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Abstract 

Layer fMRI is an increasingly utilized technique that provides insights into the laminar organization 

of brain activity. However, both blood-oxygen-level-dependent (BOLD) fMRI and vascular space 

occupancy data (VASO) have certain limitations, such as bias towards larger cortical veins in 

BOLD fMRI and high specific absorption rate in VASO. This study aims to explore the feasibility 

of whole-brain laminar functional quantitative susceptibility mapping (fQSM) compared to laminar 

BOLD fMRI and VASO at ultra-high field. Data were acquired using 3D EPI techniques. Complex 

data were denoised with NORDIC and susceptibility maps were computed using 3D path-based 

unwrapping, the variable-kernel sophisticated harmonic artifact reduction as well as the streaking 

artifact reduction for QSM algorithms. To assess layer-specific activation, twenty layers were 

segmented in the somatosensory and motor cortices, obtained from a finger tapping paradigm, 

and further averaged into six anatomical cortical layers. The magnitude of signal change and z-

scores were compared across layers for each technique. fQSM showed the largest activation-

dependent mean susceptibility decrease in Layers II/III in M1 and Layers I/ II in S1 with up to -1.3 

ppb while BOLD fMRI showed the strongest mean signal increase in Layer I. Our data suggest 

that fQSM demonstrates less bias towards activation in superficial layers compared to BOLD 

fMRI. Moreover, activation-based susceptibility change was comparable to VASO data. Studying 

whole-brain, layer-dependent activation with submillimeter fQSM is feasible, and reduces bias 

towards venous drainage effects on the cortical surface compared to BOLD fMRI, thereby 

enabling better localization of laminar activation. 
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1. Introduction 

 

The rapidly expanding field of laminar functional magnetic resonance imaging (fMRI) is 

dedicated to evaluating functional activation in individual cortical layers (1). The cortex is 

comprised of six principal layers, with varying thickness depending on the specific cortical region 

of interest, ranging approximately from 0.1-1 mm (2). Recent advancements in fMRI technology, 

particularly the utilization of ultra-high field (UHF) (magnetic field strength ≥ 7 T) have facilitated 

fMRI with exceptional temporal and spatial resolution, reaching up to 0.35 mm isotropic resolution 

(3,4). However, the ability of functional imaging techniques to assess activation in specific layers 

also relies on the choice of contrast mechanisms. While gradient-echo blood-oxygen-level-

dependent (BOLD) fMRI is highly sensitive to functional activation, it is also biased towards 

venous drainage effects on the cortical surface, limiting its spatial selectivity (5). On the other 

hand, techniques based on cerebral blood volume (CBV) and cerebral blood flow (CBF) have 

demonstrated the ability to better localize activation within the corresponding cortical layers (6). 

Vascular space occupancy (VASO) has gained popularity as a technique for assessing laminar 

activation, as it minimizes the impact of venous drainage effects (4-7). 

Quantitative susceptibility mapping (QSM) can quantify the change in magnetic 

susceptibility related to functional activation, which forms the basis for the contrast observed in 

BOLD fMRI. Functional QSM (fQSM) has been explored in previous studies (8-12) utilizing 2D 

EPI with up to 1 mm isotropic resolution. These initial investigations have shown that fQSM offers 

improved localization capability of brain activation in cortical gray matter, making it an intriguing 

addition to magnitude-based BOLD fMRI (13). The objective of this study is to assess the 

feasibility of laminar fQSM using a 3D EPI-fQSM approach (14) versus traditional laminar BOLD 

fMRI and VASO. 

