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A B S T R A C T

Perfusion magnetic resonance imaging (MRI) is a promising non-invasive technique providing insights regarding
the brain's microvascular architecture in vivo. The scalar perfusion metrics can be used for quantitative diag-
nostics of various brain abnormalities, in particular, in the stroke cases and tumours. However, conventional
MRI-based perfusion approaches such as dynamic contrast-enhanced perfusion imaging or arterial spin labelling
have a few weaknesses, for instance, contrast agent deposition, low signal-to-noise ratio, limited temporal and
spatial resolution, and specific absorption rate constraints. As an alternative, the intravoxel incoherent motion
(IVIM) approach exploits an extension of diffusion MRI in order to estimate perfusion parameters in the human
brain. Application of IVIM imaging at ultra-high field MRI might employ the advantage of a higher signal-to-
noise ratio, and thereby the use of higher spatial and temporal resolutions.

In the present work, we demonstrate an application of recently developed isotropic diffusion weighted se-
quences to the evaluation of IVIM parameters at an ultra-high 7T field. The used sequence exhibits high im-
munity to image degrading factors and allows one to acquire the data in a fast and efficient way. Utilising the bi-
exponential fitting model of the signal attenuation, we performed an extensive analysis of the IVIM scalar
metrics obtained by a isotropic diffusion weighted sequence in vivo and compared results with a conventional
pulsed gradient sequence at 7T. In order to evaluate a possible metric bias originating from blood flows, we
additionally used a truncated b-value protocol (b-values from 100 to 200 s/mm2 with the step 20 s/mm2) ac-
companied to the full range (b-values from 0 to 200 s/mm2). The IVIM scalar metrics have been assessed and
analysed together with a large and middle vessel density atlas of the human brain. We found that the diffusion
coefficients and perfusion fractions of the voxels consisting of large and middle vessels have higher values in
contrast to other tissues. Additionally, we did not find a strong dependence of the IVIM metrics on the density
values of the vessel atlas. Perspectives and limitations of the developed isotropic diffusion weighted perfusion
are presented and discussed.

1. Introduction

Perfusion magnetic resonance imaging (MRI) is an attractive clinical
technique allowing one to perform a quantitative evaluation of many
diseases in vivo: acute ischemic stroke [1], tumour diagnosis and
prognosis [2,3], diabetes and hyperintensity screening [4]. MRI pro-
vides an opportunity to determine perfusion metrics such as cerebral
blood flow, cerebral blood volume, and mean transit time using several
different approaches: an application of improved contrast mechanisms
with external tracers (contrast agents); arterial spin labelling with ar-
terial blood as endogenous tracer; and an adoption of diffusion
weighted imaging considering the blood microcirculation as a pseudo-

diffusion process in the randomly oriented microvessel network. Ap-
plication of the first two methods has been shown to be clinically ef-
ficacious [5,6]. However, improved contrast mechanisms and arterial
spin labelling possess disadvantages in practice as well. Contrast agent
boluses based on external contrast agents, for example, gadolinium,
might lead to gadolinium deposition in the brain [7,8]. Furthermore,
arterial spin labelling suffers from a low signal-to-noise ratio and a high
specific absorption rate, in particular, at ultra-high fields [9,10]. On the
other hand, modification of the conventional diffusion MRI sequence
assuming that the blood flow within microcapillary network can be
represented as a complementary pseudo-diffusion process [11,12], has
found a wide range of applications for brain and body imaging [13-16].
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This technique with low diffusion weightings is known as intravoxel
incoherent motion (IVIM).

