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A B S T R A C T

The negative BOLD response (NBR) is a prevalent feature of brain activity during sensory and cognitive tasks. It is thought to reflect suppression or deactivation of
cortical areas unrequired for task performance, but much remains to be understood regarding its response properties and generative pathways. Here we study a unique
property of sensory cortex NBR that most distinguishes it from positive BOLD responses (PBR), its appearance in a single location due to different stimuli. We
investigate whether such NBR are additive, as a means of studying whether stimulus driven NBR arise via a single or multiple pathways.

During fMRI, subject’s passively viewed separate checkerboard stimulation of the foveal and middle-eccentricity areas of the left visual field and a third condition
that stimulated both areas concurrently. PBR was observed in the contralateral primary visual cortex and NBR was seen throughout the ipsilateral cortex as well as in
contralateral regions superior and anterior to the PBR. Strong spatial overlap of NBRs to all three conditions was observed.

We found that neither PBR nor NBR were additive. NBR amplitudes to combined stimuli were equal to those of the strongest (foveal) stimulus alone, despite the
mid-eccentricity stimulus inducing substantial NBR on its own. The lack of summation of NBRs, both in the same and opposite hemispheres to the PBR, suggests that
they arise from a single pathway. Our findings suggest that although individual stimuli each exert a separate inhibitory effect on non-stimulated regions, once in
combination these effects operate as a binary system. Deactivation of a given visual area is driven by a single signal, representing only the largest of the contributing
sources.
1. Introduction

Blood oxygenation-level dependent (BOLD) functional magnetic
resonance imaging (fMRI) is a widely used neuroimaging technique
(Kwong et al., 1992; Ogawa et al., 1990) for indirectly inferring the
spatial location and magnitude of brain function via the haemodynamic
correlates of neural activity (Heeger et al., 2000; Logothetis, 2002). The
most commonly analysed measure is an increase in BOLD signal above
baseline (or “resting”) levels. This is known as a positive BOLD response
(PBR) and taken as a measure of increased local field potential activity
and synaptic input resulting from the presentation of a stimulus (Log-
othetis et al., 2001; Viswanathan and Freeman, 2007). Another promi-
nent BOLD signal is the negative BOLD response (NBR), a decrease in
signal below baseline following stimulation. NBR are commonly
observed but much less widely studied and applied in neuroimaging due
to lingering uncertainties concerning their precise interpretation.

The NBR manifests in a variety of ways: within (intra modal) and
between (cross modal) sensory modalities as well as in the default mode
network (DMN) (Raichle et al., 2001; Raichle and Snyder, 2007). Intra
modal NBR are widely observed in visual or sensorimotor cortex repre-
sentations of unstimulated portions of the sensory field (Hlushchuk and
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Hari, 2006; Kastrup et al., 2008; Mayhew et al., 2013b; Newton et al.,
2005; Shmuel et al., 2002; Smith et al., 2000, 2004), whereas cross modal
NBR are reported in sensory cortices not recruited by the stimulation
paradigm (Hairston et al., 2008; Mayhew et al., 2013a, 2013b; Mozolic
et al., 2008; Wilson et al., 2019) e.g. deactivation of auditory cortex
during a visual task.

NBR are of interest as they offer the potential for neuroimaging
research to move beyond primarily studying activations to measuring
another aspect of brain activity, that of functional inhibition or down-
regulation of regions unnecessary for task performance. Initially, it was
suggested that NBR arose from vascular mechanisms (Devor et al., 2005;
Harel et al., 2002; Kannurpatti and Biswal, 2004), reflecting passive
changes in blood flow/volume unrelated to neuronal activity. Whilst this
theory remains relevant in specific cases (Bianciardi et al., 2011; Puckett
et al., 2014) an emerging consensus suggests that a substantial compo-
nent of cortical NBR has neuro-metabolic origins (Mullinger et al., 2014;
Pasley et al., 2007; Schafer et al., 2012; Shmuel et al., 2002; Sten et al.,
2017) associated with decreased gamma-frequency LFP activity in visual
NBR in primates (Shmuel et al., 2006), sensorimotor NBR in rats (Boor-
man et al., 2010, 2015) and in DMN regions of human epilepsy patients
(Jerbi et al., 2010). Whilst such studies suggests that NBR reflects, at least
pril 2020
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in part, a measure of cortical deactivation, it does not appear that NBR
simply reflects the opposite of PBR (Huber et al., 2014; Mullinger et al.,
2014). Currently, many aspects of knowledge about NBR remain
incomplete such as its: generative signalling pathways, underlying ratio
of changes of excitatory and inhibitory activity, neurovascular coupling,
and relationship to task activation (PBR).

Intra modal visual NBR are the most widely studied sensory NBR. It
has been shown Visual NBR contains information that discriminates
different Gabor stimulus patterns (Bressler et al., 2007) and its amplitude
is modulated by stimulus intensity and duration in a manner comparable
to that of the PBR (Shmuel et al., 2002). Often bilateral rings of high
contrast checkers are displayed to the fovea and periphery of visual field
which induce bilateral NBR in peripheral and foveal visual cortex
respectively in an eccentricity dependent manner (Pasley et al., 2007;
Shmuel et al., 2002, 2006; Wade and Rowland, 2010). Other studies
using unilateral stimuli observed NBR throughout the ipsilateral visual
cortex (Fracasso et al., 2018; Gouws et al., 2014; Mayhew et al., 2013b;
Smith et al., 2004; Wilson et al., 2019).

