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Original Article

The many layers of BOLD. The effect
of hypercapnic and hyperoxic stimuli
on macro- and micro-vascular
compartments quantified by CVR,
M, and CBV across cortical depth

Wouter Schellekens1 , Alex A Bhogal1 , Emiel CA Roefs1 ,
Mario G Báez-Yá~nez1, Jeroen CW Siero1,2 and
Natalia Petridou1

Abstract

Ultra-high field functional magnetic resonance imaging (fMRI) offers the spatial resolution to measure neuronal activity at

the scale of cortical layers. However, cortical depth dependent vascularization differences, such as a higher prevalence of

macro-vascular compartments near the pial surface, have a confounding effect on depth-resolved blood-oxygen-level

dependent (BOLD) fMRI signals. In the current study, we use hypercapnic and hyperoxic breathing conditions to quantify

the influence of all venous vascular and micro-vascular compartments on laminar BOLD fMRI, as measured with

gradient-echo (GE) and spin-echo (SE) scan sequences, respectively. We find that all venous vascular and micro-

vascular compartments are capable of comparable theoretical maximum signal intensities, as represented by the

M-value parameter. However, the capacity for vessel dilation, as reflected by the cerebrovascular reactivity (CVR), is

approximately two and a half times larger for all venous vascular compartments combined compared to the micro-

vasculature at superficial layers. Finally, there is roughly a 35% difference in estimates of CBV changes between all venous

vascular and micro-vascular compartments, although this relative difference was approximately uniform across cortical

depth. Thus, our results suggest that fMRI BOLD signal differences across cortical depth are likely caused by differences

in dilation properties between macro- and micro-vascular compartments.
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Introduction

The human cortex is made up of several different
layers. These layers can be distinguished on the basis
of different neuronal cell types, as well as their connec-
tions with other cortical areas or sensory organs.1

Consequently, the different cortical layers are hypoth-
esized to account for different sub-processes in brain
functioning and human behavior at large.2 Functional
magnetic resonance imaging (fMRI) is one of the most
powerful tools for studying brain function in both
healthy and diseased individuals non-invasively.
Recent advances in ultra-high field MRI (i.e., magnetic
field strength �7 tesla) allow for the investigation of

layer-specific neuronal activity in humans.3,4 The
majority of fMRI studies use the blood-oxygen-level
dependent (BOLD) contrast to investigate neuronal
functions due to its superior sensitivity.5 However,
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the BOLD signal is an indirect measure of neuronal
activity, as the signal primarily originates from differ-
ences in the ratio of oxy-hemoglobin [Hb] and deoxy-
hemoglobin [dHb], which can be observed through T2
and T2* relaxation times. The change in [Hb]/[dHb]
ratio following neuronal activity is mainly caused by
increases in cerebral blood flow (CBF) and cerebral
blood volume (CBV), resulting from vessel dilation in
the capillary beds, venules, and larger veins, as well as
increases in the cerebral metabolic rate of oxygen
(CMRO2).

6,7

Despite the indirect representation of neuronal
activity, BOLD fMRI is known to correspond well
with neuronal electrophysiological recordings (local
field potentials (LFP) in particular) in both animals
and humans.8–10 Thus, different vascular characteris-
tics between differently sized venous vascular compart-
ments (e.g., CBF or CBV differences between
capillaries, venules and veins) do not prevent the utili-
zation of the BOLD signal as an adequate proxy for
neuronal activation in conventional fMRI studies.
However, fMRI measurements at the spatial resolution
of cortical layers (i.e., depth-resolved, or laminar
fMRI) are affected by the vasculature at a different
level. The vascular architecture changes across cortical
depth, which introduces a confounding correlation
between different vascular compartments and the dif-
ferent cortical layers.11,12 This is particularly problem-
atic for the most commonly used fMRI acquisition
sequence: gradient-echo (GE) BOLD. GE BOLD is
sensitive to all venous vascular compartments (i.e.,
capillaries, venules, veins), but the signal magnitude
scales with vessel diameter.13–17 GE BOLD, therefore,
is disproportionally sensitive to larger (draining) veins,
which predominantly reside near the cortical pial sur-
face. This hypersensitivity to macro-vascular compart-
ments leads to an increase in BOLD signal responses
measured at superficial layers, while simultaneously
suffering from a decrease in specificity to the true site
of neuronal activation, since the largest veins pool
blood from extended regions of cortex.18 Therefore,
even the normalization of the raw GE BOLD signal
(i.e., to % signal change), cannot compensate for the
fact that neuronal populations of different sizes, repre-
sented through different vascular compartments, con-
tribute to the BOLD signal differently across cortical
depth. The field of laminar fMRI is currently lacking a
quantification of the effect of different vascular com-
partments on the BOLD signal at the laminar level.
Here, we address this topic by conducting fMRI meas-
urements in which we record from macro- and micro-
vascular compartments across cortical depth, while
applying vasoactive stimuli to characterize the

confounding correlation between differently sized vas-
cular compartments and the BOLD signal.

We capitalize on the increased BOLD contrast-
to-noise ratio (CNR) afforded at 7 tesla along with
boosted sensitivity obtained using a high-density sur-
face receive array19 to acquire GE and spin-echo (SE)
BOLD fMRI measurements at different cortical
depths. Where the GE BOLD signal magnitude is
skewed towards the macro-vasculature, the SE BOLD
signal is generally believed to reflect signals originating
from the micro-vasculature (i.e., mostly capillaries
and smaller arterioles and venules) at high field
strengths.16,20,21 Unlike the macro-vasculature, the
micro-vasculature distribution is approximately uni-
form across cortical depth, and is not believed to be
capable of vessel dilation in a similar fashion as larger
veins.11,12,22 To characterize the effects of vasoactive
stimuli on macro- and micro-vascular compartments,
we manipulate the CBF and CBV by increasing the
arterial pressure of CO2, a potent vasodilator, in a con-
trolled manner using a computer-controlled gas deliv-
ery system.23–25 Increases in CBF and CBV decrease
the relative venous [dHb] content, which leads to a
BOLD signal increase. Administration of an hyperoxic
stimulus by increasing the inhaled concentration of O2

causes a relative increase in the venous concentration
of [Hb] without corresponding vessel dilation, which
also leads to a BOLD signal increase. Besides the esti-
mation of the BOLD signal change as a result of vaso-
active stimulation, the hypercapnia and hyperoxia
breathing conditions were used to estimate changes in
cerebral vascular reactivity (CVR), which represents
the capacity for vessel dilation;26–28 the M-value, reflec-
tive of the theoretical maximal BOLD signal
change;29,30 and the change in relative CBV during sep-
arate levels of hypercapnia.24,31 With these parameters,
we can quantify to what extent the amplitude of the
BOLD response is caused by a vessel’s capacity for
dilation (CVR), the maximum venous oxygen content
(M-value), and the relative CBV increase.

We expect a BOLD signal increase (%DBOLD) for
all vascular compartments as sampled differently by
GE and SE BOLD, during both hypercapnic and
hyperoxic breathing conditions across cortical depth.
However, the %DBOLD as well as CVR, M-value,
and DCBV sampled from all venous cortical vessels
(GE BOLD) are hypothesized to increase from deep
to superficial layer estimates, but not for micro-
vascular compartments (SE BOLD). Finally,
vasculature-dependent ratios for CVR, M-value, and
DCBV are calculated, describing the effective relative
contribution of these metrics observed in different vas-
cular compartments to laminar BOLD fMRI.
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Methods

Participants

Eleven healthy volunteers (N¼ 11, age range 18–42 y,
mean age¼ 24.3 y, Female¼ 8) participated in this
study after giving written informed consent. All partic-
ipants declared that they did not experience breathing
difficulties under normal conditions and had not been
diagnosed with (cerebro)vascular-related illnesses. The
experimental protocol was approved by the local ethics
committee of the University Medical Center Utrecht
(UMCU) in accordance with the Declaration of
Helsinki (2013) and the Dutch Medical Research
Involving Human Subjects Act.

