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ABSTRACT 

 
Recent research provides evidence for new conceptualizations of memory, 

including the brain’s drive to predict and anticipate future events based on past 

experiences, a narrowing gap between perceptual and mnemonic functions, and the 

importance of sleep-dependent memory consolidation. These new perspectives, which 

highlight the interactive nature of the brain bases of memory, are rarely applied to the 

study of memory in neurodevelopmental disorders. In the present work, I adopted some 

of these theoretical perspectives to rethink the study of memory in typical development 

and in neurodevelopmental disorders such as Down syndrome (Trisomy 21). Given that 

several studies have reported atypical patterns of brain connectivity in individuals with 

Down syndrome, this dissertation aims to assess the integrity of memory processing in 

this population by examining different levels of cross-regional communication measured 

at the neuropsychological level. I first provide evidence of impaired rapid interactions 

between the brain areas that mediate high-level influences on figure-ground perception 

and relatively unimpaired integration of neural inputs across local areas of visual cortex 

(Spanò, Peterson, Nadel, Rhoads, & Edgin, 2015; see Appendix A). In the second study, I 

demonstrate spared use of anticipatory scene representation, thought to rely on top-down 

information from the hippocampus and likely to support our understanding of the 

properties of the visual world (Spanò, Intraub, & Edgin, submitted; see Appendix B). 

Finally, the third study reveals impaired sleep-dependent memory consolidation of 

arbitrary object-label associations, symptomatic of a weak dialogue between prefrontal 

cortex and hippocampus (Spanò, Gómez, Demara, Alt, Cowen, & Edgin, in preparation; 

see Appendix C). Based on these findings, treatments for Down syndrome, and other 
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developmental disorders affecting functional connectivity, should be aimed at 

establishing balanced neural communication and cross-regional connectivity early on in 

development. 
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CHAPTER 1 

INTRODUCTION 

 
 

Cognitive neuroscience views of memory function are rapidly changing, with the 

overturning of many firmly held beliefs regarding how memories are formed and retained 

over time. Moving beyond the box model approach of Atkinson & Shiffrin (1968), which 

included the time dependent processes of short- and long-term memory, recent theories 

have embraced new conceptualizations of memory processes, including the brain’s drive 

to predict and anticipate future events based on past experiences (Schacter, Addis, & 

Buckner, 2007; Schacter, 2012; Hassabis, & Maguire, 2009; Clark, 2012), a narrowing 

gap between perceptual and mnemonic functions (Murray & Bussey, 1999; Graham, 

Barense, & Lee, 2010; Barense, Ngo, Hung, & Peterson, 2012; Nadel and Peterson, 

2013), and the importance of sleep-dependent memory consolidation (Saletin, & Walker, 

2012; Feld & Born, 2012). These new perspectives highlight the interactive nature of the 

brain bases of memory, such as the synchrony of hippocampus, thalamus and cortex 

involved in sleep-dependent memory consolidation (Maingret, Girardeau, Todorova, 

Goutierre & Zugaro, 2016). Recent investigations of the neural systems involved in 

forming memories encourage a perspective in which learning reflects a continuous 

dialogue between various neural systems at different levels that cannot be attributable to 

a single brain region (e.g., Eichenbaum, 2010; Shimamura, 2014). 

These novel approaches are rarely applied to the study of memory in 

neurodevelopmental disorders. In the present work, I adopted some of these theoretical 

perspectives to rethink the study of memory in typical development and in 
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neurodevelopmental disorders, such as Down syndrome (DS), from a developmental 

cognitive neuroscience perspective. Despite intervention approaches targeting memory 

deficits in developmental disorders (e.g., Fernandez et al., 2007; Braudeau et al. 2011; 

Costa et al. 2008; Das et al. 2013; Dang et al. 2014), little is known about the memory 

profile in relation to our current knowledge of the structure of memory and the neural 

systems thought to underpin these memory processes. In my dissertation I focus on 

individuals with DS, as this population constitutes a good model to explore memory 

processes, through the lens of novel approaches in cognitive neuroscience, based on two 

factors: 1) the known genetic etiology and 2) the extensive literature documenting 

hippocampal abnormalities underlying learning and memory impairments in humans with 

DS as well as in representative mouse models for the condition (e.g., Tc1; O'Doherty et 

al., 2005; Ts65Dn; Davisson, Schmidt, & Akeson, 1990). 

With an incidence of 1 in 691 live births (Parker et al., 2010), DS – caused by the 

triplication of genes on human chromosome 21 (Hsa21) – constitutes one of the most 

prevalent genetic disorders resulting in a distinctive phenotype of cognitive and 

neuroanatomical differences. Since the creation of the first mouse model of DS, Ts16 

(Gropp, Giers, & Kolbus, 1974), animal studies have offered a window into the possible 

physiological bases of learning and memory in this syndrome, providing a way to assess 

the efficacy of pharmacotherapies designed to ameliorate learning impairments in 

humans with DS. One mechanism targeted by current therapeutic approaches for DS is 

the imbalance of excitatory and inhibitory neurotransmission, which results in altered 

hippocampal synaptic plasticity in Ts65Dn mice and is likely to explain memory 

dysfunctions in humans with DS (e.g., Fernandez et al., 2007; Kleschevnikov et al., 2004; 
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Hanson, Blank, Valenzuela, Garner, & Madison, 2007). Also informative are behavioral 

assessments in animal studies, which allow us to bridge altered hippocampal synaptic 

plasticity with deficits in behavioral tests of memory. For example, Smith and colleagues 

(2014) designed a battery of tasks to target dysfunction in the dentate gyrus stemming 

from over-inhibition due to increased efficiency of GABA receptors. Compared to 

controls, Ts65Dn/TnJ mice demonstrated an uneven profile of memory dysfunctions 

consistent with spared object recognition over short delays – associated with the 

perirhinal cortex – and impaired memory for objects in a spatial context, relying on the 

dentate gyrus. Similar work has shown that the Tc1 mouse model (direct model of the 

human condition given the insertion of a human chromosome 21) displays impaired 

short-term plasticity of the dentate gyrus-CA3 pathway, suggesting a dysfunctional 

communication between these two subfields that is related to impairments in spatial 

working memory tasks (Witton et al., 2015).  

Despite ongoing efforts to uncover the neural mechanisms underlying learning 

impairments in this population, most studies conducted in humans with DS have tested 

memory processes using cognitive assessments based on older, traditional views of 

memory. One example of this approach is a study by Lanfranchi, Cornoldi and Vianello 

(2004), in which verbal and visuospatial memory were examined in individuals with DS 

according to cognitive models of working memory (Baddeley, 1986; Cornoldi & Vecchi, 

2004). Compared to their controls, individuals with DS exhibited a specific memory 

profile characterized by relative strengths on visuospatial tasks and weaknesses on verbal 

measures. Despite its indisputable contribution to the understanding of learning abilities 

in this population, this approach may lack the specificity needed for a comparison with 
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findings in animal studies as well as a lack of linkage to our current understanding of the 

potential brain correlates of memory impairments reported in humans with DS.  

For instance, a substantial number of studies have reported abnormalities in the 

hippocampus in both human and mouse models of DS. Regarding humans with DS, a 

consistent finding, including data from post-mortem autopsy and neuroimaging, is 

reduction in the volume of the hippocampus (Pinter et al., 2001; Menghini et al., 2011) as 

well as delayed myelination of late-developing hippocampal circuits (dentate gyrus; 

Ábrahám et al., 2012). In mouse models of the condition, impaired short-term plasticity 

in dentate gyrus-CA3 excitatory synapses, decrease in long-term potentiation, and altered 

synaptic density in the hippocampus have been extensively documented (Cramer & 

Galdzicki, 2012; Kleschevnikov et al., 2004; Kleschevnikov et al., 2012; Witton et al., 

2015; Kurt, Kafa, Dierssen, & Davies, 2004; Belichenko et al., 2009). Altogether, these 

findings allow us to define this population as one of the best-characterized non-lesion 

conditions of hippocampal compromise (Nadel, 2003; Edgin, 2013). As such, one would 

expect deficits on spatial navigational tasks as well as tasks assessing memory 

consolidation in this group, areas now explored in detail through newer work (Banta 

Lavenex et al., 2015; Ashworth, Hill, Karmiloff-Smith, & Dimitriou, 2015).  

Based on the extensive literature on the link between hippocampus and memory 

(e.g., Burgess, Maguire & O’Keefe, 2002; Clark & Squire, 2013; Eichenbaum & Cohen, 

2014), it is reasonable to assume that abnormalities in this region may potentially explain 

learning difficulties reported in this population. In line with this hypothesis, Nadel (1986, 

1999, 2003) – a pioneer of the neurobiological approach to memory and learning in this 

population – proposed that altered maturation of late-developing brain regions such as the 
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hippocampus might explain learning deficits in DS. This approach guided several 

investigations aimed at relating a specific cognitive function to a particular neural system 

(i.e., one brain region � one function; neuropsychological perspective). In one elegant 

example, Pennington, Moon, Edgin, Stedron, and Nadel (2003) assessed long-term 

memory using hippocampal measures such as object-location associations, a virtual 

Morris water maze task, and a delayed object recognition test. Other cognitive domains 

were also examined, including prefrontal function, verbal short-term memory, spatial 

span, and receptive vocabulary. In a profile of widespread cognitive dysfunctions, 

selective impairments in hippocampal outcomes emerged, a finding that parallels results 

from mouse models of DS. Seven years later, Edgin et al. (2010) validated a battery of 

tests assessing multiple aspects of cognition and learning based on neurophysiological 

findings in mouse models and humans with DS – the first neuropsychological tool that 

has been widely used to assess the efficacy of cognition-enhancing drugs as well as non-

pharmacological treatments in this population. 

While these studies highlight the importance of improving the translation of 

memory studies in animal models to humans, measures employed in both studies – 

hypothetically designed to tap into a brain region associated with a specific cognitive 

function – might actually rely on the interaction/competition/integration between multiple 

regions across the brain (Das & Reeves, 2011; Fernandez & Reeves, 2015; Nadel, 2003; 

Edgin, 2013; Pennington et al., 2003). A hallmark of these interactions resides in 

correlations between neuropsychological measures found in both studies (e.g., 

hippocampal and prefrontal composite scores), hinting that when we assess memory, we 

cannot assume that the role of the hippocampus could be completely isolated from that of 
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other regions. For instance, although several studies have demonstrated across species 

that lesions of the perirhinal cortex can result in object recognition deficits (e.g., Buckley 

& Gaffan, 1998; Murray & Richmond, 2001), the perirhinal cortex is not the brain 

module where object representations are stored. Instead, objects are represented in a 

continuous fashion, throughout the ventral visual stream and in other regions outside the 

ventral visual stream such as the medial temporal lobe (Nadel & Peterson, 2013). 

Therefore, while hippocampal abnormalities clearly play a central role in the memory 

phenotype exhibited in this population, memory dysfunction might also emerge from a 

disconnect between multiple neural systems (e.g., prefrontal cortex and hippocampus), 

with the nature of what is being represented modulating these interactions (as discussed 

in Edgin, 2013).  

In this period of great ferment in the field of memory research, it is imperative to 

adopt an approach from a whole-brain perspective when examining the memory 

phenotype of individuals with DS and other neurodevelopmental disorders. Current 

theoretical frameworks are moving toward a model in which learning differences in DS 

are better understood in terms of inefficient communication across neural systems (i.e., 

Edgin, 2013; Fernandez & Reeves, 2015). In line with this hypothesis, Karmiloff-Smith 

(1998) suggested the existence of dynamic interconnections between different cognitive 

domains, such that an impairment of a specific aspect of a cognitive domain would 

generate a cascade effect that would eventually influence processes, not only within the 

same domain, but also in other collateral cognitive functions. Such an effect offers a 

unique opportunity to highlight and track the interactions and interplay between different 

domains (e.g., memory and perception) and within the same domain (e.g. implicit and 
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explicit memory) over time. Therefore, when examining overall brain functional 

organization in neurodevelopmental disorders, it is crucial to also take into consideration 

that the brain is not a “collection of static modules” (Karmiloff-Smith et al., 2009), and 

that development influences the interactions between multiple systems at different levels 

and at distinct time points, potentially contributing to the well-documented variability in 

individuals with DS.  

A closer evaluation of studies testing cross-regional brain connectivity in DS 

encourages the field to adopt an approach that takes into consideration the extensive 

nature of interactions occurring across a number of brain regions as well as 

interconnected cognitive functions that seem to support learning. This approach would 

predict that learning impairments might originate not only from dysfunction in 

specialized brain regions or domain-specific processes, but also from unstable/interrupted 

connections across these various regions and systems. In support of this hypothesis, 

several studies have reported abnormal patterns of brain connectivity in those with DS, 

which can begin as early as infancy (Imai et al., 2014; Anderson et al., 2013; Ahmadlou, 

Gharib, Hemmati, Vameghi, & Sajedi, 2013; Pujol et al., 2015; Vega, Hohman, 

Pryweller, Dykens, & Thornton-Wells, 2015; discussed in detail in the linkage chapter). 

Based on these and other neuroimaging findings, one can safely speculate that the 

abnormal development of brain-wide dialogue might contribute to the learning deficits 

exhibited in this population and perhaps the extensive variability in the cognitive and 

memory phenotype of individuals with DS. For example, the refinement of a specific 

network might change based on the variability of health factors (e.g., obstructive sleep 
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apnea syndrome, congenital heart disease), as well as genetic and environmental 

adversities during development. 

In this dissertation, I explore different levels of cross-regional communication 

tested at the neuropsychological level by incorporating new views of memory into 

research in individuals with DS from a developmental cognitive neuroscience 

perspective. I use neuropsychological paradigms known to tap three levels of brain 

interaction, including 1) feedback from the medial temporal lobe to the ventral visual 

stream in figure-ground perception, 2) top-down influence of the hippocampus on 

parahippocampal cortex as well as early visual cortex when reconstructing scenes and 3) 

the synchrony between hippocampus and cortex associated with sleep-dependent memory 

consolidation. Although these studies do not include neuroimaging, I employed well-

characterized behavioral tasks specifically designed to tease apart the brain mechanisms 

involved in these interactions. The research presented in this three-paper dissertation 

extends previous work on memory in this population, but also provides a novel approach 

to the assessment of memory function in typical and atypical development. Specifically, I 

first provide evidence of impaired rapid interactions between the brain areas that mediate 

high-level influences on figure-ground perception and relatively unimpaired integration 

of neural inputs across local areas of visual cortex (Spanò, Peterson, Nadel, Rhoads, & 

Edgin, 2015; see Appendix A). In the second study, I demonstrate spared use of 

anticipatory scene representation, thought to rely on top-down information from the 

hippocampus and likely to support our understanding of the properties of the visual world 

(Spanò, Intraub, & Edgin, submitted; see Appendix B). Finally, the third study reveals 

impaired sleep-dependent memory consolidation of arbitrary object-label associations, 
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symptomatic of a weak dialogue between prefrontal cortex and hippocampus (Spanò, 

Gómez, Demara, Alt, Cowen, & Edgin, in preparation; see Appendix C). Although these 

three investigations employed different tasks and focused on different cross-regional 

interactions, they all aim to advance our understanding of the neural mechanisms that 

support memory processes in individuals with DS by adopting new perspectives that 

move beyond traditional conceptualizations of memory. In the following chapters, I 

summarize each paper included in the appendices and conclude by integrating these 

papers together. 
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CHAPTER 2. 

SPANÒ, PETERSON, NADEL, RHOADS, EDGIN (2015) 

 

2.1 Summary 

 
Recent work shows that feedback from memory representations may guide basic 

perceptual functions, such as figure-ground perception, with top-down and bottom up 

processing streams engaging in dynamic interchange. In the present study, we examined 

the influence of memory on perception in typical development (Study 1) and in two 

populations hypothesized to display altered patterns of cross-regional connectivity, 

individuals with DS (Study 2; Anderson et al., 2013) and those with autism spectrum 

disorders (ASD) (Study 3; Just, Cherkassky, Keller, & Minshew, 2004) along with their 

associated control samples matched by mental age. We used an established paradigm to 

examine perceptual processing and interactions across higher and lower levels of the 

ventral processing stream (Peterson, Harvey, Weidenbacher, 1991; Gibson and Peterson 

1994; Peterson and Gibson 1994a, 1994b). Specifically, we investigated how figure-

ground perception is modulated by (a) memory representations of objects, likely 

requiring feedback from the anterior temporal lobe to the visual cortex (high-level cues, 

OMEFA test; Figure 1c), and (b) convexity and surface integration, likely reliant on 

lower-level interactions occurring in more posterior areas in the visual cortex (low-level 

cues, Figure 1b). Participants also completed an explicit object recognition test (Figure 

1d).  
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Figure 1. Paradigms used to assess low- and high-level influences on figure-ground perception. (a) A 
sample black-and-white display illustrating convex and concave regions: the convex regions are in black; 
the concave regions are in white. The red dots identify successive minima of curvature from inside the 
different regions. The bracket marked with an asterisk illustrates a part of a concave region, and the bracket 
marked by two asterisks illustrates a part of a convex region. (b) Test of effects of convexity and the 
interaction between convexity and surface integration on figure assignment (i.e., sample 2-region display 
on the left and 8-region display on the right side). In the figure, the convex regions are black and the 
concave regions are white.  The participant was asked to say whether the black or white region appeared to 
be the figure at the central border. (c) Test of effects of object memories on figure assignment. Critical 
regions are shown in black. For the experimental stimuli (shown on the left), the critical region portrayed a 
portion of a well-known object (in this case a portion of a table lamp is portrayed by the black region to the 
right of the central border). For the corresponding control stimulus (shown on the right), the critical region 
was created by rearranging the parts of the well-known object into a novel configuration. Participants were 
asked to report whether they perceived the black or white region as the figure at the central border. (d) 
Explicit object discrimination test. An intact configuration of a well-known object and the corresponding 
control part-rearranged version drawn from the OMEFA test were shown one above the other. Both were 
black. The critical region in the top display depicts a portion of a table lamp. Subjects were asked to report 
whether the black region on the top or on the bottom portrays a well-known object. Adapted from Spanò et 
al., (2015).  

