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Popular summary in English

Most of us go through life without giving much thought to the smallest blood vessels in
the body - the capillaries. It is in these, extremely thin, only about 5-7 thousandths of a
millimeter thick, blood vessels that the exchange of important nutrients and water occur
between the blood circulation and the tissues and different organs in the human body.
Among the most important substances that are transported to the tissue are, for example,
oxygen and glucose without which the cells in the body cannot survive for very long. Simil-
arly, the end-products of the metabolic activity that occurs throughout the different tissues
in the body, such as carbon dioxide and water, are transported away from the tissue. The
aim of this thesis is to understand the basic mechanisms behind the transport of various
substances that occur over the walls of capillaries - the smallest blood vessels in the body.
In general terms, this is accomplished by constructing mathematical models which are then
used to analyze experimental data from such transport phenomena. The main focus will,
in this thesis, be on the capillaries in the kidney and in the peritoneum - two very different

kinds of blood vessels.

The capillaries in the kidney are highly specialized blood vessels that form tiny tufts called
glomeruli (singular glomerulus). This capillary tuft is enclosed by a capsule, Bowman’s
capsule, in which the so-called primary urine is formed by allowing blood to be filtered
over the walls of the blood vessels in the tuft. In a pair of human kidneys there are about
two million such small vascular bundles through which about one liter of blood per minute
flows in a normal-sized adult human. About a fifth of this blood is filtered through the
vascular walls of the glomerular capillaries which accommodate the so-called glomerular
filtration barrier (GFB). The fluid that is filtered out on the other side of the barrier is
called primary urine and contains almost no blood cells or proteins (albumin) at all. The
small amounts of protein that do end up in the primary urine is almost completely absorbed
and broken down and secreted into the bloodstream as amino acids (the building blocks
of proteins) and only a tiny portion of the filtered proteins are normally excreted in urine.
The rate with which the primary urine is formed - the so-called glomerular filtration rate
(GFR, glomerular filtration rate) - is normally about 180 liters per day (125 ml/min). GFRis
commonly used by doctors and other healthcare professionals to measure kidney function.
In kidney disease, the GFR is often decreased, reflecting temporary or permanent kidney
injury (=meaning that parts of the glomeruli either do not work or filter less blood). This
will usually also mean that less urine is produced. There is often also an increased amount of
proteins in the urine, called proteinuria, which can be caused by damages in the glomerular
capillary wall and, also, a decreased absorption of filtered proteins. In some cases there
may also be leakage of blood into the urine which is often a sign of severe damage to the
glomeruli.



As Goethe wrote in his famous play Faust, blood is ”a rather peculiar fluid” which, in addi-
tion to blood cells, contains many important nutrients which the body needs. These include
the protein albumin of which there is normally about 40 g per liter of blood (plasma). Since
the body normally only produces about 12 grams of albumin per day, any degradation or
loss of albumin should not be greater than that. Almost all degradation of albumin occurs
in the cells lining the blood vessels of the body, the endothelial cells, while only about 10%
(1.2 g / day) is degraded in the kidney. Since 180 L (amount of primary urine per day)
multiplied by 40 g/L (7.2 kg!) of albumin is filtered by the kidney barrier every day, this
means that only about 0.02% (1.2 g) of albumin can be allowed to "leak” through the kid-
ney filter to prevent the body of being depleted of this important protein. The so-called
sieving coefficient (the ratio between the concentration in the water portion of the blood
and the primary urine) of albumin is thus in the order of 1 — 2 - 104, The albumin con-
centration in the primary urine is thus normally only about 4 mg/L. This amazing ability
of the kidney to "clean the blood” without leaking important proteins that the body needs
is unique to the capillaries in the kidney. The exact mechanisms behind this impressive
selectivity towards proteins are, despite years of research, a highly controversial subject.

Study I

Both the GFB and many blood proteins, such as albumin, are negatively charged. A widely
accepted explanation for the selectivity of the GFB towards large proteins (like albumin)
is that of charge selectivity. The concept of charge selectivity is based on the fact that
a negatively charged filter (like the GFB) will repel molecules having a negative charge
(anions) to a higher degree than uncharged or positively charged molecules. It is the very
same forces that act when a hairbrush gets electrically charged, so-called electrostatic forces.
The current view is that the kidney’s filter is highly charge selective. This view was, among
others, introduced by the British nephrologist and researcher Barry M. Brenner whom
made a number of widely publicized experiments in the 1970s. His results are still presented
in many textbooks of physiology. Brenner studied the urinary excretion of large synthetic
sugar molecules (Dextran) that were either uncharged or negatively or positively charged.
He found very large differences in sieving coefficients (the ratio between the measured water
concentration in the blood and that in the primary urine) between charged and uncharged
molecules. However it was later found that there was binding of the negatively charged
sugar molecules to proteins in the blood which resulted in a falsely low sieving coefficient.
When the classic experiments were repeated in the 1990ies with a different type of negatively
charged sugar molecule (CM-dextran), the differences in transport between charged and
uncharged molecules disappeared completely. In Study I, the controversial effects of electric
charge on the selectivity in the GFB is explored anew. Here we study a different negatively
charged probe molecule (CM-Ficoll) than Dextran. In a previous experiment with CM-
Ficoll it was shown that its transport through the GFB was slightly reduced compared to
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neutral Ficoll molecules of the same size. Thus, it would appear that their negative charge
somehow reduced their transport through the renal filter. In this study, data from the
previous experiment were analyzed using a sophisticated mathematical model where the
renal filter is modeled as a negatively charged fiber network (a so called fiber matrix). The
surface charge of the fiber network can be varied arbitrarily in the mathematical model and
we found that a surface charge between 5-20 mC/m? (albumin has a surface charge of 22
mC/m?) was sufficient to explain the reduced transport that the negatively charged Ficoll
exhibited in the earlier experiments. In summary, the results from study I indicate that
electric charge is of less importance for the transport of charged molecules in GFB than
was previously thought. Furthermore it was found that the amount of charge (the surface
charge density) on the GFB is similar to that found on many proteins in the body such as
albumin.

Study II

By assuming that the capillary walls of the renal vascular bundles (the glomeruli) behave like
a porous membrane - as a synthetic filter - one can use already established scientific models
to describe and simulate the transport. One such scientific model, that is particularly well
developed, is the pore model. It is a model of an ideal spherical molecule in a water solution
that is transported through a small cylindrical channel (pore). The entire membrane is
simulated by assuming that several such pores are "coupled in parallel”. In both the kidney
as well as in other capillary walls, there seems to be two different kinds of pathways through
which dissolved substances in the blood can be transported. In this study, an extended
version of the so-called two-pore model is presented that simulates the transport pathways
in the kidney filter by using small and large pores. A prominent feature in the renal filter
is that there are far more small pores than there are large pores. Indeed, we might as well
just use a small pore if we were only interested in the transport of small molecules since
the contribution of the large pores in the transport of small molecules is, for all practical
purposes, negligible. In addition to the assumption that there are two porous transport
routes through the capillary wall, we assume that the sizes (expressed as the radius of the pore
in angstroms, 10719 m) of these porous microchannels are not fixed but can be described
by a (log-)normal distribution of different pore sizes. Thus, instead of using fixed pore
sizes as in the classic two-pore model, the effective size of the pores are, in this Study,
described by average small- and large pore radii with associated standard deviations (which
are a measure of the spread/width of the pore size distributions). Just as in the Study I,
we analyzed experimental data of the transport of Ficoll through the GFB, but this time
only data for uncharged Ficoll were analyzed. We found, among other things, that the
average radius of the small pores were about 36 angstroms (1 angstrom = one tenth of a
millionth of a millimeter). This can be compared to the effective radius of the albumin
molecule which is about 35.5 angstroms. The ”spread” of the small pore distribution was
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found to be approximately +/- 5 angstroms. If the kidney filter is slightly charge selective -
which the results in Study I indicate - that means that albumin could be entirely blocked
from entering the small pores in the GFB. However, that would require a smaller spread
of the pore-size distribution than what we found in this study (which we will return to in
Study III). Study II in combination with the Study I indicate that electric charge may play
an important role in the transport of the albumin in the kidney - but only as a ’threshold
phenomenon’.

Study I1I

Already in the 1970s it was realized, by means of studying the urinary excretion of large syn-
thetic sugar molecules (polysaccharides), that polysaccharides, particularly Dextran, seemed
to pass through the kidney filter a lot easier than proteins of the same size. This has been
interpreted to be due to the negative charge of the proteins, i.e. due to charge selectivity,
since the polysaccharides are essentially uncharged. From the results of Study I and II arise,
however, an inescapable paradox: how can one explain the difference in transport between
sugar molecules (such as Ficoll) and proteins (such as albumin) if molecular charge does not
play such a major role as was previously thought? In this work we explore the hypothesis
that the sugar molecules are “softer” or "more flexible” than the often more rigid molecular
structures of proteins. Here we again use the two-pore model but instead of assuming that
the pore sizes are normally distributed (as in Study II), we let the radius of the molecule be
normally distributed instead. The molecule thus becomes “soft” and its size is no longer
fixed but is described by a statistical distribution. So how soft does a Ficoll molecule have to
be to explain its increased transport through the kidney’s filter compared to proteins? The
answer in this study is that it is enough with only about 16% variation in the size (radius) of
the Ficoll molecule. The so-called geometric standard deviation of the molecular radius was
thus estimated to approximately 1.16. By contrast, if charge selectivity would be the cause
of the difference in transport between polysaccharides and proteins, it can be estimated, by
using the model in Study I, that the GFB would have to be super-charged, having a surface
charge density roughly 10 times higher than that found on the albumin molecule.

Summary of Study I-II1

From Study I-III, it would appear that a molecule’s size and structure are of far greater
importance than its electrical charge to whether it will leak through the kidney filters or stay
in the blood circulation. This result is markedly different from that which is often presented
in physiology textbooks where the importance of electric charge is often highlighted. Thus,
the question of how the kidney’s filter actually works remains unresolved and is still a highly
contentious subject.
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Study IV

Background

Peritoneal dialysis (PD) is a form of dialysis treatment for patients with severe kidney dis-
ease. The dialysis is performed by means of the patients own peritoneum acting as a dialysis
membrane. A sugar water solution (usually dextrose and saline) is instilled into the abdom-
inal cavity through a small plastic tube. The dialysis fluid then stays in the peritoneal cavity
and absorbs water and solutes from the blood and is discarded after a predetermined dwell
time. Unfortunately, dextrose in the dialysis fluid is absorbed into the bloodstream of the
patient which can have undesirable effects, especially for diabetic patients. In fact, many
patients with kidney failure are diabetics and, in many countries, diabetes has become the
leading cause of chronic kidney disease (called diabetic nephropathy). Reducing the ”sugar
burden” - the so-called metabolic cost of treatment - has therefore become increasingly im-
portant. More and more patients have a machine that automatically pumps dialysis fluid
in and out of the peritoneal cavity, so-called automated peritoneal dialysis (APD). This
allows treatment at night and often also the use of larger volumes of dialysis fluid, which,
in general, increases the efficacy of the treatment. In simplified terms, one can say that
the capillaries of the peritoneum are used as a surrogate for the kidney filter in the glom-
erular capillaries. One of the big differences between peritoneal and renal capillaries is
however that the former has a much smaller effective surface area available for transport (at
least a factor of 20). This means that the removal of toxins and other waste products from
the blood into the dialysis fluid becomes less effective. In addition, the capillaries of the
peritoneum lack the great selectivity for large molecules (such as albumin) which is charac-
teristic of kidney capillaries. Thus, patients treated with PD have increased albumin losses
(on the order of a few grams per day). Most patients, however, manage to compensate this
loss by an increased production in the liver. Nevertheless, the transport of blood solutes
across the peritoneal capillary walls can be modeled with two pore systems - just like in the
kidney. However, there are more large pores in capillary walls than in the peritoneum. Fur-
thermore, there are water channels in the peritoneum, called aquaporins, through which
only water can be transported. So you need three different transport routes through the
peritoneum membrane if you want to make a model of the transport that occurs during
peritoneal dialysis resulting in the so-called three-pore model. This model is currently the
most applied model of PD and is used in many commercial computer software packages to
simulate PD, such as PD Adequest® and PDC°. Although the three-pore model is over 20
years old there are still many unresolved issues concerning the actual transport mechanisms
involved during PD.

The simulation and optimization of automated peritoneal dialysis

In Paper IV an extended three-pore model is presented which has the unique property that
it can also simulate the dialysis process while the dialysis liquid is pumped in and out of
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the abdomen. This was not possible with the classic three-pore model. During APD a con-
siderable part of the total dwell time is spent either draining or filling the abdomen with
dialysis fluid. This means that the new model is particularly well suited to simulate and
optimize the treatment with APD. In particular, the new model is used to find strategies to
reduce the absorption of dextrose that inevitably occurs when using dextrose solutions. It is
shown that, by using sugar-free solution for longer dwells interspersed with sugar contain-
ing solution during shorter dwells, the total glucose absorption can be reduced by 20-30%
while providing the same or better effect of the treatment. In addition, it is possible to
shorten the total treatment which is desirable in many patients since treatments are often
longer than 8 hours - which typically means that the patient must stay in bed and wait for
the end of treatment.

Final reflection

The physiological models that are presented and developed in this PhD project attempt, as
far as possible, to describe the transport mechanisms that occur in the actual tissue - in the
simplest possible way. Although there are clear limitations in the use of simplified models
it is often possible to use such models to discern the dominant physiological mechanisms
involved in particular phenomena. Perhaps the main advantage of simple scientific models
is that they can be invalidated, that is, proven - by direct measurement or calculation - to be
incorrect. If this occurs, it may happen that the entire model is rejected or, more commonly,
that the model is adjusted based on the new results. The possibility to invalidate a theory
is what makes it valuable from a scientific standpoint - and vice-versa.



Populirvetenskaplig sammanfattning pa svenska

De flesta av oss gar genom livet utan att dgna minsta tanke at de allra minsta blodkirlen i
kroppen — de fina harrérskirlen — eller kapilldrerna som de ocksa kallas. Det ér i dessa ytterst
tunna, endast cirka 5-7 tusendelar av en millimeter tjocka, blodkirl som utbytet av viktiga
niringsimnen och vatten sker mellan blodomloppet och kroppens olika vivnader. Nagra
av de viktigaste imnena som transporteras till vivnaden ir till exempel syrgas och glukos
utan vilka vivnaden inte kan &verleva sirskilt linge. Restprodukterna av den niringsom-
sittning som sker i vivnaden, bland annat koldioxid och vatten, transporteras i sin tur bort
frin vivnaden. Syftet med denna avhandling ir att férstd mekanismerna bakom den trans-
port av olika amnen som sker over viggarna i kroppens allra tunnaste blodkirl. I korthet
kommer ett antal matematiska modeller att konstrueras med vilka man kan simulera dessa
transportfenomen. Modellerna anviinds sedan for att analysera data frin experiment i totalt
fyra olika delarbeten som redovisas i korthet nedan. Fokus kommer att ligga pa njurens och
bukhinnans kapilldrer - tvd mycket olika sorters blodkirl.

Njurens kapilldrer 4r specialiserade blodkirl som bildar sma nystan som kallas for glomeruli
(singularis glomerulus). Nystanet omsluts av en kapsel i vilken den s kallade primirurinen
bildas genom att blod filtreras 6ver kapillirviggarna i kirlnystanet. I de minskliga njurarna
finns cirka tvd miljoner sddana sma kirlnystan genom vilka cirka 1 liter blod per minut
flédar hos en normalstor vuxen minniska. Cirka en femtedel av detta blod filtreras ge-
nom Kkirlviggarna i de glomerulira kapilldrerna som rymmer den si kallade glomerulira
filtrationsbarridren (GFB). Det som filtreras ut pa andra sidan barridren kallas f6r primiru-
rin och innehéller nistan inga blodkroppar eller proteiner (iggviteimnen) éverhuvudtaget.
De sma mingder dggviteimnen som 4nda tar sig 6ver fran blodet till primérurinen bryts
till storsta delen ner och utséndras i blodbanan som aminosyror (proteinernas byggstenar)
medan endast en mycket liten del proteiner utséndras i urinen. Den hastighet med vilken
primidrurinen bildas — den s.k. glomerulira filtrationshastigheten (GFR; glomerular filtra-
tion rate) - brukar likare och annan sjukvardspersonal anvinda for att mita njurfunktionen
och uppgar normalt till hela 180 L per dag (125 mL/min). Vid njursjukdom, ir GFR ofta
minskad, vilket tyder pa en tillfillig eller permanent njurskada (= vilket innebir att delar
av glomeruli inte fungerar eller filtrerar mindre blod). Detta kommer vanligtvis ocksa att
innebira att mindre urin produceras. Det finns ofta ocksi en 6kad mingd proteiner i uri-
nen, vilket kallas proteinuri, vilket kan tyda bade pa skador i kapillirviggen och, ocksé, en
minskad absorption av filtrerade proteiner. I vissa fall kan det ocksé finnas ett lickage av
blod ut i urinen vilket, i detta ssmmanhang, ofta ir ett tecken pa svéra skador i glomerulus.

Precis som Goethe skrev i sin beromda pjis Faust dr blod "en ganska egendomlig vitska”
som, férutom blodkroppar, innehéller manga viktiga iamnen som kroppen behover. Bland
dessa kan nimnas proteinet albumin av vilket det normalt finns cirka 40 g per liter blod
(plasma). Eftersom kroppen endast tillverkar cirka 12 g albumin per dygn sa bér nedbryt-
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ningen eller forlusterna av albumin inte vara storre 4n si. Nistan allt albumin bryts ner
av de celler som sitter i kroppens blodkirlsviggar, av de si kallade endotelcellerna, medan
bara ungefir 10% (1.2 g/dygn) bryts ner i njuren. Eftersom 180 L (mingden primirurin per
dygn) multiplicerat med 40 g/L (7.2 kg!) albumin filtreras av njurens barriir varje dygn,
sd innebir detta att endast cirka 0.02% (1.2 g) av albuminet far "licka ut” genom njurens
filter for att undvika att kroppen utarmas pa detta fér kroppen mycket viktiga protein.
Den si kallade sievingkoefficienten (kvoten mellan vattenkoncentrationen i blodet och i
primirurinen) fr albumin ir allts i storleksordningen 1 — 2 - 1074, Koncentrationen av
albumin i primirurinen ir alltsd normalt kring 4 mg/L. Denna fantastiska férmaga att re-
na blodet utan att det licker ut viktiga mnen som kroppen behéver dr unik f6r njurens
kapilldrer och det 4r just denna selektivitet som, trots manga ars forskning, fortfarande 4r
hogst kontroversiell.

Arbete I

Bade njurens filter och ménga proteiner i blodet sasom albumin ir negativt elekeriske lad-
dade. En sedan linge accepterad forklaring pa den otroliga selektivitet som njurens filter
har gentemot stora proteiner som albumin 4r det som kallas f6r laddningsselektivitet (eng.
charge selectivity) och gar ut pa att ett negativt elekeriske laddat filter (som njurens filter)
kommer att repellera molekyler med negativ laddning till en hogre grad 4n oladdade eller
positivt laddade molekyler. Det dr precis samma krafter som verkar som nir en hérbors-
te blir laddad, si kallade elektrostatiska krafter. Denna syn pa njurens filter som varandes
otroligt laddningsselektivt hirstammar, bland andra, fran den engelske njurmedicinaren
och forskaren Barry M. Brenner som gjorde ett antal mycket uppmirksammade studier pa
7o-talet som citeras flitigt i ménga lirobocker i fysiologi. Brenner studerade utséndringen
i urinen av stora syntetiska sockermolekyler (Dextran) som antingen var elektriskt neutrala
eller hade en negativ eller positiv laddning och fann mycket stora skillnader i sievingkoeth-
cienterna (kvoten mellan koncentrationen i blodet och i primirurinen) mellan dessa olika
laddade molekyler. Dock har man i efterhand funnit att de negativt laddade sockermoleky-
lerna binder till dggvitedmnen (si kallade plasmaproteiner) i blodet vilket astadkommit en
skenbart lag sievingkoefhicient f6r dessa. Nar man gjort om de klassiska férséken med en
annan typ av negativt laddade sockermolekyler (CM-Dextran) s har laddningseffekterna
forsvunnit helt. Arbete I utforskar pa nytt de kontroversiella effekterna av elektrisk laddning
for selektiviteten i njurens filter. Hir anvinder vi en annan negativt laddad probmolekyl
(CM-Ficoll) dn Dextran. Tidigare f6rsok med CM-Ficoll visade att dess transport genom
njurens filter var nigot minskad jimfort med neutrala molekyler av samma sort. Alltsé ver-
kar det som om att deras negativa laddning minskade deras transport. Hir analyseras data
fran det tidigare forsdket med hjilp av en avancerad matematisk modell dir njurens filter
modelleras som ett negativt elektriskt laddat fibernitverk. Ytladdningen pa fiberndtverket
kan varieras helt godtyckligt i den matematiska modellen och vi fann att en ytladdning mel-
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lan 5-20 mC/m? (proteinet albumin har en ytladdning pd 22 mC/m?) kunde férklara den
minskade transport som de negativt laddade molekylerna uppvisade. Sammanfattningsvis
visar resultaten frin denna studie att elektrisk laddning kan vara av mindre betydelse for
transporten av laddade molekyler i GFB 4n man tidigare trott och att den laddning som
finns pd njurens barridr liknar den hos ménga proteiner i blodet som till exempel albumin.

Arbete I1

Genom att anta att kapillirviggen i njurens kirlnystan beter sig som ett porést membran
- som ett syntetiskt filter - kan man anvinda redan etablerade vetenskapliga modeller och
koncept for att beskriva transporten. En sadan vetenskaplig modell som ar sirskilt vilut-
vecklad dr pormodellen. Den beskriver en idealisk rund molekyl i vattenlésning som trans-
porteras genom en cylindrisk liten kanal (por). Ett helt membran simuleras sedan genom
att anta att flera sadana porer ir “parallellkopplade”. I savil njurens som andra kapilldrers
viggar verkar det finnas tvé olika porsystem genom vilka dmnen i blodet kan transporte-
ras. | detta delarbete presenteras en utokad variant av den si kallade tva-porsmodellen som
delar upp njurens filter i smé och stora porer. En framtridande egenskap i njurens filter
ar att det finns langt mycket fler smd porer 4n stora porer. Faktiskt hade det gitt lika bra
att bara anvinda en smapor om vi bara var intresserade av transporten av mindre mole-
kyler. Forutom antagandet att det finns tvd transportvigar genom kapilldrviggen antar vi
att storlekarna (uttrycke som radie i dngstrom, 10~ 197) pa dessa mikrokanaler inte 4r fasta
utan kan beskrivas av en normalférdelning (distribution) av olika porstorlekar. Medelvir-
det pi denna normalférdelning av porstorlekar dr den sd kallade medelporradien. Alltsa
finns i den nya modellen en smaporsmedelradie och en storporsmedelradie med tillhéran-
de spridningsmatt eller standardavvikelse som 4r ett matt pa hur stor spridningen ir i de
olika fordelningarna. Precis som i Arbete I, analyserades experimentell data av transporten
av Ficoll 6ver njurens filter, fast denna ging bara elektriske oladdat Ficoll. Vi fann bland
annat att medelradien f6r de smé porerna var cirka 36 angstrém (en angstrom = en tiondels
miljondel av en millimeter!). Detta kan jimforas med den effektiva radien av albuminmo-
lekylen som ir cirka 35.5 angstrom. Spridningen for de sma porerna fann vi vara cirka +/-
s angstrdm. Om njurens filter 4r l4tt laddningsselektivt — vilket resultaten i Studie I pekar
pa — sd innebdr det att albumin i stort sett inte alls passerar genom de sma porerna i nju-
rens membran. Detta forutsitter dock en mindre spridning 4n vad vi fann i denna studie
(vilket vi dterkommer till i Arbete IIT). Arbete II i kombination med Arbete I tyder alltsd
pa att elektrisk laddning - trots allt - kan spela en viktig roll f6r transporten av det albumin
i njurens membran - men som ett trdskelfenomen.
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Arbete I11

Redan pa 70-talet hade man med hjilp av att studera utsondringen i urinen av stora syn-
tetiska sockermolekyler (polysackarider) kommit fram till att sockermolekyler, framforallc
Dextran, verkade passera njurens filter mycket littare dn proteiner av samma storlek. Detta
har tolkats bero pa att den negativa laddningen hos proteinerna gor att de passerar i mycket
mindre utstrickning 4n de oladdade sockermolekylerna. Fran resultatet frin Arbete I och
IT uppstar dock en ofrinkomlig paradox: hur kan man férklara skillnaden i transport mel-
lan sockermolekyler sisom Ficoll och proteiner om nu laddning inte spelade si stor roll? I
detta arbete utforskar vi hypotesen att sockermolekylerna ar “mjukare” eller "mer flexibla”
in de ofta mer rigida molekylstrukturerna hos proteiner. Hir tar vi terigen anvindning av
tvaporsmodellen men i stillet for att anta att porstorlekarna dr normalfordelade sa later vi
sjdlva radien pa molekylen vara normalférdelad. Molekylen blir dirmed “mjuk” och dess
storlek 4r inte lingre fast utan beskrivs av en statistisk distribution. Si hur mjuk maste en
Ficoll-molekyl vara for att férklara dess 6kade transport genom njurens filter? Svaret i denna
studie ir att det ricker med endast cirka 16% variation i storleken (radien). Den si kalla-
de geometriska standardavvikelsen f6r molekylradien uppskattades dirmed till cirka 1.16.
Om vi leker med tanken att det skulle vara laddningsselektivitet som orsakade skillnaden i
transport mellan polysackarider och proteiner, s kan man rikna ut, med hjilp av modellen
i Arbete I, att det skulle krivas en “super-laddad” barridr i njuren med ungefir 10 ginger
hogre laddningstithet 4n den som finns pa albuminmolekylen.

Sammanfattning av Arbete I-111

Utifran Arbete I-III verkar det som om att en molekyls storlek och struktur dr av betydligt
storre betydelse dn elektrisk laddning f6r huruvida ett imne kommer att licka igenom
njurens filter. Detta resultat skiljer sig markant fran den som ofta dterges i lirobocker dir
betydelsen av elektrisk laddning ofta lyfts fram. Saledes ir frigan om hur njurens filter
”sorterar molekyler” fortfarande ol6st och hogst kontroversiell.

Arbete IV

Bakgrund

Peritonealdialys (PD) ir en form av dialysbehandling for patienter med svar njursvikt. Di-
alysen sker med hjilp av den egna bukhinnan som dialysmembran genom att en sockerlos-
ning (vanligen glukos och salter) tappas in i bukhalan via en liten plastslang. Dialysvitskan
drar sedan till sig vatten och i blodet losta imnen och tappas ut efter en forutbestimd tid.
Den glukos som finns i dialysvitskan tas upp i blodet hos patienten vilket kan ha icke-
onskvirda effekter, sirskilt for patienter som har diabetes. Faktum &r att minga patienter
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med njursvikt har diabetes och i manga linder har diabetes blivit den ledande orsaken till
kronisk njursvikt (s kallad diabetesnefropati). Att minska “sockerbérdan” — den sa kallade
metabola kostnaden f6r behandlingen — har dirfor blivit allt viktigare. Allt fler patienter har
en maskin som hjilper till att tappa in och ut dialysvitska, s kallad automatiserad perito-
nealdialys (APD). Detta mojliggér behandling nattetid och dessutom ofta anvindande av
storre volymer dialysvitska vilket, generellt sett, 6kar effekten av behandlingen. Forenklat
kan man alltsa sdga att kapilldrerna i bukhinnan (peritoneum) anvinds som surrogat for
njurens kapillirnystan (glomeruli). Den stora skillnaden mellan bukhinnans och njurens
kapilldrer 4r dock att de forra har en mycket mindre effektiv yta tillginglig for transport
(cirka en faktor 10-20) vilket innebir att transporten av toxiner och andra restprodukter
till dialysvitskan blir mindre effektiv. Dessutom saknar kapilldrerna i bukhinnan den sto-
ra selektivitet for stora molekyler som t ex albumin som ir kiinnetecknande fér njurens
kapilldrer och patienter som behandlas med PD har alltsd storre albuminférluster (nagra
gram per dygn) — de flesta patienter lyckas dock kompensera genom en 6kad produktion
i levern. Icke desto mindre kan transporten av l6sta amnen 6ver bukhinnans kapillirvig-
gar modelleras med tv& porsystem — precis som i njuren! Dock finns det alltsd fler stora
porer i bukhinnans kapillirviggar. Dirutéver finns det i bukhinnan vattenkanaler, sa kal-
lade aquaporiner, genom vilka endast vatten kan transporteras. Alltsa behéver man tre olika
transportvigar genom bukhinnans membran om man vill géra en modell éver den trans-
port som sker vid peritonealdialys vilket resulterat i den sa kallade tre-porsmodellen. Denna
modell 4r idag den mest tillimpade och anvinds i flera kommersiella programvaror for att
simulera PD, exempelvis PD Adequest® och PDC®. Trots att tre-porsmodellen ir dver 20
dr gammal finns fortfarande ménga olosta fragor kring de faktiska transportmekanismerna.

