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ABSTRACT 15 

Ultra-high field functional Magnetic Resonance Imaging (fMRI) offers the spatial resolution to 16 

measure neural activity at the scale of cortical layers. Most fMRI studies make use of the 17 

Blood-Oxygen-Level Dependent (BOLD) signal, arising from a complex interaction of 18 

changes in cerebral blood flow (CBF) and volume (CBV), and venous oxygenation. However, 19 

along with cyto- and myeloarchitectural changes across cortical depth, laminar fMRI is 20 

confronted with additional confounds related to vascularization differences that exist across 21 

cortical depth. In the current study, we quantify how the non-uniform distribution of macro- 22 

and micro-vascular compartments, as measured with Gradient-Echo (GE) and Spin-Echo 23 

(SE) scan sequences, respectively, affect laminar BOLD fMRI responses following evoked 24 

hypercapnic and hyperoxic breathing conditions. We find that both macro- and micro-25 

vascular compartments are capable of comparable theoretical maximum signal intensities, as 26 

represented by the M-scaling parameter. However, the capacity for vessel dilation, as 27 

reflected by the cerebrovascular reactivity (CVR), is approximately three times larger for the 28 

macro- compared to the micro-vasculature at superficial layers. Finally, there is roughly a 29 

35% difference in CBV estimates between the macro- and micro-vascular compartments, 30 

although this relative difference is approximately uniform across cortical depth. 31 

KEYWORDS 32 

Laminar fMRI, vasculature, hypercapnia, hyperoxia, CVR, CBV, BOLD, Spin-echo 33 
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INTRODUCTION 35 

The cortex of the human cerebrum is made up of different layers. The cortical layers can be 36 

distinguished on the basis of different neuronal cell types, as well as their connections with 37 

other cortical areas or sensory organs1. As such, the different cortical layers are 38 

hypothesized to account for different sub-processes in brain functioning and human behavior 39 

at large2. Functional Magnetic Resonance Imaging (fMRI) is one of the most powerful tools 40 

for studying brain function in both healthy and diseased individuals non-invasively. Recent 41 

advances in ultra-high field MRI (i.e., magnetic field strength ≥ 7 Tesla) now allow for the 42 

recording of layer-specific neuronal activity in human populations. The majority of fMRI 43 

studies use the Blood-Oxygen-Level Dependent (BOLD) signal to investigate neuronal 44 

functions3. However, the BOLD signal is an indirect measure of neuronal activity, as it 45 

primarily signals differences in the ratio of venous oxy-hemoglobin [Hb] / deoxy-hemoglobin 46 

[dHb], affecting T2 and T2* MR-effects. The change in [Hb]/[dHb] ratio following neuronal 47 

activity is mainly caused by increases in cerebral blood flow (CBF) and cerebral blood 48 

volume (CBV), and the subsequent vessel dilation, in the capillary bed, venules, and larger 49 

veins in response to the cerebral metabolic rate of oxygen (CMRO2)4,5. Despite the indirect 50 

representation of neuronal activity, fMRI BOLD is known to correspond well with neuronal 51 

electrophysiological recordings (Local Field Potentials (LFP) in particular) in both animals 52 

and humans6,7. Thus, the differences in CBF/CBV that exist for differently sized venous 53 

vascular compartments (i.e., capillaries, venules and veins) do not prevent the utilization of 54 

the BOLD signal as an adequate proxy for neuronal activation in conventional fMRI studies. 55 

However, laminar fMRI measurements are affected by the vasculature on a whole new level. 56 

Because the vascular architecture changes across cortical depth, a confounding correlation 57 

arises between different vascular compartments and the different cortical layers8,9. This is 58 

particularly problematic for the fMRI BOLD scan acquisition sequence that is most commonly 59 

used due to its superior sensitivity: Gradient-Echo (GE) BOLD. GE BOLD is sensitive to all 60 

venous vascular compartments, but the signal scales with vessel diameter10,11. GE BOLD, 61 

therefore, is disproportionally sensitive to larger (draining) veins, which predominantly reside 62 

near the cortical pial surface. This relative hypersensitivity to the macro-vasculature leads to 63 

a relative increase in raw BOLD signals measured at superficial layers, while simultaneously 64 

suffering from a decrease in neuronal specificity, as the largest veins pool blood from 65 

extended regions of cortex. Therefore, even the scaling of the raw BOLD signal to e.g., 66 

percent signal change, cannot prevent or neutralize the fact that neuronal populations of 67 

different sizes, represented through different vascular compartments, contribute to the BOLD 68 

signal differently across cortical depth12. The field of laminar fMRI is currently lacking an 69 

adequate quantification of the effect of different vascular compartments on the BOLD signal 70 
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at the laminar level. Here, we address this topic by conducting a series of measurements in 71 

which we record from micro- and macro-vascular compartments across cortical depth, while 72 

applying respiratory stimuli to characterize the confounding correlation between differently 73 

sized vascular compartments and the BOLD signal. 74 

To characterize the influence of different vascular compartments on the fMRI BOLD 75 

signal we capitalize on the increased BOLD Contrast-to-Noise Ratio (CNR) afforded by a 7 76 

