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Aberrant gyrification contributes to the link
between gestational age and adult IQ after
premature birth

Dennis M. Hedderich,"2 Josef G. Biuml,"2 Maria T. Ber'ndt,"2 Aurore Menegaux,"z'3

Lukas Scheef,’ Marcel Daamen,*® Claus Zimmer,? Peter Bartmann,’ Henning Boecker,*
Dieter Wolke,*’ Christian Gaser® and Christian Sorg'*’

Gyrification is a hallmark of human brain development, starting in the second half of gestation in primary cortices, followed by
unimodal and then transmodal associative cortices. Alterations in gyrification have been noted in premature-born newborns and
children, suggesting abnormal cortical folding to be a permanent feature of prematurity. Furthermore, both gyrification and
prematurity are tightly linked with cognitive performance, indicating a link between prematurity, gyrification, and cognitive per-
formance. To investigate this triangular relation, we tested the following two hypotheses: (i) gyrification is aberrant in premature-
born adults; and (ii) aberrant gyrification contributes to the impact of prematurity on adult cognitive performance. One hundred
and one very premature-born adults (i.e. adults born before 32 weeks of gestation, and/or with birth weight <1500g) and 111
mature-born adults were assessed by structural MRI and cognitive testing at 27 years of age. Gyrification was measured by local
cortical absolute mean curvature (AMC), evaluated through structural MRI. Cognitive performance was assessed by the Wechsler
Adult Intelligence Scale, full-scale IQ test. Two-sample #-tests, regression and mediation analyses were used to assess AMC group
differences and the relation between AMC, birth-related variables, and full-scale IQ. Three key findings were identified. First, local
AMC was widely increased in fronto-temporo-parietal primary and associative cortices of very premature-born adults. Increase of
AMC was inversely associated with gestational age and birth weight and positively associated with medical complications at birth,
respectively. Second, increased AMC of temporal associative cortices specifically contributed to the association between prema-
turity and reduced adult IQ (two-path mediation), indicating that aberrant gyrification of temporal associative cortices is critical for
impaired cognitive performance after premature birth. Finally, further investigation of the relationship of gyrification between the
early folding postcentral cortices and associative temporal cortices, folding later during neurodevelopment, revealed that the effect
of gyrification abnormalities in associative temporal cortices on adult IQ is influenced itself by gyrification abnormalities occurring
in the early folding postcentral cortices (three-path mediation). These results indicate that gyrification development across cortical
areas in the brain conveys prematurity effects on adult IQ. Overall, these results provide evidence that premature birth leads to
permanently aberrant gyrification patterns suggesting an altered neurodevelopmental trajectory. Statistical mediation modelling
suggests that both aberrant gyrification itself as well as its propagation across the cortex express aspects of impaired neurodeve-
lopment after premature birth and lead to reduced cognitive performance in adulthood. Thus, markers of gyrification appear as
potential candidates for prognosis and treatment of prematurity effects.
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Introduction

Premature birth, i.e. birth before 37 weeks of gestation and/
or birth weight <2500¢g, has a worldwide prevalence of
>10% (Volpe, 2009; Blencowe et al., 2012). It is asso-
ciated with an increased risk (i.e. 30-60% of premature-
born individuals) for birth complications and adverse
long-term outcomes including brain abnormalities and im-
paired cognitive functions (Volpe, 2009). Particularly, very
premature individuals, who are born very preterm (gesta-
tional age <32 weeks) and/or have a very low birth weight
(<1500¢g), have a substantially increased risk (>50%) for
long-term neurocognitive impairments, psychiatric dis-
orders, and lower socio-economic status (Saigal and
Doyle, 2008; Nosarti et al., 2012; D’Onofrio et al.,
2013). The increased risk for cognitive impairments is
thought to be caused by perinatal brain injury due to hyp-
oxia, ischaemia, haemorrhage, infections, and inflammatory
processes as well as neonatal pain and stress and subse-
quent alterations in brain development (Volpe, 2009).