 

In study 1, three age-based groups were used to examine the typical 

developmental trajectory of figure-ground perception: 10 young children (4.33-6.50 

years), 10 older children and adolescents (9.17-16.50 years) and 10 young adults (18.17-

19.58 years). Based on findings suggesting that the ability to segregate between figure 

and background using Gestalt configural cues becomes adult-like by 8 months (Johnson, 
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2001; Quinn & Schyns, 2003; Needham & Baillargeon, 1997), we expected that figure 

assignment based on low-level cues should be online early in typical development. On 

the other hand, some studies have suggested extended developmental trajectories for 

medial temporal lobe dependent tasks (Edgin, Spanò, Kawa, & Nadel, 2014; Golarai et 

al., 2007), so it is possible that object memory contributions to figure-ground perception 

may develop later. Our findings indicated that the use of three sets of implicitly operating 

visual system “priors” (convexity, surface integration, and object memory) is present in 

young children at 4 years in age and remains consistent across development. A 

dissociation between implicit and explicit knowledge of the object was found across 

development, indicating some developmental trends in the abilities tapped by the explicit 

object discrimination test (i.e., ability to treat the three straight edges bordering the 

critical regions as extrinsic to the depicted objects). 

In study 2, 25 individuals with DS (10.25-24 years) and 25 mental age-matched 

typically developing controls (4.08-6.50 years) were tested. Given the altered 

connectivity profile of this group (i.e., weakened long-range connectivity; Anderson et 

al., 2013), we expected that individuals with DS would demonstrate impaired figure-

ground judgments requiring interactions between memory and perception, whereas their 

use of lower-level generic cues to segregate figure from ground might be spared based on 

previous studies suggesting intact visual-spatial perception (Brown et al., 2003; Fidler, 

Hepburn, & Rogers, 2006; Pennington, Moon, Edgin, Stedron, & Nadel, 2003). 

Consistent with our hypotheses, we found that while individuals with DS exhibited intact 

figure-ground segregation based on convexity and surface integration compared to mental 

age-matched controls, they showed attenuated implicit effects of object memory on 
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figure-ground assignment. Tests of general object knowledge and identification were 

unimpaired. These results suggest that individuals with DS have a specific deficit in rapid 

interactions between the brain areas that mediate high-level influences on figure-ground 

perception.  

In Study 3, 23 individuals with ASD (7.08-23.58 years) were assessed using these 

paradigms compared to 23 mental age-matched typically developing controls (4.17-20.92 

years). In line with previous studies on basic visual perception in this population, we did 

not expect difficulty with figure-ground perception based on low-level properties. Given 

inconsistent findings in the literature regarding patterns of brain connectivity that support 

top-down modulation in autism, we had competing hypotheses about the pattern of 

performance that would be observed on the OMEFA task in individuals with ASD. Our 

results indicate that individuals with ASD exhibited intact figure-ground segregation 

based on convexity and surface integration compared to mental age-matched controls. 

Despite previous neuroimaging evidence suggesting abnormal interregional connectivity 

in this group, no deficits were found on implicit effects of object memory on figure-

ground assignment. Intact influences on figure-ground perception of previous memory 

representations in individuals with ASD were also observed when we directly compared 

their performance to the DS sample. In both ASD and DS groups, these findings were not 

related to either IQ or age. Altogether, these results suggest that both high-level and low-

level contributions to figure-ground perception are functional by the age of 4 years and 

remain stable across development. Deficits in the use of high-level memory cues during 

figure-ground assignment seem to be specific to DS and not ASD, suggesting that “top-
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down” interactions and the resultant dysfunctions may differ across different 

developmental disorders. 

 
 

2.2 Contributions 

 
My contributions to this project were extensive. Although I have not designed the 

paradigm, I worked together with Jamie Edgin, Mary Peterson, and collaborators to 

implement the protocol with typically developing children and atypical populations. I 

conducted the analysis. Participants were tested in part by me and in part by staff in the 

Edgin laboratory who I directly supervised. I wrote the initial draft of the manuscript that 

my collaborators and I have since revised and is now published. 

 
 



 

 24

CHAPTER 3. 

SPANÒ, INTRAUB, EDGIN (SUBMITTED) 

 

3.1 Summary 

Perceptions of the world are influenced by past experience and memory. 

Boundary extension (BE) is a phenomenon in which observers extend the background 

details of a previously viewed scene, reflecting top-down influences on perceptual 

representations (Intraub & Richardson, 1989; Intraub, Bender & Mangels, 1992; Intraub, 

Gottesman & Bills, 1998; Hubbard, Hutchinson, & Courtney, 2010; Intraub, 2010, 2012, 

2014). Chadwick, Mullally, and Maguire (2013) suggested that the hippocampus is partly 

responsible for the generation of the constructed scene beyond the stimulus view, with 

data from dynamic causal modeling suggesting the structure sends feedback signals to the 

visual and parahippocampal cortices to influence scene processing. Given findings 

suggesting a role for the hippocampus in BE and evidence of BE in very young infants 

(Quinn & Intraub, 2007), we tested whether this phenomenon may change during critical 

periods of hippocampal development (i.e., young children and adolescents) or may be 

altered in children with hippocampal dysfunction (i.e., Down syndrome, DS). To examine 

BE across typical development we included 14 young children (4-7 years) and 14 

adolescents (13-17 years); these age groups were chosen to represent periods in which we 

expected to see gains in hippocampal development based on previous neuroimaging 

investigations (Ghetti, DeMaster, Yonelinas, & Bunge, 2010; Riggins, Geng, 

Blankenship, Redcay, 2016; Lavenex & Banta Lavenex, 2013). In addition to these two 

age groups, we tested 14 individuals with DS (11-24 years). 
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Participants completed 3 BE tasks relying on different test modalities: a drawing 

paradigm, a visual recognition test (Figure 2), and a boundary reconstruction task (Figure 

3). In addition, we assessed object-location memory with a well-validated test of 

hippocampal function for the DS population (Edgin et al., 2010). On the drawing task, 

participants studied a photograph for 15 seconds and then drew it from memory and BE 

was defined as a reduction in the area covered by the object and thus, the inclusion of 

more of the surrounding background. On the two-alternative forced choice recognition 

task, children were shown a photograph of an object in scene and asked to choose the one 

that matched their memory from two alternatives including an identical copy of the target 

photograph and a closer or wider view of the same scene. Two varying similarity 

conditions (13 vs. 30% difference in zoom) were included. BE was reflected in an uneven 

distribution of errors caused by subjects choosing wide angle views at a greater rate than 

close up views. Finally, on the 3D scene boundary reconstruction task, participants were 

presented with a real scene within a window and asked to remember the edges of the 

window and subsequently to reproduce the boundaries of the previously studied scene 

(Figure 3). BE was defined in terms of an increase in the reconstructed scene area relative 

to the original scene’s window size. 
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Figure 2. An example of the scenes in the recognition task. In this example, participants are presented with 
the close-up photograph of a cat inside a house for 15 seconds. The target object is then replaced with a pair 
of photographs which includes a copy of the original photograph and either a high-similarity photograph 
(the wider views shows only 13% more of the scene than the close-up, panel A) or a low-similarity 
photograph (the wider view shows 30% more of the scene than the close-up, Panel B). In the wide-angle 
condition, the target stimulus was a wide-angle photograph and the test pair included a copy of the same 
photograph and a close–up of the target (either high-similarity or low-similarity). 

 

 

 

 

 

 

 

 

 

Figure 3. Protocol for the 3D real scene memory task. a) During the encoding phase, participants were 
presented with a scene within a window for 30 seconds and asked to remember the edges of the window 
(36” x 36”). After removal of the window (b), participants were asked to recreate the edges of the window 
from their memory with four wooden planks (c). 

 

Across the 3 tasks, all groups exhibited BE, supporting the idea that BE is an 

essential function that may be present early on in development and in some populations 

with known hippocampal disruption. First, BE was consistently measured across typical 

development but it was less prominent on the visual recognition task for adolescents 

compared to young children. Second, individuals with DS showed consistent effects with 

the control group as well as greater BE on 1 out of the 3 tasks administered (e.g., the 

drawing task), despite showing a clear deficit on a paired associates learning task. On the 

recognition task, all participants exhibited BE in both high and low-similarity 

manipulations, indicating that BE was great enough that even low similarity comparisons 

were sensitive to the error. These results were acquired after careful control for drawing 
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preferences and selection biases on the BE tasks, neither of which differed in younger 

children or DS.  

Participants across the three groups expanded boundaries, indicating that this 

effect might be driven by a complex set of processes that occur even in the face of 

immature memory development and hippocampal dysfunction in special populations. 

Considering that reduced BE has only been shown in patients with selective hippocampal 

damage who also exhibit impaired ability to imagine a spatially coherent scene (Mullally 

et al., 2012), our results indicate that BE might be expressed with partial hippocampal 

function or through reorganization. These results also suggest intact function in 

individuals with DS on a task found to have a distinct pattern of interregional 

communication. More neuroimaging work is needed to understand how BE may be 

mediated by hippocampal or extra-hippocampal mechanisms across development or in 

developmental disorders.  
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3.2 Contributions 

 

 My contributions to this project were extensive. I worked together with 

collaborator Helene Intraub to implement her paradigms designed to assess boundary 

extension in typical developing children, and I adapted them to individuals with Down 

syndrome. My supervisor Jamie Edgin and I designed one of the paradigms used in this 

project. I also selected the additional measures included in this project. I tested all the 

participants with a team of research assistants from the Edgin laboratory and conducted 

the analysis. In collaboration with Edgin and Intraub, I was the primary writer for the 

manuscript that was submitted for publication. 
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CHAPTER 4. 

SPANÒ, GÓMEZ, DEMARA, ALT, COWEN, EDGIN (IN PREPARATION) 

 

4.1 Summary 

Recent data has suggested that naps may benefit declarative memory 

consolidation in young children, allowing for an active consolidation process at a time 

when there is reduced interference from environmental stimuli (Kurdziel, Duclos, & 

Spencer, 2013). Sleep provides an important physical state in which the brain can engage 

in hippocampal-cortical dialogue relying on an orchestrated pattern of activity between 

neocortical slow oscillations, sharp wave-ripples and thalamo-cortical spindles 

(Diekelmann & Born, 2010; active system consolidation theory). These mechanisms 

support both systems consolidation and synaptic consolidation. Little work has examined 

these consolidation processes in children with sleep disorders, and many of these groups 

may have deficits in the complex interregional communication required for this process.  

 Due to the well-characterized phenotype of sleep disturbances, as well as the 

extensive literature documenting hippocampal abnormalities underlying learning and 

memory impairments in this population, DS constitutes a good model to examine these 

links because of its potential for providing converging information for the role of 

hippocampal-dependent consolidation during sleep. In order to examine the specific 

mechanisms underlying the potential association between sleep and learning in this 

population, we assessed word-learning (i.e., the acquisition of arbitrary object and label 

mappings) in preschoolers with and without DS across periods of sleep and wake using a 

within subjects design (Figure 4). These paradigms have often been used to measure 

declarative memory formation, are sensitive to impairments in hippocampal function, and 
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relate to sleep-dependent learning (Wood, Saling, 2000, O’shea, Berkovic, & Jackson, 

2000; Tamminen, Payne, Stickgold, Wamsley, & Gaskell, 2010; Henderson, Weighall, 

Brown & Gaskell, 2012; Alger, Lau & Fishbein, 2012; Plihal & Born, 1997). Baseline 

performance (test after 5 minutes) was also measured. In order to eliminate encoding 

differences as the source of any consolidation differences, we equated baseline learning 

in both groups by training each to a set criterion (4 out of 6 correct trials, 66.67%). Sleep 

physiology was collected with home-based polysomnography across the period 

containing the nap delay. 

The findings from the current study provide new insights into the role of naps on 

the consolidation of declarative memory. While typically developing (TD) children 

showed a clear learning benefit from the nap, exhibiting substantial interference during 

the wake period (at both 5 minutes and 4h-delay), in the DS group, naps appeared to be 

detrimental to long-term retention, calling into question the value of naps in this 

population. Relative to mental-age matched TD children, children with DS demonstrated 

equivalent baseline learning and similar performance at the immediate test, as well as 

decreased performance loss at 4-hour retention in the wake condition, allowing us to 

attribute differences after sleep and 24 hour delays to processes of sleep-dependent 

consolidation. These effects persisted after controlling for other baseline clinical 

characteristics such as IQ and age, factors that have been previously associated with 

sleep-dependent memory consolidation.  
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Figure 4. Protocol design and object-label association task. Each child was tested with an object-label 
pairing task in three counter-balanced, within-subject conditions separated by 1-2 weeks: 1) immediate; 2) 
wake and 3) sleep. Every condition included two phases: training and test. During the training phase, 
children were exposed to 3 novel object-label mappings and 3 novel unlabeled distractors, resulting in a 
total of 9 target objects and 9 distractors. Wake and Sleep conditions were counterbalanced and objects 
were randomized across conditions. In the wake condition, some participants were scheduled in the 
morning before the nap and others after the nap to control for time of the day effects on learning. 
Immediate and Sleep conditions occurred at the same time. Tests in all the conditions included 6 test trials. 

 

This study adds to our understanding of the causal role of sleep physiology in 

learning impairments in both typical and atypical development. Different physiological 

mechanisms seem to underlie sleep-dependent memory processes in these two groups: 

while in TD children this type of learning might be supported by N2 sleep, in children 

with DS, the relation between learning and N3 sleep is only transient, hinting to 

inefficient slow wave sleep activity in this group. Despite displaying large intervals of 

slow wave sleep (and increased delta power) but little rapid eye movement (REM) sleep, 
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children with DS do not benefit from a nap, a finding that adds to our understanding of 

the dynamics of these sleep stages in typical and atypical development. In total, with this 

study we have demonstrated that typical children do show interference across a delay not 

containing a nap, but that a nap supports retention at 4 hour and 24 hour test delays. 

Those with DS show the opposite pattern, and retain more after wake. Our findings 

suggest impaired sleep-dependent memory consolidation in children with DS. One 

possibility is that children with DS might be forming memory representations that are 

originally degraded due to hippocampal abnormalities. Alternatively, the lack of learning 

benefits associated with the sleep period might also be due to disrupted communication 

between hippocampus and prefrontal cortex. This hypothesis is consistent with a pattern 

of altered functional organization documented in this population (Imai et al., 2013, 

Anderson et al., 2013), in which weak long-range connectivity, such as that required for 

sleep-promoted hippocampal-cortical interaction, cannot support qualitative changes in 

memory representations that will lead to the stabilization of these traces. These results 

help inform the mechanisms underlying memory consolidation in typical and atypically 

developing children, and may guide new treatment strategies for memory dysfunction in 

children with DS. 

 

4.2 Contributions 

I designed the experimental protocol with inputs from my supervisor Jamie Edgin 

and collaborator Rebecca Gómez. I created the stimuli, programmed the paradigms, and 

selected every measure included in this project. Because of the specific target age-range 

for the DS group, I led an extensive recruiting effort. I adapted the polysomnography 
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equipment to fit a pediatric population and I tested all the participants with a team of 

research assistants from the Edgin laboratory. I coordinated the efforts of this team. With 

input from my collaborators, I conducted all the behavioral and sleep-related analyses. I 

wrote the initial draft of the manuscript that will be submitted for publication. 
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CHAPTER 5. 

LINKAGE OF INCLUDED PAPERS 

 
 

By examining different levels of cross-regional communications at the 

neuropsychological level, these three papers offer a novel approach to assess the integrity 

of memory processing in individuals with DS. In typical development, a wide body of 

research on functional connectivity has provided evidence for a gradual refinement of the 

dialogue between different brain regions that underlie several cognitive functions. For 

instance, by using resting state connectivity, developmental changes have been reported 

in the structural and functional clustering of the nodes that constitute the “default mode 

network” (DMN), an anatomically defined system that is active when individuals are 

engaged in internal cognitive functions, such as recollection of past experiences and 

imagining the future (Buckner, Andrews-Hanna, & Schacter, 2008; Raichle et al., 2001). 

These studies showed a steady transition from a sparser and diffuse pattern of 

connectivity in children to a more focal pattern of local activity in adulthood (Fair et al., 

2008; Kelly et al., 2009). Another approach that has been used to examine functional 

connectivity in development is based on graph theory, in which networks and network 

connectivity can be represented using connectivity matrix-correlation. A few 

developmental studies based on graph analysis reported a shift from a decrease in 

correlations between neighboring brain regions to increase in correlations between 

functionally connected distant regions as we develop (Fair et al., 2007; Fair et al., 2009). 

This reorganization is also accompanied by lower functional connectivity in short-range 
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connections and higher connectivity in long-range connections in adults compared to 

children (Supekar et al., 2010).  

The reorganization of brain networks at the structural and functional levels is 

crucial for the formation of refined networks that can support both specialized cognitive 

functions as well as participate in large-scale networks (Fair et al., 2008). All together, 

findings from work done in typically developing populations support the hypothesis of a 

slow and progressive maturational process, which leads to an interconnected and flexible 

brain system that is necessary to orchestrate basic functions (e.g., vision) as well as 

higher order cognition (e.g., imagining the future).  Therefore, one could speculate that if 

at any point during developmental critical periods any of these interactions (in local as 

well as more distant networks) are disrupted there could be permanent structural and 

functional consequences for these neural circuits at the whole-brain level. It is therefore 

not surprising that, to some extent, nearly every disorder resulting in cognitive 

impairment is characterized by disrupted synchrony across brain regions (Uddin, 

Supekar,  & Menon, 2010). A growing number of investigations have found 

abnormalities in the wiring and function of neural networks across neurodevelopmental 

disorders, including autism, attention-deficit/hyperactivity disorder, Williams syndrome 

and Fragile-X (for a review see Denis & Thompson, 2013 and Seyffert & Silva, 2005) as 

well as in mental disorders such as schizophrenia and Alzheimer’s disease (see Buckner 

et al., 2008; Thomason & Thompson, 2011; Greicius, 2008). Although the type and 

extent of these abnormalities may differ substantially across these populations, these 

findings demonstrate that efficient and flexible communication between regions is 

necessary for several aspects of cognition, especially memory processes.  
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Despite the extensive literature in other disorders, only a few studies have 

examined cross-regional connectivity in individuals with DS, pointing to a pattern of 

altered functional organization in comparison to typical patterns of connectivity. For 

instance, Imai et al. (2014) examined functional brain development by using near-

infrared spectroscopy (NIRS) imaging with a group of infants with DS compared to a 

group of term-or-late-preterm infants and an early-preterm group. Although infants with 

DS demonstrated a similar development of brain connectivity, the analyses revealed that 

this group had weaker short-range neural connections in relation to the other two groups. 