Tesla MR system along with boosted sensitivity obtained using a high-density surface 77 

receive array13 to acquire high spatiotemporal resolution images capable of distinguishing 78 

cortical layers. Using a computer-controlled gas delivery system, we manipulate CBF/CBV by 79 

increasing the arterial pressure of CO2, a potent vasodilator, in a controlled manner14–16. The 80 

increased CBF/CBV decreases the relative venous deoxy-hemoglobin content, which leads 81 

to a BOLD signal increase. To modulate oxygen saturation in the absence of vascular 82 

responses, we also apply a hyperoxic stimulus. Increasing the inhaled concentration of O2 83 

causes a relative increase in the venous concentration of oxy-hemoglobin, which 84 

subsequently results in a BOLD signal increase. Beside the estimation of the BOLD signal 85 

change as a result of vasoactive stimulation, the hypercapnia and hyperoxia breathing 86 

challenges can be wielded to estimate changes in cerebral vascular reactivity (CVR), which 87 

represents the capacity for vessel dilation17–19, the M-scaling parameter reflective of the 88 

theoretical maximal signal change20,21, as well as the change in CBV during separate levels 89 

of hypercapnia15,22. With these parameters we can quantify to what extent the amplitude of 90 

the BOLD response is caused by a vessel’s capacity for dilation (CVR), the maximum 91 

venous oxygen content (M-scaling), or the relative CBV increase. 92 

In the current study, we investigate the effect of vasoactive stimuli on laminar fMRI 93 

BOLD signals originating from different vascular compartments across cortical depth. Where 94 

the GE BOLD signal is weighted towards the macro-vasculature, the Spin-Echo (SE) BOLD 95 

signal is generally believed to reflect the micro-vasculature (i.e., mostly capillaries) at high 96 

field strengths23–25. Unlike the macro-vasculature, the micro-vasculature is uniformly 97 

distributed across cortical depth, and is not believed to be capable of vessel dilation in a 98 

similar fashion as larger veins8,9,26. We utilize GE and SE scan sequences at approximately 99 

laminar spatial resolution as measures of macro- and micro-vascular compartments, 100 

respectively. Hypercapnia and hyperoxia conditions are realized during scanning to 101 

characterize the effects of vasoactive stimuli on different vascular compartments. We expect 102 

a percent signal BOLD increase (i.e., %ΔBOLD) for all vascular compartments (i.e., GE & 103 

SE), during both hypercapnic and hyperoxic breathing conditions (i.e., increased levels of 104 

CO2 and O2) across cortical depth. However, the %ΔBOLD as well as CVR, M-scaling, and 105 
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ΔCBV sampled from the macro-vasculature are hypothesized to increase from deep to 106 

superficial layer estimates, but not for the micro-vasculature. Finally, macro-/micro-107 

vasculature ratios for CVR, M-scaling, and ΔCBV are calculated, describing the effective 108 

relative contribution of the vascular compartments to laminar BOLD fMRI. 109 
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METHODS 111 

Participants 112 

Eleven healthy volunteers (N = 11, age range 18-42y, mean age = 24.3y, Female = 8) 113 

participated in this study after giving written informed consent. All participants declared that 114 

they did not experience breathing difficulties under normal conditions, and had not been 115 

diagnosed with (cerebro)vascular-related illnesses. The experimental protocol was approved 116 

by the local ethics committee of the University Medical Center Utrecht (UMCU) in 117 

accordance with the Declaration of Helsinki (2013), and the Dutch Medical Research 118 

Involving Human Subjects Act.  119 

Breathing protocol 120 

During the acquisition of the functional BOLD time-series (see details below), we 121 

administered specific breathable gas mixtures to the participants. Hypercapnia and hyperoxia 122 

conditions were achieved by increasing the CO2 and O2 gas concentrations, respectively. 123 

Postapneic End-tidal (Pet)CO2 and PetO2 pressure values were targeted using a computer-124 

controlled gas blender and sequential gas delivery system. (3rd generation RespirAct™, 125 

Thornhill Research Inc, Toronto, Canada). A 697s breathing task was performed consisting 126 

of the following 4 parts: (1) 200s baseline period with subject-specific targeted PetCO2 127 

values. (2) 120s hypercapnia period of +3 or +5 mmHg PetCO2 increase. (3) 120s 128 

hypercapnia period of +8 or +10 mmHg PetCO2 increase. (4) 120s hyperoxia period of +350 129 

mmHg PetO2 increase (Figure 1). The breathing task was performed twice by all participants: 130 

once for each scan acquisition sequence (i.e., GE & SE), during which the hypercapnia 131 

conditions consisted of a +5 mmHg PetCO2 increase followed by a +10 mmHG PetCO2 132 

increase. The experiment was repeated in 7 participants with +3 mmHg PetCO2 and +8 133 

mmHg PetCO2 hypercapnia conditions both for GE and SE scan acquisitions. The subject-134 

specific baseline PetCO2 calibration was estimated before scanning. 135 
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136 

Figure 1. Breathing protocol. For 1 participant (subj08) the hypercapnic (top panel) and hyperoxic (bottom 137 
panel) breathing conditions are shown. The dashed lines mark the different parts of the breathing protocol. 138 

Scan protocol 139 

Scanning was performed at the UMCU on a 7T Philips Achieva scanner (Philips Healthcare, 140 

Best, the Netherlands) with two 16-channel high-density surface receive arrays (MRCoils BV, 141 

the Netherlands). The anatomical scans consisted of a T1-weighted structural volume: Field 142 

