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Chapter 1

Background

1.1 Brain cancer imaging

Brain cancer arises from abnormal growth of cells within the brain tissue. The
cancer cells can originate from the brain itself, causing primary brain tumours,
or they can originate from another location in the body and cause secondary
brain cancer, also known as brain metastases. Despite an extensive amount
of research on brain cancer the last decades, the treatment and monitoring of
malignant brain tumours continue to be highly challenging and the prognosis
remains dismal. For gliomas, which are tumours originating from the glial cells
in the brain, the median overall survival ranges from approximately a year to
more than a dozen years, depending on the grade of the tumour and various
prognostic factors[1]. The glioblastoma, a high grade glioma (grade IV) and
the most common type of primary brain tumours, has a median overall survival
of around 12 months[2]. For brain metastases, the median overall survival lies
within the range of months to a few years[3].

Moreover, the monitoring of brain cancer patients has become increasingly
challenging as new treatment regimens are introduced, which can cause unknown
and unforeseen effects that make conventional diagnostic response evaluations
inadequate[4–6].

Figure 1.1: MRIs of a patient with glioblastoma. The glioblastoma can be seen as a
ring of high signal intensity in contrast-enhanced T1 images (A), and in the FLAIR
images (B), regions of high intensity signal are seen in the surrounding tissue of the
tumour, typically associated with edema. The map of cerebral blood volume (C) is
able to display the vascular heterogeneity of the tumour.

For both primary and metastatic brain tumours, magnetic resonance imaging
(MRI) plays a central role in both diagnosis, treatment planning and response
evaluation[7, 8]. MRI is a non-invasive imaging modality with high resolution,
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1. Background

excellent tissue contrast and versatile capabilities. Anatomical MRI in brain
cancer imaging typically involves T1 images prior to and after administration
of a contrast agent and so-called fluid-attenuated inversion recovery (FLAIR)
images.

Malignant tumours are usually associated with a disrupted blood-brain
barrier, causing leakage of contrast agent from the capillaries to the extravascular
extracellular space, resulting in regions of high signal intensity in contrast-
enhanced T1 images (Figure 1.1A). High peritumoural signal intensity in FLAIR
images is associated with edema typically found in the surrounding tissue of the
tumour (Figure 1.1B).

Although FLAIR and T1-images images display different morphological
features of the brain tissue, they provide little information about the tissue
function and the vascular heterogeneity of the tumour. Microvascular function
and physiology are often altered in malignant tumours and the surrounding
tissue[9], which makes perfusion MRI a useful technique to gain insight into the
physiology of brain tumours.

Perfusion refers to the delivery of oxygen and nutrients from the blood flow
to the tissue, and perfusion MRI is a common term to describe MRI techniques
that can measure perfusion-related parameters. These techniques are based
on tracking the distribution of a tracer in the tissue. The tracer can either be
endogenous, e.g. magnetically labelled blood as used in arterial spin labelling
MRI, or an exogenous tracer, such as an externally administered contrast agent as
used in dynamic contrast-enhanced imaging and dynamic susceptibility contrast
(DSC) imaging[10]. In this thesis, the key imaging technique is DSC imaging.

DSC imaging is based on serial image acquisitions during the administration
of an intravenous contrast agent. From the signal changes caused by the
contrast agent, measures of hemodynamic properties can be obtained, including
cerebral blood volume (CBV), cerebral blood flow (CBF) and mean transit time
(MTT)[11]. In general, the added value of DSC imaging in clinical applications
comes from the ability to detect aberrant and heterogeneous microvascular
function that are not apparent in anatomical MRI (Figure 1.1C).

Measurements of CBV have proven useful in several clinical applications,
including tumour grading[12–14], treatment response[15–17], predicting prog-
nosis[18, 19], and to some extent differentiating between tumour progression
and pseudoprogression[18, 20]. Pseudoprogression is a phenomenon that can
occur after radiotherapy, where the irradiation causes damage to the brain tissue
and results in regions of high-signal intensity in anatomical MRIs, making it
challenging for the radiologist to discriminate pseudoprogression from actual
tumour progression[21].

Still, the complex pathophysiology of brain cancer and many of the underlying
mechanisms for treatment response are not fully understood. The development of
new MRI techniques has, however, made it possible to examine the pathological
brain in new ways. Improvements in MRI technology have enabled a more
advanced form of DSC imaging, where two different acquisitions can be performed
simultaneously and thus provide two sets of DSC data from the same contrast
agent passage[22]. The two sets of data are affected by the underlying properties
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of the tissue in different ways[23]. These two methods can therefore provide
complementary information to one another. Vessel Architectural Imaging (VAI)
is a technique based on this advanced DSC method, where vascular parameters
beyond conventional DSC can be obtained[24]. While VAI, and similar techniques
such as Vessel Size Imaging, have shown clinical merit, a complete understanding
of these techniques are still lacking[24–27].

In this thesis, I have therefore developed a sophisticated simulation model
to gain insight into the VAI technique and the behaviour of DSC signals under
a range of different conditions (paper I and II), and with the use of these
imaging techniques, investigated the vascular characteristics of brain metastases
developing pseudoprogression (paper III).

1.2 Basic principles of Magnetic Resonance Imaging

In presence of an external magnetic field, an ensemble of nuclear spins tends
to align along the field, causing a net magnetization in the field direction. The
individual spins will precess around the field direction with an angular frequency
ω0 = −γB0, where γ is the gyromagnetic ratio and B0 is the strength of the
magnetic field[28]. By applying a radio-frequency (RF) pulse centred around
the same frequency, the net magnetization can be shifted to another direction,
e.g. the xy-plane. Following an RF-pulse, the net magnetization will gradually
relax back to its thermal equilibrium with relaxation time T1, the time constant
for exponential recovery of longitudinal magnetization[29]. Concurrently, a
dephasing of the transversal magnetization will occur, as the individual spins
will precess with slightly different frequency due to spin-spin interactions (T2-
relaxation) and static field variations (T2’-relaxation), where the combined effects
of transversal relaxation are denoted T2*, where 1/T2* = 1/T2 + 1/T2’, or as
expressed as its equivalent relaxation rates: R2* = R2 + R2’.

By applying multiple RF-pulses in combination with different magnetic
gradient fields, signals from a selected volume can be read out to create an image.
A large variety of different pulse sequences exist to generate different kinds of
MRI images. Here, only a short introduction to two basic pulse sequences will
be given: spin-echo (SE) and gradient-echo (GE) sequences.

A SE sequence is based on a 90°-pulse that flips the magnetization to the
xy-plane, followed by a 180°-pulse at a time TE/2 after the initial pulse, where
TE denotes the echo time. The 180°-pulse flips the magnetization to the opposite
quadrant of the xy-plane, causing dephased spins to refocus and generate an
echo at time TE. The pulse will only refocus the dephasing due to the static
field variations and not the spin-spin interactions, and the resulting signal will
thus become T2-weighted (Figure 1.2A)

A GE sequence is characterized by a 90°-pulse followed by a gradient that
accelerates the transversal dephasing. A gradient with opposite polarity is then
applied to refocus the spins and thus generating an echo at time TE after the
initial RF-pulse. With no refocusing pulse, neither T2- nor T2’-relaxation will
be refocused, making the signal T2*-weighted. (Figure 1.2B)
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1. Background

Figure 1.2: Basic principle behind SE and GE acquisitions. In the SE acquisition (A),
a 90°-pulse is applied to shift the net magnetization to the xy-plane, a 180°-pulse is
then applied to refocus a portion of the dephased spins (top line). The resulting signal
becomes T2-weighted, as illustrated in the fifth line. In GE acquisitions, gradients are
applied to accelerate the dephasing and subsequently to refocus the spins, as illustrated
in the readout-line of the diagram, making the resulting signal become T2*-weighted.
For both SE and GE acquisitions, slice encoding gradients are applied concurrent with
the RF pulses to select for spins in a given slice (second line), while phase encoding
gradients and readout gradients are applied to spatially encode the signal from the
slice (third and fourth line). Figures adapted from xrayphysics.com with permission.

1.3 Dynamic Susceptibility Contrast Imaging

The DSC-imaging technique involves acquisitions of serial images during the
administration of a tracer, usually a paramagnetic contrast agent such as
Gadolinium-based chelates[30]. Paramagnetism is a property of materials that
will induce a local magnetic field in the presence of an external magnetic field.
The paramagnetic nature of the contrast agent will therefore cause changes in the
magnetic field as it passes through the vasculature, accelerating the dephasing of
the spins and thus increasing the transversal relaxation rate (Figure 1.3). The
paramagnetic agents also cause an increase in the longitudinal relaxation rates,
but is usually not considered in DSC imaging.

Based on the indicator-dilution theory, CBV, CBF and MTT can be derived
from DSC-imaging data, where CBV is the total volume of blood traversing a
given voxel per mass of tissue (mL/100g), CBF is the flow of blood through the
voxel per mass of tissue (mL/100g s) and MTT is the average time it takes the
tracer to pass through the voxel (s)[11, 31, 32].

In order to measure CBV, information about the dynamics of the tracer as it
enters and passes through the image voxel is needed, and quantitative CBV can
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Figure 1.3: Signal intensity curves (A) and relaxation rate curves (B) from a SE (red
line) and a GE (black line) DSC acquisition. The bolus passage of the contrast agent
causes a marked decrease in the signal intensity due to the increase in the ∆R2. A
second dip/peak in the signal intensity/∆R2 can be seen after the initial bolus, caused
by the recirculation of the contrast agent in the blood.

then in principle be calculated as[33, 34]:

CBV = Hf

ρ

∫ ∞
0

Ct(t) dt∫ ∞
0

Ca(t) dt
(1.1)

where Ct(t) is the concentration-time curve of the tissue, Ca(t) is the
concentration-time curve of a feeding artery, Hf is a factor that accounts for
differences in hematocrit levels between large vessels and capillaries, and ρ is
the density of the brain tissue. With a hematocrit level of 0.45 in large vessels
and 0.25 in small vessel, the Hf becomes 0.73, but is often approximated by
unity[35, 36]. ρ is approximately 1.04 g/mL and is included in the equation to
obtain the correct unit of CBV (mL/100g)[35].

The relationship between the concentration-time curves and the change in
relaxation rates can be expressed as:

∆R2(t) = r2 · C(t) (1.2)

where r2 denotes the relaxivity of the contrast agent, and is usually considered
as a constant and omitted from the equations as it cancels out when calculating
the ratio of blood-tissue signal responses. Here, and in the following, the asterisk
commonly used to separate relaxation rates from SE and GE is omitted, and R2
is used for both acquisition methods, if not explicitly stated otherwise.

By assuming a purely intravascular contrast agent, i.e. no leakage of the
contrast agent into the extravascular space and negligible T1-effects, C(t) can
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1. Background

be approximated by[37]:

C(t) ∝ ∆R2(t) = − 1
TE ln

(
S(t)
S0

)
(1.3)

where S(t) is the measured signal at time t and S0 is the signal prior to the
arrival of the contrast agent.

With both Hf and ρ set to unity, the equation 1.1 can be expressed as:

CBV =

∫ ∞
0

∆R2(t) dt∫ ∞
0

∆R2AIF (t) dt
(1.4)

where AIF denotes the arterial input function, describing the contrast agent
input to the tissue of interest[38].

For determining the MTT and CBF, a more complex analysis is needed
involving deconvolution of the signal responses in blood and tissue. The
concentration-time curve of the tissue can be expressed mathematically as:

Ct(t) = CBF Ca(t) ∗R(t) (1.5)

where CBF is the cerebral blood flow, Ca(t) is the concentration-time curve for
the input to the voxel, R(t) is the residue function describing the amount of
contrast agent remaining within the voxel at time t, and ∗ denotes the convolu-
tion operator. Using established deconvolution methods, R(t) and subsequently
CBF can be estimated[33]. MTT can then be estimated either from the central
volume theorem: CBV = CBF × MTT, or from the area under the curve of
R(t). In this thesis, a so-called standard singular-value decomposition (SVD)
deconvolution method was used[33].

The estimation of CBV, CBF and MTT is, however, not always straight-forward
and there are many pitfalls on the way to quantitative or semi-quantitative
estimates from the DSC data. A complete description is beyond the scope of this
work, but a brief outline of some of the challenges is given: First, the hematocrit
levels are often assumed constant, although they can vary depending on the
vessel size, flow and pathophysiological conditions[39]. Second, the constant
and linear dependency between C(t) and ∆R2 is not always valid, and have
shown to differ between tissue and whole blood[40]. Third, many challenges
are associated with the AIF, including finding the appropriate voxel(s) for
defining the AIF[41], partial volume effects[42], and signal saturation due to the
high concentrations of contrast agent in arteries[43]. Moreover, deconvolution
methods for obtaining CBF and MTT are very noise sensitive and rely on an
accurate estimation of AIF as well[44]. In addition, although T1-effects can be
considered negligible when the contrast agent is confined to the intravascular
space, disruption of the blood-brain barrier, frequently occurring in tumours,
leads to contrast agent leakage. The leakage will in turn lead to shortening
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of tissue water T1 and potentially invalidate the assumption of negligible T1
effects and cause an underestimation of the ∆R2[45]. Concurrently, the leakage
will also lead to additional shortening of T2, leading to an overestimation of the
resulting ∆R2. The combined effect of T1- and T2-effects from leakage can thus
lead to either a net over- or underestimation of ∆R2 and hence CBV, depending
on which relaxation effect is most dominant. The relative contribution of T1- vs
T2- effects depend on a complex mix of MRI specific, as well as physiological
and contrast agent specific parameters. Several approaches exist for leakage
correction[22, 32]. In this thesis, a correction method where both T1- and T2-
leakage effects are accounted for, is used[45, 46].

Due to the above-mentioned limitations of DSC analysis, quantitative estimations
of the parameters are difficult to obtain. Alternatively, normalized parameters,
scaled to the mean value of a reference tissue, can be considered. A benefit with
relative CBV measurements is that, in contrast to CBF and MTT, it can be
measured without considering the AIF, simply by integrating over ∆R2(t)[32].
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1. Background

1.4 Vessel Architectural Imaging

Conventional DSC imaging is typically performed using either SE or GE
sequences. Due to the differences in the acquisition methods, signal responses
from SE and GE will differ depending on the underlying microvascular properties.
Combined SE and GE techniques — such as VAI— where simultaneous
acquisitions of both SE and GE images are performed, can therefore provide
additional information about the tissue properties compared to conventional
DSC techniques[23, 47, 48].

Figure 1.4: Vessel size dependency of ∆R2
for GE and SE obtained from Monte Carlo
simulations. Reprinted from [23] with
permission

The difference in signal response
from GE and SE acquisitions is due
to their different sensitivity to suscep-
tibility variations. The 180°-pulse in
SE has the ability to refocus a vary-
ing portion of the dephased spins, de-
pending on the local variations in the
magnetic field experienced by the pro-
tons.[49] For example, the field inho-
mogeneities caused by an intravascular
contrast agent from small capillaries
will differ from the inhomogeneities
from larger vessels. In the so-called
static dephasing regime, where the dif-
fusion of protons is slow relative to the
field variations, this difference causes
a larger part of the dephased spins to
refocus for larger vessels, and conse-
quently ∆R2 from SE acquisitions will decrease, as seen to the right in Figure
1.4[23, 50, 51]. In contrast, ∆R2 from GE does not display any vessel size
dependency beyond radii above typical capillary sizes (radius > 5µm).