Breathing protocol

During the acquisition of the functional BOLD
time-series (see details below), we administered specific
breathable gas mixtures to the participants.
Hypercapnia and hyperoxia conditions were achieved
by increasing the CO2 and O2 gas concentrations,
respectively. Partial pressure end-tidal (Pet)CO2 and
PetO2 values were targeted using a computer-
controlled gas blender and sequential gas delivery
system. (3rd generation RespirActTM, Thornhill
Research Inc, Toronto, Canada). A 697 s breathing
task was performed consisting of the following 4
parts: (1) 200 s baseline period with participant-
specific targeted PetCO2 values. (2) 120 s hypercapnia
period of þ5mmHg PetCO2 increase. (3) 120 s hyper-
capnia period of þ10mmHg PetCO2 increase. (4) 120 s
hyperoxia period of þ350mmHg PetO2 increase
(Figure 1(a)). The breathing task was performed
twice by all participants: once for each scan acquisition
sequence (i.e., GE and SE). For several participants,
the experiments were repeated during the same session
with þ5mmHg and þ10mmHg PetCO2 hypercapnia
conditions replaced by þ3mmHg and þ8mmHg
PetCO2 increases (Supplementary material I). The
participant-specific baseline PetCO2 calibration was
estimated before scanning. Finally, participants were
also shown brief visual stimuli (200ms) that were pre-
sented at random intervals (mean frequency of stimulus
presentation was 0.1Hz) throughout the entire task.
The results of the visual stimulus were not analyzed
here, and only the effects of the vasoactive stimuli are
reported hereafter.

Scan protocol

Scanning was performed using a 7T Philips Achieva
scanner (Philips Healthcare, Best, the Netherlands)
with two 16-channel high-density surface receive

Figure 1. Breathing protocol. a) For 1 participant (subj08) the
RespirActTM measured breathing traces are shown for PetCO2

(top panel) and PetO2 (bottom panel). The dashed lines depict
the hypercapnic conditions (þ5mmHg & þ10mmHg PetCO2),
and the hyperoxic condition (þ350mmHg PetO2). For 7
participants the experiment was repeated with the þ5mmHg
and þ10mmHg PetCO2 hypercapnic conditions replaced by
þ3mmHg and þ8mmHg PetCO2, respectively. b) functional
timeseries (subj08) of 100 best voxels on the basis of t-statistics
from GE BOLD (top panel) and 50 best voxels from SE BOLD
(bottom panel). This particular set of voxels is selected for
display purposes only, while the analysis was performed on the
selection of statistically significant voxels (see also Statistical
analysis). The mean timeseries is depicted by the thick red line.
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arrays.19 Anatomical scans consisted of a T1-weighted
volume: MPRAGE with field of view (FOV): anterior-
posterior (AP)� inferior-superior (IS)� right-left
(RL)¼ 40� 159� 159mm3, which covered the posteri-
or part of the brain (occipital lobe/early visual cortex),
voxel size: of 0.8� 0.8� 0.8mm3, and TR/TE¼ 7.0/
2.97ms. T1-weighted volumes at high field strength
can experience substantial intensity inhomogeneities.
Therefore, a proton density (PD) volume of equal
dimensions was acquired to correct for these large-
scale intensity inhomogeneities. Finally, three T2*-
weighted flow-compensated anatomical volumes were
acquired with similar coverage using 3D-EPI32: FOV
AP� IS�RL¼ 40� 161� 161mm3 and 0.5� 0.5�
0.5mm3 voxel size, TR/TE¼ 56/30ms. Both magnitude
and phase volumes were reconstructed.

Functional volumes were acquired with GE and SE
echo planar imaging (EPI). The GE volumes were
acquired with SENSE-factor¼ 4.0, EPI-factor¼ 31,
water-fat chemical shift¼ 30 pixels, TR/TE¼ 850/
27ms, flip-angle (FA)¼ 50�, voxel size¼ 1.0� 1.0�
1.0mm3, FOV AP� IS�RL¼ 7� 128� 128mm3,
covering a portion of early visual cortex within the
occipital lobe. The SE volumes were acquired with
the following parameters: SENSE-factor¼ 2.0, EPI-
factor¼ 63, water-fat chemical shift¼ 45 pixels, TR/
TE¼ 850/50ms, FA¼ 90�, voxel size¼ 1.5� 1.5�
1.5mm3, FOV AP� IS�RL¼ 7.5� 190� 190mm3.
A lower spatial resolution for SE volumes was chosen
to increase the signal-to-noise ratio (SNR), approxi-
mating the SNR of our GE volumes, while maintaining
settings for SENSE-factor33 and water-fat chemical
shift34 within acceptable ranges. During a single ses-
sion, a maximum of four fMRI time series (i.e.,
2�GE and 2� SE) were recorded, during which the
different breathing protocols were applied. Each time
series consisted of 820 volumes (duration¼ 697 s per
time series, Figure 1(b)). For both GE and SE sequen-
ces, 5 volumes with reversed phase encoding were
acquired to correct for geometric distortions. During
all acquisitions, respiration was measured with a

respiratory belt around the chest, and blood pulsation

with a peripheral pulse unit (PPU). The respiration and

PPU measurements were used to calculate the respira-

tion volume per time (RVT) and beats per minute

(BPM).35

Preprocessing

The T1-weighted volume was divided by the PD

volume to correct for large-scale intensity inhomogene-

ities.36 Afterwards, the T1-weighted volume was

resampled to a resolution of 0.2mm3 isotropic voxel

size to estimate cortical layers at high spatial resolution

(Figure 2). The cortex was divided into 20 equivolumet-

ric layers using the LayNii software package.37 The

term ‘layers’ should not be taken to represent architec-

tonic layers distinguishable with histology. Here,

‘layers’ merely reflect discrete cortical depth levels.
The three T2*-weighted volumes were first realigned

and averaged to increase SNR. The mean T2*-weight-

ed volume was used to segment large veins, which have

a near-zero intensity due to the low T2* value of

blood and, therefore, appear black within the volume

(Figure 2(a)). The vein segmentation was performed

twice with different software packages that produced

complementary results. First, large veins were estimat-

ed on the magnitude volume with Braincharter.38

Second, large veins were estimated again with

Nighres39 on a quantitative susceptibility map

(QSM). The QSM was reconstructed by Laplacian-

based unwrapping and SHARP background filtering

of the phase volume,40,41 and subsequently an iterative

rapid two-step dipole inversion method.42 Both vein

segmentation methods were combined by the union

of the two separate vein masks to obtain the final esti-

mated pial vein volume (Figure 2(c)).
A region-of-interest (ROI) approach was adopted,

consisting of the primary visual cortex (V1) and

extra-striate areas V2 and V3. Estimates of early

visual cortical areas V1, V2, and V3 were constructed

using a whole-brain 3 tesla T1-weighted volume that

Figure 2. Volumetric maps. For 1 participant (subj09) the T2*-weighted anatomical volume (a), the layers segmentation (b), the pial
vein estimation (c), and the visual area ROIs (d) are shown. Of the visual area ROIs, only V1, V2, and V3 were included.

