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Introduction
Fast-ball sports, such as baseball and cricket, heavily rely on the ability of players (batters) to perceive and act in response to the opponent players’ (pitchers) action within a few milliseconds. Previous studies have examined players’ superior perceptual anticipation ability (for reviews, see Loffing & Cañal-Bruland, 2017; Williams & Jackson, 2019) and its neural and cognitive underpinnings (for reviews, see Karlinsky et al., 2017; Smith, 2016). Compared to their less skilled counterparts or non-players, skilled baseball batters can anticipate with more accuracy whether a pitch would be a strike or ball owing to their greater visual/perceptual experience with pitching actions and (at least partially) their motor experience in pitching (Chen et al., 2017, 2020, 2023; Paull & Glencross, 1997; Ranganathan & Carlton, 2007). 
[bookmark: OLE_LINK20][bookmark: OLE_LINK21][bookmark: OLE_LINK9][bookmark: OLE_LINK10][bookmark: OLE_LINK11][bookmark: OLE_LINK12][bookmark: OLE_LINK13][bookmark: OLE_LINK18][bookmark: OLE_LINK19][bookmark: OLE_LINK16][bookmark: OLE_LINK17][bookmark: OLE_LINK14][bookmark: OLE_LINK15]Apart from the players, home plate umpires are also required to distinguish whether a pitch is a strike or not. They must decide whether a pitch has passed through the strike zone or not by calling it a strike or a ball (unless the batter swings the bat at the pitch and misses, automatically making the pitch a strike). Strikes are desirable for the pitcher and fielding team because when three strikes are called for a batter, the batter is declared out. In contrast, “balls” are desirable for the batter and batting team because when four balls are called for a batter then the batter can advance to first base. Many factors make the umpiring task extremely difficult. The strike zone is an imaginary box that is not indicated physically by any boundaries, such as tennis court lines that determine whether a ball is out of the court (Kreinbucher, 2012; Stefani, 1998). According to the official Major League Baseball (MLB) rules, the strike zone is defined as “that area over home plate the upper limit of which is a horizontal line at the midpoint between the top of the shoulders and the top of the uniform pants, and the lower level is a line at the hollow beneath the kneecap. The Strike Zone shall be determined from the batter’s stance as the batter is prepared to swing at a pitched ball” (MLB Official Rules, 2022; various leagues or organizations define the strike zone slightly differently). Because batters differ in height, stance, and handedness, the strike zone varies among batters. The examination of the location of non-swung pitches collected by a ball-tracking system during games revealed that the strike zone defined by umpires is taller and wider compared to the rule book strike zone (Huang & Hsu, 2020). Particularly, for left-handed batters, the strike zone is shifted towards the right, whereas the extensions of the strike zone for right-handed batters have similar dimensions on both sides (Huang & Hsu, 2020). Additionally, the perception of the strike zone by umpires can vary depending on the contextual factors such as pitch count (Green & Daniels, 2014; Huang & Hsu, 2020; MacMahon & Starkes, 2008; Rosales & Spratt, 2015). For example, the perceived strike zone tends to contract in two-strike counts but expand in three-ball counts (Green & Daniels, 2014; Huang & Hsu, 2020; Rosales & Spratt, 2015). Furthermore, umpires have exhibited a tendency to call a borderline pitch a strike when the pitch count reaches three balls (3-0, 3-2) in contrast to situations with no balls (0-0, 0-2) (MacMahon & Starkes, 2008). These findings collectively underscored the presence of a potential bias in umpires’ judgement, which may be linked to a normative rule aimed at expediting the pace of the game (e.g., MacMahon & Starkes, 2008).
On the other hand, the effect of (baseball or cricket) umpiring experience has also been examined in literature (Cañal-Bruland et al., 2012; Chalkley et al., 2013; Larsen & Rainey, 1991; MacMahon & Starkes, 2008; Rainey et al., 1987, 1989a). For example, when umpires and non-umpires were asked to call simulated pitches in different locations, umpires were not more accurate than non-umpires (Rainey et al., 1987). In a follow-up study with more diverse and ambiguous locations of videotaped fastballs, similar results were reported (Rainey et al., 1989a). These results, considering the nature of the simulation in Rainey et al. (1987) or the limitation of fastballs only in Rainey et al. (1989a) (which are less complex than pitches encountered in actual games), suggest that most individuals have the necessary visual acuity and attentional resources for calling pitches (Rainey et al., 1987, 1989a). However, it is important to note that these studies did not imply that individuals without umpiring experience would perform the complex task of umpiring as well as experienced umpires (Rainey et al., 1987, 1989a). Moreover, in these two studies (Rainey et al., 1987, 1989a), the examination of judgment certainty revealed mixed results. In Rainey et al. (1987), umpires showed higher certainty than non-umpires, particularly for the most difficult pitches (when pitches were on the line or just outside the strike zone but not when pitches were clearly in or out). In Rainey et al. (1989a), both groups showed the same level of certainty, with more certainty when calling balls than strikes. Particularly, this certainty was strongly related to accuracy in non-umpires than in umpires. This might be because umpires tended to report that they were “very sure” or “sure” irrespective of whether their calls were correct or not, implying that umpires learn to project confidence as part of their role as sports officials (Rainey et al., 1989a). Additionally, in another study conducted by Rainey et al., (1989b) which examined umpires’ judgment concerning pitches positioned right on the edge of the strike zone, no significant correlation emerged between the accuracy of calls and the level of certainty expressed by umpires. Alternatively, experienced cricket umpires showed higher accuracy and certainty than intermediate umpires when predicting ball flight (Chalkley et al., 2013). 
The current understanding of the perceptual and cognitive underpinnings of sports officiating behavior remains scarce. To our knowledge, only one study has examined the evoked neurophysiological responses (i.e., event-related potential [ERP]) of basketball referees when identifying fouls (compared to identifying the number of players) in a cueing paradigm (Posner, 1980) using electroencephalography (Hack, Memmert, & Rupp, 2009). Compared to intermediate referees, advanced referees showed greater N1 ERP amplitude at the O1 and O2 sites (left and right sides of the occipital lobe, respectively), followed by greater P3 ERP amplitude at the P1 and Pz sites (left and central sides of the parietal lobe, respectively), implying greater attention orientation and selection for evaluating foul situations in more experienced referees (Hack et al., 2009). However, the study had some limitations. First, the experimental stimuli were static black-and-white drawings of basketball situations, and the task of identifying the pre-cued baseball situations (fouls or the number of players) could not assuredly evoke decision-making processes, such as ball/strike judgments of baseball umpires. Second, although the parietal electrodes (P1 and Pz) might reflect the activity from the parietal part of the dorsal frontoparietal attention network, the study did not use source analysis tools for examining the activation region with more precision (Corbetta, 1998; Corbetta & Shulman, 2002; Fan et al., 2005; Salmi et al., 2007). To address these methodological limitations, we used functional magnetic resonance imaging (fMRI) to investigate the neural and cognitive underpinnings of ball/strike-calling behavior of baseball umpires of varying experience while observing videotaped pitches authentically thrown by a pitcher.
