NeuroImage 225 (2021) 117446

Contents lists available at ScienceDirect

NeuroImage
journal homepage: www.elsevier.com/locate/neuroimage

Neuroplasticity-driven timing modulations revealed by ultrafast functional
magnetic resonance imaging
Rita Gil, Francisca F. Fernandes, Noam Shemesh∗
Champalimaud Research, Champalimaud Centre for the Unknown, Lisbon, Portugal

a r t i c l e
Keywords:
fMRI
Ultrafast fMRI
Plasticity
Visual system
Line scanning

i n f o

a b s t r a c t
Detecting neuroplasticity in global brain circuits in vivo is key for understanding myriad processes such as memory, learning, and recovery from injury. Functional Magnetic Resonance Imaging (fMRI) is instrumental for such
in vivo mappings, yet it typically relies on mapping changes in spatial extent of activation or via signal amplitude
modulations, whose interpretation can be highly ambiguous. Importantly, a central aspect of neuroplasticity involves modulation of neural activity timing properties. We thus hypothesized that this temporal dimension could
serve as a new marker for neuroplasticity. To detect fMRI signals more associated with the underlying neural
dynamics, we developed an ultrafast fMRI (ufMRI) approach facilitating high spatiotemporal sensitivity and resolution in distributed neural pathways. When neuroplasticity was induced in the mouse visual pathway via dark
rearing, ufMRI indeed mapped temporal modulations in the entire visual pathway. Our ﬁndings therefore suggest
a new dimension for exploring neuroplasticity in vivo.

1. Introduction
Remodelling of the neural tissue milieu is crucial for facilitating the neural activity adaptations necessary for an organism to
survive in its constantly changing environment (Holtmaat and Svoboda, 2009; Murphy and Corbett, 2009). Such remodelling processes
are termed “neuroplasticity” and they occur on multiple spatial (micro, meso‑, and macroscopic) and temporal (minutes to months) scales.
Neuroplasticity plays critical roles in, e.g., memory and learning
(Holtmaat and Svoboda, 2009; Nilsson et al., 1999; Hughes et al.,
2018; Nithianantharajah and Hannan, 2006), maturation and ageing (Hill et al., 2018), in disease (Murphy and Corbett, 2009;
Chung et al., 2017; Barth and Ray, 2019) and in promoting recovery
(Zeiler et al., 2016). Microscopic features of neuroplasticity (Denève and
Machens, 2016) have been extensively studied invasively in localized areas, e.g., via electrophysiology and optical ﬂuorescence imaging. On the other hand, network level changes on extended timescales,
typically underpinning neural computations, behaviour, and cognition
(Staresina et al., 2015; Vaz et al., 2019), are more diﬃcult to decipher.
This mesoscopic scale is mainly the domain of functional magnetic resonance imaging (fMRI) (Ogawa et al., 1992; Logothetis, 2008) methods,
which can deliver surrogate functional contrasts via neurovascular coupling mechanisms. Indeed, fMRI has been instrumental for studying and
characterising neuroplasticity longitudinally, in vivo, and in the context
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of brain-wide activity (Merino and Warach, 2010; Brier et al., 2012;
Frisoni et al., 2010).
Neuroplasticity is usually detected in fMRI either as a change in
spatial extent of activation (Canals et al., 2009) or as an amplitude
modulation of the peak BOLD signal (Jiang et al., 2007; Little and
Thulborn, 2005; Beeck et al., 2006; Pollmann and Maertens, 2005;
Chao et al., 2014; Kourtzi et al., 2005; Gauthier et al., 1999) in activated areas. For example, fMRI was capable of discovering how ipsilateral cortices can become involved in information processing from
stimulating a contra-lesional limb following stroke (Cao et al., 1998;
Binkofski and Seitz, 2004; Chollet et al., 1991; Cramer et al., 1999),
and that wide-range networks modulate in response to long term potentiation (Canals et al., 2009). In addition, many fMRI studies reported changes in BOLD contrast amplitude following neuroplasticity (Jiang et al., 2007; Little and Thulborn, 2005; Beeck et al., 2006;
Pollmann and Maertens, 2005; Chao et al., 2014; Kourtzi et al., 2005;
Gauthier et al., 1999). One example is the increase in fMRI response
amplitude reported in the visual cortex upon extensive training to object discrimination when the subject is presented with trained objects
(Beeck et al., 2006).
Importantly however, the interpretation of BOLD’s peak amplitudes
is complicated and often ambiguous due to the complex nature of
the underlying neurovascular couplings. Although local ﬁeld potentials (LFPs) have been shown to correlate with BOLD peak amplitudes
(Logothetis and Wandell, 2004; Logothetis et al., 2001; Silva and Koretsky, 2002), the dynamics of late BOLD signals, including the peak,
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can suﬀer from uncoupling between the detected fMRI signal and the
underlying neural activity due to vascular dynamics (Devor, 2003;
Hutchinson et al., 2006; Uludaǧ, 2008; Berwick et al., 2008). In particular, BOLD responses in larger veins and venules can compromise spatial
and temporal speciﬁcity and impair detection of focal neuroplasticitydriven modulations. In addition, given that the late BOLD dynamics are
a combination of many factors ranging from oxygenation level, blood
ﬂow and blood volume, each having diﬀerent characteristic timings
(Devor, 2003; Hutchinson et al., 2006), neuroplasticity-driven changes
in peak dynamics are more diﬃcult to interpret. By contrast, early BOLD
signals have been shown (Silva and Koretsky, 2002; Yu et al., 2014)
to better reﬂect the underlying neural activity – mainly in terms of
input order and latency – with high speciﬁcity and sensitivity. These
early responses are thought to originate mainly from the capillary
bed, which is more directly linked both spatially and temporally to
the underlying neural activity. Silva and Koretsky (2002) and later
Yu et al. (2014) showed that the early BOLD signals in cortical areas
coincide with the order of expected neural inputs to the diﬀerent cortical layers in both somatosensory and barrel cortices, while peak timings
were found to be disassociated from the expected activation sequences.
These ﬁndings lend further credence to the hypothesis of stronger association of neural activity in early BOLD dynamics as compared with
BOLD plateau or peak dynamics (Yu et al., 2014; Shen et al., 2008).
One of the most crucial determinants underlying neuroplasticity involves modulations in neural activity dynamics (Canals et al., 2009;
Jiang et al., 2007; Chollet et al., 1991; Cramer et al., 1999; Little and
Thulborn, 2005; Beeck et al., 2006; Pollmann and Maertens, 2005;
Chao et al., 2014; Kourtzi et al., 2005; Gauthier et al., 1999; Cao et al.,
1998; Binkofski and Seitz, 2004). Therefore, we hypothesized that ultrafast fMRI acquisitions, with their increased sensitivity to earlier
BOLD dynamics, could potentially deliver a new “dimension” for characterising neuroplasticity by mapping changes in signal timing properties, rather than amplitude or spatial extent. However, identifying
such activation dynamics in distributed neural pathways with fMRI
remains notoriously diﬃcult, mainly due to the following key issues:
(1) neural pathways are spatially distributed, which requires the acquisition of multiple slices covering large volumes, in turn limiting
the eﬀective temporal resolution; (2) the ensuing BOLD responses
are sparsely sampled, highlighting the activation peak and plateau
much more than the full signal dynamics; (3) the inherent low signal to noise associated with rapid sampling due to relaxation. Still,
Ogawa et al. (2000) and Hirano et al. (2011) were able to study impulse
response properties using 310 and 250 ms temporal resolution, respectively. Yu et al. (2012) studied the diﬀerential contributions of cortical
micro/macro-vasculature to the fMRI signal with a temporal resolution
of 200 ms. Silva and Koretsky (2002) obtained an eﬀective temporal
resolution of 40 ms in a long fMRI experiment by permuting phase encoding and repetition loops, thereby enabling onset time mapping.
These earlier ultrafast fMRI studies provided much insight into the
nature of BOLD mechanisms, but they focus only on single cortical
columns, rather than on entire distributed pathways. To enable ultrafast fMRI (ufMRI) more globally, we have developed a more sensitive
approach capable of resolving an entire pathway in a single shot. Our
ufMRI methodology requires a-priori knowledge of the spatial location
of the pathway, which can be obtained from anatomy and/or a conventional fMRI measurement “on-the-ﬂy”. An oblique plane passing through
the pathway’s areas is then designed, and, rather than acquiring the
conventional numerous slices required to cover the pathway, only a single plane is acquired with a single shot (Fig. 1A). This results in dramatic temporal gains, since the same plane can be scanned repeatedly
(Fig. 1B). To address the low sensitivity arising from such rapid acquisitions, we harness a state-of-the-art 4-element array cryogenic coil, which
facilitated suﬃcient signal-to-noise for observing activation dynamics
even in a single animal with a single run (Fig. 1C).
As a model system for activation dynamics and neuroplasticity, we
investigated the mouse visual pathway at 9.4 T (Fig. 1D). Neural activ-
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ity in the rodent visual pathway is very well described (Piscopo et al.,
2013; Seabrook et al., 2017; Gao et al., 2010): light enters the mouse
retina, and is then converted to electrical signals by photoreceptors and
transmitted by the retinal ganglion cells (RGCs) crossing the midbrain
at the optic chiasm. Direct retinal projections arrive both in the dorsal lateral geniculate nucleus of the thalamus (LGN) and superior colliculus (SC) initiating two parallel pathways: the geniculate and extrageniculate pathways, respectively (Fig. 1D), which were here targeted
for ufMRI. Projections from the LGN arrive to the primary visual cortex
(V1), mainly in layers IV, V and VI. In parallel, SC projects to the shell
of LGN as well as broadly to all cortical layers of both V1 and higher order visual cortex (VC) areas indirectly through lateral posterior thalamic
nucleus (LP).
Neuroplasticity is crucial for learning, memory and recovery from
lesions, but in the context of the visual pathway it is most predominant
during development. As pups are exposed to light, typically around postnatal days 28 and 36 (Sun et al., 2019) their receptive ﬁelds shape and
important connections form along the visual pathway so that an image is formed and correctly interpreted. Interestingly, neuroplasticity
can be experimentally induced by rearing animals in complete darkness
since birth until adulthood; by eliminating visual experience, the critical period of plasticity necessary for maturing the visual pathway is
delayed (Huh et al., 2020; Tian and Copenhagen, 2001). Several studies
have shown that the dark rearing model induces several microstructural
and functional changes along the entire visual pathway, including delayed optic nerve myelination (Autrum et al., 1973; Gyllensten et al.,
1965), abnormal cell discharge patterns in LGN (Autrum et al., 1973),
decreased visual cortex thickness (Autrum et al., 1973; Gyllensten et al.,
1965) and spine density at the apical dendrites of the L5 pyramidal cells
(Valverde, 1971; Freire, 1978), as well as compromised cortical excitatory/inhibitory mechanisms (Kreczko et al., 2009; Anon, 1992) leading
to abnormal visual evoked potentials (VEPs) (Anon, 1992; Snyder and
Shapley, 1979; Pizzorusso et al., 1997). These processes can be reversed
upon exposure to light, thereby inducing plastic changes in the system. In the dark reared models, due to spatial coverage limitations,
most studies have typically examined only individual structures at a
time, predominantly the visual cortex (Huh et al., 2020; Valverde, 1971;
Freire, 1978; Kreczko et al., 2009; Anon, 1992; Snyder and Shapley, 1979; Pizzorusso et al., 1997), and therefore a simultaneous view
of entire pathway remains elusive.
Here, our ufMRI approach was harnessed to target activity in the
mouse visual pathway and plasticity in the pathway upon dark rearing. The functional modulations due to dark rearing, such as abnormal
LGN cell discharge patterns and abnormal VEPs, are expected to modulate measured BOLD timing curves (Logothetis and Wandell, 2004;
Logothetis et al., 2001; Silva and Koretsky, 2002; Singh et al., 2003;
Yesilyurt et al., 2010). Additionally, we hypothesized that the modulations should be more pronounced in early BOLD timings, such as the
onsets, where vascular dynamics are not expected to be as dominant as
in later BOLD timings, such as its peak. We ﬁnd that the expected activation sequence in the geniculate and extrageniculate visual pathways
is recapitulated in normal reared mice via early fMRI response timings.
Perhaps more crucially, functional modulations upon dark rearing were
detected along the entire pathway, with broader and lower amplitude
dark reared BOLD responses compared to normal reared group ones, as
well as delayed responses in the dark reared group, suggesting aberrant
visual processing. Potential implications for future research and applications are discussed.
2. Results
2.1. The ufMRI setup and visual pathway schematics
The experiment timeline is depicted in Fig. S1. The ufMRI approach
requires an a-priori assessment of the pathway’s spatial location. In this
study, we have identiﬁed the involved areas anatomically (Fig. S2) and
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Fig. 1. ufMRI concept and elements. (A) Positioning of conventional fMRI and ufMRI slices. Conventional fMRI uses multiple slices for coverage of the important
visual areas. By contrast, ufMRI captures all areas of interest along the pathway with a single oblique slice. (B) Timing of conventional fMRI vs. ufMRI approaches.
The multiple slices required for coverage in conventional fMRI limit the temporal resolution while ufMRI can be repeated much more rapidly. (C) Signal to noise
improvements due to the use of cryogenic reception coil. Top panel shows an ufMRI image degraded to room-temperature phased-array coil noise level and the
ensuing temporal proﬁle (grey), showing loss of functional signals. The bottom panel depicts the ufMRI image acquired in a (also phased-array) cryocoil, revealing
robust activation signals (blue) along one run of the experiment. Vertical black bars represent stimulation. (D) Mouse visual pathway highlighting the involved cortical
and subcortical areas upon monocular visual stimulation. Light enters the retina, followed by activity in two main pathways: the geniculate and the extrageniculate
pathways. On the geniculate pathway, direct inputs to LGN project directly to V1, which then projects to higher visual cortical areas (HVAs). On the extrageniculate
pathway, input arrives ﬁrst to SC, which projects to the LP and to the shell portion of LGN. LP then projects to HVAs. The expected activation sequence is therefore
LGN/SC -> LP -> V1 -> HVAs however, most HVAs are not expected to be active with ﬂashing stimuli.

