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A B S T R A C T

Investigating neural activity from a global brain perspective in-vivo has been in the domain of functional Magnetic Resonance Imaging (fMRI) over the past few
decades. The intricate neurovascular couplings that govern fMRI's blood-oxygenation-level-dependent (BOLD) functional contrast are invaluable in mapping active
brain regions, but they also entail significant limitations, such as non-specificity of the signal to active foci. Diffusion-weighted functional MRI (dfMRI) with relatively
high diffusion-weighting strives to ameliorate this shortcoming as it offers functional contrasts more intimately linked with the underlying activity. Insofar, apart from
somewhat smaller activation foci, dfMRI's contrasts have not been convincingly shown to offer significant advantages over BOLD-driven fMRI, and its activation maps
relied on significant modelling. Here, we study whether dfMRI could offer a better representation of neural activity in the thalamocortical pathway compared to its
(spin-echo (SE)) BOLD counterpart. Using high-end forepaw stimulation experiments in the rat at 9.4 T, and with significant sensitivity enhancements due to the use of
cryocoils, we show for the first time that dfMRI signals exhibit layer specificity, and, additionally, display signals in areas devoid of SE-BOLD responses. We find that
dfMRI signals in the thalamocortical pathway cohere with each other, namely, dfMRI signals in the ventral posterolateral (VPL) thalamic nucleus cohere specifically
with layers IV and V in the somatosensory cortex. These activity patterns are much better correlated (compared with SE-BOLD signals) with literature-based elec-
trophysiological recordings in the cortex as well as thalamus. All these findings suggest that dfMRI signals better represent the underlying neural activity in the
pathway. In turn, these advanatages may have significant implications towards a much more specific and accurate mapping of neural activity in the global brain in-
vivo.
1. Introduction

The Blood Oxygenation Level Dependent (BOLD) mechanism has
been at the heart of functional Magnetic Resonance Imaging (fMRI) since
its inception (Ogawa et al., 1990, 1992; Belliveau et al., 1991; Kwong
et al., 1992) in the early 1990's. BOLD fMRI signals can act as surrogate
markers for neural activity by harnessing intricate neurovascular cou-
plings involving metabolic demand triggered by neural activity and
ensuing fluctuations in blood oxygenation levels, as well as in hemody-
namics (van Zijl et al., 1998; Logothetis, 2003, 2008; Attwell and Iade-
cola, 2002; Keilholz et al., 2004; Mukamel et al., 2005; Devor et al., 2005;
Goloshevsky et al., 2008). BOLD fMRI has found diverse applicability in
myriad disciplines due to its unique contrasts and noninvasive nature;
indeed, BOLD-fMRI has been used, inter alia, to study neurovascular
couplings in animals (Logothetis et al., 2001; Devor et al., 2003; Uhlirova
et al., 2016), to investigate functional connectivity (Buchel et al., 1999)
and cognition (He et al., 2008) in humans, and to explore functional
deficits in disease and how they evolve with time (Brier et al., 2012).

BOLD fMRI's underpinnings are, however, somewhat removed from
the underlying neuronal activity. That is, the neurovascular couplings are
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driven by neural activity, but they are governed by the vascular coupling.
The spatial distribution of blood vessels (Kennerley et al., 2010; Blinder
et al., 2013), as well as the complex signaling pathways involved with
activating the vasculature tree (Attwell et al., 2010) will contribute to,
and eventually determine, the shape of the BOLD response and hence
fMRI's ability to faithfully represent the actual activity. In rat pups, for
example, BOLD contrast is not observed until ~ day 18, when the neu-
rovascular tree matures (Colonnese et al., 2008), while in physiologically
unstable subjects, BOLD metrics may be unreliable (Sicard and Duong,
2005). In addition, BOLD's contrast – especially when imparted through
gradient echo (GE) pulse sequences – is typically considered spatially
unspecific due to recruitment of blood vessels far downstream from
active foci (Turner, 2002; Diekhoff et al., 2011; Harmer et al., 2012),
which often leads to overestimations of activated regions (Ugurbil et al.,
2003; Parkes et al., 2005). The application of spin-echo pulse sequences
improves the specificity of the signals by filtering signals associated with
larger veins and enhancing contrast from small microcapillaries that are
more likely to be closer to the area of activity but comes at the expense of
reduced sensitivity (Lee et al., 1999; Zhao et al., 2004; Keilholz et al.,
2006).
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Clearly, the development of functional contrasts more intimately
linked with the underlying neural activity would represent a leap to-
wards mapping brain function more directly and accurately. Many con-
trasts harnessing MRI's rich physics – that can give rise to many different
types of contrast – have been suggested for this purpose (Jasanoff, 2007).
Diffusion-weighted fMRI (dfMRI) is perhaps one of the most promising
means suggested for overcoming some of BOLD-fMRI's limitations (Le
Bihan et al., 2006). Diffusion MRI operates through the application of
spatially-encoding gradients (Stejskal and Tanner, 1965), separated by
an observation time during which MRI-observable molecules can diffuse
and encounter the microscopic boundaries in the tissue. The
diffusion-weighted signal thus become imprinted with signatures of the
underlying microstructure (Le Bihan, 2003; Le Bihan and Iima, 2015).
Already early on, diffusion weighted fMRI, with typically very low
diffusion weighting, were used to provide insight into the BOLD mech-
anism itself and improve the spatial specificity of the signals (Le Bihan
et al., 1989; Silva et al., 1997; Lee et al., 2002; Jin et al., 2006). However,
given that a coupling between neural activity and mechanical tissue
properties has been long-since evidenced in intrinsic microscopy (Mac-
Vicar and Hochman, 1991; Andrew et al., 1996; MacVicar et al., 2002;
Rector et al., 1997, 2001; Chereau et al., 2017), and that the signal with
higher diffusion weighting is typically associated with the extravascular
space, Le Bihan and colleagues have postulated that diffusion MRI's
sensitivity to microstructure could be used in a functional MRI setting
and may reflect neural activity better than its BOLD counterpart (Le
Bihan et al., 2006; Tsurugizawa et al., 2013; Abe et al., 2017). Indeed,
dfMRI contrasts exhibited more focal areas of activation compared to
BOLD-driven signals, both in humans (Le Bihan et al., 2006; Darquie
et al., 2001) and in rodents (Tsurugizawa et al., 2013; Abe et al., 2017),
and functional changes were even observed in white matter upon stim-
ulation (Spees et al., 2013). However, dfMRI experiments have been also
met with much criticism (Miller et al., 2007; Kuroiwa et al., 2014; Bai
et al., 2016; Williams et al., 2016): the more localized nature of activa-
tion was deemed an artifact of poorer signal to noise (Bai et al., 2016;
Williams et al., 2016) and other studies questioned the very premise of
the experiments, suggesting that the origins of the signal were not neural
but BOLD-related (Miller et al., 2007; Kuroiwa et al., 2014; Autio et al.,
2011). To a great extent, the controversy over dfMRI signals can be
pinpointed to: (1) low signal to noise levels, quite inherent to dMRI in
general and dfMRI in particular; (2) the ensuing necessity of using
elaborate statistical models (Lee et al., 1999; Aso et al., 2009) whose
ground-truth or underpinnings are not necessarily known a-priori, which
could impact the contrasts observed and affect signal interpretation; (3)
perhaps most importantly, it was not shown, insofar, whether dfMRI
signals actually provide “added-value” over BOLD-fMRI, in the context of
mapping active networks in the brain.