Previous fMRI studies have extensively examined the decision-making processes (particularly, action anticipation) of skilled players contrasting to their less skilled counterparts or non-players (for reviews, see Karlinsky et al., 2017; Smith, 2016). Such processes greatly engage their action observation network (AON), including the frontal, parietal, occipital, and temporal regions that are activated when viewing others’ actions (for reviews, see Caspers et al., 2010; Papitto et al., 2020), as well as the subcortical motor-related regions, including the dorsal striatum (i.e., caudate, putamen), and cerebellar regions (Balser et al., 2014a, 2014b; Chen et al., 2020, 2023; Diersch et al., 2013; Wright et al., 2013). Among the AON nodes, the inferior frontal gyrus/ventral premotor cortex (IFG/vPMC) and superior and inferior parietal lobules/intraparietal sulcus (SPL/IPL/IPS) possess the so-called mirror properties that activate both while performing an action and when observing others perform it (for reviews, see Molenberghs et al., 2012; Rizzolatti & Craighero, 2004). Thus, these nodes are associated with the internal simulation of observed pitching action (Chen et al., 2023). Apart from its mirror property, the PMC is involved in predicting ongoing dynamic events ranging from human actions to non-biological actions such as ocean waves (Schubotz, 2007; Wolfensteller et al., 2007), reinforcing its role in action anticipation (Chen et al., 2020, 2023). 
The other AON node, the posterior middle temporal gyrus/superior temporal sulcus, is also activated when observing the action of a biological motion (Grossman et al., 2000; Grossman et al., 2010; Herrington et al., 2011; Pelphrey et al., 2005; Saygin, 2007), implying that pitching action can be processed using the structural and kinematic information of joints (Chen et al., 2020, 2023). Furthermore, when viewing strike versus ball pitches, batters show different brain activation intensities within the AON nodes (Chen et al., 2020), particularly in the left ventral extrastriate cortex (Chen et al., 2020, 2023). This activation is possibly associated with the processing of the relevant visual information conveyed by the pitching action and baseball trajectory. 
[bookmark: OLE_LINK25][bookmark: OLE_LINK26][bookmark: OLE_LINK27][bookmark: OLE_LINK28]In interactive sports with severe time pressure, including baseball, cricket, and table tennis, the overrepresentation of left-handers has been reported (Loffing, 2017; Mann et al., 2017; for a review, see Loffing & Hagemann, 2016). In the 2009–2014 MLB, the percentage of left-handed pitchers in the top 78 to 94 (depending on the year) was 30.4% (Loffing, 2017), which is much higher than the percentage of the left-handed population (9.3%–18.1%) (Gilbert & Wysocki, 1992; for a review, see Papadatou-Pastou et al., 2020). Because there are relatively fewer left-handed athletes, they are assumed to benefit from their opponents’ lack of experience competing against left-handed athletes (Raymond et al., 1996), which may allow for strategic or tactical competitive advantage (Grouios, 2004; Loffing & Hagemann, 2012; Sterkowicz et al., 2010; Wood & Aggleton, 1989; for a review, see Loffing & Hagemann, 2016). Indeed, previous studies have shown that the outcome of left-handed actions seems harder to visually anticipate than the outcome of comparable right-handed actions in players from tennis (Hageman et al., 2009), volleyball (Loffing et al., 2012, 2015), handball (Loffing et al., 2015; Loffing & Hagemann, 2020), as well as baseball when anticipating the pitch type and pitch location (Müller et al., 2017). However, the effect of pitcher handedness on umpires’ ball/strike judgments is comparatively less examined, and studies have found mixed results (Deshpande & Wyner, 2017; Rosales & Spratt, 2015). The 2010–2013 MLB pitches (data from PITCHf/x) revealed that a high called strike probability was shifted several inches to the left of the average rule book strike zone, and this bias was most prominent in matchups between left-handed pitchers and right-handed batters (Deshpande & Wyner, 2017). Instead, Rosales and Spratt (2015) reported that pitcher handedness had a subtle effect, even when pitches on each side of the plate were considered separately. 
[bookmark: OLE_LINK22][bookmark: OLE_LINK23][bookmark: OLE_LINK24]For neuroscience literature on the effect of pitcher handedness, we could only relate to studies that investigated action observation of different hand laterality (i.e., left, or right hand) from an allocentric (third person) viewpoint (e.g., Alaerts et al., 2009; Cabinio et al., 2010; Fiave & Nellisen, 2021; Sartori et al., 2013; Shmuelof & Zohary, 2008). However, these studies were vastly based on the notion of hypothesized mirror neuron system and examined the activations of specific brain areas (i.e., IFG/PMC and/or SPL/IPL/IPS) using fMRI (e.g., Fiave & Nellisen, 2021; Shmuelof & Zohary, 2008) or corticospinal excitability in the primary motor cortex to specific muscles using transcranial magnetic stimulation (e.g., Alaerts et al., 2009; Sartori et al., 2013) both when performing an action and when viewing the same action performed by others. Therefore, their results should be taken with caution as they might overlook the involvement of other brain regions underlying other processes. For example, Shmuelof & Zohary (2008) reported that viewing allocentric action generates greater activation in the ipsilateral hemisphere: viewing a left-handed action (compared to a right-handed action) causes greater activation in the left anterior superior parietal lobule (aSPL), whereas viewing a right-handed action (compared to a left-handed action) generates greater activation in the right aSPL. This mirror-like mapping occurred without active imitation was interpreted as an automatic action-simulation system in the parietal cortex (Shmuelof & Zohary, 2008). More recently, (ipsilateral) occipital activation (but not parietal activation) was found in rhesus monkeys, possibly due to the role of the mirror neuron areas in representing the more abstract aspect of observed actions, including the goal of the action irrespective of action handedness (Fiave & Nellisen, 2021). 
