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Abstract 

Spontaneous vascular dynamics contribute fundamentally to functional MRI signals, but their 
intrinsic propagation structure remains unresolved at the systems level. Here, we combine 14 T 
cerebral blood volume (CBV)-weighted fMRI with space-frequency singular value 
decomposition to map vasodynamic propagation across the awake mouse cortex. High-resolution 
CBV-fMRI identified vessel-aligned, frequency-specific oscillatory modes, and ultra-fast CBV-
fMRI enabled three-dimensional mapping of phase gradients across tangential and radial cortical 
axes. Vasodynamic propagation exhibited multiscale organization: tangential gradients matched 
previously reported vasomotion traveling waves, whereas radial gradients revealed slower 
laminar timing structure consistent with depth-dependent vascular regulation. At the group level, 
trial-wise propagation maps decomposed into reproducible partition-like modes, demonstrating 
that vasodynamics are spatially structured across cortex rather than homogeneously distributed. 
Together, these results establish a noninvasive framework for resolving multiscale vasodynamic 
propagation in the awake brain and provide a foundation for probing cerebrovascular 
organization and dysfunction with vascularly specific fMRI. 
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Introduction 

Functional MRI (fMRI) measures brain activity indirectly through hemodynamic signals whose 
spatiotemporal dynamics are shaped by the integration of multiple vascular processes1-6. These 
include local neurovascular coupling3, neuromodulatory control of vascular tone7, and intrinsic 
smooth muscle contractility that generates spontaneous low-frequency oscillations known as 
vasomotion8,9. Rather than reflecting a single mechanism, these processes collectively give rise 
to temporally evolving vascular fluctuations. Here, we refer to this integrated vascular activity as 
vasodynamics, encompassing the full spectrum of dynamic changes in cerebral blood flow and 
volume driven by neural, vascular, and systemic influences10,11.  

A key feature of vasodynamics is its spatial organization across multiple vascular scales. 
Vasomotion arises at the level of individual arterioles12,13, which can be coupled to neighboring 
vessels by interconnected endothelial cells that transmit signals14 and be entrained with the 
neuronal signal fluctuation8,15.  These +/- oscillatory vasodynamics across neighboring arterioles 
exhibit spatial coherence and structured phase relationships, indicating coordinated behavior 
across the arteriolar network8,16,17. At larger spatial scales, this network-level organization can 
manifest as traveling waves with measurable phase gradients across the cortical surface18. These 
observations suggest that propagating vasodynamic waves may coordinate the whole 
cerebrovascular system to play a critical physiological role.  

One intriguing implication of these vasodynamic oscillations is their potential role in regulating 
cerebrospinal fluid (CSF)-interstitial fluid (ISF) exchange along perivascular pathways, 
particularly under brain state-dependent neuromodulation such as sleep11,19,20. Consistent with 
this view, impairment of vasomotion has been shown to disrupt perivascular clearance of 
amyloid-β, linking vasodynamics to neurodegenerative processes21-23. In parallel, 
neuromodulatory systems, including noradrenergic and cholinergic pathways, regulate vascular 
tone and coordinate vascular dynamics across the cortex, and their disruption in aging and 
neurodegeneration is associated with impaired vascular regulation and altered hemodynamic 
dynamics24-28. Together, these findings underscore the functional importance of coordinated 
vascular dynamics and suggest that the integrity of brain-wide vasodynamics provides a sensitive 
indicator of cerebrovascular dysfunction and neurodegenerative disease. 

Despite this emerging importance, measuring vasodynamic organization across the brain remains 
challenging. Conventional fMRI studies have identified disease-related alterations in low-
frequency signal fluctuations and functional connectivity patterns29,30. More recent work has 
demonstrated that resting-state BOLD signals exhibit structured propagation, with phase delays 
forming traveling waves linked to arousal and systemic physiology31-33. However, the BOLD 
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signal reflects a complex mixture of cerebral blood flow, blood volume, and oxygen metabolism, 
making it difficult to isolate vasodynamics from neuronal and metabolic contributions33. As a 
result, the specific spatiotemporal organization of intrinsic vasodynamics cannot be directly 
resolved using BOLD contrast alone. High-field cerebral blood volume (CBV)-weighted fMRI 
provides a more direct approach to probing vasodynamics34-37. In particular, single-vessel CBV 
fMRI38-40 has demonstrated that arteriolar oscillations can be resolved with vessel-level 
specificity and exhibit spatially structured phase relationships with a characteristic correlation 
length on the order of millimeters16. These findings establish that vasodynamic signals are 
accessible to MRI and carry intrinsic spatial organization. However, whether such an 
organization can be mapped across the whole cortex, and whether its propagation structure can 
be characterized in three dimensions in the awake brain, remains unknown. 

In the present study, we address this gap by combining CBV-weighted fMRI with space-
frequency singular value decomposition (SF-SVD)41 to map vasodynamics across the awake 
mouse cortex. SF-SVD enables the identification of frequency-specific coherent oscillatory 
modes and their associated phase structure across space18,42. Applying this framework to high-
resolution and ultra-fast CBV-fMRI data acquired at 14 T, we demonstrate that vasodynamic 
activity exhibits organized spatiotemporal propagation across the cortex, with distinct frequency-
dependent spatial modes and three-dimensional phase gradients. These results establish a 
noninvasive approach for resolving vasodynamic propagation at the systems level and provide a 
foundation for translating vascular dynamic signatures into biomarkers of brain health and 
disease. 

Results 

SF-SVD applied to high-resolution whole-brain CBV fMRI recovers vessel-specific 
vasodynamic oscillations 

Awake mouse fMRI was performed at 14 T using an implanted radiofrequency (RF) coil and 
head-fixation approach as described previously43. We delivered iron particles intravenously to 
awake mice and identified penetrating vessels as dark lines oriented perpendicular to the cortical 
surface with both anatomical FLASH and functional raw EPI images for CBV-weighted resting 
state-fMRI mapping (Fig. 1D-E). To assess whether CBV-based fMRI signal fluctuation presents 
spatially structured vasodynamic information, independent component analysis (ICA) was 
applied to the time series(Supp. Fig. 1A). The dominant component exhibited spatial patterns 
aligned with penetrating vessel locations (Fig. 1F-G) with a corresponding time course showing 
slow fluctuations within the vasomotion frequency range (Fig. 1H-I), indicating that CBV 
contrast provides sufficient spatial specificity to resolve vessel-associated dynamics.  

Because ICA operates on broadband signals and does not separate frequency-specific 
contributions, we next applied space-frequency SVD (SF-SVD) to resolve the spectral structure 
of vasodynamic activity (Supp. Fig. 1B). SF-SVD identified distinct coherence peaks across the 
0.01-0.2 Hz frequency range and extracted corresponding spatial magnitude maps for each 
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frequency (Fig. 2). These maps revealed vessel-aligned patterns that differed across frequency 
ranges, indicating that vasodynamic oscillations are not uniformly distributed across the 
vasculature but exhibit frequency-dependent spatial selectivity (Fig. 2B-D, F-H).  