This spatial extent is a property that most distinguishes NBR from
PBR. Whereas PBR occurs in a retinotopic pattern, specifically localising
the activated neural population, NBR is observed across all visual cortex
representations of unstimulated areas of the visual field. Therefore, visual
NBR can occur either surrounding the PBR within the stimulated hemi-
sphere (Pasley et al., 2007; Shmuel et al., 2002), or in the hemisphere
opposite to the activation (Mayhew et al., 2013b; Smith et al., 2004;
Wilson et al., 2019). This property means that a variety of stimulus
shapes and categories could give rise to NBR in a given visual region,
potentially leading to an ambiguous link between the stimulus and NBR.

This presents the opportunity for the present study to improve un-
derstanding of fundamental response properties of NBR by investigating
how NBRs spatial distribution between visual hemispheres varies with
stimulus location and how NBR amplitudes are affected by combining
stimuli that each separately induce NBR in specific cortical locations. In
doing so, we also take the opportunity to investigate the potential sig-
nalling pathways by which NBR arises.

We studied NBR induced in the visual cortex by passive observation of
small visual checkerboard stimuli. In two separate conditions different
portions of the left hemifield (fovea (F) and middle (M) eccentricity)
were stimulated and then a third condition stimulated both concurrently
(FM). We aimed to induce NBR in the whole of the ipsilateral visual
cortex as well as the peripheral representation of the contralateral cortex.
We compared the NBR magnitude and spatial extent between the three
conditions in order to determine whether stimulation of two distinct
portions (F and M) of the visual field created similar extent of NBR, with
overlap in the contralateral and/or ipsilateral hemisphere; or alterna-
tively were the two NBRs retinotopically specific to each stimulus?

Based on the indications of previous work (Mayhew et al., 2013b;
Shmuel et al., 2002; Smith et al., 2004; Wandell et al., 2007) we hy-
pothesize that stimulation of spatially distinct portions of the visual field
will create retinotopically specific activations (PBRs) in visual cortex but
will induce spatially overlapping NBR across all unstimulated parts of
visual cortex that are similarly not required for processing the stimuli. We
expect the strongest magnitude NBR to all conditions to be observed in
posterior ipsilateral V1 (Gouws et al., 2014; Mayhew et al., 2013b), the
foveal representation of the right hemifield, opposite the area of stron-
gest PBR in contralateral V1.

Therefore, when two portions of the visual field are stimulated
concurrently (FM stimuli) we further investigate the additivity of NBR,
specifically whether:

1. The NBR to FM is greater-than, equal-to, or lesser-than the sum of the
NBRs to F and M stimuli alone. Or phrased another way: are bottom-
up, stimulus-driven NBR additive?

2. The NBR additivity is consistent across all visual areas, or different
between contralateral and ipsilateral NBR.
2

Investigating if NBRs are additive is the primary goal of this paper,
but this leads to consideration of a secondary and interlinked issue of
what signals may initiate the NBR and whether NBR amplitude reflects
the integration of separate stimulus inputs that each drive a response in
that location. The bulk of current evidence suggests that cortical NBR
arises from a net reduction in excitation and local metabolic demand
(Boorman et al., 2015; Lauritzen et al., 2012; Mullinger et al., 2014;
Schafer et al., 2012; Shmuel et al., 2002, 2006) which could arise from: a
reduction in afferent excitatory input from another region; and/or a local
increase in the activity of inhibitory neurons acting to suppress neigh-
bouring excitatory neurons. We suggest three primary mechanisms that
could contribute to the suppression of excitatory activity underlying
NBR: 1) thalamocortical interaction, such as when closing the eyes in-
duces NBR in visual cortex (Feige et al., 2005) or lateral geniculate nu-
cleus (LGN) stimulation inducing visual NBR outside of the
retinotopically stimulated region (Logothetis et al., 2010); 2)
intra-cortical connectivity such as that suggested between sensorimotor
hemispheres (Ferbert et al., 1992; Kastrup et al., 2008; Klingner et al.,
2010; Schafer et al., 2012) or different sensory cortices (Iurilli et al.,
2012); and top-down control of attention (Heinemann et al., 2009;
Tootell et al., 1998) by fronto-parietal circuits (Lauritzen et al., 2009).

In the current study we used passive stimuli to primarily induce visual
NBR via stimulus driven, bottom up generative mechanisms and mini-
mise the potential contribution of top-down spatial attention (Bressler
et al., 2013). We attempt to elucidate whether these NBR arise via a
single pathway or frommultiple pathways. If both F andM stimuli lead to
transmission of separate inhibitory signals acting on one location, then
the NBR induced by FM stimuli would be expected to reflect the sum of
the two, resulting in an NBR that increases with the level of input. Such a
mechanism would most likely reflect a feedforward thalamic pathway
whereby each separate input makes a contribution to the NBR genera-
tion. If however a single signalling pathway is responsible for regional
deactivation, then it may behave as a more binary system, whereby only
the largest of the two inhibitory signals is transmitted e.g. the NBR to FM
stimuli is not larger than NBR to F alone. Such a mechanism would be
consistent with an intra-cortical pathway whereby cortical integration of
stimulus inputs results in a single inhibitory signal initiating visual NBR.
We study these effects across both visual hemispheres as contralateral
NBR (within the same hemisphere as the PBR) could rely on local, lateral
inhibition effects between neighbouring cortical regions and may not
arise from the same mechanism as ipsilateral NBR which could depend
on inter-hemispheric communication.

2. Materials and methods

3T BOLD fMRI data were recorded at the Birmingham University
Imaging Centre (BUIC). Sixteen young adult subjects (age 21 � 4 yrs
(mean � s.d.), 6 female) were recruited by opportunity sampling from
the undergraduate student population. All subjects had normal or cor-
rected to normal vision as established by reading a standardised letter
eye-chart. This study was conducted with the approval of the University
of Birmingham local ethics committee and all subjects provided informed
consent.

