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a b s t r a c t
Functional magnetic resonance imaging (fMRI) based on the Blood Oxygenation Level Dependent (BOLD) contrast takes advantage of the coupling between neuronal activity and the hemodynamics to allow a non-invasive
localisation of the neuronal activity. In general, fMRI experiments assume a linear relationship between neuronal
activation and the observed hemodynamics. However, the relationship between BOLD responses, neuronal activity, and behaviour are often nonlinear. In addition, the nonlinearity between BOLD responses and behaviour may
be related to neuronal process rather than a neurovascular uncoupling. Further, part of the nonlinearity may be
driven by vascular nonlinearity eﬀects in particular from large vessel contributions. fMRI based on cerebral blood
volume (CBV), promises a higher microvascular speciﬁcity, potentially without vascular nonlinearity eﬀects and
reduced contamination of the large draining vessels compared to BOLD. In this study, we aimed to investigate
diﬀerences in BOLD and VASO-CBV signal changes during a hand movement task over a broad range of movement rates. We used a double readout 3D-EPI sequence at 7T to simultaneously measure VASO-CBV and BOLD
responses in the sensorimotor cortex. The measured BOLD and VASO-CBV responses increased very similarly in a
nonlinear fashion, plateauing for movement rates larger than 1 Hz. Our ﬁndings show a tight relationship between
BOLD and VASO-CBV responses, indicating that the overall interplay of CBV and BOLD responses are similar for
the assessed range of movement rates. These results suggest that the observed nonlinearity of neuronal origin is
already present in VASO-CBV measurements, and consequently shows relatively unchanged BOLD responses.

1. Introduction
Functional Magnetic Resonance Imaging (fMRI) is the most popular
means of probing neuronal activity in living humans, with blood oxygenation level-dependent (BOLD) the most common non-invasive contrast used to detect brain function. The BOLD signal relies on T2 or T2∗
relaxation, which is sensitive to local concentrations of paramagnetic
deoxyhemoglobin (dHb), which leads to alterations in MRI signal intensity (Kim and Ogawa, 2012).
The measured BOLD signal during functional activation depends predominantly on the changes in venous blood oxygenation, which in turn
depends on the induced neurovascular, hemodynamic, and metabolic
changes. When interpreting functional MRI signals, we generally as-

sume a linear coupling between neuronal activation and the observed
vascular signals (neurovascular coupling)(Boynton et al., 2012, 1996;
Cohen, 1997; Friston et al., 1994; Heeger et al., 2000; Miezin et al.,
2000). However, BOLD responses, neuronal activity, and behaviour
are often nonlinearly coupled (Buxton et al., 2014; Friston et al.,
2000; Hermes et al., 2012; Logothetis, 2008; Logothetis et al., 2001;
Siero et al., 2013; Soltysik et al., 2004; Yeşilyurt et al., 2008).
Although the BOLD signal mechanism is complex, previous studies
demonstrated the presence of both linear and nonlinear behaviour of
the BOLD signal with task variations. For the visual cortex, it has been
shown that the amplitude and duration of the BOLD response can be assumed to be linear for stimulus duration longer than 4 s (Boynton et al.,
1996; Liu and Gao, 2000; Soltysik et al., 2004; Vazquez and Noll, 1998;

Abbreviations: fMRI, functional magnetic resonance imaging; BOLD, blood oxygenation level-dependent; dHb, deoxyhemoglobin; ECoG, electrocorticography;
CBV, cerebral blood volume; VASO, vascular space occupancy; EPI, echo planar imaging; ROI, region of interest; GM, grey matter; TI, inversion time; TE, echo time;
SAR, speciﬁc absorption rate; FA, ﬂip angle; GE, Gradient Echo; CNR, contrast-to-noise ration; CBF, cerebral blood ﬂow.
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Yeşilyurt et al., 2008). In contrast, a nonlinear scaling in amplitude
and duration between stimulus and the BOLD signal has been observed, for example, in visual stimuli with a short duration (< 3-4 s).
Here, BOLD response amplitude was larger than the prediction as expected from a linear system (Birn and Bandettini, 2005; Liu et al.,
2010; Logothetis et al., 2001; Miller et al., 2001; Yeşilyurt et al., 2008;
Zhang et al., 2009, 2008). Nonlinear behaviour was also observed for
the BOLD response amplitude for a range of other fMRI experimental
paradigms; word presentation rates (Büchel et al., 1998; Friston et al.,
1998; Rees et al., 1997), visual stimuli with diﬀerent frequency contrasts
(Gaglianese et al., 2017). In the motor fMRI literature too, plateauing at
high movement rates has been observed for diﬀerent hand motor tasks
(Jäncke et al., 1998; Khushu et al., 2001; Riecker et al., 2003; Sadato
et al., 1997; Siero et al., 2013).
Several studies combined electrocorticography (ECoG) with BOLD
fMRI showing a close to linear relationship between neuronal population activity measured by electrocorticography (ECoG) and BOLD responses with respect to diﬀerent stimulus rates (Gaglianese et al., 2017;
Siero et al., 2013). Speciﬁcally, in the sensorimotor cortex, Siero et al.
showed that both the BOLD and neuronal ECoG responses plateau at
high movement rates (≥ 1Hz). These ﬁndings corroborate to the suggestion that a signiﬁcant part of the BOLD nonlinearity, i.e. plateauing
of the response amplitude at high movement rates, has a neuronal origin (Birn and Bandettini, 2005; Zhang et al., 2009). The remaining part
is likely due to vascular nonlinear eﬀects such as vascular refractory
eﬀects where the response to a repeated stimulus can be diminished
(Zhang et al., 2008). These eﬀects are thought to occur in larger vessels
that can exhibit inconsistent response delays due to pooling of upstream
microvascular blood with diﬀerent transit times (Zhang et al., 2009).
Another potential source of vascular nonlinearities is the BOLD ceiling
eﬀect, where the maximum amount of BOLD signal is reached when the
blood ﬂow is increased to the point that all the deoxyhemoglobin (dHb)
in the venous vasculature is washed out (Buxton et al., 2014).
Cerebral blood volume (CBV) measurements provide an alternative fMRI contrast mechanism to BOLD. The Vascular Space Occupancy
(VASO) contrast is sensitive to arteriole and post-arterial CBV changes
and promises higher microvascular speciﬁcity, thus better spatial localisation of the neuronal activity with reduced draining vein contamination compared to BOLD (Hua et al., 2018; Huber et al., 2014; Jin and
Kim, 2008; Lu et al., 2013, 2003). In VASO, the contrast is based on the
diﬀerences between the longitudinal relaxation times (T1) of blood and
tissue, and it is generated by nulling the blood signal using an inversion
pulse while maintaining part of the tissue signal.
Although the linearity of the CBV response has, to date, not yet been
investigated, the CBV responses are not expected to behave in the same
fashion as the BOLD response to repeated stimuli and stimulus rate.
Since VASO-CBV responses promise higher microvascular speciﬁcity, we
might expect reduced vascular nonlinear eﬀects as previously observed
in BOLD fMRI experiments. Simultaneous assessment of CBV and BOLD
responses can shed light on the extent of vascular nonlinear eﬀects observed in the BOLD signal.
In this study, we measured simultaneously BOLD and VASO-CBV responses, using a double readout 3D-EPI VASO sequence, during the execution of hand digit movements at several movement rates. The goal was
to evaluate and compare the BOLD and VASO-CBV response behaviour
with respect to movement rate in sensorimotor cortex.

