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ABSTRACT ARTICLE HISTORY
Research suggests that children born very preterm (<32 weeks’ Received 21 January 2021
gestation) are at greater risk of impairments in information proces- Accepted 11 October 2021

sing (particularly when information is presented simultaneously KEYWORDS
rather than sequentially) and visuo-spatial short-term and working Preterm; visuospatial
memory relative to children born at term. This study compared the processing; simultaneous
performance of children born very preterm with their term-born processing; working
peers to elucidate the nature of group differences in these areas. memory; short-term memory
113 children (65 very preterm; 48 term-born) aged 8-to-11 years

completed four visuo-spatial recall tasks. Tasks varied by presenta-

tion type (simultaneous or sequential) and memory type (short-

term or working memory). Both groups recalled more locations in

simultaneous than sequential tasks, and in short-term than working

memory tasks. In short-term memory tasks, children born at term

recalled more locations than children born very preterm for the

sequential task, but groups did not differ on the simultaneous task.

The opposite pattern was observed in the working memory tasks,

with no group differences on the sequential task, but better perfor-

mance on the simultaneous task for children born at term. Our

findings indicate that simultaneous processing may not be

impaired in children born very preterm per se, with poorer perfor-

mance observed only under high cognitive demand. This interac-

tion suggests very preterm birth may affect the level of cognitive

resources available during feature integration, the consequences of

which become apparent when resources are already stretched. The

impact of interactions with cognitive demand in this population

should be an important consideration for educational support

strategies, and for assessment in research and clinic.

As gestational age at birth decreases, the risk for cognitive, behavioral and educational
problems increases, with impairments most commonly observed among children born
very preterm (<32 weeks of gestation, Wolke et al., 2019). Converging evidence suggests
that deficits in executive functions may be at the root of these sequelae (Taylor & Clark,
2016).
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Executive functions, including working memory (WM), are cognitive processes
required for performing goal-directed behaviors. WM, in particular, is poorer in children
born preterm than at term (Houdt et al., 2019) and plays a crucial role in daily
functioning. In contrast to short-term memory (STM), which reflects simple storage of
items for a short period of time, WM reflects short-term storage of information whilst
also carrying out another cognitive task (related or unrelated to the WM task). One
dominant WM model (Baddeley & Hitch, 1974) posits the existence of STM stores
supervised by a centralized executive system, which allocates resources to allow informa-
tion processing to occur while items are retained in memory. These STM stores are
considered domain-specific, leading researchers to distinguish between WM processes
for verbal versus visuo-spatial information, although debate about domain-specificity is
ongoing (see Morey et al., 2019; Logie, 2019; Morey, 2018; Morey et al., 2020).

Difficulty with attention and mathematics, which are common among children born
very preterm, has been linked to difficulties in visuo-spatial working memory (VSWM) in
both preterm and community samples (Allen et al., 2019; Lui & Tannock, 2007; Retzler
et al,, 2019; Simms et al., 2015) and those with ADHD (Martinussen et al., 2005).
A detailed understanding of VSWM in children born very preterm may therefore inform
support for children who are at-risk and may shed light on the nature of VSWM more
generally.

Studies of clinical groups, including children with learning disabilities (Mammarella
et al., 2018, 2006), patients with unilateral neglect (Wansard et al., 2015), and children
with Williams Syndrome (Carretti et al., 2015) and Downs Syndrome (Lanfranchi et al.,
2009), suggest that VSWM can be subdivided further on the basis of stimulus presenta-
tion (Cornoldi & Vecchi, 2004), whereby the to-be-remembered items are presented all at
once (simultaneous) or one-by-one (sequential).

In typically developing populations recall on VSWM tasks tends to be better for
simultaneous presentation compared with sequential tasks, with evidence for different
developmental trajectories depending on task type (Pickering, 2001). Simultaneous
presentation of location-based stimuli may encourage configural encoding, whereby
participants bind items together into a single representation, either via conscious top-
down processes or automatic gestalt principles. This is less likely in sequential presenta-
tions where the locations are not visible together (Bharti et al., 2020; although see De Lillo
et al., 2016 for an analysis of factors that may facilitate the binding of sequential patterns
into “paths”). Such feature binding may compress, or “chunk,” the information to be held
in memory, in effect, increasing memory capacity on simultaneous tasks.

