European Journal of Paediatric Neurology 55 (2025) 9-17

Contents lists available at ScienceDirect

European Journal of Paediatric Neurology

FI. SEVIER

journal homepage: www.journals.elsevier.com/european-journal-of-paediatric-neurology
Original article ' :.)
Co-occurring impairments in several domains of memory following

neonatal hypoxic-ischaemic encephalopathy have real-life implications

Abby Holder “®, Rina Cianfaglione *®, Jade Burns ", Brigitte Vollmer ¢ ®,

Caroline J. Edmonds “%"

2 Clinical Neurosciences, Clinical and Experimental Sciences, Faculty of Medicine, University of Southampton, UK

b Children’s Clinical Trials Assistant (CTA), National Institute for Health Research, University Hospital Southampton NHS Foundation Trust, UK

€ School of Psychology, University of East London, London, UK

4 Neonatal and Paediatric Neurology, Southampton Children’s Hospital, University Hospital Southampton NHS Foundation Trust, Southampton, UK

ARTICLE INFO ABSTRACT

Keywords:

Neonatal hypoxic-ischaemic encephalopathy
Therapeutic hypothermia

School-age outcomes

Memory function

Background: Neonatal Hypoxic-Ischaemic Encephalopathy (HIE) increases the risk for neurodevelopmental
impairment. Information on school-age memory function is limited in children who received hypothermia
treatment (TH) for neonatal HIE.

Objectives: To evaluate memory function in school-aged children who had neonatal HIE and TH and survived
without major neuromotor impairment.

Method: Fifty-one children with neonatal HIE and 41 typically developing (TD) peers participated. At age 6-8
years general cognitive abilities (FSIQ) were assessed with Wechsler Intelligence Scale for Children (WISC-V),
immediate and delayed visual and verbal memory with Children’s Memory Scale (CMS), everyday memory with
Rivermead Behavioural Memory Test for Children (RBMT-C), and working memory with WISC-V. Real-life im-
plications were assessed with Behavior Rating Inventory for Executive Function (BRIEF; Parent and Teacher).
Group differences were examined and correlations calculated to assess associations between memory measures.
Relationship maps illustrate co-occurring impairments.

Results: FSIQ was in the normal range for both groups but significantly lower in the HIE group. Children with HIE
had significantly more deficits in working memory (20.4 % vs 0 %), verbal immediate (20.0 % vs 2.5 %), verbal
delayed (17.8 % vs 2.5 %), visual immediate (28.9 % vs 7.5 %), and everyday memory (38.8 % vs 5.6 %).
Relationship maps identified more co-occurring clinical/borderline impairments in children with HIE (45.1 % vs
4.9 %) and more frequent clinical impairments in real-world memory measures.

Conclusion: Despite hypothermia treatment, and with general cognitive abilities in the normal range, children
with neonatal HIE are at risk of memory impairments in multiple domains, affecting everyday functioning at
home and school. Timely identification is important for individually targeted support.

1. Introduction

Moderate to severe neonatal hypoxic-ischaemic encephalopathy
(HIE) following perinatal asphyxia affects 0.5-3/1000 live births in
high-income countries, more in low- and middle-income countries [1,2].
Infants experiencing neonatal HIE are at increased risk of neuro-
developmental impairment [3]. The introduction of therapeutic hypo-
thermia (TH) as standard treatment for moderate to severe HIE has
successfully reduced mortality and severe neurodevelopmental
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disability [4]. Despite these positive outcomes, there is evidence that
subtle cognitive and behavioural impairments may persist even in those
who survive without severe neurodisability [5-8].

Memory impairments have been observed following neonatal HIE
and have been associated with injury to the hippocampus, a region
highly susceptible to hypoxic-ischaemic damage [9]. Prior to introduc-
tion of TH, De Haan et al. (2006) reviewed memory outcomes in children
with a history of perinatal asphyxia (PA) who did not undergo hypo-
thermia treatment [10]. These children often experienced compromised
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episodic memory, long-term verbal, and, occasionally, visual memory;
this was associated with smaller hippocampal volumes. Conversely, se-
mantic and immediate memory typically remained within normal
ranges.

Following TH introduction, some studies observed preserved mem-
ory functioning in infants who underwent TH for HIE. For example,
Pfister et al. (2016) reported preserved auditory memory at two weeks
of age using event-related potentials [11], while another study assessed
memory function using elicited imitation in pre-verbal children aged 12
months, revealing similar episodic memory functioning in the HIE group
and a control group [12]. There is a lack of research in the TH era
extending into later childhood, despite evidence that neuro-
developmental deficits, including memory problems, may only manifest
at school-age [3] and may only emerge once cognitive load increases at
school level [3,7]. For example, a follow-up study using a sample that
initially showed preserved memory recognition at two weeks [11]
revealed, by age five years, deficits in memory functioning, notably
sentence recall and narrative memory, which was correlated with
reduced hippocampal volumes [13]. In the few studies that have focused
on school-age outcomes of those treated with TH, deficits in working
memory, long-term episodic memory and visuospatial memory are re-
ported, regardless of TH treatment [6,14-16].