At the microscopic level, these processes primarily impair
the development of pre-myelinating oligodendrocytes,
GABAergic interneurons, and subplate neurons, which
play a fundamental role in the development of cortical
microstructure, morphology, and connectivity (Back et al.,
2002; Deng, 2010; Buser et al., 2012; Kinney et al., 2012;
Ball et al., 2013; Dean et al., 2013; Salmaso et al., 2014).
For example, subplate neurons, which control the forma-
tion of cortical microcircuits mainly during gestational
Weeks 18 to 35, are highly vulnerable to transient hypoxia
resulting in lasting subplate neuron dysfunction and conse-
quently abnormal microcircuit formation (Kanold and
Luhmann, 2010; Kostovic et al., 2014; McClendon et al.,
2017). Corresponding with changes at the microscopic
level, macroscopic alterations in both white matter and
grey matter have been described after premature birth.
Whereas impairments of white matter integrity where
found to be widespread across the whole forebrain
(Skranes et al., 2007; Eikenes et al., 2011; Ball et al.,
2012, 2014; Meng et al., 2016), grey matter abnormalities,
such as volume reduction, were found mainly in medial and
lateral temporal lobes as well as subcortical structures, such
as the thalamus, striatum, and basal forebrain (Pierson
et al., 2007; Nosarti et al., 2008; Meng et al., 2016;

Grothe et al., 2017; Karolis et al., 2017). These structural
brain changes are tightly associated with cognitive impair-
ments (Northam ef al., 2011; Farajdokht et al., 2017). For
example, aberrant thalamo-cortical connectivity in prema-
ture newborns is associated with cognitive performance at
2 years of age (Ball et al., 2015); impaired cognitive func-
tioning was associated with grey and white matter abnorm-
alities in the inferior frontal gyrus, bilateral temporal lobes
and corpus callosum in preterm born subjects in young
adulthood (Nosarti et al., 2014). These neurocognitive
changes suggest that basic processes of brain development
are critically affected by premature birth leading to cogni-
tive impairments and altered brain structure in adulthood.

One such key developmental process influencing adult
brain morphology and function is cortex gyrification or
cortical folding (Zilles et al., 2013). Gyrification refers to
the process of cortical folding (Zilles et al., 2013), which is
a main characteristic of brain development not only in
humans, but also in other mammalian species of so-called
gyrencephalic brains (Zilles et al., 2013). In humans, gyr-
ification is considered a neurodevelopmental milestone of
the last trimester of gestation and the early postnatal
period, leading to an increased cortical surface of the
human brain relative to a limited skull capacity (Zilles
et al., 2013; Sun and Hevner, 2014). While recent studies
provide evidence for a consistent developmental trajectory
across brain regions starting in primary cortices followed
by unimodal and then transmodal associative cortices (Hill
et al., 2010; Garcia et al., 2018), the exact underlying
mechanisms of gyrification are still unclear. Distinct
hypotheses either emphasize the impact of asymmetric
grey matter growth within the cortical plate (Armstrong
et al., 1991; Kriegstein et al., 2006; Ronan et al., 2014)
or the effect of axonal tension by white matter fibre tracts
connecting the cortex with distant cortical or subcortical
areas (Van Essen, 1997; Mota and Herculano-Houzel,
2015). To quantify brain gyrification, several measures
have been developed over the past two decades (Luders
et al., 2006; Schaer et al., 2008; Zilles et al., 2013). The
current gold-standard measure, gyrification index, was ori-
ginally described on 2D coronal brain slices, reflecting the
ratio of the complete and outer (superficially exposed) con-
tours (Zilles et al., 1988). In the past decade, tools to meas-
ure gyrification in vivo at each vertex of a 3D brain image
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were developed, either by a surface-based approach, called
local gyrification index (Schaer et al., 2008) or by compu-
tation of absolute mean curvature (AMC) as an estimation
of cortical convolution (Luders et al., 2006). In the latter
method, which is used in this study, change in normal dir-
ection along the cortical surface is measured and expressed
as mean curvature. Large negative values correspond to
sulci and large positive values correspond to gyri.
Absolute values of mean curvature express the local
amount of gyrification and can be considered a measure
of the sharpness of gyri and sulci (Luders et al., 2006). A
very strong positive correlation has been shown between
AMC-based gyrification and total surface area (for an ex-
planatory figure, see Luders et al., 2006). Based on these
measures, both high regional and intersubject variability
have been demonstrated for gyrification (Zilles et al.,
2013), with cortical folding having highest levels in ‘asso-
ciative’ parieto-occipito-temporal and prefrontal cortices
(Zilles et al., 1988) and consistent differences between
males and females (Luders ef al., 2008). This likely reflects
brain morphology as a consequence of different genetic,
developmental, environmental, and functional influences
(Zilles et al., 2013).

