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Abstract

Spatial reconstruction, a method for evaluating how individuals remember the

placement of objects, has traditionally been evaluated through the aggregate estima-

tion of placement errors. However, this approach may obscure the nature of task

errors. Specifically, recent data has suggested the importance of examining the preci-

sion of responses, as well as absolute performance on item-context bindings. In con-

trast to traditional analysis approaches based on the distance between the target and

the reconstructed item, in this study we further explored three types of errors (swap

error, global error, and local distance) that may all contribute to the distance, with

particular emphasis on swap errors and local distance due to their associations with

item-context bindings and memory precision, respectively. We examined these errors

in children aged 3–18 years, making comparisons between children with typical

development (TD) and children with Down syndrome (DS), a population with known

memory challenges. As expected, older children outperformed younger children in

terms of overall memory accuracy. Of importance is that we measured uneven mat-

urational trajectories of memory abilities across the various error types. Specifically,

both remembered locations (irrespective of object identity) and swap errors

(object-location binding errors) align with the overall memory accuracy. Memory

precision, as measured by local distance in simpler set size 2 trials, mirrored overall

memory accuracy. However, for more complex set size 3 trials, local distance

remained stable before age 8 and showed age-related change thereafter. The group

with DS showed reduced precision compared to a TD matched group, and measures

of precision, and to a lesser extent binding errors, correlated with standard neuro-

psychological outcomes. Overall, our study contributed to a fine-grained under-

standing of developing spatial memory ability in a large sample of typical

developing children and a memory impaired population. These findings contribute

to a growing body of research examining precision as a key factor in memory

performance.
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1 | INTRODUCTION

For a human or an animal to navigate the physical world or predict an

appropriate response in a social scenario, the brain needs access to

bound representations of both objects and their corresponding spatial

and temporal contexts. Much research supports the view that the hip-

pocampus is involved in binding spatial and temporal relations

(Cohen & Eichenbaum, 1993; Ekstrom & Yonelinas, 2020; Wang

et al., 2015), and patients with hippocampal memory impairments

have particular difficulty remembering arbitrary bindings (Konkel

et al., 2008). Recent approaches have emphasized that the hippocam-

pus may achieve this unique binding function by facilitating represen-

tational precision and the linking of cross-regional representations

(Ekstrom & Yonelinas, 2020). When an imprecise binding happens,

what factors are at play? A careful analysis of patterns of spatial

reconstruction can help us to identify the mechanisms underlying

binding deficits, including how typical children may develop binding

ability and how atypically developing children (studies here in Down

syndrome) may develop these skills differently.

For certain spatial reconstruction tasks, participants remember

the locations of multiple items in the background context. After a

delay, they place the items back into their original locations (Horecka

et al., 2018; Watson et al., 2013). The most common way to evaluate

reconstruction errors is by calculating the distance between the origi-

nal and the reconstructed locations. However, this analysis method

masks the reasons reconstructive errors may occur. For example, the

participant may make consistent errors because of an altered view on

a screen or consistently forget each object's identity and swap the

locations of two or more objects. Traditional analyses ignore the types

of errors made, which may conceal important between-group differ-

ences in populations with memory difficulties or advantages. There-

fore, it is important to examine the nature of reconstructive errors in

ways that allow for the division of error into distinct error types. One

type of error, that is, a “swap error,” involves the participant incor-

rectly putting one item into another item's location. This type of error

is more commonly measured in working memory studies (Mathy &

Varré, 2013), and recent studies have investigated its role in episodic

memory (Blankenship & Kibbe, 2019). Another error involves a sys-

tematic spatial misplacement, perhaps due to the positioning of the

screen in front of the participant, such as moving all the items toward

one direction (e.g., to the left), biasing their placement toward the cen-

ter, stretching them toward the perimeter, or rotating them to some

degree, all named “global error.” Yet another possibility is that they

remember the approximate location but with poor precision, named

“local distance” errors here (Horecka et al., 2018), measured by calcu-

lating the distance between the original and the reconstructed loca-

tions after adjusting the swap error and global error. Thus, this

measurement differs from traditional methods that measure the dis-

tance directly between the original and reconstructed locations, as it

takes into account the object-location binding, global misplacement,

and precision, separately.

The neural basis for each of these errors may be distinct. Swap

error is mainly related to the binding of objects with locations, which

is at the heart of hippocampal function according to relational binding

theory (Cohen & Eichenbaum, 1993; Eichenbaum & Cohen, 2004;

Horecka et al., 2018). Several possible explanations are possible for

the occurrence of global errors. They may be related to the participant's

use of a “unitized” representation via Gestalt perceptual features, or

the processing of geometric information in the parahippocampal place

area, or the shape information provided by the inferior temporal cortex

(Corsi, 1972; Epstein, 2014; Horecka et al., 2018; Kessels et al., 2000;

Perrett & Oram, 1993; Uttal & Chiong, 2004). Errors in local distance

relate to the memory precision supported by the hippocampus and dor-

solateral prefrontal cortex in conjunction (Stevenson et al., 2018). As

the precision and binding model suggests (Yonelinas, 2013), the hippo-

campus supports high-resolution binding, and hippocampal damage

leads to impaired performance on memory tasks that require high-

resolution binding, but fewer impacts when tasks only require low-

resolution binding. While all three types of error may be linked to

medial temporal lobe function to some degree, we believe that object-

location binding and precision are most closely related to the function

of the hippocampus. Therefore, although our study considered global

errors, the main focus was on object-location binding and precision.

The hippocampus undergoes protracted development after birth

(Brown et al., 2012; Hu et al., 2013; Lee et al., 2014, 2017; Tamnes

et al., 2013; Uematsu et al., 2012). However, the developmental trajecto-

ries of the hippocampal subregions and subfields, connected structures,

and the larger hippocampal network show regional variation (Blankenship

et al., 2017; Poldrack, 2010). The hippocampal tail undergoes develop-

ment between 4 and 8 years (Canada et al., 2020) and remains stable

from 9.5 to 12 years (Lee et al., 2020). Furthermore, Lee et al. (2020)

found that item-space memory improves until 10.5 years and positively

correlates with an increase in right hippocampal tail volume. Based on

these findings, we hypothesized a consistent reduction in the swap error,

which is associated with object-location binding, across our three typical

development groups (mean age: 4, 6, and 12 years) and deficits in Down

syndrome, which has had reports of decreased volume of the

hippocampal tail (Koenig et al., 2021).

Ekstrom and Yonelinas (2020) suggest that precision is distributed

across multiple brain regions, with the hippocampus playing a critical

integrating role. Stevenson et al. (2018) found a correlation between

increased gamma power in hippocampal CA1 and spatial memory

retrieval precision, indicating its involvement in high-fidelity spatial

memory representations. Recent work on subfield analysis of the hip-

pocampus in Down syndrome has shown reductions in CA1, DG, and

the hippocampal tail (Koenig et al., 2021), suggesting that this group

may show difficulties across both processes. However, the specific

developmental trajectory of precision remains unknown, suggesting a

need for additional examination across development and in disorders of

the hippocampus. Consequently, the present study aims to investigate

the development of the ability to bind spatial relations and we assessed

children's performance on swap errors, global errors, and local distance,

a metric of precision. Many previous studies have found age-related

development of relational binding, and high resolution allocentric

search memory (Hassevoort et al., 2020; Lavenex & Lavenex, 2021;

Lee et al., 2016; Ngo et al., 2019; Ribordy Lambert et al., 2015;
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Yim et al., 2013), but few of these studies have attempted to simulta-

neously uncouple the processes involved in binding and precision in

young children.