Of View (FOV) (ap x fh x rl) = 40 x 159 x 159 mm, which covered the posterior part of the 143 

brain (occipital lobe/early visual cortex). The acquired voxel size was: 0.8 x 0.8 x 0.8 mm 144 

isotropic, TR/TE = 7.0/2.97ms. T1-weighted volumes at high field strength can experience 145 

substantial intensity inhomogeneities. Therefore, a proton density (PD) volume of equal 146 

dimension was recorded to correct for these large-scale intensity inhomogeneities. Finally, 147 

three T2*-weighted flow-compensated anatomical volumes were acquired with similar 148 

coverage: FOV (ap x fh x rl) 40 x 161 x 161 mm and 0.5 x 0.5 x 0.5 mm voxel size, TR/TE = 149 

56/30ms. Both magnitude and phase volumes were reconstructed. 150 

 151 
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Functional volumes were acquired with two different scan sequences; GE and SE 152 

sequences, both using Echo Planar Imaging (EPI). The GE volumes were acquired with 153 

SENSE-factor = 3.0, EPI-factor = 31, TR/TE = 850/27ms, flip-angle (FA) = 50°, voxel size = 154 

1.0 x 1.0 x 1.0 mm, FOV = 7 x 128 x 128 mm covering a portion of early visual cortex within 155 

the occipital lobe. To increase the Signal-to-Noise Ratio (SNR), the SE volumes were 156 

required at a lower spatial resolution: SENSE-factor = 2.0, EPI-factor = 63, TR/TE = 157 

850/50ms, FA = 90°, voxel size = 1.5 x 1.5 x 1.5 mm, FOV = 7.5 x 190 x 190 mm. During a 158 

single MRI-session, a maximum of four fMRI time series (i.e., 2 x GE and 2x SE) were 159 

recorded, during which the different breathing protocols were applied. Each time series 160 

consisted of 820 volumes (duration = 697s per time series). For both GE and SE sequences 161 

5 volumes with reversed phase encoding (i.e., right-left) were recorded to correct for 162 

geometric distortions. During all acquisitions, respiration was measured with a respiratory 163 

belt around the chest, and blood pulsation with a peripheral pulse unit (PPU). The respiration 164 

and PPU measurements were used to calculate the Respiration Volume per Time (RVT) and 165 

beats per minute (BPM)27. 166 

Preprocessing 167 

The T1-weighted volume was divided by the PD volume to correct for large-scale intensity 168 

inhomogeneities28. Afterwards, the T1 weighted volume was resampled to a resolution of 0.2 169 

mm3 isotropic voxel size to estimate cortical layers at high spatial resolution (Figure 2). The 170 

cortex was divided into 20 equivolumetric laminae using the LayNii software package29. Here, 171 

the word ’laminae’ is used rather than ’layers’ to emphasize that these laminae do not 172 

represent architectonic layers distinguishable with histology, but reflect a measure of cortical 173 

depth. 174 

The three T2*-weighted volumes were first realigned and averaged to increase signal-175 

to-noise. The mean T2*-weighted volume was used to segment large veins, which have a 176 

near-zero intensity due to the low T2 of blood and, therefore, appear black within the volume 177 

(Figure 2A). The vein segmentation was performed twice with different software packages 178 

that produced complementary results. First, large veins were estimated on the magnitude 179 

volume with Braincharter30. Second, large veins were estimated again with Nighres31 on a 180 

quantitative susceptibility map (QSM). The QSM was reconstructed by Laplacian-based 181 

unwrapping and SHARP background filtering of the phase volume32,33, and subsequently an 182 

iterative rapid two-step dipole inversion method34. Both methods were combined to obtain the 183 

pial vein estimation volume (Figure 2C). 184 
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A Region-of-Interest (ROI) approach was adopted, consisting of the primary visual 185 

cortex (V1) and extra-striate areas V2 and V3, as these areas are believed to have a 186 

comparable vascularization35. Estimates of early visual cortical areas V1, V2, and V3 were 187 

constructed using a whole-brain 3 Tesla T1-weighted volume that was available for the 188 

participants. A white and grey matter cortical surface was estimated on the 3T T1-weighted 189 

volume with Freesurfer (https://surfer.nmr.mgh.harvard.edu). The cortical surface 190 

reconstructions were then used to generate a surface-based visual area maps using the 191 

anatomically defined Benson atlas of visual areas with Neuropythy 192 

(https://github.com/noahbenson/neuropythy)36. The visual area maps were projected back to 193 

volumetric space, and through a co-registration of 3T and 7T T1-weighted volumes, 194 

transformed to 7T T1-weighted space (Figure 2D). 195 

196 

Figure 2. Volumetric maps. For 1 participant (subj09) the T2*-weighted anatomical volume (A), the layer 197 
segmentation (B), the pial vein estimation (C), and the visual ROIs (D) are shown. Of the visual ROIs, only V1, 198 
V2, and V3 were included. 199 

All functional volumes were corrected for rigid body head motion with AFNI’s 200 

3dvolreg. The EPI phase-encoding induced geometric distortions were corrected using 201 

AFNI’s 3dQwarp. This EPI distortion correction and the motion correction were 202 

simultaneously applied in a single interpolation step using 3dNwarpApply to generate motion-203 

corrected undistorted functional time series37,38. An affine registration was then performed 204 

between the mean volume of the functional time-series and the T1 anatomical volume using 205 

antsRegistration (http://stnava.github.io/ANTs/)39. The inverse of this transformation matrix 206 

was used to transform the previously acquired laminae volume, pial vein volume, and early 207 

visual cortex volume to the origin and dimensions of the functional volumes using a nearest 208 

neighbor interpolation. Lastly, we spatially smoothed the data per cortical depth level (i.e. 209 

deep, middle, and superficial levels) and visual area using a Gaussian kernel with a standard 210 

deviation of 1mm. This procedure prevents the blurring of voxel data between different 211 

cortical depth levels or visual areas. The functional time series were then high-pass filtered 212 

using a discrete cosine transform filtering with a cut-off at 0.01 Hz and re-scaled to percent 213 

signal change. 214 
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FMRI data analysis 215 