the chosen ufMRI imaging plane is shown in Fig. 1A, capturing most of
the geniculate and extrageniculate pathways (Figs. 1D and S2). A further
conventional (slow) fMRI scan using this plane was performed to ensure
that the active areas appeared properly in the positioned plane (data not
shown).

task-driven activation. The spatial extent of activation between the two
rearing regimes did not diﬀer substantially.

2.2. Ultrafast functional MRI provides robust activation maps in the visual
pathway for both rearing conditions

Once robust BOLD activation responses were established via ufMRI,
the detailed BOLD dynamics were assessed. Fig. S4 shows a region of
interest (ROI) analysis of the averaged ufMRI time courses for normal
and dark reared mice groups (N = 5 and N = 13, respectively). Robust
activity was detected in all contralateral ROIs associated with the geniculate and extrageniculate pathways in normal reared mice (Fig. S4A),
with marked decreased amplitude in the dark reared group responses
(Fig. S4B). To better capture the dynamics of the BOLD signals, Fig. 3
shows the epoch-averaged BOLD response (e.g., the average of all individual events in the averaged time courses from Fig. S4) in the visual
pathway ROIs for both normal (Fig. 3A–C) and dark (Fig. 3D–F) reared
mice groups. Remarkably, when ROIs were drawn in the normal reared
mice group (Fig. 3A), the early timing proﬁles of the BOLD response
(more clearly evidenced in Fig. 3B), as well as the normalised BOLD
proﬁle (Fig. 3C), suggested the following activation sequence: LGN and
SC responding nearly together, followed by LP and then by contralateral
and ipsilateral VC. Very similar dynamics were noted even in individual
animals, as evident from the results summarized from a single normal
reared mouse (c.f. Fig. S5).
The same ROI analysis was performed for the dark reared group
(Fig. 3D–F). Contralateral responses were broader and much weaker

We ﬁrst aimed to assess the robustness and quality of the data arising from the ufMRI approach. A movie depicting the raw ufMRI data
in a single representative normal reared mouse is shown in Fig. S3, revealing no apparent motion or other artefacts, and suggesting the stability of the ufMRI signal under our experimental conditions. The signal
to noise ratios (Veraart et al., 2016b; Veraart et al., 2016a) (calculated
from the normal reared mice group raw data) in contralateral VC, LP, SC
and LGN as well as ipsilateral VC were 71±13, 43±5, 85±26, 39±4 and
70±8, respectively. To avoid confounding eﬀects in the general linear
model associated with the choice of the hemodynamic response function (HRF), the power in the fundamental frequency associated with the
stimulation paradigm (Fig. 2A) was mapped voxelwise (Fig. 2B-C). Robust activation in all visual pathway junctions was captured by ufMRI’s
slice in both rearing regimes; clear strong contralateral activation can be
observed for both regimes as well as less pronounced ipsilateral activation, probably due to the binocular subregions of each visual pathway
structure and the projections across hemispheres through the callosal
pathway. As expected, areas not involved in the task did not exhibit

2.3. Fast BOLD dynamics reveal neural input order in normal reared mice
and timing aberrations in dark reared mice
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Fig. 2. Data-driven Fourier analysis. (A) Top: Stimulation paradigm and building block. Bottom: Power spectra for both the stimulation paradigm (black) and
data originating from an ROI in SC of N = 5 normal reared mice (red). Clearly, there is a good agreement between the predicted and observed frequencies. To map
the active areas, the fundamental frequency (marked in the plot of the power spectra with the letter F in red) was selected and the integral was computed voxelwise
and mapped. Corresponding power maps depicting robust activation in all areas of the visual pathway contralateral to the stimulation side captured by the ufMRI
slice in normal reared (B) and dark reared mice (C).

in amplitude compared with their normal reared counterparts. Perhaps
even more interestingly, the BOLD dynamics showed little temporal
preference as most areas in the pathway appeared to co-activate approximately at the same time (evidenced in Fig. 3E–F).
To further accentuate the diﬀerence between the two groups,
Fig. 3G–O directly compares the signals arising from each group for each
ROI separately, clearly revealing the decreased BOLD response amplitudes and the delayed responses in the dark reared group’s contralateral
activation (in particular for subcortical structures). On the other hand,
the ipsilateral responses are not substantially delayed in the dark reared
mice except for ipsilateral VC where the same trend as seen in the contralateral ROIs can be observed. To ensure that these dynamics are not
due to the diﬀerent amplitudes, the BOLD responses were normalised
to the maximum (Fig. S6) and similar trends were observed for the normalised data: an increased response delay for every contralateral ROI
from the dark rearing group (again more pronounced in subcortical regions) and similar ipsilateral ROIs responses for both groups.