These findings are in contrast with connectivity studies in older individuals with DS (14-

34 years), which pointed to higher connectivity in short-range connections and weak 

long-range connectivity as well as increased local network synchrony that was 

idiosyncratic between DS participants (Anderson et al., 2015). To explain these 

discrepancies across development in this population, Edgin, Clark, Massand, and 

Karmiloff-Smith (2015) suggested that decreased short-range connectivity of neural 

networks in early infancy in DS might result in immature development of brain 

synchrony, characterized by altered long-range connectivity in older individuals with DS. 

These and other neuroimaging findings (Ahmadlou et al., 2013; Pujol et al., 2015; Vega, 

Hohman, Pryweller, Dykens, & Thornton-Wells, 2015) suggest that the abnormal 

development of brain-wide dialogue might underlie the learning deficits exhibited in this 

population, which rely on interactions across multiple neural systems as well as on 

specialized local networks in the brain. 

Based on our current understanding of brain connectivity in individuals with DS 

and typical development, I examined different levels of cross-regional communication by 
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employing well-characterized behavioral tasks specifically designed to tease apart the 

brain mechanisms involved in these interactions. In Spanò, Peterson, Nadel, Rhoads, and 

Edgin, (2015; see Appendix A), our aim was to explore contributions from both object 

memories (high-level) and configural cues (low-level) on figure assignment in typical 

development as well as in populations known to have altered patterns of long- versus 

short-range brain connectivity, including DS and autism spectrum disorders. Based on 

studies in populations with brain injury as well as neuroimaging findings in typical 

adults, these interactions are thought to occur within the ventral visual stream and medial 

temporal lobe subregions (e.g., Barense et al., 2012; Peterson, Cacciamani, Barense, & 

Scalf, 2012). Across typical development, we found that both low-level and high-level 

“priors” were online as early as four years of age and appeared to be stable across 

development. In the case of DS, despite relatively intact function with low-level cues, we 

found that effects of high-level object memories on figure-ground perception were 

reduced in comparison with mental age-matched controls. Furthermore, attenuated top-

down influences of object memories on perception were specific to DS and not seen in 

individuals with autism, who showed similar patterns of performance to typical 

development. These findings raise the possibility that the inability to differentiate 

between familiar and novel objects in individuals with DS may actually arise from 

inefficient communication between brain regions mediating memory and perception, 

rapid processes thought to rely on feedback from the perirhinal cortex to the visual cortex 

(Peterson et al., 2012). These findings demonstrate that despite intact low-level local 

visual perceptual abilities, individuals with DS are impaired in their ability to quickly 

access past experience to exert influence on perceptual judgments. These results, together 
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with findings drawn from work in typical populations, continue to blur traditionally 

drawn lines between memory and perception, and encourage the field to move beyond 

long-held conceptualizations of memory processes when also applied to developmental 

disorders.  

This perspective adds greatly to our search for altered learning mechanisms in 

DS, as research in recent years has hinted that a well-orchestrated interchange in top-

down and bottom-up processes may be essential for efficient cognition. The second 

manuscript (Spanò, Intraub, & Edgin, submitted; see Appendix B) also assessed 

interactions between memory and perception in individuals with DS, yielding a 

contrasting set of findings relative to the first paper. In this study, we examined 

anticipatory scene representation through Boundary Extension (BE), a commission error 

in which observers remember seeing beyond the physical limits of a previously presented 

scene. Specifically, we aimed to determine if BE may fluctuate alongside known periods 

of hippocampal development (e.g., from preschool to adolescence) or in those with 

known hippocampal deficits (e.g., DS). To the same extent as typical developing children 

and adolescents, BE was consistently measured across test modalities in individuals with 

DS, indicating that a certain type of top-down influence thought to originate from the 

hippocampus might be intact in this population. These findings were obtained despite 

deficits in memory for object-location associations. Contrary to the previous paper, these 

observations suggest that 1) a certain level of interregional communication underlying the 

ability to modulate incoming information through prediction might be spared in DS, and 

2) that despite similar performance in these groups, different underlying mechanisms 
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might be engaged during scene construction, such as the earliest developing subfields of 

the hippocampus or perhaps extra-hippocampal mechanisms.  

Finally, in Spanò, Gómez, Demara, Alt, Cowen, & Edgin (in preparation; see 

Appendix C) we examined sleep-dependent memory consolidation in children with DS 

compared to typically developing children. In this study, we found no sleep-dependent 

learning benefits in children with DS in comparison to their controls. This finding 

suggests poor hippocampal-cortical dialogue in children with DS, which is further 

supported by the lack of stable correlations between learning and sleep physiology across 

delays in the DS group. In addition to its role in hippocampal-cortical dialogue, sleep is 

also thought to be necessary to re-establish synaptic homeostasis (synaptic homeostasis 

hypothesis, Tononi & Cirelli, 2006; 2014), such that plastic changes initiated during the 

day undergo “downscaling” necessary to restore a baseline level that allows the formation 

of new memories the following day. Tononi and Cirelli (2014) have suggested that 

altered “down-selection” during brain maturation – when shifts from diffuse to more 

localized networks occur as well as the strengthening of long-range connections – might 

lead to a distorted developmental trajectory of functional connectivity that could result in 

immature and disorganized brain synchrony. Therefore, it is possible that alterations in 

brain connectivity evident in DS might originate from disrupted sleep activity in the early 

years reported in this population (Goffinski et al., 2015). 

In total, these data suggest that despite abnormal functional connectivity in DS, 

and given that interactions are occurring across a number of brain regions, both locally as 

well as through long-range interactions, some communications might be spared, such as 

those that support the use of low-level perceptual abilities and the capacity to anticipate 
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space beyond the current view. On the other hand, other interregional communication 

mechanisms might not be preserved, including fast access to memory representations and 

hippocampal-cortical dialogue that support sleep-dependent memory consolidation. 

Neuroimaging studies and neurophysiological work in mouse models will be needed to 

explore the extent to which these interactions might be involved in the learning deficits 

reported in this population. As suggested by Edgin et al. (2015), treatments should be 

aimed at establishing a balanced functional connectivity early on in development, 

modifying the roots of the relations between regions that will later support an adaptive 

and mature brain, critical to several cognitive functions. 
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APPENDIX A 

 

Seeing Can Be Remembering: Interactions Between Memory and Perception in Typical 
and Atypical Development 

 
 
Originally published in Clinical Psychological Science. Reprinted with permission from 
the authors. 
 
 
Spanò, G., Peterson, M. A., Nadel, L., Rhoads, C., & Edgin, J. O. (2015). Seeing Can Be 
Remembering Interactions Between Memory and Perception in Typical and Atypical 
Development. Clinical Psychological Science, 1, 1-18. 
  



 

 42



 

 43



 

 44



 

 45



 

 46



 

 47



 

 48



 

 49



 

 50



 

 51



 

 52



 

 53



 

 54



 

 55



 

 56



 

 57



 

 58



 

 59

 



 

 60

APPENDIX B 

 

Testing the “Boundaries” of Boundary Extension: Anticipatory Scene Representation 
Across Development and Disorder 

 

 
 
Originally submitted to Hippocampus. Reprinted with permission from the authors. 
 
 
 
G. Spanò, H. Intraub, and J.O. Edgin. Testing the “Boundaries” of Boundary Extension: 
Anticipatory Scene Representation Across Development and Disorder. Hippocampus. 
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Abstract 

 

Recent studies have suggested that Boundary Extension (BE), a scene construction error, 

may be linked to the function of the hippocampus. In this study we tested BE in two 

groups with variations in hippocampal development and disorder: a typically developing 

sample ranging from preschool to adolescence and individuals with Down syndrome. BE 

was assessed across three different test modalities: drawing, visual recognition, and a 3D 

scene boundary reconstruction task. Despite confirmed fluctuations in memory function 

measured through a neuropsychological assessment, the results showed consistent BE in 

all groups across test modalities, confirming the near universal nature of BE. These 

results indicate that BE is an essential function driven by a complex set of processes, that 

occur even in the face of delayed memory development and hippocampal dysfunction in 

special populations.  
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Introduction 

The visual system is constantly engaged in sensing the world: in our interaction 

with the environment we can scan complex scenes and environments quickly and with 

little effort. Yet, due to saccadic eye movements, we process the world as a succession of 

distinct glances. How, then, does the brain construct a continuous representation of the 

space around us? When we explore the environment, the visual system intermittently 

scans scenes, and the brain expands on the fragmented visual information through top-

down sources and predictions (e.g., Nadel & Peterson, 2013; Bar et al., 2006; Gilbert & 

Li, 2013). A striking example of this top-down influence is the Boundary Extension (BE) 

phenomenon, which occurs as a commission error in which observers remember seeing 

beyond the physical limits of a previously presented scene (Intraub & Richardson, 1989; 

Intraub, Bender & Mangels, 1992; Intraub, Gottesman & Bills, 1998; Hubbard, 

Hutchinson, & Courtney, 2010; Intraub, 2010, 2012, 2014).  

By integrating top-down information with visual input, BE constitutes one of the 

mechanisms thought to be involved in the integration of discrete scene snapshots, making 

our interaction with the world a continuous and cohesive experience. Because this ability 

is such a fundamental aspect of our understanding of the environment we live in, it is not 

surprising that developmental studies have demonstrated BE as early as 3-4 months of 

age (Quinn & Intraub, 2007). In fact, BE has been reported across the lifespan: for 

instance, Seamon, Schlegel, Hiester, Landau and Blumenthal (2002) examined the 

developmental trajectory of BE from young children aged six years to older adults aged 

84 years (6 to 7 years; 10 to 12 years; 18 to 21 years; 58 to 84 years) by using a drawing 



 

 64

test. On each trial participants studied a photograph for 15 seconds and then drew it from 

memory. Across ages, all participants drew more background than was present in the 

original stimuli.  

Despite providing a quantitative assessment of BE, the drawing task has several 

limitations, including the variability in drawing skills across age subgroups and between 

participants. To address this limitation, Kreindel and Intraub (in press) implemented a 

forced-choice recognition task to assess BE in young children aged 4-5 years, compared 

to adults. In this task, participants were presented with a photograph of a scene for 15 

seconds. The target photograph (either a close-up or wide-angle view) was then replaced 

with a pair of photographs including an identical copy of the target photograph and a 

closer or wider view of the same scene. The participant was asked to select the one that 

matched the photograph previously presented. Both adults and young children made more 

errors on close-up than wider-view trials, selecting the photograph in which the object 

looked smaller and included more of the surrounding background. The recent results of 

Kreindel and Intraub (in press) helped to confirm that BE was present in young children 

using methods that control for the inherent measurement difficulties of drawing tasks, 

and further emphasized that BE is found across a wide age-range.  

Indeed, across the lifespan, through various modalities, and across populations, 

BE has been repeatedly observed (Intraub & Richardson, 1989; Intraub, Bender & 

Mangels, 1992; Intraub, Gottesman & Bills, 1998; Gottesman & Intraub, 1999; Intraub, 

2002; Chapman, Ropar, Mitchell, & Ackroyd, 2005; Czigler, Intraub, & Stefanics, 2013; 

Seamon, Schlegel, Hiester, Landau & Blumenthal, 2002; Hubbard, Hutchinson, & 

Courtney, 2010; Intraub, 2010; Park, Intraub, Yi, Widders, & Chun, 2007; Quinn & 
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Intraub, 2007; Chadwick, Mullally & Maguire, 2013). It has therefore been of great 

interest to find a group of adult patients who show attenuated BE. Mullally, Intraub, and 

Maguire (2012) found that amnesic patients with bilateral hippocampal damage (who in 

other tests, also exhibited impaired ability to imagine a spatially coherent scene), actually 

showed more veridical representations of scenes. This attenuation of prediction errors has 

been theoretically salient because these adults do not have damage to the lower or higher 

order visual systems, but display selective damage to the hippocampus (Mullally, Intraub, 

& Maguire, 2012; Clark & Maguire 2016). These findings provide evidence suggesting 

that the hippocampus may be involved in formulating predictions that influence memory 

of visual scenes, and they intersect with an accumulating body of work showing 

interactions between the hippocampus and perceptual functions (e.g., Lee, Yeung, & 

Barense, 2012; Aly, Ranganath, & Yonelinas, 2013). Neuroimaging studies have 

provided further converging evidence for the involvement of the hippocampus and 

surrounding parahippocampal cortex in BE (Chadwick, Mullally, & Maguire, 2013; 

Maguire & Mullally, 2013; Maguire, Intraub & Mullally, 2015; Park, Intraub, Yi, 

Widders, & Chun, 2007; although see Kim, Dede, Hopkins & Squire, 2015). Specifically, 

Chadwick, Mullally, and Maguire (2013) suggested that the hippocampus is partly 

responsible for the generation of the constructed scene beyond the stimulus view initiated 

when we first encounter a scene, which then influences scene processing within the visual 

and parahippocampal cortices.  

Based on the presence of BE across development, one might be tempted to 

assume that the continuity of this phenomenon also reflects continuity in the underlying 

neural support for predictive errors (i.e., implying that the hippocampus is online early 
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and driving BE from 3 months of age). However, most current theoretical approaches to 

hippocampal development suggest a protracted trajectory, with very early memory being 

supported by cortical mechanisms and/or the earliest development of hippocampal 

subfields (Gómez & Edgin, 2015; Jabès & Nelson, 2014; Olson and Newcombe, 2014). 

Developmental neuroimaging studies and data from animal models show that the 

hippocampus has protracted development and might not be fully developed until late 

adolescence (Krogsrud et al., 2014; Lee, Ekstrom, & Ghetti, 2014; Golarai et al., 2007), 

suggesting that young children, compared to adults, might be using different neural 

substrates or earliest developing subfields of the hippocampus for scene construction. 

There are also substantial behavioral shifts in episodic memory across development, with 

most data suggesting that long-term memory retention is not adult-like until 7 years, with 

continued modifications through adolescence and well into adulthood, including 

increases in scene recognition and recall (Edgin, Spanò, Kawa, & Nadel, 2014; Golarai et 

al., 2007; Ofen, 2012). To date, only one study has reported BE in adolescents from 9 to 

16 years (Chapman et al., 2005) by using a computer version in which borders could be 

adjusted to match the photograph originally presented. Therefore, in the current study we 

aimed to expand on these previous investigations to determine if BE may fluctuate 

alongside known periods of hippocampal development (e.g., from preschool to 

adolescence) or in those with known hippocampal deficits (e.g., Down syndrome). 

In the present study we tested the development of BE in a sample of typically 

developing participants spanning 4 years of age to adolescence, using drawing tasks, the 

recognition test from Kreindel and Intraub (in press), and a more naturalistic boundary 

reconstruction task in 3 dimensions (Intraub, 2004; Intraub, Morelli & Gagnier, 2015). 
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We focused on the comparison between young children aged 4-7 years and adolescents 

aged 13-17 years, as these age groups are associated with substantial structural and 

functional changes in the hippocampus (Ghetti et al., 2010; Riggins, Geng, Blankenship, 

Redcay, 2016; Lavenex & Banta Lavenex, 2013). Given the extended development of the 

hippocampus we would expect to see age-related changes in BE. Specifically, while we 

expected to replicate BE in young children across different test modalities found in 

Kreindel and Intraub (in press), it is possible that adolescents might show differences in 

the pattern and/or strength of BE.  

In this study we also tested BE in individuals with Down syndrome (DS; trisomy 21), 

a population with altered hippocampal development. Individuals with DS and 

representative animal models have been shown to display abnormal hippocampal 

functioning including delays in myelination (Ábrahám et al., 2012), altered neurogenesis, 

and impaired short and long-term plasticity in the dentate gyrus (Kleschevnikov et al., 

2012; Witton et al., 2015). These dysfunctions at the microstructural level – accompanied 

by evidence of hippocampal volume reduction (Pinter et al., 2001; White et al., 2003) – 

are likely to contribute to the widely-observed phenotype in this population characterized 

by pervasive learning deficits in tasks tapping relational memory binding and allocentric 

navigation (Edgin et al., 2010; Pennington, Moon, Edgin, Stredron & Nadel, 2003; 

Lavenex et al., 2015).  

In particular, new work in the Tc1 mouse model, which is a direct model of the 

human condition given the insertion of a human chromosome 21, has suggested that these 

animals show impaired short-term plasticity (mossy fiber transmission tested via paired-

pulse facilitation) in dentate gyrus-CA3 excitatory synapses, suggesting less developed 
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input into the CA3 autoassociative network during short-term intervals of stimulation. 

These changes were concurrent with memory deficits (Witton et al., 2015). Given this 

well-established profile of hippocampal dysfunction at both neurological and behavioral 

levels in this population (Kleschevnikov et al., 2012; Witton et al., 2015; Pennington et 

al., 2003; Lavenex et al., 2015) and evidence of attenuated BE in patients with 

hippocampal lesions (Mullally, Intraub & Maguire, 2012; Maguire, Intraub & Mullally, 

2015), we hypothesized that individuals with DS may also demonstrate reduced BE 

compared to their controls. We also expected to replicate deficits in a place-object paired 

associates learning task compared to controls; the paired associates test has been 

repeatedly been shown to be impaired in DS and is often used as a valid behavioral 

marker of memory impairment in this group (Edgin et al., 2010; Edgin, Spanò, Kawa, 

Nadel, 2014; Spanò & Edgin, 2016). In total, comparisons across these two populations 

will add to our understanding of BE and its relation with hippocampal development.  

 

Method 

Participants   

Twenty-eight typically developing children and adolescents from 4 to 17 years 

were recruited through a variety of means, including contact with public parent 

organizations, and the use of marketing lists (i.e., Experian and Craigslist). Participants 

were divided into two age subgroups to examine the developmental trajectory of BE: 14 

young children (Mage (SD) = 4.9 (0.68); range = 4.08-6.50 years; 5 females) and 14 

adolescents (Mage (SD) = 14.6 (1.3); range = 12.5-17 years; 7 females). IQ was not 

significantly different between the two groups (t(26) = 0.9, p = .38), nor was gender (X2 
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(1, N = 28) = 0.58, p = .35). These age groups were chosen to represent periods in which 

we should see gains in hippocampal development. Prior to age 7 children show 

development in a number of memory functions, with imaging and neuroanatomical 

evidence to suggest that hippocampal CA fields are still undergoing change, and most 

studies have suggested greater maturity in the hippocampus’ response to memory recall 

after 14 years (Ghetti et al., 2010; Riggins, Geng, Blankenship, Redcay, 2016; Lavenex 

& Lavenex, 2013).  