Down syndrome (DS) is the most common genetic form of intellec-

tual disability, with most cases caused by an extra copy of chromosome

21 (Steingass et al., 2011), with a frequency of 1 in every 691 live births

(Parker et al., 2010). One of the key symptoms in individuals with DS is

developmental delays in learning and memory, especially those memory

processes dependent on the hippocampus (Conners et al., 2011;

Edgin, 2013; Godfrey & Lee, 2018; Nadel, 2003; Pennington

et al., 2003). As mentioned previously, relational binding ability is one

of the key functions of the hippocampus and could be measured with

fine granularity with the spatial reconstruction paradigm, however we

still know little about it in individuals with DS. Thus, in this study, we

aimed to elucidate the relative strengths and weaknesses of specific

subdomains that are measured by this paradigm in individuals with DS,

as one way of examining how altered hippocampal function may mani-

fest in different errors on this task.

Because there are limited data available for developmental and

impaired populations using a paradigm that allows researchers to exam-

ine subtypes of errors, we turn to the literature on individuals with hip-

pocampal damage to generate hypotheses about error types that may

be found among individuals with DS. Two recent studies provided data

from patients with hippocampal lesions that showed deficits in spatial–

temporal binding. Watson et al. (2013) reported that three participants

with substantial bilateral hippocampal damage showed errors caused

by swapping the locations of the items, and that this significantly con-

tributed to the overall performance difference between these patients

and healthy controls. Horecka et al. (2018) also found that identity-

related information (item-location binding) contributed to the primary

differences between the patients and the healthy controls, whereas

other types of relation bindings were not impaired. In other recent

studies, binding precision in working memory assessments was

assessed in autism and patients with specific developmental lesions to

the hippocampus, finding no difficulties with precision on continuous

outcomes, while the retrieval success of arbitrary bindings was impaired

(Allen et al., 2022; Cooper et al., 2017). Therefore, more data are

required regarding how binding and precision measures may vary

across developmental stages and in atypically developing groups.

In summary, the goal of the current study is to examine the develop-

ment of relational memory binding in TD children and children with DS

using a fine-grained distinction of the different types of errors displayed

during a spatial reconstruction task. We do so by analyzing these data

with adjustment for systematic response biases that may obscure these

metrics in these developing populations. Based on previous studies in

hippocampal patients and developing groups, our hypotheses are that

younger children may show more swap errors than older children, and

children with DS may show similar deficit patterns to the hippocampal

patients, specifically errors in binding (e.g., swap errors). Precision could

also be impacted in this group given the extent of their hippocampal dys-

function. We present data on global hippocampal volumes in a small sub-

set of participants to replicate past work showing volume reductions in

this population as a basis for informing these analyses. We also

investigate whether those error types (precision, binding errors) are cor-

related with memory tasks that are often used to assess components of

episodic and memory development, that is, spatial memory, pattern sepa-

ration, memory updating and short-term memory. Through this analysis,

we aim to shed light on shared neural mechanisms between these errors

and various memory domains, given their distinct developmental trajec-

tories. This analysis is important to highlight the extent that this new

view of precision may relate to more traditionally constructed measures

of memory that are often used as assessment tools.

2 | METHODS

2.1 | Participants

The participants in this study were 79 TD children (mean

age = 6.76 years, SD = 3.55; range = 3.25–17.47 years, 32 female),

and 48 children with DS (mean age = 12.1 years, SD = 3.57;

range = 6.14–17.95 years, 24 female) recruited across three sites: the

University of Arizona, Drexel University, and University of California,

Davis. A subset of n = 5 participants with DS received MRI structural

imaging studies (for MRI acquisition and process parameters, see

Appendix A), confirming a reduction in hippocampal volume after cor-

rection for total brain volume compared to an age-matched sample with

TD (Left hippocampi: p = .002; Right hippocampi: p = .034), as has

been reported in previous studies of DS (Carducci et al., 2013; Pinter

et al., 2001; Smigielska-Kuzia et al., 2011). All children with DS were

confirmed to have a genetic diagnosis of DS before entry into our

study. All TD children were free from neurological or psychiatric disor-

ders according to parent report. Informed consent was obtained from

all parents prior to the experiment. This study was approved by the

Institutional Review Boards of the participating universities.

To understand the developmental trends in TD children, we

divided participants into three sub-groups according to age: younger

(3.3–5.5 years, n = 39), middle (5.5–7.5 years, n = 20) and older

(7.5–17.5 years, n = 20) groups. The detailed demographic character-

istics are presented in Table 1. To compare the TD and DS group, we

first aimed to find the TD children matchable to the DS group via

comparing the verbal and non-verbal raw scores of Kaufman Brief

Intelligence Test (KBIT-2). We used the data from all the TD children

whose verbal age equivalence was less than or equal to 7.5 years as a TD

Matched group (Table 2), because that allowed for direct matching of the

verbal and non-verbal raw scores with the DS group (non-verbal raw

score: mean(TD) = 15.35, std(TD) = 5.07, mean(DS) = 12.64, std(DS)

= 5.05, U = 1218, p = .0889; verbal raw score: mean(TD) = 28.13,

std(TD) = 8.00, mean(DS) = 23.95, std(DS) = 12.49, U = 1219,

p = .0883), and involved some older TDs in the comparison, thus

enabling us to capture the potential differences that might exist in

older youth. We did not divide the DS group into age groups due

to the wide age range and small number of participants within each

age category. Additionally, we did not have a priori hypotheses

about specific age ranges that may be important for developmental

change in the DS group.
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2.2 | Alien object task

The alien object task (Figure 1a) is one task included in an NIH funded

battery designed and validated for developmental and clinical memory

investigations aimed at studying young children and children with dis-

ability (the Arizona Memory Assessment for Preschoolers and Special

Populations, or A-MAP; Edgin PI). This task was adapted from one

commonly used spatial reconstruction task (Watson et al., 2013).

The task was developed using Unity, which involved viewing the posi-

tion of objects for 5 s in a naturalistic scene and then re-placing those

objects in the scene on an iPad display. Specifically, the participants

were first instructed to remember the location of two or three

objects, which are parts of an alien spaceship on a desert scene pic-

ture. After a 5-s delay, participants were then instructed to put the

objects back in their original location. The task storyline involved the

reconstruction of an alien's spaceship after a crash. There were six tri-

als in total. Half of the trials included two objects and half included

three objects. The precise position is saved in Unity units, that is, vir-

tual meters. At the beginning of the task, participants had a practice

trial with two objects not used in the formal experiment.

2.3 | Measurements of errors in the A-MAP alien
object task

Our analysis pipeline generated four main misplacement variables adapted

from a recent study (Horecka et al., 2018) which are meant to allow for

separate analysis of the ability to place objects in space based on location

as well as the binding of the location and object identity—while

TABLE 1 TD age groups.

Group

Age (years) Gender

nMean ± SD (range) Female Male

Younger 4.45 ± 0.7 (3.3–5.5) 16 23 39

Middle 6.19 ± 0.58 (5.5–7.5) 10 10 20

Older 11.85 ±3.43 (7.5–17.5) 6 14 20

TABLE 2 Mean raw scores (and standard deviation) on variables
for the TD matched group and DS (n = 6 was dropped in DS because
the missing of KBIT-2 data).

