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Abstract 

Prismatic Adaptation (PA) is a sensorimotor rehabilitation technique for modulating the dorsal 

attentional network in patients with visuospatial deficits. However, its capacity to enhance higher-

order attentional processing in healthy systems, alongside the potential moderating role of 

biological sex, remains unclear. This study aimed to determine whether PA can improve the 

efficiency of higher-level attentional networks (Alerting, Orienting, and Executive Control) in 

healthy young adults, and to explore whether these cognitive aftereffects differ between men and 

women. Forty healthy young adults (20 females, 20 males) were randomly assigned to either an 

experimental PA group, exposed to a 10° rightward optical shift, or a Sham Control group. 

Participants completed the Attention Network Test (ANT) before and after a pointing procedure to 

evaluate changes in attentional efficiency. The Real PA group successfully achieved sensorimotor 

adaptation, demonstrating a significant initial pointing error followed by robust spatial aftereffects 

that persisted through the delay. However, ANT results showed no significant improvement in 

higher-level attentional networks. Decreased reaction times accompanied by increased error rates 

in both groups suggested a generalized speed-accuracy trade-off or task fatigue. Furthermore, 

while females exhibited significantly higher overall alerting efficiency, and males demonstrated 

improved conflict resolution over time, these sex-specific variations occurred independently of the 

PA manipulation. Overall, the findings suggest a functional boundary in healthy individuals, 

indicating that cerebellar-mediated sensorimotor alignment does not readily transfer to higher-

level attentional networks. Additionally, the observed attentional variations highlight the influence 

of sex-specific cognitive strategies rather than a sex-dependent response to sensorimotor plasticity. 

Keywords: Prismatic Adaptation, Attentional Networks, Sex Differences, Attention Network Test 

(ANT) 
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Chapter 1. Introduction 

1.1 Attention 

1.1.1 Theoretical background and Foundations of Attentional Networks 

James characterized attention as the process by which the mind clearly and vividly takes 

possession of a single object or train of thought, selecting it from a multitude of simultaneous 

possibilities (James, 1890).  Attention is not a unitary process but a set of independent systems, 

which can interact in certain conditions to ensure maximum behavioral efficiency (Forte et al., 

2024). Recent theories have conceptualized attention as comprising three separate functional 

components: alerting, orienting, and executive control systems (Fan & Posner, 2004). First, the 

alerting system, governed by the right hemisphere, allows for enhanced activation and increased 

responsiveness to stimuli (Forte et al., 2024). It is linked to arousal system and sustained attention 

that favor faster responses to stimuli (Forte et al., 2024). The alerting network regulates the level 

of arousal and activation for both momentary readiness to imminent events (phasic alertness) and 

sustained performance over long time periods (tonic alertness or vigilance) (Coll-Martín et al., 

2021). The attentional component of alerting subsumes the capacity to increase vigilance to an 

impending stimulus (Fan & Posner, 2004). Alertness can be tonic, defined as the cognitive control 

of wakefulness and arousal; or phasic, which represents the ability to increase response readiness 

to the target after an external warning stimulus in reaction time tasks (Mannarelli et al., 2015). 

The second subsystem is the orienting network, responsible for prioritizing sensory inputs by 

selecting a modality or spatial location or object (Coll-Martín et al., 2021). The orienting function 

involves the component of attention that supports the selection of specific information among 

numerous sensory inputs (Fan et al., 2009). Orienting can be reflexive or more voluntary. Orienting 

that does not involve head and/or eye movement is referred to as covert orienting (Fan & Posner, 

2004).   

Executive control of attention involves more complex mental operations engaged during 

monitoring and resolving conflict between computations (Fan et al., 2009). Executive control is 

most needed in situations that involve planning or decision-making, error detection, novel or not 

well-learned responses, conditions judged difficult or dangerous, and in overcoming habitual 

actions (Fan & Posner, 2004). This network has been related to the control of goal directed 
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behavior, target detection, error detection, conflict resolution and inhibition of automatic responses 

(Berger & Posner, 2000a). The executive control network appears to encompass midline frontal 

regions, specifically incorporating the anterior cingulate gyrus, the supplementary motor area 

(SMA), and sections of the basal ganglia (Berger & Posner, 2000b). Functional brain imaging has 

demonstrated that these regions become active during cognitively demanding operations, 

including managing conflict, processing novel information, forming expectations, and identifying 

errors. (Posner & DiGirolamo, 1998). 

 

1.1.2 Attentional Networks (Anatomy and Circuitry) 

Attention can be treated as an organ system with its own anatomy, circuitry, and set of functions 

(Fan & Posner, 2004).  Alerting, orienting, and executive control are widely thought to be relatively 

independent aspects of attention that are linked to separable brain regions (Fan et al., 2005). There 

is widespread agreement from imaging and cellular recording studies that orienting to sensory 

information activates a common network of neural areas even before a target is presented (Fan et 

al., 2005). This suggests that there is a specific network that serves as the source of the 

enhancement of neural signals related to processing a target (Fan et al., 2005). 

Similarly, neuroimaging studies have revealed a specific network of areas that relate to obtaining 

the alert state and to resolving conflict among responses (Fan et al., 2002). Although previous 

imaging studies suggest that the networks of neural areas serving as the sources of the orienting, 

alerting, and conflict effects are anatomically separable, there is substantial functional overlap (Fan 

et al., 2005). These attentional functions are mediated by anatomically distinct neural networks 

(Xiao et al., 2016). 

Alerting: The neuroanatomy of alerting includes a network of subcortical and cortical regions 

(Sturm & Willmes, 2001). Alerting would activate the frontal and parietal areas of the right and/or 

left hemisphere and thalamic areas that are potentially related to norepinephrine (Fan et al., 2005). 

The nuclei of the reticular formation in the brain stem, specifically the locus coeruleus-

norepinephrine (LC-NE) system, is the core arousal center (Everitt et al., 1995). The LC projects 

to the thalamic nuclei and terminates in cerebral cortex (Foote et al., 1983). In general, the LC-NE 

system supports appropriate levels of alertness to maintain efficient information processing (Ross 
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& Van Bockstaele, 2021). Norepinephrine, the neuromodulator associated with the alerting 

network, appears to inhibit spontaneous neural activity, permitting increased neural response to 

sensory stimulation (Foote et al., 1975). The anterior cingulate cortex (ACC) and the right 

dorsolateral prefrontal frontal cortex (DLPFC) function to maintain endogenous alertness by 

modulating activity in the LC via the reticular nucleus of the thalamus (Sturm et al., 1999). Early 

neuroimaging and lesion studies together with evidence of a right hemisphere bias in NE have 

suggested a right hemisphere basis for sustained attention (Fan et al., 2005). Lastly, the alerting 

network is mediated by a right-lateralized ventral frontoparietal network, which is responsible for 

achieving and maintaining appropriate levels of alertness (Corbetta et al., 2008). However, more 

recent fMRI studies have proposed that cues calling attention to a temporal interval might activate 

left hemisphere areas (Coull & Nobre, 1998). 

Orienting: There is widespread agreement on the brain areas involved in orienting toward the 

spatial location of multiple sensory modalities  (Spence et al., 1998). The network of areas 

responsible for directing attention include superior parietal lobe, intraparietal sulcus, temporal-

parietal junction, dorsofrontal cortices (particularly the Frontal Eye Fields; FEF), thalamus, and 

superior colliculus (Corbetta & Shulman, 2002; Mesulam, 1990). Orienting would activate a 

superior parietal region and the temporal parietal junction, with a right hemisphere bias. 

Furthermore, the cerebellum may also play a role in both covert and overt orienting of attention 

(Akshoomoff et al., 1997; Pélisson et al., 2003). Evidence from individuals with cortical and 

subcortical lesions suggests that reflexive orienting is likely mediated by subcortical and more 

posterior cortical regions, while a network of frontal-parietal regions underlie voluntary orienting 

(Friedrich et al., 1998). Reflexive, or exogenous, orienting is initiated by external sensory signals 

and involves an automatic shift of attention toward a salient peripheral stimulus (Friedrich et al., 

1998). Cholinergic systems arising in the basal forebrain may play an important role in modulating 

orienting (Cykowski & Masdeu, 2025). Acetylcholine (ACh) is the neuromodulator associated 

with the orienting network, with increased levels of ACh resulting in more rapid attention 

reorienting (Pulopulos et al., 2019; Witte et al., 1997). Specifically, ACh may act to expand the 

attentional spotlight so that attentional misdirection does not elicit a reorienting response (Thiel et 

al., 2005). In line with this interpretation, Thiel et al. (2005) showed that cholinergic stimulation 

via nicotine reduced reorienting costs and modulated activity in parietal attention networks, 

particularly during invalid cue conditions (Thiel et al., 2005). This suggests that acetylcholine 
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enhances the spatial stability of attention, reducing the need for rapid attentional shifts (Vossel et 

al., 2014). 

Executive Control: The neural substrates of executive control include regions within the prefrontal 

cortex, orbitofrontal, ventrolateral prefrontal, and dorsolateral prefrontal cortex (DLPFC), as well 

as medial frontal regions (anterior cingulate cortex; ACC) and subcortical regions such as the basal 

ganglia and cerebellum (Heyder et al., 2004). Additionally, more posterior areas (mainly located 

in the parietal lobe) may also be important for executive processes (Collette et al., 2006; Sylvester 

et al., 2003; Wager et al., 2004a). Accumulating evidence shows involvement of the basal ganglia, 

more specifically the caudate nucleus, in cognitive functioning (Grahn et al., 2008). The basal 

ganglia have been particularly critical in mediating the connection between executive attention and 

other attentional operations (Fan et al., 2005). A few neuroimaging studies have shown that dorsal 

ACC is involved in dealing with conflict resolution when a person is required to respond based on 

one stimulus dimension while ignoring another conflicting dimension (Fan et al., 2005). Lateral 

areas of the frontal cortex have also often been identified with executive attention (Berger & 

Posner, 2000b). While earlier literature suggested these frontal regions might be organized strictly 

by the type of information processed (e.g., distinguishing between spatial, verbal, or object 

features) (Nee & D’Esposito, 2016), more recent meta-analyses indicate a functional organization 

based on executive operations (Berger & Posner, 2000b). Specifically, distinct frontal regions 

appear to mediate specific cognitive control processes regardless of the stimulus modality. For 

instance, the right inferior frontal cortex is strongly associated with inhibitory control (Aron et al., 

2004). In terms of working memory, the organization appears to be process-specific: bilateral 

dorsal frontal regions (such as the superior frontal sulci) are integral for updating information, 

whereas right ventral frontal regions are recruited for manipulating that information (Wager et al., 

2004b). Finally, the ability to shift between tasks or mental sets is likely mediated by a network 

including the bilateral medial frontal cortex (ACC), intraparietal sulci, and to a lesser extent, the 

anterior insula and DLPFC (Wager et al., 2004b). Crucially, the efficacy of these executive 

networks relies on specific neuromodulator inputs. The anterior cingulate and lateral frontal 

cortices are dense target areas of the ventral tegmental dopamine system (Elston & Bilkey, 2017). 

