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Abstract: A fundamental limitation of fMRI based on the BOLD effect is its limited spa-
tial specificity. This is because the BOLD signal reflects neurovascular coupling, leading
to macrovascular changes that are not strictly limited to areas of increased neural ac-
tivity. However, neuronal activation also induces microstructural changes within the
brain parenchyma by modifying the diffusion of extracellular biological water. Therefore,
diffusion-weighted imaging (DWI) has been applied in fMRI to overcome BOLD limits
and better explain the mechanisms of functional activation, but the results obtained so
far are not clear. This is because a DWI signal depends on many experimental variables:
instrumental, physiological, and microstructural. Here, we hypothesize that the γ parame-
ter of the fractional diffusion representation could be of particular interest for DW-fMRI
applications, due to its proven dependence on local magnetic susceptibility and diffusion
multi-compartmentalization. BOLD fMRI and DW-fMRI experiments were performed at
3T using an exemplar application to task-based activation of the human visual cortex. The
results, corroborated by simulation, highlight that γ provides complementary information
to conventional diffusion fMRI and γ can quantify cellular morphology changes and neu-
rovascular regulation during neuronal activation with higher sensitivity and specificity
than conventional BOLD fMRI and DW-fMRI.

Keywords: fMRI; diffusion; ADC; non-Gaussian diffusion; fractional diffusion; visual
cortex; internal magnetic field gradients; magnetic susceptibility
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1. Introduction
Functional MRI (fMRI) is crucial for studying brain function [1]. It allows researchers to

map neural activity in response to different cognitive and sensory tasks, providing valuable
insights into brain connectivity and functional organization. On the other hand, diffusion
MRI [2,3] is essential for investigating the brain’s microstructure by tracking the movement of
biological water molecules. It enables the reconstruction of neural pathways and the assess-
ment of structural integrity to study neurodevelopment, aging, and neurological disorders.

A key limitation of fMRI, which is based on the blood-oxygen-level-dependent (BOLD)
effect, is its limited spatial specificity. This arises because the BOLD signal is related to
the neurovascular coupling, which leads to macrovascular changes that are not strictly
confined to the regions with increased neural activity [4–7].

The origin of the BOLD fMRI effect lies in the different magnetic properties of oxy-
hemoglobin, which is approximately isomagnetic relative to tissue, and deoxy-hemoglobin,
which is slightly paramagnetic relative to tissue [8]. The magnetic susceptibility difference
(∆χ) decreases during activation due to changes in the relative amounts of oxy- and deoxy-
hemoglobin. This, in turn, leads to an increase in T2 and T2*, resulting in an enhanced
BOLD signal. The reduction in ∆χ during activation [9] is associated with a reduction in
internal magnetic field inhomogeneities (called internal or background gradients) Gi.

However, the brain parenchyma also contains some other microstructural changes
associated with neuronal activation. For example, cell swelling and membrane expansion
involving neural soma, axons, and glial cells have been observed in vitro using invasive
techniques [10,11].

Considering the potential of diffusion techniques to infer microstructural changes
in vivo [12–14], diffusion-weighted imaging (DWI) techniques have also been applied in
the field of fMRI, the so-called DW-fMRI.

Early studies conducted at intermediate-to-low b-values revealed that the apparent
diffusion coefficient (ADC) time course closely mirrors the vascular BOLD signal, alongside
an observed increase in water ADC during activation. This phenomenon can be attributed
to the inverse dependence of ADC on Gi [15–17]. Moreover, DWI at b-values lower
than 500 s/mm2 has been used to eliminate the unwanted (mostly perfusion) signal from
arteries and large vessels [18,19], which can be spatially displaced from the site of neural
activity [20].

Other studies have proposed the hypothesis that DW-fMRI signals at high b-values
may be coupled to neuronal activity more directly than the regional blood flow, which is
exploited in conventional fMRI approaches [21,22]. Notably, instead of the usual increase
in ADC values during brain activation, using b = 1400 s/mm2, Darquie and Le Bihan [22]
found a synchronized decrease in ADC that was attributed to cell swelling induced by
enhanced neuronal activity, together with the suppression of the intravascular signal due
to high b-values. In subsequent studies using a bi-exponential diffusion model [23,24],
the feeble/moderate decrease in ADC was interpreted as an effect of small dilation of
the slow diffusion water compartment and a volume decrease in the fast diffusion water
compartment in the extravascular space.