[bookmark: OLE_LINK29][bookmark: OLE_LINK30][bookmark: OLE_LINK31][bookmark: OLE_LINK53][bookmark: OLE_LINK54]In summary, although many studies have investigated the perceptual and decision-making abilities of elite players, scarce attention has been given to those of sports officials. Within the context of baseball, home plate umpires hold a unique role compared to players as they are responsible for making objective and unbiased judgements that directly influence the outcome of plays and significantly impact the dynamics of the game. Understanding the perceptual and decision-making process of umpires can help identify any potential biases, limitations, or factors such as pitcher handedness. This knowledge can inform future training programs and the development of technological innovations that aim to enhance umpires’ decision-making skills and reduce errors or inconsistencies in their judgements. However, the current understanding of umpires’ judgements, particularly regarding the impact of pitcher handedness, remains limited. To address this gap, in this study, we employed fMRI to investigate the ball/strike judgments made by baseball umpires with varying levels of experience when encountering left- and right-handed pitchers. While being scanned, umpires were asked to make ball/strike calls on videotaped pitches of a left- and a right-handed pitcher and rate their certainty for each call, we expected that expert umpires would show at least the same or higher level of certainty and accuracy for their calls as intermediate umpires (Deshpande & Wyner, 2017; Rainey et al., 1987, 1989a; Rosales & Spratt, 2015). Both groups would have more certainty when calling balls than strikes (Rainey et al., 1987, 1989a). Pitcher handedness may influence umpires’ judgements, as previous research on action anticipation has shown that left-handed action outcomes are often more challenging to anticipate than right-handed ones (e.g., Müller et al., 2017). Therefore, umpires may be more biased toward a left-handed pitcher than a right-handed one. The overrepresentation of left-handed pitchers (e.g., Loffing & Hagemann, 2016; Loffing, 2017) and the experience of expert umpires facing left-handed pitchers may lead to an interaction between pitcher handedness and umpiring expertise. Expert umpires might exhibit reduced bias towards left-handed pitchers compared to intermediate umpires. At the neural level, we expected that umpires might engage the AON and subcortical motor regions during pitch calling, as found in players and non-players during action anticipation (Chen et al., 2020, 2023; Karlinsky et al., 2017; Smith, 2016). Furthermore, the pitch effect may be found within the AON, specifically in the left ventral extrastriate cortex as batters process strikes and balls differently (Chen et al., 2020, 2023). For the effect of pitcher handedness, activation in the ipsilateral aSPL and visual cortices was expected (Fiave & Nellisen, 2021; Shmuelof & Zohary, 2008), i.e., left-handed pitchers would induce greater activation in the left aSPL and visual cortices than right-handed pitchers, and vice versa. 
Method
· Participants 
We recruited 16 (1 female and 15 males; 51.6 ± 12.3 years) expert and 19 (3 females and 16 males; 43.8 ± 9.1 years) intermediate umpires, with A- and C-level umpiring certificates, respectively, both accredited by the Chinese Taipei Baseball Association (CTBA). A- to C-level certificates can be obtained after fulfilling the following criteria: i) A-level certificate: active B-level umpire for minimum 3 years and umpire for minimum 10 games held by the CTBA or local baseball associations; ii) B-level certificate: active C-level umpire for minimum 2 years and home plate umpire for minimum 30 games or base umpire for minimum 60 games held by the CTBA or local baseball associations; iii) C-level certificate: attend a CTBA-approved umpiring workshop and pass the knowledge- and practical-based exam on on-field umpiring. The expert umpires had significantly more umpiring experience than the intermediate umpires (mean umpiring experience of 15.6 and 8.6 years, respectively; details of statistics see Table 1). More than half of the participants in each group had baseball-playing experience before umpiring; however, they never achieved a high proficiency level, except for one expert umpire who participated and won the silver medal in the 1992 Olympics as a starting catcher. The number of umpires who have ever received formal baseball training in the two groups (12 expert umpires versus 9 intermediate umpires) was not significantly different (see Table 1). All participants were right-handed, except for one ambidextrous expert umpire (assessed by the Edinburgh Handedness Inventory; Oldfield, 1971). They all had normal or corrected-to-normal eyesight. All participants provided informed consent before participating in the experiment. The study procedures were approved by the research ethics committee and were following the 1964 Helsinki declaration and its later amendments or comparable ethical standards. Expert and intermediate umpires received a participation fee of New Taiwan Dollar (NT$) 2,000 and NT$1,200 (approximately 58 and 35 Euros), respectively after completing the experiment. This fee is determined based on the generally established standard for expert consultation fees in the country. 

Insert Table 1 here

· Stimuli
[bookmark: OLE_LINK48][bookmark: OLE_LINK49][bookmark: OLE_LINK50][bookmark: OLE_LINK51][bookmark: OLE_LINK52]One right-handed pitcher (20.8 years old, with 10 years of baseball pitching experience) and one left-handed pitcher (21.5 years old, with 11 years of baseball pitching experience) from a highly ranked Taiwanese university baseball team were recruited as model pitchers. They were asked to throw nine strikes of four-seam fastballs from the pitcher’s mound toward home plate at a speed of approximately 120–130 km/h into an imaginary strike zone (divided into a 3-by-3 grid) of a 175–180 cm right-handed batter. The decision not to include a right-handed batter standing in the batting box during recording was based on several considerations. Firstly, in situations where a right-handed pitcher faced a right-handed batter, the batter’s position could potentially obstruct the umpire’s view of the pitcher’s pitching arm during the cocking to acceleration phase of the delivery. Moreover, due to the high speed of the pitches, it was deemed unsafe to have a batter standing still in the experimental setup. To address these limitations, prior to the recording session, a 177-cm right-handed batter was positioned in the batting box to simulate a standard batting stance. The purpose of this was to provide as a consistent visual context for the model pitchers, as well as for a catcher (21.5 years old, with 12 years of baseball playing experience) and an experienced coach (43.5 years old, with 15 years of baseball playing experience specializing in pitching and 9 years of coaching experience at the collegiate level) in their judgement process. However, it is important to note that the batter was not present during the actual recording. After each pitch was thrown, the judgement of whether it was a strike or not was made by the catcher and the coach. They made these judgements in real-time, in-situ on the field, and any pitches where there was a disagreement between them were excluded to reduce any potential confounds. Moreover, to maintain a standardized pitch type for examination, the decision was made to focus exclusively on fastballs. As fastballs are the most thrown pitch type, using fastballs allowed us to minimize the variability introduced by different pitch types such as breaking balls or changeups which can have distinct movement patterns and might elicit different perceptual and decision-making mechanisms in umpires. The model pitchers were recorded using a digital video camera (Sony HDR-XR150; 30 frames per second), with the video camera lens set at a height of 150 cm behind the home plate to simulate the perspective of an umpire standing and ready to judge. To minimize the impact of the catcher’s reaction on umpire judgments, the catcher was instructed to position themselves out of view by ducking during the recording. For each model pitcher, 22 strikes (excluding the one in the center of the 3-by-3 grid representing the strike zone) and 22 non-strikes (balls) were recorded. The experimental stimuli consisted of the complete pitching sequence of each pitch thrown, including the windup, cocking, and acceleration phases of the delivery, interrupted approximately 33 ms (1 frame at 30 Hz) before the ball passed the home plate. The time at which the videos were interrupted was carefully selected to present the maximum pitch trajectory and avoid any visible presence of the catcher’s movement in the videos. However, we acknowledged the possibility of umpires being influenced by catcher’s reactions in real games, and our study sought to isolate and investigate the umpires’ perceptual and decision-making processes independently of external cues and contextual factors. Another four videos of each pitcher warming up on the mound by shaking their shoulders or moving their neck were also recorded as control videos. The average length of the video clips was 3.59 s (SD = 0.33). 