Prior studies have demonstrated that prematurity affects
gyrification, showing aberrant cortical folding in prema-
ture-born newborns (Kersbergen ef al, 2016; Lefévre
et al., 2016) and young children (Zhang et al., 2015).
Although gyrification is a highly dynamic process that
can be altered across the lifespan (Hogstrom et al., 2013)
or during shorter periods of environmental stress such as
periods of malnutrition (Bernardoni et al., 2018), it is un-
known whether aberrant gyrification in premature-born in-
fants results in permanent alterations.

Regional variance in gyrification may explain cognitive
impairments associated with premature birth. It has been
shown that variance in local gyrification of fronto-parietal
cortices accounts for >10% of variance in general intelli-
gence scores in normal healthy young persons (Gregory
et al., 2016). In line with this association, aberrant gyrifica-
tion was described in several pathological neurodevelop-
mental conditions. For example, a decrease in gyrification
was found in attention deficit hyperactivity disorder
(Wolosin et al., 2009) and dyslexia (Casanova et al.,
2004), while increased gyrification was described in
Williams syndrome (Gaser et al., 2006), autism (Jou
et al, 2010), and schizophrenia (Palaniyappan and
Liddle, 2012; Schultz et al., 2013). However, it is unknown
whether abnormal gyrification is relevant for reduced long-
term outcomes of prematurity.

Thus, gyrification is a hallmark of brain development
during the second half of gestation and shows a sequential
development starting in unimodal cortices and then extend-
ing to temporal associative cortices. It interferes with pre-
maturity regarding both, its developmental starting period
and its association with impaired general cognitive capaci-
ties. We hypothesize that premature birth leads to long-
lasting cortical folding anomalies. Furthermore, these
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aberrations may express the effect of altered neurodevelop-
ment after prematurity on adult cognitive performance. We
tested our hypotheses through calculation of both
curvature-based estimations of gyrification derived from
structural MRI and cognitive ability as evaluated by intel-
ligence assessments. The two parameters were subsequently
investigated using canonical statistical testing and medi-
ation analyses in a large cohort of very premature-born
young adults [very preterm/very low birth weight (VP/
VLBW)] and age-matched controls born at full-term.

Material and methods

Participants

The participants examined in this study are part of the
Bavarian Longitudinal Study (BLS), a geographically-
defined, whole-population sample of neonatal at-risk chil-
dren and healthy full-term controls who were followed
from birth into adulthood (Riegel et al., 1995; Wolke
and Meyer, 1999). Of the initial 682 infants born very
preterm (<32 weeks) and/or with very low birth weight
(<1500¢g), 411 were eligible for the 27 year follow-up as-
sessment, and 260 (63.3%) participated in psychological
assessments (Breeman et al., 2015). Of the initial 916
full-term born infants from the same obstetric hospitals
that were alive at 6 years, 350 were randomly selected as
control subjects within the stratification variables of sex
and family socioeconomic status in order to be comparable
with the VP/VLBW sample. Of these, 308 were eligible for
the 27 year follow-up assessment, and 229 (74.4%) parti-
cipated in psychological assessments. All of the 260 sub-
jects from the VP/VLBW group underwent an initial
screening for magnetic resonance-related exclusion criteria,
which included: (self-reported) claustrophobia, inability to
lie still for >30min, unstable medical conditions (e.g.
severe asthma), epilepsy, tinnitus, pregnancy, non-remov-
able MRI-incompatible metal implants, and a history of
severe CNS trauma or disease that would impair further
analysis of the data. Also, patients that could not partici-
pate at the functional MRI part of the examination because
of restricted motor function of the hands, impaired vision,
or incapacity to understand the functional MRI paradigm
were excluded. The most frequent reason not to perform
the MRI exam, however, was a lack of motivation. The
remaining eligible, 101 VP/VLBW and 111 full-term indi-
viduals underwent MRI at 27 years of age. The distribution
of gestational age and birth weight in the VP/VLBW group
is depicted in Supplementary Fig. 1).

