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Abstract
Purpose:

Applications of IVIM in the brain are scarce whereas it has been successfully applied in
other organs with promising results. To better understand the cerebral IVIM-signal, the
diffusion properties of the arterial blood flow within different parts of the cerebral vascular
tree, i.e. different generations of the branching pattern, were isolated and measured by
employing an ASL-preparation module before an IVIM read-out.

Methods:

ASL preparation was achieved by Ti-adjusted time-encoded pseudo-continuous ASL (te-
pCASL). The IVIM read-out module was achieved by introducing bipolar-gradients
immediately after the excitation pulse. The results of ASL-IVIM were compared with those
of conventional IVIM to improve our understanding of the signal generation process of
IVIM.

Results:

The pseudo-diffusion coefficient D* as calculated from ASL-IVIM data was found to
decrease exponentially for PLDs between 883ms and 2176ms, becoming relatively stable
for PLDs longer than 2176ms. The fast compartment of the conventional [IVIM-experiment
shows comparable apparent diffusion values to the ASL-signal with PLDs between 1747ms
and 2176ms. At the longest PLDs the observed D*-values (4.0+£2.8x10 mm?/s) are ~4.5
higher than the slow compartment (0.90+0.05x10° mm?/s) of the conventional IVIM-
experiment.

Conclusion:

This study showed much more complicated diffusion properties of vascular signal than the
conventionally assumed single D* of the perfusion compartment in the two-compartment
model of IVIM (bi-exponential behavior).
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Introduction:

Cerebral perfusion is considered an important physiological parameter and perfusion
measurements play a more and more important role in the diagnosis of various
neurovascular diseases as well as in understanding the mechanisms underlying these
diseases (1-3). Perfusion imaging can be achieved by four major magnetic resonance
imaging techniques, i.e. dynamic susceptibility contrast MRI (DSC-MRI) (4,5), dynamic
contrast enhanced MRI (DCE-MRI) (6), arterial spin labeling (ASL) (7,8) and intravoxel
incoherent motion imaging (IVIM) (9,10). Whereas the first three have been widely and
successfully implemented in the brain, studies with IVIM are still scarce for cerebral
applications. However, attention on IVIM has regained significant interest during the last
decade (11-16) and it has been implemented in various organs with promising results
(17,18). The fact that application of IVIM in the brain is still lagging behind, could
probably be attributed to the small cerebral perfusion fraction, ~5% of the whole brain
(12,19), resulting in low SNR.

In the 1980s it was proposed by Le Bihan et al. to measure perfusion by disentangling it
from diffusion processes and this approach was dubbed IVIM. The basic assumption of
IVIM was that blood flow in the capillaries, known as cerebral perfusion, can be considered
as a pseudo-diffusion process due to the random directions within the capillary network. A
two compartment IVIM model was proposed to separate the contribution of perfusion from
diffusion effects: a slow compartment with diffusion coefficient D of which the signal
decays slowly as a function of diffusion weighting (i.e., b-value) due to Gaussian dynamics;
and a fast compartment with a perfusion fraction f and pseudo diffusion coefficient D*,

where the signal drops much faster as a function of b-value due to pseudo-random capillary



blood flow. A main concern of the validity of this model is that a distribution of velocities
as well as non-random orientation could result in a more complex relation than the mono-
exponential assumption of the fast compartment as represented by the single D*. Concerns
on the validity of the IVIM approach arise also from the reported ratio of gray and white
matter CBF (~1.2 with IVIM), which are frequently too low compared to ratios of 2~4 as
observed by other techniques (DSC, ASL, O"-H2O PET) (14,15,20,21). Thus, this
approach and especially the model might be too simplified to accurately reflect the
underlying blood flow leading to quantification errors for the perfusion parameters. It is
important to keep in mind that IVIM provides measures of total blood flow instead of only
terminal deposition (22), and that the most stable hemodynamic parameter that can be
estimated reflects blood volume instead of blood flow; it provides therefore also
information similar to techniques like VASO (19). To better understand the IVIM-signal,
it would be advantageous to exclusively measure the diffusion properties of the arterial
blood flow and to do this for different sub-parts of the cerebral vascular tree, i.e. different
generations of the branching pattern. By employing an ASL-preparation module before an
IVIM read-out the signal of the blood pool can be isolated. The goal of the current study
is, therefore, to measure the diffusion properties of intra- and extravascular ASL-signal as
a function of post-labeling delay (PLD) time, with the PLD acting as a surrogate marker
for the level within the vascular tree from which the ASL-signal originates. Moreover, the
measured diffusion properties of the ASL-signal were compared to results from a

conventional IVIM acquisition.



