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ABSTRACT

To identify distinctive multidisciplinary neurodevelopmental pro-
files of relatively healthy children born very preterm (VPT) and
describe the longitudinal course of these profiles up to age 10. At
2 years of corrected age, 84 children born VPT underwent standar-
dized testing for cognitive, language, speech, motor, behavioral,
and auditory nerve function. These data were submitted to factor
and cluster analysis. Sixty-one of these children underwent cogni-
tive, language, and behavioral assessment again at age 10.
Descriptive statistics were used to analyze longitudinal trajectories
for each profile. Four neurodevelopmental profiles were identified
at age 2. Profile 1 children (n = 22/26%) had excellent cognitive-
language-motor function, normal behavioral and auditory nerve
function, but showed an unexpected severe decline up to age 10.
Profile 2 children (n = 16/19%) had very low behavioral function,
low cognitive-language-motor function, and accelerated auditory
nerve function. Their scores remained low up until age 10. Profile 3
children (n = 17/20%) had delayed auditory nerve function, low
behavioral function, and slightly lower cognitive-language-motor
function. They showed the most increasing trajectory. Profile 4
children (n =29/35%) had very low cognitive-language-motor func-
tion, normal behavioral and auditory nerve function, but showed
wide variation in their trajectory. Our preliminary study showed that
a multidisciplinary profile-oriented approach may be important in
children born VPT to improve counseling and provide targeted
treatment for at risk children. High performers at age 2 may not
be expected to maintain their favorable development. Behavioral
problems might negatively impact language development. Delayed
auditory nerve function might represent a slow start and catch-up
development.
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Children born very preterm (VPT, <32 weeks’ gestation) have repeatedly been shown to
have neurodevelopmental problems that often persist throughout childhood and into
adolescence (Aarnoudse-Moens et al., 2009; Barre et al., 2011; Lean et al., 2018; Nguyen
et al., 2018; Pascal et al., 2018; Stipdonk et al., 2020; Van Noort-van der Spek et al., 2012;
Wong et al,, 2016; Zimmerman, 2018). A large number of studies have shown develop-
mental problems on single neuro-cognitive domains in children born VPT, such as poor
cognitive functions (Aarnoudse-Moens et al., 2009), language functions (Nguyen et al.,
2018; Van Noort-van der Spek et al., 2012, 2010) and behavioral problems (Arpi &
Ferrari, 2013). In the auditory domain, Auditory Brainstem Response (ABR) has been
used to identify abnormal neural development, mainly reflected by delayed auditory
conduction time toward and into the brainstem at term equivalent age (Stipdonk et al.,
2016). As several studies have found a relation between abnormal ABR and long-term
neurodevelopmental problems in preterm children (Mainemer & Rosenblatt, 1996;
Wang et al., 2020), ABR measures may also be relevant to neurocognitive development
of children born VPT. Moreover, two meta-analyses reported increasing neurodevelop-
mental difficulties in children born VPT throughout school age, suggesting a growing
into deficits effect (Van Noort-van der Spek et al.,, 2012; Wong et al., 2016). The first
meta-analyses evaluated language function between 2 and 12 years of age and the second
evaluated early cognitive developmental between 1 and 3 years of age and cognitive
outcomes at =5 years of age. These results are alarming, since neurodevelopmental
problems significantly impact academic abilities and social functioning (Doyle &
Anderson, 2010; Marlow, 2004). However, a substantial proportion of children born
VPT did not have any problems, and a small group even showed a catch-up effect at
adolescence (Luu et al,, 2011). So far, the neurodevelopmental trajectory of individual
children born VPT cannot be predicted. Studying the trajectories of distinctive, multi-
variate profiles within children born VPT would gain more insight on which of these
children will be at risk for long-term adverse neurodevelopmental outcomes as well as to
which extent problems in different developmental domains might mutually affect each
other. This knowledge might improve early detection of children at risk for long-term
neurodevelopmental problems and will enable clinicians to provide early and targeted
intervention for those who are truly at risk.