To our knowledge, no existing studies have investigated potential
real-life implications of memory impairment following HIE. Given that
neonatal HIE is known to have negative effects upon school readiness
and performance [6,17], using measures which emulate real-life settings
and accurately reflect everyday demands is important for a compre-
hensive understanding of how these impairments impact on daily
functioning.

In this study, we investigate memory functioning in school-aged
children who had neonatal HIE, were treated with TH, and survived
without major neurodisability. We aimed to visualise co-occurring
memory impairments using relationship maps, such that commonly
affected domains of memory can be identified. We further aimed to
identify whether memory impairments following neonatal HIE have
real-life implications at school-age through employing both formal and
real-world assessment measures.

2. Methods
2.1. Participants

Participants were children aged 6-8 years, born between August 01,
2011 and March 31, 2016, who had been treated with TH for neonatal
HIE at Princess Anne Hospital (PAH), Southampton, UK, a tertiary level
neonatal centre (for criteria for TH at PAH) [18] and survived without
severe motor impairment (normal neurology or CP with Gross Motor
Function Classification System, GMFCS [19] level <2). Exclusion
criteria were metabolic/chromosomal disorders, congenital malforma-
tions of the brain, perinatal or later brain infections and/or injuries, CP
GMECS level >2.

A comparison of demographic and perinatal characteristics between
the study sample and the whole cohort of infants who received TH be-
tween August 01, 2011 and March 31, 2016 and survived without major
neurodisability is presented in Table 1. The study sample was repre-
sentative, including for hypoxic-ischaemic injury based on neonatal
clinical MRI, assessed using the Barkovich (1998) scoring system [20],
except for sex with a greater proportion of females than males in the
study sample. There were six infants in the whole cohort born before
367° weeks of gestation, two of those were participants in the current
study.

Typically developing (TD) children without a history of neonatal HIE
were recruited using a friends and family approach, and from local
schools and clubs. Children were matched on age, sex, and postcode, as
closely as possible. Children were excluded if they had a significant
medical condition or neurodevelopmental impairment, and if the child
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Table 1

Perinatal characteristics. Comparison of the study sample and the whole cohort
of those who survived without major neurodisability born between August 01,
2011 and March 31, 2016.

Cohort of newborns Study p-
undergoing TH for sample” n = value”
neonatal HIE, who 51
survived without
developing CP GMFCS>2"
n=103
Birth weight (grams); mean  3372.58 (656.79) 3362.91 0.937
(SD); min-max (701.71)
1540-4870 1540-4870
Gestational age (weeks); 39.60 (1.82) 39.80 (1.80) 0.312
mean (SD); min-max 34-42.20 34-42.20
Sex male/female; n (%) 47/56 (45.6/54.4) 19/32(37.3/  0.029
62.7)
Mode of delivery; n (%) 0.306
Spontaneous vaginal 42 (40.8) 17 (33.3)
Forceps 13 (12.6) 9 (17.6)
Ventouse 4(3.9 1(2.0)
Planned Caesarean 2(1.9) 1(2.0)
Emergency Caesarean 42 (40.8) 23 (45.1)
Apgar at 10 min; mean 5.40 (2.24) 5.56 (2.27) 0.445
(SD); min-max 0-10 0-10
Cord pH (arterial) or pH 6.99 (0.17) 6.96 (0.16) 0.057
from blood gases within 6.64-7.36 6.64-7.29
first 60 min; mean (SD);
min-max
Cord BE (arterial) or BE —14.84 (7.14) —14.96 0.890
from blood gases within (6.82)
first 60 min; mean (SD); -30; 4 —-30; -2
min-max
Days of ventilation, mean 3.04 (2.89) 2.98 (2.91) 0.799
(SD); min-max 0-12 0-9
Neonatal seizures; n (%) 42 (40.8) 18 (35.3) 0.511
Neonatal MRI; n (%) 0.351
No MRI 16 (15.5) 6(11.8)
Normal/Signs of HI- 19/68 (18.4/81.6) 13/32 (25.4/
injury® 74.6)
White matter/ 8(7.8) 2(3.9)
Watershed zones
Basal Ganglia/Thalami 13 (12.6) 6 (11.8)
BG/Thalami & 15 (14.6) 9(17.6)
Perirolandic/Insular
Cortex
BG/Thalami/WM 13 (12.6) 6 (11.8)
WM/ Cortex 10 (9.7) 4(7.8)
BG/Thalami/WM/ 9(8.7) 5(9.8)
Cortex
Cerebral Palsy with 7 (6.8) 3(5.9)

GMFCS<2, n (%)

Non-parametric statistics (Mann-Whitney-U test) for continuous variables; Chi
Square/Fisher’s Exact for categorical variables BG=Basal Ganglia; WM= White
Matter.

