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Abstract

We analysed measurements of tumour growth, neovascular maturation and function in human epithelial ovarian carcinoma xen-
ografts, studied noninvasively by magnetic resonance imaging. Results suggest that vascular maturation and mature and immature
vessel regression occur continuously during tumour neovascularisation. Moreover, in these spheroids, a high tumour growth-rate is
associated with monotonic changes in vessel density (VD) and with large proportions of mature blood vessels, whereas a lower
tumour growth-rate is associated with fluctuating VD and lower proportions of mature vessels. These results corroborate a math-
ematical model for tumour dynamics, including vascular maturation and immature and mature vessel regression. The model predicts
that rapid tumour growth may result from a high maturation-rate of neo-vasculatures, due to substantial mature VD in the micro-
environment, while a slower tumour growth is an outcome of a lower background VD, leading to a lower vessel maturation-rate,
larger proportion of immature vessels and, consequently, to regression-driven instabilities. The generality of these results for other

tumour types should be validated.
© 2004 Elsevier Ltd. All rights reserved.

Keywords: Angiogenesis; Microenvironment; Vascular maturation; Regression; Spheroid; Mathematical model

1. Introduction

Tumour growth and vascularisation is a complex
multi-step process involving many interacting stimula-
tory and inhibitory forces, operating on several levels
of biological organisation, on several time-scales and
in different rates [1-5]. The versatile balance between
these forces, and, most notably, between vessel density
(VD) and parenchyma cell numbers within the tumour
determines the net tumour growth-rate.

As the complex dynamics of tumour vascularisation
are too intricate to be fully understood by intuition
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alone, it seems essential to develop a formal computer-
ised model for calculating these dynamics under differ-
ent conditions and different parameter ranges. This
challenge consists of three major steps: (i) a mathemati-
cal model is constructed, theoretically analysed and
computer implemented; (ii) the parameters of the com-
puterised model are adjusted to fit specific tumour types,
the adjusted model is simulated for generating predic-
tions about tumour and vasculature dynamics, and the
ability of experiments, using the same tumour types, to
corroborate the model predictions is examined; (iii) the
model is employed for predicting disease progression
under different therapeutic regimens.

Recently, the complex interactive hierarchical proc-
esses involved in angiogenesis have been analysed in a
mathematical model, which takes into account vessel
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maturation and the destabilisation of mature vessels as
inherent constituents of tumour growth and angio-
genic dynamics [6-9]. The model operates both on
the tissue level, i.e., tumour volume and vascular den-
sity, on the cellular level, i.e., endothelial cells [10], as
well as pericytes [11,12], and on the molecular level,
i.e., concentration of growth factors — vascular endot-
helial growth factor (VEGF) [13-18] and angiopoietins
[19].

The simulations of the model suggest that a specific
set of ovary carcinoma parameters, yields monotonic
growth of both blood vessels and tissue. In this state,
all the forces driving the system operate in concert, tu-
mour neovascularisation is well balanced by vessel mat-
uration, and the net tumour growth-rate is maximal.
Perturbation of this tumour-vessel growth balance oc-
curs if at least one parameter in the system is off-set.
The result is a transition into a fluctuating regime of
both neovascularisation and vascular maturation, lead-
ing to less efficient perfusion and to a smaller net tumour
growth-rate [6,7].

The work presented here was aimed at validating the
above mathematical model by comparing its predic-
tions to dynamic measurements of tumour growth
and vascularisation dynamics. In particular, we verified
the model’s assumptions that immature vessel regres-
sion and mature vessel destabilisation are significant
constituents of in vivo tumour vasculature dynamics
and that, in different tumours, vessel maturation may
vary in rate, thus affecting the overall tumour growth
pattern.

2. Materials and methods
2.1. In vivo experiments

For validating the mathematical model, which re-
lates angiogenesis and vessel maturation to the rate
of tumour growth, it was essential to monitor individ-
ual tumour dynamics, in conjunction with neovascula-
ture formation and maturation. To this end, we
employed data from laboratory experiments in which
MLS human epithelia ovarian carcinoma spheroids
were grafted subcutaneously (s.c.) in the lower back
of 13 female CDIl-nude mice. Tumour volume, Vr,
was monitored for each individual tumour, T, by 5-25
magnetic resonance imaging (MRI) measurements for
each tumour. Individual tumour growth curves were
obtained by determining the tumour volume non-
invasively from two orthogonal high-resolution gradient
echo MR images (a detailed description of the experi-
ment is published in [21]).