Here, we endeavored to investigate whether dfMRI signals are more
specific and whether they could map a known neural circuitry more
closely than their SE-BOLD-fMRI counterparts. To overcome the sensi-
tivity limitations (Hoult and Richards, 1976), we harnessed a cryoprobe
(Niendorf et al., 2015; Styles et al., 2011) at 9.4 T60, thus boosting the
sensitivity of the experiments to the point where pure data-driven anal-
ysis is possible, thereby realizing a fair comparison of functional signals.
As a model system, we use the rat forepaw stimulation paradigm, where
the circuitry is well-established from electrophysiology (Logothetis et al.,
2001; Schouenborg et al., 1986; Shih et al., 2013) and the ascending
pathway is fully characterized (Fig. 1A). In the specific case of mecha-
noreception in the rat forelimbs, somatosensory information is gated in
the thalamic ventral posterolateral (VPL) nucleus, before reaching the
cortex (Lopez-Bendito and Molnar, 2003), which receives inputs mainly
in layers IV (Petreanu et al., 2009; Erzurumlu et al., 2010) and V (Con-
stantinople and Bruno, 2013). Thus, this model can be very useful to
investigate whether dfMRI provides any added-value over BOLD-fMRI,
mainly because BOLD-fMRI typically shows a non-local activation of
the entire somatosensory cortex (Van Camp et al., 2006; Weber et al.,
2006) and very rarely do signals specific to VPL emerge in BOLD-fMRI
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(Keilholz et al., 2004) (though unspecific thalamic signals are some-
times observed (Kim et al., 2012; Lu et al., 2016; Brynildsen et al.,
2017)). Thus, our hypothesis can be formulated as follows: if dfMRI more
closely represents neural activity than BOLD-fMRI, its signals should be
more specific to Layers IV/V, should show activation in VPL, and, those
signals should cohere as they represent a chain of connected events. Our
findings are all in line with our hypothesis, with dfMRI exhibiting pref-
erential activation signals at Layer IV/V, and emerging at VPL, where
SE-BOLD signals are not observed. Finally, strong coherence between
VPL and Layer IV signals was demonstrated. Potential implications for
future mapping brain activity, are discussed.

2. Methods

All animal care procedures and experimental procedures were con-
ducted in agreement with the European Directive 2010/63 and pre-
approved by the Champalimaud Animal Welfare Body.

2.1. Animals

Long Evan rats, 8–10 weeks old (n¼ 5), bred at the Champalimaud
Vivarium, were housed in individually ventilated cages, in groups of two
animals per cage, with food and water available ad libitum. The holding
room was constantly monitored to maintain a controlled environment, at
23� 2 �C, 12 h light–dark cycle.

2.2. Animal preparation

In the day of the experiment, rats were induced into deep anesthesia
with 5% isoflurane (Vetflurane, Virbac, France), and maintained under
2.5% isoflurane, while two stimulation electrodes (Dexter Electro-
stimulator 1.0, Hardware Platform, Champalimaud Research) were
inserted into the left forepaw (between digits 1–2 and 4–5), whereupon
animals were switched to medetomidine sedation (Schlegel et al., 2015)
(Dormilan, Vetpharma Animal Health, Spain), 1 mg/ml solution diluted
1:10 in saline; bolus: 0.05mg/kg, constant infusion: 0.1 mg/kg/h deliv-
ered via a perfusion pump (GenieTouch, Lucca Technologies, USA). The
animal's temperature and respiration rate were continuously monitored
using a rectal temperature probe and respiration sensor (SA Instruments
Inc., USA), respectively, and pCO2 was monitored using a transcutaneous
monitoring system (TCM4 series, Radiometer, Denmark). In the end of
the experiments, sedation was reverted by injecting the same amount of
the initial bolus of 1:10 of atipamezole 1mg/ml solution in saline
(Antisedan, Vetpharma Animal Health, Spain).

2.3. Stimulation paradigm

A stimulator built in-house was used to generate square waveforms
for electrical stimulation at the left forepaw (Fig. 1B). The stimulation
protocol consisted of 45 s of rest, followed by 15 s stimulation with
electrical pulses delivered to the left forepaw with a square waveform
comprising 1.5mA, 10 Hz and 3ms stimulus duration. A total of 10
stimulation periods per experiment were used (Fig. 1B).