·  Task
After viewing each experimental video clip, participants had to call pitches by pressing one of two buttons using their right index or middle finger to signal “strike” or “ball” calls (Figure 1). The response buttons were marked “1” and “2” and positioned under the right index and middle fingers, respectively. The assignment of the button numbers to the two answers was counterbalanced across participants. Alternatively, while viewing the control video, the participants had to press a third button denoted as “3” using their right ring finger. Next, they had to immediately indicate the certainty of their call, ranging from 1 (low level) to 4 (high level) by pressing the button using their right index, middle, ring, or little finger. Participants were not required to indicate their certainty in the trials where they did not make a call. 

Insert Figure 1 here
·  Procedure 
After the participants had provided consent for study participation, they were explained the task and requested to perform practice trials until they became familiar with the task requirement and became acquainted with the defined strike zone. Then, they completed the magnetic resonance (MR) procedure screening form that helps assess their eligibility for this study by identifying any potential contraindications or factors that may affect the safety or validity of the scan. Participants were equipped with a physiological monitor and a respiratory belt to collect cardiac and respiratory signals during the resting-state scan, which were subsequently treated as noise and would be removed. Next, participants moved to the scanner and were instructed to lie in the supine position with their heads fixed with cushions inside the coil to minimize head motion. They were first scanned in their resting state for 8 min. Next, they performed the task while undergoing functional scanning. Each trial began with a fixation cross displayed for 0.5 s in the center of a screen (1024 × 768, 60 Hz) with a dark gray background, followed by a 3.5-second video clip (Figure 1). At the end of the video clip, participants had to make a call within 3 s, after which the trial would be skipped. The 3 s was defined based on result of a pilot test. If they had called within 3 s, then they had to indicate their certainty of the call within 4 s. The inter-trial interval (ITI) was 2–5 s, wherein the duration was drawn randomly from a continuous uniform distribution. Each run comprised 48 trials from one model pitcher that included 44 experimental video clips showing pitching sequences of 22 strikes and 22 balls, along with four control video clips. Each run was tested twice, resulting in four (2 model pitchers × 2 repetitions) runs and 192 trials per participant. The runs of the same model pitcher were tested consecutively, while the presentation order of the left- or right-handed model pitcher was counterbalanced across participants. The trials within each run were presented in random order. Participants were allowed to take a short break between runs to avoid fatigue or boredom. After the functional scans, participants underwent structural scans for 20 min, including diffusion tensor imaging and T1-weighted imaging for 12 min and 8 min, respectively. Resting state and diffusion tensor imaging data were not included in the current study. The entire experiment took approximately 1 h and 20 min, depending on the participants’ reaction time (RT, elapsed from the end of the video till button press). The experimental program was written in MATLAB (R2016b; MathWorks, Inc., Natick, MA, USA).
·  Data acquisition 
The response, RT, and certainty of calls were recorded using an MR-compatible button box. MRI images were collected using a 20-channel head coil in a 3T scanner (Skyra, Siemens Medical Solutions, Erlangen, Germany). A T2*-weighted gradient-echo echo-planar imaging (EPI) sequence was used for resting state and functional scanning (slice thickness: 3.5 mm, field of view [FOV]: 216 × 216 mm2, flip angle: 90°, slice number: 41, repetition time [TR]: 2000 ms, echo time [TE]: 25 ms). Anatomical, T1-weighted, high-resolution images (1 × 1 × 1 mm3) were acquired using a standard MPRAGE sequence (flip angle: 7°, TR: 3500 ms, TE: 2.26 ms, inversion time: 1100 ms). Diffusion tensor imaging data were acquired using a spin-echo diffusion echo-planar imaging sequence. The sequence parameters were TR = 8500 ms, TE = 85 ms, 63 gradient directions with b-value = 1000 s/mm2, and 12 additional images with b-value = 0, FOV = 216 × 216 mm2, image matrix = 108 × 108, slice thickness = 2 mm, slice number = 61, number of excitations = 1, and acceleration factor = 3. 
· Data analysis & statistics 
· Behavioral Data 
[bookmark: OLE_LINK65][bookmark: OLE_LINK66][bookmark: OLE_LINK55][bookmark: OLE_LINK56]A small number of trials were skipped when expert umpires did not respond within 3 s, totaling 9 trials, while intermediate umpires had 3 skipped trials. These skipped trials accounted for a very small percentage of the total trials (0.34% for expert umpires and 0.06% for intermediate umpires), indicating minimal impact on the overall rates (accuracy), RTs, and certainty of correct calls (i.e., calling a strike a strike and calling a ball a ball). To analyze the rates, RTs, and certainty of correct calls in each experimental condition, separate three-way (2 groups × 2 pitches × 2 pitcher handedness) mixed-model analyses of variance (ANOVAs) were conducted with group as the between-participants variable and pitch and pitcher handedness as the within-participants variables. For statistical analysis, IBM SPSS 26.0 was used, with the alpha value set at 0.05. Effect sizes were calculated using partial eta-squared values for ANOVAs, and Cohen’s d and Phi for t-tests and chi-square tests respectively, with the 95% confidence intervals (CI) reported for the respective effect sizes. Bonferroni’s correction was used for post hoc multiple comparisons. The RTs, and certainty of incorrect calls (i.e., calling strikes as balls and calling balls as strikes) were also analyzed using separate three-way mixed-model ANOVAs, and the detailed results are presented in Supplementary Results for comprehensive reporting. 