While Le Bihan and co-workers in subsequent high-b-value experiments using drugs
to block the neurovascular effect have reinforced the hypothesis of ADC decrease being
associated with cellular swelling [25,26], other groups suggested that a large component of
the DW-fMRI signal at high b-values is vascular rather than neuronal [27,28]. Moreover, in
simultaneous calcium fluorescence imaging and DW-fMRI, no evidence was found that
diffusion signals directly correlate with normal spontaneous neuronal activity [29].

The abovementioned studies highlighting a transient decrease in water ADC during
activation were conducted using bipolar diffusion gradients and suitable strategies to
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eliminate the contribution of the Gi, such as using a high g strength [23,30] and diffusion-
sensitized double spin-echo EPI sequence [26]. Indeed, as underlined by Pampel [31], the
ADC increase due to ∆χ changes is in contrast to the minute effect suggested by Le Bihan.
Therefore, the Gi contributions in DW-fMRI measurements may mask or even cancel out
the effect of an ADC decrease [32,33]. In particular, Pampel showed that the interaction
between diffusion gradients and ∆χ-induced Gi around vessels has an impact on ADC
measurements and fMRI experiments [31].

However, using both low–medium and high b-values, activation maps are compatible
with conventional BOLD fMRI-derived maps, and the activated brain areas obtained
using DW-fMRI were reported to be more “localized” and detailed compared to BOLD
areas [18,23,26,34,35].

In contrast to conventional DWI approaches based on Normal Gaussian diffusion [36],
non-Gaussian models provide a superior intrinsic specificity and sensitivity to detect micro-
scopic tissue changes [37–41]. Indeed, a recent study showed the time dependence of the
diffusional kurtosis in neural activity in rodents [42], using higher b-values (b ≤ 2000 s/mm2)
than those used in previous studies and showing a greater sensitivity of the kurtosis parameter
to the neural activation.

In this brief communication, we aim to take a step forward, adopting fractional
diffusion representation [43–46] with higher b-values (b ≤ 3000 s/mm2) to provide
preliminary novel insights into the ongoing DW-fMRI debate.

Fractional diffusion describes diffusion with a fractional order derivative, which allows
for more flexibility in capturing non-Gaussian diffusion. Fractional derivatives differ from
conventional derivatives in that they allow for differentiation in a non-integer (fractional)
order. Unlike conventional derivatives, which measure the rate of change at a specific point,
fractional derivatives describe processes with memory and spatial correlations, making
them suitable for modeling complex diffusion in biological tissues. In neuro-MRI, these
fractional orders serve as quantifiable parameters, meaning that they can be measured and
interpreted to provide insights into the brain’s microstructure.

The fractional diffusion representation is based on the generalization of the diffusion
equation to fractional order derivatives (e.g., as in the Continuous-time random walk—
CTRW—framework [47,48]) and introduces the time fractional exponent α and the spatial
fractional exponent γ. These new parameters are specific imaging biomarkers of tissue
complexity and magnetic property heterogeneities [43–46,49–54].

Here, we hypothesize that the γ parameter, the fractional exponent of the space deriva-
tive, could be of particular interest for DW-fMRI applications due to its proven dependence
on both the local ∆χ [43,44,46] and diffusion multi-compartmentalization [52]. Hence, we
studied whether γ can quantify cellular morphology changes and neurovascular regulation
during neuronal activation with higher sensitivity and specificity than conventional BOLD
fMRI and DW-fMRI, with an exemplar application to task-based activation of the human
visual cortex. The dependence of the ADC parameter on microstructures and other physio-
logical variables is well recognized; however, this is not the case for the γ parameter. For
this reason, to better interpret the data related to γ experiments, we performed simulations
to highlight the dependence modality of γ on ∆χ variations and changes in the extracellular
space due to cellular swelling.