2.2. Stimulus
Each subject repeated the experiment twice in two separate sessions,
where the subjects performed the same motor task. The task consisted
of moving the right hand periodically following a visual cue, from a
rest position to a loosely clenched ﬁst, at ﬁve diﬀerent movement rates:
~0.33, 0.5, 1, 1.5, and 2 Hz. The visual cue was projected on a screen
at the end of the bore of the scanner, which the subjects viewed using a mirror. The visual cue consisted of two diﬀerent coloured squares
(with the green square meaning move, and red indicating rest) alternating at the appropriate clenching rate and was generated in ‘Matlab’
(The MathWorks, Natick, United States) using the ‘Psychophysics Toolbox Version 3’. Both task and movement rates have previously been
shown to yield robust BOLD responses and nonlinearity with the stimulus rate (Siero et al., 2013).
The task paradigm consisted of a 30 s baseline, then alternating between 12 s of movement, and 24 s of rest. In total, 12 trials were performed per movement rate in a pseudo-randomised order across subjects and sessions. All subjects were brieﬂy trained outside the scanner
and instructed to use a constant force across movement rates. The hand
movements were recorded using a DataGlove 5 Ultra MRI (Fifth Dimension Technologies 5DT, www.5dt.com) with a sampling rate of 120Hz.
The right-hand dataglove is metal-free and consists of ﬁve ﬁbre-optical
sensors in total (one sensor per ﬁnger), placed on the back of each digit.
These ﬁbre-optical sensors provide an average measurement of the ﬁnger ﬂexure for each of the ﬁve ﬁngers by measuring the optical ﬁbre
path length. Hence, with these sensors, ﬁst-clenching can be observed
clearly, but not the movement of individual phalanges or wrist rotations.
The traces from the index, middle, ring and little ﬁngers were averaged
to verify the subject’s movement rate and task performance. For an example recording, see Fig. 1. One subject’s session was removed after the
detection of motion-related artifacts, and the remaining 45 runs were
included in the ﬁnal analysis.
In order to eliminate bias in the comparison analysis between diﬀerent movement rates we obtained the region of interest (ROI) from an
additional stimulus run using the same paradigm described above, with
1.0 Hz and eight trials, the same processing steps were performed for
all datasets including the functional localiser run.
2.3. MR sequences
Imaging was performed on a 7T MRI scanner (Philips Healthcare,
Best, The Netherlands) using an 8 channel transmit coil and a 32
channel receive coil (Nova Medical Inc, Wilmington, United States)
with a close to circularly polarised-mode achieved by B1-shimming
of the entire brain of a group of volunteers. A Slice-Saturation SlabInversion (SS-SI) VASO scheme was used to simultaneously acquire
CBV and BOLD weighted images using interleaved pair-wise 3D-EPI
readouts (Huber et al., 2014) (Fig. 2). The timing parameters for
the interleaved acquisition were based on previous 7T ﬁndings, taking into account gray matter (GM) and blood T1 values, arterial arrival time in the sensorimotor cortex, and an additional margin as
previously proposed (Huber et al., 2018). Combining these, we used
TI1 /TI2 /TE/TR = 1100/2600/17/3000 ms. For the magnetisation inversion, we implemented an adiabatic inversion TR-FOCI pulse, which
ensures an eﬀective inversion with reduced B1+ inhomogeneity dependency compared to a more conventional hyperbolic secant adiabatic inversion pulse (Hurley et al., 2010). Data were acquired with
an isotropic voxel size of 1.5 mm, FOV = 192 × 192 × 21 mm3 , matrix
size = 128 × 128, 14 slices, partial Fourier factor = 0.78 in the phase
encoding direction and SENSEinplane factor = 2.5. 154 volumes were acquired per run, leading to a total scan time (per movement rate) of 7 min
and 42 s.
In addition, a higher resolution T2∗ -weighted scan was acquired to
identify the veins in the imaging area. A 3D multishot gradient-echo EPI
was acquired with the following parameters: TR/TE = 67/29 ms, ﬂip

2. Materials and methods
2.1. Subjects
Five healthy volunteers (age 25–40 years, two women and three
men) without hand movement impairments participated in the study.
The local ethics committee approved this study, and all volunteers provided written consent prior to participating after being informed of the
experimental procedures.
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Fig. 1. A) Single-subject dataglove traces
across 12 trials shown in gray with the average response in black. The subplots illustrate the functional paradigm and task performance. From top to bottom, hand movement
rates ~0.33, 0.5, 1.0, 1.5, and 2 Hz, the hand
movements were performed for 12 s, followed
by 24 s of rest (baseline). The task consisted
of moving the right hand from a rest position
(B) to a loosely clenched ﬁst position (C). The
dataglove data was used to check for task performance and to calculate an accurate movement rate for each subject. Note that, for the
highest movement rates (greater than 1.0Hz),
the subjects accrued timing deviations in the
executed movement onset with respect to the
visual cue resulting in a reduced amplitude for
the average movement trace (black).

