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a b s t r a c t 

Perceiving numerosity, i.e. the set size of a group of items, is an evolutionarily preserved ability found in hu- 

mans and animals. A useful method to infer the neural underpinnings of a given perceptual property is sen- 

sory adaptation. Like other primary perceptual attributes, numerosity is susceptible to adaptation. Recently, we 

have shown numerosity-selective neural populations with a topographic organization in the human brain. Here, 

we investigated whether numerosity adaptation can affect the numerosity selectivity of these populations using 

ultra-high field (7 Tesla) functional magnetic resonance imaging (fMRI). Participants viewed stimuli of changing 

numerosity (1 to 7 dots), which allowed the mapping of numerosity selectivity. We interleaved a low or high 

numerosity adapter stimulus with these mapping stimuli, repeatedly presenting 1 or 20 dots respectively to adapt 

the numerosity-selective neural populations. We analyzed the responses using custom-build population receptive 

field neural models of numerosity encoding and compared estimated numerosity preferences between adaptation 

conditions. We replicated our previous studies where we found several topographic maps of numerosity-selective 

responses. We found that overall, numerosity adaptation altered the preferred numerosities within the numeros- 

ity maps, resulting in predominantly attractive biases towards the numerosity of the adapter. The differential 

biases could be explained by the difference between the unadapted preferred numerosity and the numerosity 

of the adapter, with attractive biases being observed with higher difference. The results could link perceptual 

numerosity adaptation effects to changes in neural numerosity selectivity. 
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. Introduction 

The ability to process numerosity, i.e. the set size of a group of items,

s an essential neurobiological feature found in humans from the mo-

ent of birth ( Izard et al., 2009 ), and other species such as nonhu-

an primates ( Nieder et al., 2002 ), birds ( Scarf et al., 2011 ), amphib-

ans ( Krusche et al., 2010 ), fish ( Miletto Petrazzini et al., 2016 ), and

nsects ( Howard et al., 2018 ). Converging evidence from electrophys-

ology, psychophysics, and functional neuroimaging supports the exis-

ence of neural populations responding to specific numerosity ranges.

ore specifically, single-cell activity recordings in humans ( Kutter et al.,

018 ), macaques ( Nieder and Miller, 2003 , 2004 ; Viswanathan and

ieder, 2013 ), and crows ( Wagener et al., 2018 ) have revealed neurons

hich respond selectively to low numerosities. The response amplitude

f these neurons peaks when a specific numerosity is presented, i.e. the

referred numerosity, and decreases with the difference between the

ogarithm of the preferred numerosity and the presented numerosity. 

Neural numerosity selectivity has also been examined using psy-

hophysics and adaptation paradigms. Perceptual adaptation paradigms
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epeatedly present a particular stimulus (the adapter), which makes sub-

equently presented (reference) stimuli appear more different from the

dapter than they are. Numerosity, similarly to other visual properties

uch as color or contrast, is susceptible to adaptation, yielding ‘repul-

ive’ aftereffects (see review by Anobile et al., 2016 ). Specifically, adap-

ation to a low numerosity leads to an overestimation of the numeros-

ty subsequently presented in the adapted location, whereas adaption

o a high numerosity leads to an underestimation ( Burr et al., 2017 ;

urr and Ross, 2008 ). This perceptual repulsion from the adapter is of-

en taken to demonstrate tuned neural responses to the adapted stimulus

roperty because it is hypothesized to reduce the response amplitude of

art of the neural tuning function, pushing the preferred stimulus state

way from the adapter. Very low numerosities (as low as 3) can also

e affected by adaptation, albeit with manipulation of attentional re-

ources ( Burr et al., 2011 ). Moreover, the aftereffects produced by adap-

ation to numerosity can occur even when using few trials and a brief

resentation of the adapting numerosity stimulus ( Aagten-Murphy and

urr, 2016 ; Tsouli et al., 2019a,b ). 
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Functional magnetic resonance imaging (fMRI) adaptation

aradigms have also been used to elucidate neural selectivity to nu-

erosity ( Cantlon et al., 2006 ; Demeyere et al., 2014 ; Roggeman et al.,

011 ; Shuman and Kanwisher, 2004 ). This method takes advantage

f the decreased blood-oxygenation-level-dependent (BOLD) responses

ssociated with the repeated presentation of a specific stimulus, with re-

ponses recovering when a different stimulus is subsequently presented

 Grill-Spector et al., 2006 ; Krekelberg et al., 2006 ; Larsson et al., 2016 ).

or numerosity, the extent of this response recovery follows the numer-

cal difference between the adapter and reference stimuli, suggesting

eural tuning for numerosity ( He et al., 2015 ; Jacob and Nieder, 2009 ;

ersey and Cantlon, 2017 ; Piazza et al., 2004 ). Furthermore, a study

xamining the effect of numerosity adaptation on numerosity decoding

sing fMRI and multi-voxel pattern analysis (MVPA) found less accurate

indeed chance level) classification of numerosities after adaptation

hen classifiers were trained on pre-adaptation data ( Castaldi et al.,

016 ). 

We have previously shown topographically organized neural pop-

lations tuned to numerosity, primarily located in and around the

ost-central sulcus in the superior parietal lobe, using ultra-high

eld (7 Tesla) fMRI and population receptive field (pRF) modeling

 Harvey et al., 2013 ; Harvey and Dumoulin, 2017a ). We further showed

hat the numerosity selectivity of these neural populations is relatively

ndependent from non-numerical visual features ( Harvey et al., 2015 ;

arvey and Dumoulin, 2017a,b ). 