Att simulera och optimera automatiserad peritonealdialys

I Arbete IV presenteras en utdkad treporsmodell som har egenskapen att den ocksa kan
modellera dialysprocessen under det att dialysvitska tappas in och ut ur buken. Detta var
inte i detalj méjligt med den klassiska tre-porsmodellen. Vid APD spenderas ofta en avse-
vird del av den totala dialystiden ét att antingen tappa ur eller fylla buken med dialysvitska
vilket gor att den nya modellen limpar sig sirskilt vl till att simulera och — inte minst — op-
timera behandlingen med APD. I synnerhet dgnas en del av detta arbete 4t att forsoka hitta
strategier for att minska det upptag av socker som ofrankomligen sker nir man anvinder
sockerlosningar. Det visade sig att man, genom att anvinda sig av sockerfri l6sning under
langa perioder varvat med sockerlésning under kortare perioder, kan minska den totala soc-
kerabsorptionen med 20-30% samtidigt som man fir samma eller bittre behandlingseffekt.
Detta kan motsvara 40-60 g minskat glukosupptag per dygn f6r en typisk behandling. Sam-
tidigt dr det méjligt att korta ner den totala behandlingstiden vilket dr 6nskvirt hos manga
patienter di behandlingarna i nulidget ofta stricker sig 6ver 8 timmar - vilket innebir att
patienten miste ligga kvar i singen och vinta pa att behandlingen avslutats.

XV



Avslutande reflektion

De fysiologiska modeller som anvinds och utvecklas i detta doktorandprojekt forsoker sa
langt som méjligt efterlikna de transportmekanismer som férekommer i den verkliga bi-
ologiska vivnaden — pi enklast mgjliga sitt. Aven om det finns klara begrinsningar i att
anvinda sig av férenklade modeller kan man — med deras hjilp - ofta urskilja de domine-
rande fysiologiska mekanismerna i ett fenomen eller skeende i kroppen. Den kanske storsta
fordelen med sidana enkla naturvetenskapliga modeller 4r att de kan vederliggas, det vill
siga motbevisas - genom direkt mitning eller utrakning. Nir sa sker kan det hinda att hela
modellen forkastas eller, vilket 4r vanligare, att modellen korrigeras utifrin de nya resulta-
ten.

xvi



Background

Everything should be made as simple as possible, but not simpler
— Albert Einstein

1 Introduction

The mechanisms of transport of water and solute matter between the different compart-
ments in the human body are of the greatest importance for the normal function of the
entire organism. Both nutrition and removal of waste products from the metabolic activ-
ity of living tissue is ultimately a matter of transport and even small perturbations in this
transport may have severe effects. Thus the harmonious interplay between these transport
mechanisms is a condition necessary for life.

Biological transport phenomena may occur both actively and passively. An example of act-
ive transport is the reabsorption of glucose in the kidney, where transport is facilitated via an
energy consuming glucose transporter (SGLT1) in the proximal tubular cells. An example
of passive transport is the rapid electrodiffusion of sodium ions into a cardiomyocyte in
order to cause depolarization and subsequent contraction. While there are many examples
of facilitated transport, most transport processes in the human body are of a passive nature.
Thus, insight into the mechanisms behind this transport can be used to treat and improve
conditions in which this transport is perturbed due to disease or - as is the case in Study IV
- during dialysis treatment.

The current work is devoted entirely to understanding and modeling passive transport phe-
nomena, or more specifically, the simple diffusion, electric migration and filtration of solute
matter and water over glomerular and peritoneal capillary walls. The driving forces behind
these passive transport processes have long been assumed to be simple gradients of concen-
tration, hydrostatic pressure and electric potential. Despite decades of research, the relative
importance of these different transport mechanisms remains a highly controversial subject.



2 Historical background

Already in the 1950ies it was noted by Pappenheimer et al [60] that the transport of solute
matter and water over capillary walls was very similar to that occurring over artificial mem-
branes. This observation gave birth to the theory that the entire circulation is in direct
contact with the extravascular fluid via small microchannels that were large enough to al-
low the passage of water and small solutes but smaller than large plasma proteins [59].
To this day it is believed that the main pathway for transvascular transport of smaller lipid-
insoluble molecules is via the intercellular gaps and junctions between endothelial cells [s1].
The entire cardiovascular system is lined by a capillary endothelium which is a simple layer
of flattened cells joined by such intercellular junctions. The endothelium is supported by
an acellular basement membrane largely composed of collagenous fibers. Throughout the
body, there are differences in the thickness of the endothelium, the presence of intercellular
gaps (fenestrae), the type of intercellular junctions et cetera. Thus, the transport charac-
teristics through different capillary beds can be expected to vary. Lipid-soluble molecules
are able to pass through the cells and are not restricted to the same extent as lipid-insoluble
solutes. A large body of evidence also existed early on for a second pathway of larger mi-
crochannels through which macromolecules can pass which would explain, among other
things, the existence of large macromolecules in the extravascular fluid [65, 70, 71]. Con-
cerning plasma to lymph transport, studies using polydisperse Dextran demonstrated the
bi-selective nature of peripheral capillaries demonstrating a steep slope indicating small
microchannels (pores) through the capillary wall of 35-40A and “a tail” demonstrating the

presence of large pores [20, 33]. A similar pattern of two different pathways for Dextran
was found in the glomerular filtration barrier [97].

Since the pioneering studies of Pappenheimer and others, a large number of studies have
confirmed the passive nature of the transport of both small solutes [51] and macromolecules
[33]. For albumin and Cr-EDTA, the transport has been shown to be reduced when the
viscosity of the filtrate was increased by lowering the temperature [68]. Furthermore, the
transvascular transport of albumin is increased with increasing venous pressure and increas-
ing oncotic pressure (during isovolumetric conditions) [73]. These findings all support the
concept of “large pores” in the peripheral capillary wall as being the principal pathway for
the passive transport of macromolecules like albumin. Thus, although passive transport
mechanisms (“large pore transport”) of macromolecules seem to dominate in both renal
and peripheral capillaries, the relative contribution of transcytosis is a much debated issue
[76]. In renal glomerular capillaries, there is some evidence for transcellular transport of
albumin via podocytes comprising about 10% of the total transvascular albumin transport
during normal conditions [17]. Interestingly, in peripheral capillaries, there seems to be a
break-point in venous pressure at 40-60 mmHg where the trans-capillary albumin clear-
ance is greatly enhanced, representing the so called “stretched pore phenomenon” [45, 72,
73, 87] which may reflect an actual stretching of the interendothelial gaps. Rippe and Har-
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Figure 1: A systematic overview of the different trans-vascular transport pathways. Due to the difference in selectivity a volume
recirculation occurs during isovolumetric conditions.

aldsson however observed that small solute diffusion only increased moderately (30-40%)
whereas marked increases in hydraulic conductance were observed during marked eleva-
tions of venous pressure [72]. The reasons behind such an uncoupling is unclear but may,
in terms of pore theory, represent a marked increase in large pore radius or the formation
of very large gaps in the vascular wall in addition to an increased small-pore radius. Such
alterations of a porous membrane would lead to large increases in LpS (power of 4) and
smaller changes in PS (power of 2). As is discussed by Rippe et al, the likely site for the

formation of such very large gaps is in the venular vascular walls [72].

Nearly so years ago, the presence of a trans-cellular water pathway was hypothesized by
Yudilevich et al [104]. Decades later, advances in molecular biology made possible the
discovery of the aquaporine family of water channels [3]. While a large portion of water
passes through these channels, a significant amount will be transported via the inter-cellular
pathway (the small pores). The relative contribution of the AQP-1 to water transport in the
peritoneum has been quantified by using aquaporin knock-out mice and contributes to a
few percent of the total hydraulic conductance [s5]. Nevertheless, the aquaporins play an
important role for the osmotic pressure of small solutes and contribute to about 40-50%
of the osmotic reflection coefficient of glucose in the peritoneal barrier (i.e. almost half of
the osmotic water transport at the beginning of the dwell in PD occurs via the aquaporins)

[77].



3 The Kedem & Katchalsky Model

The simultaneous transport of a solute immersed in a solvent over a membrane into another
compartment filled with the same solvent and solute is non-trivial to describe mathemat-
ically. More than 50 years ago, Kedem and Katchalsky (K & K) used basic principles of
non-equilibrium thermodynamics to derive a single set of permeability coefficients that
have been widely used to describe the steady-state transport of plasma solutes and water
over the vascular wall [39-42] and other biological barriers. The equations were constructed
in order to address shortcomings in the previous models in correctly describing observed
transport phenomena. For example, the diffusion of heavy water (D,0) in an isotonic
Ringer solution into fish and frog eggs can be accurately described by Fick’s equation

AN, (N,
i PA <Vz' — co> (1)

where V;(#) is the molar amount of D, O in the inner compartment at time # with volume
V;, P is the permeability coefficient, A the surface area and ¢, the amount of D, 0 in the
outer solution. Discrepancies from this equation were noted when the eggs were put in a
non-equilibrated Ringer solution which was interpreted as being the result of the simul-
taneous diffusion and filtration of D, O [42, 63]. The transport of D, O was more rapid in
hypotonic solutions and vice versa. The product PA (often written PS) is nowadays often
called the diffusion capacity or mass transfer area coefficient (MTAC) of the solute and rep-
resents the maximal diffusive clearance of the solute (in mL/min) for a particular biological
or synthetic membrane.

Many phenomena in nature are not in equilibrium and thus generate entropy. In the case
of a two-component solute-solvent system the rate of entropy production can be written

as 1 AN, AN’
& T (%dt AR ) @)

where V) and NV are the molar amounts of solvent and solute in the inner compartment,
respectively. A, and Ap_are the differences in chemical potential between the inner
and outer compartments for water (solvent) and solute, respectively. The above entropy
equation may be written as a so called dissipation function:
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Figure 2: Heavy water D,O in a Ringer solution diffusing into a frog egg. N;(¢) is the molar amount of D,O in the inner
compartment at time ¢ with volume V;, Pis the permeability coefficient, A the surface area and ¢, the amount of D,0
in the outer solution.

which is defined as the sum of the products of forces X; and flows /; (cf. [97]) and

1 @

"o A 4
1 dN'

ns—;I dl’ (5)

Actually, the choice of forces and flows is entirely arbitrary and thus this is indeed a case of
“there is more than one way to do it”. Using the approximation of an ideal dilute solution
(cf. also [19]), we can write the chemical potentials or “forces” as

Ac;
A, = VAP + RTAIry = v, AP — RT=2 6)
Cw
Ac;
Ap, = VAP + RTAlny = v,AP+ RT— (7)
Cs

where v; and v, are partial molar volumes (i.e. the fractional contribution to the overall
volume), 7 is the molar fraction (i.e. the concentration in the outer compartment divided
by that in the inner compartment) of the constituent and A¢, = ¢ — ¢ and ¢ is the average
concentration in the entire system. The definition of the average concentration ¢; has varied
over the years [101]. K & K proposed that if A¢,/c; << 1 then ¢, &~ (¢ — ¢)/2 may be
used. The dissipation function (sum of products of forces and flows) may now be written

B, = (i + ) AP + (” — ”‘”) RTAc, ©)

Cs Cw

Thus, the “forces” are X; = AP and X; = RTAc, and the flows are
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Where /; is the net volume flow per unit membrane area 4 and /; is the “exchange flow”
(relative velocity of the solute versus the solvent).

3.1 Cross coefficients

The key assumption made by K & K is that the relationship between the driving forces
(differences in concentration Ac and pressure AP) and the resulting flows (/; and /5 in
mL/min) is linear

Ji =L AP+ Ly - Ac (11)
Jo =1Ly - AP+ Ly - Ac (12)

where L11, L2, Ly and Ly are the phenomenological coeflicients relating the driving
force to their effect on the flows. It is assumed that the coefficients are not dependent on
the forces (i.e. concentration or pressure) and that they are constant (i.e. everywhere the
same in the membrane). Such an assumption is a reasonable approximation if the distances
are small and the medium is completely homogenous. The law of Onsager requires the
equality of the cross-coefficients, Ly, = Ly;, and thus L1, = Ly;. To facilitate comparison
with experimental measurements, the above system of coefficients was modified and the
cross-coeflicients were defined as

Ly =Ly = —0l, (13)
where o is the Staverman reflection coeflicient [91] and L, is the hydraulic conductivity

(i.e. LyA = LS is the hydraulic conductance). Thus, for example, if Ac > 0 and AP > 0
both water and solute flow are reduced by a factor o ,.

3.2 The practical K & K equations

For practical purposes the above system of equations was simplified by K & K. First, in
a practical experimental situation we are usually more interested in the net solute flow



ng = (J1 + )¢ (if ¢,y << 1) than we are in /5. Second, in a dilute solution v, &~ 0 and
vy ~ 1 so the water flow /, = 7,, (mL/min) and the resulting equations can be written

Jo = 7ty = LyA (AP — 0 RTAcy) (14)
Ji = it, = LANP(1 — 0)c, + (LpA — 6L A)RTAe, = —PAAG + J,(1 — 0)es  (15)

For the transport of an uncharged solute, the membrane could now be completely described
by three coefficients: the hydraulic conductivity (Z,), the diffusional permeability (P =
— L, RT) and the Staverman reflection coefficient (o).

3.3 The Patlak differential equations and the heteroselective model

Under the assumption of local (global) equilibrium and homogeneity, the membrane was
essentially described by K & K as a “black box” giving rise to changes in chemical poten-
tial leading to differences in pressure, concentration and electrical charge between the two
neighboring solutions. While there is no formal error in this macroscopic treatment of bar-
rier, there are limitations in the applicability of the model equations [16][25] due to the fact
that the underlying assumptions may not necessarily be true for all membranes. One limit-
ation was the local nature of the original equations which necessitated an approximation of
the average concentration profile over the (global) barrier. This matter was resolved by Pat-
lak et al who wrote the equations in a separable differential form which, when integrated,
led to an expression for the concentration profile cr over the barrier [61]. This description of
the filtration barrier is - in terms of differential equations - identical to the one-dimensional
steady-state convection-diffusion equation with the volume flux described by the Starling
equilibrium. The system of differential equations presented by Patlak were

oAl R
Jo=1L,A (a’x O‘Rde> (16)
Jr=—DA% 4 J(1 ~ o) @)

This is a very common system of differential equations used in the modeling of transca-
pillary transport phenomena [26, 38, 71, 94]. In many practical applications it is typically
assumed that the pressure and concentration profiles in Equation 16 are linear (Zi = AP
and % = AC). Another limitation in K & K model, subject to much discussion over
the years, is that the equations do not apply if the barrier is heteroselective (i.e. does not
present the same selectivity to solutes of different sizes) [14]. As discussed by Katz et al
the application of the original coefficients to a heteroselective barrier inevitably leads to an



inequality of the osmotic and solvent drag reflection coeflicients [38]. For water transport,
the two-pore model result is

Jus = asL,A (AP — 0sRTAC) (18)

]y,L - OZLLPA (AP— O'LRTAC) (19)

so that the net water flux equation is

Jo = L,A(AP — 0,RTAC) (20)

where the osmotic reflection coefhcient is given by 0, = asos+a 0. For solute transport
we have

dc
Jo= —DAs— + Jos(1 = 0s)e (21)
/x
dc
= —DALZX +]y7L(1 —UL)C (22)
so that the net solute flux is
dc
Ji= _DAZx + (1 —oy)c (23)
where the filtration (solvent drag) reflection coeflicient is given by 0, = ]]”;S os+ /}’f o; =

fsos+fror and A = As+ A;. Thus, if an osmotic gradient exists over a heteroselective bar-

rier, then the volume flow through each pathway will be different from that predicted solely
from the hydraulic conductance of that pathway. This phenomenon, which is sometimes
referred to as volume recirculation (perhaps more correctly termed volume redistribution
since any actual recirculation does not always occur), leads to the inequality of the frac-
tional hydraulic conductance (;) and the fractional water flux (f;) through a particular
pathway [70]. This in turn means that Onsager reciprocity is (usually) not fulfilled for a
heteroselective pathway since 0, # o, (unless there is no osmotic gradient). In other words,
the three classic phenomenological coeflicients are inadequate to describe solute transport
over a heteroselective barrier [32] and the addition of a fourth phenomenological coeflicient
becomes necessary which gives rise to the two-pore theory of capillary permeability [71].

In the literature, observed increments in solute or water transport between the circulation
and other compartments are commonly reported as an increased permeability although the
permeability itself can be unchanged or even lower than baseline. Such misconceptions



Table 1: Permeability coefficients for a heteroselective barrier.

SOLUTE PERMEABILITY SOLVENT PERMEABILITY

Diffusional permeability (P) Osmotic reflection coeflicient (o,)

Ax
P= f() A—_{‘(x)afxwhen]y =0 g, = ﬁ—g when]v =0

Convectional permeability (0,) ~ Water permeability (Z,)

A de __ _J de
szl—/]?whenz_ LP—A.ij],when;—O

highlight the importance of differing between the properties of the barrier itself, the prop-
erties of the permeating fluid and the driving forces (pressure, concentration et cetera).
In Table 1, the four phenomenological membrane coefficients for a heteroselective barrier
are listed with their definitions. Importantly, the “solvent drag” reflection coefficient (o)
is different from the osmotic reflection coefficient (0,). For a homoselective membrane
0,4 = 0, and Onsager reciprocity is fulfilled.






Transport theory

It easy to be complicated
but very difficult to be simple.
— Debasish Mridha

4 'The solute sphere

Many important questions arise when theoretical assumptions are studied in detail. If we
first assume a single spherical solute molecule - which we here call a solsphere for convenience
- suspended in a volume partition V* of water surrounded by a larger body of water V. The
net movement of such particles is a result of countless collisions with individual water
atoms constantly altering the position of the solsphere. At each point along its complex
trajectory in the water partition, the solsphere will experience an opposing frictional force
with frictional coeflicient p. The terminal velocity U (m/s) attained by the solute molecule
is simply the forces acting in the forward direction of the molecule divided by this frictional
coeflicient (p)

F
U=

- (24)
#

If the dimensions of the solsphere is at least several times larger than the surrounding water
molecules it can be viewed as a hydrodynamic particle [24]. The frictional coefficient for a
solsphere was calculated by Sir George Stokes in the 1840ies

u=6mnr (25)

where 7 is the radius of the solsphere and 7 is the viscosity of the solvent [93]. Thus,
according to Stokes, for a 3.6 nm molecule moving freely in a water solution  ~ 48
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pNs/m. What is this body force F acting on the solsphere in a free water solution? Well,
first if the particle is in equilibrium the the net force is 0 and the particle is equally likely
to move anywhere in the solution. If the particle is not in equilibrium, then, according
to thermodynamic laws, it generates entropy, and in the absence of any water flux we can
write our dissipation function

S .
7’% = 14, (26)

where z_is the phenomenological “force” and 7 is the solute flow. The concentration ¢(x)
of a solute is here defined as proportional to the probability of finding a certain molecule
at that precise location x. Of course this definition includes the everyday definition of
concentration as being the number of molecules per unit volume. An important difference
is that the former definition allows us to understand the concept of a pointwise concentration.
Making the same assumptions as before and assuming that there is no pressure gradient,
the force acting on a single solsphere must be

_ K, _RT dln ¢ lé
F—NA— ln’y—de —/eTCdx (27)

where Ny is the constant of Avogadro and R and 4 have their usual meanings. If the particle
is in steady motion through the water (i.e. the net force is 0) we have

P e s (28)
dx

The solute flow is simply the concentration multiplied by the terminal velocity and the
surface (contact) area (Js=AUC) and apparently

kT Aé = DAi (29)

o= 6rnr dx dx

which is Fick’s first law with the so called Stokes-Einstein diffusion coefficient D = GkT If

the diffusion coefficient is determined experimentally, the equation can be used to calculate
the radius of the diffusing solute which is called the Stokes-Einstein radius (SE-radius) or Ay-
drodynamic radius (usually in angstroms = A = 10719 m). It is of course possible to calculate

such a radius even if the solute is very far from being an ideal spherical molecule. Since the
solsphere is contained within the volume partition V* it will, in addition to the hydrostatic
pressure of the water in the partition, exert a pressure on the walls of the partition according
to the well known equation

12



dc
p= RTZc (30)

According to Newton’s third law there must also be a pressure equal in magnitude acting
in the other direction (on the outside of the walls) on the partition. This is known as the
osmotic pressure. When the osmotic pressure is calculated from the above equation it is
sometimes called a Van't Hoff pressure.

s A brief introduction to pore theory

In this section the theory for the transport of an ideal solute sphere in a long water filled
pore will be summarized. Several such parallel pores represent a simple model for a porous
membrane. In this situation, additional forces than those considered above will need to
be taken into account due to the interaction between the solsphere and the pore walls.
Transport is assumed to occur along the axial direction of the pore (x) and (as will be
further developed below) no transport is assumed to occur in the radial direction (7). The
friction caused by the presence of the pore walls is expressed as a drag coefficient K. Also,
the presence of pore walls causes the solsphere to “lag behind” the water flux velocity (V)
in the pore. In steady state, the forces acting on a solsphere are

dln ¢
kT
dx

+KU—-GV)u=0 (31)

The local solute flux is V= UC so

d
N = _jrlDiC + GVe (32)

If we also assume that an electric field is present in the direction of transport dE/dx then

dln ¢ dE
—kT ya —zex—K(U— GV)u=0 (33)

In Figure 3, the different forces acting on the solute molecule inside the microchannel
are illustrated. Similar to the case of no electric field, if we denote the local solute flux by

N = UCwe get

dec ze dE
= K'D(Z 4+ 2220 + 6V
N < T oT c) GVe (34)
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Fair = -kT-d In C/dx

Foon = 6NagK(U-GY) [+ +
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Figure 3: The three forces acting on an ideal spherical solute in a water filled pore during steady motion.

This is the Nernst-Planck equation (with the addition of convective transport) that has been
modified by the factors K~! and G. A fundamental assumption in pore theory is that these
two coeflicients are dependent on the radial position of the solsphere inside the pore and,
importantly, on the ratio of the radius of the solsphere and the pore, X\ = r/r,. If B is
the fractional radial position (r/7,) of the solute in relation to the pore radius 7,, the fluid
velocity at position 3 inside a long cylindrical pore can be written

V(B) = 20(1 — B°) (35)

assuming laminar (Poiseuille) flow. The concentration of the solute will be different at
different radial positions and due to the size of the solsphere. Especially, C will vanish in
the periphery of the pore cross-section (i.e. C= 0 for § > 1 — A). Thus all 4 parameters
V, G, K and C will vary with radial position and the net flux across the pore section, N,
must be the average of the local fluxes V

1 1—X
N= 7‘[0 NBdj =2 NBdS (36)

Jo 848 0

Inserting equation 34 into the above equation gives

_ 1=A dc 1=A ze dE 1=A
_ 17 o 1~ %= — Q2
N=-2D i K dxﬁd,@ 20/0 K dechdﬂ+4v/o G(1— B°) cpdp
(37)
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5.1 The radial equilibrium approximation

The radial equilibrium approximation [24] is based on the assumption that no net flux of
solute or solvent occurs in the radial direction in the pore and thus

8 kT 4B

pk DA 69

with a solution

AB) = c(x)e VBT (39)

Thus the radial component is a Boltzmann equilibrium distribution where (/) is the
potential energy of interaction and c(x) is the concentration at 5 = 0. This allows the
calculation of the average radial concentration in the pore

1-X
c=2¢c(x) / YO/ *T g g (40)
0

The radial equilibrium approximation simplifies the calculations but it neglects Zaylor dis-
persion (i.e. the increased radial diffusion of a solute due to the shear flow) [24]. Anyway,
the differential flux equation can now be written in terms of this average radial concentra-
tion as

de AE
Z _KDE e+ Kae (41)

N=-KD o kT dx

where

1T G(l _ /82)6—@(,3)/%7"545 fol—)\ G(l _ BZ)E—W(B)/kTBdﬁ
=2

= f”o VONTBARD (11— p2)Bds Jo e VBT R e
0 0 0
K= Jo KON dp (43)
Ji7 e BT R4
K. = P Gl (44)

Jo e VORTBABL [ 4 B
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As seen, if the electric field in the axial direction is constant and the electric field has no radial
component then K, = K, [64]. This latter equality has been the subject of some recent
controversy. It was assumed, in the so called electrokinetic model of glomerular permeability,
that K, = K, [75] which indicates that K, >> K}, potentially making electrophoresis a
significant transport mechanism for macromolecules [52]. There is, however, no theoretical
or experimental evidence to support this assumption.

5.2 Solute partitioning and boundary conditions for the pore

The above equations need to be related to the exterior concentrations of the pore at its exit
¢(Ax) and entrance ¢(0). Due to the axial symmetry of the pore, the exit and entrance
partition coefficients can be assumed to be identical and

_ - 1-X
o c(C(())) _ f(gx) _, /O VBT 8 (45)

where Cj and Cj are the exterior concentration at x = 0 and x = Ax, respectively. As was
discovered by Ferry [28] (and adopted by Renkin [66] in the so called Renkin equation), for
the important case of purely steric interactions between the solute and pore wall

JEDY
@:2/0 BdB = (1 —\)?* (46)

The above equation can now be integrated across the membrane with thickness Ax having
a total cross sectional pore area of Ay. If the water flux is known (/, = 24y) and dE/dx = 0
we get the net solute flux /; from

Co — Cret*
Jo= I W= (47)
—e
where the Péclet number (Pe) is given by
J,WhAx
Pe =
= "HDA, (48)
and the hindrance factors H and W are given by
1-A
H=®K;=2 KV OH g 4p (49)
0
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1—-X
wosk=2 [ G- @) MO Tss (50)
0

which is identical to the result by Deen [24] and to that of Anderson and Quinn if E=o [s].

The above notation was introduced by Deen [23, 24] and is often used for synthetic mem-
branes. In order to translate this notation into the notation commonly used in capillary
transport physiology, we define the filtration (solvent drag) reflection coefhicient to be

or=1-W (s1)
Also, the diffusion capacity (mass-transfer area coeflicient) is defined as

A
PS = HDX (52)
Ax

Furthermore, the water flux is written /, = 24 so that the Péclet number can be written

/. 71(1 - Uf)
Po="———"
e 75 (53)
For the case of an axial electric field E(x) we get
C— Cpgpe(Ax)
Js = HDAy (54)

where the Péclet number is calculated from

v 1 -
It PSU”’ ;;E (55)

If the field is constant (E = —£,,,/Ax) then the a modified Patlak equation can be used

Pe(x) =

¢, — cie e

];Z]y(l—ﬁz)q_ﬁ (56)

where the modified Péclet number is Pe = 2 ”(1 EZ

by

and the reflection coefficient’ &, is given
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PS ze

fz =0 = T?TEMP (57)

6 Fiber-matrix theory

The ability of a solute to enter a gel fiber matrix (or for a pore system, to enter the pore) is
described by its partition coefhicient

(s8)

where Cj, is the equilibrium intra-membrane concentration and C, is the external con-
centration (often assumed equal to the plasma water concentration). If we first consider
a suspension of cylindrical fibers with length 22 and radius 7 in water having an aver-
age number v of fibre centers per mL. The volume density of fibers is then ¢ = 2L7zr]2p
and the volume of the interfiber “gaps”, the void volume, is 1 — ¢. If further we assume
D = rg+ 1, + b is the distance between the centers of a fiber with radius 7rand a solute
with radius 7, and, furthermore, that /4 is the distance between the peripheries of the fiber
and spherical solute) the result by Ogston (cf. eqn 12a in [58]) can be rewritten

P = ei(b( 735{)2 (59)

The partition coeflicient is different from the reflection coeflicient since it does not take
into account the frictional drag and the lag of the solute as it is transported through the
membrane. In the fiber matrix theory it is assumed to be equal to the probability of pen-
etration. In the current work it has been estimated that the osmotic reflection coefficient
is given by

o= (1-9)> (60)

Although, strictly only valid for a porous membrane (see [24]), this expression was used by
Curry and Michel [21] and later also by Jeansson et al [37] and in Study I [57].
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Methods

Education is an admirable thing,

but it is well to remember from time to time
that nothing that is worth knowing

can be taught.

— Oscar Wilde

7 Experimental data

In studies I-IIT on the permeability of the GFB, data from previous experiments were ana-
lyzed in which a bolus dose of FITC labelled Ficoll was given together with FITC Inulin
(to calculate the fractional clearance) and siCr-EDTA (to calculate GFR) followed by a
continuous infusion (3 mL/h) to maintain adequate marker concentrations in plasma. The
experimental protocol can be found in [10] and will only be described briefly here. There
is also an excellent description available in [7].