2.5. Data analysis
All data pre-processing was performed using the SPM12 (Statistical
Parametric Mapping) software package. We ﬁrst performed a motion
correction for BOLD and VASO images separately, followed by a BOLD
correction used to minimise the extravascular BOLD signal contamination present in the VASO images (Huber et al., 2014). No additional
spatial smoothing or temporal ﬁltering was applied to minimise loss in
speciﬁcity. T2∗ -weighted images were registered to the same space as
the functional data, and all movement rate data sets were registered to
the same common space, per subject using the functional localiser as
reference.
The ROI deﬁnitions were based on VASO-CBV and BOLD activated
voxels from the localiser run. After a GLM (FEAT in FSL, v.6.0) analysis,
the VASO-CBV and BOLD Z-statistic activation maps were thresholded
at a Z-statistic value = 2.5. To assess signals originating from draining veins, we created a “vessel ROI” based on the high-resolution T2∗ weighted image, where low signal intensity spots indicate the larger
draining veins, and the overlap with the BOLD activation map. To account for the extravascular BOLD signal extent of the draining vein, voxels adjacent to the large vessels were also included in the ROI (Fig. 3C,
D in red) (Siero et al., 2011). A second ROI was created based on the
BOLD activation map, but excluding the overlapped voxels from the vessel ROI, resulting in a “BOLD non-Vessel ROI” (BnV ROI, Fig. 3C, D in
blue). The ﬁnal ROI was deﬁned as the common set of CBV and BOLD
activated voxels, also excluding voxels from the vessel ROI, which we
will dub “CBV BOLD Combined non-Vessel ROI” (CBnV ROI) (Fig. 3C,
D in green).
To investigate the response linearity with respect to the movement
rate, we ﬁrst averaged the time courses of all voxels within each ROI.
Next, we obtained CBV and BOLD percentage signal changes for all subjects and movement rates. To evaluate the relationship between VASOCBV and BOLD responses in the diﬀerent ROIs, we ran a linear regression
on the percent signal changes per session and movement rates; ﬁve CBVBOLD pairs of data points (per session, at ﬁve movement rates) were entered into the regression model, in total, nine slopes and intercepts were
generated and further averaged. This procedure followed what was proposed in (Makin and De Xivry, 2019). One-way ANOVAs with Tukey
post-hoc analyses were used to assess the slope and intercept diﬀerences
between ROIs. All generated plots, linear regression and ANOVA estimation, were performed using R (R Core Team, 2020), where p-values
< 0.05 were considered statistically signiﬁcant.

Fig. 2. Depicted pulse sequence (sequence diagram) combined with the zmagnetisation during a 3D-EPI Slice-Selective Slab-Inversion (SS-SI) VASO acquisition. A) An adiabatic inversion (180°) pulse (TR-FOCI) followed by two acquisition modules with 3D-EPI readout with a variable ﬂip angle (𝛼). Inversion
times TI1 , TI2 , and volume repetition time TR were 1100, 2600, and 3000 ms,
respectively. B) In SS-SI VASO, an increase in tissue signal is realised by manipulating the longitudinal magnetisation of the stationary gray matter (GM) tissue
separately from the inﬂowing blood. Here, a 90° magnetisation reset pulse is applied in the imaging slab after both readout modules, resulting in an increased
available tissue signal.

angle = 20°, averages = 2, SENSE factor = 2, isotropic voxel size = 0.6
mm, and FOV = 215 × 160 × 75 mm3 , matrix size = 360 × 342. 100
slices were acquired to cover the sensorimotor cortex, with a total scan
time of 2 min and 35 s.

2.4. Flip angle sweep
A 3D-EPI readout not only results in higher image SNR compared
a 2D-EPI readout (Van Der Zwaag et al., 2012) but also leads to a reduced power deposition as typically smaller ﬂip angles are used. In SS-SI
VASO, longitudinal magnetisation recovery during the 3D-EPI readouts
leads to diﬀerent T1-weightings along the kz -direction, which can result in blurring across slices. To reduce this blurring, we modulated the
ﬂip angle train, such that the magnetisation in the gray matter remains
approximately constant (Gai et al., 2011). The nominal ﬂip angles in
the optimal sweep were: 14.4°, 14.9°, 15.4°, 15.9°, 16.5°, 17.2°, 17.9°,
18.7°, 19.6°, 20.6°, 21.8°, 23.2°, 25.0°, 27.1°, 30.0° (Fig. 2). The SAR values never exceeded 2 W/kg (or 20% of the local SAR limit), according
to the SAR estimation of the vendor.
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56% of BOLD CNR for the CBnV ROI, calculated using the average percentage signal change across all subjects.
In Fig. 5, a linear regression was used to assess the linearity of the
relationship between VASO-CBV and BOLD responses in the three different ROIs. For all ROIs and subjects, a signiﬁcant linear relationship
was found between the movement rate dependent BOLD and VASO-CBV
responses. The following results are the average slopes, intercepts and
the Pearson’s correlations across subjects and movement rates. For the
vessel ROI, slope = 0.95 ± 0.10 %BOLD/%VASO-CBV, intercept = 2.20
± 0.12 %BOLD and the R = 0.77, for the BnV ROI, slope = 1.18 ± 0.05
%BOLD/%VASO-CBV, intercept = 1.13 ± 0.07 %BOLD and the R = 0.89,
and ﬁnally for the CBnV ROI, slope = 0.90 ± 0.12 %BOLD/%VASO-CBV,
intercept = 1.10 ± 0.28 %BOLD and R = 0.80. The ﬁtted linear curves are
depicted in Fig. 5 for all ROIs per session; the dashed line represents the
average of all nine sessions. Note that all the ﬁtted slopes are relatively
close to 1 and did not signiﬁcantly diﬀer between ROIs, as the one-way
ANOVA with Tukey post-hoc analysis revealed, ROIvessel-BnV , p=0.26,
ROIvessel-CBnV , p=0.93 and ROIBnV-CBnV , p=0.14. Interestingly, there is a
signiﬁcant oﬀset, i.e. a non-zero BOLD-intercept, at VASO CBV (%) = 0,
for all ROIs. The intercept value was signiﬁcantly higher for the Vessel
ROI compared to both the BnV and CBnV ROIs (both p=0.001), while
the BnV and CBnV ROIs had a similar intercept value (p=0.9).
We also investigated the cerebrospinal ﬂuid (CSF) contribution in
the Vessel ROI. We correlated the brightness of the mean EPI from each
subject, with the percentage signal change in the vessel ROI to investigate the relationship between CSF and VASO-CBV signal. The brightest
voxels in the mean EPI indicates the presence of a high voxel CSF content due to the long T1 and T2∗ of CSF. Lower intensity voxels generally
indicate larger venous content (shorter T1 and T2∗ for venous blood). A
positive correlation would indicate that voxels with a high percentage
of VASO-CBV signal change are related to the voxels with a large partial
volume contribution of CSF. We found that the correlation for the VASOCBV signal changes are much closer to 0 and not consistently negative
or positive (i.e. non-signiﬁcantly diﬀerent from 0, 𝑝 = 0.44), suggesting
that the impact of the draining veins and CSF content is on the response
amplitude is small. The results for the BOLD response amplitude, however, showed a signiﬁcant negative correlation (𝑝 = 7.71 × 10−8 ) for all
movement rates, indicating higher BOLD signal changes for voxels with
higher venous blood content, as expected.