Methods:
In this study, ASL preparation was achieved by time encoded pseudo-continuous ASL (te-
pCASL) which enables ASL-acquisitions at multiple post-labeling delay (PLD) times in a
time-efficient manner (23,24). In te-pCASL, the traditional long labeling duration is
divided into several (eleven in this study) short blocks (also referred to as 'sub-boli') and
the label or control condition of each block is varied according to a Hadamard matrix
encoding scheme. After Hadamard decoding, perfusion images can be reconstructed for
each block that are similar to a traditional pCASL experiment with the labeling duration
equal to the duration of the specific labeling block and a PLD equal to the time between
the end of the block and start of readout (see Teeuwisse et al. (24) for detailed information
on the ability of this approach to separate signal from different sub-boli). Importantly, the
SNR of each reconstructed Hadamard-image is equal to the corresponding traditional
pCASL-scan with equal TR and total scan time.
The IVIM read-out module was achieved by introducing bipolar gradients immediately
after the 90° excitation pulse of the EPI acquisition, resulting in a flow induced phase
shift for moving spins. By increasing the gradient strength of the bipolar gradient, higher
effective b-values were obtained:
b =§72G253, (25)
¥ : gyromagnetic ratio,
G : magnitude of the diffusion gradient pulse;

O :duration of the diffusion gradient pulse.

Subjects:



Ten healthy participants aged between 20 and 52 years (4 females and 6 males, mean 30 +
8 years) were scanned on a 3 Tesla Achieva MRI scanner (Philips Healthcare, Best, the
Netherlands) using a 32 channel receive head coil. This study was part of a protocol
development project as approved by Leiden University Medical Center Committee for
Medical Ethics and informed consent was obtained from all subjects.

Acquisition:

For ASL-IVIM, ASL-preparation was based on a T1 adjusted te-pCASL scheme (order of
Hadamard matrix: 12; labeling block durations of 894, 579, 429, 340, 283, 241, 211, 187,
168, 153, 115 ms resulting in a total labeling duration of 3600 ms) which was adjusted to
compensate for T1 decay of label for each specific block based on an assumed T of blood
of 1650 ms. Adjustment of block-durations was performed to obtain approximately similar
SNR for all PLDs. The interval between the labeling and readout module was 49 ms.
Background suppression was included by two spatially selective FOCI pulses at 1925 ms
and 3120 ms after the start of labeling (24,26). IVIM readout was achieved by a bipolar
gradient (6=17.5 ms) with increasing values of G that corresponded to 8 b-values (0, 0.07,
0.15,0.6,3.8,10.5, 42, 168 s/mm? in the phase-encoding (anterior-posterior) direction) and

resulted in 8 velocity encoding (VENC) values (o, 7.5, 5, 2.5, 1, 0.6, 0.3, 0.15 cm/s;

27
VENC :1/31)5 ). The following parameters were used: single-shot EPI, 6 slices; slice

thickness 7 mm, voxel size 3.75 x 3.75 mm?, duration of each lobe of bipolar gradient 17.5
ms, total scan duration ~40 min (6 repeats for each b-value), TR 4020 ms, TE 44 ms.

For conventional IVIM, scans were performed with 30 b-values ranging from 0 to 800
s/mm? (0, 5, 7, 10, 20, 30, 40, 50, 60, 70, 80, 90, 100, 120, 140, 160, 180, 200, 250, 300,

350, 400, 450, 500, 550, 600, 650, 700, 750, 800 s/mm? in the phase-encoding (anterior-



posterior) direction). The following parameters were used: single shot spin echo DWI, 6
slices, slice thickness 7 mm, voxel size 3.75 x 3.75 mm?, diffusion gradient separation time
34.5 ms, diffusion gradient duration 9.8 ms, total scan duration ~10 min (10 repeats for
each b-value).

