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Studies have shown that newborns and nonhuman animals innately estimate quantities using the 
approximate number system (ANS), raising questions about whether the ANS is a precursor to 
advanced computational abilities or an independent cognitive function. Professional board game Go 
players, who can quickly judge territory sizes without explicit calculations, provide a unique insight 
into the ANS. Using fMRI, we investigated the neural correlates of the approximate number system in 
professional Go players. Results showed that during the difficult task, professional Go players exhibited 
significantly increased activity in the right cerebellum compared to the controls, while several parts 
of the cerebrum were activated during the easy task. The observed activation in the right cerebellum 
was inversely correlated with the number of years of training required to become professional players. 
The findings indicate that the ANS is either facilitated by training or reflects an inherent, exceptional 
ability in certain individuals, suggesting a cerebellar-based alternative to the computational role of the 
cerebral cortex.
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Numerical cognition is the cognitive process involved in understanding and manipulating numerical 
information and is highly important in daily life. The foundational roots of numerical cognition are established 
in early developmental stages and undergo notable enhancement over time, particularly with the development 
of symbolic representation via language acquisition1. The triple code model, an extensive framework in the field 
of numerical cognition, posits three principal representational codes for numbers: the visual Arabic form, the 
auditory-verbal word frame, and analog nonsymbolic magnitude representations2,3. These codes play a crucial 
role in various tasks related to numerical cognition, including size comparisons, arithmetic calculations, and 
the processing of abstract numerical concepts. Previous investigations have predominantly focused on the 
first two codes, and specific neural correlates, including the occipitotemporal areas, inferior parietal areas, and 
perisylvian areas, have been shown to play pivotal roles in cognitive processes related to numerical operations4,5. 
Interestingly, research has shown that even newborns, who lack language and symbolic numerical concepts, 
and other nonhuman animals possess inherent cognitive capabilities for estimating object numerosity or 
quantity6,7. This finding underscores the approximate number system (ANS) as an integral aspect of numerical 
cognition, enabling humans to estimate and compare quantities without relying on precise counting or symbolic 
representation8–10. The intraparietal sulcus (IPS) is central to processing numerical magnitudes, as supported 
by convergent findings across methods, species, and ages11–13. However, the question remains as to whether 
the ANS serves merely as a transitional mechanism toward sophisticated mathematical operations that engage 
extensive brain cortical regions or whether it functions autonomously and intuitively without computational 
processing.

Although the IPS is traditionally regarded as a primary neural substrate for numerical cognition, growing 
evidence suggests that the cerebellum may also be involved in certain aspects of approximate number processing, 
particularly when tasks become more difficult or demand rapid judgments14. Recent neuroimaging and lesion 
studies have indicated that the cerebellum can be active during complex numerical tasks that extend beyond its 
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established roles in motor coordination and procedural learning15. These findings propose that the cerebellum 
may facilitate the automatization of numeric or spatial routines, potentially supporting the IPS in tasks requiring 
high cognitive load or refined visuospatial skills16,17. Investigating how the cerebellum interacts with parietal 
regions in approximate number estimation could thus broaden our understanding of the neural architecture 
underlying the ANS.

In addition to investigations into developmental disorders, brain injuries, and neuropsychiatric disorders, 
the study of the brain’s functionality by experts in various fields is gaining popularity. Research on experts spans 
various domains, including memory, computation, and motor skills18,19. Studying experts in board games such 
as chess and Go (Baduk) could provide distinct insight into the development of expertise, as these games engage 
brain functions that operate on fixed rules20. Go is a board game that has been popular in East Asia for thousands 
of years and has recently been further developed in the field of AI research, as exemplified by AlphaGo21,22. Go 
is a game in which two players take turns placing stones on a 19 × 19 board, trying to capture their opponent’s 
stones or secure their own territory23. Players must estimate the size of the territory and strategize where to place 
the next stone. Professional Go players have a unique ability to make split-second judgments without counting 
the size of the territories. Professional Go players are excellent candidates for exploring the ANS due to their 
years of dedication, beginning in childhood, to learn how to discern the size of their territory intuitively and 
reflexively without reliance on arithmetic calculations.

