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a b s t r a c t
Vascular Space Occupancy (VASO) is an alternative fMRI approach based on changes in Cerebral Blood Volume
(CBV). VASO-CBV fMRI can provide higher spatial speciﬁcity than the blood oxygenation level-dependent (BOLD)
method because the CBV response is thought to be limited to smaller vessels. To investigate how this technique
compares to BOLD fMRI for cognitive neuroscience applications, we compared population receptive ﬁeld (pRF)
mapping estimates between BOLD and VASO-CBV. We hypothesized that VASO-CBV would elicit distinct pRF
properties compared to BOLD. Speciﬁcally, since pRF size estimates also depend on vascular sources, we hypothesized that reduced vascular blurring might yield narrower pRFs for VASO-CBV measurements. We used a
VASO sequence with a double readout 3D EPI sequence at 7T to simultaneously measure VASO-CBV and BOLD
responses in the visual cortex while participants viewed conventional pRF mapping stimuli. Both VASO-CBV and
BOLD images show similar eccentricity and polar angle maps across all participants. Compared to BOLD-based
measurements, VASO-CBV yielded lower tSNR and variance explained. The pRF size changed with eccentricity
similarly for VASO-CBV and BOLD, and the pRF size estimates were similar for VASO-CBV and BOLD, even when
we equate variance explained between VASO-CBV and BOLD. This result suggests that the vascular component
of the pRF size is not dominating in either VASO-CBV or BOLD.

1. Introduction
The majority of functional MRI (fMRI) studies employ blood oxygenation level-dependent (BOLD) contrast (Glover, 2011; Ogawa et al.,
1990). BOLD contrast reﬂects a combination of changes in venous blood
oxygenation, cerebral blood ﬂow (CBF), and cerebral blood volume
(CBV) (Buxton et al., 2014). The Gradient Echo (GE) BOLD sequence is
the typical method of choice, mainly because of its superior sensitivity,
available Signal-to-Noise Ratio (SNR), and high coverage (Havlicek and
Uludağ, 2020). Unfortunately, this sequence suﬀers from limited spatial
speciﬁcity due to contamination of the functional signal with draining
and pial veins eﬀect (Kim and Ogawa, 2012; Menon, 2002; Uludaǧ et al.,
2009).
Vascular Space Occupancy (VASO) is a non-invasive fMRI technique
sensitive to changes in CBV (Lu et al., 2013, 2003). The VASO sequence

and its variants take advantage of the T1 diﬀerences between arterial
blood and the surrounding tissue to null the blood signal and measure
CBV changes (Lu et al., 2003). An inversion recovery pulse is used to
minimize blood signal while a substantial part of the tissue signal remains available for detection. The increased cerebral blood volume results in a negative signal change during the neuronal activity, caused by
the tissue signal reduction in the voxel. VASO-CBV contrast promises
higher microvascular speciﬁcity since it is sensitive to arteriole and
post-arterial CBV changes, resulting in better spatial localization of the
neuronal activity with reduced draining vein contamination than BOLD
(Huber et al., 2014; Jin and Kim, 2008).
The
VASO-CBV
sequence
variant
developed
by
Huber et al. (2014) for 7T scanners has proven to be a highly effective alternative for high-resolution acquisitions, especially for
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depth-dependent applications (Beckett et al., 2020; Huber et al., 2020b,
2017, 2015; Persichetti et al., 2019; Yu et al., 2019). Another remark
of the 7T VASO fMRI is that the sequence was recently validated
against established preclinical imaging modalities (Huber et al., 2021).
In addition, signiﬁcant improvements in accelerated acquisition techniques, such as 3D EPI readout (Huber et al., 2018a) and increased
spatial coverage with MAGEC VASO (Huber et al., 2020a), enabled
the possibility of a broader number of applications. Multiple studies
have demonstrated the feasibility of using VASO fMRI for advanced
neuroimaging applications (Finn et al., 2019; Huber et al., 2020b;
Lu et al., 2005). However, to date, VASO-CBV responses have not been
extended to more complex paradigms and computational models, such
as population receptive ﬁeld mapping.
Here, we evaluate the feasibility of VASO-CBV in the visual cortex
using population receptive ﬁeld (pRF) modeling (Dumoulin and Wandell, 2008). The pRF is the region of visual space that elicits a response
for a given cortical location (Victor et al., 1994). The pRF analysis with
fMRI has become a popular method to study the topographic organization of primary sensory neural populations and has been extended
to several perceptual, cognitive, and clinical domains (Dumoulin and
Knapen, 2018; Wandell and Winawer, 2015). The conventional pRF
model characterizes the pRF with a two-dimensional Gaussian function
with three parameters: position (x,y or eccentricity, and polar angle)
and size (sigma). Both neural and non-neural components contribute
to the pRF size (Dumoulin and Wandell, 2008). Neural components
include both single-neuron receptive ﬁeld size and positional scatter.
Non-neural components include methodological aspects of head and
eye movements, but also vasculature, such as hemodynamic response
function (HRF) and vascular point spread function (Dumoulin and Wandell, 2008; Lerma-Usabiaga et al., 2020). Since pRF properties have both
vascular and neuronal contributions and the vascular contributions to
pRF size are expected to be smaller in VASO-CBV, we hypothesized that
the VASO-CBV responses are more speciﬁc than BOLD responses.
Thus the present work extends the use of the VASO-CBV technique
to the population receptive ﬁeld modeling. The aim is to evaluate and
compare VASO-CBV and BOLD pRF estimates such as eccentricity and
polar angle maps in addition to the pRF size, using a standard pRF mapping approach in the visual cortex. We ﬁrst used a dartboard ﬂickering checkerboard stimuli to determine the optimal slice orientation for
VASO-fMRI in the visual cortex. With the optimized slice orientation, we
measured pRF estimates in visual ﬁeld maps V1–V3 simultaneously using a double readout 3D-EPI VASO sequence to test the hypothesis that
the higher spatial speciﬁcity of VASO-CBV would translate to smaller
pRF size estimates.

