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Abstract (213)
Solving subtraction and addition problems is accompanied by spontaneous leftward and rightward gaze shifts respectively. These shifts have been related to attentional processes involved in mental arithmetic, but whether these processes induce overt attentional shifts mediated by the activation of the motor programs underlying lateral eye movements or covert shifts only is still unknown. Here, we used the abducted eye paradigm to selectively disrupt activation of the oculomotor system and prevent oculomotor preparation, which affects overt but not covert attentional shifts. Participants had to mentally solve addition and subtraction problems while fixating a screen positioned either in front of them or laterally to their left or right such that they were physically unable to programme and execute saccades further into their temporal field while they still could do so in their nasal field. In comparison to the frontal condition, rightward eye abduction impaired additions (with carrying), and leftward eye abduction impaired subtractions (with borrowing) showing that at least some arithmetic problems rely on processes dedicated to overt attentional shifts. We propose that when solving arithmetic problems requires procedures such as carrying and borrowing, oculomotor mechanisms operating on a mental space transiently built in working memory are recruited to represent one numerical magnitude in relation to another (e.g., the first operand and the result).
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1. Introduction
It is widely agreed that numerical magnitude is mentally represented on a spatial continuum, with small numbers on the left and large numbers on the right parts of this continuum (Dehaene, 1992). This has led to predicting that processing small-magnitude numbers would orient spatial attention to the left and processing large-magnitude numbers to the right, and that activating number magnitudes on this mental medium could induce shifts of attention in the external environment, be it covertly (i.e., without eye movements) or overtly (i.e., with eye movements). Indeed, various studies have shown that participants are faster to process a left or right target after seeing a small or large number (e.g., Casarotti, Michielin, Zorzi, & Umiltà, 2008; Fischer, Castel, Dodd, & Pratt, 2003; Galfano, Rusconi, & Umiltà, 2006; Ristic, Wright, & Kingstone, 2006; Schuller, Hoffmann, Goffaux, & Schiltz, 2015; but see Colling et al., 2020). Although there is still some debate concerning the actual nature of these spatial-numerical associations (hereafter, SNAs), they have often been attributed more of less explicitly to covert shifts of attention (for non-attentional accounts, see Galaragga, Pratt, & Cochrane, 2021; Gevers, Verguts, Reynvoet, Caessens, & Fias, 2006; Proctor & Cho, 2006). Other studies have shown that processing small-magnitude and large-magnitude numbers are associated with leftward and rightward eye movements respectively (Loetscher, Bockisch, & Brugger, 2008; Myachykov, Ellis, Cangelosi, & Fischer, 2016; Ranzini et al., 2015; 2016; Salvaggio, Masson, & Andres, 2019; Schwarz & Keus, 2004), which has less controversially been attributed to overt attentional shifts. 
Similarly, solving arithmetic problems induces SNAs to the right for additions and to the left for subtractions (e.g., Glaser & Knops, 2020; Liu, Cai, Verguts, & Chen, 2017; Masson & Pesenti, 2014; Masson, Andres, Alsamour, Bollen, & Pesenti, 2020; Mathieu, Gourjon, Couderc, Thevenot, & Prado, 2016; Pinhas & Fischer, 2008). SNAs in arithmetical tasks have often been interpreted as an indication of attentional shifts (for an alternative non-attentional account, see Andres, Salvaggio, Lefèvre, Pesenti, & Masson, 2020). As a matter of fact, brain activations elicited by rightward eye saccades are highly similar to the ones elicited by solving additions (Knops et al., 2009), and overt gaze shifts have been reported while solving mentally subtraction and addition problems (e.g., Hartmann, Mast, & Fischer, 2015; 2016; Klein, Huber, Nuerk, & Moeller, 2014; Masson, Letesson, & Pesenti, 2018; Salvaggio, Masson, Zénon, & Andres, 2022), showing that the solving procedure is somehow related to visuo-spatial processes. Also, drawing participants' attention to the left while they mentally solved arithmetic problems, for example by showing them flickering lateralized targets (Masson & Pesenti, 2016) or asking them to move their arm to the left or to the right (Wiemers, Bekkering, & Lindemann, 2014), has also been shown to influence response speed and/or quality. Finally, neuropsychological studies with neglect patients unable to orient their attention towards the side of space contralateral to their lesion have also shown that left neglect is associated with impairments in processing small-magnitude numbers and solving subtraction problems (Dormal, Schuller, Nihoul, Pesenti, & Andres, 2014; Vuilleumier, Ortigue, & Brugger, 2004; Zorzi et al., 2012), while right neglect is associated with impairments in processing large-magnitude numbers and solving addition problems (Masson, Pesenti, Coyette, Andres, & Dormal, 2018).