The goal of the present study was to examine whether the tuning of

hese numerosity selective neurons is systematically altered during per-

eptual adaptation following the repeated presentation of specific nu-

erosities. Participants viewed stimuli of changing numerosity to map

umerosity selectivity, as in our previous studies (control condition). In

he experimental conditions, these numerosities were interleaved with

 low numerosity (1 dot) or high numerosity (20 dots) adapter. We hy-

othesized that if neural populations’ numerosity tuning is affected by

daptation, then their preferred numerosity would change depending

n both the presence and the numerosity of the adapter. 

. Methods 

.1. Participants 

We present data from eight human participants (five male, three fe-

ale; age range 26–52 years). One was left-handed. All were well edu-

ated (postgraduate), with good mathematical abilities, and had normal

r corrected-to-normal visual acuity. All gave written informed consent.

ll experimental procedures were approved by the ethics committee of

niversity Medical Center Utrecht (protocol number 09/350). 

.2. Numerosity stimuli 

The numerosity stimuli were presented on a 69.84 × 39.29 cm LCD

creen (Cambridge Research Systems) positioned behind the MRI bore.

articipants were required to lie still and view the display through a

irror attached to the head coil. The total distance from the attached

irror to the display screen was 220 cm and the display resolution was

920 × 1080 pixels. 

The stimuli were generated and presented using MATLAB (Math-

orks, Inc.) and the Psychophysics Toolbox ( Brainard, 1997 ;

leiner et al., 2007 ). Similarly to the methodology used in our previous

tudies ( Harvey et al., 2013 , 2015 ; Harvey and Dumoulin, 2017a,b ), a

arge diagonal cross of thin red lines crossed the entire display, which

acilitated accurate fixation at the cross intersection. The numerosity

timuli were groups of dots randomly positioned at each presentation

o that all dots fell entirely within 0.75° (radius) of fixation. The ran-

om position of the dots ensured that the contrast energy was distributed

imilarly across the stimulus area for all numerosities. Moreover, the in-

ividual dots were distributed roughly homogeneously across the stim-
2 
lus area to avoid perceptual grouping. We kept the total surface area

f all of the dots combined constant across numerosities which ensured

qual luminance across numerosities. 

In all conditions, the numerosities 1 through 7 and 20 were pre-

ented as black dots on a gray background in 90% of dot presenta-

ions (including the adapter), while in the remaining 10%, the dots

ere shown in white ( Fig. 1 a). Each numerosity stimulus was presented

riefly (300 ms) to ensure participants did not have time to sequentially

ount the objects, at least in the case of higher numerosities (i.e. out-

ide the subitizing range, > 4 items) . The numerosity stimulus was then

ollowed by an interstimulus interval (ISI) of 400 ms showing a uni-

orm gray background. In the control condition, and for numerosities 1

hrough 7 (the ‘main’ stimuli for quantifying numerosity tuning), this

as repeated six times over 4200 ms (three fMRI volume acquisitions,

Rs) to produce strong fMRI responses and facilitate the measurement

f response tuning ( Fig. 1 b). Each of the main 1 through 7 numerosity

timuli was shown for a total of 48 times in each functional run. Each

umerosity stimulus presentation contained a new random dot pattern,

hether the numerosity changed or not. 

In the low and high numerosity adaptation conditions, the main nu-

erosity stimuli 1 through 7 were interleaved with a low (1 dot) and

igh (20 dots) numerosity adapter respectively ( Fig. 1 a). More specifi-

ally, the main numerosity stimuli were first presented for 300 ms, fol-

owed by a 400 ms ISI, followed by the numerosity adapter for 300 ms,

ollowed by another 400 ms ISI ( Fig. 1 b). This was repeated three times

ver 4200 ms (three TRs). Therefore, the adapter was presented before

nd after the main numerosity stimuli during the stimulus sequence.

ach of the main 1 through 7 numerosity stimuli was shown for a to-

al of 24 times and the numerosity adapter for a total of 24 times in

ach functional run. This design kept the timing of the main numerosity

timuli the same for all conditions. The control condition can be seen as

 special case where the adapter followed the numerosity of the main

timulus, changing to minimize systematic adaptation effects: in all con-

itions the main numerosity stimulus is likely to cause some adaptation

s it contains repeated presentations of the same numerosity. 

In all conditions, the main numerosity stimuli were first presented in

scending order, followed by a longer period (16.8 s) where the stimulus

ontained 20 dots, followed by the numerosities in descending order,

ollowed by another long period of 20 dots. This sequence was repeated

our times in each scanning run. 

The long period of 20 dots served a relative “baseline ” function,

llowing us to distinguish neural populations with very small tuning

idths which never responded to the main numerosities 1 through 7,

nd populations with very large tuning widths which always responded

o these numerosities ( Harvey et al., 2013 ). Thus, during this period,

elatively little neural response was expected from neurons with lower

umerosity preferences, because a numerosity of 20 dots should be well

utside of the range that elicits strong responses. This allows hemody-

amic responses to return back to baseline between blocks of changing

umerosity. In the low and high numerosity adaptation conditions, the

ong period of 20 dots was also interleaved with the low (1 dot) and

igh (20 dots) numerosity adapter respectively, to maintain adaptation.

Participants were instructed to press a button when the dots were

hown in white instead of black in order to ensure that they were pay-

ng attention to the stimuli during fMRI acquisition. No numerosity judg-

ents were required. 