For radii between ≈ 1µm and 5 µm, an increase in ∆R2 from both GE
and SE can be seen. This is the so-called motional narrowing regime, which is
characterized by rapid spatial variations in the magnetic field. Due to the rapid
spatial variation, the time-average magnetic field experienced by the protons
has less variation than the instantaneous field, and thus the ∆R2 decreases for
decreasing radii.

The difference in vessel size dependency was used to demonstrate that the
ratio ∆R2*/∆R2 increases with vessel radius and could therefore be used as
an estimate of the average vessel size in vivo[47]. Expanding on this work, an
analytical expression for vessel size index (VSI) was derived, where VSI was
defined by[48]:

VSI−3/2 =
∫ ∞

0
R−3/2f(R) dr (1.6)

where R denotes the radius and f(R) is the density function of vessels with radius
R, and where the expression was derived by considering the static dephasing
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regime. From the same analytical theory, it was subsequently shown that the
VSI could be expressed as[26]:

VSI = 0.867
√
CBV D

∆R2∗

∆R23/2 (1.7)

where D is the water diffusion constant, and the different factors and exponents
are a result of the analytical theory of transverse relaxation in static dephasing
regime. The VSI could thus be measured from combined GE-SE DSC.

Figure 1.5: A vessel vortex of VAI. A
temporal shift between the peaks of ∆R2*(t)
and ∆R23/2(t)-curves (A). Due to this
temporal shift, a parametric plot of ∆R2*
vs. ∆R23/2 forms a vessel vortex that can
be characterized by a long axis, its slope,
the area within the vortex and the direction
of the vortex propagation (B).

In conjunction with Vessel Size Imag-
ing in clinical data, a temporal
shift between the peaks of ∆R2*(t)
and ∆R23/2(t)-curves were observed,
which founded the basis for VAI (Fig-
ure 1.5A)[24, 26].

The temporal shift between
∆R2*(t) and ∆R23/2(t)-curves leads
to the formation of a vortex when the
curves are displayed in a parametric
plot, and VAI is a technique that aims
to exploit the information provided
by these vortices. The vessel vortex
can be characterized by its long axis,
the slope of the long axis, the area
within the vortex and the direction of
the vortex propagation (Figure 1.5B),
where the slope value is the ratio of
∆R2∗/∆R23/2 used in equation 1.7.

In their first report about VAI, Em-
blem et al. conducted simulations to
gain insight into the behaviour of the
vessel vortices. A simplified simula-
tion model estimated signal responses
from a vascular system consisting of
arterioles, capillaries and venules with
varying vessel radii, blood oxygena-
tion levels and blood volume frac-
tions. Based on the simulations, it
was shown that the direction of the
vortex depended on the type of vessels
included in the vascular system. If the
vascular system consisted of both ar-
terioles and venules, the vortex propa-
gated in a counter-clockwise direction,

while a clockwise direction occurred if the system only included arterioles and
capillaries, or arteries with larger radii than the venules. Furthermore, it was
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1. Background

shown that the vortex area was associated with the blood volume fraction and the
difference in oxygen saturation levels between the arterial and venous side, ∆SO2.
In addition, Emblem et al. demonstrated how VAI could identify glioblastoma
patients responding to anti-angiogenic therapy. Specifically, they showed that a
relative increase in clockwise vortices in the tumour region during therapy was
an independent predictor of progression free survival and overall survival[24].

However, the simulations in [24] was based on a relatively basic model, where
the vascular system was limited to only three different vessels and many relevant
biophysical properties were not considered. To this end, this thesis introduces a
more complex and realistic vascular model in order to investigate further the
potential clinical use and limitations to the VAI technique.

1.5 Simulation model

Simulation models can be used to obtain insight into the complex nature of MRI
signals. In this thesis, a Monte Carlo method is used, which is a simulation
method where a large number of repeated random sampling is conducted to
obtain numerical results. This is a valuable method when analytical approaches
are difficult or impossible to convey. The simulation model was implemented
in Matlab 2016b (Mathworks, Massachusetts, USA) and relevant scripts can be
found at https://github.com/ingrdd/.

In this model, Monte Carlo simulations are conducted to track the phase
dispersion of proton spins caused by field perturbations from different types of
blood vessels. This phase dispersion is converted into signal responses from SE
and GE acquisitions. The results from the Monte Carlo simulations are then
combined with a model that represents a contrast agent passage in a vascular
network, as explained in detail below.

1.5.1 Monte Carlo simulations

The model described in the following is based on the work by several groups
that have used Monte Carlo simulations of diffusing protons to estimate changes
in relaxation rates.[23, 49, 50, 52, 53].

Infinite long cylinders with a given radius R are used to model blood vessels.
The cylinders are randomly distributed in a simulation space to fill a given volume
fraction. If a position of a cylinder overlaps with a cylinder already placed in
the simulation space, a new position of the cylinder is generated. A random
walk of a proton is then performed, starting in the origin of the simulation space,
and where each step is given by a Gaussian distribution with zero mean and
standard deviation σ =

√
2D∆t, where ∆t = 0.1 ms is the time step in the

random walk[49]. After each step, the accumulated magnetic field perturbation
(∆B) at the proton’s location is calculated based on the contribution from the
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Figure 1.6: Field perturbations from vessels with radius = 3 µm (A) and radius = 20
µm (B) and with blood volume fraction = 3%. A proton’s random walk (500 steps)
is shown in black lines. As the zoomed-in insets show, a proton is more likely to
experience a constant field strength during an acquisition if the radii of the vessels are
large, and thus the 180°-pulse in SE will be able to refocus a larger portion of the spins
compared to if the vessels are small.

surrounding cylinders[23]:

∆B =
Nk∑
k=1

2π∆χB0

(
Rk

rk

)2
cos 2φk sin2 θk, if rk ≥ Rk

2π
3 ∆χB0(3 cos2 θk − 1), if rk < Rk

(1.8)

where the position of the proton relative to the kth cylinder is given by the
polar coordinates (rk, φk) in a plane orthogonal to the cylinder axis given by
the projection of the main field, θ is the angle between the cylinder axis and the
main field, B0, and Nk is the number of cylinders. The top line (rk ≥ Rk) is the
contribution if the proton is positioned outside the vessel, and the bottom line
(rk < Rk) if its inside the vessel. The model assumes a physiological permeability
to water, where the probability of a proton traversing the vessel wall was set to
p = 1.5× 10−3[23]. ∆χ is the susceptibility difference between intravascular and
extravascular space, given by the sum of contributions from deoxygenated blood
and the contrast agent concentration:

∆χ = ∆χdofdeox + χmC (1.9)

where χdo is the susceptibility difference between fully oxygenated and fully
deoxygenated blood, fdeox is the fraction of deoxygenated blood, χm is the molar
susceptibility of Gadolinium and C is the concentration of Gadolinium in the
vessel. The accumulated phase of the proton during ∆t is then calculated[50]:

φ(tn) = φ(tn+1) + γ∆t∆B (1.10)
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where tn is the nth time step and γ is the gyromagnetic ratio. A proton’s
random walk in the field perturbations from small vessels (R = 3.0 µm) and
relatively large vessels (R = 20 µm) are shown in Figure 1.6.

A random walk is conducted for a large number of protons (N > 5000), where a
new distribution of vessels is generated before each walk. The phase during the
random walk for each proton is recorded and further used to estimate the signal
change in a GE and SE acquisition. In GE acquisitions, the phase contribution
to the recorded signal is given directly by the accumulated phase at time t =
TEGE :

φGE = φ(TEGE). (1.11)

In SE acquisitions, the applied 180°-pulse will flip the spins, effectively changing
the sign of the accumulated phase at t = TESE/2. The accumulated phase at
t = TESE is thus given by:

φSE = φ(TESE)− 2φ(TESE/2) (1.12)

The signal intensity is then given by

SI(t) = 1
N

N∑
n=1

eiφn(t) (1.13)

where N is the number of protons and φn is the accumulated phase of the nth
proton as given in equation 1.11 or 1.12 for GE and SE acquisition, respectively.
By simulating the signal intensity for varying contrast agent concentration and
assuming mono-exponential signal decay, the ∆R2(C) is given by:

∆R2(C, TE) = − 1
TE

ln
(
|SI(C, TE)|
|SI(C = 0, TE)|

)
(1.14)

where |SI| denotes the modulus of the complex signal.

1.5.2 Vascular network model

A single run of the Monte Carlo simulation produces ∆R2 from SE and GE
under a fixed set of conditions. However, in a typical DSC image voxel
(∼ 2 mm× 2 mm× 5 mm), there are signal contributions from several different
kinds of vessels, varying in e.g. size and blood oxygenation levels. By combining
results from Monte Carlo simulations with varying underlying conditions,
relaxation rates from a complex vascular system can be modelled. In paper
I, I have therefore developed a vascular model that includes a complex vessel
network, where the vessel network was represented by a vessel tree structure[27]:

The vessel tree consists of several vessel generations, where each generation is
associated with a given tissue concentration-time curve (Figure 1.7). To produce
the concentration-time curves, the concentration-time curve for the AIF must
first be defined. Then, a transport function g(t) is introduced, which is the

12



Simulation model

Figure 1.7: Illustration of a vessel tree structure and its concentration-time curves. Five
vessel generations of the vessel tree structure are shown in (A), and concentration-time
curves (Ck(t)) for vessel generation k = 1, 3 and 5 is displayed in (B).

frequency function for transit times within the vessels. By approximating the
vessels to cylindrical pipes with laminar flow, the transport function is given by:

g(t) =
{

0, t < t0
2t20
t3 , t ≥ t0

(1.15)

where t0 is the shortest transit time through the vessel. For the kth vessel
generation, the residue function is expressed as:

Rk(t) = g1(t) ∗ g2(t) · · · gk−1(t) ∗
[
1−

∫ t

0
gk(τ)dτ

]
(1.16)

and the resulting tissue concentration-time curve for the kth vessel generation is
then given by:

Ck(t) = fCa(t) ∗Rk(t) (1.17)

where f is the fractional flow (= 1/2t0) and Ca(t) is the AIF. To obtain time-
resolved ∆R2 for each vessel generation, the tissue concentration-time curves in
equation 1.17 is coupled with equation 1.14. The ∆R2(t) from the whole vessel
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network can then be calculated:

∆R2(t) =
Ngen∑
k=1

wk∆R2k(t) (1.18)

where Ngen is the total number of vessel generations and wk is the fraction of
the total blood volume made up from vessel generation k.

1.5.3 Noise in DSC signals

Noise is always present in MRI signals and may hinder or disrupt the process of
obtaining the desired information from the signals. The noise can have different
sources, including thermal noise, which is caused by randomly fluctuating currents
in the body; system noise, which can be due to e.g. instability in hardware of
the scanner or inhomogeneities in the magnetic field; and physiological noise due
to e.g. head motion or respiration[54–56].

The amount of noise present in the MRI signal will vary depending on a range
of factors, including the sequence used, the hardware of the scanner, and the
patient or object to be scanned. The presence of noise will lead to uncertainties
or errors in the derived information from the images. If the level of noise becomes
too high, this can surpass the effect of the underlying characteristic of the tissue
one wants to depict, and thus the desired information from the signal cannot be
obtained.

How different levels of noise in the DSC signal affect the derived parameters
have been examined to some extent[57–60]. However, the focus of most of these

Figure 1.8: Signal intensities (top row) and corresponding ∆R2 (bottom row) for
noise-free signals, i.e. noise = 0 s−1 (A), noise = 0.2 s−1 (B) and noise = 1.0 s−1 (C),
where noise is defined as the standard deviation of the ∆R2 baseline.
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studies has been to investigate the effect on CBF measurements, which rely on
noise-sensitive deconvolution approaches, while the effect on CBV measurements
have largely been overlooked. Moreover, to our knowledge, the noise-dependency
in VSI and vortex area measurements have not been examined at all. To this
end, the effect of noise on CBV, VSI and vortex area were investigated in paper
II.

Depending on the source, the noise in the DSC signal can either be correlated
in time or space, or uncorrelated. Magnetic field inhomogeneity is an example of
noise that can be spatially correlated, cardiac motion is temporally correlated,
while thermal noise is always uncorrelated. As an approximation, the noise in
DSC can be modelled as uncorrelated Gaussian noise. To correctly model the
noise in the simulated signals, the noise must be added to the complex MRI
signal, i.e. before modulus of the signal is calculated in equation 1.14. This leads
to a Rician distributed noise in the modulus signal[61]. Simulated signals and
corresponding ∆R2(t) with varying levels of noise are displayed in Figure 1.8,
where noise is defined as the standard deviation of the ∆R2 baseline.

1.6 Clinical application of DSC and VAI

Stereotactic radiosurgery (SRS) is an important treatment option for patients
with brain metastases, where one or a few high doses of radiation are precisely
delivered to the tumour[62]. However, the high-dose irradiation of the tumour
can lead to pseudoprogression, which is difficult to distinguish from true tumour
progression, and hence pose a challenge to the treatment response evaluation[21].

CBV measurements from DSC imaging have shown potential to differentiate
between the two, with lower CBV values in pseudoprogression compared
to tumour progression[63–65]. These studies suggest that the vascular
characteristics of pseudoprogressing lesions may hold clinical relevant information.
Moreover, these vascular characteristics may be present in the tissue before the
pseudoprogression is visible on conventional anatomical MRIs, which can take
months or even years to manifest after radiotherapy[66].

To this end, paper III investigated the vascular characteristics of brain
metastases before and after patients received SRS. Based on the findings from
the work with the simulation model, parameters derived from DSC and VAI
were used to examine differences in the pre-treatment vascular function between
responding and pseudoprogressing brain metastases.
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Chapter 2

Aims

2.1 Paper I

VAI is a novel perfusion MRI method based on DSC imaging. Initial reports
suggest that VAI may hold great clinical value in brain cancer imaging. However,
a more detailed investigation is needed to better understand the information
that VAI can provide and thereby potentially expand the areas of clinical
applications. To this end, the aim of this paper was to establish a sophisticated
simulation model in order to map how different vascular properties affect the VAI-
parameters, and subsequently compare the results obtained from the simulations
with previous findings and with clinical data from patients with glioblastoma.

2.2 Paper II

CBV from DSC MRI is widely used in both clinical settings and research, and
VAI have gained increased attention the last few years. However, how noise in
the original DSC signal affects the derived parameters from these techniques
has not been fully investigated. The aim of this paper was therefore to map the
effect of noise on CBV, VSI and vortex area by simulating DSC signals with
varying levels of noise, compare the results with clinical data, and to examine
the effect of different cut-off values for noise when calculating normalized values
in tumour regions of brain cancer patients.

