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ARTICLE INFO ABSTRACT

Keywords: Background: The hippocampus, an essential structure for learning and memory, has a reduced volume in preterm
Preterm birth born (gestational age < 37 weeks) individuals with very low birth weight (VLBW: birth weight < 1500 g),
Very low birth weight which may affect memory function. However, the hippocampus is a complex structure with distinct subfields
Hippocampus related to specific memory functions. These subfields are differentially affected by a variety of neuropathological

Isviemfry {uhr;[cl:;on conditions, but it remains unclear how these subfields may be affected by medical complications following
ructural

Hi 1 subfield preterm birth which may cause aberrant brain development, and the consequences of this on learning and

ippocampal subfields

Norwegian Mother and Child Cohort Study memory function in children with VLBW.

(MoBa) Methods: Children born preterm with VLBW (n = 34) and term-born controls from the Norwegian Mother and
Child Cohort Study (MoBa) (n = 104) underwent structural MRI and a neuropsychological assessment of
memory function at primary school age. FreeSurfer 6.0 was used to analyze the volumes of hippocampal sub-
fields which were compared between groups, as was memory performance. Correlations between abnormal
hippocampal subfields and memory performance were explored in the VLBW group.

Results: All absolute hippocampal subfield volumes were lower in the children with VLBW compared to MoBa
term-born controls, and the volumes of the left and right dentate gyrus and the right subiculum remained
significantly lower after correcting for total intracranial volume. The VLBW group had inferior working memory
performance and the score on the subtest Spatial Span backwards was positively correlated to the volume of the
right dentate gyrus.

Conclusions: Hippocampal subfield volumes seem to be differently affected by early brain development related
to preterm birth. The dentate gyrus appears particularly susceptible to adverse effects of preterm birth. Reduced
working memory function among children with VLBW was associated with smaller volume of right dentate
gyrus. This finding demonstrates alterations in hippocampal structure-function relationships associated with
early brain development related to preterm birth.

1. Introduction medial temporal lobe. It consists of several anatomically and func-
tionally specialized subfields that are tightly interconnected. Typically,
The hippocampus is a complex, heterogeneous structure in the it is divided into the subiculum, presubiculum, parasubiculum, the
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cornu ammonis (CA) fields 1-4 and the dentate gyrus (DG) (Duvernoy
et al., 2013). The hippocampi have been related to episodic memory,
the ability to remember experiences occurring in a specific context, e.g.
a particular time and place (Burgess et al., 2002; Tulving and
Markowitsch, 1998) and is therefore important for the formation of
episodic memory (Bohbot et al., 2006; Gadian et al., 2000; Scoville and
Milner, 2000). The involvement of the hippocampus in working
memory is however debated (Baddeley et al., 2011). Impaired working
memory has been reported in patients with temporal lobe epilepsy due
to hippocampal sclerosis (Winston et al., 2013) and disrupted deacti-
vation of the hippocampus with increasing working memory load is
associated with impaired working memory performance in this patient
group (Stretton et al., 2012). Disconnection of the hippocampal-pre-
frontal cortical circuits has been shown to impair spatial working
memory performance in rats when muscimol was infused bilaterally
into the ventral hippocampus (Wang and Cai, 2006). Some argue that
the hippocampus is more involved in working memory function up until
early adolescence (Finn et al., 2010) when a more mature memory
system involving the fronto-parietal cortex evolves (Nosarti and
Froudist-Walsh, 2016). Nevertheless, we have reported a relationship
between the volume of right hippocampus and working memory ability
in VLBW young adults born in the 1980s (Aanes et al., 2015).

Prior studies show that the specific hippocampal subfields have
specialized functions in memory processes. For example, the CA2/3 and
CA4/DG are more involved in encoding, learning and recall over
shorter time intervals, while CA1 and subiculum are output structures
mainly related to retrieval functions and associated with delayed epi-
sodic memory (Eldridge et al., 2005; Mueller et al., 2011; Zammit et al.,
2017). Also, irradiation induced hypoplasia of the neonatal DG in rats
influenced spatial behavior (Xavier and Costa, 2009).

New advances in automated magnetic resonance imaging (MRI)-
processing software (Iglesias et al., 2015; Yushkevich et al., 2015) make
it possible to examine hippocampal subfields in larger study popula-
tions. Studies based on this software have linked CA1 and subiculum to
delayed visual and verbal memory in older adults (Zammit et al., 2017),
the left CA-field to verbal memory in healthy adults (Aslaksen et al.,
2018), and the CA1 and CA2-3 to better delayed recall. Although this
software was developed for analyzing adult brains, it has also proved to
be reliable in investigating the development of hippocampal subfields
in typically developing children and adolescents (Krogsrud et al., 2014)
where longitudinal decreases in volumes of CA2-3 and CA4/DG were
associated with verbal learning (Tamnes et al., 2014).