Group TD matched DS

Age 5.0 (1.1) 12.7 (3.4)

n 48 42

Original distance 22.5 (9.2) 27.6 (12.4)

Remembered locations 9.9 (3.6) 8.7 (3.9)

Swaps 3.8 (2.3) 3.9 (2.1)

Local distance 10.5 (2.8) 11.8 (2.3)

F IGURE 1 Alien object task and the analysis procedure. (a) During the learning phase, participants were shown two or three objects and they

were instructed to put the objects back in their original location after a five-second delay. (b) The studied locations (left) and the reconstructed
locations (right). In the right panel, the studied locations are denoted by lighter colors, while the reconstructed locations are represented by solid
colors. The black lines represent the distance between the studied locations and the reconstructed locations. (c) Stripping away the identity
information (left) and re-pair the objects’ original locations and reconstructed locations (right). The blue boxes represent the original locations, and
the red circles represent the reconstructed locations. (d) Count the number of objects whose distance between the post-adjusted reconstructed
locations and original locations is within the threshold (left; marked by a red 'x' if outside the threshold) and the objects that are both within the
distance threshold and also with correct identity (right).
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accounting for systematic error. These four key indices were (1) original

distance, (2) remembered location rate, (3) swap rate and (4) local distance

(Table 3). Each of these variables will be introduced in following parts.

In order to evaluate the participant's overall performance on

the task, we first measured the original distance between the

reconstructed objects and studied objects for set size 2 and 3 trials

separately (Figure 1b), which is defined by the mean of the Euclid-

ean distance between each object's studied location and recon-

structed location.

In Step 2, to adjust for potential errors caused by misplacing an

item to another item's location, we performed a global remapping

analysis. Specifically, we stripped away the identity information of the

reconstructed objects and studied objects. As Figure 1c shows, the

locations of the reconstructed objects are indicated as the red circles,

and the locations of the studied objects are marked with the blue

boxes. We re-paired the studied objects and the reconstructed

objects by choosing the one that could minimize the sum of all mis-

placement errors of all pairs. This analysis allowed for an estimation of

the participant's ability to remember the spatial positions without

referring to object identity. After remapping, we re-computed the

mean distance between the location of the reconstructed objects and

the studied objects for set size 2 and 3 trials separately, defined as

local distance.

In Step 3, the binary accuracy evaluation, we used a 95% confi-

dence interval of all subjects’ local distance as the threshold for both

the TD and DS group. The location of reconstructed objects, after global

remapping, was considered accurate if it fell within the threshold and

inaccurate if it did not. Consequently, the remembered location rate was

computed by calculating the number of item locations that fell within

the threshold and dividing it by the total sum of locations separately for

the set size 2 and set size 3 trials (Figure 1d). We further calculated the

number of items’ location that are within the threshold but with wrong

item identity in Step 2; that is, participants remembered the locations

but exchanged them with the locations of other items, which is defined

as the number of swaps. To alleviate potential biases stemming from

variations in the number of remembered locations across participants

and ensure comparability between set size 2 and 3 trials, we calculated

the swap rate. This involved dividing the number of swaps by the corre-

sponding number of remembered locations for each participant, sepa-

rately for set size 2 and set size 3 trials. Previous investigations had

suggested that hippocampal patients were specifically impaired at swap-

ping items (Horecka et al., 2018; Watson et al., 2013).

In addition, the Horecka et al. (2018) study used Umeyama's algo-

rithm (Umeyama, 1991) to compute global errors shared by all objects

that are caused by rotation, translation (moving all objects toward left

or right, bottom or up), and scaling (squeezing all objects toward the

center or stretching them toward the perimeter), after re-mapping

the objects. We applied this same analysis (the global transformation

step in Figure 5c), to compare the re-calculated remembered location

rate, swap rate, and local distance after correction for global error

between the TD age groups, and between the TD matched and DS

groups, and also compare the variables (rotation angle, scaling, or

translation magnitude) that depict the global correction process

among the groups.

In the alien object task, there are two set sizes (two and three) and

the global errors were only computed in the set size three condition. The

reason is as follows: Umeyama's algorithm computes the similarity trans-

formation parameters (rotation, translation, and scaling) that yields the

least mean squared error between two sets of points (Umeyama, 1991).

In our analysis, one set is the objects’ studied locations, and the other is

the reconstructed objects’ locations after re-pairing identity in Step 2. In

the set size two condition, the location of two objects could form a line

segment; and in the set size three condition, the location of three objects

could form a triangle. Since any two line segments are similar by defini-

tion, there is always a perfect similarity transformation between them,

which would falsely take the local error (i.e., local distance) into shared

global error. Thus, we only did this analysis in the set size three condi-

tion. After adjusting the global errors, we re-computed the distance

between objects' studied locations and post-adjusted locations and

obtained new local distances, remembered location rate, and swap rate.

All steps of the above analysis were performed using Python 3.10.3.

2.4 | Neuropsychological tasks

To investigate whether there are shared neural mechanisms between

these errors (original distance, remembered location rate, swap rate,

and local distance) and the neural mechanisms indexed by neuropsy-

chological tests, we measured the participants’ performance on neu-

ropyschological tasks from a novel battery (the A-MAP), including

TABLE 3 Main variables of the alien object task.

Variable name Definition

Original distance The mean of Euclidean distance between each object's studied location and reconstructed location.

Remembered location rate The ratio of the number of item locations that fell within the threshold, regardless of identity (i.e., remembered

locations), to the total number of locations. For details about the threshold see Section 2.3.

Swap rate The ratio of the number of objects within the threshold but with a wrong identity to the number of

remembered locations. For details about the threshold see Section 2.3.

Local distance The mean of Euclidean distance between each object's studied location and reconstructed location after

adjusting swap errors (set size both two and three trials), or after adjusting swap errors and global error (set

size three trials).
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a digit span, spatial memory, object in context 1 and 2, object recogni-

tion, and scene recognition (Figure 2).

2.4.1 | DAS-II digit span task

The digit span task from the Differential Ability Scales (DAS-II) Recall

of Digits Forward task is frequently used for measuring working mem-

ory in research and clinical practice (Elliot, 1990). In this task, partici-

pants need to recall the digits sequentially as they were heard at a

rate of 2 digits per second. The score is determined by the scoring

method of the standardized assessment, which was correct blocks at

each digit difficulty level, with score ranges from 0 to 38.

2.4.2 | A-MAP spatial memory task

In this multi-trial task, the participants were shown the location of six

of the same objects inside separate boxes, presented as birthday pre-

sents (12 in total). There were two practice trials that did not contribute

to the score, and then either three or four trials where the participant

had to remember the location of the six objects and correctly place

them where they saw them. The total score for this phase ranges from

0 to 24, as it is possible to get six correct objects four times in a row. If

the participant did not get at least a total of five objects correct in the

first three trials, the phase ended before the fourth trial.