2.3 Paper III

Paper III demonstrates an application of VAI and conventional DSC in
brain cancer imaging. Brain metastases treated with SRS may develop
pseudoprogression after irradiation. However, why some metastases develop
pseudoprogression, while others do not, is still not fully understood. To this
end, the aim of this paper was to investigate the vascular characteristics of brain
metastases prior to SRS in order to identify differences in vascular function
between metastases that developed pseudoprogression and those that responded
to the treatment.
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Chapter 3

Summary of papers

3.1 Paper I

In paper I, the simulation model described in chapter 1.5 was implemented to
estimate signal responses from a range of different microvascular scenarios that
may influence the signal. This included vessel orientation distributions, blood
transit times, blood oxygenation levels and vessel branching structures. The
simulation results were compared with previous findings and with clinical data
from patients with glioblastoma.

Vessel orientation distribution

The field perturbations from a vessel is dependent on the vessel’s orientation
relative to the main magnetic field, as shown in equation 1.8 in section 1.5. To
investigate the effect of vessel orientations in the image voxel on ∆R2, vascular
networks with varying vessel orientation distributions were simulated. The vessel
orientation was randomly chosen from a Gaussian distribution with mean vessel
orientation ranging from 0 to π/2, and branching angle heterogeneity, defined as
the standard deviation of the orientations, σ, from 0 to 2 (Figure 3.1a).

Figure 3.1: The effect of vessel orientation distribution on the relaxation rates.
Schematic illustration of varying mean vessel orientation and branching angle
heterogeneity (a), and the corresponding variation in ∆R23/2 from SE (b) and ∆R2*
from GE (c). Reprinted from [67] with permission.

The simulations showed that the effect of mean vessel orientation was dependent
on the branching angle heterogeneity (Figure 3.1). Specifically, ∆R2 increased
as the mean vessel orientation approached π/2 (i.e. the vessels are oriented
perpendicular to the main magnetic field) if the branching angle heterogeneity
was low (σ < 1), while ∆R2 was independent of mean vessel orientation if
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branching angle heterogeneity was high (σ > 1). Moreover, ∆R2 increased with
branching heterogeneity if the mean vessel orientation was < π/4, while ∆R2
decreased with branching heterogeneity if the mean vessel orientation was >
π/4.

Transit time variations and oxygenation levels

The underlying MTT affects the shape of the ∆R2-curves, and is thus likely to
have an impact on the VAI parameters as well. The mean transit time for the
whole vascular network, MTT, were increased by increasing the mean transit time
for the individual vessels, τvessel. In addition, τvessel at the capillary level were
varied to obtain varying capillary transit time heterogeneity, CTTH, a parameter
that has been associated with the maximum oxygen extraction fraction of the
capillary bed[68]. The oxygen saturation level on the arterial side was set to
93%, while oxygen saturation level on the venous side varied from 93% to 0% to
produce varying ∆SO2.

The simulations showed that increasing ∆SO2 led to decreased values of the
vortex area. Increasing MTT and CTTH also shifted the vortex area towards
lower values, but to a lesser extent compared to ∆SO2.

Figure 3.2: Vortex area in different tissue types. Simulations of branching structures
associated with white matter showed a reduced vortex area compared to simulations of
gray matter-like branching structures (a). Vortex area in white matter and gray matter
of clinical data displayed the same trend (b). Reprinted from [67] with permission.

Vessel branching structures

The vascular network was modeled by vessel trees of two different structures,
mimicking the branching structure found in white matter and in cortical gray
matter as shown in Figure 3.2a. To eliminate the effect of CBV differences
between gray matter and white matter, the simulations were performed with
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identical blood volume fractions and only voxels within a limited range of CBV
values were selected for the corresponding clinical data.

Simulated gray matter-like branching structures produced larger vortex area
than white matter-branching structures. This was in accordance with the clinical
data from patients with glioblastoma, where the median vortex area in normal-
appearing gray matter regions was higher than that of equivalent white matter
regions (Figure 3.2b).

3.2 Paper II

In paper II, how varying levels of noise affects CBV, VSI and blood-volume
corrected vortex area were examined in simulated and clinical data. Repeated
simulations (Nrep = 1000) were performed with varying levels of noise, and
the resulting median and interquartile range of the derived parameters were
calculated relative to a reference value obtained from noise-free signal curves. In
addition to using ∆R2(t)-curves directly, the parameters were also calculated
from gamma-variate functions fitted to the ∆R2(t). The temporal noise was
defined as the standard deviation of the ∆R2(t)-baseline.

Clinical data contained data from 59 patients acquired at two different scanners
(N = 29 patients with brain metastases on a 3T Skyra (Siemens Healthineers,
Germany) and N = 30 patients with glioblastoma on a 3T Ingenia (Philips
Healthcare, The Netherlands), respectively). Normalized values of GE CBV,
SE CBV, VSI and vortex area were calculated relative to a reference value in
normal-appearing WM. The reference value was first given by the median value
in the WM mask including all voxels, and then calculated using different cut-off
values for noise, excluding voxels with noise ≥ cut-off value. The resulting
relative change in median and maximum ( = 95th percentile) of the relative
parameter values in tumour regions were calculated.

Noise dependency in simulated data

The simulations showed that both GE and SE CBV measurements displayed
an increased overestimation and interquartile range for increasing noise (Figure
3.3A-B), but with lower bias and interquartile range in GE CBV than in SE
CBV. For VSI, an underestimation was seen for increasing noise (Figure 3.3C),
whereas the vortex area displayed an initial underestimation, followed by an
increase in the median vortex area (Figure 3.3D). For unfitted ∆R2 and median
noise levels found in our clinical data (≈ 0.4− 0.5 s−1), the overestimation of
CBV was around 15% for both GE and SE acquisitions, VSI was underestimated
by 15%, while vortex area was underestimated by around 50%. Moreover, the
simulations showed that the parameters derived from gamma-variate fits were
generally less sensitive to noise than unfitted ∆R2, where the overestimations
were around 0-2% in CBV measurements, and the underestimations around 5%
and 10% for VSI and vortex area.
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Figure 3.3: Median and interquartile range of parameters from simulated data for GE
CBV (A), SE CBV (B), VSI (C) and vortex area (D) from unfitted ∆R2 (blue line)
and gamma-variate fits (green line), relative to measurements from noise-free ∆R2.

Figure 3.4: Median and interquartile range of normalized parameters of GE CBV (A),
SE CBV (B), VSI (C) and vortex area (D) in normal-appearing WM for patients from
scanner A (yellow line) and scanner B (red line).
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Noise dependency in clinical data

In clinical data, we saw a similar noise dependency of the parameters as in
simulated data. The median CBV displayed a general increase (Figure 3.4 A-B),
and the median VSI displayed a general decrease for increasing noise (Figure
3.4 C). The vortex area in clinical data did not display the initial decline of the
median value in simulated data, but displayed a marked increased for increasing
levels of noise (Figure 3.4 D). As in simulated data, the clinical data showed
that VSI and vortex area display a higher sensitivity to noise compared with
CBV measurements, in terms of higher variability and larger deviations from
the reference value across the different levels of noise.

For all parameters, the reference value used for normalization changed depending
on the applied cut-off value for noise, and consequently the distribution of relative
values in the tumour regions also changed. For GE CBV, a relative decline
in the reference value was seen when lowering the cut-off value (i.e. excluding
more and more voxels), while the corresponding relative change in median and
maximum value in the tumour regions displayed both increasing and declining
values. In Figure 3.5, maps of temporal noise and GE rCBV are shown with no
cut-off value and for a cut-off of noise = 0.6 s −1 for a patient with glioblastoma,
showing a relative increase in the median and maximum rCBV in tumour when
applying the cut-off.

Figure 3.5: Maps of noise (A, D), tissue masks of the white matter and tumour region
(B, E) and rCBV (C, F) from the GE acquisition of a patient with glioblastoma. In
the top row (A-C), all voxels are included, and the rCBV (C) are normalized to the
reference value based on all voxels in the white matter mask. In the bottom row (D-F),
only voxels with noise < 0.6 s−1 are included, and (F) shows the corresponding rCBV.
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3.3 Paper III

Some studies have shown that pre-treatment lesion size and the volume of
irradiated normal brain tissue are associated with development of pseudopro-
gression[69, 70]. However, these risk factors fail to explain why some metastases
of similar size and receiving the same dose respond differently to the treatment.
To this end, the vascular function of brain metastases was mapped before the
onset of SRS in order to identify image-based characteristics associated with the
development of pseudoprogression.

Patients with brain metastases from malignant melanoma (N = 10) and
lung cancer (N = 14) undergoing SRS were included in an ongoing study
(TREATMENT study; clinicaltrials.gov identifier: NCT03458455). MRI
examinations were performed prior to SRS and every 3 months for 1 year,
and every 6 months thereafter. The metastases from patients with at least 6
months follow-up were classified as response (N = 7), pseudoprogression (N = 8),
tumor progression (N = 3) or inconclusive (N = 1). Moreover, the metastases
were characterized as small/large if the pre-treatment lesion size was below/over
the median lesion size of all lesions.

Abnormal vascular function in tumor and peritumoral regions of interest
(ROIs) were identified by calculating the fraction of voxels with deviant high/low
values (= values above/below 80th/20th percentile in healthy tissue) within each
ROI. Deviant low values of GE CBF were used to signify underperfused tissue,
whereas deviant high values of vessel architecture (= vortex area/long axis) were
signified as abnormal vessels, and deviant low values of SE and GE CBV were
used to signify microvascular and macrovascular pruning, respectively.

Poor pre-treatment vascular profiles associated with pseudoprogression

By comparing pre-treatment vascular characteristics in metastases developing
pseudoprogression with responding metastases, it was shown that poor vascular
function in the peritumoral region was associated with pseudoprogression (Figure
3.6). Vascular function within the tumor regions was also examined, but no
differences between the groups were found, probably owing to a more complex
and heterogeneous tissue structure within the tumor region compared to the
peritumoral region.
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Figure 3.6: Pre-treatment vascular status of peritumoral regions. Before the onset of
SRS, patients developing pseudoprogression (blue boxes) displayed a higher fraction
of poor vascular function in the peritumoral region compared to responding patients
(green boxes). Reprinted from [71] with permission.

Pseudoprogression dictated by vascular function rather than lesion size

When comparing vascular profiles of large and small metastases, small metastases
displayed a slight tendency toward a more functional vasculature compared to the
large metastases, but no significant differences were found (Figure 3.7A). However,
similar to the results of Figure 3.6, a clearer difference in vascular characteristics
was observed when subgroups of pseudoprogression and response were made
within the groups of small and large metastases (Figure 3.7B). Specifically, for
both small and large metastases, pseudoprogressing metastases were characterized
by poorer vascular function than their responding counterparts.
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Figure 3.7: Vascular profiles related to pre-treatment tumor size and treatment outcome.
Large metastases (orange boxes) displayed a slight trend (non-significant) towards
a more dysfunctional vasculature compared to small metastases (purple boxes) (A).
A more pronounced difference in vascular function were observed within response vs.
pseudprogression-subgroups (B). Of note, no statistical test was performed in (B) due
to the low number of metastases in each group. Reprinted from [71] with permission.
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Chapter 4

Discussion

Central to this thesis is the use of simulation models to gain insight into the
complex world of MRI signals from biological tissue. Simulation models can take
many forms and have a wide range of applications across different disciplines.
One of the main benefits of simulation models is that they can give access to
otherwise inaccessible systems, such as the outer space[72], the deep sea[73], or
inside the human body[74].

By implementing relevant features of a topic of interest into a model, countless
ways of examining this topic can emerge on your computer. Working with
simulation models allows you to have full control of the input parameters and
thereby simulate an ideal experiment with no disturbing elements. Moreover,
simulations give high flexibility in terms of the complexity of the model, how
to implement underlying principles and what mathematical concepts to use.
They also allow for multiscale modelling, where processes that occur at different
scales, e.g. at the tissue level, cell level and molecular level, can be combined
into one model[75]. Another strength of modelling, is that previously unknown
or unexpected connections, which can be difficult or impossible to detect with
other approaches, can be discovered[76]. However, in order to get a good model,
in-depth knowledge about the topic is required, as well as a proper understanding
of the limitations to the model, including which assumptions it relies on and its
validity range.

In the following, I will first discuss the results of the three papers separately,
followed by a general discussion about the thesis overall.

4.1 Paper I

The implementation of an extended vascular model enabled simulations of
different characteristics of the vascular system, including varying distributions of
vessel orientations. A previous study reported an increase in ∆R2 with increasing
branching angle heterogeneity, but in that study, increasing the branching angle
heterogeneity simultaneously increased the mean vessel orientation relative to
the main field, making it difficult to separate the effects of the two[77]. Our
simulations show that ∆R2 increased with branching angle heterogeneity if
the mean vessel orientation was lower than π/4, while ∆R2 decreased with
branching angle heterogeneity if the mean vessel orientation was above π/4. In
addition, we showed that ∆R2 became independent of mean vessel orientation
when branching angle heterogeneity was high (σ > 1). In a typical capillary-
dominated DSC-voxel of healthy tissue, one can assume a high branching angle
heterogeneity of the vascular network and thus ∆R2 becomes independent of
the mean vessel orientation. However, pathological tissue may cause changes to
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the vessel composition within the voxel and make ∆R2 dependent on the vessel
orientation.

Blood oxygenation levels can get altered in pathological tissue, including in
tumors, where hypoxia has been recognized as one of the hallmarks of human
cancer and is associated with resistance to treatment and poor prognosis[78].
In vivo assessment of oxygenation levels can therefore provide highly relevant
clinical information.

For varying ∆SO2, the simulations showed that the vortex area decreased
with increasing ∆SO2. In addition, the vortex area was affected by the MTT,
CTTH and the branching structure of the simulated vascular network. This
indicates that in order to measure ∆SO2 based on the vortex area, MTT, CTTH
and the branching structure should be accounted for – in addition to the blood
volume as previously shown[24]. As there is currently no easy way of measuring
the branching structure in vivo, in addition to inherent uncertainties in MTT and
CTTH measurements, the vortex area is not likely to give an accurate measure
of the ∆SO2.

4.2 Paper II

In paper II, the effects of varying levels of noise in the DSC signal on the
derived CBV, VSI and vortex area were examined. As expected, an increased
interquartile range were seen in the estimated parameters for increasing levels of
noise. Moreover, high levels of noise were associated with an overestimation of
the CBV values and vortex area, and an underestimation of the VSI. For CBV
measurements, the variability in our simulated data was of the same order as
results from previous studies[57, 60, 79], but a direct comparison could not be
made due to the different study designs and definitions.

Furthermore, the simulations showed that gamma-variate fits provided less
noise-sensitive measurements than unfitted ∆R2(t). Gamma-variate fits are
generally not recommended for CBV estimations [80], but may be an option for
VSI and vortex area. However, a gamma-variate fit is noise-sensitive in itself and
sensitive to its initial conditions [79], and the difference in parameters between
unfitted and fitted ∆R2 were smaller in our clinical data than in the simulations,
suggesting that the theoretically reduced noise-sensitivity of gamma-variate fits
may not be as pronounced in practice.

In the clinical data, we demonstrated how applying a cut-off value for noise
can lead to changes in the reference value and consequently in the normalized
values in the tumour regions, and showed that even a small change in the
reference value could produce larger changes in the median and maximum values
in the tumour region.

A low cut-off will exclude the noisiest voxels and is thus likely to give more
correct parameter values. However, parameters may provide valuable information
despite a high level of noise in the voxel. Moreover, the chosen cut-off level must
be weighed against the number of voxels present in tissue region, as the number
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of voxels will decrease with lower cut-off.This is especially relevant for regions of
interest with a low number of voxels, e.g. in small tumours.