Post-processing:

All the data were motion corrected and coregistered in SPM, then further analyzed in
Matlab, the Mathworks. For ASL-IVIM, the images were Hadamard decoded and the ASL-
signal averaged over the whole brain gray matter mask was fitted as a function of b-value
to a mono-exponential model:
S(PLD, 1, b)/So=SasL(PLD, t)*exp(-b*D*),

To further distinguish the intra- and extra vascular contributions to the ASL-signal, an
alternative two-compartment, bi-exponential model was implemented following the work
of Silva et al. (11) and Wells et al. (27):

S(PLD, 1, b) =SasL intra(PLD, T)*exp(-b*Dintra)+ SASL extra(PLD, T)*exp(-b*Dextra)
SasL(PLD, t), SasL intra(PLD, ), SAsL extra(PLD, 1) are the amplitude of the total ASL signal,
and the ASL signal of respectively the intra-vascular and extra-vascular compartment, for
a certain PLD and labeling duration (t) without any diffusion weighting; Dintra and Dextra
are respectively the pseudo-diffusion coefficient of the intra-vascular and extra-vascular
compartment. To stabilize the fit of the two-compartment, bi-exponential model
initialization values for SASL intra, SASL extra, Dintra and Dextra Were obtained as the mean fitted
value from the bi-exponential model with 100 different initiation values using the Nelder-
Mead search method (function fminsearch, MATLAB, The MathWorks). Subsequently,

SASL intra, SASL extra, Dintra and Dextra Were obtained from the bi-exponential fitting using the



initialized values. The whole brain gray matter mask was created by manually thresholding
the perfusion weighted images without diffusion weighting. For conventional IVIM, firstly,
the signals with b >=200 s/mm? were isolated and fitted to a mono-exponential model to
estimate the diffusion coefficient D. Secondly, the signals with all b-values were further
fitted to a bi-exponential model, while keeping D fixed at the previously estimated value:
S(b)/So=feexp(-b*D*)+(1-f)*exp(-b*D),

D is the diffusion coefficient of the slow component, D* is the pseudo-diffusion coefficient,
f is the perfusion fraction, So is the signal intensity at b=0. IVIM-perfusion signal was
isolated by subtracting the mono-exponential signal of the slow-diffusion compartment (D)
from the total signal. In order to test whether Dextra (averaged over the two longest PLDs,
i.e. 2176 and 2755 ms) acquired by ASL-IVIM and D in the slow compartment acquired
by conventional IVIM were significantly different from each other, statistical testing was
performed using a Student's paired sample t-test. Similarly, it was tested whether the Dintra
at PLD of 883 ms (where the intravascular ASL-signal reached maximum signal intensity)

was different from D* of conventional IVIM.



Results:

Figure 1 shows as an example of the Hadamard decoded, ASL prepared IVIM images of
one subject; these images show in the columns the different sub-boli (each having a specific
labeling duration and PLD), whereas the different b-values are displayed in the row-
direction. The first column of Figure 1, with a b-value of zero, shows a series of
conventional multi-phase ASL images in which the labeled spins are seen to be flowing
from the large and medium-sized arteries, further down into the vascular tree, while finally
entering the microvasculature and tissue-compartment. Up to a PLD of 1407 ms an
approximate constant whole brain-averaged signal intensity can be observed, showing that
the Ti1-adjusting scheme did perform as expected. However, for the last three PLDs a drop
in signal intensity was observed.

For each row it can be appreciated that the overall signal intensity of the ASL-IVIM images
are decreasing for higher b-values. For short PLDs, when the ASL-label still resides within
the vasculature, little or no signal is observed for high b-values. For longer PLDs, when
the inverted spins are entering the brain tissue compartment, ASL-IVIM signal is also
preserved for the higher b-values.