Finally, we discuss the preliminary results and future further investigation and valida-
tion directions.
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2. Materials and Methods
2.1. Theoretical Background

It is known that the DW signal that is obtained using a PFG [13,17] experiment is
proportional to the Fourier transform (FT) of the motion propagator (MP) that describes
the probability of spin motion. When the MP is Gaussian and Brownian, the PFG signal
attenuation as a function of the b-values follows a mono-exponential decay. On the other
hand, when the MP is non-Brownian, it is possible to define, in general, the average MP as
the solution of the fractional diffusion equation (e.g., as introduced within the framework
of the CTRW model [47]). This equation introduces two parameters, the fractional exponent
of the time derivative, α, and the fractional exponent of the space derivative, γ, which are
the time and space derivative fractional orders. Specifically, α is measured by varying the
diffusion time ∆ in a PFG sequence [43,48,49,53–55], and it has been recently shown to be a
generalization of the Kurtosis representation [50]. Conversely, γ is measured by varying the
gradient strength g in a PFG sequence [46,48,52,56]. Of relevance for DW-fMRI applications,
it has been reported both in vitro [44,45] and in vivo in the human brain [40,46] that γ maps
show a useful image contrast to highlight tissue interfaces. The resulting image contrast
of γ maps, deriving from water diffusion multi-compartmentalization, strictly reflects he
local ∆χ, and thus, it allows for improved discrimination of the interface between different
compartments compared to T2* images.

Leaving aside here any discussion about the real anomalous diffusion of extracellu-
lar water in the human brain, in the last 10 years, through various experiments conducted
in vitro [52] and in vivo on the human brain [40,46], we have highlighted that the DW signal
representation of the anomalous superdiffusion may furnish a new useful image contrast in
neuroimaging studies. We have recognized that, in a complex system such as the brain, the
fractional diffusion representation related to the fractional exponent of the space derivative, γ,
can better describe water diffusion multi-compartmentalization, also thanks to its peculiar sen-
sibility to magnetic field inhomogeneity. The magnetic field inhomogeneities may arise from
the presence of heavy metal accumulation or the difference in local magnetic susceptibility
between different adjacent compartments or tissues. In the human brain, extracellular water
can diffuse with Brownian diffusion, non-Gaussian diffusion, or, in the context of anomalous
diffusion, with subdiffusion. We do not find superdiffusion, which is quantified by the γ

parameter. Superdiffusion is not real but mimicked by the nuclear spins of biological water,
which, due to local inhomogeneities of the magnetic field and due to their indistinguishability,
simulate superdiffusion dynamics. Due to the inhomogeneities, magnetization disappears
in a voxel to “appear” in an adjacent (or even distant) one where there are magnetic field
gradient conditions that are favorable to the refocusing of the magnetization components.
For this reason, we say that γ quantifies pseudo-superdiffusion, and we use the fractional
diffusion formalism to extract the γ parameter.

Briefly, the fractional diffusion representation is based on the following relation [43,47]:

W(q, ∆) ≈ exp
[
−K2γ|2πq|2γ∆

]
(1)

where is the FT of MP, K and K2γ are generalized diffusion constants, whose units are
(ms−1), q = 1

(2π)
γgδ is the wave vector, and 0 < γ < 1.

To measure γ, expression (1) has to be fitted to data obtained by PFG signal decay as
a function of b = γ2δ2g2

(
∆ − δ

3

)
, where δ is the diffusion gradient duration, collected by

changing the g strength at a constant value of ∆. Since ∆ is a constant, the stretched exponential
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function that is used to quantify γ can easily be derived from expression (1) [57,58]. By
replacing

∣∣∣2πq|2γ = bγ

∆γ in Equation (1), the following relations can be derived:

S(b)
S(0)

≃ exp
[

K2γ

∆(γ−1)
bγ

]
= exp

[
Dρ2(γ–1)

∆(γ−1)
bγ

]
= exp[–(Deff b)γ ] (2)

where S(b) is the b-weighted signal, S(0) is the unweighted signal, D is the diffusion
coefficient, ρ2(γ−1) and ∆(γ−1) are fractional-order space and time constants that preserve
units, and Deff is an effective diffusion constant.

2.2. Participants

Five healthy volunteers (males, mean age: 26 ± 1 years) with no history of neurological
or psychiatric illness or injury participated in this study after giving written informed
consent, according to the national laws and the local ethics committee guidelines (Santa
Lucia Foundation Ethical Committee). All subjects gave written informed consent under
the Declaration of Helsinki.