· Imaging data 
Preprocessing and statistical analysis of brain images were performed using the Statistical Parametric Mapping 12 software package (SPM12; Wellcome Trust Center for Neuroimaging, London, UK). The functional images of each participant were first corrected for slice timing and head motion, followed by co-registration with the individual’s segmented gray matter image. Next, the images were normalized to the standard Montreal Neurological Institute space and spatially smoothed by convolution using an 8-mm full-width, half-maximum Gaussian kernel. Statistical analyses for individual-level and group-level data were performed using the general linear model. In the case of individual-level data, depending on the participant’s response (i.e., calling a strike a strike or ball, calling a ball a strike or ball, no response to pitching video clips, and the response to control videos), the images during the video clips of the left- and right-handed model pitchers were modeled by specifying the onset and duration of the video clips. We also modeled the potential processes involved when participants were presented with the fixation cross and ITI and when they indicated their certainty (if a response was made following the video clip), with the indicated certainty as the parametric modulation of the event. Moreover, the motor component when a participant pressed the button, and six parameters of realignment were also included in the model as regressors of no interest. Each regressor was convolved with a canonical hemodynamic response function to model the expected blood oxygen level-dependent signal. Group-level data were assessed using a random-effects analysis. The contrast images of the two main event types corresponding to correct calls (calling a strike a strike and calling a ball a ball) versus baseline (identifying a warm-up action) for the left- and right-handed pitchers from expert and intermediate umpires were entered into a 2 (group) × 2 (pitch) × 2 (pitcher handedness) mixed-design ANOVA as behavioral data analyses. Age and sex were added as model covariates to rule out their effects. Since the F-tests did not test the direction of the effects, t-contrasts were calculated for visualization in the subsequent analyses to determine the direction of any significant main and interaction effects. Additionally, a conjunction analysis, based on the conjunction null hypothesis (Nichols et al., 2005), was conducted to identify the common regions between the two groups in their correct calls. This analysis incorporated the four contrasts involving correct calls for strikes and balls, considering both left- and right-handed pitchers, within each group. The threshold of the statistical maps was at an uncorrected voxel-wise intensity of p < 0.005 with multiple comparison corrections at p < 0.01 using a Monte Carlo-determined cluster extent using the whole brain as the volume of interest. To avoid false positives in direct comparisons, all main effects were evaluated with the conjunction of A > B with A (e.g., “the activation map induced by the right-handed pitcher minus the activation map induced by the left-handed pitcher” being in the conjunction with “the activation map induced by the right-handed pitcher”) (Nichols, 2005). Activations were anatomically localized via the automated anatomical labeling atlas (Rolls et al., 2020; Rolls et al., 2015; Tzourio-Mazoyer et al., 2002), the Brodmann area (BA), and probabilistic cytoarchitectonic maps (Amunts et al., 2007; Zilles & Amunts, 2010) using the SPM Anatomy Toolbox Version 3.0 (Eickhoff et al., 2005, 2007). 
Results 
· Behavior results 
· Accuracy 
As shown in Figure 2A, pitcher handedness had a significant main effect on accuracy (F(1,33) = 191.320, p < 0.001, ηp2 = 0.853, CI [0.760, 0.892]), with umpires judging the left-handed pitcher than the right-handed pitcher with lower accuracy (mean accuracy of 0.652 and 0.748 for the left- and right-handed pitchers, respectively). Moreover, pitch-by-pitcher handedness showed a significant interaction (F(1,33) = 8.739, p = 0.006, ηp2 = 0.209, CI [0.039, 0.385]). Based on post-hoc analyses, the significant interaction effect is attributed to the differences between the left-handed and right-handed pitchers for balls (p < 0.001; mean accuracy was 0.640 and 0.761 for the left- and right-handed pitchers, respectively), which were more pronounced compared to the differences for strikes (p < 0.001; mean accuracy was 0.664 and 0.735 for the left- and right-handed pitchers, respectively). On the other hand, umpires did not show any accuracy differences between strike and ball judgments for the left- (p = 0.459) or right-handed pitcher (p = 0.394). Other main effects and interactions were not significant, including the main effect of pitch (F(1,33) = 0.001, p = 0.976, ηp2 < 0.001, CI [< 0.001, 0.001]), the main effect of group (F(1,33) = 0.023, p = 0.880, ηp2 = 0.001, CI [< 0.001, 0.027]), pitcher handedness-by-group interaction (F(1,33) = 2.298, p = 0.139, ηp2 = 0.065, CI [< 0.001, 0.224]), pitch-by-group interaction (F(1,33) = 0.433, p = 0.515, ηp2 = 0.013, CI [< 0.001, 0.130]), and 3-way interaction (F(1,33) = 0.007, p = 0.934, ηp2 < 0.001, CI [< 0.001, 0.009]). 
· RT of correct calls
[bookmark: OLE_LINK61][bookmark: OLE_LINK62]Pitch-by-pitcher handedness interaction was significant for the RT of correct calls (F(1,33) = 4.809, p = 0.035, ηp2 = 0.127, CI [0.005, 0.301]; Figure 2B). In the post hoc analyses for balls, umpires showed marginally longer RT when judging the left-handed pitcher than the right-handed one (mean RTs of 0.806 s and 0.757 s for the left- and right-handed pitchers, respectively; p = 0.052), whereas they did not show any RT differences between the left- and right-handed pitchers for strikes (mean RTs of 0.797 s and 0.797 s for the left- and right-handed pitchers, respectively; p = 0.972). Furthermore, no RT differences were found between strike and ball judgments for the left- (p = 0.718) or right-handed pitcher (p = 0.151). Other main effects and interactions were not significant, including the main effect of pitcher handedness (F(1,33) = 1.886, p = 0.179, ηp2 = 0.054, CI [< 0.001, 0.208]), the main effect of pitch (F(1,33) = 0.501, p = 0.484, ηp2 = 0.015, CI [< 0.001, 0.135]), the main effect of group (F(1,33) = 0.805, p = 0.376, ηp2 = 0.024, CI [< 0.001, 0.156]), pitcher handedness-by-group interaction (F(1,33) = 0.695, p = 0.411, ηp2 = 0.021, CI [< 0.001, 0.149]), pitch-by-group interaction (F(1,33)=0.380, p=.542, ηp2 =0.011, CI [< 0.001, 0.125]), and 3-way interaction effect (F(1,33) = 0.761, p = 0.389, ηp2 = 0.023, CI [< 0.001, 0.153]). 
· Certainty of correct calls
[bookmark: OLE_LINK63][bookmark: OLE_LINK64]A significant pitch-by-pitcher handedness interaction was demonstrated for certainty (F(1,33) = 5.763, p = 0.022, ηp2 = 0.149, CI [0.012, 0.324]; Figure 2C), similar to the rate (accuracy) and RT of correct calls. Post-hoc analyses indicated that for balls, umpires showed lower certainty when judging the left-handed pitcher than the right-handed one (mean certainty of 3.933 and 3.966 for the left- and right-handed pitchers, respectively; p = 0.039); however, no such differences were found for strikes (p = 0.573; mean certainty of 3.900 and 3.890 for the left- and right-handed pitchers, respectively). Furthermore, umpires showed higher certainty for balls than strikes when judging both the left-handed (p = 0.032) and right-handed pitchers (p < .001). Additionally, there was a significant main effect of group (F(1,33) = 4.874, p = 0.034, ηp2 = 0.129, CI [0.005, 0.302]), with expert umpires having higher certainty of their calls than intermediate umpires (mean certainty of 3.955 and 3.889 for expert and intermediate umpires, respectively; Figure 2D). The main effect of the pitch was also significant (F(1,33) = 18.653, p < .001, ηp2 = 0.361, CI [0.144, 0.520]; mean certainty of 3.895 and 3.950 for strikes and balls, respectively). Other main effects and interactions were not significant, including the main effect of pitcher handedness (F(1,33) = 0.751, p = 0.392, ηp2 = 0.022, CI [< 0.001, 0.153]), group-by-pitcher handedness interaction (F(1,33) = 0.650, p = 0.426, ηp2 = 0.019, CI [< 0.001, 0.146]), pitch-by-group interaction (F(1,33) = 3.315, p = 0.078, ηp2 = 0.091, CI [< 0.001, 0.258]), and 3-way interaction (F(1,33) = 0.957, p = 0.336, ηp2 = 0.028, CI [< 0.001, 0.165]).