were generated in Matlab (The MathWorks, Natick, United States) using
PsychToolbox Version 3 (Brainard, 1997; Kleiner et al., 2007).
2.2.1. Slice orientation experiment
We determined the optimal slice orientation for VASO fMRI in the visual cortex using a dartboard-shaped ﬂickering checkerboard stimulus.
The dartboard was subdivided into 13 rings and 24 segments, totalizing
312 sectors. These sectors changed their contrast between 2 levels of luminance (black and white) in a frequency rate of 2 Hz. Each experiment
run consisted of 24 s of stimulation followed by 24 s of baseline, with
an extra 12 s of ﬁxation at the start of each run.
2.2.2. pRF experiment
The pRF mapping paradigm was similar to that described in previous
studies (Dumoulin and Wandell, 2008; Harvey and Dumoulin, 2011).
The stimulus consisted of bar apertures with a moving checkerboard
pattern (100% contrast) that moved across the visual ﬁeld. The width
of the bar subtended 1/4th of the stimulus radius (1.25°). Four bar orientations (0°, 45°, 90°, and 135°) and two diﬀerent motion directions
for each bar were used, giving a total of 8 diﬀerent bar conﬁgurations
within a given scan. The bar sweeps across the stimulus aperture in 12
TRs (when the bar orientation is 45° and 135°) followed by a mean luminance period of 4 TRs, or in 16 TRs (when the bar orientation is 0°
and 90°) with no blank period. Diagonally and orthogonally oriented
sweeps were interleaved during each scan.
Participants were asked to ﬁxate on the dot (0.125 radius) in the
center of the visual stimulus and press a button every time the dot color
changed. The dot changed between red and green at random intervals to
ensure the participant’s attention to the presented stimulus. Each participant’s measurement was repeated twice in two separate sessions with
seven runs to obtain higher temporal SNR.
2.3. MR sequences
A Slice-selective Slab-Inversion (SS-SI) VASO with a double 3D readout (Huber et al., 2018a, 2014; Oliveira et al., 2021b) was implemented
on a 7T MRI scanner (Philips Healthcare, Best, The Netherlands). All
data were acquired using an 8 channel transmit coil and a 32 channel
receive coil (Nova Medical Inc, Wilmington, United States). We used
a global B1 shim set from a previously assessed group of volunteers to
achieve a, close to, circular polarization (quadrature) transmission mode
(Oliveira et al., 2021a).
The visual cortex has a longer arterial arrival time (AAT) than
other brain areas (Mildner et al., 2014). However, contamination by
the inﬂow of non-inverted blood can be minimized if the blood T1
is much shorter than the TR (Donahue et al., 2009; Huber et al.,
2018b). To minimize the inﬂow eﬀect, the inversion time was kept
relatively short. The timing parameters for the interleaved acquisition
are TI1 /TI2 /TE/TR = 1100/2600/15/3000 ms. In addition, an adiabatic inversion TR-FOCI pulse was used to ensure an eﬀective inversion with reduced B1+ inhomogeneity (Hurley et al., 2010). The voxel
size used in the present study is close to the resolution typically used
in pRF modeling (Aqil et al., 2021; Cai et al., 2021b; Hofstetter et al.,
2021). Data were acquired with an isotropic voxel size of 1.75 mm,
FOV = 196 × 196 × 32 mm3 , matrix size = 112 × 112, 18 slices, partial
Fourier factor = 0.78 in the phase encoding direction and SENSEinplane
factor = 2.5 with constant ﬂip angle, ﬂip angle (FA) = 15°. We included a fat suppression module Spectral Attenuated Inversion Recovery
(SPAIR) before VASO-CBV and BOLD readout blocks with the same settings (TI = 360 ms, TR = 754 ms, pulse duration ∼ 20 ms). The vendor’s
speciﬁc absorption ratio (SAR) values never exceeded 65% of the local
SAR limit. Both experiments used the same SS-SI-VASO sequence. For
the slice orientation experiment, 100 vol were acquired per 5 min run,
with 1 run for each orientation, and run order varied between participants. For the pRF experiment, 132 vol were acquired per run, leading
to a total scan time of 6 min and 42 s.