7.1 Brief protocol

Monitoring of mean arterial pressure and heart rate was performed by means of a polygraph
(model 7B; Grass Instruments, Quincy, MA) attached to the tail artery. Blood samples were
obtained via the left carotid artery (via a PE-50 cannula) and infusions were given via the left
jugular vein. A small abdominal incision was made via which the left ureter is cannulated
(PE-10 cannula) and used for continuous sampling of urine. Prior to cannulation of the
ureter, a dose of furosemide (Furosemide Recip 375 pg/kg BW) was administered in order
to increase urine production which facilitates cannulation. Equilibration was allowed for
at least 20 min before the start of measurements. After the initial rest period, urine was
collected for 5 min during which a mid-point (2.5 min) blood sample is collected. Urine
flow is calculated simply as the urine volume divided by 5. By measuring the gamma activity
of siCr-EDTA in both urine and plasma water, the glomerular filtration rate can easily be
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obtained as is described in any basic text book. Blood and urine samples are analyzed using
high pressure size exclusion chromatography (HPSEC) where a phosphate buffer is used as
the mobile phase. The FITC-marked polysaccharides were separated according to their size
in an Ultrahydrogel-soo column (Waters, Milford, MA) and their relative concentrations
are determined by the detection of fluorescence (Waters 2475). The use of FITC inulin
mainly serves the purpose of determining where the sieving coefficient is unity (defined as
the ratio between the urine and plasma water concentration for FITC-inulin).

8 Non-linear regression

For the theoretical models used in study I-III, non-linear regression is used to fit the siev-
ing coefhcients calculated from theory to the experimental sieving coefhicients. The experi-
mental data consists of 327 data points giving the molecular size (in A) and the correspond-
ing sieving coeflicient (). The dataset also included the calculated clearance of Cr-EDTA
(GFR) for each animal. A weighted objective function was used

npoints

1
Z 927 (ej,dam - Hj,mode/)z (61)

=1 Jhdata

in order to compensate for the fact that the data 9]2 Jura SPans several orders of magnitude.
The MINPACK software library was used for the regression (using standard settings) [53].

9 Statistics

The current author believes that statistical hypothesis testing for very small numbers of
subjects, like in the current Study I-II1, has a limited value. More insight can usually be
gained by just looking at the data itself. Nevertheless, differences between groups were
tested using non-parametric tests. For repeated measures scenarios the Friedman test was
used. For comparison between two groups or post-hoc analysis and, the Mann-Whitney
[s57] or a variant of the Wilcoxon test was used [56], respectively. Despite the use of non-
parametric methods, values are typically expressed as arithmetic mean +/- SE.
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Results

It is not knowledge

but the act of learning
10t Possession

but the act of getting there

which grants the greatest enjoyment.
— Carl Friedrich Gauss

10 The glomerular filtration barrier modeled as a charged fiber-
matrix

In Study I we explore the electrostatic hindrance of charge modified Ficoll in the rat GFB.
By modeling the barrier as a charged fiber-matrix, the surface charge density of the barrier
(the fiber matrix) was estimated to be between s-20 mC/m?, similar to many proteins in
the body. The results of this study indicate that electrical charge may be of less importance
in the hindrance of charged molecules in the GFB than previously thought.

For the data analysis, two different diameters for the individual fibers in the model was
assumed, sA and 10A (see also Table 2). Only the small pore system was considered in the

data analysis (cf. also [10]). The analysis gave the best fit for the small sA fibers.

11 A distributed two-pore model of the GFB

In Study II [56], we construct a distributed two-pore model and use it to analyze Ficoll
sieving data from the rat GFB. As seen in Figure 5, the model (solid line) provided a very
good visual fit to Ficoll sieving data. This is in contrast to the classic two-pore model which
usually provides a poor visual fit for solutes between 45-65 in hydrodynamic size.
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Figure 4: The effects of varying the ionic strength (and thus the Debye screening length) in the theoretical fiber-matrix model.
At physiological (high) ionic strengths, the effects of charge on the permeability of anionic Ficoll is small.

It is hypothesized that the wide distribution obtained in the analysis may be due to a vari-
ation in solute size rather than a true variation in pore size. This could in part explain the
large difference in sieving coefficients between plasma proteins [49, 94] and polysaccharides
[6]. This hypothesis is further analyzed in Study III. In addition to the data analysis, several
theoretical results are presented such as Poiseuille’s law for a distributed pore population

2
Ao g’

Kr=— 6
f Ax 8n (62)

12 A distributed solute model - application to the glomerular siev-
ing of Ficoll

In study III, the classic heteroporous model by Deen, Bridges, Brenner and Myers [26] was
extended by introducing size distributions on the solute molecules, making them flexible
in their conformation. By contrast, in the original model, the size-distribution was applied
only to the pores, not to the solute molecules. Experimental sieving data (6 vs. SE-radius)
for Ficoll, both from the rat glomerulus and from precision-made nanopore membranes
[29, 30], were analyzed using the model. The variation in solute size was quantified in terms
of the geometric standard deviation (gSD) of the (log-normal) solute size distribution. The
glomerular capillary was included in the modeling according to the classic model by Deen
and colleagues [27].
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Table 2: Uncharged fiber-matrix parameters. A, /Ax effective pore area over unit diffusion path-length; LpS hydraulic conduct-
ance of the fiber array; x> = “Goodness of fit”. Additional symbols are given in the text. **p<0.01.

sA 10 A
Fractional void-volume ~ 0.884 + 0.001 0.591 * 0.003
%,cm/g 18+2 41 + 4
L,S, mL/min/mmHg 0.13 +0.01 0.14 + 0.01
GFR 0.65 + 0.05 0.65 + 0.05
Pearson x> 0.036 + 0.002**  0.048 + 0.002

In Study III, we show, for the first time, that a variation of only 15-17% in the size of the
molecule is sufficient to explain the difference in glomerular permeability between negat-
ively charged albumin and neutral Ficoll 36A. Furthermore, we demonstrate that the effects
of applying a size distribution on the solute molecule are only evident when the molecular
size is close to the size of the selective elements of the barrier. This is well in line with ex-
perimental data, both from the GFB and from synthetic membranes [30]. In conclusion,
molecular size, structure and conformation seem to be far more important than electrical
charge for the glomerular permeability of macromolecules.

13 Optimizing Automated Peritoneal Dialysis (APD) using an ex-
tended three-pore model

It is well known that the efficiency of APD can be increased by more frequent and rapid
exchanges [1, 31]. However, the time spent during the fill and drainage cycles of each dwell
leads to a reduction in the effective contact time between the dialysate and the peritoneal
membrane. Too frequent exchanges will reduce the efficacy of the treatment and, above all,
lead to increased costs due to the increased consumption of dialysis fluid. The three-pore
model by Rippe [69] is a widely applied model of peritoneal dialysis [4, 98, 102, 103]. In
Study IV, an extended version of the classical model is derived and used to model automated
peritoneal dialysis for a wide range of different scenarios. The extended model features an
additional “bag” compartment acting as a reservoir for the unused and spent dialysis fluid.

The most important conclusion from Study IV is that the glucose absorption of APD-
prescriptions can be reduced by >20% using moderately higher dialysate flows and by utiliz-
ing a so called bi-modal treatment regime. In addition, for most patients, the dialysate flow
rate should exceed 1.5-2L/h in order to optimize osmotic water transport (UF), small-solute
removal (Kt/V) while maintaining a low glucose absorption. It would however appear that
DEFRs over 3L/h seem to provide little benefit for most patients while increasing the cost of
the treatment.
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Figure 5: Sieving coefficient (9) versus Stokes-Einstein radius («,) for the experimental data (dashed line) and the best fit for the
regression of the distributed two-pore model (solid line). The dotted line represents a simulated scenario were the
small-pore spread (ss) and 40/Ax have been decreased to match the sieving data for five different globular proteins
(according to Lund et al. [49]: myoglobin (myo; 19.4 A), human myeloma dimeric x-chain (x-dimer; 28.4 A), nHRP
(30.4 A), neutralized Human Serum Albumin (nHSA; 35.0 A), and HSA (35.5 A).
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Figure 6: The glomerular capillary was included in the modeling in Study Il according to the classic model by Deen and colleagues
[27]. Symbols: R4 afferent arteriolar resistance, Ry efferent arteriolar resistance, ARBF afferent renal blood flow, ERBF
efferent renal blood flow
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Figure 7: Effects of varying the “softness” of the Ficoll molecule (the gSD parameter) for three differently sized molecules having
radii 20A, 36 (cf. albumin) and 60A. Variation in the solute distribution standard deviation (gSD) of the smaller 20 and

the larger 60 solute molecules has virtually no effect on their permeability across the GFB. The opposite holds true for
the 36 molecule which has a radius close to the pore radius.
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Discussion

Logic will get you from A to B.
Imagination will take you everywhere.
— Albert Einstein

14 What are the differences between the peritoneal barrier and the
GFB?

The human kidney is an impressive biological cross-flow filter comprised of 1 million glom-
eruli coupled in parallel. Compared to peripheral capillaries, which have a filtration fraction
of only about 0.4-0.5%, glomerular capillaries have an extremely high hydraulic conduct-
ance, filtering about 20% of the received blood flow in to Bowman’s space. Also, in contrast,
peripheral capillaries allow passage of 50% of the plasma proteins while glomerular capil-
laries show a fractional clearance of albumin of only ©.01%. This remarkable selectivity
to albumin is likely accomplished mainly by a size-selective mechanism which implies that
the glomerular filtration barrier is a highly regular structure. This is exemplified by the
sieving coeflicient of inulin being 1. A barrier having a distribution in the size-selective
elements would sieve inulin due to the presence of pores close to/smaller than the size of
inulin (implying a sieving coefficient < 1).

In the current thesis, these two very different transport barriers are investigated using sim-
plified models of “equivalent barriers” with which the transport over the actual biological
barriers can be compared. Little effort is made to model the actual structure of the barri-
ers. In general, the transport of solutes over the peritoneal barrier during peritoneal dialysis
is by means of diffusion, except for solutes that are close to equilibrium with the plasma
compartment (such as Na™ [36, 47, 100]). This relative dominance of diffusion as the
main transport mechanism is thus a result of the large concentration gradients that are
(artificially) created during PD.

The transport of small solutes in the glomerular filtration barrier, a biological “cross-flow”
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Figure 9: A tidal PD regime (25 consecutive dwells) from the simulations. The mechanism of transport is entirely diffusive for
most solutes except for sodium since the concentration gradient is smaller and the MTAC is lower ( 4.5 mL/min) than
expected from theory ( 17 mU/min).

filter, is very different in this regard. Smaller solutes are severely flow limited during their
transport across the GFB. Only solutes that are sieved by the barrier are transported by
means of diffusion. Thus, proteins such as albumin, orosomucoid and myoglobin are trans-
ported by means of diffusion (cf. also [88]). For a molecule the size of FITC inulin, ap-
proximately 40% of the transport is diffusive at a normal GFR. For small solutes like urea,
glucose, creatinine and electrolytes, the transport is almost entirely convective. Flow lim-
itation occurs also over peripheral capillaries during hi-flow conditions. As was reviewed
by Rippe, this phenomenon falsely led pioneering researchers to believe that there was no
diffusional hindrance for small solutes in the capillary wall (cf. Pappenheimer’s dilemma).
By contrast, the capillary wall has a marked diffusional hindrance for small solutes, which
can easily be shown during conditions in which the concentration gradient is large and the
volume flow is lower than the diffusion capacity of the solute.

15 Pappenheimer’s pore puzzle

As is discussed at some length in Study II, the ’A‘l—z parameter clearly does not represent the
unrestricted pore area per unit path length but is rather a lumped parameter containing sev-
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Figure 10: The fractional diffusive clearance of Ficoll over the GFB. Smaller solutes are severely flow limited during their transport.

eral other factors. Thus, % confounds both with the pore radius and, for the distributed
models, also with the distribution standard deviation. In other words, we cannot be sure
that any of these latter parameters represent actual properties of the membrane. Neverthe-
less, it can be assumed a priori that the % parameter is different than what can be deduced
from the water permeability (LpS) of the filter [11]. There are several reasons for this. First,
there is good evidence showing that the permeate has a higher viscosity [13] which leads
to a further reduction in the diffusion capacity than what is predicted from pore theory.
Second, the geometry and structure of the GFB and the peritoneal barrier is markedly dif-
ferent from that of a porous membrane, meaning that it is unlikely that LpS and ‘Aq—?c will be
commensurate for any other barrier than an ideal porous membrane with very large pores
compared to the solute. Lastly, the pore radius is determined by the behavior of solutes
with radii that are close to the pore radius (in the GFB, this is the case also for the 42 para-
meter). For such solutes the membrane will of course show a marked hindrance, leading to
low concentrations in the permeate which translates to larger errors in the measurement of
their concentration. Thus, for any realistic modeling approach, there will always be some
degree of inconsistency between the model parameters.
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16 We know there are no pores - but what are they and how are
they affected in glomerular disease?

In the GFB, the single pore radius approach and the distributed approach may represent
structural extremes, at least for the determination of pore radius (i.e. a small pore radius 7,
implies a large %{ and vice-versa). If adopting such a view, the “true” small pore radius is
between 36-46A and it likely has a small variation (< 5%) in the pore sizes. Charge effects

may be important but, according to the current results, only as a threshold phenomenon.
The location for this charge selectivity is likely in the luminal end of the filter, maybe in
the endothelial glycocalyx which may form an important part of the small-pore pathway.
The GBM and the slit membrane at the podocyte level likely also contribute to the small
pore pathway [34]. Thus, we can expect changes in small-pore permeability if there are 1)
actual structural damages in the barrier and possibly also 2) alterations in the endothelial
glycocalyx. According to the two-pore model, leakage of albumin through the small-pores
will lead to (selective) proteinuria if only slight perturbations of the effective pore radius
occur. Indeed, if there is a threshold effect as was hypothesized in Study II, it may explain
the occurrence of selective proteinuria. Furthermore, the threshold effect may also arise as
a consequence of slight alterations in the structural correlates of the small-pore pathway -
for example an increased heteroporosity (increase spread) in the small pores or larger small
pore radius. For the rather unselective large-pores, charge phenomena are most likely not
important. By contrast, large-pores seem to be regulated by the contractile elements of the
cells lining (i.e. endothelial and epithelial cells) and supporting (i.e. mesangial cells) the
glomerular filtration barrier [7-9]. Also, in a number of in vitro studies it has been demon-
strated that glomerular permeability may indeed change rapidly and reversibly [22, so, 83,
86]. Arguably, the endothelial glycocalyx would not appear to play important role in the
selectivity of the large-pores. Since the large-pores can form rapidly and reversibly, they
may in part explain the occurrence of physiological proteinuria, which will vary according
to circadian rhythm [46], food intake [15], physical exercise [54] and so on. Also, a patho-
logical activation of the large-pore pathway (form example during diabetic kidney disease
[48]) may represent an important pathophysiological mechanism since proteinuria may in
itself be harmful for the tubulointerstitium [2, 62]. Thus, reduction of proteinuria, for ex-
ample by using RAS-blockade, will typically slow the progression of renal disease [44, 84,
85]. In addition to the large pores, several studies indicate the presence of “shunt pathways”
through which very large proteins such as IgM [12, 95].
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17 The three-pore model - facts, fallacies and fables

r7.1  Lymphatic flux

In the current simulations, the lymphatic absorption of fluid volume from the peritoneal
cavity was set to 0.3 mL/min which is slightly higher than that measured in patients [78].
According to the 3-pore model, the total fluid flux into the peritoneal cavity is the sum of
the fluxes arising from the perturbed Starling equilibria (equations 10-12) subtracted by the
lymph flow (L).

Torﬂ[UF:]yc +]w +]UL - L (63)

Thus, for a given 3-pore system, choosing a higher value for L will imply a lower filtration
coeflicient and a higher reflection coefficient for glucose [92]. A large part of the reflection
coefhicient for glucose is due to the occurrence of aquaporines in the peritoneal “membrane”
which is, for example, elegantly demonstrated in a study by Ni et al [s5] using aquapor-
ine knock-out mice. From the results in their study, it can be shown that only 3% of the
hydraulic conductance in the barrier is due to aquaporins, setting an upper limit for the re-
flection coefficient for glucose (c,) on the order of 0.04-0.06. However, the clearance of a
large intraperitoneal volume marker such as RISA is 4-5-fold larger than the lymphatic fluid
flow. If the reflection coefhicient for glucose is 0.03 this implies that this clearance of the
molecular species does not represent a net fluid flux out of the PC, but rather, marker mo-
lecules have a 4-5-fold larger distribution volume than the IPV, reflecting their entrapment
in periperitoneal tissues. A possible mechanism for this entrapment may be the so called
volume recirculation mechanism [74]. Thus, in conclusion, where the macromolecules go
from the peritoneal cavity, water does not necessarily need to follow.

17.2 The interstitium

Both an advantage and a disadvantage of the three-pore model is that it is a lumped para-
meter model [77], treating the peritoneum as an “equivalent porous barrier” with which a
researcher or clinician can compare the transport over the actual peritoneal barrier. One
clear advantage is thus its simplicity - the computations are straight-forward and it is pos-
sible for clinicians without mathematical training to use the model to make calculations
on transport and clearances et cetera. However, the transport of water and solute matter
from the circulation to the different tissues in the body occurs not only via the capillary
wall but also through the interstitial space. Therefore, a disadvantage of the three-pore
model is that it does not take the interstitial compartment into consideration and thus
any time-dependent changes in interstitial concentration and pressure profiles are ignored
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[89]. If it is this simplification that leads to the observed difference in the disappearance of
the osmotic gradient and the glucose gradient [79] is not known to the author, but time-
dependent changes in interstitial glucose concentration may be worth considering it as a
likely candidate for this phenomenon.

17.3 Constant plasma solute concentrations

Since the plasma solute concentrations are assumed to be constant, the current modeling
does not take in to account the fact that plasma levels of removed solutes will change during
the course of the treatment. However, by simple application of the mean value theorem,
it can be shown that there is a certain concentration, lower than the initial concentration,
at which the transport will be identical to that which would arise if the plasma concentra-
tions were allowed to vary with time. Therefore, adding the plasma compartments will not
increase the descriptive power of the three-pore model since simply adjusting the constant
plasma concentrations will have the same effect. In addition, correctly modeling the com-
plex plasma kinetic behavior of many solutes, especially electrolytes, is not an easy task and
choosing a “mean value” approach may be more feasible.

17.4 Electrolyte transport

The apparent diffusion capacities (MTACs) of small ions such as Nz and Ca™ 7 is far lower
than what could be expected from their diffusion coefficients. Their small size and low
molar weight would thus imply much higher values. For example, according to the three-
pore model, Na+ should have a mass transfer area coeflicient (MTAC, Kpp or PS) close
to 17 mL/min which is approximately twice than that measured using low-sodium fluids
(8-9 mL/min) and 4-5 times more than that obtained using standard fluids (4-5 mL/min).
Although several explanations have been proposed for this difference in transport, the exact
mechanisms remain to be elucidated. Surely, the main difference between the sodium ion
and a neutral molecule of roughly the same SE-radius (1.8 A) is electric charge. Thus, most
likely, the main reason for the noted discrepancy is that electrolyte transport is not taken
into account in the transport equations [80]. The three-pore solute flux equations can be
extended to include electrodiffusion (resulting in a modified Nernst-Planck equation) as
follows

de;  zie OE

Jos,i = —Hs;D; (dx + kT@xcl) + JoWs,ici (64)
de;  zie OR

Jori = —HpD; <dx + kT@xCl) + oWy ici (65)
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Table 3: Tentative effects of increased IPP from previous studies. For volumes up to 3L, an increased IPV seems to increase both
osmotic water transport (UF) and small solute removal (UreaR).

Mechanism during elevated IPP Effect on “UF”  Effect on UreaR
Venous compression = =
Peritoneal surface recruitment [18, 43] U T
Reduced peritoneal blood flow [82] b U
Tissue hydration [35, 105] )3 U
Increased IPV [43, 99] RN ™M

where z; is the valence of solute 7, e is the elementary charge (~ 1.602 - 107190, ks

Boltzmanns constant and T is body temperature (310°K) and % is the electric field gradient

(for a linear potential field %—IE = — EA‘Z’ where £, is the capillary potential). If the blood

plasma and peritoneal cavity is to remain electroneutral, no net electrical current can flow
over the peritoneal barrier and thus

1 n
60 ; Fzi (Jis,i+ Js1,i) = 0 mA (66)

where (F ~ 96485 mC/mmol) is Faradays constant. A priori, this will exert an electrical
hindrance on cations such as the sodium ion, mainly because of the plasma anion gap
(12-15 mEq/L). The result of applying the above equations would thus be an apparently
low MTAC for cations such as Nzt and Cz" . In addition cations would not, in general,
equilibrate with plasma water (unless the plasma anion gap has vanished) and their dialysate
concentration will be lower than that in plasma water. On the other hand, with time,
dialysate concentrations of anions such as C/~ can be predicted to exceed those in the
plasma water.

17.5 The controversial effects of an increased intra-peritoneal pressure

As the peritoneal cavity is filled with dialysate, the intraperitoneal pressure will rise, typically
to about 7-8 mmHg for a fill volume of 2L. First, this will lead to compression of the veins
in the peritoneal cavity and most of the venous pressure will be transmitted back to the
capillary pressure [67, 80, 81].

Thus, an increase in s mmHg in the peritoneum will result in an increase of, at least, 4
mmHg in the capillary. Secondly, the larger the intra-peritoneal pressure, the more surface
area will be recruited in the peritoneum [43]. Third, since the blood vessels in the peritoneal
cavity are compressed this will reduce the peritoneal blood flow. And, lastly, the increased
pressure leads to tissue hydration [90].
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Figure 11: Simulated variations in intraperitoneal pressure (IPP). As seen, the IPP increases when then peritoneal cavity is filled
with fluid. Since the venous pressure is also increased, this will increase the capillary pressure almost to the same
extent. This means that the pressure difference (i.e. the driving pressure for volume flow across the peritoneal
filtration barrier) is essentially unchanged when IPP is raised due to an increased intraperitoneal volume.

On the other hand, if the cause of the increased IPP is an increased IPV, the increase in
the glucose mass in the peritoneal cavity will typically increase the osmotic water transport
(UF). In conclusion, if the IPP is increased due to posture [96] or compression of the
abdomen , the expected effect is a decreased UE If the IPP is increased due to a higher IPV
(up to at least 2L but probably also up to 3L [43]) the net effect of an increased IPP is an
increased osmotic water transport (UF).

18 Methodological challenges in modeling

It is well-known that there are no actual pores in the peritoneal barrier (except aquapor-
ins) or in the GFB. Thus, pore models are obviously phenomenological. So why the use
of pores? First, it is likely impossible to discern the true nature of the size- and charge-
selective elements of the GFB by analyzing transport data. Stated differently, there is no
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way of telling whether the hindrance of a molecular species was caused by a pore, a fibrous
membrane, a gel or more exotic structures. In addition, decades of imaging studies us-
ing electron microscopy have not succeeded in revealing the real size- and charge selective
structures of the GFB. Secondly, the hydrodynamic theory of hindered transport is most
completely developed for the simple case of spherical solute molecules in a long cylindrical
pore while transport in other media is much less completely understood.

A challenge in modeling various phenomena in nature is the unavoidable need to make
simplifying assumptions. Some of these assumptions will have little impact on the end
results, such as disregarding effects of the well-known relativity theory. Although present in
all of our experiments, effects of relativity will, in general, be negligible. Other assumptions
will have a larger impact and, typically, by not including effects that indeed are important,
the models may show a poor fit to data. In addition, seemingly paradoxical results may
arise since the parameters of the model will typically be perturbed in order to compensate
for the lack of detail in the model. Another challenge, which might be seen as contrary
to the problem of making simplifications (which may lead to “underfitting” the data) is
the problem of overfitting the data due to a very detailed model having many parameters.
Indeed, analyzing the distribution of the “large pores” using the distributed models in Study
II-11I fall into this category as one would need data also for larger solutes, that are closer to
(and larger than) the large-pore radius, in order to determine both the mean radius (which
is determined by the cut-off) and the distribution spread (which is determined by the “end”
of the cut-off). Overfitting is perhaps even more problematic than underfitting since it is
usually difficult to tell the difference between an overfit and a “perfect” fit. In conclusion,
a model should ideally not have too many parameters, but not too few.
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Conclusions

20

What goes up,
must come down.
— Isaac Newton

Study I-111

The two-pore model is mainly useful for the quantification of the transport occuring
over the selective pathway (small pore) and the non-selective pathway (large pore
and shunt). It gives no information regarding the actual structure of the GFB.

The selective pathway (the small pores) is the main filtration barrier in the kidney. It
is highly selective towards large molecules such as albumin. Also the structure and
conformation of the solute seem to be very important. Charge may play a role as
a threshold phenomenon but it cannot explain the difference in transport between
polysaccharides and proteins. Changes in the properties of the small-pore is typically
associated with structural damage to the glomerulus.

The permeability through the weakly selective pathway (the large pores) can change
rapidly and reversibly. It is the main route for proteins during normal conditions. A
pathological activation of large pore permeability, for example during diabetic kidney
disease, may accelerate kidney disease.

For permeability studies of the GFB during normal filtration fractions it is not ne-
cessary to model transport along the glomerular capillary.
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21 Study IV

* The glucose absorption of APD-prescriptions can be greatly reduced by using mod-
erately higher dialysate flows and by utilizing a bi-modal treatment regime. Further
research should assess whether such optimized bi-modal regimes are feasible and safe.

* By using DFRs higher than standard prescriptions ( 1.5-2L/h), improvements in
small-solute clearance and UF are typically possible, although the relative benefits
in UF and Kt/V seem to be relatively small compared to the increased cost of the
treatment.

* The complexity of a physiological model is limited by the quality of the experimental
input data. In the case of PD, the large variablity in input data makes a more soph-
isticated approach than the three-pore model difficult to justify at present.
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Scientific publications

This thesis is based on the following studies which are referred to in the text according to
their Roman numerals (I-IV).

Paper 1: Quantification of the electrostatic properties of the glomerular filtration
barrier modeled as a charged fiber matrix separating anionic from neutral Ficoll

Paper 11: A distributed two-pore model: Theoretical implications and practical
application to the glomerular sieving of Ficoll

Paper 111: A distributed solute model: an extended two-pore model with applic-
ation to the glomerular sieving of Ficoll

Paper 1v: Optimizing automated peritoneal dialysis (APD) using an extended
three-pore model
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Oberg CM, Rippe B. Quantification of the electrostatic proper-
ties of the glomerular filtration barrier modeled as a charged fiber
matrix separating anionic from neutral Ficoll. Am J Physiol Renal
Physiol 304: F781-F787, 2013. First published January 9, 2013;
doi:10.1152/ajprenal.00621.2012.—In the current study we explore the
electrostatic interactions on the transport of anionic Ficoll (aFicoll) vs.
neutral Ficoll (nFicoll) over the glomerular filtration barrier (GFB)
modeled as a charged fiber matrix. We first analyze experimental
sieving data for the rat glomerulus, and second, we explore some of
the basic implications of a theoretical model for the electrostatic
interactions between a charged solute and a charged fiber-matrix
barrier. To explain the measured difference in glomerular transport
between nFicoll and aFicoll (Axelsson J, Sverrisson K, Rippe A,
Fissell W, Rippe B. Am J Physiol 301: F708-F712, 2011), the present
simulations demonstrate that the surface charge density needed on a
charged fiber matrix must lie between —0.005 C/m? and —0.019
C/m?, depending on the surface charge density of the solute. This is in
good agreement with known surface charge densities for many pro-
teins in the body. In conclusion, the current results suggest that electrical
charge makes a moderate contribution to glomerular permeability, while
molecular size and conformation seem to be more important. Yet, the
weak electrical charge obtained in this study can be predicted to nearly
totally exclude albumin from permeating through “high-selectivity”” path-
ways in a charged-fiber matrix of the GFB.

capillary permeability; fiber matrix; anionic Ficoll; charge selectivity

THE RELATIVE IMPORTANCE OF electrical charge in the sieving of
plasma proteins across the glomerular filtration barrier (GFB)
has been a matter of debate over the last few decades. The
seminal data of Brenner an colleagues (8, 10), using differently
charged dextran thus suggested that the glomerular transport of
negatively charged, sulfated dextran molecules be much lower
than that of neutral dextran of the same size (8). However,
several authors have questioned these results. Thus some
fractions of sulfated dextran seem to bind to plasma proteins or
glomerular cells (18, 33). In addition, it has been shown that
polysaccharides (such as dextran and Ficoll) exhibit a flexible
molecular conformation, making them hyperpermeable com-
pared with more rigid solutes, such as proteins, at least for
molecular radii approaching the pore radius (I, 12). Ficoll
apparently shows glomerular sieving characteristics some-
where between those of dextran and proteins (34). Several
findings also suggest that polysaccharides undergo significant
conformational changes during charge modification, making
them even more flexible. Hence, Asgeirsson et al. (2) con-
ducted an experiment investigating the glomerular sieving of
carboxymethylated (CM) anionic Ficoll (aFicoll) and “unmod-
ified” neutral Ficoll (nFicoll) in rats. The glomerular permea-
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bility to negatively charged CM-Ficoll was markedly enhanced
compared with that of its neutral counterpart. In addition, size
separation using high-performance size exclusion chromatog-
raphy showed that the aFicoll tested eluted earlier than nFicoll,
indicating that the charge-modification process had indeed
increased the molecular radius (and altered the conformation)
of Ficoll (2).