Surprisingly, the literature remains quite vague concerning the covert vs. overt nature of these attentional shifts. For example, while neuropsychological studies support the idea that attentional mechanisms are critical to solve arithmetic problems, they did not formally ascribe the arithmetical difficulties of neglect patients to covert or overt attention deficits. Similarly, the numerous studies in healthy participants did not address this issue, and measuring eye movements during calculation was simply considered a sensible, unbiased and ecological technique to trace with high temporal and spatial resolution the spatial attention biases induced by mental arithmetic, but no actual functional role was attributed to oculomotor mechanisms. In other words, eye movements during mental arithmetic are generally considered spillovers of the activation of number representations spatialised on a mental continuum within working memory that merely follow or accompany the solving procedure. Yet, eye movements could in fact be more than by-products of mental shifts. Indeed, it was shown that overt attentional shifts were mainly observed during problems that requires changing decades with carrying and borrowing procedures (e.g., 38+6 or 53-7), suggesting that mapping numbers spatially is a valuable strategy to alleviate the cognitive load of a difficult numerical computation (Masson, Pesenti, & Dormal, 2017; Salvaggio, et al., 2022). Programming horizontal eye movements could thus be important for mental arithmetic by helping to go from the first operand to the answer of the problem. Assessing whether covert and/or overt shifts of attention are involved appears thus critical. 
For long, covert and overt spatial attentional shifts were considered similar cognitive mechanisms relying on similar neural processes. Indeed, popular theoretical proposals suggested that covert attention shifts were mandatorily the result of programming overt shifts followed by inhibition of the eye movements (Craighero, Nascimben, & Fadiga, 2004; Rizzolatti, Riggio, Dascola, & Umiltá, 1987). However, there is evidence that preparing a saccade does not automatically trigger a covert shift of attention to the saccade goal position (e.g., Born, Mottet, & Kerzel, 2014; Hunt & Kingstone, 2003; Klein, 1980; Klein & Pontefract, 1994). Moreover, behavioural and neuropsychological studies have shown that when overt attention shifts are not possible, it is still possible to perform covert attentional shifts, be they endogenous (that is a controlled mode congruent to the action at hand; e.g., Casteau & Smith, 2020; Gabay, Henik, & Gradstein, 2010; Stelmach, Campsall, & Herdman, 1997; Smith, Rorden, & Jackson, 2004) or exogenous (that is an automatic reaction to salient external stimuli; Hanning, Szinte, & Deubel, 2019; Masson, Andres, Carneiro Pereira, Pesenti, & Vannuscorps, 2020). A simple way to show this is to ask participants to detect lateralized cued and non-cued targets displayed in locations that cannot be reached by the gaze. This is achievable with the eye abduction paradigm in which the screen where targets are displayed is positioned to the right or to the left of participants' trunk midline while they fixate its centre with their right or left eye respectively, the other eye being patched. With their seeing eye in such a maximal abduction position, the participants can see everything on the screen but are physically unable to further move their gaze towards their temporal field while they still can do it towards their nasal field (e.g., Craighero et al., 2004; Smith, Ball, Ellison, & Schenk, 2010). Despite gaze shifts towards the temporal field were no longer possible, cueing effects were reported, proving that endogenous covert orientation of attention is unaffected by eye abduction, and that covert shifts are still possible when overt shifts are not (Casteau & Smith, 2020; Smith, Schenk, & Rorden, 2012;). 