Insert Figure 2 here
Note: Error bars indicate standard errors. * p < 0.05, ** p < 0.001.
· Imaging results 
The data of one intermediate umpire were excluded due to his excessive head motion (the overall translation was > 3 mm). 
· [bookmark: OLE_LINK3][bookmark: OLE_LINK4]Correct calls by expert and intermediate umpires
We examined the neural correlates of correct pitch calls that were common to both expert and intermediate umpires. The conjunction analysis revealed bilateral activation within the frontal, parietal, and occipital brain regions of the AON. Additionally, subcortical regions, including the bilateral cerebellum and caudate, were also engaged. Detailed information regarding the major peaks of the activated clusters is listed in Table 2, and a visual representation of all activated clusters is provided in Figure 3A. 

Insert Figure 3 here
Note: Significant clusters were determined using the uncorrected voxel-wise height threshold of p < 0.005 with multiple comparison corrections at p < 0.01 using a Monte Carlo-determined cluster extent. The bar graphs illustrate parameter estimates (beta) from significant clusters revealed by interaction effects. Abbreviations: MOG, middle occipital gyrus; IOG, inferior occipital gyrus; IPL, inferior parietal lobule; IPS, intraparietal sulcus; PMC, premotor cortex; ROL, Rolandic operculum; SFG, superior frontal gyrus; SOG, superior occipital gyrus; SPL, superior parietal lobule. 

Insert Table 2 here

· Effect of group: Expert umpires > Intermediate umpires
[bookmark: OLE_LINK1][bookmark: OLE_LINK2]Expert umpires demonstrated more extensive activations within the AON activations compared to intermediate umpires. Specifically, they showed higher intensity activations in the bilateral SOG/MOG, with the left hemisphere extension reaching the SPL/IPL. Additionally, clusters were observed in bilateral regions spanning from the insula to the putamen, further extending into frontal regions such as SFG and/or PMC, and MFG. The right thalamus was also notably engaged (see Figure 3B). 
· Effect of pitcher handedness: Right-handed pitcher > Left-handed pitcher
[bookmark: OLE_LINK5][bookmark: OLE_LINK6]Compared to calling pitches thrown by the left-handed pitcher, calling pitches thrown by the right-handed pitcher led to bilateral occipital activation centered on the middle/inferior occipital regions in the left hemisphere and the calcarine in the right hemisphere (see Figure 3B). Moreover, the left ventral extrastriate cortex extending downward to the cerebellum, the bilateral SPL extending to the precuneus, and the right Rolandic operculum also showed relatively greater activation when calling pitches thrown by the right-handed pitcher. The inverse contrast (left-handed pitcher > right-handed pitcher) did not reveal any suprathreshold activation. 
· Effect of pitch: Strike > Ball
Compared to calling “balls” correctly, calling “strikes” correctly induced greater activation in one cluster located in the right IPL/IPS (see Figure 3B). The inverse contrast (ball > strike) did not reveal any suprathreshold activation. 
· Group-by-Pitcher handedness interaction 
As shown in Figure 3C, the interaction effects between group and pitcher handedness were bilaterally observed in the vicinity of the central sulcus bilaterally, specifically within the left precentral gyrus and the right paracentral lobule. Notably, the intermediate umpires showed greater activation when facing right-handed pitcher compared to the left-handed one, while expert umpires showed the opposite trend. Conversely, the inverse interaction did not yield any suprathreshold activation.   
· Pitcher handedness-by-pitch interaction 
The interaction effects of pitcher handedness and pitch revealed activation in the right precentral gyrus, particularly in the PMC (Figure 3C). The neural activation was markedly different between the left- and right-handed pitchers when calling balls correctly but not when calling strikes correctly. The inverse interaction did not reveal any suprathreshold activation.
Discussion
Previous behavioral studies have investigated the influence of umpiring experiences and pitcher handedness on ball/strike judgments in baseball and cricket; however, no consistent findings were obtained (Cañal-Bruland et al., 2012; Chalkley et al., 2013; Deshpande & Wyner, 2017; MacMahon & Starkes, 2008; Rainey et al., 1987, 1989a; Rosales & Spratt, 2015). In this study, we further applied fMRI to investigate the underlying neural and cognitive processes in baseball umpiring behavior. To our knowledge, this is the first fMRI study examining sports officiating behavior. 
Pitcher handedness greatly affects pitch-calling behavior, particularly for ball pitches
Both expert and intermediate umpires had lesser accuracy when judging the pitches thrown by a left-handed pitcher than a right-handed pitcher, with lower certainty and marginally significant longer RT (p = 0.052) particularly for balls (but not for strikes). This was consistent with the modeling results from MLB pitches data, wherein a high called strike probability was biased (i.e., shifted to the left of the average rulebook strike zone) for left-handed pitchers (Deshpande & Wyner, 2017). The disadvantage to left-handers has been reported in athletes during action anticipation of a left-handed opponent in various sports, including tennis (Hagmen et al., 2009), volleyball (Loffing et al., 2012, 2015), handball goalkeeping (Loffing et al., 2015), and baseball (Müller et al., 2017). This has been attributed to the reduced perceptual familiarity with rarely encountered left-handed actions (for reviews, see Loffing & Hagemann, 2016; Loffing & Cañal-Bruland, 2017). Our result adds to this literature and suggests that this perceptual and decision-making bias also exists in sports officials, including baseball umpires. 
Certainty of judgment when calling pitches differs between expert and intermediate umpires
Consistent with previous studies comparing umpires with non-umpires (Rainey et al., 1987, 1989a), no significant differences in accuracy or RT were found between expert and intermediate umpires in our study. For previous studies, due to the lower complexity of the pitch stimuli unitized (i.e., computer simulated pitches in Rainey et al., 1987, and videotapes pitches of fastballs in Rainey et al., 1989a), the results suggested that most individuals possess the necessary visual acuity and capacity for attention for making correct pitch calls (Rainey et al., 1987, 1989a). In our study, we also utilized fastballs exclusively as pitch stimuli, as they are the most thrown pitch type. Consequently, umpires at different accreditation levels are likely to judge fastballs with comparable accuracy. Therefore, we interpret our result as a demonstration of the recruited umpires’ proficiency in calling fastball pitches. However, it is worth noting that the certainty of judgment is a crucial aspect that differentiates expert and intermediate umpires, as demonstrated in previous studies comparing umpires with non-umpires (Rainey et al., 1987). Rainey et al. (1989a) reported a lower correlation between accuracy and certainty in umpires than in non-umpires because umpires were often highly certain of their calls. Their follow-up study further identified a non-significant correlation between accuracy and certainty in umpires (Rainey et al., 1989b). Consistent with these findings, our study also identified non-significant correlations between accuracy and certainty for pitches whether they were thrown by left- and right-handed pitchers, among both expert and intermediate umpires (please refer to Supplementary Results). This pattern was largely due to both groups consistently rating their certainty at the highest level (a rating of 4 from 1 to 4) in most trials. Nevertheless, it is crucial to emphasize that our results revealed group differences, with expert umpires showing higher certainty level compared to intermediate umpires. These findings, in conjunction with the results of previous studies (Rainey et al., 1987, 1989a, 1989b), supports the notion that umpires learn to project confidence in maintaining control of the game as sports officials. The higher certainty displayed in more experienced umpires further suggests that confidence in judgement is cultivated over time with prolonged umpiring experience and exposure to various game situations.
