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Numerosity adaptation suppresses early
visual responses
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Humans andmany other animals possess an innate ability to rapidly perceive numerosity: the number
of objects in a visual scene. Numerosity perception is influenced by adaptation, whereby previously
viewed numerosities affect perception of the current image’s numerosity. Parietal and frontal neural
populations are tuned to specific preferred numerosities, and this tuning is affected by adaptation. A
parallel line of research has revealed that early visual responses monotonically increase with
numerosity. Here we use ultra-high field (7 T) fMRI to show that these monotonic responses become
less pronounced after adaptation to higher numerosities. Moreover, this neural adaptation effect
becomes stronger as we progress through the early visual hierarchy (V1-V3, hV4, LO1-LO2 & V3A/B).
These findings show that numerosity adaptation has neural effects on the early visual responses as
well as the frontoparietal numerosity-tuned responses. Together, these distinct neural effects are
consistent with many features of perceptual numerosity adaptation.

Numerical cognition leverages aspects of perception, attention andworking
memory to construct a quantitative understanding of the world that even-
tually allows advanced abilities like mathematics. Numerical cognition’s
simplest stages require only an ability to estimate and perceive object
number, or numerosity, often called the ‘number sense’. This simple
numerosity perception is found in many animals, including humans1,2 and
non-human primates3, but also birds4, amphibians5, fish6, and insects7.
Numerosity perceptionmay provide a selective advantage in any animal by
helping to forage for food, like finding the plant with themost fruits8,9. Some
have proposed that numerosity perception reflects non-numerical image
features that are often correlated with numerosity, like density10 or contrast
energy at high spatial frequencies11. However, extensive recent evidence
demonstrates that humans perceive numerosity itself more quickly and
accurately than these non-numerical features12–14.

Which neural responses underlie numerosity perception? Two broad
classes of responses have been described: numerosity-tuned responses and
monotonically changing responses. In numerosity-tuned neural popula-
tions, the response peaks at a specific (preferred) numerosity and gradually
decreases with distance from this numerosity15. Numerosity-tuned
responses have been found in single neurons in cats16, monkeys3,15,
humans17, crows18 and chickens19. We have also revealed the numerosity
tuning of neural populations throughout the human brain by combining
ultra-high field (7 T) functional magnetic resonance imaging (fMRI) and
neural model-based analyses20–22. Numerosity-tuned responses are located

in the association cortices of humans22 and monkeys23. Their responses
closely predict numerosity perception across trials15,24 and across
individuals25–27, positioning them as an important basis of numerosity
perception28.

The second class of neural populations increases their response
amplitude monotonically as numerosity increases. Such monotonic
responses, sometimes described as summation coding29,30, have long been
predicted as an intermediate stage in computational models for the deri-
vation of downstream numerosity-tuned responses30–35. Monotonically
responding populations have been described using EEG and fMRI36–38.
These responses were found in early visual cortex (including V138, V2, and
V338,39) with very short latencies37, indicating that these monotonic
responses are implicated in the earliest stages of feedforward visual pro-
cessing. Surprisingly, for such early visual responses, these responses to
numerosity are not strongly affected by non-numerical features like item
size and spacing36–38.

How can such early responses already encompass numerosity infor-
mation? This may be explained by close relationships between numerosity
and aggregate Fourier power in the stimuli used in most experiments38. To
illustrate, a single V1 neuron can be modelled as a spatial Fourier filter,
responding to a particular combinationof orientation and spatial frequency.
The response of the large neural populations recorded by EEG or fMRI will
then aggregate the response power throughout the Fourier spectrum.
Aggregate Fourier power followsnumerosity closely, with little effect of item
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size or spacing. Indeed, monotonically increasing responses in early visual
areas follow the logarithm of aggregate Fourier powermore closely than the
logarithm of numerosity38. As such, the established response properties of
the early visual cortex give a population-level monotonic response to
Fourier power from which numerosity can be straightforwardly computed.

In addition to these monotonically responding populations and
numerosity-tuned single neurons, monotonically responding single
neurons40 and numerosity-tuned single neurons that prefer numerosities at
the extremes of the tested range have been reported inmacaque association
cortices23,41. It is hard to distinguish monotonically increasing or decreasing
responses from maximum or minimum numerosity-tuned neurons,
respectively21,35.Monotonically responding single neuronsmay represent an
intermediate stage bridging early visual monotonic population responses
and the association cortex’s tuned single-neuron responses.

Like many visual features, numerosity perception is affected by
adaptation1, where perceived numerosity is repelled from previously pre-
sented numerosities. For example, after repeatedly viewing a high numer-
osity, lower numerosities are underestimated. How does numerosity
adaptation affect neural responses to numerosity? First, in fMRI repetition
suppression paradigms, repeated presentation of a single numerosity sup-
presses parietal neural responses to similar numerosities more than
responses to more different numerosities27. This provides evidence for
numerosity-tuned responses in human parietal cortex and suggests that
adaptation strongly affects numerosity-tuned responses. Similarly, numer-
osity adaptation strongly reduces the ability to distinguish between the
patterns of activity evoked by different numerosities in parietal cortex using
multivariate classification methods, suggesting adaptation suppresses or
changes the patterns of response to specific numerosities42,43. Finally, we
have shown that numerosity tuning in neural populations with numerosity
preferences near the adaptor is repelled from the adapted numerosity, while
that in neural populations with numerosity preferences further from the
adaptor is attracted toward the adapted numerosity44. Thismixed change in
numerosity preferences occurs in all numerosity-tuned responses
throughout the association cortices and suggests some form of normal-
ization across the whole set of numerosity-tuned responses.

However, it remains unclearwhether early visualmonotonic responses
to numerosity are affected by adaptation and may therefore contribute to
later adaptation effects on numerosity-tuned responses. Here, we therefore
analysed these early visual monotonic responses in an ultra-high field (7 T)
fMRI data set, where we have previously shown numerosity adaptation
effects on numerosity-tuned responses44. During fMRI scanning, partici-
pants viewed the same sequence of changing numerosities (to map
numerosity preferences) in three conditions, where this was alternated with
a low numerosity adaptor, a high numerosity adaptor and an adaptor
matching the sequence of changing numerosities. In the current study, we
compared the amplitudes of responses to these conditions in the early visual
cortex. Higher numerosities produce a stronger neural response in the early
visual cortex than lower numerosities. We therefore hypothesized that
adaptation to a higher numerosity would more strongly suppress the
monotonic response to subsequently viewed displays, by more strongly
reducing the sensitivity of the responsive neural populations.

Results
Monotonic responses to numerosity displays in the early
visual cortex
During fMRI scanning, participants viewed the numerosity arrays while
performing an orthogonal task (detecting when white dots were shown
instead of black dots) that did not involve numerosity judgements. They
viewed sequences of progressively increasing and decreasing numerosities
(from one to seven and back) to quantify response amplitudes to different
numerosities. This sequence was chosen for its efficiency in quantifying
response amplitudes to different numerosities44, a necessity given the
three scanning sessions required per participant. Alternating increases
and decreases in these changing numerosities counterbalance the effects

of previous changing numerosities on the response to the current
numerosity21. These progressively changing numerosity displays were
presented in three different adaptor conditions (Fig. 1): (1) Preceded
by displays containing one item (low adaptor condition); (2) Preceded by
displays containing twenty items (high adaptor condition); (3) Preceded by
displays matching the changing numerosity (changing adaptor condition).
The changing adaptor condition was used as a control condition to identify
responsive locations.