Estimates of the change in percent BOLD signal for each of the hypercapnia and hyperoxia 216 

levels were calculated using a General Linear Model (GLM). The GLM regressors consisted 217 

of a binary time series for each available breathing condition, and a set of nuisance 218 

regressors consisting of 6 rigid-body head motion parameters and the RVT and BPM. We 219 

use binary regressors for the breathing conditions (i.e., value of 1 during the respective 220 

condition, 0 otherwise) in order to split up the connected hypercapnia conditions, and obtain 221 

regression coefficients for both. A second benefit of the binary gas condition regressors is 222 

that they are not affected by transient signal changes (e.g. caused by movements), but rather 223 

fit the average plateau of the 2 minute hypercapnia and hyperoxia conditions. The regression 224 

coefficients per breathing condition serve as %ΔBOLD for each voxel. The %ΔBOLD values 225 

for the hypercapnia conditions (i.e., %ΔBOLDhc) were then used to calculate the Cerebral 226 

Vascular Reactivity (CVR). For each voxel within participants, a linear regression between 227 

the obtained PetCO2 increase (i.e., ΔPetCO2) and %ΔBOLDhc was performed. The slope of 228 

the linear regression within each voxel represents the CVR for that voxel. 229 

 To estimate the relative change in CBV, we first used the %ΔBOLD values from the 230 

hyperoxia condition (%ΔBOLDho) to estimate the M-scaling factor using the hyperoxia-231 

calibrated BOLD model (including the usage of literature standard values) from Chiarelli et 232 

al.40:  233 

𝛥𝛥𝛥𝛥𝛥𝛥𝛥𝛥𝛥𝛥
𝛥𝛥𝛥𝛥𝛥𝛥𝛥𝛥0

= 𝑀𝑀 ∙  �1 −  �𝐶𝐶𝛥𝛥𝐶𝐶
𝐶𝐶𝛥𝛥𝐶𝐶0

�  �� [𝑑𝑑𝑑𝑑𝑏𝑏]𝑣𝑣
[𝑑𝑑𝑑𝑑𝑏𝑏]𝑣𝑣0

�
𝛽𝛽
�� (1) 234 

Where M is a scaling parameter that represents the theoretical maximum signal change. The 235 

subscript “0” refers to baseline conditions and the subscript “v” refers to venous properties. 236 

The change in CBV relates to the change in CBF following the venous coupling exponent α = 237 

0.241: 238 

�𝐶𝐶𝛥𝛥𝐶𝐶
𝐶𝐶𝛥𝛥𝐶𝐶0

� =  �𝐶𝐶𝛥𝛥𝐶𝐶
𝐶𝐶𝛥𝛥𝐶𝐶0

�
𝛼𝛼
    (2) 239 

Because hyperoxia is generally believed to have a negligible effect on the change in CBF, 240 

equation (1) under hyperoxia conditions can be simplified to: 241 

𝛥𝛥𝛥𝛥𝛥𝛥𝛥𝛥𝛥𝛥
𝛥𝛥𝛥𝛥𝛥𝛥𝛥𝛥0

= 𝑀𝑀 ∙  �1 −  � [𝑑𝑑𝑑𝑑𝑏𝑏]𝑣𝑣
[𝑑𝑑𝑑𝑑𝑏𝑏]𝑣𝑣0

�
𝛽𝛽
�  (3) 242 
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This means that the change in BOLD signal under hyperoxia conditions is caused by the 243 

change in venous de-oxyhemoglobin concentration. The change in [dHb]v can be estimated 244 

through standard formulas of oxygen transportation in the blood and by assuming a baseline 245 

oxygen extraction fraction (OEF). The end-tidal oxygen pressure values can be used to infer 246 

the arterial oxygen tension (PaO2). Then, using the Severinghaus equation we can obtain the 247 

arterial oxygen saturation (SaO2)42: 248 

𝑆𝑆𝑆𝑆𝛥𝛥2 = 1

� 23400
�𝑃𝑃𝑃𝑃𝑂𝑂2

3�+150�𝑃𝑃𝑃𝑃𝑂𝑂2�
+1�

    (4) 249 

Now, the arterial oxygen content (CaO2) can be estimated by assuming literature standard 250 

values for: the O2-carrying capacity of hemoglobin (φ: 1.34 ml O2 / ghb in humans), the 251 

concentration of hemoglobin ([Hb]: 15 g Hb / dl blood), and the solubility coefficient of oxygen 252 

in blood (ε: 0.0031 ml O2 / (dl blood * mmHg): 253 

𝐶𝐶𝑆𝑆𝛥𝛥2 =  (𝜑𝜑 ∙ [𝐻𝐻𝐻𝐻] ∙  𝑆𝑆𝑆𝑆𝛥𝛥2) +  (𝑃𝑃𝑆𝑆𝛥𝛥2  ∙  𝜀𝜀) (5) 254 

The venous oxygen content (CvO2) depends on the CaO2 and the OEF. We did not measure 255 

