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Abstract 

Objective:  Retaining the identity or location of decontextualized objects in visual short-term 

working memory (VWM) is impaired by healthy and pathological ageing, but research 

remains inconclusive on whether these two features are equally impacted by it. Moreover, it is unclear 

whether similar impairments would manifest in naturalistic visual contexts.  

     

Method: 30 people with MCI and 32 age-matched control participants (CP) were eye-tracked 

within a change detection paradigm. They viewed 120 naturalistic scenes, and after a retention 

interval (1 second) asked whether a critical object in the scene had (or not) changed on either: 

identity (became a different object), location (same object but changed location) or both (changed in 

location and identity).    

 

Results:  MCIs performed worse than CP but there was no interaction with the type of change. 

Changes in both were easiest while changes in identity alone were hardest. The latency to first 

fixation and first-pass duration to the critical object during successful recognition was not different 

between MCIs and CPs. Objects that changed in both features took longer to be fixated for the first 

time but required a shorter first-pass compared to changes in identity alone which displayed the 

opposite pattern.   

      

Conclusions: Locations of objects are better remembered than their identities; memory for changes 

is best when involving both features. These mechanisms are spared by pathological ageing as 

indicated by the similarity between groups besides trivial differences in overall performance. These 

findings demonstrate that VWM mechanisms in the context of naturalistic scene information are 

preserved in people with MCI.  

 

Keywords: change detection; visual working memory; mild cognitive impairment; naturalistic 

scenes; eye movements 
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Introduction 

 

People with mild cognitive impairments (MCIs) are more likely to progress to full-blown 

dementia (e.g., Alzheimer’s Disease - AD) than healthy people of the same age (Petersen et al., 

2013; Gauthier et al., 2006). Impairments in memory processes are important indicators of this 

potential conversion, observed for example with classic verbal learning tasks (Lonie et al., 2010; 

Zhao et al., 2012) or selective reminding paradigms (Grande et al., 2018; Grober et al., 1987). 

Short-term visual memory mechanisms of recognition and retention are also compromised in MCIs. 

Compared to matched control participants (CPs), MCIs are markedly worse on immediate, and 

especially delayed recognition of images, explicitly or incidentally learned as associated pairs 

(Barbeau et al., 2004; Didic et al., 2013; van Geldorp et al., 2015). Moreover, when asked to 

temporarily retain arrays of shapes-colours combinations in memory (e.g., 1 second) and tested on 

the detection of changes in colour, shape, or both (binding condition), independently of their 

location (see Parra et al., 2009, 2010; Della Sala et al., 2018 for validation of the task) their capacity 

in the binding condition appears to be reduced (see Martínez et al., 2019, for a recent review).  

These tasks rely on temporary memory about identity information of objects, i.e., features 

constituting them (e.g., colour or shape). However, a visual object also occupies a spatial location 

within the context, and this information is neuro-anatomically processed by a different neural 

pathway (see Mishkin et al., 1983 for classic evidence about the ‘what’ and ‘where’ distinction, or 

Milner & Goodale, 2008, for a review) although the two pathways are grossly interconnected 

(Schenk & McIntosh, 2010), also in early dementia (Deng et al., 2016).  

Surprisingly, temporary memory for object location has been little investigated in older people 

suffering from neuropathology with most research comparing instead younger and healthy older 

adults and presenting a mix of evidence. Some studies showed it to decline with age (e.g., Chalfonte 

& Johnson, 1996; Muffato et al., 2019), especially when sequential order of presentation was 

assessed (Kessels et al., 2007) or when the location of objects had to be remembered together with 

their identity (Dai et al., 2018). Other studies instead found a preserved ability to bind objects to 

locations in healthy ageing. Olson et al., (2004), for example, showed that younger and healthy 

older adults equally remembered locations of coloured squares, and their memory was similarly 

impacted by interference. Similarly, Pertzov et al., (2015) showed comparable abilities to associate 

identity and location of objects. Of the studies we are aware of, recognition memory for object-

location was more impaired in MCIs than CPs (e.g., Hampstead et al., 2011; Troyer et al., 2008) . 

Moreover, ADs underperform in recalling the identity and location of objects compared to MCIs 

(Kessels et al., 2010).   
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Impairments in short-term visual memory processes may also stem from disrupted attentional 

mechanisms (Perry & Hodges, 1999, for a classic review). MCIs, and people with AD (ADs), need 

longer exposure to visual stimuli to perform as good as CPs in recognition memory (e.g, Bublak et 

al., 2011) or in comparative, same/different, tasks (e.g., Bonney et al., 2006) and can process fewer 

elements simultaneously (Ruiz-Rizzo et al., 2017). MCIs and ADs have also greater difficulties in 

detecting changes when distracted by an attentional task between the study phase and the 

recognition phase (Alescio-Lautier et al., 2007) . Attentional deficits in older people suffering from 

neuropathology seem to extend to its overt manifestation, i.e., eye-movement responses (see Freitas 

Pereira et al., 2014 or Molitor et al., 2015 for reviews). The most evident changes are observed in 

low-level oculomotor control, whereby MCIs or ADs display more saccades and eye blinks than 

CPs (Müller et al., 1991), have difficulties pursuing moving targets (Hutton et al., 1984), or take 

significantly longer to respond to exogenous cueing in anti-saccade tasks (Wilcockson et al., 2019). 

Even if less reported, other eye-movement measures show signs of impairment such as shorter gaze 

duration (Fernández et al., 2018) or limited visual exploration (Nakashima et al., 2010) in ADs.  

In sum, there is ample evidence of impaired memory processes in MCIs, with literature pointing 

at temporary mechanisms to hold information in short-term memory as early indexes for it, and to 

the potential impairment of attention too, also in its overt manifestation.  

However, most of the research just reviewed has operationalised featural information about 

identity and location of objects in artificial stimuli (e.g., arrays of geometrical objects) and used 

different arrangements to display it in the visual context (e.g., free-floating or in grids). In 

ecological contexts (e.g., photographs), cognitive processes may, instead, manifest differently 

(Willems & Peelen, 2021) and so the mechanisms to perceive, recognize and memorize objects will 

operate on a structured and predictable world (Kaiser et al., 2019). The capacity of short-term visual 

working memory, for example, appears to be substantially different when tested in 3D virtual 

environments (Draschkow et al., 2021). Naturalistic contexts could also facilitate the memory 

integration of objects, with their location and identity, within the scene (see Hollingworth, 2007 for 

a comparison between object arrays and 3D rendered scenes)  and provide compensatory 

information that could normalize age differences (e.g., Diamond et al., 2020; Mitchell & Cusack, 

2018; Schnitzspahn et al., 2011).  

In a study using methods and procedures similar to those reported here (D’Innocenzo et al., 

2022), we precisely investigated the role that naturalistic (photographic) visual contexts play on 

temporary memory for identity and location of objects in healthy ageing. In a nutshell, we observed 

the same patterns of change detection performance between younger and healthy older adults: 

changes in object location were easier to detect than identity changes, and performance was best 
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when the object changed in both identity and location, especially for younger adults. A qualitative 

comparison with literature adopting non-naturalistic contexts and manipulating similar features of 

identity and location suggested that memory mechanisms may benefit from the richer context 

provided by the naturalistic scenes, and so enable their preservation in healthy cognitive ageing. 

The ensuing question is whether such a benefit would extend to MCIs.  

The main goal of the current study is to compare MCIs with CPs on their capacity to 

successfully form temporary bindings1 of identity and locations of objects in short-term visual 

memory when such cognitive operations take place in naturalistic visual contexts2. We aim to 

contribute to a neglected topic while shedding new light on the ongoing debate about evidence of 

their potential impairments. We also examine oculomotor responses, as there is evidence in the 

literature that attention may be impacted by MCI and investigate whether they truly differ when 

visual short-term memory representations are successfully retrieved.  