The hippocampus is known to be vulnerable to different pathologies
(Walker et al., 2007), and studies have shown that the hippocampal
subfields are differently affected by pathological conditions, such as
reduced volumes of CA1-3 and DG reported in major depressive dis-
order (Huang et al., 2013; Travis et al., 2015), smaller CA4/DG in Post-
Traumatic Stress Disorder (PTSD) (Hayes et al., 2017) and smaller CA4/
DG in first episode schizophrenia and smaller CA1 in chronic schizo-
phrenia (see review by (Nakahara et al., 2018). Reduced hippocampal
subfield volumes are also seen in survivors of pediatric brain tumors
(Decker et al., 2017) and patients with temporal lobe epilepsy (Sone
et al., 2016). In addition, the subiculum and DG volumes decline with
normal ageing (Small, 2001) while Alzheimer's disease typically affects
the CAl-field (de Flores et al., 2015).

The hippocampus and its related memory functions are also affected
in individuals born preterm (born before gestational week 37) with very
low birth weight (VLBW: BW < 1500g) (see Nosarti and Froudist-
Walsh, 2016 for a review). Being born preterm with VLBW increases the
risk of perinatal brain injury followed by aberrant brain development
(Nosarti et al., 2002; Volpe, 2009). Individuals with VLBW may be
exposed to hypoxic-ischemic episodes as neonates (Volpe, 2012) to
which the hippocampus is particularly vulnerable (Busl and Greer,
2010; Nakamura et al., 1986; @rbo et al., 2018). In addition to hypoxia,
the hippocampus is sensitive to stress hormones and undernutrition
during its development in utero (Schmidt-Kastner and Freund, 1991;
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Sizonenko et al., 2006), which are all factors that may be present in the
preterm born neonate. Thus, injury to the immature hippocampus and/
or impaired hippocampal growth and development may add to the
neurodevelopmental burden of preterm born individuals (Jacob et al.,
2011).

Studies have shown that compared to term-born controls, in-
dividuals born preterm with VLBW have smaller hippocampal volumes
from infancy through adulthood (Nosarti and Froudist-Walsh, 2016).
We have previously reported reduced hippocampal volume in a cohort
of participants born preterm with VLBW in young adulthood (Bjuland
et al.,, 2014) which was related to memory function measured by a
comprehensive test battery (Aanes et al., 2015). Additionally, we have
found reduced global hippocampal volumes in an overlapping sample
of the same cohort as in this study (Sglsnes et al., 2015; Sglsnes et al.,
2016; Sripada et al., 2018). However, the studies conducted in the
preterm population so far have treated the hippocampi as homogenous
structures and looked at global hippocampal volume when comparing
to term-born controls and relating to memory function. Thus, little is
known about how medical complications of preterm birth may affect
the development and growth of specific subfields of the hippocampi and
how this may have functional consequences with regard to memory and
learning in children with VLBW.

The aim of this study was to explore any differences in volumes of
hippocampal subfields and memory function between school-aged
children born preterm with VLBW compared to term-born controls.
Secondly, to examine if hippocampal subfield volumes were associated
with neonatal risk factors, such as birth weight, gestational age, and
total number of days in the neonatal intensive care unit (NICU) and
days in need of mechanical ventilation in the preterm born group with
VLBW. Thirdly, we investigate structure-function relationships between
hippocampal subfields and memory test scores in the VLBW group for
the volumes and test scores where significant group differences were
present.

We hypothesized that the individuals with VLBW would have
smaller hippocampal subfield volumes and lower memory test scores
compared to the term-born controls. We also hypothesized that there
would be an association between neonatal risk factors and hippocampal
subfield volumes, and between inferior memory performance and re-
duced hippocampal subfield volumes.

2. Material and methods
2.1. Participants

The original cohort has been thoroughly described in Sglsnes et al.
(2015), and a brief description is given below.

2.1.1. VLBW group

Preterm-born children with VLBW born at or admitted to the
Neonatal Intensive Care Unit (NICU) at St. Olav University Hospital in
Trondheim, Norway between 2003 and 2007 were included in the
study. Exclusion criteria were severe cerebral palsy, severe sensory
impairments (deafness or blindness) and/or any contraindications for
MRI. Sixty-three children, aged 6 to 11 years, were eligible and 57
agreed to participate. Of these, 10 did not want to participate in MRI
and completed the neuropsychological assessment only while two
participants had MRI but did not participate in neuropsychological
assessment. MRI-scans of 10 participants were excluded due to move-
ment artifacts or disrupted scanning, leaving 39 children with MRI-
scans of good quality. Of these, 34 had successful automated subfield
segmentation of the hippocampi while 32 had both volumetrics and
neuropsychological assessment of memory function.

2.1.2. Control subjects
The control subjects were recruited from the national Norwegian
Mother and Child Cohort Study (MoBa) managed by the Norwegian
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Institute of Public Health (Magnus et al., 2006) in a collaboration
project with the Center for the Study of Human Cognition (CSHC),
Department of Psychology, University of Oslo. We invited age-matched
(aged 6 to 12 years) non-disabled term born children living in the same
geographical area as the VLBW participants (central Norway). Those
with factors known to affect function of the central nervous system,
including neurological or psychiatric illness, serious head trauma, and
those with a birth weight < 2500 g or MRI contraindications were
excluded from participation. Invitation letters were sent to a total of
643 MoBa participants, of whom 203 responded and 143 children
agreed to participation. Of these, 22 did not want to participate in MRI
and scans from 17 controls had to be excluded due to movement arti-
facts or disrupted scanning, leaving 104 participants with MRI-scans of
good quality. The youngest participants (5-6 years of age) were the
most likely to decline MRI or to be excluded due to movement artifacts.
Of those with high quality MRI, all had successful automated segmen-
tation of the hippocampi and neuropsychological assessment of
memory function.