2.4. Functional Magnetic Resonance Imaging

A 9.4 T Bruker BioSpec scanner (Bruker, Karlsruhe, Germany)
equipped with a gradient system producing up to 660mT/mwas used for
all experiments. An 86mm quadrature resonator was used for trans-
mittance, while a 4-element array cryoprobe (Bruker, Fallanden,
Switzerland) was used for signal reception (Niendorf et al., 2015; Baltes
et al., 2009). Following localizer experiments, anatomical images were
acquired using a RARE T2-weighted sequence
(TEeff/TE/TR ¼ 7.25/29/1800 ms, RARE factor ¼ 10, partial Fourier
factor ¼ 1.33, FOV ¼ 16 � 16 mm2, matrix size ¼ 160 � 160, in-plane
resolution ¼ 100 μm � 100 μm, slice thickness ¼ 0.75 mm). These



Fig. 1. Experimental design, pulse sequences, and raw data quality. (A) Overview of the afferent neuronal network involved in the forepaw stimulation. An
electrode pair was placed in the rat left forepaw. Upon electrical stimulation, sensory information is perceived by a specific group of afferent neurons (red) that project
to the spinal cord. The information reaches the thalamus at the ventral posterolateral nucleus, through the dorsal column-medial lemniscus pathway (green). Axons
project from the thalamic VPL to the forelimb primary somatosensory cortex (FL S1). (B) The stimulation paradigm consisted of 10 stimulation trains, 15 s each,
interleaved by rest periods of 45 s. A rest period of 45 s was present at the beginning and end of the block stimulation paradigm. For stimulation, 1.5mA pulses were
used at a frequency of 10 Hz. (C) Spin-Echo Eco Planar Imaging (SE-EPI) sequence used for BOLD experiments. (D) Isotropic Diffusion Encoding (IDE) EPI sequence
used to acquire diffusion weighted images. The sequence is designed in such a way that the diffusion weighting is homogeneous in all directions. Δ and δ denote
gradient separation and duration, respectively. (E) Representative example of raw images obtained in a SE-BOLD experiment. (F) Representative example of raw
images obtained in an IDE-EPI experiment (b¼ 1500 s/mm2). (G) Representative anatomical images obtained using a RARE sequence. Abbreviations: DRG – dorsal
root ganglion; DCN – dorsal central nucleus (dorsal column-medial lemniscus pathway); VPL – ventral posterolateral nucleus (of the thalamus); FL S1 – forelimb
primary somatosensory cortex.
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images were used to place the four coronal slices of interest between
þ1.68 and �4.36mm from Bregma.

For the all functional MRI experiments, a spin-echo echo planar im-
aging sequence (SE-EPI, Fig. 1C) was used (TR/TE¼ 1500/45ms,
FOV¼ 16.1� 16.1mm2, matrix size of 70� 70, partial Fourier factor of
1.75, slice thickness¼ 1.5mm, in-plane resolution 230 μm� 230 μm). To
impart BOLD contrast (Fig. 1C), the sequence was simply used as is, as it
delivers T2-weighted signals. To impart diffusion weighting, while
avoiding the directionality of the standard diffusion acquisition, isotropic
diffusion encoding (IDE) (Eriksson et al., 2013; Topgaard, 2017) gradient
waveforms were implemented on the same exact sequence (Fig. 1D), with
b¼ 1500 s/mm2, where b ¼ R t

0 dt ½γ
R t
0 Gðt 'Þdt '�2, where G(t) represents

the effective gradient waveform taking into account all refocusing pulses.
A gradient separation (Δ) of 19.5ms and a gradient duration (δ) of
14.2 ms were used (Fig. 1D). The shape of the b-tensor was calculated
using the magic angle (in Euler angles with respect to the gradient sys-
tem, ζ¼ 54.3�, φ¼ 0� and θ¼ 0�, where ζ is the rotation axis (magic
angle), while θ and φ reflect the polar and azimuthal angle in the gradient
frame of reference) to generate spherical, i.e., isotropic diffusion
encoding (Topgaard, 2017).

2.5. Data analysis

Both SE-BOLD and diffusion fMRI data were preprocessed using
fMRat (Chavarrias et al., 2016), a routine calling SPM12 in Matlab® (The
Mathworks, Nattick, USA). Briefly, data were realigned, normalized and
then slice-timing corrected prior to further data analysis. The realign-
ment and normalization of data make use of interpolation algorithms
implemented in SPM12, specifically a 4th degree B-spline, while
slice-timing correction was performed using sinc interpolation.

Region of interest analysis: To avoid any assumptions on statistical
models for data analysis, the preprocessed data were subject to region of
interest (ROI) analysis. The ROIs were chosen based on known anatomy
and drawn according to the Paxinos & Watson atlas (C.Watson, 2014),
and corresponded to forelimb primary somatosensory cortex, FL S1 (slice
1, both in its entirety and, when indicated, only layer IV), and the ventral
posterolateral area of the thalamus (VPL) (slice 4).

Activation dynamics: In each ROI, the detrended temporal evolution
was plotted for single animals or the average over all animals, as
indicated in the Figures. The averaged data plots mean� standard
error of the mean (s.e.m.) of the data. The average cycle was calcu-
lated by averaging all stimulation epochs of all animals, so that the
stimulation period was centered at each cycle.

Signal distribution between epochs: In ROI, the distribution of signals in
active epochs vs. rest epochs was also plotted as ameans of comparing
the MRI signal in each period. Those distributions were then
compared via a simple two-tailed Student's t-test with p< 0.05
considered statistically significant. The cumulative distribution
function was also extracted from these distributions for comparison.

Pixel-by-pixel analysis: We also aimed to generate activation maps
from both SE-BOLD-fMRI and dfMRI, without relying on statistical
models in the analysis. To this end, the preprocessed data were subject to
both Fourier (Mitra and Pesaran, 1999) and coherence analyses (Sun
et al., 2004), as detailed below:

Fourier analysis: The paradigm is periodic, and therefore contains
specific frequency elements and their harmonics. The paradigm was
thus Fourier transformed, and the frequency elements identified in
the magnitude spectrum. The SE-BOLD-fMRI and dfMRI signals were
then also Fourier transformed, and the area under the frequencies
corresponding to the first 2 components of the paradigm was
computed. The ensuing activation maps simply reflect the area under
those peaks.
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Coherence analysis: To examine the relationship between active re-
gions, coherence (Sun et al., 2004) analysis was performed. The temporal
evolution of the ROIs drawn in VPL, FL S1, and Fl S1 layer IV regions
were used as seeds to calculate the coherence magnitude between those
seeds and every other pixel using Sun's method (Sun et al., 2004). The
integrals under the peaks in coherence spectra were computed.

