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orientation effects of cortical vessels on the BOLD-
fMRI signal along the main magnetic field B0
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micrograph. Hirsch et 
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dominate the BOLD signal 
 randomly orientated in plane 
 run perpendicular to surface normal

Diving intracortical vessels 
 run parallel to surface normal

Vessels diving into white matter
 little is known about their geometry
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[Gagnon et al. 2015, J Neurosci]

effect was in part expected, 
but prediction was a 40% effect…

…and can be seen in 
conventional 3T task-

driven fMRI data!

effect of cerebral gray matter cortical orientation on resting-state BOLD fMRI in humans

Previous studies combining two-photon microscopy of vascular dynamics and 
human fMRI demonstrated that task-driven BOLD activation magnitude varies 
systematically with the angle between the cortical surface normal and the 
magnetic field (B0) direction.

Here we seek to extend these findings by investigating cortical orientation effects 
on resting-state BOLD fMRI signals as well.
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orientation effect in SE-EPI – TE dependence
preliminary

pial surface

TE = 55 ms,  ETL = 13 ms
TE = 25 ms,  ETL = 13 ms

[Viessmann et al. 2019, OHBM]

short EPI echo train length (ETL) used to minimize T2’ contamination

see also: Bandettini & Wong 1995, Int J Imag Syst Tech

7 Tesla
2 mm iso.

intravascular field also has orientation dependence ∝ cos2(θ) –
perhaps counteracting the sin2(θ) dependence of extravascular field?

6th Annual BRAIN Initiative Investigators Virtual Meeting, 1–2 Jun, 2020 R01 MH-111419: Improving Human fMRI through Modeling and Imaging Microvascular Dynamics (PI: Polimeni)

Data were provided by the Human Connectome 
Project, WU-Minn Consortium (Principal 
Investigators: David Van Essen and Kamil 
Ugurbil; U54-MH091657) funded by the 16 NIH 
Institutes and Centers that support the NIH 
Blueprint for Neuroscience Research; and by 
the McDonnell Center for Systems 
Neuroscience at Washington University.

3T – mid-depth 

group-level bias and variance of detection sensitivity (i.e., tSNR) associated with 
cortical orientation effect

7T – mid-depth 

tSNR changes with cortical orientation –
Human Connectome Project rs-fMRI dataset

mean orientation
vs. mean tSNR

orientation variability
vs. tSNR variability
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across-subject orientation variability may cause
across-subject tSNR variability

orientation variability over 110 cortical hemispheres

Across-subject variability in functional organization as estimated by functional 
connectivity using BOLD fMRI (displayed on expanded cortex). 
Taken from Buckner et al. Trends in Cognitive Sciences 2013; 10.1016/j.tics.2013.09.017

functional variability by Buckner 
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rough correspondence: orientation variability and functional 
connectivity variability (association cortex)

networks with higher orientation variability 
have higher tSNR variability

mean[θ] var[θ]
0° 0

190°

coritcal orientation atlas derived from HCP data
mean orientation orientation variability

N=110

effect of cortical orientation on group-level bias and variance of functional connectivity estimates

effect of fiber tract orientation on resting-state BOLD fMRI in white matter

Similar orientation effects have been reported in WM in quantitative BOLD data, where transverse relaxation rates depended up to
37% on the orientation of fibre direction estimates to B0 (Kaczmarz et al., 2019); and in dynamic susceptibility contrast imaging data,
where blood flow and volume estimates in the WM varied up to 20% with fibre orientation to B0 (Doucette et al., 2019). These
findings in the WM suggest similar B0-orientation effects as observed in GM that may be explained by a tight relationship between the
structure of the tissue geometry and the vascular geometry within the WM as well.

Classical depiction of white matter vasculature
(white matter vessels from microradiograph)
reproduced from Salamon et al. Microradiographic Study of the Arterial 
Circulation of the Brain. Cerebral Circulation 1968; 30:31—41. 