.3. Stimulus validation 

Given the fast, sequential stimulus presentation and the rapid al-

ernation between the main numerosity stimuli and the adapters in

ur fMRI paradigm, we evaluated whether our stimulus sequence does

ndeed yield repulsive aftereffects behaviorally ( Aagten-Murphy and

urr, 2016 ; Tsouli et al., 2019a,b ). In the behavioral validation, we used

he same numerosity adapters (1 and 20) and evaluated their effect on

 reference stimulus of 10 dots, using a numerosity discrimination task
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Fig. 1. Example of numerosity stimuli used (a) and schematic representation of stimuli presentation in each condition (b). (a) In the control condition, numerosities 1 through 

7 were the main numerosity stimuli, followed by a baseline of 20 dots. In the adaptation conditions, the main numerosity stimuli and baseline were interleaved 

with a low (1 dot) or high (20 dots) numerosity adapter. Therefore, the adapter was presented before and after the main numerosity stimuli during the stimulus 

sequence. (b) In the control condition, each of the main numerosity stimuli was shown six times before the numerosity changed, to ensure strong fMRI responses. In 

the adaptation conditions, the main numerosity stimuli and the adapter were shown three times before the numerosity changed, to ensure that changes in the main 

stimulus had the same timing in the adaptation conditions and control condition. 
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see Supplementary Materials for more details). We used a reference

timulus of 10 dots since the behavioral detection of numerosity adap-

ation effects on very low numerosities (within the subitizing range) ap-

ears to require the introduction of an attention-demanding secondary

ask ( Burr et al., 2011 ). We used the same presentation durations and

nterstimulus intervals as in our fMRI adaptation paradigm, and tested

0 participants, 6 of whom also participated in the fMRI experiment. We

tted the behavioral data with cumulative Gaussian functions to yield

stimates of the point of subjective equality (PSE) which we used to il-

ustrate the effect on numerosity adaptation on numerosity perception. 

We found that, when compared to the control condition (no adap-

ation), there was a statistically significant increase in the perceived

umerosity of the reference stimulus after adaptation to a low numeros-

ty, and a statistically significant decrease in the perceived numerosity

f the reference stimulus after adaptation to a high numerosity (Figure

2 in Supplementary Materials). Thus, our behavioral experiment con-

rms that the stimulus sequence we used in our fMRI experiment is able

o elicit repulsive perceptual aftereffects in behaviorally susceptible nu-

erosity ranges. 

.4. fMRI acquisition 

We acquired MRI data on a 7T Philips Achieva scanner. Sim-

lar acquisition protocols are described fully in our previous stud-

es ( Harvey et al., 2015 ; Harvey and Dumoulin, 2017a ). Briefly,

e acquired T1-weighted anatomical scans, automatically seg-

ented these with Freesurfer ( http://freesurfer.net ), then manu-

lly edited labels to minimize segmentation errors using ITK-SNAP

 http://www.itksnap.org/ ). This provided a highly accurate cortical sur-
3 
ace model at the gray-white matter border to characterize cortical or-

anization. Functional T2 ∗ -weighted 2D echo planar images were ac-

uired using multiband acquisition (multiband factor: 2) and anterior-

osterior encoding, and a 32-channel head coil, at a resolution of

.77 × 1.77 × 1.75 mm, with a field of view of 227 × 227 × 70 mm.

he TR was 1400 ms, echo time (TE) was 25 ms, and flip angle was

0° Functional runs were each 273 time frames (382.2 s) in duration,

f which the first 9 time frames (12.6 s) were discarded to ensure the

ignal was at steady state. 

Three scanning sessions were required for each participant. In each

canning session, 3 functional runs were acquired for the control con-

ition (9 runs in total, total duration: 57.33 min) and 3–4 runs for the

daptation conditions (10 runs for each adaptation condition in total,

otal duration: 63.70 min; with the exception of one participant where

 runs were acquired for each condition due to technical issues). The ad-

itional run we acquired for the adaptation conditions was done to en-

ure strong fMRI responses, because the main numerosity stimuli were

eplaced with the adapters in half of presentations. The order of the

onditions was counterbalanced across runs within and between partic-

pants. Moreover, in each session we acquired a top-up scan recorded

ith the opposite phase-encoding direction to correct for image distor-

ion in the gradient encoding direction ( Andersson et al., 2003 ). 

.5. Preprocessing of functional images 

Co-registration of functional data to the high-resolution anatomical

pace were performed using AFNI (afni.nimh.nih.gov; Cox, 1996 ), which

iffers from our previous studies. A single transformation matrix was

onstructed, incorporating all the steps from the raw data to the corti-

http://freesurfer.net
http://www.itksnap.org/
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al surface model to reduce the number of interpolation steps to one. No

ther spatial or temporal smoothing procedures were applied. A T1 im-

ge with the same resolution, position and orientation as the functional

ata was first used to determine the transformation to a higher resolu-

ion (1 mm isotropic) whole-brain T1 image (3dUnifize, 3dAllineate).

or the fMRI data, we first applied motion correction to two series of

mages that were acquired using opposing gradient encoding directions

3dvolreg). Subsequently, we determined the distortion transformation

etween the average images of these two series (3dQwarp). We then de-

ermined the transformation in head position between and within func-

ional scans (3dNwarpApply). Then we determined the transformation

hat co-registers this functional data to the T1 acquired in the same space

3dvolreg). We applied the product of all these transformations at every

R to transform our functional data to the whole-brain T1 anatomy. We

epeated this for each fMRI session to transform all their data to the same

natomical space. We then imported these data into Vistasoft’s mrVista

ramework (github.com/vistalab/vistasoft) for analysis and model fit-

ing. For each adaptation condition, the time series of separate scans

ere averaged together, resulting in a very high signal-to-noise ratio. 