Schaeffer and colleagues (16, 31) published experiments show-
ing that the difference in permeability between anionic and neutral
dextran was negligible. In contrast to these results, there are
extensive experimental results from both synthetic membranes
and the glomerulus that demonstrate that globular proteins are
selected based both on their size and charge (19, 34). Using
anionic 5.8- and 20-nm (pore radius) silicon nanopore mem-
branes, Fissell and colleagues (17) showed a charge-dependent
permselectivity for aFicoll. Using the same charge-modification
technique for CM-Ficoll, our own experiments have demonstrated
a reduced transport of aFicoll relative to nFicoll across the rat
GFB (4). Bhalla and Deen (6) published an elegant theoretical
model for the transport of charged solutes over a regular array of
charged fibers, and their results showed that the osmotic reflection
coefficient for BSA was much larger than that for an uncharged
system.

It is well-recognized that some of the major structural compo-
nents of the GFB (e.g., perlecan, agrin, entactin/nidogen, and
proteoglycans of the glycocalyx) and important plasma proteins,
such as albumin and orosomucoid, carry a net negative charge
during physiological conditions. Numerous experiments using
charged barriers have demonstrated large to moderate effects of
electrical charge in the hindrance of charged solutes, with the
difference being strongly dependent on the ionic strength of the
solution. Pujar and Zydney (27) showed that the clearance of BSA
through a 100,000 molecular weight cutoff membrane decreased
by nearly two orders of magnitude as the ionic strength (salt
concentration) was reduced from 150 to 1.5 mM. At physiologic
(“high”) ionic strengths the electrical field of the solute will be
condensed and the “screening distance” for charge at which
significant charge effects occur (i.e., the so-called Debye length,
being ~8 A at physiological ionic strength) will be reduced (9).
Isolated glomerular basement membranes (GBM) have failed to
show charge selectivity at physiological ionic strengths when
probed with neutral and negatively charged Ficoll (7). At the ionic
strengths of 1.0, 0.11, and 0.01 M, Johnson et al. (22) demon-
strated that the hindrance due to charge of BSA, ovalbumin, and
lactalbumin was moderate in a charged agarose gel. The partition
coefficient for BSA with an estimated net charge of —37 was
reduced from 0.67 to 0.47 when the ionic strength was lowered
from 1.0 to 0.11 M (22).

In the current study, the model of Johnson and Deen (23) as
modified by Jeansson and Haraldsson (21) is used to analyze
the sieving data for 20-35 A (radius) aFicoll and nFicoll based
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Table 1. Dimensionless coefficients

Dimensionless Coefficient Definition

k I
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T sk

mn hk

s rF
sRqu

o i 4
eRT"

Nondimensionalized coefficients for the fiber radius (rf), ratio of solute
radius to Debye length (7), separation distance (v), and the surface charge
densities of the solute (o7;) and fiber (o), respectively. Additional symbols are
explained in the text.

on experimental data from Axelsson et al. (4) to determine the
charge density needed in a fibrous barrier to account for the
measured results. To our knowledge, this is the first attempt to
calculate the surface charge density of the GFB. It will be shown
that, in a randomly oriented anionic fiber matrix fitting to the
mentioned Ficoll data, if the difference between the sieving
coefficient of nFicoll and that of negatively charged albumin
would be due to charge only, this would require a very highly
charged barrier. In such a case, surface potentials exceeding —200
mV would be needed, which is equivalent to that of a charged
spherical 35.5 A (radius) solute with a net charge of approxi-
mately —200. Still, the electrical charge of the GFB certainly has
a distinct effect on the glomerular permeability to charged solutes.
The importance of this charge effect relative to the size selectivity
will be explored in this study.

METHODS
Theory. The fiber-matrix model of Ogston supposes a barrier consist-

ing of a random array of fibers of thickness rr. The partition coefficient
was determined from

I, +
/
/
/- 34
I/ +
Fig. 1. Illustration of the electrical double layer in a J* v
liquid at contact with a negatively-charged solid. 1 ¥

The zeta potential is the potential at the slipping 4+t
plane that separates mobile fluid from fluid that re- \
mains attached to the solute. \

ELECTROSTATIC PROPERTIES OF THE GLOMERULAR FILTRATION BARRIER

© = ["ghydn 0

where g(h) is the probability density function (PDF) for finding the
closest fiber at a surface-to-surface distance i from the solute sphere
with radius r,. For Ogston’s original model for random fibrous media,
the PDF is

2p(h+rtr) [Enen]
R of =]
f

2

Here ¢ is the volume fraction of fibers, often expressed in terms of the
fractional void volume € = 1 — ¢. As explained in Johnson and Deen
(23), a Boltzmann factor e~ 2T can be introduced describing the
relative probabilities of various energy states in the solute-fiber
system.

@ = [" e EO T g(yan @)

where E(h) is the electrostatic free energy associated with moving a
charged sphere to a certain distance / from the fiber. The free-energy
was calculated from the expression

RT\?
E(h) = g,r, - AG )

where ¢, is the dielectric permittivity of the solvent and
AG = A((B. 7. mo0; + AR T Mol + AB T TE (5)

The nondimensionalized parameters 3, T, 1, o, and o are described
in Table 1. The coefficients A; are given by

AdB. 7, m) = @l e (6)

where the coefficients are given by Table 1 in Johnson and Deen (23).

Charged fiber-matrix + large-pore model. The data were analyzed
using a modified version of the theoretical model by Johnson and
Deen (23), based on the extended Ogston model, as developed by
Jeansson and Haraldsson (21). In this model, the theoretical sieving
coefficients (Omoae1) Were calculated from the nonlinear global con-
vection/diffusion equation (30) according to

N - Surface potential

Stern potential

Zeta potential

Debye length k'
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Fig. 2. Glomerular sieving curves at different surface charge densities on the
fibers of the glomerular barrier modeled as a random fiber matrix characterized
by the (uncharged) physical properties listed in Table 2.
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where ffip, is the fractional volume flow (Jy si/Jy) through the fiber-matrix
pathway and fi. = 1 — fip represents the fraction of volume transported
via the large-pore system. The Peclet numbers are defined by

GFR(1 — o)
Peg, = fﬁbips ()]
fib
GFR(1 — o)
Pe, = fy————— 9
el = fiL P, 9

For the fiber-matrix pathway, the reflection coefficient was esti-
mated from the partition-coefficient (®) using the simple relation

o=(1-d)? (10)
The permeability-surface area coefficient was calculated from
Ay
PSg, = D—® (1)
Ax

For the large-pore system, the hydrodynamic estimates recom-
mended for porous membranes (Egs. /6 and /8) by Dechadilok and
Deen (11) were used. The definitions of constants and symbols are
essentially the same as those used in the two-pore model according to
Rippe and Haraldsson (30). The hydraulic conductance through the
fibrous pathway was estimated using the Kozeny-Carman equation

2.3
,le.s@ I't€

LS=ap———""—
P Ay Ax4Gn(l — &)?

(12)

where € is the fractional void volume, 7 is the viscosity of the filtrate
(water) at 310° K, and G is the Kozeny constant. The fractional total
cross-sectional area over the large pores can be calculated using [cf.
also Eg. 27 in Rippe and Haraldsson (30)]

Aor _ ’

Aos

20q_rtz-s
agyi G(1 — &)

Optimal values for the fractional fiber volume & = (1 — €), Ao/Ax,
rL, and oy, were calculated with the nonlinear regression method of
Levenberg and Marquardt using the well-known MINPACK software
library (25) with standard settings. For the data analysis of the aFicoll,
only the fiber-matrix pathway was considered so that f, = 0 and the

(3)
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nonlinear regression scheme was limited to the parameters ¢ and
Ao/Ax. Due to the confounding effects of the other model parameters,
only the barrier surface charge density (gr) was allowed to vary
between the charged and uncharged models. Taking into account that
the oncotic pressure gradient is different over different pathways (cf.
Egs. 3-11; Ref. 29), the volume flux through a pathway i in a
heteroselective barrier can be approximated from

Joi = o[ LS, = 0 apumi) AT + GFR] (4)

where 0, = 2,;0; is the osmotic reflection coefficient and a plasma
oncotic pressure A of 28 mmHg is assumed. The improper integral
in Eg. 3 was evaluated numerically using a 21-point Gauss-Kronrod
quadrature. Numerical calculations were performed using the software
package GNU Science Library (14).

Physical properties of aFicoll. The net charge of human serum
albumin during physiological conditions is —22 (26). By approximat-
ing its surface area to that of a sphere, using a Stokes-Einstein radius
of 35.5 A, a surface charge density of approximately —0.022 C/m?
can be calculated. The electric charge of the aFicoll used in the
experiments has been quantified in terms of the zeta potential { (see
Fig. 1), which is the electric potential at the slipping plane, with values
of —40 mV and —45 mV for CM-Ficoll 70 and CM-Ficoll 400,
respectively (17). The surface charge density can be approximated
using the Grahame equation

g5 = Lok (15)

where € . is the dielectric permittivity of the solvent and k' is the
Debye length. If assuming a relative permittivity of 74.3 for the
solvent at 310° K (13) and an ionic strength of 0.15 M, a surface
charge density of —0.033 C/m? for Ficoll 70 and —0.037 C/m? for
Ficoll 400 can be calculated. The general problem of estimating the
net charge of a protein is not trivial (35), but the use of the Grahame
equation provides a good estimate at high ionic strengths (9). Since
the perfusate used in the experiments consisted of both Ficoll 70 and
Ficoll 400, the surface charge density is estimated as the arithmetic
mean of the above values, i.e., —0.035 C/m?. This charge density is
equivalent to that of a 36 A spherical molecule with a net charge of
approximately —37. As described in Axelsson et al. (4), aFicoll
showed a slight increase in molecular diameter as measured by the
difference in elution time. This effect was compensated for in the
current analysis by subtracting the measured difference in Stokes-
Einstein radius from the aFicoll data. In addition, the glomerular
filtration rate differed in the experiments using nFicoll from that in the
anionic group. To compensate for this, the same glomerular filtration
rate for both Ficoll species was used in the theoretical model.

Table 2. Uncharged 5 A fiber-matrix + large-pore
parameters

5A

Fractional void volume 0.884 = 0.001
Ao/Ax, em/g X 107°F 15.87 = 0.74
Ao/Ao X 100 0.12 0.0
LpS, ml*min~'*mmHg 0.12 = 0.01
. X 10° 2202
Ju/GFR (fL) X 10° 10.8 = 1.1
Jitiiso, pl/min 0.05 = 0.01
Large-pore radius, A 1622 £ 85

Kozeny constant (G)

5
Pearson x> 0.077 + 0.008

Values are given as means *= SE. Ao/Ax, effective pore area over unit
diffusion path-length: Ao 1/Ao, fractional large-pore area: LS, hydraulic con-
ductance of the fiber array; o, fractional large-pore hydraulic conductance; fi.,
fractional large-pore volume flux; Jyr_iso, “volume recirculation” term, see Ref.
31); x2 “goodness of fit”; GFR, glomerular filtration rate. Additional symbols
are given in the text. TRefers to g kidney for the rat glomerulus.
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Statistical Analysis

Parameter values are presented as means * SE. Differences among
the models were tested using a nonparametric Mann-Whitney test. A
Pearson x>-test was used for testing the “goodness of fit” for the data
fitted to the model. Significance levels were set at P < 0.05, P < 0.01,
and P < 0.001. All statistical calculations were made using the
computer software R version 2.14.2 for Linux.

RESULTS

Theoretical analysis. In Fig. 2, several different fiber surface
charge densities are simulated for a solute having a charge
density similar to that of albumin (—22 mC/m?) utilizing as
starting point the optimized parameters calculated for nFicoll
(or aFicoll) in an uncharged fiber matrix with characteristics
shown in Table 2 (4). The rightmost sieving curve is the
best-fitting curve to experimental data for nFicoll according to
the charged fiber-matrix + large-pore model. A very low value
(0.077) of the Pearson x? indicates a good data fit to the model.
The leftmost curve represents an extreme scenario, where the
barrier has a surface charge of —200 mC/m?. With this charge,
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Fig. 3. A: partition coefficient for different solute charge densities on a fiber
matrix with size-selective sieving characteristics listed in Table 2 at a low ionic
strength of 10 mM. A positively charged barrier enhances the transport of an
anionic solute. B: partition coefficient for different solute charge densities at a
high ionic strength (similar to that in plasma) of 0.15 M.
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Fig. 4. Model fit to experimental sieving data for anionic Ficoll vs. neutral
Ficoll in the molecules of radius range 20 < a. < 35 A.

the theoretical aFicollss sz sieving coefficient is on the order of
1-107> (cf. albumin). In Fig. 3, A and B, the importance of
ionic strength in screening the surface potential on a charged
solute is demonstrated by plotting the partition coefficient vs.
solute radii for different solute charge densities (gs) at low (Fig.
3A) and physiologic (Fig. 3B) ionic strengths. As expected, the
importance of charge on the partition coefficient is moderate at
physiologic (“high”) ionic strengths. In these plots, it can also
be seen that there is a slight difference between the original
Ogston model and the charged fiber-matrix model, even for an
uncharged molecule. However, this difference becomes negli-
gible at physiologic ionic strengths.

Data analysis. The sieving curves for the model best-fit
versus the experimental data are shown in Fig. 4. The opti-
mized model parameters for the uncharged random fiber-
matrix model are shown in Table 3, whereas the parameters for
the charged fiber-matrix model are shown in Table 4. Since the
Grahame equation only gives a rough estimate of the actual
surface charge density, two different solute surface charge
densities were used in the models, —0.022 C/m? (albumin) and
—0.035 C/m? (Ficoll approximation). Expectedly, a more an-
ionic solute resulted in a lower charge density for the filtration
barrier of about —5 mC/m?. Interestingly, assuming the solute
to have a charge similar to that of serum albumin gave values
for fiber charge in the vicinity of known surface charge
densities for many anionic plasma proteins. Only solute radii in
the range 20-35 A were analyzed. Two different fiber radii, 5
and 10 A, were used in the modeling. For the neutral Ficoll
data, the 5-A fiber-radius model showed a better goodness of fit

Table 3. Uncharged fiber-matrix parameters

5A 10A
Fractional void volume 0.884 = 0.001 0.591 = 0.003
Ao/Ax, cm/g X 1075F 17.51 = 1.68 41.22 +4.09
L,S, ml*min~'-mmHg 0.13 = 0.01 0.14 = 0.01
Kozeny constant (G) 5 1
GFR, ml/min 0.65 + 0.05 0.65 = 0.05
Pearson x> 0.036 *+ 0.0027%* 0.048 + 0.002

Values are given as means + SE. Additional symbols are given in the text.
Statistical differences between 5- and 10-A models: **P < 0.01. fRefers to g
kidney for the rat glomerulus.
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Table 4. Charged fiber-matrix parameters

F785

Parameters
Fiber radius (r), A 5 5 10 10
Solute charge density (gs), C/m? —0.022 —0.035 —0.022 —0.035
Fiber charge density (gr), C/m> —0.019 = 0.002 —0.004 = 0.002 —0.017 % 0.002 —0.005 * 0.001
Pearson x> 0.823 = 0.181 0.936 = 0.189 0.943 = 0.216 1.070 = 0.229

Values are given as means = SE. Additional symbols are given in the text.

than the 10-A model. It can also be seen that the fractional void
volume is much lower for the 10-A model, which is to be
expected since the partition coefficient (Eq. ) is an increasing
function of r¢, i.e., a more dense fiber array is needed for an
array of large fibers to achieve the same partition coefficient as
that of an array of thinner fibers. The hydraulic conductance
was calculated assuming a Kozeny constant of 5 for the 5
A-model, which yields a reasonable value for hydraulic con-
ductance of the fiber array (LpS) of 0.13 ml-min~'-mmHg,
which is equivalent of a glomerular net pressure gradient of
5-7 mmHg. In the 10-A model, a Kozeny constant of 1 was
needed to achieve a similar gradient.

DISCUSSION

The essential result of the present modeling is that the
magnitude of negative charge present on the fibers in a charged
fiber-matrix model separating aFicoll from nFicoll in the intact
rat GFB (4) is predicted to be of the same order of magnitude
as that obtained for a majority of anionic proteins in plasma,
such as albumin or orosomucoid. At normal (physiologic) ionic
strengths, electrical charge effects thus appear to contribute
only moderately to glomerular permeability, whereas molecu-
lar size and conformation are more important. A factor of
~2-3 difference in the sieving coefficient, as in the current
study, is moderate compared with that of several other re-
searchers, both historically (8) and recently, for example in
Haraldsson et al. (19) where a factor of ~20, for a solute
charge density similar to that of albumin, was suggested. This
does not deny the fact that in a more “tight” fiber matrix with
a higher size selectivity, as that assessed for neutral proteins
(corresponding to an equivalent small-pore radius of ~37.4 A),
a negative electrical charge may critically exclude albumin
from passing through “high-selectivity” pathways, redirecting
albumin to rare “large-pore” pathways (24). In terms of Debye
screening lengths (being ~8 A at physiologic ionic strength),
the charge effect in this study was found to be only ~20% of
that predicted from the simple Debye-Hiickel theory of ion-ion
interactions. Hence, using pore theory and adding 1.5 A (20%
of 8 A) to the molecules of radius of albumin (35.5 f\) and
subtracting 1.5 A from the small-pore radius (37.4 A) implies
that even the small charge effects obtained in the current study
will totally screen out albumin from the “small-pore” pathway,
thus, making the large-pore system the only pathway in the
GFB for proteins of a similar or larger size than albumin under
normal conditions. Leakage of albumin and large plasma
solutes may, however, occur across the small pores in condi-
tions where they are less selective, as has been observed in
dialyzer membranes (5) or in the GFB after high doses of
angiotensin II (3).

The mathematical model used in this study assumes a very
simple structure of the GFB as a negatively charged barrier

with random fibers (fiber matrix) and an idealized uniformly
charged spherical “hard” solute (21). Conceivably, the former
approximation should be more accurate for proteins than for
polysaccharide molecules, such as dextran or Ficoll. For op-
posing surface charges, the single fiber-single sphere approach
will tend to underestimate the restriction when there is signif-
icant interaction with several fibers, i.e., at a low void volume.
Therefore, this approach should be most accurate at small
Debye lengths (high ionic strengths) and/or at low fiber den-
sities. Technically, the construction of a more complex model
is always possible, but on the other hand, such models would
have an increasing number of phenomenological parameters
that would need to be approximated more or less arbitrarily,
since the exact structure of the GFB is not known. In addition,
a good model should be able to reproduce real experimental
data. Despite the simplicity of the model used in this study, it
shows a very good fit to the neutral Ficoll data for molecules
of radius 20-35 A. Thus, in a functional sense, the real and
theoretical barriers are comparable. Only one model parameter,
the surface charge density (gr), was allowed to vary between
the charged and uncharged barriers (due to the confounding
effects of the other parameters). This may, in part, explain why
the model fit for the aFicoll data was not as good as that for
nFicoll since there are also small [cf. Axelsson et al. (4)]
differences in the other parameters.

Given the lack of charge selectivity of isolated GBM (7),
and the fact that the total abolition of the negatively charged
GBM proteoglycans, agrin, and perlecan does not seem to
affect the permeability of albumin across the GFB (15, 20), the
endothelial glycocalyx may be implicated as the major charge
barrier of the GFB. Actually, the best fit of nFicoll data to the
fiber-matrix model was for a fiber radius of 5 A and a fiber
density of 11%, which would approximately fit the composi-
tion of a fiber matrix of glycoproteins, proteoglycans, and
glucosaminoglycans, rather than a matrix of the much thicker
collagen-IV and laminin molecules of the GBM. The glycoca-
lyx, representing a cell surface coat of the composition men-
tioned above, is important for several basic cell functions, such
as immunologic recognition of “self” and “nonself,” sensing of
shear stress, and the presentation of receptors and adhesion
molecules on the cell surface (32). The glycocalyx can be
regarded as a dynamic network in which soluble plasma
proteins and endothelial derived components are incorporated
to form an even larger endothelial surface layer (ESL). Being
in direct contact with the circulation, the ESL is continuously
remodeled due to both enzymatic and shear-induced shedding
(28). This means that the glycocalyx, and the ESL in toto, can
hardly be viewed as a static structure. Still, the glycocalyx may
be regarded as at least one of the structural candidates to the
charged fiber-matrix concept in this study.
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Examining glomerular permeability by studying the sieving
of plasma proteins is complicated by the fact that there is
extensive tubular processing of the glomerular ultrafiltrate with
almost complete tubular reabsorption of filtered proteins. Fur-
thermore, the sieving of a large number of proteins of discrete
molecules of radii (a.) has to be assessed to create a protein
glomerular sieving curve. We have therefore preferred to use
polysaccharides, uncharged and charged, as probe molecules,
to estimate the sieving properties of the GFB. Polysaccharides
are minimally processed by the renal tubule, and they allow the
assessment of sieving of molecules of a wide range of de.
Unfortunately, polysaccharides in general apparently exhibit a
glomerular “hyperpermeability,” especially when a. ap-
proaches the radius of the size-selective structures in the GFB.
We have found, however, that Ficoll apparently behaves as a
hard sphere (cf. proteins) for N values (solute radius over pore
radius) =0.65, implying that Ficoll data and protein data are
similar for solutes up to a radius of 25 A, i.e., across the
“small-pore equivalent” of the GFB. Furthermore, Ficoll and
proteins seem to be handled in a similar fashion for an a.
interval of 50-75 A, i.e., in the equivalent “large-pore path-
way” (pore radius ~120 A). Thus, as already discussed above,
the size selectivity of the GFB measured using intermediately
sized Ficoll molecules of radius of 25-50 A might be in error.
If instead the small-pore radius estimate determined for neutral
protein permeation across the GFB (24), i.e., 37.4 A, were
correct, this implies that Ficoll molecules >37.4 A would
actually permeate the membrane in an anomalous fashion,
conceivably by (increased) molecular deformability. In the
present study we found that the sieving coefficients for aFicoll
=35 A in radius (for \ approaching or exceeding 1) signifi-
cantly deviated from those predicted by the charged fiber-
matrix model, in that sieving coefficients for aFicoll ap-
proached those for nFicoll. A similar phenomenon has been
observed for aFicoll vs. nFicoll in artificial membranes (17).
This may indicate that charge restriction effects tend to be
markedly reduced in magnitude when the size of the charged
molecules approaches the size of the transport limiting struc-
tures of the barrier or that charge selectivity is much more
complex than predicted from a charged fiber-matrix model.

The present results suggest that electrical charge only makes
a moderate contribution to glomerular permselectivity and that
molecular size and conformation are far more important in this
respect. In fact, in the present study it was shown that a
supraphysiological surface charge density (gr), being nearly
—0.2 C/m?, is needed to account for the difference in the
sieving coefficients between nFicoll and (negatively) charged
albumin, if charge-dependent restriction were the only factor
affecting the glomerular sieving of albumin vs. Ficoll. For a
more compact fiber matrix than that fitting to the sieving
characteristics measured for nFicoll, i.e., a fiber matrix fitting
to (neutral) protein data, the moderate negative charge deter-
mined in this study may still critically affect the permeation of
albumin from blood to urine. In such a model, a weak electrical
charge will more or less totally exclude albumin from a
high-selectivity fiber matrix, to redirect it to some very rare
low-selectivity glomerular transport pathways.
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Oberg CM, Rippe B. A distributed two-pore model: theoretical
implications and practical application to the glomerular sieving of
Ficoll. Am J Physiol Renal Physiol 306: F844-F854, 2014. First
published February 12, 2014; doi:10.1152/ajprenal.00366.2013.—In
the present study, an extended two-pore theory is presented where the
porous pathways are continuously distributed according to small- and
large-pore mean radii and SDs. Experimental glomerular sieving data
for Ficoll were analyzed using the model. In addition, several theo-
retical findings are presented along with analytic solutions to many of
the equations used in distributed pore modeling. The results of the
data analysis revealed a small-pore population in the glomerular
capillary wall with a mean radius of 36.6 A having a wide arithmetic
SD of ~5 A and a large-pore radius of 98.6 A with an even wider SD
of ~44 A. The small-pore radius obtained in the analysis was close to
that of human serum albumin (35.5 A). By reanalyzing the data and
setting the distribution spread of the model constant, we discovered
that a narrow distribution is compensated by an increased mean pore
radius and a decreased pore area-to-diffusion length ratio. The wide
distribution of pore sizes obtained in the present analysis, even when
considering electrostatic hindrance due to the negatively charged
barrier, is inconsistent with the high selectivity to proteins typically
characterizing the glomerular filtration barrier. We therefore hypoth-
esize that a large portion of the variance in the distribution of pore
sizes obtained is due to the molecular “flexibility” of Ficoll, implying
that the true variance of the pore system is lower than that obtained
using flexible probes. This would also, in part, explain the commonly
noted discrepancy between the pore area-to-diffusion length ratio and
the filtration coefficient.

two-pore model; log-normal distributed model; capillary permeabil-
ity; Ficoll; standard deviation

THE TWO-PORE MODEL of capillary permeability has been suc-
cessfully applied to describe the transport of water and plasma
solutes in a large number of different organs (8, 19, 26, 32, 33,
35, 36) and, recently, dialyzer membranes as well (7). The
classic two-pore model assumes that the transcapillary trans-
port of plasma solutes and water occurs over two distinct
porous pathways, small pores and large pores, each having a
fixed (discrete) pore radius. In contrast, distributed pore models
assume that the pore radii are continuously distributed around
a mean radius with a distribution spread [standard deviation
(SD)] (1, 7,9, 11, 20, 21). In most distributed models, only the
small-pore system has been considered, whereas the large-pore
pathway has been modeled as an unselective shunt pathway,
theoretically allowing free passage of all solutes regardless of
molecular size [to our knowledge the only exception is (1),
where both the small-pore and large-pore systems are distrib-
uted]. However, when analyzing the glomerular transport of
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large globular proteins using the discrete two-pore model,
Tencer et al. (36) found that there seems to be an upper size
limit for molecular radii on the order of ~110-115 A. This
implies that very large plasma proteins, such as IgM (molec-
ular radius: ~120 A), will not pass the glomerular filtration
barrier (GFB) at all under normal circumstances (36). Simi-
larly, while studying the glomerular transport of globular
proteins, Lund and colleagues (24) found a good fit for a
(discrete) large-pore radius (r1) of 110 A.

Distributed pore models usually assume that the underlying
pore size distribution can be characterized by a log-normal
distribution, which has the advantage that it is defined only for
positive pore radii, in contrast to the standard (Gaussian)
normal distribution, which, if applied, would (per definition)
also include negative pore radii. Often, it has been noted that
biological mechanisms induce log-normal distributions, as
when, for instance, the causative effects are multiplicative
rather than additive (22). Indeed, the seminal work by Deen
and colleagues (11) indicated that the log-normal distribution
provides a better fit to the experimental data than other con-
tinuous distributions (i.e., normal distribution or gamma-dis-
tribution). In addition, the classic (discrete) two-pore model
(regarding the goodness of fit) is superior to either a log-normal
distributed model or an isoporous (single discrete pore radius)
model in describing glomerular transport data, especially in
nephrotic patients (11). Despite a superior goodness of fit (low
x>-value) to the experimental data (7, 11), the discrete two-
pore model typically shows a poor visual fit in the region
between ~50 and 65 A (cf. Ref. 34), which has been attributed
to the molecular flexibility of the Ficoll molecule in this region.
Due to the poor fit, data in this “knee” region are sometimes
excluded from regression analysis (34).

Most models for diffusion and filtration of solute molecules
over a porous (or fibrous) barrier assume that the solute
molecules behave like rigid spheres. Thus, compared with a
rigid sphere, flexible polysaccharide molecules, such as dex-
tran and, to a lesser degree, Ficoll, are hyperpermeable across
the GFB, whereas less flexible, globular proteins, such as
albumin, behave more similar to a rigid sphere (13, 14, 38). In
terms of the discrete pore model, this means that the small-pore
radius (rs) will be overestimated when analyzing the sieving of
polysaccharide probe molecules (7), while, to the best of our
knowledge, a similar overestimation of the mean pore radius
(u) in the distributed model has not been observed. Hence, it
has been noted that the mean small-pore radius for Ficoll in
distributed models is ~35-39 A, which is very close to that
obtained using the discrete two-pore model to describe protein
sieving data (~37 A) (24). At the same time, the width of the
small-pore distribution [usually specified in terms of the geo-
metric SD (commonly denoted “s”)] has been quite large,
1.15-1.19, corresponding to an arithmetic SD (o) of ~5-7 A.
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The reason behind the observed hyperpermeability of the Ficoll
molecule is not known. Conceivably, Ficoll may have several
intermediate shapes and/or an increased molecular deformabil-
ity, which may give the molecules an ability to change shape
under pressure (13). Interestingly, a recent study by Georgalis
et al. (16) indicated the coexistence of two closely spaced
diffusive modes in Ficoll 70 solutions.