Furthermore, a direct comparison between the simulated and clinical data
should be performed with care, as the underlying conditions of the simulations
are known and kept constant, in contrast to the unknown variability of tissue
properties in clinical data. Moreover, the uncorrelated Gaussian noise in
simulated data is only an approximation, as noise in clinical data can be spatially
and/or temporally correlated and not necessarily reflected in the noise as defined
here.

4.3 Paper III

Paper III suggests that poor vascular function in the peritumoral region before
treatment increases the lesion’s susceptibility to pseudoprogression after SRS. To
our knowledge, no previous studies have investigated the pre-treatment vascular
characteristic of lesions and its association with pseudoprogression.

That poor vascular function associated with pseudoprogression were found
in the peritumoral regions is consistent with previous reports, where pseudopro-
gression were found to arise from the peritumoral region rather than the tumour
core[81, 82]. In addition, another study suggests that restoring the blood supply
and improving the vascular function of brain metastases after SRS, can reduce
the incidence of pseudoprogression[83], which is in accordance with our results
that indicate that the vascular function plays a role in the pseudoprogression
development. Moreover, our findings suggest that the lesion’s susceptibility to
pseudoprogression is determined by peritumoral vascular function rather than
lesion size, and may explain why pre-treatment lesions size has been identified
as a risk factor by some[69, 70], but not by others[84, 85].

This study involves a limited number of patients, and the results should
therefore be interpreted with care. To confirm the findings, the study should be
performed in a larger cohort, which also will enable a multivariate analysis and
better determine any potential confounding factors, and also enable comparisons
between pseudoprogression and tumour progression. Similar studies where other
types of tumours are examined, such as glioblastomas, should be conducted to
see if these findings are general to brain tumours or specifically related to brain
metastases from melanoma and lung cancer.

4.4 General discussion

The development of DSC MRI, and more advanced techniques such as VAI,
have given us the opportunity to examine the human brain in a whole new way
compared to standard anatomical MRI. In this thesis, I have shown that there is
a wide range of underlying properties of the tissue that affect the signal response,
and consequently the derived parameters from DSC and VAI. With the use of a
simulation model, I have demonstrated relationships between the MRI signal
response and underlying properties that have not previously been shown. In
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addition, my work contains a comprehensive assessment of the role of noise on
parameters derived from DSC and VAI - in my view, a long-awaited analysis
considering the extensive use of CBV in clinical and research settings, and highly
relevant due to the increasing use of VAI and related parameters. Finally, this
thesis includes a demonstration of how DSC and VAI can be used to gain new
insights into a relevant clinical scenario in brain cancer treatment.

Paper I and II face some of the same challenges regarding the use of
simulations models. Although simulation models are highly useful in a range of
situations, they are inherently limited by being simplifications, and the results
depend on the validity of underlying assumptions and the input to the model.
For example, in the current model, the field perturbations from the intravascular
contrast agent are calculated by assuming the vessels are infinite cylinders.
This assumption is valid as long as the proton displacement (

√
2DTE) is short

compared to the vessel segments[23], which holds for the simulated scenarios in
this thesis. However, this may not hold under all conditions, e.g. if scenarios are
simulated where very fast diffusion and long TE are combined with small vessel
segments.

Other types of simulation models to investigate DSC signals also exists,
which do not rely on the assumption of vessels being infinite cylinders[77, 86].
These models use an approach so that field perturbations can be calculated from
arbitrary vessel geometries, enabling simulation of complex vessel structures
in three dimensions. However, these models do not include varying tissue-
concentration curves across the vessels, which is essential for investigating the
VAI technique.

Moreover, the signal response from DSC is dependent on complex interactions
between a wide range of biophysical properties. To include all features that
contribute to the signal in a simulation model will be challenging, or even
impossible. Emblem et al. demonstrated a clear ∆SO2-dependency of the vortex
area when correcting for differences in blood volume fractions. In addition to
this, paper I showed that the vortex area also was affected by the MTT, CTTH
and the branching structure of the vascular network. In light of this, other
factors that have not yet been investigated, may also contribute significantly
to the signal response and subsequently affect the derived parameters, and the
results should therefore be interpreted with care.

To account for the several factors that contribute to the vortex area, the
deviant values of the blood volume-corrected parameter was used to indicate
abnormal vessels in paper III. In a study of glioblastoma patients receiving
antiangiogenic therapy, the blood volume-corrected area was used as a measure
of ∆SO2[25], while the uncorrected vortex area has been used to indicate
neovascularization or angiogenesis in several studies[87–89]. In my view, due
to the uncertainty in what the vortex area means, and the noise sensitivity
demonstrated in paper II, the parameter should be used with caution, especially
in terms of drawing a conclusion about the underlying physiological basis of the
findings.

Nevertheless, even without a complete understanding of what a given
parameter signifies, such as the vortex area, it can still provide clinically relevant
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information. As shown in the antiangiogenic-study, a decrease in high levels
of blood-volume corrected area was found in the patients who had increased
perfusion after treatment[25]. And in paper III, a larger fraction of high levels of
blood-volume corrected area was found in pseudoprogressing brain metastases. In
addition, several interesting findings have been reported using a similar imaging
technique in glioblastoma patients[87–89]. However, in these studies, the vortex
area (termed microvessel type indicator (MTI) in their studies) is not corrected
for blood volume, making it difficult to separate the variations in vortex area
from the variations in blood volumes. In other words, more work is needed to
determine the full clinical potential of the VAI imaging technique.

As shown in paper II, the parameters derived from DSC and VAI display
varying sensitivity to noise. The combined findings from simulated and clinical
data suggest that the noise should be taken into account when using these
techniques. In light of this, the results of paper III should be re-examined by
mapping the noise in the peritumoral regions. In paper II, voxels with noise
above a given threshold were excluded. However, finding the appropriate cut-off
value is challenging, and although a low cut-off value leads to exclusion of noisy
voxels and potentially unreliable data, this may also lead to discarding voxels
with valuable information. This is especially challenging in ROIs with a low
number of voxels, e.g. in small metastases. Other approaches may be more
suited to avoid discarding potentially relevant data, e.g. finding a weighting
factor based on the noise level as a measure for the reliability of the estimated
parameter value.

4.5 Future aspects

The results obtained from simulations should be validated against experimental
results, e.g. in vivo DSC MRI should be performed on brain tissue where
the underlying microvascular features are known, and ideally could be varied
in a controlled manner. To obtain this, experiments can combine DSC MRI
with histology or other modalities, such as PET, that can acquire additional
information about the tissue. In addition, animal experiments can also be
performed, which give more flexibility in the experimental setup than what is
possible in humans.

With the emergence of artificial intelligence (AI) and deep learning in recent
years, many postulate that the field of brain cancer imaging is now on the verge
of a new era. Advanced algorithms of so-called convolutional neural networks
(CNN) are now able to segment tumour from healthy tissue in anatomical MRI
with high accuracy[90]. Here, anatomical MRIs are fed into the CNN, and based
on previously learned connections between the images and the classifications,
the algorithm is able to correctly segment the images.

Another potential application of CNNs in brain cancer imaging, is to predict
the outcome of a given treatment based on the MRIs. Herein, I believe DSC
(conventional single-echo or combined GE-SE) can play a central role and provide
complementary information to the other images, and contribute to a next-level
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personalized treatment. However, for the CNN-model to give good predictions,
a substantial amount of training data is required, where the true relationship
between the images and the outcome is given. Another challenge with the use of
CNNs, is that they do not provide an explanation for how the model reached its
conclusion. The model is a black box where only the inputs and the outputs are
known. This is especially problematic for clinical applications, e.g. if decisions
regarding the choice of treatment is to be made based on the prediction of a
black box model, which contradicts the transparent and traceable process of
current radiology practice[91]. However, a new field within AI is now emerging
called explainable AI, where efforts are made to transition the black box to a
so-called glass box, i.e. the predictions of the model can be understood by the
user[92, 93]. If this is accomplished, the model can not only tell us which patient
will respond well to which treatment, but also why. Regarding DSC imaging,
this may result in answers to questions like what are the essential parts of the
signal that make the model predict a certain outcome?

However, to decipher what a given signal response represents in terms of
vascular function and underlying characteristics, I believe simulation models
combined with in vivo experiments will continue to play a significant role.
Although simulation models never will be able to grasp the complete and complex
nature of the real world, they can still provide new insights that may help move
the field of brain cancer imaging forward.
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Chapter 5

Conclusion
This thesis investigates the behaviour of parameters derived from DSC and the
novel DSC-based technique, VAI, and demonstrates a clinical application of the
techniques by examining vascular characteristics of brain metastases.

Results from simulations showed that signal responses from DSC, and conse-
quently the derived parameters from DSC and VAI, were dependent on different
underlying vascular properties, including the branching angle heterogeneity
of the vascular network and the blood oxygenation level of the vessels. In
addition, the parameters displayed different sensitivity to noise, where high
levels of noise led to an overestimation of CBV and vortex area values, and an
underestimation of VSI, with potential implications for clinical evaluation of
patient data. Furthermore, DSC and VAI were used to identify pre-treatment
vascular characteristics of brain metastases developing pseudoprogression after
SRS.

In summary, this thesis demonstrates that there is a complex interaction between
the underlying vascular properties, noise and the signal in GE and SE DSC,
and that the parameters from VAI and conventional DSC can be used to detect
clinically relevant aspects of pathological tissue in brain cancer.
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Abstract

Mapping the complex heterogeneity of vascular tissue in the brain is important for understanding cerebrovascular

disease. In this translational study, we build on previous work using vessel architectural imaging (VAI) and present a

theoretical framework for determining cerebral vascular function and heterogeneity from dynamic susceptibility contrast

magnetic resonance imaging (MRI). Our tissue model covers realistic structural architectures for vessel branching and

orientations, as well as a range of hemodynamic scenarios for blood flow, capillary transit times and oxygenation. In a

typical image voxel, our findings show that the apparent MRI relaxation rates are independent of the mean vessel

orientation and that the vortex area, a VAI-based parameter, is determined by the relative oxygen saturation level

and the vessel branching of the tissue. Finally, in both simulated and patient data, we show that the relative distributions

of the vortex area parameter as a function of capillary transit times show unique characteristics in normal-appearing

white and gray matter tissue, whereas tumour-voxels in comparison display a heterogeneous distribution. Collectively,

our study presents a comprehensive framework that may serve as a roadmap for in vivo and per-voxel determination of

vascular status and heterogeneity in cerebral tissue.
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Introduction

Magnetic resonance imaging (MRI) is the modality of
choice in a range of brain disorders, including tumours,
stroke and neurodegenerative disorders. Although
structural MRI can provide useful information about
the disease, it is inadequate for detecting clinical rele-
vant properties of cerebrovascular function.1 In con-
trast, dynamic susceptibility contrast (DSC) MRI is
designed specifically for this purpose to assess cerebral
perfusion and blood volume.2 These measures are com-
plemented by dual-echo techniques, where gradient
echo and spin echo acquisitions are performed simul-
taneously to estimate tissue vessel calibres3–6 and
vessel density.7 The methodology and more details
of these techniques have thoroughly been reviewed
elsewhere.8–10

More recently, vessel architectural imaging (VAI) has
emerged as a new MRI-based paradigm for in vivo
assessment of microvascular architecture and oxygen
saturation status. VAI relies on a hysteresis effect – a
relative shift in the shape and peak position of the relax-
ation rate curves from the gradient echo and spin echo
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signals.5 By introducing a tissue model with a vascular
network consisting of arteries, capillaries and veins
where the vessel types vary in size, oxygen saturation
levels and concentration-time curves, it was shown that
this hysteresis effect reflects the underlying microvascu-
lar and hemodynamic properties of the tissue.11,12 In the
brain, this information has proved value for glioma grad-
ing11,13 and response-evaluation of anti-angiogenic ther-
apy in patients with recurrent12 and newly diagnosed
glioblastomas.14 Because of the complex relation
between theMRI signal response and the underlying vas-
cular and hemodynamic characteristics of the tissue, we
hypothesize that VAI holds the key to decipher this het-
erogeneity and that a comprehensive theoretical frame-
work may serve as a roadmap for in vivo and per-voxel
determination of vascular status.15,16

To this end, we here reappraise current theoretical
models for VAI to cover realistic scenarios for the vascu-
lar heterogeneity of an image voxel by including informa-
tion on vessel generation branching, vessel orientation
relative to the main magnetic field and branching
angles, as well as capillary transit times. Our goal is to
determine the corresponding effects on the MRI proper-
ties of blood volume, vessel calibre and oxygenation
status. In a typical image voxel, our findings indicate
that the apparent MRI relaxation rates are independent
of the mean vessel orientation in both gray matter-like
and white matter-like structures, and that the vortex
area, a VAI-based parameter, is proportional to the rela-
tive oxygen saturation level and the vessel branching of
the tissue. Finally, in both simulated and patient data, we
show that the relative distributions of the vortex area
parameter as a function of capillary transit times show
unique characteristics in normal-appearing white- and
gray matter tissue, whereas tumour-voxels in comparison
display a heterogeneous distribution.

Methods

Simulation model

Monte Carlo simulations of intravascular magnetic sus-
ceptibility perturbations were conducted to obtain relax-
ation rate curves from spin echo and gradient echo
signals. The general theory behind the signal simulations
has been previously described.3,6 In summary, cylinders
with a given radius (R), diffusion coefficient (D) and
susceptibility difference between intra- and extravascular
space (��) were randomly distributed to fill a given
volume fraction of the simulation space. If a given cylin-
der overlapped with one of the other cylinders already
placed in the simulation space, a new position was gen-
erated until no overlapping occured. The Monte Carlo
simulation was performed for N¼ 5000 protons, where
a new distribution of cylinders was generated for each

proton. The protons were initially placed in the origin of
the simulation space and the accumulated phase (’n) was
calculated after each step of the protons’ random walk,
’n tð Þ ¼ ��B�t, where � is the gyromagnetic ratio, �t is
the time step in the random walk and �B is the magnetic
field at the protons location given by

�B ¼
XNk

k¼1

2���B0
Rk

rk

� �2

cos 2’k sin 2�k, rk � Rk

2�

3
��B0 3 cos 2�k � 1

� �
, rk 5Rk

8>><
>>:

ð1Þ

where �k is the angle of the kth cylinder relative to the
main magnetic field, (rk, ’k) is the polar coordinates of
the proton in the orthogonal plane and Nk is the
number of cylinders. The top line (rk � Rk) and
bottom line (rk 5Rk) is the contribution from extra-
vascular and intravascular space, respectively. The sus-
ceptibility difference is the sum of contributions from
deoxygenated blood and contrast agent concentration:

�� ¼ ��dofdeox þ �m½Gd � ð2Þ

where ��do (¼4p ��cgsdo Hct¼ 1.54� 10�6 in SI units) is
the susceptibility difference between fully oxygenated
and fully deoxygenated blood17 with haematocrit level
set to Hct¼ 0.45, fdeox is the fraction of deoxygenated
blood, �m (¼0.34� 10�6mM�1) is the molar suscepti-
bility of Gadolinium and [Gd] is the concentration of
Gadolinium in the vessel.