The diffusion phenomena in brain tissue is described by a broad
range of the developed diffusion models [17,18]. In contrast, the IVIM
theory and related mechanisms are still debated and demonstrate
controversial results [19-22]. Depending on the applied diffusion times,
one can recall different mathematical models in fitting diffusion signal
attenuation [20,23]. In the case of IVIM measurements, a bi-ex-
ponential fitting approach is a common step to separate diffusion
fraction from the perfusion one along increasing diffusion weightings.
However, it is well known that bi-exponential fitting is unstable [24-
26]. Thus, IVIM demands an additional revision when modern
achievements of MRI techniques are employed. The application of ultra-
high field MRI can improve bi-exponential estimations due to the
higher signal-to-noise ratio of the acquired data, in particular, in human
brain imaging [27,9]. In turn, the use of conventional diffusion
weighting sequences might also be unoptimal, because it requires an
application of at least three mutually orthogonal diffusion directions
[27], and their sensitivity to susceptibility artefacts and subject motion
[19,28,29]. In the case of many diffusion weights [30], the total mea-
surement could be a time-consuming procedure. Besides, the necessity
to consider the degrading imaging artefacts, such as susceptibility dis-
tortions, might play an important role in the case of microcapillary
network anisotropy [29,31], in particular, for high spatial resolution.
Isotropic diffusion weighted sequences could avoid these obstacles and
save expensive measurement time. Recently, isotropic weighting dif-
fusion has obtained renewed interest due to its considerable practical
impact [32], and the potential to adopt different diffusion models
[32,33]. A developed class of isotropic weighted diffusion sequences
(FAst MEan Diffusion – FAMED) based on natural (co)sine modulations
[34,35] allows one to achieve several goals: a simple and straightfor-
ward implementation for human MRI scanners; a wide range of acces-
sible diffusion weightings (so called b-values, including high b-va-
lues> 1500 s/mm2); correct spatial isotropic averaging; accurate
rotational invariants [34]; and robustness to the magnetic field im-
perfections, for example, susceptibility distortions [35].

In the present work, we would like to demonstrate advantages of the
FAMEDcos sequence [34] for IVIM evaluation at ultra-high fields. We
acquired three in vivo datasets using the developed sequence and esti-
mated the correlations of the obtained perfusion metrics with a vessel
density atlas [36] of large and middle sized vessels. To conclude, we
discuss the strengths and limitations of the isotropic diffusion weighting
sequences and the validity of the chosen IVIM bi-exponential fitting
model for the human brain.

2. Method and materials

2.1. FAMEDcos sequences

Within the range of clinically achievable diffusion times, the dis-
placement of water molecules due to diffusion can be described by a
Gaussian propagation function. A symmetric second-order diffusion
tensor D allows one to represent diffusion signal attenuation S in a form
of mono-exponential decay:

= − ⋅→ →S S b n nDexp( ),T
0 (1)

where S0 is the signal without the diffusion weighting, b is the applied
diffusion weighting, and →n is the unity vector, parallel to the applied
diffusion gradient direction. In the case of pulsed field gradient (PFG)
[37], diffusion encoding is performed by short gradient pulses

→
G t( ).

Generally, when time-varying diffusion gradients G(t) are applied,
signal attenuation is formulated with help of the →q t( )-vector:

∫= − → →( )S S q t t q t tDexp ( ) ( ) ( )d ,
t T

0 0

e

(2)

where ∫→ =q t γ G τ τ( ) ( )dt
0 , and γ is the gyromagnetic ratio and te is the

echo time (see pulse sequence scheme in Fig. 1).
Selective time modulation of the diffusion encoding gradients al-

lows one to suppress off-diagonal terms of the diffusion tensor D
[34,35] by satisfying the condition of mutual orthogonality:

∫ =q t q t t b δ( ) ( )d
3

,
t

i j ij0

e

(3)

where δii=1 is the Kronecker function. In turn, the signal attenuation
of isotropically weighted diffusion is then:

= − ⋅S S b Dexp( ¯),0 (4)

where =D D¯ Tr( )/3 is the mean diffusivity. The simplest way to satisfy
to Eq. (3) is to recall (co)sine modulations [34].

The FAMEDcos sequence is presented by three orthogonal functions
with the same frequency along the Cartesian axes:
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where phase shifts ϕ and θ are equal to

Fig. 1. Schematic representation of diffusion weighted sequences. a) The con-
ventional Stejskal-Tanner PFG pulse sequence with two short diffusion gradient
δ-pulses. Corresponding q-space trajectory is presented on the right side; b)
isotropical diffusion weighted FAMEDcos sequence with equal frequencies
along each axes x, y, and z. The diffusion time in all sequences is Δ.
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and t180 is the duration of the refocusing pulse.
Fig. 1b shows a schematic representation of FAMEDcos sequence

used in the present work. The corresponding b-value is
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2.2. Imaging protocols

All data were measured using a Siemens 7T MAGNETOM system
(Siemens Medical Systems, Erlangen, Germany) equipped with a
70mT/m gradient coil with maximal slew rate of 200 T/m/s and a 32
channel head coil. We measured three healthy male volunteers who
gave written informed consent prior to participation. All volunteers had
no self-reported history of any psychiatric or neurological diseases and
did not suffer from any brain injuries. The study was approved by the
local ethical committee.

