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I NLEIDING
Kankers van organen in de peritoneale holte of van het peritoneum zelf
geven vaak aanleiding tot een lokale verspreiding van tumoren in de
vorm van peritoneale metastasen (PM). De prognose van patiënten met
PM is pover en de levenskwaliteit is laag door complicaties zoals darmobstructie en ascites. Bovendien kunnen PM niet doeltreffend behandeld
worden met intraveneuze chemotherapie (IV) door de beperkte bloedtoevoer naar de peritoneale oppervlakten en de slecht doorbloede tumorknobbels. Intraperitonale (IP) toediening van medicatie biedt een
unieke behandelingsmogelijkheid voor patiënten met PM aangezien het
peritoneum optreedt als barrière en de systemische blootstelling aan de
medicatie inperkt. Ondanks een sterke rationale en veelbelovende klinische resultaten, wordt algemeen gebruik van de techniek momenteel
belemmerd door de beperkte penetratiediepte van de geneesmiddelen
in het tumorweefsel en de moeilijkheid om een adequate oppervlakteblootstelling van het gehele peritoneum te bekomen. Het is daarom van
cruciaal belang om een beter inzicht te krijgen in de processen die ten
grondslag liggen aan het transport van geneesmiddelen tijdens IP chemotherapie en het relatieve belang van de parameters die deze beïnvloeden.
In het eerste deel van dit manuscript wordt een achtergrondoverzicht
gegeven van zowel peritoneale anatomie als pathofysiologie, gevolgd door
een samenvatting van de stand van zaken van intraperitoneale chemotherapie. Het deel eindigt met een inleiding tot het medicijntransportproces tijdens intraperitoneale chemotherapie en de definitie van de
onderzoeksdoelen van dit proefschrift. Het tweede deel richt zich op het
oorspronkelijke onderzoek dat werd gedaan in het kader van dit proefschrift. In het eerste hoofdstuk wordt een nieuwe toedieningsmethode voor
het maximaliseren van de peritoneale oppervlakte blootstelling tijdens interperitoneale chemotherapie (IPC) gepresenteerd. Hoofdstuk 2 richt zich

xix
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op de verschillende modellen voor IPC in de literatuur, terwijl we in hoofdstuk 3 ons eigen model presenteren voor het transport van geneesmiddelen tijdens IPC. In hoofdstuk 4 is het model aangepast om realistische
geometrieën en ruimtelijk variërende vasculaire parameters te omvatten.
Deel drie besluit dit proefschrift en suggereert enkele richtingen voor
toekomstig onderzoek.

D EEL 1: I NLEIDING , ACHTERGROND EN DOELSTELLINGEN VAN DIT
PROEFSCHRIFT

Hoofdstuk 1: Anatomie en fysiologie van het peritoneum
In hoofdstuk één wordt de anatomie van het peritoneum zowel op macroscopisch als microscopisch niveau geïntroduceerd. Daarnaast worden de
belangrijkste functies van het peritoneum besproken, zoals transmembraantransport, ontstekingsreactie en antigenpresentatie en de rol ervan
bij weefselherstel. Het laatste deel van dit hoofdstuk beschrijft de peritoneale vloeistofstroom. Peritoneaal vocht heeft de neiging te stagneren
in bepaalde gebieden in de peritoneale holte vanwege de complexe aard
van de vloeistofstroom in combinatie met de specifieke peritoneale anatomie. Alle gebieden waar de vloeistof de neiging heeft om te stagneren
zijn gewoonlijk de eerste plaatsen die betrokken zijn bij de peritoneale
verspreiding van infecties en metastasen.
Hoofdstuk 2: Pathofysiologie van peritoneale metastasen
Patiënten met peritoneale carcinomatose lijden aan een verspreide groei
van tumorknobbels in de peritoneale holte. De oorsprong van deze knobbeltjes kan gerelateerd zijn aan lokale peritoneale kankers of kan metastatisch zijn van een aantal verschillende intra- en extra-abdominale
kankers. In dit hoofdstuk worden de meest voorkomende primaire en
secundaire kankers die tot peritoneale carcinomatose leiden besproken.
Een meer gedetailleerd overzicht van alle pathologieën die leiden tot peritoneale carcinomatose is opgenomen in bijlage 1. De vier verschillende
types van verspreiding en tumorgroei worden besproken, met speciale
aandacht voor het uitzaaien van tumorcellen via het peritoneale vocht.
Verder worden de verschillende beeldvormingstechnieken besproken die
worden gebruikt bij de diagnose, het beheer en de follow-up van patiënten met peritoneale carcinomatose. Zowel positron-emissie tomografiecomputertomografie (PET-CT) als diffusie-gewogen magnetische resonantie beeldvorming (DW-MRI) kunnen PM weergeven met zeer goede
xx

Samenvatting

gevoeligheids- en specificiteitsresultaten en de keuze tussen beide technieken is vaak gebaseerd op expertise en voorkeur. Geen enkele techniek
is op dit moment echter in staat om peritoneale metastasen met 100%
zekerheid te diagnosticeren en / of te stadiëren en daarom blijft de noodzaak voor een laparoscopie of een kijkoperatie tot op heden bestaan.
Hoofdstuk 3: Intraperitoneale chemotherapie
De rationale achter intraperitoneale chemotherapie is dat bij toediening
van cytotoxische geneesmiddelen direct in de peritoneale holte, het peritoneum als een barrière werkt en de geneesmiddelabsorptie in de systemische circulatie beperkt. Dit resulteert in hogere lokale concentraties
van het geneesmiddel in het tumorweefsel terwijl systemische bijwerkingen worden geminimaliseerd. Sinds deze farmacokinetische voordelen
van IPC aangetoond zijn, startten veel groepen klinische studies over
deze techniek. Hoewel de lokale hoge geneesmiddelconcentraties experimenteel zijn aangetoond, wordt het algemeen gebruik van IPC beperkt
door de beperkte penetratiediepte van de geneesmiddelen in het tumorweefsel. Momenteel is er een grote verscheidenheid aan IPC-procedures,
wat de directe vergelijking tussen verschillende onderzoeken bemoeilijkt.
Niet alleen de gebruikte medicijnen en doseringen verschillen, maar er
zijn ook verschillen in chirurgische technieken, duur en timing van de
behandeling. In het laatste deel van dit hoofdstuk worden de verschillen
tussen IPC-protocollen besproken.
Hoofdstuk 4: Geneesmiddeltransport tijdens intraperitoneale
chemotherapie
Geneesmiddeltransport tijdens intraperitoneale chemotherapie is een
complex proces dat niet alleen bepaald wordt door medicijn- en therapiegerelateerde parameters, maar ook door weefsel-parameters. Om beter te
begrijpen hoe al deze parameters de penetratie van het medicijn tijdens
IPC beïnvloeden beschrijft dit hoofdstuk de verschillende stappen die
optreden in het geneesmiddeltransport proces tijdens de IPC. Een tweede
deel van dit hoofdstuk concentreert zich op studies die bepaalde parameters van dit geneesmiddeltransport tijdens IPC wijzigden, en de effecten
die deze wijzigingen hadden op de therapeutische resultaten.
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Hoofdstuk 5: Uitdagingen voor intraperitoneale chemotherapie en
onderzoeksdoelstellingen
Hoewel er een sterke rationale is voor intraperitoneale chemotherapie en
klinische resultaten haar nut in talrijke gevallen heeft bewezen, zijn er een
aantal problemen die het algemeen gebruik van de techniek beperken. Dit
hoofdstuk belicht de twee belangrijkste beperkingen voor IPC: een onvoldoende oppervlakblootstelling en de beperkte penetratiediepte van het
geneesmiddel in het weefsel. Ons eerste onderzoeksdoel is het ontwerp
en de ontwikkeling van een nieuw kathetertype dat een adequate behandeling van het volledige peritoneale oppervlak mogelijk zal maken, terwijl
de problemen met instillatie van grote hoeveelheden vloeistof worden
vermeden, en langdurige continue infusie mogelijk wordt met behulp
van een door de patiënt gedragen pomp. Het tweede onderzoeksdoel van
dit werk richt zich op de ontwikkeling van een wiskundig model om de
verdeling van geneesmiddelen tijdens intraperitoneale chemotherapie te
bestuderen.

D EEL 2: M ODELLERING VAN MEDICATIETRANSPORT TIJDENS
INTRAPERITONEALE CHEMOTHERAPIE

Hoofdstuk 6: Een nieuw mechanisme voor toediening van medicatie
voor intraperitoneale chemotherapie: ontwerp, ontwikkeling en
testen.
Omdat PM moeilijk te behandelen zijn en significante en invaliderende
symptomen kunnen veroorzaken, is er een toenemende interesse van
clinici in de combinatie van cytoreductieve chirurgie met intraperitoneale
(IP) geneesmiddeltoediening. Op dit moment wordt IP-chemotherapie
ofwel in een open, laparoscopische of gesloten opstelling toegediend.
De meeste op dit moment gebruikte methoden zijn niet compatibel met
een langdurige of continue IP-geneesmiddeltoediening, hetgeen meer
en meer wordt erkend als een belangrijke bepalende factor voor de werkzaamheid tegen kanker van het geneesmiddel. Bij behandelingen waarbij
meerdere rondes IPC worden toegediend, is de operatieve plaatsing van
een katheter met één filament (Tenckhoff-type) diep in het bekken de
meest voorkomende techniek. Deze methode staat echter niet toe om
het aangetaste peritoneale oppervlak op een homogene en effectieve
manier te behandelen. In dit hoofdstuk presenteren en bespreken we
een eenvoudige maar innovatieve multifilamentkatheter die een meer homogene en langdurige toediening van IPC mogelijk maakt. Het ontwerp
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van de katheter is gebaseerd op praktische en theoretische overwegingen
met gebruik van computationele vloeistofdynamica-modellering van de
stroming door de katheterarmen. De ontwerpen werden vervaardigd door
microdrilling of laserablatie van de perforaties en werden hydraulisch
getest. Hoewel alle voorgestelde geometrieën goed presteerden in simulaties, presteerde geen van deze eerste prototypes goed tijdens de in vitro
testen. De reden voor deze teleurstellende prestaties was terug te voeren
op productieproblemen en onnauwkeurigheden.
Hoofdstuk 7: Modelleren van geneesmiddeltransport tijdens
intraperitoneale chemotherapie: een literatuurstudie
Geneesmiddelpenetratie in vaste tumoren is een complex massatransportproces dat bepaald wordt door een velvoud aan parameters die niet
alleen betrekking hebben tot de gebruikte cytotoxische geneesmiddelen,
maar ook tot de tumorweefseleigenschappen en zelfs de therapeutische
opzet. Mathematische modellering kan unieke inzichten bieden in de
verschillende transportbarrières die optreden tijdens IP-chemotherapie,
en biedt ook de mogelijkheid om verschillende protocollen of geneesmiddelen te testen zonder de noodzaak voor in vivo experimenten. In dit
hoofdstuk wordt de stand van zaken van het modelleren van IPC gepresenteerd. Er wordt een onderscheid gemaakt tussen drie verschillende
typen modellen op basis van de gebruikte schaal in het model: op schaal
van het hele orgaan, waarbij het peritoneum als een enkel compartiment
wordt beschouwd; op schaal van het weefsel, waarbij het weefsel van
de tumor wordt beschouwd als een homogeen mengsel van cellen, interstitium en vasculatuur; en tot slot het cellulaire model, dat elke cel
expliciet modelleert. Voor elk model hebben we besproken welke stappen in het transportproces zijn opgenomen, en waar welke veronderstellingen en aannames zijn gemaakt. Hoewel alle relevante transportstappen
tijdens IP-chemotherapie reeds gemodelleerd zijn, is er tot op heden geen
model dat in staat is om alle complexe processen die optreden tijdens IPchemotherapie volledig te modelleren. De bestaande modellen zijn divers
en zijn niet goed en niet slecht, maar hebben elk hun eigen voordelen en
beperkingen.
Hoofdstuk 8: Wiskundige modellering van intraperitoneale
chemotherapie: simulatie van de geneesmiddel verdeling in een
tumorknobbel
Hoewel de intraperitoneale (IP) toediening van chemotherapie hogere
intratumor-concentraties van het geneesmiddel mogelijk maakt in
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vergelijking met intraveneuze toediening, is de penetratie van het
geneesmiddel in het tumorweefsel nog steeds beperkt tot enkele
millimeters. Het is dus noodzakelijk om de beperkende factoren van
deze gelimiteerde penetratie beter te begrijpen om de doeltreffendheid
van IP-chemotherapie te verbeteren. Door het ontwikkelen van een
driedimensionaal numeriek stromingsmodel (computational fluid
dynamics; CFD) voor geneesmiddeltransport in een tumorknobbel,
onderzochten we de impact van een aantal belangrijke parameters op het
geneesmiddeltransport en de penetratiediepte tijdens IP-chemotherapie.
Het model omvatte het diffusief-convectief transport met de karakteristieke radiaal-naar-buiten gerichte stroming van interstitiële vloeistof
ten gevolge van de hoge interstitiële vloeistofdruk in de vaste tumor,
evenals andere kenmerken zoals vasculaire opname en cellulaire
opname van het medicijn. Baseline-cases van het model werden
voorgesteld voor twee verschillende groottes van drie verschillende
geometrieën. Het model werd gebruikt om de invloed van vasculaire
normalisatietherapie, diffusiviteit van verschillende geneesmiddelen,
de aanwezigheid van een necrotische kern en weefselpermeabiliteit op
de geneesmiddelpenetratie te bestuderen. De penetratiedieptes van
geneesmiddelen gevonden in dit werk waren in goede overeenstemming
met de gedefinieerde bereiken beschreven in experimentele studies.
Over het algemeen vertoonden kleinere tumoren een betere penetratie
dan grotere, wat kan worden toegeschreven aan de lagere interstitiële
vloeistofdruk (IFP) in kleinere tumoren. Bovendien toonde het model
grote verbeteringen in penetratiediepte wanneer de tumorknobbels
vasculaire normalisatietherapie ondergingen. Het illustreerde eveneens
het belang van welk medicijn gebruikt wordt voor de therapie. Het
expliciet modelleren van de necrotische kern had een beperkt effect op de
gesimuleerde penetratie. Gelijklopend hiermee bleef de penetratiediepte
vrijwel constant wanneer de Darcy-permeabiliteit van het weefsel
veranderde.
Hoofdstuk 9: Een 3D CFD-model van interstitiële vloeistofdruk en
geneesmiddeldistributie in heterogene tumorknobbels tijdens
intraperitoneale chemotherapie
In dit hoofdstuk werd het 3D CFD -model van het geneesmiddelentransport in de geïdealiseerde tumorknobbels tijdens IP-chemotherapie zoals
beschreven in hoofdstuk 8 uitgebreid met realistische tumorgeometrieën
en ruimtelijk variërende vasculaire eigenschappen. Om deze te implementeren, werd gebruik gemaakt van een muismodel met peritoneale
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metastasen waaruit enerzijds de tumorgeometrieën konden gesegmenteerd worden en waarin anderzijds interstitiële vloeistofdrukken invasief
gemeten konden worden ter validatie van het model. We modelleerden
drie verschillende tumorknobbel-geometrieën van verschillende groottes
en leidden ruimtelijk variërende microvasculatuur gerelateerde parameters van dynamic contrast enhanced magnetische resonantie afbeeldingen (DCE-MRI) af voor elk van de proefdieren. Met behulp van deze parameters werden drukvelden gesimuleerd in de tumoren en het transport
van geneesmiddelen werd bestudeerd in elk van de drie tumorgeometrieën in de aanwezigheid van het overeenkomstige drukveld. We stelden
vast dat de resulterende interstitiële drukprofielen in tumoren sterk afhankelijk waren van de onregelmatige geometrieën en aanwezigheid van
verschillende zones. De tumorspecifieke cisplatine-penetratiedieptes
varieerden van 0.32 mm tot 0.50 mm, wat goed overeenstemt met het experimenteel gedefinieerde bereik. We vonden dat de positieve correlatie
tussen tumorgrootte en IFP niet langer aanwezig was in de aanwezigheid
van zones met verschillende vasculaire eigenschappen, terwijl we wel een
positieve relatie vonden tussen het percentage levensvatbaar tumorweefsel en de maximale IFP. Deze bevindingen benadrukken het belang van
het opnemen van zowel de onregelmatige tumorgeometrieën als verschillende vasculaire zones in CFD-modellen van IPC.

D EEL 3: C ONCLUSIES
De conclusies vatten kort de belangrijkste bevindingen van dit werk
samen en werpen een kritische blik op de impact en de beperkingen
van dit werk om een goed overzicht te krijgen van waar we nu zijn met dit
onderzoek en wat de toekomst zou kunnen brengen.
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Cancers originating from organs in the peritoneal cavity or the peritoneum itself are prone to loco-regional spread in the form of peritoneal
metastasis (PM). The prognosis of patients who develop PM is usually
poor and quality of life is low due to complications, such as bowel obstructions and ascites. Furthermore, PM cannot be adequately treated
by using intravenous (IV) chemotherapy due to the poor blood supply
to the peritoneal surfaces and poorly vascularized tumor nodules. Intraperitoneal drug delivery offers a unique treatment opportunity for
those patients with oncological malignancies confined to the peritoneal
cavity, because of the peritoneum acting as a barrier and thereby limiting
systemic drug exposure. Despite a strong rationale and promising clinical
results, widespread use of the technique is currently hampered by the
limited penetration depth of the drugs into the tumor tissue and the difficulty to obtain an adequate surface exposure of the entire peritoneum. It
is therefore crucial to gain a better understanding of the processes that
underlie the drug transport and the relative importance of the parameters
influencing it.
In the first part of this manuscript, we will provide a background
overview of both peritoneal anatomy and pathophysiology, followed by
a summary of the state of the art of intraperitoneal chemotherapy. This
part ends with an introduction into the drug transport process during
intraperitoneal chemotherapy and the definition of the research goals
of this dissertation. The second part focusses on the original research
that was done in the context of this dissertation. In the first chapter a
novel delivery method to maximize the peritoneal surface exposure during intraperitoneal chemotherapy (IPC) is presented. Chapter 2 focusses
on the different mathematical and computational models for IPC while
in chapter 3, we present our own model for the drug transport during
IPC. In chapter 4, the model is adapted to include realistic tumor geometries and spatially varying vascular parameters. Part three concludes this
dissertation and suggests some perspectives for future research.
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PART 1:

INTRODUCTION , BACKGROUND AND GOAL OF THIS DISSERTATION

Chapter 1: Anatomy and physiology of the peritoneum
In chapter one, the anatomy of the peritoneum is introduced on both the
macroscopic and microscopic level. In addition, the main functions of
the peritoneum are discussed, such as transmembrane transport, inflammation response and antigen presentation and its role in tissue repair.
The final section of this chapter features the hallmarks of peritoneal fluid
flow. The peritoneal fluid tends to stagnate at certain regions within the
peritoneal cavity due to the complex nature of the fluid flow combined
with the specific peritoneal anatomy. Any areas in which the fluid tends
to stagnate are commonly the first sites to be involved in the peritoneal
spread of infections and metastases.
Chapter 2: Pathophysiology of peritoneal metastases
Patients with peritoneal carcinomatosis suffer from a widespread growth
of tumor nodules in the peritoneal cavity. The origin of these nodules can
be related to either native, peritoneal cancers or can be metastatic from a
number of different intra- and extra abdominal cancers. In this chapter,
the most common primary and secondary cancers that lead to peritoneal
carcinomatosis are discussed. A more detailed overview of all pathologies
leading to peritoneal carcinomatosis can be found in Appendix 1. The four
different types of dissemination and tumor growth are discussed, with
a special attention to the seeding of tumor cells through the peritoneal
fluid. Furthermore, the different imaging modalities used in the staging,
management and follow-up of patients with peritoneal malignancies are
discussed. Both positron-emission tomography-computed tomography
(PET-CT) and diffusion-weighted magnetic resonance imaging (DW-MRI)
are able to show PM with very good sensitivity and specificity results and
the choice between both techniques is often based on expertise and preference. However, no technique is at this point able to diagnose and/or stage
peritoneal metastasis with 100% certainty and the need for a laparoscopy
or exploratory surgery remains at this point.
Chapter 3: Intraperitoneal chemotherapy
The rationale behind intraperitoneal chemotherapy is that upon administration of cytotoxic drugs directly into the peritoneal cavity, the peritoneum acts as a barrier and limits the drug absorption in the systemic
xxviii

Summary

circulation. This results in higher local drug concentrations in the tumor tissue while minimizing the development of systemic side effects.
Since the demonstration of these pharmacokinetic advantages obtained
through during IPC, numerous groups started clinical trials using the
technique, but even though the local high drug concentrations have been
shown experimentally, the widespread use of IPC is limited by the insufficient penetration depth of the drugs into the tumor tissue. Currently,
there is a huge variety in IPC procedures that are performed, complicating the direct comparison between different studies. Not only do the
drugs used and dosages differ, but there are also differences in surgical
techniques, duration and timing of the treatment. In the final part of this
chapter, the differences between various IPC protocols are discussed.
Chapter 4: Drug transport during intraperitoneal chemotherapy
Drug transport during intraperitoneal chemotherapy is a complex process that is governed not only by drug- and therapy-related parameters,
but also by tissue-related parameters. To better understand how these
parameters influence the drug penetration during IPC, this chapter will
provide an overview of the different steps that occur in the drug transport
process during IPC. A second part of this chapter focusses on the studies
that modified some of the governing parameters of drug transport during
IPC and their effects on therapeutic outcomes.
Chapter 5: Current challenges for intraperitoneal chemotherapy and
research goals
Although there is a strong rationale for intraperitoneal chemotherapy and
clinical results have proven their merit on numerous occasions, there
are a number of issues that limit the widespread use of the technique.
This chapter will highlight the two main limitations for IPC: inadequate
surface exposure and limited penetration depth of drug into the tissue.
Our first research goal is the design and development of a novel catheter
type that will allow adequate treatment of the complete peritoneal surface
while avoiding the problems related to the instillation of large volumes
of fluid, and permitting prolonged continuous infusion using a patient
wearable pump. The second research goal of this work focusses on the
development of a mathematical model to study drug distribution during
intraperitoneal chemotherapy.
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PART 2: M ODELING DRUG TRANSPORT DURING INTRAPERITONEAL
CHEMOTHERAPY

Chapter 6: A new drug delivery system for intraperitoneal
chemotherapy: design, development and bench testing
Despite advances in systemic anticancer therapy, treatment of peritoneal
metastases (PM) remains a considerable challenge. Since PM are difficult
to treat and may cause significant and invalidating symptoms, there is
increasing interest from clinicians in the combination of cytoreductive
surgery with intraperitoneal (IP) drug delivery. Currently, IP chemotherapy is administered either in an open, laparoscopic or closed set-up. Most
currently used methods do not allow prolonged or continuous IP drug
instillation, which is increasingly recognized as a major determinant of
the anticancer efficacy of the IP drug. Current state of the art of the treatments where multiple rounds of IPC are envisioned include the operative
placement of a single-filament catheter (Tenckhoff Type) deep in the
pelvis. This method however does not allow to treat the affected peritoneal surface in a homogenous and effective manner. In this chapter,
we propose and discuss a simple yet innovative multi-filament catheter
that allows for a more homogeneous and prolonged delivery of IPC. The
design of the catheter was based on both theoretical considerations and
computational fluid dynamics modeling of the flow through the catheter
arms. The designs were manufactured by either microdrilling the perforations or laser ablation and underwent hydraulic testing. Even though all
proposed geometries performed well in simulations, none of these first
prototypes performed well during the in vitro testing. The reason for this
underwhelming performance was traced back to manufacturing issues
and inaccuracies.
Chapter 7: Modeling drug transport during intraperitoneal
chemotherapy: a literature review
Drug penetration into solid tumors is a complex mass transport process
that involves multiple parameters not only related to the used cytotoxic
agents, but also to the tumor tissue properties and even the therapeutic
set-up. Mathematical modeling can provide unique insights in the different transport barriers that occur during IP chemotherapy, as well as offer
the possibility to test different protocols or drugs without the need for
in vivo experiments. In this chapter, the state of the art of the modeling
of IPC is presented. A distinction is made between three different types
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of models based on the used scale in the model: the whole organ scale,
which considers the peritoneum as a single compartment; the tissue scale,
which considers the tissue of the tumor as a homogenous mixture of
cells, interstitium and vasculature; and finally the cellular model, which
models each cell explicitly. For each model, we discussed which steps
of the transport process are included and where assumptions are made.
Although all relevant transport steps during IP chemotherapy have been
modeled, there is to date no model that is able to fully model all the complex processes that occur during IP chemotherapy. The existing models
are diverse and each one is neither good nor bad but comes with its own
set of advantages and limitations.
Chapter 8: Mathematical modeling of intraperitoneal drug delivery:
simulation of drug distribution in a single tumor nodule
Although the intraperitoneal (IP) administration of chemotherapy allows
for higher intratumor concentrations of the cytotoxic agent compared
to intravenous administration, the drug penetration depths into the tissue are still limited to a few millimeters. It is thus necessary to better
understand the limiting factors behind this poor penetration in order to
improve IP chemotherapy delivery effectiveness. By developing a threedimensional computational fluid dynamics (CFD) model for drug penetration in a tumor nodule, we investigated the impact of a number of
key parameters on the drug transport and penetration depth during IP
chemotherapy. The model included the diffusive-convective transport
with the characteristic radially outward flow of interstitial fluid due to the
high interstitial fluid pressure in the solid tumor as well as other typical
features such as vascular uptake of the drug and cellular uptake. Baseline
cases of the model were presented for two different sizes of three different
geometries. The model was used to study the influence of vascular normalization therapy, drug diffusivity, the presence of a necrotic core and
tissue permeability on the drug penetration. All penetration depths of
drugs found in this work were in good agreement with the defined ranges
described in experimental studies. Overall, smaller tumors showed better
penetration than larger ones, which could be attributed to the lower interstitial fluid pressure (IFP) in smaller tumors. Furthermore, the model
demonstrated large improvements in penetration depth by subjecting
the tumor nodules to vascular normalization therapy and illustrated the
importance of the drug that is used for therapy. Explicitly modeling the
necrotic core had a limited effect on the simulated penetration. Similarly, the penetration depth remained virtually constant when the Darcy
permeability of the tissue changed.
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Chapter 9: A 3D CFD model of the interstitial fluid pressure and drug
distribution in heterogeneous tumor nodules during intraperitoneal
chemotherapy
In this chapter, we expanded the 3D Computational Fluid Dynamics (CFD)
model of the drug mass transport in idealized tumor nodules during IP
chemotherapy as described in chapter 8 to include realistic tumor geometries and spatially varying vascular properties. To do so, a mouse peritoneal
metastases model was used from which tumor geometries could be obtained and interstitial fluid pressures could be measured invasively as
a validation. We modeled three different tumor nodule geometries of
different sizes and extracted spatially varying microvasculature related
parameters from dynamic contrast enhanced magnetic resonance images
(DCE-MRI) for each animal. Using these parameters, pressure fields were
simulated in the tumors and drug transport was studied in all three tumor
geometries in the presence of the corresponding pressure field. We found
that the resulting interstitial pressure profiles within tumors were highly
dependent on the irregular geometries and different zones. The tumorspecific cisplatin penetration depths ranged from 0.32 mm to 0.50 mm,
which is in good agreement with the experimentally defined range. We
found that the positive relationship between tumor size and IFP did not
longer hold in the presence of zones with different vascular properties,
while we did observe a positive relationship between the percentage of
viable tumor tissue and the maximal IFP. These findings highlight the
importance of incorporating both the irregular tumor geometries and
different vascular zones in CFD models of IPC.

PART 3:

CONCLUSIONS

Here, we recapitulate the key findings and achievements of this work and
offers some critical considerations of the limitations and impact of our
research to get a sense of where we are now and what could be next.
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STATEMENT

Cancers originating from organs in the peritoneal cavity or the peritoneum itself are prone to loco-regional spread in the form of peritoneal
metastasis (PM). The prognosis of patients who develop PM is usually
poor and quality of life is low due to complications, such as bowel obstructions and ascites. Furthermore, PM cannot be adequately treated by using
intravenous chemotherapy due to the poor blood supply to the peritoneal
surfaces and poorly vascularized tumor nodules. Intraperitoneal drug
delivery offers a unique treatment opportunity for those patients with
oncological malignancies confined to the peritoneal cavity, because of the
peritoneum acting as a barrier and thereby limiting systemic drug exposure. Despite a strong rationale and promising clinical results, widespread
use of intraperitoneal chemotherapy is currently hampered by the limited
penetration depth of the drugs into the tumor tissue and the difficulty to
obtain an adequate surface exposure of the entire peritoneum.

R ESEARCH OBJECTIVE
The scope of the Biommeda research group is very broad with research
ranging from the study of flow and transport processes in blood and biological fluids in the cardiovascular system and artificial organs to biomechanical aspects of the cardiovascular and the skeleto-muscular system and
medical devices. The group has been located at the campus of the Ghent
university hospital since 2007 and has made the most of this location
by collaborating with numerous pharmacology, biomedical and medical
groups. One of these collaborations was the FWO-project: "Integrated Dynamic Functional Imaging and Numerical Simulation of Mass Transport
for the Assessment of Intraperitoneal Chemotherapy for Carcinomatosis"
supervised and co-supervised by Patrick Segers, Wim Ceelen, Christian
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Vanhove and Olivier De Wever. It is the context of this project and due to
its funding that the research in this dissertation was done.
The research objective of this work is to use computational fluid dynamic modelling of intraperitoneal drug delivery to both propose a novel
drug delivery mechanism and to gain insight in how different parameters
potentially influence drug penetration depths, all with a view to improve
outcomes of IPC.

S TRUCTURE OF THIS DISSERTATION
This dissertation is divided in three parts:

• Introduction, background and goal of this dissertation
• Modeling drug transport during intraperitoneal chemotherapy
• Conclusion

In the first part of this manuscript, we provide a background overview of both peritoneal anatomy and physiology (chapter 1) and pathophysiology of peritoneal metastases (chapter 2). chapter 3 summarizes
the rationale behind intraperitoneal chemotherapy and its current state
of the art. The drug processes underlying mass transport during intraperitoneal chemotherapy and its determining parameters are introduced in
chapter 4. At the end of this part, we focus the attention to the main
limitations of intraperitoneal chemotherapy at this point in time and use
these to define the research goals of this dissertation.
The second part focusses on the original research that was done in the
context of this dissertation. In the first chapter a novel delivery method to
maximize the peritoneal surface exposure during intraperitoneal chemotherapy (IPC) is presented. chapter 2 summarizes the literature on the different mathematical and computational models for IPC while in chapter 3,
we present our own model for the drug transport during IPC. In chapter 4,
the model is enhanced to include realistic tumor geometries and spatially
varying vascular parameters.
Part three concludes this dissertation and suggests some perspectives
for future research.
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Introduction, background and goal
of this dissertation
Understanding peritoneal anatomy -both macro and microscopicallyand physiology, is key in understanding the origins and spread of peritoneal metastasis. In the first chapter we provide a general introduction to
these concepts as well as a section devoted to the flow of intraperitoneal
fluid. In the second chapter the pathophysiology of peritoneal metastasis (PM) is discussed with special attention to the origins, pathways of
dissemination, prognosis and imaging techniques used. In a third introductory chapter, the rationale behind intraperitoneal chemotherapy will
be explained and the state-of-the-art of IPC will be discussed. The drug
transport process during IPC is the subject of chapter 4 and in chapter 5
the research goals of this dissertation will be proposed based on a brief
summary of the current limitations and challenges of IPC.

1

CHAPTER

1

A NATOMY AND PHYSIOLOGY OF THE
PERITONEUM

1.1

M ACROSCOPIC ANATOMY

The peritoneum is the largest serous membrane in the body with a total
surface area of approximately 1.8 m2 and consists of the parietal peritoneum, which forms the lining of the abdominal wall, and the visceral
peritoneum, which covers the abdominal organs (figure 1.1a) [295]. In
men, the peritoneal cavity is closed (figure 1.2a), but in women, it is
discontinuous at the ostia of the oviducts, providing a communication
between the peritoneal cavity and the lower pelvis, which is extraperitoneal (figure 1.2b). The parietal peritoneum, which is thought to account for
around 20% of the total surface derives its blood supply from the vasculature of the abdominal wall [295]. It also shares the same nerve supply as
the region of the abdominal wall it lines and is sensitive to pressure, temperature and laceration[147, 271] with pain originating from the visceral
peritoneum being well-localized.
The visceral peritoneum on the other hand, accounts for the remaining 80% of total peritoneal surface and gets its vascular supply mainly
from the superior mesenteric artery and drains in the portal vein [147].
It has the same nerve supply as the viscera it covers and pain originating from this region is poorly localized and only sensitive to stretch and
3
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Figure 1.1: Sagittal section of the sub-diaphragmatic space. (A) Visceral peritoneum covering the intraperitoneal organs and parietal peritoneum lining the
abdominal wall. (B). The greater (brown) and lesser sac (blue) are two cavities
in the peritoneal space. Both spaces are connected by the epiploic formamen.
Source URL: https://teachmeanatomy.info/abdomen/areas/peritoneum/

chemical irritation [271]. The space between the visceral and parietal
peritoneum is the peritoneal cavity and it is comprised of a number of ligaments, the greater and lesser omentum (figure 1.1b), as well as a number
of mesenteries and several peritoneal folds, pouches and recesses.
The omentum is a double layer of visceral peritoneum that contains
fatty tissue, lymph nodes and blood vessels and extends from the stomach and proximal part of the duodenum to other abdominal organs (figure 1.1b). The greater omentum descends from the greater curvature

Figure 1.2: Sagittal views of the male (A) and female (B) pelvis demonstrate the
peritoneal covering. In males, the greater peritoneal cavity is a closed continuous
cavity. In females, it is in contact with the extraperitoneal pelvis through the
fallopian tubes. Source URL: https://clinicalgate.com/peritoneal-cavity-andgastrointestinal-tract/
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of the stomach and proximal part of the duodenum, overlies the small
intestine and folds back upwards to connect to the anterior surface of the
transverse colon. The lesser omentum extends between the liver and the
lesser curvature of the stomach. Historically, mesenteries were described
as two folds of visceral peritoneum that connect a portion of the bowel to
the retroperitoneum. Recent works however showed that the mesentery
is in fact continuous, from duodenum to rectum and might be classified
as a separate organ [47]. The mesentery consists of connective tissue,
adipocytes, the intestinal vasculature, lymphatics and two layers of mesenteric peritoneum. It arises from the mesenteric root (location where the
parietal peritoneal lining of the abdominal wall detaches) and suspends
the intestines in the abdominal cavity [2]. Ligaments are double layers
of visceral peritoneum that support organs in the peritoneal cavity. The
latter can contain lymph nodes, vasculature and are usually named after
the two structures it interconnects. (e.g. gastrocolic ligament connecting
the stomach and the colon, splenocolic ligament connecting the spleen
and the colon, . . . ) [24, 147, 295].

