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a b s t r a c t 

The most widely used gradient-echo (GE) blood oxygenation level-dependent (BOLD) contrast has high sensi- 

tivity, but low specificity due to draining vein contributions, while spin-echo (SE) BOLD approach at ultra-high 

magnetic fields is highly specific to neural active sites but has lower sensitivity. To obtain high specificity and sen- 

sitivity, we propose to utilize a vessel-size-sensitive filter to the GE-BOLD signal, which suppresses macrovascular 

contributions and to combine selectively retained microvascular GE-BOLD signals with the SE-BOLD signals. To 

investigate our proposed idea, fMRI with 0.8 mm isotropic resolution was performed on the primary motor and 

sensory cortices in humans at 7 T by implementing spin- and gradient-echo (SAGE) echo planar imaging (EPI) 

acquisition. Microvascular-passed sigmoidal filters were designed based upon the vessel-size-sensitive ΔR 2 
∗ / ΔR 2 

value for retaining GE-BOLD signals originating from venous vessels with ≤ 45 𝜇m and ≤ 65 𝜇m diameter. Unlike 

GE-BOLD fMRI, the laminar profile of SAGE-BOLD fMRI with the vessel-size-sensitive filter peaked at ∼ 1.0 mm 

from the surface of the primary motor and sensory cortices, demonstrating an improvement of laminar specificity 

over GE-BOLD fMRI. Also, the functional sensitivity of SAGE BOLD at middle layers (0.75–1.5 mm) was improved 

by ∼ 80% to ∼100% when compared with SE BOLD. In summary, we showed that combined GE- and SE-BOLD 

fMRI with the vessel-size-sensitive filter indeed yielded improved laminar specificity and sensitivity and is there- 

fore an excellent tool for high spatial resolution ultra-high filed (UHF)-fMRI studies for resolving mesoscopic 

functional units. 
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. Introduction 

Gradient-echo (GE) blood oxygenation level-dependent (BOLD) con-

rast is the most widely used technique in functional magnetic resonance

maging (fMRI) experiments due to its high sensitivity and simplic-

ty of implementation. GE-BOLD fMRI is sensitive to deoxyhemoglobin

hanges, which initially occur in capillaries nearby active neurons, and

rain to venules and finally to large pial veins. Thus, BOLD signal ac-

ivation changes can occur as far as a few millimeters from the neu-
Abbreviations: ASL, arterial spin labeling; BOLD, blood oxygenation level-depend

oise ratio; CSF, cerebrospinal fluid; dSE, double spin-echo; EPI, echo planar imaging

erturber method; GE, gradient-echo; GRAPPA, Generalized Autocalibrating Partial

C, Monte Carlo; M1, primary motor; RF, radiofrequency; SAGE, spin- and gradient-e

tandard errors of the mean; SNR, signal-to-noise ratio; S1, primary sensory; TE, ec

ascular space occupancy; VSI, vessel size index. 
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onally active site ( Hillman, 2014 ; Lee et al., 1995 ; Turner, 2002 ). This

raining problem has been recognized in the early days of fMRI re-

earch ( Frahm et al., 1994 ; Kim SG et al., 1994 ; Menon et al., 1993 )

nd may be beneficial for enhancing functional sensitivity in typical

-3mm resolution fMRI studies. However, in sub-millimeter resolution

MRI studies, such as investigations of cortical columns and laminae,

on-specific macrovascular contributions are detrimental to resolve neu-

al functional units ( De Martino et al., 2018 ; Dumoulin et al., 2018 ;

awrence et al., 2019 ; Uluda ğ and Blinder, 2018 ). 
ent; CBF, cerebral blood flow; CBV, cerebral blood volume; CNR, contrast-to- 

; ESP, echo spacing; fMRI, functional magnetic resonance imaging; FPM, finite 
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To identify and remove macrovascular components in GE-BOLD re-

ponses, various post-processing approaches were adopted, including

he use of anatomical/venographic images or BOLD characteristics such

s high BOLD percent change ( Fracasso et al., 2018 ; Kim SG et al., 1994;

lman et al., 2007 ; Polimeni et al., 2010 ; Shmuel et al., 2007 ), tempo-

al delay in large veins ( Goodyear and Menon, 2001 ; Kay et al., 2020 ;

ee et al., 1995 ; Shmuel et al., 2007 ), phase changes in intracortical and

ial veins ( Curtis et al., 2014 ; Menon, 2002 ), and hemodynamic mod-

ls accounting for draining effects across layers ( Havlicek and Uluda ğ,

020 ; Heinzle et al., 2016 ; Markuerkiaga et al., 2016 ; Marquardt et al.,

018 ; Uludag and Havlicek, 2021 ). However, magnitude and dynamics

f microvascular and macrovascular BOLD highly overlap ( Kay et al.,

020 ), which makes it difficult to unambiguously separate those sig-

als. Modeling hemodynamic signals across cortical depths from blood

rainage towards pial surface is effective, but its accuracy depends on

odel parameters, and on heterogeneity in cortical regions and sub-

ects. Alternatively, in the specific conditions where two stimuli (e.g.,

ight eye vs. left eye) induce activities at the complementary territo-

ies with the similar draining effect (e.g., right vs. left ocular domi-

ance columns), differential analysis between two stimuli can remove

common’ macrovascular contributions, and this approach was success-

ully applied to columnar and laminar GE-BOLD fMRI studies in humans

 Cheng et al., 2001 ; Menon et al., 1997 ; Olman et al., 2012 ) and ani-

als ( Kim and Fukuda, 2008 ; Moon et al., 2007 ). However, this differ-

ntial approach cannot be used for most fMRI studies since it is unknown

hether macrovascular BOLD responses are identical for multiple stim-

lus conditions. 

In contrast to GE-BOLD acquisition, the large vessel contribution can

e significantly reduced utilizing the spin-echo (SE) BOLD approach,

ince a 180° refocusing pulse effectively suppresses the extravascular

OLD signal around macro-vessels ( Boxerman et al., 1995 ; Ogawa et al.,

993 ; Weisskoff et al., 1994 ). In previous studies, SE-BOLD acquisition

as observed to suppress fMRI signals in large vessels near the corti-

al surface when compared to GE-BOLD signals ( Budde et al., 2014 ;

arel et al., 2006 ; Harmer et al., 2012 ; Yacoub et al., 2007 ; Zhao et al.,

006 , 2004) and was successfully used to obtain columnar ( Moon et al.,

007 ; Yacoub et al., 2008 , 2007) and laminar fMRI ( Goense and Lo-

othetis, 2006 ; Harel et al., 2006 ; Zhao et al., 2006 , 2004 ). Despite its

igh specificity to micro-vessels, SE-BOLD contrast is not widely uti-

ized due to the overall reduced microvascular sensitivity compared

o GE-BOLD contrast ( Boxerman et al., 1995 ; Ogawa et al., 1993 ;

eisskoff et al., 1994 ). Although SE-BOLD sensitivity can be enhanced

y the recently proposed double SE approach ( Han et al., 2021 ), its ap-

lication to high-resolution fMRI remains to be mostly limited by its low

ensitivity. 