A widely used parameter in pore theory is Ao/Ax (sometimes
denoted “fS/I”’), which represents the total pore area available
for diffusive transport (Ap) divided by the diffusion length
(Ax). From this parameter, the total volume flow can be
approximated (e.g., by using Poiseuille’s law). Often, it has
been noted that the volume flow approximated from the diffu-
sive solute transport (A¢/Ax) differs from that actually mea-
sured experimentally [e.g., the glomerular filtration rate (GFR)
for glomerular capillaries]. This discrepancy is particularly
evident in nonglomerular capillaries, as previously reviewed
(31, 33), and in distributed pore models (20, 21, 34). In an early
pioneering experiment, Lambert et al. (21) studied the glomer-
ular sieving of radiolabeled polyvinylpyrrolidone and calcu-
lated values for Ag/Ax that were up to one order of magnitude
larger for the log-normal distributed model than that of the
discrete model. In addition, the mean pore radius was lower for
the distributed model (21). Jeansson and Haraldsson (20)
studied glomerular size selectivity in the mouse using Ficoll
and found a similar discrepancy between the two-pore model
and the log-normal distributed + shunt model. In line with
these results, our own experiments have yielded comparable
results for the log-normal distributed + shunt model (5, 7, 34).
The inflation of the A¢/Ax parameter leads to an inconsistency
among Ao/Ax [as calculated from the filtration coefficient
(LpS)] and the value for Ao/Ax as determined by the model
regression on sieving data. Indeed, similar inconsistencies have
been a classic controversy in the field of capillary physiology
over several decades [cf. “Pappenheimer’s pore puzzle” (29)].

It is reasonable to assume that there should be at least some
variation in the pore radii and also an upper size limitation in
the large-pore system. Thus, the present study aimed to com-
bine the two “classic” models for glomerular transport (two-
pore and log-normal + shunt) by the application and theoret-
ical analysis of a distributed two-pore model. The model was
used to analyze sieving data from Axelsson et al. (6) to
determine the mean pore radius and the distribution spread of
both the small-pore and large-pore systems in the GFB. The
discrete two-pore model typically yields lower values for L,S
and A¢/Ax and usually a mean small-pore radius that is ~7-8
A higher than that of the distributed + shunt model. Analysis
of data with the discrete two-pore model is equivalent to using
the distributed two-pore model with the spread parameter set to
unity. To discern the effects of using a constant spread, the data
were analyzed again setting the spread of the model constant.
This revealed if there were any other differences between
distributed and discrete (or fixed spread) pore modeling apart
from the previously noted differences in Ao/Ax and small-pore
radius.

Glossary
o Fractional hydraulic conductance for the ith pore
population
ar Fractional hydraulic conductance for the large-

pore population (i.e., K /Kr)

as

mn
0

ej,dana
0).modet

s

fs

8

G

GFR
GFB

H

HSA
Jeonvection
Jdiffusion

Js

Jy

Ji
Jo
JeLiso
Jus

k
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Fractional hydraulic conductance for the small-
pore population (i.e., Kis/Ky)

Viscosity of the solvent (in Pa-s) (e.g., Mwater =
0.7 mPa-s)

Sieving coefficient

Experimental sieving coefficient of the data

Theoretical sieving coefficient of the model

Solute-to-pore radius ratio (e.g., ac/rs)

Arithmetic mean pore radius for the large-pore
population

Arithmetic mean pore radius for the small-pore
population

Osmotic pressure gradient (in mmHg)

Reflection coefficient

Solvent-drag reflection coefficient

Homoporous large-pore reflection coefficient

Homoporous small-pore reflection coefficient

Net osmotic reflection coefficient

Arithmetic SD for the large-pore population

Osmotic reflection coefficient

Ensemble osmotic reflection coefficient for all
solutes and all pathways

Arithmetic SD for the small-pore population

Molecular (Stokes-Einstein) radius (in A)

Effective surface area available for restricted
diffusion (i.e., Ag = A)

Total cross-sectional pore area

Diffusive transport restriction coefficient (effec-
tive-to-total area ratio)

Analytical solution

Concentration profile along the length of the
pore (in mol/ml)

Downstream (filtrate) concentration (in mol/ml)

Plasma concentration (in mol/ml)

Free diffusion coefficient (in cm?/min)

Error function

Fractional volume flux across the large-pore
population (i.e., Jyi/Jy)

Fractional volume flux across the small-pore
population (i.e., Jys/Jy)

Log-normal probability density function

Analytical solution (defined in Eq. 23)

Glomerular filtration rate

Glomerular filtration barrier

Alternate notation of A/Ag

Human serum albumin

Flux through convective transport

Flux through diffusive transport

Total solute flux across the entire barrier (in
mol/min)

Total volume flux across the entire barrier (in
ml/min)

Volume flux across the ith pore population in a
heteroselective barrier (in ml/min)

Volume flux across the large-pore population (in
ml/min)

Isogravimetric flux for large-pore population (in
pl/min) (Jys,iso = —JyL.iso)

Volume flux across the small-pore population
(in ml/min)

Boltzmann constant
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K¢ See L,S
L, Total hydraulic conductivity (in ml'min~'-mmHg "
.cm™?)
LS Filtration coefficient; total hydraulic conduc-

tance (in ml-min~''mmHg ")

n Any real number

N Total number of pores per unit weight kidney (in

g) (or unit area for a membrane)

Neutral horseradish peroxidase

P Permeability coefficient; D/Ax (in cm/min)

Pe Péclet number

Péclet numbers for the large-pore system

Péclet numbers for the small-pore system

PS Permeability-surface (diffusion capacity) coeffi-
cient (in ml/min)

PSL Permeability-surface (diffusion capacity) coeffi-
cient for the large-pore system
PSs Permeability-surface (diffusion capacity) coeffi-
cient for the small-pore system
AP Hydraulic pressure gradient (in mmHg)
APpeq Net pressure gradient (AP — cAmr)

r Log-normally distributed radius
R Natural logarithm of r

K Geometric pore SD
SL Geometric large-pore SD
Ss Geometric small-pore SD

S Barrier surface area (in cm?) per unit weight
kidney (or unit area for a membrane)

SD Standard deviation
T Temperature (in K) (body temperature = 310 K)
u Geometric mean pore radius

ur, Geometric mean large-pore radius (in A)

uUs Geometric mean small-pore radius (in f\)

w Alternative notation of 1-o
X Distance (in cm)
Ax Total barrier thickness (in cm)

METHODS

Experimental sieving data from Axelsson et al. (controls) (6) for
the rat glomerulus were analyzed using a novel extended two-pore
model where each pore population is distributed around a central
tendency, us and uy, respectively, each with a small-pore and large-
pore SD (ss and si, respectively). In summary, the mathematical
construction is identical to that of the discrete two-pore model with
the exception that the hindrance factors are calculated for a log-
normal distribution of pore sizes instead of single discrete pore sizes.

Theoretical background. The steady-state solute transport (Js, in
mol/min) across a semipermeable barrier can be described by the
convection-diffusion equation, as follows:

dc
Js = Jaittusion t Jeonvection = _DAE +J,(1 = o) )
X

where D is the diffusion coefficient (in cm?/min), A is the effective
area (in cm?), J, is the volume flux (GFR), o is the reflection
coefficient, and c(x) is the concentration (in mol/ml) as a function of
the distance x (in cm) from the plasma side of the barrier. Thus, Js is
the sum of the diffusive transport [according to Fick’s first law,
Jaitfusion = —DA X dc/dx (in mol/min)] and the convective transport
Jeonvection (in mol/min) [the effective volume flux J, X (I — o) (in
ml/min) times the concentration (in mol/ml)]. All coefficients are
assumed to be constant. Equation 1 is a separable first-order ordinary
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differential equation that can be integrated over the barrier [ad modum
Patlak et al. (30); see the ApPENDIX), yielding

B R cie e
Jo=J1 0)7] " (2)

where C, is the plasma concentration (in mol/ml) and C; is the
downstream (filtrate) concentration (in mol/ml). The Péclet number
(Pe), the “convection-to-diffusion ratio” for a particular barrier-flux-
solute combination, is defined as follows:
S =0
- PS

Pe (€)]
where the permeability-surface area coefficient (PS; in ml/min) is
given by the following equation:

ps=L2a-piot )

A AxA,

The latter equality is particularly useful since hydrodynamic estimates
give an expression for A/Ao rather than A/Ax (33). The diffusion
restriction coefficient (A/Ao) represents the restriction in the diffusive
transport due to the hindrance of the barrier. As an example, if A/Ao =
1/3, then the clearance of a solute from x = 0 to x = Ax is only
one-third of that which would occur if there was no diffusive transport
restriction. Assuming an ideal spherical uncharged solute, D can be
estimated using the following Stokes-Einstein equation:

kT

B 6mMa,

%)

where £ is the Boltzmann constant, T is the temperature (in K), 1 the
viscosity of the permeate (the permeate is assumed to have a viscosity
close to that of water, i.e:, ~0.7 mPa-s). and a. is the Stokes-Einstein
radius of the solute (in A). In the present article, the term “radius” is
used synonymously with Stokes-Einstein radius unless otherwise
specified. During ultrafiltration, J; = J, X C;, so the sieving coeffi-
cient (0; equal to Ci/C;,) can be derived from Eg. 2, leading to the
following practical expression:

o= 7 6
T 1—ge P ©
The solute clearance (in ml/min) is simply J, X 0. Thus, it is possible
to relate the ultrafiltrate concentration to the plasma concentration
using the following equation:

C,=0XC %)

It is important to note that the solution above (Eq. 2) is only valid if
Jy # 0. During zero flux conditions, Fick’s first law can be applied
directly, i.e., Js = —PS(Ci — Cp).

Log-normal distribution. The log-normal distribution has been
widely used in the characterization of the pore size distribution of both
synthetic and biological barriers. There has, however, been consider-
able differences regarding the proper functional form of the log-
normal probability density function as well as concerning the inter-
pretation of the distribution parameters (40). Arguably, the most
widely adopted distribution parameters are u and s. The functional
form for the probability density function for the log-normal distribu-
tion is then given as follows:

1
(rou,5) = ——————
B V2w

The corresponding arithmetic mean () and standard deviation (o) (in A)
can be calculated by i = u X s"2 ™" and ¢ = u X (25 — s 52,
respectively (40). In this article, both arithmetic (. and o) and geometric
(u and s) distribution parameters are presented in the data analysis. The

1 [In() = In(w) ]2
72[ n(s) }

(8)
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arithmetic mean and SD must not be confused with the corresponding
moments for the standard normal distribution. The log-normal distribu-
tion is an asymmetric distribution with a positive skew.

Solute flux. The net 6 value for the filtration barrier was calculated
using the following equation:

—0g — oL

S ©

1
+fu
1—ope

1
o fsl —oge s
where fi. = 1 — fs is the fraction of fluid flow passing the barrier via
the large-pore pathway (i.e., f = Jw/GFR), os and o are the
reflection coefficients for the small-pore and large-pore systems,
respectively, and Pes and Pey are the Péclet numbers for the small-
pore and large-pore system, respectively. os and o values were
calculated using the following equations:

I rstrug, s

- (10)
fo e (r, ug, sg)dr

Og =

and

f; r4g(r, uy, s oy (r)dr
o= (11)

f: rre(r, ug, sp)dr

where oy, and oy s are the homoporous small-pore and large-pore
reflection coefficients, respectively. Pes and Per. were calculated
using the following equations:

Jys(1 — o
peg =1L =09 (12)
PSq
and
Ja(l = op)
pe, = Pl o0 13)
PS,

PSs and PSy are calculated using the following equations:

fxfz(i) g()dr
— DAU,S A(i 0 A() h.S

PSg =
4p Ax f() Pe(rdr

(14)

and

(15)

where Ao s/Ao = 1 — Ao.L/Ao is the fractional cross-sectional pore area
of the small-pore system and (A/Ao)ns and (A/Ao)n.. are the (ho-
moporous) diffusive transport restriction coefficients (cf. Eg. 27) for
the small-pore and large-pore systems, respectively.

Volume flux. If no osmotic gradient exists over an heteroselective
barrier (i.e., Aw = 0), then the volume flux via the ith pathway is
directly proportional to the hydraulic conductance (a;Ky) of the
pathway, as follows:

Jyiam=0 = @; X GFR (16)

where o; = Ki/Ky is the fractional hydraulic conductance of the ith
pathway. If there is an osmotic gradient, then the Starling equilibrium
can be applied directly to the pathway, as follows:

Jii = oGK(AP = 0 o ATT) 7)

where 0 nec 1S the net osmotic reflection coefficient (i.e., effective o,
for all solutes for the ith pathway). Hence, if an osmotic gradient
exists over a heteroselective barrier, then the volume flow through

F847

each pathway will be different from that predicted solely from the
hydraulic conductance of that pathway. This difference, known as the
isogravimetric flux (32), is thus:

Jiiso = i = Lviam=0 = K06 e — Ui,nu)A‘" (18)
where 0o nee is the ensemble osmotic reflection coefficient for all
solutes and all pathways. The volume flux over the ith pathway in a

heteroselective filtration barrier is therefore:
1 = o X GFR + 50 = o[ K(0g e = 0 pe) A7 + GFR] (19)

In the calculations, the net reflection coefficients have been approxi-
mated to those of albumin and a net Am of 28 mmHg has been
assumed. If the net reflection coefficient of a pathway is smaller than
the net osmotic reflection coefficient (for the barrier), then Jy; is0 will
be negative for that pathway and the flux (Jy;) will be smaller than that
predicted solely from the hydraulic conductance of that pathway. For
some pathways, Jy; may be negative, and a recirculation of volume
occurs. For a barrier that is nearly homoporous, such as the GFB,
Juiiso Will typically be very small (28).

Hydrodynamic hindrance factors. The hydrodynamic hindrance fac-
tors recommended by Dechadilok and Deen for porous membranes (10)
were used and are repeated here for convenience. These expressions have
the advantage that they are properly averaged over the entire pore section
rather than being “centerline approximations.” The homoporous reflec-
tion coefficient was estimated from the following equation:

1+ 3.867\ — 1.907A% — 0.834\°
1+ 1.867\ — 0.741\*

opy=1=-WN)=1-(1-\)>?
(20)

according to Ennis et al. (cf. Eq. 4/ in Ref. 12). The diffusive transport
restriction coefficient was calculated from

A 9
™ =HMN =1+ g)\ln (N) — 156034\ + 0.528155\*
0

+ 191521\ — 2.81903\* + 0.270788\>
+ 1.10115)\° + 0.435933\7 (21)

for N = 0.95 (Eq. 16 in Ref. 10). For more closely fitting solutes (A >
0.95), we used the following equation:

A 1231 —-\\"
—=a *A)2f<7) (22)
Ay 125\ A\
according to the estimate by Mavrovouniotis and Brenner (cf. Eq. 71 in
Ref. 25). The hydrodynamic hindrance factors are bounded functions (per
definition) in the sense that A/A, tends to zero and oy, tends to unity when
X — 1 and, in addition, that A/A tends to unity and oy, tends to zero when
X — 0. Since A/Ao vanishes for r < ae, the integrals in the numerators of
Egs. 14 and 15 need only be evaluated from a. to %.

Analytic solutions. For the improper integrals in the denominators
of Eqs. 10, 11, 14, and 15, there exists the following analytic solution:

F 22n2(s)
G'(u,5) = fr"g(r)dr =u'e 2 23)
0
for any real number (n) that can be derived using integration by parts
(see the APPENDIX). The total cross-sectional area of a log-normal
distributed porous barrier with mean radius « and spread s can then be

calculated exactly as follows:
Ay N o N Nmu? |,
— = — | wg(ndr= —mG¥u,s) = ——e*™ (24
Ax Axfo 8 Ax @.5) Ax @

where N is the total number of pores per unit weight kidney (or unit
area for a membrane). Analogously, using Poiseuille’s law, K¢ is given
by the following equation:
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4 4
o AT u 2
K=N; aar S = G4(u 5= —e“" © (25)
If Ao/Ax is known, N cancels so that
Ay u?
= 202 6m’s) (26)
Ax 81

With minor modifications of the proof of Eg. 23 (see the APPENDIX),
one can derive the following equation:

B'u.s.a) = [ Pg(rydr
n In’(s) — ln(%>
u

\/2 In(s)

where erf is the error function. This thus makes it possible to solve
both Egs. 14 and 15 completely for A = 0.95, as follows:

o A o0 A
ne fo ( )g(r)dr fﬂc r2<;0>g(r)dr
Ay

f Pg(rdr f: Pg(rdr

1 nlinco

Eue 2 erf] + 1| (27)

In’Cs>

=\ B*+ %a u(lnf —1In? (s))
In —In’(s)
\/ 2In(s)

In(u) — In(aL)>
n(s)

1 — erfl

- %\/za In(s)e” z(

— 1.56034a,B"' + 0.528155a2B° + 1.91521aB~" — 2.81903a2B >

+0.270788a2B > + 1.10115a°B~* — 0.435933a]B > | /G* (28)

Using Eq. 28, instead of approximating Egs. /4 and 15 numerically,
reduced the computation time by ~50%. If the distribution spread is
set to unity, then the above equations (Egs. 23-28) reduce to those of
the discrete two-pore model. Thus far, it seems as if the distributed
two-pore model is identical to the discrete two-pore model when s
tends to unity. All that remains is to show that Egs. /0 and /1 are
equal to ons and opy, respectively, when ss = s, = 1 and, in
addition, that Egs. /4 and 15 reduce to the homoporous case also for
X > 0.95 (with the spread set to unity). This can be proven (see the
APPENDIX) using the dominated convergence theorem (39) using the
fact that both oy, and A/Ao are bounded functions. The improper
integrals in the numerators of Egs. 10 and 11 (and Egs. 14 and 15 for
N > 0.95) were evaluated numerically using a 21-point Gauss-
Kronrod quadrature. Numeric calculations were performed using the
software package GNU Science Library (15).

Nonlinear regression. The theoretical sieving coefficients for each
model were fitted to the experimental data (327 data points) using the
nonlinear least-squares algorithm according to Levenberg and Marquardt
to calculate the optimal values of us, ss, ur, si, Ao/Ax, and o, that
minimize the weighted sum of squares (objective function), as follows:

anmnu
j=1
/ lata

using the MINPACK library with standard settings (27). This objec-
tive function provided a better goodness of fit (lower x2) than using
the ordinary sum of squares on log-transformed data. Because of the

data ~ Bmoder)” (29)
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limited data for higher solute radii, the large-pore fit was dependent on
the initial value (mainly of the large-pore spread s.). Therefore, a
large number of initial values were tried with s ranging from 1.10 to
1.50. From these results, the best fit (lowest x>-score) was selected (cf.
also Ref. 11, where a similar method is used).

Statistical analysis. Parameter values are presented as means * SE.
A Pearson x>-test was used for testing the goodness of fit for the data
fitted to the discrete and distributed two-pore models. Statistical
differences between the different models (discrete; narrow spread:
ss = 1.05 and s = 1.15; wide spread: ss = 1.10 and s, = 1.30) were
tested using a nonparametric Friedman test followed by post hoc
testing using a Wilcoxon-Nemenyi-McDonald-Thompson test. Holm-
Bonferroni corrections for multiple comparisons were made. Signifi-
cance levels were set at P < 0.05, P < 0.01, and P < 0.001. All
statistical calculations were made using the computer software R
(version 3.0.0) for Linux.

RESULTS

Experimental data analysis. The optimal parameters for the
distributed two-pore model analysis of the Ficoll data are
shown in Table 1. The corresponding arithmetic parameters are

=369 A and os = 4.7 A for the small-pore system and
}LL = 106.6 A and o = 44.0 A for the large-pore system. L,S
was calculated from A¢/Ax (per g kidney) in the distributed
model using Eq. 26. A value for L,S of 0.44 ml-min -
mmHg -~ ! corresponds to a mean pressure gradient of only
~1.5 mmHg, which is very low compared with measured
values (37). Figure 1 shows 0 versus a. for the experimental
data (dashed line) and the best fit for the regression of the
distributed two-pore model (solid line). The dotted line repre-
sents a simulated scenario where /) Ao/Ax has been decreased
to ~3 X 10° cm to match the 6 value of myoglobin (the value
of ss has very little effect in this range of solute radii) and
2) the spread of the small pore has been decreased to ~1.017
to match the sieving data for four different proteins [human
myeloma dlmenc k-chain (k-dimer, 28.4 A), nHRP (30.4 A),
HSA (35.5 A) and neutralized HSA (35.0 A)] and all other
parameters were set according to the best model fit for the
Ficoll sieving data. The fractional clearances of the proteins are

Table 1. Distributed two-pore parameters

Model Parameter Regression Result

us, A 36.6 + 0.3
ss, A 1.13 £ 0.00
u, A 98.6 = 4.2
si, A 1.49 + 0.03
Ao/Ax, X105 206 = 2.1
LpS, ml-min~"-mmHg~"* 0.44 = 0.04
ar, X10° 0.6 0.1
Ju/GFR, X10° 93%12
JuLisor pl/min* 0.06 = 0.01
Ao./Ao, X10° 0.4 0.1
Aor, X 10° mm? 25+0.0
GFR, ml/min* 0.65 = 0.4
Goodness of fit, x> 0.147 = 0.018

us, geometric mean small-pore radius; ss, geometric small-pore SD; u,
geometric mean large-pore radius; si., geometric large-pore SD; Ao/Ax, effec-
tive pore area over unit diffusion path length; LS, hydraulic conductance
(calculated from Ao/Ax); i, fractional large-pore hydraulic conductance; Jyi.,
volume flux across the large-pore population; GFR, glomerular filtration rate;
JyLiso, 1sogravimetric flux for the large-pore population; Ao1/Ao, fractional
large pore area; Ao, cross-sectional area for the large-pore pathway (calcu-
lated from Ao1/Ao and Ao/Ax assuming a barrier thickness of 0.3 pm). *Gram
kidney.
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Fig. 1. Sieving coefficient (6) versus Stokes-Einstein radius (ae) for the
experimental data (dashed line) and the best fit for the regression of the
distributed two-pore model (solid line). The dotted line represents a simulated
scenario were the small-pore spread (ss) and Ao/Ax have been decreased to
match the sieving data for five different globular proteins (according to Lund
et al. (24): myoglobin (myo; 19.4 A), human myeloma dimeric k-chain
(k-dimer; 28.4 A), nHRP (30.4 A), neutralized HSA (nHSA; 35.0 A), and HSA
(35.5 A). See the Glossary for abbreviations.

according to Lund et al. (24). Again, using Eq. 26 to calculate
LS from the “protein curve” yields a filtration coefficient of
~0.06 ml'min~"-mmHg~'-g ™!, corresponding to a mean pres-
sure gradient of ~10 mmHg. In this simulated scenario, the
corresponding arithmetic parameters are ps = 36.6 A and
os = 0.6 A for the small-pore pathway. The probability density
functions (Eg. 8) for the small-pore (dashed line) and large-
pore (dotted line) size distributions are shown in Fig. 2.

The data were reanalyzed using distributed two-pore models
where ss and si. were set to constant values. Figure 3 shows 6
versus a. for this analysis. Along with the data (dotted line),
three different scenarios are shown where the spread of the
distributions have been held constant during the regression:
ss = 1.00 and s;, = 1.00 (dashed line), ss = 1.05 and s;. = 1.15
(solid line), and ss = 1.10 and s, = 1.30 (dashed-dotted line).
The knee region is expanded as the spread is decreased, leading
to an increasingly poorer fit in this region, as has been previ-
ously noted using the classic two-pore-model (34). Interest-
ingly, for the “wide” scenario (ss = 1.10 and s = 1.30), a very
low x>-value (0.086) was obtained. The optimized model param-
eters for the three different scenarios are shown in Table 2. As
expected, as the spread of the model increases, both the small-
and large-pore radius get smaller and Ao/Ax gets larger for the
widest scenario. No other significant differences among the
three “fixed-spread” models were found. Despite the difference
between Ao/Ax in the groups, the fractional large-pore area
remains relatively constant. Ao /Ao is larger for the “constant-
spread” models than that obtained in the full analysis above
(~0.4 X 107°).
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Fig. 2. The probability density function (cf. Eq. 8) for the small-pore (dashed line)
and large-pore (dotted line) size distributions. The distributions are not to scale.

Theoretical analysis. Figure 4 shows the effect of altering
the breadth of the distribution by plotting several different
scenarios from the discrete case (ss = 1.00 and s = 1.00,
dotted line) to increasingly wider distributions (ss = 1.05 and
s.. = 1.15, dashed-dotted line; ss = 1.10 and s = 1.30, dashed
line; and ss = 1.15 and s;, = 1.45, solid line). For the
small-pore system, a more narrow distribution leads to a
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Fig. 3. Results of the analysis of the experimental data using constant values
for the small-pore and large-pore spread parameters. Along with the data
(dotted line), three different scenarios are plotted: ss = 1.00 and s.. = 1.00
(dashed line), ss = 1.05 and s;. = 1.15 (solid line), and ss = 1.10 and s;, = 1.30
(dashed-dotted line). See the Glossary for abbreviations.
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Table 2. “Constant-spread” analysis parameters

A DISTRIBUTED TWO-PORE MODEL

Discrete (ss = 1.00 and si. = 1.00) Narrow (ss = 1.05 and si. = 1.15) Wide (ss = 1.10 and si. = 1.30)

us, A 447 0.1 433 = 0.1% 40.0 £ 0.1%
uL, A 1413 = 7.0 128.0 £5.7 1133 +7.9
Ao/Ax, X103* 72+05 7.1 £0.9% 1.5 = 0.7
LpS, ml-min~"-mmHg ~"* 0.21 = 0.01 0.20 = 0.027F 0.28 = 0.01F
ar, X10° 1.7+0.1 2.1%0.1 1.3+0.1
Ju/GFR (fi), X10° 122+ 0.1 13.6 = 0.1 122+ 0.1
Ao /Ao, X109 17202 2304 13203
Ao, X10° mm? 3.7+ 0.0 49+04 45*0.0
Goodness of fit, x* 0.257 = 0.018 0.168 = 0.03 0.086 = 0.01%

Values are given as mean = SE. *Gram kidney. P < 0.05; P < 0.01.
steeper cutoff. As expected, with a wide distribution in the DISCUSSION

large-pore system, the selectivity approaches that of the shunted
models (a horizontal line). It can also be seen that the tran-
sport of smaller solutes below 25 A (such as VEGF and many
other small peptide hormones) is largely unaffected by the
width of the distribution of pore sizes.

To quantify the theoretical increase in Ao/Ax due to an in-
creased distribution spread, A¢/Ax was plotted as a function of the
distribution spread using Eq. 24 (Fig. 5A). Similarly, Fig. 5B
shows the GFR per gram kidney versus the distribution
spread plotted using Eg. 25 and assuming a net filtration
pressure of 10 mmHg. N was set to 10'® pores/g, and u was
set at 36.6 A. When these theoretical predictions of the
increase of A¢/Ax and/or Ky, due to the distribution spread
only are compared, it can be seen that the theoretical
increase is much smaller than that obtained from the anal-
ysis of the experimental data (Table 2).

10°

10

Sieving coefficient (0)

10°

20 40 60 80
Stokes-Einstein radius (A)

Fig. 4. Effects of altering the spread of the distribution. Several different
scenarios are plotted, from the discrete case (ss = 1.00 and s. = 1.00, dotted
line) to increasingly wider distributions (ss = 1.05 and s;. = 1.15, dashed-
dotted line; ss = 1.10 and s.. = 1.30, dashed line; and ss = 1.15 and s.. = 1.45,
solid line). See the Glossary for abbreviations.

We have presented here an extended two-pore theory where
the porous pathways are continuously distributed according to
us and uy. and their corresponding ss and si, thus considering
effects caused by an apparent (or actual) distribution in pore
sizes. The results of the data analysis revealed a small-pore
population with a wide distribution in pore sizes having an
arithmetic SD of ~5 A. Such a wide pore size distribution,
even when considering the electrostatic hindrance due to a
negative pore charge (28), would not be consistent with the
high selectivity to proteins normally characterizing the GFB
(24, 34). To account for this contradiction, we hypothesize the
following:

1. A large part of the variance in the distribution of pore
sizes in the present analysis is due to the molecular flexibility
of the Ficoll molecule, implying that the true variance of the
pore system is lower than that obtained when using a flexible
probe molecule.

