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A theoretical framework for
determining cerebral vascular function
and heterogeneity from dynamic
susceptibility contrast MRI
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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
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XNk
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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
2t20
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 !R2ð*Þk 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 % %mainÞ2

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

2242 Journal of Cerebral Blood Flow & Metabolism 37(6)



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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