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BACKGROUND: This paper examines the visuospatial working memory (WM) performance of children and adults born very preterm
(VPT) and/or very low birth weight (VLBW) relative to their full-term (FT)-born peers. Of interest was the nature and severity of
observed impairments, as well associations with educational/occupational functioning at each age point.

METHODS: Participants were drawn from two prospective cohort studies: (1) a regional cohort of 110 VPT (<32 weeks' gestation
and <1500 g) and 113 FT born children assessed at age 12 years; (2) a national cohort of 229 VLBW (<1500 g) and 100 FT born adults
assessed at age 28 years. Visuospatial WM was assessed using a four-span/difficulty-level computerized task.

RESULTS: Both children and adults born VPT/VLBW had poorer visuospatial WM than FT controls, with their performance less
accurate, slower (correct trials), and less efficient with increasing task difficulty (Cohen’s d = 0.27-0.51; p < 0.05). Adults had better
visuospatial WM than children, but between-group differences were highly similar across ages, before and after adjustment for
confounding social background and individual factors. Poorer WM was associated with lower levels of educational and

occupational/socioeconomic achievement.

CONCLUSIONS: Visuospatial WM difficulties persist into adulthood raising concerns for the longer-term cognitive and adaptive

functioning of VPT survivors.

Pediatric Research (2022) 91:1436-1444; https://doi.org/10.1038/s41390-021-01869-w

IMPACT:

® Both children and adults born very preterm have poorer visuospatial working memory than their term-born peers. They are less
accurate, take longer to respond correctly and are less efficient, with test performance declining with increasing cognitive

demand.

® Similar differences in visuospatial working memory are observed between VPT/VLBW and full-term individuals during both
childhood and adulthood, with these differences remaining even after covariate adjustment.
® Individuals with poorer visuospatial working memory have lower levels of educational achievement and occupational/

socioeconomic success.

® Visuospatial working memory difficulties persist into adulthood and appear to continue to impact everyday functioning and

life-course opportunities.

INTRODUCTION

Executive function impairments represent a significant neurocog-
nitive challenge for children born very preterm (VPT: <32 weeks’
gestation) and/or very low birth weight (VLBW: <1500 g). A recent
meta-analysis of 44 studies showed that between the ages of 4
and 17 years, VPT-born children perform about a half standard
deviation (SD) below their term-born peers on standardized
measures of executive function." A similar mean between-group
difference (0.4-0.5SD) was also reported in a meta-analysis of
4.5-15-year-old lower-risk children born preterm (<37 weeks’
gestation) or low birth weight (<2500 g).?

Visuospatial working memory (WM), or the ability to temporarily
store and actively manipulate spatial information in the absence
of direct sensory input, is a core executive function skill that is
adversely impacted by preterm birth.3~> This skill emerges in early
childhood and develops across childhood and adolescence. It
plays a vital role in a range of everyday tasks from following visual
instructions and remembering an object’s location, to more
demanding cognitive tasks such as planning, problem-solving,
and mental arithmetic. Thus, not surprisingly, childhood visuos-
patial WM problems predict educational underachievement over
and above intelligence (1Q)°® and are likely to have long-term
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impacts on engagement in tertiary and secondary education,
employment, and income.”'°

Existing research examining the visuospatial WM abilities of VPT
survivors, and to a large extent the general population, has
primarily consisted of cross-sectional analyses of preschool and
school-age samples, with a smaller number of similarly designed
studies extending into late adolescence.'’™'® Only a very small
handful of studies have examined the visuospatial WM abilities of
adults born VPT, with these almost exclusively involving cross-
sectional analyses of groups in their early 20s."*"'® Test measures
across studies have also generally varied by age and/or consisted
of subtests from an IQ measure or larger executive function
battery. For example, Aanes et al. found that at age 19-20 years,
adults born VLBW obtained lower scores than term-born controls
on the visual subtest (spatial span) of the WM Index from the
Wechsler Memory Test.'* Similarly, data from a Finnish cohort
reported that 23-year-old adults born early (<34 weeks’ gestation)
and late (>34 weeks) preterm had similar neurocognitive
functioning to their term-born peers, with the exception of
visuospatial WM efficiency on the Groton Maze Learning Test.'
However, after covariate adjustment, performance impairments
disappeared for the late but not early preterm group.

Results from these single age, cross-sectional assessments
generally suggest that problems may be ongoing, but with effect
sizes varying depending on the sample studied and/or measure/s
used. They also offer little information about the kinds of
performance difficulties experienced by individuals born VPT
(i.e., accuracy, speed, or both), or perhaps even more critically,
how these might vary under different cognitive load conditions.
Even more importantly, these studies provide limited insights into
how visuospatial WM skills vary with age in both VPT and typically
developing individuals due to measurement differences across
age assessments.

Given the importance of visuospatial WM for successful adult
academic and vocational functioning, multiage and longer-term
outcome studies are urgently needed to address this issue. That is,
whether neurocognitive problems observed during childhood,
such as impairments in visuospatial WM, persist into adulthood, or
whether some aspects of functioning such as the speed of
response might improve while other aspects do not (e.g,
accuracy). Alternatively, as the above single outcome studies
using different assessments imply, do these skills reflect an
enduring deficit that will require continued adaptation and
compensation over the lifespan? If difficulties reduce with age,
one would expect to see fewer differences in the visuospatial WM
performance of older individuals born VPT relative to their same-
age term-born peers. However, if the latter deficit hypothesis was
true, one would expect to observe relatively similar between-
group differences in older and younger cohorts, or possibly even a
larger between-group difference with increasing life demands.