Here, we tested the implication of oculomotor programming on arithmetical problem solving using this abducted eye paradigm to assess whether covert and overt shifts of attention could independently from each other support mental arithmetic. Participants had to mentally solve arithmetic problems presented in the middle of a screen that was positioned either in front of them or at about 40° to their right/left while their contralateral eye was patched, which made eye movements into the temporal field impossible. The screen in frontal position served as a control condition, as eye movements in both directions were possible. If mental arithmetic somehow relies on overt attentional shifts, left abduction should selectively alter subtractions while right abduction should selectively alter additions because participants would not be able to program an ocular movement in the direction associated to the operation, in both cases their temporal hemifield; abduction of the eye to the left or to the right should not alter the performance of additions and subtractions respectively, as eye movements are still possible towards the direction associated to the operation, in both cases the nasal hemifield. If mental arithmetic relies on covert shifts of attention only, then left/right abduction should have no effect, or the same effect on additions and subtractions. 
2. Methods
2.1. Participants
Thirty French-speaking participants (age 22 +/- 6 years old; 21 females, 9 males; 29 right-handed; 16 with right eye dominance) took part in this experiment after giving their informed consent. A sample size of 26 participants achieves a 90% power to detect a true difference between addition and subtraction in eye position (Cohen’s d= 0.6; Masson et al., 2018) and to detect an effect of eye-abduction on a non-numerical visuo-spatial working memory task (Cohen’s d= .58; Ball, Pearson, & Smith, 2013) with α= 0.05 using a one-tailed paired t-test. All participants had normal vision or wore contact lenses. Eye-dominance was assessed using a confrontation technique: participants sat two metres away from the experimenter, extended their arms and brought their hands together in front of their eyes, leaving only a small gap through which they could see the experimenter’s nose. The eye that the experimenter could see through this gap was recorded as the participant’s dominant eye. No participant reported any previous mathematical learning difficulties. The procedures were in accordance with the ethical standards established by the Declaration of Helsinki, and the experiment was approved by the Ethics Committee of the Cliniques universitaires St-Luc at the Université catholique de Louvain (Belgium).
2.2. Apparatus and set-up
Stimulus presentation and data collection were monitored using Opensesame (Mathôt, Schreij, & Theeuwes, 2012). All the stimuli were presented on a 20-inch monitor (LCD; 1180 x 1920 resolution; refresh rate 60 Hz). The participant’s head was supported by a chin rest and positioned at a viewing distance of 57 cm from the centre of the screen at eye level. The position of the screen was modified between blocks. In the frontal position, the screen was positioned so that its centre was aligned with the participant's head and trunk horizontal midline. In the two other conditions, the screen was rotated about 40° to the right or left in order to produce an abduction of the eye to the right or to the left away from the head and trunk horizontal midline (Figure 1). The participant performed the task monocularly with one eye patched: in the frontal position, the non-dominant eye was patched; when the screen was positioned to the left, the right eye was patched, and when it was positioned to the right, the left eye was patched. Because oculomotor range varies between individuals (Casteau & Smith, 2020; Guitton & Volle, 1987), the experimenter adapted the eccentricity of the screen to each participant so that the eye was at the most extreme abducted position, without modifying the viewing distance and without decreasing visual acuity when fixating stimuli located in the centre of the screen. Visual acuity was verified before each block by asking the participant to read letters that were presented one at a time in the centre of the screen. 
[image: ]
Figure 1: Diagram of the experimental set up. Participants performed the task monocularly; the black circle represents the patched eye. The screen was either positioned in front of them or moved away from their vertical midline by an angle of approximately 40° to the left or to the right, forcing them to move their seeing eye to the limit of the temporal side of the left or right orbits respectively.