Moreover, we observed negative correlations between different pitches (strikes and balls) for both left- and right-handed pitchers among expert and intermediate umpires (please refer to Supplementary Results). These negative correlations suggest that umpires might excel at identifying strikes but struggle with identifying balls, or vice versa. These negative correlations imply a potential inclination among umpires to call strikes more frequently than balls, irrespective of the pitcher’s handedness. This tendency could be linked to a potential bias towards expediting the pace of the game, as proposed by MacMahon and Starkes (2008). 
Correct pitch-calling behavior greatly involves the AON, caudate, and cerebellum bilaterally
[bookmark: OLE_LINK46][bookmark: OLE_LINK47]The novelty of this study was the investigation of the neural and cognitive underpinnings of baseball umpiring behavior. The conjunction analysis revealed that both expert and intermediate umpires greatly engaged the AON and subcortical motor regions. This result was similar to those obtained in players anticipating an observed action in various sports (for reviews, see Karlinsky et al., 2017; Smith, 2016), including baseball players anticipating whether a pitch would be a strike or ball (Chen et al., 2020, 2023). Previous studies have demonstrated that the IFG/vPMC and SPL/IPL/IPS, which are nodes of the AON, exhibit mirror properties (Molenberghs et al., 2012; Rizzolatti & Craighero, 2004). Additionally, research has shown a positive correlation between the intensity of SPL activation and the anticipation accuracy of skilled players, implying that a stronger motor representation of observed action could facilitate action anticipation (Balser et al., 2014a, 2014b). Considering these findings, the PMC and SPL activation found in our study imply that umpires may engage in internal simulation of the pitching action to enhance their judgments. However, this speculation might be weakened because all our recruited umpires did not receive any formal baseball training (except for one expert umpire) and only played baseball at most at the recreational level. Therefore, we interpret the activation in the PMC from a more general perspective, indicating a process of predicting ongoing dynamic events including human actions and non-biological actions (Schubotz, 2007; Wolfensteller et al., 2007) such as the pitching action and ball trajectory in this study. 
[bookmark: bbib114][bookmark: bbib99]Importantly, an umpire must judge and not anticipate whether a pitch passed through the strike zone or not. In situ umpires deliberately delay making their calls until after fully tracking the ball’s trajectory to avoid erroneous calls for any “breaking balls.” Research has shown that the identification of pitch type (e.g., fastball, curveball, or slider) by viewing baseball trajectories involves the visual cortices, including the lingual gyrus, lateral occipital cortex, and middle and inferior occipital gyri in players (Muraskin, et al., 2013; Ryu et al., 2015). Moreover, the SPL/IPS is recognized as part of the dorsal visual stream (Goodale & Milner, 1992; Ungerleider & Mishkin, 1982; further identified as the dorsomedial stream in Galletti et al., 2001). This stream has been associated with the processing of visual information to guide prehensile action by receiving information about the object features (particularly its motion) from the ventral visual stream (for a review, see Galletti & Fattori, 2017). Therefore, the substantial activations observed in the bilateral primary (striate) and association (extrastriate) visual cortices, as well as the SPL, in our study might reflect the effective processing of visual information details of the pitching action and ball trajectory by the highly developed and refined visual system of the umpires. 
[bookmark: OLE_LINK44][bookmark: OLE_LINK45]We also found subcortical activation in the bilateral caudate and cerebellum as previous studies investigating action observation and action anticipation in individuals with superior perceptual and motor abilities, such as dancers and athletes (Abreu et al., 2012; Balser et al., 2014a, 2014b; Calvo-Merino et al., 2005, 2006; Chen et al., 2020, 2023; Cross et al., 2006; Diersch et al., 2013; Wright et al., 2013). The dorsal striatum, including the caudate nucleus and putamen, contributes to decision making, including action selection and initiation (for reviews, see Balleine et al., 2007; Peak et al., 2019). Particularly, the caudate nucleus has been found involved in representing reward information in goal-directed actions in a Bayesian manner by incorporating both recently acquired and previously accumulated information (Balleine & O’Doherty, 2010; Harsey et al., 2011; Hikosaka et al., 2014; Kawagoe et al., 2004; Lauwereyns et al., 2002; Lee, Lin, & Kuo, 2017; Nakamura & Hikosaka, 2006). Similarly, the cerebellum has long been recognized as essential for motor control, and it also has considerable influence on the various perceptual processes, including visual processing, biological motion perception, timing, and perceptual sequencing (for a review, see Baumann et al., 2015). Considering the intermediate to extensive visual/perceptual experience of the umpires recruited in this study and the analysis of brain activations during their correct calls, we propose that the engagement of the caudate and cerebellum observed in this study reflect (visual) perceptual processes based on action observation, particularly during rewarding (correct) decisions, in individuals with expertise. 
Greater certainty of calls in expert umpires was associated with the heightened activation within the AON, cerebellum, and dorsal striatum
In regions where expert and intermediate exhibited overlapping activations within AON (i.e., visual cortices, SPL), dorsal striatum (e.g., caudate), and cerebellum, expert umpires demonstrated more extensive and heightened activation than intermediate umpires. This result highlights the enhanced ability of expert umpires to process visual information conveyed by the pitcher and ball, refined through years of correct ball/strike judgments. Additionally, expert umpires showed higher activations in the bilateral insula, extending to dorsal striatum (e.g., putamen) and right thalamus, consistent with previous research on action anticipation in various sports (Abreu et al., 2012; Balser et al., 2014b; Chen et al., 2020, 2023). Notably, a recent Activation Likelihood Estimation (ALE) meta-analysis of AON (Papitto et al., 2020) included bilateral insular activations, while an earlier ALE meta-analysis by Caspers et al. (2010) did not, with limited discussion about its role. While the insula plays a multifaceted role encompassing sensorimotor and affective processing to cognition involved attention and salience (as extensively reviewed by Gasquoine, 2014; Kurth et al., 2010; Molnar-Szakacs & Uddin, 2022; Uddin et al., 2017), we interpret insular activations as indicative of generic autonomic responses when umpires focused on making correct ball/strike judgement. Taken together, the heightened brain activations are likely associated with the greater certainty level of the calls in expert umpires, possibly due to their more effective visual processing of pitcher kinematic cues and ball trajectory, along with higher autonomic responses during pitching scenarios. 