 

2. Methods 

 

2.1 Data acquisition 

In accordance with Institutional Review Board approval, data were acquired in thirteen 

healthy volunteers after written informed consent was obtained. One subject was included in two 

different sessions. MRI was performed under the investigational parallel transmit system on a 7T 

scanner (MAGNETOM Terra, Siemens Healthineers, Erlangen, Germany) using an investigational 

8Tx-32Rx head coil (Nova Medical Inc., Wilmington, MA, USA). A segmented, multi-shot gradient-

echo 3D EPI research sequence (15) was employed, including skipped-CAIPIRINHA acceleration 

(16), navigator echoes acquired per excitation, and imaging echoes from the center of the k-space 
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to estimate the zeroth- and first-order phase correction (17). Additionally, VASO data were 

acquired in four subjects using a research sequence (16,18). The 3D EPI sequence was acquired 

in a strictly axial orientation with left-right and head-foot phase encoding directions. The VASO 

sequence was acquired in strictly axial orientation with anterior-posterior and head-foot phase 

encoding directions, inversion times TI1 = 993 ms and TI2 = 1859 ms, four magnetic preparations 

per shot, and fat suppression. All other sequence parameters are listed in Table 1. 

 

Table 1: Sequence parameters and functional paradigms. 

2.2 Stimuli and paradigms 

A finger-tapping paradigm (unilateral right hand in five subjects and bilateral in nine 

subjects; all fingers) was performed consisting of alternating blocks of the active task and rest. 

Seven blocks of the active task and eight blocks of rest were obtained with three measurements 

acquired during each block. Each total fMRI run consisted of 45 measurements. The start and 

stop commands for the paradigm were displayed on an LCD monitor (NordicNeuroLab Inc. 

Milwaukee, WI, USA) and viewed through a mirror mounted to the head coil. The paradigms and 

subjects are listed in the last column of Table 1. 

 

2.3 Data pre-processing and computation of functional susceptibility maps 

Complex data were denoised using NOise reduction with DIstribution Corrected 

(NORDIC) principal component analysis (19). Susceptibility maps were computed from the phase 

data of each volume.  The algorithm implementations in the SEPIA toolbox (20) and STISuite 

were used. Phase was unwrapped using 3D path-based unwrapping (21). Background field 

removal was performed with variable-kernel sophisticated harmonic artifact reduction for phase 

data (V-SHARP) using default parameters (22) and fourth-order polynomial fitting to correct for 

radiofrequency transmit-phase offset (20). Dipole inversion was computed using the streaking 

artifact reduction for QSM (STAR-QSM) algorithm (23) with default parameters. HD-BET (24) was 

run on CPU in ‘accurate’ mode for the average magnitude data of all volumes of each dataset to 

generate the brain mask used for background field removal and susceptibility map computation. 
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9660 14/23 0.81×0.81×0.81 

272×218×212/ 

220×176×172 
1148 7/ 10 

7/8, 

6/8 
3×4-2 7:22 10 

S1-S9 (bilat.), 

S10-14 (unilat.) 

VASO 10665 
15.6/

43.3 
0.82×0.82×0.82 

216×234×80/ 

177×192×66 
926 29/ 2 6/8, - 3×2-1 8:05 30 S2, S7-S9 
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This mask was further eroded using a spherical structuring element with radius of one voxel, and 

each volume was referenced to the mean susceptibility value of the whole brain. 

 

2.4 Functional processing of the time series  

For all acquisitions, the volumes were aligned to the first measurement of the time series 

using FSL FLIRT (25,26). For the one subject that was included for both bi- and unilateral finger 

tapping in two separate sessions, data were also coregistered. Quality metrics (skew, kurtosis, 

auto-correlation and global signal correlation) were computed for the motion-corrected time-series 

data using the LN_SKEW function in laynii (27). 