422 Journal of Cerebral Blood Flow & Metabolism 43(3)



was available for the participants. A white and grey
matter cortical surface was estimated on the 3T
T1-weighted volume with Freesurfer (https://surfer.
nmr.mgh.harvard.edu). The cortical surface recon-
structions were then used to generate surface-based
visual area maps using the anatomically defined
Benson atlas of visual areas with Neuropythy
(https://github.com/noahbenson/neuropythy).43 The
visual area maps were projected back to volumetric
space, and through a co-registration of 3T and 7T
T1-weighted volumes using AFNI’s 3dAllineate, trans-
formed to 7T T1-weighted space (Figure 2(d)).

All functional volumes were corrected for rigid body
head motion with AFNI’s 3dvolreg (afni.nimh.nih.
gov). The EPI geometric distortions were corrected
using AFNI’s 3dQwarp. The EPI distortion correction
and the motion correction were simultaneously applied
in a single interpolation step using 3dNwarpApply to
generate motion-corrected undistorted functional time
series.44,45 An affine registration was then performed
between the mean volume of the functional time-
series and the T1-weighted anatomical volume using
antsRegistration (http://stnava.github.io/ANTs/).46

The inverse of this transformation matrix was used to
transform the previously computed cortical depth
mask, pial vein mask, and V1, V2, V3 ROIs to the
origin and dimensions of the functional volumes
using a nearest-neighbor interpolation. Lastly, the
time series were spatially smoothed using a Gaussian
kernel with full-width-at-half-maximum (FWHM)¼
2.35mm, whilst being restricted to a cortical depth
bin and ROI. Thus, spatial smoothing only was applied
to voxels within the same cortical depth bin and the
same ROI. Here, for spatial smoothing (and later sta-
tistical analyses), the 20 originally created equivolumet-
ric layers were downscaled to 3 cortical depth bins (i.e.,
deep, middle, and superficial cortical layers) as follows:
18 cortical depth bins were selected by removal of the
top and bottom layers levels (corresponding to white
matter and cerebrospinal fluid (CSF) voxels), which
were divided into 3 cortical depth bins, i.e., a down
sampling of the remaining 18 cortical depth bins by a
factor of 6. This smoothing procedure prevented the
blurring of voxel data between different cortical
depth levels or visual areas. The functional time series
were then high-pass filtered using a discrete cosine
transform filtering with a cut-off at 0.003Hz and re-
scaled to percent signal change (%BOLD) afterwards.

FMRI data analysis

Estimates of the change in percent BOLD (%DBOLD)
for each of the hypercapnia and hyperoxia levels were
calculated using a general linear model (GLM). The
GLM regressors consisted of a binary time series for

each available breathing condition and a set of nui-
sance regressors consisting of 6 rigid-body head
motion parameters and the RVT and BPM. We used
binary regressors for the breathing conditions (i.e.,
value of 1 during the respective condition, 0 otherwise)
in order to separate the connected hypercapnia condi-
tions, and obtain regression coefficients for both.
A second benefit of the binary gas condition regressors
is that they are not affected by any residual transient
signal changes (e.g. caused by movements), but rather
fit the average plateau of the 2 minute hypercapnia and
hyperoxia conditions. The regression coefficients
during each breathing condition after significance
thresholding (see statistical analysis) serve as %D
BOLD for each voxel. The %DBOLD values for the
hypercapnia conditions (i.e., %DBOLDhc) were then
used to calculate CVR. For each voxel within partic-
ipants, a linear regression was performed between the
measured %DBOLDhc and PetCO2 increase (i.e.,
DPetCO2 (mmHg)). The CVR, thus, represents the
linear relationship of %BOLD and hypercapnic vaso-
active stimulation for each voxel.27,47–49

To estimate the relative change in CBV, we first used
the %DBOLD values from the hyperoxia condition (%D
BOLDho) to estimate the M-value using the hyperoxia-
calibrated BOLD model from Chiarelli et al.:50

DBOLD
BOLD0

¼ M � 1� CBV

CBV0

� � ½dHb�v
½dHb�v0

 !b
0
@

1
A

0
@

1
A (1)

Where M is a scaling parameter that represents the
[dHb]-driven theoretical maximum signal change. The
subscript “0” refers to baseline conditions, and the sub-
script “v” refers to venous properties. The “b” repre-
sents the influence of deoxygenated hemoglobin on
transverse relaxation, and is estimated at b� 1 for
7 tesla MRI.51–53 In the following equations we use
b¼ 1, similar to a previous 7T laminar vascular space
occupancy (VASO) MRI study.24 The change in CBV
relates to the change in CBF following the Grubb’s
law.54 Here, we assume a CBF/CBV coupling exponent
a¼ 0.2, which has previously been estimated to reflect
venous properties:55

CBV

CBV0

� �
¼ CBF

CBF0

� �a

(2)

Because hyperoxia is generally believed to have a
negligible effect on the change in CBF,50 equation (1)
under hyperoxia conditions can be simplified to:

DBOLD
BOLD0

¼ M � 1� ½dHb�v
½dHb�v0

 !b
0
@

1
A (3)
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This means that the change in BOLD signal under
hyperoxia conditions is a function of the change in
venous de-oxyhemoglobin concentration ([dHb]v) and
the M-value (scalar). The change in [dHb]v can be esti-
mated through standard formulas of oxygen transpor-
tation in the blood and by assuming a baseline oxygen
extraction fraction (OEF). The M-value can be estimat-
ed by the following equation:48,54,55

49M ¼
DBOLD
BOLD0

1� F dHb½ �
F dHb½ �0

� �b� � (4)

The relative change in fractional [dHb] (F[dHb])
during hyperoxia conditions represents the [dHb]v/
[dHb]v0 ratio from equation (3). The equations neces-
sary to calculate the fractional change in [dHb] are
given in Supplementary Material II.

With the estimated M-value from the hyperoxia
condition, we can estimate the change in venous
CBV. The Davis model, which is particularly appropri-
ate for hypercapnia conditions, describes the change
in [dHb] as a function of the change in CMRO2

and CBF:29,30

½dHb�v
½dHb�v0

¼ CMRO2

CMR02j0
� CBF0

CBF
(5)

Using equations (2) and (5), we can transform equa-
tion (1) to:

DBOLD
BOLD0

¼ M � 1� CBV

CBV0

� ��b
a

� CMRO2

CMR02j0

 !b
0
@

1
A (6)

Hypercapnia conditions cause a small metabolic
decrease, and was previously estimated to be approxi-
mately a 15% decrease for 90% CBF increase
(þ22mmHg CO2).

57 The effect is believed to scale lin-
early with CBF increase (and therefore with CO2 inspi-
ration), which is why we adopt the following values for

CMRO2

CMR02j0

� �
during þ3mmHg, þ5mmHg, þ8mmHg, and

þ10mmHg PetCO2: [0.97; 0.95; 0.92; 0.90], respective-
ly.56 Now with the estimated M-value from the hyper-
oxia condition, we can estimate the change in CBV
relative to baseline (i.e., CBV/CBV0¼DCBV) as
follows:

CBV

CBV0
¼ � DBOLD=BOLD0

M
� 1

� ��b
a

=
CMRO2

CMR02j0

 !1�a
0
@

1
A
(7)

Statistical analysis

A GLM was constructed that consisted of gas chal-
lenge regressors and nuisance regressors (i.e., motion
& physiology parameters). Hypercapnia and hyperoxia
condition t-statistics were calculated on the basis of
regression coefficients for the individual gas challenges.
Only voxels that responded significantly to the gas-
challenges were selected for further analyses (p< 0.05,
Holm-Bonferroni corrected). Additional masks were
imposed by the cortical depth and ROI mask, thereby
including only those voxels that were in range of
grey matter cortical layers within visual areas V1, V2,
and V3.