Thus, it is highly desirable for high-resolution fMRI studies to com-

ine the sensitivity of GE acquisition with the specificity of SE acquisi-

ion. In this study, we propose to selectively retain microvascular GE-

OLD signals by suppressing macrovascular contributions and to com-

ine the resulting GE-BOLD signals with the SE-BOLD signals, leading

o an enhancement of the spatially specific microvascular fMRI sig-

als with high sensitivity. To that end, we apply a vessel-size-sensitive

lter to the GE-BOLD signals. The filter is based on the vessel-size

ependent ratio of GE and SE relaxation rates ( Kiselev et al., 2005 ;

roprès et al., 2001 ) and utilized it on a voxel-by-voxel or layer-

y-layer basis. In order to test this novel approach experimentally,

e obtained high-resolution SE- and GE-BOLD data in humans at 7

. Specifically, spin- and gradient-echo (SAGE) echo planar imaging

EPI) acquisition ( Donahue et al., 2000 , 1998 ; Emblem et al., 2013 ;

anhard et al., 2019 ; Schmiedeskamp et al., 2012 ) was adopted for

.8 mm isotropic resolution fMRI studies of the primary sensory and

otor cortices. Combined GE- and SE-BOLD fMRI with a vessel-size-

ensitive filter indeed yielded improved laminar specificity and sen-

itivity and is therefore an excellent tool for high spatial resolution

ltra-high field (UHF)-fMRI studies to resolve mesoscopic functional

nits. 
s  

2 
. Materials and methods 

.1. Simulations 

.1.1. Vascular model of cerebral cortex and re-classification of vessel 

ypes 

As the BOLD contrast primarily originates from the changes of the

aramagnetic deoxyhemoglobin, the spatial distribution of veins across

ortical depths and on the pial surface largely determines the speci-

city and sensitivity of BOLD-fMRI signals. The cortical venous vas-

ulature across the cortical depths is schematized in Fig. 1 A based on

 Duvernoy et al., 1981 ). Pial veins with a diameter of > 100 𝜇m are con-

ected to intracortical micro-vasculature, consisting of capillaries with

n average diameter of ∼ 5 𝜇m, venules with an average diameter range

f 12 𝜇m to 36.6 𝜇m, and intracortical veins (ICVs). Intracortical veins

re further classified according to the depth of their cortical penetration;

roup V1 and V2 with an average diameter of 20 𝜇m to 30 𝜇m penetrate

ayers 1 to 3, group V3 with an average diameter of 45 𝜇m to the mid-

le of the cortex (layers 3 to 5), group V4 with an average diameter of

5 𝜇m to lower cortical depths (layer 6), and group V5 vessels with an

verage diameter of 80 𝜇m to 125 𝜇m reaches to white matter. Group

1 to V3 often have irregular trunks and bush-like arborizations, while

roup V4 to V5 have straight trunks and branching venules parallel to

ortical layers. Considering such vessel size distribution, all venous ves-

els were classified into four vessel types based on diameter: ≤ 30 𝜇m

type 1), 30–45 𝜇m (type 2), 45–65 𝜇m (type 3), and > 65 𝜇m (type 4).

.1.2. Monte Carlo (MC) simulations 

Monte Carlo (MC) simulations were performed using an in-house

ATLAB (MathWorks, Natick, Massachusetts) script ( Han et al., 2021 )

o gain insight into the extra-vascular signal properties of GE- and SE-

OLD contrast mechanisms. As at 7 T, intra-vascular contribution to the

OLD signal is small, these simulations provide a good proxy for the

patial and temporal properties of the total BOLD signal ( Uluda ǧ et al.,

009 ). In short, three-dimensional binary matrices for vascular structure

ere generated using randomly oriented cylinders. The susceptibility

ifference between blood and tissue for fully deoxygenated blood was

et to Δ𝜒 = 0.11 ppm in cgs units ( Jain et al., 2012 ; Spees et al., 2001 ). A

usceptibility difference value of (1-Y) × 0.11ppm = 0.011ppm was used,

ith resting-state Y = 60% and activation Y = 70%. The finite perturber

ethod (FPM) was used to calculate the magnetic field shift from the

OLD effect ( Pathak et al., 2008 ) resulting from an applied field strength

f B 0 = 7 T. In the FPM, the magnetic field shift by an arbitrary struc-

ure is calculated as the sum of the magnetic field shifts by uniformly

acked small perturbers within the structure. Initially, 2 × 10 5 proton

pins outside of the cylinders were positioned randomly and moved in

 random trajectory with a diffusion time step of 0.2 ms and a diffusion

oefficient of 10 − 5 cm 

2 /s. The vessel diameter was varied from 2 𝜇m to

00 𝜇m at a fixed V b of 3%, with V b representing the mean blood volume

 Báez-Yánez et al., 2017 ; Spees et al., 2001 ). Echo times (TEs) for GE

nd SE were set as 18ms and 58ms, respectively, matching experimental

onditions. 

.1.3. Vessel-size-sensitive filters 

Our idea is to generate a vessel-size-sensitive filter function (i.e.,

arameterized by exponent alpha ( 𝛼)), and then apply it to GE-BOLD

ignals to suppress macrovascular contributions in the GE-BOLD sig-

als and to retain microvascular contributions. Filtered GE-BOLD and

E-BOLD data are combined using S SAGE = (S GE ) 
𝛼 × (S SE ) on a voxel-

y-voxel or layer-by-layer basis at each time point. This process is

ssentially identical to SAGE-BOLD % change = 𝛼 × (GE-BOLD %

hange) + (SE-BOLD % change) as shown in Supplementary Fig. S1. 

Since ΔR 2 
∗ / ΔR 2 increases with vessel diameter and is often used as

 vessel size index ( Kiselev et al., 2005 ; Troprès et al., 2001 ), a vessel-

ize-sensitive filter function was generated by utilizing ΔR 

∗ / ΔR . A
2 2 
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Fig. 1. Cortical venous vasculature and vessel-size-sensitive filters. (A) The cortical venous vasculature across the cortical depths in humans, drawn based on 

Fig. 27 in Duvernoy et al (1981) . Note that arteries are not considered because their contribution to the BOLD signal at high fields is negligible. Venous vessel 

classification into four vessel types based on diameter: ≤ 30 𝜇m (type 1), 30–45 𝜇m (type 2), 45–65 𝜇m (type 3), and > 65 𝜇m (type 4). The corresponding ΔR 2 
∗ / ΔR 2 

values for each vessel type are listed in the table below. For Monte Carlo susceptibility simulations, gradient echo time was 18 ms and spin echo time was 58 ms at 7 T. 

(B) ΔR 2 
∗ , ΔR 2 and ΔR 2 

∗ / ΔR 2 plots as a function of vessel diameter as red, blue, and green colored lines, respectively. ΔR 2 
∗ / ΔR 2 almost linearly increases with vessel 

diameter. (C) Three sigmoidal shaped low-pass filters for selectively filtering ≤ 30 𝜇m (type 1), < 45 𝜇m (type 1-2), and < 65 𝜇m (type 1-3), and named to reflect 

the vessel diameter where alpha becomes 0.5 as 27 𝜇m-, 46 𝜇m-, and 62 𝜇m-filters, respectively. (D) Percent changes of GE BOLD (red) and vessel-size-sensitive 

filtered GE BOLD (GE 𝛼) with three filters as a function of vessel-size-sensitive ΔR 2 
∗ / ΔR 2 . (E) Percent changes of SE BOLD (blue) and combined SE and filtered GE 

BOLD (GE 𝛼) with three filters as a function of vessel-size-sensitive ΔR 2 
∗ / ΔR 2 . Blue, green, orange, and red background-colored zones are corresponding to vessel 

type 1 to 4, respectively. 
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c  
ow-pass filter was designed using a sigmoid function: 

= 0 . 5 − 0 . 5 × tanh (0 . 6 × (D − D 1∕2 )) 

= 0 . 5 − 0 . 5 × tanh (0 . 6 × (ΔR 

∗ 
2 ∕ΔR 2 − (ΔR 

∗ 
2 ∕ΔR 2 ) 1∕2 )) , 

here D is the ΔR 2 
∗ / ΔR 2 of individual voxel, D 1/2 is the ΔR 2 

∗ / ΔR 2 to

educe the original GE signals as S GE 
0.5 . 𝛼 is ∼1 at D << D 1/2 , 0.5 at

 = D 1/2 , and ∼0 at D >> D 1/2 . Three filters were designed to have D 1/2 

o correspond to a diameter of 27 𝜇m, 46 𝜇m, and 62 𝜇m (estimated by

reen line in Fig. 1 B) for selectively low-pass filtering ≤ 30 𝜇m (type

), < 45 𝜇m (type 1-2), and < 65 𝜇m (type 1-3), respectively. The filters

re named to reflect the vessel diameter, for which the alpha is equal

o 0.5. The transition slope of 0.6 was chosen to have our desired tran-

ition diameter range, which corresponds to alpha value of 0.9–0.1 at

 diameter of 15–36 𝜇m for the 27 𝜇m-filter, 38–53 𝜇m for the 46 𝜇m-

lter, and 55–68 𝜇m for the 62 𝜇m-filter. Note that alpha ranges as >

.9 and < 0.1 represent pass and rejection vessel diameters. For exam-

le, the purpose of the 27 𝜇m-filter was to enhance only vessel type 1

nd suppressed larger vessel types with a rejection diameter ( 𝛼 < 0.1)

f 36 𝜇m as shown in Fig. 1 C. 