Mean diffusivity time course: the raw temporal data Sb1500 and Sb0
extracted from an ROI placed in cortical layer 4 in each animal were
prewhitened and low-pass filtered. For each animal, the stimulation
epochs were averaged to produce the animal-specific averaged time
course for each of the time courses at b¼ 0 and b¼ 1500 s/mm2. For
every animal, the mean diffusivity average time course was then calcu-
lated viaMDðtÞ ¼ � lnðSb1500ðtÞ=Sb0ðtÞÞ=1500. The animal-specific time-
courses were then normalized, and the mean time course and its standard
error were computed.

3. Results

3.1. Quality of raw data

The first objective of this study was to achieve sufficient sensitivity to
be able to see the activation patterns with the naked eye even in a single
animal and a single run. To assess the robustness of the experimental data
in this study, Fig. 1E and F shows raw data from the SE-BOLD and dfMRI
experiments, respectively, from a representative animal. The data were of
high quality, without image artifacts, and, across the animals studied, the
signal-to-noise ratio for SE-BOLD and dfMRI were 323� 31, and 127� 8,
respectively (mean� standard deviation). The slight partial volume effects
of the functional images can be judged when compared to the higher
resolution anatomical images, which cover the same brain areas (Fig. 1G).

3.2. Raw temporal evolution of the signal in FL S1

Establishing whether dfMRI results could be observed across a single
animal within a single stimulation epoch was the first goal of the study.
Since the primary somatosensory cortex is the forepaw stimulation main
target (Erzurumlu et al., 2010), Fig. 2A shows FL S1 ROI (overlaid on the
dfMRI image), specifically drawn in layer IV, which is known to receive
the majority of inputs from such stimulation (Petreanu et al., 2009;
Erzurumlu et al., 2010).

Fig. 2B shows one representative dfMRI data traces arising from a
representative animal. The signal changes on activation are clearly
observed above the noise, even for this single trial, without averaging,
filtering or otherwise data processing (other than detrending the data
from the global drift). When the traces were averaged across only five
animals (Fig. 2C), the time-series profile becomes even cleaner and shows
very strong signals that correspond to the paradigm. When those are
summed to generate the average cycle (Fig. 2D), a ~4% dfMRI signal
increase is observed in the stimulation period. When the same ROI is
placed over the SE-BOLD data (Fig. 2E), the SE-BOLD signals show higher
signal-to-noise contrast for both single animal (Fig. 2F) and the average
across animals (Fig. 2G). The SE-BOLD average cycle signal (Fig. 2H) is
also cleaner than dfMRI, as expected, exhibiting less baseline noise.
Nevertheless, both dfMRI and SE-BOLD fMRI show strong and robust
functional signals in layer IV of somatosensory cortex. Note the similar
amplitudes of the dfMRI and SE-BOLD fMRI activation signals.

To better quantify the differences between dfMRI and SE-BOLD sig-
nals, the distribution of signals in rest periods versus stimulation periods
was evaluated (Fig. 3A and B). The histograms clearly show an increased
signal distribution at the stimulation period compared to the rest period
for both dfMRI and SE-BOLD. The cumulative distribution functions
shown in Fig. 3C and D for dfMRI and SE-BOLD, respectively, separate
rest and activity periods even more clearly. Both dfMRI and SE-BOLD
signals differed with statistical significance between rest and stimula-
tion conditions (Fig. 3E, corrected p< 0.0001 for both dfMRI and SE-
BOLD).



Fig. 2. Raw temporal evolution of the signal in the cortical layer IV of the FL S1. (A and E) The ROI delineating the cortical layer IV of the FL S1 was designed
based on the anatomical location (red color) for (A) dfMRI and (E) BOLD data. Representative traces of single (B) dfMRI and (F) SE-BOLD experiments. In single
subjects the activity in layer IV of the FL S1 is evident for dfMRI and SE-BOLD experiments. For all animals tested (n¼ 5), the average raw evolution time for (C) dfMRI
and (G) SE-BOLD was calculated (mean� s.e.m.), showing clear signs of activity in dfMRI and SE-BOLD. (D and H) For all subjects (n¼ 5), all stimulation epochs (10
per subject) were averaged using the ROIs corresponding to the anatomical region of cortical layer IV. The average cycle of (D) dfMRI and (H) SE-BOLD provides clear
evidence for activity in cortical layer IV of the FL S1, which has similar temporal profiles. The red bars and grey columns denote stimulation epochs.

Fig. 3. Quantification of the activity in FL S1.
Histograms representing probability distribution
function of the signals in rest periods (blue)
versus stimulation periods (red) for (A) dfMRI
and (B) BOLD signals and corresponding cumu-
lative distribution functions in (C) dfMRI and (D)
BOLD. This data comprises the rest and stimula-
tion periods of all subjects (n¼ 5; rest periods
comprises a total of 1650 data points and stimu-
lation periods comprises a total of 500 points).
This analysis shows that the rest periods differ-
entiate well from the stimulation periods. (E)
Both dfMRI and BOLD signals differed with sta-
tistical significance between rest and stimulation
conditions (mean� S.D.; two-samples t-test;
t¼�13.58, p< 0.0001).
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Fig. 4. Raw temporal evolution of the signal in VPL (thalamus). (A and E) The ROI delineating the VPL was designed based on the anatomical location (red color)
for (A) dfMRI and (E) SE-BOLD data. Representative traces of single (B) dfMRI and (F) SE-BOLD experiments. For all animals tested (n¼ 5), the average raw evolution
time for (C) dfMRI and (G) SE-BOLD was calculated (mean� s.e.m.), showing clear signs of activity in dfMRI. (D and H) For all subjects (n¼ 5), all stimulation epochs
(10 per subject) were averaged using the ROIs corresponding to the anatomical region of VPL. The average cycle of (D) dfMRI provides evidence for activity in VPL,
while (H) in SE-BOLD that activity is not detected. The red bars and grey columns denote stimulation epochs.