This simultaneous/sequential distinction is of particular interest in preterm popula-
tions. Indeed, prior studies have reported greater difficulty with simultaneous than
sequential processing in children born very preterm/very low birthweight (<1500 g;
Hanke et al., 2003; Johnson et al., 2009; Larroque et al., 2008; Simms et al., 2013;
Wolke & Meyer, 1999). Poorer performance on simultaneous tasks suggests that the
ability to perceive, process and integrate information from multiple stimuli at once may
be a core difficulty associated with very preterm birth. However, studies reporting greater
difficulty in simultaneous versus sequential processing within preterm samples to date
have all used composite scores drawn from the Kaufman Assessment Battery for
Children (K-ABC; Kaufman, 2004). These aggregate performance from various visual
and spatial tasks that differ in complexity. Poor scores may therefore be driven by greater
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difficulty in specific tasks that are more cognitively demanding, or by poor performance
across all tasks that involve simultaneous processing. Indeed, reanalysis of K-ABC data
has shown that deficits in children born very preterm increase with cognitive workload
demands (Jaekel et al., 2013), suggesting that the measurement of cognitive demand and
simultaneous processing are conflated in this task battery.

The current study aimed to characterize the nature of differences in visuo-spatial
memory and information processing in children born very preterm compared with
children born at term, investigating performance on tasks that varied according to
presentation type (simultaneous vs. sequential) and memory type (STM vs. WM). We
hypothesized that children born very preterm would have poorer performance than
children who were term-born on simultaneous than sequential tasks, at both levels of
memory type. We also predicted a larger group difference on the simultaneous WM task
than on the simultaneous STM task because the cognitive demand is higher for working
memory.

Materials & methods
Ethics approvals

Ethics approval was granted by a UK NHS Research Ethics Committee (Coventry and
Warwickshire; Ref: 13/WM/0203) and informed parental consent was obtained for all
children, who also provided their assent.

Participants

Study recruitment is described in detail in Retzler et al. (2019) and a full description of
the characteristics of those included in the current analysis is provided in the
Supplementary Material.

In summary, all babies born <32 weeks’ gestation and admitted for neonatal care in
Nottingham University Hospitals NHS Trust between 01/01/2003 and 31/03/2006 were
identified and traced to check their vital status. Of these, 65 children (29 female) aged 8-
11 years (M = 10.10, SD = 0.86) were recruited to the study (16% of eligible births). The
final very preterm sample were well matched on gestational age (p = 0.89), birthweight
(p = 0.59), and sex (p = 0.81) to children born very preterm not recruited to the study
(n = 406), but recruited children had higher socio-economic status (SES, as measured
using the English Indices of Multiple Deprivation; p = 0.006).

A comparison group of 48 (22 female) children born at term (=37 weeks’ gestation)
and aged 8-11 years (M = 9.51, SD = 1.01) from the same geographical area were
recruited. In response to adverts placed in local schools, in the community and via the
University of Nottingham volunteer database, children were screened for inattentive
symptoms using the parent-rated Strengths and Weaknesses of ADHD and Normal-
behavior scale (SWAN; see Measures). Children were selected to participate based on the
SWAN scores to ensure that the seven points on the SWAN scoring scale were repre-
sented in the comparison group, reflecting a range of attentional abilities (far below
average, below average, slightly below average, average, slightly above average, above
average, far above average).
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Children were excluded if the child or parent was non-fluent in English, if the child
had disabilities that precluded testing, or if the child was on stimulant medication for
ADHD and the child’s parent or consultant did not to consent to a supervised withdrawal
of the medication 48 hours in advance of the study. Medication withdrawal was not
required as no children who participated in the study were on stimulant medication for
ADHD at the time of participation. Parents of 20 children (6 term, 14 very preterm)
reported neurodevelopmental conditions that had either been diagnosed (3 term, 10 very
preterm) or were being investigated (3 term, 4 very preterm; see Supplementary
Material).