In this study, we investigated the neural correlates of approximate number system in professional Go players 
using functional magnetic resonance imaging (fMRI). Our research aimed to elucidate how the brain processes 
numerical intuition independently of higher cognitive functions, thereby advancing our understanding of the 
cerebral mechanisms underpinning numerical cognition. Specifically, we hypothesized that Go expertise would 
be associated with enhanced ANS acuity, reflected in faster and more accurate approximate numerical judgments, 
and that this enhancement would manifest in distinct neural activity patterns. In addition to examining known 
parietal contributions, we focused on whether Go experts would show greater cerebellar activation during more 
difficult ANS tasks. We also expected that the duration of Go training would correlate with more efficient neural 
mechanisms as expertise increases, providing further insight into how both cortical and cerebellar circuits might 
be shaped by long-term practice.

Materials and methods
Participants
To enroll Go experts, we targeted Go professionals with the cooperation of the Korean Baduk (Go) Association. 
Twenty-three experts (mean age = 22.7, SD = 3.2, range = 19 to 33) and twenty controls matched for age, sex, 
handedness, and IQ received verbal and written information about the study and provided informed consent. The 
inclusion criteria for board game experts were professional Go players certified by the Korean Baduk Association, 
while the control group was composed of healthy individuals who had never played the Go board game. The 
exclusion criteria included the presence of any irremovable metallic objects, history of head trauma with loss 
of consciousness for more than an hour, neurologic disorders, psychiatric disorders, or recent psychotropic 
medication use. The demographic characteristics of each group are presented in Table 1. The present study was 
approved by the Institutional Review Board of Seoul National University Hospital, Seoul, Korea (no. 1207-090-
418) and was conducted in accordance with the Helsinki Declaration of 1975, as revised in 2008.

Stimuli and tasks
Participants performed a block-designed visual decision-making task. For the task, we used the board game “Go,” 
which is commonly played in Asia. In Go, the board generally consists of 19 horizontal and 19 vertical lines, and 
stones are placed at the intersections of these lines, thus there are a total of 361 houses on a Go board. The spots 
where the stones can be placed are called “houses” or “territory.” When a territory is completely surrounded by 
my stones and no one else can enter it, this territory becomes my own. For more detailed information on the 
rules and strategies of Go, please refer to the following webpage24. Few studies have directly investigated the 
cognitive functions required for playing Go; however, longitudinal research on the effects of Go has reported its 
contribution to working memory, attention and executive function25,26. In this study, a smaller Go board with 
9 horizontal and 9 vertical lines, containing 81 houses, was used as the visual stimulus. The Go board was filled 
with black stones, and visual stimuli presenting territories of 6, 16, 18, and 20 houses were prepared. Participants 
were shown two Go boards with different numbers of houses during each trial and were asked which board 
had the larger territory. The study included tasks with two difficulty levels: an easy task in which anyone could 
recognize and distinguish at a glance, and a difficult task that was difficult to distinguish without counting 
exactly (Fig. 1A). In the easy task, the territory sizes in the visual stimulus were 20 and 6, and the difference in 

Experts (n = 23) Controls (n = 20) p value

Female 0 (0%) 2 (10%) 0.120

Age 22.8 (3.3) 21.2 (1.8) 0.060

Education (years) 13.1 (2.0) 14.0 (1.3) 0.091

IQ 107.7 (12.9) 110.2 (11.4) 0.539

Training duration (years) 15.9 (3.4)

Table 1.  Demographic characteristics of the experts and controls. The values are presented as the means 
(standard deviations).
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size of 14 houses was easily distinguishable. For the difficult task, the territory sizes were 16 and 18, which was 
a difference of 2 houses and was hard to distinguish at first glance without actually counting the stones. Each 
block consisted of 24 easy trials and 24 difficult trials. The fixation time was 3,000 ~ 5,000 ms. The stimuli were 
presented for 800 ms. After presenting the visual stimulus, the subject was given a response time of 800 ms to 
choose which picture had a larger territory. Each participant completed a total of six sessions, consisting of two 
easy tasks and four difficult tasks. Each session lasted 220 s, resulting in a total experimental duration of 1,320 s 
(22 min) per participant. One of the most common tasks in ANS research involves determining which of two 
clusters of randomly distributed points contains a greater number of points27,28. Our task of comparing the size 
of territories in a Go game is quite similar to this ANS task. We designed this study under the assumption that 
Go professionals possess highly developed ANS capabilities.