To the best of our knowledge, three studies have used statistical cluster analysis to
identify profiles based on outcome measures within one domain in children born
preterm (Lundequist et al., 2013; Ross et al., 2016; Stalnacke et al., 2015). In the study
of Ross et al. (2016), children with very low birth weight were clustered into four groups
based on three subscales of the Bayley Scales-III assessed at 18 months of age: consistently
high, consistently average, average with delayed expressive language, and consistently
low (Ross et al., 2016). Lundequist et al. (2013) identified five neuropsychological profiles
based on five subscales of a neuropsychological assessment (NEPSY) in children born
preterm and term assessed at age 5.5 years (Lundequist et al., 2013). Fifty-four percent of
the children born preterm belonged to one of the three low-functioning profiles and also
had more uneven profiles compared to 33% of children born at term age. Stalnacke et al.
(2015) used four cognitive indices; two reflecting general cognitive ability and two
reflecting executive functions in children born preterm (Stalnacke et al., 2015). In this
study, in contrast to the studies of Ross et al. (2016) and Lundequist et al. (2013),
a cluster-analysis was performed at two ages separately, and individual movements
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between clusters across time were investigated. At age 5.5 and 18 years, six distinct and
similar cognitive patterns were identified in both ages. More than half of the children
born preterm performed at low levels at 5.5 years and did not catch up but rather
deteriorated in relative performance. Taken together, these studies have shown the
variability of cognitive functioning within groups of children born VPT. A relatively
high percentage of children born VPT had unfavorable profiles without catch-up to the
age of 18. The conclusions of the three above mentioned studies, however, are based on
a rather limited number of distinctive neuro-developmental outcomes. So far, no studies
have clustered children born VPT based on a broad array of neurodevelopmental out-
comes at 2 years of age and investigated the long-term trajectories of these outcomes
within distinct multidisciplinary profiles. Longitudinal follow-up of neurodevelopmental
profiles defined by statistical cluster analysis may provide more comprehensive and
clinically meaningful developmental trajectories. Such profiles may clarify which chil-
dren will catch up, which children will remain stable (either high or low) and which
children will grow into deficit. This approach may improve predicting the developmental
trajectories of very young children born VPT. We expected to find different trajectories
for each neuro-developmental profile defined at 2 years of age. Accordingly, we expected
that the neuro-developmental profiles of children born VPT at age 2 have additional
predictive value for language, cognitive and behavior outcomes at 10 years of age
compared to a prediction based on single outcomes.

Therefore, the first aim of this study was to identify distinctive profiles of children
born VPT at age 2 based on a broad array of neurodevelopmental outcomes (obtained
from domain-specific tests) by using factor and cluster analysis. The second aim was to
describe the longitudinal course of each of the neurodevelopmental profiles defined at
age 2. The third aim was to explore whether adding profile membership to the prediction
model for, respectively, language, cognition, and behavioral outcome at age 10 will
provide a significant better prediction than when only the single neurodevelopmental
outcome at age 2 was included.

Method
Study group

This study was part of a longitudinal cohort study on speech and language function in
children born VPT (<32 weeks’ gestation) admitted between October 2005 and
September 2008 to a level III neonatal intensive care unit (NICU) at the Erasmus MC-
Sophia Children’s Hospital Rotterdam. Data used in this study were obtained from
assessments at 2 years of corrected age and 10 years of age. Corrected age, chronological
age minus the number of weeks the child was born prematurely, was used for the first
assessment because the brain and nervous system of children born VPT have not
developed to the same degree as those of a full term born children at the age of 2.
Parents gave written informed consent separately at age 2 and age 10, and the study was
approved by the Medical Ethics Committee of Erasmus MC, Rotterdam (MEC-2012-149
and MEC-2015-591).



440 I. L. VAN NOORT- VAN DER SPEK ET AL.

A total of 232 children born VPT met the inclusion criteria for the cohort study: (1) no
severe disabilities (i.e., cerebral palsy with Gross Motor Function Classification System
(GMECS) level >1 or severe vision or hearing disabilities); (2) no congenital abnormal-
ities involving speech organs; (3) no multiple birth; and (4) primary language spoken at
home is Dutch. Regarding the inclusion criteria, no severe disabilities, in total 10 children
were excluded from the initial sample due to cerebral palsy or severe sensory issues:
Blindness (n = 2), deafness (n = 2), and CP (n = 6). One hundred and twenty-five of the
232 children were randomly selected for speech and language assessment at 2 years of
corrected age, of which 84 children participated in this study. The study inclusion
flowchart is presented in Figure 1. Of the originally 84 children born VPT, a total of 61
children born VPT participated at 10 years of age.

232 children met
inclusion and
exclusion criteria

125 randomly selected
subgroup invited for
baseline assessment

(2 years of age)

41 excluded:

39 parents unable or
unwilling to participate
2 logistic reasons

A 4

A

84 children included
at TO
(2 years of age)

A 4

25 of 84 did not gave
permission to contact
them for future research

59 of 84 gave
permission to contact
them for future
research

A 4

12 re-entered at T1 after
permission of medical
ethics committee to send
them an information
letter

61 children assessed at
T1
(10 years of age)

\4

10 drop-outs:
6 outdated contact

information
4 parents unable or
unwilling to participate

Figure 1. Flowchart of inclusion process of cohort for each measuring point of the longitudinal study.
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A comprehensive multidisciplinary assessment as described below was performed at 2
and 10 years of age at the Erasmus MC-Sophia Children’s Hospital Rotterdam. Data
regarding perinatal and demographic factors were retrieved from the children’s hospital
medical records. In addition, data regarding mother’s educational level and vocabulary
level of one of the parents was collected during the assessments at 10 years of age.

Neurodevelopmental outcomes

Cognitive and motor function
At age 2, cognitive and motor function were assessed using the Dutch version of the
Bayley Scales of Infant Development (BSID, version II or III (Steenis & Van Baar, 2012;
Van der Meulen et al., 1993). The BSID-II scores were converted into BSID-III scores,
using generally accepted algorithms (Jary et al., 2013; Lowe et al., 2012).

At age 10, the total intelligence quotient (TIQ) of the Wechsler Intelligence Scale for
Children (WISC-III) (Wechsler, 2005) was used to measure cognitive function.