2. Materials and methods
2.1. Participants
The measurements were obtained from six healthy participants (ﬁve
females, age 32 ± 7 years [Mean ± SD]). Three participants participated
in the slice orientation experiment (P01–P03). The other three volunteers participated in the pRF experiment (P04–P06). All participants had
normal or corrected-to-normal visual acuity. The ethics committee of
the Amsterdam University Medical center - location AMC approved this
study, and all volunteers provided written consent before participating
after being informed of the experimental procedures.
2.2. Visual stimuli setup
Visual stimuli were presented on a 69.84 × 39.29 cm LCD screen
(Cambridge Research System) placed at the end of the scanner’s bore.
Participants viewed the display through a mirror mounted on top of the
coil. The distance from the mirror to the display screen was 220 cm,
and the display resolution was 1920 × 1080 pixels. The visual stimuli
2
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Anatomical scans were acquired in separate sessions with the
MP2RAGE sequence (Marques et al., 2010; Oliveira et al., 2021a)
at the isotropic resolution of 0.64 mm, TRMP2RAGE = 5500 ms,
TR/TE = 6.2/2.2 ms, TI1 /TI2 = 800/2700 ms with FA = 7°/5°. For one of
the participants, a previously acquired dataset was used as an anatomical reference (0.8 mm).
We optimized the VASO-CBV scanning protocol for the visual cortex. Four diﬀerent orientations of the slab, together with a change in
the direction of the readout gradient orientation, were compared. Note
that the slab positioning inﬂuences the amount of inﬂow, the amount
of available tissue signal in VASO measurements and SENSE unfolding
performance. The slice orientations (Fig. 1) were deﬁned as follows: (I)
Aligned with the ACPC-axis (Anterior-Posterior Commissure) covering
the calcarine sulcus obliquely, with the phase encoding in the AnteriorPosterior direction. (II) Aligned with the calcarine sulcus with phase
encoding in the Anterior-Posterior direction. (III) Aligned with the superior surface of the cerebellum, covering the calcarine sulcus (coronal
orientation), with phase encoding in the Right-Left direction. (IV) Purely
coronal slices, again with phase encoding in the Right-Left direction.

the predicted and the observed responses over the visual cortex, where
the pRF model explained > 10% of the variance in the data. We used
the new HRF to reﬁne the pRF estimates (Harvey and Dumoulin, 2011).
We analyzed the data both with and without the ﬁnal HRF ﬁt stage. The
results were similar (Supplementary Fig. 1).
We included voxels for further analysis based on two criteria. First,
we only used voxels in V1–V3. Second, we limited the analysis to those
voxels where the R2 corresponded to a p-value less than 0.05 in the
VASO data. The variance explained (R2 ) was converted to p-values using the same principle as shown in Hofstetter and Dumoulin (2021).
We created a null distribution using the same model-ﬁtting procedure
on voxels taken from the white matter (WM) pooled across participants
(P04: 44,912 voxels; P05: 40,920 voxels, and P06: 67,890 voxels). For
each variance explained, the proportion of these voxels with model ﬁts
were calculated. The variance explained of the pRF model was 21%, resulting in an equivalent probability of 0.048 of observing this goodness
of ﬁt by chance. Note that using these criteria, we are not excluding
the possibility of including voxels in the ROI that have below-threshold
variance explained in the BOLD data. For P04, this is the case in less
than 1% of the voxels in each ROI (V1–V3). For P05, in V1, and V3,
less than 1% of the voxels had lower than 21% of variance explained,
and 2% in V2. For P06, all voxels had higher than 21% of the variance
explained in BOLD data.
Next, population receptive ﬁeld sizes were estimated as a function
of eccentricity for V1–V3. We used unbinned data to estimate the best
linear relationship (slope and oﬀset) and used data between 0.5 and 4.5
visual degrees to avoid pRFs close to the fovea and to account for the
boundaries of the stimulus display. The data was binned for visualization purposes only. To assess BOLD and VASO–CBV pRF size diﬀerences,
the pRF size from the central eccentricity was calculated using the slope
and intercept values per participant and per ROI (V1–3). The comparison was performed between each BOLD run separately against the averaged VASO (14 runs) to approximate the variance explained. A one-way
Bayesian ANOVA using JASP software was used to assess the statistical
diﬀerences (JASP team, 2021). The Pearson’s correlation and the plots
were generated in R Core Team (2020).