The brief, single presentation of adaptors in our low and high adaptor
conditions should elicit numerosity adaptation effects comparable to those
in classical behavioural studies for two reasons. First, adaptation effects last
for several seconds, allowing prior adaptor presentations to accumulate
influence throughout a scan run. To keepa steady state of adaptation in each
scan run, we therefore presented the adaptor multiple times before and
consistently during each run. Second, behavioural data collected with this
dataset44 confirm that this specific stimulus timing produces clear repulsive
perceptual adaptation effects (Fig. 2), consistent with earlier studies that
used similar brief adaptor presentations45–47.

Weused the changing adaptor condition (Fig. 1),without adaptation to
a fixed numerosity, to identify responses to changes in numerosity, as we
have used this stimulus design in previous studies21,22,38,44. We explained
responses in all conditions using a monotonic response model where the
neural response amplitudes underlying the fMRI response were propor-
tional to the logarithm of the aggregate Fourier power of the changing
numerosity display shown during each fMRI time frame. However, we
found very similar results (see Supplementary Figs. 1, 2, 4, and 5) in a
monotonic response model where the neural response amplitudes were
proportional to the logarithm of numerosity, which fit slightly less well than
the aggregate Fourier power model38. As previously shown38, many
recording sites in the representation of the central visual field (where the
numerosity mapping stimulus was displayed) in visual field maps V1-V3,
hV4,V3A/B, LO1 andLO2 showed responsesproportional to the logarithm
of aggregate Fourier power (Fig. 3).We selected recording sites in eachvisual
fieldmap where preferred visual position eccentricity was below 1°, where a
monotonic responses increasing with aggregate Fourier power explained at
least 10% of response variance, and where this monotonic response model
explained more variance than a numerosity-tuned model.

Changes in early visual monotonic responses during numerosity
adaptation
Wefirst askedwhether the change in response amplitudes over the course of
a scan in the recording sites differed between the low and high adaptor
conditions. The fMRI responses of recording sites in the early visual cortex
increased following the aggregate Fourier power (and so the numerosity) of
the presented displays in both adaptor conditions (Fig. 4a).

In our responsemodel, the response amplitudeof each recording site in
each condition was captured by a slope (beta) parameter. This quantified
howmuch the amplitude of the neural response underlying the fMRI signal
increased when the logarithm of the aggregate Fourier power of the stimuli
increased by one (Fig. 4b). Our response models also included the adaptor
stimuli as regressors (see ‘Methods’). This was constant in the low and high
adaptor conditions, so it could not explain any response variance.

To summarize the response change in each visual field map, we first
calculated the response slope in each adaptor condition for recording sites
throughout the early visual cortex (fromV1 to LO2 andV3A/B) (Fig. 5a–c).
Notably, some later visual fieldmaps (LO1, LO2, V3A/B) include recording
sites with bothmonotonic and tuned responses: our analyses included only
recording sites whose responses are better explained (better fit under cross-
validation) by our monotonic response model in the changing adaptor
condition. For each visual field map, we took the average slope in each
condition across these recording sites in every hemisphere and used these
hemisphere averages for statistical comparisons. A two-sided Wilcoxon
signed rank test showed that the slope was significantly above zero in both
adaptor conditions in all visualfieldmaps except the high adaptor condition
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in V3A/B (Fig. 5d and Supplementary Table 1). So both conditions yielded
monotonically increasing responses to aggregate Fourier power (and so to
numerosity). In each visual field map, this slope was significantly greater in
the low adaptor condition than the high adaptor condition (Fig. 5d and
Supplementary Table 2), a greater neural adaptation of monotonic
responses to higher numerosities. We did not find any difference between
the constant baseline response amplitudes during any adaptor conditions in
any visual field map.

Progressive increases in adaptation effects through the early
visual hierarchy
We then compared the strength of this neural adaptation effect between
visual field maps. We first computed a measure of relative slope change;
specifically, we subtracted the slope in a high adaptor condition from the
slope in a low adaptor condition, and divide by the slope of the changing
adaptor condition (Fig. 5e). This metric reflects how much shallower the
slope (of responses to increasingnumerosities) becomeswhenprecededby a
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Fig. 2 | Our stimulus timing induces repulsive behavioural numerosity adapta-
tion. aWe conducted a behavioural experiment with 10 participants (6 from the
fMRI study) to assess the effects of our stimulus sequence outside the scanner in our
previous study44. A low (1) or high (20) adaptor was presented consistently on one
side of fixation. Participants compared a changing test numerosity on the unadapted
side to a fixed numerosity reference of 10 on the adapted side. This allowed us to

determine the point of subjective equality (PSE), which unadapted numerosity was
perceived asmatching the adapted numerosity 10. Responses were accepted until the
next test display, with no response triggering a repeat trial,maintaining fMRI timing.
b The PSE was highest in the low adaptor condition, lowest in the high adaptor
condition and intermediate in the no adaptor condition. All differences reached
significance in paired t-tests after Bonferroni correction.
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Fig. 1 | Numerosity stimuli. a Schematic description of the numerosity response
mapping stimuli shown in the ascending progression of one stimulus cycle. Each
fMRI time frame (TR) contained an adaptor numerosity (left, colored border),
which differed between conditions, followed by a changing numerosity (right, black
border). In all three conditions, the changing numerosities increased from 1 through
7, followed by a baseline of 20 dots. The order of this stimulus sequence, which we
used previously, can map the numerosity-responsive maps stably in the neural

populations. In the low and high adaptor conditions, the adaptor was constant at
numerosities of 1 and 20, respectively. In the changing adaptor condition, the
changing numerosities were also shown as the adaptor. In all conditions, the same
pair of adaptor and changing numerosities was repeated three times (across three
TRs) to ensure strong fMRI responses. b Example displays presented in a single TR
in each condition.
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high compared to a low adaptor, quantifying the relative strength of the
neural adaptation effect in each visual field map. An ANOVA (with visual
field map as a fixed factor and participant as a random factor) found
significant differences between maps in this proportional reduction in
response slope (F(6,86) = 11.4, p = 2.5 × 10-9). Post-hoc multiple compar-
isons revealed a progressive increase in the strength of the neural adaptation
effect from earlier to later visual fieldmaps (Fig. 5f; Supplementary Tables 5
and 6). Therefore, the effect of numerosity adaptation on neural response
amplitudes increased through the early visual hierarchy.