Fig. 3. Example BOLD and VASO-CBV-weighted activation maps with their respective signal amplitudes, followed by the ROI selection outline. A) shows
BOLD and VASO-CBV activation maps from the functional localiser run for a
representative subject, and B) signal timecourses averaged across all subjects,
extracted from the ROIs used in the analysis (e.g. BnV for BOLD timecourse and
CBnV for VASO timecourse). The dashed line represents the stimulation period,
and the transparent shaded area represents the standard error across subjects. In
C) and D), a T2∗ -weighted image is shown with a schematic of the three diﬀerent
ROIs. In red, delineation of draining veins incorporating a BOLD extravascular
signal extent (Vessel ROI). In blue, the "BOLD non-Vessel" (BnV ROI), based on
BOLD activated voxels, excluding the voxels from the vessel ROI. In green, the
"CBV BOLD Combined non-Vessel" (CBnV ROI), i.e. a common set of BOLD and
CBV activated voxels, also excluding Vessel ROI voxels.

3. Results
4. Discussion
Fig. 1 shows the averaged dataglove response of one representative
subject and illustrates the functional paradigm and associated task performance. We assessed the dataglove responses and calculated the execute movement rate for all runs. The dataglove shows that the subjects’
performance was similar between the movement rates, even for higher
movement rates (> 1 Hz), where the responses start to reduce in amplitude, but the movement rate still matches with those introduced by
the stimuli. Hand movements were executed within 0.337 ± 0.002 Hz,
0.505 ± 0.030 Hz, 1.002 ± 0.026 Hz, 1.523 ± 0.025 Hz, and 1.978 ±
0.114 Hz.
Robust BOLD and VASO-CBV responses in the sensorimotor cortex
were detected in all participant sessions for all ﬁve diﬀerent movement
rates. Fig. 3A shows exemplar BOLD and VASO-CBV activation maps for
a representative subject, and Fig. 3B the signal timecourses averaged
across subjects. Fig. 4 shows the average VASO-CBV and BOLD percentage signal changes with respect to movement rate for the diﬀerent ROIs.
Both the BOLD and VASO-CBV response amplitude show an increase for
movement rates till 1 Hz and plateaus for higher movement rates ≥ 1
Hz. As expected, the BOLD response amplitude was much higher in the
vessel ROI than in the other two ROIs. VASO-CBV response amplitudes
were higher in the combined ROI (CBnV ROI) than in the BnV ROI because of the way both ROIs had been deﬁned. Interestingly, VASO-CBV
responses were also signiﬁcant in the vessel ROI, albeit more modest
than the increase in BOLD compared to the BnV and CBnV ROIs. In addition, the VASO-CBV contrast-to-noise ratio (CNR) was approximately

In the present study, we evaluated the relationship between 7T BOLD
and VASO-CBV fMRI responses for a simple motor task with ﬁve different hand movement rates. A double readout 3D-EPI VASO sequence
enabled us to acquire BOLD and CBV responses rates in sensorimotor
cortex simultaneously. As the CBV and BOLD contrast are thought to
have distinct weighting for (micro)vascular compartments, we anticipated distinct response behaviour with respect to movement rate. Interestingly, we found a high degree of similarity between BOLD and CBV
response behaviour regarding movement rate.
Observed VASO-CBV activation patterns (Fig. 3A) are similar in magnitude and spatial extent to previous studies using the same spatial resolution in sensorimotor cortex, showing reduced large draining vessel
activations compared to the BOLD activation patterns (Huber et al.,
2018, 2014). The relative sensitivity diﬀerences between VASO-CBV and
BOLD was also in agreement with previous work (Huber et al., 2014).
For the CBV BOLD Combined non-Vessel ROI (CBnV ROI), the VASO
CBV contrast-to-noise ratio (CNR) was approximately 56% of BOLD
CNR.
We found that the BOLD response ﬁrst increases and then plateaus
for movement rates ≥ 1 Hz. Interestingly, the CBV response showed a
markedly similar response behaviour as the BOLD response for all ROIs
(Fig. 4). Several fMRI studies have described movement frequency dependency in sensorimotor areas and other areas such as basal ganglia,
cerebellum and spinal cord (Agnew et al., 2004; Jäncke et al., 1998;
4
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Fig. 4. The BOLD and VASO-CBV percent signal change with respect to movement rate for
the diﬀerent ROIs, averaged across subjects.
A.) Vessel ROI, B.) The “BOLD non-Vessel”
(BnV ROI), and C.) The “CBV BOLD Combined
non-Vessel” (CBnV ROI, i.e. common CBV and
BOLD activated voxels). The higher sensitivity
of BOLD compared with VASO-CBV is reﬂected
in the higher percentage signal change. The error bars are the standard error. Regardless of
the ROI, both BOLD and VASO-CBV percentage signal change show similar behaviour, with
both increasing in a linear fashion for movement rates < 1 Hz and saturating for movement
rates ≥ 1 Hz.

mained suppressed, indicating a release of motor cortex inhibition, in
a sense facilitating movement initiation for these fast movement rates
(Hermes et al., 2012; Siero et al., 2013).
Plateauing of the BOLD response has been observed in sensorimotor cortex using a range of task designs such as ﬁnger tapping, buttonpressing or hand movements (Jäncke et al., 1998; Khushu et al., 2001;
Riecker et al., 2003; Sadato et al., 1997; Siero et al., 2013). In all cases,
response plateauing was observed at high movement rates with a variation in the exact range of frequencies, diﬀerences that are likely related
to the diﬀerent experimental designs.
Interestingly, the observed VASO-CBV signal changes in the vessel
ROI were comparable to the VASO-CBV signal changes in the CBnV ROI
and higher than the BnV ROI. A possible explanation could be a partial volume eﬀect from cerebrospinal ﬂuid (CSF) (Donahue et al., 2006;
Huber et al., 2015). The CSF signal is much higher than the gray matter signal for the used SS-SI-VASO scan parameters. Thus, for a similar
displacement of the voxel’s content by vascular dilation and/or adjacent tissue swelling, the signal intensity is reduced much more for high
CSF content voxel than for low CSF content voxel. We investigated the
CSF contamination by performing a voxelwise correlation between the
mean EPI signal intensity and %VASO-CBV and %BOLD signal changes.
While we found a negative correlation in the BOLD data conﬁrming
the importance of veins in this ROI, no such correlation was found for
the VASO-CBV contrast, indicating minimal CSF contamination in the
vessel ROI. The result of the correlation analysis is shown in the supplementary material (Suppl. Fig. 1). However, other potential confounders
could also explain the unexpected vessel ROI VASO CBV signal change.
Previous studies reported that VASO fMRI is expected to capture CBV
changes in small pial arteries (Donahue et al., 2006; Huber et al., 2015).
Small pial arteries are most likely present in the vessel ROI but exhibit
no image contrast, as the pial veins do, with respect to the CSF and gray
matter signal. We also checked the VASO-CBV percentage signal change
in the vessel ROI and the CBnV ROI when omitting the BOLD contamination correction. The results are shown in the supplementary material
(Suppl. Fig. 2). As expected, the VASO-CBV responses are reduced when
omitting the BOLD contamination correction. The amplitude for the nonBOLD corrected vessel ROI responses are comparable to the non-BOLD
corrected CBnV ROI responses for all frequencies besides 1.5Hz, similar
to the corrected data. Hence, any BOLD contamination is not likely to
be the cause of the comparable response amplitude for the vessel ROI
with respect to the CBnV ROI.
The observed tight relationship between BOLD and VASO-CBV responses for all ROIs indicates that blood volume changes are strongly
associated to changes in deoxyhemoglobin, at least over the range of
examined movement rates. This can also be seen in the scatter plot and
ﬁtted linear equations depicted in Fig. 5, showing a high correlation