Both diffusion weighted sequences PFG and FAMEDcos have been
implemented into a custom spin-echo echo-planar imaging sequence.
The imaging parameters were: field of view FoV=216mm; spatial
resolution 1.8× 1.8× 1.8mm3; number of slices 40; repetition time
TR=10 s; echo time TE=110ms; number of measurements 4 (for
FAMEDcos); partial Fourier factor 6/8; GRAPPA acceleration factor 2;
readout bandwidth BW=2083 Hz/Px; diffusion time Δ=96ms; b-
value range (FAMEDcos): 0, 20, 40, 60, 80, 100, 120, 140, 160, 180,
200, 500 s/mm2; b-value range (PFG): 50, 100, 150, 200, 500 s/mm2

and 6 non-coplanar diffusion encoding directions; acquisition time per
protocol TA=8:20/5:30min, correspondingly. Diffusion images with
opposite phase encoding direction at b= 0 s/mm2 were acquired after
FAMEDcos and PFG sequences. Additionally, T1-weighted MPRAGE
images were acquired with the following parameters: TE/TR=2.73/
2500ms; FoV=256mm; spatial resolution 1×1×1mm3; GRAPPA
acceleration factor 3; bandwidth BW=260Hz/Px; and TA 2:59min.

2.3. Data post-processing and IVIM scalar metric estimation

Before estimation of the IVIM scalar metrics, we performed typical
post-processing steps for diffusion data preparation. In order to avoid
noise-originated bias in the diffusion scalar metrics [38], we applied a
principal component analysis-based approach for automatic removal of
noise-specific components developed by Veraart et al. [39]. Next, we
performed a Gibbs-ringing artefact correction using the approach de-
veloped by Kellner and colleagues [40]. Finally, we applied a correction
of the artefacts originated from the head motion, eddy-currents and
susceptibility induced distortions using the topup and eddy utilities from
the FSL package [41]. In order to improve the estimation of scalar
metrics, Gaussian smoothing with a kernel of 1×1×1mm3 was ap-
plied. The brain mask used in the eddy artefact correction and metric
estimations was extracted by the BET utility [42].

A main assumption proposed by Le Bihan and coworkers [11,12] is
that the blood flow within the microcapillary network captured by an
imaging voxel can be represented by an analogue of the random walk
process of the water molecules. A few variations of this model are
presented in the literature [20,27,31], including use of high b-values
[43] and three compartments model [44]. As bi-exponential fitting is
frequently used in the modelling of different tissue types, we assume

that a two-compartment model of IVIM is a good approximation:

= ⋅ − ⋅ + + − ⋅ − ⋅S
S

f b D D f b Dexp [ ( * ¯)] (1 ) exp [ ¯],
0 (9)

where f is the perfusion fraction, D̄ is the conventional mean diffusion
coefficient, and D* is the pseudo-diffusion coefficient representing the
microcapillary random flows. It is well known that the bi-exponential
fitting procedure is unstable [25,45,46]. To carefully extract the IVIM
parameters from Eq. (9) we applied a three-step algorithm using an in-
house Matlab script (The MathWork, Natick, USA):

• Initially, the estimation of the conventional diffusion coefficient D
was done by using a linearised Eq. (4) and b-values: b=200 and
500 s/mm2;

• Next, for the fixed diffusion D in Eq. (9), a constrained optimisation
was used based on the interior-point algorithm [47]; the constraints
are ⊂ × −D* [1; 50] 10 3 mm2/s and ⊂ −f [10 ; 0.3]5 .

• If physically meaningful values could not be obtained from the
previous step, we repeated the constrained optimisation algorithm
based on the interior-point method including S0 as an unknown
variable.