2.4.3 | A-MAP object in context 1 and 2

This task has an identical set-up to the spatial memory task, but to mea-

sure the ability of memory updating, it included two phases in which

participants find objects in two overlapping configurations. In the object

in context 1 task, six different objects were shown inside of 12 separate

boxes on top of a rug background, and the participants were instructed

to remember the location of the six objects and correctly place them

where they saw them. In the object in context 2 task, the procedure

was the same, but half of the objects are changed to new objects, and

half of the objects are from the context 1 task but in different locations,

thus, participants need to update their memory of these objects’ loca-
tion. Both the Object in context 1 score and Object in context 2 score ran-

ged from 0 to 24 based on how many correct locations were selected

in each context separately. As with the spatial memory task, this task

terminated at the fourth trial if participants did not reach criterion.

2.4.4 | A-MAP object recognition task

In a modified version of the Mnemonic similarity task, participants

were shown 12 object pictures and then were instructed to select the

image they previously saw among three options (target, 2 distractors).

Half of the trials had choices quite similar looking to the target image,

and the other half of the trials had choices with greater differences

from the target image. We validated these categories with undergrad-

uates and child pilot participants. The task includes a total of 12 trials

in which the participant must select the image that they saw before,

so the Object recognition score ranges from 0 to 12 based on how

many correct images were selected.

2.4.5 | A-MAP scene recognition task

In this task, participants were shown 12 scene pictures and then were

instructed to select the image they previously saw among three options

Spatial memory task Object recognition task

Object in context 1 and 2 Scene recognition task

(a) (b)

(c) (d)

F IGURE 2 Neuropsychological tasks from the A-MAP (Arizona Memory Assessment for Preschoolers and Special Populations).
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(target, 2 distractors). As above, half of the trials had similar distractors,

and the other half had more dissimiliar choices, validated by ratings of

similarity. There were a total of 12 trials in which the participant must

select the image that they saw before, so the Scene recognition score

ranged from 0 to 12 based on how many correct images were selected.

2.5 | Statistical analysis

To evaluate the influence of group and set size on the four misplace-

ment measurements, we conducted two-way mixed ANOVAs on rank-

transformed data. Rank transformation was employed due to deviations

from normal distribution. Partial eta square (pη2) values were computed

as effect sizes for ANOVA effects: small (<0.06), medium (0.06–0.14),

and large (≥0.14). Post hoc analyses were conducted using the Bonfer-

roni correction to compare the three subgroups within TD group.

Furthermore, we also utilized mixed Bayesian ANOVAs on rank-

transformed data to explore potential null effects for non-significant

findings identified in the two-way mixed ANOVAs. The analysis was

performed using JASP software with default priors (JASP Team, 2023).

In this analysis, the exclusion Bayes factor (BFexcl), was computed as p

(models without that factor j data) � p (models with that factor j data)
(Keysers et al., 2020). For instance, a BFexcl value of 9 signifies that the

models excluding the factor are nine times more likely than the models

including it. This suggests that the factor does not exert a significant

influence on the variance of the dependent variable. For the post hoc

comparisons, BF01 was reported. Similarly, for instance, a BF01 value of

9 implies that it is nine times more likely for the two groups to exhibit

no difference, compared to having a difference. In the analysis specifi-

cally involving set size 3 trials in Section 3.3, the same approach as

described above was applied, replacing “set size” with “global transfor-
mation” (i.e., pre-global transformation or post-global transformation).

In an attempt to shed light on the potential common neural

underpinnings between specific types of spatial memory errors calcu-

lated above and cognitive processes as determined by neuropsycho-

logical tests, and furthermore, to explore the possibility of spatial

memory errors predicting cognitive task performance, we examined

the relationship between swap rate, local distance and neuropsycho-

logical memory task scores. The neuropsychological memory task

scores were fitted using the following three models:

• Model 1: neuropsychological memory task score � group + swap

rate + group:swap rate

• Model 2: neuropsychological memory task score � group + local

distance + group:local distance

• Model 3: neuropsychological memory task score � group + swap

rate + local distance + group:swap rate + group:local distance

To determine which model best accounted for participants’ performance,

the three models were compared based on Akaike information criterion

(AIC) and Bayesian information criterion (BIC). The variables were

rescaled to fall between zero and one before entry into the models.

3 | RESULTS

3.1 | Performance of TD age groups on set size
2 and 3

3.1.1 | Original distance

A 3 (age group) � 2 (set size) mixed ANOVA showed significant age

group differences in original distances (F(2,76) = 44.08, p < .0001,

pη2 = 0.5371; Figure 3a). For the set size effect, the data were incon-

clusive (F(1,76) = 3.89, p = .05, pη2 = 0.0488, BFexcl = 1.34). Although

the p-value approached the significance threshold for the alternative

hypothesis, Bayesian analysis provided anecdotal evidence supporting

a null effect. Furthermore, no significant effect of the interaction

between age group and set size was found (F(2,76) = 0.59, p = .56,

pη2 = 0.0152, BFexcl = 2.81). Post hoc t tests on age groups used

Bonferroni correction confirmed that older children showed reduced

original distance than younger children (older < middle, t = �6.09,

p < .0001; older < younger, t = �13.16, p < .0001), and middle chil-

dren showed reduced original distance than younger children

(t = �4.66, p < .0001).

3.1.2 | Remembered location rate

A 3 (age group) � 2 (set size) mixed ANOVA showed significant age

group differences in remembered location rate (F(2,76) = 30.71,

p < .0001, pη2 = 0.4470; Figure 3b), but no significant effect of set size

(F(1,76) = 1.82, p = .18, pη2 = 0.0234, BFexcl = 1.90), and the effect of

the interaction between age group and set size is inconclusive

(F(2,76) = 3.10, p = .05, pη2 = 0.0755, BFexcl = 0.82). Post hoc t tests

used Bonferroni correction confirmed that older children remembered

more locations than younger children (older > middle, t = 3.97,

p = .0005; older > younger, t = 11.33, p < .0001), and middle children

remembered more locations than younger children (t = 4.97, p < .0001).

3.1.3 | Swap rate

A 3 (age group) � 2 (set size) mixed ANOVA showed significant age

group differences (F(2,71) = 40.84, p < .0001, pη2 = 0.5350; Figure 3c)

and set size differences (F(1,71) = 12.09, p = .0009, pη2 = 0.1455), but

inconclusive evidence of the effect of the interaction between age

group and set size (F(2,71) = 0.84, p = .4368, pη2 = 0.0231,

BFexcl = 1.02). Post hoc t tests with Bonferroni correction confirmed

that older children showed fewer swap errors than younger ones (old-

er < middle, t = �4.65, p = .0001; older < younger, t = �10.73,

p < .0001), and middle children showed fewer swap errors than the

younger children (t = �3.68, p = .0013). In addition, children showed

more swap errors in set size 3 trials than in set size 2 trials (t = 3.49,

p = .0008). Five participants, unable to place any items within the

threshold for set size 2 (younger: n = 2; middle: n = 1) or set size
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3 trials (younger: n = 2), were omitted from the analysis due to incom-

putable swap rates and local errors.

3.1.4 | Local distance

A 3 (age group) � 2 (set size) mixed ANOVA showed significant age group

differences in local distance (F(2,71) = 24.31, p < .0001, pη2 = 0.4064;

Figure 3d), but no significant effect of set size (F(1,71) = 0.62, p = .4345,

pη2 = 0.0086, BFexcl = 4.15), and no interaction between age group and

set size (F(2,71) = 1.80, p = .1729, pη2 = 0.0482, BFexcl = 2.34). Post hoc

t tests with Bonferroni correction confirmed that older children showed

shorter local distance than younger groups (older < middle, t = �4.79,

p < .0001; older < younger, t = �8.11, p < .0001). However, the

analysis yielded inconclusive evidence regarding the difference in

local distance between middle children and younger children

(t = �2.41, p = .0544, BF01 = 0.2903). While the p-value favored

the null hypothesis, the Bayesian analysis provided strong support

for the alternative hypothesis (considering that the BF for the alter-

native hypothesis is the inverse of that for the null hypothesis, there

is a 3.4 times higher chance of group differences over no difference).