# Information missing for whole sample: 1 for Apgar10 (home birth); 8 for
cord pH; 15 for cord BE; 2 for days of ventilation.

b Information missing for study sample: 2 for cord pH; 4 for cord BE (1 post-
natal collapse, 1 born in birth centre, 1 home birth); 1 for days of ventilation.

¢ HI - hypoxic-ischaemic injury; assessed based on neonatal clinical MRI,
using the Barkovich (1998) scoring system; MRI assessed for signal abnormal-
ities on T1-weighted, T2-wighted, and diffusion MRI.
was born before 367 weeks of gestation. Exclusion criteria for both
groups were if the family and child did not understand the English
language sufficiently to complete written questions or take part in as-
sessments conducted in English. Fig. 1 illustrates the recruitment process
for the HIE group. Table 2 shows the characteristics of the HIE and the
control group. There were some differences between the groups: Mean
age of participants and parental educational level was higher in the
control group. There was a higher proportion of left-handed children in
the HIE group than in the control group.
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157 admitted with HIE
following PA, considered

for TH
Born August 2011 —
March 2016
HIE subsequent to
> PA not primary
v diagnosis= 15
142 infants with a
primary diagnosis of
HIE following PA
> No TH=24
v
118 infants received TH
Died= 10

CP with GMFCS>2 =

103 infants eligible for 5

study participation

| » No reply/contact =

l 37

Declined= 13
53 families agreed to
participate
Lost during
—> Covid19=1
v Lost contact=1

Final sample=51

Fig. 1. Flowchart of the recruitment process for the HIE sample HIE: Hypoxic-
Ischaemic Encephalopathy; PA: Perinatal Asphyxia; TH: Therapeutic
Hypothermia.

2.2. Measures

Children were assessed either at home (n = 16), school (n = 2), or at
the Clinical Research Facility at University Hospital Southampton, CRF
(n = 68), or combined home/school or CRF sessions (n = 7). Some of the
data collection for this study took place during the COVID-19 pandemic
(between February 2020 and July 2022), which affected where the as-
sessments were conducted. The children completed formal and real-
world assessments of general cognitive abilities and memory function.
As opposed to formal assessments, designed to measure memory in a
controlled setting, real-world assessments, in the form of parent and
teacher questionnaires, are designed to observe everyday, authentic
behaviour in real-life settings. Parents completed questionnaires on the
same day that the assessments were conducted. Teachers were sent an
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Table 2
Clinical characteristics of the HIE and the control group.

Characteristics HIE group (n Control group p-
=51) (n=41) value®

Sex, male/female n, (%) 19/32 (37.3/ 16/25 (39.0/ 0.862
63.7) 61.0)

Age (years); median (IQR) 6.4m (1.0) 7.2m (1.1) <0.001

Birth weight (grams); mean (SD) 3431.35 3362.91 0.637
(636.31) (701.71)

Gestational age (weeks) mean (SD)  39.53 (1.90) 39.80 (1.80) 0.460

Visual function; n, (%) 0.093

Normal vision 36 (70.6) 35 (85.4)

Corrected with glasses 15 (29.4) 6 (14.6)

Hearing function; n, (%) 0.200

Normal hearing 49 (96.1) 41 (100)

Impaired; corrected with aids™ 2(3.9) -

Head Circumference (cm); mean 51.45 (2.02) 52.46 (1.97) 0.061

(SD)

Handedness (r/1); n(%) 39/11 (78.0/ 38/3 (92.7/ 0.055
22) 7.3)

English first language; n (%) 48 (96.0) 41 (100) 0.200

English Index of Multiple 0.200

Deprivation® (IMD); n (quintile)

1 — most deprived 5(9.8) 2 (4.9

2 8(15.7) 13 (31.7)

3 8(15.7) 11 (26.8)

4 15 (29.4) 5(12.2)

5 — least deprived 15 (29.4) 10 (24.4)

Education (mother); n (%) 0.003

Doctoral/Master degree 5(10.6) 6 (15.8)

University degree 5(31.9) 22 (57.9)

3 or more A levels® 7 (14.9) 9 (23.9)

5 or more GCSE” 13 (27.7) 1(2.6)