Relationships between neural adaptation effects in different
brain areas
Finally, in exploratory analyses, we investigated relationships between
neural adaptation effects in different brain regions. We found a strong
correlation between hemispheres in the proportional reduction of response

slope across V1, V2, V3, and hV4 (Supplementary Figs. 6a and 7a). This
suggests a strong connection between adaptation effects in these early visual
fieldmaps, though it could also reflect general individual differences in fMRI
BOLD response amplitude. However, no significant correlations emerged
between these early visual maps and later ones (LO1, LO2, V3A/B), nor
among the latermaps themselves. Thismight indicate independent effects at
these later processing stages or simply more variable effects.

We also explored whether the strength of early visual monotonic effects
correlated with the strength of numerosity-tuned response effects, given that
tuned responses might be derived from monotonic responses. We tested for
a correlation between early visual suppression (proportional reduction in
response slope) and the reduction in explained response variance of the
tuned response model between low and high adaptor conditions in the
numerosity maps. We observed marginal correlations specifically between
the numerosity map NTO and visual field maps V1-hV4 (Supplementary

Fig. 3 | Locations of monotonic responses to numerosity. a Blue recording sites
show responses that monotonically increased with numerosity (in proportion to the
logarithm of aggregate Fourier power), while red recording sites show numerosity-
tuned responses. Here, the best-fitting response model explained at least 0.1 (cross-
validated R2) of response variance. See Supplementary Fig. 1a for results from all
hemispheres and Supplementary Fig. 1b for results using corresponding monotonic
models following log(numerosity). b The preferred visual field position polar angle

of each recording site (obtained from visual fieldmapping data) lets us localize visual
field map borders at reversals in polar angle progressions. Dashed lines show visual
fieldmap borders at the upper vertical meridian (blue), lower vertical meridian (red)
and horizontal meridian (green). c Each recording site’s preferred visual field
position eccentricity.Weused this to localize sites with a preferred eccentricity below
1°, whose population receptive fields included the numerosity mapping stimulus
area. See Supplementary Fig. 1c, d for visual field maps in all hemispheres.

Fig. 4 | The response of an example recording site (voxel) in V1 to a numerosity
mapping stimulus differs between adaptation conditions. a As the stimulus’s
changing numerosity progressively increased and decreased (top inset), the fMRI
BOLD response in both adaptor conditions (colored dots) increased and decreased,
after a hemodynamic delay. The responses in both conditions were closely fit by the
predictions of the monotonic responses to the logarithm of the aggregate Fourier
power of the stimulus (colored lines), scaled with different amplitudes. The range of
response amplitudes was greater in the low adaptor condition than in the high
adaptor condition. The variance explained (R2) followed this range of response

amplitudes, as a lower amplitude decreases the signal-to-noise ratio of the response.
bWe explained these responses using neural response models in which neural
responses monotonically increase proportionally to the logarithm of the aggregate
Fourier power of the displays, which follows the logarithm of numerosity closely but
nonlinearly38. We fit the slope of this proportionality (i.e., the increase in amplitude
of the neural response when logarithm of aggregate Fourier power increases by one,
ΔLog(power) = 1) using a general linear model. This slope was greater in the low
adaptor condition than in the high adaptor condition. See Supplementary Fig. 2 for
corresponding monotonic models following log(numerosity).
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Figs. 6b and 7b). However, most of these few significant correlations did not
survive correction for multiple comparisons, and no significant correlations
were found among other tested visual field or numerosity maps. We tested
for a correlation between early visual suppression and the changes in
numerosity preferences of the tuned responses between low and high
adaptor conditions in the numerosity maps. While comparing numerosity
preferences to early visual response suppression was complex due to bidir-
ectional shifts in numerosity preferences44, some marginal correlations again
appeared between NTO and V1-hV4. (Supplementary Figs. 6b and 7b). In
short, these between-hemisphere correlations ofmonotonic and tuned effects
were underpowered and are complicated by notable interhemispheric dif-
ferences within participants in numerosity maps beyond NTO22.

Discussion
In the current study, we asked whether numerosity adaptation affects the
responses of the early visual cortex. First, we found that the monotonically
increasing neural response to numerosity occurred regardless of numerosity
adaptation, from V1 through the early visual hierarchy to V2, V3, hV4,
V3A/B, and LO1-LO2. Second, in all these visual field maps, the amplitude
of this monotonic increase (slope) was reduced when the adapting
numerosity was higher. Third, the proportion by which the response slope
was reduced during higher compared to lower numerosity adaptation (i.e.,
the magnitude of the adaptation effect) increased hierarchically from V1
onward. Fourth, themagnitude of this adaptation effect generally correlated
among the visual field maps V1, V2, V3 and hV4.
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Fig. 5 | Neural adaptation of monotonic responses increased through the visual
hierarchy. a–c The fMRI BOLD responses increased monotonically with aggregate
Fourier power in recording sites throughout the central visual field representations
of the early visual field maps, in the low (a), changing (b), and high (c) adaptor
conditions. In all conditions, voxels showing a monotonic response in the changing
adaptor condition were selected for further analysis. See Supplementary Fig. 3a–c for
results from all hemispheres, Supplementary Fig. 4a–c for correspondingmonotonic
models following log(numerosity) and Supplementary Fig. 5a–c for results from all
hemispheres for corresponding monotonic models following log(numerosity). d In
the average across the recording sites in each visual field map of each hemisphere
(n = 16 hemispheres), the slope of the monotonic response increase with the loga-
rithm of aggregate Fourier power was significantly positive in both conditions and
almost all visual field maps (colored stars, Supplementary Table 1). This slope was
greater in the low adaptor condition than the high adaptor condition (black stars
show comparisons between conditions in each visual field map, Supplementary
Table 2) *p < 0.05, **p < 0.01, ***p < 0.001. Colored markers (linked with colored

lines) show the mean in the visual field map example in each hemisphere and
condition. See Supplementary Fig. 4d and Supplementary Tables 3 and 4 for cor-
responding monotonic models following log(numerosity). e To compare this
reduction inmonotonic response amplitude between visual fieldmaps, we calculated
the reduction in response slope between low and high adaptor conditions in each
recording site, as a proportion of the slope in the changing adaptor condition. See
Supplementary Fig. 3d for results from all hemispheres, Supplementary Fig. 4e for
corresponding monotonic models following log(numerosity) and Supplementary
Fig. 5d for results from all hemispheres for corresponding monotonic models fol-
lowing log(numerosity). f This proportional decrease in response amplitude from
low to high adaptor conditions (i.e., the neural adaptation effect strength) became
greater through the visual processing hierarchy (Supplementary Table 5). Visual
field maps marked with brackets to the right of the stars showed significantly
stronger proportional decreases than those with brackets to the left of the stars
(Supplementary Table 6). See Supplementary Fig. 4f and Supplementary
Tables 7 and 8 for corresponding monotonic models following log(numerosity).
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In this study, we focus on the early visual neural response that
monotonically increases with numerosity36–38. We have explained these
findings by the close relationship between numerosity and contrast energy
in the spatial frequency domain38. Image contrast refers to the overall var-
iation in brightness or color distribution across the entire image, typically
reflecting the range of luminance values within the image. In the spatial
frequency domain, this variation is measured as contrast energy, expressed
in Fourier power. At a fixed image contrast, this aggregate Fourier power
follows numerosity closely but nonlinearly, with little effect of size or spa-
cing, and predicts population responses in V1 and computational
models32,33,35 more closely than numerosity does38. Recentmodelling studies
also show how image filters specifically modelling the properties of early
visual neurons could capture these contrast properties to yield early visual
monotonic responses48. This provides a response in the early visual cortex
from which numerosity itself may be straightforwardly derived. Indeed,
responses in the numerosity-tuned populations of the association cortices
are more closely predicted by numerosity than aggregate Fourier power38.
Therefore, we describe the monotonic responses in the current study as
responses to contrast and the tuned responses as responses to numerosity.
However, we found a very similar pattern of results if we model the early
visual responses as functions of the log(numerosity) (Supplementary
Figs. 1b, 2, 4, 5 and 7), rather than as functions of the logarithm of the
aggregate Fourier power of our displays.