While dopamine is traditionally considered the primary neuromodulator supporting the stability of 

representations in the prefrontal cortex and working memory, it does not act in isolation (Surmeier, 

2007). Norepinephrine also plays a vital, complementary role. Beyond its involvement in general 
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arousal, norepinephrine is specifically implicated in fine-tuning the inhibitory control and set-

shifting capabilities mediated by the frontal networks discussed previously (Robbins, 2000). 

 

1.1.3 The Attention Network Test (ANT)  

To assess simultaneously the three attentional systems suggested by Posner and Petersen’s model, 

several authors have employed the Attention Network Test (ANT) (Fan et al., 2002). This task was 

developed to measure the efficiency of the alerting, orienting, and executive control networks in a 

single procedure by combining a cued reaction-time paradigm with the flanker task (Fan et al., 

2002; Zani & Proverbio, 2017; Eriksen & Eriksen, 1974). In this task, participants fixate on a 

central cross while a target appears, consisting of a central arrow flanked by distractor arrows 

pointing in either the same (congruent) or opposite (incongruent) direction (Fan et al., 2005). 

Participants must press a left key for a left-pointing central arrow and a right key for a right-

pointing central arrow. To measure the alerting and orienting networks, four cue conditions are 

introduced before the target appears above or below the fixation point: the no-cue condition 

(baseline); the center cue, which appears on the fixation point to involve alerting only; the double-

cue condition, which uses two cues at the two possible target locations to involve alerting without 

orienting; and the spatial cue, which appears at the target location to involve both alerting and 

orienting (Fan et al., 2005). 

Rather than providing a single metric of attention, the ANT yields mean reaction times (RT) and 

accuracy rates across these different conditions, allowing for the calculation of three specific 

network efficiency scores using subtractive methodology (Fan et al., 2002; Hu et al., 2012). The 

efficiency of the alerting network is calculated as the difference between the no-cue and double-

cue conditions; a larger score typically indicates a greater reliance on warning signals to maintain 

readiness, a pattern often observed in populations with difficulty maintaining intrinsic alertness 

(Fan et al., 2002, 2009). The orienting network efficiency is derived by subtracting the mean RT 

of the spatial-cue condition from the center-cue condition. A larger orienting score generally 

reflects a higher "cost" of disengaging attention from a central fixation, similar to deficits observed 

in patients with parietal damage (Posner et al., 1984). This may also indicate that a subject is 

utilizing the spatial cue more effectively to speed up processing (Posner et al., 1988). Finally, the 
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executive control (conflict) score is computed as the difference between incongruent and congruent 

trials, where a higher score mostly indicates greater difficulty in resolving conflict (Fan et al., 

2002). 

To interpret these scores correctly, one must consider both the calculated network effects and the 

participant's overall response strategy. Because a "conservative" response strategy, prioritizing 

accuracy over speed, will naturally inflate the RT conflict score, researchers must perform an 

analysis of error rates to rule out strategic differences; for instance, if one group shows a larger RT 

conflict effect with high accuracy while another shows a smaller RT effect with high error rates, 

the difference likely reflects a shift in strategy rather than capacity (Davidson et al., 2006; 

Salthouse, 2010). Ultimately, the ANT has been remarkably successful in simultaneously studying 

the efficiencies and interactions of these three independent networks and their connection to the 

specific brain areas involved in the control of attentional functions (Posner & Rothbart, 2007). 

 

1.2 Prismatic Adaptation 

1.2.1 Theoretical Background and Neural Mechanisms      

Prism adaptation (PA) is a non-invasive and widely investigated rehabilitation technique, primarily 

employed to ameliorate Unilateral Spatial Neglect (USN), a debilitating neurological condition 

frequently resulting from right-hemisphere stroke (NAITO et al., 2025). Patients with USN exhibit 

a systematic failure to attend to or represent the contralesionally (left) side of space, affecting both 

visual perception and mental imagery (Bisiach & Luzzatti, 1978; KM, 1985). Historically, the 

foundational principles of PA date back to early perceptual experiments by Stratton (1896) and 

Helmholtz (1925), who explored the plasticity of the visual system (Helmholtz & Southall, 1925; 

Stratton, 1896). By the mid-20th century, researchers such as Harris (1963) and Held and 

Freedman (1963) formalized the understanding of sensorimotor adaptation, demonstrating that the 

brain can rapidly recalibrate motor output in response to altered visual input (Harris, 1963; Held 

& Freedman, 1963). In its contemporary clinical application, established by the seminal work of 

Rossetti et al. (1993), the procedure requires the participant to perform a visuomotor pointing task 

while wearing prismatic goggles that displace the visual field laterally (typically shifting the visual 
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field 10–15 degrees to the right) (Rossetti et al., 1993a). The adaptation process unfolds in three 

distinct stages: First, an initial pointing error in the direction of the optical shift (direct effect). The 

magnitude of the direct effect experienced at the onset of prism exposure cannot be perfectly 

predicted by the degree of optical displacement alone (Redding & Wallace, 2003). While the 

sensorimotor error consistently follows the direction of the prism shift and is roughly proportional 

to it, the actual deviation often falls significantly short of the full optical value (Redding & 

Wallace, 2003). This discrepancy includes an 'immediate correction effect,' as demonstrated by 

Rock et al. (1966), who found that in a structured visual environment, perceived displacement may 

be reduced to as little as 40% of the actual prism strength, even when the participant cannot see 

their own body (Rock et al., 1966). Furthermore, this effect is modulated by the 'straight-ahead 

shift' a phenomenon where the participant's cognitive judgment of the subjective midline realigns 

with the center of the displaced visual field (Harris, 1974). Consequently, objects are judged to be 

closer to the 'straight ahead' position than they optically appear, effectively dampening the 

immediate impact of the prismatic displacement (Harris, 1974). Finally, the magnitude of the direct 

effect is significantly dampened by what is known as 'first trial adaptation' (Redding & Wallace, 

2003, 2004). Empirical evidence shows that the pointing error on the very first exposure trial is 

often far smaller than the optical displacement would predict, even when the hand is visible only 

at the end of the movement to prevent in-flight correction (Redding et al., 2005a). For instance, a 

10-degree optical shift may result in a pointing error of only 4 degrees—mere 40% of the expected 

deviation (Redding et al., 2005a). These findings indicate that the immediate direct effect of 

prismatic displacement is not a simple optical translation but a complex interaction of sensory 

weighting and rapid neural recalibration (Redding et al., 2005a). Furthermore, the temporal 

dynamics of error reduction during prism exposure exhibit significant complexity. Generally, the 

pointing error at the movement's end (terminal error) diminishes rapidly, often returning to 

baseline accuracy levels within approximately 15 trials, as the participant learns to direct 

movement toward the actual rather than the virtual target location (Redding & Wallace, 1993; 

Rossetti et al., 1993b). However, the rate of this error reduction is highly dependent on the nature 

of visual feedback available during the pointing motion (Redding & Wallace, 1993; Uhlarik & 

Canon, 1971). When the limb is visible during the latter part of the trajectory ('concurrent 

exposure'), error correction occurs in fewer trials compared to conditions where only the fingertip 

is visible upon completion ('terminal exposure'), provided the movement speed allows for online 
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correction (Rossetti et al., 1993b). Furthermore, if the adaptation task continues after accuracy is 

achieved (i.e., zero terminal error), a phenomenon of 'overcompensation' may emerge, where the 

errors begin to occur in the direction opposite to the prismatic shift (Redding et al., 2005a). This 

overcompensation is particularly prevalent under conditions of terminal exposure (Redding & 

Wallace, 1990, 1992, 1993, 1994). If the full movement path from starting to target positions is 

visible, no direct effect of the prismatic displacement is observed (Redding & Wallace, 1996, 

1997). Similarly, if concurrent exposure and very slow movements toward the target is used, direct 

effects may not appear (Redding et al., 2005a). Third the emergence of a negative aftereffect upon 

removal of the goggles (Redding et al., 2005b). This aftereffect, an involuntary leftward deviation 

of pointing in the absence of prisms, confirms that a realignment of the sensorimotor coordinates 

has occurred (Redding et al., 2005a). The therapeutic rationale for using PA in neglect lies in the 

mechanism in which the sensorimotor realignment induces a "bottom-up" reset of the dorsal 

attentional network, effectively shifting the patient's egocentric reference frame toward the 

neglected left side and alleviating symptoms across various cognitive domains (Frassinetti et al., 

2002; Pisella et al., 2006). The aftereffects of prism adaptation represent perhaps the most intricate 

component of the process. The magnitude of the aftereffect is often context-dependent, showing 

greater strength when the testing conditions closely mirror the training conditions, such as in 

movement speed (Kitazawa et al., 1997)  or limb posture  (Martin et al., 1996). This specificity is 

so robust that 'dual adaptation' is possible: participants can simultaneously adapt to two different 

prism displacements if the exposure conditions are distinct enough to elicit separate aftereffects 

during testing  (Bingham & Romack, 1999; Martin et al., 1996; Redding & Wallace, 2003). 

Conversely, under certain parameters, aftereffects can demonstrate complete generalization, 

transferring uniformly across all coordinates within the spatial reference frame used during 

exposure (Bedford, 1993; Guigon & Baraduc, 2002; Redding & Wallace, 1997). Local aftereffects 

can manifest within distinct sensorimotor systems and their associated reference frames, such as 

the visual (eye–head) or proprioceptive (hand–head) systems (Redding et al., 2005a). Research 

indicates that these local changes are additive; they summate to produce the total adaptation 

observed in the inclusive coordination loop (e.g., eye–hand) used during exposure (Redding & 

Wallace, 1993; Templeton et al., 1974).  
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Crucially, the relationship between the initial direct effects (errors) and the subsequent aftereffects 

is not straightforward (Redding et al., 2005b). Most immediate responses to prisms do not translate 

into lasting adaptation (Redding et al., 2005b). Studies show that the 'immediate correction effect' 

(Wallace et al., 1973), 'visual capture' (Welch, 2013), and 'first-trial adaptation' (Redding & 

Wallace, 2004) generally fail to produce reliable aftereffects. Of the various initial responses to 

prism exposure, only the 'straight-ahead shift' appears to be associated with the development of 

persistent aftereffects under specific conditions (Redding, 1978). The correlation between the 

reduction of terminal error during exposure and the subsequent aftereffects is non-linear and 

complex (Redding et al., 2005b). While participants typically achieve 100% compensation for the 

optical displacement during the exposure phase, the resulting aftereffects generally account for 

only about 40% of the shift (Redding & Wallace, 1993). Research indicates that the phenomenon 

of 'overcompensation' during exposure is positively correlated with the magnitude of these 

aftereffects (Redding & Wallace, 1990, 1994). Crucially, the nature of visual feedback dictates 

whether adaptation occurs at all: if the entire movement path is visible, neither direct effects nor 

aftereffects typically develop (Redding, 2001; Redding & Wallace, 1996); While restricting 

visibility to the starting and target positions facilitates both effects, adaptation interestingly does 

not require the conscious detection of error (Redding et al., 2005a). Aftereffects successfully 

emerge even when the prismatic displacement is introduced so gradually that no performance error 

is detectable (Dewar, 1971; Jakobson & Goodale, 1989). In fact, evidence suggests that aftereffects 

are often larger when the participant remains unaware of the visual displacement (Michel et al., 

2003), demonstrating that aftereffects and direct effects are distinct phenomena that can occur 

independently of one another (Weiner et al., 1983). 

