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Overview of the talk

I drug delivery devices and the role of mathematical modeling
I liposomes and targeted drug delivery

I the blood-brain barrier
I use of ultrasound in therapeutical applications
I our mathematical model

I outlook, related problems

(Left) Matrix tablet. (Right) Liposome.

B. Baeumer et al., Discr. Contin. Dyn. Sys. B (2009); P. Hinow et al.,
J. Liposome Res. (2012); E. Buchla et al., Simulation (2014).
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General issues of delivery science

A lot of drugs are, in one way or another

I very expensive, so there should be no waste,

I toxic, and laden with side effects, so they should be delivered
to the intended site of action as closely as possible,

I acting optimally if given according to schedule.

Experimental research methods include in vitro studies, in vivo
studies in animal models and others.
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Mathematical modeling

Mathematical modeling can help to

I better understand transport and uptake processes,

I optimize delivery protocols,

I minimize or avoid use of laboratory animals,

I explain gaps between results in animals and humans.

P. Hinow, A. Radunskaya. The Mathematics of Drug Delivery, In:
“Mathematical Models of Tumor-Immune Dynamics”, A. Eladdadi, P. Kim and
D. Mallett (eds.), Springer Verlag, p. 109–123 (2014)
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Targeted delivery and responsive nanocarriers

Liposomes are artificially-prepared vesicles composed of a lipid
bilayer that can be loaded with drug, genes, siRNA or other
particles.

They are non-toxic, biodegradable and their surfaces can be
decorated with appropriate molecules. They can be triggered to
release their cargo by physical and chemical signals.
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The blood-brain barrier (BBB)

I BBB consists of capillary endothelial cells, astrocytes,
pericytes and neurons,

I has a highly selective permeability for drugs,

I carriers exist for the uptake of selected molecules
(e.g. glucose, large aromatic amino acids).

I. G. Tucker et al., J. Microencapsulation (2012).
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Blood-brain barrier and ultrasound

Liposomes and focused ultrasound have been suggested for
directed, triggered drug delivery across the blood-brain barrier.

capillary

blood-brain barrier

ultrasound

brain parenchyma

cell uptake, clearance

blood flow

passive transport active transport

Drugs considered for liposomal delivery are used to treat
movement disorders and brain cancers.
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Mathematical modeling approach

We propose a compartmental ordinary differential equation model
that describes the delivery of a drug to the brain from responsive
liposomes. We assume that

1. the transport of the drug across the blood-brain barrier
happens in a capillary network that is replaced by a single
“surrogate” vessel,

2. this vessel serves a volume of brain tissue with a well-defined
boundary,

3. the injection of the liposomes happened sufficiently long ago
such that they are uniformly distributed in the blood, and

4. the blood vessel is entirely contained in the volume to which
the ultrasound signal is applied.
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Sample equations

Let u and v denote the concentration of liposomes and drug in the
blood. Then

du

dt︸︷︷︸
rate of change

= f (u0 − u(t))︸ ︷︷ ︸
delivery and
loss to flow

− h(s(t))u(t)︸ ︷︷ ︸
loss to ultrasound action

,

dv

dt
= αh(s(t))u(t)︸ ︷︷ ︸

gain from liposome release

− (f + k1)v(t)︸ ︷︷ ︸
loss to flow and
plasma binding

− k2(v(t)− w(t))︸ ︷︷ ︸
passive transport

− k3

K + v(t)
v(t)

︸ ︷︷ ︸
active transport

.
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Transfer function h

(Left) Release of carboxyfluorescein from DOPE liposomes at
varying ultrasound pressure. (Right) The corresponding transfer
function.