The signal intensity is then calculated by

S tð Þ ¼
1

N

XN
n¼1

ei’n tð Þ ð3Þ

where N is the number of protons. The resulting change
in the relaxation rate is given as

�R2ð�Þ ¼ � ln jS TEð Þj
�
TE ð4Þ

�R2ð�Þ denotes the change in relaxation rate from gra-
dient echo (�R2*) and spin echo (�R2) acquisitions.

The tissue concentration for each vessel generation
(CtissueðtÞ) is calculated based on an arterial input func-
tion (AIF) obtained from Jsim (National Simulation
Resource Physiome initiative).18 The vessels are
approximated as cylindrical pipes with laminar flow.
The transport function, i.e. the frequency function for
transit times within each vessel, is thus given by

g tð Þ ¼
0, t5 t0
2t2

0

t3
, t � t0

(
ð5Þ
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where t0 is the smallest transit time through the vessel
(see Supplementary Methods). The mean transit time
for a single vessel due to its flow profile becomes
�vessel ¼ 2t0. The time-concentration curve for vessel
generation k, i.e. all vessels within the same branching
level of the vessel tree, is given by

Ck tð Þ ¼ Ck�1ðtÞ � gðtÞ ð6Þ

where Ck¼0¼AIF and � denotes convolution. The
tissue concentration, CtissueðtÞ, can then be calculated

Ctissue,k tð Þ ¼ f Ck tð Þ � RðtÞ ð7Þ

where f is the fractional flow (¼ 1=�vesselÞ and R(t) is the
residual function, R tð Þ ¼ 1�

R t
0 g �ð Þd�.

The tissue concentration curves of each vessel gen-
eration were then coupled with the corresponding relax-
ation rate results obtained by the Monte Carlo
simulations. The total spin echo and gradient echo
relaxation rate curves were calculated by a weighted
sum of the relaxation rate curves from each vessel
generation.

�R2ð�Þ tð Þ ¼
XN
k¼1

wk �R2
ð�Þ

k ðtÞ ð8Þ

where wk is the fraction of the total blood volume made
up from vessel generation k.

Vessel orientation distributions

As given in equation (1), the magnetic field perturb-
ations are affected by the orientation of the vessels
with respect to the main magnetic field. To investigate
the effect of vessel orientation distribution on the signal
response, we first performed simulations where the
orientation of the vessels were randomly chosen from
an interval of angles ranging from 25� to 40�, 25� to 80�

and 25� to 140�, giving a mean vessel orientation of
32.5�, 52.5� and 82.5�, respectively (see Figure 2(a)).
Next, we performed simulations using the same interval
ranges, but the mean vessel orientation was fixed at 90�,
i.e. with interval of angles ranging from 82.5� to 97.5�,
67.5� to 112.5� and 32.5� to 147.5� (see Figure 2(d)). All
angles are relative to the main magnetic field.

To estimate the effects of the vessel orientation dis-
tribution, we assessed the MR response to vessel
branching angles randomly chosen from a Gaussian
distribution with mean vessel orientations (my) ranging
from 0 to p/2, and branching heterogeneity (defined
here as the standard deviation, ��) from 0 to 2 in
both white matter- and gray matter-like branching
structures.

Capillary transit time heterogeneity (CTTH) and
oxygenation

To assess the effect of transit time distribution on the
capillary level, simulations of vessel trees with various
capillary mean transit times (i.e. �vessel, cf. equation (5))
were performed and combined to mimic realistic vessel
scenarios as shown in Figure 1.

For all simulations, the mean transit times in arteries
and veins were kept constant and set to

�vessel,art=vein ¼ �main �
MTT

Ngen
ð9Þ

where MTT is mean transit time for the whole vessel
network in the simulated voxel and Ngen is the number
of vessel generations within the voxel. To obtain transit
time heterogeneity on the capillary level, vessel trees
with various �vessel were generated with

�vessel,cap ¼ �main 	 j�t, j ¼ 0,
N� � 1

2

� �
ð10Þ

where Dt¼ 0.1 s and N� is the number of different
�vessel, cap for a given CTTH. The vessel trees with dif-
ferent �vessel,cap were then combined with equal weight
(¼1/N�), so that the mean of �vessel, cap for each vessel
generation becomes �main (see Figure 1). CTTH is
defined as the standard deviation of �vessel, cap:

CTTH ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

N�

XN�

i¼1

ð�vessel,cap,i � �mainÞ
2

vuut ð11Þ

Minimum �vessel, cap was set to 0.05 s, hence maximum
N�, and consequently maximum obtainable CTTH,
decreases for lower MTT.

For validation of the CTTH-implementation in the
model, simulations were performed with a range of
CTTH across various MTT. We then compared the
simulated CTTH, i.e. the standard deviation of the
average transit times as given in equation (11), and
the measured CTTH, which is given by the standard
deviation of the estimated transport function of the
simulated voxel19 as described below (equation (12)).
As the simulated CTTH is only dependent on the
distribution of capillary transit times, whereas the
measured CTTH is dependent on the distribution
of transit times in the whole vessel tree – which
includes the flow profile of all vessels (equation 5)
– it is expected that the simulated CTTH is consid-
erably lower than the measured CTTH. Similarly,
simulated MTT of the voxel was compared with
the measured MTT, given by the mean of the trans-
port function.
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Figure 1. Schematic representation of implementation of CTTH into the vascular model. To obtain a simulated vessel network with

CTTH¼ 0 (top panel (a)), all vessels in the vessel tree have the same mean transit time (�vessel ¼ �main), indicated by the same shade of

red in the illustrated vessel tree. The resulting concentration time curve for the whole vessel tree is shown in the graph. To obtain

CTTH> 0, several vessel trees are generated where �vessel in arteries and veins remain constant at �main, whereas �vessel on the capillary

levels becomes shorter (shown in light red in (b)) or longer (shown in dark red in (d)) compared to �main: The corresponding

concentration time curves for each vessel generation are shown in (b) to (d), where the curves from capillary generations are

highlighted with thicker lines. Note that the graphs in (b) to (d) display concentration time curves from vessel trees with Ngen ¼ 26

vessel generations, whereas the illustrated vessel trees contain only Ngen¼ 8. The vessel trees are then combined with equal weight

(¼1/N� , where N� is number of vessel trees with different capillary �vessel, here shown for N� ¼ 3), as shown in bottom panel (e). The

concentration time curve for the resulting vessel tree with high CTTH is shown in the graph (bottom right), where the peak of the

curve is wider and lower compared to that of the concentration time curve with no CTTH. Note that the concentration time-curves

in (a) and (e) is for illustration only and not used in the simulation as such, as the signal response for each vessel generation is

calculated before they are combined.
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To evaluate the combined effects of transit time dis-
tributions and oxygenation, simulations were per-
formed with different levels of oxygen saturation
(SO2) at the venous side, starting at the first vessel gen-
eration of capillaries. Arterial SO2 was set to 93%,
while capillary- and venous SO2 varied from 93% (no
consumption) to 0% (anoxic conditions).

Branching structure of the vascular network

The vascular network was modelled by a vessel tree
structure consisting of arteries, capillaries and veins.11

For generation of vessel structures associated with
white matter, each vessel on the arterial side branches
into two equally sized daughter vessels. The process of
bifurcation is repeated until the daughter vessels reach
the minimum size of capillaries, which is set to
Rmin¼ 2.3mm. The process is then reversed so that
two smaller vessels merge into one on the venous
side. The radii of the vessels follow Murray’s law, so
that the radius is changed by a factor 21/3 at each gen-
eration.20 On the venous side, the radii are scaled with a
factor of 1.5 to the corresponding vessel generation on
the arterial side to account for veins generally being
larger than arteries.21,22

In addition, a separate vessel tree were modelled to
mimic the branching structure found in cortical gray

matter.22 Here, the arterial vessels split into one larger
and one smaller vessel, where the radius of the smaller
vessel is set to half the size of the parent vessel. The
smaller one branches into two equally sized vessels, as
described above, while the larger one continues to
branch asymmetrically into one large and one small
vessel.

MR acquisitions

Subject data included five patients imaged before first-
time surgery and subsequent diagnosed with a glio-
blastoma (Supplementary Table 1). The study was
approved by our Institutional Review Board (ref:
LOOPS) and the Regional Committee for Medical
and Health Research Ethics (ref: 2013/1033). All
patients signed a consent form before being included
in the study.

All scans were performed with an Ingenia 3T Philips
system (Philips Healthcare, The Netherlands, Software
release: 5.1.7). The MRI protocol included: 3D T1-
weighted images, pre- and post-contrast agent injection
(TR/TE¼ 5.2/2.3ms; reconstructed voxel size¼ 0.5�
0.5� 0.5 mm3; matrix size¼ 512:512); T2-weighted
(FLAIR) images (TR¼ 4800/325ms, voxel size¼
0.49� 0.49� 1.0 mm3; matrix size¼ 512:512); inver-
sion recovery Look Locker echo-planer imaging

Figure 2. The effects of vessel orientation distribution on the concentration dependence of the relaxation rates. When vessel

orientations are randomly chosen within an interval with minimum angle set to 25� (a) both �R2 and �R2* increases with branching

angle heterogeneity (b,c). However, if the mean vessel orientation is set perpendicular to the main magnetic field (d), the relaxation

rates become independent of branching angle heterogeneity (e,f).
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(TE¼ 18.7ms, inversion time interval¼ 200ms, 12
inversion times, flip angle¼ 4�, voxel size¼ 1.8�
1.8� 5.0 mm3); diffusion tensor images (B-values¼ 0
and 800 s/mm2, 15 directions, TR/TE¼ 9676/60ms,
voxel size¼ 2.5� 2.5� 2.5 mm3) and a gradient-echo,
spin-echo DSC perfusion image series (GyroTools
LLC, Zürich, Switzerland) with TR¼ 1500ms,
TE¼ 25/105ms, voxel size¼ 1.8� 1.8� 5.0 mm3,
where a 0.1mmol/kg dose of contrast (Gadovist,
Bayer Pharma AG, Germany) was injected.

MR post-processing

Binary maps of white matter and gray matter
(excluding regions of tumour and oedema) were
obtained from Look-Locker acquisitions using the
FRASIER method with slice selective inversions.23

By fitting the observed signal to a linear combin-
ation of three exponential functions representing T1-
relaxation of white matter, gray matter and CSF, frac-
tional maps of the different brain tissues regions
were obtained. Binary maps were generated by
selecting voxels with fractional volume above 0.85
for white matter and above 0.70 for gray matter,
respectively.

DSC-perfusion analysis was performed in nordicICE
(NordicNeuroLab AS, Norway). Based on the
contrast-enhanced first-pass of the data, CBV- and
MTT-maps were created by standard SVD deconvolu-
tion with automatically detected AIF and corrected for
contrast agent extravasation.24 The leakage correction
is performed based on the method proposed by
Boxerman et al.,25 where the extravascular effects of
both T1- and T2*-relaxation time reduction are esti-
mated and corrected for.

VAI analysis was performed as previously
described.12 In short, relaxation rate curves for gradi-
ent- and spin-echo were obtained from DSC images,
leakage-corrected and fitted to a gamma-variate
curve. The corresponding voxel-level parametric plot
of the pair-wise gradient- and spin-echo temporal
data points form a vortex, which is characterized by
its long axis, slope of a linear fit, the direction of the
temporal vortex propagation and the area of the loop.
All parameters were normalized to mean values of
normal appearing white matter.

In our study, to assess the true effect on vortex area
and because we examine the properties of tissue at
selected intervals of CBV-values only, we used the
area of the vortex directly instead of the proposed cor-
rected vortex area12 that also compensate for the CBV
dependency of the tissue.

In addition, voxel-wise CTTH measurements were
performed as follows19: The transport function, h(t),
obtained from the time derivative of the residual

function, R(t), is fitted to a gamma distribution char-
acterized by a and b:

h tð Þ ¼ �
dR tð Þ

dt
¼ �

1

�	ð	Þ
t	�1e�t=� ð12Þ

CTTH and MTT are then given by the standard
deviation and the mean of the gamma distribution,
respectively: CTTH ¼

ffiffiffi
	
p

� and MTT¼ 	�.

Results

Effect of branching angle heterogeneity dependent
on the mean vessel orientation

Our findings show that the effect of branching
angle heterogeneity depends on the distribution of
vessel orientations. When the branching angle hetero-
geneity increases by extending the maximum angle in
the interval of vessel orientations, the relaxation rates
increases, in accordance with the findings of Semmineh
et al.26 (Figure 2(a) to (c)). However, with the
same branching angle heterogeneity, but with
the mean vessel orientation fixed perpendicular to the
main magnetic field ( ~B), the relaxation rates become
independent of the branching angle heterogeneity
(Figure 2(d) to (f)).

More specifically, as seen in Figure 3(a) to (c), higher
branching angle heterogeneity causes a relative increase
in �R2(*) when the mean vessel orientation< p/4,
while we see a relative decline in �R2(*) when the
mean vessel orientation> p/4. In addition, the simula-
tions show that for low branching angle heterogeneity,
the relaxation rates consistently increase as the mean
vessel orientation increases. Figure 3 displays the
results from white matter-like branching structures,
and similar results were found in gray matter-like struc-
tures as shown in Supplementary Figure 1.

Our main finding is that in capillary-dominated tissue
structures with high branching angle heterogeneity – a
likely scenario within the typical size of an image voxel –
the relaxation rates are independent of the mean vessel
orientation. However, please note that in voxels contain-
ing large feeding arteries or draining veins, the assump-
tion of high branching angle heterogeneity is likely not
to hold and other relaxation effects will dominate, i.e.
intravascular relaxation with red blood cells as main
perturbers.

Vortex area as a measure of oxygenation is modified
by MTT and CTTH

In concordance with previous findings,19 our simula-
tions show that the implementation of varying CTTH
and MTT in our vascular model leads to corresponding
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changes in relaxation rate curves (Supplementary
Figure 2A-B).

VAI simulations using our vascular model show that
the vortex area decreases markedly when the artery-to-
venule �SO2 increases (Figure 4(a)). However, the
vortex area is also affected by both MTT and CTTH,
in that for a given �SO2-level, the vortex area increases
for lower MTT and lower CTTH. The combined effects
of �SO2, MTT and CTTH on vortex area are shown in
Figure 4(b) to (d). The long axis of the vortex also
decreases as MTT and CTTH increases, while the
other VAI-parameters were not affected by varying
MTT and CTTH (Supplementary Figure 3A-B).
Besides the apparent change in vortex area, varying
�SO2 produced insignificant changes in the other
VAI-parameters (Supplementary Figure 3C).

Our main finding is that even in a heterogeneous and
highly realistic vascular model, the vortex area is pro-
portional to �SO2. However, it should be noted that
for a precise estimation of �SO2 at the voxel level, the
effects of MTT and CTTH probably needs to be taken
into account.

