. This method was compared to the reference method of Zweers et a/. 

[4]]  and appeared to be very accurate, as concluded from high correlation coefficients with the 

referencee method. At this moment, a possibility is available to assess free water transport in the 

widelyy applied PET more precisely than would have been possible by just using the lowest D /P 

sodium,, irrespective of diffusion rates. 

Becausee most methods to estimate free water transport are indirect, and therefore 

susceptiblee to errors, a method was developed to quantify the volume of free water transport. 
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Thee calculation was based on a method, described in an abstract by La Mili a ei a/, where sodium 

transportt through the small pores was calculated and subtracted from the total drained volume, 

inn a peritoneal equilibration test of 60 minutes duration (the fast-fast PET) [6]. Our more 

sophisticatedd standardized peritoneal permeability analysis (SPA) enabled us to expand this 

methodd and calculate free water transport at even' time point during a dwell. In this way the 

volumee of free water transport in the first minute could be calculated. As described in chapter 5, 

itt appeared that mean values for free water transport, obtained by us and values obtained by 

computerr simulations by Rippe et ai |1] were ven' similar. Also other indirect methods to assess 

freee water transport were compared to our method. The difference in net UF between a 3.86% 

andd a 1.36% glucose solution showed a weak correlation with our quantified method. Much 

strongerr was the correlation with the sieving of sodium, after correction for sodium diffusion. 

However,, both methods include the same mathematical parameter, that is the dialysate sodium 

concentrat ion. . 

Thee results of these studies indicate that for the routine measurement of free water 

transportt the sieving of sodium at the end of a 240 minutes dwell can be used, using the drained 

volume,, the plasma and dialysate sodium concentrations and the MTA C creatinine to correct for 

sodiumm diffusion. For scientific purposes the calculation of the transported volume of free water 

cann be applied, using the amount of sodium transported through the small pores at any given 

t imee point and subtracting this from the total transcapillan' ultrafiltration (TCUF) at those time 

points. . 

T h ee influence of the dialysis solution o n water transport 

Thee amount of transcapillary ultrafiltration (TCUF) is ven' much dependent on the kind of 

dialysiss solution used. As glucose solutions create a crystalloid osmotic pressure, the highest 

availablee glucose concentration, wil l yield the highest osmotic pressure gradient. Consequently, 

freee water transport wil l be higher than when a lower glucose concentration is used, assuming 

thatt the function of aquaporin-1 is intact. Theoretically, the difference in net drained volume 

betweenn a glucose solution with the highest concentration (3.86%) and that with the lowest 

concentrat ionn (1.36%) wil l totally depend on the amount of free water transport. Patients with 

no,, or a very low, difference in net drained volume must therefore have low sodium sieving. 

Indeed,, this was found and described in chapter 2, where a significant correlation was observed 

betweenn the magnitude of the dip in D / P sodium, especially after a correction for sodium 

diffusionn was made, and the difference in net drained volume. This correlation was still present, 
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butt weaker when the difference in net drained volume was plotted against the percentage of free 

waterr transport, contributing to total TCUF, as described in chapter 5. 

Thee total TCUF is expected to be higher when a hyperosmolar solution is used. 

However,, in comparisons made between glucose and glycerol, the ultrafiltration obtained with 

glyceroll  was lower, despite the slighdy higher osmolality of the glycerol solutions used in several 

studiess [7-9]. Therefore it seemed likely that another factor might be involved. According to Van 

'tt Hoff s law, the osmotic pressure gradient is formed by the reflection coefficient a, the product 

off  the gas constant R and the absolute temperature (RT), and the AC, the concentration gradient 

off  a solute in blood and dialysate. Since RT and AC are known, and could not explain the 

differencess in net ultrafiltration, the O of glycerol must have been lower than that of glucose. The 

reflectionn coefficient of a solute is 0 when a membrane is freely permeable to that solute, and 1 

whenn its transport through the membrane is totally reflected. For glucose the reflection 

coefficientt was found to average 0.03 by Imholz et al. [10]. We compared the transport 

characteristicss of a 1.4% glycerol solution to those of a 1.36% glucose solutions in order to 

calculatee the reflection coefficient of glycerol. Indeed, we found a lower value for the reflection 

coefficientt of glycerol 1.4% than for glucose 1.36% (chapter 9). However, since the osmolality of 

thee glycerol solution used in this study was higher (410 mosmol/kg H20), than that of the 

glucosee solution used (347 mosmol/kg H20), a marked dip in D /P sodium was observed in the 

firstt hour of the dwell with glycerol. This could be ascribed to uncoupled water transport through 

thee ultra small pores. It implies that, despite the lower refection coefficient, the effect of glycerol 

ass osmotic agent is more dependent on intact aquaporin-mediated water transport than that of 

glucose. . 

