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ABSTRACT
We examined the mechanisms that support processes of transsaccadic visual stability by measuring hemodynamic activity across cortical areas associated with spatial working memory and saccade updating during a transsasccadic change detection task. Participants were presented with a saccade target and instructed to execute a saccade to the target. In some trials, the color of the saccade target would change during the saccade, and participants were asked to report whether they detected a change in a two-alternative forced choice task. Further, we used the postsaccadic blanking paradigm, where the saccade target briefly disappears upon saccade onset and reappears after 250ms, to manipulate stability in half of the trials. To examine how stability processes generalize to non-target information, we further included a session where the item probed for report was a peripheral target, rather than the target of the saccade. The results demonstrated that blanking significantly improved sensitivity to changes of the target object during the saccade, both for the saccade target object and the peripheral target object. Neuroimaging data further demonstrated that both spatial memory mechanisms and saccade updating mechanisms were recruited across the task, however the saccade updating mechanisms were particularly recruited for disruptions of visual stability of the saccade target object and maintained stability for a peripheral target. Thus, while disruptions to visual stability result in similar behavioral results for the saccade target and a peripheral target item, the mechanisms of stability appear to differ, possibly due to differences in storage of information across the saccade or different attentional mechanisms.  
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Introduction and General Information
[bookmark: _Toc420995892][bookmark: _Toc422997479][bookmark: _Toc427156462]Saccades are quick movements of the eye from one fixation point to another that optimize the amount of information that we obtain from the environment by shifting our small area of high acuity foveal vision within a visual scene. However, saccades also result in disruptions like the sweeping of information across the retina (Wurtz, 2008) and temporary suppression of information during the saccade (Matin, 1974). Due to the disruptions in visual information as a result of each saccade, the visual system is left with two representations: (1) the presaccadic representation of the intended saccade target (or object that the eyes are planning to saccade to) obtained from our periphery during saccade preparation and (2) the postsaccadic representation of the saccade target obtained at eye landing that is used to update the presaccadic representation. There are often errors in oculomotor movement (Becker & Fuchs, 1969, Gillen et al., 2013), as well as differences in acuity between presaccadic peripheral representations and postsaccadic foveal representations (Stewart, Valsecchi, & Schutz, 2020). Therefore, the visual system must rely on relevant information in a visual scene to make stability decisions that account for the errors introduced by each saccade. It has been proposed that the visual system attributes small spatial and featural discrepancies as errors of the visuomotor system, thus building a bias to treat information as stable (Atsma et al., 2016; Niemeier et al., 2003). As a result, sensitivity to slight changes that occur across saccades is generally low. 
Early work examining sensitivity to transsaccadic changes of spatial information used a saccadic suppression of displacement task (SSD), where participants were instructed to execute a saccade to a target that was laterally displaced during the saccade (Bridgeman et al., 1975). They found that participants were generally insensitive to displacements of the saccade target for displacement magnitudes up to approximately one-third of the saccade amplitude. These findings support the accounts that the visual system maintains a bias towards stability unless transsaccadic changes are drastic enough to exceed what might be attributed to visuomotor error across saccades (Niemeier et al., 2003). Interestingly, later studies showed that sensitivity to the direction of the target displacement can be increased by temporarily removing the saccade target from the screen (blanking) upon saccade initiation so that it re-appears just after eye landing (Deubel et al., 1996). When stability is disrupted using this blanking manipulation, sensitivity to transsaccadic changes increases, likely as a result of maintaining both representations for comparison rather than updating the presaccadic representation with foveated information upon eye landing (Tas et al., 2021; Tas et al., 2012). 
Taken together, the visual system maintains a bias towards stability across saccades, thus making slight changes that may be attributed to errors of the visuomotor system difficult to perceive. However, when transsaccadic changes are too large to be attributed to errors of the visuomotor system, that bias is disrupted and sensitivity to changes increases. Importantly, there are other ways to disrupt that bias, such as the brief disappearance and reappearance of the saccade target during the saccade. Increased sensitivity in cases of disrupted stability suggests that the visual system is able to access information obtained prior to saccade execution for comparison at saccade landing. To better understand how the visual system accomplishes a stable percept of the world, it is important to consider how the visual system (1) weights information in a visual scene is consulted for stability decisions and (2) what mechanisms support the maintenance of information across saccades for comparison upon eye landing. Below I discuss the possible mechanisms of transsaccadic updating, as well as the cortical regions associated with these mechanisms to further elucidate the interplay between different memory systems across saccades.  
[bookmark: _Toc203072935]Saccade Target Prioritization
Naturalistic visual environments are typically complex and rich in information, providing the visual system with a broad array of potential information to use in stability decisions, making it important to understand how both the saccade target and non-target information inform visual stability decisions. Each saccade is preceded by a presaccadic shift of attention to the saccade target (Deubel, 2008; Hoffman & Subramaniam, 1995; Kowler et al., 1995). Due to the shift of attention to the saccade target, the target is preferentially encoded and more strongly represented (Carrasco, 2018; Deubel & Schneider, 1996; Kowler et al., 1995; Rolfs & Carrasco, 2012; Zhao et al., 2012), resulting in the prioritization of the saccade target for visual stability (Currie et al., 2000; Irwin et al., 1994; McConkie & Currie, 1996; Parker & Tas, 2025). 
While it is clear that the saccade target is prioritized in stability processes, other work has highlighted that non-target information may also be consulted by the visual system for stability decisions. For example, the perceived location and stability of the saccade target can be influenced by items nearby the saccade target (landmarks; Deubel, 2004; Deubel, 1998), potentially due to benefiting from presaccadic attention shift to the saccade target that may spread to nearby location. Further, there is evidence showing that the saccade source object, or the object fixated before executing a saccade to the target, is consulted for stability decisions (Parker & Tas, 2025; Verfaille & De Graef, 2000), likely due to the attention it receives prior to saccade execution. Nonetheless, they found that the saccade target was still more strongly prioritized than any other information in a complex naturalistic scene. Taken together, these findings highlight that objects other than the saccade target can be consulted for stability. 