.2. Experiments 

.2.1. Participants and MRI system 

Ten healthy subjects (6 male and 4 female) aged 25–35 years old

articipated in this study, approved by the Institutional Review Board of

ungkyunkwan University. Procedures were fully explained to all sub-

ects, and informed written consent was obtained before scanning in

ccordance with the Declaration of Helsinki. All measurements were
3 
erformed on a 7 T scanner (MAGNETOM Terra, Siemens Healthineers,

rlangen, Germany) equipped with a single channel transmitter and a

2 channel receive head coil (NOVA Medical, Wilmington, MA). The

ovement of the subjects was minimized by tightly padding the space

nside the coil with MR compatible cushions. 

.2.2. Implementation of Spin- and gradient-echo (SAGE) EPI and 

econstruction 

A schematic diagram of the SAGE-EPI sequence is shown in Supple-

entary Fig. S2A. Please note that the SAGE EPI is unrelated to the

radient- and spin-echo (GRASE) sequence ( Oshio and Feinberg, 1991 ).

o achieve high spatial resolution laminar fMRI by overcoming the spa-

ial encoding limitations of single-shot EPI, multi-shot segmented EPI

as used. The k -space data were reconstructed by applying the sliding-

indow concept to maintain temporal resolution with shot repetition

imes ( Han et al., 2021 ) using an in-house MATLAB (MathWorks, Nat-

ck, Massachusetts) script. As an example, 3 shots were merged in this

tudy using a sliding-window, and for the second time frame, TR shot (2),

R shot (3), and TR shot (4) were used for the image reconstruction instead

f using TR shot (4), TR shot (5), and TR shot (6); TR shot is each shot’s rep-

tition time as shown in Supplementary Fig. S2B. Nyquist ghost correc-

ion and phase offset correction were performed independently for each

hot. Conventional Generalized Autocalibrating Partial Parallel Acquisi-

ion (GRAPPA) reconstruction was performed after merging three shots

s well. 

.2.3. Experimental session setup and image acquisition 

To demonstrate enhanced sensitivity and specificity in the microvas-

ular region of the SAGE-BOLD signal at 0.8 mm isotropic resolution,
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Fig. 2. Slice selection and SAGE-EPI imple- 

mentation. (A) Oblique slices aligned perpen- 

dicular to the central sulcus between M1 and 

S1 as depicted in green box. (B) GE- and SE- 

EPI images from the implemented SAGE-EPI 

sequence. (C) Co-registered MP2RAGE images 

onto EPI images. The masks of primary motor 

(M1) and sensory (S1) cortices with blue and 

yellow colors, respectively. 
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e selected regions of the human primary motor (M1) and sensory (S1)

ortices proximal to the central sulcus ( Han et al., 2021 ; Huber et al.,

020 , 2017, 2015), as shown in Fig. 2 A. Slices were aligned perpen-

icular to the participants’ central sulcus between M1 and S1. Subjects

nderwent a 3.8min unilateral (left-hand) fist-clenching and touching

ask paradigm (initial 20 s resting followed by 8 blocks of alternating

 s clenching and 20 s resting). With an update rate of 2 s by the sliding-

indow approach, a total of 114 images for each run were obtained (i.e.,

0 resting – [3 stimulation – 10 resting] × 8 images), and 10 runs were

cquired in total to ensure sufficient sensitivity of SE-BOLD contrast. 

The imaging parameters for multi-shot SAGE EPI were as follows:

.8 × 0.8 mm 

2 in-plane resolution, R in-plane = 9 (for each shot; effec-

ive R in-plane = 3 by 3 shots), field of view (FOV) = 120 × 120 mm 

2 ,

4 slices (slice thickness = 0.8 mm), flip angle pair = 90–180°, par-

ial Fourier = 6/8, echo spacing (ESP) = 1 ms (1282 Hz/Px), repetition

ime (TR) of each shot = 2000 ms, TE GE / TE SE = 18 / 58 ms. Note

hat the EPI readout per shot was 12ms, which is close to optimal val-

es for a readout window of about 0.5 × T 2 
∗ to reduce T 2 

∗ contami-

ation ( Goense and Logothetis, 2006 ). To acquire a B 0 field map for

istortion correction of the EPI images, FLASH images with the same

maging parameters as the SAGE EPI were acquired, except for band-

idth = 620 Hz/Px, TEs = 3.3, 6.3 ms, and flip angle = 50°. Anatomical

mages were acquired using the MP2RAGE sequence ( Marques et al.,

010 ) with imaging parameters: sagittal orientation, 0.7 mm isotropic

esolution, FOV = 224 × 210 × 168 mm 

3 , R in-plane = 3, inversion

imes (TIs) = 1.0 / 3.2s, TE = 2.29 ms, TR = 4500 ms, readout band-

idth = 200 Hz/Px, and flip angle = 4°. 

.3. Data analysis 

.3.1. Preprocessing and functional analysis 

Functional images were motion-corrected using SPM12 (Functional

maging Laboratory, University College London, UK) with 6 motion pa-

ameters. All runs after motion correction were registered and concate-

ated. The distortion of the EPI images was corrected with the B 0 field

ap from the FLASH sequence, performed with PRELUDE and FUGUE

rom the FSL package (http://www.fmrib.ox.ac.uk/fsl). The anatomi-

al MP2RAGE images were then co-registered onto motion and distor-

ion corrected functional images using SPM12 as shown in Fig. 2 C. The

asks of primary motor (M1) and sensory (S1) cortices were generated

y using FreeSurfer (http://surfer.nmr.mgh.harvard.edu/) as shown in

ig. 2 C. From the anatomical images, cerebrospinal fluid (CSF), gray

atter, and white matter were visually identified, which enabled the
4 
eneration of layer masks registered onto the functional images. All

ther data analyses, such as calculation of percent signal change, sen-

itivity, specificity indices, and contrast-to-noise ratio (CNR) were per-

ormed using custom-written MATLAB scripts (MathWorks, Natick, MA,

SA). Statistical analysis was done using FSL FEAT ( Worsley, 2001 )

rom the FSL package using standard parameter settings without spatial

moothing. The percentage signal change was calculated on the average

 blocks of stimulation and rest; the rest signal was averaged over 6s be-

ore the onset of the task, whereas the evoked signal was averaged over

 s, excluding the initial 4s right after the stimulus onset to minimize

he influence of onset transient changes. 

.3.2. Characterization of SAGE-BOLD signal 

To characterize the SAGE-BOLD signal (shown in Supplementary Fig.