Given these findings, we conducted additional analyses to compare

the local distance between the middle and younger children sepa-

rately for set size 2 and 3 trials. These analyses revealed that the

middle children showed reduced local distance in set size 2 trials

compared with younger children (t = �2.88, p = .0064), but no dif-

ference between the middle children and younger children in set size

3 trials (t = �0.37, p = .7117, BF01 = 3.39).

F IGURE 3 Original distances (a), remembered location rate (b), swap rate (c), and local distance (d), remembered location rate after global
transformation (e), swap rate after global transformation (f), and local distance after global transformation (g) by TD age groups. Panels (a)–
(d) encompass data from set sizes 2 and 3, analyzed per the methodologies outlined in Figure 1, without global transformations. Panels (e)–
(g) present set size 3 data after global transformation, obtained using the Umeyama algorithm (refer to Figure 5c), and set size 3 data prior to
global transformation. Further details can be found in Section 2.3.
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3.2 | Comparing TD matched group with DS

For the original distance, a 2 (group) � 2 (set size) mixed ANOVA

showed no effect of set size (F(1,88) = 0.26, p = .6100, pη2 = 0.0030,

BFexcl = 7.51; Figure 4a), and no effect of the interaction between

group and set size (F(1,88) = 0.11, p = .7462, pη2 = 0.0012,

BFexcl = 12.85). The analysis provided inconclusive evidence regard-

ing the difference in original distance between the TD matched

group and DS group (F(1,88) = 3.77, p = .0554, pη2 = 0.0411,

BFexcl = 1.06).

For the remembered location rate, a 2 (group) � 2 (set size) mixed

ANOVA showed no effect of group (F(1,88) = 1.96, p = .1654,

pη2 = 0.0217, BFexcl = 2; Figure 4b), and no effect of the interaction

between group and set size (F(1,88) = 0.11, p = .7388, pη2 = 0.0013,

BFexcl = 5.5), but inconclusive results of the set size effect

(F(1,88) = 3.96, p = .0498, pη2 = 0.0430, BFexcl = 1.39).

For the swap rate, a 2 (group) � 2 (set size) mixed ANOVA

showed that more swap errors occurred in set size 3 trials than in set

size 2 trials across both groups (F(1,80) = 10.91, p = .0014,

pη2 = 0.1200; Figure 4c), but no effect of group (F(1,80) = 0.67,

p = .4165, pη2 = 0.0083, BFexcl = 4.60), and no effect of the interac-

tion between group and set size (F(1,80) = 0.22, p = .6412,

pη2 = 0.0027, BFexcl = 4.73). Eight participants, unable to place any

items within the threshold for set size 2 (TD matched: n = 3; DS:

n = 2) or set size 3 trials (TD matched: n = 2; DS: n = 1), were omit-

ted from the analysis due to incomputable swap rates and local errors.

For the local error, a 2 (group) � 2 (set size) mixed ANOVA

revealed that the DS group showed longer local distance than the TD

matched group (F(1,80) = 5.07, p = .0271, pη2 = 0.0596), but no effect

of set size (F(1,80) = 1.54, p = .2187, pη2 = 0.0189, BFexcl = 3.74), and

no effect of the interaction between group and set size (F(1,80) < 0.01,

p = .9598, pη2 < 0.0001, BFexcl = 6.91; Figure 4d).

3.3 | Set size 3 analysis post global transformation

We present an additional analysis of global errors in set size 3 trials

only, because the adjustment for global errors is impossible to inter-

pret for 2-object trials. In the set size 3 trials, we added a step

between Step 2 and Step 3 to adjust global errors (rotation, scaling,

and translation) shared by all objects, and re-calculated the remem-

bered location rate, swap rate, and local distance, described in

Section 2.3 and also shown in Figure 5.

3.3.1 | Performance of TD age groups

Global errors

A one-way ANOVA with rotation angle as dependent variable and age

group as independent variable, showed that rotation angle differed

between age groups (F(2,76) = 11.93, p < .0001, pη2 = 0.2389). Post

hoc t tests with Bonferroni correction showed no significant differ-

ences between the older and middle groups (t = �1.63, p = .3315,

BF01 = 1.14), but the middle group showed smaller rotation angle

than the younger age group (t = �2.89, p = .0179). The older group

also showed smaller rotation angle than the younger age group

(t = �5.28, p < .0001).

No significant differences were found between the age groups

for the scaling (F(2,76) = 3.05, p = .0532, pη2 = 0.0743, BF01 = 0.89).

For the translation magnitude, we found a main effect of age

(F(2,76) = 10.98, p = .0001, pη2 = 0.2241). Post hoc t tests with Bon-

ferroni correction found that older children showed smaller translation

magnitude than younger ones (older < middle, t = �3.65, p = .0024;

older < younger, t = �5.20, p < .0001), but middle children showed

no differences when compared to younger children (t = �1.44,

p = .4671, BF01 = 1.54).

F IGURE 4 Original distances (a), remembered location rate (b), swap rate (c), and local distance (d) for TD Matched and DS group. The data
displayed in this figure are averages for set sizes 2 and 3, is analyzed according to the methodologies delineated in Figure 1, without global
transformations.
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Remembered location rate

A 3 (age group) � 2 (global transformation) mixed ANOVA on the

remembered location rate showed significant main effect of age group

(F(2,76) = 27.77, p < .0001, pη2 = 0.4222; Figure 3e), global transfor-

mation (F(1,76) = 162.34, p < .0001, pη2 = 0.6811), and the interaction

between age group and global transformation (F(2,76) = 6.50,

p = .0025, pη2 = 0.1461). Subsequent Post hoc tests revealed that

the older children demonstrated a significantly higher remembered

location rate than the younger children, both before and after global

transformation (before global transformation: t = 6.68, p < .0001;

after global transformation: t = 8.17, p < .0001). Similarly, the middle

children also showed a significantly higher remembered location rate

than the younger children, both before and after global transformation

(before global transformation: t = 4.16, p = .0008; after global trans-

formation: t = 3.22, p = .0157). Intriguingly, the previously non-

significant difference in the remembered location rate before global

transformation between older and middle children (t = 1.86, p = .42,

BF01 = 0.84) became significant after global transformation (t = 3.62,

p = .0051).

Furthermore, we calculated the difference scores of the remem-

bered location rate before and after global transformation and

explored their correlation with each global error. Surprisingly, the

results indicated no significant correlation between the difference

score and the global errors (rotation: r = �0.14, p = .2041,

BF01 = 2.33; scaling: r = �0.03, p = .7952, BF01 = 6.68; translation:

r = 0.13, p = .2572, BF01 = 3.46).