Separate linear mixed models (LMM) were con-
structed with “%DBOLDhc”, “%DBOLDho”, “CVR”,
“M”, “DCBV” as dependent variables, and with the
participants as a random-effects grouping factor. The
usage of an LMM analysis allows for the inclusion of
each voxel as a separate observation for each of the
metrics. Additionally, the model is capable of handling
missing values for þ3mmHg and þ8mmHg PetCO2

hypercapnia levels. Therefore, all conditions and meas-
urements of all participants can be included. Each
LMM had the following ‘fixed effects’ variables: scan
sequence (i.e., GE, SE), and cortical depth (i.e., values
ranging from 1 to 3 for each cortical depth bin). The
LMM for %DBOLDhc and DCBV, additionally, have
the measured PetCO2 as a fixed effect variable. Please
note, that the significance test for the effect of PetCO2

on %DBOLDhc and the test for CVR are a closely
related, but not identical: if all hypercapnia levels
cause a similar increase in %DBOLDhc, this may
result in a significant effect of PetCO2 on %D
BOLDhc, whereas the CVR (i.e., the slope of
DPetCO2 and %DBOLDhc) will then be zero and,
therefore, not significant. Random slopes of the
LMMs were estimated across the participant random
effect. The LMMs were fitted using the restricted max-
imum likelihood (REML) approach, and the degrees of
freedom were calculated using the Satterthwaite model.
The statistical tests were performed using JASP
(V.0.15, www.jasp-stats.org).

Results

GE & SE %DBOLD for vasoactive stimuli across
cortical depth

We observed an average increase in GE and SE BOLD
percent signal change following the hypercapnia con-
ditions (i.e., þ3mmHg, þ5mmHg, þ8mmHg, and
þ10mmHg: F(1,9.9)¼ 54.17, p< .001). The %D
BOLDhc differed significantly between GE and SE
(F(1,9.9)¼ 5.40, p¼ .043. Figure 3), indicating that the

424 Journal of Cerebral Blood Flow & Metabolism 43(3)

http://www.jasp-stats.org


measurements from all venous vessels produced on

average significantly different BOLD signal amplitudes

compared to measurements from the micro-vasculature

(mean %DBOLDhc GE¼ 3.85%, 95% CI¼ [3.58%,

4.12%]; mean %DBOLDhc SE¼ 2.62%, 95% CI¼
[2.39%, 2.84%]). We find a strong interaction effect

of %DBOLDhc with cortical depth (F(1,10.0)¼ 29.06,

p< .001) and a significant three-way interaction of

%DBOLDhc, cortical depth and scan sequence

(F(1,10.4)¼ 20.32, p¼ .001). These results indicate that

%DBOLDhc increases more strongly with increased

CO2 inspiration at superficial layers than deeper

layers. This effect was prominent for GE BOLD as

opposed to SE BOLD (Figure 4).
The hyperoxia condition also increased %D

BOLDho (t(7.7)¼ 8.97, p< .001; mean %DBOLDho

GE¼ 2.48%, 95% CI¼ [1.89%, 3.07%]; mean %D
BOLDho SE¼ 2.28%, 95% CI¼ [1.92%, 2.64%]). In

contrast to the hypercapnia conditions, %DBOLDho

increased from deeper to superficial layers during

both GE and SE BOLD acquisitions (F(1,9.7)¼ 68.72,

p< .001), without detecting a difference between scan

sequences (F(1,9.6)¼ 3.90, p¼ .078), nor an interaction

of scan sequence and cortical depth (F(1,9.2)¼ 5.01,

p¼ .052). These results signify that BOLD responses

originating from macro- and micro-vascular compart-

ments alike are all sensitive to the relative increase in

[Hbv], having the largest effect near the pial surface

(Figure 5).

CVR across cortical depth and vascular

compartments

CVR changed significantly across cortical depth.

Generally, CVR increased towards the superficial

layers (F(1,10.0)¼ 34.16, p< .001). This increase was

particularly apparent for GE BOLD, as shown by the

significant interaction effect between scan sequence and

cortical depth (F(1,10.0)¼ 17.02 p¼ .002). In contrast,

SE BOLD exhibited a small increase in CVR from

deeper to superficial layers (Figure 6(a)). The deeper

cortical layers showed an average estimate of

CVR¼ 0.39%DBOLD/mmHg for GE (95% CI¼
[0.28%DBOLD/mmHg, 0.50%DBOLD/mmHg]) and

CVR¼ 0.18%DBOLD/mmHg for SE (95% CI¼
[0.13%DBOLD/mmHg, 0.23%DBOLD/mmHg]),

whereas at superficial cortical layers values were

CVR¼ 0.64%DBOLD/mmHg for GE (95% CI¼
[0.50%DBOLD/mmHg, 0.79%DBOLD/mmHg]) and

CVR¼ 0.25%DBOLD/mmHg for SE (95% CI¼
[0.20%DBOLD/mmHg, 0.31%DBOLD/mmHg]).

Thus, the CVR across cortical depth derived from all

venous vessels is over a factor of 2.5 larger compared to

CVR from the micro-vasculature only.

M-value across cortical depth and vascular

compartments

We estimated the M-value based on the %DBOLDho

and the PetO2 trace during hyperoxia (Figure 6(b)).

The M-value increased strongly across cortical depth,

peaking near the border of grey matter (GM) and CSF

(F(1,10.0)¼ 75.79, p< .001). However, a difference

between GE and SE was not observed (F(1,9.9)¼ 0.54,

p¼ .479). M-value estimates reveal a substantial max-

imum signal change capacity for both scan sequences

(mean M-value GE¼ 14.28%, 95% CI¼ [11.87%,

16.69%]; mean M-value SE¼ 12.26%, 95% CI¼
[10.58, 13.94]). We, additionally, observed an interac-

tion effect of scan sequence and cortical depth

Figure 3. Volumetric BOLD effect from vasoactive stimuli. The %DBOLD is shown for one participant (subj08) for the 4 hypercapnia
levels: þ3, þ5, þ8, þ10mmHg PetCO2, and þ350mmHg PetO2, as measured with GE (top panels) and SE (bottom panels).
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(F(1,9.8)¼ 9.88, p¼ .011). This interaction effect reflects

the fact that no difference in M-value at deeper cortical

layers between GE and SE sequences was observed

(mean M-value deeper layers GE¼ 10.74%, 95%

CI¼ [8.84, 12.65]; SE¼ 10.38%, 95% CI¼ [8.64,

12.62]; post-hoc z¼ 0.45, p¼ .653), while the M-value

was significantly larger at superficial layers for GE

compared to SE (mean M-value deeper layers

GE¼ 17.81, 95% CI¼ [14.73, 20.88]; SE¼ 14.14, 95%

CI¼ [12.22, 16.05]; post-hoc z¼ 2.97, p¼ .009).