In addition to these two age groups, we tested 14 participants with DS ranging in 

age from 11 to 24 years (Mage (SD) = 18.2 (4.4); 5 females), recruited through local and 

parent organizations and advertisement in Tucson and Phoenix areas. Exclusion criteria 

included the presence of mosaicism and autistic disorder diagnosis. DS (trisomy 21) was 

verified by karyotype report or medical records. The comparison sample included the 

group of 14 typically developing young children that were matched by mental age1 (MA). 

Because DS is an intellectual disability, and there is a tendency for increased correlations 

between cognitive abilities in this group, the typical procedure for determining group 

effects is to match participants on scores from a standardized IQ test. In this study we 

matched participants based on their verbal raw score performance on the KBIT-II, an IQ 

measure often used in DS (e.g., Edgin et al. 2010; Spanò & Edgin, 2016). There were no 

significant differences between these two groups in terms of their total verbal raw score 

on this standardized IQ assessment, the matching variable  [t(26) = -0.45, p = .66] (Table 

1). 

                                                 
1 The MA group corresponds to young children in the typically developing group. We refer to this group as 

the MA-matched controls in the comparison with individuals with DS. 
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Experimental Measures 

Three BE measures relying on different test modalities were employed in this study: a 

drawing paradigm, a visual recognition test, and a boundary reconstruction task2. In 

addition, we assessed object-location memory with a well-validated test of hippocampal 

function for the DS population (i.e., CANTAB Paired-Associates Learning; Edgin et al. 

2010).  

 

Boundary extension measures. Scene-memory drawing task (Kreindel and 

Intraub, in press). Participants were first presented with a sample photograph of two 

children on swings and were asked to describe the photograph3 and to use a finger to 

circle around the entire photo. Participants were then instructed to focus on the stimulus 

photograph, a basketball in a gym scene, for 15 seconds and take a mental picture of the 

photograph by pretending their eyes were like cameras. After 15 seconds the photograph 

was removed and participants were presented with the same sheet with the empty square 

used in the object-drawing task and subsequently asked to draw from memory the 

original scene. The square of the answer sheet was identical to the frame of the basketball 

photograph. After completion, participants were asked to describe the items depicted in 

their drawings. BE was defined as reducing the area covered by the object and thus, 

                                                 
2 The child-version of the drawing task and the recognition test were developed by Kreindel and Intraub (in 

press). The reconstruction task was created in our laboratory based on a similar 3D exploration task 

(Intraub, 2004). 

3 If the participant did not correctly identify all the items included in the photograph, the participant was 

prompted to point all the items in the scene.  
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including more of the surrounding background. Two outcome variables were used for this 

test: 1) the proportion drawn: the area of the object in the drawing divided by the area of 

the original object in the photograph (Intraub & Bodamer, 1993; Mullally et al., 2012; 

Seamon et al., 2002) and 2) the proportion of the space covered by the drawn object 

calculated by dividing the area of the basketball drawn by the participant by the area of 

the empty square. Drawings were digitized and the number of pixels in the object were 

counted using Adobe Photoshop. Both variables were obtained by measuring the area in 

pixels.  

To control for possible differences in participants’ use of space when simply 

drawing (without a memory load), participants first drew a happy face in an “object 

drawing task.” Participants were presented with a sheet with a centered empty square 

outlined by black lines. The examinee was asked to indicate the edges of the square, and 

subsequently instructed to draw a “big, round happy face” within the square. The 

outcome variable used in this study was the proportion of the space covered by the drawn 

object calculated by dividing the area of the face drawn by the participant by the area of 

the empty square, both measured in pixels. 

 

Recognition task (Kreindel and Intraub, in press). In order to assess BE with a 

task less reliant on motor demands, a two-alternative forced-choice (2AFC) recognition 

test was used. Compared to the drawing task, this test also allows for a rapid assessment 

of memory for visual scenes as the participant is asked to select the target immediately 

after the stimulus presentation, whereas in the drawing task participant reproduces the 

scene as memory unfolds. In this test, participants were presented with a photograph of a 
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scene for 15 seconds. The target object was then replaced with a pair of photographs, 

which included an identical copy of the original photograph and either a closer-view or 

wider angle of the scene and the participant was asked to select the one that matched the 

photograph previously presented (for more details see Kreindel and Intraub, in press). A 

total of 40 trials were presented: on half of the trials the target photograph was a closer 

view (“close trials”) and on the other half it was the wider-angle view (“wide trials”). 

Additionally, on half the trials we used a high similarity test pair (wider view showed 

13% more of the scene than the closer view) and on half we used a low similarity test pair 

(wider view showed 30% more of the scene than the closer view). This variable was 

included to increase the chance that distractor selection would provide a sensitive enough 

forced choice to detect boundary extension. The position of the correct answer in the pair 

tests was also counterbalanced. Two counterbalancing orders were used (e.g., the close-

up target in Order 1 became the wide-angle target in Order 2 and the wide-angle target in 

Order 1 became the close-up target in Order 2).  

Before proceeding to the 2AFC experiment, the examiner tested participants on 

the ability to distinguish a closer from a wider view of the same scene and indicate the 

differences between two photographs – e.g., the object looked smaller in the wider view. 

Participants also completed 4 practice trials, in which children were asked to select the 

identical photograph from a test pair to match the target photograph after 15s exposure (4 

trials). If the participant did not select the correct matching photograph, the original 

photograph was presented again simultaneously with the test pair and the participant was, 

once again, asked to find the match for the target photograph. After the familiarization 

phase, participants were subsequently presented with the stimuli. BE was defined as 
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making more errors on close-up target trials (selecting the wider view at test) than on 

wider-view target trials (selecting the closer view at test). The outcome variables were the 

proportion of errors on wider-view target trials and close-up target trials for both high- 

and low-similarity conditions. Additionally, we calculated a BE index by subtracting 

errors on wide trials (selecting the closer view) from errors on close trials (selecting the 

wider view), divided by total errors. 

 

 

 

 

 

 

 

 

 

Figure 1. An example of the scenes in the recognition task. In this example, participants are presented with 

the close-up photograph of a cat inside a house for 15 seconds. The target object is then replaced with a pair 

of photographs which includes a copy of the original photograph and either a high-similarity photograph 

(the wider views shows only 13% more of the scene than the close-up, panel A) or a low-similarity 

photograph (the wider view shows 30% more of the scene than the close-up, Panel B). In the wide-angle 

condition, the target stimulus was a wide-angle photograph and the test pair included a copy of the same 

photograph and a close–up of the target (either high-similarity or low-similarity). 

 

Following the protocol designed by Kreindel and Intraub (in press), our 

participants were also asked to complete the guessing task to test if BE in the recognition 

task reflected a selection bias favoring the wider-angle. Forty novel photographs were 
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used to match a scene from the recognition task in terms of category and object size. The 

protocol was identical to the recognition task with the only difference that the target 

object was not shown and the participant had to guess, from a pair of photographs, which 

one the examiner was hiding.  

 

 3-D scene memory task (Figure 2). Participants were presented with a scene 

within a window and asked to remember the edges of the window. After 30 seconds, 

participants were asked to recreate the edges of the window from their memory with four 

wooden planks. A 36” x 36” window including a carpet layout with a beanie, a pair of 

socks and a pair of shoes was used. BE was defined in terms of an increase in the 

reconstructed scene area relative to the original scene’s window size. The outcome 

variable was the area of the window created by the participant divided by the area of the 

original window (i.e., proportion of the area created). 

 

Figure 2. Protocol for the 3D Scene Memory Task. a) During the encoding phase, participants were 

presented with a scene within a window for 30 seconds and asked to remember the edges of the window 

(36” x 36”). After removal of the window (b), participants were asked to recreate the edges of the window 

from their memory with four wooden planks (c). 
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Intelligence measure. Kaufman brief intelligence test, second edition (KBIT-II). 

The KBIT-II is a measure of verbal (i.e., verbal knowledge and riddles) and nonverbal 

(i.e., matrices) intelligence. The verbal scale includes two subtests: verbal knowledge, a 

vocabulary test in which children point to pictures matching words, and riddles, a test in 

which children respond to a question with one word. The non-verbal scale includes the 

subtest Matrices, which involve problem solving and understanding of relations. This 

instrument is suitable for individuals from 4 to 90 years old (Kaufman & Kaufman, 2004) 

and was used as a measure of general intelligence. Standard scores for the KBIT-II have a 

mean of 100, and a standard deviation of 15.  In addition, verbal IQ raw scores were used 

to match individuals with DS and typically developing children.  

 

Memory measure. CANTAB paired-associates learning (PAL). In this task the 

participant was asked to learn associations between abstract visual patterns and hiding 

locations on a computer screen. Participants were first presented with six boxes, which 

opened up one at a time. A shape appeared in one of the boxes and the participant was 

asked to remember where the shape was hidden. After the presentation, the shape 

appeared in the middle of the screen and the examiner asked the participant to touch the 

box where the shape was hidden. Thus, this task required the subject to generate the 

spatial location associated with the stimulus. The task increased in difficulty from 1 to 8 

shapes to be remembered.  

Based on functional neuroimaging data in healthy adults and patients with mild 

cognitive impairment, the hippocampus is activated during both encoding and retrieval on 
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this task (de Rover et al., 2011). CANTAB PAL has been used as a benchmark measure 

for memory deficits in several patients groups, including individuals with DS 

demonstrating low levels of non-completion, adequate test-retest reliability, and 

sensitivity to detect differences between individuals with DS and control participants 

without the confounding influence of deficits in language (Pennington et al., 2003; Visu-

Petra et al., 2007; Edgin et al., 2010; Edgin, Spanò, Kawa, & Nadel, 2014). Further, 

performance on this task has been shown to correlate with parent reported memory skills 

and ERP assessments (VanHoogmoed, Nadel, Spanò, & Edgin, 2016; Spanò & Edgin, 

2016). Given that this measure theoretically maps on hippocampal function, we used this 

test as a benchmark of memory function that might develop or are impaired in the groups 

in our investigation. We focused on mean errors to succeed as outcome measure. 

 

Procedures  

Participants took part in a 1-hour testing session in a laboratory setting or in their 

home in a location with minimal distractions by highly experienced examiners. Each 

participant completed the object-drawing task first and then the scene-memory task, 

followed by the visual recognition task and the 3D scene-memory task. Lastly, each 

participant received the KBIT-II, a test of general intellectual ability, and the CANTAB 

PAL, a task requiring the recollection of the association between a pattern and its specific 

location. All procedures were approved by the University of Arizona Biomedical 

Institutional Review Board.  

 

Results  
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Scene-memory drawing task (Figure 3). Age-related differences. As shown in 

Figure 3, young children and adolescents reduced the area covered by the object 

compared to the original picture and, as a result, included more of the surrounding 

background. In order to quantify the extent of BE, we compared the proportion of space 

filled by the object drawn by the participant in relation to the original object by using 

one-sample t-tests in both groups, separately. In younger children, the mean of the 

proportion of space filled by the object drawn (M = 0.32, SD = 0.15) was lower than the 

proportion of space filled by the original object (0.63), a statistically significant mean 

difference of 0.31, 95% CI [0.22 to 0.4], t(13) = -7.7, p < 0.001. The same pattern of 

results was found in the older group; the mean of the proportion of space filled by the 

object drawn (M = 0.33, SD = 0.2) was lower than the proportion of space filled by the 

original object (0.63), which equated to a statistically significant mean difference of 0.30, 

95% CI [0.18 to 0.42], t(13) = -5.3, p < 0.001. While both groups expanded the 

background when drawing, the proportion drawn was not statistically different between 

young children (M = 0.51, SD = 0.24) and adolescents (M = 0.52; SD = 0.34), t(23.3) = -

0.11, p  = 0.91.  

Comparisons with DS. Participants with DS showed similar results to their MA-

matched controls: the mean of the proportion of space filled by the object drawn (M = 

0.19, SD = 0.16) was lower than the proportion of space filled by the original object 

(0.63), a statistically significant mean difference of 0.44, 95% CI [0.34 to 0.53], t(13) = -

10.1, p < 0.001. Additionally, when we compared individuals with DS and MA group, 

the mean proportion drawn was significantly reduced in individuals with DS (M = 0.31, 
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SD = 0.07) compared to their controls (M = 0.51; SD = 0.24), t(26) = -2.22, p  = 0.04, 

suggesting greater BE in the DS group on this task.  

 
 
 
 

 
 
Figure 3. Mean proportion drawn for each age group; error bars show the .95 confidence intervals. In both 

comparisons, participants reduced the area covered by the object compared to the original picture and, as a 

result, included more of the surrounding background. The mean proportion was significantly reduced in 

individuals with DS compared to their controls, suggesting a greater BE in this task.  

N.B.: 1 corresponds to the size of the original object.  
 

Object-drawing control task.  Age-related differences. Young children and 

adolescents did not differ on the mean proportion of the space covered by the control 

object: young children (M (SD) = 0.27 (0.15)) and adolescents (M (SD) = 0.37 (0.25)); 

t(21.2) = - 1.22, p = 0.24.  

Comparisons with DS. The mean proportion of the space covered by the control 

object was not different between participants with DS (M (SD) = 0.23 (0.20)) and their 

controls (M (SD) = 0.27 (0.15)); t(23.7) = - 0.7, p = 0.49. Both comparisons indicate that 

participants drew objects of similar dimensions when not embedded in scenes. 
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Recognition task (Figure 4). Group differences in the proportion of errors on 

close trials (trials on which the target was the closer view of the pair) and wide trials 

(trials on which the target was the wider view of the pair) were examined by using a two-

way repeated measures analysis of variance (ANOVA). 

Age-related differences. As shown in Figure 4, both younger children and 

adolescents show BE across high and low similarity conditions, making more errors on 

close trials (selecting the wider view) than on wide trials (selecting the closer view). 

However, developmental differences in the strength of the BE error were found, with 

greater BE in younger children than adolescents. With regards to the low similarity 

condition (30% zoom), A 2x2 ANOVA with trial type (close trials vs. wide trials) as the 

repeated factor and group (young children vs. adolescents) as the between-subjects factor 

revealed a main effect of the trial type, F(1, 26) = 13.8, p = 0.001 (more errors on close 

trials than on wide trials). Despite BE was observed in both groups, we found an 

interaction between the trial type and group, F(1, 26) = 7.12, p = 0.01, indicating reduced 

BE in adolescents compared to young children. We also found a main effect of group, 

F(1, 26) = 61.8, p < 0.001. As shown in figure 4 in the high similarity condition (13% 

zoom) the analyses also indicated a main effect of the trial type, F(1, 26) = 17.05, p < 

0.001 and a trend for the interaction between the trial type and group, F(1, 26) = 4.3, p = 

0.05. A main effect of group was also observed, F(1, 26) = 66.3, p < 0.001. Overall, 

young children made more errors than adolescents (t(26) = -10.28, p < 0.001). Together, 

these results provide evidence that both groups made more errors on close trials 

(selecting the wider view) than on wide trials (selecting the closer view) – thus providing 

the pattern of error asymmetry defining BE.  
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Comparisons with DS. Participants with DS and the control group did not differ in 

the number of total errors on close (p = .70) or wide trials (p = .20) for both high and low 

similarity conditions, suggesting that participants with DS were not making more errors 

compared to controls. When we look at the proportion of errors (Table 1), both groups 

exhibited the same pattern of errors: higher proportion of errors on close trials compared 

to wide trials. Similar to the previous group comparison, we performed a two-way 

ANOVA, which revealed a main effect of the trial type, F(1, 26) = 20.3, p < 0.001. There 

was no interaction between the trial type and group, F(1, 26) = 0.13, p = 0.73,  nor was a 

main effect of group observed, F(1, 26) = 3.5, p = 0.07. In the high similarity condition 

the analyses indicated a main effect of the trial type, F(1, 26) = 14.9, p = 0.001 and no 

interaction between the trial type and group was detected, F(1, 26) = 0.37, p = 0.55, nor 

was a main effect of group observed, F(1, 26) = 1.33, p = 0.26. Thus, individuals with DS 

exhibited BE that was similar to that of MA-matched controls and this effect was 

consistent across high and low similarity conditions (11/14 participants with DS 

presented BE in both conditions with 13% and 30% difference in zoom factor). 
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Figure 4. Mean proportion of errors on close trials (close-up was the target) and wide trials (wider-view 

was the target) in both conditions of similarity (high vs. low) for young children, adolescents and 

individuals with DS. Error bars show the .95 confidence interval around each mean. A greater proportion of 

errors on close trials indicates BE. * For the comparison between adolescents and young children, results 

showed a significant main effect of trial type and group x trials interaction in repeated measures analysis of 

variance in both high- and low-similarity conditions.   

ns: In the DS-MA comparison, results showed a significant main effect of condition in both high- and low-

similarity conditions, but no group x trials interactions. 

 

Guessing control task. Age-related differences. When guessing, the wider view 

was selected by young children on 47% of the trials and by adolescents on 51% of the 

trials. A 2 (young children vs. adolescents) X 2 (close selections vs. wide selections) 

revealed that both groups selected wider and closer view equally when the participant 

was asked to guess which one the examiner was hiding, F(1, 26) = 0.07, p = 0.79, and 

that there was no group x trial type interaction, F(1, 26) = 0.20, p = 0.66. 

Comparisons with DS. The same analysis showed that individuals with DS and 

their MA-matched controls did not select wider view more often than closer view, F(1, 

26) = 0.52, p = 0.48, and that there was no group x trial type interaction, F(1, 26) = 1.67, 

p = 0.21. Children with DS selected the wider view on 60% of the trials. 

 

3-D scene task (Figure 5). Age-related differences. We compared the proportion 

of the area created by the participant between the two groups by performing an 

independent t-test. The proportion was calculated by dividing the area of the window 

created by the participant by the area of the original window. Results indicated that the 
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groups were not different: younger children (M = 1.38 SD = 0.53) and adolescents (M = 

1.12, SD = 0.11), t(14.1) = 1.79, p = 0.10. 

Comparisons with DS. Only 9 participants with DS completed this test. However, 

eight of the nine participants demonstrated BE. When we compared the proportion of the 

areas between the participants with DS and the control group, no significant differences 

emerged among participants with DS (M = 1.55, SD = 0.61) and their controls (M = 1.38, 

SD = 0.53), t(21) = 0.70, p = 0.49.  

 
 

Figure 5. Mean proportion reconstructed for each group; error bars show the .95 confidence intervals. In 

both comparisons, participants extended the boundaries of the window compared to the original window. 