Sean Mackay (Department of Chemistry, University of Otago).
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Parameters to choose

I blood flow rate, binding rate constant of drug to plasma
protein

I rates of active (transporter-mediated) and passive (Fickian)
transport

I drug loading coefficient of the liposomes

I volume ratio of brain tissue vs. capillary

These all depend on the intended application, the drug etc.
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Parameters to choose

parameter value interpretation reference

u0 420 pmol L�1 circulating liposome concentration this paper
f 2 s�1 loss due to blood flow [42]
↵0 1.3 · 105 initial drug loading coe�cient, L-dopa this paper
↵ 1.3 · 107 drug loading coe�cient, DXR this paper
V 65 brain volume served by capillary [40]
k1 0.6 s�1 binding rate of L-dopa in plasma see text
k1 1 s�1 binding rate of doxorubicin in plasma see text
k3 see Table 1 active transport rate, L-dopa [49, 48, 29]
K see Table 1 active transport saturation, L-dopa [29]
k4 5 · 10�4 s�1 L-dopa metabolism rate [51]
k5 4.8 · 10�4 s�1 dopamine clearance rate [51]
k6 8.3 · 10�6 s�1 liposome clearance rate [39]

Table 2: Parameter values used in this work. Note that u0 is an initial condition, not a
constant in the L-dopa simulations.

Numerical simulations were done with the open source packages scilab [53] using
the Euler backward scheme and in R [54] using an LSODA solver. All codes are available
from the authors upon request.

5 Results

5.1 Determination of the Response Function

In vitro experiments were performed in which carboxyfluorescein was released from
DOPE liposomes when exposed to varying intensities of ultrasound, the results of which
are described in Figure 2 (left). For the concentration of carboxyfluorescein released,
vCF (t), we have as in equation (2),

dvCF

dt
= ↵h(s)u.

In order to determine the total amount of carboxyfluorescein encapsulated within the
liposomes, and therefore the theoretical maximal concentration able to be released,
the liposomes were lysed with Triton-X100. Only a small amount of the encapsulated
content was released during the short accumulated time of ultrasound exposure (15 s),
thereby justifying the assumption that u is roughly constant in vitro for short times
(not shown). Moreover we find that the terminal concentration of carboxyfluorescein
is ↵u = 6.7 mmol L�1. The transfer function parameters displayed in Table 3 were
obtained through fitting the function in (5). Note that the unit of a1 is MPa�1s�1.

5.2 General Numerical Simulations

To demonstrate the capabilities of our model, we begin with simulation of triggered

11

L-dopa is a dopamine precursor used to treat motor dysfunction
associated with Parkinson’s disease, doxorubicin is an anti-cancer
agent.
P. Hinow et al., Signaled drug delivery and transport across the blood-brain
barrier. J. Liposome Res. 26:233 (2016)
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Simulation results: variation of parameters

Total amount of drug in the tissue when the drug loading
coefficient α and and the liposome background concentration u0

vary =⇒ it depends largely on the product αu0.
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Results: time-dependent L-dopa concentrations

L-dopa is subject to active transport across the BBB.
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A comparison of three duty cycles, 50%, 10% and 1% (left) and
the resulting drug concentration in the brain (right).
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Results: Traditional delivery

The standard method is direct delivery into the blood stream.

Uptake of L-dopa after direct delivery to the blood, together with
data points from Huang et al. (1991); schematic comparison.

S. C. Huang et al., J. Cerebral Blood Flow Metab. (1991).
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Results: doxorubicin

Doxorubicin relies solely on passive diffusion and does not
ordinarily cross the BBB. The permeability of the BBB can
temporarily increase in response to US.
H. Chen, E. Konofagou, J. Cerebral Blood Flow Metab. (2014).

Concentrations of doxorubicin in the blood, in the brain and permeability of the
blood-brain barrier.
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Target profiles and energy constraints

I For the delivery of L-dopa, the goal is a steady concentration
in the brain tissue without large amplitude fluctuations.

I The ultrasound signal delivers thermal and mechanical energy
to the brain, and may cause severe damage to the capillaries
and the tissue if it exceeds certain thresholds.

Optimal control application: minimize the cost

J(s) =

∫ T

0
(s(t) + β|w ′(t)|) dt

over all protocols s(t) ≥ 0 on a fixed time horizon (future work).