On the change detection accuracy, it is not theoretically relevant whether the performance of 

MCIs is overall worse than CPs, but rather if it systematically differs due to the feature change and 

is suggestive of specific deficits to temporarily retain better (or worse) a certain feature (e.g., 

identity vs. location). We expect MCIs to generally underperform compared to CPs. However, the 

focus of the experiment is to investigate whether they experience more difficulties on object 

location as predicted by previous literature (e.g., Alescio-Lautier et al., 2007; Troyer et al., 2008) or 

more difficulties in object identity (as predicted by our study on healthy ageing; D’Innocenzo et al., 

2022). As already argued, a naturalistic context may provide a rich context, such as relational 

information about the objects in it (e.g., see Hollingworth, 2006,  for an insightful discussion), 

which could make the detection performance of MCIs comparable to CPs. In sum, if we replicate 

our previous results on healthy ageing, we should observe a better detection performance for a 

change in object location, and even more so, if it also changed in identity, but no evidence of 

interaction between type of changes and group.    

On eye-movement responses, we focus on data acquired during the recognition phase of correct 

trials, and measures related to the critical object. We do not focus also on the data collected during 

the study phase because it is only in the recognition phase that we can directly associate eye-

movement strategies with the successful detection of changes. We are not arguing that eye-

movement strategies employed during the study phase may not importantly impact on the 

 

1 As the concept of binding classically referred to low-level visual features of objects (e.g., colour, shape, etc.), it does not strictly apply to naturalistic 

scenes, whose objects have far richer information and more complex relationships with the context itself. We use temporary binding to refer to the 
cognitive operation that makes it possible to hold featural information about an object (e.g., its identity) within the scene context in visual short-term 

memory. 
2 In this study we do not compare VWM on naturalistic scenes and object arrays directly and so interpretative comparisons between these two 

contexts, whenever done, remain qualitative and based on critical analysis of previous literature on the topic.    
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recognition phase (see Hilton et al., 2020 for an example comparing younger and older adults). 

However, our interest here is to investigate how changes in the identity, location, or both features 

relate to the allocation of overt attention while successful processes of short-term memory retrieval 

are on-going, and especially whether differences may emerge between MCIs and CPs. We examined 

two measures often used in the analysis of visual search tasks (see, Zelinsky 2001, for discussing 

similarities with change detection tasks): (a) the latency of the first fixation to the critical object, 

which reflects how quickly was overt attention oriented to the critical object, and (b) the sum of all 

fixations during the first-pass on the critical object, which points to the processing effort needed to 

drive a successful detection of the change. Searching for targets discriminable through their feature 

conjunction takes longer than for a single feature especially in older adults (e.g., Whiting et al., 

2005). So, during recognition, we expect longer latencies of the first fixation when an object 

changed in identity and location (double change) than when it only changed in identity (single 

change). This expectation will also align with what was found in D’Innocenzo et al. (2022). 

However, if MCI disrupts mechanisms of attentional orienting, then people in this group should find 

the conjunctive change harder to maintain in VWM and hence display a significantly longer latency 

of the first fixation in this condition. Once the object is first fixated, and in line with our sibling 

work, we would expect it to be inspected less when it changes in both location and identity, as it is 

sufficient to verify only one of the two features to drive a successful detection. Most importantly, if 

attentional mechanisms confirm to be preserved in a naturalistic visual context, we will not expect 

any difference between the two groups. On the contrary, if we base our expectations on findings 

obtained using object arrays (e.g., Fernández et al., 2018), we expect, for example, longer first-

passes on the critical object when it changed in both features than when it only changed in identity 

but be shorter in MCIs due to potential inefficiency in the mechanisms of object-scene integration.  
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Table 1: 

Neuropsychological Test Type CP MCI p-value 

MMSE    29.41 (0.84)  27.35 (1.69) < .001 

Logical memory immediate    12.84 (4.78)    8.2 (5.55)  < .001 

Object naming    39.36 (0.95)  39.48 (1.5)  0.75 

Verbal fluency 
semantic   19.23 (5.11)  14.04 (4.62) < .001 

phonetic    10.03 (5.13)    7.6 (3.08)   0.03 

Trail Making Test  
A   56.69 (18.95) 105 (46.48) < .001 

B 147.83 (77.64) 242.09 (93.79) < .001 

VOSP  

incomplete letters  19.19 (0.82)   17.08 (3.35) < .001 

dot   19.38 (0.87)   16.12 (4.43) < .001 

number   8.97 (2.36)     7.23 (3.67)   0.04 

Digit Symbol3  -   20.48 (8.65) - 

Digit Span  
forward -     4.62 (1.36) - 

backward -     3.35 (0.85) - 

CVLT  -   35.05 (11.11) - 

     

Demographics -    

Age - 65.03 (8.59) 69.16 ± 8.37 0.06 

Years in Education - 8.06 (4.42) 8.63 (3.72) 0.6 

Gender - 21 F; 11 M 19 F; 11 M - 

 

Table 1: Raw scores (mean and standard deviation) for the neuropsychological battery of tests administered to the MCI 

participants and healthy age-matched controls (CP) which span general cognitive capacity (Mini-Mental State 

Examination, MMSE) and five different cognitive domains: attention and processing speed (Digit Symbol; Trail 

Making Test A, normed in Portuguese by Cavaco, et al, 2013a; Digit Span Forward from Wechsler Memory Scale, 

WMS), memory & learning (Logical Memory from WMS translated by Guerreiro, 1998, immediate recall only); 

California Verbal Learning Test, CVLT, – List A Learning Trials), executive function (Digit Span Backwards, Trail 

Making Test B), language (Object naming, based on drawings of Snodgrass & Vanderwart, 1980; semantic and 

phonemic fluency, normed in Portuguese by Cavaco, et al., 2013b) and basic visual perception (incomplete letters, 

position discrimination and number location from Visual Object and Space Perception Battery, VOSP; Warrington & 

James, 1991). The table also includes demographics of age, sex and years of education of the two groups. The p-value is 

obtained by comparing the two groups using a Welch two-sample t-test.  

 

 

 

3 We only observe three MCI participants who scored below 2 SD on the digit symbol test compared to the relevant norms. Therefore, we 
trust that this would not have an impact on the generality of the results.  
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Methods 

Participants 

Thirty-nine participants4 with a neuropsychological diagnosis of MCI and thirty-four healthy age-

matched CPs, all European native speakers of Portuguese, were recruited from the Language 

Research Laboratory at the Faculty of Medicine, University of Lisbon. These patients were referred 

for cognitive evaluation from the Neurology Outpatients clinic at Centro Hospitalar Universitario 

Lisboa Norte, Hospital de Santa Maria, Lisboa, (Portugal).  

The diagnosis of MCI was structured following international guidelines (Arnáiz et al., 2004; 

Gauthier et al., 2006; Petersen, 2016; Winblad et al., 2004)  and included: a Mini-Mental State 

Examination  raw score ≥ 24 (see Morgado et al., 2010 for Portuguese norms), a subjective history 

of cognitive decline reported by the patient, or a carer, and objective neuropsychological 

impairment on two or more cognitive domains with cut-off set at  > ±1.5 standard deviations from 

normative values of a healthy Portuguese population matched by age and education (refer to Table 

1 for the descriptive statistics of the neuropsychological examination and the statistical comparison 

between MCIs and CPs that contributed to the analyses reported in this study). Other inclusion 

criteria were: 1) age between 50 and 90 years; 2) no less than 3 years of formal education; 3) 

normal or corrected-to-normal vision with no history of eye surgery (e.g., LASIK); 4) no history of 

neurological and/or psychiatric disorders (other than memory disturbances); 5) no lifetime history 

of alcohol or substance abuse and/or use of medications (e.g., anti-epileptic or benzodiazepines) and 

6) ability to understand the instructions and perform the task.  

Nine MCIs and 2 CPs were excluded from the analyses because their overall performance 

on the change detection task was at chance5, assessed using a binomial test. The remaining 30 MCIs 

(19 women) and 32 CPs (21 women), matched on age (MCI = 69.16 ± 8.37; CP = 65.03 ± 

8.59)[t(59) = -1.91, p = 0.06] and years in education (MCI = 8.63 ± 3.72= ; CP = 8.06 ± 4.42)[t(59) 

= -0.55,  p = 0.6], contributed to the analyses of the change detection performance.  

According to their composite cognitive profiles (i.e., average z-scores on tests belonging to 

the same domain), MCIs were classified as amnestic single-domain (9, 30%) amnestic multiple 

domains (17, 56.7%) and non-amnestic MCI (4, 13.3%).  