We next performed population-level analysis of the generalized spectral-spatial organization. 
Across all trials, SF-SVD revealed a broad distribution of center frequencies spanning 0.01-0.2 
Hz without a single dominant frequency (Fig. 3A-B). Based on trial-based histogram distribution, 
frequencies were grouped into three bands (low, intermediate, and high; Fig. 3B), which revealed 
systematic differences in both signal magnitude and spatial organization. In particular, cortical 
SF-SVD magnitude was significantly lower in the low-frequency band compared to higher-
frequency bands (Fig. 3C), indicating frequency-dependent differences in the strength of 
coherent vascular activity. To further characterize the spatial structure underlying these 
differences, non-negative matrix factorization (NMF) identified three dominant components 
corresponding to anterior cortex, posterior cortex, and subcortical regions (Fig. 3D). Notably, 
cortical components were preferentially associated with intermediate and high-frequency bands, 
whereas the subcortical component was selectively enriched in the low-frequency band (Fig. 3E), 
revealing a structured coupling between frequency and anatomical organization. Together, these 
results demonstrate that vasodynamics exhibit a frequency-dependent spatial organization across 
the brain, establishing vessel-specific spectral structure as a general property of cerebrovascular 
dynamics in the awake state. 

Validation of vasodynamic propagation detection with SF-SVD 

To validate that SF-SVD accurately recovers phase information, we applied it to a controlled 
bilateral forepaw stimulation paradigm in anesthetized mice, in which left and right 
somatosensory cortices were activated using a 0.025 Hz stimulation paradigm with a known 5 s 
delay (Fig. 4A). SF-SVD correctly localized activation to both cortices (Fig. 4B) and recovered a 
consistent interhemispheric phase offset corresponding to a median lag of 4.8 ± 1.4 s across 
animals (Fig. 4C-E), in close agreement with the imposed delay. The residual variability likely 
reflects differences in vascular propagation dynamics and the distributed nature of the 
cerebrovascular network across hemispheres. 

We next examined whether SF-SVD can resolve spatial phase gradients in spontaneous 
vasodynamic activity using the same awake CBV fMRI dataset described above. At the temporal 
resolution of this acquisition (TR = 2 s), phase accumulation imposes a spatial resolution limit of 
several millimeters for reliable phase estimation (Supp. Fig. 2A), precluding continuous voxel-
wise mapping, particularly along the cortical depth. Instead, phase gradients were estimated 
within ~4 mm cortical regions aligned with vessel structures identified in the SF-SVD magnitude 
maps (Supp. Fig. 2B-C). These analyses yielded consistent cortical phase gradients on the order 
of ~0.4-0.5 rad/mm and corresponding propagation speeds of 2.3 ± 0.02 mm/s across trials (Supp. 
Fig. 2D), in agreement with prior optical measurements18. To assess whether these propagation 
features generalize beyond CBV fMRI, we applied SF-SVD to functional ultrasound (fUS) data 
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acquired under light sedation. Similar vasodynamic signal fluctuations were observed within the 
same frequency range, and phase gradient estimates using the same analysis approach yielded 
comparable values (~0.4 rad/mm) to those obtained with CBV fMRI (Supp. Fig. 3). Together, 
these results demonstrate that SF-SVD enables robust recovery of vasodynamic phase 
relationships and supports reliable estimation of cortical propagation gradients across modalities, 
providing a principled framework for mapping spatiotemporal vascular dynamics in vivo. 

Ultra-fast CBV fMRI enables spatially resolved 3D cortical vasodynamic propagation mapping 

To overcome the spatial resolution limitation imposed by the 2 s sampling rate, we increased the 
acquisition rate to 8 Hz (TR = 0.125 s), reducing the minimum resolvable spatial scale from 
several millimeters to sub-millimeter levels. This improvement brings the full cortical depth 
within the resolvable range and enables estimation of phase gradients along both tangential and 
radial axes. To facilitate this analysis, the curved cortical volume was geometrically flattened to 
separate propagation along the cortical surface from depth-dependent propagation (Supp. Fig. 4). 
Representative anatomical (FLASH) and functional raw EPI images from the 8 Hz acquisition 
are shown in Fig. 5A-B. SF-SVD identified coherent oscillatory components with center 
frequencies broadly distributed between 0.05 and 0.2 Hz across trials (Fig. 5C-D), consistent 
with the spectral structure observed in the high-resolution dataset. At each frequency, SF-SVD 
revealed spatially continuous phase maps exhibiting smooth gradients across the tangential 
cortical plane (Fig. 5E), indicating large-scale propagation patterns consistent with prior wide-
field measurements of long-wavelength vasomotion traveling waves18.   

Beyond the tangential plane, cortex-wide phase gradients along the local radial axis were 
estimated using linear regression through cortical depth. Significant gradients (p < 0.01) 
exhibited a sparse spatial distribution and were organized in a bidirectional manner across the 
cortex (Fig. 5F), with positive and negative values indicating opposite directions of depth-
dependent phase progression. The spatial sparsity of the radial vasodynamic gradients indicates a 
laminar-specific, vessel-associated organization of propagation across the cortex. Also, the mean 
phase gradients (1.9 ± 1.2 rad/mm) are much higher than the typical vasomotion-specific 
gradients with mean |g| = 0.43 rad/mm, indicating that the laminar-specific vasodynamic changes 
may be mediated by multiple sources. These steep radial gradients likely reflect depth-dependent 
timing offsets across coupled vascular compartments, further shaped by laminar differences in 
neuromodulatory vascular control. Both noradrenergic and cholinergic systems regulate cortical 
vascular tone20,24,44, exhibit nonuniform laminar organization45, and modulate ultra-slow vascular 
dynamics20,25, making them plausible contributors to the radial phase structure observed here. 

To integrate both tangential and radial components, full 3D phase gradient vectors were 
computed at each frequency (Fig. 5G). To estimate local phase variation, gradients were 
calculated using a sliding spatial fitting window, in which a linear model was fit within a ~2 mm 
neighborhood at each cortical location to derive the local phase gradient vectors. The 3D phase 
gradient vectors were presented in tangential view with a ±0.6 mm median downsample window. 
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These maps revealed coherent propagation patterns across the cortex, with consistent spatial 
organization while exhibiting frequency-dependent scaling in magnitude.   