No group differences emerged. 

N.B.: 1 corresponds to the size of the original window.  
 

Relation between BE and a paired associates memory task. Age-related 

differences. To assess age-related differences on memory performance, we compared the 

performance of young children and adolescents on a behavioral measure of object-

location memory (i.e., CANTAB PAL) by performing an independent samples t-test. 

Results indicated a significantly poorer performance, based on mean errors to succeed, in 

young children (M = 2.9, SD = 1.7) compared to the older group (M = 0.71, SD = 0.61), 
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(t(13.4) = 4.41, p < 0.001). These results show expected shifts in memory function, with 

greater ability to recall the spatial location associated with an object cue, in adolescents. 

Additionally, we related performance on the CANTAB PAL to BE across different test 

modalities controlling for age. We used the following outcome variables: 1) BE index for 

the recognition task, 2) the proportion drawn for the drawing test and 3) the proportion of 

the window created by the participant for the 3-D scene task. We found no statistically 

significant relation between mean errors to succeed on the PAL task and the three BE 

measures (BE index: r(23) = -0.02, p = 0.92; proportion drawn: r(25) = -0.09, p = 0.65; 

proportion created: r(25) = 0.09, p = 0.63).  

Comparisons with DS. We compared performance on a behavioral measure of 

object-location memory (CANTAB PAL) between participants with DS and their 

controls by performing an independent t-test. Replicating a number of previous studies, 

we found that participants with DS made more errors (M = 74, SD = 40.1) compared to 

their controls (M = 40.1, SD = 38.5), t(26) = 2.3 p = 0.03 (Table 1), demonstrating 

deficits in an object-location binding task. Despite their impaired memory performance 

on this well-established behavioral indicator of memory performance in this population, 

individuals with DS show clear BE across several tasks. We also found a positive relation 

between paired associates memory performance and the BE index in this population 

(r(14) = 0.61, p = 0.02). These results show that reduced BE related to better performance 

on the object-location paired associates learning task. 
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Table 1. Group comparisons on BE measures (Scene-memory Drawing, Recognition and 3-D Scene Memory Tasks) and 

neuropsychological outcomes (CANTAB PAL and KBIT). Standard Error is indicated in parenthesis.  

 

 

 

 

1 

Adolescents 

(12.5-17 years) 

 

2 

Young Children 

(4.08-6.50 years) 

 

3 

Down Syndrome 

(11-24 years) 

 

 

T a (p) 

    1 vs. 2 2 vs. 3 

BE Measures      

Scene-memory Drawing Task: Proportion Drawn 

 

0.52 (0.09) 0.51 (0.06) 0.31 (0.07) -0.11(0.91) -2.22 (0.04) 

Recognition Task      

Proportion Errors on Close-up trials 13% 0.16 (0.05) 0.61 (0.06) 0.61 (0.07) 5.91 (<0.001) 0.00 (1.00) 

Proportion errors on Wider-view trials 13 % 0.05 (0.02) 0.26 (0.06) 0.36 (0.06) 3.49 (0.002) 1.10 (0.28) 

Proportion Errors on Close-up trials 30% 0.08 (0.02) 0.53 (0.08) 0.59 (0.05) 5.3 (<0.001) 0.65 (0.52) 

Proportion Errors on Wider-view trials 30% 0.01 (0.01) 0.14 (0.05) 0.26 (0.07) 2.21 (0.04) 1.33 (0.2) 

 

3-D Scene Memory Task: Proportion of the Area 
Recreated 

 

 
1.12 (0.03) 

 
1.38 (0.14) 

 
1.55 (0.20) 

 
1.8 (0.095) 

 
0.7(0.49) 

Neuropsychological Measures      

CANTAB PAL:  Total Errors Adjusted 0.71 (0.16) 2.86 (0.46) 6.06 (0.59) 4.41 (<0.001) 4.27 (<0.001) 
 

KBIT–II 

     

Verbal Raw Score for Mental-Age Matching NA 32.07 (2.05) 30.36 (3.19) NA -0.45 (0.66) 
Full IQ, Standardized Score 110.14 (3.23) 114 (2.79) 44.57 (1.45) 0.9 (0.38) -22.68 (<0.001) 

      
 

a T values correspond to the test of group differences for each measure.  
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Discussion 

The current study examined Boundary Extension across two populations sensitive 

to fluctuations in hippocampal function, including two separate age groups (young 

children aged 4 to 7 years and adolescents aged 13 to 17 years) and a group of individuals 

with DS, an intellectual disability characterized by altered hippocampal development 

(Kleschevnikov et al., 2012; Witton et al., 2015; Pennington et al., 2003; Edgin et al., 

2010; Lavenex et al., 2015). The shifts/deficits in memory development in these groups 

were confirmed by performance on a spatial paired associates task. The BE results can be 

summarized as follows.  

First, BE was consistently measured across test modalities in typical developing 

children and adolescents. When examining BE in the recognition task, results suggested 

less BE in adolescents than young children. Second, individuals with DS demonstrated 

striking anticipatory representation across all the test modalities and showed greater BE 

on 1 out of the 3 tasks administered (i.e., the drawing task), compared to their MA-

matched controls. It is of interest that across groups, all participants exhibited BE in both 

high and low-similarity manipulations of the recognition task, indicating that BE was 

great enough that even low similarity comparisons were sensitive to the error. A drawing 

control task demonstrated that when not drawing from memory, participants’ use of space 

did not differ across groups, and a guessing condition demonstrated that BE in the forced 

choice task could not be attributed to a guessing bias.   

Our findings highlight how BE is an essential, ecologically necessary function 

that may be present early on in development and in some populations with known 

hippocampal disruption. Based on these findings, we suggest that BE may be driven by a 
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varied set of processes and due to the ecological relevance of this function it may be 

possible that some patient groups may demonstrate BE through alternate mechanisms. A 

highly practiced aspect of cognition, such as anticipating space beyond the current view, 

would be a strong candidate for reorganization. Indeed, work on patients with 

developmental amnesia has suggested that other markers of scene construction can be 

mediated by frontal cortex and semantic memory through reorganization of function 

across development (Mullally, Vargha-Khadem, & Maguire, 2014). Given the necessity 

of this function, BE could be achieved via similar cortical mechanisms or through the use 

of some of the earliest developing subfields of the hippocampus, which are less impacted 

in DS. CA1 of the hippocampus, for instance, develops early and has been shown to learn 

environmental configurations with repetition (Nakashiba, Young, McHugh, Buhl, & 

Tonegawa, 2008). CA1 and the short-route connections may be the substructures that 

facilitate acquisition of statistical regularities (Schapiro et al., 2016), and with time and 

greater exposure to the environment patient groups might be able to use intact cells in this 

structure to learn some regularities about scenes (expanded views being one possibility). 

Just as H.M. learned the layout of his home with practice in that environment (Corkin, 

2002), so may patients acquire this fundamental skill out of the sheer need to navigate our 

visual world. However, once reorganized by other mechanisms, the nature of these 

effects, such as the available details, may differ. More work is needed to determine the 

neural mechanisms supporting BE in patient groups with hippocampal compromise and 

the nature of scene representations in these populations.  

Despite their noted deficits in hippocampal structure and function, as well as other 

cognitive impairments, individuals with DS clearly demonstrated BE. These results may 
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help to provide a greater understanding of the mechanisms underlying this phenomenon. 

The almost universal presence, but variability, in BE (as described in Maguire, Intraub, & 

Mullally, 2015) may be the result of variation in an individual’s ability to engage in 

various stages of the scene construction process. These stages may reflect different 

processes in the hippocampus as well as decision processes regarding the memory. BE 

has been often noted to reflect a two-stage process, including 1) the mental construction 

of the scene and 2) a decision regarding the boundaries of the original image in which 

participant must distinguish information that had been visually perceived from the 

constructed continuation of the view (Intraub, 2010, 2012; Intraub & Dickinson, 2008). 

Kreindel and Intraub (in press) found that BE was present in both preschool children and 

young adults, for simple scenes, like the ones used in our study. However, when in 

another experiment they presented more “scenic” wider-angle views (a factor known to 

minimize BE in adults), children exhibited BE whereas adults did not. The authors 

suggested that the adults’ more mature decision processes had allowed them to overcome 

BE for these relatively wider-angle views. Indeed, when adults’ study time was reduced, 

they too exhibited boundary extension for these wider-angle views (although to a smaller 

degree that the children). In the current experiment, it may be that young children and 

those with DS do not have fully developed decision processes related to monitoring 

source, leading to greater levels of BE than observed in adolescents and adults.  

Another view, as noted by Maguire and Mullally (2013), has suggested that 

different subregions of the hippocampus may facilitate aspects of the scene construction 

process. For instance, BE has been suggested to reflect pattern completion (PC) 

mechanisms, in which the autoassociative networks in the hippocampus complete 
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patterns and bias our scene construction based on past experience. Given the proposed 

competition in pattern separation (PS) and PC in the hippocampus (Yassa & Stark, 2011; 

Hunsaker & Kesner, 2013 for reviews), one could possibly demonstrate BE without the 

high fidelity PS afforded by the dentate gyrus. The two-step process described by Intraub 

and colleagues likely involves additional steps for scene storage and construction in the 

hippocampus.  

First, at encoding scenes must be viewed and uniquely stored according to their 

features in hippocampus (PS), second, at recall the stimulus representation will trigger a 

reinstatement of the previous memory (PC), and finally the participant compares the 

tested visual scene with the stored representation. The first two steps may involve slowly 

maturing hippocampal function, and the last step is a decision process that may also have 

a protracted developmental course. In individuals with DS it is possible that PS at 

encoding and the decision processes are largely impaired, but they might be able to 

reinstate a less detailed/erroneous memory during retrieval processes. DS has been 

posited to be associated with PS deficits and dentate gyrus underdevelopment, a set of 

neurological impairments that would cause the individual greater difficulty in creating 

orthogonal representations of similar input representations (Kleschevnikov et al., 2012b; 

Witton et al., 2015; Smith, Kesner, Korenberg, 2014; Clark, Fernandez, Sakhon, Spanò & 

Edgin, under review).  

Therefore, individuals with DS might rely on PC to show BE: from repeated 

experience, they acquired memories of individual scene representations that are extended 

in space, and when a scene stimulus is encountered again these memories are reactivated, 

and perhaps erroneously for memories not identical to the target. However, we would 
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predict that these memories would lack detail. Individuals with DS may have acquired 

enough understanding of the properties of the visual world to expand the boundaries, but 

this expansion may come without a detailed anticipation of what is contained in that 

expanded world. This explanation is speculative, and as suggested by us and Intraub, 

Maguire and colleagues, more work is needed to determine how BE may map onto 

separate functions of hippocampal subregions, both in relation to subfield differences as 

well as differences across the anterior-posterior axis (Maguire, Intraub, & Mullally, 

2015).  

If DS participants exhibit BE without utilizing the hippocampus in the same way 

as neurologically intact adults, another prediction is that they would not be able to engage 

in detailed scene imagination, even while exhibiting intact BE. Indeed, Spanò and Edgin 

(2016) have recently found that parents report impaired episodic memory in this 

population, partly because these memories lack details. Further, although the group with 

DS expanded the boundaries on the drawing task, they might not necessarily retain the 

visual details of the scene (e.g., a number of the local features). While drawing skills – 

such as reproducing a vertical line, copying a square – are considered to be a strength in 

this population compared to other intellectual disabilities (Silverstein, Legutski, 

Friedman, & Takayama, 1982), the absence of detailed scene memory or imagination 

would be in line with previous work showing a focus on global vs. local visual details in 

this group (e.g., Porter & Coltheart, 2006; Bihrle, Bellugi, Delis, Marks, 1989). Our 

current drawing task had a relatively simple scene background and did not lend to a close 

examination of the level of detail retained. However, future investigations should 



 

 90

determine if BE may occur even when the scene background details are not well 

represented.  

While we believe our results may help to inform the ongoing debate regarding 

these fundamental processes, the main limitation of our study is the absence of 

neuroimaging methods to characterize hippocampal dysfunction/development in these 

groups. This limitation led us to select the age-range in the typical childhood sample to 

allow for the strongest contrast in age, and thus hippocampal development. We compared 

an extended age range in the two typically developing groups, allowing for certainty in 

the changes in episodic memory measured across age. We are also certain that our group 

with DS shows memory impairments, based on established premise in the previous 

literature and our own measurement of object-place binding deficits in this current 

investigation. Parent reports, results of navigational studies, and numerous 

neuropsychological and neuroimaging studies (using animals and adults) have pointed to 

a profile of hippocampal dysfunction (Uecker, Mangan, Obrzut & Nadel, 1993; Nadel, 

1999, 2003; Pennington et al., 2003; Edgin et al., 2010; Kleschevnikov et al., 2012; 

Witton et al., 2015; Lavenex et al., 2015; Spanò & Edgin, 2016). Indeed, we make a 

strong claim that DS is one of the most well- characterized non-lesion conditions of 

hippocampal compromise in the literature.  

In summary, our findings support the near-universal nature and presence of BE 

and lead us toward future investigation of the processes that underlie this anticipatory 

spatial error. These results indicate that BE is an essential function, likely driven by a 

complex set of processes, including functions of the hippocampus and decision processes 

across development. What was particularly striking was that DS participants exhibited 
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BE that was equal to or greater than their matched controls, although the memory for 

object-location associations was relatively poor. This suggests that the anticipatory 

projection of expected space that characterizes BE, might in some sense be a more basic 

function than object-location associations in memory for scenes. BE has been observed 

not only in DS but also in a study of children with Asperger’s syndrome (Chapman et al., 

2005) who exhibited greater BE than their controls. To date, the only group that has 

shown reduced BE has been patients with selective and complete hippocampal damage 

(Mullally et al., 2012), suggesting that BE can be completed with partial hippocampal 

function or through reorganization. We suggest that it would be worthwhile to conduct 

more research on BE, particularly studies including neuroimaging, to understand how BE 

effects may be mediated by hippocampal or extra-hippocampal mechanisms across 

development or in developmental disorders. 
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atypically developing preschoolers 
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Abstract 

 
Little work has examined the link between learning and sleep-dependent memory 

consolidation in children with sleep disorders. Down syndrome (DS) – characterized by 

sleep disturbances and memory impairments – constitutes a good model to examine these 

links. We assessed word learning in preschoolers with and without DS (25 DS and 25 

typically developing (TD) controls) across delays including mid-day naps and wake. 

Sleep physiology was collected with home-based polysomnography. Our results show 

that, despite equivalent levels of baseline retention, children with DS retained less over 

sleep, but not after the wake period, compared to TD children who benefitted from the 

nap. While TD children show interference across a delay containing wakefulness, those 

with DS show the opposite pattern, and retain more after wake, questioning the value of 

naps in this group. Although children with DS spent significantly less time in rapid-eye-

movement (REM) sleep, no relation was found with REM sleep and learning retention in 

either group. Additionally, while the association between slow-wave sleep (SWS) and 

learning seems to be transient in children with DS, less time in SWS and more time in 

Stage 2 (N2 sleep) lead to better 24-hour retention in TD children. Increased power in the 

delta frequency range during non-REM sleep could be considered a marker of inefficient 

sleep-dependent consolidation in the DS group. These findings add to our understanding 

of the dynamics of sleep-dependent learning in young children as well as the causal role 

of sleep in memory impairments in children with DS. 
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Introduction 

 
 

Sleep is often neglected in our society, despite increasing recognition that it 

facilitates healthy growth and development in children as well as enhances quality of life 

in adults. Sleep has even been noted to be a “beloved teacher” by Hobson & Stickgold 

(1995), who first encouraged a shift in the way sleep's functional capacities were 

perceived: from an inescapable physical state wherein consciousness is temporarily 

suspended, to an active process able to profoundly influence learning and memory. But 

does sleep always benefit learning? While there is strong support that sleep does facilitate 

learning in adults and children under some conditions, little work has examined sleep-

dependent memory consolidation in children with sleep and developmental disorders 

(e.g., Maski et al., 2015). Therefore, in this study we assessed whether or not children 

with sleep disorders benefit from daytime naps, as has been demonstrated in previous 

studies with typical children. Given recent debates regarding the usefulness of habitual 

napping in older children, we examine a group that naps late in development and 

demonstrates sleep disturbances (Trisomy 21, Down syndrome).  

A series of studies have demonstrated knowledge integration or generalization 

across sleep-periods (Gómez, Bootzin, Nadel, 2006; Henderson, Weighall, & Gaskell, 

2013; Tamminen et al., 2010; Kurdziel, Duclos, & Spencer, 2013) with these effects 

becoming apparent very early in development (Gómez et al., 2006; Hupbach, Gomez, 

Bootzin & Nadel, 2009; Simon et al., 2016). Recent work has revealed that naps, relative 

to an equivalent interval spent awake, support the consolidation of declarative memories 

in preschool children (e.g., Williams & Horst, 2014; Giganti et al., 2014). For instance, 

Kurdziel, Duclos, and Spencer (2013) examined performance in 3-to 5-year-old children 
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on a visuospatial paired associates learning task – requiring the binding between an 

object and its location – across periods filled by either a nap or wake. Compared to 

children that were wake-promoted, those provided with the nap opportunity retained 

significantly more spatial associations. Further analyses showed that performance loss 

was greater in habitual nappers (5-7 naps per week) compared to non-habitual nappers 

(fewer than 2), suggesting that by the time children transition out of naps, they might be 

equipped with the anatomical structures necessary to support consolidation across periods 

of wake. The influence of naps on declarative memory seems to emerge very early in 

development, as early as 6 months (Seehagen, Konrad, Herbert, & Schneider, 2015; 

Horváth, Liu, Plunkett, 2016), although these effects have been proposed to rely on 

different underlying mechanisms across infancy and later development (Gómez & Edgin, 

2015). Across human development as well as in animal models, non-rapid eye movement 

(NREM) sleep (especially characteristics of slow wave sleep as well as sleep spindles) is 

hypothesized to orchestrate hippocampal-neocortical dialogue and thus, considered 

responsible for the consolidation of newly learned material (e.g., Walker, 2009; Rasch & 

Born, 2013). Others emphasize the additional role of REM in memory and learning (e.g., 

Boyce, Glasgow, Williams, & Adamantidis, 2016; Grosmark, Mizuseki, Pastalkova, 

Diba, & Buzsáki, 2012).  