<5 GCSE 6(12.8) -

No formal education 121 -

Education (father); n (%) 0.014

Doctoral/Master degree 3(7.3) 7 (19.4)

University degree 6 (14.6) 16 (44.4)

3 or more A levels 10 (24.4) 4 (11.1)

5 or more GCSE 12 (29.3) 5(13.9)

<5 GCSE 9(22) 4(11.1)

No formal education 124 -

# Non-parametric statistics (Mann-Whitney-U test) for continuous variables;
Chi Square/Fisher’s Exact for categorical variables; “English Index of Multiple
Deprivation (IMD): These are indices of multiple deprivation, a measure of
relative deprivation for small, fixed geographic areas in England. Areas are
classified into 5 quintiles based on relative disadvantage; Quintile 1: most
deprived; quintile 5 least deprived area; "Mild and not corrected with hearing
aids for 1 child - this did not affect test performance permanent sensorineural
hearing loss (right mild left moderate), corrected with hearing aids for 1 child.

Y GCSE: General Certificate of Secondary Education; qualifications at end of
Year 11 schooling; usually at age 15-16.

¢ A Levels: Advanced level qualifications. Subject-based qualifications; taken
age 16 and above, that can lead to university, further study, training, or work, in
the UK.

electronic or paper version of the questionnaires after participating
families consented for the teacher to be contacted.

2.2.1. Formal measures

General cognitive abilities and working memory were assessed using
the Wechsler Intelligence Scale for Children, Fifth Edition (WISC-V)
[21]. Full-scale IQ score (FSIQ, mean of 100 and standard deviation of
15) was used to assess general cognitive abilities. The Working Memory
Index measures children’s attention and concentration skills, including
the ability to register and maintain visual and auditory information. The
Working Memory Index has a range of 45-155, with an average of 100
and a standard deviation of 15; scores between 90 and 109 are within
the normal range. Clinically significant impaired performances range
between 45 and 69, with borderline performances ranging between 70
and 79.
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The Children’s Memory Scale (CMS) [22] was used to assess ver-
bal/auditory and visual/non-verbal memory. Each subtest in the verbal
and visual categories provides an immediate and delayed recall mea-
sure, thereby assessing long-term and immediate memory. We report
five Index scores: Verbal Delayed, Verbal Immediate, Visual Delayed,
Visual Immediate, and General Memory. General Memory is a measure
of global memory functioning, generated using the four Index scores,
which range from 50 to 150, with an average of 100 and a standard
deviation of 15. Clinically impaired performances are those <69, with
borderline scores ranging between 70 and 79.

The Rivermead Behavioural Memory Test for Children (RBMT-C)
[23] uses memory tasks involved in normal daily life. We report the
overall RBMT-C Standardised Profile score. Scores (0-22) are adapted
depending on the child’s age. For children aged 5 years-6 years 11
months, scores between 0 and 11 indicate clinically impaired perfor-
mance, and scores between 12 and 15 indicate borderline impaired
performance. For children aged 7 years-7 years 11 months, scores be-
tween 0 and 13 indicate clinically impaired performance, and scores
between 14 and 17. In the case of children aged 8 years-10 years 11
months, clinically impaired performance is represented by scores be-
tween 0 and 15 and borderline impaired performance by scores between
16 and 19.

2.2.2. Real-world measures (measures of everyday functioning)

Information on real-world working memory in the home and in
school environments was collected using parent and teacher ratings
from the Behavior Rating Inventory for Executive Function (BRIEF)
[24]. We report the Working Memory Index from both the parent
(BRIEF-P) and teacher (BRIEF-T) versions. BRIEF T-scores >65 indicate
clinically impaired performance.

2.3. Ethics

This study was approved by the NHS Health Research Authority
Ethics Committee, Liverpool, UK (REC ref 19/NW/0478). Each family
was sent an electronic copy of the Parent Information Sheet and Child
Information Sheet. Signed consent and assent was received from the
parents and children respectively when they attended the first
appointment.

2.4. Statistical analysis

Data analyses were performed using IBM SPSS Statistics version 28.
Data were categorised as “clinically impaired”, “borderline” and
“normal”, using the test-specific guidelines. The frequency of impaired
performances was calculated and used to construct relationship maps,
with performance on memory tests and the frequency of impaired per-
formances as the outcome variables. The Shapiro-Wilk test for normality
revealed that data were not normally distributed, therefore group dif-
ferences were tested with Mann-Whitney U tests. The p value for sta-
tistical significance was set at 0.05. The frequency of children who were
showing clinically significant impairment was compared between the
HIE group and control group, and then analysis was broadened to
include borderline performances. This allows for identification of subtle
impairments, which may worsen with time.