 

1.2.2 Adaptive processes 

Prism exposure triggers a sophisticated array of mechanisms that influence how we perceive and 

move, both while wearing the prisms (direct effects) and after they are removed (aftereffects) 

(Redding & Wallace, 1997). These processes are categorized into three distinct classes: Postural 

Adjustments, Strategic Control, Spatial Realignment. First, postural adjustments arise from the 

sensory-motor asymmetry created by the optical shift and manifest through two primary 
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mechanisms: inter-sensory bias and muscle potentiation (Redding et al., 2005b). Inter-sensory 

bias, most notably "visual capture," occurs when the brain prioritizes visual input over 

proprioception, causing a person to feel their limb or head is located where it appears to be rather 

than where it physically exists (Hay et al., 1965; Redding & Wallace, 2003). While these biases 

help reduce errors during prism exposure by effectively "canceling out" the optical displacement, 

they do not produce lasting aftereffects (Welch & Warren, 1980). Conversely, muscle potentiation 

comes from the physical strain of holding an asymmetric posture, like keeping eyes or a limb 

pointed in one direction. This strain can actually shift what those muscles consider "straight 

ahead," leading to noticeable aftereffects (Ebenholtz, 1974; Redding, 1978). However, research 

indicates that muscle potentiation is not the sole driver of adaptation, as aftereffects can still 

emerge in the absence of such physical strain (Craske & Crawshaw, 1975). Second, strategic 

control involves the conscious or pre-conscious management of movement plans aimed at 

achieving specific performance goals (Redding & Wallace, 1997). Central to this process is 

recalibration, a form of associative learning in which the brain utilizes "knowledge of results" from 

previous failed attempts to adjust subsequent movements; for instance, if a participant misses a 

target to the left, strategic control dictates aiming further to the right in future trials (Welch & 

Warren, 1980). While these strategic corrections can lead to aftereffects, they exhibit high context 

specificity, often remaining limited to conditions that closely mirror the original training 

environment (Redding & Wallace, 2002). However, strategic control cannot be the sole 

mechanism of adaptation, as research has demonstrated that aftereffects can successfully emerge 

even in the absence of consciously detectable performance errors (Dewar, 1971; Jakobson & 

Goodale, 1989). Third, spatial realignment, considered the "core" of prism adaptation and the 

primary source of global aftereffects, occurs when the brain detects a spatial discordance between 

the expected outcome of a feedforward movement plan and the actual sensory feedback received 

(Redding & Wallace, 1993, 1997). This detection is essential; if movements are performed slowly 

enough to be entirely governed by online visual feedback, no error signal is generated, and "true" 

realignment fails to take place (Redding & Wallace, 1996). As a form of non-associative learning, 

spatial realignment is distinct because it generalizes across the entire reference frame, impacting 

any task associated with that specific spatial map (Bedford, 1993). Interestingly, strategic 

recalibration can actually hinder this process; if a conscious strategy is highly effective at reducing 
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performance errors, the brain perceives less of a mismatch, thereby reducing the drive to 

fundamentally realign its internal spatial representations (Redding & Wallace, 1993). 

 

1.2.3 Calibration versus alignment 

Building on the framework established by Redding and Wallace (1997a, 2002), a critical 

distinction must be drawn between calibration and alignment as different mechanisms in the 

prismatic adaptation process. Calibration is a high-level, strategic function responsible for defining 

a specific 'task-workspace' within the broader perceptual environment (Redding & Wallace, 2003). 

It functions to optimize precision and efficiency by actively mapping egocentric (self-centered) 

reference frames onto allocentric (externally-centered) ones (Redding & Wallace, 2002). This 

process is intentional and attention-driven, relying on strategic control to identify targets and 

recruit the necessary effectors for a specific plan (Redding et al., 2005b). In contrast, alignment 

serves as the foundational prerequisite for calibration (Redding et al., 2005b). It involves the 

automatic computation of the constant parameters that define the relationship between the origins 

and axes of different sensorimotor coordinate systems (e.g., the fixed physiological distance 

between the eyes and the shoulder) (Redding et al., 2005b). A defining characteristic of this 

hierarchy is 'transparency': the state of alignment is hidden from the calibration process (Redding 

et al., 2005b). Because strategic control presupposes that coordinate systems are correctly aligned, 

it does not 'see' misalignment directly (Redding et al., 2005b). Consequently, when fundamental 

alignment errors occur (as induced by prisms), the high-level calibration system misinterprets them 

as simple execution errors, unaware that the underlying coordinate constants have changed 

(Redding & Wallace, 2002). Empirical and Neuroanatomical Evidence for the Two-Process Model 

Direct empirical support for the distinction between strategic calibration and spatial alignment is 

found in the dissociation of error patterns and adaptation rates (Redding et al., 2005b). Redding 

and Wallace (2001) demonstrated that while visual calibration improves precision (reducing 

variable error), it paradoxically increases constant error under prismatic misalignment compared 

to proprioceptive conditions (Redding, 2001). Furthermore, the temporal dynamics of these 

processes differ significantly: strategic recalibration rapidly eliminates performance errors (direct 

effects) during early exposure, whereas spatial realignment develops slowly and often fails to reach 
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complete compensation (Redding et al., 2005b). This asynchrony explains the phenomenon of 

"overcompensation" observed in later trials, where the additive effect of rapid strategic correction 

and the emerging transparent realignment results in a "double correction" error (Redding & 

Wallace, 1993). Crucially, this behavioral distinction is mirrored by a neuroanatomical double 

dissociation between the cerebrum and the cerebellum (Redding et al., 2005b). Research indicates 

that strategic calibration relies on the posterior parietal cortex (PPC), while spatial alignment is 

mediated by the cerebellum (Jeannerod & Rossetti, 1993). Clinical studies involving lesion 

patients provide definitive proof of this separation: patients with cerebellar damage can reduce 

performance errors during exposure using intact parietal strategies but fail to generate aftereffects, 

indicating a specific failure of realignment (Martin et al., 1996; Weiner et al., 1983). Conversely, 

patients with damage to the PPC exhibit the reverse pattern; they retain the ability to generate 

aftereffects (intact cerebellar realignment) but show significantly slowed error correction during 

exposure due to the loss of strategic recalibration mechanisms (Pisella et al., 2004). 

 

1.3 Sex Differences in Attention 

For decades, the existence of sex-based cognitive disparities has been a subject of significant 

academic debate and interest (Gang et al., 2013). Research indicates distinct advantages for each 

sex: females typically demonstrate superior efficiency in selective attention, verbal fluency, and 

reasoning tasks (V. Anderson, 2001; V. A. Anderson et al., 2001; Klenberg et al., 2001; Schaie, 

1994), whereas males generally excel in visuospatial processing, particularly mental rotation 

(Astur et al., 1998; Collins & Kimura, 1997; Dabbs Jr et al., 1998; De Luca et al., 2003; Weiss et 

al., 2003). These functional differences are likely rooted in neuroanatomical development (Gur et 

al., 1999). Specifically, while females experience earlier maturation peaks in frontal and parietal 

regions, males exhibit steeper developmental trajectories regarding gray matter reduction and 

white matter volume increases (De Bellis et al., 2001; Giedd et al., 1999). Maciejewska and her 

coworker provided evidence that men and women may have distinct neuronal activation patterns 

during cognitive tasks involving attention (Maciejewska & Froelich, 2021). Studies show that 

women showed increased suppression of the Default Mode Network (DMN) and the Dorsal 

Attention Network (DAN) compared to men during exposure to  reward and punishment (Dumais 
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et al., 2018a). The DMN is typically associated with internal self-referential thought (mind-

wandering) (Pu et al., 2016) and the DAN is associated with externally directed attention (Dumais 

et al., 2018b).  

Findings regarding the orienting network have been mixed. Early research by Urbanek et al. (2009) 

reported no significant sex differences, but later studies identified a clear female advantage (Gang 

et al., 2013; Urbanek et al., 2010). Specifically, females demonstrated a much larger orienting 

effect, meaning they are more efficient at covertly directing their attention to spatial cues. 

According to Rubia et al. (2010), this heightened ability essentially allows females to use spatial 

cues more effectively than males (Rubia et al., 2010). Furthermore, research indicates that sex-

based differences in attention are specific to the type of orienting required. Studies consistently 

show that females exhibit larger validity effects when targets are preceded by endogenous 

(voluntary) cues, but not exogenous (reflexive) ones (Bayliss et al., 2005; Feng et al., 2011; Merritt 

et al., 2007). To clarify these findings, it is useful to define the validity effect (calculated as the 

difference in response time between invalid and valid trials) as a measure of the cost of orienting 

to an incorrect location relative to the benefit of orienting to a correct one (Jonides, 1980). By 

comparing these trials to a no-cue control condition, researchers can isolate the specific benefits 

of selective attention, the speed gained by valid cues, from the costs incurred when attention is 

misdirected by invalid ones. The divergence in sex-based performance is rooted in the fact that 

endogenous and exogenous attention are distinct functional processes, despite engaging 

overlapping neural networks (Corbetta and Shulman, 2002; Corbetta et al., 2008; Chica et al., 

2013; Buschman and Kastner, 2015). As Wright and Ward (2008) detail, several key differences 

distinguish these systems: endogenous attention is goal-directed and slow to engage, whereas 

exogenous attention is stimulus-driven and shifts rapidly. Exogenous attention also uniquely 

features "inhibition of return"—a delay in re-engaging with a previously attended stimulus—to 

promote exploratory behavior (Klein, 2000). Conversely, endogenous attention is highly sensitive 

to top-down executive resources; for example, Jonides (1981) demonstrated that manipulating 

cognitive load selectively impairs endogenous performance while leaving exogenous orienting 

largely intact. Given these distinct behavioral signatures and their varying susceptibility to 

interference, the prevailing view in the field is that visuospatial attention is governed by 

functionally separable systems. 



18 
 

Regarding the alerting network, research into sex-based differences has yielded mixed results. Liu 

et al. (2013) and Urbanek et al. (2009) reported no significant differences between males and 

females (Liu et al., 2013; Urbanek et al., 2010). This lack of consensus extends to studies using 

the Attention Network Test (ANT), where findings remain scarce and contradictory; for instance, 

while Miró et al. (2015) reported a superior alerting network in women, other studies have found 

no such disparity (Liu et al., 2013). Furthermore, Merchan et al. (2012) observed that men 

displayed a less efficient alerting network compared with women, while Bayliss et al. (2005) found 

that males exhibited faster response times than females in endogenous cueing tests. Merritt et al. 

(2007) added that while both sexes benefited from valid endogenous cues, males also showed a 

benefit from invalid endogenous cues compared to non-cued controls. Findings regarding broader 

sustained attention are similarly complex. While some research indicates no sex effect (Chan, 

2001), other studies suggest that men exhibit superior vigilance (Blatter et al., 2006), whereas 

women demonstrate enhanced inhibitory control (Yuan et al., 2008). This distinction is supported 

by Riley et al. (2016), who observed that men typically display faster reaction times with lower 

variability, albeit at the cost of higher commission errors (impulsivity). Conversely, women in the 

same study tended to make more omission errors, failing to respond to targets rather than 

responding impulsively (Riley et al., 2016). 