the OEF, but assume a literature standard value of OEF = 0.30 40,43:  256 

𝐶𝐶𝐶𝐶𝛥𝛥2  =  𝐶𝐶𝑆𝑆𝛥𝛥2 −  (𝐶𝐶𝑆𝑆𝛥𝛥2|0  ∙ 𝑂𝑂𝑂𝑂𝑂𝑂)  (6) 257 

The venous oxygen saturation (SvO2) can be estimated as follows: 258 

𝑆𝑆𝐶𝐶𝛥𝛥2 =  𝐶𝐶𝐶𝐶𝑂𝑂2− (𝑃𝑃𝐶𝐶𝑂𝑂2 ∙ 𝜀𝜀)
𝜑𝜑 ∙[𝑑𝑑𝑏𝑏]

    (7) 259 

In equation (7), the PvO2 represents the oxygen dissolved in venous plasma and is believed 260 

to have a negligible small effect. At this point we can estimate the deoxygenated fraction of 261 

[Hb] (F[dHb]) from SvO2: 262 

𝑂𝑂[𝑑𝑑𝑑𝑑𝑏𝑏] = 1 −  𝑆𝑆𝐶𝐶𝛥𝛥2    (8) 263 

The relative change in F[dHb] during hyperoxia conditions represents the [dHb]v/[dHb]v0 ratio 264 

from equation (3), which means that the M scaling parameter can be estimated as follows: 265 

𝑀𝑀 =  
𝛥𝛥𝛥𝛥𝛥𝛥𝛥𝛥𝛥𝛥

𝛥𝛥𝛥𝛥𝛥𝛥𝛥𝛥0�

�1− �
𝐶𝐶[𝑑𝑑𝑑𝑑𝑑𝑑]

𝐶𝐶[𝑑𝑑𝑑𝑑𝑑𝑑]0
� �

𝛽𝛽
�
   (9) 266 
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The “β” represents the influence of deoxygenated hemoglobin on transverse relaxation, and 267 

is estimated at β ≈ 1 for 7 Tesla MRI44,45. 268 

Now with the estimated M-parameters from the hyperoxia condition, we can estimate the 269 

change in venous CBV. The Davis model describes the change in [dHb] as equal to CMRO2 270 

and CBF 20,21: 271 

[𝑑𝑑𝑑𝑑𝑏𝑏]𝑣𝑣
[𝑑𝑑𝑑𝑑𝑏𝑏]𝑣𝑣0

=  𝐶𝐶𝐶𝐶𝐶𝐶𝑂𝑂2
𝐶𝐶𝐶𝐶𝐶𝐶02|0

 ∙  𝐶𝐶𝛥𝛥𝐶𝐶0
𝐶𝐶𝛥𝛥𝐶𝐶

   (10) 272 

Using equations (2) and (10), we can transform equation (1) to: 273 

𝛥𝛥𝛥𝛥𝛥𝛥𝛥𝛥𝛥𝛥
𝛥𝛥𝛥𝛥𝛥𝛥𝛥𝛥0

= 𝑀𝑀 ∙  �1 −  �𝐶𝐶𝛥𝛥𝐶𝐶
𝐶𝐶𝛥𝛥𝐶𝐶0

�
−𝛽𝛽

𝛼𝛼�
 ∙  � 𝐶𝐶𝐶𝐶𝐶𝐶𝑂𝑂2

𝐶𝐶𝐶𝐶𝐶𝐶02|0
�
𝛽𝛽
� (11) 274 

Hypercapnia conditions cause a small metabolic decrease, and was previously estimated to 275 

be approximately a 15% decrease for 90% CBF increase (+22 mmHg CO2). The effect is 276 

believed to scale linearly with CBF increase (and therefore with CO2 inspiration), which is 277 

why we adopt the following values for � 𝐶𝐶𝐶𝐶𝐶𝐶𝑂𝑂2
𝐶𝐶𝐶𝐶𝐶𝐶02|0

� during +3 mmHg, +5 mmHg, +8 mmHg, and 278 

+10 mmHg petCO2: [0.97; 0.95; 0.92; 0.90], respectively46. Now with the estimated M 279 

parameter from the hyperoxia condition, we can estimate ΔCBV as follows: 280 

𝐶𝐶𝛥𝛥𝐶𝐶
𝐶𝐶𝛥𝛥𝐶𝐶0

=  �−  �𝛥𝛥𝛥𝛥𝛥𝛥𝛥𝛥𝛥𝛥 𝛥𝛥𝛥𝛥𝛥𝛥𝛥𝛥0⁄
𝐶𝐶

− 1�
−𝛽𝛽

𝑎𝑎�
� 𝐶𝐶𝐶𝐶𝐶𝐶𝑂𝑂2
𝐶𝐶𝐶𝐶𝐶𝐶02|0

�
1−𝛼𝛼

� � (12) 281 

Statistical analysis 282 

A general linear model (GLM) was constructed that consisted of gas challenge regressors 283 

and nuisance regressors (i.e., motion & physiology parameters). Hypercapnia and hyperoxia 284 

condition t-statistics were calculated on the basis of regression coefficients for the individual 285 

gas challenges. Only voxels that responded significantly to the gas-challenges were selected 286 

for further analyses (p < 0.05, Holm-Bonferroni corrected). Additional masks were imposed 287 

by the ‘laminae mask’ and ‘visual area mask’, which meant that only voxels were selected 288 

that were in range of grey matter cortical layers within visual areas V1, V2, and V3. 289 