2.5. Relationship maps

To visualise co-occurring memory impairments, relationship maps
were created using frequencies of impaired performances. First, rela-
tionship maps are displayed with only the formal measures, and second,
with real world measures included. Formal measures included: CMS
General Memory, Verbal Immediate, Verbal Delayed, Visual Immediate,
Visual Delayed; WISC-V Working Memory Index; RBMT-C Standardised
Profile score. The second set incorporated the BRIEF-P and BRIEF-T.
Each domain is represented as an individual node on the relationship
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map, with the corresponding number of children impaired in that
domain annotated next to it. A line connecting two nodes represents a
co-occurring impairment in both those domains, with a number on the
line indicating the frequency of that co-occurring impairment. Line
thickness corresponds to frequency, such that a thicker line indicates a
more frequent co-occurring impairment.

3. Results

Some children found the clinical testing setting intimidating, and a
few children and families did not complete the whole battery of tests.
The number of children completing each test are reported in the tables.

3.1. General cognitive abilities

Although within the normal range, children with HIE had signifi-
cantly lower IQ scores compared to TD peers (FSIQ: mean = 93.92, SD =
16.90 vs mean = 109.45, SD = 9.93, p < 0 0.001).

3.2. Performance on memory tests

3.2.1. Formal assessments

The HIE group performed significantly worse in five of the seven
formal measures of memory compared to their TD peers (Table 3).
Significant differences were seen in CMS Verbal Immediate, Verbal
Delayed, Visual Delayed and General Memory Index Scores; on the
RBMT-C score; and on the WISC-V Working Memory Index, but not in
the CMS Visual Immediate scale. Effect sizes are also reported; they are
medium for all except Visual Immediate, Visual Delayed and BRIEF-T
ratings, in which cases they are small.

Table 3
Performance on tests of memory function.
Assessment HIE group Control p- Effect Effect
(n=51) group (n = value* size r strength
41)
Median Median
(IQR) (IQR)
CMS (Index scores)
General 96.00 112.00 0.001 0.35 Medium
Memory (29.00) (25.50)
Verbal 97.00 109.00 <0.001 0.36 Medium
Immediate (22.50) (27.25)
Verbal Delayed 97.00 112.00 <0.001 0.42 Medium
(22.50) (17.25)
Visual 91.00 95.50 0.352 0.10 Small
Immediate (31.00) (20.25)
Visual Delayed 94.00 100.00 0.027 0.23 Small
(15.00) (12.00)
RBMT-C
Standardised 17.00 20.00 <0.001 0.50 Medium
Profile Score (3.00) (3.00)
WISC
Working 97.00 112.00 <0.001  0.36 Medium
Memory Index (31.50) (14.00)
BRIEF (T-scores)
Parent 52.00 46.00 0.001 0.33 Medium
(25.00) (9.00)
Teacher 50.00 44.00 0.019 0.25 Small
(26.00) (9.00)

Data expressed as a median (interquartile range, IQR; *“Mann-Whitney-U test.
Abbreviations. CMS = Children’s Memory Scale; RBMT-C = Rivermead Behav-
ioural Memory Test for Children; WISC-V = Wechsler Intelligence Scale for
Children, Fifth Edition; BRIEF = Behavior Rating Inventory for Executive
Function.

Missing data note. In the HIE group, missing data from each test included: 6 from
CMS, 4 from BRIEF-T testing, 2 from RBMT-C and the WISC-V, and 1 from
BRIEF-P. Of the control population, 1 was missing from the RBMT-C, 3 from
BRIEF-T, and 1 from both CMS and WISC-V. These data points were coded as
missing and excluded from analysis.
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3.2.2. Parental and teacher questionnaires

Children with HIE had significantly higher scores (indicating more
problems) in comparison to the control group on both the BRIEF-P and
the BRIEF-T.

3.3. Clinically impaired performances

3.3.1. Formal assessments

Table 4 reports the frequencies of clinically significant impairments
in each group. Although there were no statistically significant differ-
ences on any of the individual memory indices, a greater proportion of
children with HIE scored within the clinically impaired range compared
to their TD peers. Of children with HIE, 21.6 % had at least one test
result that would put them in the clinically significant impaired group,
compared to 7.3 % of TD children. There were no clinically significant
impairments on CMS Delayed Visual Memory in the HIE group, with one
child in the TD group scoring in the clinically significant impaired range.

Fig. 2 shows that children with HIE had more co-occurring clinically
significant impairments compared to TD children on formal assessments
of memory. In the HIE group, 11.8 % had at least one co-occurring
clinically significant impairment, contrasting with one child in the TD
group (2.4 %).