To address these important issues, the aims of this study were
as follows:

1. To describe the visuospatial WM performance of two
cohorts of VPT and/or VLBW survivors, one assessed in
childhood (age 12) and one in adulthood (age 28) compared
to their same age, typically developing term-born peers. At
both ages, the same WM task was administered under
identical conditions to obtain three measures of task
performance across four cognitive load or difficulty levels.
These included accuracy (% trials correct), mean reaction
time on successful (accurate) trials, and speed-accuracy
trade-off or performance efficiency (ratio of reaction time to
accuracy).

2. To examine the extent to which the visuospatial WM
performance of VPT and/or VLBW survivors relative to term
controls differed depending on the developmental timing of
assessment, with a particular focus on whether visuospatial
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impairments observed in the child cohort were also
observed in the adult cohort.

3. To examine linkages between visuospatial WM performance
and concurrent educational (both cohorts) and occupational
functioning (adult cohort only).

METHODS

Sample

Data were drawn from two well-characterized prospective cohort studies
undertaken in New Zealand to longitudinally assess the longer-term
neurodevelopmental outcomes of infants born VPT and/or VLBW.
Uniquely, both studies administered the same assessment of visuospatial
WM using the same procedures, test conditions and personnel, but at very
different stages of the lifespan: late childhood (mean age 12.1; range:
11.6-12.8 years) and early adulthood (mean age 28.5; range: 26-30 years).

The younger sample consisted of a regional cohort of 110 VPT-born
(<33 weeks’ gestation) infants recruited at birth (1998-2000, 92%
recruitment) in Christchurch, New Zealand, and studied to mean corrected
age 12 years alongside a comparison group of 113 term-born children
matched for sex, birth date, and delivery hospital (38-41 weeks’ gestation,
62% recruitment at age 2 years). Of those who survived, 104 VPT (97%
retention) and 109 term-born children (96% retention) were assessed at
age 12 years. Within each group, there were no significant (p <0.05)
differences between those assessed and those not assessed at 12 years in
terms of their neonatal and family social characteristics. Further details
about this cohort are available in prior publications.*'”

The older sample consisted of a national cohort of all VLBW (<1500 g)
infants admitted to a New Zealand neonatal unit and who survived
to discharge during 1986 (N =338). Of those who survived, 229 were
assessed at a mean age of 28.5 years with high retention (71%). This
sample was studied alongside a comparison group of 100 healthy term-
born individuals born in 1986 and recruited via peer nomination by a
VLBW participant or through random sampling from the national electoral
roll (n = 24), matching for sex, ethnicity, and regional distribution. Further
details about this cohort are available in prior publications.'®'® Table 1
provides a descriptive profile of the clinical and family background
characteristics of the two cohorts.

This research was completed in accordance with the Declaration of
Helsinki. Study protocols were approved by the Upper South Regional
Ethics Committee (URA/10/05/040—child cohort; URB/12/05/015—adult
cohort). Informed, written consent was obtained from all adult participants
and parents/guardians of all child participants.

Measures

Visuospatial WM. Children and adult’s visuospatial WM abilities were
assessed using a novel computerized task adapted from the Sternberg
spatial WM paradigm.?®?" It was developed using E-Prime (version 2.0) and
administered on a keyboard computer setup in a dimly lit room. The task
was presented as a detective game that required participants over multiple
trials, to memorize, retain, and recall the spatial location of a set of visual
objects or stimuli presented for a short retention interval. All stimuli were
novel and presented as 1024 x 768-pixel images of familiar objects
selected from the International Database of Affective Picture System.
These were displayed at eye level on a 17.5-in. desktop screen (children) or
13.5-in. laptop screen (adults) approximately 60cm parallel to the
participant’s frontal plane, with a refresh rate of 59.402 Hz.

Before testing, all participants received comprehensive training using a
training booklet covering all testing requirements. Feedback was provided
until performance was 100% accurate. Then, a further 12 computer-based
practice trials were administered with feedback before commencing
testing. The overall task or trial set consisted of 48 test trials and an
additional 12 neutral trials to ensure the alertness of the respondent over
the session. Test trials varied in difficulty level from 1 to 4 depending on
the number of visual objects the respondent was required to memorize
and potentially recall. There were 12 trials per set size administered as four
blocks, interspersed with rest breaks. Difficulty level and object con-
gruence were randomized across trial blocks. At the beginning of each trial
set, participants were reminded of task requirements and told to respond
as quickly as possible without compromising accuracy.