Determining cerebral vascular function and hetero-
geneity in patient data

Our simulations show that an asymmetrical branching
structure, which mimics cortical gray matter vascula-
ture, produces VAI signatures of larger vortex areas
compared to that of the symmetrical branching
structure typically associated with white matter
(Figure 5(a)). Our vessel model indicates that the
vortex area in gray matter is larger than that of white
matter by a factor of 2.15. This is in accordance with

what we find in our patient data (Figure 5(b)), where
the mean ratios of gray matter to white matter vortex
area in healthy tissue were 1.76, 2.15, 2.25, 2.34 and
2.54, respectively, in voxels from the binary tissue
masks with relative CBV-values ranging from 0.9 to
1.1 to match the volume fraction of the simulations.

Moreover, we here show representative data of the
relative distributions of vortex area as a function of
CTTH and MTT, respectively, in normal-appearing
white matter (Figure 5(c)) and gray matter
(Figure 5(d)) in a patient with a glioblastoma. In gen-
eral, the vortex areas are shifted towards higher values
in gray matter compared to those of white matter, indi-
cating different branching structure and potentially dif-
ferent �SO2 levels of the two tissue types. We here also
show example data from the tumour region of the same
patient (Figure 5(e)). Compared to the corresponding
values in normal-appearing tissue, voxels in the con-
trast enhanced tumour region display a heterogeneous
and wide range of MTT and CTTH-values across the
vortex area levels.

Discussion

For assessment of brain tumours and other cerebrovas-
cular diseases, attaining information about the hetero-
geneous vascular tissue is essential. The results
presented in our study outline the effects of a range of
hemodynamic scenarios on the observed DSC-MRI
response, and VAI in particular. By extending available
theoretical vascular models to also include systems that
account for vessel generation structure and branching,
vessel orientation, capillary transit times and oxygen-
ation level, we are able to map how the different

Figure 3. The effects of vessel orientation distributions on the relaxation rates. Illustrations of white matter-like vessel trees (a) with

increasing mean vessel orientation relative to the main magnetic field (left to right) and increasing branching angle heterogeneity

(bottom to top). The resulting relaxation rates from spin echo (b) and gradient echo (c) are independent of mean vessel orientation

when branching angle heterogeneity is high (s> 1). With lower branching angle heterogeneity (s< 1), the relaxation rates increase

when mean vessel orientation approaches p/2.
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microvascular characteristics influence the VAI-para-
meters. In short, we find that the observed MRI relax-
ation rates are independent of the mean vessel
orientation in a typical capillary-dominated image
voxel for both gray matter-like and white matter-like
structures, and that the VAI-based vortex area is influ-
enced by the relative oxygen saturation level and the
branching structure of the tissue. We demonstrate a

high concordance between the synthetic and human
data, and we postulate that our work may serve as a
roadmap for in vivo and per-voxel determination of
vascular function and heterogeneity in the clinical set-
ting by generating a database of VAI-derived param-
eters (including conventional DSC-parameters and
CTTH) linked to a wide range of vascular
characteristics.15,16

Figure 4. Vortex area for varying CTTH, MTT and �SO2-levels. A parametric plot of the gradient echo and spin echo relaxation

rate curves forms a vessel vortex curve and is characterized by the vortex direction, long axis, slope value and the vortex area (a). The

vortex area decreases as the �SO2 increases (b) and can thus indicate the oxygenation status of the tissue. However, the vortex area

is modified by the MTT and CTTH in the vessel system. The combined effects of CTTH and �SO2 on vortex area are shown for low

MTT (c), intermediate MTT (d) and high MTT (e). Coloured lines in (c–e) correspond to the coloured lines in (b). Low CTTH and low

MTT produces higher vortex area values than high CTTH and long MTT, and must be accounted for to obtain an accurate estimation

of the SO2-level. No data for upper values of CTTH in (c) and (d), as maximum CTTH is dependent on MTT.
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Semmineh et al.26 showed that relaxation rates
increased with higher branching angle heterogeneity.
In their setup, the increased heterogeneity also
increased the mean vessel orientation, making it

difficult to separate the effects of branching angle het-
erogeneity from the effects of vessel orientation. To
address this issue, we show that the relaxation rate
increases when a larger proportion of the vessels are

Figure 5. Vortex area-distribution in tissue types. (a) Simulations of vessel branching associated with white matter produces vortices

with a relative small area (top row), compared to vessel branching mimicking gray matter, which gives vortices with a larger area

(bottom row). The same GM to WM ratio of the vortex area is found in patient data. (b) A typical vortex from a white matter-voxel

(top row) and from a gray matter-voxel (bottom row) is shown. WM- and GM-voxels are identified from maps as shown in MR-image

(right) generated from Look-Locker acquisitions. Distribution of relative CTTH-values (top row) and relative MTT-values (bottom

row) across relative vortex area in white matter (c), gray matter (d) and tumour (e) in voxels with relative CBV-values from 1.6 to 2.0,

in a glioblastoma patient. Green (blue) contour lines denote higher (lower) fraction of voxels. Red dots correspond to single voxels in

tumour region identified from contrast enhanced T1-weighted MRI.
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oriented perpendicular to the main magnetic field (i.e.
y¼ p/2), because the extravascular magnetic field per-
turbation is proportional to sin2y, as given in equation
(1). Nonetheless, the dependency of the MRI relaxation
rates to the mean vessel orientation appears relevant for
low vessel branching angle heterogeneity only. For high
branching angle heterogeneity, our data suggest the
relaxation rates are independent of the mean vessel
orientation. Due to the relatively large voxel size in
DSC imaging (>1–2 mm3), it is reasonable to assume
that the vessels within a given voxel do not align in any
specific direction. Although the orientation of a given
branching vessel will be limited based on the orienta-
tion of the parent vessel, a voxel in a DSC image will
contain numerous vessel trees aligned in different orien-
tations. The vessel orientation distribution within a
voxel can thus be approximated by a uniform random
distribution. However, using the theoretical framework
presented in our study, any potential differences in the
direction of the vessel architecture between frontal,
occipital, lateral and temporal lobes may be investi-
gated in future studies.

Moreover, our simulations indicate that the vortex
area obtained with VAI could serve as an apparent
indicator of the relative oxygen saturation level of the
tissue. MRI-based voxel-wise measurements of oxygen-
ation status have also been performed by blood oxygen
level dependent (BOLD)-techniques, with promising
results in rat models and human subjects.27–30 Future
studies with both BOLD and VAI should be conducted
to compare and validate the oxygenation measurements
derived from these techniques. BOLD-based measure-
ments require either fitting the signal to a complex
model function27 – making the estimations subject to
uncertainties due to the inherent low SNR – or an inde-
pendent estimation of CBV28,30 (e.g. from DSC). In
contrast, with the VAI-technique, all the relevant par-
ameters are derived from the same acquisition.

In our simulation model, the oxygen saturation level
changes sharply from the last arteriole to the first capil-
lary. A more physiologically accurate representation
would include a gradual change of the oxygen level
across several vessel generations. However, our simula-
tions have shown that this has marginal effect on the
signal response. Xu et al.11 used a model approach with
random vessel orientation and showed that, excluding
the effects of varying �SO2, the shape of the vessel
vortex was affected by varying MTT. In our tissue
model, the vortex area was found proportional to
�SO2 in a size-dependent matter. This is in concord-
ance with previous reports, where poor hemodynamic
flow was associated with higher relative vortex area
values in patients with newly diagnosed14 and recurrent
glioblastomas,12 indicating poor oxygen delivery and
consumption.

Jespersen et al.31 have recently shown that the max-
imum oxygen extraction fraction from the capillaries is
dependent on CTTH, and that CTTH can be measured
using DSC MRI,19 assuming that the distribution of
transit times in a DSC-voxel stems from capillaries
only. Therefore, for quantitative estimation of oxygen
saturation levels, both our data and previous reports
suggests that the effects of capillary transit times (i.e.
MTT and CTTH) should be taken into consideration
when trying to estimate reliable measurements of
oxygen saturation levels. However, while estimates of
MTT and CTTH may provide information about the
maximum oxygen extraction fraction,31,32 they do not
provide information about the actual oxygen level in
the tissue. To this end, our data indicate that combining
measurements of VAI-based vortex area with CTTH
and MTT have the potential to return a more robust
assessment of the oxygenation status in the tissue.

While the measured CTTH in our study scaled with
the simulated CTTH, the measured CTTH cannot
approach zero even when simulated CTTH is set to
zero because our vessel model includes vessels with a
flow profile, i.e. a distribution of transit times at each
vessel generation. How much CTTH will affect the
shape of the transport function – and thus the accuracy
of the measured CTTH – is likely to be dependent on
the fractional volume of capillaries relative to the frac-
tional volume of arterioles and venules in a given DSC-
voxel. Finally, our simulations show that vortex area in
tissues with branching structure similar to those found
in gray matter is higher than that of white matter. This
indicates that the higher vortex area found in normal-
appearing gray matter in our patient data is due to the
complexity of the branching structure and not due to
unrealistic low oxygen consumption rates.33 This high-
lights the importance of mapping out the relevant con-
tributions to vortex area to be able to determine the
underlying physiological properties of the tissue. This
could be especially relevant in tumour, where abnormal
branching of the vessels, as well as abnormal oxygen
levels are likely to occur. In addition, the tumour vas-
culature often deviates from that of the healthy brain in
terms of permeability, vessel calibre and tortuosity,
which may affect the signal response and thus impede
the estimation of the parameters. Due to the complex
interaction between microvascular and hemodynamic
characteristic of the tissue and the signal response, it
is difficult to assign a relative change in a single param-
eter to a single change in tissue characteristic. To this
end, we believe that a fingerprinting approach could
help reveal the underlying physiological mechanism
responsible for a VAI-response on a per-voxel
basis.15,16

A challenge with synthetic tissue models, in general,
is the use of certain assumptions in order to achieve a
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realistic representation of the system while maintaining
a manageable level of complexity. Here, we have made
the assumption of randomly oriented vessels within a
voxel. Because the orientation of the downstream vessel
branching is limited by the orientation of its upstream
parent vessel, vessels within a given vessel tree will to
some extend be aligned along a certain direction34

(¼ mean vessel orientation) relative to the main mag-
netic field. We assume, however, that the effect of ran-
domly oriented vessel trees, with vessels aligned around
a certain direction, return the same effect as that of
randomly oriented vessel. The branching structure of
the vessel tree, with either symmetrical or asymmetrical
branching of vessels, is also a simplification of the cere-
bral vasculature. Moreover, for implementation of
CTTH, we assumed a uniform distribution of capillary
transit times centred around a given �main. An evalu-
ation of how accurate our choice of distribution is a
realistic representation of actual capillary transit times
is challenging since, in our model, transit times are dis-
tributed within each vessel, as well as across different
capillaries. The resulting transport function for all
vessel has the form of a gamma distribution, in accord-
ance with models previous used.19,35 However, in our
model, the standard deviation of the transport function
(i.e. the measured CTTH) is not a direct measurement
of the standard deviation of the capillary transit times
(i.e. the simulated CTTH), due to the effect of transit
time distribution across all vessels in the system. The
simulated MTT for the whole voxel are in general
higher than MTT-values reported from DSC.36

Simulating shorter transit times would extensively
increase the computational power needed, as the con-
volution steps (see equations (6) and (7)) demand
higher temporal resolution, and thus significantly
increase the memory use of the arrays involved.

In conclusion, by re-evaluating and extending cur-
rent theoretical models for DSC-MRI and VAI, we
have simulated realistic scenarios of vascular hetero-
geneity, including vessel orientation distributions,
vessel generation branching and capillary transit
times. Our findings show that VAI analysis, in combin-
ation with CTTH-measurements, can reveal informa-
tion about microvascular tissue characteristics,
including branching structure and oxygenation status.
Collectively, our study presents a comprehensive frame-
work that may serve as a roadmap for in vivo and
per-voxel determination of vascular status and hetero-
geneity in cerebral tissue.
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Abstract
Purpose: This study aimed to investigate the hemodynamic status of cerebral metastases prior to
and after stereotactic radiation surgery (SRS) and to identify the vascular characteristics that are
associated with the development of pseudoprogression from radiation-induced damage with and
without a radionecrotic component.
Methods and materials: Twenty-four patients with 29 metastases from non-small cell lung cancer
or malignant melanoma received SRS with dose of 15 Gy to 25 Gy. Magnetic resonance imaging
(MRI) scans were acquired prior to SRS, every 3 months during the first year after SRS, and every
6 months thereafter. On the basis of the follow-up MRI scans or histology after SRS, metastases
were classified as having response, tumor progression, or pseudoprogression. Advanced perfusion
MRI enabled the estimation of vascular status in tumor regions including fractions of abnormal
vessel architecture, underperfused tissue, and vessel pruning.
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Results: Prior to SRS, metastases that later developed pseudoprogression had a distinct poor vas-
cular function in the peritumoral zone compared with responding metastases (P < .05; number of
metastases = 15). In addition, differences were found between the peritumoral zone of
pseudoprogressing metastases and normal-appearing brain tissue (P < .05). In contrast, for respond-
ing metastases, no differences in vascular status between peritumoral and normal-appearing brain
tissue were observed. The dysfunctional peritumoral vasculature persisted in pseudoprogressing me-
tastases after SRS.
Conclusions: Our results suggest that the vascular status of peritumoral tissue prior to SRS plays
a defining role in the development of pseudoprogression and that advanced perfusion MRI may
provide new insights into patients’ susceptibility to radiation-induced effects.
© 2018 The Author(s). Published by Elsevier Inc. on behalf of the American Society for
Radiation Oncology. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

Introduction

Cerebral metastasis is the most common intracranial ma-
lignancy in adults and the incidence of metastatic relapse
increases with the improved management of primary
tumors.1 Stereotactic radiation surgery (SRS) is an impor-
tant treatment option for patients with brain metastases.2

However, SRS can cause nontumoral radiation-induced
effects such as pseudoprogression and radionecrosis, which
are characterized by similar features on magnetic reso-
nance imaging (MRI) as tumor progression.3 The term
radionecrosis is sometimes used to describe a more severe
tissue reaction than pseudoprogression.4,5 However,
pseudoprogression and radionecrosis are used interchange-
ably in the literature; therefore, we use pseudoprogression
as a collective term for radiation-induced effects both with
and without a radionecrotic component.

Clinical variables that are associated with the develop-
ment of pseudoprogression after SRS of brain metastases
include the volume of brain receiving a specific dose and
pre-treatment lesion size.6,7 Nevertheless, why metastases
(even of similar size and receiving the same SRS-dose)
respond differently to the treatment remains unknown.
Moreover, little attention is given to tissue regions that
surround the metastases regardless of the valuable infor-
mation this peritumoral microenvironment holds.8

Because pseudoprogression is believed to arise from irra-
diated normal tissue rather than from the core of the
tumor,9,10 the characterization of the microvasculature of
both tumor and peritumoral regions is highly relevant
to gain insights into treatment response mechanisms of
pseudoprogression.

To this end, the aim of our study was to investigate an
underreported phenomenon in metastatic response moni-
toring: The importance of vascular function of the tumor
microenvironment prior to SRS and how this relates to the
development of pseudoprogression. Using in vivo vascu-
lar MRI, our preliminary results show that peritumoral
regions of metastases that later develop pseudoprogression
had a distinct dysfunctional vasculature compared with re-
sponding metastases.