Figure 2 shows the average over all 10 subjects the normalized ASL-IVIM signal in whole
brain gray matter (the signal of the sub-bolus divided by the corresponding labeling
duration to calibrate the ASL-signal for the amount of label as created for that sub-bolus)
as a function of PLD showing a clear “Buxton-curve” (28): the ASL signal increases as the
inverted spins enter the imaging voxel, whereas for longer PLDs the signal decreases due
to longitudinal relaxation and outflow of the inverted spins. Additionally, within the same

graph the dependency of the ASL-IVIM signal as a function of b-value is depicted, also



showing an mono-exponential fit of the data (Supporting Figure S1 shows both mono- and
bi-exponential fits to the ASL signal as a function of b-values for each individual PLD).
For the shortest PLD no fit could be made, since insufficient amount of label had entered
the imaging slice leaving too little signal for even the lowest b-values.

Figure 3 shows for the different PLDs, averaged across all subjects, the pseudo-diffusion
coefficient D* (a) and the natural logarithm of D* (b) as obtained from the mono-
exponential fit to the ASL-IVIM data, Dintra (¢), the natural logarithm of Dintra (d), Dextra (€)
and the natural logarithm of Dextra (f) as obtained from the bi-exponential fit. The observed

D*-values at the longest PLDs was found to be 4.0 = 2.8 X 10~ mm?/s using mono-
exponential model, and Dexira was 1.9 + 1.4 X 107> mm?/s using the bi-exponential model.

The quantified values from conventional IVIM were found to be: f=0.10+0.02, D =0.90
£ 0.05 (10 mm?/s), and D* = 11.8 £ 1.7 (10 mm?/s). D* at the longest PLDs (averaged
over the two longest PLDs, i.e. 2176 and 2755 ms) of ASL-IVIM was statistically
significant different from the slow compartment (D) of conventional IVIM (p=0.007),
similarly a significant difference was found between extravascular D at the longest PLDs
and the slow compartment D of conventional IVIM (p=0.045). Moreover, the intravascular
D at the PLD of 882 ms (when the intravascular ASL-signal reached maximum signal
intensity, Dinra=10.7 £ 11.5 mm?/s) was much higher than the fast compartment D* (11.8
+ 1.7 X 10 mm?/s) of conventional IVIM (p=0.016).

Figure 4 shows the time-course of the total ASL signal as well as the intra-vascular and

extra-vascular signals as obtained from the two compartment model. At short PLDs ASL-

signal is predominantly intravascular, whereas for PLDs>1407 ms the majority of signal is



from the extra-vascular compartment. Interestingly, even at the longest PLDs a small
amount of ASL-signal originates from the intra-vascular compartment.

Figure 5 shows the fitted, normalized signal using the mono-exponential model (a), the
intra-vascular signal (b) and extra-vascular signal (c) using the two-compartment bi-
exponential model acquired by ASL-IVIM as a function of b-values for different PLDs as
well as the fast and slow compartment of conventional IVIM. The fast compartment of the
conventional IVIM-experiment shows comparable apparent diffusion values to the ASL-
signal with a PLD between 1747 ms and 2176 ms using mono-exponential model and with
a PLD between 1407 ms and 1747 ms in the extra-vascular compartment using bi-

exponential model. .



Discussion:

In this study, the diffusion properties of the arterial blood compartment were measured by
monitoring the passage of the inverted blood in time by means of an ASL preparation. By
using a te-pCASL-preparation module before the IVIM readout, different parts of the
vascular tree are sampled by effectively creating a multi-PLDs ASL dataset in a time-
efficient manner. To better understand the signal generation of conventional IVIM, the
results of ASL prepared IVIM were compared with results obtained by conventional IVIM.
Using mono-exponential fitting for the ASL-IVIM, D* as calculated from ASL-IVIM data
was found to be highly dependent on the PLD. D* at very short PLDs (smaller than 600
ms) could not be fitted due to the low amount of signal present for even the lowest b-values.
Very high D*-values of 8~13 mm?/s were observed for PLDs of 672~883 ms, which can
be explained by ASL-signal being present in larger arteries for these short PLDs. For longer
PLDs the labeled blood travels further down the vascular tree with D* decreasing
exponentially for 883 ms<PLD<2176 ms (Figure 3), suggesting that more and more of the
ASL-signal originates from the microvasculature or even originates from the extravascular
compartment of the brain tissue. Finally, for PLD> 2176 ms the D* remains relatively
stable suggesting that the inverted spins have extravasated into the extravascular
compartment and therefore reflects diffusion in tissue. However, the fact that at the longest