2.2. Neuropsychological assessment

The neuropsychological assessment was performed by trained re-
search assistants and PhD students, blinded to previous medical history
and MRI findings, but not to group adherence due to small differences
in the assessment battery for cognitive function (IQ) between the two
groups. Since the term born control group was part of a larger multi-
center study, they received an abbreviated IQ test battery, see below for
details.

2.2.1. Cognitive assessment

The complete version of the Wechsler Intelligence Scale for
Children, 4th edition (WISC-IV) (Wechsler, 2003) was used to assess
cognitive abilities and provide Full scale IQ in the preterm group with
VLBW. The Wechsler Abbreviated Scale of Intelligence (WASI)
(Wechsler, 1999) was used to assess cognitive abilities in control chil-
dren older than 6.5 years of age, while two control children younger
than 6.5 years completed a short form of the Wechsler Preschool and
Primary Scale of Intelligence (WPPSI-III) (Wechsler, 2002), both pro-
viding an estimated Full scale IQ.

2.2.2. Neuropsychological assessment of memory functions

Subtests from different neuropsychological test batteries were used
to assess several aspects of memory function. The subtest Spatial Span
(from the Wechsler Memory Scale (Wechsler, 1997)) and the Digit Span
subtest (from the WISC-IV) were used to evaluate visual and verbal
working memory, respectively. Narrative memory was tested using a
story from A developmental NEuroPSYchological assessment (NEPSY-
2nd edition) (Korkman and Kemp, 2002), where the children listen to a
story and are later asked to recall it (free recall) and to answer specific
questions from the story (queued recall). Only a subgroup (n = 39) of
the controls completed this test. Visual memory was assessed using the
Rey-Osterrieth Complex Figure Test (REY) (Meyers and Meyers, 2004),
which is a complex geometrical drawing that assesses visuo-spatial
abilities and delayed visuospatial memory. In this study, we included
the copy score at baseline and the delayed recall score after 30 min.
Raw scores adjusted for age were used in the analyses.

2.3. Neonatal variables

Neonatal variables known to represent risk factors for poor long-
term neurological outcome after preterm birth were registered. These
included birth weight, gestational age at birth, number of days on
mechanical ventilator, and total days spent in NICU.
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2.4. Socioeconomic status

Socioeconomic status (SES) was calculated according to
Hollinghead's two factor index of social position, based on education
and occupation of one parent, or the mean index of both parents
(Hollinghead, 1957). SES scores were missing for one VLBW and three
control children, and mean SES in the respective group was imputed for
these participants.

2.5. MR-imaging

2.5.1. Image acquisition

The cerebral MRI-data was acquired with a sagittal 3D T1-weighted
magnetization prepared rapid acquisition gradient echo (MPRAGE)
sequence (repetition time (TR) = 2400 ms, echo time (TE) 3.61 ms,
inversion time (TI) = 1000 ms, flip angle 8°, 160 slices, voxel sizes of
1.25 x 1.25 x 1.20 mm>, and field of view (FOV) 240 x 240 mm?) at a
1.5 Tesla Siemens Avanto scanner with a 12-channel head coil. A par-
allel imaging technique (iPAT) acquiring multiple T1-scans within a
short scan time of 4 min 18 s enabled us to discard the scans with too
low quality and average those with sufficient quality. The average total
scan time was 30 min. All MPRAGEs were visually inspected by trained
personnel before further processing.

2.5.2. Hippocampal subfield segmentation

The images were processed using the freely available FreeSurfer
image analysis suite version 6.0 (http://surfer.nmr.mgh.harvard.edu)
(Dale et al., 1999; Fischl et al., 2002; Fischl et al., 2004) with the
hippocampal subfield segmentation module (Iglesias et al., 2015). In
addition to motion correction, removal of non-brain tissue, Talairach
transformation and segmentation of subcortical white matter and deep
gray matter volumes (Fischl et al., 2002; Fischl et al., 2004; Reuter
et al., 2010; Segonne et al., 2004), the new automatic algorithm seg-
ments the hippocampus into 12 subfields based on Bayesian inference
from a new high-resolution probabilistic atlas generated from ex vivo
MRI data (Iglesias et al., 2015). This method shows strong correlations
with manual delineations and segments into the following hippocampal
subfields in each hemisphere: CA1, CA2/3, CA4, the molecular layer
(ML), the granule cell layer of the dentate gyrus (GC-DG), subiculum,
presubiculum, parasubiculum, fimbria, the hippocampal-amygdaloid
transition area (HATA), hippocampal tail, and hippocampal fissure. The
whole hippocampus consists of all fields except for the hippocampal
fissure. The method has not yet been validated for children. However, a
previous FreeSurfer version has been used to investigate hippocampal
subfields in typically developing children aged 4 to 22 years (Krogsrud
et al., 2014; Tamnes et al., 2013), and Herten et al. (2018) found ac-
ceptable agreement between the global hippocampal volume from the
FreeSurfer 6.0 subfield segmentation method and manual segmentation
in children between 5 and 16.4 years (Herten et al., 2018). However,
further studies validating this procedure for specific hippocampal sub-
fields in children are needed.