.6. fMRI data analysis 

We estimated numerosity response models from fMRI data and

timulus time courses for each condition as previously described

 Dumoulin and Wandell, 2008 ; Harvey et al., 2013 , 2015 ; Harvey and

umoulin, 2017a ). The pRF model describes the aggregate tuning of

he neural population within each fMRI recording site (voxel) using log-

rithmic Gaussian functions characterized by a preferred numerosity

mean of the Gaussian distribution) and a tuning width (standard de-

iation of the Gaussian in logarithmic numerosity space). A large set of

andidate combinations of preferred numerosity and tuning width was

enerated. 

At each gray matter voxel, the pRF model is estimated based on the

MRI data and the time course of numerosities presented within each

R. For each candidate preferred numerosity and tuning width, a pre-

icted neural response time course is calculated as the amplitude of the

andidate neural response function at each time point’s presented nu-

erosity. By convolving this predicted neural response time course with

 hemodynamic response function (HRF), a predicted fMRI response

ime course is generated. For each fMRI recording site, the predicted

MRI response time course that most closely fits the recorded response

ime series course is chosen (by minimizing the sum of squared errors

etween the predicted and observed fMRI time series), giving the pre-

erred numerosity and tuning width that generated that predicted fMRI

esponse time course. 

In the adaptation conditions, we fit models that include only the

ain numerosities, and models that include the main numerosities 1

hrough 7 and the presented adapter, and used the latter for subse-

uent analyses. However, in a general linear modeling framework (like

 pRF model) these produce identical estimates of preferred numerosity

nd tuning width. Specifically, the adapter numerosity does not change

hrough a scanning run, so it adds a constant component to the predicted

esponse. FMRI data has an arbitrary baseline, so any constant compo-

ent contributes to that baseline (which we do not analyze) without af-

ecting other model parameters. We confirmed experimentally that pRF

odel parameters except baseline amplitude were identical whether we

nclude or exclude the adapter state from the model’s stimulus descrip-

ion. As a result of using this constant adapter, any changes in fMRI

esponses due to the presence of the adapter can only arise through

on-linear interactions between response to the adapter and the main

umerosity stimuli. 

Candidate preferred numerosities extended beyond the presented nu-

erosity range, allowing model fit parameters beyond this range. This

eant that returned parameters within the 1 through 7 numerosity stim-

lus range were reported accurately, not just the best fit of a limited set.

owever, recording sites with preferences modeled outside the stimu-
4 
us range must be treated with caution. In such recording sites, the re-

ponse amplitude monotonically increases or decreases across the stim-

lus range. As such, we have little confidence that the preferred tuning

stimate is correct. Therefore, recording sites whose preferred numeros-

ty was outside the 1 through 7 range were excluded from further anal-

sis. 

Moreover, we excluded from further analysis the recording sites

or which pRF models explained less than 27% of response variance

that is, those with a probability above 5% of observing this good-

ess of fit by chance). This threshold was calculated by fitting the nu-

erosity models to the fMRI response time courses of white matter

ecording sites in the same scans for each participant. We then com-

ined the numerosity models’ fits from all participants’ white matter

o create a cumulative null distribution. The variance explained at the

op 5% of that distribution (here, equivalent to 27% of response vari-

nce) was set as the threshold for all further gray matter analyses. Fur-

hermore, and for all subsequent analyses, we selected recording sites

or which pRF models explained more than 27% of response variance

n the control condition alone. This meant that the selection of the

ecording sites were independent of their responses in the adaptation

onditions. 

.7. Definition of regions of interest (ROIs) 

We projected each recording site’s preferred numerosity (estimated

rom the unadapted control condition) onto the inflated cortical surface

or each condition. We defined region of interest (ROI) borders around

umerosity maps showing a gradual change in numerosity preference,

s previously described ( Harvey and Dumoulin, 2017a ). 

In order to quantify changes in numerosity tuning between condi-

ions, we examined the preferred numerosities of recording sites within

ach numerosity map and for each condition (control, low, and high

umerosity adaptation). Specifically, we grouped the numerosity pref-

rences of the recording sites in each numerosity map found in the left

nd right hemisphere across participants to create an aggregate pool

f response data for each condition (control, low and high numeros-

ty adaptation) in each numerosity map. We then selected the record-

ng sites for which the pRF models explained more than 27% of re-

ponse variance in the control condition. When comparing preferred

umerosities between the control condition and either adaptation con-

ition, we excluded recording sites with a preferred numerosity out-

ide the presented numerosity range (1 through 7) in either compared

ondition. 

In order to examine the effect of numerosity adaptation on neural

umerosity preferences, we first calculated the change in preferred nu-

erosity. For the low numerosity adaptation, we subtracted the pre-

erred numerosity of recording sites in the low numerosity adaptation

ondition from the preferred numerosity of recording sites in the con-

rol condition. For the high numerosity adaptation, we subtracted the

referred numerosity of recording sites in the control condition from

he preferred numerosity of recording sites in the high numerosity con-

ition. Hence, in each adaptation condition, positive values indicate an

ttraction towards the numerosity of the adapter, and negative values

ndicate a repulsion from the numerosity of the adapter. We then binned

he recording sites in each numerosity map into seven discrete numeros-

ty categories (1 through 7) depending on their preferred numerosity in

he control condition. 