The quality of the eye-tracking data of these participants was further examined. We 

excluded 5 MCIs and 4 CPs because we could not obtain reliable tracking (e.g., droopy eyelids, had 

 

4 Post-hoc simulation analyses using the method by Green & Macleod, 2016, which is designed to assess generalised linear mixed effects 

models shows that our sample is sufficient to detect reasonable effect sizes (Cohen’s d = .2, p-values < .05), refer to Supplementary Material, S3, for 
an explanation of these analyses, the full output of the simulations as well as the observed power of our study.   

5 An analysis of response accuracy which includes all participants, and considers all their trials, confirms an identical pattern of results to 

those reported below. In this study, however, we maintain our selection criteria, i.e., participants must perform above chance, as including those 
performing below chance may shadow genuine effects related to the experimental conditions due to their performance being at floor. 
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trouble staying on the chin rest, etc.) and had a severe data loss in their eye-tracking record6. For 

each remaining participant, we calculated the average visual angle deviation of both eyes between 

the 9-points calibration accepted at the start of the session, and a 9-point verification performed at 

the end of the eye-tracking session. The data from 4 MCIs and 4 CPs showed an end of task average 

deviation greater than 2 degrees of visual angle across all fixation points (i.e., approximately the 

size of the fovea), hence they were discarded from the eye-movement analysis as it indicated poor 

tracking. 21 MCIs and 24 CPs contributed to the analyses of the eye-movement data.  

Participants were naive to the study and its stimuli, voluntarily took part in it (i.e., no 

monetary reward) and signed informed consent at the start of the session. The Joint Ethical 

Committee of the Faculty of Medicine and Centro Hospitalar Universitário Lisboa Norte provided 

ethical assessment and clearance for the study before starting the data collection. 

 

Figure 1: 

 

 

Figure 1: Types of change implemented in an example scene. The red bounding box indicates the critical object of this 

scene as well as the area of interest considered to compute the eye-movement measures reported in the study. The 

bounding box was not visible to the participants, it is overlaid only for illustration. Three types of change were 

implemented: Identity (the object becomes another object, consistent or inconsistent with the scene), Location (the 

object moves from right to left, or vice-versa), and Both (the object moves and becomes another object). The main 

author of the manuscript holds the copyright of these example images and all other images used in this study.  

 

 

6 We used a threshold of > 30% invalid samples per trial as a cut-off criterion for exclusion.   
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Design 

We examined short-term visual memory for identities and locations of objects embedded in 

naturalistic scenes using a change detection paradigm, in which participants had to spot whether 

they noticed (or not) a change happening to a critical object in the scene. Three types of change 

could occur between the study phase and the recognition phase of change trials: (a) Identity, the 

critical object remained in the same spatial position, but it became a different object, which was 

either consistent or inconsistent with the scene context (e.g., the book becomes a box of eggs), (b) 

Location, the critical object moved from one side to the other of the scene (e.g., the book moves 

from the right to the left of the scene) and (c) Both, the critical object became a different object and 

changed side in the scene. Thus, we implemented two single and one double feature change, the 

latter was conceived to operationalise in the context of naturalistic scenes, a conjunctive condition, 

and conceptually approximate what classically done in object arrays with low-level features, e.g., a 

change in colour and shape (please refer to Figure 1 for an example of the changes implemented). 

The types of change were equally distributed and fully counterbalanced across scene items for each 

participant to avoid the development of systematic strategies to resolve the change detection task. 

 

Materials 

The stimuli consisted of 304 photographic images of indoor scenarios (e.g., bedrooms, 

bathrooms, etc.) of which: (a) 60 experimental (change items) in 4 possible versions (i.e., 240 

scenes in total) containing a critical object, placed either to the left or to the right of the scene, 

which was either semantically consistent or inconsistent with its context, (b) 60 fillers (no-change 

items), also balanced in position and object consistency, and (c) 4 practices (2 change and 2 no-

change scenes). Scenes were selected from a database used in other studies of our lab (Coco, et al., 

2020, D’Innocenzo et al., 2022); we refer readers to Supplementary Material (S1) for miniatures of 

all scenes used in this study. 

 

Apparatus 

A Tobii T120 was used to record eye movements binocularly at a 120 Hz sample rate and 

display visual stimuli on an integrated monitor (57.3 cm width and ~50 cm height) at a resolution of 

1280 × 1024 pixels. The monitor had a vertical refresh rate of 75 Hz, and the eye-tracking spatial 

resolution was .3 root mean square (RMS) degrees of visual angle with an accuracy of .5 (Tobii, 

2011). Participants sat at ~60 cm from the screen display, and a headrest was used to stabilize their 

position. The experiment was implemented on OpenSesame (Version 3.0.7, Mathôt et al., 2012)  

and the PyGaze Python plug-in used to acquire the eye-tracking data (Dalmaijer et al., 2014).  
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Procedure 

Each participant was calibrated on a 9-points grid at the beginning of each experimental 

session, and the visual angle deviation error of both eyes (mean and standard deviation) accepted 

for the two groups was: 1.09º ± 0.22º on the x-axis and 1.29º ± 0.24º on the y-axis for the healthy 

adults, and 1.53º ± 1.26º on the x-axis and 1.15º ± 0.19º on the y-axis for the MCIs. 

Each trial started with the presentation of a scene that the participant was asked to study. 

The presentation time of each scene was estimated from a different sample of healthy older British 

speakers (D’Innocenzo et al., 2022 and refer to Coco, et, al., 2020 for the younger adults) 

performing the same task (and stimuli) where we used a gaze-contingency mechanism linking the 

first fixation into the critical object (threshold of 150 ms fixation within the invisible bounding box) 

to the offset of the scene presented in the study phase, which occurred 2 seconds ± 200 ms jitter 

uniformly distributed after such a fixation7. In practice, this paradigm ensured that the critical object 

was looked at in most trials, and after first viewed, participants had approximately the same amount 

of time to inspect the scene before the retention interval. Our current purpose was to tailor the 

presentation timings of each scene based on what was just described to prevent arbitrary decisions 

of a fixed preview for all scenes (e.g., 10 seconds8). Thus, the presentation time of each of the 300 

scenes during the study phase of the current study was estimated using the data collected on healthy 

older adults in our previous work (D’Innocenzo et al., 2022). We selected the median gaze-

contingent time observed across all older participants that had viewed each scene in our previous 

study (N = 9.33 ± 7.0, where N refers to the number of participants that had studied the scene). On 

average, scenes were studied for 3.99 ± 1.24 (SD) seconds, which is enough time to preview the 

scene and attend to the critical object while being under the pressure of a realistic timeout to the 

retention interval. A fixation point was presented in the centre of the display for 1 second during the 

retention interval, then the study scene was presented again with (or without) one of the three 

changes described above for the recognition phase. Half of the trials presented a change whereas the 

other half did not present any change. Participants were told that during the recognition phase an 

object would change in the scene but did not know which one beforehand, as they had to deduce it 

based on a memory comparison with the scene they had studied. Participants had 20 seconds to 

verbalize whether they noticed a change in the scene and if so, they had to describe which object 

had changed. Thus, we asked them to provide a verbal response, rather than press on a keyboard, 

also to reduce a potential dual-task engagement, i.e., watch the scene and prepare a motor action. 

 

7 No fixation onto the critical object for 10 seconds automatically triggered the scene offset (timeout). 
8 We could not establish a stable, moment-by-moment, gaze-contingency mechanism with low-resolution 120 Hz data of the T120 

Tobii device that was available to develop the current study, and so we opted not to implement it here.    
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The experimenter pressed s (yes, change detected) or n (no, change not detected) on the keyboard to 

record the choice of the participant. Verbal responses were recorded using a standard computer 

microphone, and a subset of the recordings (~10%) screened post-hoc to double-check that the 

experimenter had logged the verbal responses correctly. The keyboard press triggered the 

presentation of the next trial. If participants did not manage to respond within the 20 second time 

limit, a null response was recorded, and the next trial began. Each participant completed 4 practise 

trials followed by 60 change trials and 60 no-change trials, presented in random order. A Latin 

Square rotation was used to counterbalance and equally distribute experimental conditions across 12 

randomization lists.  