2.4. ufMRI early timing maps reveal accurate neural input order in normal
reared mice
Given the robustness of ufMRI data, the signal in every voxel was
used to estimate timing maps such as onset (𝜏 onset ), time to quarterheight (𝜏 1/4 ), time to half-height (𝜏 1/2 ), and peak times (𝜏 peak ), which
are shown in Fig. 4. We ﬁrst examined the timing properties in the
normal-reared group where several interesting features are noteworthy:
BOLD responses in the contralateral SC and LGN exhibit onset times
roughly between 𝜏 onset = 400–700 ms with some spatial segregation
evident in the timing maps. Several subregions appear quite homogeneously organized with BOLD onsets at slightly diﬀerent timings. In particular, the LGN’s shell exhibits onsets of 𝜏 onset = ~400–500 ms, while
its core evidences later onsets, around 𝜏 onset = 650–800 ms. Similarly,
the contralateral SC’s dorsal areas onset with 𝜏 onset = 400–500 ms, while
its more ventral areas onset at 𝜏 onset = ~600–700 ms. By contrast, the
contralateral VC presents onsets of 𝜏 onset = 1000–1100 ms after stimulus presentation. Note that cortical layers are traversed obliquely, and
that the deeper (and more anterior) VC layers reveal earlier onset times
than the more superﬁcial (and more posterior) layers. Interestingly, we
also note some activation in the ipsilateral LGN and VC with similar
traits. As stated above, both these regions are associated with binocular areas where projections originating from non-crossing RGCs exist
which could account for the observed ipsilateral activations, along with
signalling from inter-hemispheric cortical projections from the callosal

pathway. Note that, as for the ROI analysis, the correct neural input order was observed for 𝜏 onset in the pathway, although increased delays
of LP compared with SC were not visible in this analysis, possibly due
the low voxelwise contrast to noise ratios.
As onset times have an intrinsically low contrast to noise ratio,
𝜏 1/4 was also quantiﬁed and considered an “early timing” parameter
(Fig. 4B). Although slightly delayed by ~300 ms compared with 𝜏 onset ,
our results show that nearly all the features described for onsets were
observed also for 𝜏 1/4 but with higher contrast to noise.
We then sought to investigate whether 𝜏 1/2 or 𝜏 peak still reﬂected
the correct neural input order. The 𝜏 1/2 metric revealed timings around
1400 ms in subcortical areas and 1800–2100 ms for VC (Fig. 4C). Although most of the timing features between ROIs can still be deciphered
from both 𝜏 1/2 and 𝜏 peak maps, the maps appear much more homogeneous lacking some ﬁne details between subcortical structures seen in
earlier BOLD timing maps.
To further ascertain the validity of these qualitative observations,
a statistical analysis was performed (Fig. 5A–D) comparing timings in
the diﬀerent contralateral ROIs for each rearing regime. Normal rearing
evidenced a statistically signiﬁcant diﬀerence (p ≤ 0.001) between all
subcortical ROIs and VC for all the measured BOLD timings. Statistically
signiﬁcant diﬀerences were also found for SC - LP (p ≤ 0.05) and SC LGN (p ≤ 0.001) onset times, and for LP - LGN (p ≤ 0.05) peak times.
2.5. ufMRI timing maps reveal aberrant information processing in dark
reared mice
Given that ufMRI provided pathway-relevant timing parameters, we
turned to investigate whether ufMRI timing maps could reveal timing
aberrations in the dark reared group’s visual pathway, which is aﬀected
by the lack of light during the animal’s development. We ﬁnd several
important diﬀerences from the normal reared group. First, the contralateral SC and LGN onset times in the dark reared group (Fig. 4E) appeared
quite similar to those of the normal reared group (Fig. 4A), with a slight
onset delay observed in contralateral LP voxels. However, the contralateral VC onset times appeared shorter compared to those of the normal
reared group, and the diﬀerence between cortical and subcortical areas
was much smaller in the dark reared group. Second, 𝜏 1/4 maps (Fig. 4F)
for the dark reared group revealed dramatic delays compared to their
normal reared counterparts (Fig. 4B) in all subcortical areas, perhaps
less pronounced in dorsal SC. In addition, the cortical areas start to
“catch up” with the normal reared controls 𝜏 1/4 delays, accentuating
the aberrant subcortical dynamics in the dark-reared animals. Finally,
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Fig. 3. ROI Analysis for the normal (N = 5) and dark (N = 13) reared mice groups. Percentage signal change of the averaged BOLD response (mean +/- s.e.m.)
for the diﬀerent ROIs in the normal reared (A, B, C) and dark reared (D, E, F) mice groups. The anatomical image on the left top corner of (A) and (D) illustrates
the diﬀerent ROIs placement. Zoomed averaged BOLD response where diﬀerent response proﬁle times are more evident for the normal (B) and dark (E) reared mice
groups are also shown as well as averaged response normalised to the maximum percentage signal change of diﬀerent ROIs for the normal (C) and dark (F) reared
mice groups. In the normal reared mice group, a clear distinction between cortical and subcortical normalised response timings can be observed, which is absent in
the dark reared group normalised responses. Zoomed averaged BOLD responses for each individual ROI comparing the two diﬀerent rearing conditions: contralateral
and ipsilateral LGN (G, K), VC (H, L), SC (I, M) and LP (J, O). The decrease in BOLD amplitudes in the dark rearing condition is visible for all contralateral responses
while similar responses are observed in the ipsilateral hemisphere, with the exception of ipsilateral VC where a BOLD amplitude decrease can be also seen. Grey bar
represents the visual stimulus.

𝜏 1/2 (Fig. 4G) and 𝜏 peak (Fig. 4H) maps also exhibit much longer delays
in the dark reared mice group in the entire visual pathway.
These observations can be more quantitatively assessed by grouping the timing parameters arising from every individual animal in histograms for the diﬀerent groups (Fig. 4I–P). The onset time histograms
for normal reared mice (Fig. 4I) for example, clearly show that subcortical regions are associated with earlier onsets centred around 500 ms,
while VC shows onsets times around 900–1000 ms. On the other hand,
onset time histograms from the dark reared group (Fig. 4M) exhibit overlap of timing delays for all ROIs at around 600 ms. The 𝜏 1/4 histograms
(Fig. 4J and N) show how LGN, LP and many SC voxels are delayed in