To enable direct comparison across frequencies, phase gradients were converted to propagation 
speeds (Fig. 5H). The resulting propagation speeds were approximately 1-2 mm/s across 
frequencies, comparable to values reported for vasomotion along pial and penetrating arterioles 
using two-photon microscopy. However, these measurements are not directly equivalent, as the 
CBV fMRI signal reflects an aggregate response from a heterogeneous vascular population 
rather than propagation along individual vessels. Together, these results demonstrate that 
vasodynamic propagation in the awake cortex exhibits a coherent three-dimensional organization, 
integrating vessel-scale dynamics with depth-dependent vascular timing structure. 

Group-level organization of 3D vasodynamic propagation 

To characterize the group-level organization of vasodynamic propagation, we applied principal 
component analysis (PCA) to trial-wise 3D propagation speed maps, computed using a 2 mm 
sliding spatial fitting window to estimate local phase gradients similar to Figure 5. Across all 
trials, the three dominant components (47%, 36%, and 17% variance explained; Fig. 6A–C) 
revealed spatially organized propagation patterns characterized by bilateral divergence from the 
midline, anterior–posterior convergence, and focal divergence centered at anterior and posterior 
cortical regions, indicating regionally structured but broadly distributed vasodynamic 
propagation patterns.  

Complementing the PCA analysis, we quantified propagation dynamics by computing the trial-
averaged absolute propagation speed along the tangential and radial axes, as well as the 
integrated 3D vector magnitude (Fig. 6D-H). Tangential propagation across the cortex presented 
mean speeds ranging from approximately 0.8 to 1.5 mm/s, exhibiting spatial variability across 
cortical regions with a structured distribution along the anterior–posterior axis (Supp. Fig. 6B, 
Fig. 6F). In contrast, radial propagation speed was substantially smaller at approximately 0.25 to 
0.65 mm/s (Supp. Fig. 6C), consistent with the more heterogeneous and depth-dependent nature 
of vasodynamic timing. Regions exhibiting higher radial speeds were sparsely distributed and 
concentrated preferentially at the lateral cortical margins, where cortical depth in the flattened 
geometry is thinnest, and the radial estimate is more influenced by superficial vasculature, 
including major pial arterial branches (Supp. Fig. 6C). This spatial pattern suggests that vessel-
scale vasomotion along large surface arteries may converge with depth-dependent laminar 
propagation to produce shallower local radial gradients. The integrated 3D propagation speed, 
combining both tangential and radial components, ranged from approximately 0.9 to 1.9 mm/s 
across the cortex (Fig. 6D), capturing the net effect of these anisotropic propagation patterns. To 
quantify regional variation, propagation speeds were measured within five anatomically defined 
cortical ROIs, including the anterior cingulate area (ACA), somatomotor area (MO), 
somatosensory area (SS), visual area (VIS), and retrosplenial area (RSP). Absolute propagation 
speed, measured as the median per-voxel magnitude within each ROI, was significantly highest 
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in SS across 3D, tangential, and radial components (repeated-measures ANOVA with Bonferroni 
correction, p < 0.01; Fig. 6E), indicating that vasodynamic signals in the lateral somatosensory 
cortex exhibited the fastest local propagation among the regions examined. To assess how 
consistently propagation is organized within each region, we computed the integrated 
propagation speed as the magnitude of the mean signed velocity vector across voxels. The 
averaged tangential direction map showed a consistent anterior-to-posterior tendency across 
cortex (Rayleigh test on doubled angle, p < 0.01; Fig. 6F), and the regional integrated speed 
reflected the degree of coherent vasodynamic propagation within each ROI. ACA exhibited the 
highest integrated speed and MO the lowest across 3D, tangential, and radial components (Fig. 
6F), indicating that propagation within ACA is directionally coherent, whereas MO, situated at 
the boundary between anterior and middle cerebral artery territories46,47, receives more mixed 
directional inputs that partially cancel in the signed average. To further validate the propagation 
speed range, median phase gradients were regressed against center frequency across all 118 trials, 
yielding c = 0.93 ± 0.02 mm/s (R² = 0.40) along the tangential axes (Fig. 6G) and c = 0.60 ± 0.01 
mm/s (R² = 0.81) along the radial axis (Fig. 6H), which are consistent with the ROI-level 
absolute speeds and confirmed the anisotropic organization described above. 

 Discussion 

In this work, we developed a cross-scale framework for mapping vasodynamic propagation 
across the cortex in the awake mouse with CBV-fMRI at 14 T. We showed that vasodynamic 
activity exhibited coordinated organization across spatial scales, from vessel-associated 
oscillations to mesoscopic propagation patterns and cortex-wide structured dynamics. Using 
space-frequency SVD analysis, the frequency-specific phase gradients were estimated in both 
cortex-wide tangential plane and laminar-specific radial axis to build a 3D propagation speed 
map, presenting region-specific propagation patterns of vasodynamics. Validation using a 
bilateral forepaw stimulation paradigm with a fixed interhemispheric delay confirmed that SF-
SVD accurately recovers phase offsets between cortical regions, and application to independent 
fUS data reproduced comparable frequency-specific coherence and phase gradient patterns, 
indicating that the observed propagation structure reflects an intrinsic property of cortical 
vasodynamics rather than a modality-specific artifact. Together, these results establish CBV-
fMRI-based SF-SVD as a noninvasive approach for resolving multiscale vasodynamic 
propagation across the cortex under awake conditions. 

Toward Vessel-Resolved Mapping of Vasodynamics Using CBV-Weighted Resting-State fMRI 

Resting-state fMRI studies have long demonstrated that spontaneous brain activity exhibits 
structured organization across both spatial and frequency domains, forming the basis of 
functional connectivity analysis48,49. Subsequent work has shown that these signals can be 
decomposed into frequency-specific components using predefined sub-bands, time–frequency 
coherence analyses, and multiscale spectral methods, revealing frequency-dependent variations 
in network organization and physiological contributions50-54. In parallel, spatiotemporal analyses 
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have identified structured propagation and lag relationships across cortical networks, suggesting 
that resting-state activity is organized as traveling waves with hierarchical dynamics31,55. ICA 
and related data-driven approaches have been widely used to separate these fluctuations into 
spatially structured components, including neural networks and physiological signals that are 
typically classified as noise and removed during preprocessing56-59. While these developments 
establish a rich framework for analyzing the spectral and spatial organization of resting-state 
signals, they are largely based on BOLD contrast, in which signal fluctuations reflect a 
composite of vascular, metabolic, and neuronal processes. This intrinsic mixing limits the ability 
to directly attribute frequency-specific structure to underlying vasodynamics, and vascular 
contributions are therefore typically modeled as confounds rather than interrogated as an 
organized physiological system. 