The chosen approach of IVIM metric estimations has been shown to
be efficient compared to other algorithms [48,49]. Another estimation
of IVIM metrics, in particular, in the case of low signal-to-noise ratio,
can be implemented using Bayesian approaches [50,51]. In our ex-
perimental setup the signal-to-noise ratio was high enough across all
brain regions, i.e. it allows us to use a simple numerical implementation
in contrast to widely popular Bayesian methods [27,52]. To consider
the influence of fast intra-voxel flows on the estimated IVIM metrics
[23], we assumed that flow-based shifts in IVIM parameters are sig-
nificant at very low b-values. If in the fitting procedure we reject the
low b-values, namely below 100 s/mm2, then we can decrease the in-
fluence of flow-based artefacts. Repeating the same analysis performed
for the full b-value range we could estimate the influence of flow-based
bias to the IVIM values. Below we used following notations: Protocol I is
for the full range of b-values, and Protocol II is for the reduced b-value
range that to demonstrate the analysis difference based on the flow
compensation.

After the estimation of the IVIM metrics in diffusion space, we
coregistered obtained scalar maps (f-, D*-, and D-images) to the T2-
weighted Montreal Neurological Institute (MNI) template image using
cubic spline interpolation. In order to find the most accurate matrix of
transformation along the coregistration procedure, we used the b=0 s/
mm2 image of the diffusion dataset and two-step coregistration. Firstly,
the coregistration was performed using the FLIRT utility of the FSL
package [53] with normalised mutual information as a criterion fit in
the case of affine transformation. Then, we applied nonlinear trans-
formation using the FNIRT utility of the FSL package [54]. For further
segmentation, we used grey (GM) and white matter (WM) masks pro-
vided by the MNI atlas. Additionally, we used the freely accessible brain
vessel atlas [36] aligned in the MNI space. Afterwards, all coregistration
steps were visually inspected in order to detect any misalignment.

3. Results

The signal decays averaged over different regions of interest are
presented in Fig. 2. The GM and WM regions with signal decays were
manually chosen for three volunteers. To provide comparable results
among the subjects we chose for WM a corpus callosum region and for
GM a region of cerebral cortex located over left and right Broca's areas.

Fig. 3 shows example slices of in vivo IVIM metrics obtained by the
bi-exponential fitting in Eq. (9): diffusion coefficient (D), perfusion
fraction (f), and pseudo-diffusion coefficient (D*) metrics. The pseudo-
diffusion coefficients and perfusion fractions are presented for Protocols
I and II, in order to demonstrate the quantitative difference between
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estimated IVIM metrics produced by full and flow compensated b-value
ranges. A quantitative parametrisation of the metric distribution is ac-
companied by the corresponding histograms. Data for other volunteers
are presented in the Supplementary materials(Fig. S1).

In Fig. 4, we presented correlations between diffusion coefficients
obtained from FAMEDcos and PFG sequences (Fig. 4a) and IVIM me-
trics from Protocol I and II (Fig. 4c) for one volunteer. For each scatter
plot, we computed the Pearson correlation coefficient between metrics
derived from FAMEDcos and PFG data and between Protocols I and II,
respectively. In order to eliminate the influence of coil sensitivity on the
estimated metric, we chose 60 axial slices of the brain. Further statis-
tical analysis was based on the IVIM metrics averaged over each axial
slice in accordance with chosen masks such as WM or GM MNI masks.
The slice position is encoded by the colour map (see Fig. 4b). This type
of slice metric averaging was used in the next section of results as well.

Fig. 5 presents correlations between IVIM scalar metrics derived
from FAMEDcos data and vessel density atlas for voxels from GM and
WM. Similar to Fig. 4, we performed slice averaging metrics for scalar
metrics and vessel density map. In order to decrease the influence of the
slice metric variability, we applied a robust regression algorithm using

the robustfit-function of Matlab. The robust fitting is plotted as lines for
each metric taking into account Protocol II only. Similar results for
Protocol I are presented in the Supplementary materials(Fig. S2).