Adaptation effects on numerosity perception1 have always been
assumed to reflect changes in the responses of numerosity-tuned neurons.
This is a reasonable assumption for several reasons. First, when the adap-
tation of numerosity perception was first described, numerosity-tuned
neurons had recently been found inmacaqueparietal and frontal cortices3,23,
and tuned effects of repetition suppression were found in human parietal
cortex27. Then, themonotonic responsewas shown in the parietal lobe40 and
early visual monotonic responses to numerosity were only described years
later36,37. Second, adaptation effects are often found for image features with
tuned neural representations, like orientation49 and motion direction50.
Third, adaptation to a lownumerosity has been shown to increase perceived
numerosity1,51, as well as adaptation to high numerosity decreasing per-
ceivednumerosity.Thebidirectionality of this repulsive effect seems likely to
reflect effects on numerosity-tuned neural populations with different
numerosity preferences. Specifically, adaptation to a numerosity below the
numerosity preference of a numerosity-tuned neuron should suppress
responses to lower numerosities more than responses to higher numer-
osities. This should thereby increase the numerosity yielding the largest
response (the numerosity preference)28. Accordingly, we have recently
shown (using the present data set) that tunedneural numerosity preferences
are affected by adaptation44.

However, converging evidence also suggests that the neural effects of
perceptual numerosity adaptation begin at early visual processing stages,
with spatially specific responses to image contrast. First, perceptual
numerosity adaptation is highly spatially specific (limited to the adapted
location)1, while numerosity-tuned neurons have large spatial receptive
fields and their response to numerosity does not depend on the stimulus
falling within that receptive field22,38,52,53. Second, perceptual numerosity
adaptation is weaker when the adaptor and test displays differ in color54 or
other low-level visual features55. Different low-level features activate distinct
neural populations in early visual processing, so an adaptation effect on the
population responding to one feature is unlikely to affect populations
responding to other features. Conversely, similar numerosity-tuned
responses are found regardless of item color56, so adaptation effects work-
ing on these populations should generalize across low-level features. Third,
compelling recent results57 show that perceived numerosity is affected by
adaptation to gratings with no numerosity but a spatial frequencymatching
that of the numerosity display. Fourth, recent results show that the strength
of the numerosity adaptation effect is greater when the positions of the
individual items in the adaptor and test displays overlap58. Again, different
positions activate distinct neural populations in early visual processing, but
similar numerosity-tuned responses are found regardless of item

position22,38,52,53. Fifth, the increase in perceived numerosity after low
numerosity adaptation is farweaker than the decrease after high numerosity
adaptation51,58. The asymmetry of this bidirectional effect may reflect an
additional effect of adaptation at the monotonic response stage for high
numerosity displays. Finally, the numerosity adaptation effect becomes
weaker as contrast decreases1, though it remains clear even at low contrasts.
Together with the present results, these results suggest that perceptual
numerosity adaptation at least partly originates in early visual processing
stages with spatially specific responses to contrast.

Importantly, none of these findings show that perceptual numerosity
adaptation arises only through early visual contrast adaptation and indeed
several results speak against this interpretation. First, we found that effects
on monotonic responses become progressively stronger through the early
visual hierarchy, suggesting additional neural numerosity adaptation effects
at many stages of numerosity processing. Second, recent results59 show that
responses to numerosity in more anterior areas of the association cortices
depend progressively more on the context of recently presented numer-
osities. Third, the effects on monotonic responses that we see are only
correlated with effects on tuned responses in themost posterior numerosity
map. All of these results suggest progressively increasing neural adaptation
effects throughout the numerosity processing hierarchy, not effects at an
early stage alone. Furthermore, adaptation effects on visual numerosity
perception can also be produced by adapting to quantities in other sensory
modalities60–62, though these cross-modal adaptation effects are weaker than
the effects of adaptation to visual numerosity itself. Finally, beyond adap-
tation, numerosity estimation is reduced when individual items are con-
nected by bars63. This effect is not present in the earlier visual responses to
numerosity39 and cannot be explained by changes in the spatial frequency
domain contrast of the displays38, so at least some effects on numerosity
perception depend on later stages. We therefore propose that neural effects
at many stages of numerosity processing contribute to perceptual numer-
osity adaptation effects. Neural populations in many areas represent
information about numerosity in either their monotonic or tuned respon-
ses, with hierarchical processing of each response acrossmany stages22,38 and
tuned responses likely being derived from monotonic responses30,32. As
adaptationmay be best understood as a property of all neural responses, we
can expect adaptation effects at all of these stages, with effects at one stage
likely being inherited by the next.

Our results do not convincingly demonstrate that adaptation effects on
early visual monotonic responses ultimately cause adaptation effects on
numerosity-tuned responses. Indeed, it is not yet clear that early visual
monotonic responses are required to produce anumerosity-tuned response.
Nevertheless, severalfindings suggest that adaptation effects onnumerosity-
tuned responses are inherited in part from effects on early visual contrast
representations. First, almost all visual inputs to the cortex come through the
primary visual cortex, which represents image features by contrast-driven
responses in the spatial frequency domain. There is no other pathway
through which numerosity-tuned neurons could be activated by visual
stimuli. Second, computational models for the derivation of numerosity-
tuned responses30–32,34 generally rely on an intermediate stage with mono-
tonic responses to numerosity. We have previously shown that the mono-
tonic responses to numerosity shown by two very different neural network
models32,33 are better predicted by early visual responses to contrast38.
Changing the early visual contrast representation seems likely to change any
response derived from this representation.

As such, our findings of multi-level neural adaptation impact on the
current understanding of numerosity processing in three crucial ways. First,
while numerosity processing is often considered a high-level cognitive
function linked to mathematics64–66 and decision-making67, with neural
adaptation correspondingly shown in association cortices44, recent studies
increasingly point to lower-level processes32,33 in early visual cortices37,38,48.
Ourwork confirms this by revealing neural numerosity adaptation effects at
these lower levels. Second, we demonstrate that neural adaptation effects
accumulate hierarchically throughmultiple stages of early visual processing.
This suggests that numerosity adaptation may build on (rather than being
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solely explained by) effects on early visual contrast processing. Finally, by
suggesting that perceptual numerosity adaptation may be partly rooted in
early visual mechanisms, our study offers a potential neural basis for recent
behavioural findings demonstrating the influence of low-level visual fea-
tures on perceptual numerosity adaptation54,55,57,58.