CBV-weighted fMRI provides a critical complement because it offers improved vascular 
specificity while preserving recognizable resting-state network structure. Prior studies using 
VASO and contrast-enhanced CBV imaging have demonstrated that canonical functional 
networks can be robustly identified using ICA, confirming that CBV signals preserve large-scale 
functional organization while offering enhanced spatial specificity 35,60-62. However, these 
approaches have largely focused on network-level organization or bulk signal properties, without 
resolving the vascular origin or spatial organization of vasodynamic oscillations. Building on 
prior single-vessel CBV/BOLD fMRI work showing vessel-specific ultra-slow fluctuations and 
their spatial structure16,38,39, the present study extends this framework to the awake resting brain 
and shows that spontaneous vasodynamic activity can be resolved as vessel-aligned, frequency-
specific spatial modes across the cortex. In Figs. 1 and 2, ICA analysis first isolated a dominant 
slow component aligned with penetrating vessels, whereas SF-SVD further revealed that these 
broadband vascular signals (0.01-0.2 Hz) were in fact composed of multiple vessel-specific 
oscillatory modes distributed across frequency. 

At the group level, this organization is further refined by NMF analysis of the vessel-specific 
coherence magnitude maps. Cortical components were preferentially weighted in the 0.06–0.2 
Hz range, whereas the low band below 0.06 Hz included a relatively stronger subcortical 
contribution (Fig. 3D, E). Although prior resting-state studies did not resolve vasodynamics with 
vessel specificity, several observations are consistent with this cortical/subcortical spectral 
stratification. The prior two-photon work in awake mice detected cortical arteriolar vasomotion 
prominently across the 0.06-0.2 Hz regime18, including long-wavelength traveling waves along 
pial and penetrating arterioles. By contrast, resting-state and arousal-related fMRI studies have 
repeatedly implicated thalamic and basal-forebrain systems in very slow fluctuations that shape 
large-scale spontaneous activity underlying arousal state changes63-65. More broadly, whole-brain 
spectral analyses of resting-state fMRI have shown that cortical and subcortical regions do not 
contribute uniformly across frequency bands, even though those BOLD-based studies could not 
isolate the vascular component directly63,66. Our group-level CBV analysis extended cortical 
arteriole-specific vasomotion measurements to a brain-wide framework and identified a 
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frequency-dependent cortical vasodynamic organization that provided the foundation for the 3D 
propagation mapping. 

Multiscale Origins of Vasodynamic Propagation: From Intrinsic Vasomotion to 
Neuromodulatory Control 

The vasodynamic organization observed here is unlikely to reflect a single propagation 
mechanism acting uniformly across the cortex. Instead, the data are more consistent with 
intrinsic vasomotion as the dominant local source, with its observable phase structure shaped at 
larger scales by vascular compartmentation, laminar timing differences, and state-dependent 
neuromodulation. Prior single-vessel CBV-fMRI established that ultra-slow arteriole-dominated 
fluctuations can be resolved with vessel specificity and exhibit millimeter-scale spatial 
structure16, and awake optical imaging further showed that vasomotor phase evolves as traveling 
waves along pial and penetrating arterioles18. In particular, vasomotion-related propagation was 
quantified from both vessel diameter and smooth-muscle Ca²� signals, yielding phase gradients 
on the order of ~0.3-0.4 rad/mm and mean speeds near ~2 mm/s along the superficial arteriole 
network18. The present study extends that framework from individual vessels to mesoscopic and 
cortex-wide CBV-based mapping. In the high-resolution CBV-fMRI data, phase gradients 
estimated over ~4 mm cortical regions were consistently ~0.4-0.5 rad/mm, with a corresponding 
propagation speed of ~2.3 mm/s (Supp. Fig. 2D); functional ultrasound yielded a closely 
matching gradient of ~0.40 rad/mm using the same SF-SVD analysis (Supp. Fig. 3E). Together 
with the tangential-plane propagation speeds measured in the 8 Hz dataset, these results indicate 
that the tangential, vessel-aligned component of the CBV signal falls within the same regime as 
previously observed vasomotion traveling waves (Fig. 5), while extending those observations 
from optical surface measurements to cortex-wide mesoscopic mapping with a translational 
MRI-compatible modality. 

By contrast, the radial phase gradients resolved by the 8 Hz CBV-fMRI data point to a different 
regime. Significant radial gradients were sparse, bidirectional, and locally heterogeneous, and the 
corresponding radial propagation speeds were substantially slower, approximately 0.25-0.65 
mm/s, whereas tangential propagation remained in the ~0.8-1.5 mm/s range at the 2 mm fitting 
window and ~1.8-2.8 mm/s at 4 mm (Supp. Fig. 6). Thus, at a comparable vasomotion frequency, 
the steeper radial phase gradients imply markedly slower effective propagation than the ~2 mm/s 
along-vessel regime reported for pial and penetrating arterioles. This makes it unlikely that the 
radial gradients simply reflect vasomotion traveling along single penetrating vessels. A more 
plausible interpretation is that they represent an emergent laminar timing structure, in which 
intrinsic vasomotion propagation can be integrated or even filtered through depth-dependent 
vascular compartments and local timing delays arising from neurovascular coupling and 
neuromodulatory regulation. 

This interpretation helps reconcile three apparently different observations in the literature. First, 
cortical depth-specific optical measurements showed that microvascular dilation onset and peak 
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timing vary systematically with depth, with deeper arteriolar elements responding earlier and 
superficial capillary compartments responding later; this is exactly the kind of built-in laminar 
timing structure that could generate radial phase offsets in spontaneous CBV signals67. Second, 
awake optical measurements of spontaneous pial vasomotion reported slower median 
propagation speeds of ~405 μm/s across ~0.3-0.5 mm vessel length68. Third, the long-wavelength 
vasomotion study emphasized that the ~2 mm/s regime likely reflects the more faithful speed of 
a pure along-arteriole traveling wave and argued that shorter vessel segments can bias estimates 
toward steeper phase gradients and therefore slower inferred velocities18. These observations are 
not mutually exclusive. Rather, they suggest that propagation speed depends on what is being 
sampled: a long, identified arteriole segment yields a fast vessel-wall regime, whereas shorter 
segments, mixed vascular compartments, or depth-wise measurements naturally yield slower 
effective velocities. 

A further implication is that intrinsic vascular propagation itself is unlikely to be governed by a 
single conduction mode. TRPA1-dependent endothelial signaling shows that upstream 
vasodilatory responses can be initiated through a biphasic mechanism, with slow Ca²�-
dependent propagation through capillary endothelium followed by conversion into faster 
electrical conduction in post-arteriole transitional segments and upstream arterioles14,69. This 
provides an intrinsic vascular mechanism by which slow and fast propagation regimes can 
coexist within the same network. Within this framework, the radial gradients observed here are 
physiologically feasible without requiring them to represent the same arteriole-wall mechanism 
measured optically along pial vessels. This broader laminar regulation could also be amplified by 
state-dependent modulatory systems. Noradrenergic and cholinergic pathways both regulate 
vascular tone24,44, exhibit nonuniform laminar organization45, and impose different temporal 
structure on cortical state70, making them plausible contributors to radial phase structure. The key 
point is therefore not that radial gradients arise from a mechanism unrelated to vasomotion, but 
that they likely reflect vasodynamic signals after the vasomotion has been filtered through 
additional layers of vascular and brain-state regulation.   