VASO data were then co-registered and time-interpolated in Matlab. The first three 

measurements were discarded from each time series and a general linear model was fit including 

eight drift regressors to account for low frequency confounds using the spm_filter function 

implemented in SPM12 (28). Fitted low frequency drift was subtracted from the fQSM, BOLD fMRI 

and VASO data. BOLD correction was performed by dividing the BOLD-contaminated VASO 

signal by the BOLD signal as described in Huber et al. (27,29). Maps of susceptibility change, 

percentage of BOLD and VASO signal change, respectively, as well as z-scores were computed 

from the corrected time series data. All data were up-sampled by a factor of four and separate 

masks were manually drawn on three adjacent slices in the motor (M1) and somatosensory cortex 

(S1) on fQSM and VASO data, respectively, using FSLEyes. The mask for M1 was delineated 

according to the border of BA4a/BA4p (30) and the folding location of the lateral end of the hand 

knob as described in Huber et al. (5). The mask for S1 was drawn in the S1 cortex directly 

posterior to the M1 mask. These masks were used to segment 20 equidistant layers with the 

LN_GROW_LAYERS function in laynii (27). For the remainder of this manuscript, according to 

Wagstyl et al. (2), it is assumed that for M1 (S1), the segmented Layers 1 and 2 (1-2) 

approximately correspond to cortical Layer I, 3-5 (3-6) to Layer II, 6-9 (7-10) to Layer III, 10 and 

11 (11-14) to Layer Va, 12-15 (15-16) to Layer Vb, and 16-20 (17-20) to Layer VI. Furthermore, 

LN_LAYER_SMOOTH was used to smooth maps of susceptibility and percentage BOLD signal 

change as well as z-score maps within layers with a full width at half maximum set to 1 mm. To 

further analyze the time series data, data were averaged across subjects, and time-averaged 

active and rest periods were computed (three data points each) from the 42 measurements.  

Cortical depth profiles were also computed by averaging all time-points from active periods. 

Wilcoxon rank sum test was used to assess statistical differences between the times series of 

subjects who performed unilateral and bilateral finger-tapping, respectively, as well as between 
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the z-scores of fQSM, BOLD fMRI and VASO. A p-value of p < 0.05 was considered statistically 

significant.  

 

3. Results 

 Figure 1 shows three axial slices of one time point as well as of the time-averaged, raw 

(i.e. before drift correction was applied) fQSM and BOLD fMRI data of one subject and higher 

order quality metrics. For mean fQSM and single-time-point fQSM few artifacts can be observed 

in the vicinity of large vessels which were more apparent in the skew and kurtosis maps. Auto-

correlation maps as well as correlation maps which the global signal appeared relatively flat for 

both fQSM and fMRI.   

Figure 1: Three slices of fQSM and fMRI are shown for one example subject and one time point (a) as well 

as a mean image over all time points (b). Additionally, temporal skew (c), kurtosis (d), auto-correlation (e) 

and correlation maps with the global signal (f) are displayed. White arrows point at artifacts in fQSM in the 

vicinity of larger venenous vessels. 

Figure 2 shows the group-averaged fQSM and fMRI data acquired from M1 and S1 (both 

hemispheres, 9 subjects, left hemisphere 14 subjects). Activation-dependent signal decrease for 

fQSM and increase for BOLD fMRI, respectively, could be observed for each cortical layer. fQSM 

showed the largest mean susceptibility decrease in Layers II/III with -1.3 ± 1.0 ppb/ -1.1 ± 1.2 ppb 

for M1 (-1.0 ± 1.0 ppb, when considering the left hemisphere only) and in both Layers I and II with 

-0.9 ± 1.0 ppb in S1 (-1.0 ± 0.9 ppb, left hemisphere only) (Figure 2b). BOLD fMRI signal increase 

was largest in Layer I with a maximal average increase of 3.0 ± 1.5 % in M1 (3.2 ± 1.3 %, left 

hemisphere only) and 2.4 ± 2.0 % in S1 (2.8 ± 2.2 %, left hemisphere only) (Figure 2d). The 
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average number of voxels included in each layer mask ranged from 198 ± 43 voxels in Layer VI 

to 335 ± 36 voxels in Layer I for M1 (105 ± 16 to 170 ± 25 voxels, left hemisphere only) and from 

179 ± 21 voxels in Layer Va to 262 ± 36 voxels in Layer Vb for S1 (96 ± 14 voxels to 136 ± 21 

voxels, left hemisphere only) (Figure 2f) which reflects the higher number of voxels included in 

the outer layers of M1 due to its curvature, while numbers of voxels are more equally distributed 

in layers of S1 as a relatively straight section was chosen as region of interest. Supplementary 

Figure S1 shows the average signal evolution across subjects with standard deviations separately 

for each layer in M1 and S1 for both fQSM and BOLD fMRI. 