Fig. 5. %BOLD versus %VASO-CBV for diﬀerent ROIs, showing the linear trend
in the relationship between both measured responses for all movement rates.
Each line represents the slope of %BOLD versus %VASO-CBV for all movement
rates (open circles) of a single session, and the dashed lines represent the average
slope across all sessions. In red, the draining vein or "vessel" ROI. In blue, the
"BOLD non-Vessel" (BnV) ROI; based on BOLD activated voxels, excluding the
voxels contained in the vessel ROI. In green, the "CBV BOLD Combined nonVessel" ROI (CBnV ROI), i.e. the common set of BOLD and VASO-CBV activated
voxels excluding vessels.

Maieron et al., 2007; Rao et al., 1996). In addition, electrophysiology
studies have shown evidence for a negative relationship between motor cortex neuronal ﬁring rate and movement frequency: greater speed
of movement was associated with a reduced number of spikes/second
in primates (Aﬂalo and Graziano, 2007). This notion is in agreement
with human electrophysiology (ECoG) studies which observed that the
plateauing could be associated with strongly reduced neuronal population activity (high-frequency gamma-band power) for fast movement
rates after the very ﬁrst movement. Moreover, the beta-band power re-
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between %BOLD and %VASO-CBV changes and an almost one-to-one
relationship as seen from the ﬁtted slopes for all ROIs. Interestingly,
we observed a non-zero intercept for the ﬁtted linear equations describing the %BOLD versus %VASO-CBV all ROIs. At ﬁrst instance, a zerointercept would be expected, meaning that in the absence of a notable
CBV change, a zero % BOLD signal change would be observed. The observed non-zero BOLD intercept, though, could be remaining extravascular BOLD signal in the VASO-CBV data, i.e. residual BOLD contamination. Both BOLD and VASO-CBV readouts have similar T2∗ weighting, in
this case, the positive BOLD signal changes cancel some of the negative
VASO-CBV signal changes during activation. Most of this T2∗ or BOLD
contamination is expected to be removed from the generated VASO-CBV
images using a BOLD correction scheme (Huber et al., 2014); however,
remaining contamination cannot be fully ruled out. It is worth pointing
out that the BOLD correction scheme has been validated by at least two
diﬀerent designs, in both cases, correcting major part of the BOLD contamination with minimal overestimation of VASO-CBV signal changes
(Huber, 2015). Another possibility is that the BOLD intercept reﬂects
an (intracortical) draining vein eﬀect, which is presumably not present
in the VASO-CBV data but likely is present in the BOLD data, even after masking out the largest vessels visible on the high-resolution T2∗
anatomy image. Note that the intercept was the highest for the Vessel
ROI.
The nonlinear behaviour observed in both the BOLD and VASO-CBV
responses regarding movement rate is most likely, and for the most part,
explained by the neuronal source (Hermes et al., 2012; Siero et al.,
2013). The remaining part is probably of vascular origin and caused by
vascular nonlinearity eﬀects such as vascular refractory eﬀects and the
ceiling phenomenon. The ceiling eﬀect could potentially be the cause
of the BOLD nonlinearity, as suggested previously (Birn and Bandettini, 2005; Bruhn et al., 1994; Buxton et al., 2004). However, other fMRI
modalities such as CBF mapping using Arterial Spin Labelling (ASL)
have found a comparable nonlinear response with respect to diﬀerent
stimulus duration, and a linear relationship between CBF and BOLD
(Miller et al., 2001), which are also similar to previous PET studies
(Blinkenberg et al., 1996; Dettmers et al., 1996; Sadato et al., 1997).
Our CBV ﬁndings complement these previous ﬁndings, and together
they suggest that there is a minimal contribution of the ceiling eﬀect in
the BOLD nonlinearity since BOLD response is driven by CBF and CBV
changes (Buxton et al., 2014). A plausible explanation for the VASOCBV nonlinearities is that the CBV measurements reﬂect the nonlinear
transformation from the stimulus to the neural response since CBV are
closely related to the underlying neuronal activity. Consequently, the
BOLD nonlinearities could be an extension of that, as the CBV nonlinearities are also part of the BOLD responses.
We observed a lower sensitivity for VASO-CBV responses, VASO-CBV
CNR was about 56% compared to the BOLD CNR. The higher sensitivity is expected for GE-BOLD due to the nature of the contrast mechanism. In addition, residual signals from macrovessels or signals from
non-speciﬁc large draining veins, can increase the observed BOLD CNR
(Huber et al., 2017; Uludağ and Blinder, 2016). With respect to the sequence used here, the SS-SI 3D-EPI sequence provides simultaneous acquisition of VASO-CBV and BOLD fMRI measurements, however, care
should be taken regarding the comparison and interpretation. An optimal VASO sequence requires careful adjustment of timing parameters;
an appropriate inversion time that is not too long to avoid inﬂow effects, and a long TR to satisfy the VASO blood reﬁlling conditions; usually TR = 3 s or longer to allow blood to reﬁll the vasculature in the
imaging volume but also to allow leaving the imaging volume before
the next inversion pulse (Huber et al., 2014; Jin and Kim, 2008). In
addition, a short TE is required to minimise BOLD contamination. In
contrast, an optimal GE-BOLD sequence requires a relatively longer TE,
and the TR is usually limited by the coverage of the ﬁeld of view. Thus,
the current TR restriction of the optimal SS-SI 3D-EPI VASO limits a
more thorough investigation of the temporal features of the hemodynamic response and the neurovascular coupling. Methods like Multiple