Language function
At age 2, receptive language function was assessed using the Dutch version of the
Reynell Developmental Language Scales (Van Eldik et al., 2004). Expressive language
function was assessed using the Word Development Scale of the Schlichting Test for
Language Production (Schlichting et al., 1999) and the Dutch Lexi list (Schlichting &
Spelberg, 2002) which is an expressive language checklist completed by the parents.
At age 10, receptive language function was assessed using the Receptive Language
Index of the Clinical Evaluation of Language Fundamentals, Fourth Edition (CELF-4)
(Semel et al., 2010). Expressive language function was assessed using the Expressive
Language Index of CELF-4. Of 54 of the included children, receptive vocabulary
knowledge of either the mother (n = 45; 83%) or the father (n = 9; 17%) was assessed
with the Peabody Picture Vocabulary Task-IIT (PPVT-III) (Schlichting, 2005). These
scores provide a language-specific familial risk factor. The native language of all parents
was Dutch.

Spontaneous speech production

At age 2, speech production was defined by the number of acquired, syllable initial
consonants measured by the “Fonologische Analyse van het Nederlands,” the Dutch
standard assessment of phonological development in children (Beers, 1995). The
number of acquired consonants was derived from a speech sample obtained from
20 minutes of child-parent play interaction. By convention, a consonant was consid-
ered acquired if it was attempted at least three times in meaningful words and the
percentage of correct production was 275%. In the absence of norm-referenced data,
we considered six or less acquired consonants as abnormal. This criterion was based on
our pilot study, in which all 20 term-born controls had acquired at least seven
consonants at 2 years of age, range 7-13, median 10.0, mean 9.9 (Van Noort-van der
Spek et al., 2010). Abnormal speech production was defined as six or less acquired
consonants based on a spontaneous speech sample of at least 50 different word
realizations or a spontaneous speech sample of less than 50 words combined with
a delayed word production (i.e., a score less than 1.5 SD below the mean) based on the
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parent checklist or the standardized test. Non-classifiable speech production was
defined as six or less acquired consonants based on analysis of a speech sample of
less than 50 words combined with a normal word production score (i.e., a score more
than 1 SD below the mean) on the parent checklist and the standardized test.

Behavioral function

At age 2, behavioral function was assessed using the Dutch version of the Child Behavior
Checklist for ages 1.5-5 (Verhulst, 2000), a validated and norm-referenced parent-report
questionnaire, completed by the mother. The following four scales were included in the
analysis: Internalizing Problems, Externalizing Problems, Attention Problems and
Pervasive Problems. Based on the literature, in particular, symptoms of attention dis-
order and autism spectrum disorder are often observed in children born VPT. Therefore,
the attention problems and pervasive problems scales were added. The scales are normal-
ized using a T-scale with a mean of 50 and a standard deviation of 10. For the
internalizing and externalizing problem scale, scores between 60 and 63 are considered
borderline and scores of 64 or higher are considered clinical. For the attention problem
and pervasive problem scale, scores between 65 and 69 are considered borderline and
scores of 70 and higher are considered clinical.

At age 10, behavioral function was measured again by parent reporting of the CBCL/
6-18 (Achenbach, 2001). For most cases, the CBCL/6-18 was separately completed by the
mother and father. In this study, only the results of the mother were used (except for two
teens of whom only the father had completed the questionnaire), as at age 2 also mother’s
CBCL questionnaires were included. Again, the CBCL-scales’ Internalizing Problems,
Externalizing Problems and Attention Problems were included, and Total Problems were
added as well. Pervasive Problems could not be included since this scale does not exist in
the CBCL/ 6-18. In Figure 2 and Figure 3, these behavioral problem scores are presented
as z-scores (higher scores refer to less problems), to be easily compared to the cognition
and language scores.

Auditory nerve function

At age 2, auditory nerve function was measured by conventional ABR audiometry, using
click-evoked stimuli in a soundproof room. No sedation had been given. The waveform
obtained at a suprathreshold stimulus level of 70 dB was analyzed by at least two
experienced clinical specialists defining the post-stimulus peak latencies I (distal cochlear
part of the VIIIth nerve), III (in between cochlear nucleus and the superior olivary
complex), and V (between the superior olivary complex and the inferior colliculus) in
milliseconds. The I-V and III-V interpeak latencies, as a measure of auditory neural
myelination, were included as neurodevelopmental outcomes. Since a strong correlation
between the left and right ear can be expected, only the results of one ear, the right ear,
were analyzed to prevent statistical overstimulation.

At age 10, pure-tone audiometry (0.5, 1, 2 kHz) and tympanometry were performed to
measure hearing thresholds, since hearing functioncan affect oral language functions
directly. All hearing measurements were performed in a soundproof booth and according
to the ISO standard 8253-1 (ISO, 2010). A computer-based clinical audiometry system
(Decos Technology Group, version 210.2.6 with AudioNigma interface) and TDH-39
headphones were used.
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All the above mentioned assessments were taken by certified professionals and were
normed and validated for Dutch children (Achenbach, 2001; Semel et al., 2010; Wechsler,
2005). Regarding the standardized tests on cognitive and language function, the raw
scores were converted into standard scores based on a mean of 100 and a standard
deviation (SD) of 15 (Schlichting et al., 1999; Semel et al., 2010; Van der Meulen et al.,
1993; Wechsler, 2005). By current clinical standards, mild/moderate delay was defined as
a score between 1 and 2 SD below the mean (score 84-70) and severe delay as a score of
>2 SD below the mean (score <70) (Semel et al., 2010; Wechsler, 2005).