Measures

Children completed measures of visuo-spatial memory as part of a larger test battery, and
parents completed questionnaires measuring clinical symptoms.

Visuo-spatial memory

Simultaneous STM, sequential STM, simultaneous WM and sequential WM were tested
using adapted versions of the same computerized task programmed using PsychoPy
(Peirce et al.,, 2019). In this span-based “Treasure Hunt” location recall task, children
were presented with a 4-by-4 grid of black squares, upon which coins were presented in
specific locations. When prompted by a question mark on an empty grid, children were
required to use the mouse to select the squares in which the coins had been presented (see
Figure 1 for a graphic depicting an example trial for each task variant). In all versions, the
task began with two locations to remember, and increased in one-location increments up
to a maximum of 8 locations. To proceed to the next span level, two of the three trials in
that span level had to be recalled correctly. There was a maximum of 21 trials in each task
(3 trials per span level).

Manipulations of presentation type (simultaneous vs. sequential) affected the encod-
ing phase. Simultaneous tasks presented all the coin locations at once, for a total time that
equated to one second per location. Sequential tasks presented each coin location in
sequence, for one second per location. This meant that the duration of the encoding stage
for each span length was equal across tasks.

Manipulations of memory type (STM vs. WM) affected the maintenance stage of
memory processing, where coin locations have been encoded and are stored (main-
tained) before retrieval. The STM tasks prompted recall immediately following presenta-
tion of all coin locations in the trial, with no retention interval, thereby taxing only
immediate short-term memory processes. The WM tasks prompted recall after
a 5-second retention interval, during which participants were required to complete
a face-matching task while maintaining the coin locations in memory, in a dual-task
design. The dual-task component of complex span tasks is thought to tax central
executive resources, providing a measure of WM, rather than STM (Conway et al,
2005). The concurrent processing task used presented participants with a pair of faces
taken from the Glasgow Face Matching Task stimulus set (Burton et al, 2010).
Participants were required to verbally state whether the faces were the same or different.
After each pair of faces the participant gave a verbal response which was recorded on the
keyboard by the experimenter. To equalize concurrent processing demands while
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Figure 1. Graphic depicting example 2-span trial for all task variants.

accounting for individual differences in the speed of face processing, a new face pair was
presented immediately following the keyboard press so that participants were engaged in
face processing for the full retention interval.
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Finally, retrieval instructions directed participants to recall the locations in which coins
were presented. In sequential tasks they were asked to recall the locations in the same
order they were presented, while this requirement was not (and could not be) made in the
simultaneous versions. For a summary of task requirements at the encoding, maintenance
and retrieval stages for each variant, see Table S1 in the Supplementary Material.

For all tasks, the score was calculated as the total number of correct locations recalled
across completed trials, regardless of serial position (which was only applicable in
sequential tasks), with higher scores reflecting better performance.

Participant characteristics and clinical symptoms

The vocabulary and matrices subtests from the Wechsler Abbreviated Scale for
Intelligence — Second Edition (WASI-II; Wechsler et al., 2011) were used to provide an
age-standardized estimate of full scale IQ (FSIQ-2). Inattentive and hyperactive-impulsive
behavior were measured based on parent-report using the Strengths and Weaknesses of
ADHD and Normal-behavior (SWAN; Polderman et al., 2007; Swanson et al., 2012). For
characterizing the sample, measures of risk of ADHD, ASD and anxiety disorder were
assessed using the Conners 3-P (Conners, 2008), Social Communication Questionnaire
Lifetime version (SCQ; Rutter et al., 2003) and Multidimensional Anxiety Scale for
Children-2 Parent (MASC-2P; March et al,, 1997) completed by parents, respectively,
with higher scores indicating greater symptoms. Children with scores above the pre-
defined clinical cutoff were classified as “at risk” of diagnosis on these measures.

Analyses

Characteristics were compared between groups using chi-square analyses for categorical
data and t-tests for continuous data (see Supplementary Material). Due to between-group
differences in age and to adjust for variance caused by developmental effects, age was
controlled in all subsequent analyses.