We also calculated the change in preferred numerosity by subtracting

he preferred numerosity of recording sites in the control condition from

he preferred numerosity of recording sites in each adaptation condi-

ion. Using this data representation, and in both adaptation conditions,

ositive versus negative values indicate a change in preferred numeros-

ty towards higher versus lower preferred numerosities respectively, but

ach adapter induced a distinct effect (Figure S3 in Supplementary Ma-

erials). 
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Fig. 2. Example fMRI time course (a), neural response models (b), and numerosity selective areas (c) in the right hemisphere of one participant. (a) Example recorded 

fMRI time course from a single recording site (fMRI voxel) in the right posterior parietal cortex (NPC1) elicited by the numerosity stimulus sequence in the control 

(top), low numerosity adaptation (middle), and high numerosity adaptation condition (bottom). The points show the recorded fMRI time course, and the lines are 

the predicted fMRI time courses produced using pRF modeling in each condition. The largest response amplitude occurred after the presentation of low numerosities 

in this example, but its timing differed between conditions. (b) The pRF neural response models which give the best fitting predicted fMRI time series (shown in 

a). Each model describes a Gaussian tuning function in logarithmic numerosity space with two parameters: a preferred numerosity and a tuning width defined by 

the full width at half maximum. In this example, preferred numerosity was biased towards a lower numerosity (2.2) during low numerosity adaptation compared 

to the control condition (2.7), and biased towards a higher numerosity (3.3) during high numerosity adaptation. (c) We found six topographic numerosity maps, 

i.e. extended areas where preferred numerosity changed gradually across the cortical surface. Colors show each recording site’s preferred numerosity. White lines 

mark the borders of recording sites with the highest or lowest preferred numerosity present in each numerosity map. Black lines show borders of numerosity maps. 

Compared to the control condition, preferred numerosities within the numerosity maps were overall lower after low numerosity adaptation, and higher after high 

numerosity adaptation. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 

3

3

d

 

s  

m  

e  

a  

f  

t  

r  

m

3

 

c  

p  

t  

p  

p  

t  

t

3

 

t  

l  

n  

i

3  

n

 

o  

o  

d  

A  

p  

a  

t

3

i

 

i  

f  
. Results 

.1. FMRI response time courses and numerosity tuning functions change 

uring adaptation 

As illustrated in Fig. 2 , recorded fMRI response time courses at the

ame recording site differed in the three conditions (control, low nu-

erosity adaptation, and high numerosity adaptation). The variance

xplained of the pRF models was lower in the adaptation conditions,

s response amplitudes were lower. This is expected mainly due to less

requent presentation of the main (1 through 7) numerosity stimuli. The

iming of responses also changed. The pRF models that best predict these

esponses capture these different responses as different preferred nu-

erosity estimates in the three conditions. 

.2. Replication of network of numerosity maps 

Numerosity maps were identified from the control condition (and

learly visible in the adaptation conditions) in the locations we have

reviously described ( Harvey and Dumoulin, 2017a ). NTO lay close to

he temporo-occipital junction. NPO lay near the superior end of the

arieto-occipital sulcus. NPC1, NPC2 and NPC3 lay in and around the

arietal lobe’s postcentral sulcus. NF lay at the junction of the precen-

ral and superior frontal sulci. These locations were similar across par-

icipants (see Figure S4 and Table 1 in Supplementary Materials). 
5 
.3. Preferred numerosity is altered by numerosity adaptation 

As shown in Fig. 3 a, during adaptation to a low numerosity (1 dot),

he preferred numerosities of neural populations in NPC1 were typically

ower than in the control condition, whereas during adaptation to a high

umerosity (20 dots), the preferred numerosities of neural populations

n NPC1 were typically higher than in the control condition ( Fig. 3 b). 

.4. Preferred numerosity changes as a function of the unadapted preferred

umerosity 

We found that after adaptation to a low numerosity, the higher range

f preferred numerosities displayed attraction towards the numerosity

f the adapter (1 dot), with the lower range of preferred numerosities

isplaying some repulsion from the numerosity of the adapter ( Fig. 4 ).

fter adaptation to a high numerosity, we found that the higher range of

referred numerosities displayed repulsion from the numerosity of the

dapter (20 dots), while the lower range displayed attraction towards

he numerosity of the adapter ( Fig. 4 ). 

.5. Attraction of preferred numerosity towards the adapter numerosity 

ncreases with numerical distance from the adapter 

The differential attractive or repulsive changes in preferred numeros-

ty we found in each adaptation condition could be attributed to the dif-

erence between the preferred numerosity in the control condition and
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Fig. 3. Preferred numerosity of recording sites in 

NPC1 in the control vs . adaptation conditions. 

The recording sites illustrated correspond to 

the aggregate pool of recording sites in the left- 

and right-hemisphere NPC1 of all participants. 

(a) The preferred numerosity of recording sites 

was typically lower than in the control con- 

dition during low numerosity adaptation. (b) 

The preferred numerosity of recording sites was 

typically higher than in the control condition 

during high numerosity adaptation. (For inter- 

pretation of the references to color in this figure 

legend, the reader is referred to the web version 

of this article.) 

Fig. 4. Change in preferred numerosity after low (in red) and high (in blue) numerosity adaptation as a function of the unadapted preferred numerosity (control condition). 