1.2

M ICROSCOPIC ANATOMY

Microscopically, both the visceral and parietal peritoneum consist of
three distinctive layers: a single layer of mesothelial cells and a layer of
submesothelial stroma, separated by a basal lamina (figure 1.3).
1.2.1 Mesothelial layer and basal lamina
The mesothelium consists of a single layer of predominantly flattened
squamous and in lesser numbers cuboidal mesothelial cells (figure 1.4a
and figure 1.4b). Both cell types differ in their intracellular structure with
squamouslike mesothelial cells containing little mitochondria, a poorly
developed Golgi apparatus and only a small amount of rough endoplasmatic reticulum (RER) and a round or oval nucleus [200, 218]. Cuboidal
mesothelial cells on the other hand have a more prominent central nucleolus, abundant mitochondria and RER, a well-developed Golgi apparatus,
as well as more pronounced microtubules and microfilaments [135, 196,
197]. The cuboidal mesothelial cells can be found in various areas of the
peritoneal membrane including the peritoneum of the liver and spleen
and the milky spots of the omentum [145, 291]. Milky spots are on a
microscopic level characterized by stomata in the mesothelial cell layer
and the presence of leukocytes (figure 1.4c). The stomata are cavities
5
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Figure 1.3: Microscopic anatomy of the peritoneum showing the three distinctive
layers. Adapted from: http://dx.doi.org/10.5772/56598

at the junction of two or more mesothelial cells. They have a 3-12 µm
diameter and provide a direct access to the underlying submesothelial
lymphatic system allowing for the rapid removal of fluid, cells, bacteria
and particles [136, 199, 200]. This is important in the context of this work
as they provide a direct link between the peritoneal and abdominal cavities. Clinical findings indicate that peritoneal metastases are often found
at the milky spot such as the greater omentum (but also at other regions
with a large number of milky spots such as the mesenterium and pelvic
floor). The preferential attachment of cancer cells to the exposed extracellular matrix (ECM) has been proposed as a possible explanation for this
finding [136, 199, 200].
The basement membrane has a thickness smaller than 100 nm and
its main function is to suppor the mesothelial layer and act as a selective
barrier to macromolecules entering the submesothelial layer below [295].
1.2.2 Submesothelial layer
The submesothelial layer consists of an ECM made up of collagen fibers,
glycoproteins, glycosaminoglycans and proteoglycans. In this layer blood
6
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Figure 1.4: Scanning electron microscopy images of mesothelium of the human
pelvic peritoneum. a. Squamous mesothelial cells b. Cuboidal mesothelial
cells c. The lymphatic stomata appear as shallow pits and the fibers of the
submesothelial connective tissue can be seen through these stomata. Adapted
from: https://doi.org/10.1016/S0940-9602(97)80104-5.

vessels, lymphatics, and various cell types (fibroblasts, resident tissue
macrophages, and mast cells) can be found as well as some immune cells
(figure 1.5).
1.2.2.1 Microvasculature anatomy
The peritoneal microcirculation is located in the submesothelial stroma
and comprises of arterioles, venules and capillaries. The parietal peritoneum gets its blood supply from the arteries of the abdominal wall and
by parietal pelvic arteries, and drains into the inferior vena cava. The mesenteric, coeliac and visceral pelvic arteries supply blood to the visceral

Figure 1.5: Microscopic anatomy of the peritoneum showing both types of mesothelial cells (squamous and quboidal) and the structure of the submesothelial
layer. Adapted from: DOI: 10.3748/wjg.v22.i34.7692
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peritoneum and the venous blood drains into the portal vein [295]. This is
an important anatomical and physiological consideration as it means that
drugs that are absorbed at the microcirculation of the visceral peritoneum,
pass through the hepatic circulation before reaching the systemic circulation (first-pass). Exchange of solutes occurs at the capillary level and the
solute and water transport capacity of the peritoneum depends on the
capillary density and perfusion [147].
1.2.2.2 Lymphatic anatomy
The peritoneum has a well-defined lymphatic system in which intraperitoneal fluid is transported through the mesothelial lining of the peritoneum (i.e. the lymphatic stomata), into the celiac, superior mesenteric,
and periportal lymph node groups before flowing into the thoracic duct
by efferent visceral lymphatics [147]. Fluid in the abdominal cavity also
drains via diaphragmatic lymphatic channels towards the caudal and
anterior mediastinal lymph nodes [147].

1.3

P HYSIOLOGY OF THE PERITONEUM

Up to a few decades ago, the peritoneum was considered to be a passive membrane that supported the abdominal organs and facilitated intracoelomic movements with its lubricating function [295]. While the
above is true, it has been determined since that peritoneal cells play a crucial role in regulation of the homeostasis of the abdominal cavity. Other
functions of the peritoneum are transmembrane transport, inflammation
response, antigen presentation and tissue repair [199, 207]. In addition to
these functions, peritoneal cells have also been found to play an important role in the development of a number of peritoneal diseases such as
endometriosis, mesothelioma and peritoneal carcinomatosis [295].
1.3.1 Transmembrane transport
The capacity of the peritoneum to transport solutes and fluids is a wellknown property that is often exploited during peritoneal dialysis and
which is the base principle of intraperitoneal chemotherapy [88]. The
peritoneum itself does not pose a significant barrier to solute and water
transfer but rather allows for passive transport of fluids and solutes along
both hydrostatic and osmotic pressure gradients. In addition to this passive diffusion through intercellular junctions and stomata, active transport
8
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through (micro)pinocytic vesicle formation has also been reported [200].
The endothelial lining the capillaries and venules of the peritoneum does
prove to be a barrier for solute transport [88].
1.3.2 Inflammation response
The inflammatory response of the peritoneum is a multi-step response
that leads to the recruitment of immune cells, enhanced vascular perfusion, accumulation of macrophages with subsequent attraction of more
infiltrating immune cells and the release of pro- and anti-inflammatory
mediators [295]. The macrophages that are present in the submesothelial
stroma play a key role in the recognition of foreign material and recruit
inflammatory leukocytes from the blood. The mesothelial cells secrete a
number of inflammatory mediators in response to these recruited leukocytes. Peritoneal fibroblasts in the stroma and mesothelial cells participate actively in the peritoneal immune defense and are able to respond to
physiological and pathological changes within their microenvironment
[199, 200].
1.3.3 Antigen presentation
Antigen presentation and T-cell activation are the first steps in the generation of a specific immune response. Normally, antigen presentation
is done by highly specialized cells that have major histocompatibility
complex - II molecules that can recognize foreign material. Mesothelial
cells have also been shown to have the ability to present antigens to Tcells and contribute to the T-cell activation. This suggest that mesothelial
cells effectively contribute to antigen presentation to T-cells to generate a
cell-mediated immune response to pathogens [295].
1.3.4 Tissue repair
Due to surgical trauma or pathologies (eg: peritonitis, endomitriosis), the
peritoneum can become damaged. The mesothelial cells have a crucial
role in mediating the tissue repair by releasing growth factors which initiate cell proliferation, differentiation and migration of mesothelial and
submesothelial cells surrounding the lesion. Additionally, the mesothelial
cells can produce, organize and regulate a variety of ECM molecules crucial for cell function and repair. [34, 42, 145, 199, 200]. The balance
between fibrin deposition and its degradation is another crucial step
in peritoneal healing that is influenced by mesothelial cells. When the
9
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inactive plasminogen becomes plasmin, it is highly effective in the degradation of fibrin, and the conversion of plasminogen into plasmin is thus
an important step in fibrinolysis. Mesothelial cells mediate this balance
between fibrin deposition and breakdown by producing both plasminogen activators and plasminogen-activating inhibitor. When this balance is
off, a reduced fibrin clearance will act as a scaffold for collagen secreting
fibroblasts and capillary ingrowth which can result in adhesion formation.
[295]

1.4

P ERITONEAL FLUID FLOW

Although the peritoneal cavity is a true cavity, most works refer to it as
a “potential space” as it only becomes apparent on imaging in pathological conditions when filled with abnormal fluid or gas. In normal,
physiological conditions, there is approximately 50–100 ml of serosal fluid
present in the peritoneal cavity [295]. This fluid is continually produced,
circulated, and resorbed, and total production amounts to 1 l per 24 h.
The flow of this fluid is not uniform nor completely random but rather
follows a predictable path that is partly due to gravity, diaphragmatic

Figure 1.6: The peritoneal cavity. A subdivision into several anatomical spaces
can be made using hallmark ligaments and mesenteries as borders. The flow
of the intraperitoneal fluid is directed by the pressure gradients resulting from
gravity, diaphragmatic movement, and peristalsis with the ligaments, omenta
and mesenteries acting as watersheds for this flow. The intraperitoneal fluid
flow in the peritoneum with the main directions of flow is indicated with blue
arrows, the watersheds restricting this flow are red dotted lines and the regions
of preferential fluid stasis are indicated by *. Source: Intraperitoneal Cancer
Therapy: Principles and Practice: Part 1, chapter 3, page 27

10

1.4. Peritoneal fluid flow

movement, peristalsis and their resulting pressure gradients within the
abdominal cavity. The fluid flow is further directed by the presence of the
ligaments within the peritoneal cavity which act as watersheds [147]. The
pressure below the diaphragm is subatmospheric, and during inspiration,
pressure decreases even further. This creates an upward pressure gradient
which encourages fluid to flow up the paracolic gutters even in an upright
position [295]. As the right paracolic gutter is deeper and wider than the
left one, the peritoneal fluid will predominantly flow on the right as it will
take the path of least resistance. Through the paracolic gutter on the right,
the fluid will flow to the right subhepatic space (Morison’s pouch) and
can enter the greater sac (bursa omentalis)through the epiploic foramen.
Fluid also flows upwards to the right subphrenic space but flow between
right and left subphrenic space is limited by the falciform ligament. On
the left, the phrenocolic ligament limits the fluid flowing through the left
paracolic gutter to the inframesocolic recess [136, 147, 295]. Due to this
complex nature of the fluid flow, combined with the specific anatomy
of the peritoneum, fluid tends to stagnate at certain regions within the
peritoneal cavity. Any area at which the fluid tends to stagnate are commonly the first sites to be involved in the peritoneal spread of infections
and metastases. These include the rectovesical/rectouterine pouch, the
right lower quadrant at the termination of the small bowel mesentery, the
root of the sigmoid mesentery, and the right paracolic gutter (figure 1.6)
[295, 259]. This specific intraperitoneal fluid (IPF) flow pattern combined
with the complex peritoneal anatomy hinders the adequate exposure of
the peritoneal surfaces to the cytotoxic drugs during intraperitoneal drug
delivery. Using a catheter consisting of a single (perforated) tube as source
of the drugs is unlikely to reach all different peritoneal regions. For that
reason, a part of this work (chapter 7) focuses on a new catheter design
that allows for a better surface exposure of the peritoneum during IPC.
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CHAPTER

2

PATHOPHYSIOLOGY OF PERITONEAL
METASTASES

2.1

O RIGIN OF PERITONEAL CARCINOMATOSIS

Patients with peritoneal carcinomatosis suffer from a widespread growth
of tumor nodules in the peritoneal cavity. These nodules can either be
native peritoneal cancers (primary peritoneal cancers) or can be metastatic from a number of different intra- and extra abdominal cancers
(secondary peritoneal cancers). In this section we will briefly introduce
both primary and secondary cancers that can lead to peritoneal carcinomatosis and some of their characteristics that are relevant in the context of
this thesis. For the secondary peritoneal cancers, a first division is made
based on whether the origin is intra-abdominal or not. In the case of
extra-abdominal origins, the disease is not considered to be loco-regional
and intraperitoneal chemotherapy (IPC) is not relevant to these cases.
For the intra-abdominal origins, the metastases are often confined to the
peritoneal cavity (loco-regional metastases) and IPC might offer survival
benefit. In this chapter we limited the discussion of the cancers of intraabdominal origins to the most prevalent or relavant ones, but a more
complete overview can be found in Appendix 1.
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2.1.1 Primary peritoneal cancers
A number of different primary peritoneal cancers exist. A subdivision can
be made based on their origins, as follows (figure 2.1):

• Mesothelial – Epithelial origin; this group can be subdivided in:
– Peritoneal malignant mesothelioma (PMM)
– Benign Multicystic Peritoneal Mesothelioma (BMPM)
– Well-differentiated papillary mesothelioma of the peritoneum
(WDPMP)
– Adenomatoid tumors
– Primary peritoneal serous carcinoma (PPSC)
– Primary peritoneal serous borderline tumor (PPSBT)
• Smooth muscle: Leiomyomatosis peritonalis disseminato
• Endothelial origin: Primary Peritoneal Angiosarcoma
• uncertain origin; This group can be subdivided in:
– Desmoplastic small round cell tumors (DSRCT)
– Solitary fibrous tumor (SFT)

Most of them are rare to very rare and when malignant, prognosis is
usually grim.
2.1.1.1 Peritoneal cancers with mesothelial –epithelial origin
Malignant peritoneal mesothelioma
Malignant peritoneal mesothelioma is an aggressive tumor that originates in the peritoneum, and is like other malignant mesotheliomas often
associated with exposure to asbestos fibers [30]. Early stage disease is
usually asymptomatic, resulting in the majority of patients presenting
with late-stage, difficult to resect disease [29]. Historically, treatment consisted of systemic chemotherapy but results were poor with survival after
diagnosis usually not exceeding the one year mark [198]. More recently,
several trials in which a combination of cytoreductive surgery (CRS) was
combined with hyperthermic intraperitoneal chemoperfusion (HIPEC))
14
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Figure 2.1: Overview of primary peritoneal cancers with subdivision based on
their origins

or other IPC techniques, showed an improvement both of median survival
ranges and 5-year survival rates [121]. Tumor histology, disease burden,
and the ability to achieve adequate surgical cytoreduction are essential
prognostic factors in MPM patients undergoing CRS-HIPEC.

Benign Multicystic Peritoneal Mesothelioma
With fewer than 200 reported cases in literature worldwide until 2017,
benign multicystic peritoneal mesothelioma (BMPM) is considered a very
rare native peritoneal cancer [207]. Mostly young women are affected,
although some male cases have been reported [151]. Treatment usually
includes an en bloc resection of the lesion to which HIPEC has been added
to prevent recurrence . Although it is classified as a benign tumor, the
recurrence rate is high and case reports exist of malignant transformations
after repeated postoperative recurrences [151, 207].
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Well-differentiated papillary mesothelioma of the peritoneum
Well-differentiated papillary mesothelioma of the peritoneum (WDPMP)
is a rare subtype of epithelioid mesothelioma. It is predominantly seen
in women and is usually benign although it occasionally manifests itself in a more aggressive form [18]. Different treatment strategies can
be used based on the disease status [169]. If the tumor is completely
resectable, resection itself seems to be sufficient. When the tumor load is
high or cannot be fully resected or when the disease is accompanied by
symptoms, chemotherapy should be considered. Traditionally, intravenous chemotherapy has been administered in such cases, but reports of
intraperitoneal chemotherapy being administered exist [127].

Adenomatoid tumors
Adenomatoid mesothelioma of the peritoneum (AMP) is a rare benign tumor with a mean age of onset in the fourth decade [175]. Only a minority
of patients have symptoms and treatment usually consists of open abdominal surgical resection of the lesion. AMP may present local recurrence,
but it is thought to have no real potential for malignant transformation
[117].

Primary peritoneal serous carcinoma
Primary peritoneal serous carcinoma (PPSC) is a malignancy arising from
the peritoneal epithelium, with a poor prognosis. Postmenopausal women are most likely to be affected, and most patients are diagnosed at an
advanced stage of the disease [323]. Optimal treatment of PPSC consists
of surgical resection and chemotherapy, with recent publications favoring
intraperitoneal chemotherapy [11]. Epithelial ovarian carcinomas and
PPSC both arise from tissues that share the same embryological origin
and are therefore thought to be identical with respect to treatment and
histology.

Primary peritoneal serous borderline tumor
Primary peritoneal serous borderline tumors (PPSBT) are a rare epithelial
neoplasm, distinguishable from primary peritoneal serous carcinoma
16
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(PPSC) because tumor cells do not invade the underlying tissue and affected patients have a good prognosis. Treatment usually consists of
surgical debulking of the nodules and due to its low malignant potential,
chemotherapy is usually not indicated [101].
2.1.1.2 Primary peritoneal cancer from smooth muscle origin:
Leiomyomatosis peritonalis disseminate
Leiomyomatosis peritonealis disseminata (LPD) is a benign cancer
presenting with a large quantity of smooth muscle nodules on the
peritoneum. Most cases are described in women of reproductive age,
where it is associated with high estrogen levels, but cases in men and
postmenopausal women have been described as well [227]. LPD is usually
benign and treatment consist of surgical resection, but in rare cases
malignant transformation may occur and more aggressive treatment is
appropriate [37, 19].
2.1.1.3 Primary peritoneal cancer of endothelial origin: Peritoneal
angiosarcoma
Angiosarcomas are malignant endothelial vascular neoplasms that can
arise from vasculature at a number of different sites. Peritoneal angiosarcomas are usually very aggressive, resulting in almost 100% mortality
[176]. The treatment consists of radical surgery with complete resection
and – if possible - adjuvant radiotherapy for the local disease or systemic
chemotherapy. Because early stage disease is often asymptomatic, it
is often diagnosed when spreading has already widely occurred [43]. A
recent study described two cases of pediatric peritoneal ovarian angiosarcoma for which treatment involved cytoreductive surgery and HIPEC with
promising results [295].
2.1.1.4 Primary peritoneal cancer of unknown origin
Desmoplastic small round cell tumors
Desmoplastic small round cell tumor (DSRCT) is a rare soft tissue sarcoma, that mainly affects adolescents and young adults with a strong male
predominance (4:1) [328]. Most patients present with metastatic disease
at the time of diagnosis and median survival ranges from 17 to 25 months.
The diagnosis of DSRCT is histologically confirmed when biopsies show
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small round blue cells in nests separated by an abundant desmoplastic
stroma [328]. The usual treatment includes surgical debulking in combination with high-dose, multiagent chemotherapy. Hyperthermic intraperitoneal chemotherapy and adjuvant radiotherapy have been studied with
resulting improvements on survival, but neither has proven to be curative
[128, 118].

Solitary fibrous tumor (SFT)
Solitary fibrous tumors (SFT) are slow-growing cancers of fibroblastic
or myofibroblastic origin. They are often asymptomatic and occur most
frequently in middle-aged adults, with equal distribution among men and
women [20]. Surgical resection of the tumor is usually performed and the
5-year survival is very high when performed successfully [27]. Some cases
in which malignant transformation occurs have been described [154].
2.1.2 Secondary peritoneal cancers
2.1.2.1 Gastric cancer
Gastric cancer is known for its aggressive nature and is one of the main
causes of death from cancer worldwide. Adenocarcinoma is the most

Figure 2.2: Overview of secondary peritoneal cancers that give rise to peritoneal
metastases
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prevalent gastric cancer with reported incidences of 90 to 95%, while remaining gastric cancer cases include lymphomas, gastrointestinal stromal
tumors (GIST) and carcinoid tumors [236]. Peritoneum and liver are
among the most common metastatic sites and when present, prognosis
is usually grim. Intraperitoneal chemotherapy has been used to prevent
peritoneal recurrence after a curative gastrectomy in high risk patients
and has been proven to improve both overall survival and disease free
survival. For selected patients presenting with a low number of PM, where
complete cytoreduction is possible, hyperthermic, intraperitoneal chemotherapy (HIPEC) can be considered a valuable therapy [26].
Adenocarcinoma is a malignant epithelial tumor that develops from
the cells of the innermost lining of the stomach. It is commonly subdivided in intestinal and diffuse-type [67]. Diffuse-type cancers diffusely
infiltrate the stroma of the stomach and often exhibit deep infiltration of
the stomach wall while intestinal-type cancers grow in expanding, rather
than infiltrative patterns . The latter are associated with a better prognosis
than diffuse-type gastric cancers [67].
Gastric carcinomas are often asymptomatic when superficial and
resectable, and the majority of patients diagnosed with gastric adenocarcinoma therefore present with unresectable locally advanced or metastatic disease [goetze]. Intraperitoneal chemotherapy has been studied in
the management of gastric cancer and a recent meta-analysis showed that
interperitoneal chemotherapy was associated with an increased 1-year,
2-year, and 3-year survival rate, but had little to no effect on the incidence
of 5-year survival rate [142, 143].
2.1.2.2 Appendical origin
Cancers of the appendix are rare and early disease is often asymptomatic.
Hence, most of them are found during appendectomies performed for appendicitis. The primary appendical cancers can be subdivided in colonictype adenocarcinoma of the appendix, mucinous appendical neoplasms,
and neuroendocrine carcinoma. The management of primary appendix
cancer depends on the histologic subtype and extent of disease. Because
they are quite rare, therapy is mainly based on retrospective insights and
small trials.
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Colonic-type adenocarcinoma of the appendix
Colonic-type adenocarcinoma of the appendix is most prevalent in the
5th and 6th decade, and has a slight male sex predominance. Diagnosis is
often made following appendectomy for appendicitis, or when a palpable
abdominal mass is present. Colonic-type adenocarcinoma is known to
perforate and distend into adjacent structures although this is less likely
than in mucinous adenocarcinomas. The peritoneum is the most common site for metastases, and for selected patients for whom complete
cytoreduction can be achieved, intraperitoneal chemotherapy has been
used [149].

Mucinous appendiceal neoplasms (MAN)
Mucinous appendical neoplasms (MAN) can be subdivided in low-grade
appendical mucinous neoplasm, high-grade appendical mucinous neoplasm, mucinous adenocarcinoma and poorly differentiated mucinous
adenocarcinoma [15]. This distinction is crucial in determining prognosis
and treatment: high-grade MAN exhibits a more aggressive clinical course
than low-grade MAN. Both types of cancer are known to rupture, leading to pseudomyxoma peritonei (PMP). PMP is characterized by poorlycircumscribed gelatinous masses filled with malignant mucin-secreting
cells. Both types of MAN are unlikely to spread extraperitonealy and
are as such good candidates for cytoreductive surgery and intraperitoneal chemotherapy. Additionally, even in patients presenting with a high
peritoneal carcinomatosis index, complete or near-complete cytoreduction can be obtained. These factors have made cytoreductive surgery in
combination with heated intraperitoneal chemotherapy the standard of
treatment for patients with PMP with excellent survival rates.
2.1.2.3 Ovarian cancer
Ovarian cancer constitutes the fifth most frequent cause of cancer death
in women in the Western world, accounts for an estimated 239,000 new
cases and 152,000 deaths worldwide annually [230]. Malignant ovarian
tumors are classified in different groups: epithelial, stromal and germ cell
tumors, but rare exceptions fall outside these groups [1].
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Epithelial tumors
Epithelial tumors, also called ovarian carcinomas (OCs), are the most common group, accounting for 90% of ovarian cancer diagnoses [45]. This
group is further subdivided in low-grade serous carcinoma (LGSC, less
than 5% of cases), high-grade serous carcinoma (HGSC, around 70% of
cases), mucinous carcinoma (MC, 3% of cases), endometrioid carcinoma
(EC, around 10% of cases) and clear cell carcinoma (CCC, around 10%
of cases) [225]. Different groups are characterized by differences in risk
factors, molecular genetic abnormalities, natural history, and response
to chemotherapy [98]. Since early disease tends to be asymptomatic and
no effective screening programs exist, more than 75% of the patients are
diagnosed at an advanced stage (FIGO stage III or IV) [69]. At these advanced stages, patients already show extensive tumoral dissemination on
the peritoneal surfaces, known as peritoneal carcinomatosis (PC) or peritoneal metastasis (PM) [72]. Historically, standard treatment consisted
of a combination of cytoreductive surgery and systemic chemotherapy.
Intravenous chemotherapy however does not effectively penetrate into
peritoneal tumor nodules, and in recent years locoregional treatment
in the form of intraperitoneal chemotherapy treatment has been investigated with promising results [50]. Due to these promising results, intraperitoneal chemotherapy, in combination with cytoreductive surgery,
has become a generally accepted protocol in most advanced high grade
epithelial ovarian cancers [236].
2.1.2.4 Colorectal origin
Colorectal carcinoma (CRC) is not a homogenous disease, but can be
classified into different subtypes, which are characterised by specific
molecular and morphological alterations. Subdivions include adenocarcinoma, mucinous adenocarcinoma, signet-ring cell carcinoma, small
cell carcinoma, squamous cell carcinoma, adenosquamous carcinoma,
medullary carcinoma and undifferentiated carcinoma. Incidence of CRC
is high and in the western world it accounts for approximately 10% of all
cancer-related mortality [160].
Peritoneal metastases (PM) are common in colorectal cancer, with
up to 10% of patients presenting synchronously with the primary tumor,
and up to 25% developing PM at a later stage [184]. A recent review found
that 3.4 to 6.3% of patients with non-metastatic colorectal cancer develop
peritoneal metastases after curative surgery [129]. Risk factors to develop
PM include [276]:
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• Visible evidence of peritoneal metastases
• Ovarian cysts showing adenocarcinoma suggested to be of
gastrointestinal origin
• Perforated cancer or positive margins of excision
• Positive cytology either before or after cancer resection
• Adjacent organ involvement of cancer-induced fistula
• T3 mucinous cancer
• T4 cancer or positive ‘imprint cytology’ of the primary cancer
• Cancer mass ruptured with the excision
• Obstructed cancer

In the risk group mentioned above, intraoperative HIPEC is being
investigated as a way to minimize the occurrence of PM. Another treatment strategy is the so called second-look surgery, which aims at the early
detection of PM and can be combined with HIPEC when indicated.
In addition to the preventive role of HIPEC in the development of PM
in colorectal cancer patients, intraperitoneal chemotherapy can also be
used with a curative, therapeutic of palliative aim. Taking into account
the high morbidity and mortality of the combination of cytoreductive
surgery combined with intraperitoneal chemotherapy, patients should
be selected based on their general fitness, peritoneal cancer index (PCI),
prior surgical score, histopathology of the primary tumor, etc. In highly
selected cases, the combination of CRS + HIPEC has led to improved
median survival [276].
2.1.2.5 Pancreatic origin
Pancreatic cancer is one of the deadliest cancers with a 5 year survival
rate below 5% [315]. A distinction between endocrine and exocrine can
be made with the latter being far more common than the former. Most
exocrine tumors of the pancreas have an epithelial origin, with other origins such as mesenchymal (leiomyosarcomas, malignant gastrointestinal
stromal tumours, solitary fibrous tumours) and lymphatic (lymphoma)
being very rare. The most common type of epithelial neoplasm of the
pancreas arises from the ductal epithelial cells of the exocrine pancreas
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and have the ductal adenocarcinoma histological subtype (PDAC). Other
subtypes according to the WHO histological classification include: solidpseudopapillary neoplasms, pancreatoblastomas, acinar cell carcinomas,
papillary mucinous neoplasms, mucinous cystic neoplasms and serous
cystic neoplasms.
PDAC is an aggressive disease associated with a poor clinical prognosis, little effective therapeutic options, and a lack of early detection
methods. Complete surgical removal of the tumor remains the only
chance for cure, however 80-90% of patients have disease that is surgically incurable at the time of clinical presentation [244]. Because of the
often late detection and the chemoresistance of these tumors, the fiveyear survival rate is only around 5–7% and one-year survival is achieved
in less than 20% of cases [288]. Even when a complete resection has been
performed, the rate of reccurence is high and the most common sites of
recurrence are the liver, the peritoneal surfaces and the pancreatic bed
[309]. Recently, in a preliminary study, cytoreductive surgery in combination with intraperitoneal chemotherapy was found to be beneficial in
highly selected patients with pancreatic cancer with peritoneal metastasis
[289].
2.1.2.6 Extra abdominal origins
Other, extraperitoneal cancers such as pleural mesothelioma and breast
and lung cancers are also known to metastasise to the peritoneal cavity.
In these cases, the spread of the metastasis is however not considered
to be loco-regional and the use of intraperitoneal chemotherapy is more
controversial.

2.2

M ETHODS OF DISSEMINATION AND TUMOR GROWTH

Peritoneal metastases disseminates throughout the peritoneum in four
ways [119, 120]. A first method is the direct invasion from primary tumors to noncontiguous organs occurs along the peritoneal reflections
(ligaments, mesentery and omentum). Secondly, seeding of cancer cells
through the peritoneal fluid is an important pathway of peritoneal dissemination. Spontaneous detachment of tumor cells from a primary
tumor is favored by the high interstitial pressure, the osmotic pressure,
and downregulation of cell–cell adhesion molecules caused by epithelial
to mesenchymal transition. Free cancer cells (or cancer cell aggregates)
23

2. PATHOPHYSIOLOGY OF PERITONEAL METASTASES

float in the intraperitoneal cavity and follow the typical fluid flow of the
intraperitoneal fluid. As a first step, cells suspended in this fluid attach
to the mesothelial lining of the peritoneum but in order for metastases
to grow and proliferate, they must gain access to the submesothelial connective tissue. Several possible pathways have been described for the
destruction of the mesothelial layer and basal membrane and invasion
process [61].
As the metastases continue to grow, passive diffusion of oxygen is
no longer sufficient for the tumor cells at the center of the nodules, and
they become hypoxic as a result. These hypoxic tumor cells will produce
angiogenic factors which in turn lead to the formation of new vessels that
will supply oxygen to the tumor nodule [61].
This pathway is also very relevant in the context of abdominal surgery.
Not only is it likely that there is an increased number of cancer cells
present due to the handling of the tumor, but the surgical wound also
causes inflammation, which has been described in recent years as one of
the hallmarks of cancer.
A third method of dissemination is lymphatic extension, cancer cells
gain access to the subperitoneal lymphatic system through the lymphatic
stomata. Unlike other dissemination processes, no proper invasion of the
peritoneal mesothelial and subperitoneal tissue layer is required. Lymphatic metastases play a minor role in the intraperitoneal dissemination of
metastatic carcinoma [119, 120].
Embolic hematogenous spread is the fourth dissemination method.
Hematogenous peritoneal metastases can originate from both intraabdominal and extra-abdominal primary tumors, but most commonly
originate from melanoma, breast, and lung cancer. The disseminated
tumor cells are transported by the mesenteric arteries and deposited on
the antimesenteric border of the bowel in the smallest branches, where
they grow into mural nodules [119, 120].

2.3

T HE ROLE OF IMAGING IN THE MANAGEMENT OF PERITONEAL
METASTASES

Imaging techniques are a crucial component in the management of peritoneal metastases. A correct and accurate detection of all PM is important
not only for detection and staging of the oncological pathology, but also
for treatment planning. Tumor debulking surgeries are performed only if
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complete cytoreduction is thought to be feasible. An a priori knowledge
of the extent and anatomical location of peritoneal metastases will determine the feasibility of cytoreductive surgery and predicts the surgical
outcome. Post-surgical and follow-up scans can assess the surgery and
treatment outcome and for patients in remission, long-term follow-up
scans will determine their remission [107, 165]. Although having reliable
imaging data is crucial in all these stages, obtaining these images remains
a challenge as complex peritoneal anatomy and the often very small size
of tumor nodules, complicate the reliable detection of all tumor nodules
in PM. In this section we will discuss the most commonly used imaging
techniques with their respective advantages and limitations as well as
some emerging techniques.
2.3.1 Ultrasound imaging
Ultrasound imaging has a very limited role in the management of PM
[217]. An abdominopelvic ultrasound is likely to be one of the first diagnostic tests in patients presenting with abdominal pain or when a clinical
suspicion of peritoneal carcinomatosis exists [107]. Superficial peritoneal
metastases have a high chance of being detected using ultrasound imaging, but Ye et al. found that due to the overlay of fat layers and intestinal
gas, the same could not be said for the nodules on the deeper lying peritoneal regions [320]. With the development and introduction of higher
frequency probes, it was found that deeper lying tumor nodules could also
be detected using ultrasound (even those of very limited size, figure 2.3)
but results depend of the experience of the operator and obtaining reliable
results for obese or post-operative patients is difficult [113]. Due to these
limitations and the emergence of more accurate and reliable techniques,
US is not commonly used to confirm and stage PM. It is however often,
the modality of choice to perform needle guided biopsies to achieve histological diagnoses [125]. The main advantages and limitations of US and
all other relevant imaging techniques for peritoneal carcinomatosis are
summarized in table 2.1 [165].
2.3.2 Multidetector computed tomography imaging
Multidetector computed tomography (MDCT) systems are equipped with
multiple parallel detector arrays and utilize a synchronously rotating
tube and detector array. Their advantages include their good spatial
resolution, robustness and relatively short scan times. Historically it has
been established as the imaging modality of choice in the management
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Figure 2.3: Example of ultrasound imaging of peritoneal metastases: Tiny peritoneal implants in a 53-year-old woman with papillary serous ovarian cancer.
Transverse transvaginal US image of the right adnexa shows particulate ascites
(A), a “rind” of hypoechoic seeding on the serosal surfaces of small bowel loops
(arrowheads), and tiny parietal peritoneal implants in the near field (arrows),
which measure 2 mm in maximum diameter. Source: DOI: 10.1148/rg.233025712

of peritoneal metastases, although recently, DW-MRI and PET/CT have
been investigated as alternatives [158, 190, 217, 222, 228, 243].
2.3.3 MRI imaging techniques
The use of MRI in the management of peritoneal metastasis has increased
over the last decades due to the development of better protocols and
a higher accessibility to the technique [77]. MRI alone does not hold
a diagnostic advantage over other imaging techniques, but diffusionweighted magnetic resonance imaging (DW-MRI) has shown to improve
diagnostic accuracy.
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Table 2.1: Overview of different imaging modalities with their respective advantages and disadvantages
Modality

Advantages

Disadvantages

US

Good spatial resolution in superficial tissue
High specificity
No radiation exposure

Operator dependency
Restricted viewing window
Low sensitivity for deeper lying lesions in the absence of ascites

CT

General availability
High spatial resolution
Short examination times
Little movement artifacts

Limited sensitivity for small lesions
Limited sensitivity in the area of the mesentery and small intestine
Radiation exposure

MRI

Higher soft tissue contrast
Higher or comparable accuracy than CT
Diffusion weighting possible to combine function and morphology
No radiation exposure

Longer scan times
Prone to respiratory artifacts
Limited sensitivity for small lesions
Relatively high costs

PET-CT

Combination of function and morphology
Higher sensitivity than single methods
Detection of extraperitoneal metastases

Limited availability
High costs
Limited sensitivity for small lesions
Radiation exposure

2.3.3.1 Diffusion-weighed magnetic resonance imaging (DW-MRI)
DW-MRI uses the Brownian diffusion of water to quantify different tissues.
Extracellular water molecules are less restricted than intracellular ones,
and differences in the rate of water diffusion at a location is dependent
on the cellular environment and thus tissue type. Different tissues of the
human body have a characteristic cellular architecture and proportions of
intra and extracellular compartments, hence they have characteristic diffusion properties. In high grade malignancies the intracellular proportion
is increased due to the uncontrolled division of cells and corresponding
high cell density, and as a result the diffusion becomes relatively more
restricted [93, 107, 165, 242].
Apparent diffusion coefficient (ADC) images provide a quantitative
measure of the magnitude of the diffusion in tissues by eliminating T2
effects from the DW-MRI. To obtain these maps, multiple DW-MRI images
with different amounts of DW weighing are taken, the rate of diffusion is
estimated from the change in intensity at each pixel.
Recent studies have shown that DW-MRI may be the imaging modality
of choice for small peritoneal metastasis as well as anatomically difficult
to image sites, but no clear consensus exists on whether DW-MRI or PETCT should be the golden standard. A notable advantage of the DW-MRI
includes the absence of radiation while disadvantages include long scan
times and susceptibility to artefacts [107, 165, 158, 217].
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Figure 2.4: Example of the use of DW-MRI for imaging peritoneal metastases:
71-year-old woman with peritoneal dissemination caused by ovarian sereous
adenocarcinoma. a. HASTE image(TR/TE: 1,000/93). b. DW image (TR/TE:
9,500/73; b value, 1,000 s/mm2 ). c. DW and HASTE fusion image. DW image
wich clearly demonstrates a relatively large omental mass and relatively small
mesenteric mass (arrows). The small masses in the bilateral paracolic gutters
show moderately abnormal signal intensity on DW image but are more apparent
on the fusion image (arrowheads). Source: DOI 10.1007/s00330-007-0732-9

2.3.3.2 Dynamic contrast enhanced magnetic resonance imaging
(DCE-MRI)
Like DW-MRI, DCE-MRI is an MRI technique that not only provides anatomical but also functional information. DCE-MRI tracks the concentration of an injected contrast agent over time. By coupling these concentration versus time curves to a physiological model of contrast transport,
estimates for vascular permeability, volume fraction of extracellular space,
etc. can be calculated. Although DCE-MRI has been described in the
context of peritoneal metastasis, the technique does not add a diagnostic
advantage at this point. Due to the nature of DCE-MRI imaging, spatial
resolution of DCE-MRI is too small to detect small lesions as there is an
important trade-off between spatial and temporal resolution.
2.3.4 PET and PET/CT scans
Positron-emission tomography (PET) is a nuclear medicine functional
imaging technique widely used in clinical oncology for diagnosis, sta28
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ging, and monitoring treatment of cancers. The technique is based on
the detection of pairs of gamma rays emitted indirectly by an injected
positron-emitting radiotracer. The most common radiotracer is fluorine18 (F-18) fluorodeoxyglucose (FDG) and this tracer is a glucose analog
that is taken up by glucose-using cells and phosphorylated by hexokinase (whose mitochondrial form is greatly elevated in rapidly growing
malignant tumors) and concentrations of tracer imaged will therefore be
representable for tissue metabolic activity. Peritoneal tumor nodules will
appear as nodular soft tissue masses, with increased activity.
Disadvantage of this technique include its low spatial resolution of 0.40.6 cm when compared to the smaller intraperitoneal tumor nodules and
its unsuitability for tumors with low proliferation rates such as mucinous
appendicael neoplasms. Additionally, there should be sufficient malignant cells present to change the glucose metabolism in order for detection
to occur. The result of the previous disadvantages is that small nodules are
not always detected. Also, the tracer is not specific to malignant processes,
but will also reflect increased uptake due to other processes such as the
physiological increased glucose turnover in the bowel or inflammation.
Other disadvantages of PET scans are the associated radiation exposure
and higher cost. Combinations of PET and CT imaging are interesting

Figure 2.5: Example of the use of PET-CT for imaging peritoneal metastases a.
PET scan b. Contrast enhanced CD scan c. Fused PET-CT scan of the same patient presenting with peritoneal metastases secondary to ovarian cancer. Diffuse
tracer uptake along the entire colon (white arrowheads) with correlative wall
thickening on CT indicative of advanced intestinal infiltration. The open arrowhead indicates partially calcified, metabolically enhanced peritoneal metastases
on the liver capsule. Source URL: http://dx.doi.org/10.1055/s-0031-1281979
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due to their whole-body coverage and co-registration of anatomical and
functional imaging, which allows them to detect metastatic disease not
located in the peritoneal cavity [222, 217, 243, 107, 165, 158].
2.3.5 Conclusion
Imaging of peritoneal malignancy is key in the staging, management and
follow-up of patients with secondary peritoneal malignancies. The size
and complexity of the peritoneal anatomy, especially when compared
to the small tumor nodules, present a challenge and the shared characteristic between other peritoneal malignancies further complicates the
imaging as well as the presence of ascites fluid in the abdomen. Several
imaging techniques are able to show PM with very good sensitivity and
specificity results and choice between different techniques is often based
on expertise and preference. No technique is however at this point able to
diagnose and/or stage peritoneal metastasis with 100% certitude and the
need for a laparoscopy or exploratory surgery remains at this point [191,
247, 286]. The main limitations of the imaging techniques today are the
detection of small (sub-resolution) lesions, the level of infiltration of the
tumor in the underlying tissues and the difficulty to predict the peritoneal
cancer index (PCI) in the small bowel regions and mesentery.
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CHAPTER

3

I NTRAPERITONEAL CHEMOTHERAPY

3.1

I NTRODUCTION

Intraperitoneal chemotherapy (IPC) is a generic term used for all treatments in which anticancer drugs are administered directly into the abdominal cavity. This technique is different from intravenous chemotherapy, during which the drug is introduced in the bloodstream and
transported by the cardiovascular system throughout the entire body. To
understand the difference between both techniques, a distinction should
be made between local and system effects of anticancer drugs. The local
effect is the effect of the chemotherapy at the site of the malignancy. This
can be the original tumor or –as will most often be the case for intraperitoneal chemotherapy- the location of the metastasis. The systemic effect
on the other hand, is the effect the drug will have throughout the entire body. The aim of intraperitoneal chemotherapy is to expose tumor
nodules in the peritoneal cavity to a high dose of cytotoxic drugs while reducing the undesired systemic toxic effects. Although a systemic cytotoxic
effect could theoretically benefit patients suffering from distant metastasis, many of the primary cancers discussed in chapter 3 present with
a loco-regional spread in which metastases will remain confined to the
abdominal cavity. In such cases, increasing the systemic effect is not a target as it would only add systemic toxicity without additional therapeutic
benefit.
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The first described use of local drug therapy was in the context of
the management of ascites. The experiment, dating from 1744, called
for Bristol water and Claret (wine) to be mixed and administered in the
peritoneal cavity [308]. Throughout the years, several experiments were
conducted with intraperitoneal therapy, but it wasn’t until ‘mid-seventies,
that the technique had its first big breakthrough [62-64]. This chapter will
highlight the pharmacokinetic rationale of IPC and its current state of the
art.