Hypercapnic DCBV across cortical depth and

vascular compartments

Our DCBV estimate shows a significant effect of differ-

ent hypercapnia levels (F(1,10.2)¼ 28.63, p< .001),

which is representative of an increase in DCBV with

increased levels of inspired CO2 (Figure 7). We, addi-

tionally, observed an interaction effect of hypercapnia

levels with the scan sequence (F(1,9.3)¼ 8.61, p¼ .016)

as the DCBV increase was approximately 1.35 times

larger for GE (mean %DCBV¼ 10.1%, 95% CI¼
[8.1%, 12.2%]), compared to SE (mean %D
CBV¼ 7.4%, 95% CI¼ [6.5%, 8.2%]). We did not

observe a difference in DCBV across cortical depth

(F(1,15.5)¼ 0.23, p¼ .637). Thus, even though the differ-

ent hypercapnia levels led to a gradual increase in CBV,

this relative increase was approximately uniform across

cortical depth for both GE and SE BOLD.

Discussion

General discussion

In the current study, we quantify the effects that dif-

ferent vascular compartments have on laminar BOLD

Figure 4. Percent BOLD signal change across cortical depth during hypercapnia. The %DBOLDhc is shown across cortical depth
(x-axis) for the 4 hypercapnia levels (colors) and GE vs SE scan sequences (left/right panels). The shaded area represents the SEM
across participants.

Figure 5. Percent BOLD signal change across cortical depth
during hyperoxia. The %DBOLDho is shown across cortical
depth (x-axis) for GE and SE sequences (colors). The shaded area
represents the SEM across participants.
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fMRI signals using hypercapnic and hyperoxic stimuli.

We find that increasing levels of hypercapnia result in

increasing percent signal changes for both the scans

that are sensitive to all venous vessels (GE BOLD)

and the scans that are predominantly sensitive to the

micro-vasculature (SE BOLD). However, the magni-

tude of the hypercapnia effect on the BOLD fMRI

signal is strongly dependent on the vascular compart-

ment from which the signal originates in combination

with cortical depth level. This effect is signified by the

increasing CVR across cortical depth as sampled from

all venous vessels. CVR estimates from the micro-

vasculature do not show substantial differences in

vessel dilation capacity across cortical depth. The GE

BOLD CVR estimates were approximately 2.5� larger

compared to SE BOLD CVR estimates. The hyperoxia

condition also leads to an increase in percent signal

change, which together with the PetO2 allows for an

estimation of the maximum theoretical BOLD signal:

M-value. On the basis of the M-value, we find that

Figure 6. (a) CVR. The CVR is shown across cortical depth for the 2 scan sequences (colors) and (b) M-value. The theoretical
maximum signal intensity “M-value” is shown across cortical depth for the 2 scan sequences (colors). The shaded area represents the
SEM across participants.

Figure 7. DCBV. The DCBV in percentages is shown across cortical depth for the 4 hypercapnia levels (colors) and GE/SE BOLD
(left/right panels). The shaded area represents the SEM across participants.
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both macro- and micro-vascular compartments are
capable of comparable theoretical maximum signal
intensities. The M-values increased clearly from
deeper to superficial layers irrespective of vessel size,
albeit that this trend was steeper, when BOLD signals
also originated from the macro-vasculature: from deep
to superficial layers the percent signal change ranged
from 9 to 21 percent for all venous vessels and 9 to 16
percent for the micro-vasculature. Finally, we observed
that increased levels of hypercapnia led to an increase
in DCBV, which is significantly larger for BOLD sig-
nals derived from all venous vessels, as compared to
micro-vasculature signals only (by a factor of 1.35),
albeit that DCBV was distributed approximately uni-
formly across cortical depth in all measured vascular
compartments.

Comparable M-values for all vascular compartments. We
observed a mean increase in percent BOLD signal
change following the hyperoxia condition of
þ350mmHg PetO2 increase, in line with previous
hyperoxia reports.50,57–60 The increase in PetO2 pre-
sented here equates to an air mixture consisting of
roughly 60% O2, which is considered mild hyper-
oxia.61,62 It has previously been reported that mild
cases of hyperoxia have a negligible effect on
CBF.57,60,63 This assumption allows for the estimation
of the theoretical maximal percent signal change (M-
value) per voxel on the basis of the hyperoxia BOLD
signal change and the measured PetO2 values. We find
that larger and smaller vascular compartments alike are
capable of generating comparable BOLD signal
changes, purely on the basis of relative venous [Hb]
increase. This resemblance was particularly observed
for deep and middle cortical layers, while superficial
cortical layers showed larger M-values, when measure-
ments included macro-vascular signals (see also
Figure 6(b)). On average, we find that the theoretical
maximal BOLD signal change is lower at the deeper
compared to the superficial cortical layers, ranging
from 9 (deep) to 21 (superficial) percent signal change
for all venous vessels and 9 (deep) to 16 (superficial)
percent signal change for the micro-vasculature in line
with previous high-field M-value estimations.24,52,64

The M-value increase with cortical depth is logically
reconcilable with GE BOLD, since GE scans are rela-
tively sensitive to larger veins and venules around the
pial surface. Therefore, increased levels of (baseline)
CBV that co-occur with larger vessels near the pial sur-
face would lead to increased M-values for GE BOLD.65

However, the increase in M-value across cortical depth
was also seen for SE BOLD, albeit with a smaller slope.
One possible explanation for this observation may be
that SE becomes sensitive to venules during hyperoxia,
and the M-value trend reflects the higher density of

venules toward the pial surface.11,15 Future studies
could address the change in M-value as a function of
distance from larger (pial) veins. Alternatively, it could
be that the venous [Hb] increase in the micro-
vasculature differs across cortical depth, although the
physiological basis for this to occur is unclear. The
need for validation of underlying physiological param-
eters is further emphasized by the assumptions made in
current models. For M-value estimation, we assumed
values for OEF, transverse relaxation parameter b, and
CBF/CBV coupling exponent a. Due to these parame-
ter assumptions, estimating the M-value per voxel is
inherently a noisy process. Possibly, values for a and
b differ between differently sized vascular compart-
ments (and thereby scan sequence) and may, addition-
ally, vary across cortical depth.66,67 Additional research
is necessary to link these parameters to vascular com-
partment size. Given the current parameter assump-
tions, we find that the M-values for GE and SE
BOLD were on the same order from deep to middle
layers, indicating that GE BOLD is weighted toward
the micro-vasculature (capillaries and possibly smaller
venules) at these cortical depths.

CVR from all venous vessels is 2.5x larger than micro-vascular

CVR. CVR is commonly used to describe vessel dilation
properties.26 Here we show that all venous vessels com-
bined as measured by GE BOLD have a greater capac-
ity for vessel dilation than the micro-vasculature as
measured by SE BOLD. We observed that the CVR
increases for GE BOLD from deeper towards superfi-
cial cortical layers, likely reflecting the increasing
venous macro-vascular density toward the pial surface
and potentially a corresponding increased reactivi-
ty.11,15 This effect was not observed for the micro-
vasculature, which has been reported capable of
dilation.68,69 These findings, however, indicate that
capillaries and possibly smaller venules and arterioles
have a smaller capacity for dilation as compared to all
venous vessels, reflected by an approximate 2.5 fold
CVR increase (CVR GE/SE ratio ranges from 2.2
(deep) to 2.6 (superficial)). Additionally, the current
findings suggest that neuronal signals as conveyed by
the neurovascular coupling from smaller vascular com-
partments are limited by the maximum dilation capac-
ity of capillaries.22 The M-value, however, indicates
that the micro-vasculature is capable of generating
BOLD signal changes comparable to larger vessels in
a considerable portion across the depth of cortex. The
fact that large BOLD signals from smaller vascular
compartments are not frequently observed,14,70 could
perhaps stem from the inability of the smallest vessels
to dilate substantially. Since CVR is often interpreted
as a proxy for vessel health, high-spatial resolution
vessel health measurements based on CVR should
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account for different dilation properties of differently
sized vascular compartments that do not directly relate
to the healthiness of the vasculature across cortical
depth. Moreover, CVR measurements obtained with
SE BOLD might lead to better predictors of small
vessel disease71,72 than CVR measurements with GE
BOLD. SE BOLD CVR can be used to measure poten-
tial micro-vascular hemodynamic impairment with the
macro-vasculature having less of an impact on CVR
measurements. However, CVR values estimated from
SE BOLD are substantially smaller compared to CVR
values derived from GE BOLD. It may, therefore, be
more challenging to reliably estimate CVR values from
SE BOLD. Additionally, we found that on the basis of
visual inspection, SE BOLD does not respond in a sim-
ilar fashion to different hypercapnic levels compared to
GE BOLD. Namely, the lower PetCO2 increase condi-
tions (i.e., þ3mmHg and þ5mmHg) resulted in rough-
ly equal SE BOLD signal changes, as did the higher
PetCO2 increase conditions (i.e., þ8mmHg and
þ10mmHg, see also Figure 4). The micro-vasculature
reactivity response profile to different inspired PetCO2