To assess group differences in task performance, a 2x2x2 mixed ANCOVA was
conducted, with presentation type (simultaneous vs. sequential) as one within-subjects
factor, memory type (STM vs. WM) as a second within-subjects factor, group (very
preterm vs. term) as a between-subjects factor, and age as a covariate. Significant
interactions were explored using pairwise comparisons controlling for age, with Sidak
adjustments for multiple comparisons. Supplementary analyses with additional
covariates or exclusions were conducted to assess the possibility any effects could be
accounted for by inattention, IQ or suspected or confirmed diagnoses (see
Supplementary Material).

Results

Overall, children born at term recalled significantly more locations (M = 43.85,
SEM = 1.92) across the tasks than children born very preterm (M = 37.83, SEM = 1.62;
F(1,109) = 642, p = .013, n,> = .056), and there was a significant effect of age (F
(1,109) = 19.42, p < .001, n,” = .151) with recall increasing with age.
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The main effects of presentation type and memory type were not significant (p > 0.1
for both). However, there was a significant 3-way interaction between presentation type,
memory type and group (F(1,109) = 7.86, p =.006, 1),> = .067; Figure 2), and a significant
interaction between presentation type and age (F(1,109) = 5.36, p = .022, 1),” = .047).

Table 1 presents mean number of locations recalled for each task variant, split by
group, and results for between- and within-group pairwise comparisons.

First, between-group differences on each task were assessed. For the STM tasks, there
were no differences in the number of locations recalled between children born at term
and preterm gestations for simultaneous presentation (mean difference = 0.23 locations),
but children born preterm recalled significantly fewer sequentially presented locations
(mean difference = 7.81 locations). In contrast, for the WM tasks, children born very
preterm recalled significantly fewer locations than children born at term for simulta-
neous presentation (mean difference = 13.00 locations), but there was no significant
difference for sequential presentation (mean difference = 3.53 locations).

To further explore the interaction, we also examined within-group differences in
presentation type and memory type. For both groups, and for both presentation types,
recall on WM tasks was significantly lower than on STM tasks (all p <.001). Similarly, for
both groups and for both memory types, simultaneous presentation resulted in signifi-
cantly greater recall than sequential presentation (p < .05 in all cases).

The pattern of findings remained similar when controlling for inattention, for IQ, and
with the exclusion of children with suspected or confirmed diagnosis of neurodevelop-
mental conditions.
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Figure 2. Marginal means for recall for term (gray bars) and preterm (black bars) children on each task
variant. Error bars show standard error of the mean. Significance of between-group comparisons
indicated.
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Table 1. Mean performance scores by group and task type, and pairwise comparison statistics.
Locations recalled

M (SEM)
Between-
group
comparisons
Task Very Preterm Term p (r]pz)
Simultaneous STM 64.84 (3.39) 65.38 (3.94) 967 (<.001)
Sequential STM 38.36 (1.59) 46.45 (1.85) .002 (.083)
Simultaneous WM 27.07 (2.63) 39.93 (3.06) .002 (.083)
Sequential WM 21.41 (1.52) 25.20 (1.77) 151 (.019)
Within-group comparisons
p (ny)
Comparison Very Preterm Term
Simultaneous vs. Sequential STM <.001 (.396) <.001 (.184)
Simultaneous vs. Sequential WM .021 (.049) <.001 (.212)
Simultaneous STM vs. <.001 (.482) <.001 (.218)
Simultaneous WM
Sequential STM vs. Sequential <.001 (.434) <.001 (.460)
WM

Note: Means reflect marginal means adjusted for age. SEM = Standard error of the mean.

Discussion

As hypothesized, children born at term recalled more locations in STM than WM tasks,
and with simultaneous rather than sequential presentation. The same overall pattern was
observed in the very preterm group, with recall highest in the simultaneous STM task,
followed by the sequential STM task, then the simultaneous WM task, and lowest in the
sequential WM task. The interactions with group aligned only partially with our hypoth-
eses. On simultaneous tasks, we expected better recall in the term group for both STM
and WM tasks, with a larger difference on the WM task. While the largest group
difference was observed for the simultaneous WM task, performance on the simulta-
neous STM task did not differ between groups. Although we did not hypothesize group
differences on sequentially presented tasks, children born at term recalled more locations
than those born preterm in sequential STM tasks.