The decrease in the remembered location rate observed from the

pre to post global transformation, as depicted in Figure 5, can be

attributed to the utilization of a more rigorous threshold in the analy-

sis after global transformation. Specifically, the threshold was changed

from 19.6 to 7.53. This alteration in the threshold is because the

threshold for remembered locations is defined as a relative measure-

ment based on the 95% confidence interval of all subjects’ local dis-
tance, to avoid the ceiling effect. Consequently, the transition from an

initially non-significant to a significant difference between older and

middle children may be ascribed to the fact that older children exhib-

ited shorter local distances, as delineated in Section 3.1.4. Hence,

older children manifested a diminished susceptibility to the influence

of the more stringent threshold, contributing to the observed findings.

Swap rate

A 3 (age group) � 2 (global transformation) mixed ANOVA on the swap

rate showed significant main effect of age group (F(2,74) = 22.37,

p < .0001, pη2 = 0.3768; Figure 3f), global transformation

(F(1,74) = 438.51, p < .0001, pη2 = 0.8556), and the interaction

between age group and global transformation (F(2,74) = 25.37,

p < .0001, pη2 = 0.4067). Post hoc tests revealed inconclusive results

on the difference between the middle children and the young children

in the swap rate before global transformation (t = �2.41, p = .13,

BF01 = 0.35), and no significant difference after global transformation

(t = �1.20, p = 1, BF01 = 2). In addition, the older children demon-

strated a significantly lower swap rate than the middle children both

before and after global transformation (before global transformation:

t = �3.94, p = .0020; after global transformation: t = �4.01,

p = .0017). The older children also demonstrated a significantly lower

swap rate than the younger children both before and after global trans-

formation (before global transformation: t = �8.69, p < .0001; after

global transformation: t = �5.89, p < .0001).

We calculated the difference scores of the swap rate before and

after global transformation and explored their correlation with each

global error. The results indicated no significant correlation between

the difference score and the global errors (rotation: r = �0.06, p = .6,

Study

Global Remapping

Binary accuracy evaluation

Global Transformation

(a)

(b)

(c)

(d)

Reconstructed

F IGURE 5 Set size 3 analysis with global transformation
procedure. (a) The studied locations (left) and the reconstructed
locations (right). In the right panel, the studied locations are denoted
by lighter colors, while the reconstructed locations are represented by
solid colors (b) Stripping away the identity information and re-pair the
objects’ original locations and reconstructed locations (right). The blue
boxes represent the original locations, and the red circles represent
the reconstructed locations. The black lines represent the distance
between the studied locations and the reconstructed locations after
re-pairing. (c) Adjusting the errors (rotation, scaling, translation) shared
by all objects. The red circles were all moved toward the left and
bottom directions. (d) Count the number of objects whose distance
between the post-adjusted reconstructed locations and original
locations is within the threshold (left; marked by a red 'x' if outside
the threshold) and the objects that are both within the distance
threshold and also with correct identity (right).
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BF01 = 5.87; scaling: r = 0.1425, p = .2163, BF01 = 2.88; translation:

r = �0.17, p = .1428, BF01 = 2.09).

Local distance

A 3 (age group) � 2 (global transformation) mixed ANOVA on the

local distance showed significant main effect of age group

(F(2,74) = 13.04, p < .0001, pη2 = 0.2602; Figure 3g), global transfor-

mation (F(1,74) = 91.72, p < .0001, pη2 = 0.5535), and the interaction

between age group and global transformation (F(2,74) = 6.41,

p = .0027, pη2 = 0.1477).

Post hoc tests revealed that the older children showed reduced

local distance than the middle children before global transformation

(t = �4.62, p = .0003). However, after global transformation, this

distinction became non-significant (t = �1.11, p = 1, BF01 = 2.00).

In addition, the older children demonstrated reduced local distance

than the younger children both before and after global transforma-

tion (before global transformation: t = �4.84, p < .0001; after global

transformation: t = �3.32, p = .0112). There was no significant dif-

ference in local distance between the middle children and the youn-

ger children before global transformation (t = �0.37, p = 1,

BF01 = 3.40), but inconclusive results of the difference between the

two groups after global transformation (t = �1.97, p = .34,

BF01 = 0.75).

Additionally, we calculated the difference scores of the local dis-

tance before and after global transformation and explored their corre-

lation with each global error. The results showed significant negative

correlation between the difference score and the global errors

(rotation: r = �0.29, p = .0118; scaling: r = �0.30, p = .0089; transla-

tion: r = �0.56, p < .0001).

Thus, the transition from an initially significant to a non-

significant difference between older and middle children may be

attributed to the fact the middle children showed greater translation

error than the older children, as mentioned in Section 3.3.1.1. Conse-

quently, the implementation of global transformation helped adjust

the translation error, resulting in the disappearance of the observed

difference.

3.3.2 | Comparing TD and DS groups

Three one-way ANOVA with each global error as dependent variable

and group as independent variable separately was implemented to

compare the global errors between TD matched and DS group.

No significant differences were found between the groups in any

of the variables (rotation: F(1,88) = 0.40, p = .5312, pη2 = 0.0045,

BFexcl = 3.80; scaling: F(1,88) = 0.24, p = .6245, pη2 = 0.0027,

BFexcl = 4.07; translation: F(1,88) = 1.96, p = .1655, pη2 = 0.0217,

BFexcl = 1.92).

The null effect we found for global errors (rotation, scaling, and

translation) is consistent with our hypothesis that there is no differ-

ence between the TD and DS groups, as global errors are thought to

be related to the functions of extra-hippocampal structures

(Epstein, 2014; Horecka et al., 2018; Perrett & Oram, 1993). More-

over, since our primary focus is on object-location binding and preci-

sion, and no differences between the TD matched group and DS

group were observed in these variables, we did not pursue further

exploration of the variables re-calculated in Section 3.3 through

regression analyses.

See Figure 6 for a schematic summary of the main results.

3.4 | Correlations with neuropsychological
memory tasks

We investigated the relationship between neuropsychological

memory tasks (digit span task score, spatial memory score,

object in context 1 score, object in context 2 score, object rec-

ognition score, scene recognition score) and variables from the

Comparisons Between Groups

Comparing variables Among TD age groups TD Matched to DS

Original distance Older < Middle < Younger TD Matched  DS

Remembered 
location rate 

Older > Middle > Younger TD Matched  DS

Swap rate Older < Middle < Younger TD Matched  DS

Local distance
Older < Middle

In set size 2, Middle < Younger

In set size 3, Middle  Younger
TD Matched < DS

F IGURE 6 Schematic summary of the main results for both set
sizes. Differences in local distance among TD age groups are
presented separately for set sizes 2 and 3.

TABLE 4 Neuropsychological task performance for the TD group and DS.

Tasks

TD DS

pn Mean ± SD (range) n Mean ± SD (range)

Digit span score 76 15.76 ± 6.34 (0–35) 38 8.45 ± 4.38 (0–20) <.0001

Spatial memory score 79 17.94 ± 5.10 (6–24) 48 13.58 ± 5.65 (0–23) <.0001

Object in context 1 score 78 14.82 ± 8.24 (0–24) 47 6.77 ± 7.38 (0–23) <.0001

Object in context 2 score 78 12.06 ± 8.31 (0–24) 45 4.69 ± 4.76 (0–19) <.0001

Object recognition score 79 9.89 ± 3.12 (0–12) 48 6.29 ± 3.20 (0–12) <.0001

Scene recognition score 79 9.03 ± 2.90 (1–12) 48 6.33 ± 2.94 (1–12) <.0001
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alien object task, using three linear regression models (see

Section 2.5 for details). Model selection is based on AIC and BIC

(Table 5a).