The procedure for each test trial is illustrated in Fig. 1. As shown, each
trial began with a fixation cross displayed at the center of the screen for a
duration of 1000 ms to avoid or reduce potential visual aftereffects from
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Table 1. Neonatal, social background, and concurrent neurodevelopmental characteristics of the sample.
Characteristic Cohort 1 P value Cohort 2 P value
Age 12 years Age 26-30 years
Very preterm Term Very low birth weight Term
(N =98) (N=106) (N=212) (N=100)
Individual neonatal
Gestational age at birth, M+ SD 28+2 40+ 1 <0.001 29+3 -
(weeks)
Birth weight, M £ SD (g) 1056 + 306 3584 +403 <0.001 1132+ 236 3377 £584* <0.001
Male sex (%) 49 53 0.58 43 36 0.22
Social background
Maternal age, M = SD (years) 31+5 31+4 0.82 26+5 27 +5 0.05
Mother not a high school 41 19 0.001 30 13 0.001
graduate (%)
Minority ethnicity (%) 14 12 0.69 33 24 0.12
Family socioeconomic status
Professional/managerial (%) 24 34 35 34
Technical/skilled (%) 44 56 42 51
Semiskilled/unskilled/ 32 10 <0.001 23 15 0.20
unemployed (%)
Individual concurrent
WISC 1Q score, M+ SD 98+ 14 107 £ 14 <0.001 101+£13 111£11 <0.001
Cerebral palsy (%) 16 1 <0.001 2 -
Vision problem (%) 36 19 0.007 22 14 0.11
*N = 80, data not available for 20 term-born participants.
+
Set size 1 - 4 randomly displayed
, k’ [4 set sizes x 12 trials = 48 trials]
1000 ms
¥
3000 ms
Only 1 object from previous
display presented
5000 ms
Determine as quickly as possible if ’
location of this object has changed
3000 ms
Fig. 1 Visuospatial working memory task. Schematic lllustration of the Stimulus Presentation for a Single Trial of the Sternberg-based

visuospatial working memory task.

the previous trial. After this time interval, the trial proper started with the
presentation of a visual array of the novel but familiar stimuli or objects
(crime scene). These were arranged in one of four quadrants on the screen
or prime display, with the number of stimuli or objects varying from 1 to 4
depending on the difficulty level or set size. The participant was allowed to
memorize these objects and their locations for 3000 ms, at which time
another fixation cross appeared on the screen for 5000 ms. Following this
delay, respondents were shown for 3000 ms, one of the objects from the
original prime display positioned either in the same or different location.
Respondents were asked to indicate, via a keypress, whether or not the
previously seen object was still in the same spatial location as the prime
display. That is, whether or not the crime scene had been tampered with
and the object moved since the initial sighting. Unlike the practice session,
no performance feedback was provided.
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For each set size (1-4), task performance was assessed using three
measures averaged across trials. These included the percentage of trials
correct (accuracy), mean reaction time on successful (accurate) trials, and
the speed-accuracy trade-off or performance efficiency (ratio of reaction
time to accuracy) to compensate for incorrect and fast responses. These
scores were computed as follows.

Data were processed in three stages after excluding missed responses
(i.e., trials without a response for >3000 ms). First, the percentage of
accurate responses was determined for each of the four set sizes or
difficulty levels. Second, the mean reaction time of accurate responses for
each set size was calculated. The reaction time of unsuccessful (inaccurate)
responses was excluded as they were assumed to manifest through a
distinct neurocognitive process. This approach ensured homogeneity of
response measures and limited the potential risk of skewing the data due
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to a disproportionate rate of accurate to inaccurate responses. Further-
more, for each participant, trials with reaction times >3 SD of the mean
reaction time across all valid trials were also excluded as potential
erroneous responses. Third, the efficiency of visuospatial WM performance
was determined by taking into consideration both the accuracy and speed
of responses.

Concurrent educational achievement and occupational functioning. To
examine the functional correlates of visuospatial WM abilities, measures of
educational achievement and socioeconomic status (adulthood only) were
identified for both cohorts. At age 12 years, educational achievement was
assessed using the Broad Reading and Broad Math indices from the
Woodcock Johnson-lll Tests of Achievement (WJ-IIl; Woodcock, 2001 #198}.
The WIJ-IIl has good test-retest reliability (0.75-0.95) and correlates highly
(r=0.59-0.80) with other standardized educational measures. At age 28
years, educational achievement was recorded on a 5-point scale (0 =no
formal qualifications; 1 = basic high school qualification; 2 = higher-level
high school qualification; 3 = tertiary technical qualification below degree
level; 5 = university degree or equivalent). Adult occupational status was
assessed using the New Zealand Socioeconomic Index, with higher scores
indicating higher socioeconomic status.”?

Data analysis

Data analysis proceeded in four steps. First, differences between the two
study cohorts were examined across a range of neonatal and social
background factors to identify potential cohort effects arising from the
different ages (and recruitment periods) of the two samples (see Tables 1
and 2). This was done using either the y* test of independence or t test for
independent samples. Second, we compared at each age (12 and 28 years)
the visuospatial WM performance of VPT/VLBW and term-born samples
within a repeated-measures random-effects regression framework (see
Table 3). Third, the joint associations between cohort age (child vs. adult),
group (VPT/VLBW vs. term-born), and span difficulty (1-4 set size) and each
of our visuospatial WM outcomes was modeled to summarize bivariate
associations between participant age, preterm birth status, and increasing
task span difficulty on our measures of visuospatial WM test performance.
This model was then extended to include family background and
individual variables that varied by cohort age and group (preterm birth)
to assess the extent to which the effects of age, group, and task difficulty
on visuospatial WM outcomes were independent of, or could be explained
by, these confounding factors (see Table 4). These factors included family
socioeconomic status, maternal age, maternal ethnicity, maternal educa-
tion, sex, cerebral palsy, and vision problems. For this analysis, models
were fitted to a combined data set, pooling the repeated-measures
outcome data over cohorts and were of the general form: Yjj = Box + Bk
COHj;+ Box GRPj;+ B3x (COH; x GRPy) + 3B, Zy, + l; + &, Where Y was
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the observed outcome (accuracy, reaction time, or efficiency) for the ith
participant in the jth cohort at span difficulty level k (k= 1, ..., 4); COH; was
a dichotomous variable reflecting membership of the younger (age 12
years) cohort compared to the older cohort; GRP; was a dichotomous
variable representing study group membership (VPT/VLBW vs. term-born);
COH; x GRP;; was the multiplicative interaction of cohort with study group;
Z;, was the set of family background and individual characteristics for
cohort j; y; was an individual specific random intercept and g a set of
random disturbance terms.