Statistical analysis

The statistical analyses were performed using IBM SPSS Statistics version 25 and R version
3.6. Student’s T-test, Pearson’s chi-square test or Fisher’s exact test was used to compare
perinatal and demographic factors between the study group and the group of nonparticipat-
ing children and between each profile. The outcome variables were tested for normality using
the Kolmogorov-Smirnov test, with p < .05 indicating that the tested variable distribution
differed from a normal distribution. Continuous outcome measures were compared across
the clusters using univariate analysis of variance with the Tukey post hoc test (for normally
distributed data) or the Kruskal-Wallis test with the Dunn-Bonferroni post hoc test (for non-
normally distributed data). Normally distributed data are presented as mean + standard
deviation. Data that were not normally distributed are presented as median with interquartile
range.

Regarding the outcome measure for speech production at age 2, inter-rater reliability was
established. An independent experienced clinical linguist re-transcribed the spontaneous
language of 13 randomly selected children (15%) and measured the number of acquired
consonants for each child. A good reliability was found. The average measure ICC was .872
with a 95% confidence interval from .581 to .961; F(12,12) = 7.817, p < .01. Tukey’s test for
nonadditivity showed no interaction; F(1,12) = 1.027, p = .33.

All test scores on cognitive, motor, language and speech function were transformed to
z-scores. The scores obtained at age 2 were submitted to factor analysis. The z-scores of the
behavioral and the auditory nerve function outcomes were reversed in order to get the same
direction of effect for all outcomes; i.e., a higher z-score means a better performance. The
extraction method used in the factor analysis was Principal Component Analysis. Kaiser’s
criterion, eigenvalues >1, was used to define the number of factors to be retained and
Varimax rotation was used to determine factor loading. The suitability of our data for factor
analysis was evaluated using Kaiser-Meyer-Olkin (KMO) measure of sampling adequacy
and Bartlett’s test of sphericity.

A cluster analysis with the standardized factor scores was performed based on the data
obtained at age 2 to find groups of children that significantly differ from each other on the
factors extracted by the factor analysis. First, the optimal number of clusters was determined
by means of a hierarchical cluster analysis according to Ward (1963). Second, a K-means
cluster analysis over the same factor scores was applied based on the number of clusters
indicated by Ward’s dendrogram. The cluster centers obtained with the hierarchical cluster
analysis were used as the initial values for the K-means cluster analysis.
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The Kruskal-Wallis test with the Dunn-Bonferroni post hoc test and chi-square tests
were used to determine whether perinatal and demographic factors were associated with
clusters.

To ascertain whether the definition of the neurodevelopmental profiles at age 2 improved
the prediction of cognitive, language and behavioral outcome measures at school age,
compared to the prediction based on single-domain outcome measures, linear regression
models were used. More specifically, for each single-domain outcome measure (i.e., receptive
language; expressive language; cognitive function; internalizing behavior; externalizing beha-
vior; attention problems) a separate linear regression model was used. An outcome measure
at age 2 and profile membership were entered as independent variables and the correspond-
ing outcome measure at age 10 was entered as the dependent variable. Furthermore, different
profile trajectories were compared as descriptive statistics as well. To investigate the sensitivity
to outliers in a sensitivity analysis, we applied robust regression models using the Huber
method, effectively down-weighing outliers in the analyses. All statistical tests were two sided
and statistical significance was defined at p < .05. Adjustment for multiple testing was
performed by using a Bonferroni correction. Since 16 p-values were relevant in the regression
models, statistical significance was reached when p < .05/16 or .003.

Missing data at age 2 were replaced for the purpose of the factor-analysis by means of
Expectation Maximization (Little’s MCAR test: Chi-square = 74.536, DF = 71, p = .364).
Missing data resulted from either examiner error or child noncompliance. The proportion of
missing values was 6.0% (n = 5) for cognitive function; 4.8% (n = 4) for word production;
3.6% (n = 3) for behavioral function; 17.9% (n = 15) for motor function; and 13.1% (n = 11)
for auditory nerve function.

Results

The 84 children assessed at age 2 had a mean birth weight of 1173 + 392 g and mean
gestational age of 29 + 2 weeks. The characteristics of the study group did not significantly
differ from the nonparticipating group, # = 41 (Table S1, online supplement). Besides, the
characteristics of the participating group at age 10, n = 61, did not significantly differ from the
group lost to follow-up at age 10, n = 23 (Table S1, online supplement). The neurodevelop-
mental outcomes at age 2 are presented in Table S2 (online supplement). The mean scores on

these outcomes were within the normal range, except for speech production, which was
abnormal in almost half of the children.