To assess a possible influence of large and middle vessels on the
IVIM scalar metrics, namely, the perfusion fraction, pseudo-diffusion
coefficient and conventional diffusion coefficient, we built two char-
acteristic datasets for GM and WM regions: we superposed the GM or
MW masks with the vessel atlas [36] and marked coincided metrics (so-
called in-mask) and metrics located in GM or WM, but not in the atlas
(so-called out-mask). The examples of in-mask and out-mask values are
presented in Fig. 6. The resulting scatter plots for Protocol II and slice
averaged metrics are presented in Fig. 6 for three volunteers. Similar
results for Protocol I are presented in the Supplementary materials(see
Fig. S3).

In order to provide a statistical comparison between in- and out-
mask metrics in Fig. 6 we applied Mann-Whitney U-tests for all subjects.
The Mann-Whitney U-test allows one to compare mean values from two
datasets without an assumption that the data are normally distributed.
The statistical comparisons were performed using Matlab function
ranksum. For diffusion coefficients in WM, the in-mask values are higher

Fig. 2. Averaged signal decays after performed post-processing corrections of the data for three volunteers. Two different regions are manually chosen in grey and
white (red/blue, respectively) matter for each volunteer. The results are presented for both pulse sequences FAMEDcos (solid line) and PFG (dashed line). (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 3. An example of estimated IVIM scalar metrics using FAMEDcos sequence and two Protocols I (b, d) and II (c, e). We manually chose one slice and plotted its
metric histograms: a) ordinary diffusion coefficients; b, c) pseudo-diffusion coefficients; d, e) perfusion fractions.
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with p< (6 ⋅ 10−7;2 ⋅ 10−7;3 ⋅ 10−9) for I, II and III volunteers, re-
spectively. In the case of GM, the diffusion coefficients are higher in in-
mask area with p< (3 ⋅ 10−6;4 ⋅ 10−4;5 ⋅ 10−6). For pseudo-diffusion
coefficients in WM, the in-mask values are significantly higher for one
volunteer only; for GM case, two volunteers exhibited the higher
pseudo-diffusion values in the in-mask area (see Fig. 6). However, the

perfusion fractions for WM and GM in-mask values are significantly
higher for all participants with p< (2 ⋅ 10−9;3 ⋅ 10−13;1 ⋅ 10−16) and
p< (6 ⋅ 10−6;5 ⋅ 10−3;2 ⋅ 10−4), respectively.

Fig. 4. Scatter plots of the diffusion coeffi-
cients between FAMEDcos and PFG se-
quences (a) and IVIM metrics obtained by
two Protocols I and II (c). The colours en-
code axial slice positions for slice-averaged
values (b). The dashed black line corre-
sponds to the identity line. The slice aver-
aging is performed using GM and WMmasks.
The Pearson correlation coefficients are
presented on top of each scatter plot frame.
(For interpretation of the references to
colour in this figure legend, the reader is
referred to the web version of this article.)

Fig. 5. Correlation of IVIM scalar metrics and vessel density atlas for WM (left) and GM (right). For each volunteer (I, II, and III, respectively) we evaluated the
Pearson correlation coefficients and fitted the data dependence using a robust regression algorithm.
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4. Discussion

The scalar perfusion metrics based on IVIM approach still attract
researchers' interest. One reason for this is the absence of a commonly
accepted IVIM perfusion model in the human brain explaining and
predicting the microcapillary architecture from measured signal at-
tenuation. Therefore, an additional theoretical description of the

perfusion processes for IVIM and novel experimental facts are needed
and might shed light on the problem. Research and clinical IVIM pro-
tocols frequently require the acquisition of at least three orthogonal
diffusion directions with multiple b-values in order to accurately eval-
uate the bi-exponential signal decomposition, taking into account re-
peated measurements that to increase the signal-to-noise ratio and
avoid an influence of possible imaging artefacts. Such an approach has