U. Ledzewicz, H. Schättler, Optimal control for mathematical models of cancer
therapies. Springer (2015).
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Summary

I We have demonstrated a simple compartmental model of drug
delivery to the brain utilizing sonosensitive liposomes as a
delivery vehicle.

I Overheating of sensitive brain tissue should be avoided to
minimize tissue damage.

I Lowering the duty cycle of the ultrasound decreases the
amount of drug delivered to the brain, whilst fractionation of
the ultrasound pulses has very little effect.
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Extension of the model to capillary networks

Red blood cells traveling with the blood stream carry
oxyhemoglobin which can release free oxygen into the
plasma. Oxyhemoglobin dissociation is facilitated by a
basicity-mediated conformational change in hemoglo-
bin. Blood pH is reduced by carbonic acid which is a
byproduct of cellular respiration.30 Free plasma oxy-
gen permeates the vessel endothelial layer and diffuses
to brain cells driven by concentration gradients. Due to
the mitochondrial oxidative metabolism, oxygen ten-
sion in the extravascular tissue is lower than in the
blood stream.

However, oxygen exchange between the microves-
sels and the brain cells, especially with respect to the
spatial arrangement of vessels, have not been fully
quantified. Goldman proved that random and tortu-
ous blood vessel networks greatly enhance mixing and
oxygen distribution compared to evenly spaced, or-
dered vessel configurations.18 Boas developed in vivo
optical measurements of tissue oxygenation in relation
to cerebral blood flow. Their experiments are begin-
ning to unravel the spatiotemporal characteristics of
the blood flow and oxygen responses after neuronal
activation.4,27 Their computational models also
explored the evolution of tissue oxygen tension around
a single cylindrical blood vessel, as well as for a more
realistic anatomical microvessel network of the rat.14

Plouraboue reconstructed microvascular networks
from synchrotron CT images to investigate coupling
and robustness of intra-cortical vascular

territories.20,22 Weber emphasizes the need for topo-
logically accurate models to investigate the effect of
local vascular dilation and occlusion on the flow in the
surrounding network.24,54,61Lorthois, Cassot and
Lauwers demonstrated the quantitative relationship
between the diameter of a pial draining vein and the
size of the surrounding neuronal activated area.38,43,44

Anatomically and physiologically accurate com-
puter models are an important tool for analyzing tissue
metabolism coupled to micro-hemodynamics. Table 1
summarizes the characteristics of several recent
microvasculature models. These computational meth-
ods can address the need for (i) better interpreting
optical measurements acquired in open cranial win-
dows in rodents,3,60 (ii) for exploring intracellular
transport phenomena on length scales currently not
accessible to imaging methods,34,35 and (iii) for making
inferences for humans38,44 for whom invasive experi-
mentation is not an option.

This work introduces a detailed three-dimensional
computer model for cerebral microcirculation inside a
subsection of the human secondary cerebral cortex. A
network model was used to perform hemodynamic
simulations of the microcirculation. The microvessel
network was embedded inside the extravascular space
to compute the oxygen exchange between blood and
cortical brain tissue. Hemodynamic characteristics of
blood flow, convective transport, and oxygen perfusion
to the cortical tissue were predicted. In addition to

(a) 

(b) (c) 

(d) 

FIGURE 1. Overall multi-scale hierarchy of the human cerebral circulation. (a) Sagittal view of the full brain vasculature model
generated in silico by combing image data with constrained constructive optimization. (b) Magnified section of the secondary
cortex next to the collateral sulcus in the right temporal lobe, showing the arrangement of the network of pial arteries and veins at
the cortical surface. (c) Isolated view of the territories of two draining pial veins supplied by six penetrating arterioles. (d) The
construction principles for the computer aided construction and analysis of cerebral blood flow networks. This article is limited to
structures ranging from the pial arterioles to the pial veins are discussed.