2.3. Task, Stimuli and Procedure
[bookmark: _Hlk98334899]Participants were asked to respond orally as fast and as accurately as possible to arithmetic problems presented visually. We used a list of problems from our previous studies (see Experiment 2 in Masson & Pesenti, 2014; Masson, et al., 2018) that was generated on the basis of the following considerations. For both operations, the magnitude of the first operand ranged from 22 to 89, the second operand from 2 to 8, and the results of the problems from 23 to 89. The means of results of the problems were equilibrated between operations (mean for additions: 58 ± 16; mean for subtractions: 57 ± 18). The number of problems with or without carrying/borrowing was equalized (i.e., 50%). This resulted in a total of 144 different problems, with 36 problems per combination of operation and carrying/borrowing, that were presented in each of the 3 screen positions. Overall, there were thus 432 experimental trials per participant.
A trial started with the presentation of a fixation dot for 1000 ms within a central square (2° x 2°). Then, each element of the problem (first operand, operator, second operand) was sequentially presented in the square for 500 ms each. After the disappearance of the second operand, a question mark remained on the screen for 3500 ms. Response latencies (hereafter, RLs) were measured with a voice key from the onset of the second operand; a microphone was used to record the participant's answers to the problem; answers were also written down by the experimenter.
The experiment was made up of two sessions. Each session comprised one training block of 12 trials presented at a frontal position and 6 experimental blocks of 36 trials each, with 2 blocks per position per session. The order of problems within blocks was randomly defined; the order of the blocks was counterbalanced between participants. Between each block, a short break allowed the participant to rest and the experimenter to place the screen in one of the three positions. A session lasted approximately 45 minutes.
2.4. Data analysis
For the sake of simplification of the statistical model and as the effect of abducting the eye in the direction of the SNA was expected to be equivalent across operations, we recoded the position of the screen and the direction of the SNA with a unique factor named "Field" such that "Temporal" corresponded to the screen positioned to the left for subtraction and to the right for addition, "Nasal" corresponded to the screen positioned to the right for subtraction and to the left for addition, and "Frontal" corresponded to the screen positioned in front of the participant for both operations. Repeated-measures ANOVAs were then carried out on the mean percentage of correct responses and on median RLs, with Field (Frontal; Nasal; Temporal), Operation (Addition; Subtraction) and Carry/Borrow (With; Without) as within-subject factors. Training trials were not analysed; trials where the response to the arithmetical problem was incorrect (10%) were not included in the RLs analysis.
3. Results
Three participants were discarded from the sample because of technical issues with the microphone.
The ANOVA on the percentage of correct responses revealed a main effect of Operation (F(1, 26)=46.339, p<.001, η²p=.641) indicating that participants were more accurate for Addition (92 ± 1 %) than for Subtraction (88 ± 8 %), and of Carry/Borrow (F(1, 26)=57.162, p<.001, η²p =.687) indicating that participants were better at solving problems Without (96 ± 1 %) than With (84 ± 2 %) carrying/borrowing. These main effects were qualified by a significant interaction (F(1, 26)=4.871, p=.036, η²p =.158) showing that the difference between Addition and Subtraction was larger for problems With (Addition: 87 ± 2 %; Subtraction: 82 ± 2 %; Diff: 5 ± 1 %) than Without (Addition: 97 ± 1 %; Subtraction: 95 ± 1 %; Diff: 2 ± 1 %) carrying/borrowing. No other main effect or interaction was significant (all ps >.3).