We performed a two-step quality control as described in Cao et al.
(2017), where the subfield segmentations for each individual were first
manually inspected to exclude volumes with obvious errors in hippo-
campal location or subfield assignment. Secondly, we looked for out-
liers, i.e. volumes > 5SD from the mean of each hippocampal subfield,
which was the same threshold used by Cao et al. The first step led to the
exclusion of two right-sided hippocampal volumes in the control group,
while the second step did not reveal any outliers.

As our segmentations were based on T1-weighted images only, the
boundary definitions for smaller subfields (e.g. CA2/3, GC-DG, mole-
cular layer) may be less reliable (Chen et al., 2018; Iglesias et al., 2015;
McHugo et al., 2018). Therefore, we regrouped the subfield volumes
and combined some of them to create three subfield volumes for each
hippocampus: CA-field, Dentate gyrus and Subiculum. This was done in
line with the recent suggestions from Mueller et al. (Mueller et al.,
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Combined
subfields

Combined subfields Original FS6.0 subfields FS6.0 subfields

Fig. 1. Combined hippocampal subfields (left) based on original FreeSurfer 6.0 labels (right). The original subfield labels from FreeSurfer are shown in the left panel
and the combined subfields used in the present analyses are shown to the right. The Subiculum is equal to the FreeSurfer label Presubiculum; The CA-field includes

the FreeSurfer labels Molecular layer, Subiculum, CA1 and CA2/3; The DG consists of the FreeSurfer labels CA4 and GC-DG; while the HATA, Fimbria, Hippocampal
fissure and Hippocampal tail were excluded from analyses. CA = Cornu Ammonis; DG = Dentate gyrus; GC-DG = Granulate cells of the dentate gyrus;

Presubiculum —

Molecular layer

Subiculum

CA2/3

Parasubiculum

Hippo. fissure

HATA = Hippocampal-Amygdaloid Transition Area.

2018) in the following way: CA-field: CA1 + CA2/3 + Molecular layer
+ Subiculum; Dentate gyrus (DG): GC-DG + CA4; Subiculum = Pre-
subiculum (see Fig. 1 for illustration). This reclassification is also more
in line with other automated segmentation methods, such as the Au-
tomatic Segmentation of Hippocampal Subfields (ASHS) (Yushkevich
et al., 2015).

Total intracranial volumes (ICV) used for correction analyses were
calculated based on an automated reverse brain mask method with the
“new segment” approach from the SPM8 toolbox (release 5236) (www.
fil.ion.uclac.uk/spm) (Hansen et al., 2015). The ICV segmentations
were visually inspected, and none were rejected.

2.6. Statistical analysis

All statistical analyses were conducted within IBM SPSS Statistics
version 25. Differences in group means were analyzed using the Student
t-test or Mann-Whitney U test for nonparametric distributions. The
group comparisons of neuropsychological test scores and hippocampal
subfield volumes were performed with a univariate general linear
model with group as fixed factor, adjusted for sex, age at assessment.
The neuropsychological test scores were also adjusted for SES. Group
differences in hippocampal subfield volumes were both on absolute
volumes and with intracranial volume added as a covariate in uni-
variate general linear models. Correlations between neonatal variables
and hippocampal volumes were investigated using partial correlation
analysis corrected for sex, intracranial volume and age at assessment.
The correlation analyses between number of days in NICU and number
of days in need of mechanical ventilation and hippocampal volumes
were also adjusted for gestational age at birth, i.e. degree of im-
maturity. Partial correlations were also used to investigate brain
structure-function relationships in the VLBW group adjusting for age,
sex, SES and total intracranial volume.

2.6.1. Multiple comparisons correction

The Bonferroni method was used to correct for multiple compar-
isons. Bonferroni adjusted p-values for significance for the memory test
scores group comparison was (0.05/11) = 0.0045, for the subfield vo-
lume analyses (0.05/6) = 0.0083 and for the possible structure-func-
tion relationships (0.05/6) = 0.0083. The Bonferroni corrected p-value
for the correlation analyses between neonatal variables and hippo-
campal subfield volumes was (0.05/24) = 0.002.

Both Bonferroni adjusted significant p-values and uncorrected p-
values (significant p < .05) were reported since the likelihood of type
II errors (false negative) is increased by the rather conservative
Bonferroni method so that real differences between groups may appear
non-significant (Perneger, 1998). However, only presenting un-
corrected p-values may result in rejecting the null hypothesis too
readily (type I error — false positive). By presenting results both with
and without Bonferroni adjusted p-values this would enable the reader
to make a reasonable conclusion about what to be “true” findings based
also on whether the results are biologically plausible in this rather ex-
ploratory study.