For digit span, Model 1 (including group, swap rate, and the inter-

action between group and swap rate as predictors) demonstrated

superior fit among the three models, as indicated by the lowest AIC

and BIC values. For spatial memory task, objects in context 1, objects

in context 2, object recognition, and scene recognition tasks, Model

3 (including group, swap rate, local distance, the interaction between

group and swap rate, and the interaction between group and local dis-

tance as predictors), exhibited superior fit relative to the other two

models. Subsequent analyses and interpretations are based on these

selected models.

Furthermore, all neuropsychological tasks were evaluated for

potential ceiling (accuracy ≥ 0.95) and floor effects (accuracy ≤ 0.05).

The floor effect was most prominent in the object in context 1 and

2 tasks, affecting 8% and 15% of TD matched children and 40% and

21% of DS children, respectively. The ceiling effect was primarily

found in the TD matched group across spatial memory (29%), the

objects in context 1 (20%), object recognition (38%), and scene recog-

nition (24%) tasks.

3.4.1 | Digit span

TD children outperformed DS children on the digit span task (Table 4,

p < .0001). Analysis of Model 1 showed that the group effect was

found to be significant, while the other effects did not reach signifi-

cance (Table 5b).

3.4.2 | Spatial memory

Analysis of Model 3 showed that lower local distance negatively

correlated with better spatial memory performance. Examining the

interaction terms, we found that in the TD group, a lower swap rate

was associated with better spatial memory performance (simple

slope: –0.38, CI = [�0.59, �0.17]), while no such relationship was

found in the DS group (simple slope: 0.02, CI = [�0.22, 0.26],

Figure 7e). In the DS group, a lower local distance was associated with

better spatial memory performance (simple slope: �1.10, CI = [�1.71,

�0.76]), while no such relationship was found in the TD group (simple

slope: �0.32, CI = [�0.76, 0.19], Table 5, Figure 7a).

3.4.3 | Objects in context 1

TD children exhibited significantly better performance on the objects

in context 1 task compared to DS children (Table 4, p < .0001). Results

from Model 3 showed that lower local distance was associated with

improved objects in context 1 task performance for both TD and DS

groups (Table 5c, Figure 7b).

3.4.4 | Objects in context 2

TD children showed significantly better performance on the objects in

context 2 task compared to DS children (Table 4, p < .0001). Analysis

of Model 3 also showed significant group effect, while the other

effects did not reach significance (Table 5c).

F IGURE 7 Swaps and local distance predict neuropsychological memory tasks. The data displayed in this figure are averaged across set sizes
2 and 3. Each dot represents one participant; the line shows a linear regression (±95% CI).
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3.4.5 | Object recognition

TD children exhibited significantly better performance on the object

recognition task compared to DS children (Table 4, p < .0001). Results

from Model 3 showed that lower local distance was associated with

improved object recognition task performance (Table 5c, Figure 7c). In

addition, the interaction between group and local distance had a sig-

nificant effect on performance. In the DS group, a reduced local dis-

tance was associated with better object recognition performance

(simple slope: �1.28, CI = [�2.04, �0.52]), while no such relationship

was found in the TD group (simple slope: �0.03, CI = [�0.59, 0.53]).

3.4.6 | Scene recognition

TD children exhibited significantly better performance on the scene

recognition task compared to DS children (Table 4, p < .0001). Results

from Model 3 showed lower swap rate was also associated with

improved scene recognition task performance for both TD and DS

groups (Table 5c, Figure 7f). Additionally, lower local distance was

linked to enhanced performance in the scene recognition task.

The interaction between group and local distance had a significant

impact on performance. Specifically, in the DS group, a reduced local

distance was associated with better scene recognition performance

(simple slope: �1.22, CI = [�1.94, �0.50]), while no such relationship

was found in the TD group (simple slope: -0.21, CI = [�0.74, 0.32],

Figure 7d).

3.4.7 | Correlations with original distance

To examine whether the original distance could be related to the neu-

ropsychological tasks before any error transformation, we use the

original distance to predict each neuropsychological memory task.

Our findings indicate that there is a significant interaction between

group and original distance in predicting neuropsychological memory

tasks (Table 6), a shorter original distance was associated with better

performance in each neuropsychological memory task in the TD group

but not in the DS group (simple slope: digit span: TD: r = �0.64, CI =

[�0.83, �0.44], DS: r = 0.001, CI = [�0.23, 0.24]; spatial memory:

TD: r = �0.74, CI = [�1.01, �0.47], DS: r = �0.23, CI = [�0.52,

0.06]; objects in context 1 task: TD: r = �1.23, CI = [�1.63, �0.83],

DS: r = �0.38, CI = [�0.79, 0.04]; objects in context 2 task: TD:

r = �1.25, CI = [�1.60, �0.91], DS: r = �0.29, CI = [�0.66, 0.07];

object recognition: TD: r = �0.79, CI = [�1.12, �0.47], DS:

r = �0.19, CI = [�0.54, 0.17]; scene recognition: TD: r = �0.84,

CI = [�1.16, �0.51], DS: r = �0.28, CI = [�0.63, 0.07]).

4 | DISCUSSION

Previous studies have found that spatial memory ability develops

across childhood and into adulthood, and that DS is associated withT
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spatial memory impairments relative to age expectations. We repli-

cated those past findings here. Few previous studies have investi-

gated the changes during development characterizing the spatial

reconstruction errors contributing to inaccurate spatial memory across

a wide age range, nor have these errors been compared between TD

and DS groups, the latter constituting a population with known mem-

ory challenges and hippocampal dysfunction. In this study, we exam-

ined the performance of TD children (ages 3–18 years) and children

with DS (6.8–17.9 years) on the spatial reconstruction task, differenti-

ating the types of errors that contributed to inaccurate reconstruc-

tion. We found that in typically developing children, overall memory

accuracy continually increases across the whole age range of our

sample. However, examining the errors that contributed to the mis-

placement distances between the targets and the reconstructed

objects, we found that although the ability to remember locations

(i.e., regardless of identity) for both set size 2 and 3 trials and memory

precision for the set size 2 trials increased with the similar pattern as

the overall accuracy, the improvement in memory precision for set

size 3 trials was only evident in TD children later than 7.5 years. In

addition, the DS group showed the most difficulty with precision as

compared to the KBIT-2 verbal and non-verbal raw score matched TD

group in aggregated data across both 2 and 3 item trials. In total, these

results suggest a protracted trajectory for the precision underlying

spatial reconstruction memory.

The middle age of children (5.5–7.5 years) showed no differences

with the younger children in set size 3 trials in local distance, suggest-

ing that memory precision for more complex tasks might develop or

mature later than 7 years old. These findings align with previous evi-

dence suggesting that the hippocampal tail, which supports detailed

memory, undergoes later development (Callaghan et al., 2021; Lee

et al., 2020). As per the precision and binding model proposed by

Yonelinas (2013), tasks necessitating complex and high-resolution

bindings are predominantly dependent on the hippocampus. Our find-

ings, using local distance as a memory precision metric, bolster this

theoretical claim.