Understanding visuo-spatial memory

Our finding that simultaneously presented locations were recalled better than sequen-
tially presented locations supports the concept that simultaneously presented location
information encourages configural encoding, which likely reduces demands on memory
capacity (Bharti et al., 2020; Pickering, 2001). This builds on findings from other clinical
groups (Carretti et al., 2015; Lanfranchi et al., 2009; Mammarella et al., 2018, 2006;
Wansard et al., 2015), providing further evidence for a dissociation between the way
simultaneously and sequentially presented items are processed within the visuo-spatial
memory system.
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Understanding group differences in simultaneous visuo-spatial memory

Contrary to our predictions, we found no group difference in the recall of simultaneously
presented locations on the STM task, on which both groups performed the best, suggest-
ing that configural encoding occurred in both groups where cognitive demand was low.
This finding highlights the limitations of drawing conclusions from composite scores
such as those from the K-ABC.

In line with studies outlining the importance of cognitive workload for explaining
impaired task performance in children born preterm (Jaekel et al., 2013), our prediction
that the added cognitive demand of the WM task would increase group differences in
simultaneous task performance was supported. Moreover, within the WM tasks, perfor-
mance of children born very preterm was similar regardless of presentation type. Thus it
would appear that under higher cognitive demand, children born very preterm were less
likely to benefit from feature binding.

Although the literature suggests feature binding may be an automatic process that confers
advantage in memory capacity, there is evidence of interactions between feature binding and
cognitive demand at the neural level, even when behavioral performance is not affected. In
typical adults, network activation patterns thought to reflect recruitment of additional
cognitive resources (specifically, default mode network suppression) were observed during
retrieval of bound features only when cognitive task demands were high, suggesting retrieval
of bound features is automatic only where cognitive demand is low (Kochan et al., 2011).
Moreover, in samples of adults (Daamen et al., 2015) and adolescents (Arthursson et al.,
2017) born very preterm, studies of working memory have shown more task-related suppres-
sion in this same network relative to control groups. Again, the suppression was linked to
those task variants highest in cognitive demand and but did not correspond to performance
differences. The authors therefore concluded that the neural group differences likely reflected
the greater cognitive effort required for those born at early gestations to maintain adequate
task performance in the face of increasing demands.

We therefore propose that the interactions observed in our study may result from
additional effort being required for feature binding in children born preterm that only
manifests behaviorally when the effort required exceeds a threshold; that is, when there are
higher levels of cognitive demand. For the very preterm group, it may be that even when
cognitive demands are low the feature-binding requirements during retrieval on the STM
task involved some additional effort rather than being automatic, although this cannot be
determined from our study. The resources then required under the high demand WM task
may have required such additional effort that the threshold beyond which the children were
able to compensate was exceeded, impacting recall to a greater extent in children born very
preterm than at term. Further research examining neural dynamics during such tasks
would be needed to clarify the neural processes associated with this pattern of findings.