PLDs the observed D*-values (4.0£2.8 X 10 mm?/s) are still a factor ~4.5 higher than
the diffusion coefficient of the slow compartment (0.90+£0.05 X 10° mm?/s) of the

conventional IVIM-experiment, seems to contradict this explanation. This might indicate

that the extravascular compartment into which the ASL-signal accumulates, is only a sub-



part of the compartment that is probed by the slowly-diffusing signal of the IVIM
experiment.

A two-compartment, bi-exponential model was also performed to further distinguish the
contributions from the intra-vascular and extra-vascular compartments. Similar results
were found as from the mono-exponential model, while the bi-exponential fitting describes
the ASL signal as a function of b-value more accurately (Supplementary Figure 1). Intra-
vascular D (Dintra) and extra-vascular D (Dextra) were highly dependent on PLDs, reaching
a plateau at long PLDs. The averaged Dextra at long PLDs (PLD>2176 ms) was found to be
~1.9+1.4 X 10" mm?/s, which is two times lower than the D* using the mono-exponential
model (~4.0+2.8 X 10> mm?/s). This lower value could be explained by the fact that the
mono-exponential model is indeed a too simplified approach, resulting in a weighted
average between diffusion properties of the intra- and extravascular ASL-signal. But the
Dextra is still two times higher than the diffusion coefficient of the slow compartment
(0.90£0.05 X 10 mm?s) of the conventional IVIM-experiment, which might again
indicate that the ASL-signal does not exchange with the complete extravascular
compartment, but with only a sub-part.

The signal from the fast compartment as detected by the conventional [VIM scan shows an
intermediate D*-value corresponding to the ASL-IVIM signal for a PLD between

1750~2176 ms (see figure 5.a). The root mean squared displacement (RMSD) of ASL-

IVIM calculated as +2*D*¢ is found to be ~12 microns, while RMSD calculated as

/ o
Z*D*(A_E) for conventional IVIM is found to be ~7 microns in the slow

compartment and ~27 microns in the fast compartment. This might indicate that the IVIM



signal does not only originate from the microvasculature, but also reflects a considerable
amount of vascular signal, considering the fast decrease of D* as observed for PLDs
smaller than 2176 ms.

A similar approach referred to as DW-ASL that employed an ASL-preparation module
followed by a spin-echo diffusion weighted imaging module was proposed by Silva et al.
(11) and subsequently applied by St. Lawrence et al. (29) and Wang et al. (30). Whereas,
only Wang et al. provided a direct comparison between ASL-IVIM and conventional IVIM
data, this was not performed at as many PLDs as this study and did therefore provide little
information on the origin of the IVIM-signal within the vascular tree. These studies were
primarily aimed at measuring the exchange of arterial spin labeled water from the intra- to
the extra-vascular compartment and thus to measure the exchange rate of water across the
blood-brain-barrier. A similar approach was adopted by Duong et al. (31), who instead of
using the arterial blood as endogenous tracer, injected perfluorocarbon 19F as an intra-
vascular tracer to measure the diffusion properties of the arterial and venous blood volume
compartments in rats. Our study instead aimed to investigate the origin of conventional
IVIM signal by investigating the ASL signal as a function of b-value while the blood
traverses through the vascular tree. Due to the use of time-encoded pCASL the diffusion
properties of the ASL-signal could be obtained in a highly time-efficient manner for many
different PLDs. When we compare our results for PLDs<1747 ms with the results of St.
Lawrence's study in which the perfusion signal was measured as a function of b-value for
only 4 PLDs ranging from 900 ms to 1800 ms, a good agreement can be observed. In our
study, we also measured with longer PLDs showing that conventional IVIM measures an

intermediate D*-value as compared to ASL-IVIM.