When comparing activation-based signal changes for the right hemisphere between 

subjects who performed unilateral finger tapping with the right hand and bilateral finger tapping, 

the right hemisphere showed comparable results as the left hemisphere in the subjects who 

performed bilateral finger tapping: fQSM susceptibility decrease was largest in Layers II (-1.3 ± 

2.5 ppb) and III (-1.3 ± 1.9 ppb) in M1 and Layers I (-1.3 ± 1.7 ppb) and II (-1.1 ± 1.8 ppb) in S1 

(Figure 3a, b), while the percentage of BOLD fMRI signal increase was largest in Layer I (3.2 ± 

1.3 % in M1, 3.4 ± 2.5 % in S1) (Figure 3c, d). For fQSM, the times series were significantly 

Figure 2: Subject-averaged fQSM and fMRI signal evolutions for Layers I (red) to VI (purple) are displayed 

with standard deviations as shaded curves for the motor cortex and the somatosensory cortex averaged over 

both hemispheres (M1, S1), and for the left motor cortex (M1 left) as well as for the left somatosensory cortex 

(S1 left). Subfigures b and d show time-averaged signals with standard deviations, and Subfigure e example 

slices of the layer segmentations. In Subfigure f, the mean number of voxels per layer across subjects is 

displayed with standard deviations. 
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different between the subjects who performed unilateral finger tapping and the subjects who 

performed bilateral finger tapping for Layers I to Va (p = 0.0015 (I), p = 0.0001 (II), p = 0.0002 

(III), p = 0.0409 (Va)) when assessing M1 and for Layers I ( p = 0.0106), III (p = 0.0240) and Va 

(p = 0.0489) in case of S1. For BOLD fMRI, differences were significant for all layers for both M1 

(p < 0.0001 (I), p = 0.0001 (II), p = 0.0006 (III), p = 0.0026 (Va), p = 0.0012 (Vb), p = 0.0320 (VI)) 

and S1 (p < 0.0001 (I), p < 0.0001 (II), p = 0.0001 (III), p = 0.0002 (Va), p = 0.0008 (Vb), p = 

0.0178 (VI).  

 

Figure 4 illustrates the time-averaged fQSM and fMRI cortical depth profiles of M1 (left 

hemisphere) in each subject and corresponding maps of susceptibility and percentage of BOLD 

Figure 3: For the right hemisphere, fQSM and fMRI signal evolutions for Layers I (red) to VI (purple) are 

shown for M1 and S1 averaged over all subjects who performed bilateral finger tapping and unilateral finger 

tapping with their right hand, respectively. Standard deviations are displayed in the same color. Subfigures 

b and d show time-averaged signals with standard deviations. 
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signal change.  For almost all subjects, fQSM exhibited a negative peak in Layers II/ III of M1 and 

BOLD fMRI a peak in Layer I (in ten subjects) or layer II (in four subjects). However, for Subjects 

5, 6 an almost monotone susceptibility increase was observed throughout Layers II/ III. 

Furthermore, double peak signals could be observed in about half of the subjects for both fQSM 

and fMRI, whereas the peaks for fMRI were located further towards the cortical surface compared 

with the negative peaks for fQSM, e.g. in Subject 4, or negative peaks for fQSM were located 

further towards the cortical surface within layers Vb and III/ II, e.g. in Subject 8. For Subject 2, 

who performed bilateral and unilateral finger tapping in two separate sessions, signal change 

maps and cortical depth profiles appeared highly similar regarding the location and sign of signal 

change as well as locations and magnitudes of negative peaks for fQSM and peaks for BOLD 

fMRI. 