Data acquisition and processing, and quality assurance
BOLD signal was acquired using a 3T Siemens Trio MRI scanner (Siemens Healthcare, Erlangen, Germany) 
with T2-weighted gradient echo planar imaging. A total of 110 functional images were acquired (repetition 
time [TR] = 2,000 ms; echo time [TE] = 30 ms; flip angle = 90°; isotropic voxel size of 3 mm3; 27 axial slices). T1-
weighted (T1W) images were obtained in the sagittal plane using a three-dimensional magnetization-prepared 
rapid acquisition gradient echo (3D MPRAGE) sequence with the following parameters: isotropic voxel size of 
1 mm3, repetition time (TR) = 1,670 ms, echo time (TE) = 1.89 ms, flip angle = 9°, and 208 slices.

The functional imaging data were preprocessed and analyzed using the Analysis of Functional NeuroImaging 
(AFNI) package29. We performed despking to account for any potential rapid head motion in the EPI data30, 
and then removed physiological noise using PESTICA (Physiologic EStimation by Temporal ICA)31. The first 
four images of each fMRI run were discarded. Slice timing correction was performed using a middle slice as a 
reference, and images within each run were aligned to the first image of the first run to correct for head motion. 
All imaging data were spatially normalized to the MNI N27 brain template32 and then spatially smoothed using a 
Gaussian kernel with a FWHM of 6 mm. The 13 noise time series extracted to remove physiological noise during 
preprocessing (8 for RETROICOR and 5 for RVT)33,34 and the 6 head motion estimates (3 translations and 3 
rotations) were later used in regression analysis along with the task design matrix. All images and processed 
interim results were assessed by AFNI quality control reports35. EPI time points with head-motion displacement 
over 0.3 mm and/or overall intensity change over 10% outliers were statistically censored in the analysis stage. In 
this study, the outlier time points accounted for less than 2% of the total time points per session.

Analysis
At the individual subject level, we estimated neural activity for each experimental condition using a general 
linear model. This model incorporated both the task blocks, and the periods designated for instructions 
and ratings. The primary interest of the current study was neural activation during approximate numerical 
calculations. Given the two-by-two design of the experiment (two groups; two task difficulties for each group), 
interactions between the experimental factors were both expected and observed. For the group-level analysis, 
a two-sample t test was performed to observe the difference between control subjects and professional Go 
players. To explore these interactions, we contrasted images of BOLD signal changes associated with task 
difficulties for each subject and used these contrasts as inputs for a two-sample t-test. The statistical results were 
corrected for multiple comparisons using a familywise error-corrected threshold of p < .05. Following this, we 
identified clusters showing significant differences in the group and interaction statistics map and extracted beta 
coefficients for each participant within these clusters. We then used Spearman correlation analysis to examine 

Fig. 1.  (A) The top two images depict an easy task, while the bottom two images depict a hard task in the 
Game of Go. (B) There was a significant group difference in activation maps between board game experts 
and healthy control subjects. The overlaid colors indicate areas (specifically, the right cerebellum: regions VII, 
VIII, IX, and Crux II) where the activity level for the hard task in the expert group was greater than that in 
the control group. (C) A shorter duration between the start of training and the Game of Go to becoming a 
professional player (inverse of years to become a professional) was associated with greater contrast estimates in 
the right cerebellum (r = .0.421, p = 0.045).
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the relationship between these neural activity scores from significant clusters and the inverse of the duration 
taken by participants to achieve certification as professional players by the Korean Go Association, starting from 
their initial Go training.

Results
During the easy-level task of approximate numerical calculations, a significant increase in activity in the right 
superior and middle temporal gyri, middle and posterior cingulate corteces, left rectal gyrus, and bilateral orbital 
gyri was observed in the expert group compared to the control group (Fig. 1; Table 2). During the hard-level 
task, however, the expert group showed a significant increase in activity in the right cerebellum (VII, VIII, IX, 
and Crux II) compared to the control group. To rule out the possibility of deactivation effects, we examined the 
activation maps for each group and session using a one-sample t-test. However, we did not find any significant 
results. In the analysis of interaction effects, significant activation was observed in several brain regions in the 
expert group; however, no significant activation was found in the cerebellum (Table 3). The contrast estimates 
in the right cerebellum showed a significant inverse correlation with the number of years required to become a 
professional player (r = .421, p = .045).