Fine-tuning of bilateral visual cortices and SPL when calling pitches of the right-handed pitcher may be due to comparatively higher perceptual familiarity
The effect of pitcher handedness did not reveal ipsilateral activation as suggested in the literature (Fiave & Nellisen, 2021; Shmuelof & Zohary, 2008). Instead, bilateral activations were observed in the SPL, visual cortices, left cerebellum, and right IPL spanning to the Rolandic operculum (ROL) when umpires made correct calls for the right-handed pitcher than the left-handed pitcher. This suggest that umpires could more effectively process visual information details conveyed by right-handed pitchers, potentially due to their greater exposure to them. Moreover, the umpires showed greater activation in the right IPL/IPS when calling a strike than a ball. This result might reflect the umpires’ stronger internal simulation or more effective visual processing for strike pitches. Future studies comparing umpires with pitchers and controls (individuals without or with scarce viewing/perceptual experience in pitching actions and pitches) might help to disentangle these two processes.
Interestingly, the effect of pitcher handedness also interacted with the pitch type at the neural level. The right PMC demonstrated a lower activity when umpires called a ball for the left-handed pitcher than for the right-handed one, with no such differences found when a strike was called. This may indicate umpires’ poorer predictive processing of pitching action and baseball trajectory for the left-handed pitcher, particularly for ball pitches, potentially explaining their (marginally) longer RT and lower certainty when calling balls for left-handed pitcher. Additionally, a group-by-pitcher handedness interaction in the bilateral sensorimotor cortex (paracentral lobule and precentral gyrus). Intermediate umpires displayed the same pattern of the main effect of pitcher handedness, possibly associated with their poor judgement for left-handed pitches. In contrast, expert umpires exhibited the opposite pattern, suggesting a unique strategy in dealing with left-handed pitchers. Future research is needed to better understand this bias with left-handed pitchers. 
Limitations
This study has a few factors that limit the generalizability of its conclusions. Firstly, the use of fastballs as the exclusive pitch type in the recorded video clips, along with the inclusion of only one left-handed and one right-handed pitcher, may limit the diversity of the stimuli. This reliance on 2D video clips could have potentially influenced the information available to umpires during their decision-making process. Moreover, we could not fully rule out the possibility that the observed effect of pitcher handedness was due to individual differences between the single left-handed and single right-handed pitchers we recruited. To address this concern, previous studies have employed horizontally mirrored videos, presenting left-handed performer as right-handed and vice versa, to create experimental stimuli to be anticipated (e.g., Loffing & Hagemann, 2020). It is also important to consider the observer’s handedness of umpires themselves (Hagemann, 2009; Loffing & Hagemann, 2020). Supporting our findings, recent experimental work indicated that both left- and right-handed handball players had more difficulties anticipating the outcome direction of left-handed penalties compared to right-handed penalties (Loffing & Hagemann, 2020). However, future studies should further investigate the effect of umpires’ handedness by including left-handed umpires to judge left- and right-handed pitches of various pitch types thrown by multiple pitchers, using both the original and mirrored videos. Lastly, the action of making calls by pressing keys and not responding verbally and physically with gestures might have lowered the study’s ecological validity. However, the experimental stimuli and task were specifically designed for conducting an fMRI study. Future research should consider using virtual reality to present the pitches in 3D, asking umpires to make calls physically as in situ, and recording the simultaneously evoked brain activity by using a portable electroencephalography system. 
Conclusions
[bookmark: OLE_LINK67][bookmark: OLE_LINK68]Through our investigation of the perceptual and decision-making processes of baseball umpires using fMRI, this study has made contributions to the existing research primarily focused on players. The behavioral results replicated previous findings (Rainey et al., 1987, 1989a) that expert umpires showed a similar level of accuracy but higher certainty for their ball/strike calls when compared to intermediate umpires. Notably, both expert and intermediate umpires were less accurate and had lower certainty when calling pitches as balls for a left-handed pitcher than for a right-handed one, which was possibly due to their lower perceptual familiarity with rarely encountered left-handed pitchers. The fMRI data revealed substantial engagement of the AON, cerebellum, and dorsal striatum during correct pitch calls, with expert umpires exhibiting more widespread and heightened activation. However, these activations were generally weaker when both expert and intermediate assessed pitches from left-handed pitchers than right-handed pitchers, implying their less effective perceptual processing of visual information details of the left-handed pitcher. Furthermore, the lower activity in the right PMC for ball pitches by the left-handed pitcher further implies the umpires’ poorer predictive processing of pitching action and baseball trajectory of the left-handed pitcher than of the right-handed one, particularly for ball pitches. In summary, our findings provide insights into the influence of pitcher handedness on the pitch-calling behavior of baseball umpires, enhancing our understanding of the game dynamics and the challenges faced by umpires. Our research has implications for improving officiating standards in baseball and beyond. By recognizing the influence of pitcher handedness, umpire training programs can be customized to mitigate potential biases and limitations. This tailored approach aims to achieve greater consistency and accuracy in pitch-calling, ultimately benefiting the fairness and integrity of the game. The insights gained from this study may find relevance in other sports or domains that involve real-time decision-making under uncertainty, such as officiating in basketball and soccer. Our study offers a framework for understanding the cognitive and neural processes underlying correct decision-making, which can be adapted to develop training programs and interventions aimed at enhancing officiating performance across various sports. 
Data Availability Statement 
Demographic and behavioral data of participants supporting this study are included in the supplementary materials. 
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Figure Captions
Figure 1. Timeline of a trial in which umpires (participants) were asked to make calls from videotaped pitches from a left- or right-handed pitcher, following which they had to indicate their certainty (1 [low] to 4 [high]) of the call. Videos were interrupted before the ball passed the home plate. The frames are zoomed in and cropped for clarity. ITI, inter-trial interval.

Figure 2. Behavioral data. (A) Rate (accuracy), (B) reaction time (RT), and (C) certainty when correctly calling a strike and ball for the left- and right-handed pitchers. (D) Certainty of correct calls in expert and intermediate umpires.

Figure 3. Imaging data. (A) Brain regions evoked when making correct calls (calling a strike a strike and a ball) in comparison to the control condition (identifying a warm-up action) in expert and intermediate umpires, (B) Brain regions that showed main effects of group, pitcher handedness, and pitch, (C) Brain regions that showed pitcher handedness-by-group and pitcher handed-by-pitch interaction effects.
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