Peritoneall  transport obtained with a glucose polymer solution is dependent on the 

colloidd osmotic pressure. Therefore the amount of small pores available for transport determines 

thee amount of ultrafiltration. Since a 7.5% icodextrin polyglucose solution is iso-osmolar to 

plasma,, no free water transport is expected to occur. According to this, the difference between 

thee ultrafiltration coefficients of glucose 3.86% (water transport through small- and ultra small 

pores)) and icodextrin 7.5% (water transport through small pores only) was used to estimate the 

contributionn of free water transport to total TCUF [11]. A mean value of 51 % was obtained, 

whichh showed good correlation with our quantified method, applied on the same patient data, as 

describedd in chapter 5. 

Amino-acidd solutions are hyperosmolar to plasma (365 mosmol/kg H,0) and have 

higherr TCUF, when compared to 1.36% glucose (347 mosmol/kg H,0). This difference could 

nott just be explained by the difference in osmotic pressure gradient, since the reflection 
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coefficientt of an amino-acid solution appeared to be lower than that of glucose. This vielded a 

differencee in the estimated osmotic pressure gradient of only 6 m m Hg [12]. Therefore, it is more 

likelyy that the greater fluid transport with amino acids is the result of increased peritoneal blood 

flow,, rather than augmented free water transport. 

Summarizing,, the results of our studies on the influence of the dialysis solution on free 

waterr transport, indicate that it mainly depends on the osmotic pressure gradient at the beginning 

off  the dwell. The osmotic pressure gradient depends on the solution used and on the reflection 

coefficientt of that solution. 

Condit ionss that can give impaired peritoneal water transport 

Overhydrat ionn in peritoneal dialysis (PD) patients can be caused by a variety of reasons, like an 

excessivee fluid intake, loss of residual renal function, incompliance, catheter problems, peritoneal 

leakagess or ultrafiltration failure of the peritoneal membrane. In this thesis we focused on 

peritoneall  membrane failure. Although several clinical definitions have been suggested, 

ultrafiltrationn failure is now defined as a net drained volume of less than 400 mL, when a 3.86% 

glucosee solution is used in a 4 hours exchange [5]. This cut-off point was chosen because in 

previouss studies it was found that net ultrafiltration of less than 400 mL after a 4 hours 3.86% 

glucosee dwell was always associated with clinical manifestations of ultrafiltration failure [5, 13]. 

Thee presence of a large peritoneal vascular surface area, characterized bv high mass 

transferr area coefficients (MTAC) or dialysate-to-plasma ratio's (D /P) of creatinine is the major 

causee of ultrafiltration failure. I t leads to high absorption rates of low molecular weight osmotic 

agents,, and therefore to a rapid disappearance of the osmotic gradient. A large peritoneal vascular 

surfacee area can be anatomic, owing to neoangiogenesis, or functional, when more peritoneal 

microvesselss are perfused. Furthermore, a decreased free water transport can cause ultrafiltration 

failure,, as well as a high lymphatic absorption rate. As a very rare cause of ultrafiltration failure a 

smalll  effective peritoneal vascular surface area has been described. 

ho fig-fermho fig-ferm peritoneal dialysis 

Ultrafiltrationn failure can occur at any stage of peritoneal dialysis, but it is especially important in 

long-termm PD. In the cross-sectional study described in chapter 3, ultrafiltration failure was 

presentt in 34% of the examined patients. This high percentage was mainlv due to the fact that 

ourr dialysis department is especially interested in ultrafiltration problems, and therefore some 

patientss were referred to us for that reason. The patients with ultrafiltration failure appeared to be 

treatedd with PD for a longer duration than those without ultrafiltration failure. This finding was 
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alsoo established in a European multicenter study, where patients with definite ultrafiltration 

failure,, showed a tendency to be treated longer (51 months) than patients without ultrafiltration 

failuree (26 months) [14]. The results of the multicenter study described in chapter 8, performed in 

patientss treated with PD for more than 4 years, showed a prevalence of ultrafiltration failure of 