2.7. Ethics

This study was carried out in accordance with the Code of Ethics of
the World Medical Association (Declaration of Helsinki). The Regional
Committee for Medical Research and Ethics approved the study pro-
tocol (project number: 2010/2359), and written, informed consent was
obtained from the caregivers of all participants.
3. Results

3.1. Clinical characteristics

The main clinical characteristics of the two study groups are
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Table 1
Clinical characteristics of the two study groups.
VLBW group Control group p-value
n Mean (SD) Range n Mean (SD) Range
Birth weight (grams) 34 1031 (305) 416-1495 104 3694 (532) 2510-5460 < 0.0001
Gestational age (weeks) 34 29.2 (2.5) 25-34 103 40.1 (1.3) 37.1-42.6 < 0.0001
Head circumference at birth (cm) 31 26.5 (2.5) 22.3-30.0 92 35.5 (1.5) 32.0-39.0 < 0.0001
Sex male n 34 18 (53%) - 104 49 (47%) - 0.555
Socioeconomic status (SES)” 34 3.9 (1.0) 1-5 104 4.2 (0.9) 1-5 0.056
Clinical data
APGAR 1 min 34 7 0-9
APGAR 5min 34 8 1-10
Days in NICU n 34 58 8-101
Days on mechanical ventilator n 34 4.7 0-47
Age at MRI (years) 34 8.7 (1.7) 6.1-10.7 104 9.4 (1.3) 6.2-12.0 0.032
Received special education in school n 33 13 (39%) - 100 8 (8%) - < 0.001
Full IQ 32 98 (12) 74-132 104 107 (13) 74-135 0.001

Subject characteristics; Student's t-test was used for parametric data, Mann-Whitney U test for non-parametric data, Pearson Chi-Square for categorical data.
Abbreviations: VLBW = very low birth weight; NICU = neonatal intensive care unit; MRI = magnetic resonance imaging; IQ = intelligence quotient.
@ SES was calculated according to Hollinghead's two factor index of social position, based on education and occupation of one parent, or the mean index of both

parents.

presented in Table 1. There were, as expected, significant differences in
mean birth weight, gestational age and head circumference at birth
between the two groups. The mean birth weight and gestational age for
the children in the VLBW group were 1031 g (SD 305 g) and 29 weeks,
respectively, while the age-matched controls were born at a mean ge-
station of 40 weeks with a mean birth weight of 3694 g (SD 532 g).
Mean age at MRI was slightly lower in the group with VLBW, while
mean age for neuropsychological assessment was not statistically dif-
ferent between groups (VLBW: mean age 8.9 years (SD 1.7), controls:
mean age 9.4 years (SD 1.2)). The VLBW group received more special
education in school and had a lower mean IQ than controls (IQ score 98
versus 107, p = .001). There were no significant group differences re-
garding sex or SES.

Neonatal MRI was not performed as a routine in clinics in Norway
when these children were born. However, based on neonatal ultra-
sonography two of the 34 participants with VLBW had pathological
ultrasound findings: one had intraventricular hemorrhage (IVH) grade I
and one IVH grade III. The preterm born neonate with IVH grade III had
a cerebral MRI performed before discharge from the NICU, described as
normal, except for small amounts of blood in the ventricles. Overall,
this is a sample of preterm born children who did not present with gross
brain pathology in the neonatal period.

3.2. Memory assessment

The children born preterm with VLBW had significantly lower
scores than the controls on Digit span forward and total and Spatial
span backwards and total, which measure verbal and visual working
memory. There were no significant differences between the two groups
in narrative memory, measured by NEPSY story, or delayed visual
memory measured by the Rey-Osterrieth Complex Figure Test
(Table 2). When correcting for multiple comparisons, Spatial span
backward and total remained significantly reduced in the VLBW group.

3.3. Hippocampal total and subfield volumes

The children born with VLBW had significantly lower absolute total
hippocampal volumes bilaterally compared to controls. In addition, all
absolute hippocampal subfield volumes were significantly smaller in
the VLBW group. Total ICV was also lower in the VLBW group, and
when correcting for this, the volume reduction of the total right hip-
pocampus as well as the left and right DG and the right subiculum re-
mained significant (Table 3). When correcting for multiple compar-
isons, only Right DG volume remained significantly lower in the VLBW

group. The absolute volumes of all the twelve hippocampal subfields
segmented by FreeSurfer for the two groups are shown in Supplemental
material (Table S1) while the absolute combined subfields are shown in
Table S2.

3.4. Associations between hippocampal subfield volumes and neonatal
variables in the VLBW group

No significant correlations were found between birthweight, gesta-
tional age, or number of days in NICU and hippocampal subfield vo-
lumes. Correlations were found between several hippocampal subfield
volumes and days on mechanical ventilator for the 15 subjects with
VLBW who were in need of ventilator. The greatest effects were found
for Left CA (r = —0.630, p = .012) and Right Subiculum (r = —0.620,
p = .14) and days on mechanical ventilation. The correlations remained
significant after removing one outlier with 47 days on ventilator but did
not survive Bonferroni correction.

3.5. Associations between reduced hippocampal subfield volumes and
inferior memory scores in the VLBW group

The volume of the right DG was positively correlated with the
Spatial span backward subtest (r = 0.444, p = .018). However, this was
not significant after Bonferroni correction. No other suggested struc-
ture-function relationship was found for hippocampal subfield volumes
and memory test scores that were lower in the VLBW group than in the
control group.

4. Discussion

In this study, children with VLBW born 2003-2007 had smaller
absolute hippocampal subfield volumes bilaterally than age-matched
term-born controls at a mean age of 9 years. When correcting for ICV,
the hippocampal volume reductions were limited to DG bilaterally and
right subiculum. Lower working memory performance was found in the
VLBW group, while other memory functions did not differ between the
two groups. A positive association was found between reduced score on
the working memory subtest Spatial Span backwards and reduced right
DG volume, suggesting a possible structure-function relationship in the
preterm born group of children with VLBW.