 

Comparing fQSM, fMRI and VASO using 3D EPI data and the data acquired with the 

VASO sequence in four subjects (Figure 5), fQSM computed from the BOLD acquisition of the 

VASO sequence as well as the BOLD fMRI part of the VASO sequence showed higher 

susceptibility and percent BOLD signal changes with higher standard deviations (Figure 5b, d) 

Figure 4: Mean (time-averaged) cortical profiles of fQSM (blue) and fMRI (orange) with standard deviations 

in the left M1 are shown for all 14 subjects. Corresponding susceptibility differences (in ppb) and percentage 

of BOLD signal change are displayed as well. 

.CC-BY 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 September 17, 2024. ; https://doi.org/10.1101/2024.09.16.613070doi: bioRxiv preprint 

https://doi.org/10.1101/2024.09.16.613070
http://creativecommons.org/licenses/by/4.0/


than the data from the 3D EPI sequence (Figure 5a, c). Mean susceptibility decrease was 

strongest in Layers I/ II with -3.5 ± 5.6 ppb/ -3.3 ± 6.7 ppb in M1 and in Layer I/ II with -3.0 ± 3.7 

ppb/ -3.1 ± 4.2 ppb in S1, and mean percentage of BOLD signal increase was highest in Layer I 

in both M1 and S1 (4.6 ± 2.4 % and 2.6 ± 1.9 %). VASO (Figure 5e) showed the largest mean 

percent signal decrease in Layers III (-1.6 ± 4.0 %) and Va (-1.8 ± 3.6 %) in case of M1 and in 

Layers I/ II in S1 with -2.2 ± 0.9 %. 

 

Both fQSM and VASO, showed positive and negative values in the z-score maps while 

fMRI showed predominantly positive z-scores (Figure 6a, b). Negative (positive) z-scores for 

fQSM and VASO were roughly colocalized, while negative z-scores in BOLD fMRI also 

approximately coincided with positive z-scores in fQSM/ VASO. Mean minimal negative z-scores 

for fQSM were significantly lower than negative z-scores for VASO or BOLD fMRI while mean 

maximal positive z-scores across subjects for BOLD fMRI were significantly higher than positive 

z-scores for fQSM and positive/ negative VASO when assessing M1. In case of S1, mean maximal 

positive z-scores for BOLD fMRI were significantly higher than both mean maximal positive and 

mean minimal negative z-scores for fQSM and VASO (Figure 6c). 

Figure 5: For the four subjects in which data were acquired with the 3D EPI-fQSM sequence and the VASO 

sequence, time-averaged fQSM, fMRI and VASO signals are shown for M1, S1 (both hemispheres 

averaged). fQSM signal computed from 3D EPI-fQSM data (a) as well as computed from the data of the 

BOLD acquisition part of the VASO sequence (b) is shown. fMRI is also displayed for both datasets, 3D EPI-

fQSM (c) and the BOLD part of the VASO sequence (d). BOLD-corrected VASO data are shown in Panel e. 

.CC-BY 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 September 17, 2024. ; https://doi.org/10.1101/2024.09.16.613070doi: bioRxiv preprint 

https://doi.org/10.1101/2024.09.16.613070
http://creativecommons.org/licenses/by/4.0/


 

4. Discussion 

In this study, we have demonstrated the feasibility of laminar fQSM using a 3D-EPI 

sequence with 0.81 mm isotropic resolution. For the investigation of M1, we observed largest 

activation-related susceptibility decrease in Layers II/III and in Layers I and II in S1 whereas BOLD 

fMRI showed the strongest signal increase in Layer I. Consistent with these findings, in cortical 

depth profiles fQSM showed a negative peak in Layers II/III in almost all subjects with a second 

negative peak in Vb in about half of the included subjects. These findings are consistent with the 

expected cortical depth profiles for finger tapping experiments (5,31,32). Therefore, compared to 