Effect of Cerebral Microcirculation on Oxygen Tension 2265

A. Linninger et al., Ann. Biomed. Eng. (2013).

Realistic network topologies and geometries are available using
imaging methods (for now, from anatomical collections).
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Extension of the model to capillary networks

It’s relatively straightforward to construct a model for drug delivery
on a network of capillaries. The flows through the network are
determined from Kirchhoff’s Law and the Hagen-Poisseuille
Equation.

Extension of the model to capillary networks

It’s relatively straightforward to construct a model for drug delivery
on a network of capillaries. The flows through the network are
determined from Kirchho↵’s Law and the Hagen-Poisseuille
Equation.

X
Ij = 0,

�P =
8µLQ

⇡r4

What is hard is the computational complexity: 1 cm3 brain tissue
contains 107 microvessels.
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What is hard is the computational complexity: 1 cm3 brain tissue
contains ≈ 107 capillaries =⇒ that many differential equations!

Peter Hinow Drug Delivery to the Brain



Scaling behavior

Idea: carry out simulations on coarse sample networks and “scale”
the results to the highly complex networks of interest.

This choice of parameters was made such that when the number of vessels in the
network is ⇡ 107, (n = 149), the expected value of the radius is 3.96 µm, closely ap-
proximating the observed radii in (Lauwers et al., 2008).

Once radii have been assigned, initially at random, we enforce the constraint that
those vessels further from a source or sink node will have smaller radius than those
closer to a source or sink node.

Figure 3: An example network. From this view, blood flow is from top to bottom.
Notice how vessels near the top/bottom planes have higher radii. The colormap has
been log-scaled for easier viewing. I don’t intend to necessarily use this image, its just
here for us so we can actually see what one of these looks like.

4 Results

5 Discussion

Aspects to be discussed:

1. modeling of perfusion of other organs (e.g. heart, liver)

2. general modeling of flows through networks and the related scaling issue

3. spatial PDE models: major difficulty: how to implement the nonlinear trans-
port across the BBB

4. broad appeal to biomedical engineering

6
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(Left) A low-complexity cubic lattice with indicated vessel radii.
(Right) The radii distributions for coarse (right) and fine (left)
networks.

W. Langhoff et al., PLoS One 13:e0200266 (2018).
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Scaling behavior

Constraints: the total network volume and the total flow should be
similar to ensure comparability.

to the empirical formula

WÖAÜ à cA
d á A

; Ö5Ü

where we use a variance weighted curve fit. As the target exchange area for our model predic-
tions we use W⇤ = W(120 cm2). Note that the last simulated values are already within 88% of
the extrapolated value W⇤. In this sense, the relatively small grid size n = 18 is already useful to

Fig 5. The total flow rates through several lattice graphs as a function of their average vessel radius. The dashed
lines are the extrapolation from the actually computed flow rates. The legend indicates the pressure drop ΔP.

https://doi.org/10.1371/journal.pone.0200266.g005

Fig 6. The total drug concentration at steady state as a function of the exchange area with the best fit to Eq (5).
The drug concentration in the incoming blood is v0 = 5 !M and v0 = 10 !M, respectively. The dashed vertical indicates
the extrapolated value for the estimated exchange area of 120 cm2.

https://doi.org/10.1371/journal.pone.0200266.g006

Drug absorption in cerebral capillary networks

PLOS ONE | https://doi.org/10.1371/journal.pone.0200266 July 10, 2018 8 / 14

The total flow rates through several lattice graphs as a function of
their average vessel radius (solid lines = computed, dashed lines =
extrapolated). The legend indicates the pressure drop ∆P.