While there is a growing area of literature on what information is consulted for stability decisions, the question remains whether the processes underlying visual stability processes and representation of information are similar for the saccade target and non-target objects in a scene. Visual stability relies both on the consultation of relevant information relevant to establish object correspondence and localize information across saccades and the maintenance of this information in some form of storage across the saccade for decisions upon saccade landing. Thus, while we know the visual system can consult non-target information for visual stability, there is less information on how similar stability processes are for target and non-target information. To better understand the mechanisms by which the visual system establishes stability, it is important to determine how the presaccadic and postsaccadic representations are stored and combined across saccades, and how underlying memory mechanisms represent saccade target information and non-target information in a visual scene.
[bookmark: _Toc203072936]Memory Mechanisms Supporting Transsaccadic Updating
An integral component of visual stability across saccades is transsaccadic memory (TSM), which is used to update visual information and establish a stable percept of the world. When considering the role of memory in the establishment of visual stability, it is important to note that disruptions to stability not only increased sensitivity to transsaccadic changes but also enabled participants to compare information obtained at eye landing to information obtained prior to the saccade (Deubel et al., 1996). For example, when the saccade target was spatially displaced during the saccade after a blank period, participants were significantly better at reporting the specific direction of the displacement relative to the direction of the saccade (Deubel et al., 1996), suggesting that presaccadic information was maintained across the saccade for postsaccadic comparison with foveated information. 
Much of the work exploring TSM has highlighted similarities between TSM and visual working memory (VWM), which is the short-term storage of visual information that is typically studied in the absence of saccades. Both TSM and VWM have a similar capacity, similar decay profiles, and both stores abstract representations of objects (Aagten-Murphy & Bays, 2019; Irwin, 1992; Prime et al., 2011). Further, making a saccade to an irrelevant object during the retention interval of a VWM task decreases performance, suggesting that the saccade target is automatically encoded into VWM regardless of task relevance (Tas et al., 2016). These similarities indicate that visual stability across saccades may rely on VWM (Frost et al., 2019; Irwin, 1996). While behavioral evidence strongly suggests a relationship between memory mechanisms across saccades and fixations, there is a growing body of work on the neural mechanisms associated with different saccade processes and memory mechanisms. Thus, turning to the underlying neural substrates for TSM and VWM can help us better understand the memory mechanisms supporting visual stability processes.
[bookmark: _Toc203072937]Cortical Regions Associated with Saccadic Processes
While behavioral work has provided a solid foundation for better understanding visual stability processes, neuroimaging tasks can provide more information about the mechanisms underlying stability processes. There is a vast area of neural work examining transsaccadic updating that has contributed to our understanding of the spatial updating and memory mechanisms that support transsaccadic updating. 
Previous work exploring neural activity associated with saccades have demonstrated that the posterior parietal cortex (PPC) is a part of the saccadic updating network associated with the postsaccadic updating of information (Melcher, 2011; Prime et al., 2008; Tanaka et al., 2014). More specifically, neural activation in the intraparietal sulcus (IPS), a region within the PPC, is associated with saccadic control and the coding of spatial information for saccades (Bender et al., 2013). To test whether TSM and VWM rely on similar neural pathways and whether PPC is a significant area in this pathway, Prime et al. (2008) used transcranial magnetic stimulation (TMS) where pulses were delivered over the PPC during both a TSM task and a VWM task. Their results demonstrated that TMS-induced disruption of the PPC resulted in decreased memory, both during fixation (VWM) and across saccades (TSM), suggesting that TSM and VWM rely on similar neural pathways that rely on the PPC. Work from our lab has shown that activation in the IPS increased when visual stability was disrupted in a transsaccadic task, and that sensitivity to transsaccadic changes in trials where stability was disrupted correlated with activity in the IPS, possibly reflecting the maintenance of both the pre- and postsaccadic representations for comparison (Tas et al., 2024) which corresponds well with data demonstrating that IPS activation scales up with VWM load (Todd & Marois, 2004). 
Similar to the PPC, the dorsolateral Prefrontal Cortex (dlPFC) is also implicated in transsaccadic processes. Activation in the dlPFC is associated with memory-guided saccades (Pierrot-Deseilligny et al., 2003; Sawaguchi & Iba, 2001), inhibition of saccades and predictive saccades, (Pierrot-Deseilligny et al., 2003), and decisions regarding saccade target and saccade direction (Pierrot-Deseilligny et al., 2005). In a task similar to Prime and colleagues (2008, 2010), Tanaka et al. (2014) examined the role of the dlPFC in TSM by applying TMS to the dlPFC during a fixational VWM task and a TSM task. As expected, they found that memory performance for the TMS trials decreased in the VWM task compared to the control condition (no-TMS trials). In contrast, TSM performance for the TMS trials improved compared to the control condition. There are multiple hypotheses for why TMS to dlPFC resulted in increased performance for TSM. First, it is possible that dlPFC is involved in spatial updating mechanism by aiding the visual system during spatial remapping (Tanaka et al., 2014). Specifically, dlPFC may be involved in suppressing spatial locations that are irrelevant during a saccade (e.g., locations other than the saccade target) and thus TMS over this area may enhance such a suppressing mechanism which could result in improved TSM performance. Alternatively, TMS may suppress inhibition coming from dlPFC to saccadic updating areas of the brain which then allow extra resources to be sent to those updating areas, improving memory performance. 
It is clear that both the PPC/IPS and the dlPFC play a significant role in saccadic processes, however the finding that disruptions to the dlPFC had a different impact on TSM than disruptions to the PPC raises the question of how each area differentially contributes to TSM. The dlPFC is associated with spatial working memory (Pierrot-Deseilligny et al. 2005; Tanaka et al., 2014), raising the possibility that the dlPFC is more integral to the higher-level cognitive control processes and spatial planning associated with saccades than to the active maintenance of representations. It has been suggested that the dlPFC activity is associated with spatial information being manipulated, rather than maintained, in memory (Barbey et al., 2013; Baumann et al., 2007), or if it interacts with other possible storage sites in posterior areas (Cohen et al., 1997; Curtis & D’Esposito, 2003). 