2. The mean pore radius is near that of the true effective
radius of the GFB, implying that the highly selective filtration
barrier favors the filtration of Ficoll molecules having a “mean
radius” close to the actual mean pore radius.

3. The inflation of A¢/Ax (due to the wide distribution) can
be explained, almost entirely, by the flexibility of the molecule
(see below). Thus, the surface increase in distributed models
compared with discrete models is due to the flexibility of the
molecule, not the wide distribution of the pore population.

We have shown that the classic (discrete) two-pore model
represents a special case of the distributed two-pore model
where both ss and s;, are set equal to unity. With the use of
constant values for the spread parameters (ss and s), our
results revealed that a smaller distribution spread leads to a
larger mean pore radius and a lower A¢/Ax parameter. This
result may be expected since /) the discrete small-pore radius
is usually ~43-47 A (2,4,5,7, 28), whereas a common value
for the mean pore radius of the log-normal + shunt model is
only ~35-39 A (5,7, 34), and 2) A¢/Ax is typically two to three
times higher in the distributed models than what is commonly
found using the discrete two-pore model (5, 7, 34). Thus, in
line with previous results, the data analysis in the present
article yielded a high value for Ao/Ax (~21 X 10° cm/g) for the
distributed model, which leads to an unreasonably high value
for LpS (calculated from A¢/Ax). A more reasonable value
(~3 X 10° cm/g) was obtained using a simulated scenario
where the small-pore spread and Ao/Ax were lowered to match
the 0 values of five proteins. We also derived a practical
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A Arithmetic standard deviation (A)

5 10 15 20
6,5¢10°F T T T

6x10° B

Ag/A X (cm)

4,5x10° -

4x10° | | L L
1 1.1 12 13 1.4 15 1.6

Geometric standard deviation (s)

B Arithmetic standard deviation (&)
5 ? 1,0 1'5 2'0
—~4
=
:
E 3
5
=
£
g2
5
{="
4
=
O
0 . . . . .

1 1.1 12 1.3 1.4 1.5 1.6
Geometric standard deviation (s)
Fig. 5. A: Ao/Ax (in cm) plotted as a function of s using Eq. 24. B: GFR (in

ml/min) plotted as a function of s using Eg. 25 and assuming a net filtration
pressure of 10 mmHg. See the Glossary for abbreviations.

equation (see Egq. 24) showing that A¢/Ax is, as expected,
directly dependent on the pore size distribution (both spread
and mean radius) so that an inflated distribution spread leads to
inflation in Ap/Ax as well. However, this theoretical increase in
Ao/Ax is much smaller than what could be expected from the
measured differences between the discrete and distributed
models. What is the reason behind the (often noted) inflated
Ao/Ax values in the distributed models? Interestingly, the larger
pore radius for the discrete two-pore model (compared with the
distributed model) leads to less restriction to the diffusive
transport (i.e., larger A/Ap) in the small-pore system. As an
example, for a 30-A solute, the small-pore A/A, parameter is

F851

~2.4 X 1073 for the distributed two-pore model (using Egq. 28
with u = 36.6 A and s = 1.13) compared with ~7.4 X 1073
for the discrete two-pore model (using Eg. 28 with u = 44.7 A
and s = 1.00 or Eq. 21). This gives a factor of ~3 between the
A/Aq parameters of the distributed and discrete models, which
is sufficient to explain (see Eq. 4) the discrepancy between the
distributed and discrete two-pore models in this article. In
conclusion, if the distribution in pore sizes is caused by the
flexibility of the solute, then the increased area is apparent and
does not reflect the real pore area of the membrane. Con-
versely, if there is an actual distribution in pore sizes, the
ultrafiltration coefficient of the barrier, as calculated theoreti-
cally (from Ao/Ax using Eq. 26), should more closely match the
measured ultrafiltration coefficient.

The selective mechanisms of the GFB are based on the
separation of molecular species depending on size, charge, and
conformation. Recently, we quantified the electrostatic prop-
erties of the GFB in terms of the surface charge density of the
barrier (in C/m?) and found it to be similar to that of known
surface charge densities for many proteins in the body (~5-20
mC/m?) (28). This is a much lower value than that suggested
by Haraldsson et al. (200 mC/m?) (17). Indeed, the latter
charge density would be required if most of the difference in
the glomerular permeability between Ficoll and globular pro-
teins were due to charge effects. If the wide distribution
measured in the present investigation represents the actual pore
size distribution in a weakly/moderately charged GFB (i.e.,
~5-20 mC/m?), then one would have to add ~15-19 A to the
effective radius of the albumin molecule to achieve the same
fractional clearance as that actually measured. In contrast, if
the distribution of pore sizes in the GFB is narrow, as is
proposed in the present study, then a “threshold effect” is
possible (due to the similarity of the mean small-pore radius,
36.6 A, and molecular radius of albumin, 35.5 A), so that even
a moderate surface charge density on the barrier (similar to that
on many plasma proteins) is sufficient exclude albumin from
passing through the small-pore system. According to the hy-
pothesis in this study, conformation plays a crucial part in how
molecular species are transported across the GFB. As an
example, bikunin, a 36-A (radius) elongated protein, had ~80
times higher fractional clearance () than albumin despite
similar size and charge (23).

The GFB is a dynamic barrier in which the permeability can
change dramatically even in a short period of time (2-5). The
physiological and pathophysiological mechanisms behind
the changes in permeability seem to be mediated primarily by the
large-pore system. Despite the apparent role of the large-pore
pathway in the regulation of the permeability of the GFB, very
little is known about the underlying mechanisms or the equiv-
alent biological structure. The permeability of the large-pore
system is typically increased when the glomeruli are injured by
disease [fi. (equal to J,1/GFR) can increase several orders of
magnitude within minutes]. In contrast to peripheral capillar-
ies, the permeability of the large-pore system in glomerular
capillaries is normally very low. This means that, in healthy
glomerular capillaries, only very small amounts of large probe
molecules are filtered into the urinary space, making direct
measurement of the selectivity of the large-pore system diffi-
cult. Indeed, the value for the large-pore parameters in the
present analysis should be interpreted carefully due to the
limited range of the data in the large-pore region. In addition,
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the large SD (~44 A) may involve other factors than those
suggested for the small-pore pathway above. For example, the
data itself show their greatest variation in the large-pore por-
tion of the sieving curve, which should contribute to the
observed variance in the pore size distribution. It has been
suggested that Ficollsgo is more similar to a random coil than
a hard sphere (13). In light of this, Ficollsopp may be an
inappropriate probe for measuring the size-selective properties
of the large-pore system. On the other hand, if the hypothesis
in this article is correct, as shown in Fig. 4 (and from the fact
that large Ficollsoo molecules have a similar 6 value as that of
HSA in Fanconi syndrome (37); see Fig. 1), fi. can be predicted
with good accuracy using Ficollsgo.

What are the physiological and pathophysiological roles of
the small-pore system? We (5) have recently reported mea-
surements of glomerular permeability during systemic angio-
tensin II infusion in rats. The analysis (using the log-normal
distributed + shunt model) showed that the width of the
small-pore distribution was markedly increased (corresponding
to an increase in os from 4.9 to ~7-8 f\) when high doses of
angiotensin II were administered. This increased heteroporos-
ity of the small-pore system can also be seen in puromycin
aminonucleoside nephrosis and is usually accompanied by a
marked increase in the large-pore permeability (fi) (18). In-
deed, the widening of the small-pore distribution may be a
general phenomenon, occurring after large increases in glomer-
ular permeability. In addition, widening of the small-pore
distribution (e.g., as shown in Figs. 3 and 4) may be a major
pathophysiological mechanism in selective proteinuria.

The distributed pore model presented in the present article
assumes a very simple structure of the glomerular capillary
wall with two different size-selective modalities: small- and
large-pore populations. If the experimental data were produced
using this “equivalent” barrier (i.e., instead of the rat glomer-
ulus), they would have the properties shown in Table 1. Given
what is known about the actual structure of the glomerular
capillary wall, the use of pores is obviously phenomenological.
Nonetheless, pore theory is arguably the most popular para-
digm for describing glomerular sieving and remains one of the
simplest ways to model the transport of both solvent (as
laminar flow) and solutes (using hydrodynamic restriction
coefficients). In addition, since the model in the present article
is based on established models and concepts, it is possible to
directly compare new results with previous findings. Despite
the differences in physical structure between the glomerular
capillary wall and the distributed two-pore model, both the
goodness-of-fit analysis and visual fit suggest that, in a func-
tional sense, the barriers are remarkably similar.

The actual distribution of the size-selective structures in the
GFB is not known. However, as shown in Fig. 1, over the
course of just a few angstroms, the 6 value (for proteins) was
reduced ~200-fold from 0.13 (human myeloma k-dimer, 28.4
A)to 6 X 107* (HSA, 35.5 A). Arguably, such an impressive
cutoff is not consistent with a heteroselective small-pore path-
way unless the size distribution of the selective elements
(pores, fibers, slits, etc.) is very narrow. Thus, in the present
investigation, a narrow distribution in the small-pore system
(ss = 1.017 and us ~ 36.6) matched the sieving data of five
globular proteins, giving an estimated 95.5% confidence inter-
val of 35.4-37.9 A for the “real” pore radius, which has been
estimated by Lund et al. (24) to be 37.4 A.In comparison, the

A DISTRIBUTED TWO-PORE MODEL

hydrodynamic (Stokes-Einstein) radius of HSA is ~35.5 A.
We (28) have previously reported that the electrostatic repul-
sion between the negative electric charge on the GFB and the
anionic sites on the albumin molecule may add only a few
angstroms to the apparent size of the albumin molecule. In-
deed, if the estimate of the actual pore radius in this article is
accurate, this means that albumin is effectively excluded from
the small-pore pathway in healthy glomerular capillaries. In
an ideal model for glomerular permeability, the GFR, as
predicted by the solute flow, should match the measured
GFR [thus resolving Pappenheimer’s pore puzzle (29)]. In
the present study, the measured GFR (0.65 ml-min~'-g~!) did
not match theoretical GFRs (calculated from GFR = L,§ X
APpe) unless a very low APy is assumed. Lowering ss and
Ao/Ax, as in the protein sieving scenario, leads to a better match
between the GFR as calculated from the solute flow and the
measured GFR.

In summary, we have shown that the permeability of the
GFB can be described by a distributed two-pore model, assum-
ing that the size-selective structures of the glomerular capillary
wall are log-normally distributed small-pore and large-pore
populations. In the case of Ficoll, there seems to be a distri-
bution effect related to the flexible structure of the molecule,
since the wide distribution obtained is inconsistent with the
high selectivity characterizing healthy glomerular capillaries.
Furthermore, both Ao/Ax and K¢ are, as could be expected,
directly dependent the pore size distribution (both spread and
mean radius). Practical equations (Egs. 24-26) for both of
these entities have been proved analytically, eliminating the
need for numeric approximations. These equations are by no
means limited to a capillary wall but are actually a generaliza-
tion of the Hagen-Poiseuille equation for any porous mem-
brane with a log-normal distribution of pore sizes. We have
also demonstrated that a smaller distribution spread leads to /)
an increased mean pore radius and 2) a decreased A¢/Ax. The
latter effect is mainly due to the increased diffusive hindrance
of the small-pore pathway in the distributed two-pore model
leading to an inflation of A¢/Ax. Finally, we have shown that
the classic (discrete) two-pore model is actually a special case
of the distributed two-pore model where ss = si. = 1.00.

APPENDIX A

The Patlak equation. Define a function h(c) = [J(l — o)c —
Js)/DA. Equation 1 can then be rewritten as follows:
dc

— = h(c)

o (30)

which can be integrated over the barrier, from the plasma concentra-
tion (Cp) to the interstitial concentration (C;), as follows:

S|

c

) Ax
dc = dx

c,‘% c o 31

where Ax is the membrane thickness [i.e., c(Ax) = C;]. The result of
this integration is the following equation:

DA]nlJv(l —o)e; — Jy| —In|J,(1 = o), — J|
Ju(1 = o)

=Ax (32)

which can be rewritten as follows:
Jy(1-0)AvDA

(ST
Jy=J(1 - 0) | — ¢ M1 0ADA
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Analytic solution. To find the primitive function of the integrand,
we start by using the integration of parts:

In(r) — In(u)

\/2In(s) }

f Lt {ln&hi:;:)}dr 33)
In(r) gives the following equation:

The change of variables R =
— In(u)
erf| ( dR
\f In(s)

f*n;ﬂ erf |:]nz)[1::)u)j|dr f]ne
1 uﬂu] ,['"w)” [ —ln(u)—nln%)]
=—e2 In(s) In(s) erf| —————
2 \/2In(s)
1 SR erf —In(w) | (34)
\/ In(s)

where erf is the error function. Inserting erf into Eg. 33 gives the
following equation:

1
Fy = [ Par= 2 erf|:

F() = %el{[%][%“ erf[w#mzw}

(35)
so that
G"(u,s) = f: r'g(rydr = lim,_..F(r) — lim,_,F(r)
1[G + nin?5) |2 [in@ 2
=e2 In(s) ’[m(y)} (36)

which can be rearranged to the following equation:

n’In’(s)

G"(u,s) =u"e 2 (37)

When s tends to unity. Suppose f(r) is an integrable real-valued
bounded function. We wish to prove that

n(r) — In(u)
X o [ Tn(s) }
hmHlJ‘U

An(s\/2m

The change of variables X = k[In(r) —
the following equation:

In(r) — In(u)
lf:fox ¢ r;[( )1\"%] — ——=findr = lim f \Ff(uewdx (39)

Since f{(r) is bounded, there is a real number (m) such that

Sf(r)dr = f(u) (38)

In(u)], where k = 1/In(s), gives

Ly

2 ey | =
Vo F N

for all k and all X. Under these conditions, the dominated convergence
theorem (39) is applicable so that the limit may be taken under the
integral sign, as follows:

(40)

1 X _1
e 2
lim fue™ dx = limy_ o, ———f(ue™ dX = f(u)
pr \/7 f \/ 2w
(41)
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ABSTRACT

One of the many unresolved questions regarding the permeability of the glomerular filtration barrier
(GFB) is the reason behind the marked difference in permeability between albumin and polysaccharide
probe molecules such as Ficoll and Dextran. The difference in sieving coefficients between albumin
and a Ficoll molecule of the same molecular radius (~36 A) is ~2-3 orders of magnitude. Although this
large difference in permeability has been attributed mainly to charge effects, we have previously
shown that this would require a supraphysiological amount of charge on the filtration barrier, being
about ~10 times more than the charge on the albumin molecule (~0.02 C/m2). The classic
heteroporous model by Deen, Bridges, Brenner and Myers (Deen et al, AJP Renal Physiology, 1985)
was extended by introducing size distributions on the solute molecules, making them flexible in their
conformation. Experimental sieving data for Ficoll, both from the rat glomerulus and from precision-
made nanopore membranes, were analyzed using the extended model. The variation in solute size was
quantified in terms of the geometric standard deviation (gSD) of the solute size distribution. The
barrier was quantified in terms of a small and large pore radii, diffusive area parameter (Ao/Ax) and
fractional conductance through large pores (aL). For the rat glomerulus (n=7) a small pore radius of
36.2 A +0.1 A and a gSD for the Ficoll size-distribution of 1.16 + 0.01 was obtained. For the
nanopore membranes (n=16), a gSD of 1.24 (+ 0.01) and a small-pore radius of 43 + 2 was found. In
the current study, we show, for the first time, that a variation of only ~16% in the size of the
polysaccharide molecule is sufficient to explain the marked difference in permeability between
albumin and Ficoll. In addition, we show that the effects of applying a size-distribution on the solute
molecule are only evident when the molecular size is close to the size of the selective elements of the
barrier. This is in line with experimental data both from the human glomerulus and from synthetic
membranes. However, it is reasonable to assume that there is at least some variation in the pore radii
and, thus, the gSD obtained in the current study is likely an overestimation of the "true" variation in

the size of the Ficoll molecule.

KEYWORDS: Heteroporous model, Sieving coefficient
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GLOSSARY

Gi(y) Solute (Ficoll) concentration at point y along the GC
Corly) Plasma protein concentration at point y along the GC
D Distributed diffusion coefficient (cm*min)

D, Free diffusion coefficient (cm*min)

EVF Erytrocyte volume fraction (Hematocrit)

FC Fractional clearance (Clearance/GFR)

FF Filtration fraction (GFR/RPF)

fi Fractional large pore volume flow (1-fs)

fs Fractional small pore volume flow (1-f.)

G(r) Solute size distribution (probability density function)
GC Glomerular capillary

GFB Glomerular filtration barrier

gsh Geometrical standard deviation (distribution spread)
HES Hydroxy ethyl starch

HSA Human serum albumin

Ji(y) Trans-glomerular solute flux at point y along the GC
July) Trans-glomerular volume flux at point y along the GC
Ky Ultrafiltration coefficient (same as LpS)

L Length of the GC

LpS Hydraulic conductance of the GFB

MAP Mean arterial pressure

n(y) Oncotic pressure at point y along the GC

Pc Hydrostatic pressure at the afferent end of the GC (45 mmHg)
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Paroply) Hydrostatic pressure drop at point y along the GC (mmHg)

Pe, Solute Péclet number for the large-pore system

Pes Solute Péclet number for the small-pore system

P; Hydrostatic pressure in Bowmans' space (10 mmHg)
i Oncotic pressure in Bowman's space (~0 mmHg)
PS, Solute diffusion capacity for the large-pore system
PSs Solute diffusion capacity for the small-pore system
Qly) Renal plasma flow at the point y along the GC

Ra Afferent glomerular vascular resistance

Rers Hydraulic resistance of the GFB = 1/K;

RPF Renal plasma flow (mL/min)

oL Reflection coefficient for the small-pore system
SNGFR Single nephron GFR

SNKf Single nephron hydraulic conductance

s Reflection coefficient for the small-pore system
VEGF Vascular endothelial growth factor

X Position across the GFB

y Non-dimensionalized distance along the GC (Y/L)
Y Position along GC

A 1/10 of a nanometre
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INTRODUCTION

Much of our knowledge about the permeability of the glomerular filtration barrier (GFB) is derived
from experimental studies of the fractional clearance (FC=Clare/GFR) of polysaccharides such as
Dextran [1, 29, 33], Polyvinylpyrrolidone [35], Polyethyleneoxide [1], HES [29], Pullulan [1] and
Ficoll [7, 26]. Such studies, along with studies of the FC of endogenous proteins [22, 32], have

established

1) the presence of at least two different trans-vascular pathways in the GFB [7, 13, 22, 32] and
2) aseemingly systematic difference in FC between different marker molecules (polysaccharides

and plasma proteins) of the same hydrodynamic (Stokes-Einstein) radius [1, 7, 34].

The exact mechanisms behind these observations remain unknown despite decades of research. For
example, the difference in FC (usually assumed to be equal to the glomerular sieving coefficient, GSC
or 0) between anionic human serum albumin (HSA) and Ficoll of the same hydrodynamic radius (~36
A) is typically 2-3 orders of magnitude. The difference between Dextran and HSA is even greater [7].
Thus, polysaccharides appear to be hyperpermeable with respect to a protein having the same apparent
diffusion coefficient (SE-radius). Furthermore, this hyperpermeability appears to be systematic and
correlate with the intrinsic viscosity of the solute [1]. These differences have been ascribed to charge

effects [19] as well as an effect of conformation or structure of the molecular species [1, 34].

In the words of Homer Smith: the actual value of the renal clearance of a particular substance reveals
nothing about the physiological mechanisms by which it is excreted [30]. Surely, several mechanisms
within the kidney can vary the FC to a value between 4-5 (i.e. FF?, e.g. para-aminohippuric acid), 1
(inulin) and ~10* (HSA) and even lower. The current view of a highly charge-selective GFB is based
on the the pioneering experiments using negatively charged sulfated Dextran to measure charge-

selectivity in the GFB [8, 11]. It was later discovered [18, 29] that a portion of the sulfated Dextran
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was bound to plasma proteins. Such binding can be expected to be in equilibrium with the surrounding
blood plasma concentration and thus, when a small sample is diluted with water or buffer, a large
portion of the bound marker will be released into the buffer solution. Notably, even for small Dextran
molecules (~18A) which are not sieved by the GFB, Chang et al [11] found a low FC of ~0.6 which is
difficult to reconcile with the traditional concept of charge-selectivity accomplished by adding a few
angstroms (a percentage of the Debye length) to the small-pore radius. Conceivably, such a low value
indicates that at least a third of the sulfated Dextran marker was bound to proteins in these
experiments. It should also however be noted that differently sized Dextran molecules show different
degrees of binding [18]. Such protein binding has two effects on the observed FC of a substance. First,
a lower FC than that of a neutral (non-bound) solute during normoproteinuric conditions will be
observed and, second, during proteinuric conditions, the FC will increase, resulting in an apparent
‘loss of charge selectivity’. Such problems are likely dependent on the type of charge modification
used. For example, Schaeffer and colleagues found no difference in the FC between fluorescent
negatively charged non-sulfated and neutral Dextran in the rat [29]. Similarly, results from our group
showed only small differences in FC between anionic and neutral Ficoll [5]. Thus, when using non-
sulfated anionic polysaccharides as probe molecules, the charge-selectivity of the GFB is apparently
small and cannot explain the observed difference in permeability between proteins and

polysaccharides in the GFB.

There seems to be agreement that the glomerular sieving coefficient equals unity (6~1) for solutes
smaller than ~15 A, i.e. having a radius close to that of Inulin (~13A). Thus solutes < 15A are not
sieved at all by the glomerular barrier. This implies that any size distribution in the size-selective
structures of the GFB would either have to be narrow (so that the number of smaller pores that could
sieve smaller molecules is small) or that the distribution is strongly skewed towards higher molecular
radii. However, a membrane having a strongly skewed distribution towards higher pore radii could not
be highly selective for solutes close to the pore radius. By contrast, many studies using distributed

pore models have rather consistently found a narrow distribution for the ‘small-pore”’ population of
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pores [13, 24]. In this article we derive a modification of the classical model by Deen, Bridges,
Brenner and Myers from 1985 to describe both the bi-selective two-pore nature of the GFB and the
behavior of a flexible spherical solute molecule. We introduce a theoretical construction of a
distributed solute sphere, having a size that is described by a statistical distribution instead of using a
fixed solid sphere radius. Such a size distribution can be expected to be a result both of the
conformation and structure of the solute molecule. However, no attempt is made in the current article
to distinguish between these two different phenomena. Indeed, for a polydisperse random coil
polysaccharide molecule such as Dextran, these two effects may be very difficult to analyze separately
in an experimental setting. We show that this model gives almost identical results compared to using a
model with a distributed pore size [5] when analyzing experimental sieving data from the rat
glomerulus. In addition, Ficoll sieving data from precision-made nanopore membranes were analyzed

using the novel model.
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MODEL DEVELOPMENT

This section begins with a summary of the model originally developed by Deen, Bridges, Brenner and
Myers [13] which has here been extended to include the effects of a ‘flexible’ solute molecule whose
size is described by a statistical distribution rather than, as in previous models, having a fixed solute
radius. Several of the differential equations are non-linear and must be evaluated using numerical
techniques which, for the sake of clarity, have been moved to an appendix. The entire glomerulus is
here represented by an idealized single capillary connected to the circulation via two resistances, an
afferent resistance R and efferent resistance Rg, such that the effective average filtration pressure
along the capillary is 10 mmHg. In other words, it is assumed that the renal autoregulatory
mechanisms uphold a constant average filtration pressure under normal conditions and that the
hydraulic conductance of the capillary wall is constant along its length and is given by
SNKf=SNGFR/10 mmHg. The validity of the model is tested by analyzing the sieving of neutral
Ficoll in an experimental rat model [5]. An entire rat kidney is modelled as having ~35000 such ideal
capillaries in parallel. The spherical symmetry of the idealized glomerular capillary allows us to
reduce the model to the case of two spatial variables: x in the direction of solute and volume flow and
y in the direction of the blood flow. Moreover, the GFB is considered to be a homogenous porous
membrane having two different pore-size populations and all transport phenomena are assumed to be

in a steady-state (i.e. time-dependent changes are not considered).

Fundamental Equations of Glomerular Transport

Volumetric flux

Conservation of mass is assumed, meaning that the mass (the water and solute matter) that enters the

glomerulus must either leave the glomerulus via the efferent capillary or be ultrafiltrated through the



GFB. Thus it is assumed that neither water nor the solutes considered in this article accumulate or
degrade within the glomerulus. In other words, the change in renal plasma flow along the idealized

glomerular capillary dQ(y)/dy must be exactly equal to the loss of volume due to glomerular filtration
Q _
o= (1)

As can be seen, this equation requires knowledge of the volume flux J,(y) in mL/min at every point y
along the glomerular capillary. For simplicity, the position along the capillary y has been normalized
to the total capillary length, ye[0,1], so that y=0 represents the afferent end of the capillary and y=1
represents the efferent end. Moreover, J,(y) can be expected to decrease with increasing y as the
pressure drops along the capillary and, also, as the protein content of the plasma remaining inside the
glomerular capillary will increase as water is lost to the capsular space. This can be expressed using

the a modified version of the Starling equilibrium

L) = Kf([Pc_Pdrop(y)_Pi]_[n(y)_”i]) 2

According to this equation the volume flux at point y in the capillary is a result of the difference
between the capillary pressure P, the capsular pressure P;, the hydrostatic pressure drop along the
capillary Pgrop(y) and the oncotic pressures in the plasma n(y) and in Bowman’s space ;. For all
practical purposes m; can safely be assumed to be zero, even during heavy proteinuria. The oncotic
pressure in plasma n(y) can be calculated using the well-known empirical equation by Landis and
Pappenheimer from 1963 but first we need to know the protein concentration at any point y. Since the
glomerular filtrate is virtually a protein-free liquid, the plasma protein content Q(y)-C, is assumed not

to change along the capillary and thus

A(QCpr) _ de dCpy

day ay Crr 1075, =0 ©))
or stated differently
Q(J/)Cpr(Y) = Q(O)Cpr(o) )]
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where Q(0) is the RPF and Cpr(0) is the protein concentration at the afferent end of the glomerular

capillary. Re-arranging the above equations gives

4Q _ _ 0W)Cy(0) dCyr .
ay B Cfr dy

Now we can apply the Landis-Pappenheimer equation at each point y

T(¥) = a;Cpr(¥) + a2 CE () o

where a; = 0.1629 mmHg/(g/L) and a, = 0. 02935 mmHg/(g/L). It is here assumed that the small
amounts of Ficoll administered make a negligible contribution to the osmotic pressure. By combining
equation 1, 2, 5 and 6 we can now construct a single ordinary differential equation for the protein
concentration along the GC

dCpr Chr
ay T o)y (0)

([Pc - Pdrop(y) - Pi] - [alcpr + azcgr]) (7)

The total plasma protein concentration at the afferent end C,,(0) was assumed to be 57 g/L for a
healthy Wistar rat, P, and P; was assumed to be 55 mmHg and 10 mmHg respectively, and a net

pressure drop of 0.7 mmHg along the glomerular capillary was assumed
Pdrop ) =07y (8

In lack of actual measurements (using for example paraaminohippuric acid), the RPF had to be
calculated using equation 7 by fixed point iteration (see appendix). The glomerular vascular

resistances can now be calculated as

MAP—P,
1
Rgrp = K_f (10)

Since the post-glomerular pressure is not known, a value for Rg could not be calculated.

10
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Solute flux

Similar to the volume flux, conservation of mass gives us the equation

a@cy) _
dy

dCl _

C + Q = _]s(y) (11)

where Jy(y) is the solute flux in mmol/min and Ci(y) is the plasma water concentration of the solute i,

both at position y in the GC. Using equation 1, we can rearrange this equation to

aci _ _ JsWM—-Jy)Ci (12)

dy Q)
The local solute flux was calculated from two-pore equations

ci(1-a5) Ci(1-a1)

IsO) = fs)h V) = —=5 1-gge-Pes + ) T—gpe-PeL (13)

where fs and f_ are the fractional small- and large-pore volume fluxes, respectively. Equation 13 is
valid for unidirectional transport only, i.e. when J(y)=J,-C, where C, is the downstream Bowman’s
space solute concentration (c.f. also eq 6 in [24]). However, bi-directional solute transport can be
calculated using a bi-directional flux equation (cf. eq 2 in [9]). For example, VEGF produced by
podocytes is transported in a ‘counter-flow’ fashion back to the endothelium demonstrating the
relative superiority of diffusive transport over convective transport in GFB. Thus, the flow of the
glomerular permeate can be likened to that of a slow flowing river and small substances can diffuse bi-
directionally as long as there is a concentration gradient due to the high diffusion capacities of small
solutes. However, in the current case of a marker molecule (Ficoll), there is no need for a bi-

directional flux equation.