The task was explained aurally, and participants were also given written instructions to read 

at the beginning of the session. They could repeat practice trials more than once to familiarize 

themselves with the task, and when comfortable with it, begin the experimental session. Together 

with the neuropsychological assessment, the experimental session lasted for about an hour. 

 

Data analysis 

Data processing 

Our analyses focused on the 3,720 change trials (i.e., 62 participants × 60 scenes), of which, 

we excluded 61 trials (1.6%) that timed out (i.e., missing, or ambiguous verbal response), 245 trials 

of 4 scene items which had a change detection performance at chance level (6.58%) and 55 trials 

with a response time slower than 99% of all trials (1.47%), as computed independently for each 

participant. Thus, change detection accuracy was analysed on 1,735 trials for the healthy controls, 

with a by-participant average of 43.93 ± 21.34, and 1,617 for the MCI group, with a by-participant 

average of 45.2 ± 20.41.  

As for the eye-movement responses, we only considered trials in which changes were 

correctly detected and focused on data from the recognition phase. In this way, we compared 

oculomotor responses associated with successful VWM processes between groups, and so unveiled 

underlying similarities (or differences) in their oculomotor strategies. Of the 2,700 change trials 

(i.e., 45 participants x 60 scenes, refer to the Participant section for greater details about the 

excluded participants), we excluded trials that had no eye-movement data (i.e., machine error, 25, 

0.92%), those discarded because of time-out, detection performance on the scene at the chance 

level, and response time slower than 99% (e.g., 275, 10.18%), 798 incorrect trials (29.55%), and a 

further 215 trials (7.96%) in which the critical object was not fixated. Thus, eye-movement 

responses were analysed on 817 trials for the healthy controls, with a by-participant average of 

34.04 ± 9.97, and 570 trials for the MCI group, with a by-participant average of 27.14 ± 12.05. We 
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utilised the I2MC algorithm to parse the eye-tracking samples into fixations and saccades as it is 

robust to low-frequency data (Hessels et al., 2017) and used MATLAB 2021a to run it.  

 

Dependent measures 

The change detection performance was examined as response accuracy (a binomial variable 

with values of 1 for correct and 0 for incorrect responses). Two simple eye-movement measures 

were computed relative to the critical object, which was subjected to the change manipulation 

(please refer to Figure 1 for a visualisation of the types of change and an example of the bounding 

box surrounding the critical object): (a) the latency to the first fixation, which is the time taken to 

fixate the critical object for the first time after scene onset (in milliseconds) and reflects the amount 

of exploration required to orient overt attention towards the changed object; and (b) the sum of all 

fixations during its first inspection (first-pass duration in milliseconds) which points at the 

processing effort required to verify the changed object. As a sanity check, we z-scored both 

measures to account for the general slowing effect associated with ageing (Faust et al., 1999), and 

confirm that the pattern of results is nearly identical to raw scores (the reader is referred to 

Supplementary Material (S2) for plots and model outputs obtained using z-scores).   

 

Statistical modelling 

Generalised and linear-mixed effects modelling (G/LMM) was used to infer the statistical 

significance of our data as implemented by the lme4, R package, (Bates et al., 2015).  The centred 

predictors (or fixed effects) introduced as main effects and in interaction (i.e., a full fixed-effect 

structure) were: Type of Change (Location, Both and Identity, which was also the reference level) 

and the between-participant Group variable (CP = -.5 and MCI = .5). The random effects were 

Participant (62 for the response accuracy model, and 45 for the analyses of latency to first fixation 

and first-pass duration) and Scene (56), which were introduced as intercepts only. In the tables, we 

reported all predictors, i.e., fixed effects, (significant or not) along with their beta coefficients, t-

values (LMM) or z-values (GLMM),  p-values and confidence intervals computed using the sjPlot 

package by Lüdecke, 2021.  The level of significance was calculated from an F-test based on the 

Satterthwaite approximation to the effective degrees of freedom (Satterthwaite, 1946), whereas p-

values in GLMMs were based on asymptotic Wald tests. Tables also include the R2 of the model fit, 

which was also computed using the sjPlot package. 

The current study abides to the transparency and openness promotion guideline. Thus data, 

and R script to replicate the results of this manuscript are available on the Open Science Framework 
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Table 2: 

 

N = 3,352; Marginal R2 = 0.05; Conditional R2 = 0.3  

 

Table 2: Generalized and linear mixed-effects model with a binomial link for the response accuracy of detecting a 

change.    

Note.   Predictors centred were: Group (Control = -.5 and MCI = .5) and Type of Change (Location, Both – Identity as 

reference level). We report the β, the standard error, the confidence intervals the z-value and the p-value of those 

predictors that were significant in the model. The random-effects introduced as intercepts were Participants (62) and the 

unique identifier of Scene item (56).  

 

at: https://osf.io/ny6gu/. Other information relevant to the replication of the study will be made 

available upon reasonable request to the corresponding author of the work.  

 

Results 

 

On the change detection accuracy, CPs had a significantly better performance than MCIs 

(please refer to Figure 2 for a visualisation of the response accuracy and Table 2 for the model 

coefficients). When looking at the type of changes, the detection was more accurate when the 

critical object changed in position, and especially when it also changed in identity (i.e., both 

features), as compared to a change in identity only. Crucially, we did not observe any significant 

interaction between group and type of changes.  

 

 

 

 

 

Dependent 

Variable 

Predictor β SE CI z-value Pr ( > | z | ) 

 

Response 

Accuracy 

Intercept   0.8 0.14 (0.53; 1.09)  5.62 < 0.001 

Group  -0.79 0.24 (-1.27; -0.33) -3.31 < 0.001 

Both  0.49 0.11 (0.26; 0.72)  2.55 < 0.001 

Location   0.29 0.11 (0.07; 0.52)  2.54    0.01 

Group:Both -0.19 0.23 (-0.66; 0.26) -0.85    0.4 

Group:Location   0.16 0.23 (-0.29; 0.61)  0.69    0.5 

https://osf.io/ny6gu/
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Figure 2: 

 

Figure 2: Change detection accuracy (in percentage) plotted on the y-axis as a function of the different types of change 

(Identity, Location and Both). The two groups of participants are compared within each panel: healthy controls (CP) in 

azure colour, MCIs in grey. The hinges of the boxplots represent the 25th and 75th percentiles of the measure (lower 

and upper quartiles) with the horizontal line representing the median of the distribution. Each dot is the by-participant 

average for that factor.  

 

Figure 3: 

 

 

 

Figure 3: Eye-movement measures on the critical object: (A) Latency of the first fixation on the target in milliseconds 

and (C) the sum of all fixations on the critical object before exiting it for the first time also in milliseconds (First-Pass). 

The two groups of participants are compared within each panel: healthy controls (CP) in azure colour, MCIs in grey. 

The hinges of the boxplots represent the 25th and 75th percentiles of the measure (lower and upper quartiles) with the 

horizontal line representing the median of the distribution. Each dot is the by-participant average for that factor.  
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Table 3: 

 

 

Table 3: Linear mixed-effects model output for the eye-tracking measures of Latency to the first fixation and first pass 

duration on the critical object during recognition (correct trials only).  

Note: Predictors centred and standardized entered were: Group (CP = -.5 and MCI = .5) and Type of Change (Location, 

Both – Identity as reference level). We report the β, the standard error, the t-value and the p-value of those predictors 

that were significant in the model. The random-effects introduced as intercepts were Participants (45) and the unique 

identifier of Scene item (56).  

 

 

 

 

 

 

Dependent 

Variable 

Predictor β SE CI t-value Pr ( > | z | ) 

 

 

 

Latency of  

First Fixation 

(ms.) 

Intercept 1,788.7 86.6 (1,618.7; 1,958.6) 20.65 < 0.001 

Group 275.2 142.1 (-3.6; 554.1) 1.93 0.06 

Both 792.4 126 (545.3; 1,039.6) 6.3 < 0.001 

Location 371.9 122.5 (131.6; 612.3) 3.03 0.002 

Group:Both -62.2 255 (-562.9; 438.47) -0.24 0.8 

Group:Location -43.1 249.2 (-532.1; 445.8) -0.17 0.9 

N = 1342;  Marginal R2 = 0.06; Conditional R2 = 0.16  

 

First-Pass 

Duration 

(ms.) 