While cortical regions associated with VWM, spatial working memory, and TSM are clear, how these mechanisms interact to support visual stability is unclear. The execution of saccades relies on the encoding and storage of feature information (VWM), coding of spatial information (spatial working memory), and the updating or comparison of representations stored across saccades upon eye landing (saccadic updating network). Importantly, the open question now is how these mechanisms interact to support the updating of information or separation of representations after saccade execution. Based on the finding that disruption of activity in areas associated with spatial working memory can result in the improvement of TSM, it is possible that disruptions to stability may similarly result in a stronger reliance on the saccadic updating network (PPC) than spatial working memory (dlPFC). 
[bookmark: _Toc203072938]Present Study
[bookmark: _Toc420995893][bookmark: _Toc422997480][bookmark: _Toc427156463]The current project had two primary aims. The first aim was to examine the neural mechanisms of transsaccadic visual stability for the saccade target object by comparing hemodynamic activity between conditions where visual stability is established and disrupted to examine the mechanisms supporting visual stability processes. More specifically, we tested if disruptions to visual stability result in a stronger reliance on transsaccadic updating mechanisms and less on spatial working memory mechanisms. The second aim was to quantify the extent to which neural mechanisms of transsaccadic visual stability generalize to non-target information in a visual scene. Much of the prior work examining neural mechanisms underlying saccades probed report for an item that was not the saccade target (Prime et al., 2008, 2010; Tanaka et al., 2014), thus rendering the saccade target object irrelevant to the task. When the saccade target is always irrelevant to the task, the improvement in TSM performance could potentially occur at the cost of the representation of the saccade target. Prior work shows that the saccade target is obligatorily encoded into the VWM, regardless of relevance to the task (Tas et al., 2016), and the saccade target is prioritized for stability processes (Currie et al., 2000; Irwin et al., 1994; McConkie & Currie, 1996; Parker & Tas, 2025). However, the perception of stability (Deubel et al., 1998) and localization (Deubel, 2004) of the saccade target item can be influenced by non-target items. To address this, we measured sensitivity to transsaccadic changes of an object that was not the saccade target object (peripheral target) to examine whether the neural mechanisms of visual stability are similar for saccade target and non-target information.
In our experiment, participants completed a transsaccadic change detection task while we measured hemodynamic activity across cortical areas associated with spatial working memory (dlPFC) and saccadic updating network (PPC). Feature information about the saccade target or peripheral target changed in half of the trials. Importantly, the feature changes were subtle enough to avoid disrupting stability. To examine whether disruptions to stability modulate hemodynamic activity, we used the blanking paradigm, where the saccade target object or peripheral target was briefly removed from the screen upon saccade initiation and reappeared after 250 ms. After completion of the saccade, participants were asked to report whether or not feature information of the saccade target or peripheral target changed during the saccade. Participants were specifically instructed only to report a change if the feature of the item probed for report changed, regardless of whether or not the item was blanked.
Hypotheses
[bookmark: _Hlk189842871]Based on prior work, disruptions to visual stability should increase sensitivity to transsaccadic changes compared to conditions where stability was maintained. If disruptions to visual stability improve sensitivity to transsaccadic changes by allocating more resources to the saccade updating network, then activation in the PPC should increase for stability disruptions compared to trials where stability was established. If this improvement to transsaccadic change detection relies more heavily on the saccadic updating network than the spatial working memory areas, then activation in cortical areas associated with spatial working memory (dlPFC) should decrease and activation in the saccadic updating network (PPC) should increase in conditions where visual stability is disrupted compared to conditions where stability is established. If the spatial working memory mechanisms are not impacted by visual stability processes, but only impact the saccadic updating network, then we should see activation in the saccadic updating network (PPC) increase with no change in activation in the spatial working memory area (dlPFC) across trials with disruptions to stability compared to trials where stability is established. 
[bookmark: _Toc420995900][bookmark: _Toc422997487]Furthermore, if the mechanisms of visual stability apply both to the saccade target object and other objects in a visual scene, then both the behavioral results and patterns of neural activation should be similar across trials where the saccade target is probed for report and trials where a peripheral target is probed for report. If visual stability mechanisms are specific to the saccade target, then the peripheral target may not be as strongly represented, lending to decreased sensitivity to changes of the peripheral stimulus. While the blanking paradigm is known to increase response biases, information at the saccade target location still benefits from the disruptions above and beyond the bias rate induced by blanking (false alarm rate; Irwin & Robinson, 2018; Tas & Parker, 2023; Parker & Tas, 2025). However, because the saccade target is prioritized in the process of visual stability, it is also possible that disruptions to visual stability for the peripheral target will only increase the bias without increasing sensitivity to transsaccadic changes. If stability disruptions only induce a bias without increasing accuracy in detecting transsaccadic changes of the peripheral target, then it is possible that (1) hemodynamic activity in spatial working memory areas (dlPFC) may not change or (2) resources allocated to the saccadic updating network do not change across manipulations of stability for a peripheral target. 

[bookmark: _Toc427156470][bookmark: _Toc203072939]
Method
[bookmark: _Toc203072940]Participants
Based on a priori power analyses using effect sizes from our prior work using MorePower 6.0.4 (Campbell & Thompson, 2012), we needed a minimum of 24 participants for .90 power with α=0.5 but aimed to run 30 participants to account for any data loss due to noisy NIRS signal or eye-tracking. We recruited 32 right-handed young adults (18-28 years of age) with normal or corrected-to-normal vision, and each participant was screened for color deficiency using the 14-plate Ishihara color deficiency test. Participants received course credit in return for their participation.