The ANOVA on RLs revealed significant main effects of Operation (F(1, 26)=103.824, p<.001, η²p =.8) indicating that Addition problems (1180 ± 47 ms) were solved faster than Subtraction problems (1308 ± 47 ms), and of Carry/Borrow (F(1, 26)=232.42, p<.001, η²p =.899) indicating that participants were faster to solve problems Without (990 ± 38 ms) than those With (1498 ± 58 ms) carrying/borrowing. These main effects were qualified by a significant interaction (F(1, 26)=4.761, p=.038, η²p =.155): the difference between Addition and Subtraction was greater for problems With (Addition: 1418 ± 61 ms; Subtraction: 1577 ± 59 ms; Diff: 159 ± 24 ms) than Without (Addition: 942 ± 36 ms; Subtraction: 1038 ± 41 ms; Diff: 96 ± 12 ms) carrying/borrowing. Importantly, the interaction between Carry/Borrow and Field was significant (F(2, 52)=4.662; p=.014, η²p =.152): whatever the operation, RLs in the Temporal field (1527 ± 66 ms) were slower than in the Frontal (1469 ± 52 ms; p=.022, one-tailed) and Nasal (1498 ± 61 ms; p=.041, one-tailed) fields that did not differ from each other (p=.165) for problems With carrying/borrowing; for problems Without carrying/borrowing, none of the fields differed from the others (all p-values >.1). About 70% of the participants (19 out of 27) presented the effect, indicating that the effect is fairly consistent. Figure 2 shows the RLs differences for the Nasal/Temporal fields compared to the Frontal field.
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Figure 2: Mean RLs differences between the Nasal/Temporal vs. Frontal fields, for problems With or Without Carry/Borrow. Positive/negative values indicate that participants were slower/faster when the screen was positioned laterally compared to frontally for both operations. Error bars represent the standard error.

4. Discussion
The recruitment of space processing mechanisms for mentally solving arithmetic problems is now well accepted as it has been evidenced by several behavioural (e.g., Glaser & Knops, 2020; Liu et al., 2017; Masson & Pesenti, 2014), neurofunctional (Knops et al., 2009; Mathieu et al., 2017), and neuropsychological (Dormal et al., 2014; Masson, Pesenti, et al., 2018) studies. Interestingly, eye movements are regularly associated with number processing and mental calculation (e.g., Klein et al., 2014; Knops et al., 2009; Masson, Letesson, & Pesenti, 2018; Hartmann et al., 2015; Salvaggio et al., 2022), but theoretical proposals did not consider that overt attention could have a functional role in calculation. Rather, it was suggested that solving addition or subtraction problems would require internal shifts of attention along a mental representation of numbers, which subsequently could be accompanied or followed by attentional shifts measurable by tracking eye movements. Despite the established dissociation between covert and overt attentional mechanisms (e.g., Hanning et al., 2019; Smith et al., 2010), both types of attentional shifts were up to now considered equivalent to interpret SNAs, and eye movements were mostly considered by-products of the processes taking place within visuo-spatial working memory. Here we assessed the functionality of overt attentional shifts in mental arithmetic independently from covert attentional shifts by testing the possibility that oculomotor mechanisms are in fact recruited as part of the solving procedure. We have found that blocking overt shifts with the abducted eye paradigm alters the solving of addition and subtraction problems with carrying or borrowing, which implies that oculomotor preparation is part of the solving procedure in these cases. As covert attention shifts are still possible when the eye is abducted, we therefore demonstrate that overt attentional shifts are needed to solve problems with carrying or borrowing procedures. 
As eye position was not monitored during the task, one may wonder whether participants were actually fixating the centre of the screen during the whole trial as requested, with the risk that they might have missed elements of the problem if they did not, and this especially in the abducted conditions given the possible discomfort, hence their impaired performance. While uncontrolled eye movements cannot be totally excluded here, there are three reasons suggesting that, if there were some, they did not affect the present results. First, it is worth recalling that the stimuli were always presented at an eccentricity that was individually adapted so that the unpatched eye was in the most abducted position without impairing vision or adding discomfort. Also, all stimuli were presented in the centre of the screen and thus within the region corresponding to the fovea, which was controlled before each block by assessing the participant's ability to read letters of the same size as the digits and operators. Second, as the elements of the problems were presented sequentially very briefly, not looking directly at the centre of the screen where they appeared should have caused many errors. Yet, error rates were relatively low and did not differ between the frontal and both abducted conditions, ensuring that participants were not looking away. Third, if such eye movements had been made, they would have affected equally all type of problems and there would have been a cost for abduction trials compared to frontal trials, whatever the operation. This was not the case, as only the problems with carrying or borrowing in the temporal hemifield elicited a significant cost. All this proved successful, as attested by the absence of a main effect of Field, while a general drop in performance should have been observed when the screen was not in front of the participants, were the abduction situation to be detrimental per se. 