D. Nunes et al. NeuroImage 184 (2019) 646–657
3.3. Raw temporal evolution of the signal in the VPL nucleus of the
thalamus

The second set of results investigated the occurrence of functional
signals in the VPL nucleus in the thalamus, as the forepaw somatosensory
pathway passes through this region. Data from an ROI drawn specifically
in the VPL (Fig. 4A) in a single animal (Fig. 4B) are inconclusive, both for
SE-BOLD and dfMRI. However, after averaging data from only five ani-
mals, clear signs of activity can be detected in dfMRI (Fig. 4C) and the
averaged cycle provides even more conclusive evidence towards signal
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increases in the VPL upon stimulation (Fig. 4D). By contrast, when the
(higher SNR) SE-BOLD experiments were performed, and the same ROI
was used (Fig. 4E), no signals could be distinguished from noise whether
in single animals (Fig. 4F), or in the signals summed from all five animals
(Fig. 4G). SE-BOLD's averaged cycle data also reveals no signs of signal
differences in VPL between rest and stimulation conditions (Fig. 4H).

To better quantify these effects, Fig. 5 shows the histogram and cu-
mulative distribution function analyses described above for the VPL ROI.
The histogram distributions in dfMRI exhibit clear differences between
rest and active periods (Fig. 5A) while SE-BOLD histogram distributions
Fig. 5. Quantification of the activity in VPL (thalamus).
Histograms representing probability distribution function of
the signals in rest periods (blue) versus stimulation periods
(red) for (A) dfMRI and (B) BOLD signals and corresponding
cumulative distribution functions in (C) dfMRI and (D)
BOLD. This data comprises the rest and stimulation periods of
all subjects (n¼ 5; rest periods comprises a total of 1650 data
points and stimulation periods comprises a total of 500
points). This analysis shows that the rest periods differentiate
well from the stimulation periods in dfMRI but not in BOLD
data. (E) The dfMRI signals differed with statistical signifi-
cance between rest and stimulation conditions (mean� S.D.;
two-samples t-test; t¼�4.38, p< 0.0001), while BOLD sig-
nals did not (mean� S.D.; two-samples t-test; t¼�0.68,
p¼ 0.49).
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reveal none (Fig. 5B). The cumulative distribution function analysis
(Fig. 5C and D for dfMRI and SE-BOLD, respectively) reveals that only
dfMRI cumulative distributions differ between rest and stimulation
conditions (Fig. 5C); no such difference was observed for the SE-BOLD
CDFs (Fig. 5D). Finally, the distribution means and standard deviations
are plotted in Fig. 5E. A statistically significant difference is observed in
VPL only for the dfMRI experiment (corrected p< 0.001) whereas the SE-
BOLD experiment shows no statistically significant differences between
rest and stimulation periods (corrected p¼ 0.49).

3.4. Mapping activity using spectral analysis

Next, we turn to ROI and pixel-by-pixel activation mapping in the
brain using a straightforward approach of Fourier analysis, which is
made possible from the periodic nature of the paradigm (Fig. 6A) and
avoids fitting the data to specific assumed response functions (Boynton
et al., 1996; Glover, 1999). The spectrum arising from the paradigm itself
is presented in the lower panel of Fig. 6A and contains the fundamental
Fig. 6. Fourier analysis. (A) Stimulation paradigm and corresponding Fourier spectr
C) Frequency spectra of temporal evolutions in (B) FL S1 and (C) VPL nucleus of the th
from noise. (D–F) Spectral voxel-by-voxel analysis maps the brain activity in S1, (D) in
maps to show thalamic activity. In dfMRI it is possible to observe thalamic activity i
somatosensory information to S1, and in PoM that is involved in the control of the so
not revealed. Color maps represent spectral amplitudes.
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frequency (labeled ‘F’, ~0.016 Hz corresponding to one block per min-
ute) as well as its harmonics. Fig. 6B plots the frequency components
obtained from the FL S1 ROI time-series for each method. Clearly, the
first and second components are above the noise level and correspond to
the same frequency components arising from the paradigm. Hence, only
the fundamental frequency and second harmonic were considered for
further analyses. Interestingly, in the VPL ROI, only dfMRI spectra con-
tained signals in the fundamental frequency and the second harmonic,
while SE-BOLD frequencies revealed no such components (Fig. 6C).

To generate activation maps, the same Fourier analysis approach was
simply performed voxel-by-voxel. Fig. 6D shows the analysis for a single
subject. For dfMRI, voxels corresponding to the input cortical layers IV
and V were more correlated with the paradigm than the other cortical
layers, while in SE-BOLD, this distinction was hardly possible to make,
and a very large cortical area was observed as “active”. Note that the
thresholds used were identical for both methods, with the lower
threshold assessed from the higher frequency components that contain
only noise. When averaged across the five animals in this study, we
um, composed of a fundamental frequency at 0.016 Hz and its harmonics. (B and
alamus. Only the fundamental frequency and the second harmonic separate well
a single representative subject and (E) in the average of all subjects. (F) Average

n VPL, corresponding to anatomical defined thalamic nuclei involved projecting
matosensory cortical processing. In the SE-BOLD images these brain regions are
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obtained the final activation maps shown in Fig. 6E: the dfMRI map
shows a strong activation signal focused around laminae IV and V, with
surrounding rims of lower activity; by contrast, the SE-BOLD-fMRI sig-
nals were much more uniform across the entire cortical region and were
perhaps slightly more concentrated on the border between layers V and
VI.

To evaluate whether thalamic activity could be mapped, the same
procedure was applied to the slice containing VPL (Fig. 6F). In the single-
subject VPL analysis, VPL activity was very difficult to delineate in dfMRI
(data not shown). However, when the data from the five animals were
averaged, two thalamic nuclei corresponding to VPL and to the posterior
medial nucleus (PoM, a thalamic nucleus involved in the adjustment of
somatosensory cortical processing (Wimmer et al., 2010)), were identi-
fied as “active” (i.e., containing energy under the fundamental frequency
and the second harmonic of the paradigm) in dfMRI. By contrast, no
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activation was observed in VPL for the (higher-SNR) SE-BOLD-fMRI ex-
periments. Although multiple areas do appear “active” in these SE-BOLD
maps, they are likely due to noise given that the signals in spectral
domain were close to the noise levels in SE-BOLD (c.f. Fig. 6C).