2.4. Data analysis
2.4.1. Slice orientation experiment
Raw images were corrected for head-motion, with a separate realignment for VASO and BOLD in SPM12 (Statistical Parametric Mapping)
software package using default settings, followed by a BOLD correction
to account for the T2∗ dependency in the VASO images (Huber et al.,
2014). The optimal slice orientation for VASO fMRI in the visual cortex
was determined by the highest level of activation represented by the
highest average Z-scores obtained from FEAT (FSL, v.6.0). The region
of interest (ROI) deﬁnition consisted of the shared VASO-CBV activated
voxels within gray matter in all orientations with a minimum Z-score of
1.5, which we will dub as overlap ROI. The Z-score diﬀerences were assessed using a one-way repeated measures ANOVA with post-hoc Holm
correction. In addition, we also evaluated the Temporal Signal-to-Noise
Ratio (tSNR) using two cubic ROIs (12 × 12 × 12 mm) in the visual
cortex. The tSNR diﬀerences were also assessed using one-way repeated
ANOVA with the same post-hoc analysis.

2.5. Noise level assessment
The noise level was evaluated using two metrics: tSNR and variance
explained (Cai et al., 2021a). For both metrics, the quantiﬁcation was
calculated as a function of the number of runs. The tSNR was separately
estimated for the BOLD and VASO time series after motion correction
and co-registration between both sessions. Gray and white matter masks
were deﬁned as the intersection of the relevant output of the segmentation of the anatomical data with the functional slab. The tSNR was
calculated cumulatively across runs, the BOLD and VASO tSNR was calculated as the mean value across gray matter (GM) and white matter
(WM) divided by the standard deviation across the same regions. The
order of the runs was randomized within ten iterations. The variance explained was estimated per voxel by computing the variance after ﬁtting
the BOLD and VASO-CBV time series separately with the model prediction of a given voxel. The voxel’s prediction of a single BOLD run was
used as the model prediction for BOLD and VASO-CBV datasets. For the
variance explained assessment, only voxels in V1 were used. The order
of the runs was also randomized within ten iterations.

2.4.2. pRF experiment
T1w images were segmented into gray and white matter using cbstools (Bazin et al., 2014) and resampled to a 1 mm isotropic resolution.
The pre-processing steps were the same as in the slice orientation experiment. No additional spatial smoothing or temporal ﬁltering was applied
to minimize the loss in speciﬁcity.
Pre-processed functional data were then analyzed in the vistasoft
software (https://github.com/vistalab/vistasoft). The ﬁrst four volumes
of the functional data were discarded to ensure steady-state magnetization. The ﬁrst VASO-CBV volume was aligned to the segmented
anatomy, resulting in a 4 × 4 transform matrix in each session. Individual functional images in the session were co-registered to the same
anatomical space using the same transformation. VASO-CBV and BOLD
functional data were averaged across runs, respectively. Since the VASOCBV mechanism generates a negative intensity response, all VASO-CBV
time series were ﬂipped by removing the mean, inverting the signal polarity, and adding the mean.
We estimated the population receptive ﬁeld position and sizes using
the conventional Gaussian pRF model (Dumoulin and Wandell, 2008).
First, the functional response of each voxel is predicted using a twodimensional Gaussian pRF model. The predicted fMRI time course is calculated by the convolution of the modeled pRF, the stimulus sequence,
and a canonical BOLD HRF (Boynton et al., 1996; Friston et al., 1998).
The quantitative pRF parameters for each voxel are determined by minimizing the residual sum of squared errors (RSS) between the predicted
and the observed fMRI time series. After estimating these pRF parameters, we estimated the HRF parameters by minimizing the RSS between