36%.. In these long-term patients with ultrafiltration failure, usually more than one causative 

factorr was present. Most patients had large effective vascular surface areas, either in combination 

withh decreased free water transport or with increased lymphatic absorption. The presence of an 

enlargedd vascular surface area has been described in long-term patients [15,16]. This fits very well 

withh the increased number of peritoneal vessels, observed in long-term PD patients [17,18]. A 

rolee for the long-term exposure to glucose containing dialysis solutions as a major pathogenetic 

factorr in these alterations seems likely. First, because of the observation by Davies et al. that in 

patientss an increase in solute transport with time, was preceded by increased peritoneal exposure 

too hypertonic glucose [19]. This was confirmed in our study in long-term patients, where the 

patientss with ultrafiltration failure had higher glucose exposure and higher transport rates. Of 

coursee the question about the chicken and the egg arises. In the study of Davies patients with 

highh D /P creatinine had higher glucose exposure already in the first year of PD, owing to a lower 

residuall  GFR. Glucose, or glucose degradation products can lead to neoangiogenesis, either 

causedd by the formation of advanced glycation end-products, that stimulate the production of 

VEGFF [20] or by stimulation of VEGF production by oxidative stress [21]. In previous studies, 

locall  production of VEGF in the peritoneal cavity was positively correlated with MTAC 

creatininee and negatively correlated with net ultrafiltration. In addition, the local production of 

VEGFF increased with the duration of PD treatment [22]. No relation, however, was found 

betweenn the magnitude of the increase in the local production of VEGF and the initial value at 

thee start. Also, no differences were found in serum and locally produced dialysate values for 

VEGFF in diabetic and non-diabetic patients starting with PD, as described in chapter 6. This 

suggestss individual susceptibility, for instance caused by polymorphisms in different growth 

factors.. In diabetic retinopathy such a polymorphism has been described for PAI-1 [23]. This 

mayy be an interesting subject for further investigations. 

Thee role of impaired free water transport in ultrafiltration failure has been doubted by 

somee investigators. It was considered to be just a result of the overall lower net UF, caused by 

rapidd absorption of the osmotic agent in the case of high transport rates. We found several 

argumentss that impaired free water transport is an entity by itself. First, we found decreased 

sodiumm sieving in the long-term patients with ultrafiltration failure, despite a normal MTAC of 

creatinine.. These patients tended to be treated with PD for a longer period. This has also been 
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describedd by Monquil et al., some years ago [24]. Second, in chapter 7, groups were matched for 

MTA CC creatinine; it appeared that patients in the first months of peritoneal dialysis had a normal 

sievingg of sodium, compared to a decreased sieving of sodium, that was found in long-term 

patients.. This implies that impaired free water transport is a contributing factor in ultrafiltration 

failure,, and that it is probably more important in long-term PD patients. 

Thee impaired free water transport, which was found in about 6 5% of the long-term 

patientss with ultrafiltration failure in chapter 8, is likely to be caused by either a lower number of 

aquaporin-11 in the peritoneal membrane, or by a functional impairment of aquaporin-1. The 

latterr is probably more likely, because Goffin et al. found normal expression of aquaporin-1 in a 

long-termm PD patient writh severe ultrafiltration failure [25]. However, a relationship between the 

expressionn of aquaporin-1 and the sieving of sodium has recentlv been reported in a cross-

sectionall  analysis of peritoneal biopsies |26]. The reason for impaired aquaporin-1 function is still 

speculative.. Glvcation of the aquaporins is a possibility, but also a role for oxidative stress has 

beenn postulated, with oxidant mediated protein changes [27] or nitrosylation, resulting in altered 

function.. Whether this altered function is reversible is uncertain. In chapter 10, patients with 

ultrafiltrationn failure were treated with a glucose-free dialvsis regime. This resulted in a tendencv 

too increased free water transport, but the differences were not statistically significant. Other 

strategiess to improve free water transport have been suggested, like the administration of 

corticosteroids,, which are considered to induce aquaporin-1 expression [28]. 