3.3.2. Real-world assessments

Children with HIE displayed significantly more frequent clinically
significant impairments affecting daily functioning in working memory,
in both home and school setting, than their TD peers (BRIEF-P 30.0 % vs
2.4 %, p < 0.001); BRIEF-T (31.3 % vs 7.9 %, p = 0.009). In the HIE
group, 43.1 % were clinically impaired in daily functioning in at least
one of the BRIEF measures (BRIEF-P or BRIEF-T), compared to 9.8 % in
the control group.

Integrating the BRIEF measures into the relationship maps increased
the frequency of co-occurring clinical impairments from 11.8 % to 23.5
% in the HIE cohort (Fig. 3). The most prominent co-occurring clinical
impairment existed between BRIEF-P Working Memory index and
BRIEF-T Working Memory index, where 8/50 (16.0 %) of children with
HIE scored in the clinically significant impaired range both in a home
and a school setting. None of the TD children had co-occurring impair-
ment in both BRIEF-P and BRIEF-T. Each formally measured domain had
at least one co-occurrence with the real-world measures, with the
exception of CMS Visual Delayed Memory.

Table 4
Frequencies and percentages of children in the impaired range in memory
function (clinically significant range only).

Assessment HIE group (N = Control group (N = p-
51) 41) value®
n/N (%) n/N (%)
CMS (Index Scores)
General Memory 4/45 (8.9 %) 1/40 (2.5 %) 0.214
Verbal Immediate 5/45 (11.1 %) 1/40 (2.5 %) 0.124
Verbal Delayed 5/45 (11.1 %) 1/40 (2.5 %) 0.124
Visual Immediate 3/45 (6.7 %) 0/40 (0.0 %) 0.098
Visual Delayed 0/45 (0.0 %) 1/40 (4.4 %) 0.131
RBMT-C
Standardised Profile 2/49 (4.1 %) 0/40 (0 %) 0.223
Score
WISC-V
Working Memory Index 4/49 (8.2 %) 0/40 (0 %) 0.066

Abbreviations. CMS = Children’s Memory Scale; RBMT-C = Rivermead Behav-
ioural Memory Test for Children; WISC-V = Wechsler Intelligence Scale for
Children, Fifth edition.

Missing data note. In the HIE group, missing data from each test included: 6 from
CMS, 2 from RBMT-C and the WISC-V, of the control population, 1 was missing
from the RBMT-C, and 1 from both CMS and WISC-V. These data points were
coded as missing and excluded from analysis.

# Mann-Whitney-U test.
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3.4. Borderline and clinically impaired performances combined

To investigate more subtle difficulties that children with HIE may
face, analysis was broadened to include borderline performances.

3.4.1. Formal assessments

Table 5 reports the frequencies of combined borderline and clinical
impairments in each group. Across the formal assessments, children with
HIE had significantly more frequent rates of impairments in the CMS
subscales of General Memory, Verbal Immediate, Verbal Delayed and
Visual Inmediate memory. Significantly more impairments were seen in
the RBMT-C measure of everyday memory, and 20.4 % of children with
HIE had impairments in the Working Memory index of the WISC-V,
whilst no child in the control group had impairment in this area. Of
the children with HIE, 22 % scored in the borderline or clinically sig-
nificant impairment range on formal measures, compared to 4.0 % in the
TD peers group. Overall, in the HIE group, 56.9 % had at least one
performance categorised as borderline or clinically impaired, compared
to 12.2 % in the control group.

Children with HIE showed significantly more co-occurring memory
impairments across formal measures when including borderline per-
formances (Fig. 4). In the HIE group, 27.5 % had at least one co-
occurring memory impairment, compared to one child in the TD chil-
dren group (2.5 %).

3.4.2. Real-world assessments

Including real-world measures in the relationship maps increased the
rates of co-occurring borderline or clinically significant memory im-
pairments from 27.5 % to 45.1 %, whilst the control group remains at
4.9 % (Fig. 5).

4. Discussion

Our findings show that school-aged children with HIE who survived
without severe neurodisability, and have IQ within normal range,
exhibit poorer memory functioning compared to typically developing
peers. Children with HIE performed more poorly than controls in mul-
tiple domains of memory. In line with previous research, verbal memory
was affected more than visual memory [10]. Consistent with Cainelli
et al. (2021) and Halpin et al. (2022), in our sample, children with HIE
performed similarly to their TD peers in visual immediate memory [25,
26].