Fig. 6. Scatter plots between the IVIM scalar metrics covaried with large and middle vessel locations in the brain. The vessel atlas is produced by Viviani [36]. Two
data groups were used by a conjunction of GM and WM masks with the vessel atlas: in-mask values belong to both spaces: GM (blue-light blue) or WM (yellow-red)
and the vessel atlas (green); out-mask values belong only to GM or WM regions, but not to the vessel atlas. Data are presented for Protocol II. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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clear limitation in time, in particular, at ultra-high field MRI where the
magnetic field exposure and specific absorption rate constraint [55] can
be a problem. An increasing spatial resolution of conventional diffusion
MRI brings additional confounds by the increased influence of sus-
ceptibility effects to the correct choice of the diffusion gradient direc-
tions. Thus, single-shot imaging techniques such as isotropic diffusion
weighted sequences [34,35] might offer a solution. In turn, isotropic
diffusion weighted sequences should possess a few important features:
simple scanner-based implementation, robustness to eddy-currents and
susceptibility-based distortions, a wide spectrum of the accessible b-
values and diffusion times, and to demonstrate reliable rotational in-
variant metrics [56]. Recently proposed pulse sequences based on ori-
ginal (co)sine modulations allowed us to achieve the above mentioned
features [34,35]. As a result, we demonstrated a proficiency of the
application of isotropic diffusion weighted sequences for in vivo perfu-
sion measurements in the human brain at ultra-high field MRI.

A quantitative comparison of the results between developed se-
quence FAMEDcos and conventional PFG demonstrated good mutual
agreement. We found a high correlation between mean diffusivities
obtained by both sequences (see Fig. 4a). Interestingly, the linear cor-
relations are very good for both GM and WM areas. The averaged dif-
fusion coefficients are increasing along the axial slice shift from the
corpus callosum region up to the top axial cortical slices. However,
centres of mass of data distributions for WM and GM are localised at the
well-known mean values: 0.9× 103mm2/ms and 1.5×103mm2/ms,
respectively (see also Fig. 3). Though, the FAMEDcos diffusion coeffi-
cients are in feasible range, the correlations gave higher FAMEDcos
values in comparison to the PFG metrics. This discrepancy may have
originated from unoptimal selection of PFG diffusion directions and
requires additional tests with a more accurately established PFG/FA-
MEDcos protocol at 7T. At the same time, conventional diffusion
coefficients were estimated from quite small b-values (200 and 500 s/
mm2), which might have led to the biased estimations, i.e. use of higher
b-values could improve the assessment.

Analysis based on the flow-compensated Protocol II demonstrated
the same behaviour of IVIM metrics as in the case of Protocol I (see
Fig. 3). We applied the FAMEDcos sequence in the so-called diffusion
limit [27], when the intricate effect of the perfusion processes should be
negligible [20,31]. It is worth mentioning, that the isotropic character
of diffusion weightings in the applied sequences allowed us to avoid a
possible effect of perfusion anisotropy [31,29] at the chosen spatial
resolution. Consequently, it allowed us to work with correctly isotropic
averaged metrics of microcapillary networks. At the same time, our
hypothesis about the flow compensation by shortened b-value range
found a reasonable confirmation (see Figs. 3 and 4c). The perfusion
fraction in both cases for Protocol I and II possessed very high corre-
lations, but in the case of Protocol II the fraction metrics are decreased
for WM and GM. On the contrary, the pseudo-diffusion values are al-
most linearly correlated for WM, and close to such dependence in the
case of GM. Thus, the shortened b-value range could be a good ap-
proximation of flow compensated sequences.

From brain anatomy it is known that the cortical GM regions are a
highly vascularisated medium [57]. The fraction of both large and
middle veins and arteries is reducing along to the deeper brain struc-
tures [36,58]. Besides that, an effect of the reducing microcapillary
network and its density along the main vessels for WM/GM should be
detectable by the IVIM approach as well. In order to test our hypothesis
that IVIM scalar metrics might correlate with the large and middle
vessel density and location, we separated the scalar metrics into two
groups in GM and WM regions: crossed with anatomical masks (seg-
mented GM or WM) and vessel atlas and inverted regions, i.e. in-mask
and out-maskmetrics, respectively (see Fig. 6). We assumed that regions
with a high vessel density should possess dense microcapillary networks
as well. As a consequence, higher perfusion fractions can be detected
and localised. A reasonable verification of this hypothesis can be the
same statistical behaviour of the flow-compensated Protocol II as well.