BOLD fMRI, fQSM showed less bias towards the superficial cortical layers and yielded results 

that were more comparable to the VASO data. It is worth noting that recent research suggests 

that there may be substantial individual variation across cortical profiles, which might at least in 

part explain the individual variations that were observed for both fQSM and fMRI (33). The 

magnitude of z-scores for fQSM was significantly lower than the magnitude of positive z-scores 

for BOLD fMRI, however, the magnitude of negative z-scores for fQSM was also significantly 

higher than the magnitude of negative z-scores for VASO. fQSM quantifies activation-dependent 

BOLD susceptibility changes, which are the basis for BOLD fMRI. Therefore, fQSM can still be 

expected to exhibit some bias towards the venous drainage on the cortical surface, in contrast to 

CBF- or CBV-based methods provided these methods are not contaminated by BOLD effect. One 

Figure 6: For two example subjects, in which data were acquired with both the 3D EPI-fQSM sequence and 

the VASO sequence, smoothed z-scores maps are displayed for fQSM, BOLD fMRI and VASO overlaid on 

one timepoint of the corresponding data (a, b). Panel c shows bar graphs of the mean maximal positive 

(blue) and mean minimal negative (orange) z-scores for fQSM, BOLD fMRI and VASO with standard 

deviations. Asterisks indicate statistically significant differences.  
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further advantage of laminar 3D-EPI-fQSM compared to VASO is the lower specific absorption 

rate and the relative ease of achieving whole-brain coverage.  

Similarly to other fQSM studies (8-12), we did not only find regions of activation dependent 

susceptibility decrease due to increasing blood oxygenation but also areas of susceptibility 

increase. While the underlying mechanisms of activation dependent susceptibility increase are 

not fully understood and are thought to be at least partly related to the presence of larger 

venenous vessels which can cause artifacts in fQSM (Figure 1), positive z-scores for fQSM were 

roughly colocalized with positive z-scores for VASO in this study. 

In the future, the use of UHF MR scanners with high-performance gradient systems (3), 

or higher field strength could enable even higher spatial or temporal resolutions for laminar fQSM, 

facilitate investigations of the fQSM hemodynamic response function and enable a better 

evaluation the contributions of intravascular and extravascular signal to fQSM.  

Limitations of this study include the small number of subjects for which VASO data were 

acquired and the small number of subjects comprising different subgroups (e.g. unilateral right-

hand finger tapping). We did not additionally acquire other techniques which are less sensitive to 

effects from venous drainage such as spin-echo BOLD fMRI or perform post-processing 

correction. Furthermore, the segmented layers were approximately binned into cortical Layers I 

to VI according to information from literature (2,34)  regarding the structure of M1 and S1, which 

does not account for individual differences. Moreover, the phase data from the BOLD part of the 

VASO acquisition are not optimized for QSM, e.g. lower spatial coverage of the brain and 

suboptimal coil combination. When comparing, the optimized 3D-EPI fQSM data as well as BOLD 

fMRI and VASO, we were comparing functional activation from different acquisitions.  

In conclusion, our findings demonstrate the feasibility of studying layer-dependent 

activation using submillimeter fQSM. Compared to BOLD fMRI, fQSM exhibits reduced bias 

towards venous drainage effects on the cortical surface, allowing for better localization of laminar 

activation.  

 

5. References 

1. Norris DG, Polimeni JR. Laminar (f)MRI: A short history and future prospects. 
Neuroimage 2019;197:643-649. 

2. Wagstyl K, Larocque S, Cucurull G, et al. BigBrain 3D atlas of cortical layers: Cortical 
and laminar thickness gradients diverge in sensory and motor cortices. Plos Biol 
2020;18(4). 