3), 1) GE-BOLD z-score map was thresholded with a z-value of ≥ 1.5

nd multiplied by M1 and S1 masks. 2) Corresponding ΔR 2 
∗ / ΔR 2 val-

es were calculated as ΔR 2 
∗ = − ln(S GE,task /S GE,rest ) / TE GE and ΔR 2 = −

n(S SE,task /S SE,rest ) / TE SE where subscript task and rest indicates the task

nd rest periods, respectively. Each activated voxel was assigned to cor-

espond to a vessel type (i.e., type 1 to 4) as explained in Materials and

ethods 2.1.1. 3) Voxel-wise or layer-wise alpha value was applied to

E-BOLD data (S GE ), and SAGE-BOLD responses were computed from

 GE 
𝛼 × S SE timeseries. 4) The number of activated voxels, time courses,

ercent signal changes, and z-score values across ten subjects were cal-

ulated for each vessel type. Voxel-wise calculations of percent signal

hanges and z-score values were performed, and mean values for each

essel type were extracted from each subject. After that, the mean and

tandard deviation of those values for ten subjects were calculated. 5)

he specificity index was calculated as the percent signal change values

P each type ) normalized to that of the largest vessel-size type 4 (P type4 )

n each BOLD contrast to quantitatively measure the improvement of

pecificity. For example, the percent signal change in vessel type 2

P type2 ) is the combination of microvascular and macrovascular contri-

utions, which can be expressed as P type2 = f type2 × P microvessel + (1-

 type2 ) × P macrovessel , where f type2 is the microvascular fraction in vessel

ype 2. With the assumption that P type4 is dominated by macro-vessels

P type4 ≈ P macrovessel ), the ratio P type2 / P type4 ≈ f type2 × (P microvessel /

 macrovessel ) + (1-f type2 ) reflects the relative contribution of microvascu-

ature compared to macro-vessels (P microvessel / P macrovessel ); the value of

.0 indicates equal contributions of micro- and macro-vasculature, < 1.0

or less microvascular contribution, and > 1.0 for higher microvascular

ontribution. 6) The sensitivity index was calculated as z-scores normal-
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A  
zed to that of reference SE-BOLD fMRI to investigate the improvement

f sensitivity compared to SE BOLD. 

.3.3. Laminar profile 

Anatomical T 1 -weighted images from the MP2RAGE sequence were

sed to delineate white matter and CSF borders for the laminar analy-

is. To generate a cortical-depth mask, we upsampled the images 4 times

ith cubic interpolation (i.e., 200 𝜇m in-plane resolution), and manu-

lly delineated the gray matter boundaries with white matter and CSF

n the anterior and posterior banks of the central sulcus, including the

and knob region of M1 and S1. For quantitative analyses, layers were

rawn in both M1 and S1 regions, where task-responsive activation was

bserved (please see illustration of M1 and S1 masks in Supplemen-

ary Fig. S3D). Since the thickness of human M1 is approximately 4 mm

 Fischl and Dale, 2000 ) and the thickness of S1 is about half of that of

1 ( Huber et al., 2015 ), the cortex was divided into 20 and 10 equidis-

ant depths for M1 and S1 areas, respectively. Then, cortical depths were

etermined using the software suite LAYNII ( Huber et al., 2017 , 2015).

fter creating layers for each slice, the slices-averaged laminar profile

as calculated to improve statistical power and minimize bias in single-

lice selection. 

Percent signal changes were calculated for each layer, and ΔR 2 
∗ / ΔR 2 

as calculated to assign a 𝛼 value. Z-score values for each layer were

alculated with S SAGE, layer = (S GE, layer ) 
𝛼,layer × (S SE, layer ). Note that only

ayers with z-score level of SE BOLD above 2.58 (99% confidence level,

 -value < 0.01) was considered as activated layers and the percent signal

hange, z-score value, and ΔR 2 
∗ / ΔR 2 of the valid layers were calculated

nd plotted. To quantitatively evaluate noise propagation by combined

E- and GE-BOLD processing, noise level was calculated as standard de-

iation divided by mean of the initial rest signals from 4 to 16 s in each

ayer. Also, CNR was calculated using the following equation for each

ayer, CNR = ΔS / 𝜎 where ΔS is the averaged signal difference of 8

locks between stimulation and rest periods ( Section 2.3.1 ), and 𝜎 is

he standard deviation of the initial rest signal. To quantify specificity

nd sensitivity indices in laminar profile, three cortical depths were de-

ned: superficial (0–0.75 mm), middle (0.75–1.50 mm), and deep (1.50–

.25 mm). 

. Results 

.1. Simulations for designing vessel-size-sensitive filters of GE BOLD 

MC simulations provide the extravascular BOLD sensitivity as a func-

ion of vessel size ( Fig. 1 B). Similar to previous MC simulation studies

 Boxerman et al., 1995 ), GE-BOLD sensitivity ( ΔR 2 
∗ ) increases with ves-

el diameter and reaches a plateau for diameters larger than ∼ 30 𝜇m,

hile SE-BOLD sensitivity ( ΔR 2 ) peaks at ∼ 8 𝜇m diameter and decreases

or larger vessel size. In addition, ΔR 2 
∗ values are typically larger than

R 2 values. As a result, GE BOLD has high sensitivity, but poor speci-

city to microvessels, whereas SE BOLD has high specificity to microves-

els, but low sensitivity. Even for highly specific type 1 vessel (blue color

one), the overall SE-BOLD sensitivity is lower than that of GE BOLD.

R 2 
∗ / ΔR 2 (green) value is almost linearly related to vessel diameter

nd is therefore considered as vessel size index (VSI). Then, three alpha

lters of GE-BOLD signals were designed using the sigmoid curves as a

unction of ΔR 2 
∗ / ΔR 2 as shown in Fig. 1 C. 

Resulting vessel-size-sensitive changes in filtered GE BOLD (GE 𝛼)

ith TE of 18ms were shown along with the original GE-BOLD response

red) in Fig. 1 D. The 27 𝜇m-filter (dark green line) suppresses signal of

essel types 2–4; the 46 𝜇m-filter of vessel types 3–4, and the 62 𝜇m-

lter (bright green line) of vessel type 4. Microvascular SE-BOLD sig-

als with TE of 58 ms (blue) were combined with three microvascular-

ltered GE BOLD responses for SAGE BOLD responses ( Fig. 1 E). SAGE

OLD signal with the 27 𝜇m-filter has higher sensitivity for vessel type

 compared to that of SE BOLD. For 46 𝜇m- and 62 𝜇m-filters, the sig-
5 
al enhancement was extended to vessel type 2 and vessel type 2 - 3,

espectively. 

.2. Characterization of experimental SAGE-BOLD fMRI 

To investigate the benefit of combined SE- and filtered GE-BOLD

MRI at 7 T, laminar BOLD fMRI with 0.8 mm isotropic resolution was

cquired in human sensory and motor cortices with unilateral (left-

and) fist-clenching and touching task paradigm ( Fig. 2 A). Anatomical

ontrasts between CSF and gray matter are well visualized in SE EPI,

nd between gray matter and white matter in GE EPI ( Fig. 2 B). Interest-

ngly, the CSF signal was suppressed in the GE-EPI image with short TR,

ecause CSF T 1 is relatively long compared to T 1 in white matter and

ray matter. When TR was set to 10 s, the CSF signal became large in the

E-EPI image compared to the CSF signal with TR of 2s (Supplementary

ig. S4). 

Percent change maps of GE- and SE-BOLD fMRI were obtained from

he statistically active voxels in the GE-BOLD fMRI and overlaid on

he original images ( Fig. 3 A for one representative subject). Voxel-wise

R 2 
∗ / ΔR 2 values were calculated ( Fig. 3 A, 3 rd row) and its histogram

as obtained ( Fig. 3 B). Each voxel was classified as one of four ves-

el types (blue, green, orange, and red colors in 4 th row of Fig. 3 A and

ig. 3 B), based on their ΔR 2 
∗ / ΔR 2 values. Distribution of active vox-

ls for each vessel type (mean ± standard error of mean (SEM), n = 10

ubjects) was plotted in Fig. 3 C. Most active voxels belonged to the cat-

gory of vessel type 1–2, which was associated with a laminar vascular

etwork (diameter ≤ 30 𝜇m). Vessel type 3 (orange) and type 4 (red)

ccounted for ∼ 20% of the total active voxels ( Fig. 3 C), being mostly

ocated in the CSF containing the large draining veins (the white arrows

n Fig. 3 A). Contribution of these macrovascular voxels degrades spatial

pecificity and should be minimized in high-resolution fMRI studies. 