This statistical comparison is presented in Fig. 6. We can claim that GM
regions fully support our idea and perfusion fractions (proportional to
the microcapillary density) are higher for in-mask areas, in particular,
for Protocol II case. A similar effect is detectable for the WM regions.
Surprisingly, the pseudo-diffusion coefficients show an alternating be-
haviour depending on the volunteer. However, this effect can be ex-
plained by lower reliability of the pseudo-diffusion coefficient estima-
tions due to bi-exponential fitting [19]. Interestingly, the presence of
large and middle vessels influenced the conventional diffusion coeffi-
cient as well (see Fig. 6), in particular, the regions with grey matter.
The significant difference of diffusion coefficients between in- and out-
masks might be a sign for additional effect influencing on the DTI me-
trics, such as perivascular space with corresponding convection pro-
cesses [59].

In order to validate our hypothesis that the presence of vessels
biases scalar metrics, we evaluated the direct correlation between scalar
metrics and a vessel density atlas (see Fig. 5). It is clear that conven-
tional diffusion metrics are independent of the vessel density. In turn,
the same results are obtained for the perfusion fraction in GM, in par-
ticular, using Protocol II and pseudo-diffusion coefficient in WM. Non-
significant variations of IVIM metrics can be observed for other cases.
Thus, we can conclude that the vessel density itself does not correlate
with IVIM metrics.

In our opinion, the strong correlations between the vessel density
atlas and the perfusion fraction allows one to perform an indirect es-
timation of the microcapillary architecture, i.e. microcapillaries are
concentrated around middle and large vessels. Besides this, we can
assert that the density vessel atlas might be a helpful additional variable
in perfusion studies, in particular, for a neuronal activation problem
and functional MRI due to the relation between the cerebral blood flow
and neuronal density [60]. In fact, we assume that IVIM demonstrates
only a qualitative perfusion effect but the estimated IVIM scalar metrics
have the considerable variations depending on the subject or applied
evaluation algorithm [61]. For example, an attempt to estimate the
cerebral blood flow [12,62,13] led to the overestimated values in the
studies comparing to other methods. Another possible reason for IVIM
metric variability is the recently introduced paravascular space [63]
where the convection lymphatic processes are slower compared to the
vessel blood flows and might influence on IVIM scalar metrics. Thus,
IVIM might be sensitive to additional extra-cellular space covarying
with large and middle vessels. As a consequence, a more accurate
mathematical model of signal attenuation in the case of IVIM is needed.

4.1. Limitations

Possible limitations of the present results are the low number of the
subjects and coarse spatial resolution. Increasing the number of subjects
should allow us to perform an accurate statistical analysis based on
specific anatomical regions, for example, to analyse the difference be-
tween deep and cortical brain structures in order to support a hy-
pothesis of importance of large and middle vessels as a possible IVIM
covariance. At the same time, increasing spatial resolution should in-
troduce an effect of microcapillary anisotropy and its influence to the
IVIM signal, for instance, applying reduced field of view methods using
optimal control algorithms [64,65]. It is, in particular, important due to
a presence of partial volume effect with cerebrospinal fluids. The voxels
with significant percentage of CSF might introduce a significant bias in
IVIM metric estimation due to problematic bi-exponential fitting [44].
Another confounding effect could be relaxation time, namely, T2 which
shortens along the increasing magnetic field. Thus, the pulse sequence
with reduced echo time might improve the situation. Last but not least,
we need to perform an accurate and exact validation of flow-based
compensations using a reduced b-value range with correctly im-
plemented gradient-based approaches [23].
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5. Conclusion

This study demonstrates an application of isotropic diffusion
weighted IVIM scalar metrics in brain perfusion imaging at ultra-high
magnetic fields. Advantages of the obtained IVIM scalar metrics include
higher signal-to-noise ratio, a very fast measurement procedure, and
suppression of possible anisotropic contributions of microcapillary
network. As a result, we found a high correlation of large and middle
vessel density with IVIM metrics and conventional diffusion coefficients
in the human brain. We anticipate that our isotropic diffusion weighted
approach can find applications in other imaging areas such as breast
and abdominal MRI, or in other cases where a rapid acquisition is a
decisive point, for instance, fMRI or hyperpolarisation measurements.
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