2.1. Paradigm

Visual stimuli were projected onto a screen at the rear of the scanner
bore and viewed via a mirror mounted on the scanner’s head coil. Sub-
jects were instructed to fixate throughout on a centrally displayed red dot
displayed on a grey background. Subjects were instructed to passively
view three conditions of left-hemifield radial, black-white checkerboard
stimuli. Stimuli were shown at 100% contrast, reversing contrast at
7.5Hz. The grey background was isoluminant with all stimuli. Two of the
conditions featured checkerboards at different locations in the visual
field (Fig. 1). The locations of the stimuli were: left foveal (F, 0.5–2.5�);
upper left mid-eccentricity (M, 5.5–7�). The third condition was the



Fig. 1. Visual display of the checkerboard stimuli that comprised the three experimental conditions: A) left foveal (F); B) upper left mid-eccentricity (M); C) both left
foveal and upper left mid-eccentricity (FM).
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combination of both these two stimuli (FM), presented concurrently. The
stimuli were designed such that all three conditions induced NBR in
peripheral regions of contralateral visual cortex as well as throughout
ipsilateral visual cortex. Our analysis would investigate whether the NBR
to the FM condition was greater than, less than, or equal to the NBR
combined from the separate F and M conditions.

Each subject completed three experimental runs of the task. Each run
consisted of a 10s initial baseline period of resting fixation followed by 18
trials, 6 trials of each stimulus condition, presented in a pseudo-
randomised order. All stimuli (F, M or FM) were delivered for 10 s,
separated by resting fixation intervals of either 16 or 17 s, counter-
balanced across conditions, and designed to provide good sampling of the
haemodynamic response across 2s TR periods.

A total of 18 trials per condition were recorded. Subjects also
completed an additional 10-min, localiser experiment, where 6s duration
checkerboard stimuli alternated presentation between 10 locations in the
visual field: the left and right fovea (0.5–3�) and the left and right regions
of the upper and lower visual field at middle (4–8�) and peripheral
(9–13�) eccentricities (see Figure S1). Activations to this localiser task
were used to define regions of interest (ROIs) and allow interrogation of
the spatial variation of NBR amplitude between conditions.

2.2. Data acquisition

MR data were recorded with a Philips Achieva 3TMR scanner (Philips
Medical Systems, Best, Netherlands), with a body transmit coil and 32-
channel receive head coil. The scanner’s physiological monitoring sys-
tem was used to record cardiac and respiratory cycles (PPU and respi-
ratory belt). Gradient echo EPI was used to acquire T2*-weighted BOLD
data with the following parameters: Multiband factor ¼ 2, SENSE factor
2.3, TR¼ 2000 ms, TE¼ 38 ms, 2x2x2mm3 voxels, flip angle¼ 80�, FOV
144x144, 42 slices, 245 vol per run giving a run length of 8 min and 10 s.
A whole-head T1-weighted MPRAGE anatomical image with (TR ¼ 2000
ms, TE ¼ 2 ms, TI ¼ 880 ms, flip angle ¼ 8�, FOV 256x256, 1 mm
isotropic resolution) was acquired to facilitate image co-registration.

2.3. Analysis

All BOLD data were preprocessed using FSL (www.fsl.fmrib.ox.ac.uk)
including motion correction (MCFLIRT), spatial smoothing (4 mm
Gaussian kernel) and registration to MNI space (FLIRT (Jenkinson et al.,
2002),). The PPU and respiratory data of each subject were input to the
PhysIO toolbox (Kasper et al., 2017), which was used to calculate time-
course regressors that modelled variability in physiological noise. A total
of 3 cardiac and 4 respiratory terms were used along with 1 interaction
term, to create RETROICOR style regressors (Glover et al., 2000). In
addition, the respiration per volume time (RVT) (Birn et al., 2008) and
heart-rate variability (Chang et al., 2009) regressors were also modelled.
These regressors were included in the first-level general linear model
(GLM) design matrix, along with the six main parameters of head motion,
as covariates of no interest.
3

Regressors modelling the BOLD response to each of the three condi-
tions (F, M, FM) were constructed from the stimulus timings and
convolved with a double gamma haemodynamic response function. Their
temporal derivatives were also included in the design matrix. Both pos-
itive and negative contrasts were set at the first level, along with con-
trasts comparing responses between conditions (e.g. F vs FM and F þ M
> FM).

GLM analysis was performed with FEAT 6.0. Second level fixed-
effects analysis across all runs was used to generate a mean response to
each condition per subject. Third level fixed effects analysis then calcu-
lated group level results (Z > 3.0 p < 0.05 cluster corrected).

Localiser data were analysed using first-level GLMs that modelled
separate events for all ten stimulus locations: left fovea, right fovea, left
upper field periphery, right upper field periphery, left upper field middle,
right upper field middle, left lower field middle, right lower field middle,
left lower field periphery, right lower field periphery. Second and third
level fixed effects analysis calculated group level PBR activations for each
location (Z > 3.0 p < 0.05 cluster corrected). Ten group-level ROIs were
then defined from the cluster with the most significant response in each
of the group maps. These group ROIs were then registered to each sub-
ject’s localiser data and used to locate the subject’s peak response voxel
for each localiser condition from their first-level GLM results. Subject-
specific ROIs were defined by centering a 5 � 5 � 5 voxel cube on the
peak voxel PBR to each stimulus location. For each of the F, M and FM
conditions, we calculated the proportion of positively and negatively
responding voxels in the ROI and used only the voxels with the dominant
response, to avoid averaging together PBR and NBR. Mean BOLD time-
courses were then extracted and the % BOLD signal change induced by F,
M and FM conditions was calculated with respect to resting fixation
baseline. The timecourse data were then averaged across runs and
compared between conditions.