Acquisitions with Global Inversion Cycling (MAGIC) (Lu et al., 2004;
Scouten and Constable, 2007) and the more recently Multiple Acquisitions with Global Excitation Cycling (MAGEC) (Huber et al., 2020) can
achieve whole-brain coverage and, therefore, be used to increase the
temporal resolution in future VASO studies.
5. Conclusion
We observed a strong linear relationship between VASO-CBV and
BOLD responses, both similarly increasing with increasing hand movement rate and plateauing at high movement rates ≥ 1 Hz. The presumed
higher microvascular speciﬁcity of VASO-CBV compared to BOLD does
not directly result in a more linear response behaviour at high hand
movement rates. The observed plateau behaviour, i.e. nonlinear eﬀects,
regarding movement rate, are likely predominantly of neuronal origin
and therefore present in both the VASO-CBV and BOLD response.
Data availability
The data that support the ﬁndings of this study are available from
the corresponding author, upon reasonable request.
Credit authorship contribution statement
Ícaro A.F. Oliveira: Conceptualization, Investigation, Formal analysis, Methodology, Writing - original draft. Wietske van der Zwaag: Supervision, Conceptualization, Methodology, Writing - review & editing.
Luisa Raimondo: Investigation, Writing - review & editing. Serge O.
Dumoulin: Supervision, Conceptualization, Writing - review & editing. Jeroen C.W. Siero: Supervision, Conceptualization, Methodology,
Writing - review & editing.
Acknowledgements
This work was supported by Royal Netherlands Acadamy for Arts and
Sciences (KNAW) research grant (2018, to S.O.D., W.Z, J.S.), a Netherlands Organization for Scientiﬁc Research (NWO) Vidi Grant (TTW
VI.Vidi.198.016 to W.Z.), an NWO Vici (016.Vici.185.050 to S.O.D.) and
an Ammodo KNAW Award (S.O.D.). J.S. was supported by the National
Institute of Mental Health of the National Institutes of Health under
Award Number R01MH111417. The authors thank Rosa Maria Sanchez
Panchuelo (University of Nottingham) and Olivier Mougin (University
of Nottingham) for the help with the TR-FOCI pulse implementation.
The Spinoza Center is a joint initiative of the University of Amsterdam,
Academic Medical Center, VU University, VU University Medical Center, Netherlands Institute for Neuroscience and the Royal Netherlands
Academy of Sciences.
Supplementary materials
Supplementary material associated with this article can be found, in
the online version, at doi:10.1016/j.neuroimage.2020.117623.
References
Aﬂalo, T.N., Graziano, M.S.A., 2007. Relationship between unconstrained arm movements
and single-neuron ﬁring in the macaque motor cortex. J. Neurosci. 27, 2760–2780.
doi:10.1523/JNEUROSCI.3147-06.2007.
Agnew, J.A., Zeﬃro, T.A., Eden, G.F., 2004. Left hemisphere specialization
for the control of voluntary movement rate. Neuroimage 22, 289–303.
doi:10.1016/j.neuroimage.2003.12.038.
Birn, R.M., Bandettini, P.A., 2005. The eﬀect of stimulus duty cycle and
“oﬀ” duration on BOLD response linearity. Neuroimage 27, 70–82.
doi:10.1016/j.neuroimage.2005.03.040.
Blinkenberg, M., Bonde, C., Holm, S., Svarer, C., Andersen, J., Paulson, O.B., Law, I.,
1996. Rate dependence of regional cerebral activation during performance of a
repetitive motor task: a PET study. J. Cereb. Blood Flow Metab. 16, 794–803.
doi:10.1097/00004647-199609000-00004.
6

Í.A.F. Oliveira, W. van der Zwaag, L. Raimondo et al.