the dark reared group compared to the normal reared group while VC is
only slightly, if at all, delayed. The more pronounced delays in the dark
reared group become more evident in the histograms of 𝜏 1/2 and 𝜏 peak
(Fig. 4O and P, respectively) compared with the normal reared group
(Fig. 4K and L, respectively). An increased separation between subcortical and cortical delays, similar to what is observed in the normal reared
group histograms, is only observed for the 𝜏 peak maps of the dark reared
group.
Further statistical analysis revealed that dark rearing (Fig. 5E–H)
induced statistically signiﬁcant diﬀerences between SC and VC for all
measured BOLD timings (onset times - p ≤ 0.05 - other BOLD timings -
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Fig. 4. Voxelwise timing parameter analysis of the averaged cycles for normal reared (N = 5) and dark reared (N = 13) mice group. (A, E) Onset time
maps; (B, F) Quarter-height time maps; (C, G) Half-height time maps and (D, H) Peak time maps for normal and dark reared groups respectively. The scale on
the right side represents the time (in milliseconds) relative to the beginning of the visual stimulus. Increased subcortical and cortical delays can be observed in the
time to quarter-height, half-height and peak of the BOLD responses (F-H) in the dark reared group. Regarding the onset responses in the dark reared group (E),
a reduced timing diﬀerence between cortical and subcortical structures can be observed but no increased delay for subcortical structures when compared to the
normal reared group responses. Histograms for onset times (I, M); quarter-height times (J, N); half-height times (K, O) and peak times (L, P) for normal and dark
reared groups respectively. Histograms were computed from individual maps whereas the top shown maps represent group maps. For the dark rearing regime, onset
time histograms reveal modulation of cortical timings relative to subcortical ones, with cortical onset timings approaching subcortical delays. The increased cortical
delays relative to subcortical ones seen in all measured timings of the normal reared mice start to be more noticeable at the half-height time histogram for the dark
reared mice (O), which highlights the importance of measuring earlier BOLD timings. Peak time histograms between the two groups are the most similar ones still
with increased overall delays for the dark reared group.
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Fig. 5. Boxplots and statistical analysis of measured BOLD timings between diﬀerent ROIs: Results of an ANOVA statistical test for both normal and dark
rearing regimes onset times (A, E); quarter-height times (B, F); half-height times (C, G) and peak times (D, H) in all contralateral ROIs. Signiﬁcant diﬀerences
between all subcortical ROIs and VC were measured in all the measured BOLD timings for the normal rearing regime. On the other hand, in the dark rearing regime,
VC showed signiﬁcant onset diﬀerences with SC and LGN, while LP and VC showed signiﬁcant diﬀerences only from quarter-height times. These results highlight
the modulation of cortical early BOLD timings in the dark rearing regime towards subcortical delay values and shows an increase in the spread of LGN delay values,
approaching VC, in later BOLD timings. Legend: ∗ p ≤ 0.05; ∗ ∗ p ≤ 0.01; ∗ ∗ ∗ p ≤ 0.001.

Fig. 6. Boxplots and statistical analysis of the eﬀects of dark rearing in individual ROIs: Results of a two-sample parametric t-test comparing measured onset
(top) and peak (bottom) BOLD times in the diﬀerent contralateral ROIs: SC (A, E); LP (B, F); LGN (C, G) and VC (D, H). Dark rearing later onsets were measured
for subcortical ROIs reaching signiﬁcant values in LP and LGN, while cortical onsets appeared shorter than in the normal rearing regime. Peak times, on the other
hand, appeared signiﬁcantly delayed in the dark rearing regime in all ROIs, including VC. These results highlight the cortical modulation, only present at early BOLD
timings and the overall increased delays measured in the dark rearing regime for later BOLD timings. Legend: ∗ p ≤ 0.05; ∗ ∗ p ≤ 0.01; ∗ ∗ ∗ p ≤ 0.001.

p ≤ 0.001) and between LP and VC from quarter-height times up to peak
times (p ≤ 0.001). Statistically signiﬁcant diﬀerences were also found for
LP - LGN (p ≤ 0.05) and LGN – VC (p ≤ 0.001) onset times; and for SC
- LGN and LP - LGN (p ≤ 0.001) from quarter-height times up to peak
times.
The comparison of BOLD timings for diﬀerent rearing regimes
within each ROI revealed further signiﬁcant diﬀerences between rearing regimes in onset times for LGN (p ≤ 0.01), LP and VC (p ≤ 0.001)
(Fig. 6A–D), with delayed subcortical and shorter VC timings measured

in the dark rearing regime. Peak times (Fig. 6E–H) exhibited signiﬁcant
diﬀerences (p ≤ 0.001) in all ROIs with delayed timings measured in the
dark rearing regime.
2.6. Subregions of diﬀerent pathway structures show distinct temporal
proﬁles after stimulus presentation
To further investigate timing diﬀerences between subregions observed in the early BOLD time maps from Fig. 4, each area of the path-
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Fig. 7. Subregion voxelwise time courses. (A) Normal reared mice group; (B) Dark reared mice group. Diﬀerences in onsets and activation proﬁles can be seen for
diﬀerent contralateral ROIs and, within each ROI, for its subregions. For the normal reared group responses, a broader activation curve is visible for the lateral area
of LGN, corresponding to the shell of this structure, which is known to receive inputs not only from RGCs, but also from SC during later stages of visual processing. A
small increase in onset delay is visible for both subregions of LP when compared to SC. In SC, the ventral area exhibits a slight later onset than its dorsal counterpart.
In VC, both dorsal (superﬁcial layers) and ventral (deeper layers) subregions evidence a clear delay when compared to all subcortical structures. A slight increase in
the delays from the more superﬁcial layers (which correspond to the most dorsal subregion of VC) can also be seen. Dark reared group time courses present similar
proﬁles as the ones described for the normal reared group with visibly less pronounced activation amplitude and broader response proﬁles.

way was divided into smaller subregions (LGN and LP: medial and lateral, SC and VC: dorsal and ventral). In Fig. 7, time courses of individual
voxels within each contralateral ROI are shown. The y-axis represents
the diﬀerent voxels organized by their maximum percent signal change
(in ascending order), in a fashion that resembles “line scans”; this kind
of data visualization can provide a clearer time course for the voxels
in diﬀerent areas of the brain. Several interesting features are noted in
these rasters: in the normal reared group (Fig. 7A), earlier onsets are
observed for LGN lateral (corresponding to the shell area of this structure) compared to the its more medial subregion (corresponding to the
core of LGN). Interestingly, the shell of LGN is known to receive projections from SC (Seabrook et al., 2017) and indeed, the curved proﬁle of
the lateral LGN subregion appears broader than the medial LGN subregion. This proﬁle broadening could potentially represent the later input
integration from SC into the shell of LGN. LP did not exhibit striking
diﬀerences between its lateral and medial subregions, although a slight
delay in onset timings compared with SC can now be noted, in-line with
the fact that SC projects to LP. For the SC region, an increased delay can
be observed in the ventral subregion compared to the dorsal subregion
of this area. In the VC, a clear delay can be seen compared to all other
subcortical regions, and the ventral subregion onsets before the dorsal
one. In the dark reared group plots (Fig. 7B), these maps clearly show
the broader and weaker overall BOLD responses along with increased
delays in BOLD onsets.

2.7. Vascular challenge to validate ufMRI-driven activation sequence
To ensure that the diﬀerences observed in measured timing parameters within each group and in between groups are not merely a reﬂection
of diﬀerent vascular properties between locations and/or between different rearing conditions, N = 4 (13 runs averaged) normal reared mice
and N = 6 (5 runs averaged) dark reared mice were exposed to a hypercapnia challenge (Hoge, 2012) (Fig. 8) during ufMRI experiments. For
both rearing conditions, ufMRI signals exhibited nearly identical onsets
for the diﬀerent ROIs excluding the vasculature as the major contributing factor for the early BOLD timing parameters diﬀerences. The dark
reared group hypercapnia responses are noisier than the ones relative
to the normal reared group due to the diﬀerence in averaged number of
runs.
Statistical analysis of these results shows that, for both rearing
regimes (Fig. 9A–D), the measured onset times between diﬀerent ROIs
did not diﬀer signiﬁcantly. On the other hand, the later peak times
(Fig. 9E–H) showed signiﬁcant diﬀerences between subcortical ROIs
and VC (p ≤ 0.001) in the normal rearing regime, and for SC – LP
(p ≤ 0.001), SC – LGN and LP – VC (p ≤ 0.05) in the dark rearing
regime. From the boxplots in Fig. 9, similar onset times (Fig. 9B and
D) were found for all ROIs between rearing regimes (around 39 s after stimulus started) while peak times (Fig. 9F and H) show a clear
delay for the dark rearing regime (between 113 and 119 s after stim-
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Fig. 8. Hypercapnia experiment testing the dynamics of
vascular responses. (A) Hypercapnia paradigm which consisted of a manual switch, after 1.5 min of medical air, to a
hypercapnic state with 6.5% CO2 for 1.5 min. This was followed by a manual switch again to medical air for another
1.5 min. Each run consisted of only one repetition of this
block. Percentage signal change response proﬁle (mean +/s.e.m.) for diﬀerent bilateral ROIs: VC, LGN, LP and SC for the
normal reared group (B) and the dark reared group (D). Response normalised to the maximum percentage signal change
for each ROI for the normal reared group (C) and the dark
reared group (E). Shaded areas indicate when the hypercapnic condition was applied. Note that the rise times are nearly
identical for all areas, suggesting that the vascular response
dynamics become dissociated only at later stages.

ulus in the normal reared group versus 127–134 s in the dark reared
group).
3. Discussion
Contemporary functional MRI is mostly harnessed for spatially mapping activation foci rather than for deciphering dynamics between active regions mainly due to the inherent trade-oﬀ between spatial coverage and temporal resolution (Logothetis, 2008). In the context of neuroplasticity, this trade-oﬀ suggests that fMRI-driven reports of changes
in neural activity have relied either on the spatial extent of BOLD responses (e.g., identifying new regions that become engaged in a task
(Weber et al., 2008; Dijkhuizen et al., 2001; Álvarez-Salvado et al.,