Intercept 722.9 37.2 (650; 795.7) 19.44 < 0.001 

Group 21.1 63.7 (-103.7; 146) 0.3 0.7 

Both -231.4 60.3 (-349.7; -113.1) -3.83 < 0.001 

Location -75.05 58.7 (-190.2; 40.1) -1.27 0.2 

Group:Both 57.5 122.3 (-182.3; 297.3) 0.47 0.6 

Group:Location -124.5 119.3 (-358.6; 109.6) -1.04 0.3 

N = 1342;  Marginal R2 = 0.02; Conditional R2 = 0.1  
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Turning to the eye-movement measures and looking at the latency to the first fixation, we 

found CPs to be marginally faster than MCIs to look at the critical object for the first time during 

the recognition phase, but this trend disappears when this measure is z-scored by group (see 

Supplementary Material, S2). Interestingly, all participants took longer to identify a critical object 

that moved location, and especially so when it also changed in identity (please refer to Figure 3 for 

a visualisation of the eye-movement measures and Table 3 for the significant predictors). Once the 

critical object was identified, all participants explored it (first-pass) less when it changed in both 

features, as compared to when it changed only in identity. We did not observe any other significant 

main effect or interaction.  

 

Discussion 

The ability to recall information from short-term memory is a key indicator of healthy 

cognitive ageing, and its impairment is often taken as an early index of neuropathology (e.g., Lonie 

et al., 2010). Difficulties to remember the location of objects, or conjunctive features about their 

identity (e.g., colour and shape) are often observed in people with MCI or AD (e.g., Kessels et al., 

2010; Parra et al., 2010). Additional deficits in memory processes may be attributable to attentional 

dysfunctions (e.g., Rizzo et al., 2000)  which could also manifest in abnormal eye-movement 

responses (e.g., Wilcockson et al., 2019). Most of this research has used simple objects (e.g., 

geometrical shapes or drawings) arranged on grids or free-floating. However, it is now evident that 

realistic contexts differently modulate ongoing processes (e.g., Draschkow et al., 2021), and so their 

use may be revelatory of preserved functions in healthy and pathologically aged populations (e.g., 

Diamond et al., 2020).  

In the present study, we examined short-term memory binding mechanisms for identity, 

location, or both, of objects embedded in naturalistic scenes and investigated whether impairments 

in holding these temporary associations due to healthy and pathological ageing extends to this 

context. Thus, we compared the ability of CPs and MCIs to detect changes in these object features 

and examined the contribution of eye-movement responses in their successful retrieval from VWM. 

On the accuracy to detect changes, MCIs were significantly worse than CPs, which confirms 

their impairment on short-term visual working memory tasks, amply demonstrated by previous 

literature (e.g., Barbeau et al., 2004). However, memory for object location was not 

disproportionately impaired in MCIs compared to CPs, as the study by Troyer et al., (2008) showed 

using object arrays. Moreover, memory about object location was overall better than memory for 

identity, which counters evidence that ageing affects the former type of memory more than the latter 

(Chalfonte & Johnson, 1996; Muffato et al., 2019) while it corroborates findings of preserved 
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object-location binding (Pertzov et al., 2015). Importantly, we did not observe any significant 

interaction between the type of change and the group, not even for feature conjunctions (i.e., when 

the object changed in location and identity), which some studies observed to be worse for healthy 

older than younger adults (Dai et al., 2018) and particularly so for people suffering from 

neurodegenerative disorders (e.g., Parra et al., 2009, 2010) . Even though, we did not provide a 

direct comparison with a non-naturalistic visual context, we argue that the availability of a much 

richer, and relationally structured, visual context aided the successful encoding of objects within 

their surrounding local context in the scene (Rensink, 2000). It may be plausible to assume that 

scenes are stored in visual working memory as a coherent global ensemble of objects therein 

(Postma & van der Ham, 2017). So, a change in object location may have been processed as a local 

change in the configuration of the scene (Rensink, 2002), and hence better detected because the 

scene was perceived as globally different (see Nie et al., 2017 for an example using object arrays). 

This proposition would also align with the idea that observers first create a mental map of the 

absolute and relative positions occupied in the visual context, and then assign additional 

information of the objects (e.g., identity) to such indexed positions (Postma & Haan, 1996). An 

alternative explanation for this result is that a change involving two features increases the likelihood 

that, at least, one of the two features would be retrieved from VWM, and so drive the successful 

detection. This suggestion links to hierarchical models of working memory postulating an 

independent and differential processing of feature information of visual objects (e.g., Fougnie & 

Alvarez, 2011; Brady et al., 2013).  Nonetheless, our interpretations remain qualitative and to be 

further tested. The main reason is that the current design does not disentangle the additive effect of 

identity and location from the overall role played by global scene representation in detecting 

changes, which is a limitation of the current study. In ongoing research, we address this issue by 

holding the global configuration of the scene constant while the identity, location and both features 

of the critical object change. We do so by swapping the critical object with another object in the 

scene for changes involving its location and so maintain the same global configuration of the scene 

between the study and the recognition phase. Even though our study taps into memory mechanisms 

for identity and location of objects, which are known to be processed by neuro-anatomically distinct 

pathways (e.g., Mishkin et al., 1983) it has little relevance to the brain localization of the behaviour 

under investigation, especially because the interconnections of the dissociating neuroanatomical 

processing of these two features (Schenk & McIntosh, 2010) is particularly overt in the diffuse 

brain damage associated with early dementia (Deng et al., 2016). 

Turning to the eye-movement analyses, we confirm the similarity between MCIs and CPs also 

in the oculomotor responses associated with successful detections. There was no significant 
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difference between the two groups in either the latency to the first fixation, or the first-pass duration 

onto the critical object, or any significant interaction with the type of changes. This result counters 

research pointing at impairments on oculomotor responses due to neuropathology (see Freitas 

Pereira et al., 2014 for a review). Notably, most impairments are observed on low-level oculomotor 

control (e.g., Müller et al., 1991;  Hutton et al., 1984; Wilcockson et al., 2019), and we could not 

assess this in our study as our sampling rate was too low (120 Hz) to confidently detect such 

metrics, e.g., saccades. Nevertheless, our findings remain at odds with studies looking at measures 

related to the critical object, such as the gaze duration, especially for changes of feature 

conjunctions (i.e., a change in location and identity), which was expected to generate a clear 

differential between the two groups (Fernández et al., 2018). The evidence of persevered patterns of 

overt attention, instead, corroborates recent findings by Cimminella et al., 2021 showing that extra-

foveal capture by object semantics is intact in people with AD. Regardless of the group, we 

observed significant differences in the eye-movement measures associated with the type of change. 

Critical objects that changed in location took longer to be looked at than changes only in identity. 

Moreover, this latency was even longer when objects changed both in identity and location. When a 

target changes only in identity, the global structure of the scene is preserved between the study and 

the recognition phase. So, if the critical object is successfully encoded at its location, it is also 

readily available at the recognition phase to be inspected. When instead the critical object changes 

in location, observers search for the new location of the object to confirm its re-positioning within 

the scene, hence taking longer. When changes occur in both location and identity, we observe an 

additional cost in the latency, and that could be due to the conjunctive nature of such a change, 

which is known to increase response times in search tasks (e.g., Whiting et al., 2005). Once the 

critical object is found, it is inspected for longer when it only changed in identity, and significantly 

less when it changes location, especially when also its identity changes. This pattern can be 

logically linked to the detection accuracy, and again to the idea of independent encoding of features 

in VWM. Changes only in identity were the hardest to spot while those involving both location and 

identity were the easiest; and so relatedly, the former required much more attentional effort than the 

latter to drive a successful detection. A change in identity and location could benefit by recognition 

of either feature; it is sufficient to verify only one of the two to be successful. These results call for 

future investigation into finer manipulations of identity and location of critical objects in naturalistic 

scenes, such as positional or semantic likelihood, the low-level perceptual characteristics (e.g., 

visual prototypicality) of the critical objects, as well as include outdoor scenes, which have a 

substantially different field of view (see Võ 2021, for an inspiring discussion about naturalistic 

scenes). Coco et al. (2021) for example used outdoor naturalistic scenes to demonstrate that effects 
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of semantic interference on long-term visual memory are substantially reduced in MCIs compared 

to CPs, and lead to different compensatory strategy in their overt allocation of attention. Research in 

this direction will enable a better understanding of the mechanisms substantiating effective 

integration of object-scene information in short and long-term visual memory and potentially 

uncover more subtle differences due to pathological ageing, which were not observed in the current 

study. It is also important to stress that the diagnosis of MCI was made on clinical, mostly cognitive 

grounds, but different pathologies may be represented in our sample (e.g., early AD or vascular 

cognitive impairment). The multifarious nature of our MCI population may shadow potential 

differences in their change detection performance because possibly linked to a specific type of 

impairment (e.g., amnestic vs. non-amnestic). Thus, future research should look more closely at 

differences in the aetiology of the impairment to better characterise the type of population that may 

(or not) display benefits on their short-term memory processes by being situated in naturalistic 

visual contexts, as well as more clearly qualify whether preservation of these visual short-term 

memory mechanisms would generalize in more specific segments of the MCI spectrum.   