Multiscale Vasodynamic Organization as a Candidate Readout of Vascular Network Integrity 

Group-level decomposition of trial-wise 3D propagation-speed maps revealed that vasodynamic 
propagation is not spatially uniform but instead organizes into partition-like modes across the 
cortex with a 2 mm fitting scale (Fig. 6A-C). These dominant components form spatially 
structured patterns with distinct medial–lateral and anterior–posterior propagation tendencies 
across cortical territories, indicating that vasodynamic propagation is regionally organized rather 
than uniformly distributed. When the fitting window was expanded to 4 mm, the corresponding 
components became visibly smoother and more axis-aligned (Supp. Fig. 5), indicating that the 
analysis shifts from finer-scale propagation structure toward larger-scale vasodynamic 
organization. This larger-scale vasodynamic organization is supported by the persistent anterior-
posterior directional tendency in the tangential angle map (Fig. 6F, Rayleigh test p < 0.01) and 
by the known topology of the mouse pial arterial network, in which interconnected ACA-, MCA-, 
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and PCA-supplied surface routes distribute flow across the cortex before feeding penetrating 
arterioles46,47. The anterior-posterior tendency is also consistent with the dominant direction 
reported for cortical-surface vasomotion waves in prior optical imaging work18. Together, these 
findings indicate that vasodynamic propagation is organized across multiple spatial scales, from 
finer local structure to broader cortex-wide domains. This organization parallels resting-state 
fMRI observations of reproducible partitions, gradients, and lag-defined propagation 
motifs31,55,71-73, and suggests that spontaneous vasodynamics may provide a vascular organizing 
framework for large-scale brain mapping. 

This multiscale structure of cortical vasodynamic propagation also raises a translational 
possibility. Since the propagation structure reflects the coordinated function of arteriolar smooth 
muscle, endothelial conduction, neurovascular coupling, and neuromodulatory vascular control, 
disorders that disrupt these processes could plausibly alter key features of vasodynamic 
propagation itself. In the present data, this organization is captured both by the partition-like 
component maps and by spatially structured tangential, radial, and integrated propagation-speed 
measures across cortex (Fig. 6, Supp. Fig. 5). These region-specific vasodynamic speed 
measurements raise the possibility that diseased brains may be characterized not simply by 
weaker vascular oscillations, but by altered propagation topology, directional bias, or laminar 
timing structure. The larger-scale vasodynamic motifs may serve as candidate readouts of 
distributed vascular dysfunction in disorders such as cerebral amyloid angiopathy, cerebral small 
vessel disease, and vascular cognitive impairment, where abnormalities in vasomotion, 
neurovascular coupling, and cerebrovascular reactivity are already implicated22,24,74,75. Existing 
human MRI biomarkers, including cerebrovascular reactivity, low-frequency hemodynamic 
measures, and combined resting-state fMRI/ASL indices of neurovascular dysfunction, capture 
related aspects of vascular physiology, but do not directly assess how vascular timing is 
organized across the cortical sheet76-78. Since human CBV-sensitive fMRI is feasible with 
ferumoxytol- and VASO-based approaches35,79,80, the broader propagation motifs resolved here at 
larger spatial scales may offer a plausible translational target, although this remains a hypothesis 
that will require direct validation in disease models and human cohorts. 

Limitations 

Several limitations warrant consideration. First, although the near-100-µm CBV-fMRI resolution 
used here is sufficient to anatomically identify penetrating vessels, the measured vasodynamic 
signal within each voxel still reflects an integrated intravoxel vascular readout rather than a truly 
vessel-segment-specific measurement as in optical imaging. The present approach therefore 
represents a shift from vessel-visible anatomy to mesoscale vasodynamic mapping. This 
distinction is important for interpreting the phase-gradient results that finer-scale estimates are 
more likely to reflect mixed local regulatory processes, whereas larger-scale estimates are more 
likely to be dominated by propagation along larger arteries and thus by classical vasomotion. 
Second, temporal sampling imposes an additional constraint. The 2 s TR of the high-resolution 
CBV-fMRI data limits the minimum distance over which phase gradients can be robustly 
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estimated and reduces sensitivity to faster or shorter-range propagation structure. Although the 
vessel-specific coherence patterns suggest that the measured vasodynamics are not primarily 
driven by non-physiological motion artifacts, the fMRI data remain susceptible to temporal 
aliasing. To address this limitation, we implemented 8 Hz sampling to improve sensitivity to 
short-distance phase gradients and reduce temporal aliasing of physiological fluctuations2,81. 
Finally, although we observed markedly different propagation speeds in the tangential plane and 
along the radial axis, the present measurements still capture only the integrated vasodynamic 
outcome of multiple underlying mechanisms. The current method cannot disentangle the relative 
contributions of intrinsic vasomotion, conducted vascular signaling, local neurovascular coupling, 
capillary-level regulation, or neuromodulatory coordination. Disentangling these regulatory 
sources will be essential before vasodynamic propagation can be interpreted confidently as a 
translational biomarker. 

Materials and Methods 

Animal Procedures 

A total of 35 C57BL/6J wild-type mice (18 male, 17 female, 6-12 months old) were used for the 
fMRI experiments. Mice were group-housed (2-4 per cage) under a 12-hour light/dark cycle with 
food and water ad libitum. All animal procedures were conducted in accordance with protocols 
approved by the Massachusetts General Hospital Institutional Animal Care and Use Committee, 
and animals were cared for according to the requirements of the National Research Council’s 
Guide for the Care and Use of Laboratory Animals. 

All mice underwent surgery under anesthesia (1-2% isoflurane with 1 L/min medical air) to 
implant an RF coil. Briefly, anesthetized mouse heads were stabilized in a stereotaxic stage, and 
the skull was exposed after aseptic preparation. A 600 MHz single-loop surface RF coil was 
secured to the skull with cyanoacrylate glue and dental cement to ensure stability. Analgesic 
(buprenorphine, 0.1–0.3 mg/kg) was administered before the procedure and periodically for three 
days post-surgery. Mice were allowed at least one week of recovery before acclimation began. 

Following recovery, animals were acclimated to the MRI environment using a previously 
published head-fixation training protocol43. Briefly, mice were scanned twice weekly for 
approximately one month, yielding 2-4 trials per scan session. For all CBV scans, mice were 
injected with MION particles (25 mg/kg) via intraperitoneal injection approximately 60 minutes 
before scanning to allow for stable blood-pool distribution. 