To aid model interpretation, all predictors were scaled to have mean
zero, and the models were parameterized to estimate intercepts (Box); main
effects of age cohort (844), study group (8x), and cohort by study group
interactions (Bsx) that were specific to span difficulty level k (k=1, ..., 4).
With the model parameterized in this way, the coefficients Box can be
interpreted as estimates of the covariate-adjusted mean test scores in the
combined cohort sample at span difficulty level k (k=1, ..., 4); Bk as
estimates of the adjusted mean differences in task performance between
cohorts; and B, as estimates of the adjusted mean differences in task
performance between VPT/VLBW and term-born controls pooled over
cohorts. The effects of the covariates (B;,) were permitted to vary between
age cohorts.

Using the fitted model for each outcome, a series of Wald y tests were
then conducted to provide overall tests of main effects (age cohort, group,
task span difficulty) and interactions. Separate Wald tests of the
hypotheses that each set of parameters 14, Bk and Bsx were jointly zero
provided overall tests of the main effects of the age cohort, group status,
and the interaction of cohort by group status, respectively. Similarly,
separate Wald tests of the hypothesis that each set of parameters (Box Bk
Bar and Bsx) were equal at all span difficulty levels provided an overall test
of the (a) main effect of span difficulty, (b) cohort by span difficulty
interaction, (c) group status by span difficulty interaction, and the (d) three-
way interaction of cohort by group status by span difficulty.

The final step in our analysis involved examining, for each group as well
as the total sample, associations between respondents’ mean overall WM
inverse efficiency score and their concurrent educational/socioeconomic
functioning on age-appropriate measures. This was done using regression
methods with tests for linear trend (see Table 5).

RESULTS

Sample characteristics and differences between the child and
adult cohorts

As shown in Table 1, across both age cohorts, similar differences
were observed between VPT/VLBW and term-born comparison
groups on measures of gestational age at birth, birth weight, sex,
maternal age, and maternal educational underachievement. Rates

Table 2.

Characteristic Cohort 1

Age 12 years
Very preterm (N = 98)

Individual neonatal

Gestational age at birth, M + SD (weeks) 28+2
Birth weight, M £ SD (g) 1056 + 306
Male sex (%) 49
Small for gestational age (%) 11
Antenatal corticosteroid use (%) 88
Oxygen therapy at 36 weeks (%) 34
Confirmed sepsis (%) 24
Retinopathy of prematurity (%) 37
Intraventricular hemorrhage grade lI/IV (%)
Cystic periventricular leukomalacia (%)

Individual concurrent
WISC IQ score, M +SD 98+ 14
16
Vision problem (%) 36

Pediatric Research (2022) 91:1436 - 1444

Neonatal medical and concurrent neurodevelopmental characteristics of the child and adult preterm-born cohorts.

Cohort 2 P value
Age 26-30 years

Very low birth weight (N=212)