Methods and materials

Patients

The study was approved by the regional ethics com-
mittee and hospital institutional review board and written
informed consent was obtained from all patients prior to
inclusion in the study. A total of 31 patients were prospec-
tively enrolled in our ongoing study and have been included
to date (TREATMENT study; clinicaltrials.gov identifier:
NCT03458455). The TREATMENT study is an observa-
tional study that addresses the need for knowledge and
adequate diagnostic biomarkers in the response assess-
ment of patients with brain metastases. To be eligible for
study inclusion, patients must receive SRS for at least 1
brain metastasis measured to a minimum of 5 mm in 1 di-
mension, be untreated or progressive after systemic or local
therapy, have confirmed non-small-cell lung cancer
(NSCLC) or malignant melanoma, be ≥18 years of age; have
an Eastern Cooperative Oncology Group performance status
score of maximum 1, have a life expectancy >6 weeks, and
have no contradictions on MRI.

Seven patients were excluded because of post-SRS events
that prevented assessment of a radiologic response: Death
before first follow-up (n = 1), contrast-agent reaction (n = 1),
or lost to follow-up (n = 5), which left 24 patients with 29
metastases from confirmed primary NSCLC (14 patients;
17 metastases) and malignant melanoma (10 patients; 12
metastases; Suppl. Table 1; available as supplementary ma-
terial online only at www.practical.radonc.org).

Patients with <6 months of follow-up time after SRS
(n = 1) or who received immunotherapy (n = 6) were ex-
cluded from the part of the study on radiological response
assessment, which left 17 patients with 19 metastases.

Study design

All 24 patients underwent a baseline MRI examina-
tion prior to SRS (median: 9 days prior to SRS; range: 5-15
days). This was followed by post-SRS MRI examinations
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every 3 months for the first year and subsequently every
6 months until death or a maximum of 36 months. The
median follow-up time for all patients was 12 months
(Range: 3-30 months; Suppl. Table 1).

SRS was delivered using a frameless, linear, accelerator-
based system with dynamic conformal arcs. For patient
immobilization, a commercial stereotactic mask fixation
system was used. Treatment planning was performed with
iPlan RT Dose (v4.5.4, Brainlab AG, Munich, Germany).
The gross tumor volume was delineated on postcontrast T1-
weighted images that were fused with computed tomography
images and the planning target volume was generated by
adding a 2-mm margin to the gross tumor volume. De-
pending on the tumor size, proximity to the organs at risk,
and clinical status of the patient, the radiosurgical dose varied
from 15 Gy to 25 Gy (Suppl. Table 1). Doses were pre-
scribed to cover at least 99% of the planning target volume.

Magnetic resonance imaging protocol

All MRI examinations were performed on a 3T Skyra
(Siemens Healthineers, Erlangen, Germany). The MRI pro-
tocol included 3-dimensional T1-weighted images before
and after contrast agent injection, fluid attenuated inver-
sion recovery (FLAIR), diffusion weighted imaging; and
gradient echo (GE)-spin echo (SE) dynamic susceptibil-
ity contrast (DSC) imaging where a shorter echo time for
GE was used for brain metastases from malignant mela-
nomas to account for potential more hemorrhage compared
with those from NSCLC (Suppl. Methods). Of note, none
of the metastases from malignant melanoma showed ap-
parent signs of hemorrhage in the form of hyperintensities
on pre-contrast T1-weighted images.

Tumor outlining and radiological response
assessment

The metastases were manually outlined on the
postcontrast T1-weighted images by a radiologist with 12
years of experience. The associated regions of edema that
surrounded the metastases were outlined on FLAIR-
images. All delineations were performed using nordicICE
(NordicNeuroLab AS, Bergen, Norway).

The radiologist retrospectively classified the metasta-
ses (n = 19) as follows: Response (n = 7) if the metastasis
showed no signs of progression; pseudoprogression (n = 8)
if the size of the metastasis decreased or stabilized after
an initial increase (n = 6) or if 2 independent radiologists
both interpreted the apparent growth as nontumoral (n = 1)
or histologically confirmed (n = 1); tumor progression (n = 3)
if the imaging changes were indicative of tumorous tissue
(n = 2) or histologically confirmed (n = 1); and inconclu-
sive (n = 1) if the imaging changes could not be
differentiated between pseudoprogression and tumor
progression.

Image processing

DSC data from both GE and SE acquisitions were used
to generate maps of cerebral blood volume, cerebral blood flow,
mean transit time, and a binary mask of normal-appearing brain
tissue as previously described.11,12 SE-derived maps repre-
sent the microvascular characteristics and maps derived from
GE are macrovascular-weighted.13 Apparent diffusion coef-
ficient maps from diffusion MRI, postcontrast T1-weighted
images, FLAIR images, and associated regions of interest
(ROIs) were co-registered to the DSC space using normal-
ized mutual information co-registration. Motion correction,
perfusion analysis, and co-registration were performed in
nordicICE. Voxel-wise vessel architectural imaging analysis
was performed in Matlab (MathWorks Inc., Natick, MA) as
previously described,14 which enables estimations of vessel
caliber (slope) and architecture (vortex area/long axis; a marker
of abnormal vasculature).

Peritumoral ROIs were created by a 4-mm wide dila-
tion of the co-registered tumor ROIs in Matlab. The margin
of 4 mm to define the peritumoral region was chosen to en-
compass a narrow segment around the tumor and still include
an appropriate number of voxels in the ROI. Pure vasogenic
edema and peritumoral and tumor ROIs were subtracted
from the normal-appearing brain mask (reference tissue)
and peritumoral and tumor ROIs were subtracted from the
edema ROI. All perfusion maps were normalized to ref-
erence tissue.11

Image and statistical analyses

The dysfunctional vascular characteristics were identi-
fied as follows: First, the normal range of values for each
parameter was defined by the 20th and 80th percentile in the
pre-treatment reference tissue across all patients. Second,
poor vascular function was identified by values below/
above these normal ranges: Underperfused tissue with
cerebral blood flow values <20th percentile, abnormal vessels
with vessel architecture values >80th percentile, microvessel
pruning with microvascular blood volume <20th percen-
tile, and macrovessel pruning with macrovascular blood
volume <20th percentile.

Finally, the fraction of voxels in each ROI with these
characteristics was calculated. A minimum of 9 non-zero
voxels within the ROIs were chosen as a threshold for in-
clusion in the analysis. To account for potential confounding
factors, vascular characteristics and/or treatment out-
comes were also compared on the basis of cancer type
(malignant melanoma/NSCLC), previous whole brain ra-
diation therapy, and pre-treatment tumor size. To investigate
the impact of pre-treatment tumor size, vascular charac-
teristics were compared between large (n = 7) and small
(n = 8) metastases defined as above/below the median tumor
volume (1.34 cm3) of the responding and pseudoprogressing
metastases.
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Comparisons across the treatment outcome groups were
made using Mann-Whitney U-tests and comparisons
between ROIs and the reference tissue were made using
Wilcoxon Signed Rank tests. Nonparametric tests were
chosen due to the sample size and the distribution of the
data. All statistical analyses were performed using MatLab.
A P-value of .05 was considered significant after poten-
tial Holm-Bonferroni corrections in cases of multiple
comparisons.

Results

Vascular function prior to stereotactic radiation
surgery

The mean tumor volume prior to SRS across all 29 me-
tastases was 3.76 cm3 (Range, 0.03-28.9 cm3; Suppl. Table 1)
and decreased at 3 to 9 months post-SRS (P < .01; all
timepoints) relative to the volume at baseline. Mean edema

volume prior to SRS was 20.6 cm3 (Range, 0-153.7 cm3;
Suppl. Table 1) and displayed a decrease at 6 months
(P < .05) and 9 months (P < .01) after SRS.

The vascular status prior to SRS of the tumor (I),
peritumoral (II), and edema (III) regions are shown in
Figure 1. In the tumor region, the median fraction of ab-
normal vessels was 23% and underperfused tissue 12%. The
median fraction of macro- and microvessel pruning were
9% and 29%, respectively (Fig 1c). In the peritumoral region,
the median fraction of these vascular parameters was ap-
proximately 25% (Fig 1d) and in the pure edematous regions
between 47% and 75%, which is probably due to the
vasogenic tissue (Fig 1e).

Poor pre-treatment vascular profiles associated
with pseudoprogression

After the exclusion of patients with <6 months of follow-
up time, patients who received additional immunotherapy
or those who had inconclusive radiological changes, 17 pa-

Figure 1 Vascular characteristics prior to stereotactic radiation surgery across all patients. (a) Representative regions of interest of
the tumor (red overlay), peritumoral (purple overlay), and pure edema (blue overlay) regions are shown in a patient with metastasis
from non-small cell lung cancer. (b) Corresponding images of post-contrast T1-weighted, FLAIR, and blood volume-maps in the same
patient. Median fractions of abnormal vessels, underperfused tissue, and macro- and microvessel pruning across all patients by tumor
region (c), peritumoral region (d), and edema region (e). Boxplots (median values with interquartile range).
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tients with 18 metastases remained and were classified as
responding (n = 7), pseudoprogressing (n = 8), and tumor
progressing (n = 3) lesions. When comparing the pre-
SRS vascular profiles of responding lesions with those that
showed pseudoprogression, we found pronounced differ-
ences in the peritumoral regions (Fig 2). Specifically, a
higher fraction of both macro- and microvessel pruning was
found in metastases that later develop pseudoprogression
compared with the responding metastases. In addition, the
median fraction of abnormal vessels and underperfused
tissue was more than 3-fold higher in pseudoprogressing
metastases.

The fractions of micro- and macrovessel pruning, abnor-
mal vessels, and underperfused tissue in pseudoprogressing
metastases were also higher compared with normal-appearing
brain tissue (P < .05 for all parameters). In contrast, the cor-
responding fractions in responding metastases were within the
normal range (Fig 2, Suppl. Table 2; available as supplemen-
tary material online only at www.practical.radonc.org).

Interestingly, the vascular differences between
pseudoprogression and responding metastases were ob-
served in the peritumoral regions and not within the tumor
core (Suppl. Fig 1; available as supplementary material
online only at www.practical.radonc.org) nor in the pure

Figure 2 Poor vascular function associated with development of pseudoprogression. (a) When compared with responding metastases
(green boxes), metastases that later developed pseudoprogression (blue boxes) displayed a higher fraction of macrovessel pruning (13%
vs 37%; P < .01), microvessel pruning (18% vs 37%; P < 0.01), abnormal vessels (9% vs 29%; P < .05), and underperfused tissue (12%
vs 38%; P < .001). Schematic illustration of functional pre-treatment vasculature found in responding metastases (b) compared with
dysfunctional vasculature observed in metastases developing pseudoprogression (c). Boxplots (median with interquartile range); P-values
from Mann-Whitney U test; Suppl. Table 2.
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edematous regions. In contrast to the responding metasta-
ses, the peritumoral vascular profile of metastases with tumor
progression was comparable to those with pseudoprogression
(Suppl. Fig 2; available as supplementary material online
only at www.practical.radonc.org).

We found no association with previous whole-brain ra-
diation therapy (only 1 patient), between cancer type
(malignant melanoma/NSCLC) and pre-treatment vascu-
lar characteristics (Suppl. Fig 3; available as supplementary
material online only at www.practical.radonc.org) nor
between cancer type and development of pseudoprogression
(P = .57; Fisher’s exact test). Including or excluding me-
tastases with tumor progression in the nonpseudoprogression
group did not influence our results. There was no appar-
ent association between the anatomic location of
the metastases and treatment outcomes (Suppl. Table 3;
available as supplementary material online only at www
.practical.radonc.org). The median prescribed dose to me-
tastases that developed pseudoprogression was lower than
the dose to the responding metastases (18 vs 25 Gy; P < .05).

The median pre-treatment lesion size was 5.3 cm3 in
pseudoprogressing metastases compared with 0.8 cm3 in re-
sponding metastases but the difference was not significant.
When comparing vascular profiles of large and small me-
tastases, the large metastases had a slight tendency toward
a more dysfunctional vascularity compared with the small
metastases but no significant differences were found (Fig 3a).

When examining the differences between pseudoprogression
and response within the groups of small and large metasta-
ses, a stratification of vascular characteristics was observed.
For small metastases (≤1.34 cm3), pseudoprogression oc-
curred when the peritumoral region was characterized by
poor vascular function (Fig 3b, left). Correspondingly,
among the large lesions (>1.34 cm3), responding metastases
had generally better pre-treatment vascular function
than pseudoprogressing metastases (Fig 3b, right). Finally, large
responding metastases had generally poorer vascular func-
tion compared with those of small responding metastases.

Poor function in feeding vasculature is
maintained after stereotactic radiation surgery

The differences in peritumoral vascular function between
pseudoprogressing and responding metastases prior to SRS
were generally maintained after SRS. Higher fractions of
abnormal vessels (Fig 4a), underperfused tissue (Fig 4b),
and macrovessel pruning (Fig 4c) were found in metasta-
ses that developed pseudoprogression at 3 to 6 months after
SRS. This was not observed for microvessel pruning
(Fig 4d).

Furthermore, the fractions of abnormal vessels,
underperfused tissue, and macrovessel pruning after SRS
were found to be higher in the peritumoral region of

Figure 3 Vascular profiles related to pre-treatment tumor size and treatment outcome. (a) When compared with small metastases (purple
boxes), large metastases (orange boxes) displayed a trend (non-significant) toward a higher fraction of macrovessel pruning (23% vs
36%; P-value not significant on the basis of Mann-Whitney U test), microvessel pruning (27% vs 34%; not significant), abnormal vessels
(20% vs 28%; not significant), and underperfused tissue (23% vs 35%; not significant). (b) Within the group of small metastases (left),
the responders displayed fractions within the normal range while higher fractions were generally observed in metastases that devel-
oped pseudoprogression. Similarly, for large metastases (right), a trend toward higher fractions was observed in pseudoprogressing metastases
compared with responding metastases. Of note, no statistical test was performed due to the low number of metastases in each group.
Boxplots (median with interquartile range); purple/orange dots (individual metastases).
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pseudoprogressing metastases compared with normal-
appearing brain tissue. In contrast, no difference between
the peritumoral regions and normal-appearing brain tissue
was found at any time point after SRS in responding
metastases.

Discussion

Pre-treatment vascular characteristics in brain metasta-
ses and their role in pseudoprogression is an underreported
concept in clinical oncology. Human imaging data from MRI
or positron emission tomography are mainly limited to post-
SRS imaging and the focus of these studies have been to
discriminate pseudoprogression from tumor progression after
the radiological changes have occurred.15-19 In contrast, our
study investigated the microvascular environment of brain
metastases both prior to and after SRS. Our results show

that treatment-naïve brain metastases that later develop
pseudoprogression were characterized by low vascular func-
tion and supply. Our findings indicate that a high fraction
of micro- and macrovessel pruning as well as underperfused
tissue and abnormal vessels in the peritumoral region con-
tribute to the development of pseudoprogression. After SRS,
the observed poor vascular function of pseudoprogressing
metastases continued to deviate from responding metasta-
ses as well as from normal-appearing brain tissue.