Discussion
In this research, we examined the neural basis of the approximate number system by subjecting board game 
experts to tasks requiring instantaneous approximate calculation at two levels of complexity. The findings 
indicate that the right superior and middle temporal gyri, middle and posterior cingulate cortices, left rectal 
gyrus, and bilateral orbital gyri were engaged during the simpler task, whereas the right cerebellum was 
more active during the more challenging task. The level of activation in the right cerebellum was significantly 
associated with the time required to achieve their level of expertise. The involvement of the cerebellum in tasks 
requiring approximate calculations offers new insights into the neural mechanisms underlying expert ability in 
the cognition of numbers that do not involve symbols or linguistic systems.

The primary finding of this research was that activity in the right cerebellum was significantly greater during 
high-demand approximate numerical calculation tasks among board game experts than among controls. This 
pattern suggests that as the demand for numerical approximation increases, the cerebellum facilitates rapid 
and accurate computations necessary for high-level strategic gameplay. Traditionally, the cerebellum has been 
associated primarily with motor control and coordination36,37, whereas regions such as the IPS and the superior 
parietal lobe are typically highlighted for their robust activation during arithmetic operations involving numerical 
signs and symbols, possibly engaging linguistic processing38–40. Our results, however, revealed that despite the 
IPS’s well-established role in both symbolic and nonsymbolic number processing11,13, the cerebellum—rather 
than the IPS—showed especially pronounced activation as the approximate calculations became more difficult. 
This aligns with recent work revealing the cerebellum is implicated in complex cognitive and affective functions, 
including rapid, intuitive decision-making18,19, and may act as a complementary or alternative pathway under 
high-cognitive-load conditions. Research with children demonstrates cerebellar engagement in nonsymbolic 

Anatomical region
Cluster volume 
(mm3)

MNI coordinates

z value p valuex y z

Left and right Lingual gyri and Precuneus 317 -1.5 55.5 11.5 3.59 0.0003

Left and right medial orbitofrontal gyri / Rostral anterior cingulate cortex 309 -1.5 −43.5 2.5 3.46 0.0005

Right inferior parietal gyrus /Suparamarginal gyrus 240 -52.5 49.5 44.5 3.30 0.001

Right postcentral gyrus /Precentral gyrus 158 -37.5 61.5 −42.5 3.97 0.0008

Bilateral frontal pole 121 7.5 -64.6 −3.5 3.11 0.0019

Right thalamus 118 −7.5 31.5 5.5 3.51 0.0004

Right lateral occipital gyrus /Middle temporal gyrus 117 −49.5 70.5 -3.5 3.15 0.0016

Left entorhinal cortex /Lateral orbitofrontal gyrus 110 19.5 −1.5 −15 3.45 0.0006

Table 3.  Peak coordinates of significant interaction effects between go professional players and healthy 
comparison subjects across easy and hard tasks.

 

Anatomical region Cluster volume (mm3)

MNI coordinates

z value p valuex y z

Right superior, middle temporal gyrus 14,013 −64.5 49.5 −3.5 4.29 0.000018

Right middle, posterior cingulate cortex 4131 1.5 34.5 11.5 3.34 0.000838

Left rectal gyrus, bilateral orbital gyrus 2970 4.5 -43.5 −12.5 3.8 0.000145

Right cerebellum  (VIII, IX, VII, Crus 2) 3861 −37.5 61.5 −42.5 3.97 0.000072

Table 2.  Peak coordinates of significant between-group brain activations between go professional players and 
healthy comparison subjects.
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numerical processing3,41,42, although this contribution may be overshadowed by higher-level cognitive 
functions as language and arithmetic skills develop43. Moreover, studies on developmental dyscalculia indicate 
that mathematical ability often relies on cooperation between the cerebellum and the cerebrum44, and various 
brain circuits involving the cerebellum are engaged in arithmetic, reinforcing its role in bolstering cognitive 
abilities45,46. In light of this, our findings do not negate the longstanding emphasis on the IPS but indicate that 
the cerebellum may be selectively or additionally recruited under highly demanding conditions. Consequently, 
the cerebellum may complement cortical processes by performing specialized and intuitive computations, 
particularly in nonverbal and nonsymbolic estimation contexts. It is plausible that Go experts, through extensive 
practice, employ a cerebellar-based mechanism for rapid approximate judgments, whereas more routine tasks 
may continue to rely on the IPS-centered parietal network. Future studies are warranted to clarify how these 
networks dynamically interact during varying levels of cognitive load and expertise in numerical cognition.