Three types of vascular signals were monitored for
each tumour at each time-point:

1. Apparent VD (AVD); this was done by acquiring
averaged signal intensity maps during inhalation of air
and carbogen and air and air—CO, (see Gilead and
colleagues [21] for further details); note that the
experimental estimation units rely on the measurement
instrument, i.e., MRI, rather than on biological
dimensions. In order to normalise these data, we cal-
culated the ratio between the signal intensity in a ring
of 1 mm surrounding the implanted spheroid (Rim),
and the signal intensity in a control region (d) as fol-
lows: AVD =1 — In Sgj/Sq, where S is the signal
intensity [20-23] normalised around 1 by the 1—In
term in order to rule out negative values. Note that
“AVD” is an experimental parameter, not to be con-
fused with the model units of average vessel density,
which reflect the ratio between vessel number and tu-
mour volume. These VD units are similar, but not
identical.

2. Mature VD (MatVD), was estimated by monitor-
ing signal changes in response to hypercapnia; 3. Func-
tional, perfused, VD (FunVD), was estimated by
monitoring signal changes in response to hyperoxia.
These signals were monitored simultaneously in four
different sites: the tumour centre (In), an arbitrary
point located within the 1 mm wide rim around the tu-
mour spheroid (Rim), and two control points: at a dis-
tance of 7 mm from the tumour (c), and a further
reference point at a greater distance from the tumour
spheroid, in the same tissue (d). Signal intensities,
FunVD and MatVD, were calculated by dividing each
signal by the corresponding signal in the control re-
gions (in site ¢ or d).

As vasoreactivity and function are measured by dif-
ferent MRI procedures, their comparative assessment
requires previous calibration. In order to calibrate
MRI signals for FunVD with those of MatVD, we as-
sumed a calibration coefficient Kconiro, measuring the
ratio between readings of FunVD and MatVD in the
normal subcutaneous tissue, as well as in the tumour
(K1, Kou). In the normal tissue, all vessels are mature.
Therefore, Kconiror Should be equal to unity. In contrast,
in the tumour, a value of Kconio) # 1 reflects the differ-
ence between the two signal intensity measurement
techniques.

Thus, using the control area as a reference point, we
calibrated the densities of the different vessels inside and
outside the tumour as follows: First, we calculated the
ratio between MRI signal measurements inside the
tumour

FunVDcontro
K Control, = (M>’

(MatVDControl)

Ky = <(MatVDIn)

- K ontrol -
(FunVDIH)) * & Control
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Based on the above calculations, we computed the
proportion of mature vessels in the vasculature in each
region of the tumour. For example, the calibrated pro-
portion of MatVD inside the tumour, MatVDy,, is cal-
culated as follows:

MatVD, — ((Fuwl)&,,m])2 . (MatVDIn)>

(MatVD¢ongol)” * (FunVDyy,)

X FunVDIn/Control .

The calibrated proportions were multiplied by FunVD
(the functional VD - including both mature and imma-
ture vessels) in the same regions in order to retrieve an
estimate of MatVD (a alue rather than percentage).

2.2. Tumour growth

The MRI measurements of tumour volume over time
V1~ (where individual tumours were indexed alpha-
betically and #(x) stands for the measurement day) were
employed for calculating the daily individual tumour
volume growth-rate, rr, as follows:

Vru) @
rre) = | ——— .
= V-1

This equation relies on results suggesting a Power
Law tumour growth function [24].

2.3. Model structure

The mathematical model is fully described elsewhere
[6]. It consists of several sub-compartments of solid tu-
mour growth and vascularisation (Fig. 1), namely, tu-
mour growth module (e.g., proliferation and apoptosis
of tumour cells), angiogenesis module (e.g., endothelial
cell counts and VEGF concentration) and maturation
module (e.g., pericyte counts, platelet-derived growth
factor (PDGF), and angiopoietin concentrations). Each
module calculates many different variables, and the
modules interact with one another to predict dynamic
changes in all of the calculated quantities. Each simula-
tion produces a set of graphs representing the changes
over time of the different variables. In this work, we de-
scribe the vessel density and tumour growth analysis for
the validation of the model.