Currently, few studies in the TH era have focused on memory out-
comes comprehensively or included real life measures. Many only report
memory as a general subtest within the context of global cognitive
assessment or report few specific domains. Prior to TH, Van Handel et al.
(2012) investigated memory in detail in a sample of school-aged chil-
dren with moderate neonatal HIE, who did not have CP [27]. Their
sample of non-cooled children had specific deficits in verbal working
memory, and compromised maintenance and retrieval of verbal, vi-
suospatial and verbal associative episodic memory, irrespective of a
global effect of HIE on IQ. Earlier studies in the pre-TH era matched
these findings, identifying impairments in delayed recall of verbal and
visual information in samples with moderate HIE [17,28,29]. Our results
extend these findings in a cohort of children who underwent TH. This
supports findings that have highlighted the vulnerability of memory
functions in those with severe HIE [17]. There is evidence from animal
studies that shows disruption of prefrontal-hippocampal networks and
reduced hippocampal volume after early hypoxic ischaemic insults [30],
which are linked to memory and executive functions and are
long-lasting [31]. While semantic memory relies upon the temporal
cortices, episodic memory is more reliant on hippocampal structures and
related networks, and therefore may be more susceptible to hippocam-
pal injury caused by hypoxic-ischaemic events [10,32]. Neuroimaging
studies in children with neonatal HIE have reported links between
injured elements of the Papez circuit (hippocampus, mamillary bodies
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Fig. 2. Relationship maps, illustrating co-occurring clinically significant memory impairments in the two groups across the formal measures of memory function.
Findings for the HIE group are shown on the left, findings for the control group are shown on the right. Each node represents a memory domain and the number of
children impaired in each domain. The line connecting the nodes, represents the frequency of co-occurring impairment. Line thickness corresponds to the number of
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Fig. 3. Relationship maps, illustrating co-occurring clinically significant memory impairments in the two groups across formal and real-life measures of memory
function. Findings for the HIE group are shown on the left, findings for the control group are shown on the right. Each node represents a domain and the number of
children impaired in each domain. The line connecting the nodes, represents the frequency of co-occurring impairment. Line thickness corresponds to the number of

co-occurring impairments.

(MB), and thalamus) and memory deficits following HIE. For example,
smaller hippocampal volumes were associated with poorer long-term
episodic memory, lower IQ, and poorer long-term visuospatial mem-
ory in children with HIE who were not treated with TH [15]. Spencer
et al. (2022) reported that, when compared to children with TH treated
HIE who had normal MB and controls, those with abnormal MB had
smaller hippocampal volumes as a proportion of total brain volume, and
poorer working memory [33]. These findings, along with ours, support
the idea that the hippocampus and associated memory networks may
not respond well to the hypothermia treatment alone, and that a com-
bination of TH with other neuroprotective agents is necessary for further
prevention of cognitive impairments.

In the HIE group, we observed a significantly higher frequency of co-

14

occurring memory impairments, i.e. impairments in multiple domains of
memory, particularly for real-world working memory measures. This
highlights the challenges faced by children with HIE in daily functioning
and learning. Borderline and clinically significant impairment of mem-
ory function was more frequent in the HIE group than in the TD group.
Thus, our findings show that the HIE group is characterised by both
severe and subtle impairments in memory.

We found that the children with HIE displayed more difficulties in
verbal memory, in particular in areas assessing episodic memory, con-
firming findings from recent research investigating cognitive outcomes
in samples that had undergone TH that have reported significantly
worse performance on both immediate and delayed recall on the RBMT-
C [6], lower working memory scores in the WISC-V Working Memory
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Table 5
Frequencies and percentages of children in the impaired range in memory
function (clinically significant and borderline performances combined).

Assessment HIE group (N- Control group (N = p-
51) 41) value®
n/N (%) n/N (%)
CMS (Index Scores)
General Memory 11/45 (24.4 %) 1/40 (2.5 %) 0.004
Verbal Immediate 9/45 (20.0 %) 1/40 (2.5 %) 0.013
Verbal Delayed 8/45 (17.8 %) 1/40 (2.5 %) 0.023
Visual Immediate 13/45 (28.9 %) 3/40 (7.5 %) 0.012
Visual Delayed 2/45 (4.4 %) 2/40 (5.0 %) 0.552
RBMT-C
Standardised Profile 19/49 (38.8 %) 1/40 (5.6 %) <0.001
Score
WISC
Working Memory Index 10/49 (20.4 %) 0/40 (0 %) 0.001

Abbreviations: CMS = Children’s Memory Scale; RBMT-C = Rivermead Behav-
ioural Memory Test for Children; WISC-V = Wechsler Intelligence Scale for
Children, Fifth edition." as one simple para; "Missing data note: In the HIE group,
missing data from each test included: 6 from CMS, 2 from RBMT-C and the WISC-
V. These data points were coded as missing and excluded from the analysis.