Finally, it is important to draw a comparison with our sibling study (D’Innocenzo et al., 2022) 

where we examined a different sample of younger and healthy older adults on the same task and 

stimuli. Across the board, we observe an identical pattern of results both on the accuracy to detect 

changes and on eye-movement responses to the critical object associated with a successful 

recognition, thus confirming the reliability and replicability of the current study. The only 

prominent difference was a greater advantage of younger adults compared to older adults to detect 

changes involving both identity and location of the critical object, which may lend further support 

to the independent encoding of object features in VWM, as indicating that to a certain degree 

cognitive ageing may reduce memory for object identity. A change in identity requires, in fact, 

participants to retrieve semantic information about the critical object from VWM and compare it 

with the available input, i.e., a different object, to successfully recognize the change.  

When considering other limitations of the current study, we note that 2 CPs and especially 9 

MCIs had to be excluded from the analyses as their performance was at the chance level. This may 

indicate that our task is possibly hard for this population. One solution for future research could be 

to test our experimental manipulations using a flicker change detection task, where the study and 

the recognition phase are alternated several times. This experimental approach may have two 

advantages. The first is that we can systematically modify the timing of presentation to guarantee 

change detection performances above chance, e.g., by using a gating approach. The other is that we 

could examine the time it takes to successfully resolve blindness to change on identity and location 

of objects.   
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In sum, the findings of the current study together with those of our sibling study (D’Innocenzo 

et al., 2022) suggest relatively preserved short-term memory mechanisms and attentional responses 

in healthy and pathological ageing for bindings of object identity and location in naturalistic visual 

contexts. This core finding highlights the need to move from artificial to more ecologically valid 

stimuli (e.g., Willems & Peelen, 2021, Draschkow et al., 2021) to better distinguish what is spared 

by healthy and pathological ageing (e.g., Schnitzspahn et al., 2011; Diamond et al., 2020)  from 

what instead is compromised by it, and especially the contexts eliciting this distinction. This 

approach will enable us to devise strategies that can capitalise on preserved mechanisms to 

ameliorate the cognitive decline that arises due to healthy ageing, and especially when pathological.  

 

Acknowledgements  

We would like to thank Mr Mário Carvalho and MD Catarina Campos for helping us with 

part of the data collection, and Prof José Santos Victor for comments and feedback on previous 

versions of this work. This research was supported by the Leverhulme Trust under Grant (ECF-014-

205) awarded to MIC. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



22 

 

References 

 

Alescio-Lautier, B., Michel, B. F., Herrera, C., Elahmadi, A., Chambon, C., Touzet, C., & Paban, 

V. (2007). Visual and visuospatial short-term memory in mild cognitive impairment and 

Alzheimer disease: Role of attention. Neuropsychologia, 45(8), 1948–1960. 

https://doi.org/10.1016/j.neuropsychologia.2006.04.033 

Arnáiz, E., Almkvist, O., Ivnik, R. J., Tangalos, E. G., Wahlund, L. O., Winblad, B., & Petersen, R. 

C. (2004). Mild cognitive impairment: A cross-national comparison. Journal of Neurology, 

Neurosurgery and Psychiatry, 75(9), 1275–1280. https://doi.org/10.1136/jnnp.2003.015032 

Barbeau, E., Didic, M., Tramoni, E., Felician, O., Joubert, S., Sontheimer, A., Ceccaldi, M., & 

Poncet, M. (2004). Evaluation of visual recognition memory in MCI patients. Neurology, 

62(8), 1317–1322. https://doi.org/10.1212/01.WNL.0000120548.24298.DB 

Bates, D., Mächler, M., Bolker, B. M., & Walker, S. C. (2015). Fitting Linear Mixed-Effects 

Models using lme4. Journal of Statistical Software, 67(1), 1–48. 

https://doi.org/10.18637/jss.v067.i01 

Bonney, K. R., Almeida, O. P., Flicker, L., Davies, S., Clarnette, R., Anderson, M., & 

Lautenschlager, N. T. (2006). Inspection time in non-demented older adults with mild 

cognitive impairment. Neuropsychologia, 44(8), 1452–1456. 

https://doi.org/10.1016/j.neuropsychologia.2005.12.002 

Brady, T. F., Konkle, T., Alvarez, G. A., & Oliva, A. (2013). Real-world objects are not represented 

as bound units: independent forgetting of different object details from visual memory. Journal 

of Experimental Psychology. General, 142(3), 791–808. https://doi.org/10.1037/a0029649 

Bublak, P., Redel, P., Sorg, C., Kurz, A., Förstl, H., Müller, H. J., Schneider, W. X., & Finke, K. 

(2011). Staged decline of visual processing capacity in mild cognitive impairment and 

Alzheimer’s disease. Neurobiology of Aging, 32(7), 1219–1230. 

https://doi.org/10.1016/j.neurobiolaging.2009.07.012 

Chalfonte, B. L., & Johnson, M. K. (1996). Feature memory and binding in young and older adults. 

Memory and Cognition, 24(4), 403–416. https://doi.org/10.3758/BF03200930 

Cimminella, F., D’Innocenzo, G., Della Sala, S., Iavarone, A., Musella, C., & Coco, M. I. (2021). 

Preserved Extra-Foveal Processing of Object Semantics in Alzheimer’s Disease. Journal of 

Geriatric Psychiatry and Neurology. https://doi.org/10.1177/08919887211016056 

Coco, M. I., Merendino, G., Zappalà, G., & Della Sala, S. (2021). Semantic interference 

mechanisms on long-term visual memory and their eye-movement signatures in Mild 



23 

 

Cognitive Impairment. Neuropsychology, 35(5), 498–513. 

https://doi.org/10.1037/neu0000734. 

Dai, R., Thomas, A. K., & Taylor, H. A. (2018). Age-related differences in the use of spatial and 

categorical relationships in a visuo-spatial working memory task. Memory and Cognition, 

46(5), 809–825. https://doi.org/10.3758/s13421-018-0794-8 

Dalmaijer, E. S., Mathôt, S., & van der Stigchel, S. (2014). PyGaze: an open-source, cross-platform 

toolbox for minimal-effort programming of eyetracking experiments. Behavior Research 

Methods, 46(4), 913–921. https://doi.org/10.3758/s13428-013-0422-2 

Della Sala, S., Kozlova, I., Stamate, A., & Parra, M. A. (2018). A transcultural cognitive marker of 

Alzheimer’s Disease. International Journal of Geriatric Psychiatry, 33(6), 849–856. 

https://doi.org/10.1002/gps.4610 

Deng, Y., Shi, L., Lei, Y., Liang, P., Li, K., Chu, W. C. W., & Wang, D. (2016). Mapping the 

“what” and “where” visual cortices and their atrophy in Alzheimer’s disease: Combined 

activation likelihood estimation with voxel-based morphometry. Frontiers in Human 

Neuroscience, 10. https://doi.org/10.3389/fnhum.2016.00333 

Diamond, N. B., Abdi, H., & Levine, B. (2020). Different patterns of recollection for matched real-

world and laboratory-based episodes in younger and older adults. Cognition, 202. 

https://doi.org/10.1016/j.cognition.2020.104309 

D’Innocenzo, G., Della Sala, S., & Coco, M. I. (2022). Similar mechanisms of temporary bindings 

for identity and location of objects in healthy ageing: an eye-tracking study with naturalistic 

scenes. Scientific Reports, 12(1), 11163. https://doi.org/10.1038/s41598-022-13559-6 

Draschkow, D., Kallmayer, M., & Nobre, A. C. (2021). When Natural Behavior Engages Working 

Memory. Current Biology, 31(4), 869-874.e5. https://doi.org/10.1016/j.cub.2020.11.013 

Faust, M. E., Balota, D. A., Spieler, D. H., & Ferraro, F. R. (1999). Individual differences in 

information-processing rate and amount: Implications for group differences in response 

latency. Psychological Bulletin, 125(6), 777–799. https://doi.org/10.1037/0033-

2909.125.6.777 

Fernández, G., Orozco, D., Agamennoni, O., Schumacher, M., Sañudo, S., Biondi, J., & Parra, M. 