Although the exact mechanisms behind the develop-
ment of pseudoprogression are not fully understood,
radiation-induced damage to blood vessels and endothe-
lial cells have been suggested to lead to increased
permeability, vessel wall thickening, and occlusion.4 In
light of our results, the poor vascular function of
pseudoprogressing metastases may indicate that the
peritumoral tissue of these metastases do not have the vas-
cular infrastructure and function necessary to tolerate the

Figure 4 Vascular signature of peritumoral zone is maintained after stereotactic radiation surgery (SRS). (a) For metastases that de-
veloped pseudoprogression, the fraction of abnormal vessels was higher than for responders at 3 months (P < .01) and 6 months after
SRS (P < .001) and compared with normal brain tissue at 6 months (P < .05). (b) The fraction of underperfused tissue was higher in
pseudoprogressing metastases compared with responding metastases at 3 months (P < .05) and 6 months (P < .01) and compared with
normal brain tissue (P < .01). (c) The fraction of macrovessel pruning was higher in pseudoprogressing metastases compared with re-
sponding metastases at 6 months (P < .01). The same trend was displayed at 3 months (P < .05; not significant on the basis of Mann
Whitney U test and after Holm-Bonferroni correction). The fraction in pseudoprogressing metastases was also higher compared with
that of normal brain tissue (P < .01 at 3 months; P < .05 at 6 months). (d) No significant differences in the fraction of microvessel pruning
were observed after SRS. Lines with transparent field (median ± interquartile range); P-values from Mann Whitney U test (between
groups) and Wilcoxon Signed Rank test (relative to normal brain).
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tissue damage from SRS.20,21 With a well-perfused
peritumoral supply, the vascular bed may be capable of re-
covery after irradiation and thereby less susceptible for the
development of blood vessel damage, demyelination, and
ultimately pseudoprogression.

Our findings show pseudoprogression in metastases with
inherent poor vascular function and supply and are in line
with those from the study by Ohguri et al. where the use
of hyperbaric oxygen treatment after SRS reduced the in-
cidence of pseudoprogression.22 Their study suggests that
increasing the oxygen concentration in the brain paren-
chyma stimulates and restores blood supply that is affected
by radiation-induced vascular injury and thus prevents
pseudoprogression. Pseudoprogression after SRS is also
linked to the volume of normal brain that receives a spe-
cific dose and thereby compromises the tissue’s ability to
recover.6,23-25 However, Chin et al. demonstrated a large
overlap in dose volumes in pseudoprogressing and
nonpseudoprogressing lesions and revealed both patient and
lesion-specific thresholds of irradiated volume for the de-
velopment of pseudoprogression.26

In our study, metastases developing pseudoprogression
were generally larger before the SRS-treatment than those
of the responding metastases but with considerable overlap.
This is in concordance with previous work where pre-
treatment lesion size has been identified as a risk factor for
pseudoprogression by some6,7, but not by others.25,27 Inter-
estingly, our findings suggest that the lesion’s susceptibility
to pseudoprogression is dictated by peritumoral vascular
function rather than lesion size. Specifically, our results show
that smaller and possibly lower at-risk metastases that de-
veloped pseudoprogression were characterized by an inherent
poor vascular function. Conversely, larger metastases that
did not develop pseudoprogression had a more functional
vasculature than their pseudoprogressing counterparts.
However, with few metastases in each group, there is an
uncertainty related to these findings. Moreover, although
only a weak association was found in our preliminary data,
it is likely that there is a connection between lesion size
and peritumoral vascular function. With the aggressive nature
of brain metastases, larger metastases will have a greater
impact on the surrounding tissue than the smaller metas-
tases, that are likely to cause poor vascular function in
peritumoral regions.

The distinct vascular profiles between the groups were
observed in the peritumoral regions but not in the tumor
regions. The lack of pronounced vascular differences in the
tumor regions may be attributed to the lower number of
voxels in the tumor ROIs, as some of the tumor ROIs were
too small to be included in the analysis (≤9 voxels), which
led to fewer metastases in each group and thus
made the analysis less robust. However, there was a more
pronounced overlap in the vascular data between
pseudoprogression and response in the tumor region com-
pared with the peritumoral region. This may indicate that
the strongest association between development of

pseudoprogression and vascular status is found in the feeding
peritumoral tissue. This is in line with studies that suggest
that pseudoprogression originates from the peritumoral zone9

as well as histological examinations that show vascular en-
dothelial growth factor-producing cells and astrogliosis in
the peritumoral tissue.28

In our data, we did not find any associations between
cancer type and pre-treatment vascular characteristics nor
did the metastases from malignant melanoma show any ap-
parent signs of hemorrhage. Given the known hemorrhagic
disposition of melanomas, the occurrence of hemorrhage
is likely to increase in a different cohort and could poten-
tially affect our findings with regard to cancer type and
vascular characteristics.

A limitation to our study is the small sample size. More-
over, there is an uncertainty associated with the grouping
of patients on the basis of treatment outcome. Two metas-
tases were classified as pseudoprogression without a
radiographic decrease after the initial increase of the en-
hancing lesion. One was subsequently confirmed by
histology but the classification of the other lesion relied on
the response evaluation from 2 independent radiologists
who both came to the same conclusion. In addition,
pseudoprogression may occur several years after SRS,29

which makes the classification a very relevant but inher-
ently dynamic endpoint.

This study is also limited by the small sample size of
metastases with tumor progression (n = 3). These 3 me-
tastases displayed poor pre-treatment vascular function
similar to that of the metastases that developed
pseudoprogression. However, due to the small sample size,
reliable conclusions are difficult to draw about this group
and the implications of these findings. Moreover, in this
study, SRS was performed using a frameless linear
accelerator-based system; therefore, studies using Gamma
Knife SRS must be performed to establish potential dif-
ferences between the 2 methods with regard to our findings.

When a larger cohort becomes available, the future work
of this study will include a multivariate analysis to better
determine any potential confounding factors to our find-
ings including combinations of tumor size, histology, and
SRS dose. Moreover, with more patients, a stratification on
the basis of reversible pseudoprogression and irreversible
radionecrosis may be enabled and potentially reveal vas-
cular differences between the different types of radiation-
induced effects.

Conclusions

Our study investigated the importance of the vascular
function of brain metastases before SRS and its role in the
development of pseudoprogression. Treatment-naïve me-
tastases that were later found to develop pseudoprogression
were characterized by a high fraction of underperfused tissue
and abnormal vessels as well as micro- and macrovessel
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pruning in the peritumoral zone. This suggests that mapping
pre-treatment vascular function may provide valuable insight
into the mechanisms of pseudoprogression.
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 Patient 1 Patient 2 Patient 3 Patient 4 Patient 5 

Gender Male Male Male Male Male 

Age 76  66 69 57 63 

Diagnosis Glioblastoma 
(WHO gr IV) 

Glioblastoma 
(WHO gr IV) 

Glioblastoma 
(WHO gr IV) 

Glioblastoma 
(WHO gr IV) 

Glioblastoma 
(WHO gr IV) 

 

Supplementary Table 1. Gender, age and diagnosis of patients. Patient constitutes a homogenous group, as patients are all 

males, age from 57-76 years with glioblastoma. 

 

 

 

 

 

 

Supplementary Figure 1: The effects of vessel orientation distributions on the relaxation rates from gray matter-like 

branching structured vessel trees. The relaxation rates from spin echo [A] and gradient echo [B] are independent of mean 

vessel orientation when branching angle heterogeneity is high (σ > 1). With lower branching angle heterogeneity (σ < 1), the 

relaxation rates increase when mean vessel orientation approaches π/2, in accordance with what was found for white 

matter-like vessel trees.  
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Supplementary Figure 2: [A]: Estimated values of CTTH (y-axis) scales with the true CTTH of the simulated vessel system (x-

axis), but increases as the MTT increases (black to blue lines).The measured CTTH never approaches zero, even when the 

simulated CTTH is set to zero. This is due the implementation of transit time distribution in the simulation model. In our 

model, each vessel has a distribution of transit times (equation (4)), resulting in a distribution of transit times at the voxel-

level, even for a homogenous distribution of average transit times at the capillary level. This also explains the relative small 

change in measured CTTH for low values of simulated CTTH – in our model, a substantial increase in simulated CTTH is 

needed to produce detectable changes in CTTH at the voxel-level. [B]: Measured MTT (y-axis) is proportional to the 

simulated MTT (x-axis), but increases as the CTTH increases (black to blue coloured lines). There is also a slight discrepancy 

between the numerical values of the measured versus simulated MTT. The definition of MTT (= αβ) and CTTH (=√𝛼𝛽) results 

in the interdependency of MTT and CTTH. Higher CTTH-values results in higher MTT-values and vice versa. 
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Supplementary Figure 3: VAI-response for varying MTT, CTTH and ∆SO2. For increasing MTT (top row), vortex area and 

long-axis decreases, whereas slope values, direction and CBV-values are unaffected. For increasing CTTH (centre row), vortex 

area and long-axis decreases, there is a minor increase in slope values, whereas direction and CBV-values are unaffected. For 

increasing ∆SO2 (bottom row), vortex area decreases, minor changes can be seen in slope values, long axis and CBV-values, 

while direction is unaffected.  
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Supplementary Methods 
 

In our model of the vasculature, the vessels are approximated as cylindrical pipes with laminar flow, 

as illustrated in Supplementary Figure 3. The largest velocity, v0, and the shortest transit time, t0, 

occur at the centre of the cylinder.

 

Supplementary Figure 3: Vessel approximated as cylinder with laminar flow. 

When the geometry of the vessels is known and we assume laminar flow, the velocity profile of a 

cylindrical pipe is given by 

 𝑣(𝑟) = 𝑣0(1 −
𝑟2

𝑅2
) (1) 

       

When q is the flow in a concentric cylinder with radius r and Q is the total flow in the cylinder, the 

fractional flow q/Q is: 

 
𝑞

𝑄
= ∫ 𝑣(𝑟′)2𝜋𝑟′𝑑𝑟′

𝑟

0

∫ 𝑣(𝑟′)2𝜋𝑟′𝑑𝑟′
𝑅

0

⁄ = 2
𝑟2

𝑅2
−
𝑟4

𝑅4
= 1 −

𝑡0
2

𝑡2
       (2) 

 

The fraction of the flow from t0 to a later time t is the fraction of the flow which arrives before time t, 

in other words the cumulative distribution function of transit times H(t): 

 𝐻(𝑡) = ∫ ℎ(𝜏)𝑑𝜏 =
𝑞

𝑄

𝑡

𝑡0

 (3) 

 

The transport function of the vessel is thus given by: 

 ℎ(𝑡) =
𝑑𝐻(𝑡)

𝑑𝑡
= {

0, 𝑡 < 𝑡0
2𝑡0

2

𝑡3
, 𝑡 ≥ 𝑡0

 (4) 
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Supplementary Table 1. Patient and tumor characteristics 
 

Characteristic All patients 

  

Age [years], median (range) 60 (42 – 80) 

Gender [F/M] 13/11 

Histology [No. of patients]  

Malignant melanoma 10 

NSCLC 14 

Tumor volume [cm3] prior to SRS  

Mean (range) 3.76 (0.03 - 28.9) 

Edema volume [cm3] prior to SRS 

Mean (range) 

SRS dose [No. of metastases] 

7 Gy x 3 = 21 Gy 

8 Gy x 3 = 24 Gy 

12 Gy x 2 = 24 Gy 

15 Gy x 1 = 15 Gy 

18 Gy x 1 = 18 Gy 

25 Gy x 1 = 25 Gy 

No. of patients (metastases) assessed on MRI 

Pre-SRS 

3 months 

6 months 

9 months 

Follow-up time [months] 

Median (range) 

 

20.6 (0 - 153.7) 

 

1 

2 

2 

2 

12 

10 

 

24 (29) 

24 (29) 

23 (28) 

18 (22) 

 

12 (3 – 30) 

Abbreviations: NSCLC – non-small-cell lung cancer; SRS – stereotactic radiosurgery. 

 

 

Supplementary Methods - MRI-protocol  

All MR exams were performed on a 3T Skyra (Siemens Healthineers, Germany) using a dedicated 16-element 

phased array-head coil.  The MRI protocol included: Three-dimensional T1-weighted images, before and after 

contrast agent injection with voxel size = 0.9 x 0.9 x 0.9 mm3; Fluid Attenuated Inversion Recovery (FLAIR) with 

voxel size = 0.9 x 0.9 x 0.9 mm3; Diffusion Weighted Imaging (DWI) with b-values = 0 and 1000 or 1500 s/mm2, 

voxel size = 1.22 x 1.22 x 4.0 mm3; Gradient Echo (GE) -Spin Echo (SE) Dynamic Susceptibility Contrast (DSC) 

Imaging with repetition time (TR) = 1500 ms, echo time (TE) SE = 104 ms, TE GE = 13 ms (malignant melanoma)/ 

15 -30 ms (NSCLC), voxel size = 2.0 – 2.2 x  2.0 – 2.2 x 5.0 mm3, where Gadolinium-based contrast agent 

(Dotarem® 279.3 mg/mL, 0.2 mL/kg bodyweight, Guerbert, France) was injected as a bolus (3ml/s) directly 

followed by 30mL of physiologic saline solution.  
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 Response Pseudoprogression P-value (Mann-Whitney) 

Macrovessel pruning 13.5 (4.3 – 19.9) 36.5 (22.9 – 46.2) P = 0.0056 

Microvessel pruning 18.2 (15.6 – 19.1) 36.6 (28.3 – 42.8) P = 0.0067 

Abnormal vessels 9.4 (3.1 – 22.6) 29.1 (23.9 – 35.7) P = 0.0426 

Underperfusion 12.0 (8.8 – 17.1) 37.9 (31.2 – 48.1) P = 0.0006 

 

Supplementary Table 2. Pre-treatment vascular status in peritumoral region. Median fraction of ROI 

(%) and interquartile ranges are shown for responding and pseudoprogression patients and 

corresponding p-values from Mann-Whitney U test. Data also shown in Figure 2.  

 

 

 

 

 

Supplementary Figure 1: Pre-treatment vascular status in tumor region. Fractions of macro- and microvessel 

pruning, abnormal vessels  and underperfused tissue in responding metastases (green boxes) and metastases 

developing pseudoproression (blue boxes). In contrast to peritumoral regions, no difference was found between 

responding and pseuoprogressing metastases in tumor regions. (Boxplots: median ± interquartile range) 
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Supplementary Figure 2: Vascular status of metastases with tumor progression. Metastases with tumor 

progression (red dots), had similar vascular profile in peritumoral regions to that of metastases with 

pseuodoprogression (blue boxes). No statistical test were performed due to the low number of metastases with 

tumor progresson (N = 3). (Boxplots: median ± interquartile range, dots: indivual metastases) 

 

 

 

Supplementary Figure 3: Vascular status of metastases from NSCLC and malignant melanoma. No difference 

in pre-treatment vascular status was found between metastases from NSCLC (orange boxes) and malignant 

melanoma (yellow boxes) in the peritumoral regions. (Boxplots: median ± interquartile range, NSCLC: non-small 

cell lung cancer) 
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Supplementary Table 3: Location of metastases vs. treatment outcome [No. of metastases] 

Location \ Outcome Response  Pseudoprogression Total 

Frontal 3 2 5 

Parietal 1 3 4 

Temporal 1 1 2 

Occipital 1 1 2 

Cerebellum 1 1 2 

Total 7 8 15 
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