3.5. Coherence in the rat thalamocortical pathway

As described above, dfMRI exhibited activity in both VPL and FL S1,
the areas most relevant to the forepaw stimulation paradigm. It is thus
useful to evaluate whether these signals are functionally related to each
other. To achieve this, we used coherence analysis (Sun et al., 2004),
whose magnitude spectrum reflects a cross-correlation between a seed
region and any other target. Fig. 7A delineates the ROIs chosen for an-
alyses. Fig. 7B shows the coherence spectrum when the VPL ROI time
course is used as the seed, and FL S1 time-series is used as the target. In
Fig. 7. Coherence analysis. (A) The ROIs
delineating VPL nucleus of the thalamus and the
cortical layer 4 of the FL S1, based on the anat-
omy, were used to calculate the coherence be-
tween them. Note that these regions lay
approximately 5mm apart. (B) Coherence graph
representing the coherence between VPL and FL
S1 for the dfMRI signal (green) and BOLD signal
(blue) at the stimulation frequency (0.0166 Hz).
(C–D) Using the entire FL S1 cortical region as
seed to map thalamic activity, (C) it is possible to
observe that the VPL nucleus of the thalamus is
highly correlated with the activity in FL S1 in
dfMRI data, (D) but not in BOLD data. (E–F)
Using the VPL nucleus of the thalamus as seed to
map cortical activity, (E) it is possible to observe
that the cortical layers of the FL S1 is highly
correlated with the activity in VPL in dfMRI data,
(F) but not in BOLD data. The color scale activity
maps represent coherence magnitude overlaid on
anatomical images.
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the dfMRI experiments, a strong coherence was observed at the lower
frequencies, as expected for functionally connected areas (Sun et al.,
2004). For the sake of completeness, Fig. 7B (blue trace) also shows
coherence plots arising from SE-BOLD, revealing, as expected, no sig-
nificant coherence.

Finally, to investigate which brain regions cohere with the selected
seeds, we evaluated coherence on a voxel-by-voxel level. Fig. 7C shows
that when the ROI drawn in FL S1 is used as the seed, the VPL is spe-
cifically highlighted in dfMRI coherence maps. Conversely, SE-BOLD
signals originating in FL S1 did not cohere with thalamic nuclei
(Fig. 7D) or nearby thalamic nuclei. Similarly, when the VPL ROI was
used as the seed, the strongest coherence in dfMRI was in the target area –
the border of layers IV and V of FL S1 – along with signals cohering to a
lesser extent in other layers in FL S1 (Fig. 7E). As expected, SE-BOLD
signals originating from VPL did not cohere with their downstream cir-
cuitry in the cortex (Fig. 7F).

4. Discussion

Neural activity is multifaceted, occurs on numerous scales and
through myriad mechanisms, and therefore calls for the application of
complementary methods, each providing information on different as-
pects of activity (Sun et al., 2004). Mapping brain activity from a global
perspective is a formidable challenge, but it provides a unique view of
hierarchical brain structures and very different information compared to
that obtained from, e.g., electrophysiological recordings (Brecht et al.,
2004) or fiber photometry (Gunaydin et al., 2014), which observe a few
cells at a time. BOLD-fMRI (Ogawa et al., 1990; Kwong et al., 1992) has
been the mainstay of such noninvasive global brain mappings, and it has
indeed provided invaluable information on brain activity (van Zijl et al.,
1998; Attwell and Iadecola, 2002; Logothetis, 2003; Attwell et al., 2010).
However, surmounting BOLD-fMRI's limits by mapping activity in a more
specific way, could have a tremendous impact on how the brain can be
studied in-vivo.

Diffusion-weighted fMRI has already been proposed by Le Bihan et al.
(Le Bihan et al., 2006) as a means for mapping neural activity more
directly than its BOLD counterpart. In fact, dfMRI was already considered
in the 1990's as a means to investigate the origins of the BOLD response
(Silva et al., 1997). To understand these seemingly conflicting views of
dfMRI (given that Le Bihan and co-workers assert that diffusion fMRI at
high b-values is BOLD-independent (Le Bihan et al., 2006; Le Bihan and
Iima, 2015; Tsurugizawa et al., 2013; Abe et al., 2017)), it is necessary to
consider the filter imposed on the signals. When rather weak diffusion
weighting was used in the earlier studies, flow-related signals from
relatively large vessels were filtered, thereby enabling an investigation of
their impact on the BOLD response (Silva et al., 1997; Lee et al., 2002;
Harshbarger and Song, 2004; Song, 2012). Indeed, application of weak
diffusion weighting was shown to better localize BOLD effects (Lee et al.,
1999; Song, 2012; Yablonskiy and Haacke, 1994; Song et al., 1996). At
higher field strength the relative contribution of smaller vessels becomes
more important (Le Bihan et al., 2006; Seehafer et al., 2010; Le Bihan,
2007, 2014) even with the native SE signal, and with strong diffusion
weighting, the signals reflect a decrease in water diffusion within the
tissue. Ample orthogonal evidence from experiments in slices (MacVicar
and Hochman, 1991; Andrew et al., 1996) as well as in-vivo (Rector et al.,
1997, 2001) using light scattering invokes the existence of a coupling
between neural activity and mechanical properties in the tissue (Tasaki
and Byrne, 1992), on various spatial and temporal scales (Tasaki and
Byrne, 1992; Tasaki, 1999); recently, further evidence to activity-related
dynamic changes in tissue microstructure was given from
super-resolution imaging (Chereau et al., 2017). Interestingly, neuronal
swelling (Andrew and MacVicar, 1994), astrocyte swelling (Saly and
Andrew, 1993), and swellings of axons (Tasaki and Byrne, 1992) and
boutons (Sun and Wu, 2001) have all been implicated with neural ac-
tivity. However, given that it is difficult to assign diffusion MRI signals to
specific cellular compartments/components, it is perhaps not surprising
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that much controversy still exists (Miller et al., 2007; Bai et al., 2016;
Williams et al., 2016) on whether or not dfMRI signals actually reflect a
microstructural (cell-swelling) effect or whether, though perhaps less
likely (Aso et al., 2009), they arise from a “filtered” BOLD effect.