Factor and cluster analysis at age 2

A scree plot and eigenvalue analyses indicated that three factors could be extracted which
explained 69% of the total variance in the neurodevelopmental outcomes of the children born
VPT. The eigenvalues for the three factors were respectively 3.9, 2.7 and 1.7. Therefore, the
number of factors was set to three for the subsequent varimax rotation analysis. The factor
matrices were then examined and factors defined in terms of variables with a loading of .5 or
larger. The KMO value was 0.74, which is above the acceptable lower value 0.5, and the
Bartlett’ test of sphericity significance value was 0.000 which is less than the lower range value
0.005. This indicates that the correlation matrix was suitable for factor analysis. The results of
the factor analysis with Varimax rotation are presented in Table 1.



CHILD NEUROPSYCHOLOGY 445

Table 1. Factor-analysis with Varimax rotation on neurodevelopmental outcomes in
children born very preterm at 2 years of corrected age (n = 84).

Outcomes Factor 1 Factor 2 Factor 3
Cognitive composite score 81 13 -.04
Receptive language quotient .78 1 =13
Word production quotient .85 .07 .01
Lexi list quotient .83 .09 -.07
Spontaneous speech production score .84 -.07 -.04
Motor composite score .60 -.05 -50
Internalizing problems score .06 .82 =31
Externalizing problems score .10 .89 -.03
Attention problems score =13 .76 -.05
Pervasive problems score .28 .78 .19
I-V interval latency in ms —-.06 -.01 .85
lI-V interval latency in ms -.08 -12 .76

The first factor included cognitive, motor, language, and speech outcomes and was
labelled “cognitive-motor-language function.” The second factor was labelled “behavioral
function” because it was clearly defined by aspects of behavioral function. The third
factor was labelled “auditory nerve function” because the I-V and III-V interval latencies
were found to load high on this factor.

A dendrogram of the Ward’s hierarchical cluster analysis based on the three factors of
the factor analysis showed that the neurodevelopmental outcomes clustered into four
groups. A K-means cluster analysis was then conducted with a restriction to four clusters.

@ Cognitive-linguistic-motor
® ° =~ function
Behavioral function
N Auditory nerve function
o~
8- ]
» B
: \
L ° = \
® o N
N
- E
g i
2«
2 o
1(n=22) 2 (n=16) 3(n=17) 4 (n=29)

Cluster Number of Case

Figure 2. Boxplot illustrating the results of K-means cluster analysis for the children born very preterm
based on their neuro-developmental outcomes.

The z-scores of the behavioral and the auditory nerve function outcomes were reversed in order to get
the same direction of effect for all outcomes, i.e., a higher z-score means a better performance.
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Figure 2 displays boxplots of these four clusters. The units on the vertical axis are
standard deviations from the mean of the standardized factor scores (M = 0 and
SD = 1). A high mean factor score indicates that the cluster of children had a relatively
good performance on this specific factor.

Table 2. Neurodevelopmental outcomes for each of the four profiles of children born very preterm at
2 years of corrected age (n = 84).

Profile 1 Profile 2 Profile 3 Profile 4
Outcomes n=22 n=16 n=17 n=29
Cognitive composite score, mean (SD) 113.7 (6.1) 100.5 (12.3) 103.4 (8.7) 98.9 (8.9)
Receptive language quotient, mean (5D) 109.1 (10.3) 86.1(18.2) 89.8 (13.2) 84.1(17.0)
Word production quotient, mean (SD) 107.4 (9.6) 90.3 (9.7) 92.8 (10.6) 85.6 (8.6)
Lexilist quotient, mean (SD) 103.9 (10.6) 83.1(133) 90.4 (12.3) 79.9 (12.1)
Spontaneous speech production score, mean (5D) 9.9 (2.5) 6.2 (3.6) 6.2 (2.8) 4.3 (2.6)
Motor composite score, median (IQR) 107 (104-113) 98 (86-103) 110 (96-126) 98 (94-104)
Internalizing problems score,? median (IQR) 1 (50-53) 63 (58-66) 3 (51-56) 50 (50-51)
Externalizing problems score,® median (IQR) 37 (36-45) 0 (56-62) 1 (45-58) 1 (37-45)
Attention problems score,® median (IQR) 52 (50-62) 62 (54-70) 56 (52-60) 51 (50-52)
Pervasive problems score,® median (IQR) 50 (50-51) 9 (52-68) 6 (52-63) 51 (50-52)
I-V interval latency in ms, median (IQR) 42 (4.1-4.2) 4.1 (3.9-4.2) 4.4 (43-4.4) 4.2 (4.0-4.3)
lI-V interval latency in ms, median (IQR) 1.9 (1.8-2.0) 1.8 (1.7-20) 2.1(21-22)  1.9(1.9-2.0)

The behavioral problems scale is inverse, so a higher score indicates more reported behavior problems.