29+3 <0.001
1132+ 236 0.02
43 0.36
34 <0.001
56 <0.001
18 0.003
22 0.80
18 <0.001
2 0.30
1 0.03
101 +£13 0.03
2 <0.001
22 0.009
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E of sepsis were also similar across the two VPT cohorts. However,
c despite these similar relative differences, there was some
(7]
< o a2 & SIS N9 =5 suggestion that individuals born VPT in 1998-2000 and assessed
v © © o o © © o o © © © ©° at age 12 years were subject to higher neonatal medical and social
risk than those born in 1986 and assessed at age 28 years. Closer
examination of the two VPT/VLBW cohorts tended to confirm this.
(]
3 - As shown in Table 2, the younger VPT cohort was on average born
= ™ © © N ® o young 9
> R &85 8 8 8 8 8 8 8 8 8 earlier, weighed less, and had higher rates of chronic lung disease
e SIS SIS SIS (supplementary oxygen at 36 weeks) than the older cohort. There
pp y OXyg
was also some suggestion that the younger cohort was subject to
_ higher rates of brain injury, but this very likely reflects, at least in
S ~ 285 - 3In0 part, better detection due to advances in routine cranial
'ﬁ N [P = R & & o R e ultrasound. In contrast, the older cohort was less likely to have
IS = s N H 4+ H NoH o+ H i d th ive benefits of | i id
2 ) T al e al & & 2 experienced the protective benefits of antenatal corticosteroids
£ N s G2 R Etr' g and had higher rates of growth restriction. Finally, across both
3 Y a2 o cohorts, VPT/VLBW individuals had higher rates of cerebral pals
2 9 palsy
and lower 1Q scores than term-born controls at ages 12 and 28
years (see Table 1). Notably, mean differences in IQ scores across
= the two age assessments were very similar (mean difference = 9 at
N 9 y
N age 12 years vs. mean difference = 10 at age 28 years).
Il
§ Visuospatial WM performance of the younger and older
= cohorts_ '
N To describe the performance profile of children and adults on our
5 = visuospatial WM task, Table 3 compares the performance of VPT/
S E nRee R2nR VLBW individuals at ages 12 and 28 years relative to their same-
y
NSI '; - I 38R Q@M@ age, typically developing, term-born peers. Between-group
ral Rl e B IPY  I I  I differences and variations in task performance were examined
2 g > 0 — o o) o] M e ol ol IS across the 4 span or difficulty levels ranging from 1 (easiest) to 4
S< 2 RIS 22 EE 2l e (most difficult). These included: accuracy (% trials correct); reaction
time or response speed on accurate trials (ms); and performance
efficiency, i.e., ratio of reaction time to accuracy (ms). Visuospatial
o WM data were available for 98/104 VPT and 106/109 term-born
& children at age 12 years and 212/229 VLBW and 100/100 term-
2 - o ® % N o o o ¥ © — O born adults at age 28 years. Reasons for data loss in the child
© - M N N m & ¥ m ™M n R R . . .
5 Y S o o o c o o o c o o o cohort included blindness (1 VPT), failed practice trials (3 VPT of
S which 2 were severely delayed, 1 term), refusal (1 VPT, 1 term), and
= unknown (1 VPT, 1 term). For the adult cohort, these included
3 ¢ blindness (n =3), inadequate vision (n=1), incomplete (n=1),
o S w3 % ® ~ 3 8 « NS o S failed practice trials (n = 1), and not administered due to fatigue,
c Z € © 9 9 o & & o o § © & . R . -
s a S 3 o o S S8 3 o S 3 VvV S time constraints, or unspecified reasons (n=11).
3 As shown in Table 3, with respect to task accuracy at age 12
2 years, when the task or cognitive load was easiest (span level 1),
2 S both groups obtained a similar proportion of trials correct.
< 9 m o N m N O ® Q 9
S S T 943 Mg g q However, as span level or task difficulty/cognitive load increased,
g I w| & & & N N N m o I 0 both groups showed declines in accuracy, with this decline more
= = o e ) s HoH H 4 H o H H OH R R . . .
3 = | R e m o N O N NN = marked for children in the VPT group. Alongside this decrement in
v E © o ¥ © m = o R N238 accuracy with increasing task demand, VPT-born children also
O (7] m 0 N o - < 1n un N O N O . .
= [ QN ® 0O ® - - - - = = = took significantly longer to respond accurately and were less
g = efficient in their responses than term-born children, further
L £ suggesting that their performance was impacted to a larger
8 ] = degree by task difficulty.
- I < A very similar pattern of results was evident in the older adult
= 3 T cohort at age 28 years across all three outcome measures and the
5 0 E R i e four task span levels. Specifically, between-group differences were
£ &i g o wolxEY8RYSSYE TSR similar despite both VLBW and control adults generally performing
E el S ! I et e el |l Il el better than their younger counterparts on the task, including
2 s I il T | = I s B | being more accurate, quicker, and more efficient in their task
£ £9 2 ~Nmaoo 532mg X QA 9 ' q ' o T
=T 82 8 SO g ® e !oo Q0o oA performance. These results suggest a consistent performance
2 £ g profile decrement for VPT/VLBW individuals relative to term
8 g S controls in both childhood and adulthood.
© c
2 a S 2
o w - O Effects of preterm birth and age on visuospatial WM
=] + () [}
< = 5 £ g performance after adjustment for the effects of confounding
¢ PIYLIECYTISTINCT facors
ol £ 888 -% =l ol e ® A e s To test the veracity of these observations, and to take account of
= 9 S| I e e | I e R = e R potential cohort differences and confounding factors associated
- = < e - with preterm birth, the data reported in Table 3 were reanalyzed
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Table 4.

individual characteristics®.

Measure Accuracy

B+ SE

Intercepts
Span 1 96.6 £0.3
Span 2 91.6+£0.5
Span 3 914+£05
Span 4 86.8+0.6

Cohort (child vs. adult)®
Span 1 —52+08
Span 2 —94+1.1
Span 3 —-10.2+1.2
Span 4 —-10.2+1.3

Study group (very preterm/very low birth weight vs. term-born)©
Span 1 0.4+0.6
Span 2 —-19+£09
Span 3 —-1.7+09
Span 4 —3.0+1.2

Cohort by study group interaction
Span 1 —0.1£15
Span 2 —35+2.1
Span 3 —-14+£22
Span 4 1.6+25

Overall tests of significance x2 (d.f)
Span difficulty (intercepts) 278.2 (3)
Cohort 115.5 (4)
Study group 10.7 (4)
Cohort by study group interaction 5.7 (4)
Cohort by span difficulty interaction 23.7 3)
Study group by span difficulty interaction 10.2 (3)
Cohort by study group by span difficulty interaction 5.5 (3)

Fitted regression models for visuospatial working memory task performance, in the combined sample, adjusted for family background and