2013)) or on the amplitude modulations in task-related areas upon
neuroplasticity (Pelled et al., 2009). Prior studies have suggested that
BOLD amplitudes monotonically increase with greater underlying activity (Logothetis et al., 2001; Kida and Yamamoto, 2008; James and
Gauthier, 2006; Yang et al., 2013); however, others have also shown
spatiotemporal disassociations of the BOLD amplitudes from the underlying neural activity due to signiﬁcant contributions of downstream
hemodynamics (Yu et al., 2012; Duong et al., 2000; Kim et al., 2000;
Kim et al., 2004; Uǧurbil et al., 2003; Shmuel et al., 2007; Moon et al.,
2013). By contrast, the early BOLD signals, such as its onset times, were
shown to accurately reﬂect the neural input order in cortical layers
(Silva and Koretsky, 2002; Yu et al., 2014), and other studies suggested
a greater coupling of these earlier BOLD timings with underlying activ-
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Fig. 9. Statistical analysis of measured hypercapnia response timings between diﬀerent ROIs for both rearing regimes: Histograms for onset and peak times
of normal (A and E, respectively) and dark (C and G, respectively) rearing regimes show the distribution of measured values for each bilateral ROI. Boxplots for onset
and peak times of normal (B and F, respectively) and dark (D and H, respectively) rearing regimes show the results of a Kruskal–Wallis non-parametric statistical
test between the diﬀerent ROIs. Statistical results show no signiﬁcant diﬀerences in measured onset values for any of the rearing regimes (B, D). Peak times (F, H)
exhibited signiﬁcant diﬀerences between all subcortical ROIs and VC in the normal rearing regime, and between SC – LP, SC – LGN and LP – VC in the dark rearing
regime. This highlights the increased weight of diﬀerent vascular dynamics in later BOLD timings. Legend: ∗ p ≤ 0.05; ∗ ∗ p ≤ 0.01; ∗ ∗ ∗ p ≤ 0.001.

ity (Ogawa et al., 2000; Hirano et al., 2011; Yu et al., 2012). Given that
all studies we are aware of targeted cortical dynamics, our investigation
had two main goals: (1) to investigate whether the previous cortical
layer ﬁndings generalize to entire pathways, e.g. whether neural input
order could be faithfully captured in distributed pathways; and (2) to
demonstrate that early BOLD timings could provide new insights into
neuroplasticity using an established rodent model for visual experience
deprivation.
To achieve these goals, we developed ufMRI – an approach tailored
for mapping BOLD dynamics with high spatiotemporal resolution in distributed networks, and tested it in the mouse visual pathway, which was
chosen as the ﬁrst target for ufMRI as its anatomy and functional architecture are well established (Piscopo et al., 2013; Seabrook et al., 2017;
Gao et al., 2010) and since perturbation of the system through dark
rearing is considered a simple, robust, and minimally invasive model
of neuroplasticity (Autrum et al., 1973). The key element of ufMRI
is the choice of an imaging plane passing through as many regions
of the pathway as possible (e.g., acquiring a-priori either anatomical
or conventional fMRI scans), thereby saving critical time typically lost
while achieving more extensive spatial coverage. By harnessing singleshot measurements resolving two-dimensional information and cryogenic coil sensitivity enhancements, we have shown that ufMRI is able
to reliably detect the active spatial locations in all visual areas in ROIs