[bookmark: _Toc203072941][bookmark: _Toc420995905][bookmark: _Toc422997492][bookmark: _Toc427156475]Stimuli and Apparatus
[bookmark: _Toc203072942]Hemodynamic Activity
[bookmark: _Hlk190990841]Hemodynamic activity was recorded with a TechEN continuous-wave NIRS system at 25 Hz with 8 light sources emitting light at 690nm and 830nm and 16 detectors placed at a 3 cm distance from light sources, with a total of 24 channels. The cap was configured to record activity from the bilateral dlPFC and the bilateral PPC (see Figure 1).
[image: A close-up of a brain
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Figure 1. The figure above shows the configuration of the light sources and detectors, covering the bilateral dlPFC (left) and bilateral PPC (right). 

[bookmark: _Toc203072943]Eye Tracking
Eye position was monitored with an SR Research Eyelink 1000 Plus eye tracking system using a 1000 Hz sampling rate monitoring the position of the right eye. We used a chin rest to stabilize the head and positioned the monitor at a distance of 94 cm from the eye.
Stimuli
The fixation dot was a black dot subtending approximately 0.17 dva, and the saccade target and peripheral target were a colored dot subtending 0.6 dva. Colors were selected from CIE L*a*b color space. Stimuli were drawn and presented with Psychtoolbox in Matlab R2018b on a calibrated ASUS TUF Gamine VG259QM monitor with a display area of 54.5 cm (width) x 30.5 cm (height) at 120 Hz. 
[bookmark: _Toc203072944]Procedure
Participants completed a transsaccadic change detection task across two sessions (see Figure 2). The experiment was split into two counterbalanced tasks: a saccade target task and a peripheral target task. In both tasks, participants first fixated on a fixation dot in the center of the screen for a randomly selected duration between 500ms and 1000ms. A 100ms pulse was then sent to the NIRS machine to align the behavioral and neural data, at which point a dot appeared at a randomized eccentricity between 6-8° to the left or right of the fixation dot. In the saccade target task, this dot was filled with a randomly selected color from CIE L*a*b color space, and participants were instructed to execute a saccade to the colored dot. In the peripheral target task, the saccade target object was a black dot (identical to the fixation dot), and a peripheral dot with a randomly selected color was presented at the same time at half of the horizontal eccentricity of the saccade target position and 4 dva above or below the vertical center of the screen to avoid the object being within the fovea at any point during the saccade. In this session, participants were instructed to execute a saccade to the target dot, but to attend to the peripheral dot without looking at it, as it was the dot that was probed for report. In half of the trials, the color of the colored dot changed 25 degrees on the color wheel as soon as the saccade was initiated. 
[image: ]
[bookmark: _Toc428278255]Figure 2. The figures above illustrate a display sequence and timing across trials in the Saccade Target Task (left) and Peripheral Target Task (Right).


The change magnitude was determined from a pilot task that was conducted to ensure that the color change in the absence of a blank would not be large enough to disrupt stability. We manipulated visual stability by blanking the colored dot for 250ms upon saccade initiation in half of the trials. In change trials, the dot re-appeared in a different color after this duration. In all conditions, participants were asked to report whether or not the color of the probed object changed (Change/No Change), using a button box. At the end of each trial, there was a brief delay before the start of the next trial (jitter) to enable blood flow to return to baseline. The jitter durations we used were 1.5 seconds, 3 seconds, or 5 seconds in a 2:1:1 ratio. Participants completed a total of 368 trials. The trials were blocked by task (saccade target task and peripheral target task), and each task had 24 practice trials followed by 160 test trials. Participants were offered a break every 10-15 minutes throughout the task. The entire task took approximately 1 hour, however the setup of the NIRS cap prior to the start of the task was approximately 30 minutes.
[bookmark: _Toc203072945]Data Processing and Analyses
Eye Tracking Data
Trials in which the position of the pupil was not at the center at the beginning of the trial, the saccade latency was less than 100ms or greater than 2.5 times the standard deviation, or where the timing of the display change occurred less than 10ms or greater than 50ms before saccade landing (in trials without a blank) were removed from analyses. This resulted in the removal of approximately 5% of trials. One participant was removed from analyses for having fewer than 20 trials for any condition after elimination, but all remaining participants had more than 20 trials per condition and were included in analyses.
Neural Data
[bookmark: _Hlk190993789]Anatomical landmarks (Cz, nasion, inion, and left and right preauricular point) and locations of light sources and detectors were digitized using a Polhemus Patriot system and aligned with Colin’s atlas (Collins et al., 1998). Monte Carlo simulations were used with 100,000,000 photons to generate sensitivity profiles that were used to create masks for each participant, and then a group mask that included voxels that at least 75% of participants contributed data to. We used standard functions in HoMER2 for pre-processing steps to obtain the optical density measure before correcting for before correcting for motion artifacts with a modified wavelet filter with an interquartile range threshold of 0.72 using hmrMotionCorrectWavelet (Molavi & Dumont, 2012).  Then data were projected onto the brain volume using a Tikhonov regularization method and converted into oxygenated hemoglobin (HbO) and deoxygenated hemoglobin (HbR) concentration using the modified Beer-Lambert law. We calculated hemodynamic response amplitudes across each voxel for each condition with general linear modeling. Using an affine transformation, we aligned each participant’s functional image to MNI space to then use 3dMVM in AFNI for group analyses (Chen et al., 2014). Familywise corrections (p<.05 and α<.05) were applied with 3dClustSim (Cox et al., 2017). Follow-up comparisons were conducted using the HbO and HbR beta values for each participant in IBM SPSS Statistics (Version 28.0.0).