Each point represents the mean preferred numerosity in each numerosity bin and error bars correspond to the standard error of the mean (SEM). Positive values 

represent attraction to the numerosity of the adapter whereas negative values represent repulsion from the numerosity of the adapter in each adaptation condition. 

After low numerosity adaptation, the preferences of recording sites with higher preferred numerosities displayed attraction to the numerosity of the adapter (1 dot), 

with some repulsion for sites with lower preferred numerosities. Conversely, after high numerosity adaptation, the preferences of recording sites with lower preferred 

numerosities displayed attraction to the numerosity of the adapter (20 dots), and sites with higher preferred numerosities displayed repulsion. (For interpretation of 

the references to color in this figure legend, the reader is referred to the web version of this article.) 

6 
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Fig. 5. Change in natural logarithmic preferred numerosity as a function of the difference between the preferred numerosity in the control condition and the numerosity of the 

adapter on a logarithmic scale. Each point represents the mean preferred numerosity in each numerosity bin and error bars correspond to the SEM. When the preferred 

numerosity in the control condition is numerically closer to the numerosity of the adapter, preferred numerosities are repulsed from the numerosity of the adapter 

in each adaptation condition. However, when the preferred numerosity in the control condition is numerically further from the numerosity of the adapter, preferred 

numerosities are attracted to the numerosity of the adapter. (For interpretation of the references to color in this figure legend, the reader is referred to the web 

version of this article.) 
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4

 

he numerosity of the adapter. Fig. 5 illustrates the same data for NPC1

resented in Fig. 4 , which are now in logarithmic numerosity space, with

he x axis showing the difference between the preferred numerosity in

he control condition and the numerosity of the adapter in each adapta-

ion condition, and the y axis showing the change in natural logarithmic

referred numerosity (see also Figure S5 in Supplementary Materials

or each numerosity map). The choice of a logarithmic scale allowed

or more homoscedastic data, resulting in more accurate linear fits that

e subsequently performed (though the obtained results were similar to

hose obtained from when using linear numerosity space). This represen-

ation shows more explicitly that the attraction of preferred numerosity

ncreases when preferred numerosities are numerically further from the

umerosity of the adapter in each adaptation condition. 

In order to further quantify the observed attraction to the numeros-

ty of the adapter when preferred numerosities are numerically further

rom the numerosity of the adapter, we examined the change in natural

ogarithmic preferred numerosity as a function of the difference between

he logarithmic preferred numerosity in the control condition and the

ogarithmic numerosity of the adapter. We did this for each adaptation

ondition, and for each numerosity map identified in each participant.

pecifically, we first grouped the recording sites’ data from the left- and

ight-hemisphere numerosity map of each participant. We then used a

imple linear regression technique to fit the data of each numerosity

ap in each participant with a line and then used the slope of each re-

ression line for subsequent analyses ( Fig. 6 and S6 in Supplementary

aterials for individual participants’ data for each numerosity map). 

We then did a group-level analysis to examine whether the slope

alues in each adaptation condition and numerosity map were signifi-

antly different from zero across participants ( Fig. 7 ). We conducted a

eries of one-sample t -tests, after ensuring that the normality assump-

ion was not violated by conducting a series of the Shapiro–Wilk tests ( p

 0.05 for each variable), and used false discovery rate (FDR)-corrected

ignificance thresholds. 
t  

7 
When examining the mean slope values for the low numerosity adap-

ation condition, we found that they were significantly different from

ero and this difference was statistically significant in all numerosity

aps (NPC1: Mean = 0.36, SE = 0.05, t (7) = 7.29, p = 0.001; NPC2:

ean = 0.34, SE = 0.04, t (7) = 7.72, p = 0.001; NPC3: Mean = 0.29, SE =
.05, t (7) = 5.58, p = 0.001; NPO: Mean = 0.35, SE = 0.05, t (7) = 7.51,

 = 0.001; NTO: Mean = 0.23, SE = 0.07, t (6) = 3.41, p = 0.014; NF:

ean = 0.57, SE = 0.12, t (7) = 4.55, p = 0.003, FDR-corrected signifi-

ance thresholds). 

The same pattern was found in the high numerosity adaptation con-

ition, where the mean slope values were significantly different from

ero and this difference was statistically significant in all numerosity

aps (NPC1: Mean = − 0.41, SE = 0.08, t (7) = − 5.25, p = 0.002; NPC2:

ean = − 0.45, SE = 0.08, t (7) = − 5.61, p = 0.001; NPC3: Mean = − 0.39,

E = 0.04, t (7) = − 9.10, p = 0.001; NPO: Mean = − 0.44, SE = 0.07, t (7) =
 6.64, p = 0.001; NTO: Mean = − 0.36, SE = 0.06, t (6) = − 5.63, p = 0.002;

F: Mean = − 0.62, SE = 0.12, t (7) = − 5.10, p = 0.002, FDR-corrected sig-

ificance thresholds). 

Furthermore, we obtained the same results when analyzing the slope

alues in each adaptation condition separately for the left- and right-

emisphere numerosity maps (Figure S7 in Supplementary Materials). 

We also tested whether the slope values in each adaptation condition

ere significantly different from zero across the numerosity maps iden-

ified in each participant (see Supplementary Materials). We conducted

 series of one-sample t -tests and found that in all participants and adap-

ation conditions, the mean slope values were statistically different from

ero, further validating the finding that preferred numerosity is attracted

o the numerosity of the adapter when they are numerically further from

ach other (Figure S8 in Supplementary Materials). 