(Fig. 3, S4 and S5) as well as voxelwise (Figs. 2, 4, and 7) with high
sensitivity, while reliably quantifying and mapping BOLD timing properties including onset time, time to quarter-height, time to half-height
and time-to-peak (Fig. 4), even in a single subject (c.f. Fig. 1C and S5).
Importantly, the ufMRI-driven BOLD onset times measured in subcortical areas and the deeper layers of VC, which varied between ~500
and 800 ms, were consistent with the earliest timings of evoked BOLD
responses observed in intrinsic optical microscopy (Devor et al., 2005),
suggesting high reliability of the method.
We then turned to examine whether the ufMRI-resolved timing parameters could reﬂect the well-established activity in the visual pathway. Extensive literature on neural activity in the visual pathway suggests the following activation sequence: SC and LGN receive the initial
inputs from the retina, then, through the extrageniculate and geniculate
pathways, LP receives inputs from SC, and VC receives inputs from LGN
and LP (Piscopo et al., 2013; Seabrook et al., 2017; Gao et al., 2010). Importantly, the early BOLD dynamics derived from the ufMRI approach
recapitulated these temporal features, but with high spatial resolution
providing a simultaneous network-wide view. Earlier 𝜏 onset and 𝜏 1/4 delays were measured for LGN, SC and LP, followed by the deeper layers
of VC, and then by more superﬁcial layers (Figs. 3A–C, 4A–B, 5A–D and
7A). Our statistical analysis conﬁrmed that the diﬀerences between contralateral subcortical ROIs and VC for all BOLD timings (Fig. 5A–D) were
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statistically signiﬁcant, highlighting the capability of ufMRI of capturing distinct dynamics between cortical and subcortical groups already at
onset times. Indeed, other important features, such as the functional segregation of LGN to more medial (core) and more lateral (shell) aspects
(Figs. 4A–B and 7A) could be resolved via ufMRI: lateral LGN subregions exhibited earlier onsets and a broader activation shape (Fig. 7A),
likely due to later SC input integration into the shell region of LGN
(Seabrook et al., 2017; Bickford et al., 2015). Our ufMRI ﬁndings thus
extend and generalize Silva and Koretsky (2002) and Yu et al. (2014) results, which focused on cortical columns, and suggest that BOLD onsets
and likely 𝜏 1/4 can be used to reﬂect, at least to some extent, the neural input order even in pathways dispersed throughout disparate brain
areas. The 𝜏 1/2 and 𝜏 peak could not reveal the correct input order as
clearly as the earlier timings at least vis-a-vis subcortical areas, consistent with other studies suggesting dissociation of later BOLD timings
and underlying activity and greater inﬂuence of vascular eﬀects on the
BOLD signal (Hutchinson et al., 2006; Burke and Bührle, 2006) (as also
corroborated by our hypercapnia challenge, vide infra). Future studies
recording electrophysiological signals from cortical and subcortical visual areas simultaneously will likely shed more light into the coupling
of early BOLD timings with the underlying activity.
As mentioned above, the second goal of this study was to investigate
whether BOLD timings can be useful for detecting neuroplasticity via a
temporal dimension. From a neurophysiological perspective, dark rearing has been extensively shown to involve decreased and delayed optic nerve myelination, reduced number and diameter of RGCs (Autrum
et al., 1973; Gyllensten et al., 1965), abnormal VEPs (Anon, 1992;
Snyder and Shapley, 1979; Pizzorusso et al., 1997), along with delayed
ﬂash “oﬀ” cortical responses (Anon, 1992) and reduced cortical vascular
mass (Autrum et al., 1973; Gyllensten et al., 1965). That is, the delayed
visual experience in dark rearing keeps the system immature until ﬁrst
exposure to light. In this very ﬁrst ufMRI experiment in this model, we
focused mainly on comparing normal reared mice, that underwent the
normal plasticity associated with the maturation of the visual system,
and dark-reared mice, which did not undergo such plastic processes.
These two regimes represent the “extremes” of visual plasticity, so their
comparison can be considered a valuable test for ufMRI’s sensitivity and
speciﬁcity.
The most conventional way of exploring plasticity-driven changes
is to compare the extent of spatial activation (i.e., are new voxels
(de)activated upon plasticity?). Interestingly, our dark reared animals
did not exhibit dramatically diﬀerent spatial extent of activation compared to the normal reared controls (Fig. 2), consistent with studies
suggesting more processing-related aberrations compared with changes
in spatial extent of activation (Anon, 1992; Snyder and Shapley, 1979;
Pizzorusso et al., 1997). This also suggests that subtle plasticity eﬀects
may not be easily detectable only by examining the spatial distribution
of active voxels in diﬀerent groups. Another way to identify changes is
by examining BOLD signal amplitudes (i.e., were there changes in activation “strength” upon neuroplasticity?). Indeed, in our study, BOLD
amplitudes were lower in the dark reared mice (Figs. 3, 7 and S4). Given
the known correlation between positive BOLD amplitude and underlying LFPs power, it is likely that the smaller BOLD amplitudes in the
dark reared animals reﬂect the reported overall reduced responsiveness
of the visual pathway to ﬂash stimuli upon dark rearing (Anon, 1992;
Benevento et al., 1992). However, given that the peak dynamics (from
which amplitudes are most typically measured) may be inﬂuenced by
vascular changes (c.f. also our hypercapnia results), rather than neural
modulations, the interpretation of BOLD magnitude can be problematic.
The evidence arising from ufMRI in the dark rearing model suggests that, indeed, the early BOLD timing modulations could provide
another informative way of comparing activity between groups. The
early timing parameters 𝜏 onset and 𝜏 1/4 provided much insight into the
neuroplasticity-driven modulations of neural activity. The ﬁrst junctions
of the pathway measured in this study were LGN and SC, where 𝜏 onset is
highly consistent between groups (Figs. 4A and 4E), suggesting that
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direct inputs from the optic nerve, on the timescale measurable with
fMRI, still arrive in a similar time between the groups. On the other
hand, delayed subcortical 𝜏 1/4 can be observed for the dark rearing
regime (Figs. 4B and 4F). A closer inspection reveals that the spatial
distribution of 𝜏 1/4 (Fig. 4E–H and 7B) involves longer delays in the
LGN’s shell subregion, likely pointing towards aberrant projections arriving from SC. The next pathway junction, LP, exhibited signiﬁcantly
(p ≤ 0.01) delayed onsets upon dark rearing (Figs. 4A and 4E, Fig. 6B,
Fig. 7), suggesting overall slower information relay between structures
within the circuit, likely due to the immaturity of the pathway. Interestingly, cortical 𝜏 onset were signiﬁcantly shorter in the dark reared group
(p ≤ 0.001) (Fig. 6D, Fig. 7), highlighting the modulated cortical activation in line with the previously reported abnormal VEPs in the system
(Anon, 1992; Snyder and Shapley, 1979; Pizzorusso et al., 1997). Therefore, the neural input order mainly diﬀered locally, rather than globally.
However, the 𝜏 1/4 maps highlighted very strong diﬀerences between the
two groups (Fig. 4B and 4F), likely suggesting that while onset times
are more associated with input order, slightly later timings are more
sensitive to how the underlying activity integrates, e.g., via longer or
shorter latencies (Sun et al., 2019; Pizzorusso et al., 1997; Benevento
et al., 1992; Wiesel and Hubel, 1963). For example, the dark-reared
LGN BOLD response is clearly broader as observed from 𝜏 1/4 (Fig. 5F–
H, Fig. 7), in line with abnormal LGN discharge patterns reported upon
dark rearing (Autrum et al., 1973). Further studies incorporating multimodal imaging (Wang et al., 2018; Chen et al., 2019; Uhlirova et al.,
2016; Schulz et al., 2012; Yu et al., 2016) (e.g. ufMRI coupled with
simultaneous electrical recordings (Logothetis et al., 2001; Shih et al.,
2013), calcium recordings (Schulz et al., 2012) and/or optical imaging
(Uhlirova et al., 2016; Tian et al., 2010)) are required to elucidate the
mechanisms underlying the diﬀerences between these early and later
BOLD timing parameters and to further dissect the mechanisms underpinning BOLD time modulations upon dark rearing. Still, our ﬁndings
clearly suggest a more immature and unspecialized system in line with
reports of absence of ocular dominance and direction/orientation tuning
in dark reared visual systems (Huh et al., 2020; Anon, 1992).
One potential confounder for ufMRI is the vascular response dynamics: for example, if neural activity is identical in two regions, but vascular properties are dramatically diﬀerent (e.g. due to variations in vessel density or reactivity), then the ensuing BOLD dynamics will vary
between these areas. This limitation was directly tackled in this study
by exposing the animals to a hypercapnia challenge typically used for
calibrated fMRI approaches (Hoge, 2012). Hypercapnia induces strong
vasodilation allowing for a relatively facile assessment of vascular component dynamics with little interference from the ongoing activity when
applied moderately and for brief periods of time (Zappe et al., 2008;
Huppert et al., 2009; Jones et al., 2005). Our hypercapnia experiments
revealed nearly identical rising timing proﬁles in the diﬀerent areas under hypercapnia for the two rearing groups (Fig. 8 and 9A–D). These
ﬁndings are also consistent with autoradiographic measurements of CBF
in the visual pathway areas of the normal reared mice (Watson and Paxinos, 2012), which show very small diﬀerences in CBF (between 1.2–
1.4 ml/100 g/min in all areas of interest). Statistical analysis showed
no signiﬁcant diﬀerences between 𝜏 onset (Fig. 9A–D) of diﬀerent ROIs
for both rearing regimes rejecting the purely vascular nature of BOLD
onset measured diﬀerences in the normal and dark reared groups. However, 𝜏 peak (Fig. 9E–H) revealed signiﬁcant diﬀerences between some of
the ROIs indicating that, for later BOLD timings, the diﬀerent vascular
dynamics might play a bigger role in the measured peak BOLD timing
diﬀerences. This is indeed an important ﬁnding, suggesting that earlier
BOLD responses will better reﬂect neural signal modulations. Taken together, our ﬁndings are inconsistent with diﬀerent vascular responses
as major underlying sources for the diﬀerences observed in stimulusinduced BOLD early timing maps, but they point out the potential inﬂuences of vascular diﬀerences on the later time points, which should be
taken into account when interpreting BOLD magnitude maps as already
mentioned above.
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Our study echoes an old question: what neural activity do (early)
BOLD timings reﬂect? Neurovascular couplings are yet to have been
fully deciphered (Boorman et al., 2015; He et al., 2018; Cauli, 2010;
Mishra et al., 2016) and the relationship between the BOLD responses
and underlying neural activity remains contested (Logothetis and Wandell, 2004; Logothetis et al., 2001; Devor et al., 2005; Nir et al., 2007;
Logothetis, 2007; Viswanathan et al., 2016; Mukamel et al., 2005).
Clearly, action potentials are orders of magnitude faster than BOLD and
ufMRI does not map these directly. LFPs, representing synaptic activity and subthreshold processing, also occur on a faster timescale than
the reported BOLD onset times: hundreds of milliseconds for BOLD onsets, versus tens of milliseconds for LFP onset delays recorded invasively
under similar stimulation conditions (McAfee et al., 2018). Our stimulus consisted of only two 10 ms ﬂashes of light per event, separated
by ~500 ms, suggesting that the delays are not due to (many) accumulating repeated inputs and vascular refractory periods (Ogawa et al.,
2000). Rather, it is conceivable that the neural inputs induce LFPs in
each region at diﬀerent rates, which can lead then to diﬀerent energetic demands. These then trigger the (slower) vascular responses at
diﬀerent times, thereby preserving the BOLD early delays. This mechanism is also consistent with the delays observed in the pioneering linescanning fMRI experiments (Yu et al., 2014), which also revealed BOLD
onsets only hundreds of milliseconds following (somatosensory) stimuli, and hundreds of milliseconds of delay in onset times between different cortical layers (Silva and Koretsky, 2002; Yu et al., 2014). The
latencies of these LFPs are likely then reﬂected more in the slightly
later BOLD timings, such as the time to quarter-height. It is likely however, that at some point, the involvement of the slowest vascular responses – namely the venules and larger veins – becomes more inﬂuential and starts to aﬀect the correlations between underlying activity
and BOLD responses. Future studies will be required to directly correlate BOLD response timings and underlying activity, but the ufMRI
results shown here point to promising vistas for greater association
of the neural response onset/latency in earlier BOLD timings in entire
pathways.
Several limitations can be identiﬁed for the ufMRI approach presented here. First, many neural pathways may not be easily covered by
a single plane, as prescribed in our ufMRI protocol. In such cases, several
more advanced solutions could be devised: for example, using multidimensional pulses (Dumez and Frydman, 2013) to excite 3D shapes corresponding only to the pathway’s areas of interest. In addition, multiband
pulses could be used to excite multiple planes at once (Lee et al., 2019),
thereby oﬀering a larger 3D coverage of the brain without any sacriﬁce
for temporal resolution. Second, the fast acquisitions are strenuous on
the gradient coils and ampliﬁers; in our study we have actively monitored the ampliﬁer temperature, and limited the temporal resolution
based on the heating. It is interesting however to note that our study was
therefore hardware-constrained rather than sensitivity-constraint and,
for much shorter acquisition periods, much faster temporal resolution
could be achieved with suﬃcient sensitivity for detecting even faster
dynamics. This could be important for more directly detecting neural
activity via MRI without relying on BOLD mechanisms. A third potential
ufMRI limitation is perhaps a slightly increased speciﬁc-absorption-rate
(SAR) (Collins and Smith, 2001; Collins and Smith, 2003; Wang et al.,
2007), which can eﬀectively heat the imaged tissue. However, by imaging only a single plane, the number of radiofrequency pulses is actually comparable or even reduced compared with whole brain multislice
acquisitions. In addition, ufMRI can beneﬁt from low ﬂip-angle acquisitions entailing lower SAR. Finally, we note that even the sensitivity
enhancements oﬀered by the cryogenic reception coil, which were extremely useful in this study, are not a prerequisite for ufMRI. In lieu of a
cryocoil (or when the tissue noise is larger than coil noise, for example
in human imaging), the acquisitions can be averaged if needed, with
the sensitivity approximately growing as the square root of the number
of averages. In addition, though we used the mouse as a model due to
its relevance in biological research (e.g., due to advanced transgenesis),
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experiments in rats or other larger species should be easier to perform
in terms of sensitivity as well as stability.
To conclude, this study revealed that the ufMRI approach developed
here is capable of robustly mapping activation sequence in distributed
networks, and can decipher the activation dynamics in the mouse visual
pathway in both normal and dark rearing conditions, reﬂecting neuroplasticity in terms of dynamics rather than only spatial extent or amplitude modulations. The spatiotemporal resolution oﬀered by ufMRI was
suﬃcient to map BOLD early times which, in normal rearing conditions,
followed the correct neural input order. Modulated BOLD timings in the
dark reared regime reﬂected the ensuing aberrant information processing in the visual pathway. Control hypercapnia experiments excluded
diﬀerential vascular timings as the major source for ufMRI onset (or
early timing) diﬀerences. In future studies, the investigation of the effects of diﬀerent light exposure times in dark reared ufMRI measured
BOLD responses will provide insight on the underlying BOLD dynamics in the visual pathway upon dark rearing. Our ﬁndings suggest that
ufMRI can play an important future role in understanding brain function in vivo as well as provide a new and relevant dimension for mapping neuroplasticity and aberrations in entire neural pathways. These
features augur well for future ufMRI applications.
4. Materials and methods
All animal care and experimental procedures were carried out according to the European Directive 2010/63 and pre-approved by the
competent authorities, namely, the Champalimaud Animal Welfare
Body and the Portuguese Direcção-Geral de Alimentação e Veterinária
(DGAV). The experimental workﬂow is summarized in Fig. S1: it consisted of an initial animal induction and beginning of sedation and
preparation for imaging. Each fMRI session started with positioning of
the animal and acquisition of anatomical reference scans which were
followed by the ufMRI scans. Below we elaborate on each experimental
phase, as well as on the subsequent data analysis.
4.1. Animal preparation
This study used twenty-two C57BL/6 mice aged between 8 and 10
weeks old and weighting 20.8 ± 2.0 g with ad libitum access to food and
water. Nine animals were raised in a 12 h/12 h light/dark cycle while
the remaining thirteen were born and reared in complete darkness until
they underwent the fMRI scanning sessions.
Mice were prepared for anaesthesia and induced in a dedicated box
allowing the ﬂow of 5% isoﬂurane (Vetﬂurane, Virbac, France) for
~1.5 min and brieﬂy maintained under a lighter isoﬂurane dosage of
2.5–3.5% during preparation for imaging. Two optic ﬁbres connected
to one blue LED (𝜆 = 470 nm and I = 8.1 × 10−1 W/m2 ) were placed
near the left eye of the mouse while the right eye was covered by a custom 3D-printed eye patch (using black ABS-like resin from Formlabs,
Massachusetts, USA) to achieve monocular visual stimulation. The usage of ear bars allowed similar positioning of mice heads across diﬀerent
animals as well as reduced head motion throughout acquisition.
Four to ﬁve minutes after induction, a bolus of medetomidine solution (1:10 dilution of 1 mg/ml medetomidine solution - VETPHARMA
ANIMAL HEALTH S.L., Barcelona, Spain - in saline) was administered
by subcutaneous injection (bolus = 0.4 mg/kg), and was, ten minutes
later, followed by a medetomidine constant infusion of 0.8 mg/kg/h,
delivered via a syringe pump (GenieTouch, Kent Scientiﬁc, Torrington,
Connecticut, USA). Before beginning the constant medetomidine infusion (14–16 min after induction), isoﬂurane dosage was progressively
reduced and, at this point, was set to 0.25–0.35%, which was maintained constant throughout the remainder of the MRI session (Fig. S1).
During the entire time course of the experiments, animals were breathing oxygen-enriched medical air composed of 71% nitrogen, 28% oxygen and the remaining 1% comprising mostly argon, carbon dioxide and
helium.
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Throughout the experiments, the respiratory rate and temperature
were monitored using a respiration pillow sensor (SA Instruments Inc.,
Stony Brook, USA) and an optic ﬁbre rectal temperature probe (SA Instruments, Inc., Stony Brook, New York, USA), respectively. Each experiment lasted around two and a half hours. In the end of the experiment, a 5 mg/ml solution of atipamezole hydrochloride (VETPHARMA
ANIMAL HEALTH, S.L., Barcelona, Spain) diluted 1:10 in saline was injected in the same volume as for the medetomidine bolus (2.0 mg/kg)
to revert the sedation. When scanning dark reared mice, all preparation
steps were done with the room lights oﬀ with illumination coming only
from two red LEDs placed above the animal’s ﬁeld of view.
Five normal reared mice underwent monocular visual stimulation
while the other four underwent hypercapnia experiments. Regarding
dark reared mice, thirteen animals underwent monocular visual stimulation and six of these animals also underwent hypercapnia experiments
at the end of the ufMRI acquisitions.
4.2. Visual stimulation setup
An Arduino MEGA260 connected to the blue LED and receiving triggers from the MRI scanner was used to generate square pulses of light.
The optic ﬁbres were placed together horizontally in front of the left eye
of the mouse at a distance of around 5–8 mm.