The literature regarding Executive Control presents the most controversial findings. While some 

research indicates that females are more susceptible to interference from task-irrelevant 

information (Evans & Hampson, 2015; Stoet, 2017), Other studies report no significant sex 

differences in interference control (Shaqiri et al., 2018; Urbanek et al., 2010). Furthermore, another 

study suggests that women demonstrate enhanced inhibitory control (Yuan et al., 2008).  

Interestingly, differences may exist at the neural level even when behavioral performance appears 

identical. For instance, Christakou et al. (2009) found sex-specific neural activation patterns during 

the Simon task, which assesses the brain's ability to inhibit automatic responses to irrelevant spatial 

cues, despite no differences in performance outcomes (Christakou et al., 2009). Similarly, Clayson 

et al. (2011) observed distinct electrophysiological responses to conflict monitoring in the Flanker 

task, though there is no consensus on which sex monitors conflict more efficiently (Clayson et al., 

2011). In terms of response strategy, women generally exhibit higher inhibitory control, 

characterized by less impulsivity but slower and more variable reaction times (Conners et al., 

2003). This appears to be more heavily modulated by the emotional content of stimuli 
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demonstrating a heightened attentional bias toward valanced stimuli (Bates et al., 2015; Conners 

et al., 2003; Sarter et al., 2001). 

 

1.4 Specific Focus of the Present Study and Aims 

This study investigates the effects of Prismatic Adaptation (PA), a sensorimotor adaptation 

technique, on attentional sub-components in healthy young adults. Specifically, the influence of 

sex differences on attentional networks will finally be explored. We utilized the Attention Network 

Test (ANT) to measure the efficiency of three distinct attentional networks: Alerting, Orienting, 

and Executive Control. Crucially, this research seeks to determine if the modulation of these 

attentional networks following PA is moderated by biological sex. We aim to compare the 

magnitude and direction of cognitive aftereffects between men and women to understand if 

sensorimotor plasticity differentially impacts cognitive control based on sex. 

Research demonstrates that Prism Adaptation (PA) is an effective rehabilitation technique for 

ameliorating unilateral spatial neglect in stroke patients (Mancuso et al., 2012; Rossetti et al., 

1998). This therapeutic efficacy is primarily driven by a sensorimotor realignment that directly 

modulates the dorsal attentional network. If PA can successfully modulate attention, it is plausible 

that it also impacts higher-order attentional components defined by Posner's model, specifically 

Alerting, Orienting, and Executive Control. Therefore, the present study aims to investigate 

whether the underlying mechanisms of PA can extend beyond clinical rehabilitation to influence 

and potentially enhance higher-order attentional networks in a healthy population. Furthermore, 

the existing literature regarding sex-based differences across various attentional networks remains 

largely inconsistent and inconclusive. Given these ambiguities, we aimed to investigate these 

potential disparities through our experimental paradigm. By administering the PA intervention and 

subsequently measuring attentional performance, we seek to determine whether sensorimotor 

plasticity yields distinctly different cognitive aftereffects in men compared to women, thereby 

clarifying the role of biological sex in the modulation of attention. 
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 1.5 Hypotheses and Expected Results 

We hypothesize that PA can modulate cognitive plasticity and improve higher-level attentional 

components, leading to significant differences in ANT reaction times between the Real and Sham 

groups at post-treatment. Consequently, the data analysis is expected to yield a significant 

improvement in reaction times (RT) and accuracy in the ANT post-adaptation for the total sample, 

confirming the potential of PA to act as a cognitive enhancer in healthy systems. Crucially, to the 

best of our knowledge, no previous studies have investigated whether men and women behave 

differently in response to Prism Adaptation. Because there is currently no literature exploring sex-

related differences in the cognitive aftereffects of PA, we cannot firmly predict how each sex will 

respond to the intervention based solely on general, baseline attentional differences. Therefore, 

while we anticipate a higher orienting index in women, better executive functionality in men, and 

a similar result in the alerting index at the pre-adaptation baseline in line with existing literature, 

our investigation into how biological sex modulates the actual response to PA remains entirely 

exploratory. This constitutes a major strength and novelty of the present study, as it is the first 

research to directly investigate this specific aspect. Given this pioneering approach, we do not posit 

specific directional hypotheses for the Time × Sex × Network interactions. Instead, we aim to 

openly explore whether the sensorimotor plasticity induced by PA yields distinctly different 

cognitive aftereffects in men compared to women. These exploratory results will provide the first 

evidence on whether the cognitive transfer of sensorimotor plasticity is sex-dependent, ultimately 

suggesting whether future clinical applications of PA should consider patient sex to maximize 

therapeutic outcomes. 

 

Chapter 2. Methods and Materials  

2.1 Participants  

40 healthy participants (Age: M = 24.17 ± 3.1; years of education: M = 15.57 ± 2.07; age range: 

18-30) have been enrolled from psychology students of the University of Pavia. The sample 

included 20 women (Age: M = 23.4 ± 3.07; Years of education: M = 15.2 ± 2.17) and 20 men 

(Age: M = 24.9 ± 3.02, Years of education: M = 15.9 ± 1.96) who were totally naive as to the 
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purpose of the study. Participants were right-handed (Oldfield’s Laterality Quotient M = 0.65). 

The experimenter verified that all participants met the specific inclusion criteria outlined in the 

study protocol, excluding any individuals who failed to meet the necessary requirements. The 

study was limited to individuals with no history of neurological or psychiatric disorders. 

Participants were also required to have no history of uncorrected primary sensory disorders or 

progressive sensory impairments, such as vision or tactile deficits. Finally, each participant had to 

achieve a score within the normal range on the Standard Progressive Matrices (SPM-38) to ensure 

average cognitive functioning. Ethical approval was obtained from the Ethics Committee of the 

University of Pavia for the healthy students (Approval Code: 149/23). All subjects gave their 

informed consent for participation in the study. 

 

2.2 Experimental Procedure 

This study utilizes a pre-post experimental design with between-groups comparisons to investigate 

how prism adaptation influences attentional networks, with participants randomly assigned to 

either a Real Prism Adaptation group (N=20, Age: M=24.8 ± 3) or a Sham Control group (N=20, 

M=23.55 ± 3.15). The research protocol is divided into two 40-minute sessions. In the initial 

baseline session, participants provided informed consent and were assigned unique alphanumeric 

identification codes to ensure confidentiality while enabling longitudinal data matching. 

Demographic data, including age, sex, language, education, and profession, were collected 

alongside a standardized assessment of handedness using the Oldfield (1971) questionnaire 

(Oldfield, 1971). To establish a baseline for attentional efficiency, participants completed the 

Attention Network Test (ANT) to measure the Alerting, Orienting, and Executive Control 

networks, conducted on a standardized 17-inch monitor. 

The second session is dedicated to the experimental intervention and the post-test assessment 

phase. During this time, the researchers implement the prism adaptation procedures for the 

experimental group or the sham intervention for the control group to observe potential changes in 

attentional performance and motor behavior. This design ensures that all participants undergo 

identical environmental and procedural conditions, allowing for a controlled evaluation of the 

intervention's specific effects 
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2.2 Materials 

2.2.1 Handedness Questionnaire  

Participants indicated their preferred hand for ten common activities: writing, drawing, throwing, 

using scissors, brushing teeth, using a knife (without a fork), using a spoon, gripping a broom 

(upper hand), lighting a match, and opening a box lid. Each response was assigned 2 points, 

resulting in a total score out of 20 to determine the degree of right- or left-handedness. Additionally, 

foot preference (e.g., for kicking a ball) and eye dominance (the eye used for monocular tasks) 

were recorded (see Figure 2.1). 

 

Figure 2.1 quantitative assessment of handedness Questionnaire 

 

2.2.2 Standard Progressive Matrices (SPM) 

Raven’s Standard Progressive Matrices (SPM; (Raven, 2000)) are without doubt one of the most 

popular and widely used psychometric tests of general ability (Mackintosh, 1998). There are many 

reasons for this. The Matrices may be administered with ease as either an individual or a group 

assessment (Langener et al., 2022). The basic version of the test can be used for a wide age range, 
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consisting of 5 sets of 12 different matrices, gradually increasing in difficulty. Since the test is non-

verbal it can be employed in different language communities. We used the Standard Progressive 

Matrices (SPM) for quantifying General intelligence. The test consists of 60 items of the kind 

shown in figure 2.2. figures presented in order of increasing difficulty, each containing a missing 

piece. Participants were instructed to select the correct missing piece from a set of multiple 

alternatives. In this study, we limited our testing to sets A, B, C, and D (John & Raven, 2003). 

After calculating the number of correct responses, the final Raven’s raw score was converted into 

a corrected Raven score using the following formula: 

Corrected Score = Q2 - ((√F2 - 7.082) × (-0.36)) - ((√G2 - 3.323) × (0.32)) 

Corrected scores were then transformed into a five-point interval scale, from 0 to 4 equivalent 

scores (Spinnler, 1987). The cut-off score obtained in the study by Caffarra et al., (2003), was 

20.72 and the corresponding equivalent scores for different levels of performance are shown in 

Table 2.1 (Caffarra et al., 2003).  

 

 

Figure 2.2 Easy Standard Progressive Matrices Test Item 
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Table 2.1 Equivalent scores for the total score 

 

2.2.3 Attention Network Test (ANT) 

ANT was administered using the Psychology Experiment Building Language (PEBL), an open-

source programming system specialized for the creation and execution of computerized cognitive 

tasks (available at: https://pebl.sourceforge.net). The software was run on a stationary computer 

equipped with a 17-inch monitor. Participants performed the test individually in a dedicated, 

sound-attenuated room to minimize external distractions. The experimenter was present to 

describe the nature of the test and provide instructions. Before the session began, the experimenter 

ensured participant comfort and confirmed that all mobile devices were silenced. Participants were 

instructed to sit at a comfortable viewing distance from the screen and to maintain their focus on 

a central fixation cross throughout the task. The stimuli consisted of black arrows presented against 

a white background. Participants were required to identify the horizontal direction (left or right) 

of a central target arrow by pressing the corresponding left or right "Shift" key on the keyboard. 

The target appeared either above or below the central fixation cross and remained on the screen 

until a response was recorded. The ANT modulates attention through the manipulation of two 

primary factors: Congruency and Cueing. The target arrow was flanked by two arrows on either 

side, resulting in three potential conditions: 

Congruent: Flankers point in the same direction as the target (e.g., →→→→→). 

Incongruent: Flankers point in the opposite direction (e.g., →→←→→). 

Neutral: The target is flanked by horizontal lines with no directional information (e.g., →). 

To modulate the alerting and orienting networks, four types of warning cues (asterisks) were 

presented 100 ms prior to the target onset: 

No Cue: No asterisk appears, providing no temporal or spatial information. 
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Center Cue: An asterisk (⁕) appears at the fixation cross, providing temporal information 

(Alerting). 

Double Cue: Asterisks appear at both potential target locations (top and bottom), providing 

temporal information but no specific spatial information. 

Spatial Cue: An asterisk appears exactly at the upcoming target location, providing both temporal 

and spatial information (Orienting). 

 

Figure 2.3 (a) The four cue conditions: (b) The six stimuli used in the present experiment: (c) An example 

of the procedure (Fan et al., 2002). 