Separate linear mixed models (LMM) were constructed with “%ΔBOLDhc”, 290 

“%ΔBOLDho”, “CVR”, “M”, “ΔCBV” as dependent variables, and with the participants as a 291 

random-effects grouping factor. The usage of an LMM analysis allows for the inclusion of 292 

each voxel as a separate observation for each of the metrics. Additionally, the model is 293 
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capable of handling missing values for +3 mmHg and +8 mmHg PetCO2 hypercapnia levels 294 

in 4 participants, which means that all conditions and measurements of all participants could 295 

be included. Each LMM had the following ‘fixed effects’ variables: scan sequence (i.e., GE, 296 

SE); and cortical depth (i.e., scaled laminae estimate). The LMM for %ΔBOLDhc and ΔCBV, 297 

additionally, have a PetCO2 fixed effect variable (i.e., scaled variable of measured PetCO2). 298 

Random slopes were estimated across the participant random effect. The LMMs were fitted 299 

using the restricted maximum likelihood (REML) approach, and the degrees of freedom were 300 

calculated using the Satterthwaite model. The statistical test were performed using JASP 301 

(V.0.15, www.jasp-stats.org).  302 
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Results 303 

Percent signal change 304 

We observed an average increase in percent signal change following the hypercapnia 305 

conditions (F(1,9.9) = 54.17, p < .001). The %ΔBOLDhc differed significantly per scan sequence 306 

(F(1,9.9) = 5.40, p = .043. Figure 3), meaning that the micro- and macro-vasculature on 307 

average produced significantly different BOLD signal amplitudes (mean %ΔBOLDhc GE = 308 

3.85, 95% CI = [3.58, 4.12]; mean %ΔBOLDhc SE = 2.62, 95% CI = [2.39, 2.84]). While taking 309 

both GE and SE into account, there was no effect of cortical depth on %ΔBOLDhc (F(1,9.3) = 310 

1.27, p = .288). However, there was a strong interaction effect of the signal amplitude during 311 

hypercapnia levels with the laminae estimates (F(1,10.0) = 29.06, p < .001), and the additional 312 

three-way interaction with scan sequence (F(1,10.4) = 20.32, p = .001). These results indicate 313 

that %ΔBOLDhc increases more strongly with increased CO2 inspiration at superficial layers 314 

than deeper layers. This effect was more prominent for the GE scan sequence as opposed to 315 

the SE scan sequence (Figure 4). 316 

Figure 3. Volumetric 317 
hypercapnia BOLD 318 
effect. The %ΔBOLDhc is 319 
shown for one participant 320 
(subj02) for 2 321 
hypercapnia levels: +5 322 
mmHg & +10 mmHg 323 
PetCO2 (left-right panels), 324 
as measured with GE 325 
(top panels) and SE 326 
(bottom panels). 327 

 328 
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329 

Figure 4. Percent BOLD signal change hypercapnia. The %ΔBOLDhc is shown across cortical depth for the 4 330 
hypercapnia levels (colors) and 2 scan sequences (left/right panels). The shaded area represents the SEM across 331 
participants. 332 

 The hyperoxia condition also influenced the BOLD signal amplitude %ΔBOLDho (t(7.7) 333 

= 8.97, p < .001; mean %ΔBOLDho GE = 2.48, 95% CI = [1.89, 3.07]; mean %ΔBOLDho SE = 334 

2.28, 95% CI = [1.92, 2.64]). In contrast to the hypercapnia conditions, the %ΔBOLDho 335 

increased from deeper to superficial laminae during both GE and SE scan sequences (F(1,9.7) 336 

= 68.72, p < .001), without there being a difference observed between scan sequences 337 

(F(1,9.6) = 3.90, p = .078), nor an interaction of scan sequence and laminae (F(1,9.2) = 5.01, p = 338 

.052). These results signify that both the micro- and macro-vasculature are highly sensitive to 339 

the relative increase in venous oxyhemoglobin, having the largest effect near the pial surface 340 

(Figure 5). 341 
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Figure 5. Percent BOLD signal 342 
change hyperoxia. The %ΔBOLDho 343 
is shown across cortical depth for the 344 
2 scan sequences (colors). The 345 
shaded area represents the SEM 346 
across participants. 347 

 348 

 349 

 350 

 351 

 352 

 353 

 354 

CVR 355 

The laminae estimates had a significant effect on CVR. Generally, CVR increased towards 356 

the superficial layers (F(1,10.0) = 34.16, p < .001). The increase in CVR towards the superficial 357 

layers was particularly apparent for the GE scan sequence, as shown by the significant 358 

interaction effect between scan sequence and cortical depth factors (F(1,10.0) = 17.02 p = 359 

.002). In contrast, the SE sequence did not show a strong increase in CVR from deeper to 360 

superficial layers (Figure 6). The deeper cortical layers showed on average a CVR estimate 361 

of CVR = 0.39 for GE (95% CI = [0.28, 0.50]) and CVR = 0.18 for SE (95% CI = [0.13, 0.23]), 362 

whereas the superficial cortical layers exhibited CVR estimates of CVR = 0.64 for GE (95% 363 

CI = [0.50, 0.79]) and CVR = 0.25 for SE (95% CI = [0.20, 0.31]). Thus, the increase in CVR 364 

across cortical depth is over a factor of 3 larger for the macro-vasculature than the micro-365 

vasculature. 366 

 367 

 368 

 369 
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M-scaling 370 

We estimated the M-value based on the %ΔBOLDho and the PetO2 trace during hyperoxia 371 