Our study aimed to compare SE-BOLD- and diffusion-fMRI in the most
direct way possible, avoiding the application of complex statistical
models that assume (unknown) response functions a-priori or deconvo-
lution of data. This calls for high-quality data that would enable a data-
driven analysis of both SE-BOLD and dfMRI signals. To achieve the
required data quality, we took advantage of an arrayed cryogenic receive
coil (cryoprobe) to boost signal-to-noise ratio (SNR) by approximately
x2.558,60. The basic principle underlying the SNR boost achieved with
cryogenic coils relies mainly on lowering the electronic noise of the MR
acquisition hardware. This fact has been shown theoretically (Hoult and
Richards, 1976) and demonstrated with NMR acquisitions using receiver
coils and pre-amplifiers cooled to cryogenic temperatures (Styles et al.,
2011). Previous studies, using a similar cryoprobe engineered for mice,
also reported an SNR increase of approximately x2.5, in comparison to a
conventional room temperature receiver coil (Baltes et al., 2009). With
this sensitivity, robust and reproducible cortical and thalamic signals
were observed in dfMRI, which mapped the network with very high
specificity.

Although our study does not address the origin of the dfMRI signals
directly, it asks a similarly relevant question: do dfMRI signals better
represent our knowledge of the underlying neural activity compared with their
BOLD counterparts? Shih et al. (2013) characterized the electrophysiology
of forepaw stimulation with parameters that are very close to those used
in our paradigm. Using a current source density analysis, they found that
most activity occurs on the border of layers IV and V, with weaker re-
sponses in layer VI and II-III. These electrical responses are in excellent
agreement with our dfMRI findings, shown in Fig. 6E, that revealed the
strongest functional signals in layers IV and V, and diminished responses
in layers VI and II-III; by contrast, the SE-BOLD signals observed in this
study are much more homogeneously spread along the somatosensory
cortex (Fig. 6E), consistent with a much broader recruitment of vascu-
lature in areas distant from the activation foci (Turner, 2002; Diekhoff
et al., 2011; Harmer et al., 2012). Interestingly, despite the lower
signal-to-noise of dfMRI, the activation signal amplitudes are comparable
to those of SE-BOLD-fMRI signals in the cortex. The more localized
functional signals mentioned above in layers IV and V of FL S1 are also
quite consistent with Tsurugizawa et al.'s dfMRI findings in rats (Tsur-
ugizawa et al., 2013). However, these cortical signals should originate
from the ascending stimulation sent by the thalamic VPL nucleus (Pet-
reanu et al., 2009; Erzurumlu et al., 2010) (Fig. 1A), which, to our
knowledge, has not been yet investigated by dfMRI. Since the dfMRI
signals evidenced activity in VPL (Figs. 4 and 5), and since the areas are
functionally connected (Erzurumlu et al., 2010), we hypothesized that
they should cohere with each other – as expected from the neural activity
in the somatosensory pathway (Petreanu et al., 2009; Erzurumlu et al.,
2010). Interestingly, dfMRI signals indeed exhibited very strong coher-
ence between VPL and FL S1 Layers V and IV, and vice-versa, the entire
somatosensory cortex cohered very well with VPL (Fig. 7). This lends
further credence to the notion that dfMRI signals (at high field) represent
the network's neural activity quite faithfully. In fact, our study shows no
SE-BOLD signals at all in VPL (c.f. Fig. 6), and, as a consequence, also no
coherence with S1. This observation cannot be attributed to
signal-to-noise differences between SE-BOLD and dfMRI sequences,
because dfMRI exhibited lower SNR, by a factor of almost 5, but it still
evidenced signals not observed in the higher-SNR SE-BOLD-fMRI. The
absence of VPL signals in SE-BOLD-fMRI is in line with, e.g., Keilholz
et al. (2004), that observed BOLD-fMRI activity in thalamus only in
<~10% of rats studied, and, even then, the activity was not specific to
VPL. On the other hand, several studies show BOLD activation of the
thalamus in similar rat forepaw stimulation paradigms (Lu et al., 2016;
Brynildsen et al., 2017) using gradient-echo sequences. In GE, the
sensitivity towards BOLD responses is higher, but the spatial specificity of



Fig. 8. Mean diffusivity changes in cortical layer 4 due to stimulation. The
raw temporal evolution of the signal in cortical layer 4 of the FL S1 region was
used to calculate mean diffusivity changes due to stimulation. All subjects
(n¼ 5) and stimulation epochs (n¼ 10 per subject) were averaged to calculate
the filtered average cycle. Color code: blue – filtered averaged BOLD data, green
– filtered averaged diffusion-weighted data (dfMRI), red – apparent mean
diffusivity (MD).
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the activated brain areas is much lower due to the sequence's tendency to
highlight large draining veins and vessels downstream of the activated
areas. Indeed, the above-mentioned reports (Keilholz et al., 2006; Lu
et al., 2016; Brynildsen et al., 2017) show activation of numerous
thalamic nuclei that are not known to be related with sensorial stimuli,
and the reproducibility of the VPL activity was shown to be quite poor
(Keilholz et al., 2006). One potential reason for the lack of clear VPL
SE-BOLD signals, is its sparser, and differently organized, vasculature
compared to the rodent cortex (Ghanavati et al., 2014; Errico et al.,
2015).

Rather than investigating the mechanism underlying dfMRI, this
study was designed to provide high-quality data, which could be used
nearly “as is” rather than be subjected to extensive modeling or filtering.
The use of a cryoprobe, with approximately �2.5 sensitivity enhance-
ments (Baltes et al., 2009), greatly contributed to the clarity of the data
and its high SNR. Our ability to use a simple Fourier analysis to map the
activation patterns obviated the need for statistical parametric mapping,
which requires a-priori knowledge (or, more commonly, assumptions) on
the response function (hemodynamic or diffusion). In addition, dfMRI
signal distributions showed clear differences when simply plotted (Figs. 3
and 5). It is also worth mentioning that the isotropic diffusion encoding
scheme (IDE) (Eriksson et al., 2013; Topgaard, 2017) employed here
benefits from removing potential directional dependence (Miller et al.,
2007) (though, in auxiliary experiments we have not observed any sig-
nificant orientational dependence, data not shown), as well as from
mitigating cross-terms (Eriksson et al., 2013) with internal gradients due
to their oscillatory nature, which in turn also reduces the sequence's
potential sensitivity to BOLD effects when diffusion-sensitizing gradients
are applied.