Our findings indicate a significant group effect in cerebellar activation, suggesting that Go experts and 
control participants may utilize cerebellar functions differently during approximate numerical calculations. 
However, the absence of a significant interaction effect requires careful interpretation. One possible explanation 
is that the cerebellum’s involvement with the approximate number system (ANS) may be relatively independent 
of task difficulty. Rather than modulating cerebellar activation in a continuous manner with increasing task 
complexity, the cerebellum might engage more fundamentally in supporting motor or procedural aspects once 
a certain threshold of difficulty is reached. Additionally, it is possible that the task difficulty levels employed in 
our study were not sufficiently calibrated to reveal interaction effects. Specifically, the simpler tasks might not 
have required meaningful cerebellar engagement, thus masking any potential differential effects between groups. 
Future studies should consider employing a wider range of task difficulties to clarify the cerebellum’s role in 
these cognitive processes. Despite these limitations, the observed group differences emphasize the cerebellum’s 
significant role in the cognitive strategies employed by Go experts. These results provide valuable insights into 
cerebellar involvement in numerical approximation and suggest that the mechanisms at play may be more 
nuanced than initially hypothesized. Our findings contribute to a deeper understanding of how expertise shapes 
cerebellar activation patterns, paving the way for future research to explore these complex interactions further.

Our analysis revealed an inverse association between the extent of right cerebellar activation and the time 
required for participants to achieve professional status. Our findings diverge from previous research suggesting 
that consistent training enhances brain function and contributes to neural plasticity47–49. This finding suggests 
two possible interpretations: either the cerebellum’s numerical processing capacity can be condensed training 
over a short period, or inherent individual differences in cerebellar functionality predispose certain individuals 
to achieve expertise more quickly than others. When considering innate factors, the potential for children to 
excel in sports can often be seen early on and is largely influenced by genetic factors50. Longitudinal studies 
on athletes suggest that early motor skills or cerebellar function may be associated with athletic performance 
in adulthood51,52. Moreover, inborn traits present from infancy may act as a foundation for further musical 
development over time53. Based on these findings, our results suggest that a shorter duration to reach a certain 
level, rather than a reduced period of training, combined with enhanced cerebellar ability for approximate 
numerical calculations, contributes to a quicker attainment of Go expertise. The inverse correlation between 
cerebellar activation and the number of years of training suggests a refined tuning of neural efficiency with 
increased expertise. This could indicate that as Go players advance, they rely more on ingrained, intuitive 
processes rather than conscious, deliberate calculations. However, our study is a cross-sectional examination of 
cerebellar activation and achievement levels. To substantiate these findings, well-designed longitudinal studies 
will be necessary.

By highlighting the role of the cerebellum, our findings suggest possible dual-network involvement in 
numerical cognition, where both cortical and cerebellar regions are crucial, particularly in the context of 
professional expertise that requires rapid and accurate numerical approximations. The observed cerebellar 
activity could reflect an automatization of cognitive processes, a hallmark of expert performance in many 
domains54–56. These processes are likely honed through repetitive practice or innate talent and may become so 
routine and automatic that they involve distinct neural pathways from those used by novices.

While our findings are promising, they also highlight several areas for further research. Although the sample 
size was adequate for detecting significant cerebellar activity, it could be expanded in future studies to explore 
variability in neural adaptation across a broader demographic. Additionally, longitudinal studies could elucidate 
how these neural mechanisms develop over time with training and whether early intervention or training in 
specific strategies can enhance the efficiency of these neural networks. Moreover, various approaches, such as 
fMRIPrep, ICA-AROMA techniques, have been explored to minimize noise, highlighting the need to investigate 
the reliability of studies using a broader range of preprocessing methods57. The relationship between cerebellar 
functionality and other cognitive skills in Go players, such as spatial awareness and decision-making under 
pressure, could also be explored in future research to determine whether there are common neural substrates 
enhanced across these cognitive domains. Additionally, studies employing more precise designs to examine 
various factors related to interaction effects will be necessary. Comparing these results with those obtained from 
experts in other board games, such as chess, or from individuals in fields that heavily rely on both approximate and 
precise numerical calculations, such as mathematicians, could provide deeper insights into the generalizability 
and specificity of cerebellar involvement in expert cognition.

Conclusions
Our study indicated that the cerebellum plays a significant role in the numerical cognitive functions of highly 
trained individuals. It supports existing theories of numerical cognition and extends them by illustrating the 
cerebellum’s potential role in facilitating intuitive and automatic processing of numerical approximations.
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Data availability
The datasets generated during and/or analysed during the current study are available from the corresponding 
author on reasonable request.
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