Our results are in line with recent studies showing that horizontal eye movements are made by the participants while solving the problems (Masson et al., 2018), and this mostly if the problems require crossing a decade (Salvaggio et al., 2022). Classical cognitive architectures of arithmetic suggest that small arithmetic facts are solved thanks to memory retrieval, whereas larger arithmetic problems require the manipulation of magnitude representations, in particular when they imply carrying, borrowing or decomposition (Campbell & Xue 2001; LeFevre DeStefano, Penner-Wilger, & Daley, 2006). Carrying and borrowing procedures increase arithmetical complexity and enhance domain general processing demands that are not specific to numerical magnitude as reflected by the recruitment of (pre)frontal cortical areas (Kong, Wang, Shang, Yang, & Zhuang, 1999). We propose that, when the problem requires extra cognitive resources to apply borrowing or carrying procedures, eye movements help in mentally positioning the answer relatively to the first operand. Whether oculomotor preparation is specifically needed when solving the problem requires crossing a decade or more generally to face any type of complexity is still to be documented. If oculomotor programming is recruited to cope with the added complexity elicited by mental borrowing and carrying procedures, we hypothesise that, during arithmetic learning, children would rely on oculomotor programming for problems without carrying or borrowing procedures, or even simpler numerical tasks such as number comparison. Repeated exposure to simple arithmetic problems would then lead to more efficient and faster retrieval procedures that would less rely on gaze shifts. A recent study has already shown that spatial biases could be observed in children of fourth and fifth grades (Diaz-Barriga Yanez et al., 2020), but it remains to test whether these biases reflect functional procedure or semantic relation between the concepts of adding/subtracting and right/left space (Andres et al., 2020; Pinhas, Shaki, & Fischer, 2014). As abduction does not impact problems without carrying or borrowing procedures in the present study, it is possible that adults do not rely on attentional procedures to solve easy problems that would be solved either by retrieval (Campbell & Xue, 2001) or possibly thanks to covert attentional shifts. Further studies should thus investigate the developmental trajectory of SNAs to decipher the respective contribution of overt and covert attention shifts to arithmetic processing. 
Our study also suggests that the oculomotor mechanism at play while solving arithmetical problems could in fact be a general domain mechanism recruited whenever the spatial relationship of at least two items need to be held in visuo-spatial working memory. This mechanism would be relevant for concrete items previously displayed in the visual environment or for abstract concepts, such as numbers. In this view, positioning the answer of a problem relatively to the first operand would be similar to holding the relative positions of concrete items in visuo-spatial working memory. Several empirical observations and theoretical proposals in the field of visuo-spatial memory are in line with this suggestion. It has indeed been shown that spontaneous eye movements occur when people recall a scene from visual memory, with gaze movements or position reflecting the content and the spatial properties of the memorised scene (e.g., Brandt & Stark, 1997; Johansson, Holsanova, & Holmqvist, 2006). For instance, participants elicit small gaze shifts towards the location of a memorised item that was cued after it had disappeared (i.e., retro-cue; Masson et al., 2021; van Ede et al., 2019). Eye movements are thus triggered by the shift of the internal locus of attention in mental space, just like when numbers are manipulated. A strong theoretical framework attributes a functional role to these “gazes towards nothing”, arguing that they facilitate the retrieval of visuo-spatial information by providing additional cues (Ferreira, Apel, & Henderson, 2008; Laeng & Teodorescu, 2002). This claim is supported by findings showing that forcing eye fixation in the centre of the screen impairs the ability to remember items that were presented in the periphery, and that orienting the gaze towards the position in which the items were previously displayed improves memory performance (e.g., Johansson, Holsanova, Dewhurst, & Holmqvist, 2012; Laeng & Teodorescu, 2002). Strikingly, eye