.3. Functional specificity and sensitivity of combined SE- and GE-BOLD 

MRI signals 

To investigate the effect of the filter functions on combined SE- and

E-BOLD fMRI, voxel signals were averaged to obtain the time course

or each vessel type. The mean fMRI responses of GE-, SE-, and SAGE-

OLD with three filters ( n = 10 subjects) are shown in Fig. 4 A. As ex-

ected, the highest percent changes were observed from vessel type 4

or GE BOLD, whereas for SE BOLD, the vessel type 1 had the highest re-

ponses. For SAGE BOLD with all three filters, significant enhancements

f percent signal change were observed from vessel type 1. Additionally,

he 46 𝜇m-filter enhanced signals from vessel type 2, and the 62 𝜇m-

lter enhanced BOLD signals from both vessel types 2 and 3. In all three

lters, responses from the vessel type 4 were suppressed. These experi-

ental SAGE-BOLD fMRI percent changes with three different filters are

onsistent with the corresponding MC simulations ( Fig. 1 E). The mean

ercent signal changes of SAGE BOLD with three filters were higher than

hose of GE and SE BOLD, especially for type 1 (Fig. 4B; mean ± standard

eviation (SD), n = 10). To quantitatively investigate the improvement

f sensitivity, z-score values were obtained from GE-, SE-, and SAGE-

OLD fMRI with the three filters (Fig. 4C; mean ± SD, n = 10). For all

hree filters, the overall z-score values of SAGE BOLD were improved

ompared to those of SE BOLD. Then, specificity and sensitivity indices

re plotted in Fig. 4 D and 4 E, respectively. To better visualize sensitiv-

ty gain of type 1 and 2 vessels by SAGE-BOLD signals, the bar plots in

ig. 4 E were rearranged in the Inset. Table 1 also tabulates vessel-type-

ise specificity and sensitivity indices. The 27 𝜇m-filter preferentially

ncreased both specificity and sensitivity for vessel type 1; the 46 𝜇m-

lter for vessel types 1 and 2; and the 62 𝜇m-filter for vessel types 1–3.

s an example, for the 46 𝜇m-filter, specificity index of vessel types 1

nd 2 was ∼ 6 and that of vessel type 3 was 2.63, which means that the

6 𝜇m-filter enhances the specificity selectively for vessel types 1 and 2.

nd sensitivity indices with SAGE approach for all three filters shows
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Fig. 3. Classification of active voxels in M1 and S1 to vessel type. (A) Percent change maps of GE- and SE-BOLD, ΔR 2 
∗ / ΔR 2 value and vessel type maps (one 

representative subject, five representative slices). White arrows indicate high GE-BOLD changes in the CSF area. (B) Distribution of number of activated voxels as a 

function of ΔR 2 
∗ / ΔR 2 (one representative subject data in (A)). Four vessel types represent in blue, green, orange, and red colors. (C) The number of activated voxels 

of total (black), and four vessel types (mean and SEM, n = 10 subjects). 

Table 1 

Specificity and sensitivity indices for vessel types (mean ± SD, n = 10 subjects) a . 

Specificity index b [Type 1] / [type 4] [Type 2] / [type 4] [Type 3] / [type 4] 

GE 0.42 ± 0.07 0.63 ± 0.10 0.79 ± 0.12 

SE 4.38 ± 0.60 2.45 ± 0.32 1.91 ± 0.25 

SAGE 27 𝜇m-filter 6.25 ± 0.87 2.83 ± 0.38 1.92 ± 0.25 

SAGE 46 𝜇m-filter 6.76 ± 0.92 5.79 ± 0.80 2.63 ± 0.42 

SAGE 62 𝜇m-filter 6.25 ± 0.76 5.88 ± 0.76 5.56 ± 0.65 

Sensitivity index c Type 1 Type 2 Type 3 Type 4 

GE 1.03 ± 0.04 2.06 ± 0.03 3.27 ± 0.04 8.65 ± 0.40 

SE 1 1 1 1 

SAGE 27 𝜇m-filter 1.35 ± 0.02 1.65 ± 0.04 1.73 ± 0.08 2.15 ± 0.17 

SAGE 46 𝜇m-filter 1.38 ± 0.03 1.84 ± 0.04 2.24 ± 0.08 3.13 ± 0.20 

SAGE 62 𝜇m-filter 1.38 ± 0.03 1.87 ± 0.04 2.40 ± 0.08 3.84 ± 0.15 

a Voxel-wise ΔR 2 
∗ / ΔR 2 value was used for defining vessel type of each active voxel; 

Type 1 for ≤ 5.2, Type 2 for 5.2-8.4, Type 3 for 8.4-13.5, and Type 4 for > 13.5. Gradient- 

echo (GE), spin-echo (SE), spin and gradient echo (SAGE) BOLD with three different 

vessel-size filters were evaluated. 
b Specificity was determined by percent changes divided by that of Type 4; the higher 

is more specific to microvessels. 
c Sensitivity index was calculated by z-scores normalized by that of SE BOLD in each 

corresponding vessel type. 
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arger than 1, which means that SAGE BOLD enhanced the sensitivity

ompared to SE BOLD. 

.4. Laminar profile of SAGE-BOLD with different vessel-size-sensitive 

lters 

To investigate the laminar profile of SAGE BOLD, the cortical depth

rofiles of GE-BOLD, SE-BOLD, and SAGE-BOLD fMRI using the three

lters were obtained from sensory and motor cortices by averaging the

so-depth signals from each subject’s activated slices ( n = 10 subjects).
6 
aminar profiles of ΔR 2 
∗ / ΔR 2 , percent signal change, z-score, specificity

ndex, and sensitivity index in the M1 and S1 regions are plotted in Fig. 5

nd Fig. 6 , respectively (mean and SEM, n = 10 subjects). The vessel size

ndex and GE-BOLD fMRI are largest at the cortical surface, where the

oncentration of draining vessels is high and decreases monotonically

ith increasing cortical depth. In contrast, for SE BOLD and SAGE BOLD

sing all three filters, the z-score levels decrease at the cortical surface

nd peak in the gray matter for both M1 and S1. 

SAGE-BOLD fMRI using the 27 𝜇m-filter showed a cortical profile

attern similar to that of SE BOLD ( Fig. 5 B-C and Fig. 6 B-C), since
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Fig. 4. Characteristics of GE-, SE- and SAGE-BOLD signals with three vessel-size-sensitive filters. (A) The mean fMRI responses of GE-, SE-, and SAGE-BOLD 

with three filters for each vessel type. The solid and shaded lines show the mean and SEM across 10 subjects. The bar graph (mean and SD, n = 10 subject) of (B) 

percent signal changes, (C) z-score levels, (D) specificity index, and (E) sensitivity index in four vessel types. Specificity index was calculated by the percent change 

of each vessel type divided by that of vessel type 4 in each imaging modality. GE-BOLD data has poor specificity (less than 1), while SAGE increases specificity. 

Sensitivity index was calculated by z-score value of each vessel type in each imaging modality normalized by that of SE BOLD. To better compare the sensitivity 

index across different BOLD contrasts, vessel types 1-2 were shown in Inset. Sensitivity of SAGE with the 46-μm filter was close to that of GE BOLD for vessel types 

1-2 ( < 45 𝜇m diameter). 
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aminar ΔR 2 
∗ / ΔR 2 values belonged to type 2-3 (light blue to light

ellow band in Fig. 5 A and Fig. 6 A). The 62 𝜇m-filter enhanced cortical

ensitivity broadly, while maintaining the general GE-BOLD cortical

rofile. SE- and SAGE-BOLD fMRI with all three filters peaked at

bout 0.8 and 1.0mm depth from the cortical surface in M1 and S1,

espectively. The peak in M1 is located at the upper cortical lamina ( ∼
.8 mm), which agrees well with the corresponding double spin-echo

dSE) EPI and cerebral blood volume (CBV)-weighted vascular space

ccupancy (VASO) responses ( Han et al., 2021 ; Huber et al., 2020 ).

ote that the lateral side of the hand knob in the M1 area has been

hown to exhibit double-peaks in laminar profile ( Huber et al., 2017 ).