2.3. Stimulus Paradigm

The visual stimulation, used during conventional and diffusion fMRI, was obtained
from a flickering half-dartboard (frequency, 8 Hz) projected on a screen within the MRI
scanner room through a video projector. Only the right half of the checkerboard was
displayed against a black background. This stimulation was presented in a block design,
alternating with a baseline consisting of a black screen and a gray central fixation point.
Epochs lasted 16 scans each (corresponding to 22.4 s). See Figure 1 for details.
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Figure 1. The temporal scheme of the model used to produce the one-side visual cortex stimulation
and schematic representation of the signal processing flow for a data set obtained from a single
subject. Blocks are repeated twice to repeat acquisitions two times. The resulting block-averaged
ADC and γ time courses for the rest and stimulation conditions are then averaged across subjects to
give the group-averaged data.

2.4. MRI Acquisition

A 3T scanner (Siemens Magnetom Allegra, Erlangen, Germany), equipped with a cir-
cularly polarized transmit–receive coil was used. The maximum gradient strength was
40 mT m−1, with a maximum slew rate of 400 mT m−1 ms−1. Eight oblique slices centered
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on the calcarine fissure were selected from a rapid localization scan. A total of 256 volumes
of a double spin-echo echo-planar imaging sequence (DSEDW-EPI) were acquired for ten
consecutive functional runs using the following parameters: TR/TE = 1400/112 ms, slice
thickness 3 mm, with 50% gap, matrix size 64 × 64, and in-plane resolution of 3 × 3 mm2. The
diffusion encoding gradients were applied along readout and slice directions at 5 different
b-values, 80, 500, 1500, 2000, and 3000 s/mm2, with ∆/δ = 107/45 ms by varying g strength.
The acquisitions were repeated twice in a random order for each of the four b-values to
increase the signal-to-noise ratio. BOLD fMRI images were acquired by using a T2*-weighted
gradient-echo sequence with the same TR = 1400 ms of the DW-EPI, 24 slices of 1 mm thickness.
A volumetric T1-weighted scan was acquired for anatomical reference.

2.5. Processing

Activation maps were computed for each subject. DW images were corrected for
motion artifacts and eddy currents (by using the “eddy” tool within FSL [59]) and were
then registered to the T1 image, followed by spatial smoothing with a Gaussian filter of
6 mm full width at half maximum, by using SPM8 (www.fil.ion.ucl.ac.uk/spm, accessed
on 28 April 2025). The DW signal was averaged voxel-by-voxel over the two acquisitions
and directions acquired at each b-value. The signal time course for each b-value of the data
set was then folded into a single [activation–rest] epoch by averaging the eight subsequent
epochs of the paradigm (Figure 1).

The time course of the conventional ADC and corresponding activation maps were
obtained by using SPM8 [22,23] according to the following:

ADC = −
ln
(

S2
S1

)
b2 − b1

(3)

where S1 is the signal at b1 = 80 s/mm2, and S2 is the signal at b2 = 2000 s/mm2. The time
course of the γ parameter and the corresponding activation maps were calculated using the
full range of b-values. A nonlinear Levenberg–Marquardt algorithm was used to efficiently
estimate from the signal S at each b-value, voxel-by-voxel, the γ parameter in parallel on
GPU (Nvidia GeForce GT650M) according to the stretched exponential model:

S(b)
S1

=

√
Exp

[
−(bADC)γ]2

+ η2 (4)

where η takes into account the Rician noise variance.
BOLD fMRI maps were obtained using the conventional pipeline of SPM8. The

activation maps (γ maps) were obtained using SPM8 and following the same procedure
employed for calculating ADC maps. In all imaging modalities (BOLD, ADC, and γ maps)
voxels were classified as significantly activated at uncorrected p-values < 0.005.

2.6. Simulations

Two-dimensional simulations were performed to study the γ behavior as a function of
cell packing ϕ in extravascular tissue in the absence and presence of different degrees of
∆χ. Magnetic susceptibility difference values of 0.08 ppm were used, which is a value that
is generally found at the interfaces of brain tissues and equal to 0.2 ppm, which indicates
a greater difference in susceptibility due to, for example, the presence of paramagnetic
substances or heavy metals [46]. On the other hand, the cell packing was varied from a
value of 45 up to 85.

Monte Carlo simulation of 2 × 106 spins was performed to numerically simulate the
pulse gradient spin echo (PGSE) signal attenuation and the corresponding γ under different

www.fil.ion.ucl.ac.uk/spm


Appl. Sci. 2025, 15, 4930 7 of 14

structural (different sphere-packing cells) and physiological (different ∆χ) conditions by
using the phase accumulation approach, as described by Palombo and co-workers [60].