abduction was shown to alter the visuo-spatial working memory span, as measured with a Corsi block tapping task presented in the temporal hemifield but not when presented in the nasal hemifield (Ball et al., 2013; Pearson, Ball, & Smith, 2014; for compatible data among patients with vertical gaze paralysis, see Smith & Archibald, 2018), again suggesting a similarity between the mechanisms at play when recalling visuo-spatial patterns and when manipulating numbers in arithmetical context. Moreover, eye movement restriction was shown to negatively affect the recall of the position of an object relative to other objects stored in visuo-spatial memory while not impairing the recall of intrinsic properties of a single object (e.g., "Was the car located on the left of the train?" vs. "Was the car facing left?"; Johansson & Johansson, 2014), indicating that the impact of eye movements on visuo-spatial memory may differ depending on the nature of the memory representation one is searching for. Oculomotor programming would be recruited when at least two items need to be positioned relative to each other in visuo-spatial working memory. More generally, our study thus shows that the oculomotor mechanisms that support the storing and maintaining of concrete items (e.g., Pearson et al., 2104) are also involved when manipulating abstract content (e.g., numbers) in visuo-spatial working memory. Then, not only the oculomotor mechanisms recruited to manipulate items within visuo-spatial working memory are related to the position of items previously displayed in the visual environment when observing a visual scene, but they are also at hand when participants spontaneously map concepts relative to each other.
Finally, while horizontal SNAs are the most investigated, vertical SNAs are also sometimes reported, with upward shifts of attention related to additions and downward shifts of attention to subtractions (Blini, Pitteri, & Zorzi, 2019; Hartmann et al., 2015; Salvaggio et al., 2022; Wiemers et al., 2014). However, their role and mechanisms and how they interact or complement horizontal SNAs remain to be understood. For instance, whether an impairment of vertical attentional mechanisms impacts on mental arithmetic remains to be tested. As acquired impairment of attention orientation along the vertical axis (e.g., Rapcsak, Cimino & Heilman, 1988; Shelton, Bowers, & Heilman, 1990; Andres, Geers, Marnette, Coyette, Bonato, Priftis, & Masson, 2019) are far much less documented than neglect along the horizontal axis, neuropsychological investigation might be challenging. Alternatively, an adapted version of the abduction eye paradigm to interfere with vertical oculomotor could be an interesting avenue for future research to test whether vertical and horizontal SNAs tap into the same function.
5. Conclusion
Despite 40 years of intense research, how simple arithmetical problems are mentally solved is still a matter of debate. Previous studies have shown spontaneous leftward and rightward gaze shifts in educated adults solving mentally subtraction and addition problems, which has made visuo-spatial attentional processes strong candidates as a key mechanism underlying mental arithmetic. However, the findings so far had not yet established whether these processes corresponded to overt attentional shifts mediated by the activation of the motor programs underlying lateral eye movements or only to covert ones. Interestingly, a strong theoretical framework attributes a functional role to overt attentional mechanisms: when a task requires to retrieve some objects and their position from visuo-spatial working memory, oculomotor preparation would be necessary when at least two elements need to be positioned relative to each other. Here we tested this idea in the specific case of mental arithmetic that may require manipulating at least two numbers represented relative to each other on a spatial medium in visuo-spatial working, and we assessed the role of oculomotor mechanisms using the abducted eye paradigm, a procedure that allows the contribution of overt eye movement programming to be examined independently from covert attention shifts. We have shown that leftward eye abduction impairs subtraction and rightward eye abduction impairs addition solving. This demonstrates for the first time a link between arithmetic problem solving and oculomotor mechanisms dedicated to programming horizontal saccades, hence overt attentional shifts.
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