(Figure 7). The M-scaling parameter increased strongly across cortical depth, peaking near 372 

the GM/CSF border (F(1,10.0) = 75.79, p < .001). However, a difference between scan 373 

sequences was not observed (F(1,9.9) = 0.54, p = .479). M-scaling parameter estimates reveal 374 

a substantial maximum signal change capacity for both scan sequences (mean M-scaling GE 375 

= 14.28, 95% CI = [11.87, 16.69]; mean M-scaling SE = 12.26, 95% CI = [10.58, 13.94]). We, 376 

additionally, observed an interaction effect of scan sequence and cortical depth (F(1,9.8) = 377 

9.88, p = .011). This interaction effect reflects the fact that no difference in M-scaling at 378 

deeper cortical laminae between GE and SE sequences was observed (mean M-scaling 379 

deeper laminae GE = 10.74, 95% CI = [8.84, 12.65]; SE = 10.38, 95% CI = [8.64, 12.62]; 380 

post-hoc z = 0.45 ,p = .653), while M-scaling was significantly larger at superficial laminae for 381 

GE compared to SE (mean M-scaling deeper laminae GE = 17.81, 95% CI = [14.73, 20.88]; 382 

SE = 14.14, 95% CI = [12.22, 16.05]; post-hoc z = 2.97 ,p = .009). 383 

ΔCBV 384 

Our ΔCBV estimate shows a significant effect of different hypercapnia levels (F(1,10.2) = 28.63, 385 

p < .001), which is representative of an increase in ΔCBV with increased levels of inspired 386 

CO2 (Figure 8). We, additionally, observed an interaction effect of hypercapnia levels with the 387 

scan sequence (F(1,9.3) = 8.61, p = .016) as the ΔCBV increase is approximately 1.35 times 388 

Figure 6. CVR. The CVR is shown across cortical 

depth for the 2 scan sequences (colors). The 

shaded area represents the SEM across 

participants. 

 

Figure 7. M-scaling. The theoretical maximum 

signal intensity “M” is shown across cortical 

depth for the 2 scan sequences (colors). The 

shaded area represents the SEM across 

participants. 
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larger for GE (mean %ΔCBV = 10.1, 95% CI = [8.1, 12.2]), compared to SE (mean %ΔCBV = 389 

7.4, 95% CI = [6.5, 8.2]). We did not observe a difference in ΔCBV across cortical depth 390 

(F(1,15.5) = 0.23, p = .637). Thus, even though the different hypercapnia levels led to a gradual 391 

increase in CBV, this relative increase was approximately uniform across cortical depth. 392 

393 

Figure 8. ΔCBV. The ΔCBV in percentages is shown across cortical depth for the 4 hypercapnia levels (colors) 394 
and 2 scan sequences (left/right panels). The shaded area represents the SEM across participants. 395 
  396 
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Discussion 397 

General discussion 398 

In the current study, we quantify the different effects that macro- and micro-vascular 399 

organization have on laminar fMRI BOLD signal. We find that increasing levels of 400 

hypercapnia result in increasing percent signal changes for both the macro- and micro-401 

vasculature. However, the effect of hypercapnia on the BOLD signal is strongly dependent 402 

on cortical depth, as well as the different vascular compartments from which the signal 403 

originates. This effect is signified by the increasing CVR across cortical depth as sampled 404 

from the macro-vasculature. CVR estimates from the micro-vasculature do not show much 405 

difference in vessel dilation capacity across cortical depth. The hyperoxia condition also 406 

leads to an increase in percent signal change, which together with the PetO2 trace allows for 407 

an estimation of the maximum theoretical BOLD signal: M-scaling. We find that M-scaling 408 

values increase strongly from deeper to more superficial layers. This trend was observed for 409 

both the micro- and macro-vasculature, albeit that the trend is significantly steeper for the 410 

macro-vasculature. Finally, we observed that increased levels of hypercapnia lead to an 411 

increase in ΔCBV, which is significantly more pronounced in the macro- versus the micro-412 

vasculature. We did not observe that the relative change in CBV differs across cortical depth. 413 

Hyperoxia and the theoretical maximal BOLD signal change 414 

We observe a mean increase in percent BOLD signal change following the hyperoxia 415 

condition of +350 mmHg PetO2 increase, in line with previous hyperoxia reports40,47–50. The 416 

increase in PetO2 presented here, equates to an air mixture consisting of roughly 60% O2, 417 

which is considered mild hyperoxia. It has previously been reported that mild cases of 418 

hyperoxia have a negligible effect on CBF47,50,51. This assumption allows for the estimation of 419 

the theoretical maximal percent signal change (M-scaling) per voxel on the basis of the 420 

hyperoxia BOLD signal change and the measured PetO2 values. We find that both the 421 

macro-vasculature as well as the micro-vasculature are capable of generating a large BOLD 422 

signal change, purely on the basis of a relative venous oxyhemoglobin increase. Additionally, 423 

we find that the theoretical maximal BOLD signal change is lower at the deeper compared to 424 

the superficial cortical layers, ranging from 9 – 21 for the macro-vasculature and 9 – 16 for 425 

the micro-vasculature in line with previous high-field M estimations15,45,52. The M-scaling 426 