Despite the emerging general consensus on the relation between naps and the 

consolidation of declarative memory, new studies have challenged the beneficial nature 

of daytime naps for preschoolers. Thorpe et al. (2015) suggested that napping seems to 

negatively influence the quality of overnight sleep after age 2 years. Lam, Mahone, 

Mason, and Scharf (2011) also demonstrated that napping behavior in children ages 3-5 
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years old was negatively correlated with vocabulary and attention, findings that were 

subsequently confirmed with a randomized trial of a 5-day period of nap restriction, an 

intervention which benefitted daytime behavior (Lam, Koriakin, Scharf, Mason & 

Mahone, 2015). However, the findings are contradictory; others have shown that frequent 

napping is associated with a greater receptive and expressive vocabulary development 

(Horváth & Plunkett, 2016). These findings suggest that more work must be done to 

understand the role naps play in learning in typical children and children who often 

maintain naps at later ages (i.e., children with developmental disorders).  

Indeed, sleep disturbances are prevalent in individuals with neurodevelopmental 

disabilities, with some estimates as high as 86% (Robinson-Shelton & Malow, 2015; 

Johnson et al., 1996; Bartlett et al., 1985; Cotton & Richdale, 2006, 2010; Ashworth, 

Hill, Karmiloff-Smith, Dimitriou, 2013). In the present study, we focused on children 

with Down syndrome (DS, trisomy 21), the most common genetic form of developmental 

disability (1 in 691 live births; Parker et al., 2010). DS results in disordered sleep and a 

specific cognitive phenotype including intellectual disability, language difficulties 

(Abbeduto, Warren, & Conners, 2007), and hippocampal–dependent memory deficits 

(Nadel, 2003; Edgin, 2013). DS has also come to the forefront as a condition with 

significant treatment potential. Therapies derived from basic science could potentially 

alleviate memory and learning deficits (e.g., Fernandez & Garner 2008; Braudeau et al. 

2011; Costa, Scott-McKean, & Stasko, 2008; Das et al. 2013; Dang et al. 2014), although 

little attention has been paid to the role of sleep in moderating learning deficits or 

treatment outcomes (see Heller, Ruby, Rolls, Makam, & Colas, 2014).   
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Due to the well-characterized sleep phenotype and the extensive literature on 

hippocampal abnormalities underlying learning and memory impairments in individuals 

with DS, this population constitutes a good model to explore the role of naps on sleep-

dependent memory consolidation. In this population, obstructive sleep apnea (OSA) can 

begin as early as infancy (Goffinski et al., 2015; Dyken et al., 2003; Ng et al., 2006; Shott 

et al., 2006) and is characterized by sleep abnormalities including complete and partial 

airway obstruction, which results in increased sleep fragmentation (Marcus et al., 1991). 

In a previous study, children with DS (n = 23) were shown to have increased arousals and 

more shifts between deeper and lighter stages of sleep (Levanon et al., 1999), consistent 

with studies in mouse models of DS, which show increased waking at the expense of 

NREM sleep (Colas et al., 2008).  

Recent correlational evidence suggests poorer learning in individuals with DS 

with greater sleep impairments, including a nine-point reduction in verbal IQ in school-

age children (Breslin et al., 2014) as well as a lower vocabulary in preschoolers (Edgin et 

al., 2015). In Breslin et al. (2014) children with DS with OSA showed reduced slow wave 

sleep in addition to poorer language outcomes, suggesting a role for slow wave sleep in 

poorer knowledge acquisition in this group. However, only one previous study has 

examined how disturbed sleep may directly alter learning over sleep periods in 

individuals with DS. In this study, Ashworth, Hill, Karmiloff-Smith and Dimitriou (2015) 

trained children with DS (ages 6-13 years) in a declarative memory task that involved 

mapping novel names to well-known animal cartoons. They found that performance was 

related to the time of day in which the children learned the word-animal pairs; given an 

opportunity to learn in the morning, children with DS retained more than when they 
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received training prior to night-time sleep. However, no previous studies have employed 

an experimental approach measuring learning alongside sleep physiology collected via 

polysomnography. While this population would appear to be a very strong model to 

examine sleep-dependent learning deficits, previous work has been limited in its ability to 

examine the mechanisms relating to these outcomes. 

To address these gaps in the literature, we investigated word learning across naps 

and periods of wake in preschoolers with and without DS. Our aims were twofold: 1) to 

determine if preschoolers with DS, who have known impairments in declarative memory 

and altered sleep quality, can learn across nap intervals compared to typically developing 

children and 2) to relate sleep architecture and quality from full polysomnography to 

learning outcomes. Based on the previous literature we expected that typically developing 

children would learn across naps, and that children with DS would have disturbed nap 

quality and reduced memory consolidation. We expected that periods of NREM, 

including spindle activity or time in NREM stages (Stage 2, SWS) would relate to 

retention across the nap. Furthermore, in an exploratory aim, we also examined retention 

in children with DS by level of sleep disturbance to determine if patterns of retention 

differed in those most likely to have OSA (as exemplified by greater reductions in 

oxygen and consistently impaired sleep across 5 nights of actigraphy). 

 

Materials and Methods 

Participants 

Twenty-five children with DS were recruited through local and parent 

organizations and advertisement in Tucson and Phoenix areas, Arizona (13 female; mean 
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age = 54.16 mo, SD = 9.49; range = 41-84 mo). DS (trisomy 21) was verified by 

karyotype report or medical records. The mean non-verbal IQ was 86.52 ± 11.52 (range = 

63–108), while the mean verbal IQ based on the expressive test was 68.43 ± 13.94 (range 

= 55–91). Exclusion criteria included the presence of mosaicism and autism spectrum 

disorder diagnosis. To examine group effects, participants with DS were matched to a 

group of typically developing (TD) children based on raw scores from the Leiter-3. The 

control group in this study consisted of 25 TD children (mean age = 33.20 mo, SD = 

5.02, range = 26-50 mo) recruited through contact with public parent organizations and 

advertisement. Children without DS were screened prior to enrollment based on the 

following criteria: language delays, neurological conditions, or autism spectrum disorder.  

There were no significant differences between the two groups in terms of their 

total non-verbal summary score on the Leiter-3 [t(48) = -0.98, p = 0.33]. Despite age 

differences resulting from a mental age matching approach, the two groups were 

equivalent on a number of factors, including gender, BMI, ethnicity, and socioeconomic 

status (Table 1). In this study we included children who habitually napped (four to seven 

naps per week) given Kurdziel, Duclos and Spencer’s (2013) findings showing long-term 

sleep-dependent benefits only in habitual nappers. 

 

Design and Procedure 

Participants were tested in their homes in a location with minimal distractions. 

Each child was tested with an object-label pairing task in three counter-balanced, within-

subject conditions separated by 1-2 weeks: 1) immediate, 2) wake, and 3) sleep. Every 

condition included two phases: training and test. During the training phase, children were 
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asked to play a computer game to become a pilot who had embarked on a mission to 

Mars to learn toys in space (Figure 1). For each condition (immediate, wake and sleep), 

children were exposed to 3 novel object-label mappings and 3 novel unlabeled 

distractors, resulting in a total of 9 target objects and 9 distractors. Each object was 

presented for 11 seconds paired with either the recording “Look! A dake. Touch the dake. 

Wow! A dake!” if it was a target object, or with “Hey! Look at that! Touch that. Cool! 

Look at that” if it was a distractor. Language within a block included “exclamation, 

touch, exclamation” with the exclamations (look, wow, cool, hey look) chosen randomly. 

After presenting the objects, children were tested immediately after the training. In order 

to eliminate encoding differences as the source of any consolidation differences, we 

equated baseline learning in both groups by training each to a set criterion (4 out of 6 

correct trials, 66.67%).  

In the test phase, children were prompted to point to the target object (i.e., “Which 

one is the dake? Point to the dake!”) from among 4 possibilities: the target-labeled object, 

a previously-labeled object to test if the selection reflected recall of the specific label-

object association, and 2 distractors to prevent children from choosing based solely on 

familiarity (Figure 1). Children received 6 trials of a 4-choice forced alternative 

recognition test presented with quadrant position of each object randomized on each trial. 

In the immediate condition, children received the recognition test 5 minutes after the 

training phase, whereas in the wake and sleep conditions, children were tested after 4 

hours as well as 24 hours later to examine long-term retention. While the immediate 

condition was always completed during the first week, wake and sleep were 

counterbalanced (12 participants with DS and 13 TD toddlers were tested in the 
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“Immediate-Wake-Sleep” order and 13 participants with DS and 12 TD toddlers in the 

“Immediate-Sleep-Wake” order). For the sleep condition, participants were scheduled 

about 1 hour before the usual naptime, and after the training a home-based sleep study 

was performed. In the wake condition, participants received the training at a time when 

the toddler did not usually nap to avoid sleep deprivation effects and mock cap 

placements were attempted. In addition, some participants were scheduled in the morning 

before the nap and others after the nap to control for time-of-day effects on learning 

(Folkard, Monk, Bradbury, & Rosenthall, 1977). The time of the training was similar 

across conditions and groups, ruling out circadian effects. For the object-label task, we 

calculated the adjusted change in recall at 4-h and 24-h delays relative to the baseline 

performance at training [(delayed − baseline)/baseline]. All procedures were approved by 

the University of Arizona Biomedical Institutional Review Board, and informed consent 

was obtained from all parents. 

 

Stimuli 

Pictures of novel objects, chosen to be relatively different from one another, were 

matched with nonwords (label), which neighborhood size (Balota et al., 2007) and bi-

phone frequency were controlled (Vitevitch & Luce, 2004). Children were tested on 

consonant-vowel-consonant (CVC) labels, the most representative of the structure of 

English. The following labels were used for set 1: dake, tobe, peen; set 2: wame, bope, 

neek; and set 3: tade, doke, meep. Two paradigms were used in this study, such that 

distractors in paradigm 1 were used as target objects in paradigm 2, and vice versa. As a 

result, labels were associated with different target objects in the two paradigms to control 
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for objects more memorable than others. Ten participants with DS and 13 TD toddlers 

were randomly assigned to paradigm 1 (A1, B1, C1), while 15 participants with DS and 

12 TD toddlers received paradigm 2 (A2, B2, C2). Administration order was randomized 

across conditions to avoid pairing one condition with the same paradigm across 

participants. 

 

Assessment of sleep  

Home-based polysomnography. Polysomnography (PSG) was conducted during 

the nap in the sleep condition in 18 children with DS and 18 TD toddlers. In accordance 

with the International 10-20 system (Homan, Herman, & Purdy, 1987) our PSG recording 

included EEG (sampled at 250 Hz) at central derivations (C3/A2, C4/A1), two 

electrooculogram channels (EOG), and two electromyogram channels (EMG). Presence 

of sleep disturbances was evaluated with thoracic and abdominal displacement (inductive 

phlethysmography bands), and a finger pulse oximeter. Sleep was visually scored by a 

registered polysomnographic technologist according to the American Academy of Sleep 

Medicine standard criteria (Iber, Ancoli-Israel, Chesson, & Quan, 2007), taking into 

account specific recommendations for pediatric sleep data (Grigg-Damberger et al., 

2007). Sleep spindles were visually identified on the C3 and C4 channels by a registered 

sleep technologist blind to the group membership (TD vs. DS) according to the following 

criteria: bursts of 12 –15 Hz EEG equal or greater than 0.5 seconds.  

Power spectral analyses were based on the central EEG lead C4 after we 

determined C3 and C4 data was correlated (see procedure in Mander et al., 2010). We 

focused on power in the delta and sigma ranges in stage 2 and 3 due to the role of these 
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stages in memory consolidation and previously-measured relations between declarative 

memory and power in the sigma and delta frequency bands of sleep EEG (Clemens, 

Fabó, Halász, 2005; Genzel, Dresler, Wehrle, Grözinger, & Steiger, 2009; Holz et al., 

2012; Ruch et al., 2012; Marshall, Helgadóttir, Mölle, & Born, 2006). Files were coded 

for artifact using visual inspection: epochs including bad EEG channels, arousals, or 

excessive movement were excluded. A Fast Fourier transform was applied using the 

spectrogram function in Matlab, with a 5 s hamming window to provide power spectral 

densities (in µV2) in predefined frequency bands including delta (commonly referred to 

as slow wave activity, SWA; 1- 4.5 Hz) and sigma (10-15 Hz) frequency ranges based on 

Kurth et al., (2010). Outcome variables used in this study were percentage of time in 

REM, N1, N2, N3, number of total stage shifts, longest N3 period, sleep spindles density, 

delta, and sigma power spectra relative to N2 and N3. 

 

Actigraphy. Children wore the Actiwatch 2 (Actiwatch 2, Phillips Respironics 

Mini-Mitter, Bend, OR) for at least 5 consecutive nights on their non-dominant wrist (one 

child in the TD group was excluded because he did not complete five days) and parents 

completed a one-week sleep log. On the sleep log, parents were instructed to document 

all periods of the participant’s sleep, including naps and overnight sleep, sleep location, 

and periods of time when the watch was taken off. The completed sleep log was then 

used to supplement the analysis of the actigraphy data. Light and activity data were 

collected in 30-second epochs and analyzed using the Philips Actiware 6.0.2 software 

packaging (Respironics Actiware 6.0.2 Bend, OR). Data were scored using a medium 

sensitivity (40 activity counts per minute), with sleep onset and sleep end marked by a 
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period of 3 and 5 min of immobility or more, respectively (Meltzer, Montgomery-Downs, 

Insana, & Walsh, 2012). Epochs detected to have activity counts greater than the medium 

sensitivity threshold were considered periods of wake, and those below the threshold 

were considered periods of sleep. Actigraphy data from all overnight sleep and nap 

during the sleep condition were analyzed for each subject. Variables of interest were 

sleep efficiency (SE), sleep duration, sleep fragmentation index (FI; measured as the 

percentage of sleep considered to be restless due to consistent physical movement), and 

wake after sleep onset (WASO; the number of minutes awake during a sleep period).  

 

Children’s Sleep Habits Questionnaire. The CSHQ is a 33-item parent 

questionnaire to assess major medical and behavioral sleep disorders in young children 

(Owens et al., 2000). The CSHQ has been used previously in children with DS (Shott et 

al., 2006; Carter, McCaughey, Annaz, & Hill, 2009; Breslin et al., 2011; Ashworth et al., 

2013). The CSHQ includes items pertaining to bedtime behavior and sleep onset, sleep 

duration, sleep anxiety, behavior occurring during sleep and night awakenings, sleep-

disordered breathing, parasomnias, and morning waking/daytime sleepiness. Some items 

were reversed in order to consistently make a higher score indicative of more disturbed 

sleep questionnaire. After conversion of the inverted items, all the items are summed up 

to yield a score ranging from 33 to 103, with a score greater than 41 indicating elevated 

sleep behavior problems (Owens, Spirito, & McGuinn, 2000). 

 

Descriptive measures.  Nonverbal IQ measure. After completing the 24-hour test 

delay of the object-label pairing task, participants were assessed on the Leiter 
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International Performance Scale, Third Edition (Leiter-3, Roid, Miller, Pomplun, & 

Koch, 2013). Due to its nonverbal administration, this assessment is ideal to assess fluid 

intelligence in individuals with speech or hearing impairments as well as cognitive delays 

and has been previously validated in DS (d’Ardhuy et al., 2015). To obtain a nonverbal 

IQ score we administered five cognitive scales including sequential order, form 

completion, classification and analogies, figure ground, and matching/repeated patterns. 

The outcome measure employed in this study was the sum of the 5 subtests, which was 

used to match children with DS and the TD group. 

 

Verbal IQ measure. The Expressive One-Word Picture Vocabulary Test- Fourth 

Edition (Gardner, 1979; EOWV-PVT) was used to assess the ability to verbally label 

objects, actions, and concepts in images. Participants were presented with a colored 

image from the easel-bound booklet and asked to verbally generate the label associated 

with that image. 

 

Language ENvironment Analysis (LENA). The LENA digital language processor 

(LENA Foundation, Boulder, CO) is a digital recorder that stores 16 continuous hours of 

the sound environment for later analysis by LENA software speech-identification 

algorithms or manual coding. After completing the wake session of the study, parents 

were given the LENA digital language processor and a vest specifically designed to hold 

the LENA in a pocket in the chest area. Parents were instructed to begin recording during 

their child’s bedtime routine just prior to bedtime and to leave the LENA to record for 16 

continuous hours afterward.   



 

 116

After the LENA recording was completed, the audio was analyzed using the 

LENA Pro software. The software automatically segmented the audio into 5-minute 

intervals across the 16 hours, as well as into different audio types. These audio types 

included the differentiation of sounds into speech sounds and environmental sounds (such 

as those emanating from a television/electric device, silence/background noises, and 

distant sounds). Speech sounds were further categorized by source, whether they were 

from the key child (the participant), an adult male, or from an adult female. Variables of 

interest included total child vocalizations and parent utterances (an estimated number of 

words or word segments from an adult). Total child vocalizations were comprised of 

speech or speech-like sounds coming from the subject, such as babbling and words, but 

they did not include vegetative sounds or fixed vocal signals, singing, or echolalia (Xu, 

Yapanel, & Gray, 2009). Both total child vocalizations and parent utterances were 

automatically generated from the LENA Pro software. 

 

Statistical Analyses 

All statistical analyses were performed with SPSS 24.0 (IBM Corp., Armonk, 

NY). The distributional properties of each measure (e.g., normality) were examined. We 

tested if groups were homogenous for descriptive variables such as gender, IQ, and 

socioeconomic status using Chi-square test for dichotomous outcomes, t-test for 

continuous and normally distributed outcomes and Mann-Whitney U for non-parametric 

outcomes. In order to test if groups performed similarly at baseline, we performed a 

repeated measures ANOVA for both wake and sleep conditions. We then examined 

group differences in the delayed recall at by performing a 2x2 ANOVA with condition 
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type (wake-delay vs. sleep-delay) as the repeated factor and group (DS vs. TD) as the 

between-subjects factor. These analyses were conducted at both 4-h and 24-h delays. If 

an interaction was found, individual group differences in wake and sleep conditions were 

analyzed using planned comparisons based on hypotheses generated from past work (t 

tests, significance p < 0.05). 

To identify sleep-related factors that might be driving these effects, we first 

conducted group comparisons on sleep outcome variables derived from 

polysomnography recorded during the nap by using t-test for normally distributed 

outcomes and Mann-Whitney U for non-normal outcomes. Association between relevant 

sleep physiology variables and retention on the object-word association at 4 and 24-hours 

were examined with Pearson’s and Spearman’s rank correlations for parametric and non-

parametric variables, respectively. Finally, to determine the relation between sleep 

disruption and learning in the DS population, we compared children with DS with 

differences in sleep quality (DS poor sleep [PS] and DS good sleep [GS]) using analyses 

of variance (ANOVAs).  