W. Langhoff et al., PLoS One 13:e0200266 (2018).
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Scaling behavior

to the empirical formula

WÖAÜ à cA
d á A

; Ö5Ü

where we use a variance weighted curve fit. As the target exchange area for our model predic-
tions we use W⇤ = W(120 cm2). Note that the last simulated values are already within 88% of
the extrapolated value W⇤. In this sense, the relatively small grid size n = 18 is already useful to

Fig 5. The total flow rates through several lattice graphs as a function of their average vessel radius. The dashed
lines are the extrapolation from the actually computed flow rates. The legend indicates the pressure drop ΔP.

https://doi.org/10.1371/journal.pone.0200266.g005

Fig 6. The total drug concentration at steady state as a function of the exchange area with the best fit to Eq (5).
The drug concentration in the incoming blood is v0 = 5 !M and v0 = 10 !M, respectively. The dashed vertical indicates
the extrapolated value for the estimated exchange area of 120 cm2.

https://doi.org/10.1371/journal.pone.0200266.g006

Drug absorption in cerebral capillary networks

PLOS ONE | https://doi.org/10.1371/journal.pone.0200266 July 10, 2018 8 / 14

The total drug concentration at steady state as a function of the
exchange area. The drug concentration in the incoming blood is 5
respectively 10 µM. The dashed vertical indicates the extrapolated
value for the estimated exchange area of 120 cm2.

W. Langhoff et al., PLoS One 13:e0200266 (2018).
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Parameters and comparison with literature

1. Our extrapolated flow rate 0.1-0.5 mL min−1 is in line with
the value 0.6 mL min−1 reported by Rostrup et al. (2000) in
the thalamus region.

2. We use a pressure drop ∆P = 20 - 100 mm Hg (Jespersen &
Østergaard, 2012).

3. A typical drug concentration in the blood is 1-10 µM (Schulz
et al., 2012).

4. Nord et al. (2010), Zsigmond et al. (2014) reported that
L-Dopa blood concentrations of 2 µM translate into L-Dopa
concentrations of 0.2-0.4 µM in the cerebrospinal fluid and in
the putamen and globus pallidum interna (GPi).

5. Such a 10-20 % “partition coefficient” matches our network
simulations.
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Brain vs. other organs

arteries a desirable feature [46, 47]. This raises the question how to define the pressure drop
across such a region of interest and the total blood flow through it. This ambiguity affects
both the computational simulation and the comparison to values for flow and pressure drop
reported in the literature [23, 40]. We have been content with extrapolating a reasonable value
for the flow through the network at a target mean radius r = 3–5 !m at the upper end of the
pressure interval, 100 mm Hg.

As the major transport organ of the body, blood is a natural pathway to deliver drugs to
organs. In this paper we have addressed the issue of modeling the blood flow through a region
intermediate in size between a few mm3 and the entire brain with the goal of understanding
the issue of drug delivery to that region. There are computational models for the perfusion of
other organs for example the liver [48] which are characterized by their own specific vascular
architecture (in that case, the hepatic portal vein). Other recent works have used the mathe-
matical technique of homogenization which leads to a limiting partial differential equation
[49]. However, the nonlinear active transport of some drugs across the BBB poses a severe
obstacle to this approach. While in the present work the drug is carried by the blood, in future
works we will include carrier particles such as liposomes that release their cargo upon a physi-
cal trigger [5, 10]. Since the ultrasound or heat signals are choosable controls of the delivery
process, the time-dependent simulations will play a more prominent role than the steady state
calculations in this paper. This may also result in local drug concentrations that are temporar-
ily much higher than the toxic systemic concentrations. These concentrations may approach
saturation of the transporters, increasing the non-linear effects on the model. In future work a
coupled spatial PDE model will be necessary to account for transport and diffusion of the drug
after the delivery by the vessel network [50].
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Fig 9. A schematic comparison of blood flow through a large organ (left) and an intermediate size tissue volume
(right).

https://doi.org/10.1371/journal.pone.0200266.g009

Drug absorption in cerebral capillary networks

PLOS ONE | https://doi.org/10.1371/journal.pone.0200266 July 10, 2018 11 / 14

(Left) Schematic blood flow through a large organ. (Right)
Anastomoses are a prominent feature of the brain vasculature.
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Outlook: experimentation on a phantom head

There are materials that simulate human bone and brain with
equal ultrasound propagation properties.