2 Mann-Whitney-U test.

index [16], and memory deficits, specifically Story Recall on the
NEPSY-2 3%,

While our cohort displayed IQ levels lower than their peers, IQ scores
were still within normal ranges. The Working Memory Index contributes
to the calculation of Full Scale IQ. In our sample, all children with a WMI
score below 89 (below the normal range), also had a FSIQ below the
normal range. Even with IQ in the normal range, children may be
affected in their daily lives. One study focusing on childhood outcomes
following TH treatment following neonatal HIE, reported that 20 % of
children with IQ in the normal range received special education support
in school [8]. This emphasises the need to adapt teaching to the indi-
vidual cognitive profile of the child.

A key aim of our study was to examine how the memory difficulties
observed on formal tests are reflected in the everyday functioning of
children with HIE. Studies using real-world measures such as the BRIEF
are scarce. One study in children who had mild HIE and did not receive
TH, found that performances were within clinically significant impair-
ment ranges in 13.9 % of the BRIEF-P, and 23.3 % of the BRIEF-T in their
sample of non-cooled children with mild encephalopathy [34]. Pfister
et al. used only the parent version of the BRIEF and found no differences

CMS Verbal Immediate
9

CMS General Memory

1

CMS Visual
Immediate ©*

WISC-V Working Memory

European Journal of Paediatric Neurology 55 (2025) 9-17

between their sample of 5-year-olds with HIE and matched controls, but
their sample was very small, which may explain the lack of group dif-
ference [13]. Assessing behaviour ecologically through the BRIEF, in
addition to formal tests of memory, allows for a more realistic under-
standing of how memory impairments influence everyday functioning
following neonatal HIE.

A novel aspect of our study involved the use of relationship maps to
visualise co-occurring memory impairments. In our sample of children
with HIE, over 25 % have co-occurring clinically significant memory
impairments, and nearly half of the sample have co-occurring impair-
ments in the borderline or clinical region. Understanding the interplay
between co-occurring memory impairments is important. Even if subtle,
it may be that, in combination, specific memory deficits interact to
manifest in everyday life. Children with multiple co-occurring memory
impairments may be at an increased risk of increasing and/or more
prominent memory difficulties with age, as school and social demands
on memory increase. This notion is supported by others, with children
with neonatal HIE treated with TH who showed seemingly favourable
outcome in early childhood, later emerging with several difficulties in
early adolescence [35]. Further, deficits in episodic memory become
increasingly noticeable only at school-age, due to its later development
relative to semantic memory [36].

There are potential limitations to our study. Mean age in the control
group was higher than in the HIE group; this, however, should not have
affected the findings from the psychometric cognitive tests since these
are age-standardised. There is a possibility that cognitive function dif-
ferences between the HIE and the control group may have been affected
to some degree by a significant difference in parental educational level
between the groups. However, our findings are overall in line with
existing knowledge and therefore we believe that while this may have
led to differences between the two groups being emphasised, the pattern
of findings is sound. There was a higher proportion of children who were
left-handed in the HIE group. While there is a suggestion of a correlation
between handedness and aspects of memory function, current evidence
is weak and partly inconsistent, in particular when related to brain
development after early injury [37,38]; therefore, with the current
knowledge available, it is not possible to judge whether this may have
affected the findings of our study. An interesting observation was that
mean head size in the HIE group was slightly smaller than in the control
group. Whether this might be a consequence of the early experienced
hypoxia-ischaemia with subsequent poorer brain growth or whether
there are genetic influences of head size, can not be answered with our
current study, but will need to be considered in future work. A
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Fig. 4. Relationship maps, illustrating co-occurring clinically significant and borderline memory impairments in the two groups across formal measures of memory
function. Findings for the HIE group are shown on the left, findings for the control group are shown on the right. Each node represents a domain and the number of
children impaired in each domain. The line connecting the nodes, represents the frequency of co-occurring impairment. Line thickness corresponds to the number of

co-occurring impairments.
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Fig. 5. Relationship maps, illustrating co-occurring clinically significant and borderline memory impairments in the two groups across the formal memory function
measures and real-life assessments. Findings for the HIE group are shown on the left, findings for the control group are shown on the right. Each node represents a
domain and the number of children impaired in each domain. The line connecting the nodes, represents the frequency of co-occurring impairment. Line thickness

corresponds to the number of co-occurring impairments.

double-blind procedure was not adopted, so assessors were aware if
children belonged to the HIE or the control group. However, a stand-
ardised protocol was followed, and all children were administered the
standardised assessments in the same order, so bias is substantially
reduced.

5. Conclusions

Our findings show that even with hypothermia treatment, children
with HIE who survive without severe neurodisability continue to expe-
rience significant memory impairments at school-age, even whilst gen-
eral cognitive abilities remain in normal range. The presence of co-
occurring memory deficits in childhood may become more evident as
children progress through school and the cognitive demands increase.
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