n contrast, we did not observe the double-peaks. This is possibly due

o the slice coverage, which focused on the inner part of central sulcus,

nd may not fully or partly have included the lateral side of the hand

nob as shown in Fig. 2 A. The peak in S1 is located at the middle

ortical layer ( ∼ 1.0 mm), which is also consistent with VASO-fMRI

nd dSE EPI ( Han et al., 2021 ; Yu et al., 2019 ). It is known that the

ighest microvascular density is reported in middle cortical layers of

umans ( Duvernoy et al., 1981 ) and especially capillary density is

igher in layer 4 in the rodent somatosensory cortex ( Blinder et al.,

013 ; Lee et al., 2022 ; Masamoto et al., 2004 ), which corresponded to

he local peaks for SE and SAGE laminar profiles in this study. 
t  

7 
To quantify spatial specificity, sensitivity gains and CNR, the laminar

pecificity was calculated as the percent signal change of the middle

0.75–1.50 mm) and deep cortical layer (1.50–2.25 mm) normalized by

hat of the superficial layer (0–0.75 mm), and the sensitivity index was

etermined as z-scores normalized to that of SE-BOLD fMRI. Cortical

epth-dependent specificity and sensitivity indices are plotted for M1

nd S1 area ( Fig. 5 D-E and Fig. 6 D-E) and listed in Table 2 . SAGE-BOLD

ith the 46 𝜇m-filter has the highest specificity in the middle and deep

ortical layers compared to other BOLD imaging contrasts. Sensitivity

ncreases with larger-diameter filter; the 46 𝜇m-filter increased ∼80%

ensitivity gain in the middle cortex relative to SE BOLD. Overall, the

NR of SAGE with the three filters is higher than that of SE but lower

han GE, and the pattern of CNR has a similar tendency to the sensitivity

ndex. 

.5. Improved laminar mapping by SAGE-BOLD with an optimized 

essel-size-sensitive filter 

Finally, the z-score maps of GE-, SE-, and SAGE-BOLD with the

6 𝜇m-filter were compared to determine the suitability of the different

pproaches for BOLD laminar mapping at 7 T. Fig. 7 shows representa-

ive slices of ten subjects. Anatomical T -weighted images (MP2RAGE)
1 
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Fig. 5. Motor cortical profiles of SAGE with vessel-size-sensitive filters versus GE and SE BOLD. Laminar profiles of (A) ΔR 2 
∗ / ΔR 2 , (B) percent signal change, 

(C) z-score level, (D) specificity index, and (E) sensitivity index in the M1 region obtained from GE-, SE-, and SAGE-BOLD with three filters. Layer ROIs were obtained 

from GE-BOLD z-score maps in Supplementary Fig. S3D, and only single-slice iso-depth ROIs were shown. For specificity and sensitivity indices, error bar shows 

SEM. Solid and shaded lines are mean and SEM across ten subjects. GE BOLD showed the largest sensitivity at the cortical surface, whereas SE and SAGE BOLD using 

showed the largest sensitivity at ∼ 0.8 mm depth, corresponding to the previous studies. For better visualization, the SE BOLD profile was plotted in a different scale. 

The 46 𝜇m-filter appears to be a good comprise of sensitivity and specificity gain. 

8 
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Fig. 6. Sensory cortical profiles of SAGE with vessel-size-sensitive filters versus GE and SE BOLD. Laminar profiles of (A) ΔR 2 
∗ / ΔR 2 , (B) percent signal change, 

(C) z-score level, (D) specificity index, and (E) sensitivity index in the M1 region obtained from GE-, SE-, and SAGE-BOLD with three filters. Layer ROIs were obtained 

from GE-BOLD z-score maps in Supplementary Fig. S3D, and only single-slice iso-depth ROIs were shown. For specificity and sensitivity indices, error bar shows 

SEM. Solid and shaded lines are mean and SEM across ten subjects. GE BOLD showed the largest sensitivity at the cortical surface, whereas SE and SAGE BOLD using 

showed the largest sensitivity at ∼ 1.0 mm depth, corresponding to the previous studies. For better visualization, the SE BOLD profile was plotted in a different scale. 

The 46 𝜇m-filter appears to be a good comprise of sensitivity and specificity gain. The 46 𝜇m-filter appears to be a good comprise of sensitivity and specificity gain. 

9 
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Table 2 

Laminar specificity, sensitivity indices, and CNR of the primary motor and sensory cortices (mean ± SEM, n = 10 subjects) a . 

Specificity index b Middle / Superficial(M1) Deeper / Superficial(M1) Middle / Superficial(S1) Deeper / Superficial(S1) 

GE 0.79 ± 0.03 0.55 ± 0.04 0.70 ± 0.04 0.39 ± 0.05 

SE 0.99 ± 0.08 0.62 ± 0.11 1.05 ± 0.08 0.67 ± 0.10 

SAGE 27 𝜇m-filter 1.07 ± 0.15 0.71 ± 0.17 1.13 ± 0.09 0.86 ± 0.16 

SAGE 46 𝜇m-filter 1.42 ± 0.17 0.81 ± 0.18 1.91 ± 0.32 1.15 ± 0.26 

SAGE 62 𝜇m-filter 1.14 ± 0.16 0.57 ± 0.10 1.44 ± 0.24 0.66 ± 0.13 

Sensitivity index c Superficial(M1) Middle(M1) Deeper(M1) Superficial(S1) Middle(S1) Deeper(S1) 

GE 3.24 ± 0.36 2.62 ± 0.22 3.27 ± 0.57 3.00 ± 0.29 2.33 ± 0.27 2.35 ± 0.53 

SE 1 1 1 1 1 1 

SAGE 27 𝜇m-filter 1.07 ± 0.05 1.10 ± 0.04 1.10 ± 0.06 1.01 ± 0.01 1.08 ± 0.03 1.12 ± 0.14 

SAGE 46 𝜇m-filter 1.49 ± 0.14 1.86 ± 0.09 1.60 ± 0.15 1.29 ± 0.09 1.80 ± 0.11 1.67 ± 0.24 

SAGE 62 𝜇m-filter 2.32 ± 0.11 2.41 ± 0.15 2.33 ± 0.28 1.92 ± 0.15 2.12 ± 0.13 1.86 ± 0.25 

CNR d Superficial(M1) Middle(M1) Deeper(M1) Superficial(S1) Middle(S1) Deeper(S1) 

GE 9.02 ± 1.19 6.85 ± 1.00 4.57 ± 0.80 10.01 ± 
1.33 

7.32 ± 1.41 5.84 ± 2.59 

SE 2.51 ± 0.30 2.58 ± 0.42 1.54 ± 0.30 2.53 ± 0.31 2.27 ± 0.17 1.39 ± 0.23 

SAGE 27 𝜇m-filter 2.79 ± 0.49 2.88 ± 0.46 1.71 ± 0.32 2.55 ± 0.32 2.42 ± 0.16 1.67 ± 0.26 

SAGE 46 𝜇m-filter 4.38 ± 0.97 5.28 ± 0.77 2.68 ± 0.54 3.94 ± 1.03 4.87 ± 0.46 2.91 ± 0.47 

SAGE 62 𝜇m-filter 7.21 ± 1.40 6.61 ± 0.72 3.89 ± 0.83 6.16 ± 1.15 6.20 ± 0.70 3.46 ± 0.58 

aCortical layers were defined as superficial (0–0.75 mm from the surface), middle (0.75–1.50 mm) and deeper (1.50–2.25 mm) layers. 