 
 

Results 

 
Analyses were conducted in 25 children with DS (52% female; mean age = 54.16 

mo, SD = 9.49, and range = 41–84 mo) and 25 typically developing (TD) children (52% 

female; mean age = 33.20 mo, SD = 5.02, and range = 26–50 mo), who completed the 

three within-subjects study conditions: 1) immediate; 2) 4-hr delay-wake; 3) 4-hr delay-

sleep (Figure 1). Study groups were similar in measures of non-verbal IQ, vocal 

utterances, as well as demographic factors such as gender, ethnicity, and income (Table 
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1). There were no differences in the average administration time of the conditions across 

groups, ruling out circadian effects. Only children that were habitual nappers were 

studied  (average of naps per week: MDS = 6.04, MTD = 6.56, p = 0.12).  

The groups performed similarly at baseline (performance at training) for both 

wake and sleep conditions, Fgroup(1,48) = 0.22, p = 0.64, Fcondition(1,48) = 0.16, p = 0.69, 

Fgroup x condition (1,48) = 0.16, p = 0.69.  The DS group was also not different in the number 

repetitions necessary to reach criterion for both wake (MDS = 2.08, MTD = 1.76; U = 

241.00, p = 0.14) and sleep conditions (MDS = 1.64, MTD = 1.76; U = 275.50, p = 0.43) 

(Figure 2). Behavioral ratings of attention during encoding and at the 24-hour delay test 

did not differ between the two groups (Table 2).   

Despite equivalent levels of retention at 5 minutes in the immediate test (t(48) = 

1.59, p = 0.12), group differences emerged in the comparison between wake and sleep 

conditions (see Figure 3). We examined group differences on the change in accuracy at 

the 4-h delay based on the baseline performance at training by performing a 2x2 

ANOVA, which revealed a group x condition type interaction, F(1, 48) = 76.26, p < 

0.001. No main effects were observed for either the condition type, F(1, 48) = 0.007, p = 

0.94,  or group, F(1, 48) = 3.36, p = 0.07. Follow-up t-tests showed that children with DS 

retained less over sleep (t(48) = -8.38, p < 0.001; TD > DS), but were significantly better 

than the TD group over wake (t(48) = 4.66, p < 0.001; DS > TD). While TD performed 

better after sleep, demonstrating a benefit of the nap (t(24) = -6.72, p < 0.001, see Table 2 

and Figure 3), children with DS performed significantly better after wake (t(24)= 5.76, p 

< 0.001). The TD group demonstrated interference across wake, with significantly poorer 

performance at 4 hours than retention at 5 minutes (t(24) = 2.45, p = 0.02).  
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At 24 hours we also confirmed a long-term learning benefit of sleep over wake 

delays for the TD group compared to children with DS, Fgroup(1,48) = 1.19, p = 0.28, 

Fcondition(1,48) = 0.04, p = 0.84, Fgroup x condition (1,48) = 25.92, p < 0.001. Consistent with 

the 4-h delay findings, a greater performance loss after 24 hours was found for the sleep 

(t(48) = -4.97, p < 0.001; TD > DS), but not for the wake condition (t(48) = 2.88, p = 

0.006; DS > TD) in children with DS compared to TD group. Within DS, each child 

retained more if they stayed awake in the 4-hr interval after training (t(24)= 3.48, p = 

0.002), whereas the effect was opposite in TD children, who benefitted from sleep (t(24)= 

-3.77, p = 0.001).  

To identify how sleep physiology related to learning, we first conducted group 

comparisons on sleep outcome variables derived from polysomnography recorded during 

the nap in 18 children from each group (72% of the sample). To examine the 

representativeness of this subgroup, we conducted an ANOVA on the change in accuracy 

for the object-word task, which confirmed the interaction at both 4h- (Fgroup x condition (1,34) 

= 78.86, p < 0.001) and 24-hour delayed recall (Fgroup x condition (1,34) = 32.73, p < 0.001). 

While total sleep time of the nap period did not differ across the groups (t(34)= -1.05, p = 

0.30), children with DS spent significantly less time in REM sleep (MDS = 5.99%, MTD = 

12.64%; t(34)= -2.73, p = 0.01). Other sleep stages did not differ in the two groups: N1 

(t(34)= 1.12, p = 0.27), stage 2 (t(34)= -0.71, p = 0.48) or N3 (t(34)= -2.73, p = 0.1; see 

Figure 4). Despite similar sleep efficiency (t(34)= -1.28, p = 0.21), children with DS 

spent more minutes awake after sleep onset (WASO) in relation to TD children (MDS = 

7.42, MTD = 2.11; U = 93.50, p = 0.03). In an exploratory examination of group 

differences in terms of the organization and microarchitecture of sleep, we found a 
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similar number of stage shifts (MDS = 27.72, MTD = 30.89; U = 127.50, p = 0.28) and a 

numerically longer, but statistically insignificant, amount of time in the longest SWS 

interval in the DS group in relation to TD children (MDS = 38.42, MTD = 28.64; t(34) = 

1.98, p = 0.06). While we were unable to assess sleep on the entire sample with 

polysomnography, our full sample did receive actigraphy across 5 nights. With 

actigraphy, average nap length (MDS = 106.06, MTD = 118.73; U = 250.00, p = 0.32) and 

sleep efficiency (MDS = 83.53, MTD = 87.57; U = 214.00, p = 0.27) were not significantly 

different between the two groups. Mean length of the polysomnographic-recorded nap 

was not different to that measured with actigraphy (t(35), p = 0.79). 

Given these group differences in sleep macro- and micro-architecture, we related 

sleep outcome measures to change in accuracy in both groups, separately (Figure 5). In 

DS, we found a positive correlation between 4-hr nap retention and amount of SWS (rho 

= 0.55; p = 0.02) as well as total sleep time (rho = 0.53; p = 0.02). However, these 

correlations were not statistically significant after 24-hours (pSWS = 0.64 and pTotal sleep time 

= 0.31). In TD children, % REM sleep was positively associated with retention over the 

4-hr sleep period (rho = 0.54; p = 0.02). After 24 hours, the learning benefit related to % 

N2 (rho = 0.58; p = 0.01) and negatively with % SWS (rho = -0.75; p < 0.001). In both 

groups, no correlations were found between retention after the sleep period and % 

average SaO2 desaturation (DS: rho(17) = - 0.14, p = 0.60; TD: rho(14) = -0.26, p = 

0.36) and WASO (DS: rho(18) = 0.30, p = 0.23; TD: rho(18) = - 0.17, p = 0.51). In 

addition, for both groups we related retention after 4-h in the wake condition and sleep 

stages to establish the specificity of these effects in relation to sleep. In children with DS, 

no evidence of a link between delayed retention over the wake period was found in 
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relation to N1 (rho = -0.20, p = 0.42), N2 (rho = 0.11, p = 0.65), SWS (rho = -0.06, p = 

0.82) or REM (rho = 0.27, p = 0.27). Similarly, no significant correlations emerged in the 

TD group: N1 (rho = 0.23, p = 0.36), N2 (rho = -0.08, p = 0.76), SWS (rho = -0.03, p = 

0.92) or REM (rho = 0.08, p = 0.97). Because of the relation between N2 and learning, 

we examined group differences in sleep spindle density. We found decreased sleep 

spindle density in those with DS compared to TD children (MDS = 0.07, MTD = 0.32; U = 

73.00, p = 0.02); however, spindles did not predict learning benefits in either group. 

Given the correlations with sleep stages and retention, we examined spectral 

power in each group separately, in predefined bands relating to N2 and N3, including 

delta (1- 4.5 Hz) and sigma (10-15 Hz) (see Table 3). Relative to the TD group, children 

with DS exhibited higher power in delta activity in N2 (MDS = 164.01, MTD = 124.27; U 

= 85.00, p = 0.04) as well as in N3 (MDS = 638.58, MTD = 426.60; U = 81.00, p = 0.03). 

Power spectra relative to the spindle-related sigma band in both N2 (MDS = 3.07, MTD = 

2.39; U = 92.00, p = 0.07) and N3 (MDS = 3.07, MTD = 2.21; U = 93.00, p = 0.08) did not 

reach significance. We then examined power spectra in relation to retention at 4 and 24 

hours for the sleep condition. Within children with DS, we did not find correlations 

between 4-h retention and N2 sigma (rho = 0.03, p = 0.92) or delta (rho = -0.33, p = 0.21) 

and N3 sigma (rho = -0.10, p = 0.72) or delta (rho = -0.03, p = 0.91). However, at 24 

hours, correlations with N2 delta (rho = -0.67, p = 0.004) and no relation with N3 delta 

(rho = -0.47, p = 0.07) were found. Similarly in the TD group, we did not find relations 

between 4-h delay and N2 sigma (rho = 0.22, p = 0.37) or delta (rho = -0.23, p = 0.35) 

and N3 sigma (rho = 0.07, p = 0.77) or delta (rho = -0.07, p = 0.79). Learning after 24 

hours was negatively associated with N3 delta (rho = -0.78, p < 0.001), N3 sigma (rho = -
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0.51, p = 0.03) and a non-significant trend with N2 delta (rho = -0.47, p = 0.05). Delta 

and sigma power did not relate to age or IQ in either group. In the DS group, N2 sigma 

was not related to either IQ (rho = 0.33, p = 0.22) or age (rho = 0.13, p = 0.62) and N3 

delta was not associated with IQ (rho = 0.46, p = 0.07) or age (rho = 0.20, p = 0.46). 

Similar results were found in the TD group: N2 sigma was not correlated with either IQ 

(rho = 0.22, p = 0.37) or age (rho = 0.38, p = 0.12) and N3 delta was not associated with 

IQ (rho = 0.06, p = 0.81) or age (rho = 0.04, p = 0.86). 

In order to examine if sleep disturbances further exacerbated memory 

consolidation impairments within the DS group, we compared performance between 

good and poor sleepers (GS and PS), on the wake and sleep conditions after 4 and 24 

hours. PS and GS were classified based on two parameters: a cut-off of 3% for average 

SaO2 desaturation (PS: average SaO2 desaturation > 3, n = 9; GS: average SaO2 

desaturation ≤ 3, n = 8) and a median split based on sleep efficiency across 5 nights (PS: 

SE ≤ 82.05, n = 13; GS: SE > 82.05, n = 12). With regard to average SaO2 desaturation, 

the two groups performed similarly at 4-h [Fgroup(1,15) = 0.03, p = 0.87, Fcondition(1,15) = 

26.99, p < 0.001, Fgroup x condition (1,15) = 0.09, p = 0.77] and at 24-h delays [Fgroup(1,15) = 

0.57, p = 0.46, Fcondition(1,15) = 12.92, p = 0.003, Fgroup x condition (1,15) = 0.001, p = 0.98]. 

A similar pattern of performance over 4-h delay emerged when examining group 

differences based on SE: Fgroup(1,23) = 3.16, p = 0.09, Fcondition(1,23) = 33.76, p < 0.001, 

Fgroup x condition (1,23) = 1.12, p = 0.30. However, after the 24-h period, we found a non-

significant trend toward a group x condition type interaction, F(1, 23) = 4.45, p = 0.05, 

with children with DS with lower SE performing significantly worse relative to those 

with higher SE on the wake condition, (t(23) = -2.35, p = 0.03). 
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Discussion 

 

Little work has examined sleep-dependent memory consolidation across naps in 

the developing child. In the current study we employed a within-subjects design with 

three retention intervals (i.e., 5 minutes, 4 hours spent awake, and 4 hours including a 

nap) as well as a long-term delayed test (i.e., 24 hours later), to determine sleep’s role for 

long-term retention of arbitrary object-label mappings in typically and atypically 

developing preschoolers. TD children showed a clear learning benefit from the nap, 

exhibiting substantial interference during the wake period (at both 5 minutes and 4h-

delay), but not after 4 hours containing a nap. Therefore, we have shown that naps TD 

preschoolers do facilitate the consolidation of declarative material. The picture is quite 

different for children with DS. In this group, naps appeared to be detrimental to long-term 

retention, calling into question the value of naps in this population. Relative to mental-

age matched TD children, children with DS demonstrated equivalent baseline learning 

and similar performance at the immediate test, as well as decreased performance loss at 

4-hour retention in the wake condition, allowing us to attribute differences after sleep and 

24 hour delays to processes of sleep-dependent consolidation. These effects persisted 

after controlling for other baseline clinical characteristics such as IQ and age, factors that 

have been previously associated with sleep-dependent memory consolidation. Taken 

together, our behavioral findings demonstrate that naps do not always support learning 

and in some groups, naps may actually lead to learning loss, with implications for 

maintenance of naps at later ages in children with DS and for targeting treatments for 

cognitive dysfunction in this population.  
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Although informative, previous studies have been limited in their ability to 

measure the underlying mechanisms relating poor sleep to deficits in memory formation 

because they have not employed an experimental approach that measured learning 

alongside gold standard sleep physiology. Our study adds to our understanding of the 

causal role of sleep physiology in learning impairments in this population compared to 

TD children. In the TD group we found that 24-hour retention related to increased time in 

N2 sleep, a finding consistent with previous studies (e.g., Fogel, Jacob, & Smith, 2002; 

Walker, Brakefield, Morgan, Hobson, & Stickgold, 2002; Fogel & Smith, 2006). 

However, despite increased sleep spindle density in the TD group compared to children 

with DS, no relation was found between learning and spindles in either group. 

Additionally, negative relations were found between 24-hour retention and amount of 

time spent in N3 sleep, as well as power in N3 delta and sigma, contrary to what it has 

been reported in the adult literature (Gais & Born, 2004; Peigneux et al., 2004; Plihal & 

Born, 1997; Rasch, Büchel, Gais, & Born, 2007; Wamsley, Tucker, Payne, & Stickgold, 

2010). Simon et al. (2016) also found that learning (albeit fragile effects) related to 

generally increased absolute power across several frequency bands in NREM in 6.5 

month infants. Our current findings in concert with previous work suggest a non-linear 

trajectory of sleep states in relation to cognition across development.  

Our results indicate that more time spent in SWS, at the expense of N2, might 

actually be detrimental for word learning at this point in typical development. In toddlers 

with DS, the association between SWS and learning seems to be limited to the 4-hour 

delayed test. Additionally, although children with DS spent less time in REM sleep, no 

relation was found between REM and memory in this group. Group differences in power 
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spectra, with children with DS exhibiting increased power in the delta frequency range 

during NREM sleep, could be considered a marker of inefficient sleep-dependent 

consolidation in this group. Despite similar amount of time spent in N3 in the two groups, 

children with DS showed a non-significant trend toward longer periods in N3 as well as 

increased delta power, which was negatively associated with the long-term retention. 

Altogether, these results indicate that different physiological mechanisms underlie sleep-

dependent memory processes in these two groups: while in TD children this type of 

learning might be supported by N2, in children with DS, the relation between learning 

and N3 is only transient, hinting to an inefficient SWS activity in this group (discussed 

later). These effects persisted after controlling for confounding factors such, as general 

cognitive ability and age. Previous studies have indeed suggested (e.g., Kurth et al., 2013; 

Kurth, Olini, Huber & LeBourgeois, 2015; Fogel & Smith, 2011) that sleep signatures, 

such as sleep spindles and specific frequency bands, might be associated with cognition 

as well as intelligence across development, constituting a potential confounding factor 

when examining sleep-dependent memory consolidation.  

A secondary aim of this study was to measure the extent to which the variation in 

word learning could be explained by sleep parameters often associated with memory 

formation (e.g., sleep fragmentation) relative to other factors (e.g., oxygen desaturation). 

While we did not find performance differences between good and poor sleepers based on 

oxygen desaturation, children with DS with lower SE performed significantly worse 

relative to those with higher SE on the wake condition, suggesting that the quality of 

overnight sleep might affect long-term retention as well.    
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In part, the transient relation between measures of sleep physiology and learning 

in the DS group may reflect deficient processes of the hippocampus. Humans with DS 

and representative animal models have been shown to display abnormal hippocampal 

functioning, including delays in myelination (Ábrahám et al., 2012), altered 

neurogenesis, and impaired short-term plasticity of the dentate gyrus–CA3 pathway 

(Kleschevnikov et al., 2012; Witton et al., 2015), as well as hippocampal volume 

reduction (Pinter et al., 2001; White, Alkire, & Haierb, 2003). Therefore, given the DS 

profile characterized by hippocampal abnormalities along with the detrimental effects of 

sleep on learning emerged in this study, these results could be explained by a degraded 

input from the hippocampus, where memories are initially formed, to prefrontal cortex. 

One possibility is that children with DS might be forming memory representations that 

are originally distorted due to hippocampal abnormalities.  

Alternatively, the lack of learning benefits associated with the sleep period might 

also be due to disrupted communication between the hippocampus and prefrontal cortex, 

during which a coupling between hippocampal sharp wave-ripples, cortical delta waves, 

and spindles occurs (Maingret, Girardeau, Todorova, Goutierre, & Zugaro, 2016). This 

communication is necessary for the consolidation of new memory traces (Born & 

Wilhelm, 2012; Diekelmann & Born, 2010). This explanation is consistent with a pattern 

of altered functional organization documented in this population (Imai et al., 2013, 

Anderson et al., 2013), in which weak long-range connectivity, like the sleep-dependent 

hippocampal-cortical interaction, cannot support qualitative changes in memory 

representations that will lead to the stabilization of these traces. These activity-dependent 

processes have been theorized to co-occur with down regulation of synaptic strengths 
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during NREM sleep (Tononi & Cirelli, 2006). Tononi and Cirelli (2014) suggested that 

impaired down-regulation of synapses, or excessive downselection, during critical 

periods of brain maturation – when shifts from diffuse to more localized networks occur 

as well as the strengthening of long-range connections – could lead to a distorted 

developmental trajectory of functional connectivity that may result in immature and 

disorganized brain synchrony. Contrary to children with DS, the mechanisms underlying 

sleep-dependent memory consolidation seem to be online as early as 2 years in TD 

preschoolers to favor the stabilization of new information. However, the contradictory 

findings with SWS and learning in the TD group, relative to the previous literature in 

adults, might indicate that these interactions are not fully developed in this critical period 

of development. This period coincides with changes in the structure and regulation of 

sleep and it is also characterized by neurocognitive development as well as the 

emergence of new skills (for a review see Lushington, Pamula, Martin, & Kennedy, 

2013; Roffwarg, Dement, & Fisher, 1964; Roffwarg, Muzio, & Dement, 1966; Bridi et 

al., 2015; Kurth, Olini, Huber & LeBourgeois, 2015). In accord with these changes, a 

massive reorganization of the functional and structural architecture of the hippocampus is 

also documented, including the maturation of the trisynaptic hippocampal pathway, 

which is heavily involved in the formation of declarative memories (e.g., Lavenex & 

Banta Lavenex, 2013; Riggins, Geng, Blankenship, & Redcay, 2016) Therefore, given 

the changes occurring during this critical period of development, the learning benefits 

exhibited in the TD group specific to the sleep period might be supported by different 

underlying mechanisms compared to the physiology reported in adulthood (Gómez & 

Edgin, 2015, 2016).  
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These effects might also be explained by the myriad of factors modulating SWS. 