A. (2018). Visual Processing during Short-Term Memory Binding in Mild Alzheimer’s 

Disease. Journal of Alzheimer’s Disease: JAD, 63(1), 185–194. https://doi.org/10.3233/JAD-

170728 

Fougnie, D., & Alvarez, G. A. (2011). Object features fail independently in visual working 

memory: Evidence for a probabilistic feature-store model. Journal of Vision, 11(12), 3–3. 

https://doi.org/10.1167/11.12.3.Introduction 



24 

 

Freitas Pereira, M. L. G., von Zuben A Camargo, M. Z., Aprahamian, I., & Forlenza, O. v. (2014). 

Eye movement analysis and cognitive processing: Detecting indicators of conversion to 

Alzheimer’s disease. Neuropsychiatric Disease and Treatment, 10, 1273–1285. 

https://doi.org/10.2147/NDT.S55371 

Gauthier, S., Reisberg, B., Zaudig, M., Petersen, R. C., Ritchie, K., Broich, K., Belleville, S., 

Brodaty, H., Bennet, D., Chertkow, H., Cummings, J. L., Leon, M. de, Feldman, H., Ganguli, 

M., Hampel, H., Scheltens, P., Tierney, M. C., Whitehouse, P., & Winblad, B. (2006). Mild 

cognitive impairment. Lancet, 367, 1262–1270. 

Grande, G., Vanacore, N., Vetrano, D. L., Cova, I., Rizzuto, D., Mayer, F., Maggiore, L., Ghiretti, 

R., Cucumo, V., Mariani, C., Cappa, S. F., & Pomati, S. (2018). Free and cued selective 

reminding test predicts progression to Alzheimer’s disease in people with mild cognitive 

impairment. Neurological Sciences, 39(11), 1867–1875. https://doi.org/10.1007/s10072-018-

3507-y 

Green, P., & Macleod, C. J. (2016). SIMR: An R package for power analysis of generalized linear 

mixed models by simulation. Methods in Ecology and Evolution, 7(4), 493–498. 

https://doi.org/10.1111/2041-210X.12504 

Grober, E., Buschke, H., & Korey, S. R. (1987). Genuine Memory Deficits in Dementia. 

Developmental Neuropsychology, 3(1), 13–36. https://doi.org/10.1080/87565648709540361 

Hampstead, B. M., Stringer, A. Y., Stilla, R. F., Amaraneni, A., & Sathian, K. (2011). Where did I 

put that? Patients with amnestic mild cognitive impairment demonstrate widespread reductions 

in activity during the encoding of ecologically relevant object-location associations. 

Neuropsychologia, 49(9), 2349–2361. https://doi.org/10.1016/j.neuropsychologia.2011.04.008 

Hessels, R. S., Niehorster, D. C., Kemner, C., & Hooge, I. T. C. (2017). Noise-robust fixation 

detection in eye movement data: Identification by two-means clustering (I2MC). Behavior 

Research Methods, 49(5), 1802–1823. https://doi.org/10.3758/s13428-016-0822-1 

Hilton, C., Muffato, V., Slattery, T. J., Miellet, S., & Wiener, J. (2020). Differences in Encoding 

Strategy as a Potential Explanation for Age-Related Decline in Place Recognition Ability. 

Frontiers in Psychology, 11. https://doi.org/10.3389/fpsyg.2020.02182 

Hollingworth, A. (2006). Visual memory for natural scenes: Evidence from change detection and 

visual search. Visual Cognition, 14(4–8), 781–807. 

https://doi.org/10.1080/13506280500193818 

Hollingworth, A. (2007). Object-position binding in visual memory for natural scenes and object 

arrays. Journal of Experimental Psychology. Human Perception and Performance, 33(1), 31–

47. https://doi.org/10.1037/0096-1523.33.1.31 



25 

 

Hutton, J. T., Nagel, J. A., & Loewenson, R. B. (1984). Eye tracking dysfunction in alzheimer-type 

dementia. Neurology, 34(1), 99–102. https://doi.org/10.1212/wnl.34.1.99 

Kaiser, D., Quek, G. L., Cichy, R. M., & Peelen, M. v. (2019). Object Vision in a Structured World. 

In Trends in Cognitive Sciences (Vol. 23, Issue 8, pp. 672–685). Elsevier Ltd. 

https://doi.org/10.1016/j.tics.2019.04.013 

Kessels, R. P. C., Hobbel, D., & Postma, A. (2007). Aging, context memory and binding: A 

comparison of “what, where and when” in young and older adults. International Journal of 

Neuroscience, 117(6), 795–810. https://doi.org/10.1080/00207450600910218 

Kessels, R. P. C., Rijken, S., Joosten-Weyn Banningh, L. W. A., Schuylenborgh-Van Es, N. van, & 

Olde Rikkert, M. G. M. (2010). Categorical spatial memory in patients with mild cognitive 

impairment and Alzheimer dementia: Positional versus object-location recall. Journal of the 

International Neuropsychological Society, 16(1), 200–204. 

https://doi.org/10.1017/S1355617709990944 

Lonie, J. A., Parra, M. A., Tierney, K. M., Herrmann, L. L., Donaghey, C., O’Carroll, R. E., & 

Ebmeier, K. P. (2010). Predicting outcome in mild cognitive impairment: 4-Year follow-up 

study. British Journal of Psychiatry, 197(2), 135–140. 

https://doi.org/10.1192/bjp.bp.110.077958 

Martínez, J. F., Trujillo, C., Arévalo, A., Ibáñez, A., & Cardona, J. F. (2019). Assessment of 

conjunctive binding in aging: A promising approach for Alzheimer’s disease detection. 

Journal of Alzheimer’s Disease, 69(1), 71–81. https://doi.org/10.3233/JAD-181154 

Mathôt, S., Schreij, D., & Theeuwes, J. (2012). OpenSesame: An open-source, graphical 

experiment builder for the social sciences. Behavior Research Methods, 44(2), 314–324. 

https://doi.org/10.3758/s13428-011-0168-7 

Milner, A. D., & Goodale, M. A. (2008). Two visual systems re-viewed. Neuropsychologia, 46(3), 

774–785. https://doi.org/10.1016/j.neuropsychologia.2007.10.005 

Mishkin, M., Ungerleider, L. G., & Macko, K. A. (1983). Object vision and spatial vision: Two 

central pathways. Trends in Neurosciences, 6, 414–417. https://doi.org/Doi 10.1016/0166-

2236(83)90190-X 

Mitchell, D. J., & Cusack, R. (2018). Visual short-term memory through the lifespan: Preserved 

benefits of context and metacognition. Psychology and Aging, 33(5), 841–854. 

https://doi.org/10.1037/pag0000265 

Molitor, R. J., Ko, P. C., & Ally, B. A. (2015). Eye movements in Alzheimer’s disease. In Journal 

of Alzheimer’s Disease (Vol. 44, Issue 1, pp. 1–12). https://doi.org/10.3233/JAD-141173 



26 

 

Morgado, J., Rocha, C. S., Maruta, C., Guerreiro, M., & Martins, I. P. (2010). Cut-off scores in 

MMSE: A moving target? European Journal of Neurology, 17(5), 692–695. 

https://doi.org/10.1111/j.1468-1331.2009.02907.x 

Muffato, V., Hilton, C., Meneghetti, C., de Beni, R., & Wiener, J. M. (2019). Evidence for age-

related deficits in object-location binding during place recognition. Hippocampus, 29(10), 

971–979. https://doi.org/10.1002/hipo.23099 

Müller, G., Richter, R. A., Weisbrod, S., & Klingberg, F. (1991). Impaired eye tracking 

performance in patients with presenile onset dementia. International Journal of 

Psychophysiology, 11(2), 167–177. https://doi.org/10.1016/0167-8760(91)90009-M 

Nakashima, Y., Morita, K., Ishii, Y., Shouji, Y., & Uchimura, N. (2010). Characteristics of 

exploratory eye movements in elderly people: Possibility of early diagnosis of dementia. 