3. Results
The time course of BOLD, ADC, and γ within a specific volume of interest (VOI) were

compared separately for each subject. VOIs were defined by thresholding activation maps
at Zscore ≥ 10 for BOLD and Zscore ≥ 3 for ADC and γ maps. The response as a function of
the scan number (1 scan number = 1.4 s) for a representative subject and the average among
all the subjects are displayed in Figure 2a,b, respectively. Please note that the absolute value
of ADC, γ, and BOLD variation between a resting and activated state is displayed.
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Figure 2. Time courses of the γ parameter and BOLD fMRI signals (lower row), Normal Gaussian
diffusion quantified by ADC (obtained with b = 2000 s/mm2 and b = 80 s/mm2), and BOLD fMRI
signals (upper row) for a representative subject (a); time courses of the γ and BOLD fMRI signals
(lower row), ADC (obtained with b = 2000 s/mm2 and b = 80 s/mm2), and BOLD fMRI signals (upper
row) for the averaged signal among all the investigated subjects (b). The gray swathes/dashed lines
indicate stimulation and rest blocks (time expressed in scan units; 1 scan = 1.4 s). The error bars in
(a) represent the standard deviation of the response across the corresponding eight epochs. Please
note that the absolute value of ADC, γ, and BOLD variation between the resting and activated state
is displayed. Indeed, during activation, ADC decreases, whereas the γ and BOLD signals increase.
BOLD fMRI, Normal Gaussian diffusion (ADC) fMRI, and γ activation maps for a representative
subject (c). Voxels were classified as significantly activated at uncorrected p-values < 0.005. The maps
displayed in (c) show that ADC and γ maps provide improved localization of activation areas (visual
areas, V1, V2, V3, V4, V5) compared to BOLD localization.

In agreement with Le Bihan [23], the ADC time course showed a feeble decrease at
stimulus onset, and overall, the BOLD and ADC expansion time courses were approxi-
mately similar in shape (Figure 2a,b, upper row). Conversely, the γ time course showed
a feeble-medium increase at stimulus onset. In Figure 2a,b (upper row), the BOLD and
γ expansion time courses were compared to each other, highlighting a better matching
than that observed between ADC and BOLD. Moreover, the γ response is higher (but not
significantly when the results of all the subjects are considered) than that of ADC.

In all subjects, the ADC and γ activation maps (displayed in Figure 2c), directly
calculated from the raw diffusion-sensitized MRI signals, clearly showed activation of
primary as well as secondary visual areas, such as the visual motion area MT/V5, which is
typically activated by flickering stimuli [61]. The spatial extent of the activation was more
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restricted to the primary visual region for γ and DW fMRI than BOLD, in agreement with
Williams et al. [62] and other authors [28,34].

The interpretation of these results is that γ could be more sensitive than ADC to the
neurophysiological changes that occur during activation. Looking at the activation maps,
the better localization of the activation areas expressed by the γ maps would suggest a
greater dependence of γ than BOLD and ADC on the neuronal component that produces
cellular swelling and/or a greater sensitivity to local ∆χ changes. However, these obser-
vations are the result of experiments performed on only five subjects. These preliminary
results need confirmation, which can be obtained from a large cohort of volunteers.

Finally, the activated voxels from the γ maps compared with those from the ADC
maps showed a tendency towards a higher contrast-to-noise ratio (Figure 2c).

In Figure 3, the γ behavior as a function of cell packing ϕ in extravascular tissue and
physiological condition highlighted by the ∆χ changes is displayed. In accordance and
coherently with what was observed previously [40,45,46,52], the value of the γ parameter
increases with the decrease in the extracellular space where the water diffuses, and it decreases
with the increase in the magnetic susceptibility difference between adjacent tissues.
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Figure 3. γ behavior as a function of cell packing ϕ in extravascular tissue and physiological condition
(different ∆χ). The γ vs. ϕ graph shows that when increasing the cell packing, i.e., decreasing
the extracellular space, γ increases. This feature of γ suggests it to be a potential candidate for
investigating the cell swelling occurring during neuronal activation. On the other hand, the γ-value
decreases as the magnetic susceptibility difference between the tissues increases.