The distributed solute sphere
The free diffusion coefficient of the distributed solute sphere can be calculated from
D = [,” Do ()G (r)dr (14)

11
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where G is a statistical distribution (a probability density function) of solute-sizes and D..(R) is the

free diffusion coefficient calculated from the Einstein relation

kT

Do(R) = ¢

(15)

Here k is the Boltzmann constant, T is the body temperature (310°K), R is the solute hydrodynamic
radius and m is the viscosity of water (~0.7 mPa-s). In other words it is assumed that the solute
molecule has a hydrodynamic radius that can be described by a statistical distribution G(r). A useful

distribution is the discrete distribution of n solute sizes
G(r) =3, wis(r—R;) (16)

where w; is the fractional amount (X"j-;w; = 1) of the solute size R; and §(z) is the Dirac delta function.
For example, for a molecule that has a symmetrical discrete size-distribution (wy,R;)=(0.2, 254),
(W2,R,)=(0.6, 35A) (w3,R3)=(0.2, 45A) the diffusion coefficient can be calculated from
D=0.2D;+0.6D,+0.2D3 — giving a D,/D-ratio (or ‘frictional ratio”) of ~0.95. Thus this discretely
distributed solute with mean radius 35A has a slightly higher diffusion coefficient than a 35A rigid

sphere.

In the current article we have chosen to use the log-normal (LN) distribution. This distribution is a
nearly symmetrical distribution that is slightly skewed towards higher solute radii and is defined only

for positive radii. The LN probability density function is

_1(ln(r)—ln(ae))2
e 2\ In(gsD)

g(Rrae:gSD)= Rin(gsD) vzr

an

Here u is the average solute radius and gSD is the geometrical standard deviation. Using the analytical
solution from [24] (cf. equation 37), the diffusion coefficient for the distributed solute sphere can now

be written

12

88



in?(gSD)
kr  L9°D)
D= e 2
6mnR

(18)

Thus, the diffusion coefficient is slightly larger for a LN-distributed molecule (s > 1) than that of a
solid sphere (s=1) having radius R. However, the differences in the free diffusion coefficient between
arigid- and a LN-distributed sphere are small even for high values of gSD, being only a few percent.
Such small deviations cannot explain why the restricted diffusion of Dextran has been found to greatly
exceed the theoretically expected value [9] (i.e. that calculated from the Renkin equation) for a rigid
sphere. As we will see, the differences in transport between the rigid and the distributed solute sphere

are much larger when considering hindered transport.

Hindered transport

The small- and large-pore reflection coefficients (o5 and o, ) were calculated assuming log-normal

distributed solute sizes (ae)
a5(ap) = [, 9(R, a, gSD)oy,s(R)AR (19)

o1(a.) = J, 9(R,ac,gSD)oy, (R)AR (20)

and the Péclet numbers (Pes and Pe,) are

1

— —0s
Pes = J, (V) (21)
_ 1-o0p,
Pey = J,() s (22)
where the solute diffusion capacities were calculated from
e A
PSs(ae) = Iy Deo(R)9 (R, e, gSD) (37) _(Rydr (23)
o A
PS.(ac) = ;" Do (R)g(R, 0, gD (37)  (R)r (24)
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In the above equations oy s(R), onL(R), (A/A0)ns(R), (A/A0),(R) are the homoporous restriction

factors as a function of solute radius R and were calculated according to equations 20-22 in [24].

The above system of differential equations (Eqn. 1, 7 and 12) were simultaneously solved using a

fourth order Runge-Kutta scheme. The sieving coefficient for Ficoll was then calculated as

_ QO)c0-em)Ci(1)
0= GFR-C;(0) (25)

where C;(0) is the afferent solute (Ficoll) concentration and C;(1) and Q(1) is the efferent solute

concentration and plasma flow (Q(1) =RPF-GFR), respectively.

Non-linear regression

The pore model sieving coefficients were fitted to the same experimental sieving data from rats used
in [24] (327 data points) for Ficoll solute radii between 15-80 A. The non-linear least squares
algorithm in the well-known MINPACK library was used with standard settings to calculate the

optimal values of rS, rL, gSD, A¢/Ax and f., by minimizing the weighted objective function

1 2
;1:1 % (gi,model - gi,data) (26)

Parameter values are presented as means + SE. There was a tendency for the fit of the model to be
dependent on the initial values selected, especially for the large-pore system. Therefore a large number
of initial values were tried and the best fit having the lowest 2-score was selected, similar to the

method in [12, 24].
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RESULTS

Analysis of experimental data from the rat glomerulus and from precision-made nanopore membranes

Plotted in Figure 1 is the model fit to the data from the rat glomerulus that were previously analyzed
using the distributed two-pore model [24]. As can be seen, the fit is just as good as that obtained
previously and thus there is no way of telling, from the analysis of Ficoll sieving coefficients alone,
whether it is the pore sizes that are distributed or the solute sizes. Most likely there is variability both
in the size of the selective elements of the GFB as well as in the size of the solute molecules. Similar
to the previous study [24], a “protein sieving curve” was simulated by reducing the solute size
distribution to near unity and lowering the Ay/Ax parameter. Surely this latter simulation suggests that
the greatest source of variability is in the size of the solute probe molecules in line with that
hypothesized in [5] and that the glomerular barrier is a near perfect mechanical filter. The optimized
two-pore model parameters for both the rat glomerulus and for the precision-made nanopore
membranes are shown in Table 1. The obtained pore-size for the nanopore membranes was ~7A
larger than that in the rat GFB and, also, the obtained gSD was larger, possibly indicating a greater
variation in pore sizes in these membranes. There may also be other sources of variation in the data
contributing to the obtained gSD. The obtained value for the surface area parameter Ao/AX (29 cm)

was smaller than expected from the actual surface area and thickness of the membrane (81 cm).

Simulations of rigid vs. flexible 20A, 36A and 60A molecules

In figure 2, the effects of varying the gSD parameter in the model is shown for three differently sized
molecules having radii 20A, 36A (cf. albumin) and 60A. Variation in the flexibility (gSD) of the small
and large solute molecules has virtually no effect on their permeability across the GFB. The opposite

holds true for the aloumin sized 36A molecule which displays a difference in 8 of nearly two orders of
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magnitude when increasing the gSD from 1.00 to 1.15. Thus, by assuming a variation of ~15% of the

size of the 36A solute molecule, its permeability across the GFB increases 100-fold.

Simulations of different gSD vs. Dextran data from the rat glomerulus

The effects of altering the gSD of the solute sphere while keeping the other parameters of the model
constant (as defined in Table 1) is shown in Figure 3. As expected, the permeability is increasing as
the flexibility of the molecule is increased. For comparison, Dextran data from the rat glomerulus [6]
was also plotted (dotted line). As seen, the experimental data seem to correlate well with a gSD = 1.37.
It is also clear from this simulation that the cut-off between the small- and large pore parts of the
sieving curve becomes less well defined the more flexible the solute molecule is. This may explain the
finding that Dextran sieving data typically yields a higher estimate for not only the small pore radius

but also the large-pore radius when analyzed using the classic ‘discrete’ two-pore model [1].

Alterations of the glomerular sieving coefficient along the glomerular capillary

The theoretical model in the current article also takes into account the loss of water along the
glomerular capillary resulting from glomerular filtration. This causes a relative increase in the
concentration of larger molecules along the length of the glomerular capillary (cf. also fig 2 in [13]). In
Figure 4, the predicted variation of the plasma solute concentration along the glomerular capillary is
plotted. The solute concentration (C;) is expressed relative to its afferent arteriolar concentration Cia
(at y=0). For smaller solutes, the concentration remains nearly constant along the capillary length,
reflecting the fact that their glomerular clearance is similar to GFR. For larger solutes, having a
clearance lower than GFR, the concentration increases along the capillary. For a 40 A solute, the
concentration at the efferent end of the capillary (at y=1) is ~35% higher than that at the afferent end.

This increase is similar for larger solutes (data not shown) having a similar glomerular clearance.
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In order to investigate how the transport of small vs. large molecules is affected by this effect, the
glomerular sieving coefficients of four differently sized solute molecules was plotted in Figure 5 as a
function of the relative position along the glomerular capillary. The model parameters obtained above
for the rat glomerulus were assumed. Although the permeability of the glomerular capillary wall is,
according to the current theory, the same along its length, the sieving coefficient will increase slightly
along the capillary due to the fact that the volume flux is reduced along the capillary length. Especially
for larger solutes, the sieving coefficient can increase near the efferent end of the glomerular capillary,
corresponding to a factor ~3 for a 40 A solute (cf. also figure 2 in [22]). This effect is analogous to the
changes in transport that occur when the glomerular filtration rate is altered [28]. Again, for small
molecules, the GSC does not vary along the glomerular capillary since the clearance is essentially the

same as that for water (GFR).
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DISCUSSION

In the current study, the classic heteroporous model by Deen, Bridges, Brenner and Myers [13] was
extended by introducing size (radius) distributions on the solute molecules, making them flexible in
their conformation. By contrast, in the original model, the size-distribution was only applied to the
pores while the solute molecules were assumed to be ideal rigid spheres. The extended theoretical
model was used to analyze experimental sieving data (6 vs. SE-radius) for Ficoll, both from the rat
glomerulus and from precision-made nanopore membranes [15, 16]. Through the years, many other
theories and models have been proposed for glomerular filtration. Thus, in the review by Haraldsson,
Nystrom and Deen [19], a charged fibrous membrane having a surface charge density of 200 mC/m’
(equivalent to that of a molecule the size of HSA with a net valence of ~200) is proposed to explain
the difference in sieving coefficients between Ficoll and 36 A anionic albumin. Similar to the current
model, the GFB is also a mechanical filter, but with a less size-selective, but highly charged, small-
pore pathway. Actually, a more primitive variant of this model can be achieved by simply adjusting
the dimensions of the charged solute molecule and charged pore using the Debye screening length as
in Munch et al [23]. Using an ‘Ogston gel’ as a small-pore system, Smithies (re-)discovered that the
transport of albumin is almost entirely diffusive [31] and suggested this to be an anti-clogging
mechanism (at least for albumin) in the glomerulus along with the constant sweeping of the filter by
red blood cells — effectively preventing concentration polarization. Thus, since clogging does not seem
to occur in the GFB, the main barrier towards macromolecules is likely close to the luminal end of the
GFB. In addition, plasma proteins are, themselves, likely part of the filter as removing them from the
perfusate seems to increase permeability [17, 20]. A modification of the pore model was presented by
Hausmann and colleagues which suggest that a strong electrical field being ~1600 V/m is generated in
the GFB which hinders the transport of anionic species by means of electrophoretic forces [21].

However, some of the assumptions in their model has recently been questioned [27].
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The bi-selective nature of the GFB becomes clear when analyzing the permeability for a wider range
of solute sizes [18, 32]. The first cut-off occurs at molecular radii between 35-50A [18, 24]. It is
generally assumed that this ‘small-pore’ pathway is the major renal barrier towards serum albumin
[18, 25, 31]. The transport of smaller solutes is entirely filtration flow-limited during normal
conditions (e.g. inulin) so most of the transport is by means of convection for these solutes. As the
small pore starts to sieve the solute, diffusive transport will start to dominate the transport. Thus, the
transport of a molecule the size of albumin (~36A) is almost entirely diffusive. The small-pore system
can easily be replaced by a fiber-matrix giving essentially the same result [31] as using pores. If the
small-pore system has a sharp cut-off, then even a relatively small amount of charge-selectivity could
possibly have a large impact for molecules that are close to the pore radius and thus a so called ‘fringe-
effect’” has been hypothesized [25]. Loss of charge-selectivity, rather than an increase in large-pore
selectivity, could then give rise to isolated albuminuria. The second cut-off is not well characterized
but an upper size-limit has been estimated to ~100-120A [24, 32]. Large pores can be expected to be
very rare, accounting only for 1 large pore per 10 of the small pores in a healthy glomerulus. Often,
when analyzing polysaccharide sieving data, a so called ‘shunt’ is used as a simplified large-pore
pathway [6, 28]. Nevertheless it is this ‘large pore” pathway that is affected when the glomeruli are
injured by disease [2-4, 18] whereas the small-pore pathway seems to be unaffected. Furthermore, a
number of studies from our group show that the increase in permeability for molecules having a
hydrodynamic radius > 50A can occur only minutes after administration of a pharmacological
challenge (for example angiotensin 11 [4] or atrial natriuretic peptide [2]), only to return to baseline in
a matter of 30 min. Such rapid and dynamic changes are perhaps more compatible with a transient
alteration in the cytoskeleton of the epi- and endothelial cells of the GFB [4] rather than a more

permanent structural alteration.

In conclusion, we show, for the first time, that a variation of only ~16 % in the size of an ideal
spherical solute molecule is sufficient to explain the observed difference in glomerular permeability

between negatively charged human serum albumin and neutral Ficoll36A. In addition, we show that
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the effects of assuming a distribution in the size of the solute molecules are only evident when the

molecular mean radius is close to the pore radius. This is in line with experimental observations both
from the glomerulus [22] and from synthetic membranes [16]. The modeling proposed here suggests
that molecular size and conformation are far more important than electrical charge for the glomerular

permeability of macromolecules.
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APPENDIX

Calculation of RPF

The glomerular capillary was defined on a partition of equidistant points i € [0, N]. Equation 1 and 7

was then discretized using a fourth order Runge-Kutta scheme as follows

J1 = Kp(P. — P; = 0.7iAy — [a;Cpr s + a2Cr 1)

Al=—Ay-J1
C;ri
Bl =—0y st

. A B1 B1
J2 = Kp(Pe = Py = 0.7(iby + =) = [a1(Cpri +5) + a2 (Cori +5)%])

A2 = —Ay-J2
B1\?
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. A B2 B2
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2
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ATOING
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The initial points (i=0) were Q, = RPF and Cy, =57 g/L. The next points on the grid was calculated

from
Al A2 A3 A4
Qi =Q+—+5+—++ (39)
B1 B2 B3 B4
Coritr = Cpri + 4+ 5+ +— (40)

The difference in the modeled glomerular filtration rate (Qo-Qn) and the measured GFR can be written

as

F(RPF) = Qo — Qy — GFR (41)

To find RPF, the minimum of this equation was approximated using the gradient descent method.

Numerical solution of the differential equations for Glomerular Transport

After the calculation of the RPF, Equation 12 was also discretized according to

— Ci(1-0s) Ci(1-a)

€1 =~y (f 1155 + 1) (42)
A , CrHa- Cirhaoy) , CirPa-a) 13
Y\ fs)2 s T2 e (43)
A 3(c+ 3)(1-05) 3(ci+%(1—m "
Y\ fs)3 e H U3 e (44)

_ (Ci+C3)(1—-0%) (Ci+C3)(1-0ay)
c4 =~y (fs/3 2 + 3 ) (45)

[0 § c2 Cc3 Cc4

Ci+1=CpT.i+?+?+?+Z (46)

For simplicity, the initial concentration C, was assumed to be unity.
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LEGENDS

Figure 1

Glomerular sieving coefficient () vs. Hydrodynamic radius for the best-fit of the theoretical model
(solid line) to the experimental data (dashed line). A simulated scenario is also shown (dotted line)
where the gSD of the solute molecule and Ay/Ax has been reduced to match the GSC of five different
plasma proteins (from Lund et al [22]): myoglobin (myo: 19.4 A), human myeloma dimeric k-chain
(-dimer; 28.4 A), neutral horse-radish peroxidase (nHRP; 30.4 A), neutral HSA (nHSA,; 35.0A), and

HSA (35.5 A).

Figure 2

Effects of varying the gSD parameter for three differently sized molecules having radii 20A, 36A (cf.
albumin) and 60A. Variation in the flexibility (gSD) of the smaller 20 A and the larger 60 A solute
molecules has virtually no effect on their permeability across the GFB. The opposite holds true for the

36A molecule which has a radius close to the pore radius.

Figure 3

Effects of altering the ‘softness’ (gSD) of the solute while keeping the other parameters of the model
constant (as defined in Table 1). For comparison, Dextran sieving data from the rat glomerulus (from

[6]) is also shown (dotted line). The experimental data seem to correlate well with a gSD = 1.37.
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Figure 4

Theoretical increase in the concentration of differently sized Ficolls along a glomerular capillary.
Solute concentration is expressed relative to that in the afferent end of the capillary. The concentration
of larger Ficolls are increasing as the water content of the glomerular capillary blood plasma escapes
due to glomerular filtration. The protein concentration at the afferent end of the capillary was assumed
to be 57 g/L which in the current simulation lead to a concentration of ~77 g/L at the efferent end (cf.

also [10]).

Figure 5

Theoretical variation in glomerular sieving coefficients of differently sized Ficolls with position (y)
along a glomerular capillary. The differences observed for the larger Ficolls are caused by the increase

in their concentration as is shown in Fig 4.

Figure 6

Theoretical pressure profile along the length of the glomerular capillary. A pressure drop of 0.7 mmHg
across the entire length of the capillary was assumed [14]. The pressure was assumed to be 45 mmHg
at the afferent end of the capillary and 10 mmHg in Bowman’s space, similar to that found

experimentally [10].
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Figure 2
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Figure 3
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Figure 4
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Figure 5
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Figure 6
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Table 1 — Two-pore model parameters

Model parameter Rat Nanopore
Glomerulus Membrane

Small pore radius (rg), A 36.2+0.5 43+2
Geometric S.D. (gSD) 1.16 £0.01 1.24+0.01
A/AX, cm 2410° £ 7-10° + 29+7
L,S, mL min" mmHg" } 0.065 + 0.04 T 2.2:10°+0.2:10°
Large pore radius (rp), A 152+7 -
J,/GFR x 10° 9+1 }
RPF, mL min™ 2.6+£02 1 -
J,, mL min™ } 0.65+0.4 % 2.310°+0.2:10°
Goodness of fit, xz 0.15+0.02 0.24 £0.06

See Glossary for abbreviations. T refers to g kidney.

* Theoretical estimation (see appendix).
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ABSTRACT

In the current study, an extended three pore model (TPM) is presented and applied to the problem of
optimizing APD with regard to osmotic water transport (UF), small/middle-molecule clearance and
glucose absorption. Simulations were performed for either intermittent APD (IPD) or tidal APD
(TPD). IPD was simulated for fill and drain volumes of 2 L, while TPD was simulated using a tidal
volumes of 0.5L, 1 L, or 1.5L with full drains and subsequent fills (2 L) occurring after every fifth
dwell. A total of 25 cycles for a large number of different dialysate flow rates (DFR) were simulated
using 3 different glucose concentrations (1.5%, 2.27% and 3.86%) and 3 different peritoneal transport
types: slow (PET D/Pg, < 0.6), fast (PET D/Pg., > 0.8) and average. Solute clearance and UF were
simulated to occur during the entire dwell including both fill and drain periods. It is demonstrated that
DFRs exceeding ~3L/h are of little benefit both for UF and small-solute transport while middle-
molecule clearance is actually enhanced at higher DFRs. The extended model is compared with
clinical data with good agreement. The simulations predict that large reductions (>20%) in glucose
absorption are possible by using moderately higher DFRs than a standard 6x2L prescription and by
using shorter optimized ‘bi-modal” APD regimes that alternate between a glucose-free solution and a
glucose containing solution. Further research should assess whether such optimized regimes are

feasible and safe, since the possible reductions in glucose absorption appear to be significant.

KEYWORDS: Dialysis efficiency, Automated peritoneal dialysis, Transport, Urea kinetics, Water

transport
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INTRODUCTION

Automated peritoneal dialysis (APD) is peritoneal dialysis performed with the aid of a mechanical
device (a cycler), freeing the patient or caregiver from the repetitive and tedious labor of replacing
spent dialysis fluid manually. APD is usually performed during the night when the patient is asleep,
followed by a ‘dry day’ or a single long daytime dwell (‘wet day’). Compared to conventional
techniques, such as continuous ambulatory peritoneal dialysis (CAPD), APD offers the possibility to
use increased dialysate flow rates (DFR) which would either be impractical or impossible to
accomplish manually. Increasing the dialysate flow rate (DFR) by using more frequent exchanges will
typically improve the efficiency of APD [14]. However, an increased DFR will increase the time spent
filling and draining the peritoneal cavity, reducing the efficiency of the dialysis at higher DFRs [6,
25]. Thus, too frequent exchanges will reduce the efficiency of the dialysis and lead to a reduced cost-

efficiency due to the increased consumption of dialysis fluid.

There are three exchange techniques of peritoneal dialysis, intermittent (IPD), tidal (TPD) and
continuous (CPD) technique [19]. The latter requires the use of dual catheters and has only rarely been
used. In IPD, each dwell is followed by a complete drain after which the peritoneal cavity is filled
again with fresh dialysate. The outflow of drained fluid is bi-phasic, having a ‘fast-phase’ with flows
~350 mL/min and a ‘slow-phase’ with significantly lower flows, being only 30-40 mL/min. The
separation between the fast and slow outflow phase is called the transition or break point which
usually occurs after ~5 min after a 2L dwell [19]. In TPD, after an initial fill volume (of usually 2L),
only a portion of the initial fill volume is drained and replaced by fresh dialysis fluid during each
cycle. Thus, there is always a certain minimal amount of dialysate (the 'reservoir volume') that stays in
contact with the peritoneal membrane throughout the dialysis session, after which the peritoneal cavity
is drained completely. A prescription of TPD is usually defined by the percentage of the initial fill
volume drained from the patient, e.g. 50% Tidal APD for a 2L initial volume means that 1L is cycled
with 1L reserve volume remaining in the peritoneal cavity. In addition to draining the tidal volume,

cyclers usually allow the prescriber to drain a surplus amount of fluid to compensate for the expected
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ultrafiltration (UF) in order to avoid overfilling the peritoneal cavity with the accumulated
ultrafiltrated volume. Thus, the tidal drain volume (TDV) is usually larger than the tidal fill volume
(TFV). However, in clinical practice, it is nearly impossible to exactly match the predicted UF with

the actual UF and, thus, a certain amount of “overdrain” or overfill is unavoidable.

The TPM was originally derived directly from patient data, some of which were published in 1990
[20], focusing on the most difficult task of PD modeling, namely to model UF volume as a function of
time. The first head-to-head comparison of the TPM in its original version vs. conventional models
(the Pyle & Popovich model) was done by Vonesh & Rippe [24], fitting the two fundamentally
different models to rather detailed patient data. It was shown that the two models’ ability to predict UF
volume curves for 360 min were identical. The P&P model operated with high reflection coefficients
to small solutes. It also utilized an albumin oncotic pressure term, contributing to the total fluid loss
from the peritoneal cavity, whereby the lymph flow (parameter) became 0.54 ml/min in the P&P
model (compared to 0.3 ml/min in the TPM). Although mathematical predictability was excellent,
using non-TPM reflection coefficients and an inflated lymph flow parameter, problems with the P&P
model turned up when simulating drained volume vs. times curves for lcodextrin. Furthermore, in
dwells lasting longer than 6 hrs, the rate of final reabsorption became too large. This was the reason
why the P&P model was abandoned for the purpose of UF simulations in favor of the TPM in
Vonesh’s later models (cf. PD-Adequest) [23]. A slightly extended version of the TPM has been very
extensively validated by Haraldsson in 1995 [7], and later by its use in the computer software PDC®.
The Haraldsson modification of the TPM included an initial inflation parameter for small solute PS
values, essentially operating during the first hour of the dwell. Since PS to glucose was not inflated
during the entire dwell, the term “final reabsorption rate” had to be increased from ~1.1 to ~1.5 ml/min
to fit measured UF data (cf. [20, 24]). Haraldsson also increased the PS for urea by 20% from the
theoretical value, but a further inflation actually seems appropriate. Furthermore, there was essentially
an uncoupling between the hydraulic conductance (LpS) and the diffusive parameter, Ay/Ax (if there
was more than a 5% deviation of calculated UF volume vs. measured UF volume, which regularly

occurred). The TPM is thus very well validated, and especially suitable for modeling of Icodextrin [6]
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and long (>6 hrs) dwells, which is problematic with most other models. Validation is itself very
problematic because of the high scatter in input data, especially in UF data. Vonesh et al [4] noted that
the level of precision (standard deviation) in differences between two measured values was 707 ml/day
for UF. Given such variability in input data, actually most models can be made to fit experimental

data.

The classic TPM does not describe the inflow or outflow phase of the dwell. However, at higher
dialysate flows, a significant part of the exchange time is spent either filling or draining the peritoneal
cavity. In the current study, we present an extended 3PM having an additional compartment, allowing
simulation also of the drain and fill phases of the dwell. The extended model is used to optimize the
treatment with APD with regard to osmotic water transport (UF), small/middle-molecule clearance
and glucose absorption. The results demonstrate that the ‘metabolic cost’ in terms of glucose
absorption can be significantly reduced by using slightly higher DFRs than usually prescribed and a
‘bi-modal’ regime where relatively short dwells containing a high glucose concentration are combined
with longer dwells containing no or a low glucose concentration. In addition, it is demonstrated that
these regimes make it possible to shorten the total treatment time while achieving the same or better

small-solute transport and UF. However, this will of course occur at a higher cost of treatment.
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RESULTS

Urea clearance

In Figure 1, the simulated urea clearance as a function of DFR is plotted for the different techniques
(IPD,TPD75/50/25) and different transport types: Fast (red line), Average (black line), Slow (blue
line) for three different glucose concentrations:1.5% (dotted line), 2.27% (solid line) and 3.86%
(dashed line). At low to moderate dialysate flow rates (< 2-3L/h) the intermittent technique provides
slightly higher clearances than the tidal technique. For slow transporters, higher volume flows become
ineffective (reach a plateau) at lower DFRs compared to average and fast transport types. Thus, for
small solute transport, there is little benefit in exceeding 2L/h for a slow transporter. For the lower
tidal volumes (TPD50 and TPD25), the urea clearance is lower in the leftmost part of the curve
compared to the other modalities, demonstrating a relative inefficiency of low tidal volumes at lower
DFRs. The right-most value for each curve represents the maximal flow rate possible at the chosen fill
and drain flow rates (i.e. all time is spent either filling or draining the peritoneal cavity) and is,
expectedly, higher for the tidal technique. The results for the other small solutes, creatinine, sodium
and phosphate are very similar to the urea results (data not shown) although the transport of sodium

more closely follow the UF curve (as is expected since ~80% of sodium is transported via convection).

Osmotic water transport (UF)

In Figure 2, the osmotic water transport, or “UF”, per session hour is shown as a function of DFR.
Expectedly, in absolute terms, the UF is higher for the slow transporters due to the slower dissipation
of glucose, improving the average osmotic pressure gradient. The peak values occur at similar DFRs
compared to the urea clearance vs. DFR curves in Fig. 1. At first glance, this might seem a bit
surprising, since it is at these DFRs that the glucose absorption is at its greatest. However, the

increased glucose dissipation at these high DFRs will be more than well compensated by the influx of
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fresh dialysis fluid. Thus the glucose gradient will be maintained despite increasing absorption. Thus,
it is the addition of fresh dialysis fluid that will increase both UF and clearance of small solutes at
higher DFRs. The inefficiency at higher flows is due to the fact that, in relative terms, more time is
spent filling and draining the peritoneal cavity, leading to a decrease in both UF and small solute
clearance. Again, fast transporters will benefit from slightly higher DFRs while there is no benefit for

slow transporters usinf DFRs > 2L/h.

Osmotic water transport (“UF ) efficiency

The osmotic transport of water (“UF”) during PD occurs at a “metabolic cost”, in terms of glucose
absorption. In Figure 3 the UF in mL per gram glucose absorbed (or “UF efficiency” [2]) is plotted as
a function of DFR. The UF efficiency is markedly improved by increasing the DFR up to about 2L/h
after which a plateau is reached and small or no further improvements are attained. For DFRs lower
than 1L/h, the UF efficiency drops rapidly. The higher glucose concentrations are far more efficient in
achieving UF. Thus, at a DFR of 2L/h, the patient will absorb more than twice the amount of glucose

for the same amount of UF using the 1.5% solution compared to the 3.86% solution.

Small-solute transport efficiency (mmol UreaR per g glucose absorbed)

In Figure 4, the small solute transport efficiency (in mmol urea removed per g glucose absorbed) as a
function of DFR is plotted. Similar to the osmotic efficiency above, the removal reaches an early
plateau at DFRs higher than 2L/h. However, concerning the glucose strength, the situation here is the
opposite compared to the UF efficiency curves. The higher glucose concentrations are much less
efficient in achieving urea transport. Thus, the patient will absorb almost twice the amount of glucose
per mmol of urea removed using a 3.86% solution instead of a 1.5% solution. Apparently, for both

UF- and transport efficiency, there seems to be little benefit in increasing the DFR over 2L/h.
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Middle molecule transport vs. DFR

In Figure 5, the clearance of B,-microglobulin as a function of DFR is shown. In comparison to the
results for the small-solute transport, no peak or decrease in clearance was observed at higher DFRs
for the tidal techniques. Furthermore, the smaller tidal volumes are clearly beneficial for middle-

molecule transport.