We have previously used this data set to reveal numerosity adaptation
effects on the numerosity preferences of numerosity-tuned neural popula-
tions in the parietal, frontal and lateral occipital lobes44. We tested whether
the strength of this tuned neural adaptation effect was correlated with the
strength of the monotonic adaptation effect described here. Unfortunately,
this analysis (Supplementary Fig. 6b, c) lacked the statistical power to show
such correlations because the data set only included eight participants or 16
hemispheres. Some trends suggest that hemispheres with larger reductions
inmonotonic response slope in V1-hV4may also show greater suppression
of tuned responses and larger changes in numerosity preferences between
high and low adaptor conditions, specifically in numerosity map NTO.
Beyond NTO, the tuned numerosity preferences exhibit a strong hemi-
spheric lateralization22, which was not found in the monotonic early visual
responses.

All our conditions only present the adaptor very briefly (and typically
once) before each presentation of a changing numerosity, although many
times over different presentations of changingnumerosities. Is this sufficient
to produce repulsive numerosity adaptation effects in perception? Or does
this instead produce attractive serial dependence effects that occur when
single presentations of a particular numerosity bias perception of the
numerosity in the next presentation68,69?We have previously shown that the
stimulus timing used here produces a clear repulsive adaptation effects44.
Previous results also showed repulsive adaptation effects with brief adaptor
presentations45.Again, here, these brief but frequent presentations, although
separated by changing numerosities, would be expected to affect the average
level of recent activity in the early visual cortex thatwe propose underlies the
effects we observe.

Demonstrating perceptual adaptation with our stimulus timing
requires participants to attend to the test numerosity, thoughnot necessarily
the adaptor. While judging the test numerosity necessitates attention to
numerosity, which might influence its perception, our fMRI participants
attended the itemswithout judging the changing numerosities. Attention to
numerosity itself enhances tuned neural responses to numerosity65, but we
have repeatedly shown responses to numerosity without attention specifi-
cally to numerosity. Attention to numerosity may potentially enhance early
visual response amplitudes, so addingexplicit attention tonumerositymight
strengthen the effects we describe, but we do not expect it to qualitatively
change these effects.

While we have previously shown that a lack of any attention to the dots
(in a non-numerical task) strongly affects responses to numerosity56, our
fMRI participants did attend to the dots in a non-numerical task. Although
neither our behavioural nor fMRI experiments required attention to the
numerosity of the adaptor, they may differ in the attention allocated to the
dots or their location. In our fMRI data, adaptors were always presented at
fixation, and we compared the effects of the different adaptors. However, in
our behavioural experiment, an adaptor was presented on one side of the
screenwithnothingon the other side. In this situation, the appearanceof the
adaptor onone side only is likely to implicitly attract attention to the adaptor
location and numerosity70,71 and so increase the neural response to the
adaptor and its adaptation effects. Therefore, perceptual adaptation effects
in our fMRI experimentmay beweaker than in our behavioural experiment.
Nevertheless, in our fMRI experiment, the appearance of the adaptor alone
and its presentation at fixation are also likely to attract attention. Further
work would be needed to address how attention affects neural numerosity
adaptation effects.

Functionally, adaptation is usually proposed to adapt perception to the
context of recently seen sensory stimuli, thereby increasing sensitivity in the
stimulus rangewe are currently workingwith by increasing discriminability
around the adapted range72. Seeing contrast adaptation as a fundamental
contributor to numerosity adaptation instead suggests numerosity

adaptation’s functional role may be to help separate numerosity from
contrast. Both numerosity and the contrast between items and their back-
ground (i.e., itemcontrast) similarly affect the image’s total Fourier power in
the spatial frequency domain (i.e., image contrast)38. An image can have
greater total Fourier power because it contains more items or greater item
contrast. To determine numerosity, we need to normalize the image con-
trast for item contrast. Indeed, responses in V1 are strongly contrast-
dependent, while responses in the first areas showing numerosity-tuned
responses (visual field maps TO1 and TO2, i.e., area hMT+) are minimally
affectedby itemcontrast73. Therefore, undernormal circumstances, contrast
adaptationmay serve to normalize itemcontrast by considering the contrast
of recently viewed items, and thereby yield a contrast-invariant repre-
sentation to numerosity. However, during the unusual circumstances of
numerosity adaptation, numerosity affects image contrast while item con-
trast is held constant. This may thereby disrupt this normalization process,
leading to inaccurate numerosity perception. This view seesmechanisms of
numerosity adaptation as inherent to the process of numerosity estimation
itself, rather than an adaptive aspect of numerosity perception. These views
are not mutually exclusive.

Conclusions
The current results show a central role for early visual cortex in the neural
basis of numerosity adaptation, increasing in strength through the visual
processing hierarchy. This shows that adaptation to higher-level features
can indirectly reflect effects in early sensory processing, in this case, early
visual contrast representations. These early visual effects may be inherited
by later numerosity-tuned neural populations, with separate neural adap-
tation effects also likely acting in numerosity-tuned stages. Therefore, the
neural basis of numerosity adaptation likely involves effects at all levels of
numerosity processing. Together, these pervasive neural effects throughout
the brain seem likely to underlie the strong and multifaceted perceptual
effects of numerosity adaptation.

Methods
Participants
We recruited eight human participants (five male, three female; age range
26–52 years). One was left-handed. All were well educated, with good
mathematical abilities, and had normal or corrected-to-normal visual
acuity. All gave written informed consent. None were excluded. All
experimental procedures were approved by the ethics committee of Uni-
versity Medical Centre Utrecht (protocol number 09/350). All ethical reg-
ulations relevant to human research participants were followed.

Numerosity stimuli
We used MATLAB (MathWorks, Inc.) and the Psychophysics Toolbox74,75

to generate and present experimental stimuli similar to our past
studies21,22,44,52. Thenumerosity stimuliwerepresentedona69.84×39.29 cm
LCD screen (Cambridge Research Systems) positioned behind the MRI
bore. Participants were required to lie still and view the display through a
mirror attached to the head coil. The total distance from the attachedmirror
to the display screenwas 220 cm, and the display resolutionwas 1920×1080
pixels.