In recent years, significant differences in the SWS patterns of early childhood have been 

documented in comparison to later childhood and adolescence. For instance, Kurth et al. 

(2010) found that pre-pubertal children had SWS activity patterns with higher slopes than 

those of adolescents, even after accounting for wave amplitude and incidence. They noted 

that this finding aligns well with the synaptic homeostasis hypothesis of sleep function, 

which posits that increased synaptic pruning and slow wave amplitude downscaling are 

more likely to occur after puberty when cortical maturation is occurring and synaptic 

connections are stabilizing (Esser, Hill, & Tononi, 2007; Riedner et al., 2007; 

Vyazovskiy, Riedner, Cirelli, & Tononi G, 2007).  

Although increased SWS activity is linked to better memory retention in adults, 

and indicative of developmental brain changes during critical periods, there is also 

evidence that increased SWS activity may be linked to impaired brain maturation. 

Ammanuel et al. (2015) found that an increase in delta power during SWS was linked to 

lower sleep efficiencies in children with Rett syndrome. Abnormal synaptic maturation 

has also been suggested in children with Asperger syndrome, as they exhibit increased 

delta activity during periods of rest (Clarke et al., 2016). In children with ADHD, an 

increase in delta power during overnight sleep was hypothesized to be due to delayed 

timing of synaptic maturation (Ringli et al., 2013). Thus, it is possible that, despite both 

TD children and children with DS in the current study exhibited elevated levels of delta 

power during SWS, the additional increase seen in DS is linked to a deregulation in the 

homeostatic process of synaptic maturity. Although this is speculative, SWS in the DS 
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group might be inefficient, with longer periods of SWS as well as increased NREM delta 

power indicating a greater effort for the build-up of the consolidation process.  

In the literature, increased SWS power has also been associated with sleep 

rebound due to sleep fragmentation. Several studies across various species have 

demonstrated that sleep deprivation and duration of the prior wake period result in 

subsequent sleep rebound characterized by increased EEG delta power during N3 and an 

increase in the duration of N3 periods (Pappenheimer, Koski, Fencl, Karnovsky, Krueger, 

1975; Hu et al., 2007; Jha, Coleman, Frank, 2006; Tobler & Scherschlicht, 1990; 

Gaudreau, Morettini, Lavoie, & Carrier, 2001; Achermann, Dijk, Brunner, Borbely, 

1993; Dijk, Brunner, Beersma, & Borbely, 1991; Borbély, Baumann, Brandeis, Strauch, 

Lehmann, 1981). These studies suggest that delta wave power could be considered a 

marker of sleep disturbances/sleepiness (Davis, Clinton, Jewett, Zielinski, & Krueger, 

2011). This hypothesis cannot be used to explain the increased delta power in the DS 

group because, based on actigraphy, this specific sample did not exhibit the full extent of 

sleep disturbances that have been reported in this population across development 

(Churchill et al., 2012; Fitzgerald et al., 2007; Dyken et al., 2003; Ng et al. 2006; Shott et 

al., 2006; Goffinski et al., 2015).  

While mechanisms of sleep might be impaired in DS, memory retention over 

periods of wake might be spared, or even improved relative to TD children. Behavioral 

performance over wake delays in both groups provides novel insights into how new 

knowledge is transformed over periods of wake. Consistently across 4- and 24-hour wake 

delays, performance loss was greater in TD children than in those with DS (even after 5 

minutes), suggesting a greater benefit of wake on retention in DS in relation to an 



 

 130

equivalent period including a nap. In other words, while TD children show interference 

across a delay containing wakefulness, those with DS show the opposite pattern, and 

retain more after wake, which is consistent with recent findings in older children with DS 

(Ashworth et al., 2015). It is possible that children with DS might form rigid memory 

traces that are less susceptible to interference over wake delays, while representations in 

the TD group might be more flexible and thus open to competition/association/integration 

with overlapping representations encountered during the wake delay. This competition 

could expose label-object pairings memories to disruption, leading to weakening of these 

memory traces in the TD group. On the other hand, children with DS might be able to 

retain these associations over wake due to relatively intact fast mapping processes. 

Chapman et al., (1990) found that individuals with DS (n = 48, ages 5 through 20 years) 

were able to acquire and retain new words after only a few exposures. An alternative 

explanation could be that repeated exposures of the object-word pairings might engage 

non-hippocampal neural substrates in this population, such that associations acquired 

through several repetitions might be supported by cortical mechanisms (see Norman & 

O'Reilly, 2003; Complementary Learning Systems Model). Consistent with Gómez & 

Edgin’s hypothesis (2015), because of multiple exposures and impaired hippocampal 

function, children with DS might rely on cortex for retention during wake periods. 

However, when hippocampal-supported retention is required during sleep, they failed to 

show retention and exhibited increased memory performance loss. 

Our central hypothesis was that alterations of the sleep architecture as well as 

sleep disturbances take a profound and long-lasting toll on the consolidation of new 

information in individuals with DS. While we could not directly measure the impact of 
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OSA on learning, our findings support this hypothesis as children with DS failed to retain 

new associations after a nap and 24 hours later in comparison to controls. Furthermore, 

these results are consistent with animal work. Fernandez & Garner (2008) showed similar 

findings in the trisomic mice (Ts65Dn, a mouse model for DS) over a 24-hour delay. In 

this study, a ‘‘what-where-when’’ object exploration paradigm (Dere, Huston, & Silva, 

2005) was employed to assess episodic-like memory in two separate sessions: after a 

delay of a few hours and over a period of 24 hours. Although Ts65dn mice were able to 

form memory for objects and their spatial and temporal context over a period of a few 

hours at the same level as wild type mice, they failed to maintain those memories in the 

subsequent test phase 24 hours later. More recently, a similar pattern of performance has 

been found in an object recognition task (Smith et al., 2013). Like in children with DS in 

our study, Ts65Dn mice were capable of recognizing the familiar object after a delay of 5 

minutes (spared object recognition), but they were impaired after a delay of 24 hours. 

Turning to humans, Wishart (1993) examined the stability of learning over a 

period of two weeks in 54 children with DS aged between birth and 11 years, which 

revealed a pattern consistent with inefficient learning: skills gained in the first session 

were not maintained in a second session, even though sessions were only 2 weeks apart. 

The author explained this outcome as the result of a failure in consolidating skills into 

their repertoires. More recently, sleep-dependent memory consolidation impairments in a 

declarative task were reported in older children with DS (Ashworth, Hill, Karmiloff-

Smith & Dimitriou, 2015). Together with previous findings, our results suggest that both 

humans and mouse models with DS show poor long-term consolidation supported by the 

hippocampus: although they are capable of learning new skills over a short period of 
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time, they fail to maintain the newly acquired information after a longer delay including 

sleep. 

Due to the well-characterized sleep phenotype, as well as the extensive literature 

documenting hippocampal abnormalities underlying learning and memory impairments in 

this population, DS constitutes a good model to examine the links between sleep and 

learning because of its potential for providing converging information for the role of 

hippocampal-dependent consolidation during sleep. However, some study limitations 

should be noted. The characterization of the sleep phenotype is limited by the absence of 

overnight sleep studies to confirm the level of OSA in this group. Additionally, future 

studies should investigate the topography of sleep SWA in children with DS, as regional 

differences in topographical distribution of SWA have been shown over central and 

frontal areas. The central electrodes may reflect less mature SWS in this age range. 

Finally, future studies should include children with DS with greater sleep impairments to 

examine whether or not OSA might exacerbate the deficits in sleep-dependent memory 

consolidation, extending beyond those primarily associated with the sleep phenotype 

present in the DS populations (e.g., sleep stages alterations). 

Given the current climate of pharmacological treatment regimens in DS, and the 

ability to treat young children and infants with sleep disorders with CPAP therapy 

(Leonardis et al., 2013), an elucidation of the links between poor sleep and learning is 

crucial as these findings may highlight additional treatment paths for the cognitive 

deficits in the syndrome. Alarming statistics suggest high rates of sleep disruption in 

individuals with DS across the lifespan: at least 57% of toddlers and 31% of infants <6 

months old with DS have co-morbid OSA (Shott et al., 2006; Goffinski et al., 2015).  The 
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current study adds to our understanding of the causal role of sleep on learning in children 

with DS, demonstrating that these effects begin early in development. Therefore, 

interventions including continuous positive airway pressure (Leonardis et al., 2013), nap 

restrictions (Lam et al., 2015) as well as pharmacological treatments administered in 

temporal proximity to sleep periods (Heller, Ruby, Rolls, Makam, & Colas, 2014) in the 

early years should be considered to ameliorate learning impairments in this population. 

Current pediatric guidelines recommend sleep screenings with PSG at 4 years in DS, a 

time that is unfortunately late in cognitive development, including language (Kuhl, 2010). 

Findings from the current study encourage a shift of the timing of screenings and 

intervention delivery for sleep disorders in DS during this vulnerable developmental 

period.  
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Table 1: Clinical Demographic Background of TD Toddlers and Children With DS. 
 

 DS (n = 25) TD (n = 25) T/U/χ2 P 

Clinical characteristics      

Mean age, months (SD) 54.16 (9.49) 33.20 (5.02) 9.76 < 0.001 

% Female 52 52 0.00 1.000 

Child Ethnicity  19 White non-Hispanic, 3 White 

Hispanic, 3 Biracial and Multiracial 

19 White non-Hispanic, 4 White 

Hispanic, 2 Biracial and Multiracial 

0.34 0.84 

Mean BMI (SD) 16.98 (1.55) 16.3 (1.11) 1.79 0.08 

Leiter 3 Nonverbal Raw Score 65.24 (10.25) 67.96 (9.41) -0.98 0.33 

LENA Child Vocalizations  1379.36 (806.87) 1434 (783.81) -0.24 0.81 

Social background factors     

% Family Income < $50,000 20 28 1.71 0.63 

Mean Maternal Education, years (SD) 15.92 (2.18) 16.04 (2.09) -0.20 0.84 

Mother Ethnicity  20 White non-Hispanic, 4 White 

Hispanic, 1 Asian 

18 White non-Hispanic, 5 White 

Hispanic, 2 Biracial and Multiracial 

3.22 0.36 

LENA Parent/caregiver Utterances (SD) 8216.80 (4022.87) 8989.00 (5763.58) -0.55 0.59 

 

Note. Two participants with DS and four TD participants did not report family income.  
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Table 2: Group Differences on Performance on the Object-Word Association Task. 

 

 DS  

(n = 25) 

TD  

(n = 25) 

 

T/U/χ2 

 

P 

Time Training     

Immediate (hh:mm) 12:31 (1:55) 12:26 (1:42) 0.16 0.87 

Sleep (hh:mm) 12:21 (1:10) 12:12 (1:11) 0.44 0.66 

Wake (hh:mm) 11:45 (3:28) 11:12 (3:30) 0.55 0.58 

Items Retained At Baseline      

Immediate 4.44 (0.71) 4.68 (0.75) -1.16 0.25 

Sleep 4.72 (0.68) 4.60 (0.71) 0.61 0.54 

Wake 4.72 (0.68) 4.68 (0.75) 0.20 0.84 

Repetitions Required to Meet Criterion     

Immediate 1.68 (1.31) 2 (1.35) 261.50 0.27 

Sleep 1.64 (0.81) 1.76 (0.72) 275.50 0.43 

Wake 2.08 (0.10) 1.76 (1.09) 241.00 0.14 

Proportion of Objects Correctly Recognized      

Immediate  0.67 (0.23) 0.59 (0.27) 1.11 0.27 

Sleep 4h delay 0.35 (0.21) 0.79 (0.20) -7.70 < 0.001 
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Wake 4h delay 0.73 (0.23) 0.42 (0.22) 4.88 < 0.001 

Sleep 24h delay 0.42 (0.19) 0.69 (0.21) -4.68 < 0.001 

Wake 24h delay 0.67 (0.25) 0.46 (0.20) 3.22 0.002 

Attention Ratings During Assessment     

Wake Encoding 4.56 (1.00) 4.36 (1.29) 4.13 0.39 

Sleep Encoding 4.64 (0.76) 4.28 (1.34) 3.03 0.55 

Wake 24h delay 4.48 (1.19) 4.36 (1.00) 4.82 0.19 

Sleep 24h delay 4.60 (0.82) 4.16 (1.34) 2.59 0.63 
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Table 3: Polysomnographic Sleep Characteristics and Statistics of Children With DS and TD Toddlers. 

Mean (SD) DS (n = 18) TD (n = 18) T/U P 

Sleep Macroarchitecture     

Total Sleep Time (min)  94.37 (26.28) 104.52 (31.35) -1.05 0.30 

Latency to Sleep Onset (min) 18.31 (10.86) 17.39 (10.43) 0.26 0.80 

Sleep Efficiency (%) 79.6 (9.01) 83.52 (9.37) -1.28 0.21 

Arousal Index Score Events/Hour 10.08 (6.56) 9.55 (2.92) 122.5 0.46 

Average SaO2 Desaturation 3.71 (2.97) 2.07 (2.81) 73.5 0.06 

Wake After Sleep Onset (min) 7.42 (8.11) 2.11 (1.93) 93.5 0.03 

NREM Stage 1 (min) 9.83 (4.33) 9.44 (6.27) 0.22 0.83 

NREM Stage 2 (min) 33.75 (16.20) 41.00 (20.37) -1.18 0.25 

NREM Stage 3 (min) 44.97 (17.26) 39.97 (12.85) 0.99 0.33 

REM Sleep (min) 6.11 (6.95) 14.28 (10.30) -2.79 0.01 

NREM Stage 1 (% TST) 10.90 (6.26) 8.81 (4.83) 1.12 0.27 

NREM Stage 2 (% TST) 35.77 (11.13) 38.46 (11.54) -0.71 0.48 

NREM Stage 3 (% TST) 47.30 (12.09) 40.07 (13.31) 1.71 0.10 

REM Sleep (% TST) 5.99 (6.48) 12.64 (8.04) -2.73 0.01 

Sleep Microarchitecture     
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Total Stage Shifts 27.72 (22.39) 30.89 (15.20) 127.50 0.28 

Longest Stage 2 Period (min) 12.06 (4.40) 13.61 (5.77) -0.91 0.37 

Longest Stage 3 Period (min) 38.42 (16.44) 28.64 (13.01) 1.98 0.06 

Sleep Spindles Density (C4 N2) 0.07 (0.18) 0.32 (0.66) 73.00 0.02 

Spectra Power      

N2 Delta (μV2) 164.01 (69.72) 124.27 (33.60) 85.00 0.04 

N3 Delta (μV2) 638.58 (299.48) 426.60 (189.97) 81.00 0.03 

N2 Sigma (μV2) 3.07 (1.30) 2.39 (0.93) 92.00 0.07 

N3 Sigma (μV2) 3.07 (1.58) 2.21 (0.77) 93.00 0.08 
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Table 4:  Sleep Characteristics Based on Actigraphy and Children’s Sleep Habits Questionnaire. 

 DS (n = 25) TD (n = 25) T/U/χ2 P 

Actigraphy Variables*      

Across Five Nights     

Sleep Efficiency (%) 78.21 (9.01) 81.83 (4.45) 241.00 0.24 

Average Sleep Time (min) 572.14 (44.73) 574.97 (42.59) -1.03 0.31 

Onset Latency (min) 3.32 (4.49) 4.51 (6.26) 238.00 0.22 

Wake After Sleep Onset (min) 111.90 (51.65) 89.68 (27.25) 229.00 0.16 

Fragmentation Index 32.72 (6.36) 33.64 (8.00) 279.00 0.67 

Nap During Sleep Condition     

Sleep Efficiency (%) 83.53 (11.50) 87.57 (6.39) 214.00 0.27 

Average Sleep Time (min) 106.06 (37.49) 118.73 (49.92) 250.00 0.32 

Children’s Sleep Habits Questionnaire     

Sleep-disordered Breathing 3.8 (1.08) 3.12 (0.33) 192.50 0.004 

Daytime Sleepiness  11.88 (2.26) 10.96 (1.74) 1.61 0.11 

Overall Sleep Disturbance 46.72 (7.76) 42.64 (5.84) 2.10 0.04 

Note. One TD participant did not wear the Actiwatch, therefore actigraphy data is based on 24 TD children. 
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Figure 1. Protocol Design and Object-label Association Task.  

 
 
Each child was tested with an object-label pairing task in three counter-balanced, within-subject conditions separated by 1-2 

weeks: 1) immediate; 2) wake and 3) sleep. Every condition included two phases: training and test. During the training phase, 

children were exposed to 3 novel object-label mappings and 3 novel unlabeled distractors, resulting in a total of 9 target 
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objects and 9 distractors. Wake and Sleep conditions were counterbalanced and objects were randomized across conditions. In 

the wake condition, some participants were scheduled in the morning before the nap and others after the nap to control for time 

of the day effects on learning. Immediate and Sleep conditions occurred at the same time. Both 4- and 24- hours tests included 

6 test trials. 
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Figure 2. Number of Repetitions Required to Meet Criterion in Children With DS and TD Toddlers. 
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Figure 3: Retention Performance on the Object-Word Association Task Across Immediate, Wake, and Sleep Conditions. 
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Figure 4: Sleep Architecture in Children with DS and TD Toddlers.  
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Figure 5: Correlations Between Sleep Architecture And Retention After the Sleep Period.  
 

  
 
 
A positive correlation between 4-hr nap retention and amount of N3 in children with DS (panel A). % N3 and % N2 were 

associated with retention over the 24-hr sleep period in TD toddlers (panel B and panel C, respectively). 
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