2.4. Parameter evaluation

In order to predict tumour growth and VD dynamics
of individual ovary carcinoma spheroids, it was required
to implement in the model specific parameters of the
biological system at hand, within their known parameter
range. These include the various reaction rates of tu-
mour cells, endothelial cells, pericytes and different
growth factors interactions, e.g., VEGF mRNA half-life
(mean 1.1 h, range 0.89-2.3 h). As most of these param-
eters are not measurable by current experimental
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Fig. 1. A general description of the mathematical model of solid tumour dynamics. The model consists of several sub-compartments of solid tumour
growth and vascularisation, namely, tumour growth module, angiogenesis module and maturation module. Each module calculates many different
variables, and the modules interact with one another to predict dynamic changes in all of the calculated quantities. y, yes; n, no.
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methods, we evaluated 87 parameters, consisting of the
relevant biological parameters as well as those relating
to the mathematical model, by iterative adjustment of
the model parameters. The adjustment employed the
mathematical model for vascular tumour dynamics [6],
a partial set of temporal spheroid volume readings from
the present experiments and an efficient search algo-
rithm (modified Powell’s conjugate directions method).
The set of parameters, which best retrieved the empirical
average tumour volume changes over time, was defined
as representing the average spheroid in this experiment.
This set of parameters was implemented in the model,
now representing the average spheroid, for retrieving
an independent group of spheroid growth results from
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the same experiment. It should be noted that in our
simulations, background VD at tumour growth initia-
tion was determined arbitrarily, since this parameter
could be evaluated by the in vivo experiment only a
few days following tumour implantation.

3. Results
3.1. Model predictions
Assuming that the implanted spheroids varied mainly

in the initial proportion of mature vessels in their
implantation sites, we simulated growth and vascularisa-
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Fig. 2. Simulations of the vascular tumour growth model showing relatively fast (2a), moderate (2b) and slow (2¢) growing tumours. Tumour volume
(mm?; T) and vessel density (VD) (um?; IT) as calculated by the model, using the estimated average spheroid parameters, varying only in initial VD,
were plotted as a function of time (days). The total VD, mature vessel density (MatVD), and immature vessel density (ImmVD) are denoted by red
(top curve), green (middle curve) and blue (bottom curve), respectively. Note the difference in dimensions between the biological range of VD, as
calculated by the model in this figure, and the VD dimensions appearing in Figs. 4 and 5, which reflect magnetic resonance imaging (MRI)

procedures.
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tion in different tumours in the experiment, using the 87
parameters that were evaluated (data not shown; see
Section 2), and evaluating for each tumour the initial
density of the mature vessels in the implanted tumour
microenvironment. The simulation results were classi-
fied according to the predicted rate of each tumour
growth.

Three typical examples of the simulation results are
shown in Fig. 1(a)—(c), displaying temporal changes in
tumour volume, total VD, Immature VD (ImmVD)
and MatVD. Thus, when background MatVD was as-
sumed to be relatively high, i.e., 818VD units (each unit
equals approximately 55 000 pm® mature VD), the tu-
mour increased in size to 45 mm® in 1 month and the
VD profile exhibited two maximal points (Fig. 2(a)).
When background MatVD was taken as 138VD units,
the tumour achieved only approximately one third of
the previous growth (15 mm?) in 1 month, and the VD
profile had two high peaks intersected by a series of
smaller oscillations (Fig. 2(b)). By contrast, simulations
of a tumour whose background MatVD was taken as
0.2 VD units (Fig. 2(c)), showed tumour growth of only
2 mm’ in 1 month and a VD profile which fluctuated
with a relatively high frequency and amplitude. Based
on these simulations, it is predicted that when the tu-
mour vascular bed is relatively dense, the vessel matura-
tion-rate is high, so that already in the first weeks of
spheroid growth most of the vessels are mature. As a
result, perfusion is efficient and the tumour grows rela-
tively fast (Fig. 2(a)(II)). This is not the case for slow-
growing tumours where the decreased background VD
and, hence, decreased vessel maturation-rate bring
about a significant regression of immature vessels. This
was also discussed in the paper of Gilead and colleagues
[21] where only the group of dormant tumours were ana-
lysed. Fluctuations in ImmVD can be out of phase with
the fluctuations in MatVD and, consequently, the two
fluctuating processes show distinguishable episodes of
angiogenesis and regression, often alternating with epi-
sodes of maturation and destabilisation of mature ves-
sels (Fig. 2(c)(I)).