For the phase validation experiment, bilateral forepaw electrical stimulation was delivered 
through subcutaneous needle electrodes inserted into each forepaw. Rectangular current pulses (1 
mA amplitude, 0.5 ms duration, 8 Hz pulse train) were generated by an isolated pulse stimulator. 
The paradigm consisted of alternating 40-second cycles, each composed of an 8-second 
stimulation period followed by a 32-second rest period. Right forepaw stimulation began at cycle 
onset, and left forepaw stimulation was delayed by 5 seconds relative to the right, creating a 
predictable interhemispheric timing offset at 0.025 Hz. A total of 8 mice were used for this 
experiment. 

MRI Acquisition 

.CC-BY-NC 4.0 International licenseavailable under a 
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted May 21, 2026. ; https://doi.org/10.64898/2026.05.19.726296doi: bioRxiv preprint 

https://doi.org/10.64898/2026.05.19.726296
http://creativecommons.org/licenses/by-nc/4.0/


MRI data were acquired with a 14 T horizontal MRI scanner (Magnex Scientific, UK) located at 
the Athinoula A. Martinos Center for Biomedical Imaging in Boston, MA. The magnet is 
equipped with a Bruker Avance Neo console (Bruker BioSpin, Billerica, MA) and operated 
using ParaVision 360 V3.3. A microimaging gradient system (Resonance Research Inc., 
Billerica, MA) provides a peak gradient strength of 1.2 T/m over a 60-mm diameter. 

For the high-resolution whole-brain protocol, anatomical images were obtained with a multi-slice 
T1-weighted 2D gradient echo FLASH sequence (TE: 2.7 ms, TR: 1250 ms, flip angle: 90°, 4 
averages, 100×100×200 µm resolution). Functional CBV images were acquired using a multi-
slice 2D EPI sequence (TE: 6.2 ms, TR: 1 s, two segments, bandwidth: 278 kHz, 100×100 µm 
in-plane resolution, 200 µm slice thickness). Each trial consisted of 205 repetitions for a total 
duration of 410 s. 

For the cortex-specific ultra-fast protocol, two T1-weighted 2D gradient echo FLASH 
anatomical scans were acquired (TE: 2.7 ms, TR: 500 ms, flip angle: 70°, 2 averages, 
200×200×200 µm resolution): one with coverage matching the functional EPI and one whole-
brain scan with an increased number of slices for registration. Functional CBV images were 
acquired using a 2D EPI sequence at 8 Hz sampling (TE: 4 ms, TR: 0.125 s, bandwidth: 250 kHz, 
200×200×200 µm isotropic resolution). Each trial consisted of 3280 repetitions for a total 
duration of 410 s. 

MRI Data Preprocessing 

The fMRI images were processed using the Analysis of Functional Neuroimages (AFNI) 
software82. For the high-resolution EPI datasets, the preprocessed data from a standard AFNI 
pipeline28,43 were used, which included registration to the Australian Mouse Brain Mapping 
Consortium (AMBMC) template, despiking (3dDespike), motion correction (3dvolreg), and 
brain masking using the AMBMC template. For the cortex-specific ultra-fast scan data, a custom 
registration workflow was used. The functional EPIs were first registered to the co-acquired 
cortex-specific FLASH anatomical image. This cortex FLASH was then registered to the whole-
brain FLASH, which was in turn registered to the AMBMC template. The transformation 
matrices from the cortex-to-whole-brain and whole-brain-to-AMBMC registrations were 
combined and applied to the functional EPIs to achieve final template registration. Other 
preprocessing steps, including despiking, motion correction, and brain masking, were performed 
as for the high-resolution pipeline. Cortical regions were segmented based on the Allen Mouse 
Brain Atlas for subsequent region-specific analyses. 

Functional Ultrasound Imaging Animal Procedures and Acquisition 

fUS experiments were performed in four C57BL/6J mice, including 2 males and 2 females at 1-3 
months of age. Animals were group-housed under controlled environmental conditions on a 12-
hour light/dark cycle with ad libitum access to food and water. All experiments were conducted 
in accordance with US National Institutes of Health guidelines and were approved by the Broad 
Institute of MIT and Harvard Institutional Animal Care and Use Committee. 

Resting-state transcranial functional ultrasound imaging was acquired under light sedation using 
isoflurane and dexmedetomidine. Mice were induced with 4% isoflurane in oxygen (1.0 L/min), 
the scalp was shaved, and animals were positioned in a stereotaxic frame. During skin 
preparation and probe placement, anesthesia was maintained at approximately 2% isoflurane. A 
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depilatory cream was applied briefly (less than 1 min) to ensure complete hair removal, and the 
scalp was thoroughly rinsed. Dexmedetomidine (0.05 mg/kg, s.c.) was then administered, and 
isoflurane was reduced to 0.5% in oxygen (0.5 L/min) for imaging. Data acquisition began at 
least 5 min after reaching 0.5% isoflurane. Physiological status was continuously monitored 
throughout imaging, including oxygen saturation (maintained at ≥95%) and heart rate (~250–350 
bpm). 

Functional ultrasound imaging was performed using an Iconeus One scanner (Iconeus, Paris, 
France) equipped with an IcoPrime probe (15 MHz central frequency, 128 elements). The probe 
was positioned on the depilated scalp over the dorsal surface, and each session began with an 
angiographic scan spanning +3.0 to −3.0 mm relative to bregma (0.1 mm inter-slice spacing) to 
verify probe positioning and provide a vascular reference. Resting-state acquisitions were 
performed by sequentially imaging six coronal planes spanning +2.0 to −3.0 mm relative to 
bregma with 1.0 mm spacing between planes. For each plane, approximately 15 min of 
continuous data were acquired to obtain stable resting-state time series (effective TR 
approximately 3.6 s for the six-slice cycle). Slice positions were kept consistent across animals to 
enable standardized region-of-interest comparisons. 

ICA Analysis 

ICA was applied to the high-resolution whole-brain CBV fMRI data using GIFT with automatic 
dimensionality estimation. The dominant component was selected as the one with the highest 
spatial overlap with the cortical vasculature identified in the CBV contrast image. The power 
spectral density of the component time course was estimated using the Welch method with a 
512-sample window and 50% overlap. 