Two large, thin and red cross lines were presented in the entire
display to aid accurate fixation at the cross intersection in the centre of the
display. All items in the numerosity stimuli were positioned pseudo-
randomly and limited within a circle centred on the fixation of 0.75° of
visual angle (radius), minimizing the extent of the numerosity pattern,
allowing it to be viewed without eye movements, and falling within the
population receptive field of the fMRI recording site responding to the
central visual field. The pseudo-random positions of these items were
constrained so that items were evenly spaced throughout this limited
circle, avoiding perceptual grouping. Each numerosity stimulus pre-
sentation contained a new pseudo-random dot pattern. We kept the total
surface area of all display items constant regardless of numerosity, so that
display luminance was unaffected by numerosity.
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In all conditions, the numerosities 1 through 7 and 20 were presented
as dots on a gray background (Fig. 1). Each numerosity stimulus was pre-
sented briefly (300ms) to ensure participants had no time to sequentially
count the dots. The numerosity stimulus was followed by an interstimulus
interval (ISI) of 400ms, showing a uniform gray background, then the next
numerosity stimulus. In each 1400ms (one fMRI volume acquisition, TR),
we first showed an adaptor numerosity, which differed between the three
conditions, then a changing numerosity, which was the same for all three
conditions. The changing numerosities varied from 1 through 7, with a
baseline of 20 dots. For the changing numerosities 1-7, this was repeated
three times (across three TRs) before the numerosity changed, to ensure
strong fMRI responses and allow enough time to distinguish the hemody-
namic responses to different numerosities. Previous results have shown that
a short stimulus timing and a predictive stimulus series can produce a
repulsive adaptation effect44,45. When the changing numerosity was 20, this
was repeated 12 times (across 12 TRs) to better distinguish between
numerosity-tuned and monotonic responses. A monotonically increasing
response to numerosity should have a high amplitude during this period.
However, a tuned response with a numerosity preference far below 2020

should have a lower amplitude during this period because a numerosity of
20 dots should bewell outside of the range that elicits strong responses. This
also allowed us to distinguish neural populations with very small tuning
widths, which never responded to the changing numerosities 1 through 7,
and populations with very large tuning widths, which always responded to
these numerosities21.

In the low and high adaptor conditions, the alternating adaptor
numerosity was held constant at 1 and 20, respectively. In the changing
adaptor condition, the same numerosities were shown in the adaptor as the
changing numerosity.

The changing numerosity stimuli were first presented in ascending
order (1 to 7) for 4.2 s (3 TRs) each, next followed by 16.8 s (12 TRs) where
the stimulus contained 20 dots, then followed by the numerosities in des-
cendingorder (7 to1) for 4.2 s (3TRs) each,finally followedbyanother same
longperiodof 20 dots.Alternating increases anddecreases in these changing
numerosities counterbalance the effects of previous changing numerosities
on the response to the current numerosity21. This sequence was repeated
four times in each scanning run, resulting in a run duration of 369.6 s.
Therefore, each of the changing numerosity stimuli 1 through 7 was shown
for a total of 24 times in each functional run. In the changing adaptor
condition, these changing numerosities were also shown as the adaptor,
adding another 24 times in each run.

The dots showing both the adaptor and changing numerosities were
shown in black in 90%of dot presentations, while in the remaining 10%, the
dots were shown in white (Fig. 1). Participants were instructed to press a
button when the dots were shown in white instead of black (which is very
easy at all numerosities) to ensure that they were paying attention to the
stimuli during fMRI acquisition. No numerosity comparisons were
required, because numerosity comparisons are more difficult at high
numerosity, making it impossible to distinguish the effects of numerosity
and task difficulty in fMRI designs with numerosity comparisons.

Behavioural validation of numerosity adaptation
Wenext describe the results of an existing behavioural experiment, inwhich
we previously showed reliable behavioural adaptation effects, using a similar
—single adapter—experimental design. Ten participants (six also in the
fMRI experiment) were tested on a MacBook Pro, seated 60 cm from the
32 × 29 cm, 1280 × 800, 60 Hz display. Adaptors were circular patches (7°
diameter) of 1 (0.6° dot diameter) or 20 dots (0.15° dot diameter). The
reference was a 10-dot patch (0.2° dot diameter). Dots were randomly
scattered without overlap within patches, centred 8° left or right of fixation
(100 trials total). In adaptation conditions, a 300ms adaptorwas followedby
a 400ms ISI. The 300ms reference then appeared at the adaptor’s location,
while the test patch, whose numerosity varied via a Minimum Expected
Entropy staircase, appeared contralaterally. Midway through the staircase,
adaptor and reference locations swapped sides.

Participants fixated centrally and performed a 2AFC task:
responding to which patch had more dots as quickly and accurately
as possible, and guessing if unsure. To mirror our fMRI paradigm’s
timing, trials progressed without waiting for a response. Participants
could respond any time before the next test stimulus, and the trial
was repeated if they did not respond.

The resulting data were binned by test numerosity, and the proportion
of trials judged more numerous was calculated in each bin. We fit a
cumulativeGaussian function to estimate thePSE for each condition in each
participant. We then ensured that paired differences between PSEs in dif-
ferent conditions were normally distributed (Shapiro-Wilk test, p > 0.05)
and performed paired t-tests between each pair of conditions, using Bon-
ferroni correction for the three comparisons performed.

Visual field mapping stimuli
In a separate scanning session, visual field mapping was used to delineate
visual field maps and determine the position selectivity of our recording
sites, following protocols described previously38,76,77. Briefly, a bar filled with
a moving checkerboard pattern stepped across a 6.35° (radius) circle in the
display centre in eight (cardinal and diagonal) directions. Participants fix-
ated on the same central fixation cross, pressing a buttonwhen this changed
color to ensure fixation and attention.

MRI acquisition
We acquired MRI data on a 7 T Philips Achieva scanner for a previously
published study44. Similar acquisition protocols are described fully in other
previous studies22,52. Briefly, we acquired T1-weighted anatomical scans,
automatically segmented these with Freesurfer (http://freesurfer.net), then
manually edited labels to minimize segmentation errors using ITK-SNAP
(http://www.itksnap.org/). This provided a highly accurate cortical surface
model at the grey-white matter border to characterize the cortical organi-
zation of the measured responses.

Functional T2*-weighted 2D echo planar images were acquired using
multiband acquisition (multiband factor: 2) and anterior-posterior encod-
ing, and a 32-channel head coil, at a resolution of 1.77 × 1.77 × 1.75mm,
with a field of view of 227 × 227 × 70mm. The TR was 1400ms, the echo
time (TE) was 25ms, and the flip angle was 70°. Functional runs were each
273 time frames (382.2 s) in duration, of which the first 9 time frames
(12.6 s) were discarded to ensure the signal was at steady state.Moreover, in
each session, we acquired a top-up scan in the same position and resolution
with the opposite phase-encoding direction to correct for image distortion
in the gradient encoding direction78.