The γ vs. cell packing plot indicates that considering the extracellular space, which
in gray matter has a ϕ of about 40%, as the cell packing increases (corresponding to a
decrease in extracellular space), γ also increases. This trend highlights the potential of γ as
a biomarker to detect cell swelling, a key event during neuronal activation.

However, γ also increases when the magnetic susceptibility difference (∆χ) between
tissues decreases, which is what happens during activation. This suggests that γ is in-
fluenced not only by microstructural properties, but also by the tissue composition and
magnetic properties, correlated with changes in blood oxygenation or iron content. These
results indicate that γ could serve as a valuable tool to assess changes due to the vascular
component as well.

To disentangle the two γ dependencies (neuronal and vascular effect during activation)
and investigate the role of the neuronal component through cell swelling, it would therefore
be necessary to design animal experiments using drugs that block the vascular effect during
activation combined with DW-fmri acquisition sequences that use efficient bipolar gradients
that greatly decrease γ’s dependence on magnetic susceptibility differences.
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4. Discussion
DW-fMRI performed in this preliminary study shows that the γ parameter (i.e., the

fractional order of the space derivative in the fractional diffusion representation) response
to a brain activation is opposite to that provided by ADC at high b-values and matches well
to the BOLD activation, being more pronounced than that observed using conventional
ADC methods (Figure 2). However, to obtain the ADC results, we used b = 2000 s/mm2 and
b = 80 s/mm2 instead of the optimized b-values to eliminate any T2-BOLD and perfusion
residue (i.e., b = 1800 s/mm2 and b = 1000 s/mm2) [30]. Consequently, the ADC fMRI
result could be affected by residual effects of T2-BOLD, which attenuate the ADC signal
decrease during activation.

The increase in γ during activation, which is opposite to the ADC decrease, can be
explained by considering γ’s dependence on diffusion multi-compartmentalization and
local ∆χ. At first glance, the similarity of the time course shown for γ and the BOLD
response would suggest that the ∆χ dependence largely predominates, and therefore, γ’s
response is due to the vascular contribution of capillaries and small veins. Although the
changes may likely be vascular, they appear more localized than those of BOLD, probably
due to minimal intravascular effects. However, it is worth noting that γ increases not only
when ∆χ decreases, but also when the multi-compartmentalization decreases.

In particular, the presumed cell swelling occurring during functional activation in-
volves a decrease in the multiplicity of extracellular diffusion compartments. To better
elucidate the biophysical mechanism underpinning the γ parameter and its relationship
with the physiological phenomena occurring during activation, we performed a 2D sim-
ulation to obtain γ’s behavior as a function of cell packing in extravascular tissue, ϕ. In
Figure 3, the graph of γ vs. ϕ shows that when increasing the cell packing (i.e., decreas-
ing the diffusion multi-compartmentation), γ increases. In parallel, γ increases when ∆χ

decreases, a phenomenon that occurs during activation.
Considering that the diffusion signal that we acquire in vivo derives from extracellular

water, our results confirm that ADC decreases during activation, probably due to cellular
swelling, and increases a little with the decrease in DX. In fact, γ depends, as ADC,
on ∆χ and cellular swelling, but in a different way. As already highlighted in vitro on
phantoms [43,44], in ex vivo excised tissues [45,52] and in vivo in the human brain [40,46],
γ increases significantly with a decrease in ∆χ, more than ADC does [44], and γ, in contrast
to ADC, increases with cellular swelling. In Figure 4, we report a simple scheme to highlight
the main dependencies of the T2*, ADC, and γ parameters on the main physiological and
microstructural variations that occur during neuronal activation. Therefore, the greater
signal intensity observed in the functional γ maps shown in Figure 2c is because the two
main variations that occur during activation cause a coherent sum of γ responses. This
feature of γ supports it being a potential candidate for performing innovative diffusion
fMRI experiments.
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parameters on the main physiological (∆χ) and microstructural (ϕ) variations that occur during
neuronal activation. The size of the arrows is proportional to the degree of variation, and the upward
or downward direction indicates an increase or decrease.

To summarize, Gi induces an ADC increase during activation that may mask the
ADC-decreasing effect due to extravascular cell swelling [31–33]. On the other hand, Gi

induces an increase in γ (higher than the ADC one) [46], which sums up to its additional
increase due to extravascular cell swelling. This ensures the potential sensitivity of γ to
extracellular space changes due to cell swelling, independently of the Gi strength.