NeuroImage 225 (2021) 117446

with a gradient- echo-planar imaging (GE-EPI) acquisition with a temporal resolution of 50 ms. In particular, TR / TE = 50 / 17.5 ms,
FOV = 16 × 12.35 mm2 , in-plane resolution = 167 × 167 𝜇m2 , slice
thickness = 1 mm, ﬂip angle = 15°. Nine thousand time points were acquired every run, leading to a total scan time of 7 min 30 s. Runs were
repeated between two and four times for the eighteen diﬀerent mice.
4.7. Hypercapnia experiments
To disentangle neuronal and vascular components in the observed
response proﬁles, a hypercapnia experiment was performed where the
acquisition parameters were identical as in the visual stimulation experiments. The “paradigm” however, consisted of 1.5 min ventilation with
medical air followed by a manual switch to a hypercapnia state with
6.5% CO2 for another 1.5 min. In the end of the hypercapnia period,
the CO2 was switched oﬀ and the animals resumed breathing medical
air while data was acquired for 1.5 additional minutes (Fig. 8A). In between hypercapnia “runs”, the animals spent 5 min breathing only medical air. These experiments would elucidate on the vascular component
of the observed response proﬁles and rule out the possibility that the
early BOLD timing diﬀerences between the diﬀerent ROIs and between
diﬀerent rearing regimes are purely of vascular origin.
4.8. Data analysis

4.3. Visual stimulation paradigm
This study harnessed a block paradigm design starting with a deadtime period of 4 min and 21 s (a total of 5240 time points) while magnetization reached a steady state and gradient temperature stabilized.
Each stimulation run was composed of ten repetitions of a basic building block (Fig. 2A) which consisted of a visual stimulation epoch of 1 s
at 2 Hz with 10 ms pulse width (n.b. that the stimulation epoch only
has two stimulation events in total during the 1 s “stim on” phase), followed by 40 s of rest. In total, a single paradigm was deﬁned as [40 s
rest + [1 s stim + 40 s rest]x10 ], lasting 7 min and 30 s altogether. In between each visual stimulation run there was a pause of 7 min where the
animal stayed in the dark with no fMRI acquisition to avoid habituation
to light.
4.4. MRI acquisition
All data in this study were acquired using a 9.4T Bruker BioSpin
MRI scanner (Bruker, Karlsruhe,Germany) operating at a 1H frequency
of 400.13 MHz and equipped with an AVANCE III HD console including
a gradient unit capable of producing pulsed ﬁeld gradients of up to 660
mT/m isotropically with a 120 μs rise time. Radiofrequency transmission was achieved using an 86 mm quadrature coil, while a 4-element
array cryoprobe (Bruker, Fallanden, Switzerland) was used for reception. The software running on this scanner was ParaVision○R 6.0.1.
4.5. Positioning and pre-scans
Following localizer scans ensuring the optimal positioning of the animal and routine adjustments for centre frequency, RF calibration, acquisition of B0 maps, and automatic shimming using the internal MAPSHIM routine, a high-deﬁnition anatomical T2 -weighted Rapid Acquisition with Refocused Echoes (RARE) sequence (TR/TE = 2000/13.3 ms,
RARE factor = 5, FOV = 20 × 16 mm2 , in-plane resolution = 80 × 80
𝜇m2 , slice thickness = 500 𝜇m, tacq = 1 min 18 s) was acquired for accurate referencing. This was performed both with a coronal view and tilted
view to ensure that the ROIs were being captured in the same slice.
4.6. Ultrafast fMRI acquisitions
A tailored oblique slice was prescribed such that SC, LP, LGN and
VC all passed through its plane (Fig. 1 and S2). ufMRI was acquired