3. Feinberg DA, Beckett AJS, Vu AT, et al. Next-generation MRI scanner designed for ultra-
high-resolution human brain imaging at 7 Tesla. Nature Methods 2023;20(12):2048-
2057. 

.CC-BY 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 September 17, 2024. ; https://doi.org/10.1101/2024.09.16.613070doi: bioRxiv preprint 

https://doi.org/10.1101/2024.09.16.613070
http://creativecommons.org/licenses/by/4.0/


4. Huber L, Tse DHY, Wiggins CJ, et al. Ultra-high resolution blood volume fMRI and BOLD 
fMRI in humans at 9.4 T: Capabilities and challenges. Neuroimage 2018;178:769-779. 

5. Huber L, Handwerker DA, Jangraw DC, et al. High-Resolution CBV-fMRI Allows 
Mapping of Laminar Activity and Connectivity of Cortical Input and Output in Human M1. 
Neuron 2017;96(6):1253-+. 

6. Jin T, Kim SG. Cortical layer-dependent dynamic blood oxygenation, cerebral blood flow 
and cerebral blood volume responses during visual stimulation. Neuroimage 
2008;43(1):1-9. 

7. Huber L, Goense J, Kennerley AJ, et al. Cortical lamina-dependent blood volume 
changes in human brain at 7 T. Neuroimage 2015;107:23-33. 

8. Balla DZ, Sanchez-Panchuelo RM, Wharton SJ, et al. Functional quantitative 
susceptibility mapping (fQSM). Neuroimage 2014;100:112-124. 

9. Lancione M, Costagli M, Handjaras G, et al. Complementing canonical fMRI with 
functional Quantitative Susceptibility Mapping (fQSM) in modern neuroimaging research. 
Neuroimage 2021;244:118574. 

10. Ozbay PS, Warnock G, Rossi C, et al. Probing neuronal activation by functional 
quantitative susceptibility mapping under a visual paradigm: A group level comparison 
with BOLD fMRI and PET. Neuroimage 2016;137:52-60. 

11. Bianciardi M, van Gelderen P, Duyn JH. Investigation of BOLD fMRI resonance 
frequency shifts and quantitative susceptibility changes at 7 T. Hum Brain Mapp 
2014;35(5):2191-2205. 

12. Costagli M, Lancione M, Cecchetti L, et al. Quantitative Susceptibility Mapping of Brain 
Function During Auditory Stimulation. Ieee T Radiat Plasma 2019;3(4):516-522. 

13. Kim SG, Ogawa S. Biophysical and physiological origins of blood oxygenation level-
dependent fMRI signals. J Cerebr Blood F Met 2012;32(7):1188-1206. 

14. Straub S, Zhou X, Tao S, Westerhold E, Jin J, Middlebrooks EH. Feasibility of 
submillimeter functional quantitative susceptibility mapping using 3D echo planar 
imaging at 7 Tesla. Nmr Biomed 2024;in press. 

15. Jin J, Tourell M, Sati P, et al. Segmented 3D EPI with CAIPIRINHA for Fast, High-
Resolution T2*-weighted Imaging. Proceedings of the 2021 ISMRM & SMRT Annual 
Meeting & Exhibition Volume  2021. p. 4190. 

16. Stirnberg R, Stocker T. Segmented K-space blipped-controlled aliasing in parallel 
imaging for high spatiotemporal resolution EPI. Magn Reson Med 2021;85(3):1540-
1551. 

17. Pfeuffer J, Van de Moortele PF, Ugurbil K, Hu XP, Glover GH. Correction of 
physiologically induced global off resonance effects in dynamic echo-planar and spiral 
functional imaging. Magnetic Resonance in Medicine 2002;47(2):344-353. 