Interestingly, although the simulated mathematical
model assumes that all of the reaction rates are constant
and the processes are continuous, the resulting tumour
growth can exhibit a dormancy-like period, followed
by a faster growth.

3.2. Model validation

3.2.1. Variability in empirical tumour growth-rates
Experimental results (Fig. 3) show that the initially
similar tumour spheroids, implanted in genetically simi-
lar mice, varied widely in their growth-rates: some of
them grew almost exponentially, exceeding 60 mm?® in
only 20 days. The volume increase of moderately grow-

ing spheroids was characterised by occasional mild pert-
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Fig. 3. Experimental results showing in vivo tumour growth dynamics
as detected noninvasively by blood oxygenation-level-dependent con-
trast magnetic resonance imaging (MRI). Each MLS human epithelia
ovarian carcinoma spheroid was sub-cutaneously (s.c.) implanted in a
different female CDIl-nude mouse and the tumour volume was
monitored as a function of time. Each curve describes individual
tumour growth (denoted Q, T, GA etc.)

urbations in the otherwise smooth “Power Law’-like
growth curve [25]. In contrast, slow-growing spheroids
demonstrated several abrupt changes in the rate of
increase. These tumours reached less than 20 mm?® in
87 days. Taken together, tumour volumes at the end
of the laboratory experiment ranged between 14 and

75 mm®.

3.2.2. Tumour growth-rate is negatively associated with
the frequency and amplitudes of the VD oscillations

For studying the relationships between the tumour
growth-rates and vascular dynamics, we clustered the
empirical results into three arbitrarily defined groups,
according to the apparent tumour growth-rate: (i) rela-
tively fast tumour growth-rate — reaching approximately
30-60 mm? in 1 month (tumours “K”, “Y”, “U”, Fig.
4(a)); (i1) moderate tumour growth-rate — reaching
approximately 10-30 mm® in 1 month (tumours “Q”,
“T”, “GA”, Fig. 4(b)); (iii)) relatively slow tumour
growth-rate — reaching 1-10 mm?® in 1 month (tumours
“A”, “1”, “S”, Fig. 4(c)). For consistency, we have ex-
cluded from this analysis the tumours whose average
VD measurements were calibrated in relation to a differ-
ent control region (see Section 2).

Individual tumour growth-rates, calculated over
short time intervals, were plotted as a function of
AVD. Results suggest that the increase in overall tu-
mour volume was negatively related to the variability
in the AVD measurements, and to the variability in
the tumour growth-rates. Note that the most vigorously
growing tumours had no fluctuations in the tumour
growth-rate, while their AVD varied within a small
range of values (0.665-1.3 units of signal intensity;
Fig. 4(a)). In the slow-growing tumours (Fig. 4(c)), the
fluctuations in tumour growth-rates and in AVD are
more significant than those of the moderately growing
tumours (Fig. 4(b)).

The empirical AVD of individual tumours (Fig. 5(a)-
(c)), were compared with the model predictions
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Fig. 4. Experimental in vivo results showing tumour growth-rates as a
function of AVD (for dimensions see note in Fig. 2) . Individual
tumour growth-rate calculated for short time intervals, rr, were
mapped on the respective AVD measurements which were normalised
by the control areas, ¢, for groups of fast-(a), moderate-(b) and slow-
(c) growing tumours. Group “A” included the tumours: “K”, “Y”,
“U”; Group “B” included the tumours: “Q”, “T”, “GA”’; Group “C”
included the tumours: “A”, “I”, “S”. In this figure, AVD values were
normalised by the control tissue “c”, rather than “d”, as it was closer
to the tumour and had more reliable input dataset, due to the
limitations of the technique.