The main challenge of the ongoing debate about the role of diffusion fMRI is that both
vascular and neuronal factors influence DW-fMRI signals, and it can be difficult to separate
them. In this work, we propose to use a new contrast parameter, the γ parameter, that could
better highlight the vascular and/or neuronal dependence of the DW-fMRI signal. In recent
years, a study by Ding et al. [63] showed that DW-fMRI could detect activity-related changes
in both gray and white matter during working memory tasks, suggesting a neuronal basis
for the observed signal changes. Moreover, another study by Cagnon et al. [64] provided
models and experimental data that are relevant to understanding vascular effects in DW-
fMRI, while in a study by Abe et al. [65], DW-fMRI has been proposed as an alternative
functional imaging method to detect brain activity without confounding hemodynamic
effects in a neuropsychiatric disease mouse model.

The current consensus acknowledges that DW-fMRI signals at high b-values likely
encompass both neuronal and vascular components. The challenge lies in accurately quan-
tifying the relative contributions of each. Factors such as the choice of b-values, diffusion
time, type of magnetic field gradients, and the specific brain region under investigation
play critical roles in this determination.

Overall, to clarify the biophysical basis of DW-fMRI, the implementation of DW
acquisition sequences in spectroscopic modality to check the behavior of specific metabolites
during activation [66] may be useful. In particular, sophisticated DW sequences with high-
strength diffusion gradients (of short duration) and high-performing gradient units and
using bipolar gradients and double spin-echo modality are needed to clearly attenuate
the effects of Gi on γ-values (see Figure 4 of reference [43]). Currently, it would be only
possible to perform this kind of optimization in pre-clinical scanners or state-of-the-art
human scanners, such as the Siemens Connectom [67–69]. However, the emergence of new
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commercial systems with ultra-strong ultra-performing gradients promises exciting new
perspectives for further studies and validation in humans with larger cohorts.

In these conditions, we suggest performing experiments using DW-fMRI with high-
performance mono- and bipolar magnetic field gradients using both ADC and γ, as they
seem, to our current knowledge, to be independent and complementary parameters to
investigate DW-fMRI’s properties. Using monopolar magnetic field gradients maximizes
γ’s dependence on magnetic susceptibility differences, while this is minimized using
efficient bipolar magnetic field gradients.

Future studies could focus on the quantification of γ’s dependence on vascular effects,
for example in murine models using intravascular paramagnetic contrast agents at rest
and under stimulation. The obtained information can be utilized in experiments using
pharmacological challenges to modify or disrupt the neurovascular coupling. For instance,
nitroprusside infusion is expected to inhibit neurovascular coupling, with no effects on
the diffusion response or local field potentials [26]. In these conditions, a decrease in
ADC, together with an increase in γ, evaluated by subtracting any contribution that was
quantified in the first experiment, would allow one to quantify the relative weight of the
two vascular and extravascular effects, contributing to the observed transient changes in
water diffusion during brain activation.

5. Conclusions
This study highlights the potential of the γ parameter in DW-fMRI as a sensitive and

complementary metric to traditional ADC-based approaches for investigating brain activa-
tion. Although our preliminary conclusions are based on experiments conducted on only
five subjects, the γ response showed a robust and spatially specific correlation with BOLD
activation, surpassing conventional ADC in its sensitivity. While the ADC measurements
in this study may have been affected by residual T2-BOLD effects due to non-optimal
b-values, the γ parameter showed a distinct response, likely driven by its dependence on
∆χ in relation to vascular contributions and extracellular compartmentalization changes.

Future advancements in diffusion MRI technology, such as ultra-strong and bipolar
gradient systems, could pave the way for more precise investigations of DW-fMRI’s proper-
ties. Studies using γ and ADC in combination, alongside vascular-modulating experiments,
could help disentangle vascular and extravascular contributions to DW-fMRI signals. Such
studies hold promise for refining our understanding of neurovascular coupling and the
interplay of diffusion dynamics during brain activation.
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The following abbreviations are used in this manuscript:

ADC Apparent diffusion coefficient
BOLD blood-oxygen-level-dependent
DW Diffusion-weighted
DWI Diffusion-weighted imaging
DW-fMRI Diffusion-weighted functional Magnetic Resonance Imaging
∆χ Magnetic susceptibility difference
fMRI Functional Magnetic Resonance Imaging
Gi Internal magnetic field gradient
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