3. Results
3.1. Optimal slice orientation for VASO-CBV
We evaluated four diﬀerent slice orientations to ﬁnd the optimal orientation for visual responses in a VASO-CBV experiment: (I) Aligned
with the Anterior-Posterior Commissure covering the calcarine sulcus
with the phase encoding in the Anterior-Posterior direction, (II) parallel to the calcarine sulcus with phase encoding in the Anterior-Posterior
3
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Fig. 1. We evaluated four diﬀerent slice orientations to ﬁnd the optimal orientation for visual responses in a VASO–CBV experiment. (A) Four slice orientations: (I)
Aligned with the Anterior-Posterior Commissure with the phase encoding in the Anterior-Posterior direction, (II) parallel to the calcarine sulcus with phase encoding
in the Anterior-Posterior direction, (III) aligned with the cerebellar superior surface, with phase encoding in the Right-Left direction, and (IV) perpendicular to the
calcarine sulcus with phase encoding in the Right-Left direction. In all orientations, the calcarine sulcus was included in the slab. (B) VASO–CBV activated voxels (z
> 2.5) within the shared volume of all orientations, overlaid on the anatomical data. (C) Boxplot of the Z-scores within the overlap ROI per participant. (D) Z-score
averaged across participants (the data points represent each participant). Both in single participants and averaged data, slice orientation (III) yielded the strongest
signals.
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direction, (III) aligned with the cerebellar superior surface, with phase
encoding in the Right-Left direction, and (IV) perpendicular to the calcarine sulcus (coronal orientation) with phase encoding in the RightLeft direction (Fig. 1A). Fig. 1A shows the four slice orientation planes
(I–IV). Fig. 1B shows VASO-CBV activated voxels (z > 2.5) within the
shared volume of all orientations, overlaid on the anatomical data. Robust VASO-CBV responses in the visual cortex were detected in all participants for all orientation planes (Fig. 1B).
We summarized the slice orientation results by computing the average response into Z-scores within the overlap ROI. The results of the slice
orientation experiment are shown in Fig. 1C and D, for individual participants and averaged across participants, respectively. The third slice
orientation option (III) yielded the highest average Z-scores across individual and group averaged data. The Z score of orientation III was significantly diﬀerent than the other orientations. The post hoc Holm correction showed diﬀerences between I vs III: p < 0.001, II vs III: p = 0.016,
III vs IV: p = 0.04. There was also a signiﬁcant diﬀerence between I and
IV (p = 0.04).
Supplementary Fig. 2A shows an example of tSNR maps for one of
the participants (P02) across all four orientations and the group mean
across participants. The tSNR values were higher for orientation III, with
no statistical signiﬁcance diﬀerence. In addition, we observed insuﬃcient fat suppression in the EPI readout for all three participants, which
led to larger ghosting, notably for orientation II (Supplementary Fig.
2B). Supplementary Fig. 2B shows a direct comparison between orientation II and III. We did not observe ghosting artifacts due to insuﬃcient
fat suppression for the other orientations. Hence, all subsequent experiments used an orientation of the slab aligned with the superior surface of
the cerebellum, covering the calcarine sulcus in a coronal-oblique plane
with the phase-encoding direction along the right-left axis.

for BOLD than VASO-CBV. Note that the diﬀerences between gray and
white matter are most likely caused by the stimulus-driven signal ﬂuctuations in the gray matter, baseline signal intensity, and non-task-related
BOLD signal ﬂuctuations, all leading to lower tSNR values in the gray
matter relative to the white matter. The variance explained in V1 does
not increase at the same rate and amplitude for both acquisitions: For
BOLD, the same selected voxels can reach 70% variance explained at a
cumulative sum of 14 runs (average), whereas the VASO-CBV explained
variance in the same voxels approaches 30%, approximately the same
variance explained as a single run of BOLD data.
The comparison of pRF sizes obtained from BOLD and VASO-CBV
runs was performed between the 14-run averaged VASO-CBV data and
for each BOLD run to maintain similar levels of variance explained. A
linear increase of pRF size with eccentricity is expected for all visual ﬁeld
areas, with increasing slopes for more downstream areas (Dumoulin and
Wandell, 2008). As expected, the pRF size increases as a function of
eccentricity for both BOLD and VASO-CBV (Fig. 5). The slope of this
function increases from V1 to V3 in almost all volunteers. The only exception is P05, presenting a nearly similar slope for V2 and V3. However, in contrast to our hypothesis, we did not observe smaller pRF
sizes derived from VASO-CBV than BOLD-derived pRF sizes. A one-way
Bayesian ANOVA was performed to test the diﬀerences between pRF
size in BOLD and VASO-CBV. In the Bayesian framework, the alternative hypothesis is the diﬀerence in the means between the averaged 14
VASO-CBV and the individual BOLD runs. We deﬁned the alternative hypothesis as the diﬀerence between the averaged 14 VASO-CBV and the
individual BOLD runs. The Bayesian ANOVA indicated weak evidence
for the alternative hypothesis in V1 (BF10 = 2.687). Moreover, no evidence was found for the alternative hypothesis in V2 (BF10 = 1.044) and
V3 (BF10 = 0.477). These results indicate that the pRF sizes for BOLD
and VASO-CBV are not signiﬁcantly diﬀerent.