Gradient-echo (GE), spin-echo (SE), spin and gradient echo (SAGE) BOLD with three different vessel-size filters were evaluated. 
b Specificity was determined by percent changes divided by that of the superficial layer; the higher is more specific to microvessels. 
c Sensitivity index was calculated by z-scores normalized by that of SE BOLD. 
d Contrast-to-noise ratio (CNR) was calculated by averaged signal changes induced by stimulation divided by baseline standard devi- 

ations. 
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learly visualize CSF, gray matter, and white matter (the first row). Lay-

rs for M1 and S1 were drawn and overlaid on anatomical images (the

econd row). The anterior and posterior gray matter banks of the central

ulcus correspond to M1 and S1, respectively. For the GE-BOLD signal

the third row), the z-score values peak at or nearby the cortical surface

ear high-intensity CSF region. However, for the SE-BOLD signal (the

ourth row), regions of M1 and S1 activation areas are clearly distin-

uished without significant activation near or in the CSF. SAGE BOLD

the fifth row) shows higher sensitivity than SE BOLD while maintaining

patial specificity. These observations are consistent across all partici-

ants. 

. Discussion 

By combining GE- and SE-BOLD signals according to vessel-size in-

ex, we successfully increased sensitivity and specificity of laminar

OLD-fMRI. We achieved this by designing low-pass filters based on

essel-size-sensitive ΔR 2 
∗ / ΔR 2 values to retain specific microvascular

ignals and remove non-specific macrovascular signals of GE-BOLD re-

ponses. The SAGE-BOLD fMRI with 0.8 mm isotropic resolution re-

ulted in improved functional sensitivity compared to SE BOLD and

igher spatial specificity compared to GE BOLD. Our approach is simple

an be easily applied to studies investigating human mesoscopic func-

ional units. 

.1. Vessel-size-sensitive filters 

It has been long known from numerical simulations that ΔR 2 
∗ / ΔR 2 

ncreases with vessel diameter ( Fig. 1 B) and is often used as a vessel

ize index ( Kiselev et al., 2005 ; Troprès et al., 2001 ). However, the ex-

ct relationship between vascular diameter and ΔR 2 
∗ / ΔR 2 is dependent

n experimental parameters and magnetic field. Thus, in this study, MC

imulations of extravascular BOLD effects were performed for our exper-

mental conditions. Our assumption is that extravascular BOLD effect is

ominant, while intravascular BOLD signal is minimal. This condition is
10 
alid only when TE is much longer than blood T 2 /T 2 
∗ and is met for ul-

rahigh field fMRI studies at ≥ 7 T ( Duong et al., 2002 ; Lee et al., 1999 ;

acoub et al., 2001 ). 

Based on the relationship between vascular diameter and extravas-

ular ΔR 2 
∗ / ΔR 2 , we designed three filters with different cutoff diame-

ers. For the vessel-size-sensitive filter, both diameter at 50% sensitiv-

ty (D 1/2 ) and transition slope (0.6) are critical to determine pass ( 𝛼 >

.9) and rejection diameter ( 𝛼 < 0.1). For our designed filters, the pass

iameter was set to 27 𝜇m, 46 𝜇m, and 62 𝜇m, respectively, while the

ransition diameter range corresponded to 𝛼 of 0.9 to 0.1 was 10–20 μm.

f the transition slope is lower, then a larger transition diameter range is

btained. Our vessel-size-sensitive filter was designed for humans and

annot simply translate to different species due to different diameters of

ntra-cortical ascending and pial veins (e.g., ascending venous diameter

n mouse of ∼ 9 𝜇m ( Blinder et al., 2013 )). 

We found that the 46 𝜇m-filter selectively enhances BOLD signals

rom vessel types 1-2 (diameter ≤ 45 𝜇m). The majority of activated vox-

ls in GE-BOLD maps had vessel type 1 in voxel-wise ΔR 2 
∗ / ΔR 2 values

diameter ≤ 30 𝜇m) ( Fig. 3 ). However, laminar-dependent ΔR 2 
∗ / ΔR 2 

alues were mostly composed of vessel type 2 to 3 ( Fig. 5 A), which can

e explained by weighted averaging of iso-depth voxels with various

R 2 
∗ / ΔR 2 values containing also intracortical vessel group V4 with an

verage diameter of 65 𝜇m. Thus, the 46 𝜇m- and 65 𝜇m-filters, not

he 27 𝜇m-filter, are to be preferred for laminar fMRI studies because

R 2 
∗ / ΔR 2 values were mostly composed of vessel type 2 to 3 in middle

o deeper layers. 

Our filter design is based on a single-vessel size. Although vessels

ith different sizes typically present within a voxel, a single filter func-

ion was designed by utilizing the weighted VSI on a voxel or layer basis.

oxels or layers with smaller average vessel size are relatively enhanced

ompared to those with larger average vessel size, resulting in improve-

ent of spatial specificity. Note that when the composition of vascular

izes is smaller across voxels (e.g., low spatial resolution) or regions,

hen this approach is ineffective, as the fMRI signal of all voxels or re-

ions will be similarly enhanced or suppressed. Thus, a higher spatial
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Fig. 7. Functional maps of SAGE-BOLD fMRI with the 46 𝝁m-filter vs. SE- and GE-BOLD fMRI. For illustration, one slice was selected for each subject in all 10 

subjects. Based on the anatomical images of MP2RAGE (the first row), cortical depth ROIs (colored contours in the second row), as well as the boundary of CSF area 

(white dashed lines), were drawn. GE- (the third row), SE- (the fourth row), and SAGE-BOLD using the 46 𝜇m-filter z-score maps (the fifth row) were shown. White 

arrows indicate large vessel areas. 
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A  

d  
esolution is needed for our approach to be effective: with higher spatial

esolution, voxels/layers vary in their vessel sizes and therefore filtering

an improve the spatial specificity. It should be noted that filtering of

ne averaged layer signal (average of multiple iso-depth voxels) is not

he same as a sum of filtered signals from multiple voxels within the

ame layer due to the non-linear mathematical operation. Nevertheless,

t even a higher resolution, the noise level may be too large and sensi-

ivity too decreased, and the errors of a filter function and the filtered

ignals are consequently increased. Thus, a choice of spatial resolution

hould carefully consider both spatial distribution of vascular density

nd fMRI signal sensitivity. 

An average distance between neighboring intracortical veins in

umans is 0.75–1 mm for groups 2 to 3, and 1–4 mm group 5

 Duvernoy et al., 1981 ; Uluda ğ and Blinder, 2018 ). Thus, the spatial res-

lution should be higher than the inter-vessel distance of group 5 veins,

s in the current study (a 0.8mm isotropic spatial resolution). In lami-

ar resolution studies, depth-dependent spatial resolution is preserved,

hile the sensitivity is gained by averaging of iso-depth signals. 

.2. Property of SAGE-EPI technique 

To achieve reasonable TE of SE BOLD using SAGE-EPI sequence, TE

f GE BOLD should be minimized because of EPI readout implemen-

ation between 90° and 180° pulses for GE BOLD, which can result in

educed sensitivity of GE BOLD compared to GE BOLD acquisition with

E = T 2 
∗ of the tissue. In a similar manner, TE of SE BOLD may not

e optimal due to the necessity of prior GE-EPI data collection. Also,

he slice coverage of SAGE EPI is inherently narrower than that of con-

entional SE EPI because of the insertion of EPI readout between 90°

nd 180° pulses. Similar to SE EPI, achieving high spatiotemporal reso-

ution is difficult mainly due to its long TR and elevated SAR from high

ip angle pulses. On the other hand, the SAGE-EPI sequence acquires

oth SE and GE BOLD within the same TR. The major advantage of this

echnique is to reduce the total required experiment time and motion

rtifacts and to simplify co-registration between the GE- and SE-BOLD
11 
mages. Also, the slice coverage of SAGE EPI was the same as that of

E EPI with reduced EPI readout length by implementing multi-shot ap-

roach in this study. 