Understanding group differences in sequential visuo-spatial memory

The pattern of group differences observed on the sequential tasks was unexpected.
Consistent with studies demonstrating poorer performance in visuo-spatial STM tasks
in other preterm samples (Shum et al., 2008), there was a medium-sized group difference
on the sequential task when recall was immediate (STM), with poorer recall in children
born very preterm than at term.
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Contrary to expectations however, there was no significant difference in sequential task
performance for the WM task. Although this may reflect an area of relative strength in our
preterm group, it is at odds with findings of larger group differences as task difficulty
increases (Jaekel et al., 2013; Mulder et al., 2009). It could be that both groups experienced
floor effects on the sequential WM task. However, 60% children born very preterm and 68%
of children born at term proceeded beyond the 3-span level (equating to a minimum of 10
and maximum of 15 locations recalled), with ranges of 52 and 67 locations recalled for each
group. Alternatively, it may reflect specific aspects of visuo-spatial memory with which
children born preterm struggle. For example, if children born very preterm struggle with
the encoding and/or retrieval of sequentially presented locations anyway, adding extra
maintenance demand is unlikely to have as large an impact on recall as it may in children
born at term, thus resulting in smaller group differences on the sequential WM than STM
task. Indeed, although recall in the preterm group was significantly lower in the sequential
WM task than the sequential STM task, the mean difference in locations recalled between the
two tasks of 16.6, was lower than for the term group (21.2 locations). Further research would
be needed to fully understand why there were no group differences observed in recall on the
sequential WM task, yet it should be regarded positively that children born very preterm do
not always perform more poorly than their term-born peers, even for some attentionally
demanding tasks.

Implications

Taken together, our findings have several implications. On a theoretical basis, they
provide further support for the distinction between the way simultaneously or sequen-
tially presented items are processed in visuo-spatial memory (Cornoldi & Vecchi, 2004)
and are consistent with the notion that feature-binding processes may be automatic
under low cognitive demand, but resource-intensive where demands are higher (Kochan
et al., 2011). Researchers and clinicians aiming to assess competencies in clinical popula-
tions or individuals should consider, (i) distinctions between memory and presentation
types, (ii) that performance may reflect interactions between basic processing and
cognitive demand, and (iii) that conclusions drawn from composite scores, such as the
K-ABC measures, may be limited.

From an educational perspective, we know that decreasing gestational age at birth
is associated with poorer educational performance and a higher prevalence of special
educational needs (Alterman et al., 2021; MacKay et al., 2010), so it is interesting the
very preterm group showed a similar overall pattern of performance to the term-
born group. Visual integration of stimuli may be more resource intensive for
children born preterm, but our findings suggest that they are still able to bind,
store and retrieve items to increase memory capacity. Moreover, with low cognitive
demands, the performance of children born very preterm was better for simultaneous
than sequential presentation. This reframes the prior position that those born at
earlier gestations find it easier to process information presented sequentially (Hanke
et al., 2003; Johnson et al., 2009; Larroque et al., 2008; Simms et al., 2013; Wolke &
Meyer, 1999). Targeted interventions and recommendations for educators should
bear in mind that presenting visuo-spatial information sequentially may also present
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challenges. Use of educational strategies that aim to minimize cognitive demand,
such as memory aids or segmenting tasks for example, may be more beneficial, but
further research with a focus on designing and evaluating such intervention strate-
gies is required.

Strengths and limitations

To our knowledge, this is the first study to examine the interaction between cognitive
demand and visuo-spatial memory in children born very preterm, and to assess group
differences in simultaneous and sequential processing using a task other than the K-ABC.
The paper is strengthened by the recruitment of a very preterm group representative of
the eligible population in terms of birth weight, gestational age and sex, and the recruit-
ment of a contemporaneous term-born comparison group. This paper is not without
limitations however. Firstly, the group of children born very preterm recruited to the
study were of higher socio-economic status than the wider eligible population and data
on medical complications at birth were not available. Although the socio-economics bias
is common in research, the very preterm sample were representative of the eligible
population with respect to birth weight, gestational age and sex which are key predictors
of neurodevelopmental outcomes. Secondly, although well matched on other variables,
the very preterm group was significantly older than the comparison group. Age was
covaried throughout our analyses to statistically adjust for this difference. Finally, it
would have been interesting to investigate how neurological sequelae or perinatal
characteristics aside from gestational age, may have affected visuo-spatial memory
processing, but these details were not available.

Conclusions

This study examined the nature of deficits in visuo-spatial memory and simultaneous
processing following very preterm birth. Children born very preterm had difficulty
recalling simultaneously presented locations in a WM, but not STM task. Together
with other evidence, our findings suggest that retrieval of bound representations may
be resource-intensive for children born very preterm, who may therefore struggle more
than their peers on tasks involving simultaneous visuo-spatial memory where cognitive
resources are already stretched.
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