Reaction time Efficiency
P value B+ SE P value B+ SE P value
<0.001 10772111 <0.001 1131.0£15.3 <0.001
<0.001 1375.2+11.5 <0.001 1555.9+ 259 <0.001
<0.001 1482.5+12.0 <0.001 1675.5+21.0 <0.001
<0.001 1590.7 + 12.7 <0.001 1918.7 £27.9 <0.001
<0.001 186.9 + 23.1 <0.001 283.6 +34.9 <0.001
<0.001 161.6 +23.7 <0.001 4109613 <0.001
<0.001 139.1+243 <0.001 420.3+48.2 <0.001
<0.001 54.5+26.0 0.04 3249 +59.7 <0.001
0.50 723+229 0.002 68.5+30.0 0.02
0.05 91.8+24.0 <0.001 169.9 £49.2 0.001
0.06 734+253 0.004 145.0+42.2 0.001
0.009 70.1 £26.9 0.009 189.2+53.7 <0.001
0.95 —273+478 0.57 —21.2+679 0.76
0.10 —33.5+49.3 0.50 1212+ 1153 0.29
0.51 —42+513 0.94 106.0 £ 95.7 0.29
0.52 —37.5+54.7 0.49 —304+1133 0.79
P value X (df) P value X (df) P value
<0.001 29333 (3) <0.001 1774.2 (3) <0.001
<0.001 101.4 (4) <0.001 94.6 (4) <0.001
0.03 15.4 (4) <0.001 17.3 (4) 0.002
0.23 1.8 (4) 0.77 7.0 (4) 0.14
<0.001 476 (3) <0.001 17.6 (3) <0.001
0.02 2.8 (3) 0.41 129 (3) 0.005
0.14 1.5 (3) 0.69 6.7 (3) 0.08

2All predictors are scaled to have a mean zero. All models adjusted for family socioeconomic status, maternal age, maternal ethnicity, maternal education, sex,
cerebral palsy, and vision problems.
PFor accuracy, a negative coefficient implies lower accuracy in the child cohort; for reaction time and efficiency, a positive coefficient implies greater reaction
time or lower efficiency in the child cohort compared to the adult cohort.
For accuracy, a negative coefficient implies lower accuracy amongst VPT/VLBW; for reaction time and efficiency, a positive coefficient implies greater reaction

time or lower efficiency amongst VPT/VLBW compared to term-born controls.

using mixed-effects regression methods to adjust observed
differences for childhood family background (family socioeco-
nomic status, maternal age, maternal education, and ethnicity)
and individual-level (sex, cerebral palsy, and vision impairment)
factors as described in the “Methods.”

Table 4 summarizes the key model parameters and tests of
significance for each outcome. Examination of this table shows:

1.

2.

For all outcomes, there was a statistically significant (p <
0.001) main effect of span difficulty level, indicating that
overall test performance decreased with increasing span
difficulty. In the combined sample adjusting for confound-
ing: accuracy declined from a mean of 96.6% at difficulty
level 1 to 86.8% at difficulty level 4; mean reaction time
increased from 1077 to 1590 ms; and relative efficiency
declined from a mean of 1131 to 1919 ms over the same
interval.

The cohort parameters can be interpreted as the mean
difference in test performance in the child cohort compared
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to the adult cohort at each level of span difficulty. For all
outcomes, there was a statistically significant (p <0.001)
overall main effect of cohort and a significant (p <0.001)
cohort by span difficulty interaction, reflecting the facts that
(a) the WM performance of the child cohort was consistently
lower than in the adult cohort and b) the differences in test
performance varied with span difficulty. After adjustment,
mean accuracy in the child cohort was 5.2% lower at span
difficulty level 1, with this difference increasing to 10.2% at
difficulty level 4. Conversely, the difference in mean reaction
times was greatest at the easiest difficulty level (187 ms) and
declined to a mean difference of 55 ms at level 4. The net
effects of these two trends were reflected in the differences
in mean efficiency, which were at their greatest at the
intermediate difficulty levels 2 and 3. The adjusted between-
cohort differences in test performance were negligibly
different from the observed differences (data not shown),
suggesting that the better performance of the adult cohort
was not explained by prior family or individual context.
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Table 5.

Visuospatial working memory efficiency score

Poorest 25%
Age 12 years
WCJ Broad Reading, M + SD

Very preterm 90.8+19.0 101.4+15.0
Full term 100.0+ 10.6 101.5+ 153
Total sample 945+ 16.7 101.5+ 149
WCJ Broad Math, M+ SD
Very preterm 81.5%+16.1 91.2+£11.0
Full term 91.5+£19.9 99.9+14.0
Total sample 85.5+18.2 94.6+12.9
Age 28 years
Educational attainment, M + SD
Very low birth weight 1.7+15 21+1.5
Full term 20£13 22+14
Total sample 1.8+15 21+1.4
Occupational status (NZSEFF), M + SD
Very low birth weight 379+15.1 43.0+16.7
Full term 456+ 16.9 47.1£18.0
Total sample 39.8+15.8 441 +£17.2

25-50th percentile

Relationship between visuospatial working memory and concurrent functioning at ages 12 and 28 years.

P value
50-75th percentile Best 25%
105.1+18.0 109.0 + 16.5 <0.001
1049+ 13.7 112.7 £15.0 0.001
1049+ 15.3 111.5+£15.5 <0.001
92.0+15.7 948+11.8 0.001
99.5+16.0 108.7+15.4 <0.001
96.5+ 16.1 104.1 £15.7 <0.001
24+13 22+14 0.038
26+13 28+1.2 0.017
24+14 25+13 <0.001
449+17.1 47.9+179 0.003
503+ 14.6 50.8+15.9 0.20
463+ 16.6 49.4+16.9 <0.001

NZSEI New Zealand Socioeconomic Index, range 10-90 with higher scores implying higher socioeconomic status.