[bookmark: _Toc203072946]CHAPTER THREE
results
[bookmark: _Toc203072947]Behavioral
Accuracy was analyzed in 2 (Change: No-Change, Change) x 2 (Blank: No-Blank, Blank) repeated measures of ANOVA, separately for the saccade target session and the peripheral session. Replicating prior work, accuracy was significantly higher in the blank condition (Mperipheral=0.839; Mtarget=0.857) than in the no-blank condition (Mperipheral=0.738; Mtarget=0.755) in both sessions, F(1,28)=21.403, p<.001, ηp2=.433 and F(1,28)=22.957, p<.001, ηp2=.451, respectively. Further, a significant main effect of change was found in both peripheral and saccade target sessions, F(1,28)=43.647, p<.001, ηp2=.609 and F(1,28)=47.200, p<.001, ηp2=.628, respectively. Specifically, accuracy was significantly higher in the no-change conditions (Mperipheral=0.919, Mtarget=0.929) than in change conditions (Mperipheral=0.657, Mtarget=0.676). We also found  a significant Blank x Change interaction in the peripheral session (See Figure 3), F(1,28)=97.274, p<.001, ηp2=.776, and in the saccade target session, F(1,28)=86.582, p<.001, ηp2=.756. Follow-up comparisons revealed that participants were significantly better at reporting a change when the probed item was blanked (Mperipheral=0.7970, Mtarget=0.8302) than when the probed item remained on the screen (Mperipheral=0.5167, Mtarget=0.5223, both ps<.001). However, in no-change trials, accuracy was significantly higher in the no-blank condition (Mperipheral=0.9604, Mtarget=0.9776) than the blank condition (Mperipheral=0.8773, Mtarget=0.8812, both ps<.001), likely reflecting a bias to 
[image: ]Figure 3. The figure above shows the accuracy across blank (orange) and no-blank (blue) trials in change and no-change conditions for the saccade target task (A) and peripheral target task (B).  
report a change that has been previously found the with postsaccadic blanking paradigm.
[bookmark: _Toc203072948]Hemodynamic Activity
Data were submitted to a 2 (Blanking: Blank, No Blank) x 2 (Change: Change, No Change) x 2 (Hemoglobin: HbO, HbR) repeated measures ANOVA, which resulted in 19 significant clusters. We determine activation by looking for an increase in HbO and decrease in HbR (Heeger et al., 2002). For follow up comparisons, we took the difference between HbO and HbR (activation difference) for each condition and task. Details of the significant clusters can be found in Table 1. 
Spatial Memory 
	Spatial memory is often attributed to regions, such as the dlPFC, which is housed in the Middle Frontal Gyrus (MFG). Here, we found significant effects in the MFG for both the saccade target task and the peripheral target task. In the saccade target session, there was a significant Color Change x Hb interaction in the left MFG (Figure 4; see Table 1 for GES values). Change trials resulted in significantly more activity (M=0.009, SD=0.049) than no-change trials (M=-0.013, SD=0.055), t(30)=2.331, p=.027. There was also a significant Blank x Color Change x Hb interaction in the right MFG (Figure 5). The activation difference was higher for blank than no-blank in the change condition, but higher for no-blank than blank in the no-change condition, however the follow up comparisons failed to reach significance (ps>.05). If we instead look at the difference between change and no-change trials across conditions of blanking, there is a marginal difference in the no-blank condition showing the activation difference in the no-change trials (M=0.005, SD=0.036) to be higher than the change condition (M=-0.017, SD=0.060), t(29)=2.048, p=.050. In the peripheral target session, there was a significant Blank x Hb interaction in the left MFG (Figure 6). The activation difference was significantly higher in the no-blank condition (M=0.006, SD=0.057) than the blank condition (M=-0.013, SD=0.053), t(30)=2.913, p=.007. In the right MFG, the peripheral task resulted in a significant Blank x Color Change x Hb effect (Figure 7). The activation difference in the blank trials (M=-0.007, SD=0.046) was significantly lower than in the no-blank trials (M=0.011, SD=0.045) in change condition, t(29)=-2.059, p=.049. Interestingly, we also found a significant positive relationship between right MFG 
Table 1. The table below shows the significant regions of activation, along with their MNI coordinates and cluster volume, for each significant effect from the ANOVA for both the saccade target and peripheral target tasks. All GES values are on the right side. 
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Figure 4. The figure above shows the change in HbO (red) and HbR (blue) in change and no-change conditions of the saccade target task. The location of the cluster is shown in the image on the right side inside the red box. 
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AI-generated content may be incorrect.]Figure 5. The figure above shows the change in HbO (red) and HbR (blue) for blank and no-blank trials of the change and no-change conditions in the saccade target task. The location of the cluster is shown in the image on the right side inside the red box. 
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Figure 6. The figure above shows the change in HbO (red) and HbR (blue) for blank and no-blank trials in the peripheral target task. The location of the cluster is shown in the image on the right side inside the red box. 
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AI-generated content may be incorrect.]Figure 7. The figure above shows the change in HbO (red) and HbR (blue) for blank and no-blank trials of the change and no-change conditions in the peripheral target task. The location of the cluster is shown in the image on the right side inside the red box. 





activation difference and behavioral accuracy in the blank/no-change condition of the peripheral target session, r(29)=.365, p=.047. Further the difference between activation difference in the blank/change condition and the no-blank/change condition was negatively correlated with the difference in accuracy between the blank and no-blank condition, r(29)=-.479, p=.007. Thus, an increase in improvement in behavioral performance due to blanking in the change condition was associated with a decrease in the activation difference changes between blank and no-blank trials in the change condition. 
Taken together, hemodynamic activity in the MFG suggests that spatial memory areas were activated across both the saccade target and peripheral tasks, however, the conditions in which activation was higher differed between tasks. For the saccade target task, the MFG was more active in change trials, with an additional interaction between blank, color change, and Hb. For the peripheral task, the MFG was more active in the no-blank condition, where visual stability was maintained. These findings highlight that spatial memory mechanisms play a role across saccades, however this role varies based on which information is probed for report.    