3.2

P HARMAKODYNAMIC RATIONALE OF INTRAPERITONEAL
CHEMOTHERAPY

3.2.1 Two-compartment model
With the revived interest in intraperitoneal chemotherapy, came a better
understanding of the rationale of the therapeutic advantage [62-64]. The
idea that was put forward was that upon administration of cytotoxic
drugs directly into the peritoneal cavity, the peritoneum would act as
a barrier and limit the drug absorption in the systemic circulation. This
would result in higher local drug concentrations in the tumor tissue while
minimizing the development of systemic side effects [106, 148, 187, 297].
The basis of this model is a two-compartment pharmacokinetic
model, in which the compartments are the vascular, whole body compartment and the peritoneal compartment. This model assumes each of both
compartments to be a well-mixed, homogeneous compartment with
fixed distribution volume (VB and VP respectively). Exchange between
the compartments is characterized by a permeability-area (PA) product of
the peritoneum and clearance from the systemic compartment is a first
order elimination process. Using this model, the drug concentration in
both compartments over time can be derived:

VB ·

dC B
= P A ∗ (C p −C B ) − k e · C p
dt

Vp ·

dC p
dt

= P A · (C p −C B )

(3.1)

(3.2)

With VB and VP the distribution volume of the systemic and peritoneal
compartment respectively [m 3 ]; C B and C P the concentration of drug in
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Figure 3.1: Two-compartment model of IPC. The systemic (body) compartment
is characterized by a drug distribution volume (VB ) and the systemic concentration (C B ) and drugs are cleared from this systemic compartment at a rate
defined by the elimination constant (k e ). The peritoneal compartment is characterized by a peritoneal distribution volume (VP ) and drug concentration (C P ).
Mass transport of the drug occurs over the peritoneal barrier, characterized by a
permeability-area (PA) product.

the systemic and peritoneal compartment respectively [mol /m 3 ]; k e the
elimination coefficient of drug from the systemic compartment [m 3 /s]
and PA the permeability-area product of the peritoneum [m 3 /s]. When
solved simultaneously for the concentration this gives:

CB = P A ·

CP =

e −αt − e −βt
VB (β − α)

µ
¶
µ
¶
e −αt P A + k
e −βt P A + k
−α −
−β
β−α
VB
β−α
VB

(3.3)

(3.4)

Where α and β can be calculated from:

α+β =

PA PA
k
+
+
VP VB VB

(3.5)

PA ·k
VP · VB

(3.6)

And:

α·β =
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The therapeutic advantage of intraperitoneal drug delivery can be
expressed as the ratio of the area under the concentration-time curve
(AUC) in the peritoneal compartment divided by the AUC in the systemic
compartment. In the case of a fixed peritoneal concentration, this ratio
can be expressed as [166]:
CP 1 + k
=
CB
PA

(3.7)

From this equation, it is clear that the therapeutic advantage is proportional to the systemic drug clearance and inversely proportional to the
permeability area product of the peritoneum. When k greatly exceeds PA,
a larger therapeutic advantage is to be expected as the local, peritoneal
concentration will be much higher than systemic concentrations.
Since the first definition of this model, it has been established that
it is not the peritoneal mesothelial layer nor the submesothelial stroma
that pose a physical barrier to the drug transport. The rate-limiting step
of drug uptake into the systemic circulations is the uptake through the
endothelial cells of the microvasculature present in the submesothelial
layer [57, 91, 267, 298]. In addition to this two-compartment model, other,
more complex, compartment models have been proposed by other groups
[270]. A more extensive discussion of these models is given in chapter 7 of
this work.
It is important to note that even though the term ‘therapeutic advantage’ is used in this section, it might be more suited to use the term
“therapeutic opportunity”. The concentration of drug in the peritoneal
cavity CP might be the concentration to which free floating or outer layer
tumor cells are exposed, but this is not true for the deeper laying tumor
cells. Due to their nature, compartmental models do not take into account
the distribution of drug within a single compartment but consider it to be
well-mixed and homogeneous. In order to capture the true distribution of
drug in the peritoneal compartment, a distributed model is needed that
uses different assumptions [87]. For more details on the existing literature
on both compartmental and distributed models, we refer to chapter 7 of
this work.
3.2.2 First pass effect
The two compartment model discussed in section 3.2.1 is a simplification
of the reality, with the whole body lumped in the systemic, whole body
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compartment. This implies that the liver is lumped together in the whole
body compartment. The visceral peritoneum, accounting for approximately 80% of the total peritoneal surface, drains into the portal vein. Drugs
that are absorbed at the microcirculation of the visceral peritoneum therefore pass through the hepatic circulation before reaching the systemic
circulation (figure 3.2) [187]. When a drug is chosen that is metabolized
during the first pass through the liver into nontoxic metabolites, systemic
toxicity can be minimized, even for high peritoneal concentrations.
3.2.3 Hallmarks of the ideal drug for intraperitoneal chemotherapy
Even though the pharmacokinetic two-compartment model is a simplification of the actual drug transport during intraperitoneal chemotherapy, it
provides valuable insight in what properties are desirable in a candidate
drug for IPC. Some necessary/desired characteristics are given below:

• The drug has a proven activity against the cancer type of origin
• There should be a positive correlation between the drug concentration and its cytotoxicity
• The pharmacokinetic advantage should be as high as possible. The
drug should be slow to exit the peritoneal compartment and rapidly
cleared from the systemic circulation
• The drug should not cause direct toxicity to the peritoneum

Figure 3.2: Schematic representation of the first-pass effect in the liver that occurs during intraperitoneal chemotherapy. The microvasculature of the visceral
peritoneum (80% of total peritoneal surface) drains in the portal vein. In the
liver, cytotoxic drugs that have entered the peritoneal microcirculation can be
metabolized, which lowers the systemic drug concentration. Reprinted with
permission from [187]
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• A fast hepatic metabolism to a non-toxic metabolite (first-pass effect)

Some additional requirements include:

• The administration duration of IPC ranges from 30–120 minutes.
Given this limited timeframe and the importance of the duration
of exposure for cancer cell kill, non-cell-cycle specific drugs are
preferable
• As IPC is often performed in a perioperative context with an open
abdomen, safety concerns can also influence the suitability of a
drug. Drugs that are volatile between 20 to 43°C should be avoided.
• If the drug is to be used in hyperthermic conditions, there should
be a thermal enhancement of cytotoxicity

3.3

S TATE OF THE ART OF IPC

3.3.1 Introduction
Since the demonstration of the pharmacokinetic advantages obtained
through during IPC, numerous groups started clinical trials using the technique [49, 85, 94, 131, 263, 279, 280, 303, 331]. Even though the local high
drug concentrations have been shown experimentally, the widespread
use of IPC is limited by the penetration depth of the drugs into the tumor
tissue [89]. Reports show penetration depths ranging from a few cell layers to a couple of mm at best. Given this very limited penetration depth
[180, 213, 296], in current practice, IPC with the aim to cure is only performed when a complete or near complete resection of all visible tumor
is possible.
Currently, there is a huge variety in IPC procedures that are performed.
Not only do the used drugs and dosages differ, but there are also differences in surgical technique, duration and timing of the treatment. These
protocol differences often complicate the direct comparison of different
studies. In this chapter, we will discuss the base characteristics of intraperitoneal chemotherapy and give a brief overview of the differences
in treatment protocols.
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3.3.2 Therapeutic goal of IPC
A first difference between different intraperitoneal chemotherapy regimens is based on what the aim of the intraperitoneal chemotherapy is. A
distinction can be made between a therapy with a curative, life-prolonging
or palliative goal. The term curative therapy is straightforward, the therapy aims for a cure of the patient and its impact can be assessed by the
disease free survival of the patient after >5 years of observation. Often,
however, the therapy is thought to be life-prolonging, meaning that it will
offer a survival benefit, but not be curative. In palliative therapy the intent
of the surgical intervention is not focused on treating the cancer, but on
relieving the patients’ symptoms. It is possible that patients receiving
palliative treatment have a survival advantage, but in this case this is not
the main goal.
Historically, the morbidity and mortality rates of IPC regimens limited
the use of the technique to the curative therapies. More recently, with
increasing experience with the technique, especially at high volume hypertermic intraperitoneal chemotherapy (HIPEC) centers, it was found
that IPC morbidity and mortality equaled that of other major abdominal
surgeries [92]. As the expertise grew, a growing interest amongst IPC surgeons to use the technique as life-prolonging or palliative therapy could
be noted. Especially in the presence of malignant ascites, IPC has been
used to improve quality of life without a curative aim. In the cases where
the aim is palliative, laparoscopic IPC has been suggested as a less invasive
method for IPC [58, 167, 257, 303].
3.3.3 Patient selection for IPC
Due to the associated morbidity and mortality of cytoreductive surgery
combined with intraperitoneal chemotherapy, selecting patients who
are most likely to benefit from treatment protocols is crucial. A number
of clinical assessments of peritoneal metastases are commonly used to
determine whether a patient is a good candidate [9, 148, 234, 251]:

• The histopathology to assess the invasive character of the malignancy
• The preoperative scans of the abdomen and pelvis
• The peritoneal cancer index (PCI)
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• Prior surgical score (if relevant)
• The completeness of cytoreduction (CC) score

The assessment of the aggressiveness of a malignancy is a key element in the treatment plan. Pre-operative scans are necessary to exclude
systemic metastasis outside the abdominal cavity, which are not likely
to be responsive to IPC. For a number of different malignancies, certain
radiological features are good predictors of the likelihood that complete
cytoreduction will be obtained. The peritoneal cancer index takes into
account the peritoneal implant size and distribution of nodules on the
peritoneal surface [99]. Although estimates of the PCI can be obtained
from CT images, the most accurate results are obtained by direct visual
inspection during laparoscopic surgery (figure 3.3). The lesion size score
relates to the largest tumor nodule (excluding the site of the primary)
found in a certain region and ranges from 0 for no visible tumor to 3 for
tumor nodules exceeding 5 cm or when a confluence of tumor nodules is
observed between any abdominal or pelvic structures. These individual
lesion size scores are then summated over the 13 regions that can be
found in figure 3.3 to obtain the final PCI. Numerous studies have shown
the predictive value of PCI on outcomes [53, 74, 100, 102], although there
are also some exceptions that apply (e.g. for non-invasive cancers with
a high PCI , complete cytoreduction might still be feasible [187]). Most
centers will apply cut-off values of the PCI to determine whether a patient
is a candidate for cytoreductive surgery and IPC [102].
Patients who already underwent prior attempts at cytoreduction to
a certain extent prior to the definitive cytoreduction combined with IPC
generally have a lower survival rate [219]. During surgery, the tissue
planes that are opened are favorable sites for cancer cell adherence. Once
the tumor is imbedded in the scars, it becomes more difficult or even
impossible to remove by peritonectomy or to eradicate by intraperitoneal
chemotherapy.
The final clinical assessment that should be considered is the completeness of the cytoreduction that is achieved. It has been shown to be a
major prognostic indicator in both noninvasive and invasive peritoneal
surface malignancy. The completeness of cytoreduction (CC) is scored
from 0 to 3. A CC score of 0 indicates that no visible tumor is left following
the cytoreduction. When tumor nodules persisting after cytoreduction
are less than 2.5 mm, a CC score of 1 is given. A CC score of 2 indicates
tumor nodules ranging between 2.5 mm and 2.5 cm in diameter and for
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Figure 3.3: Illustration of the peritoneal cancer index (PCI) scoring system. The
abdomen is divided in 13 regions, and a value of 0 to 3 is assigned to each region
, depending on the presence and extent of lesions in this region. The sum of the
13 values is the PCI of the patient. Figure reprinted with permission from [99]

any tumors larger than 2.5 cm a CC will equal 3. Although only CC = 0
equals complete cytoreduction, tumor nodules smaller than 2.5 mm are
thought to be responsive to IPC due to their limited size.
Ideally, all 5 of the clinical assessments should be taken into account
when the fitness of a patient to undergo cytoreductive surgery combined
with intraperitoneal chemotherapy is considered.
3.3.4 Open, laparoscopic and closed intraperitoneal chemotherapy
IPC can be performed in an open, laparoscopic or closed setup (figure 3.4).
In the former setup, the cytotoxic agent is administered directly into the
cavity that is created by the suspended abdominal wall and allowed to
circulate using in- and outflow catheters and peristaltic pumps. Advantages of this approach include the limited risk for spillage and a good
homogeneity in drug distribution and temperature within the solutions as
semi-manual stirring is feasible in this setup. Disadvantages include the
occupational hazards for the surgical staff and the significant expertise
needed to perform this technique [106].
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A closed IPC setup on the other hand is performed through a watertight closure of the abdominal wall after insertion of in- and outflow
catheters. In order to obtain a more homogeneous distribution within the
peritoneal cavity, the operation table can be tilted into different positions
or the patient’s abdomen can be manipulated. Although this technique
eliminates most of the risks for the staff and is less cumbersome in general,
there are concerns that the drug distribution is less homogeneous than in
the open set-up, resulting in possible toxicity for the healthy surrounding
tissues [5]. In some other cases, IPC has been administered laparoscopically, thereby limiting the need for open abdominal surgery. Indications for
this technique usually included either a palliative setting or very limited
PM [80].
3.3.5 Timing of intraperitoneal chemotherapy
Based on the timing of the treatment, a distinction can be made between
early postoperative (perioperative) intraperitoneal chemotherapy, intraoperative intraperitoneal chemotherapy, and protracted postoperative
intraperitoneal chemotherapy [55, 56]. Studies have shown to favor intraperitoneal chemotherapy as early as possible after surgery [168]. Not
only does this technique not require the implantation of a catheter with its
related infection risks [4, 186], but it is also thought to minimize the free
tumor cell implantation in an effective way [143]. Furthermore, it is compatible with an open abdominal technique, which allows for the stirring
of the fluid and an optimal surface exposure. Despite the disadvantages
connected to protracted postoperative intraperitoneal chemotherapy, it
does offer the possibility for repeated therapy.

Figure 3.4: Three different approaches to intraperitoneal chemotherapy. A. open, IPC technique, B. closed IPC technique and C. laparoscopic IPC technique Source: a: doi: 10.3978/j.issn.2078-6891.2015.105,
b.DOI:10.5152/UCD.2015.2990, c. url: https://www.umms.org : Cytoreductive
Surgery and HIPEC - FAQs
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3.3.6 Drugs used in intraperitoneal chemotherapy protocols
Depending on the origin of the cancer, the stage of the disease and the
treatment history of the patient, different cytotoxic drugs are available for
IPC. In this section we will discuss the commonly used drugs with special
attention to the characteristics discussed in section 1.3.2.2 concerning
the desirable features of a drug used for IPC [55, 56, 281, 297]. Table 3.1
provides an overview of the discussed drugs and their main features.
3.3.6.1 5-Fluorouracil
5-Fluorouracil has shown clinical activity for a wide variety of tumors and
is used in a number of gastrointestinal cancer chemotherapy regimens
and has a high area under the curve ratio [148]. Its method of action
is however cell-cycle-specific, which is not desirable in intraperitoneal
chemotherapy due to the relative short duration of the therapy. Some of
the 5-FU metabolites however do have a direct cytotoxic effect and 5-FU
has also been shown to be thermosensitive [55]. The use of 5-fluorouracil
as a single component for IPC is usually limited to postoperative intraperitoneal chemotherapy, but it is added to numerous combination therapies.
In the context of repeated postoperative intraperitoneal chemotherapy, a
treatment protocol spread over 5 treatment days with 23 hours of dwelling
and a dose of 650 mg/m2 is common. Penetration depths of 5-Fluorouracil
of 0.2 mm are reported in literature after IPC [279].
3.3.6.2 Carboplatin
Carboplatin is a higher molecular weight platinum compound than cisplatin, mainly used for IP use in PM from ovarian origin. Its main advantage is its decreased renal toxicity when compared to cisplatin, allowing for
higher doses to be used (350–800 mg/m²) [5, 281, 297]. Additionally, there
is a reduced chance of neuropathy associated with carboplatin, which
makes it more suited to be used in combination with other neurotoxic
drugs, such as the taxanes. The area under the curve ratio of carboplatin
is low, with reported values ranging from 1.9–5.3 and the drug thus enters
the systemic compartment in high concentrations following intraperitoneal administration (due to the very limited metabolism of the platinum
compounds in the liver) [281, 297]. Carboplatin has been shown to be
thermosensitive but it is often used in normothermic intraperitoneal
chemotherapy protocols for advanced ovarian cancer.
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Table 3.1: Main characteristics of drugs commonly administered in intraperitoneal chemotherapy.
MW (Da)

IP dose
(mg/m2 )

AUC ratio

Penetration
depth

Thermal
enhancement

Cell-cycle
specific

Alkylating agents
Mitomycin C
Melphalan

334.3
305.2

35
50-70

10-23.5
17-63

3 mm
NA

yes
yes

yes
yes

Platinum compounds
Cisplatin
Carboplatin
Oxaliplatin

300.1
371.3
397.3

90-250
350-800
200-460

13-21
1.9-5.3
3.5-16

1-3 mm
0.5 mm
1-2 mm

yes
yes
yes

no
no
no

Antimicrotubule agents
Paclitaxel
Docetaxel

853.9
861.9

20-175
40-159

1000
207

0.5 mm
NA

?
yes

yes
yes

Topoismerase interacting agents
Topotecan
Irinotecan
Mitoxantrone
Doxorubicine

457.9
677.2
517.4
543.5

NA
NA
28
60-75

15.2
162

NA
NA
5-6 cell layers
4-6 cell layers

?
±
±
yes

yes
yes
yes
yes

Antimetabolites
5-Fluorouracil
Gemcitabine

103.1
300

650
120-1000

117-1400
847

0.2 mm
NA

±
+

yes
yes

Drug

3.3.6.3 Cisplatin
Both normothermic and hyperthermic IP applications of cisplatin have
been used in the treatment of ovarian cancer, gastric cancer, desmoplastic
small round cell tumor, and peritoneal mesothelioma [55, 58]. The penetration depth of cisplatin into tumor nodules was studied by several groups.
Los et al. for the first time described intratumoral distribution of cisplatin
after IP administration and suggested that the advantage over IP versus IV
administration was maximal in the first 1.5 mm [180].
3.3.6.4 Docetaxel
Docetaxel belongs to the family of taxanes and has a very large pharmacokinetic advantage after intraperitoneal delivery with an area under the
curve ratio of 207. The taxanes show a therapeutic action against a broad
range of tumors and local toxicity in the abdomen of taxanes is usually
the dose limiting factor. Taxanes are not thought to be thermosensitive
and their working principle is cell cycle specific [278, 293].
3.3.6.5 Doxorubicin
One of the earliest drugs researched for intraperitoneal chemotherapy was
doxorubicin due to its activity against a broad range of malignancies. It has
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a very high area under the curve ratio of intraperitoneal to intravenous
concentration times of 162, due to its metabolisation as a single pass
through the liver. Doxorubicin is often mixed with other chemotherapy
agents (usually cisplatin) and has shown thermosensitive behavior. Doses
of 40–159 mg/m² have been described but due to the severe side-effects
associated with the higher doses, doses are generally on the lower end of
this spectrum [281, 297].
3.3.6.6 Gemcitabine
Gemcitabine is the prodrug for the cell-cycle specific active agent, gemcitabine triphosphate. In the context of intraperitoneal chemotherapy, gemcitabine has been investigated as both a perioperative and post-operative
therapy for pancreatic cancer and ovarian carcinoma. The area under the
curve ratio was estimated to be around 847 and the administered doses
range from 120–1000 mg/m2 [278, 293].
3.3.6.7 Melphalan
Melphalan is a cytotoxic drug that shows a very large thermosensitive
effect and is active against a wide range of malignancies. Its area under
the curve ratio is 17-63 and a typical dose ranges from 50–70 mg/m2 . It is
used as a salvage drug for previously failed therapies or in chemoresistant
tumors [281, 297].
3.3.6.8 Mitomycin C
Mitomycin C has shown to obtain good cytotoxicity in ovarian, appendiceal, gastric, and colorectal peritoneal carcinomatosis patients. The
area under the curve ratio is 23.5 and commonly used doses are in the
range of 15–35 mg/m2 . It is one of the drugs most used in intraperitoneal chemotherapy, although the shorter infusion times needed for the
platinum derivative drugs might shift the preference towards platinum
derivatives [281, 297].
3.3.6.9 Oxaliplatin
Oxaliplatin is a platinum complex with proven cytotoxicity in colon and
appendiceal metastasis. It is thermosensitive, but has a rather low area under the curve ratio (3.5 – 16). This low AUC ratio is however compensated
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by the rapid absorption of the drug into the tissue. The instability of oxaliplatin in chloride-containing solutions necessitates a dextrose-based
carrier, which in its turn may lead to serious electrolyte disturbances and
hyperglycemia during the treatment [281, 297].
3.3.6.10 Paclitaxel
Paclitaxel has a high AUC ratio of 1000 and is used in a neoadjuvant
intraperitoneal and systemic chemotherapy setting as well as intraoperatively and postoperatively. Novel formulations of taxanes such as Abraxane,
aiming at an increased bioavailability are under investigation. Just like
Docetaxel, Paclitaxel shows a therapeutic action against a broad range of
tumors and local toxicity in the abdomen of taxanes is usually the dose
limiting factor. Paclitaxel is not thought to be thermosensitive and the
working method is cell cycle specific [281, 297].
3.3.6.11 Other drugs
In addition to the most commonly used drug listed above, some other
agents have been used in clinical trials or earlier treatment protocols.
These drugs include: mitoxantrone, etoposide, floxuridine, irinotecan
and pemetrexed [281].
3.3.7 Hyper- versus normothermic IPC
Another difference between IPC protocols is the temperature of the drug
solution. The delivery can be performed normothermic (T=37-38°C) or
hyperthermic (T=40-41°C). Several authors have studied chemotherapy
concentrations in tumor tissue after hyperthermic IP delivery and different results have been obtained for different drugs [51, 166].
The positive effect of hyperthermia can be attributed to a number of
factors [55, 56, 66, 126]:
• The diffusion coefficient is proportional to the temperature and
inversely proportional to the viscosity of the medium according to
the Einstein equation, which predicts increased drug diffusion with
increasing temperature.
• The hydraulic conductivity of the interstitium is also higher with
increasing temperature as the matrix permeability increases and
fluid viscosity reduces at higher temperature.
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• Heat (40° < T < 45°) has a selective direct cytotoxic effect for malignant cells while there is minimal toxicity for normal tissue.
• Contrary to vasodilation in the healthy tissues, the microcirculation
in most malignant tumors exhibits a decrease in blood flow or even
complete vascular stasis in response to hyperthermia. In addition,
the combination of the inhibition of oxidative metabolism in tumor
cells subjected to hyperthermic conditions and unaffected anaerobic glycolysis, leads to accumulation of lactic acid and lower pH
in the microenvironment of the malignant cell. This causes an increase in the activity of the lysosomes (which are increased in under
hyperthermic conditions) which in its turn causes accelerated cell
death of the more fragile malignant cells [70, 251].
• The combination of heat and antineoplastic drugs often results in
increased cytotoxicity although this is not confirmed for all drugs
[166].
• Inhibition of repair mechanisms.

Even though a lot of advantages of hyperthermia have been described,
the actual therapeutic benefit remains a subject of discussion. In an open,
circulating set-up, temperature control is quite easy to achieve but in a
closed or laparoscopic IPC set-up, inadequate circulation of heated fluids
may cause acute and late systemic side-effects.
3.3.8 Duration and repetition
A wide variation in the duration (ranging from 30 to 120 minutes) of
IPC protocols are reported in literature. A longer exposure time will enhance the cytotoxic effects of the cytotoxic drugs but should be carefully
weighed against systemic exposure and its accompanying toxicity. Regimens using mitomycin C generally have infusion times ranging from 90
to 120 minutes, whereas regimens using platinum based compounds are
shorter with infusion times of around 60 minutes for cisplatin, and 30 to
60 minutes for oxaliplatin [106].
Certain laparoscopic IPC protocols include the repeated infusion of
drugs in the abdominal cavity by means of a catheter that was implanted
during a prior surgery. In such cases, the carrier fluid containing the drugs
is not always evacuated from the intraperitoneal space but in some cases
left to infuse for a prolonged period of time (up to 24h) until both drug
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and carrier fluid are absorbed. It is clear that in these protocols, both the
amount of infused carrier fluid and the dose of drug should be adjusted
accordingly.
3.3.9 Alternative delivery methods of intraperitoneal chemotherapy
To overcome the two main limitations of intraperitoneal chemotherapy
(limited surface exposure and penetration depth [89]), research into alternative delivery methods for intraperitoneal chemotherapy is being
conducted. Other limitations of IPC are the invasiveness of the procedure and the limited possibilities for repeated IPC. In this section we will
discuss two different approaches that attempt to circumvent these limitations: delivery by means of pressurized aerosols and delayed release of
drugs using drug delivery systems.
3.3.9.1 Aerosol
During pressurized intraperitoneal aerosol chemotherapy (PIPAC),
chemotherapy compounds are delivered in the form of a pressurized
aerosol into the abdomen (figure 3.5). Advantages of this technique
include its limited invasiveness, as the procedure is performed
laparoscopically as well as an enhanced penetration depth that is being
reported [257, 258, 287]. As the technique is performed laparoscopically,
it becomes feasible to perform repeated PIPAC sessions, further opening
the possibility of palliative and therapeutic applications of the technique.
3.3.9.2 Drug delivery systems
To increase this exposure time of tumor cell to the advantageous higher
peritoneal drug concentrations, a number of different drug delivery systems (DDS) are currently under investigation [36, 59]. Micelles, microspheres or hydrogels often act as carrier to obtain a controlled, prolonged
release of the drugs in these devices. In addition to the advantage of prolonged exposure, the implantation or injection of drug delivery systems
does not require the same level of technical set-up as conventional IPC
and it less time-consuming. An overview of drug delivery systems under
investigation for intraperitoneal drug delivery can be found in chapter 4
section 4.3.1.3.
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Figure 3.5: Pressurized intraperitoneal aerosol chemotherapy (PIPAC) set-up.
The chemotherapy solution is nebulized with a micropump into the tightly closed
abdominal cavity, and maintained for 30 min. The toxic aerosol is then exhausted
through a closed system and released into the external environment. Source:
DOI: 10.1245/s10434-013-3213-1
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CHAPTER

4

D RUG TRANSPORT DURING
INTRAPERITONEAL CHEMOTHERAPY

4.1

I NTRODUCTION

Drug transport during intraperitoneal chemotherapy (IPC) is a complex
process that is governed not only by drug- and therapy-related parameters,
but also by parameters related to the tumor tissue. To better understand
how these parameters influence the drug penetration during IPC, this
section will provide an overview of the different steps that occur in the
drug transport process during IPC.
From a theoretical point of view, any parameter that has an influence
on the drug transport is a possible target to improve the therapeutic
outcome. The distinction between a good target and a less interesting
one however, is based on how sensitive the outcome is to this parameter.
Traditionally, this is done by either in silico, in vitro or in vivo models (or
more often a combination of all three) and/or clinical trials. A second part
of this chapter will focus on some of these studies that modified some of
these governing parameters and what their outcome was on therapeutic
outcome.
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4.2

B ASIC MECHANISMS OF TISSUE DRUG TRANSPORT

In chapter three of this work, the current state of the art of intraperitoneal
chemotherapy was summarized and although a lot of differences exist
between different protocols with respect to drugs used, dosage, volume of
instillation fluid, technique, etc.. , almost all protocols will have the same
underlying transport mechanisms.
Once suspended in the carrier fluid the cytotoxic drug is administered
in the peritoneal cavity and has to be absorbed into the peritoneal tumor
tissue. It has been shown that the peritoneal mesothelial lining does not
constitute an explicit barrier for drug uptake [57, 91]. The administered
dose and diffusion coefficient of the drug in the carrier fluid will determine the amount of drug that is initially available for transport. Cytotoxic
agents do not remain stable over prolonged periods of time in the peritoneal cavity and their decay rate is an important factor that will influence
the absorption. The remaining concentration of drug in the carrier fluid
at each point in time will also determine the concentration gradient and
therefore the magnitude of the inward diffusive flux. The carrier solution
on the other hand will also have an influence on drug absorption: the
amount of carrier fluid in the peritoneal cavity will determine how high
the hydrostatic pressure is and will provide a driving force for the convectional transport across the peritoneum. Recently there has been an
interest in the use of aerosols and an elevated intra-abdominal pressure
as a means of increasing the contribution of convective transport to the
drug transport [258]. Furthermore, other properties of the carrier fluid
such as osmolality might also influence this first step in the transport process [79, 140, 156]. Finally, temperature is also likely to have an influence
as a higher temperature influences the diffusion coefficient through the
Einstein-Stokes equation [73].
Once entered in the tumor tissue, the drug will penetrate into the
tumor by means of diffusive-convective transport.

• The diffusive transport will be dependent on the diffusivity constant
of the drug in the extracellular fluid and the aforementioned used
concentration of the drug.
• The convective transport on the other hand depends on both the
tissue permeability and the fluid velocity. Tissue permeability is a
parameter that describes the resistance that a porous medium (like
human tissue) exerts on a fluid. The extracellular matrix (ECM) of
50

4.2. Basic mechanisms of tissue drug transport

solid tumors is composed of two main constituents: fibrous proteins (e.g., collagen, elastin) and polysaccharides (e.g., hyaluronan,
glycosaminoglycan) [41]. Tumor tissue is characterized by an increased deposition of collagen I [226] and as a result, tumor stroma
is characterized by increased stiffness when compared to normal
tissue [317]. A difference in ECM composition and the higher cell
density that is associated with tumors can lead to a difference in tissue permeability and therefore a different resistance to convective
drug flow. The fluid velocity will be radially outward due to the high
interstitial fluid pressure at the center of the tumor [121].
This elevated IFP of solid tumors is caused by a number of contributing factors, including the leaky and irregularly shaped microvasculature, the lack of a functional lymphatic system, a denser extracellular matrix, an increased number of cancer associated fibroblasts
(CAF’s) and a larger cell density [138]. Peak IFP values of up to 60
mmHg have been measured and the higher this IFP is, the larger
the pressure gradient and thus the convective drug outwash will be.
Due to its significant impact on drug delivery, IFP and its underlying
causes have been the subject of numerous studies [5, 139, 284,
312] and several different targets for lowering tumor IFP have been
explored. The importance of high IFP has been further established
by its role as prognostic factor in several different solid tumors with
high IFP correlating with poor prognosis. Despite its significance,
the measurement of IFP is not part of clinical routine and when
performed, IFP measurement techniques are usually invasive.
• Furthermore, not all drug molecules entering the interstitial space
of the tumor remain available for transport as a fraction will bind
(reversibly or irreversibly) to the proteins in the ECM.

As the therapy progresses, part of the drug entering the tumor tissue interstitium will be absorbed by the tumor vasculature and thereby
add to the systemic effect of the therapy. The amount of drug that will
cross the vascular wall will depend on drug related parameters such as
the osmotic reflection coefficient and the diffusion coefficient and on
tissue dependent parameters such as the surface to volume ratio of the
vasculature, the vascular density, the permeability of the vessel wall for
the drug, the oncotic pressure in both tissue and vasculature, the IFP and
pressure in the vasculature, and the plasma concentration of the drug [16].
Uptake by the vascular component is a reversible process and therefore
drug molecules can again enter the interstitial space from the blood pool.
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From the interstitial space, the drug can then be taken up by cancer
cells by both active and passive processes. Depending on the drug used,
different mechanisms will be responsible for cellular uptake. The amount
of drug that will be incorporated in the cells will depend on the celldependent factors such as cell density and drug-dependent parameters
including molecule size, charge and molecular weight, but also on other
therapy related factors such as temperature, local drug concentration and
duration of exposure [38].