3.2. VASO-CBV and BOLD population receptive ﬁeld responses
4. Discussion
The variance explained maps show the fMRI signal quality captured
by the pRF model (Fig. 2). These responses covered the target visual
area (V1–V3) for all three examples, although the 14-run average BOLD
shows more robust voxel responses. The single BOLD run shows a lower
but still a comparable explained variance. For VASO-CBV, the extension of the variance explained map is similar to the single BOLD run.
The example voxel was selected to have a high variance explained
(R2 = 78.87%) in the VASO-CBV responses and was directly compared
to the BOLD responses in the same voxel, in a single run, averaged over
14 runs. The VASO-CBV time series exhibits a lower response amplitude
than the BOLD time series. The single BOLD run has a comparable signal change to the 14-average BOLD run but has a much higher noise
ﬂoor, leading to a worse model ﬁt and lower R2 value. Note that the difference in amplitude for BOLD and VASO-CBV is expected and reﬂects
their sensitivity diﬀerences.
The pRF visual ﬁeld maps are shown in Fig. 3. BOLD pRF maps
show the expected pattern of a complete visual ﬁeld representation
(Dumoulin and Wandell, 2008). VASO-CBV maps show a similar pattern for eccentricity and polar angle. The similarity between BOLD and
VASO-CBV pRFs was quantiﬁed using a Pearson’s correlation test on
the eccentricity values (Fig. 3F). The correlation was strong and statistically signiﬁcant for all regions and participants at (R = 0.83 ± 0.11
[Mean ± SD], p < 0.0001). Most slope values of the ﬁts were close
to the unity line, where eccentricity equates between VASO-CBV and
BOLD (> 0.9). Apart from V3 for P04 and P05; and V2 for P05, the measured slope was 0.73, 0.38, and 0.72, respectively. The pRF maps for
the other two participants are depicted in Supplementary Fig. 3. These
results show that pRF maps can be obtained reliably with VASO-CBV as
well as with BOLD.
Fig. 4 shows the tSNR (Panel A) and variance explained (Panel B)
as a function of the number of runs for BOLD and VASO-CBV. For both
BOLD and VASO-CBV, the tSNR increases with the number of runs for
both regions and participants in similar proportions with higher values

4.1. Overview of the results
In the present study, we evaluated the feasibility of VASO-CBV 7T
fMRI for pRF mapping. The SS-SI VASO sequence with 3D EPI readout
enabled us to simultaneously acquire BOLD and VASO-CBV responses
in the visual cortex. Because of the longer arterial arrival time of the
visual cortex, we ﬁrstly aimed at the slice optimization of the VASOfMRI sequence. The optimal orientation that yielded a higher activation
level (Z-score) was used in the pRF mapping experiment. We found similar pRF positions, i.e. eccentricity and polar angle, for VASO-CBV and
BOLD derived maps. Likewise, the pRF size changed with eccentricity in
V1-V3 for VASO-CBV and BOLD in a similar manner. Because of its distinct sensitivity to microvascular blood volume changes, we anticipated
that VASO–CBV would show smaller pRF sizes than BOLD. However, we
found very similar pRF size estimates for BOLD and VASO-CBV. These
results suggest that, for the spatial resolution used here, the vascular
component of the pRF size is not dominating in either VASO–CBV or
BOLD.
4.2. Slice optimization
The way the CBV contrast is generated in VASO-CBV images implies
limitations in acquisition parameters. The readout blocks have to be
timed so that the blood signal is nulled or close to zero, e.g., a certain
time after the inversion pulse. During this time, fast inﬂowing blood
may enter the slab if vessels transport non-inverted blood fast enough
to the area of interest. The so-called inﬂow eﬀects lead to bright signals
in small arteries and an unwanted Cerebral Blood Flow (CBF) contribution, resulting in low sensitivity to CBV changes. At the same time, we
assume that all blood is replenished before the BOLD weighted image
is acquired (∼1.5 s after inversion). The manifestation of the inﬂow effect depends on several experimental conditions, including the transmit
5
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Fig. 2. Example time courses and variance explained maps for VASO–CBV and BOLD. V1 is outlined on top of a polar angle map from a representative participant.
(A) Map of the variance explained by the pRF model for 14-run average VASO–CBV and two BOLD examples, one averaged over 14 runs and a single run. (B) An
example pRF fMRI responses from a voxel located in V1, for VASO–CBV, averaged over 14 runs and two BOLD examples, one averaged over 14 runs and a single run.
The dashed lines with bullet points represent the measured response, and the red line represents the model prediction. R2 denotes the amount of variance explained
by the model for the selected voxel.