The mean whole brain perfusion signal was rather stable for PLDs smaller than 1750 ms,
which can be attributed to the Ti-adjusted time-encoded labeling scheme that was designed
to preserve signal-to-noise ratio (SNR) by compensating for loss of signal due to Ti
relaxation by increasing the sub-bolus labeling duration. For the reconstructed ASL-images
with the three longest PLD a drop of signal intensity can be observed what can be explained
by the fact that the ASL signal will relax with the Ti of tissue for these longer PLDs since
some of the inverted spins will have exchanged into the tissue (compare the T of 1200 ms
in gray matter with the blood T1 of 1650 ms employed in the design of the Ti-adjusting
scheme).

A limitation of the current study is that all gradients for the IVIM readout module were
along a single direction (the phase-encoding direction), which may underestimate the
complexity of the blood flow in capillaries and also the directional flow for shorter PLDs.
A recent study by Wells et al. (27) applied motion sensitizing gradients in three directions
in an ASL prepared IVIM technique to investigate cerebral microvascular flow patterns in
rats, showing that ASL-IVIM has the ability to capture important information on the
architecture of the microvascular bed. Including more than one direction for the IVIM
gradients would improve the information content of the ASL-IVIM scans, but it would also
increase the scan duration significantly. It is important to note that in this study, the
direction of the IVIM gradient was identical for both the ASL-IVIM and the conventional
IVIM experiments, resulting in a fair comparison. With the current ASL preparation that
allows time-efficient acquisition of multi-phase ASL signal, the amount of the labeled
blood in the different levels of cerebral vascular tree cannot be explicitly quantified. With

the more complete, second model an estimate was obtained for the intra- and extravascular



components of the ASL-signal, but by combining the current approach with a TRUST-
module to measure the T2 of the ASL-signal (32,33), even more information on the spin-

compartment could potentially be obtained.

Conclusion:

In this study, ASL-IVIM was successfully employed to study the diffusion characteristics
of the arterial blood flow. This study showed much more complicated diffusion properties
of vascular signal than the conventionally assumed single compartment, mono-exponential
behavior in IVIM.
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Figure 1: Hadamard-decoded ASL prepared IVIM images for different PLDs (in rows) and

different b-values (in columns).
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Figure 2: Time-courses of normalized perfusion-signal (Hadamard-decoded ASL-IVIM
signal divided by labeling duration) in gray matter as a function of post-labeling delay
(PLD) as depicted by the black curve with red square markers, a smooth interpolation was
performed to improve the visualization. For each PLD the ASL-signal for different b-
values has been plotted on top (blue). A zoomed version of the ASL-signal as a function

of b-value is shown in the top-right corner.
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Figure 3: For different PLDs, the pseudo-diffusion coefficient D* (a) and natural logarithm
of D* (b) as obtained from the mono-exponential fit to the ASL-IVIM data, Dintra (¢),
natural logarithm of Dintra (d), Dextra (€) and  natural logarithm of Dextra (f) as obtained from

the bi-exponential fit. The error bars represent the standard-error of the mean values among

the subjects.



I === inira-vascular signal
15 1
l =i} extra-vascular signal
T :
~ total ASL signal
3
=
- 10
Eﬂ
w
-
Z
5
= : . .

0 500 1000 1500 2000 2500 3000
PLD (ms)

Figure 4: Time-course of the total ASL signal as well as the intra-vascular and extra-

vascular signal. The error bars represent the standard-error of the mean values among the

subjects.
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Figure 5: Fitted and Normalized signal using the mono-exponential model (a), the intra-
vascular signal (b) and extra-vascular signal (c) using the two-compartment bi-exponential
model acquired by ASL-IVIM as a function of b-values for different PLDs as well as the

fast and slow compartment of conventional IVIM.
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Supporting Figure S1: Data fitting of the ASL signal (blue) as a function of b-values at
each individual PLDs using both mono-exponential (purple) and bi-exponential (red)

model.