Figure 4.1: Schematic representation of drug transport during intraperitoneal
chemotherapy. Drug transport during IPC is a complex process that is governed
by drug- tissue- and therapy-related parameters. Figure reprinted with permission from [38]

4.3

S TRATEGIES TO IMPROVE INTERSTITIAL DRUG TRANSPORT

A thorough understanding of the transport mechanisms during IPC allows
for the identification of interesting targets to be influenced in order to
improve therapeutic outcome. Several physical and pharmacological
interventions have been attempted in order to improve drug transport
and tissue penetration.
In analogy to the subdivision of the parameters influencing drug transport, the possible interventions can be subdivided into different groups:
drug, tumor tissue and therapy- related parameters. Several cytotoxic
agents in a range of different doses are currently approved and used for
IPC (chapter 3, section 2) and therefore drug related parameters such as
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substituting one cytotoxic agent for another or increasing the drug dose,
will not be considered in this section. A third group of co-therapies will
however be described.
4.3.1 Therapy related parameters
4.3.1.1 Pressure
Solid tumors are characterized by an elevated interstitial fluid pressure
(IFP) in their center, which decreases sharply at the tumor periphery,
resulting in a net outward convective flow of interstitial fluid [121]. The
IFP can range from 4 to 100 mmHg, which is very high compared to the
hydrostatic pressure exerted by the IP fluid column (average of 7.4–14.8
mmHg) [166]. Increasing the intra-abdominal pressure could reduce
the net outward convective flow (or in extreme cases even reverse it)
and thereby improve convection-driven drug transport. Several studies
in animal studies showed that increasing the IP pressure resulted in a
drug penetration in tumor tissue and improved survival while being well
tolerated by the animals [79, 81, 137]. A novel method to increase the
intra-abdominal pressure during intraperitoneal chemotherapy using
pressurized aerosols has been studied recently with promising results [25,
257, 258, 287].
4.3.1.2 Temperature
The use of hyperthermia has been well described in the context of intraperitoneal chemotherapy [82, 116, 178, 246, 324] and different results
have been obtained for different drugs. The positive effect of hyperthermia can be attributed to a number of factors:

• The diffusion coefficient is proportional to the temperature and
inversely proportional to the viscosity of the medium according
to the Einstein equation, which predicts increased drug diffusion
with increasing temperature. item The hydraulic conductivity of
the interstitium is also higher with increasing temperature as the
matrix permeability increases and fluid viscosity reduces at higher
temperature.
• Heat (40° < T < 45°) has a selective direct cytotoxic effect for malignant cells while there is minimal toxicity for normal tissue
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Figure 4.2: Schematic representation of the different parameters that have been
targeted to improve drug penetration during intraperitoneal chemotherapy (IPC)
– figure reprinted with permission from [36]

• Contrary to vasodilation in the healthy tissues, microcirculation in
most malignant tumors exhibits a decrease in blood flow or even
complete vascular stasis in response to hyperthermia. In addition,
the combination of the inhibition of oxidative metabolism in tumor
cells subjected to hyperthermic conditions and unaffected anaerobic glycolysis, leads to accumulation of lactic acid and lower pH
in the microenvironment of the malignant cell. This causes an increase in the activity of the lysosomes (which are increased in under
hyperthermic conditions) which in its turn causes accelerated cell
death of the more fragile malignant cells.
• The combination of heat and antineoplastic drugs often results in
increased cytotoxicity although this is not confirmed for all drugs
• Inhibition of repair mechanisms
Although hyperthermia is part of clinical practice in a number of
different treatment centers, literature does not unanimously confirm
these theoretical benefits. A possible reason for is that as temperature
increases, vasodilation occurs which increases blood flow and peritoneal
drug clearance. For a more detailed review of the contradicting literature
on hyperthermia, Lagast et al. [166] can be consulted.
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4.3.1.3 Exposure time
Exposure time of the cancer cells to the cytotoxic agent is a critical parameter for cancer cell kill. To increase this exposure time, a number of studies have been performed using prolonged drug delivery systems (DDS).
The experiments made use of either nanoparticles, micelles, microspheres
or hydrogels as carriers for the drugs in order to improve their exposure
time. Other works proposed such a DDS be implanted to prevent peritoneal spread after resective surgery of primary gastrointestinal tumors
or application of DDS in the treatment of malignant ascites [36, 59]. The
implantation of DDS does not require the same level of technical set-up
as conventional IPC and it less time-consuming. Most of these studies
with DDS were done using animal models and found that either tumor
volume decreased or median survival increased without added systemic
toxicity. These studies are however very heterogeneous with respect to
the choice of drug, dose and carrier, which complicates the comparison
of different studies [36, 59].
Table 4.1: Advantages and disadvantages of drug delivery systems used for IPC.
Adapted from [59].
Drug delivery system

Advantages

Disadvantages

Microspheres

Prolonged rentention time

Limited tumor penetration
Risk of peritoneal ashesions

Nanoparticles

Small size passive targeting
Avoiding MDR
Lower incidence of peritoneal adhesions

Rapid clearance out of the abdominal cavity

Liposomes

Similar to nanoparticles
Active targetting by varying parameters

Similar to nanoparticles

Micelles

Prolonged retention time

Increasing the systemic toxicity

Injectable systems

Prolonged retention time
Localized and sustained drug delivery
Lower systemic toxicity
Prevention against peritoneal adhesion

Viscosity issues

Implantable systems

Similar to injectable systems

Invasive
Surgical expertise

4.3.1.4 Carrier solution
In addition to prolonging exposure by means of DDS, changes to the carrier fluid in which the drug is dissolved or suspended might also increase
exposure time. An ideal carrier solution for IP chemotherapy should
expose all cancerous surfaces or residual tumor cells to high levels of
cytotoxic agents for as long as possible and ensure a uniform distribution
of the drug in the abdominal cavity [162, 196, 283].
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Current IP chemotherapy protocols often administrate drug using
isotonic electrolyte solutions (e.g., 5% glucose and 0.9% sodium chloride)
which are rapidly absorbed due to their low molecular weight. The use
of hypotonic solutions was ruled out as bleeding and thrombocytopenia
occurred, while no pharmacokinetic advantages were observed. With the
use of hypertonic solutions, prolonged retention times of fluid in the abdominal cavity was observed, but their main disadvantage is the dilution
of the intraperitoneal drug due to fluid shift to the peritoneal cavity. Both
4% icodextrin, a colloid osmotic agent of the α-1,4 linked glucose polymer,
and 6% hydroxyethyl starch (hetastarch), an isoosmolar solution have
been proven to prolong retention of intraperitoneal chemotherapy [162,
196, 283].
4.3.2 Tissue related parameters
4.3.2.1 Stromal components
Tumor stroma consists of adipose tissue, smooth muscle and epithelial
cells, but also includes pericytes, endothelial cells, leukocytes and cancerassociated fibroblasts. The increased deposition of collagen I in tumor
stroma increases the stiffness of tumor tissue compared to normal tissue
[310]. Although targeting the tumor stroma alone is unlikely to eliminate
an entire tumor, IPC improvement techniques could include strategies to
target and constrain the tumor stroma as a pretreatment. Not only does
the tumor stroma pose a physical barrier to drug transport in the deeper
tumor tissue layers (as reflected by the tissue permeability), but the tumor
tissue is also known to promote tumorigenesis. A number of different
stromal components have been targeted, both in mouse models as well
as in clinical trials with promising results [36].
4.3.2.2 Tumor cell density
Pre-treatment with certain agents may reduce the cellular density of solid
tumors, lower the IFP and enhance the subsequent IPC. One of the agents
of interest is paclitaxel as it has shown both in human and animal models
to reduce the microvascular pressure (MVP) and the IFP [197, 283]. It
also increased the diameter of tumor vessels without a change in tumor
vascular density, thus suggesting that taxanes increase the blood flow,
blood volume, and vascular surface area for exchange of small therapeutic
agents in tumors. Other pre-treatments used to decrease the tumor cell
density before treatment include: cyclophosphamide, diphtheria toxin,
etc. . . [97, 135].
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4.3.2.3 Targeting the vascular system
The leaky, irregular microvasculature is one of the main contributing
factors to the high IFP in solid tumors [121]. Pre-treatment of tumors with
the angiogenesis-inhibiting agents (AIAs) like Bevacizumab and Pazopanib, have been described in the context of intraperitoneal chemotherapy [36]. In a mouse model, it was found that pre-treatment with either
bevacizumab or pazopanib not only lowered IFP but also enhanced oxaliplatin penetration after IPC. Vaso-active agents which prevent outward
transport of the drug by vasoconstriction of the tumor capillary bed and
thereby improving tissue drug retention have been the subject of recent
studies. Studied agents include norbormide, epinephrine and vasopressin
and initial animal studied showed promising results, prompting a number
of phase 1 clinical trials [36, 166].
4.3.3 Additional interventions
4.3.3.1 Ultrasound
Although it has not yet been tested in combination with IP chemotherapy,
high-intensity focused ultrasound (HIFU) has been shown to increase the
outcome of systemic chemotherapy for gastric cancer with abdominal
lymph node metastasis [172, 306]. A similar approach could be tested for
peritoneal metastases and peritoneal chemotherapy.
4.3.3.2 Radiotherapy
Some patients with peritoneal metastasis have received additional radiation therapy (RT) and while this improved overall survival compared
to historic controls, it came at a cost of severe toxicities [54, 210, 332].
In another study concerning IP drug delivery and radiotherapy, various
irradiation doses did not enhance the penetration of doxorubicin after
pressurized aerosol delivery (PIPAC) in an ex vivo model on porcine peritoneal samples. Other findings from in vivo animal models were that
fractionated RT was able to lower IFP and improve tissue oxygenation in a
human tumor xenograft and a two- to four-fold increase in tumor uptake
of doxorubicin after RT in a mouse xenograft model [150].
4.3.3.3 Phototherapy
Photodynamic therapy (PDT) may lower the IFP by impairment of the
tumor microcirculation. Several works have shown in animal models that
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low-dose PDT not only decreased IFP, but also enhanced tumor tissue
distribution of doxorubicin in treated animals [36, 170, 220]. In the context
of IP cancers, the use of PDT can only be considered when a CRS is
planned. The photosensitizer should be administered a sufficient amount
of time before the CRS and once the debulking is performed, the (laser)
light delivery should be initiated.
4.3.3.4 Oxygen therapy
Hyperbaric oxygen (HBO) treatment have been used extensively for conditions involving hypoxia and ischemia, by enhancing the amount of
dissolved oxygen in the plasma and thereby increasing O2 delivery to the
tissue. Solid tumors often contain hypoxic areas due to the abnormal
tumor vasculature and the degree or presence of hypoxic zones plays
an important role as a negative prognostics and predictive factor. Several recent work have shown that HBO treatment increases the uptake of
cytotoxic agents, among which the work in which peritoneal delivered
[3H]-5FU was administered [36, 195].
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CHAPTER

5

C URRENT CHALLENGES FOR
INTRAPERITONEAL CHEMOTHERAPY
AND RESEARCH GOALS

Although there is a strong rationale for intraperitoneal chemotherapy
(IPC) and clinical results have proven its merit on numerous occasions
[38], there are a number of issues that limit the widespread use of the
technique [63]. This chapter will highlight the two main limitations for
IPC and research goals for this dissertation will be formulated in this
context.

5.1

L IMITATION 1:

SURFACE EXPOSURE

5.1.1 Description of limitation
The first limitation of current IPC regimens is that due to complex anatomy of the peritoneum and the additional presence of disturbances such
as adhesions and tumor nodule clusters of the diseased peritoneum, it is
very difficult to obtain a good surface exposure of the entire peritoneal
membrane during intraperitoneal chemotherapy [63, 89, 237]. To obtain
a sufficient distribution of the solution throughout the entire abdominal
cavity, IPC is often performed immediately after the cytoreductive surgery
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(CRS) when the abdomen is still open so that stirring or other manipulation techniques can be used. This open technique, although efficient has
several disadvantages [278, 277]:
• Cytoreductive surgery by itself is already a demanding procedure
with a high associated morbidity and mortality [5]. The addition of
IPC only adds to the length of the procedure and might add to the
morbidity and mortality
• The open abdominal method increases the exposure of operating room personnel to chemotherapy. The staff member who will
manually manipulate the chemotherapy during the perfusion has
an additional risk for contact exposure. Furthermore, the additional
safety measures during the procedure are cumbersome and further
contribute to the cost of the surgery [105, 108, 311].
• The method using an open abdominal cavity does not allow for
prolonged or continuous IP drug instillation, which is increasingly
recognized as a major determinant of the anticancer efficacy of IP
drug [253].
Alternatively, IP drugs can also be delivered in a closed set-up after
the placement of a Tenkhof type catheter, the tip of which is positioned in
the pelvic space. Chemotherapy is then diluted in a carrier fluid which
is either drained by a set of outflow catheters (when performed intraoperatively) or not aspirated at all but allowed to resorb from the peritoneal cavity (when performed post-operatively) [79, 223, 277, 297]. This
method has several disadvantages:
• The pelvic position of the catheter does not allow to treat the affected peritoneal surface in a homogenous and effective manner.
Specifically, many patients have tumor deposits in the upper abdomen and diaphragmatic surfaces, which are unlikely to be adequately treated
• In the case of hyperthermic IPC, the inhomogeneous distribution of
the solution can lead to local temperature spikes above the tolerable
region which in its turn will add to the morbidity of the procedure.
[277]
• The instillation of large volumes of fluid, when the carrier solution
is not drained, frequently causes significant pain and distress
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• The currently used intra-operative method does not allow to
provide prolonged or continuous IP drug instillation, which is
increasingly recognized as a major determinant of the anticancer
efficacy of IP drug. [253]
5.1.2 Research Objective 1
In order to overcome these limitations, a first research goal will be the
design and development of a novel catheter type that will allow adequate
treatment of the complete peritoneal surface while avoiding the above
mentioned problems related to the instillation of large volumes of fluid,
and permits prolonged continuous infusion using a patient wearable
pump. In order to meet this research goal, a number of questions should
be answered.
• What design features should an ideal catheter have for this application?
• Can we theoretically design a catheter that meets these design requirements?
• Can we manufacture a prototype of the theoretically designed catheter?
• Does the prototype perform as predicted and does it meet the
design requirements?
The first chapter of the second part of this dissertation will describe
the conceptual design, theoretical considerations, prototype development
and computational simulations, manufacturing and in-vitro testing of the
prototype of a novel catheter design.

5.2

L IMITATION 2:

PENETRATION DEPTH OF DRUGS

5.2.1 Description of limitation
A second major limitation of intraperitoneal chemotherapy is the very
limited penetration depth of the cytotoxic drugs into the tumor tissue
[63]. Due to this limited penetration, IPC is generally only performed
after complete cytoreduction or when minimal residual disease (< 2.5
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mm) is present after cytoreduction. Understanding the physical transport
mechanisms occurring during IPC that will determine the final penetration depth of drugs in the tumor and surrounding tissue layers is crucial
and allows for the identification of therapeutic targets that can be altered
to improve the therapeutic outcome. A summary of the additions and
alterations to the IPC standard of care that have been investigated was
discussed in chapter 4.
5.2.2 Research Objective 2
Although the identification of possible targets can usually be done by
theoretical considerations, subsequent steps to confirm the hypothesis
generally require extensive in vitro or in vivo studies, which are not only
labor and time consuming but also expensive. In this context, the use of
a mathematical model proposes a fast and relatively low cost technique
to gain more insight in the influence of single parameters on drug penetration depth. The second research goal of this work focusses around the
development of a mathematical model to study drug distribution during
intraperitoneal chemotherapy. To meet this research goal, a number of
questions will be answered:

• What is the current state of the art of modelling drug transport
during intraperitoneal chemotherapy? What are the differences
between the existing models and what do we aim to add to this state
of the art?
• Can we formulate a model for IP drug transport that includes hallmarks such as the outward convective IF flow, vascular uptake and
in a number of idealized geometries? Does the model perform well
when compared to available literature data and how sensitive is
it to changes in the governing parameters such as drug diffusivity,
permeability, vascular permeability etc?
• Can we expand the developed model to include realistic geometries
and vascular properties obtained from imaging and does this add
value to the model? Are the trends of the idealized model still true
for the expanded model?
• Is this expanded model able to correctly predict the IFP and drug
penetration?
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To answer the first question, the second chapter of part 2 (chapter 7)
will provide a summary of the state of the art in the modelling of intraperitoneal chemotherapy.
A mathematical model of IPC is proposed in the third chapter and
the solution for the model is presented in 6 idealized baseline tumor
geometries of different size and shape. Using these baseline results, the
relative influence of different parameters on the penetration is studied
and general trends are derived from these results.
In the nineth chapter, the model from chapter 8 will be expanded to
include realistic geometries and vascular permeability data derived from
dynamic contrast-enhanced magnetic resonance imaging (DCE-MRI)
data in a mouse model. The findings of the IPC model will be compared
to those in chapter 8 to assess the added value of incorporating subject
specific geometries and vascular data. Additionally, invasively measured
pressure data will be compared to calculated pressure profiles for each
tumor to test the performance of the IFP prediction of the model. A final
part will summarize the main findings of this dissertation and refer back
to the research goals and questions formulated in this section and propose
some future directions.
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II
Modeling intraperitoneal drug
delivery and transport
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CHAPTER

6

A NEW DRUG DELIVERY SYSTEM FOR
INTRAPERITONEAL CHEMOTHERAPY:
DESIGN , DEVELOPMENT AND BENCH
TESTING

Despite advances in systemic anticancer therapy, treatment of peritoneal
metastases (PM) remains a considerable challenge. Since PM are difficult
to treat and may cause significant and invalidating symptoms, there is
increasing interest from clinicians in the combination of cytoreductive
surgery with intraperitoneal (IP) drug delivery. Currently, IP chemotherapy is administered by a single-filament catheter (Tenckhoff Type) that
is put in place operatively deep in the pelvis (figure 6.1). This method
however, has a number of inherent restrictions. First, positioning a single
catheter in the abdominal cavity does not allow to treat the affected peritoneal surface in a homogenous and effective manner. Specifically, many
patients have tumors in the upper abdomen and diaphragmatic surfaces,
which are unlikely to be adequately treated using this method. Furthermore, the administration of large volumes of fluid which is usually the
case during IPC frequently causes significant pain and distress to the
patients. The currently used method also does not allow to provide prolonged or continuous IP drug instillation, which is increasingly recognized
as a major determinant of the anticancer efficacy of the IP drug.
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Figure 6.1: Placement of intraperitoneal catheter in the pelvis. Source:
https://www.ouh.nhs.uk/patient-guide/leaflets/files/48046Prenal.pdf

In this chapter, we propose and discuss a simple yet innovative multifilament catheter that allows for a more homogeneous and prolonged
delivery op IPC.

6.1

I NTRODUCTION

Currently, there is no standard IPC protocol that is used to treat PM. In
section 3.3, the state of the art of IPC was discussed with special attention to the differences between available protocols. One of the main
challenges for intraperitoneal chemotherapy (IPC) is the poor surface
exposure of the peritoneal surface during intraperitoneal chemotherapy
[127] and for this reason, IPC is often performed using an open abdomen
technique, so that the drugs can be manually stirred. The downsides of
this technique include the occupational hazards for the surgical staff, the
significant expertise needed to perform this technique and the inability
to perform repeat cycles of IPC. In closed IPC techniques on the other
hand, in- and outflow catheters are placed in the abdominal cavity, after
which a water-tight closure of the abdominal wall is performed. The
drug distribution is thought to be less homogeneous than in the open
abdomen set-up, resulting in possible toxicity for the healthy surrounding tissues, whilst temperature control is also more challenging than in
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closed IPC techniques. Additionally, repeat cycles of IPC are not possible in most open techniques, as the catheters are usually removed after
the IPC cycle and the abdomen is properly closed. With recent interest
in metronomic chemotherapy [137], closed IPC set-ups have been used
outside the operative context, which can then be used for repeated, prolonged exposures. The complete drug delivery setup in this case consists
of an infusion pump, a gripper needle, an implantable port catheter and a
single perforated catheter (figure 6.2). As in other closed IPC techniques,
the non-homogeneous distribution of the instilled fluid in the peritoneal
cavity is one of the main disadvantages of this technique. In this chapter,
a new, closed IPC set-up will be proposed that aims to improve the drug
distribution in the peritoneal cavity.

Figure 6.2: Single perforated catheter for intraperitoneal dialysis or drug delivery.

6.2

D ESIGN OF THE CATHETER PROTOTYPE

The set-up proposed in this chapter, aims to replace the single perforated
outflow catheter, with a non-perforated inflow catheter that attaches to
a connector piece, which in turn connects to seven perforated outflow
catheters with end pieces (figure 6.3). Only these three elements make
up the new prototype, with other elements being commercially available
and equal to the current single catheter set-up/ The infusion pump is
also added to the set-up to deliver the flow of drug and carrier fluid as
opposed to the classic set-up which relies on gravitational infusion of the
drug. To connect the single (now non-perforated) inflow catheter from
the implantable port catheter to the seven outflow catheters a custom
connector piece was developed and 3D-printed (in a biocompatible material). The connector piece consists of a body with a small eyelet (for
attachment with a stitch), a single inflow support and seven smaller outflow supports, evenly spaced around the body, to which the catheter arms
can be attached, each with a length of one cm. The inner dimensions
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of both the in- and outflow supports match the inner diameter of the
in- and outflow catheters respectively. The wall thickness of the in- and
outflow supports was chosen (t = 1 mm) based on a trade-off between the
ease of assembly and the need to provide a good support and connection
the connector piece. The attachment of the small eyelet to the body of
the connector piece allows for a stable anchoring of the piece within the
abdominal cavity. The connector pieces were assessed in a qualitative
way to ensure that no obstruction was present. When differences in the
outflow patterns between the different catheter arms were noted for the
first time, the arms were rotated along the connector piece to exclude
issues with the connector pieces as the cause for these in homogeneities.
The end pieces are 3D-printed, tapered cylinders with a radius ranging
from 100 to 120% of the inner radius of the outflow catheters. At the end
of each end piece, an eyelet was placed to anchor the catheter arm within
the abdominal cavity. The design of the perforated catheter arms was the
main focus of this work and will be discussed in more detail in the next
section.

Figure 6.3: Full set-up for intraperitoneal drug delivery

The main design idea of this novel drug delivery system is that multiple, thinner catheters will be used to administer the cytotoxic solution,
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with each of these thinner catheters having multiple perforations along
its full length, resulting in a more homogeneous drug delivery in the abdominal cavity. Although the design is simple in idea, in order for it to
perform well, a well-considered choice should be made in number and
size of perforations and their spacing. In this section we will describe the
theoretical considerations that were made to obtain an idea of the optimal
distribution and size of the perforations to generate an equal distribution
of the chemotherapy solution along the catheter length. Using these theoretical considerations, 3D models of different catheter designs were then
created and the steady solution for a continuous infusion was calculated
in ANSYS FLUENT. The outflow at each perforation was used to assess
the performance of each catheter design. Based on both theoretical and
computational results, a number of different designs for the perforated
catheters were chosen to be prototyped and undergo in vitro testing.
6.2.1 Theoretical catheter design
The number, size and spacing of the perforations along the catheter length
are considered to be variable in this work; all proposed designs shared
all other basic geometrical features as listed in table 6.1. In order to
find an optimal distribution and diameter for the perforations, pressure
drops over each perforation were calculated according to Poiseuille’s law.
Poiseuille’s law relates the pressure drop and flow of an incompressible,
Newtonian fluid in steady laminar flow flowing through a long cylindrical
pipe of constant cross section:

∆p =

8µLQ
ΠR 4

(6.1)

With p the pressure in P a, L the length of the tube in m, R the radius
of the tube in m, Q the flowrate in m 3 /s and µ the dynamic viscosity in
P a · s. The resistance to flow for each perforation is calculated as the sum
of the resistance in both the longitudinal (z; along the tube) and radial
(r ; through the perforation) direction (figure 6.4). By making sure the
total resistance at each perforation is similar, the desired uniform outflow
pattern along the catheter can be approximated.
For a theoretical case with n perforations, the resistances for each perforation can be written as:

Per f or at i on1 : R z(1) + R r(1) =

µ
¶
8µ L
l
+
π R 4 r 14

(6.2)
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Figure 6.4: Section of a catheter arm along its long (z) axis with the parameters
used in this chapter. Note that only the fluid zone is modeled in this work (shown
in white on the figure) and the catheter wall is not explicitly modeled. Instead of
explicitly modeling the catheter solid zone, all boundaries except in and outflow
surfaces were described using a wall boundary condition, meaning that no
transport is possible over these surfaces. R is the inner radius of the catheter, r i
is the radius of the ith perforation, l is the wall thickness of the catheter, L i is the
distance measured from the inlet of the catheter to the ith perforation.
Table 6.1: Shared geometrical features for all possible catheter designs

Per f

Design Feature

Value [mm]

Length
Inner diameter
Outer diameter

300
1
1.8

or at i on2 : R z(2) + R r(2)

Per f or at i onn : R z(n) + R r(n) =

µ
¶
8µ β1 L
l
=
+
π R4
α1 r 14

(6.3)

µ
¶
8µ βn−1 L
l
+
π
R4
αn−1 r 14

(6.4)

Where α and β are α=f(z) and β=f(z,Np ). The α values (α1 , α2 , . . . ,
αn−1 ) relate the radius of each of the perforations back to the first one; the
β values (β1 , β2 ,. . . , βn−1 ) are corrective factors for the spacing between
the perforations. A graphical representation of the parameters is given
in figure 6.4. The design problem for these catheter arms is now reduced
to finding a suitable set of α(z) and β(z, N p ) that will lead to the desired
homogenous outflow. This can be accomplished by requiring the total
resistance for each of the different perforations to be equal:
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R z(1) + R r(1) = R z(2) + R r(2) = · · · = R z(n−1) + R r(n−1)

(6.5)

Which in turn leads to:

¡
¢
¡
¢
R z(1) + R r(1) − R z(2) + R r(2) = · · · = R z(n−1) + R r(n−1) − R z(n) + R r(n) = 0

(6.6)

Because the hydraulic resistance is more sensitive to the radius of
the perforation and to a far lesser extent to the distances between the
perforations of the catheter it was decided to fix the distance between
the perforations, reducing β1 , β2 , . . . , βn−1 to 2,3, . . . , N respectively. The
next design choice that was made was to fix the number of perforations
to nine, resulting in a distance of 30 mm between two perforations.
For a catheter with nine perforations, the problem is then to solve
eight independent equations, each one in a unique variable (respectively
α1 , α2 , . . . , α8 ).
For the first and the second perforations, we have:
µ
¶
8µ L
l
l
2L
+
−
−
=0
π R 4 r 14 R 4 α1 r 14

(6.7)

From which α can be calculated as:
µ ¶
1
L r1 4
= 1−
α
l R

(6.8)

In an analogous way, the following general formula is derived:
µ ¶
1
1
L r1 4
=
−
αn αn−1 l R

(6.9)

As can be seen from the equation above, an initial value for the radius
of the first perforation is needed to find a distribution of the perforations.
table 6.2 shows an example of a possible catheter design with corresponding alpha values and perforation diameters in the case where the radius
of the first penetration r 1 = 0.075 mm.
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Table 6.2: Catheter design example with corresponding alpha values

Diameters [mm]

A

0.15
0.15
0.155
0.162
0.17
0.177
0.186
0.195
0.2

1
1.039
1.08
1.131
1.18
1.237
1.3
1.37

6.2.2 Computational validation of proposed designs
Based on the theoretical considerations described in the previous section and on a number of practical considerations (i.e. the possibility to
only manufacture perforations with a ‘rounded’ number as diameter, the
minimal diameter for perforations along a catheter arm to avoid flow
obstructions due to biofilm generation, . . . ), several different designs were
selected to be validated by computational fluid dynamics (CFD) modeling.
The proposed designs are listed in table 6.3.
Table 6.3: Proposed designs for which CFD modeling was performed
Number of
perforations

Spacing between
perforations [mm]

Diameters used

Geometry 1
Geometry 2
Geometry 3
Geometry 4
Geometry 5

9
9
9
9
9

30
30
30
30
30

1
1
1
1
3

0.30 mm (9x)
0.20 mm (9x)
0.15 mm (9x)
0.10 mm (9x)
0.30 mm (3x) / 0.40 mm (3x) / 0.45 mm (3x)

Geometry 6

9

30

5

0.20 mm (1x) / 0.227 mm (1x) / 0.262 mm (1x)
0.312 mm (1x) / 0.5 mm (3x)

Geometry 7

9

30

8

0.15 mm (2x) / 0.155 mm (1x) / 0.162 mm (1x)
0.17 mm (1x) / 0.177 mm (1x) / 0.186 mm (1x)
0.195 mm (1x) / 0.20 mm (1x)

Geometry 8

9

30

2

0.15 mm (5x) / 0.20 mm (4x)

Geometry

Occurrence

The different geometries were created and meshed in ANSYS Workbench. All meshes used tetrahedral elements and were refined around
the locations of the perforations. The boundary condition imposed at
the inlet of the catheter was based on the typical flow rate of infusion
pump. The pump can deliver a flow rate anywhere between 0.1 ml /h
and 1200 ml /h. The simulations were performed with a volumetric flow
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rate at the inlet of 10 ml /h, which results in a velocity inlet of 0.000504
m/s when assuming a flat velocity profile and a Reynolds number ranging
from 0.146 to 0.728. These Reynolds numbers are very small, indicating
the strong laminar behavior of the flow in the catheter. To make sure that
a fully-developed velocity profile was present at the inlet, the length of the
catheter was increased, according to the formula L e =0.035 Re where Re is
the Reynolds number and L e is an entrance length needed for the buildup to the parabolic profile. A summary of the used boundary conditions
can be found in table 6.4.
The numerical simulations performed for this study were carried
out using FLUENT (Ansys) in which fluid flow problems are solved by
calculating the Navier–Stokes equations using a finite volume method. In
cases such as these (steady, incompressible flow with no heat transfer)
only the conservation equations for mass and momentum are solved. The
continuity equation for an incompressible fluid is given by:
∇·~
v =0

(6.10)

v is the velocity vector. The conservation of momentum is given
in which ~
by:
∂
~
(ρ~
v ) + ∇ · (ρ~
v~
v ) = −∇p + ∇ · (τ̄¯) + ρ~
g +F
∂t

(6.11)

in which ρ is the density of the fluid, ~
v the fluid velocity vector, p the
~ the
static pressure, ρ~
g the gravitational force, τ̄¯ the stress tensor and F
external body force.
The governing equations were solved using the segregated solver
(SIMPLE) with a semi-implicit method for pressure-linked equations.
Second-order upwind accuracy was used both for pressure and
momentum. Convergence was said to be reached when the residuals of
continuity and velocity had at least dropped by 4 orders of magnitude. A
mesh sensitivity analysis was carried out to assure independence of the
solution to the used mesh.
Upon comparison of the obtained outflow distributions for the 4 geometries with a single perforation diameter (geometries 1-4 in table 6.3), it
can be seen that the outflow profiles are more uniform with decreasing
perforation diameter. For geometry 1, the difference between the outflow
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Table 6.4: Summary of the boundary conditions used for all the geometries

Location

Specifications

Inlet

Type: velocity inlet
Velocity =5.04e-4 m/s

Outlet

Type: pressure outlet
Pressure = 0 Pa

Perforations

On outlet surface:
Type: pressure outlet
Pressure = 0 Pa
On lumen:
Type = wall

Lumen

Type = wall

Figure 6.5: Outflow at all perforations in function of distance to inlet for the 4
first geometries decribed in table 6.3 with uniform perforations.
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at the first and last perforation exceeds two orders of magnitude while for
geometry 4 it is almost zero.
From these results (figure 6.5), it can be concluded that using a single
perforation diameter is feasible, provided that the used diameter is very
small. The smaller the perforation however, the bigger the chance of it becoming obstructed by biofilm. To avoid the use of very small perforation
sizes while avoiding an uneven flow profile, different perforation diameters were used along the length of the catheter. The smallest diameters
were used close to the inlet whereas the larger ones were used closer to
the outlet according to what was found in the previous section.

Figure 6.6: Graphical representation of the outflow in function of distance to
inlet for the three last geometries in table 6.3 with different perforation diameters
along the length of the catheter.

From figure 6.6, it can be noted that using different diameters improves the uniformity of the outflow through the perforations. Upon
comparison of geometry 2 to geometry 6 (which both share an initial perforation diameter of 0.20 mm), an improvement in flow homogeneity in
the 5 middle perforations can be noted, resulting in a profile that is almost
uniform from the third to the seventh perforation. Similar improvements
can be noticed when comparing geometry 3 to geometry 7.
Based on these simulated flow distributions a number of different
catheter designs were created as prototypes both to validate the numerical
model and to provide an in vitro test setup for the catheter (catheters 1-5
and 8 from table 6.3).
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6.3

I N VITRO TESTING OF THE PROTOTYPES

6.3.1 In vitro test: single catheter
Prototypes of single perforated catheter arms were manufactured according to the specifications in table 6.3. Once the prototypes were made, tests
were performed by connecting these catheter arms to an infusion pump
(flow rate of 10 ml /h; duration of 1 hour) and measuring the outflows
through each perforation. Distilled water was used at room temperature
for all experiments. The experimental results where then compared to the
results of the CFD simulations.

Figure 6.7: Comparison between experimental and simulated flow profiles

By looking at figure 6.7, it is clear that the experimental and CFD
results are not in full agreement. Not only do the numerical values of
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the outflow differ between both results, but not even the general trends
present in the CFD results are present in the experimental data. Through
additional repeatability experiments and microscopic inspection, it was
found that manufacturing issues with the microdrilling of the perforations
where at the bases of these discrepancies (section 6.3.3) and microdrilling
was ultimately abandoned as a result.
6.3.2 In vitro test: full set-up
In addition to the single catheter tests, two complete, branched catheters
were assembled and underwent hydraulic testing. Each test spanned
3 full days during which demineralized water was infused at a rate of
500 ml/day. The full set-up further consisted of an infusion pump with
attached fluid reservoir, the connector piece, the 7 perforated catheter
suspended on a Styrofoam base, the end piece for each of the 7 arms and
9 collector tubes per catheter arm (one for each perforation) (figure 6.8).

Figure 6.8: Experimental set-up of the full catheter

For the first catheter, flow rates through the 7 different arms varied
from 127 to 361 ml (figure 6.9) and flow rates through single perforations
varied from 0 to 185 ml . In total, 26 of the 63 perforations (±40%) of the
branched catheter showed no outflow over the three days. Results for the
second catheter were even less homogeneous with flow rates through the
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different arms ranging from 18 to 741 ml . From these results, it was clear
that the fluid distribution of the prototypes is nowhere near to homogeneous.

Figure 6.9: Outflow for each perforation after three days of infusion at 500 ml/day

6.3.3 Manufacturing methods and issues
The results of the previous sections show persistent differences between
experimental results and CFD simulations. To test our hypothesis that
manufacturing issues were at the base of these discrepancies, several reproducibility experiments were performed. Three theoretically identical
designs with 9 perforations with a 0.30 mm diameter were tested and
outflow patterns for the 3 experiments were compared. The same experiment was repeated for a catheter design with 9 perforations of 0.10 mm
diameter. All the catheters were manually drilled by the same operator
from the same batch of tubing and using the same drillbits. The tests were
performed using the same equipment and same settings at a pump flow
rate of 10 ml /h for one hour.
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Figure 6.10: Flow profiles for three manufactured catheters with identical design
specifications

Figure 6.10 shows that there are large differences in the outflow patterns of catheters that should theoretically give almost identical results.
As all other testing and manufacturing conditions were kept equal for all
cases, these results strongly suggest that geometrical differences in the
perforations, due to manual manufacturing had a strong influence on the
catheters performance.
For these first sets of prototypes, all perforations were manually drilled
using small microdrillbits according to the proposed designs specifics
proposed in table 6.3. Further microscopic investigation of the drilled
perforations revealed a number of manufacturing issues such as burr
formation (figure 6.11), non-round perforations, incomplete perforations,
and perforations inconsistent in size. It should be noted that these issues
were not only present on the smallest perforations (0.1 -0.15 mm) but
also on the larger perforations (0.3-0.35 mm). Due to these issues and the
fragility of the small microdrillbits, our initial manufacturing process was
abandoned and other manufacturing options were explored.
In a second set of prototypes, the perforations were made using a laser
with a spot size of 30 micron. The beam shape consisted of several of
these spots and the circular perforation is created after the edge of the
perforation is ablated in a number of subsequent layers and the middle
(waste) piece falls through. The process of creating the perforations using
a laser beam was more cumbersome as both the energy and the number
of pulses had to be calibrated to the used tubing material and thickness.
Both the energy level used and the amount of pulses were a trade-off
between obtaining a cylindrical perforation with neat, circular edges
devoid of any debris on the one hand and maintaining the integrity of
the opposite catheter wall. Although initial microscopic images of the
perforations showed neat albeit slightly tapered perforations, hydraulic
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Figure 6.11: Microscopic images of the microdrilled perforations showing the
presence of burrs and uneven perforations

testing again revealed inhomogeneous flow profiles that could be traced
back to manufacturing issues.
6.3.4 Numerical simulations of measured prototype
As mentioned in section 6.3, the experimental results consistently differed
from the obtained numerical results. To exclude numerical errors in
our model as a possible explanation for the discrepancies, the actual
perforation diameters (both on the inner and outer wall) of a catheter
that was designed to have 9 perforations with a 0.30 mm diameter, were
measured using microscopy. Based on these measurements, the actual
catheter geometry was created in FLUENT, with the perforations being
modeled as tapered cylinders. Upon simulation of the flow through the
actual geometry, a very good agreement could be found between the
model and the in vitro set-up figure 6.12).
These results seemed to confirm our hypothesis that manufacturing issues where at the base of the discrepancy between simulated and
experimental results.
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Figure 6.12: Model validation using experimentally measured geometry

6.4

F UTURE DIRECTIONS

In this chapter we presented a novel approach for IPC that shows potential to overcome one of the main limitations of current IPC practice:
the limited surface exposure of the peritoneal surfaces. Through both
computational and theoretical modeling, we were able to propose a number of valid catheter designs which were then manufactured using two
different techniques. Even though all proposed geometries performed
well in simulations, none of the first prototypes performed well during
hydraulic testing. The reason for this underwhelming performance was
traced back to manufacturing issues and inaccuracies and as a result,
the first manufacturing approach (microdrilling) was abandoned in favor
of laser ablation. Despite solving some of the manufacturing issues (i.e.
presence of debris, double perforations, non-spherical perforations, ..),
laser ablated catheters did not outperform the previous catheters. As the
measurement of the final perforations obtained through laser ablation
revealed, a minimal standard deviation of 30 micron is to be expected on
the perforations size as well as a tapering factor of approximately 50%.
Given these tolerances on the perforation size and shape, none of the
proposed catheter geometries remain feasible. Future work should therefore focus on the search for a novel manufacturing method that is able to
produce perforations with reproducible results and acceptable tolerances.
The final material selected for this catheter should be flexible enough
to be easily positioned in the abdominal cavity, be compatible with the
manufacturing technique and should not interfere with the flow of the
drug molecules (such as binding, polarity, . . . ). Until now, the validation
of the connector piece was only done in a quantitative way. Future work
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should also include hydraulic testing of the 3D-printed connector pieces
and microscopic measurements of its final inner diameters to assess the
influence of the manufacturing tolerances on the flow pattern.
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CHAPTER

7

M ODELLING DRUG TRANSPORT
DURING INTRAPERITONEAL
CHEMOTHERAPY

This chapter is based on “Modelling Drug Transport During Intraperitoneal Chemotherapy”, as published in Pleura and peritoneum, 2(2). p.73-83
[270].