Three scanning sessions were required for each participant. In each
scanning session, 3 functional runs were acquired for the changing adaptor
condition (9 runs in total, total duration: 57min 20 s) and 3–4 runs for the
low and high adaptor conditions (in total 10 runs each for these adaptor
conditions in total, total duration: 63min 42 s; with the exception of one
participant where 9 runs were acquired for each condition due to technical
issues). The additional run we acquired for the low and high adaptor con-
ditions helped ensure strong fMRI responses, because the changing
numerosity stimuli were presented less frequently due to the interleaved
adaptor stimuli. The order of the conditions was counterbalanced across
runs within and between participants.

fMRI preprocessing
The functional data were co-registered to the anatomical space using AFNI
(afni.nimh.nih.gov;79) as described previously38,44,80. A single transformation
matrix was constructed, incorporating all the steps from the raw data to the
cortical surface model, to reduce the number of interpolation steps to one.
For the fMRI data, we first appliedmotion correction to the functional data
(3dvolreg). We also applied motion correction to the images that were
acquired using opposing phase-encoding direction, then determined the
distortion transformationbetween these and the functional runs (3dQwarp)
to correct for spatial distortions in the functional scans (3dNwarpApply).
Then we determined the transformation that co-registers this functional
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data to the T1 with the same resolution, position and orientation as the
functional data (3dvolreg). We finally determined the transformation from
this T1 image to a higher resolution (1mm isotropic)whole-brain T1 image
(3dUnifize, 3dAllineate). We applied the product of all these transforma-
tions for every functional volume to transform our functional data to the
whole-brain T1 anatomy. We repeated this for each fMRI session to
transform all their data to the same anatomical space. We then imported
these data into Vistasoft’s mrVista framework (github.com/vistalab/vista-
soft) for analysis and model fitting, which relied on custom MATLAB
scripts. For each adaptor condition, the time series of separate scans was
then averaged together, resulting in a very high signal-to-noise ratio.

fMRI data analysis
Neural responsemodels for responses to numerosity. For each fMRI
recording site (voxel), we interpret the fMRI responses to the numerosity
stimuli using two neural response models: a numerosity-tuned popula-
tion receptive field (pRF) model21,22,52,76 and a monotonic response
model36–38. These each describe the recording site’s response using a small
set of parameters that we can then compare between adaptor conditions.

For the monotonic response model, the predicted neural response at
each recording site is proportional to the logarithm of the aggregate Fourier
power (in the spatial frequency domain) of the displays with each
numerosity38, shown at each time point.We convolved this neural response
time course with an HRF to give an fMRI response time course prediction.
In each adaptor condition, we used a general linear model to compare this
prediction to the fMRI response time course at each recording site. This
determined the slope of the relationship between the prediction and the
response (proportional to the neural response amplitude, following a
positive or negative relationship), together with the response variance
explained by this scaled prediction. As we have previously shown38, this
contrast-driven response model is closely but nonlinearly related to a
monotonic response to the logarithm of the presented numerosity in each
display. However, it predicts the responses of the early visual cortex and
neural network to numerosity displays more closely than numerosity does.
We also repeated our analyses using a model describing a monotonic
response to the logarithm of the presented numerosity at each time point,
giving very similar results.

The numerosity-tuned pRF model describes the aggregate tuning of
neural populations in each record site using a logarithmicGaussian function
with two free parameters: preferred numerosity (mean of the Gaussian
function) and tuning width (standard deviation of the Gaussian in loga-
rithmic numerosity space).We started by generating a large candidate set of
combinations of preferred numerosity and tuning width. Preferred log
numerosities ranged from 0.007 (i.e., log(1.007)) to 5.491 (log(242)) in steps
of 0.01, while log-space tuning widths (standard deviations) ranged from
0.03 to 3 in steps of 0.0074. Gaussian functions with a log preferred
numerosity more than two standard deviations above 2.64 (log(14)) were
not tested, as these only predict responses to numerosity 20. For every
candidate combination, we predicted a neural response time course as the
amplitude of the candidate neural response function at each time point’s
presented numerosity. We then convolved this candidate neural response
time course with a hemodynamic response function (HRF), giving a cor-
responding candidate fMRI response time course prediction. For each fMRI
recording site and stimulus condition, we chose the fMRI response time
course prediction that most closely followed the recorded response time
series (by minimizing the sum of squared errors between the predicted and
observed fMRI time series). We then took the parameter combination that
generated this fMRI response time course prediction, together with the
goodness of fit of this prediction, for further analysis. We quantify this
goodness offit as the variance explainedby themodel, i.e.,R2, the proportion
of the variance of the fMRI response time course that is outside the residual
of the fit model.

In modelling the responses to the three adaptor conditions, we fit
models that included the aggregate Fourier power (or numerosity) of both

the adaptor display and the changing numerosity display when making the
predictions of fMRI responses. Specifically, the sequence of presented
adaptor stimuli, convolvedwith the hemodynamic response function, was a
distinct regressor. However, the stimulus was designed so that models that
include the adaptor would produce closely related predictions and para-
meter estimates to models that do not, and we confirmed that our results
were unaffected by this choice. In the high and low adaptor conditions, the
adaptorpresented a constant numerosity throughout the run.This produces
a constant response throughout the run in both the monotonic and tuned
response models. In general linear modeling frameworks, this adaptor then
adds a constant regressor to the predicted response. FMRI data has an
arbitrary baseline that is anyway captured by another constant component
(which we do not analyse), so any further constant component contributes
to that baseline without affecting other model parameters. In the changing
adaptor condition, the adaptor presented the same numerosities as the
changing numerosity that our models’ responses follow, so the regressor
following this changing adaptor was identical to the monotonic response
model’s regressor. In general linearmodels, before scaling factors are fit, this
doubles the amplitude of the predicted response to the changing numer-
osity. This thereforehalves thefit scaling between the fMRI response and the
predicted response to the changing numerosity display, compared to a
model that does not include a regressor for the response to the adaptor
display. We note here that simply doubling the strength of the modeled
stimulus reflects an oversimplified (linear) model of fMRI response accu-
mulation. This only affects our calculation of the proportion by which the
high adaptor condition suppresses responses, whichwould simply be halved
if the adaptor stimuluswerenot included inour responsemodel. This has no
effect on the statistics. Any changes in fMRI responses between adaptor
conditions can only arise through non-linear interactions between the
response to the adaptor and the changing numerosity stimuli.

It is important for further analyses to distinguish between mono-
tonically increasing and numerosity-tuned responses. We used the chan-
ging adaptor condition to identify responses to changes innumerosity, aswe
have used this stimulus design in previous studies21,22,38,44 and it maximizes
neural response amplitude and the goodness offit of ourmodels.Wefit both
monotonic and tunedmodels to the averages of the odd and evennumbered
scans in this condition.We then evaluated the response predictions of both
resulting models on the complementary half of the data (i.e., cross-valida-
tion) because the tuned model is fit from a larger set of predictions, which
follow more complex functions. During this evaluation, we allowed the
response predictions to rescale in amplitude (but not change sign) between
fitting and evaluation because the complementary halves of the data were
often acquired in different scanning sessions, which can arbitrarily differ in
fMRI signal amplitude. We then computed the residual sum of squared
errors between the responses and predictions across both halves and for
each voxel chose the model with the lower residual.

A numerosity-tuned response can be clearly identified when the pre-
ferred numerosity is within the range of the changing numerosities 1
through 7, because this shows the response amplitude decreases for higher
numerosities. Therefore, our numerosity-tuned pRF models make and test
predictions outside of this range to show that preferred numerosity esti-
mates within this range predict responses better than functions with a
preferred numerosity outside of this range. A monotonic response can be
clearly identified when a monotonic response model fits better than a
numerosity-tuned model. However, voxels that fit slightly better by a
numerosity-tuned model with a numerosity preference above 7 are also
likely to reflect monotonic responses, because our previous experiments
using a larger numerosity range demonstrate that very few voxels show
numerosity-tuned responses with preferences above 720. We therefore also
use monotonic models of voxels where the numerosity-tuned model esti-
mates a numerosity preference above 7.