3. Results

Examination of motion parameters confirmed that no run had
exceeded 4 mm absolute motion, so no data was excluded from analysis.

Fig. 2 displays group-level statistical maps of significant activation
and deactivation to each of the visual stimulus conditions. It is important
to understand how the PBR was affected by stimulus condition before
interpreting the NBR.
3.1. Positive BOLD responses

F stimulation induced strongest PBR in posterior regions of the
contralateral calcarine (cV1). This PBR encompassed both the upper and
lower banks of the calcarine, as the foveal checkerboard was presented to
both upper and lower quadrants of the left visual field. F stimuli also
evoked PBR in bilateral inferior occipital cortex. In comparison, M
stimulation induced strongest PBR in a central region of the lower part of
cV1 (as the M checker was only present in the upper left visual field) as
well as in contralateral inferior occipital cortex. During FM stimulation

http://www.fsl.fmrib.ox.ac.uk


Fig. 2. Group mean GLM statistical maps showing regions of PBR (red/yellow) and NBR (blue) to each of the three conditions: F (top row), M (middle row) and FM
(bottom row) stimulation. Sagittal images at �4 and 10 mm show ipsilateral and contralateral V1 respectively. All images fixed effects, cluster corrected Z > 3 and p
< 0.05.

Table 1
Z-statistics and MNI co-ordinates of peak voxel PBR and NBR for each condition,
for the most prominent contralateral (right) and ipsilateral (left) clusters as well
as in auditory and DMN areas of NBR.

F M FM

cV1 PBR – Peak Z-statistic 34.8 25.3 35.6
cV1 PBR – Peak co-ordinate 18,-96,-6 4,-82,-2 16,-98,-4
cV1 NBR – Peak Z-statistic 17.4 6.9 14.6
cV1 NBR – Peak co-ordinate 10,-88,4 14,-86,4 6,-92,8
iV1 NBR – Peak Z-statistic 10.4 5.3 11.3
iV1 NBR – Peak co-ordinate �6,-98,-4 �8,-94,-4 �6,-98-4
Auditory Cortex NBR – Peak Z-statistic 5.9 3.9 4.6
Auditory Cortex NBR – Peak co-ordinate 52,-16,12 56,-24,10 60,-24,14
PCC NBR – Peak Z-statistic 3.8 3.7 5.3
PCC NBR – Peak co-ordinate �2,-26,38 12,-44,36 2,-40,44
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PBR was observed in all of these locations (see Table 1), as expected. The
magnitude and extent of PBR to M stimulation was weaker than to either
F or FM conditions. The PBR amplitude was highly comparable between
F and FM conditions, with GLM contrast F vs FM showing no significant
difference in posterior cV1. The only difference in PBR between F and FM
(see Figure S2) was seen in the central contralateral calcarine region
specifically stimulated by the M stimulus. This suggests that in general
the FM PBR was the sum of the F and the M PBRs, with no additional
regions or larger amplitudes seen in FM than in F þ M. PBR was also
observed in the contralateral lateral geniculate nucleus during the F and
FM conditions, but this did not reach significance in theM condition. PBR
was also observed in the ipsilateral hemisphere, but only in very lateral
secondary visual regions beyond the calcarine which are not reported
further.
3.2. Negative BOLD responses

Substantial NBR was evoked by each stimulus, see Fig. 2. NBR was
seen in all areas of the visual cortex that were not directly stimulated by
the checkerboards, as previously reported (Bressler et al., 2007; Pasley
et al., 2007; Shmuel et al., 2002; Smith et al., 2004; Wade and Rowland,
2010), though most previous work used whole-field ring stimulation and
did not specifically study ipsilateral NBR.

We observed that the magnitude, spatial extent and location of the
4

NBR varied between the three conditions. For example, the F checker-
board (in the fovea of the left visual field) stimulated only the posterior
contralateral calcarine cortex and therefore induced NBR throughout the
ipsilateral (i) calcarine as well as anterior cV1 (the representation of the
visual field periphery). This NBR was strongest in posterior iV1 (the vi-
sual cortex representation of the unstimulated right fovea) that was
directly opposite the cV1 PBR see Fig. 2 and Table 1, and in a region of
superior contralateral visual cortex, directly above the cV1 PBR.

The M condition induced NBR in bilateral calcarine cortex that sur-
rounded the spot of PBR in central cV1. NBR was therefore observed both
in the posterior cV1 and iV1 locations where the peak PBR and NBR to
the F stimuli occurred respectively, as well bilateral anterior V1 regions
where NBR was also seen to the F stimulus. This indicated that the mid
eccentricity M stimulus could induce NBR in both foveal and peripheral
visual representations. The considerable spatial overlap between F andM
NBR is shown explicitly in Fig. 3. It is particularly within these areas that
were interested to see how the FM NBR magnitude compared to that of F
and M separately. The magnitude of the NBR to the M stimulus was
weaker than that seen to the F stimulus, as shown by a GLM contrast
between F andM, which showed that NBRwas significantly larger during
F than M stimuli in iV1 and superior visual cortex (Figure S3).

The spatial pattern of NBR to the FM stimulus closely resembled the
combination of F and M, as expected. The FM NBR was seen in the same
ipsilateral V1, anterior cV1 and dorsal visual regions that showed NBR to
the F stimuli. FM NBR occurred in a ring around the central PBR region,
the area of peak PBR to M. This included the region between the peak F
and peak M PBR, in the visual cortex representation of the space between
the foveal and mid-eccentric rings, showing that our stimuli evoked
spatially distinct responses. Overall, as expected, a smaller spatial extent
of NBR was seen to FM than to F stimuli, due to the extra activation
caused by the additional M stimulus.