 

The full procedure consisted of 312 trials presented randomly across three experimental blocks. 

The first 24 trials served as a practice session to ensure participants understood the instructions; 

these data were excluded from the final analysis. The total duration of the task was approximately 

22 minutes. Furthermore, Reaction Times (RT) and accuracy were recorded for every trial. 
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Following the logic established by (Fan et al., 2002), the main outcome measure is the RT 

difference score, calculated to isolate the efficiency of each network: 

Alerting Efficiency: Calculated as the RT for the No Cue condition minus the RT for the Double 

Cue condition. This reflects the benefit of having a general warning signal. 

Orienting Efficiency: Calculated as the RT for the Central Cue condition minus the RT for the 

Spatial Cue condition. This measures the benefit of knowing the specific spatial location of the 

target. 

Executive Control (Conflict) Efficiency: Calculated as the RT for the Incongruent Flanker 

condition minus the RT for the Congruent Flanker condition. This represents the cognitive cost of 

resolving conflicting information. 

 

2.2.4 Prism Adaptation Setup 

During the PA procedure, participants were seated at a table in front of a specialized box (Height: 

30 cm; Width: 72 cm; Depth: 34 cm at the center, 18 cm at the periphery). The box was open on 

both the side facing the participant and the side facing the experimenter (Figure 2.4). Three wooden 

columns, serving as targets, were positioned at the distal edge of the box’s top surface. These 

targets were placed at the objective midline (0) or at lateral locations of 15.5 CM to the left and 

15.5 CM to the right of the center. The specific target for each trial was determined according to a 

randomized sequence. Participants were instructed to start with their right hand positioned at the 

level of the sternum on their chest. Upon the experimenter’s signal, they executed a rapid, ballistic 

pointing movement toward the designated wooden column using their index finger. A ballistic 

movement, characterized by a single, fast motion without in-flight adjustments, is necessary to 

ensure the brain relies on its internal spatial map rather than online visual corrections. After each 

movement, the participant returned their hand to the starting position at the center of the body. The 

experimenter recorded the final landing position of each pointing movement to quantify spatial 

accuracy. For the experimental manipulation, the Real Adaptation group wore goggles fitted with 

wedge prisms inducing a 10° rightward shift in the visual field. The Control group wore neutral 

Sham goggles that provided no visual displacement. 
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Figure 2.4 Prism Adaptation Procedure 

 

The pointing task was structured into three distinct experimental phases (Figure 2.5): 

Pre-exposure (Baseline): Subjects performed a total of 30 trials without prisms to establish baseline 

accuracy. This consisted of 15 visible pointing trials in which participants could see the final third 

of their arm's trajectory and the landing position of their finger. This terminal feedback is essential 

for the error-correction process that drives adaptation. Another 15 invisible pointing trials were 

performed by participants at this level. A wooden screen obscured the participant's view of their 

hand and arm throughout the movement.  

Exposure (Adaptation): Subjects performed 90 trials while wearing the 10° right-shifting prisms 

or sham lenses, depending on the experimental Group. These were visible pointing trials, allowing 

the central nervous system to compensate for the optical deviation. 

Post-exposure (Aftereffect): Following the removal of the prisms, participants performed invisible 

pointing movements underneath the top surface of the box to ensure the index finger was not 

visible at any stage. This phase comprised 30 trials in total: 

Immediate Aftereffect: 15 trials performed immediately after the exposure phase. 

Delayed Aftereffect: 15 trials performed after the completion of the second Attention Network Test 

(ANT) to assess the persistence of the motor recalibration. 
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Figure 2.5 Three Distinct Experimental Conditions (Baron et al., 2025). 

 

2.5 Statistical Analysis of Prism Adaptation (PA) 

To verify the effectiveness of the sensorimotor intervention and the progression of adaptation, the 

pointing error data were analyzed using a 2x2 Repeated Measures ANOVA with Group (Real vs. 

Sham) Between-Subjects variables and Time (Pre vs. Post) as Within-Subject variable. The 

analysis evaluated the change in pointing performance across Time, specifically comparing the 

Pre-exposure (baseline) phase to the Early Exposure phase (the initial trials following the 

introduction of the prisms). This allowed for the quantification of the "prism effect", the initial 

displacement caused by the optical shift, and the subsequent motor correction. This was used to 

confirm that the experimental manipulation successfully induced a spatial mismatch in the Real 

group while maintaining stable performance in the Sham group. By comparing these groups, the 

analysis ensured that the behavioral changes observed were a direct result of the 10° rightward 

optical deviation rather than general motor fatigue or repetitive pointing effects. 

 

2.6 Statistical Analysis of ANT 

Baseline and Non-Parametric Comparisons: To ensure group equivalence prior to the intervention, 

Independent Samples T-Tests were performed to compare baseline (Pre-test) ANT scores and Sex 
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across the experimental groups. In instances where the data violated the assumption of normality, 

as determined by the previously mentioned Shapiro-Wilk tests, the Mann-Whitney U test was 

employed as a robust non-parametric alternative. This dual-testing approach ensured that any 

observed post-intervention changes could be confidently attributed to the prism adaptation effect 

rather than pre-existing group differences. To evaluate the impact of the PA on attentional 

performance, a 2x2x2 Repeated Measure ANOVA was performed on the reaction time (RT) data, 

with Group (Real vs. Sham) and Sex (female vs. male) as between-subjects variables and Time 

(Pre vs. Post) as within-subject variable. The efficiency of the three attentional networks (Alerting, 

Orienting, and Executive Control) was first quantified using the subtraction logic established by 

Fan et al. (2002). A Mixed-Design Repeated Measures ANOVA (RMA) was conducted to examine 

changes in network efficiency across the experimental sessions. The analysis focused on the 

interaction between Time (Pre-test vs. Post-test) and Group (Real Prism Adaptation vs. Sham), 

Time and Sex, and the three-way interaction of Time × Group × Sex. These interactions were 

critical for determining whether the prism intervention significantly modulated attentional 

networks differently over time based on the participant's sex or group assignment. The model also 

assessed the main effects of Group and Sex, as well as the Group × Sex interaction, to identify any 

baseline or global differences in attentional performance between the groups regardless of the time 

point. 

 

Chapter 3. Results 

3.1 Participants and Baseline Comparability 

Shapiro-wilk test showed that age was normally distributed in female (W = 0.9, p = 0.06) and in 

males (W = 0.92, p = 0.09) while education level violated normality for both females (W = 0.77, 

p = .001) and males (W = 0.85, p = .007). Independent sample t-tests confirmed that female and 

male participants were equally matched on age (t(38) = -1.61, p = 0.12, d  = -0.5) and education 

level (U = 168, p = 0.362, d = 0.16). Similarly, age and education level were comparable between 

the real and the sham groups (Age: U = 155, p = 0.222, d = 0.225; Education level: U = 164, p = 

0.305, d = 0.182) 
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3.3. Prismatic Adaptation Results 

Direct Effect 

To verify the initial effect of the prisms on pointing accuracy, a 2x2 Repeated Measure ANOVA 

was conducted with Phase (Pre-exposure vs. Early-exposure) as the within-subjects factor and 

Group (Real vs. Sham) as the between-subjects factor. There was a significant main effect of Phase 

(F(1,38) = 103.7, p < .001 , ŋ2 =0.3, and a significant main effect of Group (F(1,38) = 41.5, p < 

.001, ŋ2 =0.2). These effects were qualified by a highly significant Phase × Group interaction 

(F(1,38) = 69.3, p < .001, ŋ2 = 0.2). This interaction indicates that the groups behaved differently 

immediately upon putting on the glasses.  

 

Post Hoc Comparison 

To investigate the specific differences between groups and phases post-hoc test was utilized. The 

post-hoc analysis showed that, there was no significant difference between the Real and Sham 

groups during the pre-exposure phase (t(38) = 0.04, p = 1.000), confirming identical baseline 

accuracy. Upon entering the early-exposure phase, the Real group showed a massive and 

significant shift from their baseline (t(38) = -13.08, p < .001), with a mean error increase of 4.38 

units. The Sham group showed no significant difference between pre-exposure and early-exposure 

(t(38) = -1.31, p = .560), confirming that the sham glasses did not displace their vision. 

Consequently, during the early-exposure phase, the pointing error of the Real group was 

significantly larger than that of the Sham group (t(38) = 8.4, p < .001). These findings confirm 

that the optical manipulation was successful. The Real prisms induced a significant visual-motor 

error (displacement) that was entirely absent in the Sham Group, providing the necessary 

conditions for adaptation to occur (see Table 3.1 and Figure 3.1). 
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Post Hoc Comparisons - Phase ✻ Group 

Comparison  

Phase Group  Phase Group 
Mean 

Difference 
SE df t ptukey 

Pre 

Exposure 

Real - Pre 

Exposure 

Sham 0.0133 0.284 38.0 0.0467 1.000 

- Early 

Exposure 

Real -4.3850 0.335 38.0 -

13.0888 

<.001 

- Early 

Exposure 

Sham -0.4267 0.389 38.0 -1.0973 0.693 

Sham - Early 

Exposure 

Real -4.3982 0.389 38.0 -

11.3103 

<.001 

- Early 

Exposure 

Sham -0.4400 0.335 38.0 -1.3132 0.560 

Early 

Exposure 

Real - Early 

Exposure 

Sham 3.9583 0.471 38.0 8.4034 <.001 

 

Table 3.1. Post-hoc Comparisons for the Phase*Group Interaction across Pre and Early Exposure 

 

Figure 3.1. Phase*Group Interaction across Pre and Early Exposure 

Y= Pointing Error (cm) 

X= Phase 
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Adaptation 

To assess the rate and extent of adaptation while wearing the prisms, a 2x2 Repeated Measure 

ANOVA was conducted with Phase (Early-exposure vs. Late-exposure) as the within-subjects 

factor and Group (Real vs. Sham) as the between-subjects factor. The analysis revealed a 

significant main effect of Phase (F(1,38) = 78.4, p < .001, ŋ2 = 0.26), and a significant main effect 

of Group (F(1,38) = 58.8, p < .001, ŋ2 = 0.21). These were further explained by a significant 

Phase × Group interaction (F(1,38) = 76.6, p < .001, ŋ2 = 0.25). This interaction suggests that the 

trajectory of pointing accuracy throughout the exposure period differed significantly depending on 

whether participants were wearing real or sham prisms. 