Moreover, we also exclude from further analysis of numerosity-tuned
pRF models the recording sites for which the response models in the
changing adaptor condition explained less than 0.2 of the response variance.
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Neural responsemodels for visual field position and definition of
visual field maps
We localizedmonotonic responses to the area around the occipital pole, the
location of the visual field maps of the early visual cortex36–38. We therefore
asked how adaptation affects the localization of monotonic responses in
these early visualfieldmaps.Wefit the responses to the visualfieldmapping
stimuli using a standard visual spatial pRF analysis76,77. We defined visual
field maps' borders based on the reversals in the cortical progression of the
polar angle of voxels’ visual field position preferences, manually identifying
these onan inflatedrenderingof eachparticipant’s cortical surface38,64. These
formed our main regions of interest. As well as the early visual field maps
(V1, V2, V3, hV4), we also identifiedmid-level visual fieldmaps (LO1, LO2
and V3A/B), which showed monotonically responding recording sites in
some hemispheres.

Statistics and reproducibility
In order to quantify the change inmonotonic response amplitudes between
different adaptor conditions, we analysed the parameters of monotonic
models fit to the responses of recording sites in each of the early visual field
maps (V1-V3, hV4, V3A/B, LO1, LO2) in each hemisphere (n = 16 hemi-
spheres). Specifically, we compared the slope of the relationship between the
monotonic response prediction and the recorded response, i.e., the increase
in amplitude of the neural response underlying the fMRI signal when the
aggregate Fourier power of the changing numerosity display increases by
one (Fig. 4b).Wealso repeated this using a log(numerosity) responsemodel,
where the slope parameter reflects the increase in amplitude of the neural
response underlying the fMRI signal when the logarithm of the presented
numerosity increases by one. This gave very similar results.

To make these comparisons between monotonic responses in the
different adaptor conditions, we first take all the recording sites within a
visual field map and extract their preferred visual field positions from the
visual field position response models. For each recording site, we then
extracted the fit slope from the monotonic numerosity response models for
each adaptation. Within each visual field maps, we then select recording
sites that meet the following criteria for further analysis: (1) where the
preferred visual field position’s eccentricity is below 1°, i.e., recording sites
whose visual spatial population receptive field include the numerosity sti-
mulus area; (2) the slope of themonotonicmodel in the control condition is
positive, so response amplitudes increase with numerosity; and (3) the
model variance explained in the changing numerosity condition is at least
0.1. We then calculated the average slope among the selected voxels in each
visual field map in each hemisphere (i.e., in each visual field map example)
for eachadaptor condition.Where the average variance explained in a visual
field map example was below 0.1 in both the low and high adaptor condi-
tions (indicating no clear responses to these conditions), we excluded that
visual field map example from further analysis.

In subsequent analyses, for each visual field map, we use the resulting
slope in each visual field map example as an independent measure. In each
visual field map and adaptor condition, we first tested whether the slopes
had a median significantly above zero using a two-sided Wilcoxon signed
rank test. We then tested for significant differences between these slopes
using the two-sided Wilcoxon signed rank test, where the values for each
hemisphere in one adaptor condition and paired with the values from the
same visualfieldmap example in the other adaptor conditions, i.e., we tested
whether the difference in these visual field map examples’ slopes between
these two adaptor conditions was significantly above zero. As we performed
this comparison separately for each visual field map, we performed a false
discovery rate (FDR) correction81 on the resulting probability estimates,
taking all visual field maps into account.

We also ask whether the strength of the adaptation effect on the
monotonic model slope differed between visual field maps. This is com-
plicated by the fact that, within each adaptor condition, all slopes show clear
differences between visual field maps, making it difficult to interpret any
changes between adaptor conditions. We would expect a visual field map
with a high slope or high variance explained to be able to decrease this slope

more (in absolute values) with adaptation. We therefore calculated the
change in slope between the low and high adaptor conditions, and divided
this by the slope in the changing adaptor condition to give a proportion by
which the slope changed that was comparable between visual field maps.
Having calculated the proportion by which the slope decreased in each
visual field map example, we performed a two-factor ANOVA (factors:
visualfieldmapandparticipant) to testwhether theproportional decrease in
slope differs between visual field maps. These are corrected for multiple
comparisons by using Tukey’s honestly significant difference test82, which
gives the probabilities of the differences between the population marginal
means shown in Fig. 5f and Supplementary Tables 6 and 8.

Next, we investigated the relationships between neural adaptation
effects across different brain regions. First, we calculated the Pearson cor-
relation of the proportional decrease in response slope for every pair of
visualfieldmaps (e.g.,V1 vs.V2 in the samehemisphere).Next, we explored
if thesemonotonic response decreases correlatedwith the neural adaptation
effects onnumerosity-tuned responses previously described in this dataset44.
We observed that the variance explained by numerosity-tuned responses
was consistently lower in the high adaptor condition, likely indicating
greater response suppression. For eachnumerositymapandvisualfieldmap
in one hemisphere, we paired this difference in variance explained and the
proportional decrease in slope, respectively. Then, we computed the Pear-
son correlation of these paired values across hemispheres.

Finally, we examined the relationship between monotonic response
slope effects and tuned numerosity preferences. Since adaptation effects on
preferences involve both attractive and repulsive changes44, we summarized
the effect strength by taking the signed difference between log numerosity
preferences in low and high adaptor conditions for each voxel.Within each
numerosity map’s responsive voxels, we then calculated the slope of the
linear relationship between this difference and the log numerosity pre-
ference in the changing adaptor condition. For each numerosity map and
visual field map in one hemisphere, we paired this slope (of preferred
numerosity change) and the proportional decrease in slope (of montonic
response amplitudes), respectively. Then, we computed the Pearson cor-
relation of these paired values across hemispheres. For all correlations, we
verified normality of residuals using an Anderson-Darling test, finding no
significant deviations.

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Data availability
The data set described in the studywas also used in a previous publication44.
Ethical constraints prevent us from sharing the medical imaging data sets
(MRI scans) generated in the current study with public repositories. The
structure of the brain is unique to the individual participant, in theory
allowing the participant to be identified from these images, whichmay also
contain medically sensitive findings. This is an interpretation of the EU’s
General Data Protection Regulation (GDPR) for medical images, including
MRI data. These raw data sets are available from the corresponding author
upon reasonable request within a month, depending on agreements not to
share these data publicly. Model parameters underlying all statistical ana-
lyses are available at (10.6084/m9.figshare.28633292). Response data for all
model fitting are available at (10.6084/m9.figshare.28633322).

Code availability
The code that supports the findings of this study is available from the
following repositories: vistasoft (https://github.com/vistalab/vistasoft);
vistasoftAddOns (https://github.com/benharvey/vistasoftAddOns); cus-
tom code for novel analyses (https://github.com/zhangliangysccd/
NumerosityAdaptation).
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