A significant difference in NBR magnitude was found between F and
M conditions in posterior iV1 and anterior cV1. No difference in NBRwas
seen between F and FM conditions in any area, suggesting that the extra
M stimulus did not result in enhancing the total NBR, despite both F and
M stimuli separately inducing NBR in overlapping regions. To further
illustrate this point Fig. 4 shows regions where the NBRmagnitude to FM
was significantly smaller than the sum of the separate NBR to F andM. Or
put another way, the purple regions in Fig. 4 show that the NBR in visual
cortex was not additive, as the NBR to FM was less than what would be



Fig. 3. Spatial conjunction (purple) of F NBR and M NBR superimposed on the PBR (red/yellow) and NBR (blue) to FM stimulation (same as shown in Fig. 1).
Therefore purple areas show that overlapping NBR to both F and M stimuli were observed across widespread visual regions both ipsilateral and contralateral to the
stimulation.

Fig. 4. GLM statistical map showing group contrast of (F þ M)>FM (purple)
superimposed on the PBR (red/yellow) and NBR (blue) to FM stimulation. All
images fixed effects, cluster corrected Z > 3 and p < 0.05. Purple areas therefore
denote regions where the NBR to FM was sub-additive, i.e. NBR to FM was of
smaller magnitude than to F þ M.
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expected from the summation of overlapping F and M NBRs.
In addition, all three conditions induced a cross-modal NBR in

bilateral auditory cortex (Hairston et al., 2008; Mozolic et al., 2008) and
also NBR in small regions of the posterior cingulate cortex (PCC) and
medial prefrontal cortex, reflecting deactivation of the default mode
network (DMN) (McKiernan et al., 2003; Raichle et al., 2001). No dif-
ference in the amplitudes of auditory or DMNNBRwas observed between
conditions. Although curiously we note that the spatial pattern of these
NBR appears to differ, as the conjunction of F and M NBR is small
compared to the extent of the FM response in both auditory and PCC
regions.
5

4. Region of interest analysis

The final analysis further evaluated and compared the magnitude of
the NBRs between each condition for different regions of visual cortex.
Fig. 5 plots the group mean BOLD response for each condition, arranged
corresponding to the ten visual field locations used to extract the re-
sponses (see legend). Of most interest are Fig. 5B, E, F and H.

Fig. 5F shows the group mean BOLD responses from contralateral
posterior V1, the region containing the peak PBR to the foveal stimuli in
both the F and the FM conditions. The PBR to F (2.42% � 0.31) and FM
(2.52% � 0.30) stimuli displayed very similar amplitudes in cV1 (stu-
dents t-test, non-significant difference, p ¼ 0.89) and additionally
showed a large NBR during M (�0.65% � 0.10) stimuli. Measures are
group mean � standard error in the mean.

In comparison, Fig. 5H shows the mid-eccentricity region of the lower
calcarine which contained the peak PBR to the M stimuli. Consequently
both M (1.93% � 0.32) and FM (2.10% � 0.28) stimuli showed a strong
PBR with very similar amplitudes (p ¼ 0.78), whilst an NBR was seen
during F (�0.81% � 0.12) stimuli. These results further evidence how
visual cortex regions are deactivated if they do not represent the portion
of visual field being stimulated.

The remaining panels of Fig. 5 plot responses from visual regions that
displayed NBR during all three conditions. Fig. 5B&E shows responses
from the two strongest areas of NBR, superior cV1 and posterior iV1
respectively. In superior cV1 the group mean NBR amplitude was: F
(�0.9% � 0.15); M (�0.32% � 0.07); FM (�0.85% � 0.15). Whereas in
iV1 the group mean NBR amplitude was: F (�0.92%� 0.08); M (�0.66%
� 0.1); FM (�0.97% � 0.09).

In both these regions we found no difference between the NBR
magnitudes for F and FM stimuli (superior cV1 p ¼ 0.81; and posterior
iV1 p¼ 0.69), despite a substantial NBR being observed separately to the
M stimuli. In superior cV1, the NBR to M stimuli was 36% of the
amplitude of NBR to F stimuli. If F and M NBRs were linearly additive in
this region we would expect an FM NBR signal change of at least �1.2%,
whereas we observe �0.85%. In iV1 the NBR to M stimuli was twice as
strong as in superior cV1, at 71% of the NBR seen during F stimuli. If F
and M NBRs were linearly additive in iV1 we would expect an FM NBR of
at least�1.5%, whereas we observe�0.97%. Therefore we conclude that
the NBRs elicited by separate passive visual stimuli are not additive and
that NBR appears to approximate the amplitude of the largest
contribution.

Broadly similar patterns were observed in the remaining regions,
though the overall amplitudes of the NBR are smaller than in Fig. 5E&F,
there is no difference between F and FM responses and the NBR to M is
smaller than F or FM, but still clearly present. Finally, we observe no
differences in the latency or the shape of the responses between condi-
tions, in any of the ROIs.