7.1

I NTRODUCTION

In 1978, Dedrick et al [64] hypothesized that the peritoneum-plasma barrier, which was previously considered to be an obstacle for drug transport,
might rather offer a unique treatment opportunity for patients with oncological malignancies confined to the peritoneal cavity. The idea was
put forward that when cytotoxic drugs are administered directly into the
peritoneal cavity, the peritoneum would limit the drug absorption in the
systemic circulation. This would result in higher local drug concentrations in the tumor tissue while minimizing the development of systemic
side effects, an idea that has been proven to be true by different groups
since then [115, 194].
The higher drug concentrations that are locally obtained in the tumor
tissue are important because of the steep dose-response relationship for
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cytotoxic agents on the one hand and because it can prevent the development of resistance of the tumor against the used chemotherapeutic
agent. Additionally, some peritoneal metastasis are nearly avascular and
are consequently not treatable by intravenous chemotherapy as there is
simply no vascular drug source present within the tumor [38]. The direct
contact between the cytotoxic drug and the tumor tissue does allow for
these poorly vascularized tumors to be exposed to the chemotherapeutic
agent. Additional to these high local tumor tissue concentrations, there is
uptake of the drug by the vascular component of the tumor tissue which
results in a systemic drug effect. This systemic effect is of the same order
of magnitude as the one obtained during intravenous (IV) chemotherapy,
meaning that for the same systemic toxicity, the local tissue concentration obtained by intraperitoneal chemotherapy can exceed the tissue
concentrations that would be obtained by conventional chemotherapy
[194].
Even though the rationale behind intraperitoneal chemotherapy (IPC)
has been well established, it has not yet become standard of care mainly
due to the limited penetration depth of the cytotoxic agent into the tumor
tissue [202, 296, 192, 178, 7, 239]. Drug transport during IPC is a complex process that is governed by a multitude of parameters which can
be separated in three distinctive categories: tissue-related parameters,
drug-related parameters and therapy-related parameters (table 7.1). In
the next paragraph an overview of the different steps that occur in the
transport process during IPC will be given and all relevant parameters will
be briefly discussed.
Mathematical modelling of drug delivery started in the 1960’s [159,
235] and has since then become an important tool for the cancer researcher due to its relative ease and its low cost. Furthermore, modelling
of drug transport allows for the variation of single parameters over large
ranges of values, which makes it especially suited to study the relative
influence of parameters on therapeutic outcome without the need for
expensive experiments. In this review, we will focus on the work that has
been done on mathematical and computational modelling of intraperitoneally administrated anti-cancer drugs acting on tumor tissues. In this
work, we chose to subdivide the existing models based on the used scale
of the model. A distinction will be made between three different scales:
the whole organ scale, which considers the peritoneum as a single compartment; the tissue scale, which considers the tissue of the tumor as a
homogenous mixture of cells, interstitium and vasculature; and finally
the cellular model, which models each cell explicitly.
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It is important to note, that even though mathematical and computational models are designed to mimic and predict natural behaviour, they
remain a simplification of the reality and knowing which simplifications
or assumptions are made is a crucial factor to consider when conclusions
are drawn from the obtained results.

7.2

D RUG TRANSPORT STEPS DURING INTRAPERITONEAL CHEMOTHERAPY

In this section, we summarize the path along which the intraperitoneally
administrated drug will travel, the mechanisms behind this and discuss
the barriers it might encounter on its path (figure 7.1).

Figure 7.1: Schematic representation of the drug transport process during intraperitoneal chemotherapy and some of its determining factors. IFP:Interstitial
fluid pressure; ECM:Extracellular matrix; MW: molecular weight. Reprinted with
permission from [37]

Once administered in the peritoneal cavity, the cytotoxic drug has to
be absorbed into the peritoneal tumor tissue. It has been shown that the
peritoneal mesothelial lining does not constitute an explicit barrier for
drug uptake [91, 301]. The administered dose and diffusion coefficient of
the drug will determine the amount of drug that is initially available for
transport. Cytotoxic agents do not remain stable over prolonged periods
of time in the peritoneal cavity and their decay rate is an important factor
that will influence the absorption. The remaining concentration of drug
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in the carrier fluid at each time point will also determine the concentration gradient and therefore the magnitude of the inward diffusive flux.
The chosen carrier solution on the other hand will also have an influence
on drug absorption: the amount of carrier fluid in the peritoneal cavity
will determine how high the hydrostatic pressure is and will provide a
driving force for the convectional transport across the peritoneum. Recently there has been an interest in the use of aerosols and an elevated
intra-abdominal pressure as a means of increasing the contribution of
convective transport to the drug transport [258]. Furthermore, other properties of the carrier fluid such as osmolarity might also influence this
first step in the transport process [140, 156, 79]. Finally, temperature is
also likely to have an influence as a higher temperature influences the
diffusion coefficient through the Einstein-Stokes equation [73].
Once entered in the tumor tissue, the drug will penetrate deeper
into the tumor by means of diffusive-convective transport. The diffusive
transport will be dependent on the diffusivity constant of the drug in
the extracellular fluid and the aforementioned used concentration of the
drug. The convective transport on the other hand depends on both the
tissue permeability and the fluid velocity. Tissue permeability is a parameter that describes the resistance that a porous medium (like human
tissue) exerts on a fluid. The extracellular matrix (ECM) of solid tumors
is composed of two main constituents: fibrous proteins (e.g., collagen,
elastin) and polysaccharides (e.g., hyaluronan, glycosaminoglycan) [41].
Tumor tissue is characterized by an increased deposition of collagen I
[226] and as a result, tumor stroma is characterized by increased stiffness
when compared to normal tissue [317]. A difference in ECM composition
and the higher cell density that is associated with tumors can lead to a
difference in tissue permeability and therefore a different resistance to
convective drug flow. The fluid velocity will be radially outward due to
the high interstitial fluid pressure at the centre of the tumor [121]. This
characteristic elevated IFP is caused by a number of contributing factors,
including the leaky and irregularly shaped microvasculature, the lack of a
functional lymphatic system, a denser extracellular matrix, an increased
number of cancer associated fibroblasts (CAF’s) and a larger cell density
[138]. The higher this IFP is, the larger the drug outwash will be. Furthermore, not all drug molecules entering the interstitial space of the
tumor remain available for transport as a fraction will bind (reversibly or
irreversibly) to the proteins in the ECM.
As the therapy progresses, part of the drug entering the tumor tissue
interstitium will be absorbed by the tumor vasculature and thereby add to
the systemic effect of the therapy. The amount of drug that will cross the
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vascular wall will depend on drug related parameters such as the osmotic
reflection coefficient and the diffusion coefficient and on tissue dependent parameters such as the surface to volume ratio of the vasculature,
the vascular density, the permeability of the vessel wall for the drug, the
oncotic pressure in both tissue and vasculature, the IFP and pressure in
the vasculature, and the plasma concentration of the drug. Uptake by the
vascular component is a reversible process and therefor drug molecules
can again enter the interstitial space from the blood pool.
From the interstitial space, the drug can then be taken up by cancer cells by both active and passive processes. Depending on the drug
used, different mechanisms will be responsible for cellular uptake. The
amount of drug that will be incorporated in the cells will depend on the
cell-dependant factors such as cell density and drug-dependant parameters including size, charge and molecular weight, but also on other
therapy related factors such as temperature, local drug concentration and
duration. Table 7.1 summarizes the parameters that are involved in the
drug transport during intraperitoneal chemotherapy that are mentioned
above.
Table 7.1: Summary of the parameters that are involved in the drug transport
during intraperitoneal chemotherapy. The parameters are subdivided in three
main categories: therapy related, drug related and tumor tissue related
Parameters involved in drug transport during intraperitoneal chemotherapy
Therapy related
Drug related
Tumor Tissue related
Dose
Molecular weight
Permeability
Temperature
Ionic Charge
Vascularity
Carrier fluid
Membrane binding
Interstitial fluid pressure (IFP)
Volume of carrier fluid
Solubility
Cell density
Intra-abdominal pressure
Diffusivity
Extracellular Matrix composition
Vaso-active agents
Surfactant use
Duration

7.3

W HOLE BODY LEVEL : C OMPARTMENTAL MODELS

As mentioned in the introduction, the rationale and theoretical basics of
intraperitoneal drug therapy were first described by Dedrick et al [64]. In
order to do so, a compartmental model consisting of two compartments
was used. The first compartment consists of the entirety of all body water
(contained intra- and extravascular, and intra- and extra cellular) and
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communicates with the second compartment, being the fluid in the intraperitoneal cavity. As the clearance for the peritoneal compartment, the
product of the peritoneal permeability and the peritoneal surface area was
used. Using this model and peritoneal permeability values estimated from
literature, the authors predicted a difference of 1-3 logs between the drug
concentrations in the two compartments, with the higher concentration
predicted in the peritoneal compartment.
A different compartmental model considered the concentrations in
and the exchange between extracellular and intracellular cisplatin in order
to predict the dependence of cancer cell survival on the time course of
extracellular drug exposure [76]. The model was created to test the validity
of extracellular area under the curve (AUC) as a predictor of cytotoxicity,
as experimental studies on this subject had shown conflicting results
[182, 78]. The exchange between the compartments is considered to be
reversible. Once it has entered the cells, the drug can either leave the cell
again or bind to DNA. The DNA-bound cisplatin can then be released
again during DNA repair but it will no longer be available for binding
at that point [240]. The authors propose two different models for cell
survival based on the calculated drug concentrations, and compare these
with four others that were available in literature [212, 171, 255, 96] by
fitting all models to three datasets available in literature [171; 293-161].
It was found that the proposed models relating cell survival to the peak
concentration of DNA-bound intracellular platinum provided the best
fit for cisplatin cytotoxicity in three different cancer cell lines for a wide
range of exposure times. The models were fitted to in-vitro datasets and
several transport parameters are therefore not included in this model (i.e
the vascular uptake, the uptake of the drug from the peritoneal cavity). It
does however offer the opportunity to be incorporated in models that do
include these transport steps and to serve as a bridge to the scale gap and
offer an extra step in predicting therapeutic outcome.
In 2005, a three compartment model developed by Miyagi et al. [194]
compared the resulting AUC’s obtained by intravenous and intraperitoneal carboplatin administration. The three described compartments were
the peritoneal cavity, the serum, and the peripheral tissue compartment.
The model contained five a priori unknown transfer coefficients: 4 intercompartmental clearances and a plasma elimination factor. In order to
estimate all parameters, a group of 22 patients received randomized treatment (11 IV/11IP) plasma and peritoneal drug concentrations were used
to estimate all parameters on a patient to patient basis. Using these estimated parameters in the described three-compartment model to predict
both the intraperitoneal AUC and plasma AUC yielded a good agreement
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between the calculated and experimental values. This work demonstrates
an interesting technique to predict platinum AUC in the different compartments based on the total dose delivered, regardless of the administration
route. The omission of the tumor as a separate compartment makes it
however difficult to gain insight in therapeutic outcome and the dataset
that was used to estimate the pharmacokinetic parameters was rather
limited, resulting in high standard deviations for certain parameters.
To study the influence of co-administration of anti-angiogenic therapies on the drug penetration in tumors after intraperitoneal chemotherapy a physiologically based multi-compartment model was described by
Shah et al. [248]. Although the model presented in this work is a compartmental model, it does allow for the visualisation of concentration profiles
as the tumor is not modelled as a single compartment, but rather as five
concentric spheres. Each of these 5 tumor layers communicates with both
adjacent tumor layers and the vascular compartment except the innermost, which only communicates with the second layer and the vascular
compartment and the outermost layer, which communicates with the
layer below, the vascular component and the peritoneal space. The model
predicted that when tumor blood flow was reduced by antiangiogenic
drugs (to 50, 75, and 90%, of the baseline value of 0.06 ml/min/g) an
increase in tumor drug concentration after intraperitoneal chemotherapy
would be found.
Colin et al. studied the influence of the dosing of intraperitoneally
administrated paclitaxel in a pharmacokinetics / pharmacodynamics
(PK/PD) model [48]. Key findings of the models include the observation
that the AUC of the drug in the tumor compartment reaches a maximum
at a particular paclitaxel concentration and increasing the concentration
beyond this point will not increase the AUC in the tumor anymore. Given
the fact that the AUC in the plasma compartment does not exhibit this
saturation behaviour, the model can then be used to estimate, for each
therapy duration, an optimal paclitaxel dose for which the AUC in the
tumour compartment over the AUC in the plasma compartment ratio
is as high as possible. Although these compartmental parameter models (figure 7.2) can accurately predict peritoneal, plasma, intracellular
and extracellular drug concentrations based on the pharmacological data
present in literature, there are certain inherent features of all compartmental models that limit their relevance.
The first limitation is the assumption that each compartment is a
homogeneous well-mixed entity. It is therefore impossible to obtain concentration gradients within a certain compartment (e.g. tumor tissue)
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using a lumped parameter model. Furthermore, as the name suggests,
these lumped parameters do not reflect a single physiological process but
are rather representing the lumped effect of several processes and it might
therefore be difficult to gain more insight into the exact physiological
processes that underlie the result.

Figure 7.2: Schematic representation of the five different compartmental models
highlighting their mutual relationships. The model by Dedrick et al [64] is shown
in black, the one of El-Kareh et al [76] in yellow, the one of Myjagi et al [194] in
red, the one by Colin et al [48] in green and the one by Shah et al [248] in blue.

7.4

T ISSUE LEVEL :

DISTRIBUTED MODELS

Due to the need for a better understanding of the actual transport process
within the tissue and the possibility of calculating concentration gradients
and profiles (figure 7.3), a first distributed model for peritoneal drug
transport was described by Flessner et al [90].
In this model, the tissue space is considered to be distributed. A
mass balance equation for the drug, taking into account the diffusion
and convection in the tissue surrounding the peritoneal cavity as well
as the exchange with a vascular component is solved in the distributed
peritoneal tissue compartment. Simulations were performed using drug
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Figure 7.3: Spatially varying cisplatin concentration after intraperitoneal chemotherapy in a spherical tumor nodule. Reprinted from [269].

properties of sucrose. One of the assumptions made in this early work
was that the rate of convection in tissue can be approximated by an average value. In a follow-up paper the group validated the model using
autoradiographic images and an agreement was found between measured
and simulated pressure profiles [87]. A clear overview of the differences
between a lumped parameter compartmental model and a distributed
model of IPC was published in 1985 by Dedrick et al. [87]. Further advances using this model were done by Statchowska-Pietka et al [41] and
Flessner et al [42] in order to include pressure gradients.
Similarly, further research on the lumped parameter model by ElKareh et al [75] included the simulation of the effect of hyperthermia on
the drug penetration distance. As opposed to their previous work however, the peritoneal surface was considered separately and an equation
was formulated that described the (one-dimensional) transport of drugs
into the peritoneal tissue. Factors included in this equation were the inward diffusive drug transport from the peritoneal cavity and the clearance
between extracellular and intracellular compartment. To account for the
effect of hyperthermia, two different approaches are pursued. The first
one involves the use of extracorporeal heat sources, resulting in a uniform
tissue temperature and the second one involves the administration of
heated drugs. In the latter case, the temperature gradient along the tissue
is described by the bioheat equation, which describes the temperature
distribution in the living tissues based on the provided boundary conditions [39]. The effect of the temperature on the vascular component is
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included by changing the surface to volume ratio of the vasculature as
well as the perfusion parameter. Furthermore, based on the experimental
observation that cellular uptake of cisplatin increases for increasing temperatures [72, 163], the clearance from the interstitial towards the intracellular component was increased. A similar choice to increase the rate
of DNA binding was made based on the experimental observation that
the same concentration of cisplatin causes a higher cytotoxic effect at
higher temperatures [163, 124]. A notable result of the model was that the
elevated intracellular platinum levels up to a depth of 3-5 mm [296] were
due to penetration of heat, causing increased cell uptake of drug. Limitations of the model included the omission of the high interstitial fluid
pressure (IFP) and resulting radially outward convective flow, the ECM
drug binding and the effect of increased temperature on the diffusion
coefficient.
In 2014, a spatiokinetic model for interperitoneal administration of
paclitaxel was described by Au et al [10]. In a single spherical tumor nodule model (r = 2 mm) which consists of three separate layers, the cellular
level of the tumor tissue was averaged and modelled as a homogeneous,
isotropic porous medium. Similarly, vasculature was not explicitly taken
into account, but the vascular component of the tissue was considered to
represent a homogeneous source and sink term for both paclitaxel and
interstitial fluid. These assumptions reduced the momentum conservation equation to Darcy’s law and allowed for the incorporation of a source
term of interstitial fluid in the mass conservation equation to represent
the build-up of the high IFP. This mass source term was modelled after
the Starling law, an approach first described in the context of IFP build-up
by Baxter and Jain [16]. Three different equations for drug transport were
written for each of the considered species: the transport of drug in the vascular component, transport of the unbound drug and the transport of the
drug immobilized on the cells. Data used to describe the relation between
bound and unbound drug was based on previous experimental studies of
the same group [181, 294]. The drug concentration boundary conditions
imposed at the edge of the tumor and in the vascular component were
also based on prior experiments by this group. This model is, to the best
of our knowledge, the first model for IP tumor that incorporates spatially
varying parameters by assigning three different zones. Parameters that
were assumed to be spatially varying were the volume fractions of the
different components (interstitium, vasculature and cellular), the drug
diffusivity, the surface to volume ratio of the vascular component, and the
tissue permeability. The model was validated using the data of a mouse
model with IP tumors (n=4) and the experimental results were in good
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agreement with the simulated results with a 1% deviation for the total
drug AUC and 23% deviations for individual data points [10].
Based on the groundwork done by Baxter and Jain on the drug transport in solid tumors [16], our group created a parametric single tumor
nodule model to study the influence of several different parameters on the
penetration depth of various drugs (cisplatin, paclitaxel) [269]. Six different geometries were created to mimic the wide variety in shape and size
existing among peritoneal tumor nodules (r mi n = 1mm, r max = 4mm). In
each of these geometries, equations of mass and momentum conservation were solved as well as a drug transport equation in which vascular
re-uptake (both by diffusion and convection) and cell uptake were included in addition to the diffusion and convection terms. Interestingly,
the model showed that the presence of a necrotic core and permeability of
the tumor tissue had very little effect on the penetration depth of the drug.
Smaller tumors showed better penetration than larger ones, which could
be attributed to the lower IFP in smaller tumors. Furthermore, the model
demonstrated significant improvements in penetration depth by subjecting the tumor nodules to vascular normalization therapy, and illustrated
the importance of the drug that is used for therapy. Overall, a shape effect
could also be noted in the non-symmetrical geometries, highlighting the
importance of using 3D geometries. The obtained penetration depths
were compared to values in literature and a close agreement was found
(simulated penetration depth range of 0.36 to 0.49 mm; experimentally
defined range of 0.41-0.56 [7]). Similar agreements were found when vascular normalization therapy was applied in our model and the resulting
penetration depths were then compared to the recent experimental data
in which IP tumors were pre-treated with several different VEGF(R) inhibitors to normalize the microvasculature before subjecting them to IP
chemotherapy [111] (simulated penetration depth range 1.6 to 2.1 mm;
experimentally defined 1.68 mm).

7.5

C ELLULAR MODELS

To study the tumor penetration of cisplatin and pertuzumab when delivered by two alternative routes (IV/IP) in disseminated ovarian cancer a
cellular Potts model (CPM) was used by Winner et al [314]. In this type of
model a lattice-based computational modelling method is used to simulate the collective behaviour of cellular structures [22, 46]. Each lattice
site represents a single cell and during each timestep transport equations
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Figure 7.4: Schematic representation of the lattice used in the described cellular
Potts model. Each computational cell represents either a single cell or a vascular
component. This method differs from distributed models (righthandside) where
all cells in the computational domain represent a homogeneous mixture of cells,
extracellular matrix and vasculature.

for IL-8, Growth Factor 2, VEGF and oxygen were solved for each cell
(figure 7.4).
According to their local chemical concentrations, each cell will then
update their current state after which the cell lattice is then updated
assuming chemical concentrations stay constant. The CPM model for
ovarian cancer (OvTM) was first proposed by the same group to study
ovarian cancer cell attachment, chemotaxis, growth, and vascularization
[266] and was then extended to include a transport equation for the used
drug. The drug concentration in both the vasculature and the peritoneal
fluid at each timepoint were estimated from data in which simultaneous
measurements of the drug concentration in plasma and ascites were
performed after administration by either route [266].
In addition to avascular tumors, small vascular tumors with vascular
densities ranging between 2 and 10% were also studied. This range of used
vascular densities was based on the analysis of 9 ovarian cancer patient
samples. Using this model, the authors found that the intraperitoneal
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infusion route is the superior route for drug delivery for both investigated
drugs (cisplatin and pertuzumab) and both investigated tumor types
(avascular tumors and small vascular tumors). The vascular density did
influence the accumulation of drug in the tumor and a sink effect could
be noted due to the presence of the vessels. These sinks caused drug
accumulation patterns that were noticeably less spatially homogeneous.
This is, to the best of our knowledge, the only spatial model currently
available in the context of intraperitoneal drug therapy that explicitly
models the tumor vasculature instead of a distributed source. Limitations
include the omission of the effect of the convective bulk interstitial fluid
flow on drug concentrations and the use of fixed concentration profiles
obtained from literature in both the IP and IV compartment during both
delivery routes. Also, the very high spatial and temporal resolution of
the model results in simulation durations in the range of 6 to 9 days for a
single simulation.

7.6

C ONCLUSIONS AND FUTURE DIRECTIONS

In this review, we discussed various models that were created to study
the drug transport that occurs during intraperitoneal chemotherapy. Although all relevant transport steps during IP chemotherapy have been
modelled, there is to date no model that is able to fully model all the
complex processes that are occurring during IP chemotherapy such as
the uptake of the drug from the carrier fluid, the diffusive-convective
transport of the drug in the interstitium, the cell binding and uptake of
the drug, the vascular uptake and systemic effect of the drug, etc.. The
existing models are diverse and each one is neither good nor bad but
comes with its own set of advantages and limitations.
The models were categorized based on the length scale over which
the drug concentration was averaged. Traditionally, the most abundant
models in this context where the compartmental models. These models
have the advantage that they are easy to fit to experimental data, and
can accurately predict the concentrations of the drug in multiple organs.
They, however, cannot describe gradients within different compartments
nor can their parameters be directly related to the underlying transport
processing.
The distributed models considered tissue to be a continuous mixture
of several cell types. The advantage of this technique is that resulting drug
profiles can easily be visualised and the processing of larger tumors can
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still be done in a reasonable timeframe. It is however not possible to gain
information from these models on the single cell level.
In cell-level models, modelling single cell uptake of nutrients and
drugs becomes possible. These models are a good fit to describe the
naturally very heterogeneous nature of cancerous tissues. The main limitation of these models is that the high spatial resolution comes at a high
computational cost. Furthermore, due to the high spatial resolution, the
temporal resolution also has to be sufficiently high, thereby further adding
to the computational cost.
In numerous works the drug transport is said to be diffusion driven,
and often the radially outward convective flow is neglected in these models. Given the strong influence of the high IFP on the drug penetration
both in IV and IP chemotherapy models [269, 316], models incorporating
this convective interstitial fluid (IF) flow might be more suited to determine which transport processes are limiting in different cases. In the context
of IV chemotherapy, there have been some reports of the use of spatially
varying parameters that were determined on a pixel to pixel basis from
imaging data [152, 302]. The incorporation of accurate IFP profiles might
offer a significant advantage over using an idealised pressure profile. Au
et al [10] created three different tumor zones in their model to account for
the spatial variations of certain parameters within the tumor tissue.
For IV and intratumor drug delivery, several distributed models have
been described based on patient datasets [101, 8, 174, 294]. To date,
no such patient-specific models have been described in the context of
IP chemotherapy. Given the size and shape effect of the tumor on drug
penetration that our group found, the accuracy of the model might benefit
of the use of realistic geometries. Furthermore, none of the distributed
models accounted for the vasculature in an explicit way. Vessels have been
shown to act as local sinks for drug molecules [291] and drug distribution
in the tumor is expected to be more heterogeneous than predicted by
these distributed models. The CPM described by [314] does model the
vascular component explicitly and their findings illustrate the occurrence
of a more heterogeneous drug distribution.
Most investigated models limited the studied timeframe to a period in
which it is safe to say that no tissue growth or remodelling will occur. This
assumption allows for all tissue related parameters to remain constant
during the procedure duration. Exception here is the work by Winner et al
in which growth and tissue remodelling are explicitly present in the model
on a single cell level [314]. Additionally, the work by Colin et al. [48] does
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estimate the changes in tumor volume based on a PDPD link suggested by
[2]. Given the recent interest in metronomic chemotherapy in the context
of IP chemotherapy [320], extending models to include growth and cell
survival might become more frequent.
A main limitation of mathematical models in the context of cancer
is that validation of the model can be quite difficult. Two different types
of validation are necessary: the single parameter validation and the full
model validation. The behaviour of each of the different presented models in this work, is governed by a number of parameters. Reliable values
for these parameters might not be available in literature and experimental
determination of these single parameters is needed. These single parameters can be notoriously difficult to quantify due to the interference with
other parameters. The full model also has to be validated, this can be done
in vitro, in animal models and using clinical data. It is important to note
however that due to the high number of parameters in most models, and
the often limited sample sizes in validation studies, care should always be
taken not to over-fit the model to a certain dataset.
In summary, mathematical modelling has shown some promising
insights in the transport processes of drugs during IP chemotherapy and
could identify new strategies to improve penetration deeper into the tumor tissue. The amount of work done in this field is however still quite
limited. Far more work has been done in the modelling of IV chemotherapy and extensive reviews about mathematical modelling of drug
penetration in tumor tissue and multiscale cancer modelling have recently been published [65, 153].
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8

M ATHEMATICAL MODELING OF
INTRAPERITONEAL DRUG DELIVERY:
SIMULATION OF DRUG DISTRIBUTION
IN A SINGLE TUMOR NODULE

This chapter is based on “Mathematical modeling of intraperitoneal drug
delivery: simulation of drug distribution in a single tumor nodule”, as
published in Drug delivery, Drug Delivery, 24:1, 491-501 [269].

8.1

I NTRODUCTION

Patients with peritoneal carcinomatosis suffer from a widespread metastatic growth of tumor nodules in the peritoneal cavity. This disease often
originates from ovarian or colon carcinoma, and prognosis and expected
quality of life is usually poor with a 5-year survival rate of less than 40%
for advanced stage ovarian cancer and 12.5% for colorectal cancer [32,
84]. Conventional intravenous (IV) chemotherapy does not offer a substantial improvement in the prognosis of the patients, while being very
demanding on the patients due to its side-effects. The intraperitoneal (IP)
administration of chemotherapy is an alternative treatment, that allows
for higher intratumor concentrations of the cytotoxic agent compared to
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intravenous administration, while maintaining the same plasma concentrations [194]. When the chemotherapeutic agent is administered IP, the
tumor nodule surfaces are in direct contact with the drug solution. In
contrast, in IV delivery the drug is first transported convectively through
the bloodstream, after which it extravasates through of the microcirculation and finally penetrates the tumor tissue via diffusion and convective
transport. Although IP chemotherapy is a promising technique, its actual clinical application is still limited due to the poor drug penetration
(typically no more than a few millimeters) in the tumor tissue [180, 7, 239].
Drug penetration into solid tumors is a complex process that involves
multiple of parameters not only related to the used cytotoxic agent (e.g.
diffusivity, etc.), but also to the tumor tissue properties (e.g. permeability,
etc.) and even the therapeutic set-up (e.g. concentration, etc.). Like many
solid tumors, the peritoneal tumor nodules often exhibit a high interstitial
fluid pressure (IFP). This high IFP is caused by a number of contributing
factors, including the leaky and irregularly shaped microvasculature, the
lack of a functional lymphatic system, a denser extracellular matrix, an
increased number of cancer associated fibroblasts (CAF’s) and a larger
cell density [121]. The net effect of all these factors is a radially outward
pressure gradient and convective flux in the interstitium, as fluid flows
towards the outer layers of the tumor [138]. The latter effectively obstructs
the diffusive penetration of the drug from the outer edge to the center of
the tumor during IP chemotherapy. Due to the imbalance between supply
and demand of oxygen and nutrients in the rapidly growing tumor, the
majority of the tumor nodules have a necrotic core in which no viable
cells or functional vascular system are located and, hence, no blood flow
or cellular drug uptake is present. Additionally, not all of the drug that
penetrates the tumor tissue will enter the cancer cells, as a part of the
drug will be resorbed by the tumor microvasculature and convectively
transported throughout the systemic circulation, or can be lost due to
binding to the extracellular matrix. These processes further limit the
amount of free drug that is available for deeper tissue penetration.
Drug tissue penetration is influenced by multiple parameters; the use
of computational fluid dynamics (CFD) modeling has the benefit of being
able to change single parameters and study their relative influence on
the therapeutic outcome of the treatment without influencing other parameters. Changing some of the essential parameters over a well-defined
region of interest allows for a better understanding of their impact on
treatment outcome and thus allows for the optimization of drug transport
during IP chemotherapy.
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Previously, a number of modeling studies focused on the classical IV
delivery of drugs and parameters of importance were vascular supply,
drug release and activation, drug diffusive transport, drug advective transport and drug decay, deactivation and cellular uptake [153]. Recently,
CFD has been used to study a combination of these models whereby the
implemented equations are usually based on the groundwork done by
Baxter and Jain [16]. Substantial CFD modeling efforts have been done
mainly in the area of brain tumors with a special focus on the comparison of different drug release systems [145, 304, 305, 285, 174, 8] and the
incorporation of transient flow due to edema [290]. A two-dimensional
model, in which the delivery of doxorubicin to a hepatoma segmented of
a patient CT-scan was simulated, included the extracellular binding and
DNA binding of the drug [104]. More parametric CFD models on solid
tumors in general have been developed to study the influence of tumor
size [261], shape [260] and the effect of different therapeutic options such
as vascular normalization therapy [214] or thermosensitive drug delivery
[326].
Simulation of drug delivery via the IP route requires a model that is
similar to the description of the drug transport equations of IV delivery,
but requires unique source terms in the transport equations and different
boundary conditions in the model formulation. Previous models in the
area of peritoneal transport include pharmacokinetic (PK) compartmental
models describing the transport processes occurring during peritoneal
dialysis [88, 265] and peritoneal chemotherapy [88, 248]. Additionally, a
theoretical model describing the IP transport of cisplatin was created [76]
but no convective transport was taken into account. Similarly, a model
comparing the IP and IV delivery of drugs was published [314], which also
does not take into account the outward convective transport due to high
IFP. A recent computational model described the transport of paclitaxel at
three scales (i.e. tumor, IP cavity, whole organism) in a two-dimensional
pie-shaped tumor segment during IP chemotherapy [10].
We present a fully three-dimensional model to study drug transport
in an isolated intraperitoneal tumor nodule during IP chemotherapy.
The model includes convective, diffusive and reactive drug transport in
different tumor geometries and sizes and allows for testing the influence
of changing therapy-related parameters (e.g. different types of drugs,
tissue permeability. . . ) on the tissue penetration.
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8.2

M ATERIALS AND M ETHODS

8.2.1 Model geometry
The tumor nodules in peritoneal carcinomatosis have a large variety in
shape and size. Therefore, three different geometries will be considered
in this study.
The first geometry consists of a spherical tumor nodule with a radius
r = 10 mm, labeled as LS (figure 8.1a). The tumor is composed of two
zones: a necrotic tumor zone (0 < r ≤ 5 mm), where neither living cells nor
functional vascular or lymphatic system is present, and a viable tumor
zone (5 < r ≤ 10 mm), where living cells and a functional vasculature are
present, but a functional lymphatic system is also lacking.
The second geometry, labeled as LE, has an ellipsoidal volume with
the half length of the long axis (LA) (r l ) and short axis (SA) (r s ) equaling
20 mm and 10 mm, respectively. The necrotic zone is defined by 50% of
the axis length of the viable tumor (i.e. 0 < r l n ≤ 10 mm and 0 < r sn ≤ 5
mm for the longer and smaller axis, respectively) (figure 8.1b).
As a third geometry, the elliptic shape is cropped along the shorter axis,
resulting in a more realistic tumor nodule geometry (LT) for a peritoneal
metastasis. The length of the LA (r l ) is kept at 20 mm, but the length in
the perpendicular direction is reduced to 10 mm. The necrotic core in
this case has a similar shape with the length of the longer axis (r l ) being
8.7 mm and the length in the perpendicular direction being 4.53 mm
(figure 8.1c).
As clinical evidence suggests that patients with carcinomatosis of
ovarian origin do not benefit from IP therapy if the nodules exceed a 10
mm diameter [13], the same three geometries were also scaled down by a
factor 5 (obtaining the geometries SS, SE and ST respectively) to correlate
the results with clinical data. All geometric properties are summarized in
figure 8.1d-f.
8.2.2 Governing equations
In this section, the equations describing the transport of the drug in the
tumor tissue are presented based on seminal work by Baxter and Jain [16].
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Figure 8.1: Visualization of the six used geometries in our model. a, d Geometries
of spherical tumour shape comprising two different zones: a necrotic centre of
radius rn (darker grey area) and the viable tumour zone. A concentration and
pressure boundary condition are applied at the outer edge of the tumour. b,
e Geometries of an ellipsoid tumour shape. c, f Geometries of the peritoneal
tumour shape

8.2.2.1 Interstitial fluid pressure distribution
In a rigid porous medium like the interstitium, the momentum equation
can be reduced to Darcy’s Law [23]:

u = −K ∇P i

(8.1)

Where u represents the interstitial fluid velocity (in m/s); K the conductivity of the tissue for interstitial fluid (m 2 /P a · s) and P i the interstitial
fluid pressure (P a). K is often defined in function of the dynamic viscosity
of the fluid µ (P a · s) and the intrinsic permeability of the tissue k (m 2 ):

K=

k
µ

(8.2)

The steady-state continuity equation for the incompressible interstitial fluid flow in normal tissue is given by [23]:
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∇u = F v − F l

(8.3)

where ∇ represents the divergence operator; F l a lymphatic drainage
term for interstitial fluid (s −1 ) and F v the fluid gain from the blood (s −1 ).
Since there is a known lack of functional lymphatics in solid tumors, F l =0.
The constitutive relation for F v is based on Starling’s hypothesis [16]:

Fv =


0
¡
 Lp S Pv
V

if r ≤ r n .
¢
− P i − σ(Πv − Πi ) if r > r n .