4.1. Hippocampal volumes in the VLBW group

Reduced hippocampal volume is a common finding in the preterm
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Table 2
Memory results in the two study groups.
Memory test n VLBW group Control group p-value
Mean (SE) 95 % CI n Mean (SE) 95 % CI
Digit Span
Forward 32 6.2 (0.3) 5.6- 6.7 104 7.0 (0.2) 6.7 -7.3 0.018
Backward 32 5.0 (0.3) 4.6 - 5.6 104 5.6 (0.1) 5.4-59 0.065
Total 32 11.2 (0.4) 10.4-12.1 104 12.6 (0.2) 12.1-13.1 0.008
Spatial Span
Forward 32 6.6 (0.3) 6.0 -7.2 7.0 (0.2) 6.7 -7.4 0.249
Backward 32 5.4 (0.3) 4.8- 5.9 102 6.7 (0.2) 6.4-7.0 < 0.001
Total 32 12.0 (0.5) 11.0 - 12.9 13.8 (0.3) 13.2-14.3 0.002
NEPSY Narrative memory
Free recall 32 18.6 (1.1) 16.4 - 20.9 19.5 (1.0) 17.5-21.5 0.564
Cued recall 32 4.8 (0.5) 3.9-57 4.7 (0.4) 3.9-55 0.862
Total 32 23.5(0.8) 21.9 - 25.0 39 24.2 (0.7) 22.9 - 25.6 0.465
REY Visuospatial memory
Copy 31 22.3(1.2) 19.9 - 24.7 92 23.5(0.7) 22.1 - 249 0.413
Delayed recall 31 12.4 (1.1) 10.3 - 14.6 92 11.0 (0.6) 9.8-12.3 0.266

General linear model with group as fixed factor and socioeconomic status and sex and age at assessment as covariates.
Abbreviations: VLBW = very low birth weight; SE = Standard Error; CI = Confidence Interval; NEPSY = A Developmental NEuroPSYchological Assessment;

REY = Rey-Osterrieth Complex Figure Test.

population (see Nosarti and Froudist-Walsh, 2016 for a review). We
have previously reported reduced hippocampal volumes in a cohort of
young adults born with VLBW in the 1980s (Aanes et al., 2015; Bjuland
et al.,, 2014). However, there have been great advances in neonatal
intensive care since then and the results may not be representative for
cohorts born in the 2000s. Still, reductions in global hippocampal vo-
lume and shape-alterations have been reported at term-equivalent age
(Thompson et al., 2013) and at age 7 years (Thompson et al., 2014) for
preterm individuals born in the same decade as this study population.
As far as we know, though, no one has investigated specific hippo-
campal subfield alterations in the preterm population. We found
smaller volumes of the CA-fields, DG and subiculum bilaterally in the
VLBW group when compared to term-born controls. The volume re-
duction of bilateral DG and the right subiculum remained significant
when correcting for ICV.

4.2. The role of the different hippocampal subfields

The Cornu Ammonis (CA), and predominantly the CAl-subfield, is
particularly vulnerable to ischemia (Walker et al., 2007), which is be-
lieved to underlie some of the aberrant brain development in the pre-
term-born individuals (Volpe, 2012). The children with VLBW had
lower volumes of the CA-field compared to term-born controls, al-
though not significant after correcting for ICV. In our study, a weak
correlation was found between CA-field volumes and days on

mechanical ventilation. Thus, we speculate that the children in the
VLBW group with the most immature lung function may have more
episodes with hypoxia-ischemia in the neonatal period, influencing
growth the CA-subfield. Further and larger studies are needed to con-
firm or reject this speculation since only a very limited number of
children with VLBW on mechanical ventilator were included in our
study.

The dentate gyrus (DG) receives input from entorhinal cortex and
projects to the CA3 (Amaral et al., 2007), and has been reported to be
vulnerable to both physical and psychological stress resulting in
apoptosis and impaired neurogenesis (Morris, 2007), and to hypogly-
cemia resulting in neuronal necrosis (Auer, 1986, 2010). Both of these
mechanisms are possible explanations alone or together for the reduced
DG volumes seen in the VLBW group. Being born very preterm is cer-
tainly a stressful event in terms of different physical and psychological
stressors, for instance painful procedures like intubation and in-
travenous access. In fact, the Neonatal Intensive Stressor Scale (NISS)
(Newnham et al., 2009), which quantifies the accumulated stress the
preterm baby is exposed to, is associated with regional alterations in
brain structure and function at term-equivalent age, including func-
tional alterations in the temporal lobe which the authors argue reflect
alterations in the hippocampus due to stress (Smith et al., 2011). Stress
also exacerbates the effects of other neurological insults commonly seen
in preterm babies such as hypoxia and ischemia (Morris, 2007). Hy-
poglycemia is also a frequent complication of preterm birth and is