.3. Experimental determination of ΔR 2 
∗ / ΔR 2 and application to SAGE 

OLD 

Accurate ΔR 2 
∗ / ΔR 2 estimation is important to utilize vessel-size-

ensitive filters, which can be used for any fMRI applications to re-

ove macrovascular contributions. To obtain voxel-wise ΔR 2 
∗ / ΔR 2 

rom high-resolution fMRI, simultaneous SE- and GE-BOLD data ac-

uisition is required for effective averaging and precise co-registration

etween SE- and GE-BOLD data. Also, small ΔR 2 values due to the

ow percent signal change of SE-BOLD signal can cause large errors in

R 2 
∗ / ΔR 2 . For example, in case that SE-BOLD signal is noisy in a voxel

ith microvessels, the estimated ΔR 2 
∗ / ΔR 2 can be erroneously large.

ubstantial signal averaging would be necessary to obtain robust ΔR 2 

alues from SAGE BOLD. Meanwhile, separate GE-BOLD and SE-BOLD

easurements are not viable, especially at high spatial resolution fMRI,

s extensive repetitions are required to obtain sufficient signal-to-noise

atio (SNR), potentially increasing susceptibility to head motion artifact.

In this study, isotropic resolution GE and SE BOLD were obtained,

hen vessel-size-sensitive filters were applied on a layer-by-layer basis.

deally, the filter function applied first to obtain SAGE on a voxel-by-

oxel basis, then cortical profile should be obtained. However, due to

ow SNR of SE BOLD, erroneously large VSI values were observed in

he middle and deep cortical layers. To avoid quantification errors by

oxel-wise filtering and to enhance the sensitivity of cortical responses,

essel-size-sensitive filters were applied to GE BOLD in layer-wise. 

For depth-dependent laminar studies with high registration accu-

acy, GE- and SE-BOLD fMRI may be measured separately in the same

ubject, and layer-dependent ΔR 2 
∗ / ΔR 2 values of targeted cerebral cor-

ex regions can be determined for the same task or different stimulus.

ssuming that ΔR 2 
∗ / ΔR 2 reflects heterogeneity in cerebral vasculature

iameter, it can be determined during hypercapnic or hyperoxic stim-
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li (e.g., CO 2 challenge or breath-holding). Then, the layer-dependent

essel-size-sensitive filter determined from experimental ΔR 2 
∗ / ΔR 2 val-

es would be readily applicable to conventional GE-BOLD fMRI in the

ame brain region responding to sensory or cognitive stimuli. By using

his approach, we can avoid scanning low-sensitive SE-EPI for all fMRI

uns in the same subject, and effectively reduce macrovascular contribu-

ions to GE-BOLD signals ( Fig. 1 D). As an example, Supplementary Fig.

5 showed the feasibility of the application of layer-dependent three dif-

erent filters ( ΔR 2 
∗ / ΔR 2 values) to GE-BOLD data alone. Note that the

ensitivity of GE 𝛼-BOLD would be the same as that of GE-BOLD, but with

he advantage of suppressing high percent signal change at the cortical

urface. 

In principle, TE of GE BOLD can be different for VSI and functional

tudies. To obtain GE and SE data simultaneously for VSI measurements,

E should be as short as possible. For fMRI studies, TE of GE BOLD

hould be optimized for maximal functional sensitivity. To show the

easibility of vessel-size-sensitive filters to conventional GE-BOLD sig-

al, the GE-BOLD signal obtained by changing TE from 18 to 30 ms

sing MC simulation. And three filters designed for this study were ap-

lied to those simulated signal in Supplementary Fig. S6. It showed the

elective filtering was effective for each filter; the 27 𝜇m-filter enhanced

essel type 1 and suppressed vessel types 2-4, the 46 𝜇m-filter enhanced

essel types 1-2 (diameter ≤ 45 𝜇m) and suppressed vessel types 3-4, the

2 𝜇m-filter enhanced vessel types 1-3 and suppressed vessel type 4. 

There are limitations and issues of utilizing vessel-size-sensitive fil-

ers: 1) The SAGE-BOLD signal is a composite signal that combines the

E-BOLD signal scaled with a vessel-size-sensitive filter ( 𝛼) with the

E-BOLD signal. As afore-mentioned, high spatial resolution is needed.

) The filter function was based on the SE and GE BOLD data. Even

f significant microvascular contribution to GE BOLD signals exists in

uperficial layers, the filter function 𝛼 of ∼ 0.0 (see Fig. 1 ) suppresses

he microvascular GE BOLD contribution to the combined SAGE data.

onsequently, the SAGE response in superficial layers is relatively less

ained than that in middle and deep layers, compared to the SE BOLD

esponse (see SAGE vs. SE profile in Figs.5B and 6B). 3) The noise level

f the combined SAGE-BOLD signal is elevated by the non-linear multi-

lication of the GE- and SE-BOLD signals. When 𝛼 increases as the filter

uning diameter increases, both functional signal change and baseline

uctuation increase (Supplementary Table S1). Consequently, the CNR

f SAGE-BOLD with the three filters is higher than that of SE BOLD

nly, which is thought to be due to a larger increase in functional signal

hanges than noises as shown in Table 2 . Thus, the filter application is

ts current form can be helped to task-based analysis utilizing as z-scores

r percent signal changes. However, even though vessel size filtering is a

eneral method, for neuroscience data analysis such as resting-state con-

ectivity and multivariate analyses etc., vessel size filtering may have

o be adapted and further validated. 

.4. Comparison with existing specific high-resolution fMRI methods 

In SE-fMRI studies, we previously showed better sensitivity by aver-

ging two SEs than conventional SE BOLD ( Han et al., 2021 ). This ap-

roach may be susceptible to specific absorption rate (SAR) limitation

ue to the two 180° pulses utilized, resulting in a smaller slice coverage

han conventional SE BOLD. On the other hand, the proposed SAGE EPI

an have better slice coverage than dSE EPI because SAGE-EPI sequence

as the same radiofrequency (RF) pulse pair of 90–180° as the conven-

ional SE EPI. Moreover, compared to SE BOLD, dSE BOLD increased the

unctional sensitivity by 14%, whereas the functional sensitivity index

n the vessel type 1-2 by SAGE BOLD was observed to be enhanced by

 factor of ∼1.38 to ∼1.84 ( Fig. 4 E). Additionally, the laminar profiles

f sensitivity index normalized by SE BOLD were compared in Supple-

entary Fig. S7. As shown in Table 2 , SAGE BOLD with 46-μm filter

howed 86% and 80% sensitivity gain at middle layers in M1 and S1

reas, respectively when compared with SE BOLD. 
12 
To improve spatial specificity, non-BOLD contrasts such as cerebral

lood flow (CBF) and CBV-based methods, are increasingly being uti-

ized because of their sensitivity to microvasculature. Arterial spin la-

eling (ASL) maps CBF by using RF pulses to label inflowing water in

he arterial blood, but the estimated temporal SNR (tSNR) of laminar

BF at 0.7 mm isotropic resolution is expected to be 10–20% of that

f GE-BOLD fMRI ( Huber et al., 2019 ; Kashyap et al., 2021 ). VASO

ses an inversion recovery sequence to exploit the T 1 difference be-

ween blood and surrounding tissue to negate the blood signal, and

he CNR of VASO is approximately 40–70% of that of GE-BOLD fMRI

 Huber et al., 2019 ). On the other hand, confounding factors such as

lood T 1 uncertainty and perfusion/CSF contaminations are susceptible

y user-defined parameters, limiting wide availability of the CBV-based

ASO method ( Huber et al., 2019 ). Especially, there is limiting TR in

sing VASO (minimal TR ∼ 2.1 s at 7 T as blood T 1 ) because VASO is

eighted by the T 1 -based contrast. On the other hand, since SAGE BOLD

s similar to standard SE BOLD, TR can be reduced by the reduction of

he slice coverage. 

. Conclusions 

SAGE-EPI sequence was implemented to obtain high specificity and

ensitivity by utilizing a vessel-size-sensitive filter to the GE-BOLD sig-

al, which reduces macrovascular contributions, and to combine re-

ained microvascular GE BOLD with the SE-BOLD signals. To investi-

ate our proposed idea, fMRI with 0.8mm isotropic resolution was per-

ormed on the primary motor and sensory cortices in humans at 7 T and

howed improved laminar specificity and sensitivity and is therefore an

xcellent tool for high spatial resolution UHF-fMRI studies for resolving

esoscopic functional units. 
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