(Left) An experimental setup of a human phantom head. (Right)
A planned 3D printed vasculature.
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Outlook: experimentation on a phantom head

blood pump

syringe pump to analyzer

ultrasound
target area

microdialysis
membranes

(Left) The ultrasound transducer array is placed on the top surface
of the cranium. (Right) A linear microdialysis probe is used to
measure the drug concentration in the phantom blood.

J. Reynolds et al., (202X).
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Outlook: tumor delivery

and, in 1976, the first sustained release drug delivery system was de-
scribed [20]. In 1980, the first example of the specific targeting of lipo-
some was described with a system able to respond to changes in pH
to trigger drug release [21]. In 1987, the first long-circulating liposome
was described, introducing the concept of PEGylation, where the lipo-
some surfacewas coveredwith polyethylene glycol (PEG) chains reduc-
ing opsonization and premature clearance, therefore increasing blood
circulation times and potentially enhancing tumor accumulation [18].
In 1995, doxorubicin-loaded PEGylated liposomes (named Doxil® in
the USA and Caelyx® in other countries) were approved for the treat-
ment of AIDS-associated Kaposi's sarcoma (Table 1) [22]. Doxil® was
the first drug carrier to reach the market in the United States, gaining
FDA approval only five years after its development was first reported
[22]. The clinical therapeutic efficacy of Doxil® was superior in ovarian
cancers and AIDS-related Kaposi's sarcoma compared to standard ther-
apies, while equivalent in multiple myeloma andmetastatic breast can-
cer [23,24]. However, themain benefit of Doxil® in treating solid tumors
was the reduced cardiotoxicity gained by limiting doxorubicin exposure
to cardiac tissue. However, toxicity was not reduced across the board,
but was aggravated in other categories, most notably skin toxicity in
the form of palmar–plantar erythrodysesthesia (PPE)—hand and foot
syndrome. This toxicity directly results from the extended circulation
time of the PEGylated liposomes, which allows time for the kinetically
slow process of extravasation into the skin to become significant.
Doxil® formulation failed to show drastic enhanced tumor accumula-
tion over free doxorubicin, indicating that a minimum EPR is unreliable
in human tumors. The EPR hypothesis would suggest that longer circu-
lation times produce higher intratumoral accumulation, which should
in turn improve patient outcomes. It could mean that clinical EPR is
not as well understood as originally thought [24].

The initial approval of Doxil® was followed by various other liposo-
mal formulations including, (i) Ambisome® for the delivery of
amphotericin B for infectious disease indications, (ii) DaunoXome®,
50 nm daunorubicin liposomes approved for AIDS-associated Kaposi's

sarcoma, (iii) Myocet®, a 150 nmnon-PEGylated liposomal doxorubicin
formulation approved in Europe and Canada for metastatic breast can-
cers, and (iv) MM-398®, a 100 nm liposomal formulation of irinotecan
recently approved for the treatment of pancreatic adenocarcinoma in
combination with 5-fluorouracil (5-FU) and leucovorin (Table 1).
While liposomes are a dominant class of nanomedicine, other
nanomedicines have been approved, such as nanoparticles andmicelles
for cancer therapy. These nanoformulations include Abraxane®, 130 nm
albumin-bound paclitaxel particles, indicated for metastatic breast can-
cer and recently for pancreatic adenocarcinoma. Outside of the global
market, Genexol-PM® is a 20–50 nm polymeric micelle formulation of
paclitaxel approved in South Korea for metastatic breast cancer (Table
1) [16].