The high sensitivity endowed by the cryoprobe facilitated datadriven analysis in this study, thereby enabling us to avoid complicated
assumption-based models. The data analysis included three main components: (1) Data-driven Fourier analysis which does not require an apriori knowledge of the HRF for identiﬁcation of active areas; (2) Datadriven investigation of functional signals in a-priori deﬁned anatomical
ROIs placed in the diﬀerent visual pathway brain structures; (3) Voxelwise ﬁts of the data to produce functional timing maps.
4.8.1. Pre-processing
Pre-processing steps included outlier detection (time points whose
signal intensity was 4.5 times higher or lower than the standard deviation of the entire time course), which were corrected through interpolation from the entire time course (less than 0.5% of data points were
interpolated). Motion correction was performed relative to the ﬁrst repetition using MATLAB○R ’s functions imregister and imregtform. The motion events were used as nuisance regressors in a general linear model,
thereby producing motion corrected images in which variance associated with motion was removed. Data were later denoised using a Total
Generalized Variation regularizer with an alternating direction method
of multipliers solver (Boyd et al., 2011).
For the voxelwise and data driven analyses, the ufMRI images arising
from diﬀerent animals were aligned to the same space so that they could
later be averaged accurately. The alignment was performed by calculating the transform matrix that aligns the mean image of each run to the
mean image of the ﬁrst run acquired from an animal that was chosen
as a reference, and applying this matrix to all repetitions from that run
(since motion within each run had already been corrected previously).
A 2D gaussian ﬁlter with a standard deviation of 0.7 and a kernel size of
5 was also applied to each repetition to enable a smoother summation
of the images from the diﬀerent animals.
4.8.2. Data-driven Fourier analysis for detecting activation
The periodicity of the paradigm allows for a relatively unbiased datadriven power spectrum analysis to detect the active brain areas, without
having to assume HRFs. Therefore, the power spectrum of the stimulation paradigm was calculated (Fig. 2A) and the fundamental frequency
was identiﬁed. After wavelet denoising each voxel’s time course with
MATLAB’s wdenoise function, the power under this peak was calculated
and mapped voxelwise (Fig. 2B and C), resulting in paradigm-associated
activation maps.
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4.8.3. ROI analysis
For each animal, ﬁve anatomical ROIs were selected for diﬀerent
visual pathway structures (SC, LP, LGN and VC contralateral to stimulation side and VC ipsilateral to stimulation side) as well as an extra ROI
for a control region around the secondary somatosensory cortex ipsilateral to stimulation side. These were drawn by hand using the 4th Edition
of Paxinos & Franklin’s mouse brain atlas (Paxinos and Franklin, 2001)
as guidance and are shown schematically in Fig. 3A and D left top corner.
A 5th degree polynomial ﬁt to the resting periods was used to remove
low frequency trends for each run. The detrended data were then converted into percentage signal change and the ten individual cycles were
separated and averaged across all animals, providing the averaged response within each region. The averaged response passed through a second detrending step where a 3rd degree polynomial ﬁt to the resting periods was applied. The resulting averaged response was then smoothed
using a Savitzky–Golay ﬁlter with a window size of 9 time points and
polynomial order 3. The mean ± standard error of the mean (s.e.m.) for
each ROI was then calculated (Fig. 3). In the normal reared group, out
of 150 completed cycles, 2 were rejected due to excessive motion, which
could not be corrected. In the dark reared group, out of 400 cycles, 30
cycles corresponding to 3 complete acquisitions where image alignment
was not successful were excluded. The diﬀerent averaged response proﬁles were also normalised to the maximum of each curve (Fig. 3C and
F and S6).

4.8.4. Voxelwise analysis
We then aimed to generate maps reﬂecting timing parameters of the
visually evoked BOLD responses (Fig. 4). To achieve this, time courses
arising from each voxel were detrended with a 5th degree polynomial ﬁt
to the resting periods, as in the ROI analysis, and individual cycles were
averaged over animals to compute the voxelwise averaged response. Images were then smoothed using MATLAB’s imgaussﬁlt function with a
sigma of 0.7 pixels. The averaged individual cycle for each voxel was
then wavelet denoised using MATLAB’s functions wdenoise and was ﬁtted to a 4-term Gaussian function using MATLAB’s ﬁt function (R2 of
the ﬁt was conditioned to be above 0.7 and maximum number of iterations was 51). For the calculation of the time to peak, the maximum
of the ﬁtted curve in an interval comprising 4.5 s from the beginning of
stimulation was used only if the ﬁtted value was above noise level (deﬁned as the 75th percentile of the voxel time points before stimulation).
Whenever the ﬁtted Gaussian presented more than one peak within the
deﬁned time range (given that BOLD responses can sometimes exhibit
plateaus or multiple peaks, c.f. Fig. 3), a new corrected peak time was
calculated as the time index corresponding to the 75th percentile of the
ﬁtted peak values (when calculated this way, the ﬁnal peak will fall in
between the ﬁtted peaks and will be weighted towards the highest). To
calculate the quarter- and half-height times, the time to reach the closest data timepoint of quarter and half of the peak value, respectively,
was calculated (i.e., no interpolation was performed between 50 ms intervals representing the repetition time). The onset time was computed
as the time corresponding to a 7% increase of the ﬁtted Gaussian curve
from baseline. The timepoint at the beginning of stimulation was set to
0% signal change and peak value was adjusted accordingly. To summarize, timings were calculated with the following steps: (1) We ﬁtted a
4-term Gaussian function to each voxel’s detrended averaged percent
signal change; (2) From the ﬁtted signal, we extracted the signal’s peak
value (in cases of multiple peaks, some of which are clearly false positives due to the Gaussian ﬁtting, we took the corrected peak as explained
above; (3) From the computed peak values we calculated the half and
quarter peak values; (4) We found the time in which the 7% level has
occurred and called this the onset time.
Individual time maps were also generated for the histogram computation (Fig. 4I–P). However, as noise levels were higher at the individual
level, in the data-driven analysis the fundamental frequency along with
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the second and third harmonics were used to generate the individual
activation maps.
For all voxelwise analyses, the activation maps generated by the
data-driven Fourier analyses, whether for the group or individual analyses, were used as a mask to remove areas that were not identiﬁed as
“active”. Also, only clusters with a minimum of ﬁfteen pixels were considered as “active”.
For the creation of Fig. 7, the time courses of the active voxels from
the group activation maps were smoothed using MATLAB’s imgaussﬁlt
function with a sigma of 0.8 pixels and were later divided into diﬀerent
subregions within the several pathway structures.
4.8.5. Statistical voxelwise analysis
Data normality was conﬁrmed with mean values approaching median and 5% trimmed mean values along with reduced skewness (between −2 and 2) and kurtosis (between 1 and 5) and reduced observed
deviation from a straight line in Q-Q plots. For these reasons, BOLD timings of diﬀerent ROIs within each rearing regime were compared using
an ANOVA statistical test (Fig. 5). Ipsilateral VC ROIs were not included
in the statistical analysis due to a reduced number of voxels within this
ROI (most times <50% of the total number of voxels in the contralateral
ROIs). For the comparison of BOLD measured timings for diﬀerent rearing regimes within each ROI (Fig. 6), a two-sample t-test was performed.
4.8.6. Hypercapnia data analysis
Hypercapnia data analysis was performed similarly to the ROI analysis described previously. Several bilateral ROIs for SC, LP, LGN and VC
were manually drawn for each animal. The time courses were detrended
with a linear ﬁt to the initial 1.5 min of the time course (before the hypercapnia condition had begun). The responses were averaged across
animals, a Savitsky–Golay ﬁlter with a window size of 9 time points
and polynomial order 3 was applied, and the mean ± s.e.m. for each
ROI was calculated (Fig. 8B and D). For an easier comparison of the different response proﬁles, the curves were normalised to their maximum
(Fig. 8C and E).
4.8.7. Statistical hypercapnia analysis
For the statistical analysis, hypercapnia response timings were calculated in a similar fashion as for the BOLD timing maps with the four
main diﬀerences being (1) due to the reduced number of runs, animals
were not aligned for the creation of individual animal maps, instead
each voxel for the diﬀerent ROIs was treated separately; (2) due to the
broader shape of the response a 2-term Gaussian function was ﬁtted to
each voxel’s response (with similar constraints as for the BOLD voxelwise analysis); (3) no Fourier analysis was performed in this scenario
as no maps were created; (4) for the response timings calculation, as
runs were not averaged and noise ﬂuctuations were bigger, the calculated noise level was lowered down to the 70th percentile of datapoints
until hypercapnia condition started. Peak times were calculated from a
window ranging from 60 to 160 s after hypercapnia started.
The overall diﬀerence between mean, median and 5% trimmed mean
values along with meaningful skewness and kurtosis and clear observed
deviation from a straight line in Q-Q plots, rejected the normal distribution hypothesis. Due to this, timings of diﬀerent ROIs within each
rearing regime were compared using a Kruskal–Wallis non-parametric
statistical test (Fig. 9).
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