Comparison with clinical studies

In Table 2, the extended 3PM is compared with the study by Aasardd and colleagues [1]. There is
good agreement between the model and the clinical measurements, although there seems to be a

tendency for the model to underestimate the clearances at higher DFRs.

Osmotic efficiency

The osmotic efficiency expressed in terms of UF per liter dialysis fluid “consumed” as a function of
DFR is shown in Figure 6 for the different techniques, transport types and different glucose
concentrations. The extreme points to the left in the curves represent the lowest DFR at which the
dialysis fluid will be efficient at removing water from the patient. Similarly, increasing the DFR to
very high values means that a lot of dialysis fluid is spent for very little UF. Thus, from an economical
point of view, the highest osmotically efficient DFR should be the extreme points in Figure 2.

Intervals for these extreme points are ‘osmotically efficient” and have been compiled Table 3.

Optimization Examples

The simulation results for UF efficiency and transport efficiency suggest that the overall glucose

absorption can be decreased by alternating between short “UF dwells” and longer “Removal dwells”.

In Figure 7, a standard prescription of 6x2L 1.36% glucose with a duration of 9 hours is compared
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with scenarios were each dwell is optimized for either UF (using 3.86% glucose) or small-solute
transport (using 0% glucose) keeping the glucose absorption low. The treatment time for the two latter
scenarios was chosen to fit the UF and urea transport of the “standard prescription”. The

corresponding transport parameters are shown in Table 4.
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DISCUSSION

We have here presented an extended 3-pore model and applied it to a clinical problem: how to
optimize APD with regard to maximizing UF and small-solute transport and, at the same time,
minimizing the metabolic cost in terms of glucose absorption. The computer simulations were
performed for different techniques (IPD, TPD25/50/75), different transport types (Slow, Average,
Fast) and three different glucose concentrations (1.5%, 2.27% and 3.86%). To the best of our
knowledge, these are the first simulations of this kind. We have demonstrated that the “metabolic
cost” in terms of both urea removal and UF per gram glucose absorbed is improved at somewhat
higher DFRs (>2L/h) than is usually prescribed. The relative inefficiency of increasing DFR above
3L/h is demonstrated in these simulations with the only exception being middle-molecular transport,
which, according to the current results, is actually improved at higher DFRs and lower tidal volumes.
It is also clear, from these simulations that the metabolic efficiency, in terms of removal of small
solutes per g glucose absorbed, is higher for lower glucose concentrations. The opposite holds true for
UF in mL per g glucose absorbed which is higher for higher glucose concentrations. These properties
can be expected & priori simply on the basis of the difference in the clearance of glucose from the PC
and the osmotic flux of water to the PC and are not consequences of the TPM per se. Thus, relatively
short ‘fluid removal dwells’ containing a high glucose concentration take advantage of the fact that
ultrafiltration is much larger in the initial part of the dwell while longer ‘diffusion’ dwells containing
no glucose can be used to obtain sufficient small-solute removal using the fact that the reabsorption
rate is far lower than the initial flow rates in a glucose containing dwell. Also, the higher DFR used in

these dwells seems to facilitate middle-molecule removal.

Glucose sparing optimization techniques

In light of the increasing number of type Il diabetic patients on PD treatment, the systemic glucose

absorption associated with PD has become a growing concern. However, while glucose sparing
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techniques improves the metabolic control in diabetic patients, low-glucose regimes may apparently
lead to an increased risk of extracellular fluid volume expansion [12], presumably due to the lower
amount of UF associated with these regimes. Optimizing a single PD dwell will typically mean finding
a balance between UF and small solute removal. However, since APD is based on several subsequent
dwells, this allows for optimizing single dwells for either solute transport (low or, preferably, no
glucose) or UF (high glucose) keeping the glucose absorption as low as possible during each dwell.
Thus, the fact that weak glucose solutions provide more solute removal per g glucose absorbed and
strong glucose solutions provide more UF per g glucose absorbed [2] can be used to optimize APD
with regard to minimizing glucose absorption. Of course, such a strategy will lead to higher glucose
concentrations for the "UF-dwells” than would be used in a “’balanced” approach and exposing the
peritoneal tissues to higher glucose concentrations may have undesired effects. On the other hand, the
systemic glucose exposure can be far lower (see table 3) and the contact time with the stronger glucose

solution can be kept relatively short (see figure 7).

The 3-pore model of peritoneal dialysis

A number of different variants of the TPM have been in use over the years. The three-pore concept
was early included into the PD-Adequest model to be able to properly model UF [23, 24], especially
for Icodextrin [17]. Common modifications of the model is to employ the old Pyle & Popovich (P&P)
concept, namely that of a high lymphatic reabsorption term, low values for LpS and high values for
the small solute reflection coefficients. The apparent advantage of such models is that the PS for
glucose can be kept at a low value throughout the dwell. However, since the disappearance rate of the
crystalloid osmotic gradient is about twice that of the intraperitoneal glucose concentration (rate
constants 0.01 vs. 0.005, respectively) [8, 24], the original TPM uses a constantly inflated PS value for
glucose during the entire dwell exclusively for UF simulations. Because small solute reflection
coefficients can be kept low in the TPM, it is possible to model the osmotic behavior of Icodextrin and

to have a fully operating Starling balance in this model [17]. As already discussed above, for short
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dwells the old P&P concept or the KI modification of the TPM (KI-TPM) [22] work mathematically in
an excellent way as compared to the original TPM. However, for longer dwells, this model, as well as
the KI-TPM, will not work properly. The final reabsorption rate from the peritoneal cavity will be
much too high (~3 ml/min). For short dwells, simulated during APD, the difference among the various

versions of the TPM will be small.

Conclusions

The current simulations using an extended TPM indicate that the glucose absorption of APD-
prescriptions can be greatly reduced by using moderately higher dialysate flows and utilizing a bi-
modal treatment regime. The side-effects of such a treatment regime compared to standard regimes
with higher glucose absorption are, however, not known. Further research should assess whether such
optimized bi-modal regimes are feasible and safe, since the possible reduction in glucose absorption
appear to be significant. By using DFRs higher than standard prescriptions (~1.5-2L/h), improvements
in small-solute clearance and UF are also possible, although the relative benefits in UF and Kt/V seem
to be relatively small compared to the increased cost of the treatment. It would, however, appear that
the current model slightly underestimates the urea clearance at higher DFRs. Of course, higher DFRs
will achieve the same UF and urea removal in a shorter period of time compared to standard
treatments, although at a higher consumption of dialysis fluid. By contrast, using DFRs lower than
1L/h would appear to increase the glucose absorption in relation to the achieved UF and small-solute
removal. Thus, according to the current results, considering both the metabolic cost in terms of
glucose absorption per mL UF and the efficiency of the treatment in terms of small solute transport

and UF: a “UF efficient” and economical DFR for most patients should lie between 1-3 L/h.
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METHODS

During peritoneal dialysis, the net volume flow across the peritoneal membrane, at any time t from the

start of the filling phase, is assumed to be the sum of 6 different volume flows

avp

o = vt s o = L+ Jrin — Jarain 1)

In this equation, Jyc, Jvs, and J,, represent the net flow of water (in mL/min) across the aquaporines,
the highly selective pathways (“small pores”) and the weakly selective pathways (“large pores”),
respectively. In the 3-pore model, the flows in equation 1 are assumed to vary only as a function of
time and are directed into the peritoneal cavity when positive. The net lymphatic clearance from the
peritoneal cavity to the circulation is denoted L (in mL/min) and is typically on the order of 0.2-0.3
mL/min when measured as a clearance to the circulation [18]. The clearance of an intraperitoneal
volume marker is, however, larger than this value, which has been the source of much discussion [15].
The value of L is coupled to the reflection coefficient of glucose (and thus a¢) and to Kf, which can be

used to estimate a plausible range for these parameters [20].

The model in the present work has been extended to include also the fill and drain phases of the dwell.
Thus, Jgrain and Jgy represent the flows of volume (in mL/min) to and from the source of dialysis fluid,
respectively. The change in the intra-peritoneal concentration of a solute i (denoted dCp i/dt in

mmol/mL/min) at any time t is dependent on three separate terms

ACp,i _ JssitlsLi Cr JvctlvstlvLt]fin + Cpilriu @)

dt Vb Dji Vb Vb

The first term is the change in intra-peritoneal concentration caused by the flow of solutes (through
small and large pores, Jss; and Js.; in mmol/min) in and out of the peritoneal cavity. As can be seen, a
positive solute flow is directed into the peritoneal cavity, increasing the concentration in the dialysate.
The second term represents the dilution/concentration due to volume flux in and out of the peritoneum.

Only water flows that affect the dialysate concentration are included in this term (i.e. L and Jgri, are
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not included). The last term is the change in concentration due to the inflow of fresh dialysate Jqy
having a concentration Cg; (in mmol/mL). The change in concentration in the drain resevoir of solute i

(dCgi(t)/dt in mmol/mL/min) is given by

dCp,i _ JarainCpi—JjiuCei _ CpidVp @)

dt Vs Ve dt
The change in reservoir “bag” volume Vg is simply

av,
d—f = —Jriu + Jarain O]

Thus, the concentration in the reservoir does not change during the fill phase (dCg;/dt = 0). This
equation implies that the drain compartment is identical to the compartment with fresh dialysis fluid
which is not the case in actual practice. However, since drain fluid and fresh dialysate are never
mixed, there is no need for more than one “reservoir” compartment in the model. Hence, the
compartment Vg acts as a source during the fill phase and as a collector of drain fluid during the drain

phase. The initial conditions for the simulations are

Vp(0) =V, ®)
Cpi(0) = Cp; (6)
Cpi(0) = Cy; (M
Vp(0) =V, ®)

where V. is the residual volume, V| the fill/instilled volume (at the start of the fill phase) or 0 at the
start of the drain phase), C,; is the dialysis fluid concentration of solute i, C,; is the plasma
concentration of solute i which is assumed to be constant during the dwell. The ordinary differential
equations (ODE) 1-4 above, along with the initial conditions, represent the initial value problem (I\VVP)

to be solved in order to obtain the unknown functions Vp(t), Cpi(t), Vs(i) and Cgj(t).
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Volume and solute flow in the 3PM

The solute flow (in mmol/min) over each pathway is calculated according to the Patlak equation

Cpi—Cp e Tesi

]s,S,i = ]U,S(l - O_S,l') ll_e*lpes,i ®
Cpi—Cr e FeLi

]s,L,i = ]v,L(1 - GL,i) P'll_eD—JF’eL,i (9)

where Peg;=J,s(1-05,)/PSs; an Pe, i=J,.(1-o.)/PSy ; are the Péclet numbers (the ratio between the
maximum convective and diffusive clearance for solute i) for the small and large pore pathway,
respectively. The mass transfer area coefficients, PSs; and PS, ; (in mL/min), are either set according
to Table 1 or calculated according to pore theory PS=D-Ay/Ax-AlA, where A/A, is the diffusive
restriction factor (cf. also [13]) and D is the free diffusion coefficient. The reflection coefficients are
calculated according to theory [17]. The volume flow (mL/min) is calculated using Starling equilibria

over each parallel pathway

Jvec = achS(AP - RTEIi\’:l(Cp.i —Cpi)) (10)
Jus = “stS(AP —RTZYL, Us.i(Cp.i k) D
Jor = aLLpS(AP —RTYYL, UL,i(Cp,i - CD,i)) (12)

where oc, as and o, are the fractional hydraulic conductances for the different pathways (see Table 1),
R is the gas constant and T is the body temperature (310°K). Thus, the osmotic reflection coefficients
are assumed to be the same for osmosis and solute transport (cf. also [5, 10]). In this publication a
filtration coefficient (LpS) of 0.074 mL/min/mmHg was assumed for a patient Ay/Ax of 25000
centimeters. For different peritoneal transport types LpS was scaled accordingly. To account for the
recruitment/loss of peritoneal surface area due to a high/low IPV, an area factor was multiplied to all

PS-values and LpS according to Keshavia et al [11].

af =16.18(1 — e~000077V0(1)) /13,3187 (13)
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Thus, the mass transfer area coefficients and the filtration coefficient were inflated for volumes > 2250

mL and vice versa.

Pressure dynamics in the 3-pore model

The average capillary hydrostatic pressure was calculated according to a pre-to-post-capillary
resistance ratio (PTP=R./R,) of 8:1. This ratio may be a bit low, but in the current simulations this will
matter very little. Thus, given the mean arterial pressure (MAP) and the large-vein pressure (P,) of the

patient, the capillary pressure is calculated according to the well-known equation
P.=fR,- MAP + fR, - P, (14)

where fR, = 1-fR, and fR, = PTP/(PTP+1) are the fractional pre-capillary and post-capillary

resistances, respectively. The net hydrostatic pressure gradient is simply
AP =P, — IPP (15)

where the intra-peritoneal pressure (IPP) was assumed to be dependent only on the intraperitoneal

volume (IPV). Here we used a modified equation by Twardowski et al [21] for the supine position.

_ Vp(®)
IPP = 4.7 + 590 (16)

Note that the intercept used here is higher than that obtained in the study by Twardowski et al since
the IPP for a total IPV of 2250 mL is here assumed to be 8 mmHg [9] in the supine position. However,
in a patient naive to peritoneal dialysis, a lower (negative) intercept can be expected. Furthermore, IPP
might not be a completely linear function of IPV especially in the lower and higher ranges. In the
current article, a MAP of 90 mmHg was used and, further, it is assumed that the large-vein pressure is
equal to the intra-peritoneal pressure (P, = IPP). This last assumption has been the subject of some
controversy [16] since the net effect of this assumption is that variations in IPP has an almost

negligible effect on trans-peritoneal volume flux.
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Temporal discretization and numerical solution of the 3-pore IVP

To solve equations (1-4) numerically, we implement a fourth order Runge-Kutta scheme. If N

represents the total number of solutes included in the simulation, the scystem of equations (1-4) can be

re-written
v,
a6 F(t,Cp1,Cpas s Cpn)
at = g(t Cp,iCpi» VD)
dCy,;
dt'l =H(t,Cp; Csi Vi)

where F, G and H are functionals (“functions of functions”) corresponding to the right-hand side of
equations 1-3 and i = 0,1, ... , N. We proceed by defining all functions of interest (Vp(t), Cpi(t), V(i)
and Cg,(t)) on Q+1 equally spaced grid points over the total simulation time [0,7] with a time-step At=
7/Q. The grid points are labeled k=0,1,2 ... Q with k=0 representing the initial values. The functions
are then calculated on the grid points Cp ;x=Cp i(kAt), Cgk=Cg,i(kAt) and Vp k= Vp,i(kAt). Starting

with the initial value (k=0) the next grid point (k+1) is calculated according to
Ky = At F(kAt, Cpap Cpager s Conge)
Ly; = At G(kAt, Cp ik, Criter Vb i)

My; = At-H (kAt, Cp,ig, Crie Vb i)

At L1, Ly, Lin
K, = At- F(kAt+ 5 ,Cpax +—== 2 ,Cpax+—— 2 CDNk"‘T)
L At g(kAt"l‘A CD k+Lll CB k+Mll VDk+ﬁ)

2 Db 2 & 2 ’ 2

At LlL Mlz Kl
My; = At FH (kA +—, Cp i + =7 Caie + =7 Vs + )
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L21 L L2N

At

K3—At :F(kAt"‘z Cle"l' 2 CD2k+ 2 'CD,N,k+T
At L21 MZL K2

Ly; = At- g(kAt+ ,Cpik t—=Cpix +—— > VD,k+7)
At LZl MZL Kz

My = At-H(kAt +—, Cp i + =7 Cpipe + = Vo + =)

Ky = At-F(kAt + AL, Cpyp + La, Cpag + Lags s Conge + Lan)
Ly = At-G(kAt + At,Cp g + Lay, Cpix + Ms, Vp o + Ks)
= At : :]‘[(kAt + At, CD,i,k + L3,i’ CB,i,k + M3,i' VD.k + K3)

Ky + 2K, + 2K5 + K,
Vok+1 =Vpr + 3

Lui+ 2Ly + 2Lg; + Lo
Coiker = Cpipe +—= . 3 : :

My +2My; + 2Ms; + My
CBlk+1 CBlk + : : 6 : .

Vaierr = Vaik + At(Jarain — Jrit)

)

The total simulation time (t) was chosen so that a total of 25 subsequent dwells was simulated with a

timestep of 0.001 min. This short timestep was chosen so that the error in fill/drained volume would

be less than 0.1 mL per dwell.

Regulation of fill/drain cycles

In the current simulations, a fill flow rate of 200 mL/min was used. For the drain phase, drain flow

rates of 350 mL/min (fast-phase) and 36 mL/min (slow-phase) were implemented with a transition

point (break point) at an intraperitoneal volume of 381 mL [3, 4]. Each cycle starts with a fill phase

followed by a dwell phase which lasts for a pre-determined dwell time (DT) after which the drain
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phase starts. The whole duration of the cycle, consisting of the fill-, dwell- and drain-time is referred
to as the exchange time (ET). For IPD, the drain phase ends when the calculated intra-peritoneal
volume for the next grid point is less than the residual volume (Vp k.1 < V) after which either a new
cycle starts or the simulation ends. Depending on the time-step chosen, this leads to a small error since
the actual volume left in the peritoneal cavity after a cycle will always be larger than (or equal to) V..
The drain phase terminates when the calculated volume for the next grid point is less than the sum of

the residual volume and the tidal reserve volume (Vp . < V: + TRV).
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LEGENDS

Figure 1

Simulated urea clearances as a function of DFR for the different techniques (IPD,TPD75/50/25),
different transport types: Fast (red line), Average (black line), Slow (blue line) and three different

glucose concentrations:1.5% (dotted line), 2.27% (solid line) and 3.86% (dashed line).

Figure 2

Osmotic water transport (UF) per session hour as a function of DFR for the different techniques
(IPD,TPD75/50/25), different transport types: Fast (red line), Average (black line), Slow (blue line)
and three different glucose concentrations:1.5% (dotted line), 2.27% (solid line) and 3.86% (dashed

line).

Figure 3

Osmotic water transport (UF) in mL per gram glucose absorbed (or “UF efficiency”) plotted as a
function of DFR for the different techniques (IPD,TPD75/50/25), different transport types: Fast (red
line), Average (black line), Slow (blue line) and three different glucose concentrations:1.5% (dotted

line), 2.27% (solid line) and 3.86% (dashed line).

Figure 4

The small solute transport efficiency (in mmol urea removed per g glucose absorbed) as a function of

DFR for the different techniques (IPD,TPD75/50/25), different transport types: Fast (red line),
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Average (black line), Slow (blue line) and three different glucose concentrations:1.5% (dotted line),

2.27% (solid line) and 3.86% (dashed line).

Figure 5

The clearance of ,-microglobulin as a function of DFR for the different techniques
(IPD,TPD75/50/25), different transport types: Fast (red line), Average (black line), Slow (blue line)
and three different glucose concentrations:1.5% (dotted line), 2.27% (solid line) and 3.86% (dashed

line).

Figure 6

Osmotic water transport (UF) in mL per liter dialysis fluid “consumed” as a function of DFR for the

different techniques, transport types and different glucose concentrations.

Figure 7

Simulated scenarios were each dwell is optimized for either UF (using 3.86% glucose) or small-solute
transport (using 0% glucose) keeping the glucose absorption low. The corresponding transport

parameters are shown in Table 3.
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Figure 2
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Figure 3

UF in mL per g glucose absorbed
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Figure 4

UreaR mmol per g glucose absorbed
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Figure 5

B>-microglobulin clearance (mL/min)

Dialysate Flow Rate (DFR), L/h
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Table 1. Three-pore model parameters

Parameters used for computer simulations of intraperitoneal volume vs. time V(t) curves

according to a three-pore model of membrane selectivity

Small pore radius (rs) (A)

Large pore radius (r.) (A)

Fractional small pore UF-coeff. (o)

Fractional transcellular UF-coeff. (o)

Fractional large pore UF-coeff. (o)

Ultrafiltration coefficient (L,S) (mL/min/mmHg)

Osmotic conductance to glucose (LS o) (uL/min/mmHg)
”Unrestricted” pore area over unit diffusion distance for small pores (Ag/AX)s (cm)
PS for glucose (mL/min)

PS for urea (mL/min)

PS for "Na" and "anion" (mL/min)

PS for phosphate (mL/min)

Peritoneal lymph flow (L) (mL/min)

Transperitoneal oncotic pressure gradient (Amyrr) (MMHQ)
Peritoneal residual volume (V) (mL)

Serum urea conc. (mmol/L)

Serum creatinine conc. (umol/l)

Dialysis fluid sodium conc. (mmol/L)

Serum sodium (and sodium associated “anion” conc.) (mmol/L)
Serum glucose conc. (mmol/L)

+99

Dissociation factor for “Na™ and “anions”

43
250
0.900
0.020
0.080
0.074
3.6
25,000*
15.4
26.0
45
10.2
0.3
22
250
20
660
132
140
6.5
0.93

*) 25,000 cm was used for an average peritoneal transport type, 40,000 cm for high transporters and

15,000 cm for low transporters.
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Table 2. Comparison with clinical data

DFR IPD Clyrea TPD 50% Clyrea

1.1L/h 14.3* mL/min (14.9) 13.3 mL/min (13.9)
1.6 L/h 16.9 mL/min (17.0) 15.9 mL/min (16.2)
2.7L/ 20.9 mL/min (18.8) 19.9 mL/min (19.1)

Results from the clinical study by Aasardd et al, 1994 (Average PET D/P¢, = 0.77) for IPD and
TPD50 compared with the values predicted by the extended 3PM (within parenthesis). *) The Cly,
was significantly higher for IPD in the clinical study. There were no significant differences for the two

higher DFRs.
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Table 3. Effective DFR intervals

Intermittent technique

Slow

Average

Fast

15%

0.7L/h-27L/n

1.0L/h-3.0L/h

15L/h-35L/M

2.271%

05L/h-27L/n

0.7L/h-3.0L/n

1.0L/h-35L/

3.86 %

0.3L/h-27L/n

0.5L/h-3.0L/h

0.7L/h-35L/h

75% tidal technique

Slow

Average

Fast

1.5%

0.7L/Mh-4.1L/h

1.0L/h-45L/h

1.8L/h-55L/h

2.27%

05L/Mh-4.1L/h

09L/Mh-45L/h

1.0L/h-52L/h

3.86 %

0.3L/h-4.0L/h

05L/Mh-4.4L/h

0.7L/Mh-51L/h

50% tidal technique

Slow

Average

Fast

15%

0.8L/h—-4.7L/n

1.0L/h-51L/h

1.8L/h-59L/h

2.27%

05L/h—-4.7L/n

0.8L/h-51L/n

1.0L/h-59L/h

3.86 %

0.3L/h-4.7L/h

0.5L/h-5.0L/h

0.8L/h-5.8L/h

25% tidal technique

Slow

Average

Fast

15%

0.7L/Mh—-4.41L/h

1.3L/h-48L/h

1.8L/h-6.0L/h

2.27%

05L/h-43L/n

0.7L/h—-48L/n

1.0L/h-53L/h

3.86 %

0.3L/h-4.3L/h

05L/Mh-4.7L/h

0.7L/Mh-52L/h

The lower limit represents the DFR at which a maximum UF per L dialysis fluid used is attained (see
Fig. 6). Using a lower DFR than this value will be lead to less UF per L/dialysis fluid spent. Also,
DFRs lower than 1L/h will increase the glucose absorption in relation to the achieved UF (see fig. 3).
The high part of the interval is the DFR at which a maximum UF as a function of DFR is reached.
Using a higher DFR will give less UF while spending more dialysis fluid. Note also that the peak

values of the urea vs. DFR curves (Fig. 1) are very similar to the maximas of the UF vs. DFR curves

(fig. 2).
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Table 4. Bi-modal regimes compared with a standard 6x2L regime

Regime UreaR UF Glucose abs. | Decrease Total time
6x2L 1.36% 158 mmol | 458 mL 4159 0% 540 min
4x2L 3.86% + 4x2L 0% | 158 mmol | 456 mL 33.8¢ -19% 510 min
5x2L 3.86% + 5x2L 0% | 157 mmol | 457 mL 32.3¢g -22% 475 min

Simulated ‘bi-modal’ regimes were each dwell is optimized for either UF (using 3.86% glucose) or

small-solute transport (using 0% glucose) keeping the glucose absorption low. The IPV vs. time

curves for the different scenarios are shown in Figure 7. Additional examples can be found in a

Supplemental material.
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SUPPLEMENTAL MATERIAL
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Simulated scenarios using a 5% glucose dialysis fluid. A reduction of up to 27% of the glucose

absorption was obtained compared to the “standard prescription”.
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Glossary

22 Symbols
A effective surface area available for restricted diffusion (i.e. Ay > A)
Ao total cross-sectional (pore) area
Ar effective large pore diffusion area
As effective small pore diffusion area
A length unit (1A= 10719 m)
A% diffusive transport restriction coeﬂicioent (effective/total area ratio)
a, Molecular (Stokes-Einstein) radius (A)
¢ speed of light (2.997925 - 10% m/s)
A¢,  solute concentration gradient A¢, = ¢ — ¢
c solute concentration in the “inner solution”
¢ solute concentration in the “outer solution”

Ecyp

concentration profile along the length of the pore (mol/mL)
average radial solute concentration inside the pore
radial solute concentration profile
see
downstream (filtrate) concentration (mol/mL)
see C;
plasma water concentration (mol/mL)
free diffusion coefficient (cm?/min)
Diffusion coefficient of solute
Heavy water
Electric potential field
Electric potential (voltage) in the capillary lumen
Faraday constant (9.64846 - 10* C/mol)
fractional volume flux across the large-pore population (i.e. /, 7 //v)
fractional volume flux across the small-pore population (i.e. /, s/ /v)
Lag coeflicient (cf. [24])
Diffusive hindrance factor, see A%.
Phenomenological flows
153



S

REIN¥Y <SS N

total solute flux across the entire barrier (mol/min)
total volume flux across the entire barrier (mL/min)
volume flux across the i:th pore population in a heteroselective barrier (mL/min)
volume flux across the large-pore population (mL/min)
volume flux across the small-pore population (mL/min)
Boltzmann constant (1.38066 - 10~22 J/K)
Drag coeflicient (the increased drag due to the presence of the pore walls)
Intra-pore convective hindrance
Intra-pore diffusive hindrance (KD is the average intra-pore diffusion coefficient)
Intra-pore electro-diffusive hindrance (K,D%5 is the average intra-pore electric mobility)
see LpS
phenomenological coefficients relating the driving force to its effect on the flows
total hydraulic conductivity (mL min-1 mmHg-1 cm-2)
filtration coefficient; total hydraulic conductance (mL min-1 mmHg-1)
Solute flow
Solvent (water) How
Local solute flux
molar amount of D, O in the inner compartment
molar amount solute in the inner compartment
molar amount solvent (water) in the inner compartment
Average solute flux over the pore section
Avogadro constant (6.02205 - 10?2 mol™1)
permeability coefficient; D/Ax (cm/min)
see PS
diffusion capacity (mL/min)
Hydraulic pressure gradient (mmHg)
Gas constant (£N4 = 8.31441 J/K/mol)
Small pore radius (A)
Large pore radius (A)
Entropy
geometric pore standard deviation
geometric large-pore standard deviation
geometric small-pore standard deviation
temperature (°K) body-temperature = 310°K
geometric mean pore radius
geometric mean large-pore radius (A)
geometric mean small-pore radius (A)
Terminal velocity of the solute sphere (cm/min)
Water flux velocity inside the pore (cm/min)
Average fluid velocity inside the pore (cm/min)
Volume of the inner compartment (inside the frog egg)
total barrier thickness (cm)
Phenomenological forces
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23 Greek letters

«;
Qaf
Qg
B

Y
o

04
of
Oy
as
ar

fractional hydraulic conductance for the i:th pore population

fractional hydraulic conductance for the large-pore population (i.e. Kz /Kp)
fractional hydraulic conductance for the small-pore population (i.e. Kzs/Kj)
fractional radial position (é) of the solute in relation to the pore radius 7,

molar fraction

Staverman (homoselective) reflection coefficient [91]
solvent-drag reflection coefficient

see 0

osmotic reflection coefficient

homoporous small-pore reflection coefficient
homoporous small-pore reflection coeflicient
viscosity of water (0.7 mPa - 5)

solute to pore radius ratio (e.g. %)

frictional coefficient

Solute chemical potential

Solvent (water) chemical potential

partial molar volume of the solute

partial molar volume of the solvent (water)

modified “reflection coefficient” for steady state ion transport
osmotic pressure gradient (mmHg)

Partition coeflicient

Thermodynamic dissipation function

Potential energy of radial interaction (see also [64])
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