. Discussion 

The goal of the present study was to examine whether and how

he numerosity tuning of human neural populations changes during nu-
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Fig. 6. Slope values of the change in logarithmic preferred numerosity for each participant in NPC1. The slope values of each participant for each numerosity map were 

calculated using a simple linear regression method. (a) We found positive slope values in the low numerosity adaptation condition and (b) negative slope values in the 

high numerosity adaptation condition in all participants. This finding illustrates further the attraction to the numerosity of the adapter when preferred numerosities 

are numerically further from the numerosity of the adapter. (For interpretation of the references to color in this figure legend, the reader is referred to the web 

version of this article.) 
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erosity adaptation. We displayed visual stimuli of changing numeros-

ty (1 through 7) which were interleaved with a low (1 dot) or high

20 dots) numerosity adapter while collecting ultra-high-field (7T) fMRI

ata. Using a pRF modeling approach, we quantified the preferred nu-

erosity of neural populations during low and high numerosity adap-

ation and compared this to the preferred numerosity in an unadapted

ontrol condition. We focused on populations within six recently de-

cribed topographic numerosity maps ( Harvey and Dumoulin, 2017a ).

e found that numerosity preferences within each numerosity map de-

reased during low numerosity adaptation and increased during high

umerosity adaptation, indicating that preferred numerosities were pre-

ominantly attracted to the numerosity of the adapter. However, when

dapted to numerosity 1, recording sites with preferred numerosities

etween 1 and 2 were (slightly) repelled from the adapted numerosity,

nd so were the recording sites with preferred numerosities between 6

nd 7 when adapted to numerosity 20. 

In an effort to disentangle the attractive versus repulsive biases ob-

erved in each adaptation condition, we found that the observed bi-

ses could be explained in terms of the numerical distance of the un-

dapted preferred numerosities (control condition) from the numerosity

f the adapter. Specifically, we found that preferred numerosities were

ttracted to the numerosity of the adapter when they were numerically

urther from the adapter in each adaptation condition. This effect of

daptation was markedly similar in all six numerosity maps found in

ur study. This is particularly striking given the generally wide struc-

ural separation of these areas across the cortical surface, and further

einforces the notion that these numerosity selective neural populations

re part of a cohesive numerosity-processing network ( Harvey and Du-

oulin, 2017a ). Specifically, it is possible that the different numerosity

aps work in parallel to analyze different aspects of numerical infor-

ation, similarly to how sensory maps operate ( Young, 1998 ). Inter-

stingly, the location of the maps includes areas implicated in a vari-

ty of perceptual and cognitive functions, among which are attentional

ontrol, decision-making, mathematics as well as visual motion, object

rocessing and object recognition ( Harvey and Dumoulin, 2017a ). Fur-

hermore, the NPC maps we find in the postcentral sulcus could be ho-
8 
ologues to the numerosity-selective neural populations identified on

he fundus of the macaque intraparietal sulcus ( Harvey et al., 2017 ;

ieder and Miller, 2004 ). Nevertheless, the causal role of these numeros-

ty maps in numerical cognition remains to be established. 

An fMRI study by Piazza et al. (2004) , examining parietal responses

o number change using a numerosity repetition suppression paradigm,

ound suppression of responses when the adapter and test stimuli were

umerically close (e.g. both being 16 items), and recovery of responses

hen the test stimuli were 50% (8 items) or 200% (32 items) of the

dapter (16 items). A similar effect was found by an fMRI repetition

uppression study from Jacob and Nieder (2009) , examining neural

opulation tuning to preferred proportions (i.e. not absolute numeros-

ty), where recovery from BOLD signal adaptation increased as the

umerical distance between the adaptation and deviant proportions

rew larger. In regard to our finding on the repulsion of preferred nu-

erosity away from the adapter numerosity when they are numerically

loser, it could be suggested that the response suppression reported by

iazza et al. (2004) and Jacob and Nieder (2009) could result in a repul-

ive change in preferred numerosity similar to the one we report here.

pecifically, if part of the neural response function nearer the adapter

umerosity is suppressed more than the part of the response function

urther away, the numerosity producing the largest response (the pre-

erred numerosity) will move away from the adapter. 

The overall attraction of neural numerosity tuning to the numerosity

f the adapter is seemingly at odds with the repulsive aftereffects on nu-

erosity perception during numerosity adaptation ( Aagten-Murphy and

urr, 2016 ; Burr et al., 2011 ; Burr and Ross, 2008 ). However, we argue

hat the attractive biases on a neural level could potentially yield repul-

ive effects on perception. To give an illustrative example, adaptation

o a numerosity of 1 might attract the unadapted preferred numerosity

f a neural population from 5 to an adapted preferred numerosity of

. Then, when 4 is presented, it will yield a maximal neural response

n that population, while normally that maximal response would occur

or 5. In this way, the pattern of neural activity normally associated

ith 5 occurs for 4, so 4 may be perceived as 5, a repulsive effect on

erception. 
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Fig. 7. Mean slope values of the change in logarithmic preferred numerosity in each numerosity map and adaptation condition across participants. The error bars correspond 

to the 95% confidence intervals of the mean slope values, and asterisks denote the level of statistical significance of the one-sample t -tests ( ∗ p ≤ 0.05, ∗ ∗ p ≤ 0.01, 
∗ ∗ ∗ p ≤ 0.001, FDR-corrected). N corresponds to the number of participants in which each map was identified. In all adaptation conditions and numerosity maps, 

we found that the mean slope values were statistically different from zero, further validating the finding that preferred numerosity is attracted to the numerosity of 

the adapter when they are numerically further from each other. (For interpretation of the references to color in this figure legend, the reader is referred to the web 

version of this article.) 
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Such links between attraction of neural response preferences

nd repulsion of perception have been described before. Kohn and

ovshon (2004) examined how macaque MT motion direction tuning

hanges during motion direction adaptation. They modeled the response

f the MT cell population in order to predict how the population re-

ponse and thus, the perceived motion direction, would shift after adap-

ation. Their model showed that attractive shifts in single-cell tuning

redict a repulsive perceptual aftereffect consistent with those measured

sychophysically. We have previously shown that population receptive

elds are attracted towards the focus of attention ( Klein et al., 2014 ).