18. Huber L, Finn ES, Chai Y, et al. Layer-dependent functional connectivity methods. Prog 
Neurobiol 2021;207:101835. 

19. Moeller S, Pisharady PK, Ramanna S, et al. NOise reduction with DIstribution Corrected 
(NORDIC) PCA in dMRI with complex-valued parameter-free locally low-rank 
processing. Neuroimage 2021;226:117539. 

20. Chan KS, Marques JP. SEPIA-Susceptibility mapping pipeline tool for phase images. 
Neuroimage 2021;227:117611. 

21. Abdul-Rahman HS, Gdeisat MA, Burton DR, Lalor MJ, Lilley F, Moore CJ. Fast and 
robust three-dimensional best path phase unwrapping algorithm. Appl Opt 
2007;46(26):6623-6635. 

22. Li W, Wu B, Liu C. Quantitative susceptibility mapping of human brain reflects spatial 
variation in tissue composition. Neuroimage 2011;55(4):1645-1656. 

23. Wei H, Dibb R, Zhou Y, et al. Streaking artifact reduction for quantitative susceptibility 
mapping of sources with large dynamic range. Nmr Biomed 2015;28(10):1294-1303. 

.CC-BY 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 September 17, 2024. ; https://doi.org/10.1101/2024.09.16.613070doi: bioRxiv preprint 

https://doi.org/10.1101/2024.09.16.613070
http://creativecommons.org/licenses/by/4.0/


24. Bodurka J, Ye F, Petridou N, Murphy K, Bandettini PA. Mapping the MRI voxel volume in 
which thermal noise matches physiological noise-Implications for fMRI. Neuroimage 
2007;34(2):542-549. 

25. Jenkinson M, Smith S. A global optimisation method for robust affine registration of brain 
images. Medical Image Analysis 2001;5(2):143-156. 

26. Jenkinson M, Bannister P, Brady M, Smith S. Improved optimization for the robust and 
accurate linear registration and motion correction of brain images. Neuroimage 
2002;17(2):825-841. 

27. Huber LR, Poser BA, Bandettini PA, et al. LayNii: A software suite for layer-fMRI. 
Neuroimage 2021;237:118091. 

28. Statistical Parametric Mapping: The Analysis of Functional Brain Images: Elsevier Ltd.: 
2006. 

29. Huber L, Ivanov D, Krieger SN, et al. Slab-Selective, BOLD-Corrected VASO at 7 Tesla 
Provides Measures of Cerebral Blood Volume Reactivity with High Signal-to-Noise Ratio. 
Magnetic Resonance in Medicine 2014;72(1):137-148. 

30. Terumitsu M, Ikeda K, Kwee IL, Nakada T. Participation of primary motor cortex area 4a 
in complex sensory processing: 3.0-T fMRI study. Neuroreport 2009;20(7):679-683. 

31. Weiler N, Wood L, Yu J, Solla SA, Shepherd GM. Top-down laminar organization of the 
excitatory network in motor cortex. Nat Neurosci 2008;11(3):360-366. 

32. Mao T, Kusefoglu D, Hooks BM, Huber D, Petreanu L, Svoboda K. Long-range neuronal 
circuits underlying the interaction between sensory and motor cortex. Neuron 
2011;72(1):111-123. 

33. Blazejewska AI, Gomez D, Polimeni JR. Characterizing spatial heterogeneity of BOLD 
fMRI cortical-depth profiles of activation: the average profile may not be typical. Annual 
Meeting of the ISMRM 2024. p. 0886. 

34. Nieuwenhuys R. The myeloarchitectonic studies on the human cerebral cortex of the 
Vogt-Vogt school, and their significance for the interpretation of functional neuroimaging 
data. Brain Struct Funct 2013;218(2):303-352. 

 

.CC-BY 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 September 17, 2024. ; https://doi.org/10.1101/2024.09.16.613070doi: bioRxiv preprint 

https://doi.org/10.1101/2024.09.16.613070
http://creativecommons.org/licenses/by/4.0/