 

Post Hoc Comparisons 

To evaluate the learning curve within each group Post-hoc test was conducted. Analysis showed 

that, at the start of the exposure (Early-exposure), the Real group showed significantly higher 

pointing error compared to the Sham group (MD = 3.96, t(38) = 8.4, p < .001), representing the 

initial optical displacement. The Real group demonstrated a highly significant reduction in error 

from Early to Late exposure (MD = 4.19, t(38) = 12.45, p < .001). This indicates that participants 

successfully adapted their motor movements to compensate for the visual shift. In the Sham group, 

there was no significant change in pointing accuracy between Early and Late exposure (MD = 

0.02, t(38) = 0.07, p = 1.000), indicating no learning was required or occurred. By the end of the 

exposure period (Late-exposure), the pointing accuracy of the Real group was no longer 

significantly different from the Sham group (MD = -0.2, t(38) = -1.98, p = .213). These results 

provide clear evidence of behavioral compensation. While the real prisms initially caused a 

significant disruption in pointing accuracy, participants were able to fully adapt by the end of the 

exposure phase, reaching a level of accuracy indistinguishable from the control (Sham) group. (see 

Table 3.2 and Figure 3.2) 
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Post Hoc Comparisons - Phase ✻ Group 

Comparison  

Phase Group  Phase Group 
Mean 

Difference 
SE df t ptukey 

Early-

Exposure 

Real - Early-

Exposure 

sham 3.9583 0.471 38.0 8.4034 <.001 

- Late-

Exposure 

Real 4.1916 0.337 38.0 12.4500 <.001 

- Late-

Exposure 

Sham 3.9832 0.341 38.0 11.6715 <.001 

Sham - Late-

Exposure 

Real 0.2334 0.341 38.0 0.6838 0.903 

- Late-

Exposure 

Sham 0.0250 0.337 38.0 0.0741 1.000 

Late-

Exposure 

Real - Late-

Exposure 

Sham -0.2084 0.105 38.0 -1.9810 0.213 

 

Table 3.2. Post-hoc Comparisons for the Phase*Group Interaction across Early and Late Exposure 

 

Figure 3.2. Phase*Group Interaction across Early and Late Exposure 

Y= Pointing Error (cm) 

X= Phase 
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After Effect 

To investigate the presence of a prismatic aftereffect, a 2x2 Repeated Measure ANOVA was 

conducted with Phase (Pre-exposure invisible vs. Post-exposure invisible) as the within-subjects 

factor and Group (Real vs. Sham) as the between-subjects factor.  The ANOVA revealed a 

significant main effect of Phase (F(1,38) = 149, p < .001, ŋ2 = 0.34), and a significant main effect 

of Group (F(1,38) = 103, p < .001, ŋ2 = 0.23). Crucially, these effects were qualified by a 

significant Phase × Group interaction (F(1,38) = 107, p < .001, ŋ2 = 0.24), indicating that the 

change in pointing accuracy from pre- to post-exposure differed significantly between the Real 

and Sham groups.  

 

Post Hoc Comparison 

To decompose the interaction, Post-hoc test was performed. At the pre-exposure phase, there was 

no significant difference in pointing between the Real and Sham groups (MD = 0.04, t(38) = 1.7, 

p = .337), confirming that both groups started at a similar baseline. The Real group showed a 

highly significant shift from pre-exposure to post-exposure (MD = 3.07, t(38) = 15.92, p < .001). 

This confirms the presence of a robust prismatic aftereffect. In contrast, the Sham group showed 

no significant change between pre- and post-exposure phases (MD = 0.25, t(38) = 1.32, p = .555). 

Following the adaptation period, the pointing accuracy of the Real group was significantly 

different from that of the Sham group (MD = -2.77, t(38) = -10.28, p < .001). These results 

demonstrate that the prismatic adaptation procedure was effective. Only the participants in the 

Real Group developed a significant spatial aftereffect, while the Sham Group remained stable at 

baseline. (see Table 3.3 and Figure 3.3) 

 

Post Hoc Comparisons - Phase ✻ Group 

Comparison  

Phase Group  Phase Group 
Mean 

Difference 
SE df t ptukey 

Pre-

Exposure 

Real - Pre-

Exposure 

sham 0.0416 0.0245 38.0 1.70 0.337 
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Post Hoc Comparisons - Phase ✻ Group 

Comparison  

Phase Group  Phase Group 
Mean 

Difference 
SE df t ptukey 

- Post-

Exposure 

Real 3.0733 0.1930 38.0 15.92 <.001 

- Post-

Exposure 

Sham 0.2967 0.1917 38.0 1.55 0.420 

Sham - Post-

Exposure 

Real 3.0316 0.1917 38.0 15.82 <.001 

- Post-

Exposure 

Sham 0.2550 0.1930 38.0 1.32 0.555 

Post-

Exposure 

Real - Post-

Exposure 

Sham -2.7766 0.2700 38.0 -

10.28 

<.001 

 

Table 3.3. Post-hoc Comparisons for the Phase*Group Interaction across Pre and Post Exposure 

 

Figure 3.3. Phase*Group Interaction across Pre and Post Exposure 

Y= Pointing Error (cm) 

X= Phase 
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Persistence of the Aftereffect (15-minute Delay) 

To evaluate the durability of the prismatic aftereffect following a 15-minute delay and a cognitive 

attention task, a 2x2 Repeated Measure ANOVA was conducted. The factors included Phase (Post-

exposure invisible vs. Delayed difference-invisible) and Group (Real vs. Sham). The ANOVA 

revealed a significant main effect of Phase (F(1,38) = 33.4, p < .001, ŋ2 = 0.07), and a significant 

main effect of Group (F(1,38) = 57.7, p  < .001, ŋ2 = 0.44). Importantly, a significant Phase × 

Group interaction was observed (F(1,38) = 38.7, p  < .001, ŋ2 = 0.09). This indicates that the 

retention of the spatial shift over the 15-minute interval differed significantly between the two 

groups.  

Post Hoc Comparisons 

To analyze the stability of the aftereffect Post-hoc test was used. As established in previous phases, 

there was no significant difference between the Real and Sham groups at the pre-exposure baseline 

(MD = 0.04, t(38) = 1.7, p = .337). Even after the 15-minute delay and the intervening attention 

task, the Real group maintained a highly significant aftereffect compared to their baseline (MD = 

1.4, t(38) = 6.46, p < .001). The Sham group showed no significant difference from baseline at the 

15-minute mark (MD = 0.31, t(38) = 1.46, p = .471), confirming no spontaneous shifts occurred. 

In the final delayed measurement, the Real group remained significantly different from the Sham 

group (MD = -1.04, t(38) = -3.43, p = .008). These results demonstrate that the prismatic 

adaptation effect is robust and resistant to decay over short periods of time. The spatial aftereffect 

successfully persisted through a 15-minute delay and cognitive distraction, showing that the 

underlying visuo-motor reorganization was relatively stable. (see Table 3.4 and Figure 3.4) 

Post Hoc Comparisons - Phase ✻ Group 

Comparison  

Phase Group  Phase Group 
Mean 

Difference 
SE df t ptukey 

Post-

Exposure 

Real - Post-

Exposure 

Sham -2.7766 0.270 38.0 -

10.285 

<.001 

- Diff-

Exposure 

Real -1.6717 0.197 38.0 -8.488 <.001 

- Diff-

Exposure 

Sham -2.7150 0.288 38.0 -9.443 <.001 



37 
 

Post Hoc Comparisons - Phase ✻ Group 

Comparison  

Phase Group  Phase Group 
Mean 

Difference 
SE df t ptukey 

Sham - Diff-

Exposure 

Real 1.1049 0.288 38.0 3.843 0.002 

- Diff-

Exposure 

Sham 0.0617 0.197 38.0 0.313 0.989 

Diff-

Exposure 

Real - Diff-

Exposure 

Sham -1.0432 0.304 38.0 -3.431 0.008 

 

Table 3.4. Post-hoc Comparisons for the Phase*Group Interaction across Post and Diff. Exposure 

 

Figure 3.4. Phase*Group Interaction across Post and Diff. Exposure 

Y= Pointing Error (cm) 

X= Phase 

 

 

3.2. Attentional Network Test (ANT) Results 

Reaction Time (RT) 

The analysis revealed that Reaction Times at the ANT were reduced significantly after PA in both 

groups (Time: F(1,36) = 12.72, p = 0.001, ŋ2 = 0.01). No effect of interaction between 

Group*Time (F(1,36) = 0.01, p = 0.89, ŋ2 = 0), Time*Sex (F(1,36) = 1.37, p = 0.24, ŋ2 = 0.001, 
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and Time*Group*Sex (F(1,36) = 0.05, p = 0.81, ŋ2 = 0) were found. Comparison between Pre-

test (M = 511.506 ± 65.578) and Post-test (M = 489.893 ± 66.687) is plotted in Figure 3.5.  

 

 

Figure 3.5. Estimated Marginal Means of Reaction Times (RT) for the Main Effect of Time. 

Y= Reaction Time 

X= Time 

 

Alerting Network 

Concerning the alerting subcomponent, analyses show a significant main effect of Time ( F(1,36) 

= 10.61, p = 0.002, ŋ2 = 0.2) and a significant main effect of Sex (F(1,36) = 4.09, p = 0.05, ŋ2 = 

0.03), meaning that male and females have different alerting indexes, independently from the phase 

of the experiment or the experimental group. No interaction between Time*Sex (F(1,36) = 0.18, 

p= 0.66, ŋ2 = 0), Time*Group (F(1,36) = 2.13, p = 11.15, ŋ2 = 0) or Time*Group*Sex (F(1,36) 

= 0, p = 0.93. ŋ2 = 0) emerged.  

Examination of the main effect of Sex revealed that females (M = 49.2 ± 26.6) exhibited 

significantly higher alerting efficiency than males (M = 32.5 ± 35.5) (see Figure 3.6). This indicates 

that the functional benefit derived from the double-cue condition (relative to the no-cue condition) 

was more pronounced in the female group.  
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Figure 3.6. Estimated Marginal Means of the Alerting Index by Sex 

Y= Alerting Index 

X= Sex 

 

Follow-up analyses showed that participants have higher alerting in post (M = 47.7 ± 30.7) than 

pre (M = 34 ± 28.9), independently from Group or Sex. (see Figure 3.7).     

 

 

Figure 3.7. Estimated Marginal Means of the Alerting Index by Time 

Y= Alerting Index 

X= Time 
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Orienting Network 

The analysis of the orienting network (based on correct trials only) revealed a significant main 

effect of Time (F(1,36) = 14.8, p < .001, ŋ2 = 0.03). This indicates a significant shift in orienting 

efficiency between the pre- and post-treatment sessions. No interaction in Group (F(1,36) = 0.05, 

p= 0.82, ŋ2=0) or Sex (F(1,36) = 0, p = 0.94, ŋ2=0) emerged. Also no interaction between 

Time*Sex (F(1,36) = 0.18, p= 0.66, ŋ2=0), Time*Group (F(1,36) = 1.57, p = 0.21, ŋ2=0), 

Time*Group*Sex (F(1,36) = 1.75, p = 0.19. ŋ2=0) or Group*Sex emerged (F(1,36) = 0.49, p = 

0.48, ŋ2=0). 

Results indicated that the orienting effect (calculated as RT_{center} - RT_{spatial}) was 

significantly greater in the pre-test (M = 27.4 ± 17.7) than in the post-test (M = 15.8 ± 20.8) (see 

Figure 3.8). This shift reflects a decreased sensitivity to spatial cues as the study progressed, 

regardless of the experimental group or participant sex. 