Peritonitis Peritonitis 

Ultrafiltrationn failure can be present in case of acute CAPD peritonitis. Augmented solute 

transportt is then caused bv inflammation-induced vasodilatation and an increased number of 

perfusedd capillaries. Therefore, the osmotic gradient decreases rapidly and net UF is lower. In 

peritonitiss no permanent structural changes are present and the changes in peritoneal small solute 

transportt are reversible. Therefore, no functional alterations for aquaporin-1 were expected to be 

presentt during peritonitis. This wTas confirmed in chapter 7, in which patients with acute CAPD 

peritonitiss were compared to long-term patients and to patients in the first months of PD 

treatmentt with similar transport rates. As expected, long-term patients had significantly lower 

sodiumm sieving than the patients with peritonitis or the patients who recently started PD. In 

addit ion,, fluid profiles of the peritonitis patients and the recently started patients showed a steep 

risee in intraperitoneal fluid in the first phase of the dwell, together with a significandy higher 

transcapillaryy ultrafiltration in the first minute of the dwell, than the long-term patients. This 

indicatess an intact function of aquaporin-1, which depends on a high osmotic gradient present in 
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thee first phase of an exchange. However, lower sodium sieving in rats with peritonitis has been 

describedd by Combet et a/. [29]. The difference with our results is most likely explained by the 

correctionn for sodium diffusion that was made in our study. High diffusion rates during acute 

peritonitiss otherwise would have caused blunting of the D/P sodium ratio due to rapid transport 

off  sodium from the circulation to the dialysate. 

RoleRole of diabetes 

Thee indication that long-term exposure to glucose-containing dialysis solutions played an 

importantt role in the pathogenesis of transport alterations in PD, instigated the question whether 

thesee alterations were already present in diabetic patients, at the start of PD. Several studies 

reportedd higher solute transport rates in diabetics [30-32]. These studies, however, were cross-

sectional,, implying that the patients were treated for a diverse duration of time. A study in 

patientss starting with PD showed no difference in solute transport, but a slightly lower 

transcapillaryy ultrafiltration (TCUF) in diabetics was observed [33]. It was postulated that a 

decreasedd free water transport was the cause of this lower TCUF. In experimentally induced 

diabetess mellitus in rats, higher solute transport and lower sieving of sodium was reported [34]. 

Inn our study, described in chapter 6, no differences in transport parameters were found in 

diabetics,, compared to non-diabetics in the first 4 months of PD. A possible role for uremia was 

postulated,, because uremia itself can enhance the formation of advanced glycation end-products 

[35],, which are considered to play a major role in the alterations of the peritoneal membrane. 

Anotherr reason for the difference between the rat-study and our study could have been the 

durationn of diabetes and the glycemic control that is better in patients than in experimental 

animals. . 

Inn summary, the clinically most important condition that can give impaired water transport is a 

longg duration of peritoneal dialysis. In this situation structural membrane alterations, like 

neovascularization,, cause increased transport of small solutes and consequently, lower net UF. 

Thee concomitant decreased free water transport is probably caused by a functional alteration of 

aquaporin-1.. Secondly, peritonitis can transiently influence ultrafiltration by enhanced solute 

transport,, but not by decreased free water transport. In addition, it seems unlikely that diabetes 

mellituss in humans is responsible for decreased (free) water transport. 
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Futuree investigations 

Focuss for further studies ma}' involve 

1.. Further studies on free water transport. For instance, following from the description 

too correct for sodium sieving in a standard 4-hour PET, reference values for this 

methodd should be assessed. Another possibility is to evaluate free water transport in 

time.. In this way a longitudinal follow-up of the sieving of sodium can give 

informationn on the importance of the duration of PD on the contribution of free 

waterr transport to total transcapillary ultrafiltration. Furthermore, influences of 

variouss dialysis solutions on this development can be investigated in longitudinal 

studiess in patients starting with peritoneal dialysis, comparing the conventional 

glucosee containing solutions and newer, more biocompatible solutions. 

2.. Studies on improving free water transport are of great interest. In our study in 

patientss with severe ultrafiltration failure, a tendency to improved water transport was 

observed,, that sustained even after 12 weeks. It would be interesting to expand the 

studyy period in patients with less severe ultrafiltration failure. Since some reports 

statedd that corticosteroids possibly improve aquaporin-1 expression, admission of 

corticosteroidss in patients with ultrafiltration failure, owing to impaired free water 

transport,, seems a logical step. However, dose-finding studies and the best wav of 

admissionn should be tested in animals first. 

3.. Studies on polymorphisms of growth factors (PAI-1, VEGF) is another subject of 

interest.. When it would be possible to identify a patient group that would have a 

greaterr risk to develop ultrafiltration failure, for instance because of rapid 

neovascularization,, this could lead to other choices at the beginning of dialysis. 
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