Table 2 presents a detailed picture of the neurodevelopmental outcome scores for each
profile. Profile 1 (n = 22; 26%) consisted of children with high-average mean scores on all
domains, the highest scores in all neurodevelopmental domains among the different
profiles. We named this group: neurodevelopmental high performers. Profile 2 (n = 16;
19%) consisted of children with average mean scores for cognition, motor, and language
function. However, they stand out in abnormal behavioral function, below-average
speech production as well as the shortest mean ABR interval latencies, indicating
accelerated auditory nerve function. We named this group: very low behavioral function
and markedly accelerated auditory nerve function. Profile 3 (n = 17; 20%) consisted of
children with mean scores in the high-average to low-average range for cognitive, motor,
language and behavioral function. This profile, however, had the longest mean ABR
interval latencies, indicating delayed auditory nerve function, and below-average speech
production. We named this group: mild neurodevelopmental delay with delayed auditory
nerve function. Profile 4 (n = 29; 35%) consisted of children with low to below-average
mean scores specifically for language and speech function, normal behavioral and
auditory nerve function. We named this group: poor neurodevelopmental functioning
but no behavioral problems.

Perinatal and demographic characteristics for each profile at 2 years of corrected age
are shown in Table 3. Only total days of invasive mechanical ventilation was statistically
significantly different among the profiles at 2 years of corrected age (Kruskal-Wallis X*
[4] = 9.679; p = .021) since cluster 2 showed a higher number of total days of invasive
mechanical ventilation than cluster 1 (p = .019). However, after Bonferroni-correction
because of the 16 comparisons, no significant difference among the profiles was found.
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Profile trajectories

From the children born VPT who participated at 2 and 10 years of age (n = 61),
there were 16 children with profile 1 (73% of original 22), 11 children with profile
2 (69% of original 16), 10 children with profile 3 (59% of original 17) and 24 with
profile 4 (83% of original 29). Table 3 also presents the perinatal and demographic
characteristics of the children born VPT included at follow-up at age 10. No
significant differences were found between the four profiles on birth weight
(BW), male sex, neighborhood socioeconomic status (SES), total days of stay in
the NICU, and total days of invasive mechanical ventilation. However, GA (F
(3.57) = 3.382, p = .024) and parent’s receptive vocabulary score did significantly
differ among the profiles (F(3,49) = 3.982, p = .013). A Tukey post hoc test
revealed that in the study group of the current study (n = 61) mean GA was
significantly lower in profile 2 children (27.7 + 2.0) compared to profile 3 children
(30.0 £ 1.3, p = .042), while there were no significant differences between GA of
the four profiles at the original cohort at age 2 (n = 84). Mean parent’s receptive
vocabulary score was significantly lower in profile 2 children (84 + 12.0) compared
to profile 1 children (98 * 8.0, p = .020) as well as compared to profile 4 children
(97 £ 11.4, p = .018). Furthermore, mother’s educational level was also signifi-
cantly different among profiles (x*(9, n = 56) = 21.49, p = .011). However, after
Bonferroni-correction because of the 16 comparisons, no significant difference
among the profiles was found.

Receptive Language Expressive Language Cognition

Internalizing problems Externalizing problems Attention problems

u-l. e
Jn- Id,+ I B @ﬁ TN
Profle1 2y mProflel 10y ®Profle2 2y mProfile2 10y @Profile3 2y ®Profile3 10y @Profile4 2y MProfile4 10y

Figure 3. Box plots of the neurodevelopmental outcomes at 2 and 10 years of age for each of the four
profiles.

Mean scores = “x”; median = midline boxes; first and third quartile = outline of boxes; minimum
score = bottom of line 1”; maximum score = top of line “T.” Outliers = “°."Outliers were defined as
values lower than the lower quartile minus 1.5 times the interquartile range or higher than the upper
quartile plus 1.5 times the interquartile range.
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Figure 4. Radar chart of the neurodevelopmental outcomes at 2 and 10 years of age for each of the
four profiles.

Data are presented in standardized mean-scores for all variables; high scores refer to favorable results
for all outcome measures.

Regarding the second research question, descriptive statistics indicated different
neurodevelopmental trajectories for each profile (Table 4, Figure 3 and Figure 4).
Children with profile 1 showed a sharp decrease in the language and cognitive outcomes,
which was not expected from their favorable scores at the age of 2. They maintained
neurodevelopmental scores within normal limits at 10 years of age, but overall, at
10 years of age, their scores were approximately 1 SD lower than the mean score at age
2. Children with profile 2, who were characterized by behavioral problems and acceler-
ated auditory nerve function at age 2, showed the expected worse development, showing
the lowest scores at the age of 10 for all outcome measures, of all four profiles. Their mean
behavior problem score remained in the borderline range, however their attention
problem score increased from the normal to the borderline range. In contrast, children
with profile 3, who were characterized by mild neurodevelopmental delay with delayed
auditory nerve function, unexpectedly showed the most increasing trajectory of all four
profiles. At age 10, children with profile 3 had a better outcome compared to children
with profiles 2 and 4 and even approached the outcomes of profile 1, at 10 years of age.
However, their mean total behavioral problems score increased from the normal to the
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borderline range. The trajectories of the children with profile 4 showed the largest
variation, compared to the other profiles, but mean language scores remained almost 1
SD below the mean. They showed severely increased mean attention problem score and
mean total behavior problem score (41% and 21%, respectively).

Mean cognition scores decreased in all profiles, however, the largest difference (16
Q-points, 14%) occurred in children with profile 1, the neurodevelopmental high per-
formers, compared to 13%, 11% and 9% in profile 2, 3 and 4, respectively.