5. Discussion

This BOLD fMRI study investigated the contribution to visual cortex



Fig. 5. Group mean BOLD responses to F (black), M (blue) and FM (red) stimuli
extracted from ten different locations in visual cortex. Subject specific ROIs were
defined during separate eccentricity mapping but to provide a summary the
group-level ROIs are shown on the top row of brain images. Error bars denote �
standard error in the mean. The left column shows data from the ipsilateral (left)
and the right column shows data from the contralateral (right) hemisphere. The
central row of timecourses (E,F) are measured from posterior V1 (red ROI), the
occipital pole, representing the visual field fovea. Upper panels (C,D) and (A,B)
show middle and peripheral regions (green, purple ROIs)) of the upper bank of
the calcarine respectively, that respond to stimuli of increasing eccentricity in
the lower visual field. Lower panels (G–H) and (I–J) show middle and peripheral
regions (yellow, blue ROIs)) of the lower bank of the calcarine (that respond to
upper visual field stimuli). Panel F contains the peak PBR to F and FM stimuli.
Panel H contains the peak PBR to M stimuli. Panel E contains the peak NBR to
all stimuli.
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NBR magnitude made by visual stimuli presented in two distinct loca-
tions (foveal F, mid-eccentricity M) of the visual field. NBR, measured
relative to resting fixation baseline, that were evoked by each stimulus
individually were compared to the NBR to the stimuli shown concur-
rently. We aimed to improve understanding of interactions between in-
dependent NBR sources and the generative processes underlying NBR.
We hypothesized that if the two separate stimuli both triggered separate
suppressive signalling pathways that induce reductions of BOLD signal in
6

other visual regions, then when presented together these two stimulus
effects would summate and result in stronger magnitude NBR.

Our results suggest that NBRs do not occur independently from each
other, in the manner that PBRs are observed. Combining our F and M
stimuli resulted in a greater area of total stimulated visual field thereby
increasing the total stimulus input. We observed that the spatial extent of
the PBR increased as the area of stimulated visual field increased (greater
to FM compared with F or M). However, because of the different reti-
notopic representations of the F and M stimuli (shown by spatially
distinct peak locations of PBR to F and M; and by similar PBR amplitudes
for F and FM in posterior cV1) it was theorised this would lead to separate
initiations of NBR. Although the F and M stimuli both induced NBR
across overlapping regions of visual cortex, when combined in the FM
condition these NBR were not independent of each other. Neither the
PBR or NBR to the FM stimulus were additive in any region studied,
meaning that their magnitudes were not different from the response to
the F stimulus alone. This suggests that the strongest NBR generating
signal (foveal, F) dominated in these conditions and no extra contribution
to NBR was made from the other (M) stimulus.

5.1. Spatial overlap of NBR and regional variation of NBR in visual cortex

We observed widespread NBR across both hemispheres of the visual
cortex during unilateral, left hemifield stimulation. Large areas of spatial
overlap were seen between F and MNBR (Fig. 3), thus answering the first
aim of the study, in: contralateral regions surrounding the PBR, both
superior and anterior to the site of the main activation; as well as
throughout the ipsilateral cortex representing the completely unstimu-
lated right visual hemifield. The spatial extent of the NBR varied between
stimuli due to the different locations of the PBRs. NBR covered the largest
area during the F stimulus and reduced in extent during FM because of
the additional PBR to the M stimuli. NBR to M stimuli, whilst of weaker
amplitude, occurred over as wide a range of visual regions as F stimuli,
although the coverage of the M NBR was not as consistent or contiguous
(Fig. 3). Our paradigm induced NBR in all retinotopic locations relative
to the PBR, including inferior, superior peripheral, and foveal represen-
tations. This observation agrees with (Bressler et al., 2007; Pasley et al.,
2007) and contrasts with (Wade and Rowland, 2010) whose peripheral
bilateral visual ring did not induce foveal NBR for reasons that are
unclear.

We further observe that the amplitude of the NBR varied between
these regions and between the three stimulus conditions. This is inter-
esting as it shows that the NBRs behaviour is more complex than simply
appearing at the same amplitude in all unstimulated regions and suggests
it isn’t a blanket suppression, but is spatially specific. The regions
showing the strongest magnitude NBR was similar between F and FM
stimuli: posterior iV1 (Fig. 5E) and dorsal regions of visual cortex.
Interestingly, although the dorsal visual NBR occurred bilaterally, it was
considerably stronger in the contralateral hemisphere (Fig. 2). Therefore
our data show two spatially distinct regions of peak NBR, in opposite
hemispheres. Our ROI analysis shows further regional variation, in that
the weakest NBR occurred in inferior visual regions (Fig. 5I&J). We also
observed that F stimuli created much stronger NBR than M in superior
peripheral regions (Fig. 5B). This is consistent with surround suppression
effects (Muller and Kleinschmidt, 2004), as this ROI is furthest from the
area of M PBR. Taken together these results show that the suppression of
BOLD signal in visual cortex is highly dependent on the stimulus position.

5.2. Modulation of NBR by stimulus characteristics

Although we did not observe addition of F NBR and M NBR, we did
observe that NBR amplitude increased substantially between M and F
stimuli, the foveal stimulation showed a 50–200% larger magnitude NBR
in superior cV1 and iV1 respectively. This shows that our task design did
create modulation of responses and also that NBR amplitude was sensi-
tive to stimulus characteristics, as previously reported for gabors
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(Bressler et al., 2007). Although NBR was larger to F than to M stimuli,
the NBR to M was not weak, showing amplitudes >0.6% in spatially
opposite regions of posterior cV1 and iV1 and significantly above base-
line levels in six out of the ten visual ROIs. Therefore we do not attribute
the lack of NBR additivity to insufficient NBR in the M condition.

Modulation of NBR amplitude has been demonstrated by a number of
previous studies whereby mean NBR magnitude increased with
increasing stimulation intensity, both in visual and sensorimotor cortex
(Klingner et al., 2010; Mayhew et al., 2016; Shmuel et al., 2002; Wilson
et al., 2019) thereby enhancing both the afferent input and the strength
of the NBR inducing signal. Mean DMN NBR magnitude has also been
observed to increase with task difficulty (McKiernan et al., 2003; Singh
and Fawcett, 2008). These scenarios differ from the current data in that
in previous cases the receptive field size was unchanged between con-
ditions, instead the frequency/amplitude of median nerve stimulation
(Klingner et al., 2010), or frequency/duration of visual checkerboards
(Shmuel et al., 2002) were increased. In the current study the F and M
conditions stimulated distinct neural populations with different receptive
fields. We suggest that these stimuli share an “NBR receptive field” in that
they induce spatially overlapping visual NBR, but that this mechanism of
triggering NBR does not lead to its modulation.