(8.4)

with L p the hydraulic conductivity of the vasculature (m/P a · s), S/V
the surface to volume ratio of the vasculature (m −1 ), P v the vascular pressure (P a), P i the interstitial fluid pressure (P a), σ the non-dimensional
osmotic reflection coefficient, Πv the vascular osmotic pressure (P a) and
Πi the interstitial osmotic pressure (P a). In this relation, a difference is
made between the necrotic core (r ≤ r n with r n the radius of the necrotic
core), where no functional vasculature is present, and the viable tumor
zone (r > r n ) (figure 8.1)
8.2.2.2 Species transport
Mass conservation of the drug is given by [23]:
dC d r ug
dt

¡
¢
= D∇2 D d r ug − ∇ uC d r ug − S

(8.5)

with C d r ug the time-dependent concentration of the drug present
in the interstitium (mol /m 3 ), D the diffusion coefficient (m 2 /s), ∇2 the
laplacian operator, ∇ the divergence operator and S the sink in drug
concentration (mol /m 3 ). The sink term S is in this work composed of 2
different terms:

S = S bl + S cel l

(8.6)

where S bl represents the sink in the drug concentration related to
the vascular uptake (mol /m 3 ) and S cel l the sink in drug concentration
due to cellular uptake (mol /m 3 ). The closure term for the loss due to the
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cellular uptake of the drug is described by a first order elimination, an approach commonly used in literature with β being a first order elimination
constant (1/s):

S cel l = β · C d r ug

(8.7)

The closure term of the resorption by the vascular system finally is given
by the following equation [16]:

S bl = F v (1 − σ)C v +

Pe v
Pc S
(C v −C i ) Pe
V
e v −1

(8.8)

with σ the reflection coefficient of vessels for the drug, C v the concentration of drug in the vascular system (mol /m 3 ), P c the permeability
of the vessel wall for the drug (m/s), and Pe v the Peclet number that
expresses the ratio of the mass transport contributions by convection to
that by diffusion across the microvascular walls given by:

Pe v =

F v (1 − σ)
¡ Pc S ¢

(8.9)

V

Given that the tumor volume is low compared to the total body volume
and the therapeutic time window is relatively small (typically 30 min - 1
hour), the assumption is made that the vascular drug concentration remains negligible throughout the entire procedure. Given this assumption,
equation (8.4)b reduces to:

S bl = −

µ
¶
Pe v
Pc S
C i Pe
V
e v −1

(8.10)

8.2.3 Baseline model
Because the time needed for tissue remodeling to occur is substantially
larger than the therapeutic time scale, the outer boundary conditions for
both the necrotic core and the tumor nodule are assumed to be constant
throughout the simulation. At the interface between the two tumor zones
(necrotic and viable zone), an interface boundary condition is imposed,
implying continuity of all properties. On the edge of the tumor nodule,
where the cytotoxic solution is in direct contact with the tumor tissue, a
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fixed drug concentration is maintained (i.e. 0.8 mol /m 3 ) and the outlet
pressure is set to 0 P a. This zero outlet pressure boundary condition is
a simplifications as, in reality, this pressure is likely to range anywhere
between 0 to 20 P a based on an abdominal surface area ranging between
1 m 2 and 2 m 2 , and an instillation fluid volume of 2l [205]. This approximation was justified in this work by our observation that due to the high
values of IFP in the nodules, small changes in this outlet pressure did not
have a large influence on the results. All transport parameters are also being considered constant throughout the simulation and are summarized
in table 8.1.
8.2.4 Parameter study
The baseline model presented in the previous section was then used to
study drug diffusivity, the influence of vascular normalization therapy, the
presence of a necrotic core and tissue permeability on the drug penetration.
Currently, a number of different drugs are used for IP chemotherapy.
The influence of drug diffusivity on the penetration depth was studied to
study whether a higher diffusivity resulted in an increase in penetration
depth. For all baseline cases, drug related parameters were taken from
cisplatin (table 8.1).
We then compared results of these cisplatin baseline cases to cases
where the drug diffusivity of paclitaxel was used. A summary of the values
used for the different drugs can be found in table 8.2; all values that are
not reported in this table remain equal to those used in the baseline cases.
Certain vascular normalization therapies have been shown to normalize the architecture and permeability of the microvasculature, resulting
in a lower IFP and better drug distribution [95]. Recently, works by Shah
et al. [248] and Gremonprez et al. [111] showed similar improvement in
drug penetration after vascular normalization therapy for IP chemotherapy. We attempted to mimic vascular normalization to test whether our
model would be able to reproduce the results from these works. In the first
step, all vascular related properties (L p ; VS ; σ) were interpolated halfway
between typical tumor tissue and normal tissue values. In the second
step, full normalization of all vascular related parameters was simulated
(table 8.2) [16]. Results of these two cases will then be compared to their
respective baseline values.
The presence of necrotic regions in solid tumors is well documented
but the exact size and location of the necrotic core is not always known. In
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Table 8.1: Parameters used for baseline simulations

Parameter

Unit

Value

Reference

r
rn
ρ
Lp
K
µ
k

m
m
kg/m3
m/P a · s
m2 /P a · s
Pa · s
m2
m-1
Pa
Pa
Pa

0.01
0.005
1000
2.10 x 10-11
3.10 x 10-14
1.10 x 10-3
3.10 x 10-17
2.00 x 104
2.08 x 103
2.67 x 103
2.00 x 103
0.82
300
2.50 x 10-10
7.32 x 10-4
8.17 x 10-5
1.43 x 10-4

[290]
[16]
[16]
[290]
[16]
[16]
[16]
[16]
[16]
[16]
[248]
[248]
[248]
[248]

S
V

Pv
Πb
Πi
σ
MW
D
β
σ
Pc

g/mol
m2 /s
1/s
cm/s

Table 8.2: Parameter values used to study the influence of several transport
related parameters. All parameters that are not listed in this table, are kept at
their baseline value (table 8.1) for each simulation
Vascular Normalization Simulations
S/V [m-1 ]
Baseline Values
50% Vascular Normalization
100% Vascular Normalization

L p [m/P a · s]

σ [-]

ref

2.00 x 104
1.35 x 104
7.00 x 103

2.10 x 10-11
1.19 x 10-11
2.70 x 10-12

0.820
0.865
0.910

[16]
[-]
[16]

Diffusion Coefficient [m2 /s]

ref

IC50 [mol/m3 ]

Drug Diffusion Simulations
Cisplatin
Paclitaxel

-10

2.50 x 10
0.77 x 10-10

Shah, 2009
Winner, 2016

-3

6.20 x 10
1.40 x 10-6

ref
[60]
[256]

Permeability Simulations
Normal tissue
Commonly used value
Lower limit of the range

Intrinsic Permeability [m2 ]

ref

6.4 x 10-18
3.1 x 10-17
6.4 x 10-17

[16]
[16]
[-]
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order to estimate the impact of this uncertainty on our model, we omitted
the necrotic core that was implemented in the baseline case by setting
the conditions in this region equal to those of viable tumor tissue, and
compared the resulting pressure profiles and penetration depths.
Due to the differences in ECM, cell density and the presence of CAFs,
the tumor tissue permeability is likely to be significantly different from
the healthy surrounding tissue permeability. As tissue permeability is
notoriously difficult to quantify, no reliable values are currently present in
literature, and most models use an arbitrary tenfold of the healthy tissue
value [16]. The influence of this assumption on the penetration depth of
the drug was investigated by varying the permeability and comparing the
penetration depth to the baseline cases. A summary of the permeability
range used can be found in table 8.2.
8.2.5 Numerical methods
All geometries were created and meshed in COMSOL multiphysics (COMSOL, Inc., Burlington, USA). All equations mentioned in the methods
section were also implemented in COMSOL. A segregated approach was
used for solving the continuity, momentum transport and mass transport equations. All cases were run both in steady state and as a transient
model. Due to the length of the IP therapy procedure (typically ranging
from 30 min to 1 hour), a time resolution of 30 seconds was chosen when
transient simulations were performed. As a convergence criterion, a drop
of 4 orders of magnitude in the residuals was chosen.
8.2.6 Analyzed variables
For all simulations, pressure and concentration profiles were analyzed
along either the x-axis (spherical geometries) or along both x- and z- axis
(ellipsoid and tumor geometries) (figure 8.2 c and figure 8.2 d). We will
characterize the pressure profile by the maximal IFP (IFPmax ) and the
steepness of the profile (figure 8.2 e). Steepness is characterized by the
LP50 value, which we define as the distance starting from the tumor center
over which the pressure drops to 50% of its maximal value. The steeper
the pressure profile, the higher the LP50 value will be.
From the concentration profiles along the axis, the penetration depth
is determined. Penetration depth is represented in this work by two
different metrics. On the one hand, absolute penetration depths (APD) are
reported, defined as the maximal depth along the axis of interest where the
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drug concentration exceeds the corresponding half maximal inhibitory
concentration IC50 value of the drug (figure 8.2f). The second metric is the
relative penetration depth percentage (PD%), representing the percentage
of the radius where concentration values exceed the corresponding IC50
value of the drug used.
During IP chemotherapy, the diffusive and convective drug transport
happens in different directions: the diffusive transport is directed inwards
into the tumor, whereas the convective transport is directed outwards
out of the tumor. The penetration depth of the drug will be determined
by the relative influence of both contributions. In the study of transport
phenomena, the Péclet number (Pe) is a dimensionless number that
expresses the ratio of the mass transport contributions by convection to
that by diffusion of the drug into the tumor tissue. In the context of mass
transport, it is defined as:

Pe =

L ·u
D

(8.11)

with L the characteristic length of the system [m], u the maximal velocity magnitude [m/s] and D the diffusion coefficient of the drug [m2 /s].

8.3

R ESULTS

8.3.1 Baseline Cases
As illustrated in figure 8.2, the simulations allow us to determine
3-dimensional pressure and concentration distributions in all geometries.
The maximal interstitial fluid pressure reached in the model was
1533.88 Pa (11.5 mmH g ), and this value was reached in all three large
geometries. The shape of the pressure profiles, however, differed between
these three cases with the least steep profile being the one for the SA of the
ST geometry (LP50 = 0.89) (figure 8.3c) and most steep for the LA of the
LE geometry (LP50 = 0.99) (figure 8.3b). Overall, the steeper the pressure
profile, the higher the maximal interstitial fluid velocity, and therefore the
higher the radial outward convective flow will be.
APD ranged from 0.36 mm (SA-LT) to 0.49 mm (LA-ST) with the corresponding PD% ranging from 1.81% to 21.29% (Appendix 2). Furthermore,
the IFP was found to be consistently lower and penetration depths higher
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Figure 8.2: Summary of model output and analysed variables. a, b threedimensional pressure and concentration distributions in the small spherical
geometry (SS). c, d two-dimensional pressure and concentration distributions in
the xy-plane of the SS geometry. The x-axis is plotted on the figures in black. e, f
one-dimensional pressure and concentration profiles along the x-axis in the SS
geometry. All analysed variables as discussed in section 3.6 are presented on the
figure.
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in all smaller sized geometries (figure 8.3). In the elliptical and tumor
geometries, a shape effect could be noted, resulting in different APDs and
PD%s along the short and long axis.

Figure 8.3: a-c Interstitial fluid pressure (IFP) distribution profiles of the six
baseline cases. Both length along the axis and IFP are normalized; the former
with respect to the maximal length along the axis, the latter with respect to the
overall maximal pressure (IFPmax = 1533.88 P a). d-f show a comparison between
the resulting concentration profiles after IP chemotherapy in which cisplatin or
paclitaxel is used. Concentrations are normalised with respect to the boundary
concentration (C 0 = 0.8 mol /m 3 ).

8.3.2 Drug type
When comparing the pressure profiles characteristics, it is clear that the
IFPmax and LP50 do not change in any of the cases (Appendix 2). Concentrations of cisplatin are consistently higher in all geometries, at all
points (figure 8.3 d,e,f). However, due to the large difference in IC50 values
between different drugs (table 8.2), the APD and PD% are higher for paclitaxel when compared to cisplatin (Appendix 2). APD ranged from 0.54
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mm (SA-LE) to 0.75 mm (SA-ST) for paclitaxel versus 0.36 mm (LA-LE)
to 0.49 mm (SA-ST) for cisplatin. In general, smaller geometries showed
a larger improvement in penetration depth (Appendix 2). As changes in
the diffusion coefficient only influence the diffusive transport of the drug,
all pressure profiles were equal to the ones found in the corresponding
baseline cases.
8.3.3 Vascular Normalization
The effect of vascular normalization therapy during IP chemotherapy on
the IFPmax, LP50, APD en PD% was simulated in two steps (50% vascular
normalization and 100% vascular normalization) (table 8.2). We found
that vascular normalization lowered the IFP in all cases and decreased the
steepness of all pressure profiles. The lowest IFPmax was reached in the
case of the small spherical geometry (IFPmax = 259.4 Pa) and the lowest
LP50 was obtained along the short axis of the small tumor geometry (LP50
= 0.70) (Appendix 2).
Results of the 100% vascular normalization simulation in the small tumor showed a penetration depth exceeding half of the tumor radius (PD%
= 51.64, absolute penetration = 1.0 mm) along the short axis (figure 8.4c).
In general, vascular normalization showed a non-linear, positive effect on
the penetration depth in all cases (Appendix 2). APDs ranged from 0.45
mm to 0.58 mm for 50% vascular normalization and between 0.65 mm
and 1.03 mm for 100% vascular normalization. Relative improvements
with respect to the respective baseline PD% ranged from 0.39% (LA-LE) to
7.34% (SA-SE) for the 50% normalization and between 0.69% (LA-LT) to
29.35% (SA-ST) for 100% vascular normalization.
8.3.4 Necrotic core
Omitting the necrotic core from the computation and thus describing the
tumor as a single homogeneous zone increased the IFPmax in all three
smaller geometry cases. In the larger geometries a further increase was
not possible and therefore IFPmax remained the same. The maximal interstitial fluid velocities (IFVmax ) were however lower in most cases without
necrotic core when compared to the baseline cases, with the exception
of the small ellipse and tumor geometry. Overall, the effect on the penetration depth was limited with differences in PD% never exceeding 3.56%
(SA-SE) (Appendix 2).
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Figure 8.4: Normalized concentration profiles in which both length along the
axis and concentration are normalized; the former with respect to the maximal
length along the axis, the latter with respect to the boundary concentration
(C 0 = 0.8 mol/m3 ). a-f show the resulting concentration profiles after vascular
normalization therapy for all geometries.

8.3.5 Permeability
Tissue permeability marginally influences penetration depth. Overall
lower permeabilities lead to lower IFVmax and higher IFPmax , however
no measurable differences larger than 0.19% could be noted in relative
penetration depth (Appendix 2).

8.4

D ISCUSSION AND C ONCLUSION

In this study, a 3D CFD model of a peritoneal tumor nodule was developed
to study the mass transport of drugs during IP chemotherapy. The model
is, to our knowledge, the first fully 3D parametrical model that studies
the influence of different parameters on the penetration depth of drugs
during IP chemotherapy. Baseline cases of the model are presented for 2
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different sizes of 3 different geometries. The model was used to study the
influence of vascular normalization therapy, drug diffusivity, the presence
of a necrotic core and tissue permeability on the drug penetration.
When comparing our results of the baseline cases with those obtained
in previous studies, it was found that APD in all baseline cases ranged
from 0.36 to 0.49 mm, which is in good agreement with the experimentally defined range of 0.41-0.56 mm where carboplatin (another platinum
based drug of roughly the same size) was used [7]. One of the main findings of the baseline cases was the profound effect of the tumor size on
the drug penetration depth. When averaged over all baseline cases, the
smaller tumors were shown to have higher PD% (PD%average = 17.83%
for tumors with a diameter/characteristic length of 2-4 mm) than the larger ones (PD%average = 3.24% for tumors with a diameter/characteristic
length of 10-20 mm). These findings are consistent with the results obtained by Bakarat et al. [13] and Ansaloni et al. [7], stating that tumor
nodules with a radius larger than 10 mm and 2.5 mm, respectively, do
not benefit from IP chemotherapy. Hence, there seems to be a critical
size of tumor nodules that are responsive to IP treatment, showing the
importance of removing nodules of larger sizes before the onset of IP
chemotherapy. In this work, we focused on vascular tumors. If no vasculature is present, the IFP will not build-up in the tumor tissue, thereby
eliminating the large outward convective flow that limits the inward diffusion of the drug. Additionally, no drug will be resorbed through the
tumor vasculature and subsequently lost for further transport. Given
these two differences, the outward flow and blood sink terms are cancelled in equation (8.5) and the model would predict full penetration of
the drug regardless of the tumor size, given sufficient time.
During IP chemotherapy, the diffusive and convective drug transport
occurs in different directions: the diffusive transport is directed inwards
into the tumor, whereas the convective transport is directed outwards out
of the tumor. The Péclet number gives an idea of the relative influence
of these two opposing modes of transport. In all baseline cases, Péclet
numbers are larger than one (1.09 - 22) and therefore convective transport
will be dominant above diffusive transport. The convective transport
is governed by the pressure differences inside the tumor and this work
showed that smaller tumors had consistently lower IFPmax (IFPmax,av =
1477.1 P a) than larger ones (IFPmax,av = 1533.9 P a) (figure 8.3). In agreement, Ferretti et al. [86] measured higher IFP’s for tumor nodules of larger
sizes (typically a diameter in the range of 10 – 20 mm) grown from the
same cell lines. We can therefore account the lower penetration depths
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in the larger geometries (Pe = 1.09 – 10.52) to the increase in the outward
convective flow when compared to the smaller geometries (Pe = 6.7 - 22).
The demonstrated shape effect on the penetration depth (figure 8.4
a,b,c) illustrates the added value of using fully three-dimensional models. Spherical tumors had uniform radial penetration, whereas elliptical
tumors had different penetration depths along different axes (i.e. deeper
percentual penetration along the SA; e.g. Large Ellipsis: PD%=3.77 (SA) PD%=1.96 (LA)). The tumor with its flat side, mimicking the contact area
with the peritoneum, had an even more pronounced shape effect (e.g.
Large Tumor: PD%=3.82 (SA) - PD%=1.81(LA)) (Appendix 2).
We also compared CFD results for the penetration depth of two commonly used drugs in IP treatment, i.e. cisplatin and paclitaxel. In the
model, the difference between the two drugs is primarily reflected in a
different diffusion coefficient, which is much higher for cisplatin. As such,
when using the same drug dose/boundary conditions, concentrations
were consistently higher for cisplatin in all geometries at all times (figure 8.4 d,e,f). The drug’s IC50 values, however, are substantially different
(i.e. the IC50 value of cisplatin is a factor 4500 larger than the IC50 of
paclitaxel; see also section 8.2.2). As the penetration depth as defined
in this work uses the IC50 value as the cut-off between zones with and
without significant drug penetration, this large difference in IC50 values
translates into a higher APD and PD% for paclitaxel when compared to
cisplatin (Appendix 2). APD for paclitaxel ranged from 0.54 mm (LA-SA)
to 0.75 mm (ST-SA) and APD for cisplatin ranged from 0.36 mm (SA-LT)
to 0.49 mm (LA-ST). Nonetheless, it should be noted that in these simulations, the same boundary concentration of 0.8 mol/m3 was used for both
drugs, which is a value that is equivalent to a used dose of 120 mg/m2
cisplatin, but does not correspond with the clinical practice for paclitaxel.
Therefore, an additional case was set-up in a spherical geometry with a
10 mm radius and a paclitaxel boundary concentration of 0.14 mol/m3 ,
which corresponds with a clinical dose of 60 mg/m2 [146]. The APD of
paclitaxel was 0.64 mm in this case which is, when compared to the penetration depth of cisplatin used at the clinical dose (APD = 0.40 mm), still
an improvement.
Note that the IC50 values are taken from in-vitro analysis and proteinbinding in an in-vivo setting might influence these values [325]. Therefore,
we found that when considering different drugs to use for IP chemotherapy, not only transport parameters, but also biological parameters like
IC50 values and protein binding should be taken into account.
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When applying different degrees of vascular normalization to our
model, we found significant improvements in drug penetration with APD
ranging from 0.45 to 0.70 mm in the larger tumors and from 0.52 to 1.03
mm in the smaller tumors when compared to the baseline range of 0.36
to 0.49 mm. The relationship between high IFP in solid tumors and the
abnormal microvasculature has been well documented in literature [121].
The tumor blood vessel’s leakiness and irregular shape lead to the excessive ultrafiltration of interstitial fluid, which is one of the contributing
factors of high IFP. We then compared our in-silico data with the recent
experimental data, in which IP tumors were pre-treated with several different VEGF(R) inhibitors to normalize the microvasculature before subjecting them to IP chemotherapy [111]. Tumor size was 124.85 mm3 on
average, which would be equivalent to a spherical tumor with a 5 mm
radius and pre-treating the tumors with certain VEGF(R) inhibitors decreased the IFP. An increased platinum concentration, measured by laser
ablation inductively coupled mass spectrometry (LA-ICP-MS), was detected in the peritoneal border area (up to 1.68 mm) of the pre-treated
tumors with lower IFP. When a detection limit similar to the one of LAICP-MS is applied to the concentration profile obtained after 50% and
100% vascular normalization in a 10 mm radius sphere, we found APD’s
of 1.6 mm and 2.1 mm respectively, which is in good agreement with
experimental data [111].
Interestingly, explicit modeling of a central necrotic core in the tumor
had little influence on the penetration depth (i.e. maximal APD difference
was 0.05 mm (SE-LA)). These results are important, as the existence of
a necrotic core is a well described property of solid tumors, but little is
known about the shape, size and even the number of necrotic regions.
Our work shows that the inaccuracy in the model due to the uncertainty
about the necrotic core will be relatively small (max. 3.56 PD%). It is likely
that - due to the different drug sources in IV and IP therapy (the vascular
network and the outer edge of the tumor, respectively) - these results
are unique for the case of IP drug delivery, and cannot be extrapolated
towards IV chemotherapy.
The variation of the intrinsic tissue permeability over an order of magnitude did not affect penetration depth significantly (rel PD% < 0.19%).
We calculated the Pe number for each simulated case in order to determine a possible cause for this effect. We found an increase in IFPmax and a
decrease in IFVmax when permeabilities were lower. Overall, Péclet numbers ranged from 0.6 to 348.7. Pe values below 1 were noted in some cases,
indicating that the diffusive transport is likely to become the dominant
transport phenomenon in very low permeability cases. All these findings
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however, did not translate to quantifiable differences in APD, suggesting
that the model might be fairly robust towards changes in permeability.
Although it might not replace in-vivo experiments, this parametrical
CFD model for IP chemotherapy is a powerful tool that allows us to gain
insight in how much influence certain parameters have on the penetration
depth of the drug. It is to our knowledge the first parametrical CFD
model in the context of IP chemotherapy that allows for the prediction
of drug penetration depths. Furthermore, the model could be used to
reproduce a number of literature validated trends (e.g. effect of tumor
size on penetration depth; effect of vascular normalization therapy) and
the calculated penetration depths proved a good match to the ones found
in literature.
A number of assumptions were made when developing the numerical
models. For example, in this work drug concentration at the outer edge
of the tumor is fixed during the entire simulation due to unavailability
of suitable experimental data. We aim to sample IP fluid during the IP
chemotherapy in follow-up validation experiments in order to implement
a more accurate inlet concentration boundary condition. Due to the large
redistribution volume and substantial first pass effect of most drugs used
in IPC, the assumption was made that the vascular concentration of the
drug C v equals zero at all times. In future work, the vascular reabsorption could be included as well for more accurate results. Moreover, the
entire model treats the vasculature as a distributed source without taking
into account the, sometimes large, spatial heterogeneities within tumors.
Implementing more realistic boundary conditions for the concentration
at the outer edge of the tumor and allowing for the spatial variation of
vascular properties, would further improve the model. Another limitation
of the model is the lack of sink terms implemented that represent the effect of other physiological phenomena such as ECM binding and plasma
protein binding.
Future work will include the validation of the model in an animal
model of peritoneal carcinomatosis. Given the importance of tumor size
and the noted shape effect, MRI images of the tumor nodules will be used
to segment the actual tumor geometries.
In conclusion, a parametrical 3D CFD model was developed for the
drug mass transport in a single tumor nodule during IP chemotherapy.
Tumors of smaller sizes respond better to treatment when compared to
larger ones. Vascular normalization therapy lowered the IFP and steepness
of pressure profiles, thereby increasing drug penetration depths. When
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selecting a drug for IP therapy, not only transport properties should be
taken into account, but also biological properties (e.g. IC50-value), as
these may have an influence on the therapeutic outcome. Furthermore,
both modeling of the necrotic core and the intrinsic tissue permeability
had a limited effect on the predicted penetration depth.
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9

A 3D CFD- MODEL OF THE
INTERSTITIAL FLUID PRESSURE AND
DRUG DISTRIBUTION IN
HETEROGENEOUS TUMOR NODULES
DURING INTRAPERITONEAL
CHEMOTHERAPY

This chapter is based on “A 3D CFD model of the interstitial fluid pressure
and drug distribution in heterogeneous tumor nodules during intraperitoneal chemotherapy”, as published in Drug delivery, [268].

9.1

I NTRODUCTION

Cancers originating from organs in the peritoneal cavity are prone to locoregional spread in the form of peritoneal metastasis (PM). The prognosis
of patients who develop PM is usually poor and quality of life is low due to
complications, such as bowel obstructions and ascites. Furthermore, PM
cannot be adequately treated by using intravenous (IV) chemotherapy
due to the poor blood supply to the peritoneal surfaces and poorly vascularized tumor nodules [109]. In 1978, Dedrick et al. [64] hypothesized that
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the peritoneum-plasma barrier offers a unique treatment opportunity
for patients with oncological malignancies confined to the peritoneal
cavity, introducing intraperitoneal drug delivery as a therapeutic strategy.
Despite a strong rationale and promising clinical results [194], widespread
use of the technique is currently hampered by the limited penetration
depth of the drugs into the tumor tissue [178, 239, 7]. It is therefore crucial
to gain a better understanding of the processes that underlie the drug
transport and the relative importance of the parameters influencing it.
Intraperitoneal drug delivery encompasses a complex transport
process that depends on a large number of different parameters.
The final drug distribution in the tumor tissue is influenced by
therapy-related factors such as dose, temperature, (volume of) carrier
fluid, intra-abdominal pressure, the potential use of vaso-active agents
or surfactant and duration. It is also heavily dependent on factors
related to the drug itself like molecular weight, ionic charge, membrane
binding, solubility, diffusivity and the on properties of the tumor tissue
(e.g. permeability, vascularity, interstitial fluid pressure (IFP), cell
density, extracellular matrix (ECM) composition, . . . ) [270]. Due to its
relatively low cost and versatility, mathematical modeling has become
an important research tool to better understand and optimize drug
delivery. Most existing models of chemotherapeutic drug delivery,
however, have been created for systemic drug delivery [153], while only a
limited number of models focuses on intraperitoneal chemotherapy [270].
Historically, intraperitoneal drug transport has often been described
using a compartmental model [76, 248, 48], in which drug concentrations
are typically averaged over the entire tumor. More recent works also take
into account spatial variations in drug concentrations on a tissue level
[90, 265, 88, 75, 10, 269] and even on the single-cell level [314].
The use of DCE-MRI to gain information about physiological tissue
characteristics has been previously applied to the field of oncology. Pishko
et al. [224] created spatially-varying porosity and vascular permeability
maps from two-compartment analysis of DCE-MRI data using a rescaled
AIF from literature. They incorporated these maps in a 3D computational
fluid dynamics (CFD) porous media model to predict interstitial fluid
pressure and velocities (IFP and IFV respectively) as well as tracer transport in mice sarcomas. Using the same mathematical model, DCE-MRI
dataset and post-processing techniques, Magdoom et al. [185] used a
voxelized modeling methodology to eliminate the time-intensive tumor
segmentation step. Zhao et al. [329] similarly used DCE-MRI to generate
normalized spatial variation maps of vascular permeability to calculate
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IFV, IFP, and tracer transport within a solid murine tumor. The tracer concentration in the plasma was assumed to be proportional to the relative
change in signal intensity and AIF functions were taken from literature.
The effect of heterogeneous microvessel density extracted from DCE-MRI
on drug concentrations in the extra- and intra-cellular space was studies
by Zhan et al. [327]. Using a 2D liver tumor geometry, the tracer concentration in the plasma was assumed to be proportional to the relative
change in signal intensity. Bhandari et al. [22] used DCE-MRI data and
patient-specific AIFs to determine kinetic perfusion parameters in human
brain tumors and predict IFP, IFV and tracer transport.
Previously, we developed a 3D computational fluid dynamics (CFD)
model that accounts for the diffusive, convective and reactive drug transport during intraperitoneal chemotherapy [269]. We demonstrated the
important influence of both tumor nodule geometry and interstitial fluid
pressure (IFP) on the penetration depth of cytotoxic drugs in idealized
geometries. In this paper, we extend our previous work and present a
workflow to implement both realistic geometries and IFP profiles in our
existing 3D CFD model. The input for the computational model was obtained from experiments in a murine cancer model. The IFP data was
obtained both by direct measurements using a pressure tip catheter and
estimated from dynamic contrast enhanced magnetic resonance images
(DCE-MRI). The modeled geometries were all mouse-specific based on
anatomical MRI images.

9.2

M ATERIAL AND METHODS

A mouse PM model was used from which tumor geometries could be
obtained and IFP could be measured invasively. As described in more
detail below, we performed an imaging protocol to monitor tumor growth
and to estimate tumor IFP values from DCE-MRI parameters. Pressure
and concentration distributions were then calculated using the estimated,
spatially varying transport parameters obtained based on the DCE-MRI
images. Figure 39 shows a schematic illustration of the workflow.
All animal experiments were approved by the local Ethics Committee
on Animal Experiments of the Faculty of Medicine, Ghent University, and
were performed according to Belgian and European legislation on animal
welfare (Directive 2010/63/EU). Animals were group housed and kept
under environmentally controlled conditions (12h light/dark cycles, 20 –
23 °C, 40 – 60% relative humidity) with food and water ad libitum.
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9.2.1 Cell line
Human ovarian cancer cells (SKOV3-Luc-IP1) [60] were cultured in Dulbecco’s Modified Eagle’s Medium (Life technologies/ThermoFisher, Ghent,
Belgium) and supplemented with 2% penicillin/streptomycin + 0.005%
fungizone (Bristol-Myers-Squib B.V., Utrecht, The Netherlands) and 10%
fetal calf serum (Sigma-Aldrich, Diegem, Belgium).

Figure 9.1: Schematic illustration of the workflow described in this work. a:
Subperitoneal injection of SKOV3-Luc-IP1 cells suspended in Matrigel in female
athymic, nude-foxn1nu mice by a growth phase. b. in vivo in situ (IVIS) scan
was done 14 days post-injection to assess tumor growth. c. Scanning protocol
as described in the section MRI protocol consisting of an anatomical scan to
segment the tumor geometries, a FLASH sequence to obtain native relaxation
times of the tissues and a DCE-MRI from which vascular parameters of the tumor
tissues were derived. The anatomical MRI slice with a red circumference has
the same applicate as the DCE-MRI plane. d. Mice positive for tumor growth
underwent 30 minutes of intraperitoneal chemotherapy (IPC) with cisplatin. The
therapy parameters (dose, duration) that were used in the experiment were used
in the model setup as boundary conditions. e. Immediately after IPC, the IFP
was measured using a pressure tip catheter. The resulting pressures were used
to validate the simulated tumor pressures in a later stage. f. The equations for
both the IFP build-up using the vascular parameters derived from the DCE-MRI
data and the drug mass transport were implemented in COMSOL and solved
using the same initial and boundary conditions as the experimental setup. The
resulting pressure and drug distributions are reported in the results section.
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9.2.2 Mouse model
Eight week old, female athymic, nude-foxn1nu mice (21 g average body
weight, ENVIGO, NM horst, the Netherlands) were monitored for general
health during one week before the start of the study. After conditioning,
12 mice underwent a midline laparotomy under general anesthesia with
Sevoflurane (Baxter, Deerfield, USA) after which they were bilaterally
injected via the subperitoneal route with 5.0 × 105 SKOV3- Luc-IP1 cells
suspended in 50 µl of Matrigel® (Life Sciences, Antwerp, Belgium) to
facilitate the growth of peritoneal tumor nodules (figure 9.1a). All mice
were given subcutaneous pain relief (Ketoprofen, 150µl) immediately after
the procedure. Their weight and general wellbeing were monitored during
recovery.
To assess the success rate of tumor induction and monitor tumor
growth, a bioluminescence scan (IVIS Lumina II, Perkin Elmer) was acquired 14 days post-injection (Figure 39b). Each animal was injected intraperitonealy with Luciferine (D-Luciferin, PerkinElmer, Waltham, USA)
using a dose of 150 mg/kg body weight. During the first scan, a calibration series was performed to assess the time after injection at which the
signal was maximal. For subsequent scans, the same waiting period was
maintained.
9.2.3 MRI protocol
MRI scanning (figure 9.1c) was performed using a 7 T MR system
(PharmaScan 70/16, Bruker, Ettlingen, Germany) with a mouse body
volume coil. During the scanning protocol, all mice were anesthetized
with isoflurane (5% induction, 1.5% maintenance, 0.3 L/min) and
their body temperature was maintained using a heating blanket. An
anatomical scan was obtained using a T1-weighted sequence (RARE)
with the following settings: repetition time (TR) 1455 ms, echo time (TE)
9.0184 ms, flip angle (FA) 180°, in-plane resolution 120 µm, slice thickness
600 µm, and an acquisition of 30 contiguous transverse slices. Using this
anatomical scan, a single slice was chosen in which both tumor nodules
were visible. Native relaxation times were calculated in this slice from a
FLASH sequence with four different TR values, i.e. 100 ms, 502 ms, 1184
ms and 5000 ms. Other scanning parameters were: TE 100 ms, FA 180°,
in-plane resolution 268 µm. The DCE-MRI series was acquired for the
chosen slice using a FLASH sequence with TR 12 ms, TE 3.4 ms, FA 25°,
in-plane resolution 268 µm, 550 repetitions, and temporal resolution
1.344 s, resulting in a total acquisition time of 12 min 19 s. After 60
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seconds of baseline signal measurements, a bolus of 0.2

mmol
kg

Gd-DOTA

TM

(Dotarem , Guerbet, Paris, France) was injected through a tail vein
catheter. Animals that did not show tumor growth were excluded from
the rest of this study.
9.2.4 Intraperitoneal chemotherapy
Three weeks after tumor inoculation, all mice positive for tumor growth
were put under general anesthesia and underwent 30 minutes of intraperitoneal chemotherapy (IPC) (figure 9.1d) with cisplatin (Hospira Benelux
BVBA, Antwerp, Belgium). The administered cisplatin dose was calculated
as 1/100th of the clinically used dose relative to the body surface area
(BSA) resulting in used values of 0.7 mg cisplatin/mouse (concentration in
solution of 113 µmol/l). The cisplatin solution circulated in a circuit consisting of an inlet and outlet probe fitted with temperature sensors (TM
9604; Ellab A/S, Hilleroed, Denmark), a connecting tubing that passed
through a 520 U process pump (Watson-Marlow NV, Zwijnaarde, Belgium)
and a M3 LAUDA heat exchanger (LAUDA-Brinkmann, New Jersey, USA)
[24]. All procedures were performed on a heating pad and the chemotherapeutic solution temperature was kept at 37–38°C (normothermic
conditions).
9.2.5 Interstitial fluid pressure measurement
Immediately after IPC, the chemotherapeutic solution was drained from
the abdominal cavity, after which the peritoneal surfaces were pat dried.
A SPR-320 pressure tip catheter connected to a PCU-2000 pressure control
unit and PowerLab 35 Series data acquisition system (Millar, Houston,
USA) was manually inserted in the center of each tumor and held there
until a stable pressure output signal was measured [111].
9.2.6 Data processing, fitting and interpolation
During DCE-MRI scanning, a series of MRI scans is acquired in rapid succession following the intravenous injection of the paramagnetic contrast
agent. The underlying principal of the technique relies on the fact that as
the contrast agent disperses through the tissue, it changes the MR signal
intensity of the tissue depending on its local concentration.
Following Zhu et al [330], T2∗ relaxation was neglected to compute
the contrast profiles due to the use of short TR’s and TE’s (rendering
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the attenuation of signal due to the terms related to T2∗ contribution
(e −T E /T 2∗ ) negligible for low contrast concentrations). We thus applied
equation (9.1) for the contrast concentration c:
·
¸
1 + cos(α)(R I E (E 10 − 1) − 1)
1
log E 10
c=
r1T R
R I E (E 10 − 1) + E 10 (1 − cos(α))

(9.1)

with
TR
E 10 = exp −
T10
µ

¶

(9.2)

The relative intensity enhancement (R I E ) was calculated as R I E =
with S 0 the baseline signal calculated from 60 seconds of measurement prior to contrast injection, S the signal at that timepoint and r 1 is
the relaxivity of Dotarem (3,5 mM-1s-1 [132]) in the interstitial fluid, T10
the native relaxation time calculated from the four images with different
TR, and α is the flip angle. Equation (9.1) is solved for each pixel of the
tumorous region of interest (ROI ) and for each timepoint after contrast
injection. By tracking the concentration values of each pixel in function
of time, c(t ) profiles can be calculated.
(S−S 0 )
S0

In addition to calculating the concentration profiles of the contrast
agent from the equations above, we can describe the transient concentration of the Gd-DOTA (cGD ) tracer in the region of interest by a twocompartment model [329], with the two compartments being the interstitial space and the blood plasma:

φ·

d cGD
S
Jv
= P (C AI F −CGD ) + (1 − σ)C AI F
dt
V
V

(9.3)

in which cGD and c AI F are the concentration of the tracer in the interstitial space and the plasma, respectively. c AI F is also known as the arterial
input function (AI F ). φ is the interstitial fluid volume fraction (φ = 0.3),
P is the permeability coefficient of the vasculature for the tracer, S/V is
the surface to volume ratio of the vasculature, σ the osmotic reflection
coefficient for the tracer (σ = 0.6), and VJ v the plasma filtration rate per
unit volume. In order to obtain a good estimate for the parameters P VS
and VJ v , it is crucial to provide an AIF that is as accurate as possible. To
extract a mouse-specific AIF from the DCE-MRI dataset, a high temporal
resolution is needed throughout the series. This in turn limits the spatial
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resolution that can be achieved in the DCE-MRI plane. To obtain the AIF,
equation (9.1) was again used to calculate the contrast concentration on
candidate AIF pixels that were identified on the anatomical image. The
contrast concentration calculated in these pixels represents the blood
concentration of contrast (c b ) so to obtain the plasma concentration of
contrast (c AI F ), an additional scaling had to be performed, taking into
account the hematocrit value (H c t ) of the mouse (equation (9.4)) [292].