levels might not be as diverse as is observed with GE
BOLD. Here, it is worth considering that GE and SE
scans represent different contrasts (i.e., T2* and T2,
respectively). The refocusing of spins, creating the T2
SE BOLD contrast, leads to smaller signal amplitude
changes compared to GE BOLD contrasts within the
same micro-vascular compartments,73 which could
potentially bias current CVR estimates of both contrast
mechanisms. Furthermore, GE and SE contrasts may
also be influenced under hypercapnia conditions by
baseline OEF, baseline CBV, frequency offset for
fully deoxygenated blood and the changes in [dHb]
within the probed vessels.73,74 Further studies and sim-
ulation work are necessary to quantify their respective
contributions.

DCBV uniformly distributed across cortical depth

Through the measurements of BOLD signal change
during hypercapnia levels, the PetCO2 trace, and the
estimation of the M-value, we have been able to esti-
mate the change in CBV relative to baseline venous
CBV. A clear increase in DCBV is seen for increasing
levels of inspired CO2, which causes vessels to dilate.
An increase of 12.5% DCBV is seen during the highest
hypercapnia level (i.e., þ10mmHg PetCO2), when
measured from all venous vessels. The same hypercap-
nia level as measured from the micro-vasculature
causes on average 8.5% DCBV change. Contrary to
the other metrics of the current study, we find no sig-
nificant difference in DCBV across cortical depth for
any of the vascular compartments. However, a small
dip in DCBV around the middle cortical layers can be

observed (Figure 5), which has previously been

observed with direct DCBV measurements, albeit with

different experiment conditions.4,75 Possibly, the

absence of clear DCBV changes across cortical depth

is indicative of a conservation of matter, i.e., blood

volume in this case. This suggests that in all cortical

layers a comparable relative DCBV increase can be

expected in early visual cortex following vasoactive
stimuli or neurovascular stimuli of extended duration,4

albeit that the absolute change in CBV likely scales

with vessel density and diameter. Lastly, the DCBV
estimation is established through M-value estimation

and is, therefore, similarly affected by parameter

assumptions as the estimated M-values plus additional

assumptions on the change in CMRO2 following

hypercapnic breathing conditions. Reported results

are, thus, likely dependent on these assumed parameter

values.

Experimental considerations

There were several factors in the experimental design

that may have influenced our results. First, we have not

been able to obtain all four hypercapnia levels (i.e.,

þ3mmHg, þ5mmHg, þ8mmHg, and þ10mmHg

PetCO2) in all participants. All participants have

engaged in the þ5mmHg and þ10mmHg PetCO2

breathing challenges, therefore current results of CVR

and DCBV may be skewed towards these conditions.

However, missing values were dealt with by employing

LMMs for statistical modeling, thereby including all

available observations of the petCO2 and estimating

random slopes per participant. A second experimental
factor concerns the spatial resolution of the SE scan

sequence, which entailed a 1.5mm isotropic voxel

size. This spatial resolution was selected to attain a

sufficiently large SNR, but simultaneously increases

partial volume effects that can result in a blurring of

cortical layers and possibly the inclusion of white

matter and CSF signals. Therefore, the presented dif-

ferences between different vascular compartments may

be influenced by the acquired voxel size.

Conclusions

Laminar BOLD fMRI is affected by vascularization

differences that exist across cortical depth. In the cur-

rent study, we show that vascular compartments of all

sizes are capable of generating comparable percent

BOLD signal changes across cortical depth. However,

the maximum BOLD signal change from the micro-

vasculature may be limited by the extend of the micro-

vascular capacity to dilate, as represented by the CVR

values. BOLD signals that are dominated by larger

vessels showed 2.2 to 2.6 times larger CVR values in
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comparison to the microvasculature CVR values across

cortical depth. Additionally, the relative change in

CBV was 1.35 times larger when measured from all

venous vessels, compared to the micro-vasculature

only. This finding was not dependent on cortical

depth, indicating that the change in CBV is not rela-

tively larger for pial draining veins compared to smaller

vessels in early visual cortex. The current study offers

novel estimations on the origin and magnitude of

BOLD fMRI signal changes. This allows future lami-

nar BOLD fMRI studies to account and possibly cor-

rect for signal changes in relation to the vascular

compartments from which the signals originate.

Funding

The author(s) disclosed receipt of the following financial sup-

port for the research, authorship, and/or publication of this

article: This work was supported by the National Institute Of

Mental Health of the National Institutes of Health under

Award Number R01MH111417. The content is solely the

responsibility of the authors and does not necessarily repre-

sent the official views of the National Institutes of Health.

Declaration of conflicting interests

The author(s) declared no potential conflicts of interest with

respect to the research, authorship, and/or publication of this

article.

Authors’ contributions

Conceptualization: WS, AB, MB, JS, NP
Data acquisition: WS, AB, NP
Analysis: WS, AB, ER
Writing: WS

Data availability

All data will be accessible through Flywheel.

ORCID iDs

Wouter Schellekens https://orcid.org/0000-0001-5409-

9665
Alex A Bhogal https://orcid.org/0000-0003-3211-1760
Emiel CA Roefs https://orcid.org/0000-0003-4150-9826
Jeroen CW Siero https://orcid.org/0000-0001-5079-2868
Natalia Petridou https://orcid.org/0000-0002-0783-0387

Supplementary material

Supplemental material for this article is available online.

References

1. Palomero-Gallagher N and Zilles K. Cortical layers:

cyto-, myelo-, receptor- and synaptic architecture in

human cortical areas. Neuroimage 2019; 197: 716–741.
2. Adesnik H and Naka A. Cracking the function of layers

in the sensory cortex. Neuron 2018; 100: 1028–1043.

3. Lawrence SJD, Formisano E, Muckli L, et al. Laminar

fMRI: applications for cognitive neuroscience.