Abraxane®, with an annual revenue estimated at $967million, is one
of the major success stories in the development of nanomedicines.
Abraxane® (an albumin-bound nanoparticle of paclitaxel) was devel-
oped to retain the therapeutic benefits of paclitaxel but eliminate the
toxicities associatedwith the emulsifier Cremophor® EL in the commer-
cialized paclitaxel formulation (Taxol®) [25]. The maximum tolerated
dose (MTD) of Abraxane® was approximately 50% higher than reported
for Taxol®. Pharmacokinetic assessments also showed that paclitaxel
clearance and volume of distribution were higher for Abraxane® than
for Taxol®. These differences in pharmacokinetic properties may be as-
sociated with the higher intratumoral concentrations observed with
Abraxane® compared with the equivalent dose of Taxol®. This improve-
ment was credited to the receptor-ligand targeting via active albumin
transport pathways. It is difficult to decipher the exact impact of the
EPR effect, however, the increase in efficacy could be easily explained
by the increased dose of available drug alone [24]. It should be noted
that it is unclear whether or not the nanoparticles dissolved when in-
fused into patients. Thus, the clinical benefit fromAbraxane® is probably
not due to its functioning as nanoparticles but to other factors such as
the removal of Cremophor® EL from the formulation that causes toxic-
ities of its own [14,26].

Fig. 1. (A) Schematic representation of the conceptual passive targeting (EPR effect) of nanomedicine. (B) Active targeting of nanomedicine grafted with peptide or antibody able to bind
specific receptors overexpressed by (1) cancer cells or (2) endothelial cells.
Adapted from [9,15].

110 F. Danhier / Journal of Controlled Release 244 (2016) 108–121

Enhanced Permeability and Retention (EPR) effect: it works in
rodents but not in humans!

F. Danhier, J. Controlled Release (2016).
S. Stapleton et al., PLoS One (2013).
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Outlook: thermally sensitive liposomes

Figure 2.
Release of DOX from LTSL for different temperatures [°C] versus time [s] (mean of n = 3).
A bi-exponential fit (shown as solid lines) was made to the experimental data (shown as data
points). Release fractions are fairly similar between ~40°C and 47°C for this particular LTSL,
and results in this range are omitted for clarity.

GASSELHUBER et al. Page 16

Int J Hyperthermia. Author manuscript; available in PMC 2010 October 20.
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Figure 4.3: Interstitial Velocity

4.2 Pressure and Velocity

We assume a constant vascular pressure so that the transvascular exchange is driven by the

IFP. This relation is depicted in Fig. 4.2. The liposomes cannot pass the point where the

IFP outweighs the vascular pressure. However, the drug can di↵use further into the tumor.

19

Release of doxorubicin (DOX) from heat sensitive liposomes.

A. Gasselhuber et al., Int. J. Hyperthermia (2010).
V. Loeser, MS Thesis, UWM (2017).
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Outlook: intratumoral transport

It is well known that tumors exhibit increased insterstitial fluid
pressure which inhibits transfer from the blood and causes an
outward-directed flow.

36 38 40 42 44 46 48
T [�C]

0.0

0.1

0.2

0.3

0.4

0.5

0.6

h
[1

/s
]

Figure 4.1: Piecewise linear fitting of the release of DOX. The data points base on Gassel-
huber et al. (2010, Figure 2)
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Figure 4.2: IFP and vascular pressure
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4.2 Pressure and Velocity

We assume a constant vascular pressure so that the transvascular exchange is driven by the

IFP. This relation is depicted in Fig. 4.2. The liposomes cannot pass the point where the

IFP outweighs the vascular pressure. However, the drug can di↵use further into the tumor.
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(Left) Excess vasculature pressure versus IFP. (Right) Interstitial
velocity. Here

α =
vascular permeability

interstitial permeability
.

L. Baxter & R. K. Jain, Microvasc. Res. (1989).
V. Loeser, MS Thesis, UWM (2017).
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Outlook: drug distribution

Release of drug from thermally sensitive liposomes in a heated
tumor and subsequent diffusion and transport. (Left) High
interstitial permeability. (Right) Low interstitial permeability.

V. Loeser, MS Thesis, UWM (2017).
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