C AI F =

cb
1 − Hct

(9.4)

The resulting plasma concentration curve was then filtered and fitted
to a bi-exponential curve that was further used in its analytical form as
the AIF. Using the corresponding mouse-specific AIF for each tumor ROI,
the solution to this first order differential equation (cGD , equation (9.3))
can be fitted on a voxel to voxel basis to the contrast profiles that were
calculated from the DCE-MRI (equation (9.1)) series to obtain estimates
for P VS and VJ v .
To implement spatially varying vascular parameters in our model we
used an approach previously described by Zhao et al. [329] in which
the J v /V values are rescaled to the product of the vascular hydraulic
conductivity and surface-to-volume ratio of the microvasculature L p S/V .
In order to do so, all J v /V values were first normalized with respect to the
¡ ¢
average value VJ v mean of all fitted pixels in the ROI and then scaled by
multiplying the normalized values with the product of the baseline values
typically used for hydraulic conductivity and vascular surface to volume
¡ ¢
ratio in literature [269] (L p,0 = 2.1 · 10−11 m/(P a · s); VS 0 = 2.00 · 104 m −1 )
(equation (9.5)).

µ

Lp S
V

¶

S
= Lp, 0 ·
V
µ

i,j

¶
0

¡ Jv ¢
V

· ¡ Jv ¢
V

i,j

(9.5)

av g

The extrapolated LVP S values were then used as input for the Starling
term in our model for IF flow (see further).
The need for a high temporal resolution (to extract the AIF from the
data) and the available MRI hardware, limited us to a 2-dimensional DCEMRI series. To provide 3D spatially varying parameters, extrapolation of
the available data was needed. Upon inspection of the estimated resulting
parameter maps, two distinctively different regions could be detected in
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each tumor. In tumors 1 and 2, there were interior zones with pixels that
could not be fit by equation (9.3), whereas the surrounding tissue was fit
well by the same equation. In tumor 3 on the other hand, the majority
of interior pixels was well fit but two zones for which the LVP S parameter
yielded very different results, could be distinguished. These different
regions were then related back to the anatomical scans (T1 weighed scans)
and traced in each slice of the anatomical scan of the tumor geometry
thereby effectively segmenting a second 3D zone within the original tumor.
The mean LVP S value averaged over all fitted pixels in the sub-ROI was then
assigned to each of the different regions. Implications of this extrapolation
will be discussed in the discussion section.
9.2.7 Computational model
For this work, three different tumors were selected based on their respective sizes. The tumor geometries were segmented using Mimics (Materialise, Leuven, Belgium) and the resulting geometries were smoothed
and meshed in 3-matic (Materialise, Leuven, Belgium) before they were
imported as stl-files in COMSOL multiphysics (COMSOL, Inc., Burlington,
USA). A similar procedure was followed to obtain the boundary of any
additional internal zones that were present in the tumors. Volume meshes
where created in COMSOL multiphysics using the same element size for
each geometry (1.7 · 10−4 mm 3 ) based on the mesh independence study
of the model, resulting in the mesh sizes listed in table 9.1. The equations
for both the IFP build-up and the mass transport that were implemented
in COMSOL were previously described by our group [269] and summarized below. In a rigid porous medium like the tumor interstitium, the
momentum equation can be reduced to Darcy’s Law [23]:

u = −k∇P i

(9.6)

where u represents the interstitial fluid velocity vector (in m/s); K the
conductivity of the tissue for interstitial fluid (3.1 · 10−14 m 2 /P a · s [16]), P i
the interstitial fluid pressure (P a) and ∇ the gradient operator.
The steady-state continuity equation for the incompressible interstitial fluid flow in normal tissue is given by [23]:

∇ · u = F v − Fl

(9.7)
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were ∇ represents the divergence operator; F v the fluid gain from
the blood (s −1 ) and F l a lymphatic drainage term for interstitial fluid
(s −1 ). Since there is a known lack of functional lymphatics in solid tumors,
F l = 0. The constitutive relation for F v is based on Starling’s hypothesis
[16] (equation (9.8)):

Fv =

¢
Lp S ¡
P v − P i − c(πv − πi )
V

(9.8)

with L p the hydraulic conductivity of the vasculature (m/P a · s), VS
the surface to volume ratio of the vasculature (m −1 ), P v the vascular pressure (P a), P i the interstitial fluid pressure (P a), c the non-dimensional
osmotic reflection coefficient, Πv the vascular osmotic pressure (P a) and
Πi the interstitial osmotic pressure (P a). IFP profiles were calculated by
solving the steady state form of the momentum and continuity equations.
When more than one zone was present in the tumor, the source and sink
terms (i.e. Starling source) were adapted in each zone to include the corresponding estimated Lp S/V value as discussed in the data processing
section.
Mass conservation of the drug is given by equation (9.9) [23]:
∂C d r ug
∂t

¡
¢
= D∇2C d r ug − ∇ · uC d r ug − S

(9.9)

with C d r ug the time-dependent concentration of the drug present
in the interstitium (mol /m 3 ), D the diffusion coefficient (m 2 /s), ∇2 the
Laplacian operator, ∇ the divergence operator and S the sink in drug
concentration (mol /m 3 ). This sink term includes losses due to cellular
uptake and resorption by the vascular system [269]. To calculate the IF
flow, the pressure at the outer edge of the tumor is kept constant at 0
P a and at the interface between two different tumor zones, an interface
boundary condition is imposed, implying continuity of all properties. On
the edge of the tumor nodule, where the IPC drug is in direct contact
with tumor tissue, a fixed drug concentration is maintained (i.e. 0.113
mol /m 3 ). Initial values for pressure and concentration in the domain
were set to 0 P a and 0 mol /m 3 , respectively. Values for all model parameters mentioned above were taken from our previously published model of
the drug distribution in a single tumor nodule during IP chemotherapy
[269].
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A segregated approach was used for solving the continuity equation,
momentum transport and mass conversation of the drug. All three tumor
cases were run as transient models with a time resolution of 30 s. As a
convergence criterion, a drop of 4 orders of magnitude in the residuals
was chosen.
9.2.8 Reported parameters
By solving the drug transport equation (equation (9.9)) using the pressure
and velocity field calculated in the previous section, drug concentrations
could be determined in the tumor geometries.
For all simulations, pressure and concentration profiles were analyzed
along 2 or 3 perpendicular axes in the xy-plane with the same applicate
as the one of the DCE-MRI plane. All lengths reported are distances
that are normalized with respect to the corresponding length of the axis.
The pressure profile along a certain axis is characterized by the maximal
pressure (P max ) along this axis and the steepness of the pressure profile in
that direction. In this work, steepness is characterized by the LP50 value,
which we define as the distance starting from the tumor edge after which
the pressure reaches 50% of its maximal value. The steeper the pressure
profile, the lower the LP50 value will be.
From the concentration profiles along the axes, the penetration depth
is determined. Both absolute penetration depths (APD) and relative penetration depth percentages (PD%) are reported. The APD is defined as the
maximal depth along the axis of interest where the drug concentration
exceeds the corresponding half maximal inhibitory concentration value
of the drug (IC50). The PD% represents the percentage of the length of
the axis where concentration values exceed the corresponding IC50 value
of the drug used. The inclusion of different zones with varying vascular
properties results in non-symmetric profiles along the axes. To highlight
this phenomenon, values for the penetration depths are reported with
respect to both sides of the axis (L = smallest abscissa; R = largest abscissa).

9.3

R ESULTS

9.3.1 Geometry and segmentation
The three selected tumors significantly differed in size with reconstructed
tumor volumes ranging from 45 mm 3 to 288 mm 3 . Tumor 1 was the
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largest with a volume of 288 mm 3 . The interior zones that can be seen
on figure 9.2 can be related to the zones with varying vascular properties
that were segmented and ranged in volume from 8 mm 3 for tumor 3 to 69
mm 3 for tumor 1. The number of pixels in the tumor ROI of the DCE-MRI
images varied from 181 to 329. A summary of the geometric properties of
the different tumors is presented in table 9.1.

Figure 9.2: Visualization of the three segmented tumor geometries and their
different zones on a common scale. The tumors have reconstructed volume
values of 288; 121 and 45 mm 3 , respectively.

9.3.2 Data Processing
For each of the 3 chosen animals, a suitable AIF could be fitted from
the concentration data. Using the animal-specific AIF, the parametric
solution for equation (9.3) was calculated and subsequently fitted to all
pixels within the ROI (ROI tumor 1: figure 9.3b, ROI tumor 2: figure 9.3h).
Upon fitting the pixels of the tumor ROI, we found that certain pixels were
not adequately fitted (R2 < 0.85) (red pixels on figure 9.3c and figure 9.3i).
The contrast concentration c(t) increased fastest in the viable tissue areas
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Table 9.1: Geometrical properties of the three segmented geometries.
Geometrical properties

Tumor location
Tumor Size
Reconstructed tumor volume
Reconstructed interior volume
Mesh size (number of volume elements)
# pixels in DCE-MRI ROI

Tumor 1

Tumor 2

Tumor 3

Right
8 x 11 mm
288 mm3
69 mm3
1693526
329

Left
6 x 8 mm
121 mm3
9 mm3
715057
270

Right
4 x 6 mm
45 mm3
8 mm3
421569
181

as a result of rapid Gd-DOTA uptake in this well-perfused region, followed
by rapid washout (figure 9.3e and figure 9.3k). In hypoxic areas, however,
there is typically a reduced vascularization which is reflected in a delayed
Gd-DOTA signal build-up as well as a delayed and prolonged wash-out of
signal (figure 9.3l). In necrotic regions of the tumor, there is no vascularity
thought to be present and no washout of the contrast agent could be seen
in the signal [330] (figure 9.3f).
Unlike pixels in the hypoxic and viable tissue areas, pixels in necrotic
areas were not adequately fitted by equation (9.3). For the pixels that
were adequately fitted, VJ v parameter maps were created and scaled to
Lp S
V
Lp S
V

maps (figure 9.3 d and figure 9.3 j). Upon inspection of the resulting
maps different zones within the tumor nodules could be identified
Lp S

(hypoxic/necrotic/viable tissue). The V -values were then averaged over
the different zones and the final values ranged from 0 in the necrotic areas
to 3.946 · 10−7 (P a · s)−1 in the outer zone of tumor 3.
9.3.3 Pressure measurement
The measured pressures in the three tumors were 15.5 mmHg (2067 P a),
21.3 mmHg (2890 P a) and 19 mmHg (2533 P a) for tumor 1, 2 and 3
respectively. In table 9.2, the converted pressure values in P a are summarized.
9.3.4 Pressure simulation
The model can calculate IFP pressures and concentration distributions
in all geometries. The maximal IFP (table 9.2) reached in our simulations
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Figure 9.3: a. Baseline DCE-MRI image of the tumor 1 ROI. b. Mask created of
tumor 1 ROI based on the baseline image. c. Visualization of the pixels within
the tumor 1 ROI that were adequately fit (R2 > 0.85) in green and the ones that
Lp

could not be fit in red d. V map of the tumor 1 e. Representative c(t) profile
for the pixels in the darker, viable tissue zone of figure 9.3 d. f. Example of a c(t)
profile for the pixels in the white, necrotic tissue zone of figure 9.3d. Tumor 2 is
not included in the figures, but Representative c(t) profiles are similar to the ones
obtained in tumor 1 with both a viable and necrotic tumor tissue zone, albeit of
different size and shape. g. Baseline image of the tumor 3 ROI h. Mask created
of tumor 3 ROI based on the baseline image i. Visualization of the pixels within
the tumor 3 ROI that were adequately fit (R2 > 0.85) in green and the ones that
could not be fit in red. j. LpS/V map of the tumor 3 with two distinctive zones
that can be noted. k. Representative c(t) profile for the pixels in the viable tissue
zone of figure 9.3j l. Example of a c(t) profile for the pixels in hypoxic tissue zone
of image figure 9.3j.
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Table 9.2: Summary of pressure and penetration depth results.
Pressure and concentration results
Tumor 1
SA1
SA2
Pmeas(Pa)
Pmax (Pa)
LP50 (mm)
APD (mm)
PD% (%)

1385
L: 0.0437
R: 0.0428
L: 0.361
R: 0.331
L: 5.63%
R: 5.16%

Pvol% (%)

2067
1429
L: 0.0407
R: 0.0351
L: 0.320
R: 0.327
L: 5.50%
R: 5.68%
28.04%

Tumor 2
LA
1411
L: 0.0290
R: 0.0401
L: 0.412
R: 0.404
L: 5.33%
R: 5.23%

SA

Tumor 3
LA

2890
1523
1525
L: 0.0565 L: 0.0365
R: 0.0519 R: 0.0378
L: 0.370
L: 0.422
R: 0.328
R: 0.281
L: 7.96% L: 4.96%
R: 6.85% R: 3.30%
28.04%

SA

LA

2533
1428
1468
L: 0.0819 L: 0.0727
R: 0.0708 R: 0.0603
L: 0.371
L: 0.495
R: 0.394
R: 0.463
L: 10.3% L: 7.92%
R: 10.9% R: 7.41%
43.42%

was 1525 Pa (11.44 mmHg), obtained in tumor 2. The shape of the pressure profiles (figure 9.4) differed strongly between the different tumor
geometries and even along the longer and shorter axes in the same tumor
geometry. It is interesting to note that the pressure profile along the short
axis 1 of tumor 1 has a local minimum. Another pressure related parameter that showed a directional variability was the LP50 with a peak value
of 0.819 mm for the left side of the long axis of tumor 3 and a minimum of
0.0290 for the left side of the long axis of tumor 1.
9.3.5 Drug distribution
Drug penetration was analyzed along the same axes mentioned above and
all concentrations were normalized with respect to the initial concentration c = 113 µmol/l. Absolute penetration depths ranged from 0.281 mm
to 0.495 mm and were highest along the long axis of tumor 3 and lowest
along the long axis of tumor 2. Relative penetration percentage ranged
from 3.30% to 10.9% and was highest along the short axis of tumor 3 and
lowest along the long axis of tumor 2. The volume fraction of penetrated
tumor tissue ranged from 28.04% to 43.42% and was highest for tumor
3 and lowest for tumor 1. A summary of the penetration depths can be
found in table 9.2 and a visualization of the drug concentration profiles
can be found in figure 9.5.

9.4

D ISCUSSION

In this work, we expanded our previously developed three-dimensional
CFD model for IPC in tumor nodules [269] to include realistic geometries
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Figure 9.4: Pressure distributions in the different tumor geometries along the
short and long axes (SA and LA respectively) presented at the bottom; tumor
projections are not to scale. Pressures are noted in Pa and the distances are
normalized with respect to the total respective length of the axis.

Figure 9.5: Drug distribution in the different tumor geometries along the axes
as shown in the bottom; tumor projections are not to scale. Concentrations
are noted in mol/m³ and the distances are normalized with respect to the total
respective length of the axis.
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and pressure profiles. We modeled three different tumor nodule geometries of different sizes (288 mm3 , 121 mm3 , 45 mm3 ) and extracted spatially
varying microvasculature related parameters from DCE-MRI images. Using these parameters, pressure fields were simulated in the tumors and
drug transport was studied in all three tumor geometries in the presence
of the corresponding pressure field.
In any work relying on DCE-MRI data, a trade-off has to be made
between spatial and temporal resolution [14]. We opted for a small temporal resolution to extract an animal-specific AIF. Due to this high temporal resolution and the available MRI hardware, we were limited to a
single slice and had to extrapolate the vascular properties estimated from
this slice to three-dimensional data. Other works in which mice tumors
were studied have used AIF functions from literature to allow for a lower
temporal resolution [224, 185, 329]. The extrapolation of data from 2D to
3D inevitably leads to inaccuracies in the determination of the interior tumor zones that were determined. In the future, a more realistic estimation
of vascular parameters in the tumors could be obtained using multiple
slices throughout the tumor during the DCE-MRI and applying the data
processing workflow for each slice. Recently, Bhandari et al. [21] used
a 3D DCE-MRI sequence combined with a high temporal resolution in
the study of human brain tumors with good results. It is, however, impossible to compensate for physiological and hardware differences by
extrapolating scan parameters from one setup to another. We found that,
upon fitting the DCE-MRI data to equation (9.1), not all pixels could be
adequately fit. In some cases, this was due to poor signal quality (too
much noise) in these pixels and for a second subset of pixels, located at
the edge of the ROI, this was because of overestimations in the initial ROI
segmentation, most likely caused by partial volume effects [12]. Studying the contrast concentration profiles in the border areas of the initial
ROI’s could in the future allow for a better distinction between tumor and
surrounding tissue and a more refined ROI.
A final group of pixels that could not be fit by equation (9.3) were pixels
that exhibited the typical signal shape of necrotic zones. Both tumor 1
and tumor 2 were found to have necrotic cores, with the pixels in the
dark regions on figure 9.3 exhibiting the typical relation between time and
signal intensity for necrotic zones as was also found in [44]. The necrotic
zone in tumor 1 (largest tumor), however, was estimated to be a factor 8
larger than the one in tumor 2.
In tumor 3, two different zones could also be distinguished (figure 9.3),
but neither of them was necrotic. Pixels from the interior zone of tumor 3
137

9. A 3D CFD- MODEL OF THE INTERSTITIAL FLUID PRESSURE AND DRUG
DISTRIBUTION

displayed a relation between time and signal intensity that was more close
to that of a hypoxic zone with a slower contrast uptake and a prolonged
wash-out compared to perfused tumor tissue. Contrast concentration
curves of pixels belonging to the outer shell of each of the three tumors
followed the typical relation for viable, well-perfused tumor tissue with
a sharp peak in contrast concentration and a rapid wash-out due to the
abundance of leaky, tortuous microvasculature in this area.
The measured pressures varied between 2066 Pa and 2839 Pa with
the largest value observed in tumor 2 and the smallest value in tumor
1. Overall, the lower the LP50, the steeper the pressure profile and the
higher the maximal interstitial fluid velocity, and therefore the higher the
radial outward convective flow will be. Calculated pressures showed a
similar trend but were lower with values varying from 1384 Pa to 1525 P a
(largest value for tumor 2, smallest value in tumor 1). Tumor 2, which had
the largest percentage of viable, well-perfused tumor tissue, presented
with the highest IFP. It is important to note that in the CFD model only
IFP is simulated by means of the Starling term. However, the invasively
measured pressure yields the total pressure, i.e. the sum of the IFP and
solid state (SS) pressure [28] with the SS pressure transmitted by the solid
and elastic elements of the extracellular matrix and cells, as opposed
to fluids (IFP). The difference between the measured and predicted IFP
pressure may be a measure for the SS matrix pressure that exists in solid
tumors [273]. Nonetheless, validation of this assumption is mandatory
but not trivial, as most invasive pressure measurements will correspond
to the total stress rather than one of its components. Deformation tests
performed by Nia et al. [203] estimated the solid stress in solid tumors of
colorectal and pancreatic origins to be in the range of 90 to 1000 Pa. Given
this order of magnitude of the SS pressure as an indication, the SS pressure
may explain the difference between the simulated IFP and the measured
total pressure. Assuming that indeed the SS stress can be calculated as
the experimentally measured total stress minus the calculated IFP, the
SS pressures in the three tumor geometries equals 682 Pa for tumor 1,
1367 Pa for tumor 2 and 1105 Pa for tumor 3. Due to the differences
in extracellular matrix (ECM), cell density and the presence of cancer
associated fibroblasts (CAFs), the tumor tissue permeability is likely to be
significantly different from the healthy surrounding tissue permeability.
While we previously found that the IFP remained virtually constant when
the Darcy permeability of the tissue changed, these changes are very likely
to impact the SS pressure. To obtain a tumor-specific estimate of the SS
pressure to add to the calculated IFP, an extra step could be added to the
workflow in future work where – using a similar workflow as described
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by Helmlinge et al. and Stylianopoulos et al. [274, 123] – the tumor
deformation after cutting is used to determine the SS pressure.
The invasively measured total pressures in the tumors were within the
range of previously measured pressures in tumors of similar size, location
and origin (11 mmHg to 40 mmHg with a median of 22 mmHg [111] which
equals a range of 1497 to 5333 P a with a median of 2933 P a).
In our previous work [269], we established a positive relationship
between tumor size and maximal IFP. In this work, we found that this
relationship does not longer hold in the presence of zones with different
vascular properties, while we did observe a positive relationship between
the percentage of viable tumor tissue and the maximal IFP. This is of particular interest as a recent work by Bhandari et al. [21] found no relation
between tumor size and IFP. The different IFP values found for different
tumor volumes in this work are thought to be due to the maximal IFP
being reached in the geometries being lower than the maximal possible
IFP. When this maximal pressure value is reached, the net volume flux out
of the vasculature is zero and exceeding this pressure value would most
likely result in the local collapse of the microvasculature. This maximal
IFP value can be found by equaling the filtration rate of plasma fluid per
unit volume ( VJ v ) across the vessel wall as described by Starling’s law to
zero.
¢
Jv Lp S ¡
=
P v − P i − c(πv − πi )
V
V

(9.10)

This results in the following maximal IFP: P i ,M AX = P v − c(πv − πi ) in
which P v is the vascular pressure, c the osmotic reflection coefficient and
πv and πi the oncotic pressures in blood and interstitium, respectively.
Using the parameters used in this work, this maximal interstitital pressure
value equals ± 1530 P a. The pressure obtained in the tumors described
in the work of Bhandari et al., is close to the maximal interstitial pressure.
Therefore, it is not expected that IFP will be different between different
tumors geometries in the work of Bhandari et al. We also noted that
the presence of the 3D necrotic zones resulted in heterogeneous IFP
profiles in the tumors. These findings are of specific interest as previous
works using symmetrical, idealized tumor and necrotic core geometries,
found little to no influence of the necrotic core on the IFP profile [16]. A
similar finding was done by Pishko et al. [224], where skewed IFP values
were reported based on IFP calculations using 3D spatially varying tissue
parameters.
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The absolute penetration depths calculated in this work ranged from
0.32 mm to 0.50 mm. When comparing these results with those obtained
in previous studies, they were found to be in good agreement with the
experimentally defined range of 0.41 – 0.56 mm where carboplatin (another platinum-based drug of roughly the same size) was used [7]. The
observed concentration profiles were highly dependent on both the probing location and direction. We calculated the volume percentage of each
tumor where the local drug concentration after 30 minutes of IPC exceeded the IC50 value of cisplatin [60] and found a range of 28.04% to
43.42%, with the highest percentage occurring in tumor 3 and the lowest
in tumor 2. In our previous work, we explored the relative importance
of several different parameters that influenced the drug transport during
IPC. One of the largest improvements in penetration depth was obtained
by subjecting the tumor nodules to vascular normalization (VN) therapy
with the APD doubling in certain cases. The results in this work indicate
that penetration depths in certain tumors (i.e. tumor 3) could reach up to
47% when doubled and might be very good candidates for VN therapy.
As in all numerical models, some assumptions were made to make
the model implementable. The model may incorporate different zones
with different vascular parameters, but the reality is more complex. Using
a higher spatial resolution and multiple slices (instead of 1 slice) to obtain
DCE-MRI data throughout the tumor should allow for a more realistic
distribution of vascular parameters in the tumors, possibly on a voxel per
Lp S

voxel basis. The estimates for V could be further refined by coupling
model equations to the compartmental model that would yield a direct
estimation of
Jv
V

Lp S
V

values from the tracer signal instead of the proportional-

ity to approximation [329]. In this work, we assumed that the variation
of contrast tracer at early post-infusion times was from the vascular component to the interstitial space (extracellular space) only and vascular
resorption was neglected. Future work could include the addition of a
sink term in equation (9.3) to include vascular resorption. The model
could be further refined by the addition of sink terms that represent the
effect of other physiological phenomena, such as drug binding to the ECM
and plasma protein binding. Additionally, a number of refinements could
be made to the boundary conditions of the model, such as the inclusion
of time dependent boundary concentrations to take into account the
changing concentration of drug in the carrier fluid and non-zero boundary pressures to take into account the hydrostatic pressure head of the
fluid in the abdomen. An additional sensitivity study using this model
may include changing the drug concentration boundary concentration
over a biologically relevant range to quantify possible penetration depth
enhancements by using higher concentrations.
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The results presented in this work are based on data obtained from
three tumors in a mouse model. Applying the same workflow, with the
possible inclusion of some of the adaptations mentioned above, to a larger group of animals would allow for the determination of a populationbased average of the AIF and could also shed more light on the extent
of tissue heterogeneity within different tumor geometries of the same
origin. Applying the same protocol to human subjects should be feasible
but there are a few aspects to take into consideration. Although DCE-MRI
sequences for human tumor imaging exist, the location of the PM makes
them susceptible to motion artifacts due to both respiration and peristaltic movement which could interfere with data quality. Additionally,
the non-invasive pressure estimation presented in this work only estimated IFP pressures and does not account for SS pressures. To obtain an
accurate, non-invasive estimation of total tumor pressure, the SS should
be estimated non-invasively as well.
In conclusion, we expanded our previously developed 3D CFD model
of the drug mass transport in a single tumor nodule during IP chemotherapy to include realistic tumor geometries and spatially varying vascular
properties. DCE-MRI studies made it possible to distinguish between
tumorous tissues with different vascular properties as well as the healthy
surrounding tissues and necrotic zones. We found that tumor size no
longer correlated to the maximal IFP when regions with different vascular properties were included. Using realistic geometries of both tumor
nodules and necrotic cores had a big impact on the resulting penetration
depth in this work, unlike the previous model in which the inclusion or
absence of a necrotic core did not seem to influence the penetration depth
significantly. We found that the resulting pressure profiles within tumors
were highly dependent on the irregular geometries and different zones,
indicating a strong need to include both aspects in the model. The total
pressure was found to be higher for higher percentages of viable tumor
tissue volume ratios. The presence of a significant solid state pressure
in the tumor nodules may explain the difference between calculated IFP
pressures and measured total pressures.
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III
Conclusions and future
perspectives
This chapter recapitulates the most important conclusions of this manuscript and offers some critical considerations of the limitations and
impact of our research. We refer back to the research goals as defined in
part I, chapter 5 to get a sense of the extent to which we achieved these
goals and end this chapter by identifying directions for future work.
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K EY FINDINGS
In this dissertation we studied (i) a novel approach to obtain a better
surface exposure of the peritoneum to cytotoxic drugs and (ii) the determinants that influence the penetration depth of drugs in tumor nodules
on the peritoneum. The connecting factors of both chapters were both
the ultimate goal (i.e improving intraperitoneal chemotherapy) and the
means by which we attempted to obtain this goal (i.e use of computational
fluid dynamics). In the first chapter of part 2, a novel approach for IPC
that shows potential to overcome one of the main limitations of current
IPC practice: the limited surface exposure of the peritoneal surfaces, was
presented. In chapter 8 of part II, we presented our own model for the
drug transport during IPC, which, in chapter 9, was enhanced to include
realistic tumor geometries and spatially varying vascular parameters.
It is obvious that in order for intraperitoneal chemotherapy to be efficient, the drug solution should reach all affected areas of the peritoneum
in a sufficient manner. The presence of bulky tumor nodules and possible
adhesions due to prior surgery modify the already complex peritoneal
anatomy in such a way that homogeneous distribution of the drug carrier
solution using a single inflow catheter is not feasible. Using a combination
of theoretical considerations and computational fluid dynamic modeling, a number of different catheter designs consisting of multiple inflow
arms were proposed. The proposed designs were manufactured from silicone tubing using a microdrilling technique to fabricate the perforations
along the catheter arms. Hydraulic testing results where underwhelming
with none of the manufactured prototypes resulting in desirable outflow
patterns. The manufacturing issues leading to the non-homogeneous
outflow included burr formations, non-round perforations, incomplete
perforations, and perforations inconsistent in size. Due to these issues,
the microdrilling technique was abandoned in favor of the laser ablation
of the perforations. Despite solving several of the manufacturing issues (
burr formation, incomplete perforations), others persisted with the nonround, tapered perforation shape and the inconsistency in size being
the most notable ones. Hydraulic testing using the full catheter set-up
with laser ablated perforations resulted in very heterogeneous flow due to
these manufacturing inaccuracies in the different catheter arms, with the
flow in the most perfused arm being a factor 40 larger than the flow in the
least perfused arm.
Mathematical modelling can provide unique insights in the different
transport barriers that occur during IP chemotherapy, as well as offer the
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possibility to test different protocols or drugs without the need for in vitro
or in vivo experiments. The current state of the art of the modelling of
drug transport during intraperitoneal chemotherapy was summarized in
chapter 7. We classified the existing models in three different categories
based on the used scale in the model: the whole organ scale, which considers the peritoneum as a single compartment; the tissue scale, which
considers the tissue of the tumor as a homogenous mixture of cells, interstitium and vasculature; and finally the cellular model, which models each
cell explicitly. We found the existing models in literature to be diverse and
each one coming with its own set of advantages and limitations. Multiple
models did not take the high interstitial fluid pressure into account and
neither of them used spatially varying tissue parameters. The inclusion
of these aspects in our computational fluid dynamics model is one of the
key features of this work.
In chapter 8, we presented a full three-dimensional model to study
drug transport in an isolated intraperitoneal tumor nodule during IP
chemotherapy. The model included convective, diffusive and reactive
drug transport in different tumor geometries and sizes and we applied
it to study the influence of changes in some of the therapy-related parameters (e.g. different types of drugs, tissue permeability. . . ) on the tissue
penetration. We found that the model reproduced a number of literature
validated trends (e.g. effect of tumor size on penetration depth; effect of
vascular normalization therapy) and the calculated penetration depths
proved a good match to the ones found in literature. Tumor size and
shape were important determinants of drug penetration depth as well as
the extent and permeability of the microvasculature that was present in
the tumor tissue. The explicit inclusion of the necrotic core in the model
and changes in the intrinsic tissue permeability on the other hand had a
limited effect on the predicted penetration depth.
Because of the noted dependence of drug penetration on both tumor
size and shape and vascular properties, we expanded the previously developed three-dimensional CFD model to include realistic geometries
and pressure profiles (part II, chapter 9) with data obtained from animal
experiments. Even though the tumor nodules were often small and their
location on the peritoneal surface made them prone to motion artifacts
related to both breathing and peristaltic movement, segmentation of the
nodules was feasible without any problem. More realistic pressure distributions were obtained by estimating vascular parameters from DCE-MRI
datasets and subsequently using these as a spatially varying input in the
Starling term of the mass balance equation for the interstitial fluid flow.
In the presence of the realistic pressure distributions, penetration depth
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of drugs was found to be far more inhomogeneous than in the previous
model, thereby highlighting the importance of taking this factor into account. Interestingly, tumor size no longer correlated with the maximal
IFP obtained in the tumor when regions with different vascular properties
were included. Also, the presence of a necrotic core did seem to influence
the IFP in these cases (as opposed to the model in chapter 8) with the
percentage of viable to necrotic tissue correlating to the maximal IFP. The
measured pressures in the tumor nodules were higher than the simulated
pressures in each geometry. The presence of a significant solid state pressure in the tumor nodules may explain this difference between calculated
IFP pressures and measured total pressures.

C ONTRIBUTION AND IMPACT
In this work, computational fluid dynamic modeling was used for two
very different applications that were linked by their shared goal: attempt
to improve the current state of the art of intraperitoneal chemotherapy.
The developed models can have a clinical impact in a several ways which
will be discussed in this section.
Catheter design
Any design process is bound to be complicated by unexpected issues and
findings along the way. And although no working prototype of the new
catheter could be presented at this stage, there is merit to be found in the
workflow of the design and benchmarking process of it. Theoretical design
allowed for the creation of a number of idealized geometries that could
lead to favorable outflow profiles. The impact of adapting these idealized
geometries to a ‘makeable’ design could be assessed in a time and costefficient manner using computational fluid dynamics for a number of
different geometries. When in vivo results proved to be different from the
expected results and manufacturing issues were hypothesized to be at the
base of this, the model was used to “reverse engineer” the manufactured
catheter geometry and the results proved that these manufacturing issues
were indeed at the base of these discrepancies. Should the road to clinical
implementation of the catheter after solving the manufacturing issues
lead to more setbacks that require adjustments to the catheter arm design,
CFD modeling can be used as a quick, reliable tool to choose between
different designs.
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Therapeutic target identification
Penetration depths of cytotoxic drugs after intraperitoneal administration of chemotherapy are currently not sufficient to ensure the elimination or prevention of recurrence of peritoneal metastases. The transport
processes occurring during IPC depend on numerous parameters and
theoretically, any parameter that has an influence on the mass transport
during chemotherapy is a possible target to modify and potentially improve the drug penetration depth. The distinction between a good target
parameter and a less interesting one, is based on how sensitive the penetration depth is to this parameter. Traditional methods to evaluate the
impact of changes in one of the governing parameters are in silico, in vitro
or in vivo experiments or more often a combination of all three. Computational fluid dynamics models like the one presented in chapter three are
able to predict changes in penetration depth in a time and cost-effective
manner when certain parameters are varied. In chapter three, we found
that penetration depth was far more dependent on the amount of vascular normalization therapy that was applied than to the intrinsic tissue
permeability. By performing parameter sweeps over larger ranges for the
governing parameters, we identified vascular normalization therapy and
drug diffusivity as interesting therapeutic targets.
Protocol selection for IPC
In chapter 8, an attempt was made to provide an oversight of the differences between different IPC regimens and looking at this overview
provides a sense of just how different treatment protocols are. Some
differences are straightforward such as the choice of used drug, which
relates to the effectiveness of the selected drug against the tumor of origin.
Other choices such as the amount of carrier fluid, therapy duration, etc
are more debatable and will often depend on hypothesis, expertise of
the treating team and practical considerations. IPC duration for example
should ideally be long enough so that the maximal potential penetration
depth can be obtained and tumor cells are exposed to the drug concentrations over the longest possible period of time. It is however important to
keep track of the total operation time, especially when a time consuming
debulking operation has already been performed. The ideal IPC duration
should be a compromise between both aforementioned factors and modeling the penetration depth of drugs for different IPC durations using a
CFD model can help surgeons decide on this matter. The concentration of
the drug in the carrier fluid should ideally be as high as possible, to maximize the concentration gradient and therefore diffusive drug transport
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into the tumor tissue. A higher concentration is however a risk for on the
patient, with chances for both local toxicities at the outermost surfaces
and systemic burden thought to increase with higher concentrations. Simulations in which the concentrations are varied over a useful and safe
range could help determine the optimal concentration to be maintained
during IPC. It is possible that lower concentrations lead to approximately
the same penetration depth of drug, due to the dominance of the convective transport over the diffusive one in tumors with high IFP. Other,
similar examples to the previous two can be thought off, highlighting the
potential of the model as a tool to aid the surgeons in the determination
of optimal IPC protocol parameters.