Neuroimage 2019; 197: 785–791.
4. Huber L, Handwerker DA, Jangraw DC, et al. High-res-

olution CBV-fMRI allows mapping of laminar activity

and connectivity of cortical input and output in human

M1. Neuron 2017; 96: 1253–1263.e7.
5. Ogawa S, Lee TM, Kay AR, et al. Brain magnetic

resonance imaging with contrast dependent on blood oxy-

genation. Proc Natl Acad Sci U S A 1990; 87: 9868–9872.
6. Gauthier CJ and Fan AP. BOLD signal physiology:

models and applications. Neuroimage 2019; 187: 116–127.
7. Villringer A and Dirnagl U. Coupling of brain activity

and cerebral blood flow: basis of functional neuroimag-

ing. Cerebrovasc Brain Metab Rev 1995; 7: 240–276.
8. Goense JBM and Logothetis NK. Neurophysiology of

the BOLD fMRI signal in awake monkeys. Curr Biol

2008; 18: 631–640.
9. Logothetis NK, Pauls J, Augath M, et al.

Neurophysiological investigation of the basis of the

fMRI signal. Nature 2001; 412: 150–157.
10. Siero JCW, Hermes D, Hoogduin H, et al. BOLD

matches neuronal activity at the mm scale: a combined

7T fMRI and ECoG study in human sensorimotor

cortex. Neuroimage 2014; 101: 177–184.
11. Duvernoy HM, Delon S and Vannson JL. Cortical blood

vessels of the human brain. Brain Res Bull 1981; 7:

519–579.
12. Goense J, Bohraus Y and Logothetis NK. fMRI at high

spatial resolution implications for BOLD-models. Front

Comput Neurosci 2016; 10: 1–13.
13. Siero JCW, Petridou N, Hoogduin H, et al. Cortical

depth-dependent temporal dynamics of the BOLD

response in the human brain. J Cereb Blood Flow

Metab 2011; 31: 1999–2008.
14. Siero JCW, Ramsey NF, Hoogduin H, et al. BOLD spe-

cificity and dynamics evaluated in humans at 7 T:

Comparing gradient-echo and spin-echo hemodynamic

responses. PLoS One 2013; 8: e54560.
15. Kim S-G and Ogawa S. Biophysical and physiological

origins of blood oxygenation level-dependent fMRI sig-

nals. J Cereb Blood Flow Metab 2012; 32: 1188–1206.
16. Zhao F, Wang P and Kim SG. Cortical depth-dependent

gradient-echo and spin-echo BOLD fMRI at 9.4T. Magn

Reson Med 2004; 51: 518–524.
17. Zhao F, Wang P, Hendrich K, et al. Cortical layer-

dependent BOLD and CBV responses measured by

spin-echo and gradient-echo fMRI: insights into hemo-

dynamic regulation. Neuroimage 2006; 30: 1149–1160.
18. Turner R. How much codex can a vein drain?

Downstream dilution of activation-related cerebral blood

oxygenation changes. Neuroimage 2002; 16: 1062–1067.
19. Petridou N, Italiaander M, van de Bank BL, et al.

Pushing the limits of high-resolution functional MRI

using a simple high-density multi-element coil design.

NMR Biomed 2013; 26: 65–73.
20. Markuerkiaga I, Barth M and Norris DG. A cortical

vascular model for examining the specificity of the lam-

inar BOLD signal. Neuroimage 2016; 132: 491–498.

430 Journal of Cerebral Blood Flow & Metabolism 43(3)

https://orcid.org/0000-0001-5409-9665
https://orcid.org/0000-0001-5409-9665
https://orcid.org/0000-0001-5409-9665
https://orcid.org/0000-0003-3211-1760
https://orcid.org/0000-0003-3211-1760
https://orcid.org/0000-0003-4150-9826
https://orcid.org/0000-0003-4150-9826
https://orcid.org/0000-0001-5079-2868
https://orcid.org/0000-0001-5079-2868
https://orcid.org/0000-0002-0783-0387
https://orcid.org/0000-0002-0783-0387


21. Uluda�g K, Müller-Bierl B and U�gurbil K. An integrative

model for neuronal activity-induced signal changes for

gradient and spin echo functional imaging. Neuroimage

2009; 48: 150–165.
22. Tian P, Teng IC, May LD, et al. Cortical depth-specific

microvascular dilation underlies laminar differences in

blood oxygenation level-dependent functional MRI

signal. Proc Natl Acad Sci U S A 2010; 107: 15246–15251.
23. Bhogal AA, Philippens MEP, Siero JCW, et al.

Examining the regional and cerebral depth-dependent

BOLD cerebrovascular reactivity response at 7 T.

Neuroimage 2015; 114: 239–248.
24. Guidi M, Huber L, Lampe L, et al. Lamina-dependent

calibrated BOLD response in human primary motor

cortex. Neuroimage 2016; 141: 250–261.
25. Hoge RD. Calibrated fMRI. Neuroimage 2012; 62:

930–937.
26. Chen JJ and Gauthier CJ. The role of cerebrovascular-

reactivity mapping in functional MRI: calibrated

fMRI and resting-state fMRI. Front Physiol 2021; 12:

657362.
27. Poublanc J, Crawley AP, Sobczyk O, et al. Measuring

cerebrovascular reactivity: the dynamic response to a

step hypercapnic stimulus. J Cereb Blood Flow Metab

2015; 35: 1746–1756.
28. Bhogal AA, Siero JCW, Fisher JA, et al. Investigating the

non-linearity of the BOLD cerebrovascular reactivity

response to targeted hypo/hypercapnia at 7T.

Neuroimage 2014; 98: 296–305.
29. Davis TL, Kwong KK, Weisskoff RM, et al. Calibrated

functional MRI: mapping the dynamics of oxidative metab-

olism. Proc Natl Acad Sci U S A 1998; 95: 1834–1839.
30. Hoge RD, Atkinson J, Gill B, et al. Investigation of

BOLD signal dependence on CBF and CMRO2: the

deoxyhemoglobin dilution model. Neuroimage 1999; 9:

849–863.
31. Chen JJ and Pike GB. MRI measurement of the

BOLD-specific flow-volume relationship during hyper-

capnia and hypocapnia in humans. Neuroimage 2010;

53: 383–391.
32. Zwanenburg JJM, Versluis MJ, Luijten PR, et al. Fast

high resolution whole brain T2* weighted imaging using

echo planar imaging at 7T. Neuroimage 2011; 56:

1902–1907.
33. de Zwart JA, van Gelderen P, Kellman P, et al.

Reduction of gradient acoustic noise in MRI using

SENSE-EPI. Neuroimage 2002; 16: 1151–1155.
34. Eggers H and B€ornert P. Chemical shift encoding-based

water-fat separation methods. J Magn Reson Imaging

2014; 40: 251–268.
35. Birn RM, Smith MA, Jones TB, et al. The respiration

response function: the temporal dynamics of fMRI signal

fluctuations related to changes in respiration.

Neuroimage 2008; 40: 644–654.
36. Van de Moortele P-F, Auerbach EJ, Olman C, et al. T1

weighted brain images at 7 tesla unbiased for proton den-

sity, T2* contrast and RF coil receive B1 sensitivity with

simultaneous vessel visualization. Neuroimage 2009; 46:

432–446.

37. Huber LR, Poser BA, Bandettini PA, et al. LayNii: a

software suite for layer-fMRI. Neuroimage 2021; 237:

118091.
38. Bernier M, Cunnane SC and Whittingstall K. The mor-

phology of the human cerebrovascular system. Hum

Brain Mapp 2018; 39: 4962–4975.

39. Huntenburg JM, Steele CJ and Bazin PL. Nighres: proc-

essing tools for high-resolution neuroimaging.