increase with cortical depth is logically reconcilable with the GE scan sequence, since GE 427 

scans are disproportionally sensitive to larger veins near the pial surface, increasing the 428 

maximum signal intensity. However, the increase in M-scaling across cortical depth was also 429 

seen for the SE scan sequence, albeit with a smaller slope. This either means that the 430 
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venous oxyhemoglobin increase differs across cortical depth independent from vascular 431 

compartment size, or that our SE scan sequence was unintentionally sensitive to vascular 432 

compartments larger than the capillary bed only. 433 

Cerebrovascular reactivity (CVR) 434 

CVR is commonly used to describe vessel dilation properties17. Here we show that the 435 

macro-vasculature as measured by the GE scan sequence has a greater capacity for vessel 436 

dilation than the micro-vasculature as measured by the SE scan sequence. As the largest of 437 

the veins reside near the pial surface, we see that CVR increases for the macro-vasculature 438 

from deeper towards superficial cortical layers. This effect was not observed for the micro-439 

vasculature. These findings indicate that capillaries and possibly smaller venules have a 440 

smaller capacity for dilation. Where similar CVR dilation properties for micro- and macro-441 

vessels are observed for deeper cortical laminae, the macro-vasculature shows on average 442 

three times as much capacity for dilation than the micro-vasculature. Since CVR is often 443 

interpreted as a proxy for vessel health, high-spatial resolution vessel health measurements 444 

based on CVR should correct for the different dilation properties of differently sized vascular 445 

compartments across cortical depth. Additionally, the current findings implicate that neural 446 

signals as conveyed by the neurovascular coupling from smaller vascular compartments are 447 

limited by the maximum dilation capacity of capillaries26. The M-scaling parameter, however, 448 

indicates that the micro-vasculature is capable of generating a BOLD signal change 449 

comparable to the macro-vasculature. The fact that large BOLD signals from smaller 450 

vascular compartments are not frequently observed11,53, likely stems from the inability of the 451 

smallest vessels to dilate in a similar fashion as larger vessels. 452 

Cerebral Blood Volume (CBV) 453 

Through the measurements of BOLD signal change during hypercapnia levels, the PetCO2 454 

trace, and the estimation of the M-scaling parameter, we have been able to estimate the 455 

relative change in CBV. A clear increase in CBV is seen for increasing levels of inspired CO2, 456 

which causes vessels to dilate. A relative increase of 12.5% CBV is seen during the highest 457 

hypercapnia level (i.e., +10 mmHg PetCO2) for the macro-vasculature. The same 458 

hypercapnia level as measured from the micro-vasculature causes on average 8.5% CBV 459 

change. Contrary to the other metrics of the current study, we find no significant difference in 460 

the CBV change across cortical depth. However, a small dip in ΔCBV around the middle 461 

cortical layers can be observed (Figure 5), which has previously been observed with direct 462 

ΔCBV measurements, albeit with different experiment conditions54,55. Possibly, the absence 463 

of clear CBV changes across cortical depth is indicative of a conservation of matter (i.e., 464 
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blood volume in this case): “what goes in, must come out”. This means that in all cortical 465 

layers a comparable relative CBV increase can be expected in early visual cortex following 466 

vasoactive stimuli, albeit that the absolute change in CBV likely scales with vessel diameter. 467 

Limitations 468 

There are several limitations to this study that need to be mentioned. First, we have not been 469 

able to obtain all four hypercapnia levels (i.e., +3 mmHg, +5 mmHg, +8 mmHg, and +10 470 

mmHg PetCO2) for all participants. All participants have engaged in the +5 mmHg and +10 471 

mmHg PetCO2 breathing challenges, meaning that current results of CVR and ΔCBV may be 472 

skewed towards these conditions. However, missing values were dealt with by employing 473 

LMMs for statistical modeling, thereby including all available observations of the petCO2 and 474 

estimating random slopes per participant. A second limitation concerns the spatial resolution 475 

of the SE scan sequence, which entailed a 1.5 mm isotropic voxel size. This spatial 476 

resolution was selected to attain a sufficiently large SNR, but simultaneously increases 477 

partial voluming effects that can result in a blurring of cortical laminae and the inclusion of 478 

white matter and CSF signals. The last limitation hinges on the assumptions made to 479 

estimate the M-scaling parameter and subsequent ΔCBV values. Several of the assumed 480 

literature standard values are rarely debated (e.g., the O2-carrying capacity of hemoglobin, 481 

the concentration of hemoglobin in blood, and the solubility coefficient of oxygen in blood). 482 

However, standard values for the OEF, change in CMRO2 during hypercapnia, transverse 483 

relaxation parameter β, and CBF/CBV coupling constant α are less well agreed upon. 484 

Current M-scaling and ΔCBV results are likely dependent on the assumed parameter values. 485 

Conclusions 486 

 Laminar BOLD fMRI is affected by vascularization differences that exist across cortical 487 

depth. In the current study, we reveal that macro- and micro-vascular compartments are 488 

capable of generating comparable percent BOLD signal changes across cortical depth. 489 

However, the macro-vascular compartments show a threefold capacity for dilation in the 490 

superficial cortical layers compared to the micro-vascular compartments. Additionally, the 491 

relative change in CBV is 1.35 times larger for the macro- versus micro-vasculature. This 492 

finding was unaffected by cortical depth, indicating that the change in CBV is not relatively 493 

larger for pail draining veins compared to smaller vessels in early visual cortex. 494 

  495 
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