 

Figure 3.8. Estimated Marginal Means of the Orienting Index by Time 

Y= Orienting Index 

X= Time 

 

 

Conflict Network 

The analysis of the conflict network (executive control) revealed a significant Time*Sex 

interaction (F(1,36) = 4.98, p = .032, ŋ2=0). This indicates that the modulation of attentional 
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interference from pre-test to post-test differed significantly between male and female participants, 

regardless of the experimental group. No interaction in Time (F(1,36) = 3.6, p= 0.06, ŋ2=0) Group 

(F(1,36) = 0.31, p= 0.58, ŋ2=0) or Sex (F(1,36) = 3.41, p = 0.07, ŋ2=0.02 emerged. Also no 

interaction between Time*Sex (F(1,36) = 4.98, p= 0.03, ŋ2=0), Time*Group (F(1,36) = 0.33, p = 

0.56, ŋ2=0), Time*Group*Sex (F(1,36) = 1.62, p = 0.21. ŋ2=0) or Group*Sex emerged (F(1,36) 

= 0.05, p = 0.81, ŋ2=0). 

Follow-up post-hoc comparisons revealed that the significant interaction was driven by a distinct 

change in the male group. Specifically, males showed a significant difference in the conflict index 

between the pre-test and post-test (t(36) = 2.92, p = .036), whereas no significant change was 

observed for females (t(36) = -0.85, p =1.000) (see Table 3.12). This indicates that the observed 

interaction between Time and Sex was primarily attributable to the performance shifts within the 

male population. No significant difference between Pre-test Female*Pre-test Male (t(36) = -2.38, 

p = .136), Pre-test Female*Post-test Female (t(36) = -0.24, p = 1.000), Pre-test Female*Post-test 

Male (t(36) = -0.86, p = 1.000) Pre-test Male*Post-test Female (t(36) = 2.48, p = .107), Post-test 

Female*Post-test Mal (t(36) = -0.81, p = 1.000) emerged. 

Analysis of the conflict index for male participants revealed a significant reduction in interference 

from the pre-test (M = 95.8 ± 27.8) to the post-test (M = 82.2 ± 19.1) (see Figure 3.9).  

 

Figure 3.9. Estimated Marginal Means for the Time*Sex Interaction 

Y= Conflict Index 

X= Time 
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Error Analysis 

The analysis of accuracy revealed a significant main effect of Time on error rates (F(36) = 4.79, p 

= .035, ŋ2=0.01). This indicates a significant modulation in the number of errors committed by 

participants between the pre-test and post-test sessions, regardless of sex or experimental group. 

No interaction in Group (F(1,36) = 2.09, p= 0.15, ŋ2=0.01) or Sex (F(1,36) = 0.15, p= 0.69, ŋ2=0) 

emerged. Also no interaction between Time*Sex (F(1,36) = 0.03, p= 0.84, ŋ2=0), Time*Group 

(F(1,36) = 0.24, p = 0.62, ŋ2=0), Time*Group*Sex (F(1,36) = 0.92, p = 0.34, ŋ2=0) or Group*Sex 

emerged (F(1,36) = 0.43, p = 0.51, ŋ2=0). 

Interestingly, the significant main effect of Time (F(36) = 4.79, p = .035) revealed that participants 

across all groups committed more errors during the post-test (M = 4.50 ± 4.09) than in the pre-test 

(M = 3.07 ± .03) (see Figure 3.10). This increase in error rates, occurring alongside the faster 

reaction times observed previously, suggests a speed-accuracy trade-off or a possible fatigue effect 

as the experiment progressed.  

 

 

Figure 3.10. Estimated Marginal Means of the Error Index by Time 

Y= Error Index 

X= Time 
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Chapter 4. Discussion 

4.1 Main Findings 

The present study investigated whether Prismatic Adaptation would improve higher-level 

attentional processing, such as Executive Control, Orienting, and Alerting, in healthy individuals. 

We specifically aimed to analyze how attentional components differ between men and women. 

The results, however, revealed a more complex reality: while the intervention was highly effective 

at inducing robust sensorimotor adaptation, it did not produce the anticipated group-specific 

cognitive transfer. Instead, observed modulations in attentional performance were largely driven 

by task repetition and sex-based differences rather than the prismatic intervention itself. 

The success of the sensorimotor component of our study is clear; the experimental manipulation 

effectively induced spatial realignment. Consistent with the three-stage adaptation process, the 

Real PA group exhibited a significant initial pointing error (direct effect) compared to the Sham 

group. This massive error reflects an immediate disruption of the visual-motor loop, a phenomenon 

described by Michel (2016) as a demonstration of sensorimotor plasticity, which allows the brain 

to produce appropriate motor responses in reaction to environmental changes. Over the course of 

the exposure phase, our participants successfully recalibrated their movements to compensate for 

the 10° visual shift. As described by Redding and Wallace (2002), this rapid reduction in pointing 

error is driven by calibration, a high-level, strategic, and attention-driven process in which the 

brain utilizes associative learning to consciously adjust future movements based on immediate past 

failures.   

Crucially, the Real group developed a robust spatial aftereffect that persisted even after a 15-

minute delay and an intervening cognitive task. This aligns with the framework established by 

Redding and Wallace (1997), who emphasize that spatial realignment serves as the true "core" of 

prism adaptation and is the primary driver of global aftereffects (Redding & Wallace, 1997). As 

Redding et al. (2005) further clarify, strategic calibration alone is highly context-specific and does 

not produce lasting aftereffects; it is the underlying alignment process that makes adaptation 

durable (Redding et al., 2005a). Alignment involves the automatic, transparent computation of 

coordinate systems mediated by the cerebellum. As Templeton, Howard, and Wilkinson (1974) 

demonstrated in their foundational work on the additivity of these components, the adaptation 
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process is not a unitary change but rather the cumulative effect of proprioceptive changes in the 

trained arm and shifts in the eye-head system (Templeton et al., 1974). Because our participants 

exhibited a significant aftereffect despite the delay and the intervening ANT, we assume that based 

on the assertion by Redding and Wallace (1993), true spatial realignment occurred. This 

realignment is a form of non-associative learning in which the brain fundamentally updates its 

sensorimotor coordinate constants across the entire spatial reference frame. Despite this successful 

behavioral adaptation, the lack of specific effect on the attentional networks suggests that in 

healthy systems, such sensorimotor realignment may operate independently of the higher-level 

cognitive executive networks measured here. 

Despite the successful sensorimotor adaptation, the data did not support the improvement of the 

higher-level attention hypothesis in this healthy sample. While reaction times (RT) decreased from 

pre-test to post-test, this improvement was observed in both the Real and Sham groups, 

accompanied by a significant increase in error rates across all participants. Furthermore, while we 

identified distinct sex differences in the Alerting and Executive Control networks, these 

modulations occurred independently of the PA intervention. The observed pattern of faster RTs 

paired with higher error rates proposes a speed-accuracy trade-off or general task-related fatigue 

rather than a PA-induced cognitive enhancement. According to the framework established by Fan 

et al. (2002), the ANT is designed to isolate the efficiency of three independent attentional systems; 

however, our results indicate that in healthy, intact brains, these systems may not be susceptible to 

the same "bottom-up" modulation that benefits patients with clinical deficits. Although Prism 

Adaptation (PA) is known to engage the Dorsal Attention Network (DAN) during attentional tasks, 

it did not lead to improved executive performance in our study. This suggests that PA may 

modulate different neural networks than those specifically assessed by the Attention Network Test 

(ANT), or that a single session of PA is simply insufficient to produce measurable cognitive 

improvements. 

The results regarding Alerting Network demonstrated that females exhibited significantly higher 

alerting efficiency than males, indicating increased vigilance in response to preparatory signals. 

However, this result is regardless of time (pre/post) and group (real/sham). When contextualizing 

this finding against existing research, the literature presents a complex picture. Liu et al. (2013), 

in their study of healthy young adults, reported no significant sex differences in alerting efficiency. 
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This recommends that under standard, non-pathological conditions, the brain's ability to maintain 

a state of high alertness, the tonic readiness to respond to incoming stimuli, may not inherently 

differ by sex (Liu et al., 2013). This is further supported by Urbanek et al. (2010), who, while 

identifying sex-specific alterations in the executive network in patients with schizophrenia, 

observed no such divergence in the alerting or orienting networks within their healthy control 

groups (Urbanek et al., 2010). However, our observation that females derive a more pronounced 

benefit from warning signals aligns with more recent, population-specific research.  Facci et al. 

(2025) found that sex-based differences in attentional functioning, including executive control, 

become more distinct in specific cohorts, such as healthy older adults or those with mild cognitive 

impairment (MCI), where sex-based compensatory strategies likely influence network 

performance (Facci et al., 2025a). The variability in these findings is further underscored by Kim 

et al. (2025); in their pilot study utilizing specific rhythm auditory stimulation, they found no sex-

based differences across any ANT variables, including alerting (Kim et al., 2025). This suggests 

that the "alerting advantage" observed in our female participants may not represent a generalized, 

fixed sex difference. Instead, as posited by the foundational framework of Posner and Rothbart 

(2007), the alerting network is a dynamic, localized system (Posner & Rothbart, 2007). Our 

findings, in the context of the cited studies, imply that the efficiency of this network is highly 

sensitive to the experimental protocol (e.g., visual-cue structure vs. rhythmic auditory stimulation), 

participant age, and the underlying cognitive strategies (such as tonic versus phasic alertness) 

recruited to maintain readiness under task demands. 

Regarding Orienting Network, contrary to the hypothesis that females would show greater 

improvement in orienting due to a more responsive system, orienting efficiency decreased for all 

participants across time. There were no sex differences observed here. This overall shift reflects a 

generalized decrease in sensitivity to spatial cues as the task progressed. The most straightforward 

explanation for this, is cognitive fatigue. The ANT is a high-demand task that requires sustained 

attention and rapid motor responses. Maintaining peak attentional performance over repeated 

testing blocks (pre-test, PA exposure, 15-minute delay, and post-test) depletes the brain's 

attentional energy. Furthermore, as the experiment progresses, participants' motivation often 

wanes, leading to a natural decline in the arousal necessary to maintain high orienting efficiency. 

This is a common occurrence in long cognitive batteries, where the "freshness" of the first session 
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is impossible to replicate in the second. Even after a 15-minute rest, the brain may still be in a state 

of post-adaptation stabilization, where the executive and attentional resources required to maintain 

the new spatial map conflict with the resources needed to perform the high-speed spatial orienting 

required by the ANT (Martín-Arévalo et al., 2016; Taylor & Thoroughman, 2008). Furthermore, 

the ANT is inherently repetitive. By the time participants reach the post-test, they have been 

exposed to the same cues repeatedly, which can lead to habituation and a vigilance decrement 

where attention wanes for predictable stimuli (Luna et al., 2023). Consequently, by the post-test, 

the spatial cues in the ANT may no longer elicit the same novelty response in the orienting network 

that they did during the pre-test. Orienting relies on the brain's ability to prioritize new spatial 

information; if the brain habituates to the spatial cues as constant and predictable, it may reduce 

the neural effort dedicated to orienting toward them, which manifests behaviorally as a decrease 

in sensitivity (Luna et al., 2023). Finally, individual differences must be considered, as studies 

suggest that biological sex significantly influences the efficiency of the orienting network during 

the ANT. Specifically, Liu et al. (2013) observed that females demonstrated higher orienting scores 

compared to males, proposing that females may exhibit faster covert orienting of attention to 

spatially cued locations (Liu et al., 2013). This suggests a potential sex-based advantage in the 

engagement or disengagement mechanisms of the orienting network. Conversely, other research 

highlights that these differences are not universal and may depend on the testing environment or 

the clinical profile of the subjects. For instance, studies examining healthy older adults or patients 

with mild cognitive impairment (MCI) have reported no significant sex differences in orienting 

efficiency (Facci et al., 2025b). Further literature suggests that when the ANT is modified, for 

example, by using auditory stimuli, no sex-based differences are observed for any ANT variable, 

including the orienting network. This supports the notion that sex-based disparities in attention 

may be specific to visual-spatial processing rather than generalized attentional mechanisms. The 

inconsistency in findings often points to the distinction between structural neural differences and 

strategic deployment of attention. While Posner and Petersen (2012) define the orienting network 

by its capacity to prioritize input by selecting a modality or location, Fan et al. (2002) emphasize 

that performance on the ANT is a result of both network efficiency and individual strategy (Fan et 

al., 2002; Petersen & Posner, 2012). Differences in how males and females navigate spatial cues 

may reflect distinct strategies in processing speed or impulsivity, as discussed by Riley et al. (2016) 
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and Conners et al. (2003), rather than a fundamental difference in the "hard-wiring" of the orienting 

circuit itself (Conners et al., 2003; Riley et al., 2016). 