odeling these effects demonstrated that stimuli located near the focus

f attention stimulate receptive fields that are positioned further away

n the absence of attention ( Klein et al., 2016 ). The perceived position of

hese stimuli shifts the stimulus away from the attended location, while

opulation receptive fields shift towards the attended location. 

Another possibility is that our stimulus could produce serial depen-

ence rather than classical adaptation effects, yielding attraction rather

han repulsion of perceived numerosity. Serial dependence attracts the

erception of numerosity to the immediately preceding numerosity and

perates over short timescales ( Cicchini et al., 2014 ; Corbett et al.,

011 ; Fornaciai and Park, 2018 ). By conducting a validation experiment

ith our stimulus, we found evidence for repulsion (not attraction) of

umerosity perception. This is in agreement with other psychophysi-

al studies on numerosity adaptation using brief adapter presentation

 Aagten-Murphy and Burr, 2016 ; Tsouli et al., 2019a,b ). We are there-
9 
ore confident that our adaptation sequence repels numerosity while

ttracting neural numerosity preferences. 

As we note in the Methods, our stimulus sequence presented the

ame numerosity repeatedly and frequently (every 700 ms) and moved

hrough numerosities gradually and sequentially (every 4200 ms), as

n our previous experiments. This repeated presentation and gradual

hange are likely to cause some repetition suppression of responses to

ach stimulus display, and perhaps perceptual adaptation to the chang-

ng numerosity as well as the adaptors. First, while repetition suppres-

ion will reduce the responses to each display, presenting each nu-

erosity only once before moving on would almost certainly produce a

maller response and less clear results. Second, given the slowness of the

emodynamic response and resulting poor temporal resolution of fMRI,

hanging numerosity on every display would prevent us from separat-

ng responses to different numerosities in the resulting fMRI time course

if presented at the same rate) or would require a few seconds between

isplays, and therefore far more scanning. These design choices greatly

ncrease the efficiency of our method to quantify numerosity selectivity

sing fMRI. 

But how do these factors affect our estimates of preferred numeros-

ty? First, changing numerosities slowly and sequentially makes the pre-

erred numerosity estimates less sensitive to the precise timing of the

odeled hemodynamic response function: small deviations from the

odeled timing only slightly change which numerosity was being pre-

ented at the time of any modeled neural response. Second, we do not
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xpect repeated presentations and slow, sequential changes to system-

tically affect preferred numerosity estimates. Repetition suppression of

esponses from the same numerosity should not change which part of the

esponse function is responding, only reduce its amplitude. A preceding

resentation of a different numerosity is likely to affect the preferred

umerosity estimate, but by using “sweeps ” in both ascending and de-

cending directions for the same model we aim to balance opposing

ffects of preceding lower and higher numerosities. Given that we find

hat the adaptation’s neural effects increase with distance between the

dapter’s numerosity and the population’s preferred numerosity, keep-

ng preceding numerosities as close as possible to the current presen-

ation should also minimize effects of preferred numerosity estimates.

inally, it is likely that participants know which numerosity to expect

n each display, as this is highly predictable. It is less clear how expec-

ation might affect numerosity selectivity, but we would expect a global

ncrease or decrease in response amplitude and we have no reason to

xpect a systematic bias would result from expectation. Importantly, all

f the effects described above should affect the responses to both adap-

ation conditions similarly, so seem unlikely to explain the differences

e see between conditions. 

Our results further illustrate that the preferred numerosity of neural

opulations with numerosity preferences in the subitizing range (less

han 4, allowing fast and error-free numerosity judgements) can be af-

ected by adaptation. The majority of psychophysical studies on nu-

erosity adaptation ( Aagten-Murphy and Burr, 2016 ; Anobile et al.,

018 ; Burr and Ross, 2008 ; Liu et al., 2017 ; Tsouli et al., 2019a,b ) report

ffects on perception of higher numerosities (typically ≥ 9 items). Only

ne behavioral study has shown adaptation effects on perception of nu-

erosities within the subitizing range, and only under conditions of high

ttentional load induced by a secondary task ( Burr et al., 2011 ). Here,

e show that neural numerosity tuning within the subitizing range can

e altered by numerosity adaptation even in the absence of attentional

oad. Nevertheless, it is possible that this change in neural tuning for

umerosities within the subitizing range might be too subtle to affect

umerosity perception when measured psychophysically. 

onclusions 

Using a numerosity adaptation paradigm combined with ultra-high

eld fMRI and a pRF modeling approach, we show that neural numeros-

ty selectivity was altered systematically in all numerosity maps. Specif-

cally, neural numerosity preferences were overall attracted to the nu-

erosity of the adapter, with the extent of attraction increasing when

he unadapted preferred numerosities were numerically further from the

umerosity of the adapter. We argue that these attractive biases could

otentially underlie the perceptual effects of numerosity adaptation. 
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