L IMITATIONS AND FUTURE PERSPECTIVES
Catheter protoyping and manufacturing issues
Even though all proposed designs performed well in simulations, none of
these first prototypes performed well during hydraulic testing. The reason
for this underwhelming performance was traced back to manufacturing
issues and inaccuracies and as a result, the first manufacturing approach
(microdrilling) was abandoned in favor of laser ablation. Despite solving
some of the manufacturing issues the laser ablated catheters did not outperform the previous catheters and at the conclusion of this dissertation,
the feasibility of using laser ablation as a manufacturing technique for
the catheter arms is not obvious. Searching for alternative manufacturing
methods that are able to produce perforations with reproducible results
and acceptable tolerances should be the subject of future research.
The connector pieces that were designed and used in the full catheter set-up were visually inspected and underwent some preliminary,
qualitative hydraulic testing. More extensive, quantitative testing and microscopic inspections of the pieces were not performed because the issues
with the perforated catheter arms were more significant. All manufacturing techniques are prone to small variations in physical dimensions and
the variations in diameters of the outflow support pieces of the 3D-printed
connector piece are likely to also have an influence of the homogeneity
of the outflow pattern of the full catheter. Future work should therefore
include proper, quantitative testing of these connector pieces to assess
the impact of these variations.
Even when manufacturing issues are solved, there is still a long way
ahead before clinical implementation. The minimal diameter of the per148

forations was limited to prevent occlusion of these perforations due to
biological processes such as biofilm formation. The motivation behind
this cut-off value is however arbitrary in this work and in vivo testing of
the prototypes should clarify whether this value is substantiated.
Model assumptions and parameterization
In this work, we used a CFD and species transport model to study the
distribution of drugs in tumor tissue after intraperitoneal chemotherapy.
The tumor tissue is considered to be a homogeneous mixture of cells,
extracellular matrix and microvasculature. Therefore, a distributed porous
medium model was used with the Navier-Stokes equations describing
the momentum transport reducing to the Darcy law. During IPC, it is
assumed that the drugs enter from the intraperitoneal cavity through the
extracellular, extravascular space and are either diffusively-convectively
transported or are lost for further transport by cellular uptake or vascular
uptake. In this work, both cellular and vascular uptake were considered to
be one directional and are modeled as a sink term in the species transport
equation. The convective transport of the drug in the extracellular space
was strongly influenced by the elevated interstitial fluid pressure, which
was modeled using the Starling term with permeabilities estimated using
DCE-MRI data as spatially varying input. The presence of a necrotic core
where no uptake (neither vascular nor cellular) of the drug was present
was taken into consideration with only a limited effect on the results.
The influence of different drugs was studied by changing drug diffusivity.
Extracellular drug binding and plasma protein binding were not taken
into account. To validate the computational model, an orthotopic mouse
model was used starting from an ovarian cancer cell line from which the
tumor geometries (volumes ranging from 45 to 288 mm 3 ) were segmented.
Pressure measurements were made using a pressure tip catheter (pressure
ranging from 2067 to 2890 P a).
Given the strong influence of the IFP on the results, future work should
focus on the accurate determination of this IFP in a non-invasive way.
The mouse model used in this work was limited in spatial resolution
due to the small tumor sizes and was prone to motion artifacts. As a
human derived cell line was used in an immune compromised mouse,
the micro-environment of the tumor is likely to be significantly different
from that of an actual ovarian tumor. Switching to a rat model starting
from a native cancer cell line, might facilitate the determination of an
accurate, representative, non-invasive pressure measurement. Once such
a protocol has been established, a shift in focus could be made to study
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smaller tumors as they are the ones that are clinically of most interest.
Also, these smaller nodules are interesting due to the expected conflicting
contribution of both inward diffusive and radially outward convection
(without the tumor pressure being elevated to such high pressures that
the convective transport is entirely dominant).
Any model that mimics the behavior of tissue is bound to be limited
in accuracy by the assumptions that have to be made in order to reduce
the complexity of the human body to a more manageable level. We made
an initiative to model the reactive transport of the drug in the tumor
tissue, with sink terms representing the vascular re-uptake and cellular
uptake of the drug, but the actual transport includes numerous other
steps. We did not implement for example the sink terms representing
the effect of other physiological phenomena such as extracellular matrix
binding and plasma protein binding. Literature values quantifying these
processes that would allow for straightforward implementation in the
model were not available for these phenomena and the choice was made
to omit them from the equations for now. Future work should include
the determination and validation of these phenomena in a quantitative
way if possible. Additionally, intraperitoneal chemotherapy is often performed using heated chemotherapy (HIPEC). In this work, the effect of
hyperthermia was not taken into account because the method of action
of hyperthermia is not related to a single model parameter and some of
the effects described above might have opposite effects on the overall
penetration depth. Validation of these separate effects with experimental
data in order to include correct parameters was beyond the scope of this
work but is therapeutically very relevant. In the future, hyperthermia can
be included by changing the diffusivity of the used drug, the LD50, the
viscosity for all fluids, the hydraulic permeability and the cellular uptake
etc. With the inclusion of each additional phenomenon, the model becomes more complex and more difficult to solve. Adequate validation
of single parameters on the one hand, and of total model performance
on the other hand at each step along the way is imperative to obtain reliable results. At this point, validation of the drug penetration depths was
done by comparing the simulated results to available literature data with
a good agreement being found between both ranges. Future research
should include the direct measurement of the penetration depths after
intraperitoneal chemotherapy to provide a one-on-one validation of the
total model.
Due to hardware limitations and data quality, we found that it was
not possible to estimate vascular permeability maps on a voxel-to-voxel
basis from the obtained DCE-MRI dataset and had to rely on averaging
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and extrapolation of data in order to fill in the blanks. The extrapolation
of data from 2D to 3D, and the averaging over groups of pixels with similar
values, inevitably led to inaccuracies in the determination of the vascular
permeabilities that were determined. In the future, a more realistic estimation of vascular parameters in the tumors could be obtained using
multiple slices throughout the tumor during the DCE-MRI and applying
the data processing workflow for each slice.
The (im)possibility for personalized medicine
Living tissue, and especially tumor tissue is not a uniform entity that
can be quantified by single parameter values for quantities such as microvascular density, permeability, cell concentration, extracellular matrix
compositions, etc. Values for such parameters are expected to range
between different patients on the one hand and within a certain tissue on
the other hand. In this work, we found that some general trends from the
first model were not replicated in the subject-specific models. Tumor tissues are notoriously heterogeneous and using patient-specific geometries
and tissue parameters, which is often the next step in improving personalized treatment efficacy, is not straightforward in the case of peritoneal
metastases. The implementation of patient-specific tumor geometries is
challenging to say the least with tumor nodules not only being small and
distributed over a large surface area, but the amount of tumor nodules
is often so high that segmentation of all nodules would be far too labor
intensive. The model developed in this work should therefore not be
considered as a first step towards a personalized medicine approach for
IPC, but more as a tool to derive optimal treatment protocol parameters
and derive general trends. To derive these general trends, an alternative approach taking into account the natural variations in human tissue
parameters could consist of the segmentation of a diverse set of tumor
geometries and using experimental determined ranges for relevant tissue
parameters to perform Monte Carlo style simulations and attempt to derive general trends that include these tissue variations. From these general
trends, it might be possible to determine subgroups of tumor nodules that
are more likely to be adequately targeted by IPC or even alter treatment
protocol parameters depending on the features of the found nodules. A
patient with a large number of small nodules, might for example benefit
more from a different protocol than a patient with fewer, larger tumor
nodules. Deriving this sort of trends might be an interesting path for this
research to continue and find its way into clinical application.
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Measuring tumor pressure: what’s in a name?
Like many other solid tumors, the peritoneal tumor nodules often exhibit
a high interstitial fluid pressure. This high IFP is caused by a number of
contributing factors, including the leaky and irregularly shaped microvasculature, the lack of a functional lymphatic system, a denser extracellular
matrix, an increased number of cancer associated fibroblasts (CAF’s) and
a larger cell density. The model as implemented in this work, takes the
altered microvasculature into account as well as the lack of the functional
lymphatic systems. Total tumor pressure, is like any other tissue pressure
composed of an interstitial fluid pressure and a solid-state pressure.
After the experiments, the conclusion in hindsight was that total pressures were measured instead of true IFP and upon subsequent review of
the literature, it was often difficult in other works to distinguish whether
only true IFP was measured, or total pressure. In other works, where the
effect of techniques to lower tumor pressure are studied, this distinction
might not be as relevant, but when it comes to validation of the IFP pressures in our model, which describes only the fluid phase of the tissue, it
clearly is. The discrepancies between measured total pressures and simulated pressure might therefore be explained by the solid state pressure and
experimental determination of this solid state pressure after the DCE-MRI
protocol and subsequent invasive pressure measurement should ideally
allow for this hypothesis to be accepted.
To the best of our knowledge, easy, accurate and non-invasive measurement of tumor IFP is not feasible at this point. Studies attempting to
influence the IFP (and thereby therapy outcome) therefore rely mostly
on invasive pressure measurement or other parameters that are a measure for IFP. Given that spread of cancer cells in the peritoneal fluid is
one of the main dissemination routes for peritoneal metastases, invasive
pressure measurement techniques, which effectively puncture the tumor
capsule, are not feasible in the clinical context of peritoneal metastases.
The influence of IFP on penetration depth was very pronounced however, indicating that vascular normalization therapy and other techniques
aimed at lowering the IFP are interesting targets to improve the penetration depth of drugs. Further research should therefore focus further
into developing accurate, non-invasive methods for measuring IFP in the
context of peritoneal metastases.
Due to its limited invasiveness and promising reported enhancement
in penetration depth, IPC delivery in the form of a pressurized aerosol
(PIPAC) is increasingly being studied as an alternative IP delivery method.
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Similarly to the work done in this dissertation, computational fluid dynamic modeling of PIPAC, might also offer some an insights in the governing parameters of drug transport during PIPAC and add to the determination of optimal treatment parameters.
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In this appendix, a more elaborate overview of different types of abdominal cancers than the one provided in Chapter 2 can be found.

G ASTRIC CANCER
Gastric cancer is known for its aggressive nature and is one of the main
causes of death from cancer worldwide. Adenocarcinoma is the most
prevalent gastric cancer with reported incidences of 90 to 95%, while remaining gastric cancer cases include lymphomas, gastrointestinal stromal
tumors (GIST) and carcinoid tumors [236]. Peritoneum and liver are
among the most common metastatic sites and when present, prognosis
is usually grim. Intraperitoneal chemotherapy has been used to prevent
peritoneal recurrence after a curative gastrectomy in high risk patients
and has been proven to improve both overall survival and disease free
survival. For selected patients presenting with a low number of PM, where
complete cytoreduction is possible, hyperthermic, intraperitoneal chemotherapy (HIPEC) can be considered a valuable therapy [26].
Adenocarcinoma
Adenocarcinoma is a malignant epithelial tumor that develops from the
cells of the innermost lining of the stomach. It is commonly subdivided
in intestinal and diffuse-type [67]. Diffuse-type cancers diffusely infiltrate the stroma of the stomach and often exhibit deep infiltration of the
stomach wall while intestinal-type cancers grow in expanding, rather than
infiltrative patterns . The latter are associated with a better prognosis than
diffuse-type gastric cancers [67].
Gastric carcinomas are often asymptomatic when superficial and
resectable, and the majority of patients diagnosed with gastric adenocarcinoma therefore present with unresectable locally advanced or metastatic disease [103]. Intraperitoneal chemotherapy has been studied in
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the management of gastric cancer and a recent meta-analysis showed that
interperitoneal chemotherapy was associated with an increased 1-year,
2-year, and 3-year survival rate, but had little to no effect on the incidence
of 5-year survival rate [142].
Lymphoma
Primary gastric lymphomas are rare, accounting to approximately 5% of
primary gastric cancers. A distinction can be made between low-grade
and high-grade tumors, and treatment options will depend on the histologic subtype and stage of the disease. Antibiotic therapy, systemic
chemotherapy and radiotherapy are often used in the management of
gastric lymphomas, in contrast to surgery, which is avoided if possible
[144].
Gastrointestinal stromal tumor (GIST)
Gastrointestinal stromal tumor (GIST) originate from the interstitial cells
of Cajal which are present in the wall of the stomach. The tumors are
considered to be potentially malignant. The standard treatment of a GIST
without metastasis is surgical resection, but recurrence rates of up to
50% are reported even with complete resection [3]. Recurrent GIST or
GIST with metastasis are usually treated by tyrosine kinase inhibitors
but cases in which cytoreduction in combination with intraperitoneal
chemotherapy have been used have been described [31].
Carcinoid tumor/ Gastro-enteropancreatic (GEP) neuroendocrine
tumor (NET)
Gastric carcinoid tumors are rare endocrine-related tumors that develop
within the gastric mucosa and are subdivided in three types: type 1, type
2, type 3 [307]. These cancers are mostly found by coincidence during
endoscopy and can consist of a single lesion or multiple lesions of varying
size. Type 1 gastric carcinoids usually consist of multiple small lesions,
are slow growing and distant metastases are rare. Prognosis is usually
good with a 5-year survival exceeding 95%. Type 2 gastric carcinoids also
presents with multiple small lesions and are slow growing, but have an
increased incidence of distant metastasis which is reflected in a lower 5year survival (70% to 90%). Type 3 gastric carcinoids are generally solitary
lesions and are often large. The biological behavior is more aggressive
than type 1 and 2 with frequent metastases to regional nodes and liver
and the 5-year survival is lower than 35% [307].
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Other cancers
Other primary cancers of the stomach include squamous cell carcinoma,
small cell carcinoma and leiomyosarcoma, but the incidence of each of
these cancers is very rare [177].

A PPENDICAL ORIGIN
Cancers of the appendix are rare and early disease is often asymptomatic.
Hence, most of them are found during appendectomies performed for appendicitis. The primary appendical cancers can be subdivided in colonictype adenocarcinoma of the appendix, mucinous appendical neoplasms,
and neuroendocrine carcinoma. The management of primary appendix
cancer depends on the histologic subtype and extent of disease. Because
they are quite rare, therapy is mainly based on retrospective insights and
small trials.
Colonic-type adenocarcinoma of the appendix
Colonic-type adenocarcinoma of the appendix is most prevalent in the
5th and 6th decade, and has a slight male sex predominance. Diagnosis is
often made following appendectomy for appendicitis, or when a palpable
abdominal mass is present. Colonic-type adenocarcinoma is known to
perforate and distend into adjacent structures although this is less likely
than in mucinous adenocarcinomas. The peritoneum is the most common site for metastases, and for selected patients for whom complete
cytoreduction can be achieved, intraperitoneal chemotherapy has been
used [149].
Mucinous appendiceal neoplasms (MAN)
Mucinous appendical neoplasms (MAN) can be subdivided in low-grade
appendical mucinous neoplasm, high-grade appendical mucinous neoplasm, mucinous adenocarcinoma and poorly differentiated mucinous
adenocarcinoma [15]. This distinction is crucial in determining prognosis
and treatment: high-grade MAN exhibits a more aggressive clinical course
than low-grade MAN. Both types of cancer are known to rupture, leading to pseudomyxoma peritonei (PMP). PMP is characterized by poorlycircumscribed gelatinous masses filled with malignant mucin-secreting
cells. Both types of MAN are unlikely to spread extraperitonealy and
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are as such good candidates for cytoreductive surgery and intraperitoneal chemotherapy. Additionally, even in patients presenting with a high
peritoneal carcinomatosis index, complete or near-complete cytoreduction can be obtained. These factors have made cytoreductive surgery in
combination with heated intraperitoneal chemotherapy the standard of
treatment for patients with PMP with excellent survival rates.
Goblet cell adenocarcinoma (GCA)
Goblet cell adenocarcinoma (GCA), is a rare malignant cancer of the
appendix accounting for approximately 14% to 19% of primary appendix
cancers [238]. GCAs are typically diagnosed after appendectomy,
and when detected early, controversy exist on whether additional
right-hemicolectomy is indicated. The peritoneum is the most common
site of metastases and in GCA patients with peritoneal involvement,
various combinations of debulking surgery, systemic chemotherapy, and
cytoreductive surgery with hyperthermic intraperitoneal chemotherapy
(CRS+HIPEC) have been used. [188]
Neuroendocrine carcinoma
Primary appendical neuroendocrine carcinoma (ANC), is considered a
subtype of midgut neuroendocrine carcinoma, and has better survival
rates (>95%) compared to all other tumor types located in the appendix,
even when peritoneal metastases are present [112].

O VARIAN CANCER
Ovarian cancer constitutes the fifth most frequent cause of cancer death
in women in the Western world, accounts for an estimated 239,000 new
cases and 152,000 deaths worldwide annually [230]. Malignant ovarian
tumors are classified in different groups : epithelial, stromal and germ cell
tumors, but rare exceptions fall outside these groups [1].
Epithelial tumors
Epithelial tumors, also called ovarian carcinomas (OCs), are the most
common group, accounting for 90% of ovarian cancer diagnosis [45]. This
group is further subdivided in low-grade serous carcinoma (LGSC, less
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than 5% of cases), high-grade serous carcinoma (HGSC, around 70% of
cases), mucinous carcinoma (MC, 3% of cases), endometrioid carcinoma
(EC, around 10% of cases) and clear cell carcinoma (CCC, around 10%
of cases) [225]. Different groups are characterized by differences in risk
factors, molecular genetic abnormalities, natural history, and response
to chemotherapy [98]. Since early disease tends to be asymptomatic and
no effective screening programs exist, more than 75% of the patients are
diagnosed at an advanced stage (FIGO stage III or IV) [69]. At these advanced stages, patients already show extensive tumoral dissemination on
the peritoneal surfaces, known as peritoneal carcinomatosis (PC) or peritoneal metastasis (PM) [83]. Historically, standard treatment consisted
of a combination of cytoreductive surgery and systemic chemotherapy.
Intravenous chemotherapy however does not effectively penetrate into
peritoneal tumor nodules, and in recent years locoregional treatment
in the form of intraperitoneal chemotherapy treatment has been investigated with promising results [50]. Due to these promising results, intraperitoneal chemotherapy, in combination with cytoreductive surgery,
has become a generally accepted protocol in most advanced high grade
epithelial ovarian cancers [236].
Ovarian sex cord-stromal tumors
Ovarian sex cord-stromal tumors represent approximately 7% of all
ovarian tumors and include a heterogeneous group of neoplasms that
arise from the primitive sex cords or stromal cells [130, 245]. Although
younger patients are most affected, cases with affected women of all ages
have been described [114]. Presentation as a low-grade disease (stage I)
is most common and usually the clinical course is non-aggressive with
surgical resection alone leading to favorable prognosis [249]. In cases
with recurrent or primary advanced disease, systemic chemotherapy has
been used as well as intraperitoneal chemotherapy more recently [141,
68].
Ovarian germ cell tumors (OGCT)
Ovarian germ cell tumors derive from primordial germ cells of the ovary
and can be either benign or malignant with the latter only accounting
for only a small fraction of all OGCTs [204]. Platinum based chemotherapy is usually effective with reported survival rates of 90% in women
with early stage OGCTs and up to 80% for more advanced disease [252].
Loco-regional spread to the peritoneum is rare but when present, prognosis is usually poor [322]. Recent studies showed that a combination of
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cytoreductive surgery and hyperthermic intraperitoneal chemotherapy
has promising and potentially curative results in cases with peritoneal
metastasis [322, 118].

C OLORECTAL ORIGIN
Epithelial tumors
Adenoma
Colorectal adenomas are benign tumors of the colon and the rectum. They
are typical precursor lesions for colorectal adenocarcinoma. The size of
the adenoma is one of the most important predictors for their malignant
potential. Based on their size they can be subdivided in diminutive (1 to
5 mm in diameter), small (6 to 9 mm), and large (≤10 mm) adenomas.
Studies have shown that adenomas are found in as much as 50% of asymptomatic persons who undergo screening by means of colonoscopy; 3.4
to 7.6% of these adenomas are advanced and 0.2 to 0.6% are cancerous
[272].
Colorectal Carcinoma (CRC)
CRC is not a homogenous disease, but can be classified into different subtypes, which are characterised by specific molecular and morphological
alterations. Subdivions include adenocarcinoma, mucinous adenocarcinoma, signet-ring cell carcinoma, small cell carcinoma, squamous cell
carcinoma, adenosquamous carcinoma, medullary carcinoma and undifferentiated carcinoma. Incidence of CRC is high and in the western world
it accounts for approximately 10% of all cancer-related mortality. [160]
Peritoneal metastases (PM) are common in colorectal cancer, with
up to 10% of patients presenting synchronously with the primary tumor,
and up to 25% developing PM at a later stage [184]. A recent review found
that 3.4 to 6.3% of patients with non-metastatic colorectal cancer develop
peritoneal metastases after curative surgery [129]. Risk factors to develop
PM include [276]:
• Visible evidence of peritoneal metastases
• Ovarian cysts showing adenocarcinoma suggested to be of
gastrointestinal origin
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• Perforated cancer
• Positive margins of excision
• Positive cytology either before or after cancer resection
• Adjacent organ involvement of cancer-induced fistula
• T3 mucinous cancer
• T4 cancer or positive ‘imprint cytology’ of the primary cancer
• Cancer mass ruptured with the excision
• Obstructed cancer
In the risk group mentioned above, intraoperative HIPEC is being
investigated as a way to minimize the occurrence of PM. Another treatment strategy is the so called second-look surgery, which aims at the early
detection of PM and can be combined with HIPEC when indicated.
In addition to the preventive role of HIPIC in the development of PM
in colorectal cancer patients, intraperitoneal chemotherapy can also be
used with a curative, therapeutic of palliative aim. Taking into account the
high morbidity and mortality of the combination of cytoreductive surgery
combined with intraperitoneal chemotherapy, patients should be selected
based on their general fitness, PCI, prior surgical score, histopathology of
the primary tumor, etc. In highly selected cases, the combination of CRS +
HIPEC has led to improved median survival [276].
Carcinoid tumors
Carcinoid tumors are the most common neuroendocrine tumor in the
gastrointestinal system [173]. Although rectal carcinoids often behave
in a relatively indolent manner, they are malignant and can metastasize.
Estimated 5-year survival rates range from 88 to 100 for stage I, and from
0 to 38% for cases where distant metastases were present [189]. Chemotherapy and radiation therapy are used in the management of metastatic
carcinoid tumors, but only resection is thought to be curative [319].
Colonic carcinoids are even rarer than their rectal counterparts and
differ in clinical presentation, morphology and prognosis [206]. The lesions are usually large and aggressive and 50 to 60% of patients have
metastases to the liver, lymph nodes, mesentery, or peritoneum. Prognosis is poorer than rectal carcinoids with a reported 5-year survival of
approximately 50% [111].
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Non-epithelial tumors
Non-epithelial tumors of colorectal origin include lipomas, leiomyomas,
gastrointestinal stromal tumors, leiomyosarcomas, angiosarcomas,
melanomas and lymphomas but each of these is very rare.

PANCREATIC ORIGIN
Pancreatic cancer is one of the deadliest cancers with a 5 year survival
rate below 5% [315]. A distinction between endocrine and exocrine can
be made with the latter being far more common than the former.
Endocrine tumors of the pancreas (PNET)
Pancreatic neuroendocrine tumors (PNETs) are rare pancreatic neoplasms
that are generally indolent, but do have malignant potential [232]. Different types include insulinomas, gastrinomas, VIPomas, and glucagonomas.
Due to this often indolent nature, a wait-and-see approach was common historically, but more recently more aggressive approaches are more
common [71]. This aggressive approach consists of surgery, locoregional
therapy, systemic therapy, and complication control [315]. The most common metastasis of PNET are the liver, although peritoneal metastases
have also been described [300].
Exocrine tumors of the pancreas
Most exocrine tumors of the pancreas have an epithelial origin, with other
origins such as mesenchymal (leiomyosarcomas, malignant gastrointestinal stromal tumours, solitary fibrous tumours) and lymphatic (lymphoma) being very rare. The most common type of epithelial neoplasm of
the pancreas arises from the ductal epithelial cells of the exocrine pancreas and have the ductal adenocarcinoma histological subtype (PDAC).
Other subtypes according to the WHO histological classification include:
solid-pseudopapillary neoplasms, pancreatoblastomas, acinar cell carcinomas, papillary mucinous neoplasms, mucinous cystic neoplasms and
serous cystic neoplasms.
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Ductal carcinoma of the pancreas (PDAC)
PDAC is an aggressive disease associated with a poor clinical prognosis,
weakly effective therapeutic options, and a lack of early detection methods. Complete surgical removal of the tumor remains the only chance
for cure, however 80-90% of patients have disease that is surgically incurable at the time of clinical presentation [244]. Because of the often
late detection and the chemoresistance of these tumors, the five-year
survival rate is only around 5–7% and one-year survival is achieved in
less than 20% of cases [289]. Even when a complete resection has been
performed, the rate of reccurence is high and the most common sites of
recurrence are the liver, the peritoneal surfaces and the pancreatic bed
[309]. Recently, in a preliminary study, cytoreductive surgery in combination with intraperitoneal chemotherapy was found to be beneficial in
highly selected patients with pancreatic cancer with peritoneal metastasis
[288].
Serous cystic neoplasms (SCN)
SCNs of the pancreas are usually benign, but do have malignant potential,
albeit a very small one. Due to this low malignant potential, most SCNs
are observed without resection. In malignant cases, resection leads to
excellent survival results and chemotherapy is not indicated [133, 299].
Mucinous cystic neoplasms (MCN)
MCN are rare neoplasms that occur almost exclusively in the pancreatic
body and - tail of middle-aged women; they are usually solitary and their
size ranges between 5 and 35 cm. The malignant potential of MCN is
thought to be higher than for SCN with reported incidences of invasive
carcinoma in MCN varying from 6% to 36% [201]. Surgical excision is
indicated for all MCNs which is supplemented with Gemcitabine (GEM)
chemotherapy in more advanced cases [250]. Even in malignant cases,
5-year disease-specific survival rates are much higher than for adenocarcinoma, with some studies reporting up to 57% 5-year disease-specific
survival [52].
Intraductal papillary-mucinous neoplasms (IPMN)
Intraductal papillary mucinous neoplasms (IPMNs) of the pancreas are
neoplasms that are characterized by ductal dilation, intraductal papillary
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growth, and thick mucus secretion. Resection is recommended for most
IPMN. The 5-year survival of patients after surgical resection for noninvasive IPMN is reported to be at 77-100%, while for those with invasive
carcinoma, it is significantly lower at 27-60% [183]. Gemcitabine-based
chemotherapy has been used as an adjuvant therapy, but literature does
not agree on its effectiveness [35, 211].
Acinar cell carcinoma
Even though the pancreas is composed primarily of acinar cells, acinar
cell carcinomas comprise only 1-2% of exocrine pancreatic neoplasms
[209]. Most acinar neoplasms of the pancreas are solid and malignant,
but the long-term survival for patients is somewhat better than the longterm survival of patients with pancreatic adenocarcinoma. Resection is
recommended when deemed feasible as it is the only available treatment
that can prove curative [40]. Both chemo- and radiotherapy are used in
the neoadjuvant or adjuvant setting but no standardized approach to the
treatment exists [321].
Pancreatoblastoma (PB)
Pancreatoblastoma (PB) is a rare malignant neoplasm of the pancreas
that occurs mostly in the pediatric patients but rare cases in adults exist
[208]. PB is an aggressive and malignant tumor with high rates of local
invasion and recurrence. Adult patients with PB have a worse prognosis
compared to pediatric patients [333]. Due to its rarity, no standardized
guidelines exist for the treatment of PB. Surgery is usually indicated but
the role of chemo- and radiotherapy remains unclear [241].
Solid-pseudopapillary neoplasm (SPN)
Solid pseudopapillary neoplasms (SPN) are extremely rare epithelial tumors with low malignant potential [318]. Surgical resection is performed
even in cases of local invasion and metastases. For the metastases, surgical debulking should be performed, in contrast to other pancreatic
malignancies. The overall five-year survival rate of patients with SPN is
about 95% [216].
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A PPENDIX 2 – C HARACTERISTICS OF
ALL SIMULATIONS IN PART II
CHAPTER 8

Maximal interstitial fluid pressures (IFPmax ) and distances necessary
for the pressure to drop to 50% of its maximal value (LP50) are stated
to characterize the pressure profile, absolute penetration depth (APD)
and penetration depth percentages (PD%) are given to characterize the
concentration profile. The stated differences in PD% are always with
respect to the corresponding baseline case. A summary of all used geometries and their corresponding abbreviation can be found in figure 8.1.
a Characteristics of the six baseline cases. b Characteristics of the vascular
normalization (VN) simulations. c Characteristics of the drug diffusivity simulations. d Characteristics of the simulations with and without
necrotic core (NC). e Characteristics of simulations with varying intrinsic
permeability (k).
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Characteristics of all simulations in part II chapter 8
Characteristic

IFPmax [P a]

Baseline cases
LS
Baseline Case
SS
Baseline Case
LE
Baseline Case
SE
Baseline Case
LT
Baseline Case
ST
Baseline Case

Geometry

LP50 [mm]

APD [mm]

1533.9
1413.3
1533.9
1495.4
1533.9
1522.5

0.98
0.89
0.98(SA)/ 0.99(LA)
0.90(SA)/ 0.93(LA)
0.98(SA)/0.99(LA)
0.89(SA)/0.95(LA)

0.40
0.42
0.38(SA)/0.39(LA)
0.38(SA)/0.47(LA)
0.38(SA)/0.36(LA)
0.45(SA)/0.49(LA)

4.04
20.82
3.77(SA)/1.96(LA)
21.39(SA)/11.64(LA)
3.82(SA)/ 1.81(LA)
21.29(SA)/12.31(LA)

-

Effect of vascular normalization
LS
50%VN
LS
100%VN
SS
50%VN
SS
100%VN
LE
50%VN
LE
100%VN
SE
50%VN
SE
100%VN
LT
50%VN
LT
100%VN
ST
50%VN
ST
100%VN

1503.8
1379.3
1078.4
259.4
1503.9
1446.7
1266.4
370.6
1503.9
1466.4
1389.8
531.1

0.97
0.91
0.87
0.84
0.97/0.98
0.91/0.94
0.87/0.90
0.84/0.84
0.97/0.98
0.90/0.94
0.83/0.88
0.70/0.77

0.49
0.70
0.53
0.78
0.45/0.47
0.65/0.68
0.53/0.57
0.72/0.89
0.46/0.50
0.66/0.65
0.52/0.58
1.03/0.74

4.85
6.99
26.71
38.76
4.52(SA)/2.35(LA)
6.53(SA)/3.39(LA)
26.43 (SA)/14.20(LA)
35.82(SA)/22.33(LA)
4.58(SA)/2.50(LA)
6.60(SA)/3.28(LA)
25.82(SA)/14.42(LA)
51.64(SA)/18.50(LA)

0.81
2.95
5.89
17.95
+0.75(SA)/+0.39(LA)
+2.76(SA)/+1.43(LA)
+5.04 (SA)/+2.56 (LA)
+14.43(SA)/10.69(LA)
+0.76(SA)/+0.69(LA)
+2.78(SA)/+1.47(LA)
+3.53(SA)/+2.10(LA)
+29.35(SA)/+6.4(LA)

Effect of drug diffusivity
LS
Paclitaxel
SS
Paclitaxel
LE
Paclitaxel
SE
Paclitaxel
LT
Paclitaxel
ST
Paclitaxel

1533.9
1413.3
1533.9
1495.4
1533.9
1522.5

0.98
0.89
0.98(SA)/ 0.99(LA)
0.90(SA)/ 0.93(LA)
0.98(SA)/0.99(LA)
0.89(SA)/0.95(LA)

0.64
0.68
0.54/0.56
0.67/0.70
0.66/0.60
0.75/0.74

6.38
33.85
5.44(SA)/2.82(LA)
33.25(SA)/17.48(LA)
6.60(SA)/3.00(LA)
37.50(SA)/18.49(LA)

2.33
13.03
+1.67 (SA)/+0.86 (LA)
+11.86(SA)/+5.85(LA)
+2.79(SA)/+1.19(LA)
+15.21(SA)/+6.17(LA)

Effect of necrotic core
LS
no NC
SS
no NC
LE
no NC
SE
no NC
LT
no NC
ST
no NC

1533.9
1519.5
1533.9
1526.3
1533.9
1526.5

0.98
0.89
0.98(SA)/ 0.99(LA)
0.91(SA)/0.93(LA)
0.98(SA)/0.99(LA)
0.90(SA)/0.94(LA)

0.41
0.44
0.42/0.41
0.36/0.42
0.40/0.37
0.44/0.48

4.13
21.89
4.15(SA)/2.05(LA)
17.83(SA)/10.58(LA)
4.01(SA)/1.83(LA)
22.12(SA)/11.84(LA)

0.09
1.08
+0.38(SA)/+0.09 (LA)
-3.56(SA)/-1.06(LA)
+0.20(SA)/ 0.02 (LA)
-0.17(SA)/-0.48 (LA)

Effect of intrinsic permeability
LS
k = 6.4 · 10-17
LS
k = 3.1 · 10-17
LS
k = 6.4 · 10-18
SS
k = 6.4 · 10-17
SS
k = 3.1 · 10-17
SS
k = 6.4 · 10-18
LE
k = 6.4 · 10-17
LE
k = 3.1 · 10-17
LE
k = 6.4 · 10-18
SE
k = 6.4 · 10-17
SE
k = 3.1 · 10-17
SE
k = 6.4 · 10-18
LT
k = 6.4 · 10-17
LT
k = 3.1 · 10-17
LT
k = 6.4 · 10-18
ST
k = 6.4 · 10-17
ST
k = 3.1 · 10-17
ST
k = 6.4 · 10-18

1533.9
1533.9
1533.9
1206.4
1413.3
1532.2
1533.9
1533.9
1533.9
1256.4
1495.4
1533.9
1533.9
1533.9
1533.9
1346.0
1522.5
1522.5

0.98
0.98

0.40
0.40
0.40
0.42
0.42
0.42
0.39(SA)/0.41(LA)
0.38(SA)/0.39(LA)
0.38(SA)/0.38(LA)
0.43(SA)/0.47(LA)
0.38(SA)/0.47(LA)
0.38(SA)/0.47(LA)
0.38(SA)/0.38(LA)
0.38(SA)/0.36(LA)
0.37(SA)/0
0.45(SA)/0.50(LA)
0.45(SA)/0.49(LA)
0.45(SA)/0.49(LA)

4.04
4.04
3.69
20.82
20.82
20.82
3.91(SA)/2.07(LA)
3.77(SA)/1.96(LA)
3.77(SA)/1.89(LA)
21.39(SA)/11.65(LA)
21.39(SA)/11.64(LA)
21.39(SA)/11.64(LA)
3.82(SA)/1.90(LA)
3.82(SA)/ 1.81(LA)
3.70(SA)/1.81(LA)
22.29(SA)/12.50(LA)
22.29(SA)/12.31(LA)
22.29(SA)/12.30(LA)

0
-0.35
0
0
+0.14(SA)/+0.11(LA)
0(SA)/-0.07(LA)
0(SA)/+0.01(LA)
0(SA)/0(LA)
0(SA)/+0.09(LA)
-0.12(SA)/0(LA)
0(SA)/+0.19
0(SA)/-0.01(LA)
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0.89
0.89
0.89
0.97(SA)/0.98(LA)
0.98(SA)/ 0.99(LA)
0.98(SA)/0.99(LA)
0.88(SA)/0.91(LA)
0.90(SA)/ 0.93(LA)
0.90(SA)/ 0.93(LA)
0.97(SA)/0.98(LA)
0.98(SA)/0.99(LA)
0.99(SA)/0.99(LA)
0.89(SA)/0.92(LA)
0.89(SA)/0.95(LA)
0.85(SA)/0.90(LA)

PD%

[-]

Difference in PD%
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