Previous studies of patients with hippocampal damage showed

more swap errors relative to healthy controls (Horecka et al., 2018;

Watson et al., 2013), and previous studies in DS have shown binding

deficits (Nadel, 2003). However, we did not find that swap errors

were significantly different in DS. We did find that the DS group

showed greater local distance error than the TD matched group. This

finding is consistent with the impaired high-resolution, but spared low

resolution, place learning capacities documented previously in DS

(Lavenex et al., 2015; Lavenex & Lavenex, 2021), and fits with previ-

ous studies that found that hippocampus damaged patients showed

greater impaired precision than control participants (Horecka

et al., 2018; Kolarik et al., 2016). The absence of swap error

differences in this group may be due to the relative low demands and

complexity of 2 versus 3 items in our task. Other metrics suggest that

set-size differences were minimal and may have reflected the reduced

binding demands of this task. As Ekstrom and Yonelinas (2020) sug-

gested, many inconsistent results across memory studies may relate

to the binding complexity and resolution required for a task, and here

these swap errors may demonstrate differences with other tasks

administered in this group.

Our regression results showed that shorter local distance pre-

dicted better spatial memory, reflected by our spatial memory task

within DS group and objects in context 1 task across both groups (the

only difference between these two tasks is whether the objects to be

remembered are the same or different). The non-significant effect of

the correlation between the local distance and the spatial memory

task in the TD group may stem from the fact that 29% of participants

showed a ceiling effect, suggesting the spatial memory task, with its

identical objects, might be less difficult for the TD children. In con-

trast, a more complex task—the objects in context 1, which involves

more complex binding, displayed significant results across both groups

despite 40% of DS children demonstrating a floor effect and 20% of

TD children reaching a ceiling effect. Also, smaller local distance pre-

dicted better mnemonic discrimination capacity, hypothesized to be

linked to pattern separation, reflected by the object recognition task

and the scene recognition task in the DS group. It is worth noting that

38% and 24% of the TD children exhibited ceiling effects in the object

recognition and scene recognition tasks respectively. This factor may

account for the absence of a significant correlation between local dis-

tance and these two tasks within the TD group. Regardless, these cor-

relations show that the precision measure is predictive across groups

and tasks, providing additional evidence that spatial precision should

be considered as a component when evaluating memory performance

across development and in memory disordered groups.

Additionally, the swap rate inversely predicts scene recognition per-

formance in both TD and DS groups, but not object recognition. The

scene and object recognition tasks utilized in our study were designed to

assess both pattern separation and memory recognition. This disparity

between scene and object recognition results may be attributed to

the intrinsic complexity of scene recognition, which requires the

hippocampal-mediated binding of objects to their context, unlike object

recognition tasks potentially engaging familiarity-based recognition

regions such as the perirhinal cortex (Baxter & Murray, 2001; Brown &

Aggleton, 2001; Yonelinas, 2013). Consequently, the observed correla-

tion between swap rate and scene recognition further suggested the link

between swap rate and the hippocampal binding. In addition, our study

revealed a negative relationship between swap rate and spatial memory

performance in the TD group, but not in the DS group. This finding sug-

gests that individuals with a higher swap rate, indicative of increased

binding errors, exhibit deficits in the spatial memory task. Given the uni-

formity of objects within the spatial memory task, this intriguing correla-

tion merits further exploration.

There are several limitations of this study. First, we used cross-

sectional data, which limits our ability to fully capture developmental

trends. Future studies using a longitudinal design would provide more

evidence for our findings. Another limitation of this study is the lack

of full neuroimaging data to understand the relationship between the

deficits and hippocampal network structure and function, because of

the conjunctive reasons of COVID-19 and difficulty imaging pediatric

groups. In addition, the wide age range of the old TD group of this

study is another limitation, which constrains our ability to depict the
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development trajectory in a fine-grained manner and resulted in some

measurement difficulties, including some issues with ceiling effects in

the oldest participants. Lastly, the set size manipulation incorporated

here was restricted to 2 and 3 items, as larger set sizes could have

caused more floor effects in the cohorts of young and moderately

impaired children. This limitation might contribute to the inconclusive

findings on the set size effect or the interaction effect involving set

size. The question of how set size intersects with representational

precision in memory performance begs for additional research, and

particularly in pediatric groups and groups with memory impairment.

Overall, our study sheds light on uneven maturational trajectories of

memory abilities related to different kinds of error and future investi-

gations should aim to understand links between hippocampal struc-

ture and hippocampal–cortical connectivity in these groups with tasks

of this nature.

In summary, our findings indicate that TD children older than

7.5 years showed the most notable improvement in memory precision

for set size 3 trials. Furthermore, the DS group experienced greater

difficulties with precision compared to the matched TD group in both

2 and 3 item trials. The results of this study provide evidence of

uneven developing spatial memory skills in the typically developing

population. We have also captured divergent deficit patterns to those

previously reported for hippocampal patients, that is, weak precision

rather than the difficulty in remembering arbitrary identity, in compar-

ing children with DS and TD. These studies add to our understanding

of the basis for deficits in memory development in DS as well as what

functions may continue to be refined across typical development.

Mainly, here we see precision emerges as an important construct, both

in our behavioral findings in DS as well as in correlations with other

tasks. Future work should aim to understand the neural basis of these

deficits, with one emerging hypothesis being that hippocampal-cortical

communication may be a key driving force in this skill development.
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APPENDIX A: MRI methods

MR images were acquired on a 3 T Siemens Magnetom Skyra scan-

ner using a 32-channel head coil. Structural images were acquired

with a T1 MPRAGE sequence (resolution 1.0 mm3, 208 slices,

256 � 256 acquisition matrix, flip angle = 9�, FOV = 256 mm, TR

2300 ms). The T1-weighted images were processed using FSLFAST

for volumetric estimates (Zhang et al., 2001). Bootstrapped t-tests

were performed in RStudio 2021.09.0.351 using the MKinfer pack-

age (Kohl, 2020).

18 PENG ET AL.

https://doi.org/10.1002/hipo.23576
https://doi.org/10.1002/hipo.23576

	Extended trajectory of spatial memory errors in typical and atypical development: The role of binding and precision
	1  INTRODUCTION
	2  METHODS
	2.1  Participants
	2.2  Alien object task
	2.3  Measurements of errors in the A-MAP alien object task
	2.4  Neuropsychological tasks
	2.4.1  DAS-II digit span task
	2.4.2  A-MAP spatial memory task
	2.4.3  A-MAP object in context 1 and 2
	2.4.4  A-MAP object recognition task
	2.4.5  A-MAP scene recognition task

	2.5  Statistical analysis

	3  RESULTS
	3.1  Performance of TD age groups on set size 2 and 3
	3.1.1  Original distance
	3.1.2  Remembered location rate
	3.1.3  Swap rate
	3.1.4  Local distance

	3.2  Comparing TD matched group with DS
	3.3  Set size 3 analysis post global transformation
	3.3.1  Performance of TD age groups
	Global errors
	Remembered location rate
	Swap rate
	Local distance

	3.3.2  Comparing TD and DS groups

	3.4  Correlations with neuropsychological memory tasks
	3.4.1  Digit span
	3.4.2  Spatial memory
	3.4.3  Objects in context 1
	3.4.4  Objects in context 2
	3.4.5  Object recognition
	3.4.6  Scene recognition
	3.4.7  Correlations with original distance


	4  DISCUSSION
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGMENTS
	CONFLICT OF INTEREST STATEMENT
	DATA AVAILABILITY STATEMENT

	REFERENCES
	APPENDIX A MRI methods