(Fig. 2(a)—(c)). Comparison shows that the predicted
and observed apparent VD had similar dynamic profiles,
in spite of their different “resolutions” (the empirical
VD was read in 2-3 day intervals, whereas simulation
results were recorded every 6 h). Thus, a similar, double
maximum pattern is both predicted and observed empir-
ically for fast-growing tumours (Fig. 2(a)(I) compared
with Fig. 5(a)), and a pattern of frequently fluctuating
VD, with larger amplitude than in faster growing tu-
mours, is both predicted and empirically observed in
slow-growing tumours (Fig. 2(c)(II) compared with
Fig. 5(c)). In general, the observation of increasing fre-
quency of AVD oscillations, coinciding with decreasing
tumour growth capacity is in accordance with the
model’s predictions.

3.2.3. Microenvironmental dependence of MatVD and
ImmVD

We analysed the dynamics of new vessel formation
and of vessel maturation in individual tumours. Such
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Fig. 5. Measurements of AVD as a function of time (in days), in three
individual tumours, as detected noninvasively by MRI (For dimen-
sions, see note in Fig. 2). Each extreme point represents one
measurement and the intermediate points were extrapolated by
observed changes in tumour volume. Two maxima in AVD are
observed in the fast-growing tumour (a); a pattern of two high peaks,
intermittent with two or three smaller VD peaks is observed for the
moderately growing tumour (b); AVD pattern of frequent fluctuations,
whose amplitudes increase over time is observed for the slow-growing
tumour (c).

analysis was mandatory for verifying the mathematical
model’s assumptions that neo-vascularisation and
immature vessel maturation, as well as immature and
mature vessel regression, can significantly affect tumour
growth. Subsequently, this analysis was used for study-
ing the dependence of each of these dynamical processes
on other measurable factors in the system.

For analysing the processes of new blood vessel for-
mation and regression separately from those of matura-
tion and mature vessel destabilisation, we used the
calibrated measurements of maturation and function.
Maturation dynamics are manifested in an increase or
decrease in MatVD, relative to the changes in tumour
volume. In addition, by subtracting the density of ma-
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ture vessels from that of the total functional vessels,
measured at the same moment, we estimated the density
of newly formed blood vessels and, subsequently, identi-
fied regression of the newly formed vessels, at any time
during tumour progression.

Measurements of FunVD and MatVD inside the tu-
mour, FunVD(in), MatVD(in), respectively, and at the
tumour’s rim were normalised by similar measurements
in the normal close tissue (c) or at a distance from the
tumour site (d). Shown in Fig. 6 are the empirical cali-
brated MRI readings of VD(in) dynamics in tumours
with varying growth-rates. The calibrated MRI readings
of MatVD demonstrates the validity of our model’s
assumption that vessel maturation and destabilisation
of mature vessels are dynamic processes occurring con-
currently with tumour neovascularisation, both at the
core of the tumour and at its rim (as shown in [21]); mat-
uration or destabilisation are manifested in increased or
decreased (MatVD) measurements, for a constant
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tumour volume during a certain period of time (Fig.
6(d), (f)). Moreover, a relative increase or decrease in
FunVD, unaccompanied by an increase or decrease in
MatVD was interpreted as formation and obliteration
of immature vessels, respectively.

The experimental measurements, shown in Fig. 6,
support the model prediction in showing that, at any
moment of the experiment, the proportion of immature
vessels is small in exponentially growing tumours (com-
pare with Fig. 2(a) and (b)). Note that the apparently
decreasing density of mature vessels in these figures,
which is also observed in the simulations (Fig. 2(a)(I)),
probably reflects dilution, as these tumours undergo ra-
pid volume increase during the first month of growth. In
somewhat less vigorous tumours, FunVD is shown to
increase in the first weeks of tumour growth. However,
here too, newly formed vessels seem to mature relatively
quickly, so that immature vessels are hardly detected
(Fig. 6(c)). In more moderately growing tumours, the
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Fig. 6. Dynamics of FunVD and MatVD measured in vivo at the tumour core (FunVD(in), MatVD(in), respectively). The difference between
MatVD(in) and FunVD(in) at a given time-point indicates the density of new blood vessels, InmVD. The measurements were normalised by similar
measurements in the normal host tissue close to the tumour site (c) ; tumours ““Y” and “U” were normalised by the far control point, d. One should
note that this figure portrays calibrated measurements of mature and functional vessel density and not AVD (see Section 2). (a)—(f) represent different