NeuroImage 226 (2021) 117623

Boynton, G.M., Engel, S.A., Glover, G.H., Heeger, D.J., 1996. Linear systems analysis of
functional magnetic resonance imaging in human V1. J. Neurosci. 16, 4207–4221.
doi:10.1523/jneurosci.16-13-04207.1996.
Boynton, G.M., Engel, S.A., Heeger, D.J., 2012. Linear systems analysis of the fMRI signal.
Neuroimage 62, 975–984. doi:10.1016/j.neuroimage.2012.01.082.
Bruhn, H., Kleinschmidt, A., Boecker, H., Merboldt, K.-D., Hänicke, W., Frahm, J., 1994.
The eﬀect of acetazolamide on regional cerebral blood oxygenation at rest and under stimulation as assessed by MRI. J. Cereb. Blood Flow Metab. 14, 742–748.
doi:10.1038/jcbfm.1994.95.
Büchel, C., Holmes, A.P., Rees, G., Friston, K.J., 1998. Characterizing stimulus–response
functions using nonlinear regressors in parametric fMRI experiments. Neuroimage 8,
140–148. doi:10.1006/nimg.1998.0351.
Buxton, R.B., Griﬀeth, V.E.M.M., Simon, A.B., Moradi, F., 2014. Variability of the coupling
of blood ﬂow and oxygen metabolism responses in the brain: a problem for interpreting BOLD studies but potentially a new window on the underlying neural activity.
Front. Neurosci. 8, 1–6. doi:10.3389/fnins.2014.00139.
Buxton, R.B., Uludağ, K., Dubowitz, D.J., Liu, T.T., 2004. Modeling the
hemodynamic response to brain activation. Neuroimage 23, S220–S233.
doi:10.1016/j.neuroimage.2004.07.013.
Cohen, M.S., 1997. Parametric analysis of fMRI data using linear systems methods. Neuroimage 6, 93–103. doi:10.1006/nimg.1997.0278.
Dettmers, C., Connelly, A., Stephan, K.M., Turner, R., Friston, K.J., Frackowiak, R.S.J.,
Gadian, D.G., 1996. Quantitative comparison of functional magnetic resonance imaging with positron emission tomography using a force-related paradigm. Neuroimage
4, 201–209. doi:10.1006/nimg.1996.0071.
Donahue, M.J., Lu, H., Jones, C.K., Edden, R.A.E., Pekar, J.J., Van Zijl, P.C.M.,
Van Zijl, P.C.M., Van Zijl, P.C.M., 2006. Theoretical and experimental investigation of the VASO contrast mechanism. Magn. Reson. Med. 56, 1261–1273.
doi:10.1002/mrm.21072.
Friston, K.J., Jezzard, P., Turner, R., 1994. Analysis of functional MRI time-series. Hum.
Brain Mapp. 1, 153–171. doi:10.1002/hbm.460010207.
Friston, K.J., Josephs, O., Rees, G., Turner, R., 1998. Nonlinear event-related responses in
fMRI. Magn. Reson. Med. 39, 41–52. doi:10.1002/mrm.1910390109.
Friston, K.J., Mechelli, A., Turner, R., Price, C.J., 2000. Nonlinear responses in fMRI: the
balloon model, volterra kernels, and other hemodynamics. Neuroimage 12, 466–477.
doi:10.1006/nimg.2000.0630.
Gaglianese, A., Vansteensel, M.J., Harvey, B.M., Dumoulin, S.O., Petridou, N.,
Ramsey, N.F., 2017. Correspondence between fMRI and electrophysiology during visual motion processing in human MT+. Neuroimage 155, 480–489.
doi:10.1016/j.neuroimage.2017.04.007.
Gai, N.D., Talagala, S.L., Butman, J.A., 2011. Whole-brain cerebral blood ﬂow mapping
using 3D echo planar imaging and pulsed arterial tagging. J. Magn. Reson. Imaging
33, 287–295. doi:10.1002/jmri.22437.
Heeger, D.J., Huk, A.C., Geisler, W.S., Albrecht, D.G., 2000. Spikes versus BOLD: what
does neuroimaging tell us about neuronal activity? Nat. Neurosci. 3, 631–633.
doi:10.1038/76572.
Hermes, D., Siero, J.C.W., Aarnoutse, E.J., Leijten, F.S.S., Petridou, N., Ramsey, N.F.,
2012. Dissociation between neuronal activity in sensorimotor cortex and hand
movement revealed as a function of movement rate. J. Neurosci. 32, 9736–9744.
doi:10.1523/JNEUROSCI.0357-12.2012.
Hua, J., Liu, P., Kim, T., Donahue, M., Rane, S., Chen, J.J., Qin, Q., Kim, S.G., 2018. MRI
techniques to measure arterial and venous cerebral blood volume. Neuroimage 1–15.
doi:10.1016/j.neuroimage.2018.02.027.
Huber, L., 2015. Mapping Human Brain Activity by Functional Magnetic Resonance Imaging of Blood Volume PhD thesis. University of Leipzig.
Huber, L., Finn, E.S., Chai, Y., Goebel, R., Stirnberg, R., Stöcker, T., Marrett, S., Uludag, K., Kim, S.G., Han, S., Bandettini, P.A., Poser, B.A., 2020.
Layer-dependent functional connectivity methods. Prog. Neurobiol., 101835
doi:10.1016/j.pneurobio.2020.101835.
Huber, L., Goense, J., Kennerley, A.J., Trampel, R., Guidi, M., Reimer, E., Ivanov, D.,
Neef, N., Gauthier, C.J., Turner, R., Möller, H.E., 2015. Cortical laminadependent blood volume changes in human brain at 7T. Neuroimage 107, 23–33.
doi:10.1016/j.neuroimage.2014.11.046.
Huber, L., Handwerker, D.A., Jangraw, D.C., Chen, G., Hall, A., Stüber, C., GonzalezCastillo, J., Ivanov, D., Marrett, S., Guidi, M., Goense, J.B.M., Poser, B.A., Bandettini, P.A., 2017. High-resolution CBV-fMRI allows mapping of laminar activity
and connectivity of cortical input and output in human M1. Neuron 96, 1–11.
doi:10.1016/j.neuron.2017.11.005.
Huber, L., Ivanov, D., Handwerker, D.A., Marrett, S., Guidi, M., Uludağ, K., Bandettini, P.A., Poser, B.A., 2018. Techniques for blood volume fMRI with VASO: from
low-resolution mapping towards sub-millimeter layer-dependent applications. Neuroimage 164, 131–143. doi:10.1016/j.neuroimage.2016.11.039.
Huber, L., Ivanov, D., Krieger, S.N., Streicher, M.N., Mildner, T., Poser, B.A., Möller, H.E.,
Turner, R., 2014. Slab-selective, BOLD-corrected VASO at 7 Tesla provides measures
of cerebral blood volume reactivity with high signal-to-noise ratio. Magn. Reson. Med.
72, 137–148. doi:10.1002/mrm.24916.
Hurley, A.C., Al-radaideh, A., Bai, L., Aickelin, U., Coxon, R., Glover, P., Gowland, P.A.,
2010. Tailored RF pulse for magnetization inversion at ultrahigh ﬁeld. Magn. Reson.
Med. 63, 51–58. doi:10.1002/mrm.22167.
Jäncke, L., Mirzazade, S., Specht, K., Loose, R., Himmelbach, M., Müller-Gärtner, H.W.,
1998. A parametric analysis of the “rate eﬀect” in the sensorimotor cortex: a fMRI
analysis. Neuroimage 7, 37–40. doi:10.1016/s1053-8119(18)31771-3.
Jin, T., Kim, S.G., 2008. Improved cortical-layer speciﬁcity of vascular space occupancy
fMRI with slab inversion relative to spin-echo BOLD at 9.4 T. Neuroimage 40, 59–67.
doi:10.1016/j.neuroimage.2007.11.045.
Khushu, S., Kumaran, S.S., Tripathi, R.P., Gupta, A., Jain, P.C., Jain, V., 2001. Functional