coil coverage, inversion time, and functional task. For example, the arterial arrival time is expected to be shorter during the task because of
the dilatation of the vessels and the changes in the ﬂow velocity. For the
visual cortex, the arterial arrival time is much longer than in the more
superior motor cortex (Mildner et al., 2014), potentially aﬀecting blood
reﬁlling in an occipital imaging slab.
Here, we positioned the slice orientation to ensure that the slab covered V1–V3 used a short TI to limit inﬂow eﬀects in VASO-CBV images
even during the task, while suﬃcient reﬁlling occurred to achieve good
VASO-CBV sensitivity. The coverage of the transmit coil determines the
area of tissue in which a complete inversion of the signal is achieved
and does not diﬀer between slice orientations. We did not observe indications of inﬂow artifacts in any of the orientation planes. Nevertheless,
the absence of clearly visible inﬂow artifacts is not complete evidence
of no residual inﬂow eﬀect in the data (Huber et al., 2018b).
Still, orientation III yielded higher z-scores than the other orientations. One possible cause for this diﬀerence was the quality of the

fat suppression when compared with orientation II (Supplementary Fig.
2). Although not signiﬁcant, the tSNR measured in the visual area was
also higher for orientation III. The proximity and distribution of the
channels in the receive coil could also contribute to this result, as SNR
and SENSE unfolding depend heavily on the architecture of the rf-coil
(Hendriks et al., 2020). Noteworthy, we believed that these ﬁndings
might depend on other aspects of the sequence. A diﬀerent spatial resolution might result in a diﬀerent optimal slice orientation than found
here, especially for small voxel sizes where peripheral nerve stimulation
(PNS) limits the maximum gradient strength and slew rate. Note that the
gradient strength did not limit our experiment, and the PNS level was
low according to the vendor measurements.
4.3. tSNR and variance explained diﬀerences
Another challenge for the VASO sequence is the inherent lower SNR.
In the present study, VASO-CBV tSNR was consistently lower than BOLD.
6
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Fig. 3. pRF position estimates on an inﬂated cortical surface. (A) The visual area (occipital pole) is indicated on the inﬂated cortical surface. The eccentricity maps
are shown for BOLD (B) and VASO-CBV (C). Polar angle maps are likewise compared between BOLD (D) and VASO-CBV (E). Maps are threshold at a variance
explained of 5%. (F) Correlations between eccentricity values obtained from BOLD and VASOCBV indicate a similar progression of pRF values across eccentricity
between the two sequences. R-value is the Pearson correlation coeﬃcient.

A previous study observed similar behavior using similar spatial resolution and readout strategies in the motor area (Huber et al., 2018a).
The tSNR curves in Fig. 4A reveal that, in general, a single BOLD run is
equivalent to 4, 5 average runs of VASO-CBV. This low tSNR value limits
the detection of VASO fMRI signal activation and increases the experimental time compared to typical BOLD acquisitions. The pRF model
performance was measured by the variance explained (R2 ). For both
VASO-CBV and BOLD, the variance explained increases with the number of runs, although in diﬀerent ratios, with BOLD reaching a plateau
earlier than VASO-CBV. Therefore, we compared the average of 14 runs
of VASO-CBV to individual BOLD runs in the pRF size analysis.
A promising approach for further VASO-CBV improvements is using denoising techniques, for example, the recently proposed noise reduction with distribution corrected PCA (NORDIC PCA) (Moeller et al.,
2021). NORDIC PCA denoising targets the removal of the thermal noise
contribution to fMRI, leading to improvements in temporal SNR, functional signal detection (more signiﬁcant activated voxels), and accuracy
of functional maps (Vizioli et al., 2021). Such a denoising technique
could improve VASO-CBV tSNR resulting in reduced acquisition times
with fewer runs. Of course, BOLD runs also beneﬁt from denoising, and
the need to average higher numbers of runs for VASO-CBV might not
change.

the position scatter of the individual receptive ﬁelds of the recorded
neural population contributes to the overall pRF size (Dumoulin and
Wandell, 2008). Since the comparison was performed in the same cortical locations, the position scatter is not expected to diﬀer in VASO-CBV
compared to BOLD. The non-neural components have diﬀerent origins:
Previous studies showed that eye movements could cause an increase
in the pRF size (Klein et al., 2014; Levin et al., 2010). Similarly, head
movement-related motion artifacts add noise to the measured responses
and reduce the model prediction accuracy, leading to broader measured
pRF sizes. Because VASO-CBV and BOLD signals are collected within
the same functional run, movement related artifacts are not likely to
diﬀer between VASO-CBV and BOLD. Additionally, the V1–3 pRF size
variations (Fig. 5) are similar to previous studies (Dumoulin and Wandell, 2008), which provide further evidence that these methodological
aspects did not dominate our results. Last, another factor that may inﬂuence the observed pRF size estimate is the SNR (Lerma-Usabiaga et al.,
2020). However, the high SNR case of 14-run averaged BOLD shows
no diﬀerence in observed pRF size of single run pRF estimates (Fig. 5),
therefore, we do not think that variations in SNR were a factor of inﬂuence.
The hemodynamic response properties may also inﬂuence the pRF
size measurements (Dumoulin and Wandell, 2008; Klein et al., 2014;
Lerma-Usabiaga et al., 2020). To investigate the impact of the HRF, we
added an HRF ﬁt procedure in addition to the pRF parameters estimation (Harvey and Dumoulin, 2011). For comparison, we also analyzed
the pRF sizes obtained using the canonical HRF. The results with the
canonical HRF and ﬁtted HRF are near identical (see Supplementary
Fig. 1). Taking these results together, we do not believe that the HRF
properties aﬀected the VASO and BOLD pRF size.
Therefore, our results suggest that either (1) the spatial vascular contributions to VASO-CBV and BOLD signals do not diﬀer or (2) that the
vascular contributions to the pRF estimates are small. We favor the second explanation. First, there are ample studies suggesting diﬀerent vascular contributions to the VASO-CBV and BOLD signals (Huber et al.,
2017, 2021; Jin and Kim, 2008). Second, the pRF estimates from BOLD
fMRI and direct neural recordings are similar in the same subjects, both
in humans (Harvey et al., 2013; Hermes et al., 2017) and primates
(Klink et al., 2021). Furthermore, these pRF estimates match the spatial location of electrically induced visual sensations further linking pRF
measurements with perception (Winawer and Parvizi, 2016). Thus, we
suggest that pRF measurements are dominated by neural components