Space-Frequency SVD Analysis 

Space-frequency SVD (SF-SVD) was applied following the spectral framework as shown in 
Supp. Fig. 1. The fMRI time series from all in-mask voxels were organized into a space-time 
data matrix X of dimension m × n, where m denotes the number of voxels and n the number of 
time points. Multitaper spectral estimation was performed using k = 7 Slepian tapers with a time-
bandwidth product NW = 4. The space-frequency representation at each frequency bin f was 
computed by projecting each taper onto the Fourier basis, yielding a complex-valued m × k 
matrix. SVD was then applied to this matrix, producing a dominant left singular vector u (m × 1, 
complex-valued) and corresponding singular value λ. Coherence at each frequency was defined 
as �₁² / ∑ � ²�����  , quantifying the fractional spectral power captured by the leading mode. The 
magnitude of u encodes the spatial distribution of coherent oscillatory power, and the angle of u 
encodes the relative phase of the oscillation across voxels. Here, the increasing phase 
corresponds to increasing lag time. The center frequencies of each trial were identified as the 
frequency with peak coherence above the baseline (>0.2 Hz) of more than one standard deviation, 
which were also above the 1/k noise floor (Supp. Fig. 7). 

Non-Negative Matrix Factorization 

NMF was applied to the SF-SVD magnitude maps from all trials. Magnitude maps were 
vectorized into a matrix of dimension �������  �  		
���� and z-score normalized across voxels. 
NMF with k = 10 components was computed using MATLAB's nnmf function with a maximum 
of 50 iterations. Three primary components were selected for display based on their 
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correspondence to anatomically interpretable cortical and subcortical regions from the Allen 
Mouse Brain Atlas. For each component, trial weights were grouped into center frequency bins 
(0-0.06, 0.06-0.135, and 0.135-0.2 Hz) and the mean weight ± standard error was computed 
across trials within each bin. Differences in the subcortical component weight across the three 
frequency bands were assessed with one-way ANOVA and Tukey-Kramer post-hoc testing. 

Phase Gradient Estimation from Cortical Regions of Interest 

For the high-resolution whole-brain fMRI and fUS datasets, where the minimum resolvable 
phase difference exceeds 4 mm, phase gradients were estimated from approximately 4 mm 
cortical regions of interest covering multiple penetrating vessels visible in the SF-SVD 
magnitude map. Within each region, a linear regression was applied to the averaged phase as a 
function of distance from the region center. The slope of this regression gives the phase gradient 
magnitude |�| in rad/mm. Propagation speed was estimated by regressing the median phase 
gradient against center frequency across all trials, using the relation � 
  2�� / |�|. 

Cortex Flattening 

To separate propagation components tangential to and radial from the ultra-fast cortical fMRI, 
the curved cortex area was geometrically flattened. The three-dimensional coordinates of all in-
mask cortical voxels were used to fit a second-order polynomial surface  ���, ��  
  �₀₀ �
 �₁₀� �  �₀₁� �  �₂₀�² �  �₁₁�� �  �₀₂�² by least-squares minimization. The radial position 
of each voxel was redefined as its signed residual �’ 
  � �  ���, ��, and the two tangential axes 
(anterior-posterior and medial-lateral) were reassigned based on arc-length distance along the 
fitted surface. After transformation, the depth axis at each voxel points perpendicular to the local 
cortical surface, and the two tangential axes lie within the cortical plane. 

Three-Dimensional Phase Gradient and Propagation Speed Estimation 

For the 8 Hz cortical CBV fMRI dataset, voxel-wise 3D phase gradient vectors were estimated 
after cortex flattening. At each voxel, phase values of neighboring voxels within a sliding 
window along each of the three spatial axes were extracted using a tangential window of either 2 
mm or 4 mm, depending on the analysis scale, and a radial window of 0.8 mm requiring at least 
4 voxels through cortical depth. Linear regression was applied separately along each axis, and 
the gradient component was retained only when the regression reached statistical significance (p 
< 0.05 tangentially, p < 0.01 radially). The three components were assembled into a 3D vector at 
each voxel, and this vector was converted to a propagation speed vector by � 
  2�� / � 
(applied element-wise along each axis). The resulting per-trial maps were spatially downsampled 
onto a 0.6 mm display grid by computing the vector median within each local ±0.6 mm 
neighborhood. To estimate frequency-resolved propagation speed, median phase gradients along 
tangential (AP and LR) and radial axes were regressed against center frequency across all 118 
trials using the relation � 
  2�� / |�|. 

PCA of Propagation Speed Maps 

For group-level analysis, each 3D propagation speed map was resampled onto a 0.4 mm grid 
with a ±0.4 mm neighborhood to calculate the vector median. To characterize dominant spatial 
patterns across trials, the per-trial 3D propagation speed vectors from all cortical voxels were 
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assembled into a matrix of dimension �������  �  �		
����  �  3�. Columns were normalized by 
median and median absolute deviation, compressed with an arctan transform �2/�� � � ����� to 
reduce the influence of extreme values, and then z-scored. PCA was performed using a nan-
aware pairwise covariance approach, in which each entry of the spatial covariance matrix was 
estimated from the trials with valid observations at both positions, a small ridge regularization 
was added to ensure positive semi-definiteness, and the leading eigenvectors were extracted. The 
top three principal components were visualized as spatial vector fields by projecting each 
component back onto the flattened cortical surface. 

Statistical Analysis 

The group analysis of the propagation speed map was tested against zero using a one-sample t-
test, and only positions reaching significance (p < 0.01) were retained for group-averaged maps. 
Directional consistency of tangential propagation was assessed by the Rayleigh test applied to 
doubled azimuth angles to account for the axial symmetry of the phase gradient (p < 0.01).  

To compare propagation speed across cortical ROIs, per-trial speed values were averaged within 
each animal to obtain one measurement per ROI per animal (n = 18), capturing the consistent 
cross-animal spatial pattern. ROI differences were then tested using repeated-measures ANOVA 
with Bonferroni-corrected post-hoc pairwise comparisons, applied separately to the 3D, 
tangential, and radial components for both absolute and integrated propagation speed. 
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Figures 

 

Figure 1. High-resolution awake mouse CBV fMRI and ICA based vessel-specific signal
decomposition.  
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(A) Photograph of the custom head-fixation holder with an awake, head-fixed mouse. (B) The surgically 
implanted receive coil used for 14T CBV fMRI. (C) Boxplot of the average temporal signal-to-noise ratio 
(TSNR) across all trials (n=8 mice, 55 trials). (D) Representative anatomical FLASH image showing 
cortical vascular architecture, with penetrating vessels visible as dark lines through the gray matter. (E) 
Corresponding CBV EPI image from the same session, with the same vessel patterns identifiable. (F) 
Spatial magnitude map of the dominant ICA component, showing non-random structure concentrated 
along the vascular architecture. (G) Zoomed-in comparison between the ICA magnitude map (top) and the 
anatomical FLASH image (bottom) for three representative coronal slices, demonstrating alignment of 
high-magnitude ICA regions with penetrating vessel positions. Red arrows indicate corresponding vessels. 
(H) Power spectral density of the dominant ICA component time course, showing multiple spectral peaks 
in the vasomotion frequency band. (I) Time course of the dominant ICA component weight over a 
representative 410-second trial. 
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Figure 2. SF-SVD resolves frequency-specific vasodynamics in high-resolution CBV fMRI. 