The literature regarding executive control has historically been controversial, with conflicting 

reports on interference susceptibility between sexes. The present study found a significant Time × 

Sex interaction within the conflict network. Males demonstrated a significant reduction in 

interference (improved conflict resolution) from pre-test to post-test, whereas females showed no 

significant change. However, because this occurred independently of the experimental group, it 

cannot be attributed to PA. Instead, it highlights distinct sex-specific practice effects or neural 

response strategies. As noted by Riley et al. (2016) and Conners et al. (2003), males and females 

often deploy different strategies regarding impulsivity, processing speed, and inhibitory control 

during continuous performance tasks (Conners et al., 2003; Riley et al., 2016). This variance is 

further contextualized by Urbanek et al. (2009), who identified sex specific alterations of executive 

function using the ANT, suggesting that while basic attentional networks might be stable, the 

executive control network is highly sensitive to resolving conflicting stimuli (Urbanek et al., 

2009). Similarly, recent findings from Facci et al. (2025) indicate that when assessing executive 

control in healthy and clinical populations, the efficiency of the conflict network is not uniform; 

sex-based performance differences frequently emerge as a result of varying compensatory 

cognitive strategies, particularly as task demands increase (Facci et al., 2025b). Posner and 

DiGirolamo (1998) identify the anterior cingulate gyrus as central to conflict resolution, but our 

results align with the broader literature to suggest a more nuanced view. Specifically, the 

modulation of this executive network depends on individual response strategies and sex-specific 

baseline approaches to inhibitory control, rather than sensorimotor plasticity driven by prism 

exposure (Posner & DiGirolamo, 1998). 

 

4.2 Limitations of the Study 

Several limitations should be considered when interpreting these results. First, the primary 

limitation is the evident speed-accuracy trade-off or fatigue effect observed during the post-test 

ANT, characterized by faster response times but significantly higher error rates across the entire 

sample. This generalized testing effect, driven by the repetitive nature of the ANT and the mental 
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effort required by the prism task, likely obscured any subtle cognitive improvements produced by 

the intervention. In their critical appraisal of the ANT, MacLeod et al. (2010) noted that the test’s 

reliance on rapid, repeated trials makes it highly sensitive to fluctuations in arousal and motivation. 

This sensitivity can inadvertently obscure the detection of small, intervention-specific effect sizes 

in healthy participants (MacLeod et al., 2010). 

Secondly, future studies might benefit from a more proximal post-test or the use of 

neurophysiological markers, such as fMRI or EEG, to capture transient neural shifts that 

behavioral performance metrics, constrained by speed-accuracy trade-offs, might fail to reflect. 

Another significant limitation of the present study is that we did not control for or record the 

menstrual cycle phase of our female participants. Research has demonstrated that the efficiency of 

inhibitory and attentional control is not a static trait but fluctuates significantly with hormonal 

changes. For instance, Colzato et al. (2012) found that estrogen levels actively modulate inhibitory 

input control; specifically, women exhibited a significantly more pronounced Inhibition of Return 

(IOR) effect during their follicular phase, which is associated with higher estradiol levels and 

increased dopamine turnover rates, compared to their luteal or menstruation phases (Colzato et al., 

2012). Notably, this increase in women's IOR during the follicular phase was also greater than the 

effect found for men at any phase. This evidence suggests that gender differences in inhibitory 

control are variable and state-dependent rather than structurally fixed. The networks assessed by 

the ANT, particularly the alerting and executive control networks, rely heavily on similar 

dopaminergic pathways. Given this shared reliance, it is highly plausible that the sex differences 

observed in our data, such as the heightened alerting efficiency in females, may have been 

influenced by unrecorded hormonal states. Future research should account for this variability by 

incorporating non-invasive hormonal tracking, such as salivary estradiol assessments, to better 

isolate the specific cognitive effects of sensorimotor plasticity from natural hormonal fluctuations. 

Finally, as an additional theoretical consideration when interpreting the lack of specific cognitive 

transfer, it is worth acknowledging the potential influence of a "ceiling effect". Prism adaptation 

is primarily established as a therapeutic tool that successfully rebalances a severely impaired 

spatial reference frame in patients with profound neurological deficits, such as Unilateral Spatial 

Neglect. While it is a scientifically sound and promising endeavor to explore whether this 

mechanism can be extended to enhance higher-order attention in healthy individuals, measuring 
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such improvements can be challenging. Young, highly educated adults typically possess attentional 

networks that are already functioning at a high, optimal baseline. Because their baseline 

performance is naturally near the maximum possible level, there may be limited room for further 

measurable enhancement, even following robust sensorimotor plasticity. This perspective aligns 

with Michel’s (2016) observation that while the "cognitive expansion" of PA is an exciting area of 

research, its underlying mechanisms are highly variable and may manifest less potently in neural 

systems that are not inherently dysfunctional. 

 

4.3 Future Directions 

Future research on the sensorimotor plasticity should design experiments that clearly separate 

'practice and fatigue effects' (such as improvements or declines simply due to repeated testing) 

from the true effects of the prism intervention. Using alternative cognitive assessments less prone 

to rapid task learning, or spacing the pre- and post-tests further apart, may help clarify these 

dynamics. Furthermore, because healthy individuals already perform at a high level, standard 

behavioral metrics might not capture the full picture. Since sex-dependent neural activation 

patterns can exist even when behavioral outcomes appear identical, future studies should include 

brain imaging tools, such as EEG or fMRI. This approach could uncover hidden changes in brain 

activity and reveal how men and women might differentially recruit the Default Mode Network or 

Dorsal Attention Network following prismatic adaptation. Finally, future clinical applications of 

PA should continue to consider patient sex, as the distinct resting-state and task-activated strategies 

used by men and women may interact differently with sensorimotor rehabilitation. 

 

Chapter 5. Conclusion 

It is well-established that prism adaptation (PA) is a non-invasive technique widely researched and 

used for its clinical utility to treat Unilateral Spatial Neglect (USN), a debilitating condition 

typically occurring after a right-hemisphere stroke. However, its effect on attentional networksm 

which play a crucial role in supporting a wide range of high-level cognitive functions in healthy 

people, remains not fully understood. Specifically, biological sex has received limited attention in 
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prior studies, despite increasing recognition of its potential role in cognitive function. To the best 

of our knowledge, no previous study has investigated the impact of sex on attentional functioning 

in the context of using Prismatic Adaptation glasses.  Therefore, a primary goal of this research is 

to determine whether PA mechanisms can influence higher-order attentional networks, including 

Alerting, Orienting, and Executive Control, in healthy individuals. More importantly, there is a 

clear gap in the literature because no previous studies have investigated how the effect of PA on 

attention might differ between healthy men and women, and also, existing studies on sex 

differences in attention at baseline, regardless of PA intervention, often report mixed results. To 

address this gap, our experiment measured attentional performance before and after PA exposure. 

We investigated whether sensorimotor plasticity yields different cognitive effects by biological 

sex, aiming to better understand its role in modulating attention. 

To ensure the reliability of our findings, we utilized the Attention Network Test (ANT), for 

detecting changes in specific attentional functions. We compared a real PA group with a sham 

control group to confirm that any observed changes were truly caused by the prismatic intervention 

and not simply by practicing the task. Furthermore, by carefully matching the participants in both 

groups for age and education level, we minimized the influence of external demographic variables 

on cognitive performance. To avoid biased comparisons, our analysis focused strictly on the 

corrected scores for the Alerting, Orienting, and Executive Control networks. This rigorous 

methodological approach allowed us to confidently evaluate the true impact of sensorimotor 

adaptation on these attention networks.  Our results confirmed that the experimental protocol was 

highly effective in inducing sensorimotor plasticity, consistent with the expected pattern reported 

in the Prismatic Adaptation literature. The Real PA group demonstrated a significant initial 

pointing error, followed by successful behavioral compensation and a robust spatial aftereffect that 

persisted despite a 15-minute delay and an intervening cognitive task. This provides clear evidence 

that the prismatic intervention triggered a neural reorganization of internal spatial maps, consistent 

with the fundamental mechanisms of sensorimotor alignment.  However, the hypothesis that this 

sensorimotor realignment would transfer to higher-level attentional networks was not supported. 

While improvements in reaction times were observed across the entire sample, they were 

accompanied by increased error rates, suggesting a generalized speed-accuracy trade-off or task-

related fatigue rather than a PA-induced cognitive enhancement. Consequently, we concluded that 

in healthy systems where attentional networks are already functioning at an optimal baseline, the 
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sensorimotor modulation provided by PA does not readily translate into enhanced executive 

performance. While other studies demonstrated that PA's ability to modulate attentional networks 

is primarily effective in clinical populations with visuospatial deficits, such as those with 

Unilateral Spatial Neglect, our study suggests that it does not have effect on healthy individuals. 

Our work contributed to the literature by challenging the assumption that sensorimotor 

recalibration automatically transfers to non-spatial cognitive domains in healthy individuals. It 

highlights a functional boundary between the cerebellar-mediated alignment processes and the 

high-level attentional networks. These findings are critical for clinicians and researchers 

considering PA as an intervention. Our study suggests that, because a single PA experimental 

session was insufficient to elicit consistent cognitive outcomes in all healthy individuals, a uniform 

response to this intervention should not be expected. Consequently, applying a standardized, equal 

intervention for all participants may be inherently ineffective. Instead, clinical protocols must be 

highly individualized, potentially requiring different numbers of intervention sessions tailored to 

people's specific cognitive profiles and needs to achieve an outcome.   

Regarding the role of sex, while we identified distinct attentional profiles, notably a female 

advantage in the Alerting network and a significant practice effect in conflict resolution within the 

male group, these modulations occurred independently of the prismatic intervention. This finding 

contrasts with our initial hypothesis, which posited that sensorimotor plasticity would 

differentially modulate these networks based on biological sex. Specifically, we hypothesized that 

females would show greater improvement in the orienting network, whereas males would show 

greater improvement in the executive control network, due to distinct activation of the cerebello-

parietal loop. These findings underscore the influence of sex specific cognitive strategies and 

individual task approach on attentional performance, rather than a sex-dependent response to 

sensorimotor plasticity.  
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