tumour.
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newly formed vessels constitute a larger proportion of
the overall functional vessels. Here, the period of
oscillation in ImmVD is smaller than that in matura-
tion-destabilisation, indicating a somewhat slower
maturation-rate, presumably due to a poor microenvi-
ronment. Consequently, the two processes are desyn-
chronised in these tumours and, as our model
suggested, a maximum in FunVD can coincide with a
minimum in MatVD (Fig. 5(d) and (e)). The angiogene-
sis rate exceeds the maturation-rate in the slowest grow-
ing tumours. Therefore, significant angiogenesis and,
consequently, regression of the unprotected newly
formed vessels can be detected (Fig. 6(f)). It should be
re-emphasised that this result does not necessarily imply
that in slow-growing tumours angiogenesis is more
active than in faster growing tumours, but, rather, that
in slow-tumours maturation is less efficient.

4. Discussion

Based on the computer simulations of the model, we
assert that the heterogeneity in the tumour growth-rate
is sufficiently accounted for by the variation in microen-
vironmental density of blood vessels. Thus, in microen-
vironments having large MatVD, the rate of vessel
maturation is expected to balance the rate of neo-vascu-
larisation. The outcome should be monotonic processes
of vascular and tumour growth, and, as a consequence,
a higher average tumour growth-rate. In contrast, low
MatVD in the microenvironment is expected to slow-
down the maturation of newly formed vessels, so that
the proportion of immature vessels will be relatively
large and the two processes will be only loosely bal-
anced. These fragile immature vessels regress in size,
perfusion decreases and, as a result, a new cycle of angi-
ogenesis is started. This oscillating pattern is expected to
cause decreasing overall tumour growth capacity, sug-
gesting that ovary carcinoma metastases of a common
origin can vary significantly in their growth-rates,
depending on the VD in their seeding sites.

In general, our analysis of the empirical results con-
firms the above mathematical model’s predictions. The
experiments reported here suggest that during the first
few weeks following implantation of human ovary carci-
noma spheroids in mice, a lower tumour growth capac-
ity was associated with lower proportions of mature
vessels in the tumour, and with a looser synchronisation
of neovasculature formation and maturation. Our anal-
ysis of the experimental results further confirms the
model’s assumptions of interactive processes of angio-
genesis, regression, maturation and destabilisation.
Together, these processes form an oscillatory pattern
of VD in the growing tumour, whose period varies in
association with the tumour growth capacity. It may
be worthwhile to check the validity of this conclusion

in different experimental scenarios, different cell lines
and different cancer types.

Our results support the findings of Monsky and col-
leagues [25] who studied vasculature properties in pri-
mary and metastatic breast tumours and suggested
that vascular permeability in tumours implanted in the
mammary fat pad is higher than in those implanted in
cranial windows. The authors conclude that the host
microenvironment plays a significant role in determining
gene expression and physiological functions of tumour
vasculatures and propose that higher VD and blood
flow in the underlying pial tissue may potentiate the
angiogenic response to tumour factors. In accordance,
our simulations showed that a large variation in VD at
the tumour implantation site explains the variation in
the tumour growth-rate. Our analysis of the in vivo tu-
mour implantation experiments shows that accelerated
tumour growth is associated with a relatively small frac-
tion of immature vessels, which, inevitably, is associated
with a low permeability. Interestingly, Monsky and col-
leagues caution that a higher expression of angiogenic
growth factors is not a good surrogate marker of VD.
Indeed, our simulations suggest significant oscillations
in angiogenesis related growth factors (see [6,26]). These
simulations can explain why growth-factor concentra-
tions evaluated at the peak of the oscillations can not
be a good marker of their average tumour-specific con-
centration. In our work, the highly variable empirical
growth patterns were retrieved by the same underlying
dynamic model where immature and mature vessels
have different reaction rates and individual tumours
were implanted in varying vascular beds.

In this work, we validated the mathematical model’s
capacity to retrieve in vivo vessel dynamics, and to fur-
ther illuminate associated biological phenomena that
are intractable to experimental analysis. Further retro-
spective validation of our model has been done using re-
sults of untreated [27] and treated [28] human breast
cancer and human brain carcinoma [29] (data not
shown). After verifying its accuracy in prospective hu-
man clinical trials, the computerised mathematical mod-
el will be employed for predicting the comprehensive
feedback effects on VD, including those of specific cyto-
toxic and cytostatic therapy, at every moment of tumour
progression, in primary and metastatic disease.
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