Regarding the third research question, all neurodevelopmental outcome scores at age
10 were regressed on those at age 2 and profile membership. Profile membership was not
statistically significant for any of the outcomes. This result did not change when robust
regression was used.

Additionally, taken together all 61 children, boys performed worse than girls at the age
of 2, specifically on receptive language outcome (mean receptive language score boys:
86.1 (SD 19.1), girls: 102.2 (SD 12.7), independent samples t-test: p = .001). However,
boys, more often than girls, have a neurodevelopmental profile with a catch-up trajectory.
Moreover, girls had diminishing receptive language outcomes at the age of 10 (mean
receptive language score girls: 92.2 (SD 13.9), paired samples t-test: p = .007), resulting in
equal receptive language outcomes for boys and girls at age 10 (mean receptive language
score boys age 10: 87.6 (SD 13.7).

Discussion

This preliminary study showed that a multidisciplinary profile-oriented approach might
be important in children born VPT to gain insight in which of these children are at risk for
long-term adverse neurodevelopmental outcomes and to improve counseling and provide
targeted treatment for at risk children. A factor and cluster analysis based on a broad array
of neurodevelopmental outcomes obtained at 2 years CA revealed four distinctive profiles
of children born VPT. The longitudinal course of these multidisciplinary profiles from 2 to
10 years of age, as well as the profile differences on single-domain outcome trajectories is
presented. Despite very preterm birth, about one quarter of the children performed well
on all investigated neurodevelopmental outcomes, cognitive-language-motor, behavioral,
and auditory nerve function - the profile 1 children. However, these children showed an
unexpected serious decline up to 10 years of age. Since they had the most favorable
cognitive-language-motor function scores at age 2, the results at age 10 could be reflecting
a regression to the mean. Another explanation, however, might be the relatively high
vocabulary scores of the parents of children with this profile. At age 2, these children may
have benefited from living in an environment with relatively rich language input. At
school age, neurodevelopmental functioning becomes more complex, entailing integration
across different neurocognitive domains. This increasing complexity might have led to
diminishing developmental scores over time, resulting in a “growing into deficits effect.”
This effect has been defined as cumulative, increasing neurodevelopmental problems
throughout childhood due to early brain damage (Aarsen et al, 2006). If this trend
could be validated in larger samples, such a declining development would be critical to
clinical practice. Then, it would be highly relevant to study whether extra cognitive-
linguistic stimulation (by parents or a treatment program) will sustain their favorable
early development. Another explanation might be that these children cannot keep up with
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their head start, due to altered brain development. Children born VPT have been
suggested to have delayed language lateralization (Murner-Lavanchy et al., 2014), which
might explain the “growing into deficits effect” for children with favorable scores at age 2.

All other children had below-average mean scores in at least one neurodevelopmental
domain at the age of 2 — profile 2, 3 and 4 children. However, based on visual inspection
of the data in graphs (Figure 4), these children showed different trajectories dependent on
their profile membership. Profile 2 children were mainly characterized by behavioral
problems at age 2. Interestingly, this aspect goes together with shorter ABR latencies,
which has no known clinical implications but may be a marker of abnormal neural
function (Stipdonk et al., 2016). A possible reason for shortened ABR latencies may be
a shorter neural trajectory due to smaller head size (Trune et al., 1988). However, in the
present study, the shorter latencies could not be explained by a significantly shorter head
circumference at 2 years of age in profile 2 children (mean + SD; 48.3 + 1.9) compared to
the children in the three other profiles (respectively, 48.4 + 1.6; 47.8 + 1.3;48.1 + 1.5). The
trajectory of profile 2 children showed a decline, while children with mild neurodevelop-
mental delay with delayed auditory nerve function (profile 3) showed a catch-up, and
children with poor neurodevelopmental functioning (without behavioral problems or
delayed auditory nerve function, profile 4) showed the widest variation in their trajectory.

A possible explanation for the favorable development of profile 3 children might be that
these children represent “slow starters.” Their delayed auditory nerve function at age 2
might reflect delayed, but not disordered, brain maturation, followed by a catch-up devel-
opment in the following years. Thus, delayed auditory nerve function might be associated
with low performance at age 2, but might reflect increased performance at school-age.

Another explanation for the different trajectories of profile 2 and profile 3 children
might be found in behavioral problems at age 2, since behavior scores differed significantly
between children with profile 2 and 3 at age 2. More behavioral problems, as children with
profile 2 were found to have, might have negatively impacted their language development,
since their language scores declined the most. Accordingly, less behavioral problems, as
profile 3 children were found to have, might have been favorable for their language
development. This is in line with previous research suggesting that early behavioral
problems have a negative impact on long-term cognitive and language outcome in VPT
children (Burnett et al., 2018; Wong et al., 2016). The difference in language development
between profile 2 and 3 children might also be explained by perinatal factors. Mean GA
was significantly lower in profile 2 children than in profile 3 children.

Children with profile 4 showed the widest variation on all outcome measures at the age
of 10 years. This might be explained by the fact that neonatal factors such as GA and
neonatal illness varied the most in profile 4 children. Children with lower GA or more
severe neonatal illness are expected to have a stable low trajectory, while children with
a more favorable neonatal base are expected to have increasing development (Burnett
et al., 2018; Linsell et al., 2015).