Saccade Updating 
The saccade updating network includes some areas of the PPC (Melcher, 2011; Prime et al., 2008). Here, we found significant effects in three different regions of the
PPC. In the saccade target session, there was a significant Hb effect (see Figure 8), showing significant activation of the left Angular Gyrus (AG), which is a region within the PPC. Specifically, HbO (M=0.015, SD=0.033) was significantly higher than HbR (M=-0.008, SD=0.021), t(30)=2.580, p=.015. In the saccade target session, there was also a significant Hb effect showing activation of the right Superior Parietal Lobule (SPL; see Figure 9). Specifically, HbO (M=0.009, SD=0.018) significantly exceeded HbR (M=-0.003, SD=0.010), t(29)=2.607, p=.014. 
The Blank x Hb interaction was also significant in the left AG for the saccade target task (see Figure 10). Pairwise comparisons showed that the activation difference was higher for blank (M=0.038, SD=0.090) than no-blank (M=-0.005, SD=0.061),
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AI-generated content may be incorrect.]Figure 8. The figure above shows the change in HbO (red) and HbR (blue) in the saccade target task. The location of the cluster is shown in the image on the right side inside the red box.
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AI-generated content may be incorrect.]Figure 9. The figure above shows the change in HbO (red) and HbR (blue) in the saccade target task. The location of the cluster is shown in the image on the right side inside the red box. 
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AI-generated content may be incorrect.]Figure 10. The figure above shows the change in HbO (red) and HbR (blue) in the blank and no-blank conditions of the saccade target task. The location of the cluster is shown in the image on the right side inside the red box. 
t(30)=2.588, p=.015. These results suggest that disruptions of stability recruited PPC regions associated with saccadic updating network more heavily when stability is disrupted than when stability was maintained. Interestingly, in the right AG, there was a significant Blank x Color Change x Hb interaction (see Figure 11). The activation difference was significantly higher lower in the no-blank condition (M=0.039, SD=0.120) than in the blank condition (M=-0.020, SD=0.094) of no-change trials, t(30)=2.886, p=.007. Importantly, behavioral results demonstrated that blanking hurt performance in the no-change trials. When examining the relationship between hemodynamic activity and behavioral performance, there was a significant positive relationship between activation difference and accuracy in the blank trials of the change condition, r(30)=.481, p=.006. Therefore, increased activation in saccadic updating network regions appear to be associated with increased accuracy as a result of disruptions to stability.
In the peripheral target session, there was a significant Blank x Hb interaction in the left SPL (see Figure 12). The activation difference was significantly higher in the no-blank condition (M=0.011, SD=0.046) than in the blank condition (M=-0.015, SD=0.050), t(30)=2.845, p=.008. The activation difference in the no-blank condition was
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AI-generated content may be incorrect.]Figure 11. The figure above shows the change in HbO (red) and HbR (blue) in the blank and no-blank trials of the change and no-change conditions in the saccade target task. The location of the cluster is shown in the image on the right side inside the red box. 
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AI-generated content may be incorrect.]Figure 12. The figure above shows the change in HbO (red) and HbR (blue) in the blank and no-blank conditions of the peripheral target task. The location of the cluster is shown in the image on the right side inside the red box. 






also negatively associated with no-blank behavioral accuracy, r(30)=-.399, p=.026. There was also a significant Blank x Hb interaction in the left Inferior Parietal Lobule (IPL; see Figure 13). The activation difference in the blank condition (M=0.028, SD=0.073) exceeded the activation difference in the no-blank condition (M=-0.002, SD=0.052), t(30)=2.547, p=.016. There was also a negative relationship between the activation difference and behavioral accuracy in the no-blank condition, r(30)=-.434, p=.015.
The Color Change x Hb interaction was also significant in the peripheral target task for the left AG (see Figure 14). The activation difference in the no-change condition (M=0.026, SD=0.074) was significantly higher than in the change condition (M=-0.005, SD=0.096), t(30)=2.401, p=0.023. Further, the difference in activation difference between the change and no-change condition is positively associated with the difference between change and no-change behavioral accuracy, r(30)=.508, p=.004. In the right AG, there was also a significant Blank x Color Change x Hb interaction (see Figure 15). The activation difference in the no-blank trials (M=0.045, SD=0.076) was significantly higher than in the blank trials (M=-0,012, SD=0.142) of the change condition, t(30)=2.238,
[image: A screenshot of a computer screen

AI-generated content may be incorrect.]Figure 13. The figure above shows the change in HbO (red) and HbR (blue) in the blank and no-blank conditions of the peripheral target task. The location of the cluster is shown in the image on the right side inside the red box. 
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AI-generated content may be incorrect.]Figure 14. The figure above shows the change in HbO (red) and HbR (blue) in the change and no-change conditions of the peripheral target task. The location of the cluster is shown in the image on the right side inside the red box. 
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AI-generated content may be incorrect.]Figure 15. The figure above shows the change in HbO (red) and HbR (blue) in the blank and no-blank trials of the change and no-change conditions in the peripheral target task. The location of the cluster is shown in the image on the right side inside the red box. 




p=.033. Interestingly, this may reflect differential patterns of activation between the right and left hemisphere for the saccade updating network across disruptions of visual stability, with the left hemisphere being associated with increased activation during conditions associated with stronger accuracy and the right AG showing decreased activation in conditions with better accuracy performance behaviorally.
These results provide strong evidence of activation of the saccade updating network, with interactions suggesting that disruptions of stability resulted in stronger activation of these regions. 
Visual Cortical Areas
	We found significant activation in the occipital cortices, although only in the saccade target task. There was a significant effect of Hb in the left Middle Occipital Gyrus (MOG; see Figure 16), demonstrated by significantly lower HbO (M=-0.007, SD=0.016) than HbR (M=0.011, SD=0.015), t(29)=-3.991, p<.001. There was also a significant Blank x Hb interaction in the right MOG (see Figure 17). The activation difference was larger for the no-blank condition (M=0.018, SD=0.093) than the blank condition (M=-0.034, SD=0.097), t(29)=3.491, p=.002. There was also a significant Blank x Hb interaction in the right Superior Occipital Gyrus (SOG; see Figure 18). The activation difference was higher in the blank condition (M=0.030, SD=0.053) than in the no-blank condition (M=-0.016, SD=0.079), t(28)=2.373, p=.025. In the left SOG, there was a significant Blank x Color Change x Hb interaction (see Figure 19). While follow-up comparisons blank/no-blank trials within each color change condition did not reach significant, within the no-blank condition, the activation difference was significantly higher for change (M=0.019, SD=0.093) than for no-change (M=-0.022, SD=0.074), t(28)=2.209, p=.036. Taken together, these results suggest that the right SOG demonstrated activation, with some regions showing more activation due to disruptions of visual stability. 