4.4. VASO-CBV and BOLD pRF estimations
Polar angle and eccentricity maps derived from BOLD contrast were
consistent with previous fMRI ﬁndings (Dumoulin and Wandell, 2008).
The maps derived from VASO-CBV contrast were similar, but because of
the lower tSNR less spatially extensive than BOLD at a given threshold
(Supplementary Fig. 3). Our results show that VASO-CBV eccentricity
has a strong correlation with BOLD eccentricity (Fig. 3). The pRF tuning
width changed with the eccentricity (Fig. 5) in V1–V3 for all three participants, similarly for BOLD and VASO–CBV. The pRF variations observed
here correspond to the same pattern as in previous reports (Dekker et al.,
2019; Dumoulin and Wandell, 2008; Harvey and Dumoulin, 2011). Interestingly, pRF size measurements for VASO-CBV are not smaller than
BOLD. The expected higher microvascular speciﬁcity of VASO-CBV does
not directly result in smaller pRF size estimates for the present pRF experiment.
The pRF size estimate depends on a combination of two types of
signal components; neural and non-neural. For the neural component,
7
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Fig. 4. Quantiﬁcation of the noise level assessed by tSNR and variance explained as a function of the number of runs. (A) The tSNR increases with the number of
averaged runs for all participants and both tissue types in similar proportions. BOLD tSNR is higher than VASO-CBV for all regions and participants. (B) The increase
in variance explained is not at the same rate and amplitude for BOLD and VASO-CBV. For BOLD, variance explained plateaus earlier than the VASOCBV variance
explained, but the levels of variance explained by BOLD are consistently higher.

and that the vascular contribution to the pRF size measurements are
minimal and thus pRF estimates derived from VASO-CBV and BOLD signals will be similar.
These ﬁndings are speciﬁc for the experimental setup used in the
present study, including the spatial resolution used here. Higher spatial resolutions, e.g. 1 mm or lower, may elicit diﬀerent pRF size estimates, especially if investigated across cortical depth where the VASOCBV speciﬁcity is more pronounced since it is much less sensitive to the
draining vein eﬀect than BOLD. Thus, we speculate that in a situation
in which both the neural component of the pRF decreases in size and
VASO-CBV is less sensitive to the large draining veins, there may be a

diﬀerence between pRF estimates derived from BOLD and VASO-CBV.
However, the VASO-CBV experiments would become practically unfeasible in terms of scan time.
5. Conclusion
In the present study, we investigate how VASO-CBV compares to
BOLD fMRI for cognitive neuroscience applications. We compared population receptive ﬁeld (pRF) mapping estimates between BOLD and
VASO-CBV by extending the pRF mapping method to VASO-CBV fMRI
at 7T. We simultaneously obtained VASO-CBV and BOLD weighted fMRI
8
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Fig. 5. pRF size changes across eccentricity in V1–V3 for all participants, for the averaged VASO-CBV 14 runs, the averaged BOLD 14 runs, and the individual BOLD
runs. pRF sizes increase with visual ﬁeld eccentricity and across the visual area hierarchy.

using a double readout 3D SS-SI-VASO sequence. The VASO-CBV reliably shows similar polar angle and eccentricity maps to BOLD-based
data. The pRF size increased systematically, both with eccentricity and
going from V1 to V3, with a high similarity between BOLD and VASOCBV measured pRF sizes. The expected higher microvascular speciﬁcity
of VASO-CBV did not directly result in a smaller pRF size. These results
suggest that the vascular contribution in the spatial pRF size is minimal
or very similar for VASO-CBV and BOLD for the spatial resolution used
here.
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