magnetic resonance imaging of the primary motor cortex in humans: response to increased functional demands. J. Biosci. 26, 205–215. doi:10.1007/BF02703644.
Kim, S.-G., Ogawa, S., 2012. Biophysical and physiological origins of blood oxygenation level-dependent fMRI signals. J. Cereb. Blood Flow Metab. 32, 1188–1206.
doi:10.1038/jcbfm.2012.23.
Liu, H.L., Gao, J.H., 2000. An investigation of the impulse functions for the nonlinear BOLD response in functional MRI. Magn. Reson. Imaging 18, 931–938.
doi:10.1016/S0730-725X(00)00214-9.
Liu, Z., Rios, C., Zhang, N., Yang, L., Chen, W., He, B., 2010. Linear and nonlinear relationships between visual stimuli, EEG and BOLD fMRI signals. Neuroimage 50, 1054–
1066. doi:10.1016/j.neuroimage.2010.01.017.
Logothetis, N.K., 2008. What we can do and what we cannot do with fMRI. Nature 453,
869–878. doi:10.1038/nature06976.
Logothetis, N.K., Pauls, J., Augath, M., Trinath, T., Oeltermann, A., 2001. Neurophysiological investigation of the basis of the fMRI signal. Nature 412, 150–157.
doi:10.1038/35084005.
Lu, H., Golay, X., Pekar, J.J., van Zijl, P.C.M., 2003. Functional magnetic resonance imaging based on changes in vascular space occupancy. Magn. Reson. Med. 50, 263–274.
doi:10.1002/mrm.10519.
Lu, H., Hua, J., van Zijl, P.C.M.M., 2013. Noninvasive functional imaging of cerebral
blood volume with vascular-space-occupancy (VASO) MRI. NMR Biomed. 26, 932–
948. doi:10.1002/nbm.2905.
Lu, H., Van Zijl, P.C.M., Hendrikse, J., Golay, X., 2004. Multiple acquisitions with global
inversion cycling (MAGIC): a multislice technique for vascular-space-occupancy dependent fMRI. Magn. Reson. Med. 51, 9–15. doi:10.1002/mrm.10659.
Maieron, M., Iannetti, G.D., Bodurka, J., Tracey, I., Bandettini, P.A., Porro, C.A., 2007.
Functional responses in the human spinal cord during willed motor actions: evidence
for side- and rate-dependent activity. J. Neurosci. 27, 4182–4190. doi:10.1523/JNEUROSCI.3910-06.2007.
Makin, T.R., De Xivry, J.J.O., 2019. Ten common statistical mistakes to watch out for
when writing or reviewing a manuscript. Elife 8, 1–13. doi:10.7554/eLife.48175.
Miezin, F.M., Maccotta, L., Ollinger, J.M., Petersen, S.E., Buckner, R.L., 2000. Characterizing the hemodynamic response: eﬀects of presentation rate, sampling procedure, and
the possibility of ordering brain activity based on relative timing. Neuroimage 11,
735–759. doi:10.1006/nimg.2000.0568.
Miller, K.L., Luh, W.M., Liu, T.T., Martinez, A., Obata, T., Wong, E.C., Frank, L.R., Buxton, R.B., 2001. Nonlinear temporal dynamics of the cerebral blood ﬂow response.
Hum. Brain Mapp. 13, 1–12. doi:10.1002/hbm.1020.
R Core Team. 2020. R: A language and environment for statistical computing. R Foundation for Statistical Computing, Vienna, Austria. URL https://www.R-project.org/.
Rao, S.M., Bandettini, P.A., Binder, J.R., Bobholz, J.A., Hammeke, T.A., Stein, E.A.,
Hyde, J.S., 1996. Relationship between ﬁnger movement rate and functional magnetic resonance signal change in human primary motor cortex. J. Cereb. Blood Flow
Metab. 16, 1250–1254. doi:10.1097/00004647-199611000-00020.
Rees, G., Howseman, A., Josephs, O., Frith, C.D., Friston, K.J., Frackowiak, R.S.J.J.,
Turner, R., 1997. Characterizing the relationship between BOLD contrast and regional
cerebral blood ﬂow measurements by varying the stimulus presentation rate. Neuroimage 6, 270–278. doi:10.1006/nimg.1997.0300.
Riecker, A., Wildgruber, D., Mathiak, K., Grodd, W., Ackermann, H., 2003. Parametric
analysis of rate-dependent hemodynamic response functions of cortical and subcortical brain structures during auditorily cued ﬁnger tapping: a fMRI study. Neuroimage
18, 731–739. doi:10.1016/S1053-8119(03)00003-X.
Sadato, N., Ibañez, V., Campbell, G., Deiber, M.P., Le Bihan, D., Hallett, M., 1997.
Frequency-dependent changes of regional cerebral blood ﬂow during ﬁnger movements: functional MRI compared to pet. J. Cereb. Blood Flow Metab. 17, 670–679.
doi:10.1097/00004647-199706000-00008.
Scouten, A., Constable, R.T., 2007. Applications and limitations of whole-brain MAGIC
VASO functional imaging. Magn. Reson. Med. 58, 306–315. doi:10.1002/mrm.21273.
Siero, J.C.W., Hermes, D., Hoogduin, H., Luijten, P.R., Petridou, N., Ramsey, N.F., 2013.
BOLD consistently matches electrophysiology in human sensorimotor cortex at increasing movement rates: a combined 7T fMRI and ECoG study on neurovascular
coupling. J. Cereb. Blood Flow Metab. 33, 1448–1456. doi:10.1038/jcbfm.2013.97.
Siero, J.C.W., Petridou, N., Hoogduin, H., Luijten, P.R., Ramsey, N.F., 2011. Cortical
depth-dependent temporal dynamics of the BOLD response in the human brain. J.
Cereb. Blood Flow Metab. 31, 1999–2008. doi:10.1038/jcbfm.2011.57.
Soltysik, D.A., Peck, K.K., White, K.D., Crosson, B., Briggs, R.W., 2004. Comparison of
hemodynamic response nonlinearity across primary cortical areas. Neuroimage 22,
1117–1127. doi:10.1016/j.neuroimage.2004.03.024.
Uludağ, K., Blinder, P., 2016. Linking brain vascular physiology to hemodynamic response in ultra-high ﬁeld MRI. Neuroimage 168, 279–295.
doi:10.1016/j.neuroimage.2017.02.063.
Van Der Zwaag, W., Marques, J.P., Kober, T., Glover, G., Gruetter, R., Krueger, G., 2012.
Temporal SNR characteristics in segmented 3D-EPI at 7T. Magn. Reson. Med. 67,
344–352. doi:10.1002/mrm.23007.
Vazquez, A.L., Noll, D.C., 1998. Nonlinear aspects of the BOLD response in functional MRI.
Neuroimage 7, 108–118. doi:10.1006/nimg.1997.0316.
Yeşilyurt, B., Uğurbil, K., Uludağ, K., 2008. Dynamics and nonlinearities of the BOLD
response at very short stimulus durations. Magn. Reson. Imaging 26, 853–862.
doi:10.1016/j.mri.2008.01.008.
Zhang, N., Yacoub, E., Zhu, X.-H., Ugurbil, K., Chen, W., 2009. Linearity of bloodoxygenation-level dependent signal at microvasculature. Neuroimage 48, 313–318.
doi:10.1016/j.neuroimage.2009.06.071.
Zhang, N., Zhu, X.H., Chen, W., 2008. Investigating the source of BOLD nonlinearity in
human visual cortex in response to paired visual stimuli. Neuroimage 43, 204–212.
doi:10.1016/j.neuroimage.2008.06.033.

7