Table 3
Hippocampal total and subfield volumes (mm?) in the two study groups.
VLBW group Control group p-value
N Mean (SE) 95% CI n Mean (SE) 95% CI
Total Hippocampal volumes
Left hippocampal volume 34 3314 (42) 3230-3397 104 3409 (24) 3363-3456 0.055
Right hippocampal volume 34 3340 (41) 3259-3420 102 3443 (23) 3397-3488 0.032
Hippocampal subfield volumes
Left CA-field 34 1761 (24) 1713-1810 104 1811 (14) 1784-1838 0.081
Right CA-field 34 1813 (24) 1766-1861 102 1844 (13) 1818-1871 0.275
Left DG 34 521 (8) 504-538 104 545 (5) 536-555 0.015
Right DG 34 527 (8) 512-542 102 553 (4) 544-561 0.004
Left Subiculum 34 313 (6) 301-325 104 325 (3) 318-331 0.112
Right Subiculum 34 291 (5) 280-302 102 306 (3) 300-312 0.019
Total intracranial volume (cm®) 34 1454 (21) 1412-1496 104 1519 (12) 1495-1542 0.009

General linear model with group as fixed factor, and sex and age at MRI and intracranial volume as covariates. Abbreviations: VLBW = very low birth weight;
SE = standard error; CI = confidence interval; CA = Cornu Ammonis; DG = Dentate gyrus.
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linked to several neurodevelopmental abnormalities (Sharma et al.,
2017). In our study, the left DG volume was negatively correlated with
days on mechanical ventilation (p = .025), meaning that more days in
need of respiratory assistance were associated with smaller DG in the
VLBW group. Mechanical ventilation is ranked as one of the most
stressful procedures in the NISS (Newnham et al., 2009) which may
explain the significant association. However, as mentioned above fur-
ther and larger studies including information on stress, hypoglycemia
etc. are needed to confirm this speculation.

The subiculum was also reduced in the children in the VLBW group
compared to term-born controls, although only the right subiculum
remained significantly reduced after including total intracranial volume
in the analysis. The subiculum is a structure which receives input from
CAl and entorhinal cortex and projects to several cortical and sub-
cortical areas (Aggleton and Christiansen, 2015; Matsumoto et al.,
2018), and may play a crucial role in organizing hippocampal output. It
is mainly related to retrieval functions (Eldridge et al., 2005) and
thought to be involved in spatial navigation, memory and regulation of
the hypothalamic-pituitary-adrenal (HPA)-axis (O’Mara et al., 2009).
The key role in regulation of the HPA-axis through its connection with
hypothalamic regions and a high-density of glucocorticoid binding sites
(Herman and Mueller, 2006) makes early stress a plausible explanation
for the reduced volumes seen in the VLBW group. In fact, some argue
that the subiculum is responsible for the hippocampal interaction in the
HPA-axis. Studies of psychological stress also report reduced subicular
volumes (Teicher et al., 2012). The subiculum is also vulnerable to
hypoxic-ischemic episodes (Stark, 2007), and we found negative asso-
ciations between days on mechanical ventilator and subicular volumes
in the VLBW group. We therefore speculate that the normal develop-
ment of subiculum is negatively affected by medical conditions asso-
ciated with preterm birth.

4.3. Memory function in children born with VLBW

The lower visual and verbal working memory performance in the
children with VLBW compared to term-born controls are in line with
previous studies in the preterm population (Anderson, 2014). We found
no group-differences in narrative memory or visual delayed memory
assessed with the NEPSY-story and Rey-Osterrieth Complex Figure Test
(REY), respectively. This is in agreement with Brunnemann et al. (2013)
who found no visual memory deficits in a group of preterm individuals
compared to term-born controls when assessed with REY at age 9
(Brunnemann et al., 2013). Our results partly align with Omizzolo et al.
(2013) who report deficits in visual immediate memory and verbal
working memory at age 7 assessed with similar tests to spatial span and
digit span in our study (Omizzolo et al., 2013). However, they also
found deficits in short delay verbal memory, which we did not assess,
and in visual delayed memory. The inconsistency in visual delayed
memory could be due to differences in tests as Omizzolo et al. used a
Dot locations subtest.

4.4. The relationship between hippocampus and neonatal variables

Days in need of mechanical ventilation in the neonatal period was
negatively correlated with most hippocampal subfields, meaning that
more days in need of respiratory assistance were associated with
smaller hippocampal subfield volumes. However, the number of neo-
nates requiring mechanical ventilation was low and included only 15
preterm born children. The associations did not survive Bonferroni
correction. These findings have to be confirmed in larger study samples
before generalization of results. However, the association is interesting
and worth mentioning, since it is biological plausible. We speculate
further that children in the VLBW group with the most immature lung
function may have experienced more episodes with hypoxia-ischemia
and stress in the neonatal period, which may then affect the developing
hippocampus (Sizonenko et al., 2006), including the CA-fields and the
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subiculum (Stark, 2007) to a greater extent.