Saccade Suppression Areas
	Prior work has demonstrated the role of the middle temporal region in saccadic suppression (Thiele et al., 2002), showing reduced activity of neurons in this region as a result of motion signals produced by saccades. In the saccade target session, there was a
[image: ]Figure 16. The figure above shows the change in HbO (red) and HbR (blue) in the saccade target task. The location of the cluster is shown in the image on the right side inside the red box. 
[image: ]Figure 17. The figure above shows the change in HbO (red) and HbR (blue) for the blank and no-blank trials in the saccade target task. The location of the cluster is shown in the image on the right side inside the red box. 
[image: ]Figure 18. The figure above shows the change in HbO (red) and HbR (blue) for the blank and no-blank trials in the saccade target task. The location of the cluster is shown in the image on the right side inside the red box. 
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Figure 19. The figure above shows the change in HbO (red) and HbR (blue) for the blank and no-blank trials in the saccade target task. The location of the cluster is shown in the image on the right side inside the red box. 









significant effect of Hb in the left Middle Temporal Gyrus (MTG), showing significantly lower HbO (M=-0.031, SD=0.070) than HbR (M=0.005, SD=0.025), t(29)=-2.205, p=.036 (see Figure 20). In the peripheral target session, there was also a significant effect of Hb in the right MTG, also showing significantly lower HbO (M=-0.0205, SD=0.044) than HbR (M=0.014, SD=0.039), t(28)=-2.447, p=.021 (see Figure 21). There was also a significant Blank x Hb interaction in the left MTG (see Figure 22). The activation difference was higher in the no-blank condition (M=0.024, SD=0.082) than in the blank condition (M=-0.003, SD=0.065), t(30)=2.738, p=.010. Taken together, both the saccade target and peripheral target tasks resulted in modulations of hemodynamic activity in the MTG, with some changes in activation in the peripheral target task being driven by condition-specific modulations. Thus, it is possible that the hemodynamic activity in the MTG was a result of the motion signal generated by saccade execution in the task. 
[image: ]Figure 20. The figure above shows the change in HbO (red) and HbR (blue) for the saccade target task. The location of the cluster is shown in the image on the right side inside the red box. 
[image: ]Figure 21. The figure above shows the change in HbO (red) and HbR (blue) for the peripheral target task. The location of the cluster is shown in the image on the right side inside the red box. 
[image: ]Figure 22. The figure above shows the change in HbO (red) and HbR (blue) for the blank and no-blank trials of the peripheral target task. The location of the cluster is shown in the image on the right side inside the red box. 
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General Discussion 
The results of the current experiment shed light on patterns of behavioral and hemodynamic activity as they are associated with disruptions of visual stability, both for a saccade target object and a peripheral object. Supporting our hypotheses, disruptions to visual stability improved accuracy for the saccade target, however only in trials where feature information about the target actually changed. Further, this pattern of behavioral results generalized to the peripheral target task, demonstrating that disruptions to visual stability similarly impact sensitivity to transsaccadic changes of the saccade target and non-target peripheral information. When examining the neural mechanisms of visual stability, the results demonstrated modulation of hemodynamic activity in spatial memory areas and saccade updating areas, with evidence of stronger activation in the saccade updating areas in conditions where stability of the saccade target object was disrupted. However, activity in saccade updating areas was generally higher in conditions where stability was maintained for the peripheral target. Taken together, these results demonstrate that, while disruptions to visual stability similarly impact sensitivity to transsaccadic changes of the saccade target and a peripheral target, the underlying mechanisms supporting stability decisions for the saccade target and a peripheral target differ. Here, we will discuss in greater detail the mechanisms of visual stability that we explored and the limitations to generalizing these mechanisms to information other than the saccade target.  
Mechanisms Supporting Visual Stability 
Generally, frontal cortices areas more heavily associated with spatial working memory showed activation for both the saccade target and peripheral target tasks, however there was stronger activation for the no-blank condition than the blank condition in the peripheral target task. These results suggest that spatial memory mechanisms are heavily associated with saccades in the absence of stability disruptions, but these mechanisms are less recruited when stability is disrupted. These results may suggest that spatial memory mechanisms are crucial for the preparation of saccades, however the separation of representations obtained prior to saccade execution and upon saccade landing for comparison do not rely as heavily on these spatial mechanisms. 
While early work exploring visual stability across saccades examined the impact of stability disruptions on sensitivity to spatial displacements of the saccade target object (Deubel et al., 1996), later work demonstrated that other types of information such as feature information, are also heavily consulted for visual stability decisions. More specifically, feature information, such as contrast polarity (Tas et al., 2012), shape (Demeyer et al., 2010), color (Tas & Parker, 2023) that can be used to establish object correspondence across saccades is consulted for stability decisions (Tas et al., 2012). Thus, feature information must also be maintained across saccades for comparison, making it likely that the visual system may rely more heavily on the saccade updating network, which has heavy overlap with VWM (Aagten-Murphy & Bays, 2019; Frost et al., 2019; Irwin, 1992; Prime et al., 2011), mechanisms for stability decisions (see Tanaka et al., 2014 for discussion). 