Psychogeriatrics, 10(3), 124–130. https://doi.org/10.1111/j.1479-8301.2010.00327.x 

Nie, Q. Y., Müller, H. J., & Conci, M. (2017). Hierarchical organization in visual working memory: 

From global ensemble to individual object structure. Cognition, 159, 85–96. 

https://doi.org/10.1016/j.cognition.2016.11.009 

Olson, I. R., Zhang, J. X., Mitchell, K. J., Johnson, M. K., Bloise, S. M., & Higgins, J. A. (2004). 

Preserved spatial memory over brief intervals in older adults. Psychology and Aging, 19(2), 

310–317. https://doi.org/10.1037/0882-7974.19.2.310 

Parra, M. A., Abrahams, S., Fabi, K., Logie, R. H., Luzzi, S., & Della Sala, S. (2009). Short-term 

memory binding deficits in Alzheimers disease. Brain, 132(4), 1057–1066. 

https://doi.org/10.1093/brain/awp036 

Parra, M. A., Abrahams, S., Logie, R. H., Méndez, L. G., Lopera, F., & Della Sala, S. (2010). 

Visual short-term memory binding deficits in familial Alzheimer’s disease. Brain, 133(9), 

2702–2713. https://doi.org/10.1093/brain/awq148 

Perry, R. J., & Hodges, J. R. (1999). Attention and executive deficits in Alzheimer’s disease. A 

critical review. Brain, 122(3), 383–404. https://doi.org/10.1093/brain/122.3.383 

Pertzov, Y., Heider, M., Liang, Y., Husain, M., & Husain, M. (2015). Effects of Healthy Ageing on 

Precision and Binding of Object Location in Visual Short Term Memory Visual Short Term 

Memory. Psychology and Aging, 30(1), 26–35. 

Petersen, R. C. (2016). Mild Cognitive Impairment. CONTINUUM: Lifelong Learning in 

Neurology, 22(2 Dementia), 404–418. https://doi.org/10.1007/s12445-012-0228-y 

Petersen, R. C., Caracciolo, B., Brayne, C., Gauthier, S., Jelic, V., & Fratiglioni, L. (2013). Mild 

cognitive impairment: a concept in evolution. Archives of Neurology, 53(3), 1689–1699. 

https://doi.org/10.1111/joim.12190.Mild 



27 

 

Postma, A., & de Haan, E. H. F. (1996). What Was Where? Memory for Object Locations. The 

Quarterly Journal of Experimental Psychology A, 49(1), 178–199. 

https://doi.org/10.1080/027249896392856 

Postma, A., & van der Ham, I. J. M. (2017). Keeping Track of Where Things Are in Space: The 

Neuropsychology of Object Location Memory. In Neuropsychology of Space: Spatial 

Functions of the Human Brain. Elsevier Inc. https://doi.org/10.1016/B978-0-12-801638-

1.00007-0 

Rensink, R. A. (2000). The Dynamic Representation of Scenes. Visual Cognition, 7(1–3), 17–42. 

https://doi.org/10.1080/135062800394667 

Rensink, R. A. (2002). Change Detection. Annual Review of Psychology, 53, 245–277. 

http://dl.acm.org/citation.cfm?id=1855075 

Rizzo, M., Anderson, S. W., Dawson, J., & Nawrot, M. (2000). Vision and cognition in 

Alzheimer’s disease. Neuropsychologia, 38(8), 1157–1169. https://doi.org/10.1016/S0028-

3932(00)00023-3 

Ruiz-Rizzo, A. L., Bublak, P., Redel, P., Grimmer, T., Müller, H. J., Sorg, C., & Finke, K. (2017). 

Simultaneous object perception deficits are related to reduced visual processing speed in 

amnestic mild cognitive impairment. Neurobiology of Aging, 55, 132–142. 

https://doi.org/10.1016/j.neurobiolaging.2017.03.029 

Schenk, T., & McIntosh, R. D. (2010). Do we have independent visual streams for perception and 

action? In Cognitive Neuroscience (Vol. 1, Issue 1, pp. 52–62). 

https://doi.org/10.1080/17588920903388950 

Schnitzspahn, K. M., Ihle, A., Henry, J. D., Rendell, P. G., & Kliegel, M. (2011). The age-

prospective memory-paradox: An exploration of possible mechanisms. International 

Psychogeriatrics, 23(4), 583–592. https://doi.org/10.1017/S1041610210001651 

Snodgrass, J. G., & Vanderwart, M. (1980). A standardized set of 260 pictures: norms for name 

agreement, image agreement, familiarity, and visual complexity. Journal of Experimental 

Psychology. Human Learning and Memory, 6(2), 174–215. 

http://www.ncbi.nlm.nih.gov/pubmed/7373248 

Thomas, A. K., Bonura, B. M., Taylor, H. A., & Brunyé, T. T. (2012). Metacognitive monitoring in 

visuospatial working memory. Psychology and Aging, 27(4), 1099–1110. 

https://doi.org/10.1037/a0028556 

Tobii. (2011). Tobii T60 & T120 Eye Tracker (Revision 4) (pp. 1–26). Tobii Technology AB. 

Troyer, A. K., Murphy, K. J., Anderson, N. D., Hayman-Abello, B. A., Craik, F. I. M., & 

Moscovitch, M. (2008). Item and Associative Memory in Amnestic Mild Cognitive 



28 

 

Impairment: Performance on Standardized Memory Tests. Neuropsychology, 22(1), 10–16. 

https://doi.org/10.1037/0894-4105.22.1.10 

Võ, M. L.-H. (2021). The meaning and structure of scenes. Vision Research, 181, 10–20. 

https://doi.org/10.1016/j.visres.2020.11.003 

Warrington, E. K., & James, M. (1991). The Visual Object and Space Battery Perception. Bury St 

Edmunds. 

Whiting, W. L., Madden, D. J., Pierce, T. W., & Allen, P. A. (2005). Searching from the top down: 

Ageing and attentional guidance during singleton detection. Quarterly Journal of Experimental 

Psychology Section A: Human Experimental Psychology, 58(1), 72–97. 

https://doi.org/10.1080/02724980443000205 

Wilcockson, T. D. W., Mardanbegi, D., Xia, B., Taylor, S., Sawyer, P., Gellersen, H. W., Leroi, I., 

Killick, R., & Crawford, T. J. (2019). Abnormalities of saccadic eye movements in dementia 

due to Alzheimer’s disease and mild cognitive impairment. Aging, 11(15). 

https://doi.org/10.18632/aging.102118 

Willems, R. M., & Peelen, M. v. (2021). How context changes the neural basis of perception and 

language. IScience, 24(5), 102392. https://doi.org/10.1016/j.isci.2021.102392 

Zelinsky, G. J. (2001). Eye movements during change detection: Implications for search constraints, 

memory limitations, and scanning strategies. Perception and Psychophysics, 63(2), 209–225. 

https://doi.org/10.3758/BF03194463 

Zhao, Q., Lv, Y., Zhou, Y., Hong, Z., & Guo, Q. (2012). Short-Term Delayed Recall of Auditory 

Verbal Learning Test Is Equivalent to Long-Term Delayed Recall for Identifying Amnestic 

Mild Cognitive Impairment. PLoS ONE, 7(12). https://doi.org/10.1371/journal.pone.0051157 

  

 

 

 

 

 

 

 

 

 

View publication stats

https://www.researchgate.net/publication/365309874