4.5. The relationship between hippocampus and memory function in
children born with VLBW

In our study, we found a positive association between scores on the
visual working memory test Spatial Span backwards and the right DG
volume in the VLBW group, implying that a larger right DG provides
better visual working memory in the preterm population. This is a novel
finding which has not been reported before. However, this finding
needs to be confirmed in larger studies since the association did not
survive correction for multiple comparisons. One could speculate
whether this finding might indicate a reorganization of memory func-
tions in the VLBW study group. The right hippocampus is thought to be
more involved in spatial memory and the left in verbal and more gen-
eral episodic memory (Burgess et al., 2002; Suthana et al., 2011).
However, spatial memory includes representations within working,
short-term memory and long-term memory. Thus, we can speculate that
the relationship between right DG and the working memory subtest
Spatial Span in this study could be due/is linked to the spatial element
of the test. Actually, it has been argued that the backward version of the
Spatial Span task involves specific spatial processes and is more a task
of spatial memory than visual working memory (Mammarella and
Cornoldi, 2005).

4.6. Strengths and limitations

Strengths of this study include a large normative control sample
from the Norwegian Mother-and Child cohort and thorough clinical
assessment with standardized memory testing and quantitative cerebral
MRI of the children in both study groups. To our knowledge, no one has
reported hippocampal subfield volumes in the preterm population with
VLBW and related them to memory function before. A novelty of the
study is the use of a new algorithm for hippocampal subfield segmen-
tation. However, this algorithm has not been thoroughly validated in
pediatric populations.

The study has some limitations that need to be considered. First, the
rather small sample size of preterm individuals and a possible selection
bias in the control group as they were recruited through the national
MoBa birth cohort study may limit generalization of results. There is
also quite large variability in age among the study participants (parti-
cipants between 6 and 12 years of age), which we have tried to adjust
for by covarying with age in all analyses. Also, the hippocampus is
found to be larger in boys than girls (Tamnes et al., 2014) and we did
not explore any sex differences in this study due to the limited sample
size of children with VLBW. The administration of different IQ-assess-
ments in the VLBW group and control group is another limitation with
less demanding abbreviated versions of the test in the control group.
Thus, the differences in general cognitive ability must be interpreted
with caution. However, the results are in line with other studies of
preterm born individuals born in the 2000s which report IQ scores in
the same range as in this study (Omizzolo et al., 2013). The memory
tests used in this study do not constitute a comprehensive test battery of
different aspects of memory function, thus we may have overlooked
possible relations to hippocampal subfield volumes.

MRI pathology involving other brain structures than the hippo-
campi could also influence memory function in the preterm group with
VLBW. MRI results in childhood from the same study population have
been reported by our research group (Sglsnes et al., 2015, 2016),
showing smaller cortical surface area bilaterally in the frontal, temporal
and parietal lobes, as well as increased cortical thickness in the frontal
and occipital regions and reduced cortical thickness in the posterior
parietal regions, in the individuals born preterm with VLBW compared
with term-born controls (Sglsnes et al., 2015). The individuals born
with VLBW also had reduced volumes of thalamus, globus pallidus,
corpus callosum, cerebral white matter, ventral diencephalon, and
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brain stem, and larger ventricular system than the controls (Sglsnes
et al., 2016). It is therefore not possible to differentiate the specific
effects of hippocampal involvement on neuropsychological functioning
in these preterm born children with VLBW.

Finally, the automated segmentation method used in this study has
limitations. Although it overcomes some of the potential problems with
manual segmentation; being laborious, less reproducible and with po-
tential bias (Mueller et al., 2018), there are some important short
comings. First, only T;-weighted data acquired on a 1.5 T scanner with
a resolution of 1.25 x 1.25 x 1.20 mm>® was used. Though, studies
have shown that the method is appropriate and reliable in datasets with
different resolution and contrast (Iglesias et al., 2015; Whelan et al.,
2016), it would have been better to use higher resolution scans and a
combination of T; and T,-weighted images (Iglesias et al., 2015). The
accuracy of the automated methods on lower resolution structural data
has been questioned (Wisse et al., 2014). However, this method has
shown good correlations with manual methods (de Flores et al., 2015;
Schmidt et al., 2018) and high test-retest reliability for all subfields
except for the hippocampal fissure (Whelan et al., 2016). We also ex-
cluded the smaller subfields that are less reliable (hippocampal fissure,
parasubiculum, HATA and fimbria). There is also a debate on defini-
tions of subfields and placement of subfield boundaries (Wisse et al.,
2017), and therefore a disagreement exists in different manual and
automated segmentation protocols. We have partly overcome this ob-
stacle by making composite subfields that are more in line with other
automated segmentation protocols, such as ASHS; (Yushkevich et al.,
2015) as suggested by Mueller et al. (Mueller et al., 2018). Although
more studies comparing the different automated methods are needed,
Sone et al. (2016) reported similar results from ASHS and FreeSurfer
version 6.0 in a group of epilepsy patients (Sone et al., 2016). Also, the
subfield segmentation approach in Freesurfer has not been developed or
validated for children. More studies for validation of the subfield seg-
mentation methods in typically developing children as well as children
with neurodevelopmental disorders are needed.

5. Conclusions

Our results indicate that hippocampal subfield volumes are differ-
ently affected by preterm birth and that the DG may be particularly
susceptible to pathophysiological events associated with the preterm
brain. The children born preterm with VLBW had reduced verbal and
visual working memory function compared to term-born controls, and
visual working memory deficits were correlated with reduced volume
of the left DG. Both findings indicate an altered brain structure-function
relationship in the preterm born. However, larger studies are needed
before generalizing our results because of the limited study sample.
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