(A) SVD coherence spectrum from a representative trial of Mouse 1, with prominent peaks at 0.05, 0.1,
and 0.17 Hz. The dashed line shows the 1/k noise floor. (B–D) SVD magnitude maps of the cortical
volume at 0.1 Hz (B), 0.05 Hz (C), and 0.17 Hz (D), with zoomed-in comparisons to the anatomical
image showing vessel alignment at each frequency. Red arrows indicate vessel-aligned features. Scale bar,
5 mm. (E) SVD coherence spectrum from a representative trial of Mouse 2, with peaks at 0.04, 0.07, and
0.16 Hz. The dashed line shows the 1/k noise floor. (F–H) Corresponding SVD magnitude maps at 0.07
Hz (F), 0.04 Hz (G), and 0.16 Hz (H) for Mouse 2, with zoomed-in vessel comparisons. 
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Figure 3. SF-SVD based group-level properties of vasodynamics. 

(A) SF-SVD coherence spectra from all 55 trials (colored traces) with the trial-averaged coherence (red).
(B) Distribution of detected center frequencies across the 55 trials, showing broad spectral coverage from
0.01 to 0.2 Hz. Dashed red lines indicate the boundaries between frequency groups used in (C) and (E).
(C) Boxplot of the average SF-SVD magnitude within the cortical area grouped by center frequency band
(0–0.06 Hz, 0.06–0.135 Hz, 0.135–0.2 Hz). The sub-0.06 Hz group showed significantly lower magnitude
than both higher-frequency groups (*: two-sample t-test, p<0.05). (D) The three dominant NMF spatial
components extracted from the magnitude maps across 55 trials, corresponding to anterior cortex (blue
border), posterior cortex (orange border), and subcortical structures (yellow border). (E) NMF component
weights grouped by center frequency band for the three spatial components. The subcortical component
(yellow) showed significantly higher weight in the sub-0.06 Hz group compared to higher-frequency
groups (*: one-way ANOVA with Tukey post-hoc, p<0.05). 
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Figure 4. SF-SVD for inter-hemispheric phase lag detection from a controlled stimulation paradigm

(A) Schematic of the bilateral forepaw stimulation paradigm. Left and right forepaws were stimulated in
alternating 8s-on-32s-off cycles, with the left side delayed by 5 seconds relative to the right, generating a
0.025 Hz CBV oscillation with a predictable inter-hemispheric timing offset. (B) Trial-averaged SVD
magnitude map at 0.025 Hz, with bilateral high-amplitude regions at the left and right somatosensory
cortices (n=8 mice). (C) Corresponding trial-averaged SVD phase map, showing the timing offset
between the two somatosensory regions. Circles indicate the ROIs used for phase extraction. Here, delay
increases with increasing phase. (D) Phase values extracted from left (L) and right (R) somatosensory
cortex ROIs for each animal, showing a consistent phase offset with the left side leading. (E) Boxplot of

the estimated lag time computed as       for each animal. The median lag time was 4.8
s, in close agreement with the 5-second stimulation offset. 

  

m. 

 in 
 a 
D 
ry 

set 
ay 
ry 

 of 

.8 

.CC-BY-NC 4.0 International licenseavailable under a 
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted May 21, 2026. ; https://doi.org/10.64898/2026.05.19.726296doi: bioRxiv preprint 

https://doi.org/10.64898/2026.05.19.726296
http://creativecommons.org/licenses/by-nc/4.0/


 

Figure 5. Ultra-fast CBV fMRI resolves spatially continuous 3D vasodynamic propagation across
the awake mouse cortex. 

(A) Representative anatomical FLASH image from the awake mouse cortex. (B) Corresponding CBV EPI
image. (C) SVD coherence spectrum from a representative trial, with dominant peaks at 0.06, 0.11, and
0.14 Hz. (D) Distribution of detected center frequencies across all 118 trials from 20 mice. (E) Depth-
averaged SVD phase maps across the tangential cortical plane at 0.06 Hz, 0.11 Hz, and 0.14 Hz from the
representative trial in (C), showing cortex-wide gradually varying patterns. Here, delay increases with
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increasing phase. (F) Radial phase gradient map, showing the depth-dependent phase gradient at each 
cortical position. Only voxels with a significant radial gradient (p < 0.01, one-sample t-test) are displayed. 
Color encodes gradient magnitude; sign encodes the radial direction. (G) 3D phase gradient vector maps 
at each of the three center frequencies. Vectors are downsampled to a 0.6 mm display grid. Arrow length 
reflects the tangential projection of the vector magnitude; color encodes total 3D gradient magnitude in 
rad/mm; sign encodes the radial direction. (H) 3D propagation speed vector maps at the same three 

frequencies, derived by converting phase gradients via c �  2�� / g. Arrow length reflects the tangential 
projection of the speed magnitude; color encodes propagation speed in mm/s; sign encodes the radial 
direction. 
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Figure 6. Group-level spatial pattern of 3D vasodynamic propagation speed. 

(A–C) The top three principal components from PCA of the 3D propagation speed maps across all 118
trials at a 2 mm fitting window, explaining 47% (A), 36% (B), and 17% (C) of total variance respectively.
Arrow length reflects the tangential projection of the vector magnitude; color encodes PCA amplitude.
Cortical region boundaries are shown as dashed lines. (D) Averaged 3D propagation speed amplitude
retained at positions passing a one-sample t-test (p < 0.01). (E) Absolute propagation speed (median of
per-voxel magnitudes) for the 3D, tangential, and radial components across five cortical ROIs (ACA, MO
RSP, SS, and VIS). SS exhibited significantly higher absolute speed (repeated-measures ANOVA with
Bonferroni post-hoc correction, *p < 0.05, **p < 0.01). (F) Integrated propagation speed (magnitude of
the mean signed velocity vector across voxels) for the same three components and ROIs. ACA exhibited
the highest integrated speed and MO the lowest (repeated-measures ANOVA with Bonferroni post-hoc
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correction, *p < 0.05, **p < 0.01). The averaged tangential propagation direction map shows a consistent 
anterior-to-posterior tendency (Rayleigh test on doubled angle, p < 0.01). Error bars in (E) and (F) 
represent standard error across animals (n = 18). (G) Scatter plot shows tangential (AP and LR) phase 
gradients from all 118 trials of 8Hz cortical CBV fMRI,  as a function of center frequency, with the 
estimated propagation speed c = 0.93 ± 0.02 mm/s, R2=0.40 obtained by linear regression. (H) Scatter 
plot shows radial phase gradients from all 118 trials of 8Hz cortical CBV fMRI,  as a function of center 
frequency, with the estimated propagation speed c = 0.60 ± 0.01 mm/s, R2=0.81 obtained by linear 
regression. 
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