In cortical areas associated with the saccade updating network (PPC), there were significant modulations to hemodynamic activity across the saccade target and peripheral target task. Interestingly, disruptions to visual stability resulted in stronger PPC activation in the saccade target task, while the peripheral target task showed trends of some activation increases in conditions where stability was maintained (with the exception of one cluster in the IPL). Together, these results suggest that, in contrast to cortical areas associated with spatial memory, the regions associated with saccade updating were activated more strongly by disruptions to visual stability. However, this effect is more pronounced in the saccade target condition, with the peripheral condition showing split effects of both activation in conditions where stability was disrupted in some clusters and activation in conditions where stability was maintained in other clusters. Further, the saccade target task resulted in significant modulations to hemodynamic activity in occipital areas as well, while these regions failed to show an effect in the peripheral target task.   
	The increased activation in saccade updating regions aligns well with previous work, similarly showing increased activity in posterior areas associated with saccadic tasks. Specifically, previous data from our lab has demonstrated an increase in activity in the PPC associated with disruptions of visual stability in a transsaccadic spatial displacement task (Tas et al., 2024). Earlier work has demonstrated that activity in the IPS has been found both to scale up with VWM load (Todd & Marois, 2004). The increase in activity in the PPC as a result of stability disruptions may reflect the maintenance of the presaccadic representation for comparison after the saccade. Therefore, while spatial attention and memory are necessary for the planning of the oculomotor movement, after the completion of a saccade, the visual system may rely more heavily on the saccade updating network and the overlapping VWM mechanism to access representations maintained across the saccade to compare information and establish object correspondence.  
Visual Stability Processes Across Target and Non-Target Information
	One important finding from this experiment was that the saccade target and peripheral target tasks resulted in different patterns of hemodynamic activity. The differences in neural activation by task are particularly interesting, given the behavioral results entirely overlapped between the two tasks. Replicating prior work, our behavioral results showed that participants were generally insensitive to changes occurring during the saccade in the absence of a blank (Bridgeman et al., 1975), but that disrupting stability with a blank significantly improved performance (Deubel et al., 1996). The interactions demonstrated that blanking hurt performance in the no-change condition for both tasks, however this may be explained by a bias induced by the blank to report a change incorrectly (Irwin & Robinson, 2018). The pattern of behavioral results between the saccade target and peripheral target tasks in the current experiment were strikingly similar. Interestingly, however, the patterns of activation in the neural data showed some differences between the two tasks.  
	Both tasks resulted in modulations of hemodynamic activity in the frontal, parietal, and temporal cortices, but only the saccade target task resulted in activation of occipital areas as well. Prior work has demonstrated the role of the occipital cortex in saccade execution (Matsuda et al., 2004) and in transsaccadic updating of spatial frequency information (Baltaretu et al., 2021). Thus, it is not surprising to see hemodynamic modulation in this region for the saccade target task. What is more interesting from these results is the lack of overlap between activation patterns in the saccade target and peripheral target tasks. 
Patterns of hemodynamic activity across the peripheral target task did not reflect those from the saccade target task and generally support activation in saccade updating areas across conditions where stability was maintained. This may lend to two possible explanations. First, stability processes for the peripheral target object do not as heavily rely on the maintenance of two representations that would likely increase activation in these areas due to increased working memory load (Todd & Marois, 2004, Tas et al., 2024). Second, it is possible that different patterns of hemodynamic results between the saccade target and peripheral target task reflect a different attentional mechanism altogether. Unlike the saccade target task, the attention directed to the peripheral target was always covert, and potentially requiring a covert shift of attention prior to saccade execution, followed by another covert shift of attention upon eye landing. Prior work has demonstrated that exogenous and endogenous shifts of attention may be represented by different attentional mechanisms (Hopfinger & West, 2006). Importantly, while the attentional cues should not differ, the blanking paradigm involves the abrupt off-transient (disappearance) at saccade initiation followed by an on-transient just after eye landing (Deubel et al., 1996). Thus, it is possible that the on-transient in the blanking condition served to either increase the salience of the stimulus, thus potentially modulating the covert shift of attention to the peripheral target. 
Slight differences in patterns of activation in our experiment may reflect (1) less reliance on working memory resources for the peripheral target than a saccade target, or (2) different attentional mechanisms across these two tasks. Thus, the neural mechanisms associated with visual stability and transsaccadic updating share many common areas of activation, but our results suggest some differences in patterns of activation between tasks probing report of the saccade target object and tasks probing a peripheral target for report. This highlights the importance of task design when exploring transsaccadic visual stability. 

Future Directions
The current experiment sheds light on the possibility that visual stability processes for saccade target and non-target information may be served by different underlying mechanisms, potentially reflecting that memory resources are less recruited when stability of a peripheral target is disrupted or differences in attentional mechanisms. However, it is important to note that the current task implemented a two-alternative forced choice response method. Future work may be able to further parse apart the actual strength of representation between saccade target and peripheral target items by using a continuous report method and probe the report of both the first display (prior to the saccade) or the last display (after saccade landing) to more specifically address to what extent information is maintained about a peripheral target across manipulations of visual stability. Another important element that may impact both behavioral accuracy and hemodynamic activity is expertise. Expertise has generally shown evidence of decreased hemodynamic activity compared to novices (see Hannah et al., 2022 for review). Thus, future work could determine the extent to which the results of the current experiment differ by varying levels of expertise by implementing training sessions prior to the primary task or measuring hemodynamic activity in a longitudinal design to test for a negative relationship between activation and expertise. 












[bookmark: _Toc203072950]Conclusion 
These results have highlighted important differences in the mechanisms underlying visual stability across saccades and how these mechanisms vary by task. The results from the current experiment demonstrate the role of both spatial memory mechanisms and saccade updating mechanisms across saccades, with a stronger reliance on the saccade updating network in conditions where visual stability of the saccade target is disrupted. Behaviorally, visual stability disruptions similarly impact change detection accuracy for both the saccade target object and a peripheral object. Nonetheless, patterns of hemodynamic activity suggest that the underlying mechanisms supporting transsaccadic visual stability for the saccade target object and a peripheral object, while largely similar in areas recruited, show slight differences that may be attributed to either different mechanisms of information storage or attentional deployment between the two tasks. 
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