3. The study group parameters can be interpreted as the mean
difference in test performance among the VPT/VLBW
compared to term-born controls in the combined sample
(pooled over cohorts) at each level of span difficulty. For all
outcomes, there was a statistically significant main effect of
group status (p<0.05), reflecting poorer overall test
performance in the VPT/VLBW group. For two outcomes
(accuracy, efficiency), there was also a significant (p < 0.05)
study group by span difficulty interaction, reflecting the fact
that for these outcomes the relative performance of VPT/
VLBW declined with increasing span difficulty. After adjust-
ment, the mean difference in accuracy was negligible at
difficulty level 1 (0.4%), but increased to a decrement of 3%
at difficulty level 4; and relative efficiency declined from a
mean difference of 69 to 189 ms over the same span
interval. In general, the adjusted differences in visuospatial
WM performance in VPT/VLBW compared to controls were
substantially smaller than the corresponding differences in
performance between the younger and older cohorts.

4. For all outcomes, there was no evidence of either a cohort
by study group interaction or a three-way cohort by study
group by span difficulty interaction. This suggests that the
covariate-adjusted decrements in test performance among
VPT/VLBW compared to controls were similar in both child
and adult cohorts, and did not vary systematically with
cohort and span difficulty levels.

A further supplementary analysis was done to estimate possible
effect size differences between VPT/VLBW and the term-born
comparison group for each cohort separately. Results showed that
adjustment for family background and individual characteristics
had a greater impact on explaining the observed differences in
visuospatial WM performance in the child cohort than in the adult
cohort. Prior to adjustment the effect size differences (Cohen'’s d,
see Table 3) in accuracy between VPT and term-born in the child
cohort ranged from 0.11 to 0.39; after adjustment, these reduced
to 0.03-0.28. By comparison, the corresponding effect sizes for
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accuracy between VLBW and term-born controls in the adult
cohort ranged from 0.03 to 0.32 (unadjusted) reducing to
0.06-0.29 (adjusted). Similarly, effect size differences for efficiency
in the child cohort reduced from 0.34 to 0.51 to a range of
0.12-0.34 after adjustment. By comparison, the effect size
differences in the adult cohort remained stable: unadjusted
0.31-0.36 and adjusted 0.29-0.34. In general, the adjusted
associations were in the modest to small effect size range for
both cohorts.

Associations between visuospatial WM and concurrent
functioning

Finally, Table 5 shows at each age assessment, associations
between participants’ overall mean inverse efficiency scores on
the WM task and their concurrent educational achievement, and
in addition for the adult cohort, occupational/socioeconomic
functioning. With the exception of occupational status in the adult
full-term (FT)-born group (p=0.20), results show clear linear
associations between visuospatial WM performance and concur-
rent educational/occupational functioning, with those obtaining
poorer WM scores having poorer educational and occupational
outcomes.

DISCUSSION

This study is novel in characterizing the visuospatial WM
performance of two cohorts of prematurely born individuals at
two important developmental time points, in late childhood and
early adulthood. It also advances previous research by employing
a common measure of visuospatial WM that could effectively be
administered over approximately 16 years of development.
Further, in contrast to earlier single outcome variable studies,
our assessment based on the well-established Sternberg paradigm
allowed us to cross-sectionally examine multiple indices of task
performance (accuracy, response time, and efficiency) at two
different stages of the life course due to the task inclusion of a
range of difficulty levels. This is important but also highly relevant
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since in everyday life it is often not just a question of whether or
not an individual can perform a task, but whether they can do so
in an accurate, timely and efficient manner, especially under more
challenging conditions such as when time or safety
constraints exist.

Across both the younger and older cohorts, the same profile of
visuospatial WM functioning was evident for individuals born VPT/
VLBW. Their performance was characterized by lower levels of
accuracy, longer reaction times for accurate responses, and poorer
efficiency relative to their same-age term-born peers, suggesting
pervasive and persistent WM impairments associated with being
born VPT or VLBW. Moreover, it is noteworthy that when the task
or cognitive load was easiest (span level 1), both preterm groups
performed similarly to term-born controls. However, as task
cognitive load increased, decrements in performance became
more marked for VPT than term-born individuals. This is consistent
with studies examining the attentional abilities of VPT survivors
during childhood, which show that differences between VPT and
term-born individuals increase at higher levels of cognitive
demand.”® These findings suggest that VPT individuals may
experience greater difficulty, tire more easily, and struggle to
focus/attend to a task when executive function demand or
cognitive load is high.

Examination of the effects of cohort age on visuospatial WM
performance of VPT and term-born individuals showed that
between-group differences were very similar in both the child and
adult cohorts, despite observed age-related gains in visuospatial
WM for both adult groups relative to comparable child groups.
These results suggest that visuospatial WM impairments asso-
ciated with VPT birth persist into adulthood and continue to pose
challenges, rather than resolving with age and neurological
maturation. This is consistent with results from the Stockholm
Neonatal Project, which examined the development of visuospa-
tial WM abilities from 5.5 to 18 years in a cohort of 115 VPT and 94
term-born individuals.®* At age 5.5 years, visuospatial WM was
assessed using the total correct trials on the Knox Cubes task, and
at age 18 years, the Corsi Blocks from the WAIS. Similar to our
results, using a latent variable approach over this -earlier
developmental period they found clear between-group differ-
ences in visuospatial WM, with considerable across age/time
stability in overall performance (r=0.77). WM at age 5.5 years
mediated WM outcome at age 18 years. Relatedly, longitudinal
data from the Victorian Infant Collaborative Study has also shown
that verbal WM impairments were largely stable from 7 to 18 years
in a cohort of extremely preterm and/or extremely low birth
weight individuals.?> More generally, these results also correspond
with previous general cognitive data suggesting that VPT/VLBW-
born individuals do not appear to fully compensate for or catch-up
cognitively with their term-born peers.?®?” These findings, in
combination with the current study, which extends well into
adulthood, tend to suggest that visuospatial WM difficulties
associated with preterm birth may best be viewed as a persistent
and chronic impairment.