Regarding cognitive function, our preliminary data showed diminishing scores between
2 and 10 years of age in all four profiles, suggesting a growing into deficits effect. This had
not been expected, since longitudinal studies have shown stable cognitive development
throughout childhood (Mangin et al., 2017; Stalnacke et al., 2019). However, Wong et al.
showed that early developmental assessments such as the BSID have poor sensitivity for
long-term cognitive development, which is in accordance with our results showing
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a majority of children with lower cognitive scores at school age (assessed with WISC-III)
than at age 2 (assessed with BSID) (Wong et al., 2016). The results of the current study also
provided evidence for the idea that the BSID may not be sensitive enough to detect
cognitive deficits at age 2. Since the BSID is regularly used in clinical practice, these findings
are alarming and show the importance of longitudinal follow-up of all children born.

Previous research has repeatedly shown boys born VPT to have lower neurocognitive
scores, including language scores, than girls born VPT (Burnett et al., 2018; Hintz et al.,
2006; Wolke et al., 2008). Therefore, an additional analysis was performed, which showed
that boys performed worse than girls at the age of 2, specifically on receptive language
outcome. Interestingly, however, boys, more often than girls, have a neurodevelopmental
profile with a catch-up trajectory. This is in accordance with results of Doyle et al. (2015).
The diminishing receptive language outcomes of girls at the age of 10, resulting in equal
receptive language outcomes for boys and girls at age 10, therefore show that boys may
have a “slow to warm up” development, while girls show a “head start,” but do not
maintain this more advanced development when they reach school age.

Strengths and limitations

This study is the first to use factor- and cluster-analysis based on a broad array of
included neurodevelopmental outcomes obtained from domain-specific tests. The
method of longitudinally analyzing these multiple neurodevelopmental outcomes within
the framework of four distinctive neurodevelopmental profiles is unique. This “profile-
view” is a person-oriented approach, where the child and his coherent neurodevelopment
are centralized, instead of one specific scientific field. The main limitation of this study is
its small sample size. Since we followed-up four profiles, the power of each individual
profile remained insufficient for adequate statistical analysis. Unfortunately, due to the
small sample size, it was not possible to study sex differences within each profile, for
example. Furthermore, we studied a wide timeline, from 2 to 10 years of age, which
covers a period in which a child is exposed to many different influencing factors, at home
and school, in an academic and social way, leading to an enormous amount of environ-
mental variety. Also, a control group could have provided more insight in the specificity
of the developmental patterns, although our main aim was to better understand the
developmental differences within children born VPT.

Further research and implications

We strongly recommend other researchers to study larger samples of children born
VPT and use profile analysis based on at least language, cognitive and behavioral
outcome to describe the longitudinal, multidisciplinary development of children born
VPT adequately. Besides, it may be of interest to study this development also in other
subgroups of children born preterm, i.e., extremely preterm (GA less than 28 weeks)
and moderate to late preterm (GA 32-37 weeks). Future studies with larger sample
sizes are also needed to explore the idea of a mediated effect by other domains on
language development as well as the impact of neonatal factors, such as GA and birth
weight on clustered neurodevelopmental trajectories. In addition, with a larger sample,
it might be possible to explain the wide variability as found in profile 4 children (i.e.,
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poor neurodevelopmental functioning but normal behavioral and auditory nerve func-
tion) in this study, by studying the impact of GA and neonatal illness on their
development. It may also be relevant to include sex as an interacting factor that may
add to a better prediction of the neurodevelopmental trajectories. If our results could
be confirmed in larger samples, this wide variability would suggest that these children
have to be monitored intensively. Future research may also reveal more specific
important environmental factors that may influence neurocognitive development dur-
ing childhood, such as number of siblings, type of education and certain stressors.
Furthermore, it is recommended to compare the development of the profiles of
children born VPT to those of term-born peers to find out whether the different
developmental patterns are typically for children born VPT only. If our preliminary
results could be validated in other, larger studies, these results could be indicative for
parent-counseling protocols. Developmental perspectives and advice may be profile-
dependent. For example, children with below average language scores in combination
with behavioral problems (profile 2 children) might have a worse prognosis regarding
language outcome at school-age, than children with below average language scores but
no behavioral problems (profile 3 children). In addition, if our preliminary results can
be validated in further studies, these could lead to more appropriate early intervention
as well. For example, children with profile 2 with detoriated language development and
increased attention problems over time might benefit from a structured parent-based
early language intervention combined with intervention focused on improvement
executive function and self-regulation skills.

Conclusions

In conclusion, our preliminary study demonstrated that a multidisciplinary, profile-
oriented approach may be relevant in children born VPT to improve parent counseling
and to enable early intervention and targeted treatment for those who are truly at risk.
It should not be expected that high performers at age 2 continue to maintain their
favorable development without further follow-up or treatment. Besides, behavioral
problems at age 2 appear to negatively impact language development, and delayed
auditory nerve function at age 2 suggests a “slow start” in language development
followed by a catch-up.
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