5.3. Spatial summation of BOLD responses

The spatial summation of BOLD responses has been sparsely investi-
gated. An elegant study by Pasley et al. used bilateral ring stimuli to
investigate how the amplitude of PBR was affected when it arose from
different baseline states, a normal resting level and a lower baseline
caused by a pre-existing NBR. They report that the amplitude of the PBR
(as well as the cerebral blood flow and metabolic rate of oxygen con-
sumption) was comparable between the two states, it reached the same
peak value irrespective of the initial baseline level, suggesting the rela-
tive response amplitude depended on the baseline (Pasley et al., 2007).
They did not investigate summation of NBRs however. Other work by
Wade and Rowland compared peripheral BOLD responses during com-
binations of foveal and parafoveal bilateral grating rings at varying
contrasts (Wade and Rowland, 2010). They found that NBR induced in
peripheral visual cortex by a foveal stimulus was overridden by the
addition of low contrast peripheral stimuli resulting in PBRs. These re-
sponses could be modelled as a multiplicative contrast gain control
mechanism. Linear spatial summation of PBRs was observed in V1 to
combinations of ring and wedge stimuli (Hansen et al., 2004). Kay et al.,
compared PBRs to partial-field visual stimuli that overlapped comple-
mentary portions of visual population receptive field (pRF) with PBRs to
the sum of the stimuli (Kay et al., 2013). They reported sub additive
effects across all visual cortex regions investigated (V1, V2, V3, LO) and
for a range of visual stimulus types (noise patterns, checkers, gratings).
They proposed a model of compressive spatial summation (CSS) to
explain these results, which are supported by evidence of subadditivity in
neural responses measured by electrocorticography in visual cortex
(Winawer et al., 2013). Similarly, visual responses to simultaneous
stimuli have been shown to be smaller than responses to the stimuli
presented sequentially (Kastner et al., 2001). Our results extend this
previous literature by specifically studying additivity of separate NBRs
for the first time. By using two stimuli (F, M) that each separately induce
NBR in visual regions we are able to study the effect on NBR of combining
(FM) these two stimuli. We find no evidence of additivity between the
two NBRs, the NBR to FMwas sub-additive in being of smaller magnitude
than the NBR summed (F þM) over separate stimuli, which is consistent
with some previous reports of visual PBRs (Kay et al., 2013).

5.4. Possible pathways of NBR generation

The signalling pathways that may give rise to NBR remain obscure
and difficult to study in detail with non-invasive imaging. Of particular
interest is whether comparable mechanisms are responsible for
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generating different types of NBR, such as: contralateral NBR surround-
ing the PBR; and ipsilateral NBR in the opposite hemisphere. Although
differing profoundly in location, these NBR share the common feature of
occurring in unstimulated representations of the visual field, therefore
reflecting a suppression of activity in areas not only unnecessary for
completion of the current task but potentially sources of interfering or
competing processing. We find no evidence of different response prop-
erties between NBR in iV1 and cV1, which we interpret as evidence that
their generating mechanism was not modulated by our manipulation
between separate and combined stimuli.

The local BOLD signal amplitude critically depends on the type of
input to the region and the local balance of excitatory and inhibitory
activity (Enager et al., 2009) as they determine the relative magnitudes of
changes in cerebral blood flow (CBF) and cerebral metabolic rate of ox-
ygen (CMRO2) (Buxton et al., 2014). But it remains unclear to what
extent the neuronal and metabolic suppression underlying NBR results
from a population level reduction in excitation, causing a net decrease in
local metabolic demand, or activation of local inhibitory circuits (Iurilli
et al., 2012; Lauritzen et al., 2012; Liepert et al., 2001; Pelled et al., 2009;
Schafer et al., 2012; Smith et al., 2006; Sten et al., 2017). There exists a
diverse range of distinct forms of cortical inhibitory neurons and their
different functional properties are not well understood (Douglas and
Martin, 2007), but the majority of them are GABAergic.

It has been demonstrated that interneurons can induce vasocon-
striction as well as vasodilation (Cauli et al., 2004; Devor et al., 2007) and
that positive allosteric modulators of GABAA receptors decrease CBF and
BOLD signals (Matthew et al., 1995; Walter et al., 2016). However, the
bulk of recent evidence suggests that activation of inhibitory neurons,
resulting in a release of GABA, can lead to increases in cerebral blood
flow (CBF) and BOLD signal (Anenberg et al., 2015; Enager et al., 2009;
Lee et al., 2020; Pelled et al., 2009; Uhlirova et al., 2016; Vazquez et al.,
2018), potentially via interaction with astrocytes and release of nitric
oxide which is crucial to vasodilation (Iadecola, 2017; Vazquez et al.,
2018).

We suggest that the most likely explanation of how increases in
GABAergic activity can underlie NBR is via the synaptic and energetic
efficiency of inhibitory neurons. Whereby due to their: small proportion
(15–20%); low density of synaptic inputs (also ~20%), and lower ener-
getic requirement for activation (Douglas and Martin, 2007; Duarte and
Gruetter, 2013; Mangia et al., 2009; Patel et al., 2005), a small number of
inhibitory cells can modulate the activity of a much larger population of
excitatory cells with only a small energetic cost. Therefore the metabolic
suppression caused by the reduced excitation out-weighs the increase in
metabolism due to interneuron activity (Buzs�aki et al., 2007; Mangia
et al., 2009), which is supported by a recent 7T magnetic resonance
spectroscopy study (Boillat et al., 2020). Or put another way, NBR arise
as despite a small increase in energy use by inhibitory cells there is still a
net energy saving due to the reduction in spiking in the majority of
excitatory cells, leading to an overall decrease in CBF and CMRO2
(Mullinger et al., 2014; Pasley et al., 2007).