Furthermore, in support of the importance of visuospatial WM
skills for everyday functioning, results showed that for both VPT/
VLBW and FT-born children and adults, poorer WM abilities were
associated with lower levels of educational achievement, and for
VPT-born adults, poorer occupational/socioeconomic status. This
is in agreement with general population studies highlighting the
importance of WM for educational and occupational success and
emphasizes the need to monitor and support the development of
this executive function skill during early and middle childhood.

However, on a positive note, as shown by our effect sizes, these
skill deficits are modest, suggesting that they may be highly
amenable to improvement through appropriate intervention/
prevention efforts as well as environmental/social supports when
executive demands are high. They also suggest that ongoing
mindfulness around the possible need for new or adapted
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strategies may be helpful as VPT-born individuals take on new
roles and responsibilities in adulthood. This may vary depending
on individual needs and personal circumstances, but is likely to be
especially important in situations where safety is an issue or
during high-risk adult activities such as driving and operating
dangerous equipment. It also reinforces the importance of putting
in place environmental strategies in the home and workplace to
help optimize individual performance and safety when visuospa-
tial WM demands of an activity are high.

While investigating the developmental mechanisms underlying
poorer visuospatial WM outcomes following preterm birth was
outside the scope of this study, our findings do suggest that
neurosensory difficulties and childhood social risk exposure
contributed in part to later observed difficulties. Although being
born VPT/VLBW remained an independent, albeit modest,
predictor of later visuospatial WM problems in both childhood
and adulthood. They also potentially lend support to a neurolo-
gical basis for the executive function difficulties associated with
VPT birth. Structural magnetic resonance imaging findings from
the current child and adult cohorts,'®* as well as those of
others,”® provide converging evidence of alterations in brain
networks pertinent to executive function and in particular WM
from early childhood to adulthood. In addition, longitudinal
neuroimaging data increasingly suggest that despite gains in
brain maturation indices over time, subsequent brain growth and
development is unable to fully compensate for early neuroana-
tomical alterations associated with preterm birth.

This study had several methodological strengths, including (1)
the regionally and nationally representative cohorts of VPT
individuals, (2) our high recruitment and retention rates across
both cohorts, (3) the inclusion of age- and sex-matched term-born
comparison groups, (4) the same administrator and testing
conditions across assessments, (5) the use of a single visuospatial
WM assessment measure which permitted direct comparison of
children and adult’s performance on a common set of identical
parameters, (6) our novel neurocognitive task purposefully
designed according to the well-established Sternberg paradigm,
to collect cognitive load-sensitive data on the quality of
visuospatial WM performance in high-risk and typically developing
samples, and (7) covariate adjustment for family social back-
ground and individual factors that might account for observed
between-group and age effects. The latter was important given
the limitation of using two different age cohorts recruited from
the same general population rather than conducting a long-
itudinal analysis of the same individual's performance across a 16-
year interval using the same measure. However, the latter
longitudinal approach would not be without major challenges
and potential limitations, including sample retention, staffing
changes, and measurement/technological changes. Nonethe-
less, to understand as best we could possible cohort differences
that might influence our study results, we examined the neonatal,
social background, and neurodevelopmental profiles of each VPT
cohort relative to a contemporary term-born control group. This
analysis revealed greater immaturity and medical acuity consistent
with international data,?>>° as well as greater family social risk in
the younger 1998-2000 cohort than the older 1986 cohort. Given
known links between these risk factors and poorer neurodevelop-
mental outcomes, this would be expected to have biased findings
towards fewer between-group differences and smaller effect sizes
in the adult cohort compared to the child cohort. However, this
was not the case. In further support of the veracity of study
findings, the mean 1Q score differences between VPT and
contemporary controls were almost identical in both age cohorts,
further confirming our and others observations of persistent
neurocognitive impacts of prematurity into adulthood.?**” None-
theless, further replication using prospective intraindividual long-
itudinal analytic approaches, with repeated measurements (>2)
over time, will be important in confirming the present findings
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and further advancing our understanding of the development of
visuospatial WM from childhood to adulthood in both high-risk
and typically developing populations.

In conclusion, the current findings lend support to the notion
that observed difficulties in visuospatial WM common among
very preterm born survivors may reflect an enduring neurocog-
nitive deficit rather than a maturational or developmental lag.
Regardless of the underlying etiological mechanisms, this is
concerning because of potential impacts on educational, social,
and occupational functioning, as well as everyday life activities
such as driving. Further longitudinal research is warranted to fully
characterize the longer-term developmental trajectory of this
important neurocognitive skill and to assess the effects of normal
aging processes on the cognitive and neurological functioning of
this already high-risk population. Also, of interest is whether verbal
WM and other executive function difficulties that are commonly
observed in children born VPT show a similar pattern of
development over the transition from childhood to adulthood.
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