Despite that this study did not directly assess the mechanism under-
lying dfMRI signals, there are several putative explanations suggesting, at
least, a shift of intra-to extra-vascular contrast mechanisms. For example,
the emergence of diffusion-weighted functional signals in an area devoid
of SE-BOLD-related functional signals, as observed in VPL (Figs. 4 and 5)
can be considered evidence against a vascular component contributing
significantly to the dfMRI signals, as the contrast can only reflect diffu-
sivity changes in the absence of BOLD responses at the non-diffusion-
weighted signal. In other words, the diffusion-weighted signals, which
have a lower signal-to-noise ratio than BOLD signals, are perhaps less
likely to be a “filtered” BOLD response (Miller et al., 2007; Bai et al.,
2016), because then one would expect to see the (“unfiltered”) BOLD
responses also in the much higher-SNR BOLD-fMRI experiments. In the
cortex, it is perhaps more difficult to conclude whether the changes in
dfMRI signals arise from changes in diffusivity or from internal gradients
created by the susceptibility, as functional changes are observed both in
b¼ 0 s/mm2 (SE-fMRI) and b¼ 1500 s/mm2 data. The averaged
time-course of the apparent mean diffusivity (MD) in S1 layer IV upon
stimulation (Fig. 8) reveals a clear MD decrease, locked to the neural
activity but with a slightly different time course compared to
SE-BOLD-fMRI and dfMRI, respectively. Still, it is worthwhile noting that,

simplistically, for a simple 1-component system, ln
�

SIDE ðtÞ
S0ðtÞ

�
∝� bDðtÞ þ

AGiðtÞGIDEDðtÞ where SIDE and S0 are diffusion weighted and
non-diffusion weighted signals, respectively, b is the b-value, D is the
diffusivity, Gi is the internal gradient driven by susceptibility (e.g., re-
flects BOLD to some extent), GIDE is the diffusion-sensitizing gradient,
and A reflects sequence-specific timing constants. Dropping all inessen-

tial constant parameters, ln
�

SIDEðtÞ
S0ðtÞ

�
∝ � DðtÞþ GiðtÞDðtÞ. Therefore, the

apparent MD time-dependence (Fig. 8) will only be identical to D(t) if the
internal gradient variation with time is zero (i.e. the cross-term cannot be
necessarily neglected). The magnitude of the cross term will depend
however on the overlap of internal gradient and IDE dephasing spectra,
which will be quite small in our experiment, suggesting that D(t)may be
at least in part responsible for the MD changes in Fig. 8. By contrast with
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the cortical data, S0(t) remained constant in the VPL, suggesting thatGi(t)
is small and the ensuing variations in mean diffusivity are likely due to
modifications in D(t). This result can indicate that dfMRI is in fact more
sensitive to microstructural changes accompanying neuronal activity (Le
Bihan, 2014) or other features of the neuronal activity that are not re-
ported by the SE-BOLD contrast. An alternative explanation for dfMRI
signals relying entirely on hemodynamic signals, would involve a dy-
namic balance between negative and positive BOLD responses: it is not
inconceivable that negative responses would be exactly balanced by
positive responses in SE-BOLD fMRI, and, when strong diffusion
weighting is applied, the negative contribution is filtered, giving rise to
positive signals in VPL as observed in this study.

It is worth highlighting that this study does not tackle temporal as-
pects of dfMRI. Previous results from Tsurugizawa et al. in rodents
(Tsurugizawa et al., 2013), as well as others in humans (Le Bihan et al.,
2006; Aso et al., 2013), indicated that dfMRI signals typically peak faster
than BOLD responses. In this study, we did not observe such temporal
shifts since we aimed at mapping the spatial aspects of dfMRI, and
thereby the temporal resolution was somewhat low. Thus, this study is
not suitable for investigating such fast dynamics. Future studies with
much higher temporal resolution are needed to investigate the temporal
aspects of dfMRI and to provide insight into their correlation with un-
derlying neural activity. These could be achieved using compressed
sensing and/or sacrificing spatial resolution. Compared to other dfMRI
studies (Tsurugizawa et al., 2013; Abe et al., 2017) in rodents, this study
used a relatively small number of animals (n¼ 5); however, given the
very high signal to noise of the experiment and the avoidance of using
complicated statistical analyses, the study is sufficiently well powered,
and the results were consistent along the different animals.

Finally, while the exact mechanism underlying dfMRI remains to be
explored (Lee et al., 1999; Jin et al., 2006; Kuroiwa et al., 2014; Autio
et al., 2011; Rudrapatna et al., 2012; Duong et al., 2003; Nicolas et al.,
2017), our evidence suggests that whatever the mechanism, dfMRI
functional signals are more specific to the circuitry, and therefore, may
serve not only to highlight networks involved in task-based fMRI, but also
perhaps more generally provide more genuine connectivity, e.g., in
resting-state-dfMRI (Abe et al., 2017). In addition, it should be noted that
the data-driven analysis proposed here for the dfMRI signals should be
applicable to human scans provided that the SNR is sufficiently high.
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5. Conclusions

Diffusion-weighted fMRI signals map neural activity more faithfully
compared to their BOLD counterparts, at least from the perspective of
known anatomical and functional connections. For the forepaw stimu-
lation paradigm at 9.4 T, dfMRI signals are strongest in the border of
layers IV and V, as expected from electrophysiology, and they cohere
strongly with VPL signals, as expected from these anatomically and
functionally connected regions, suggesting that the dfMRI signals are
more intimately linked with the underlying activity than their
hemodynamic-based SE-BOLD counterparts. Our data-driven analysis,
which was able to reveal the time course of the apparent mean diffu-
sivity, is independent of statistical modeling and thus avoids the inherent
risk of bias in model selection. These findings are promising for future
preclinical and clinical studies of neural activity and connectivity in the
global brain.
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