Gigascience 2018; 7: 1–9.
40. Schweser F, Deistung A, Lehr BW, et al. Quantitative

imaging of intrinsic magnetic tissue properties using

MRI signal phase: an approach to in vivo brain iron

metabolism? Neuroimage 2011; 54: 2789–2807.
41. Sun H and Wilman AH. Background field removal using

spherical mean value filtering and Tikhonov regulariza-

tion. Magn Reson Med 2014; 71: 1151–1157.
42. Kames C, Wiggermann V and Rauscher A. Rapid two-

step dipole inversion for susceptibility mapping with

sparsity priors. Neuroimage 2018; 167: 276–283.
43. Benson NC and Winawer J. Bayesian analysis of retino-

topic maps. Elife 2018; 7: 1–29.
44. Cox JSR, H. AFNI: software for analysis and visualiza-

tion of functional magnetic resonance neuroimages.

Comput Biomed Res 1996; 29: 162–173.
45. Cox RW and Hyde JS. Software tools for analysis and

visualization of fMRI data. NMR Biomed 1997; 10:

171–178.
46. Avants BB, Tustison NJ, Song G, et al. A reproducible

evaluation of ANTs similarity metric performance in brain

image registration. Neuroimage 2011; 54: 2033–2044.
47. Moia S, Stickland RC, Ayyagari A, et al. Voxelwise opti-

mization of hemodynamic lags to improve regional CVR

estimates in breath-hold fMRI. In: Proceedings of the

annual international conference of the IEEE Engineering

in Medicine and Biology Society, EMBS, IEEE:

Montreal, Canada, July 2020, pp.1489–1492.
48. Yao J, Yang HC, Wang JH, et al. A novel method

of quantifying hemodynamic delays to improve

hemodynamic response, and CVR estimates in CO2 chal-

lenge fMRI. J Cereb Blood Flow Metab 2021; 41:

1886–1898.
49. van Niftrik CHB, Piccirelli M, Muscas G, et al. The

voxel-wise analysis of false negative fMRI activation in

regions of provoked impaired cerebrovascular reactivity.

PLoS One 2019; 14: e0215294.
50. Chiarelli PA, Bulte DP, Wise R, et al. Calibration

method for quantitative BOLD fMRI based on hyper-

oxia. Neuroimage 2007; 37: 808–820.
51. Martindale J, Kennerley AJ, Johnston D, et al.

Theory and generalization of monte carlo models of the

BOLD signal source. Magn Reson Med 2008; 59:

607–618.
52. Kida I, Kennan RP, Rothman DL, et al. High-resolution

CMR(O2) mapping in rat cortex: a multiparametric

approach to calibration of BOLD image contrast at

7 tesla. J Cereb Blood Flow Metab 2000; 20: 847–860.
53. Shu CY, Sanganahalli BG, Coman D, et al. Quantitative

b mapping for calibrated fMRI. Neuroimage 2016; 126:

219–228.

Schellekens et al. 431



54. Grubb RL, Raichle ME, Eichling JO, et al. Ter-
Pogossian MM. The effects of changes in PaCO2 cerebral
blood volume, blood flow, and vascular mean transit
time. Stroke 1974; 5: 630–639.

55. Chen JJ and Pike GB. BOLD-specific cerebral blood
volume and blood flow changes during neuronal activa-
tion in humans. NMR Biomed 2009; 22: 1054–1062.

56. Zappe AC, Uluda�g K, Oeltermann A, et al. The influence
of moderate hypercapnia on neural activity in the anes-
thetized nonhuman primate. Cereb Cortex 2008; 18:
2666–2673.

57. Wise RG, Harris AD, Stone AJ, et al. Measurement of
OEF and absolute CMRO2: MRI-based methods using
interleaved and combined hypercapnia and hyperoxia.
Neuroimage 2013; 83: 135–147.

58. MacDonald ME, Berman AJL, Mazerolle EL, et al.
Modeling hyperoxia-induced BOLD signal dynamics to
estimate cerebral blood flow, volume and mean transit
time. Neuroimage 2018; 178: 461–474.

59. Ma Y, Berman AJL and Pike GB. The effect of dissolved
oxygen on the relaxation rates of blood plasma: implica-
tions for hyperoxia calibrated BOLD. Magn Reson Med

2016; 76: 1905–1911.
60. Gauthier CJ and Hoge RD. A generalized procedure for

calibrated MRI incorporating hyperoxia and hypercap-
nia. Hum Brain Mapp 2013; 34: 1053–1069.

61. Germuska M, Merola A, Murphy K, et al. A forward
modelling approach for the estimation of oxygen extrac-
tion fraction by calibrated fMRI. Neuroimage 2016; 139:
313–323.

62. Germuska M and Bulte DP. MRI measurement of
oxygen extraction fraction, mean vessel size and cerebral
blood volume using serial hyperoxia and hypercapnia.
Neuroimage 2014; 92: 132–142.

63. Asher AS, Burns GP, Luber JM, et al. Effect of increas-
ing inspired oxygen concentration on hemodynamics and
regional blood flows. Crit Care Med 1988; 16: 1235–1237.

64. Shu CY, Herman P, Coman D, et al. Brain region and
activity-dependent properties of M for calibrated fMRI.
Neuroimage 2016; 125: 848–856.

65. Driver ID, Wise RG and Murphy K.
Graded hypercapnia-calibrated BOLD: beyond the

iso-metabolic hypercapnic assumption. Front Neurosci

2017; 11: 1–9.
66. Griffeth VEM and Buxton RB. A theoretical framework

for estimating cerebral oxygen metabolism changes using

the calibrated-BOLD method: modeling the effects of

blood volume distribution, hematocrit, oxygen extraction

fraction, and tissue signal properties on the BOLD signal.

Neuroimage 2011; 58: 198–212.
67. Merola A, Murphy K, Stone AJ, et al. Measurement of

oxygen extraction fraction (OEF): an optimized BOLD

signal model for use with hypercapnic and hyperoxic cal-

ibration. Neuroimage 2016; 129: 159–174.
68. Pfeiffer T, Li Y and Attwell D. Diverse mechanisms reg-

ulating brain energy supply at the capillary level. Curr

Opin Neurobiol 2021; 69: 41–50.
69. Hall CN, Reynell C, Gesslein B, et al. Capillary pericytes

regulate cerebral blood flow in health and disease. Nature

2014; 508: 55–60.

70. Gati JS, Menon RS, Ugurbil K, et al. Experimental

determination of the BOLD field strength dependence

in vessels and tissue. Magn Reson Med 1997; 38: 296–302.
71. Stringer MS, Blair GW, Shi Y, et al. A comparison of

CVR magnitude and delay assessed at 1.5 and 3T in

patients with cerebral small vessel disease. Front Physiol

2021; 12: 644837. doi:10.3389/fphys.2021.644837.
72. Thrippleton MJ, Shi Y, Blair G, et al. Cerebrovascular

reactivity measurement in cerebral small vessel disease:

rationale and reproducibility of a protocol for MRI

acquisition and image processing. Int J Stroke 2018; 13:

195–206.
73. Boxerman JL, Hamberg LM, Rosen BR, et al. Mr con-

trast due to intravascular magnetic susceptibility pertur-

bations. Magn Reson Med 1995; 34: 555–566.
74. Obata T, Liu TT, Miller KL, et al. Discrepancies between

BOLD and flow dynamics in primary and supplementary

motor areas: application of the balloon model to the

interpretation of BOLD transients. Neuroimage 2004;

21: 144–153.

75. Huber L, Uluda�g K and M€oller HE. Non-BOLD con-

trast for laminar fMRI in humans: CBF, CBV, and

CMRO2. Neuroimage 2019; 197: 742–760.

432 Journal of Cerebral Blood Flow & Metabolism 43(3)