White matter fibre direction estimates from HCP DTI tensor fit

anatomical “coupling” between vascular geometry 
and tract geometry in white matter

in vivo imaging of white matter vessels in humans 
using blood-pool contrast agent Ferumoxytol

3T – whole brain 7T – partial brain

orientation dependence 
within individual tracts

orientation dependence of 
BOLD within white matter

tract orientation given by principal diffusion direction of 
DTI fit, and θ is defined as angle between tract and B0

mean BOLD signal (“baseline”) exhibits expected 
orientation dependence

goal: identify whether orientation dependence of fluctuations is 
dominated by static components (i.e., myelin, vessel) or dynamic 
components (i.e., BOLD) by assessing shape of curve (sin2 or cos2)

BOLD dynamics (“fluctuation”) exhibits bi-phasic 
behavior and are inconclusive given the error bars.

still unknown to what extent major vessels within the white matter follow all tracts, and
which tracts are more highly vascularized

effect of myelin and deoxygenated blood vessels on the 
mean BOLD signal and the fluctuation amplitude

myelin, vessel

BOLD

(1) Static components: T2* of myelinated tissue and T2* of tissue surrounding a vessel depend on the orientation of the structure 
relative to B0. If we represent the angle between the axis of the vessel and the axis of the B0 field θ, the static baseline BOLD signal 
level, denoted S(θ), exhibits an orientation dependence that is known to follow a cos2θ relationship. The associated signal 
fluctuation, σb, scales positively with the baseline, i.e., σb = λ ⋅ S(θ), as is well-known in the context of physiological noise; therefore 
σb ∝ cos2θ , and so the BOLD baseline signal will be higher for voxels that contain myelinated structures and/or vessels that are 
parallel to B0, and lower for voxels that contain myelinated structures and/or vessels that are perpendicular to B0.

(2) Dynamic components: Intra- and extravascular field variations induced by changes in the blood flow, volume or 
deoxyhaemoglobin concentration also depend on the orientation of the vessel relative to the B0 direction. Extravascular effects are 
thought to dominate for field strength ≥ 3T; a vessel that is aligned perpendicular to B0 will exhibit a maximum extravascular field 
offset in its vicinity for a given change in blood oxygenation, whereas a vessel that is aligned parallel to B0 will induce no 
extravascular field offset. Hence, the dynamics of the BOLD signal will also exhibit an orientation effect. We define σd as the 
fluctuation amplitude due to dynamics, which follow a sin2θ relationship and therefore are scale in a way that is complementary to 
the static component since σb ∝ cos2θ as mentioned above, yet σd ∝ sin2θ.

BOLD-like

this example tract consistent with orientation effect 
dominated by dynamic component σd, i.e., BOLD fluctuation

identify tracts as dominated by static or dynamic effects based on orientation dependence of fluctuations

tracts dominated by dynamic effects tracts dominated by static effects

[Bernier et al. 2019, 2020, ISMRM]

[Viessmann et al. 2020, ISMRM]

orientation effects in resting-state BOLD fluctuations at 
7T and 3T

given this characterization, observed orientation effect in fMRI data can potentially 
provide information about vascular contribution to BOLD

effect varies with voxel size

effect varies across field strength 
(due to varying intravascular vs. 
extravascular contributions)

“rebound”

[Viessmann et al. 2019, NeuroImage]

[Viessmann et al. 2019, ISMRM]

B0
B0

B0 orientation effects as a function of cortical depth
Results are based on 5 subjects scanned @7T with 1.1mm isotropic resolution

At the pial surface
 Signal amplitude variation (σ/μ) is maximised 

when pials are perpendicular to B0 (where the 
surface normal is parallel – 0°)

 Effect on the order of +70%

At half cortical depth
 Pial vessel signal contribution drops off but is 

still dominance
 Pial signal contribution is likely counteracted by 

the diving intracortial vessels that are 
perpendicular to the pials

Within the superficial white matter interface
 Orientation effect still observable
 Effect is larger just below the white interface than 

just above which is likely an effect of principal 
vessels diving off in perpendicular angles into 
white matter

network of medium-sized 
vessels in superficial white 
matter running tangential to 

cortical gray matter

Duvernoy et al. 1981

effects of pial vessels extend through 
cortical depths, inducing orientation 

effect that falls of gradually
extravascular fields
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