In support of this, a recent optogenetic study in mice has shown that
stimulation of somatostatin expressing (SST) interneurons can trigger a
robust haemodynamic response which is surrounded by a negative
response, mimicking an NBR (Lee et al., 2020). The surround NBR also
showed a decrease in multi-unit spiking activity in deep cortical layers.
This study provides the first clear suggestion that inhibitory neural ac-
tivity can both increase local blood flow, suppress neural activity and
decrease neighbouring haemodynamic signals. Although it could not
conclude whether the ultimate cause of the suppression was SST in-
terneurons projecting into the negative region, or suppressing excitatory
input to that region (Lee et al., 2020).

Three primary mechanisms can be suggested to cause such an overall
suppression of excitation: thalamocortical interaction (Logothetis et al.,
2010); intra-cortical connectivity (Iurilli et al., 2012; Kastrup et al., 2008;
Klingner et al., 2010, 2011) and top-down control of attention (Heine-
mann et al., 2009; Tootell et al., 1998) by fronto-parietal circuits
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(Lauritzen et al., 2009). The contribution of these three mechanisms will
depend on the brain region in question (e.g. intra modal, cross modal or
DMN NBR) and exact experimental circumstances (e.g. type, intensity
and amount of afferent sensory input, level of cognitive control required
to complete task). A further complication for these interpretations is that
thalamic input to the visual cortex can occur both through first order
afference relaying retinal input via the LGN into cortical layer 4, or
higher order via structures such as the pulvinar that relays information
from the deep layers of one cortical area to the superficial layers of
another region (Sherman, 2007).

The current experiment is unable to disambiguate them conclusively
but we speculate that our data mostly indicate the action of an intra-
cortical mechanism, whereby total stimulus drive is integrated into a
single inhibitory input to the visual cortex NBR regions. A signal that
doesn’t summate over our combined stimulus inputs. Our favouring of a
primarily cortical mechanism for the NBR we observe is supported by a
lack of significant LGN activation during M stimulation (Fig. 2) despite
that stimulus inducing widespread NBR in both visual hemispheres. This
suggests that strong thalamic activity is not a prerequisite for cortical
NBR.

Such intra-cortical influences would involve some initiation of NBR
by the PBR region, involving lateral inhibition (Blakemore et al., 1970;
Hopf et al., 2006; Muller and Kleinschmidt, 2004) effecting a surround
suppression within the contralateral hemisphere as well as
intra-hemispheric inhibitory effects via the white matter pathway pass-
ing through the splenium of the corpus callosum (Berlucchi, 2014) to act
on iV1. How such local and distant mechanisms could result in similar
NBR modulations should be investigated by future work, including the
extent to which this process involves layer 6 pyramidal cells known to
mediate widespread cortical inhibition by recruiting inhibitory neurons
across the laminar (Bortone et al., 2014).

We expected little exertion of top-down control as our passive task
had few attentional demands, making contributions from that third
source minimal. We observed small PBR in dorsal intra-parietal sulcus
regions responsible for spatial attention (Corbetta and Shulman, 2002)
but no difference in this activity between conditions. We therefore
cannot rule out the possible explanation that the FM NBR was not ad-
ditive because the addition of the M to the F stimulus did not sufficiently
increase the total attentional capture compared to F alone, and conse-
quently did not induce additional NBR. Further work, possibly imple-
menting effective connectivity and other promising modelling
approaches (Havlicek et al., 2017) is necessary to further test the
respective influences of these effects and to separate these mechanisms.

A key, but as yet unanswered question in understanding NBR is
regards its exact functional purpose. The observed decreases in neuronal
activity (Boorman et al., 2015; Shmuel et al., 2006) could arise: to
minimise distracting input and reduce interfering communication from
regions less-relevant to task execution forming a functional inhibition
such as reported in electrophysiological literature (Jensen and Mazaheri,
2010; Mathewson et al., 2011); or as an energy saving mechanism
whereby such regions are down-regulated to preserve metabolic effi-
ciency (Buzs�aki et al., 2007). In the former case, we expected that
increased stimulation of one hemifield (e.g. FM vs F stimuli) would in-
crease the requirement for suppression of the non-relevant hemifield.
However, in this experiment there was perhaps not sufficient functional
necessity for greater inhibition to be applied in the case of FM stimuli, if
the passive task was not sufficiently demanding of cortical resources. A
further possible complication in interpretation is whether the coherence
of the checker reversal rate between the F and M stimuli resulted in a
unified percept of the combined stimuli and that this resulted in nulli-
fying any independent generation of NBR.

In conclusion we aimed to understand the contribution of checker-
board stimulation of foveal (F) and mid-eccentricity (M) locations of the
left visual field to NBRs spatial occurrence and magnitude. The F and M
stimuli had different retinotopic representations in visual cortex, result-
ing in non-overlapping PBRs, but overlapping NBRs throughout visual
8

cortex, strongest in ipsilateral V1 and regions of contralateral V1 superior
to the PBR. NBR were strongest to foveal (F) stimulation but also highly
significant to a mid-eccentricity (M) stimulus.

The amplitude of the PBR did not increase at any location during
combined FM stimuli, although the total spatial extent was largest to the
FM stimulus. Despite this increase in the total amount of activated visual
cortex the amplitude of the NBR was not different between the FM and
the F stimuli, leading us to conclude that the addition of the M stimulus
had no discernible effect on the NBR.
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