The MRI examinations took place at two sites: The
Department of Neuroradiology, Klinikum rechts der Isar,
Technische Universitit Miinchen, (7 =145) and the
Department of Radiology, University Hospital of Bonn
(n=67). The study was carried out in accordance with
the Declaration of Helsinki and was approved by the
local institutional review boards. Written consent was
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obtained from all participants. All study participants
received travel expenses and a small payment for attend-
ance. A more detailed description of participants, including
incidental brain MRI findings can be found in previous
publications (Bauml et al., 2015; Grothe et al., 2017) and
the Supplementary material.

Birth-related variables

Gestational age was estimated from maternal reports on the
first day of the last menstrual period and serial ultrasounds
during pregnancy. In cases where the two measures differed
by >2 weeks, clinical assessment at birth with the
Dubowitz method was applied (Dubowitz et al., 1970).
Maternal age, birth weight, duration of hospitalization,
and Intensity of Neonatal Treatment Index (INTI), which
reflects the duration and intensity of medical treatment
after birth, were obtained from obstetric records (Riegel
et al., 1995; Gutbrod et al., 2000). Family socioeconomic
status was assessed through structured parental interviews
within 10 days of childbirth. Socioeconomic status was
computed as a weighted composite score based on the pro-
fession of the self-identified head of each family together
with the highest educational qualification held by either
parent (Bauer, 1988). Daily assessments of care level, re-
spiratory support, feeding dependency and neurological
status (mobility, muscle tone, and neurological excitability)
were performed. Each of the six variables was scored on a
4-point rating scale (0-3). The INTI was computed as the
mean score of daily ratings during the first 10 days of life
or until a stable clinical state was reached, depending on
which occurred first, ranging from 0 (best state) to 18
(worst state).

Cognitive assessment in adulthood

At 27 years of age, study participants were assessed using
the short version of the German Wechsler Adults
Intelligence Scale, Third edition (WAIS-III) (von Aster
et al., 2006). The assessment took place prior to and inde-
pendent of the MRI scan and was carried out by trained
psychologists who were blinded to group membership.
Consecutively, full-scale intelligence quotient (FS-IQ) per-
formance was computed.

MRI data acquisition

MRI examinations were performed at both sites on either a
Philips Achieva 3 T or a Philips Ingenia 3 T system using
an 8-channel SENSE head-coil. Subject distribution among
scanner was as follows: Bonn Achieva 3 T: five VP/VLBW,
12 full-term, Bonn Ingenia 3 T: 33 VP/VLBW, 17 full-term,
Munich Achieva 3 T: 60 VP/VLBW, 65 full-term, Munich
Ingenia 3 T: three VP/VLBW, 17 full-term. To account for
possible confounds by the scanner-specific differences, all
statistical analyses included categorical dummy regressors
for scanner identity as covariates of no interest. Sequence

D. M. Hedderich et al.

parameters were kept identical across all scanners.
Scanners were checked regularly to provide optimal
scanning conditions. MRI physicists at the University
Hospital Bonn and Klinikum rechts der Isar regularly
scanned imaging phantoms, to ensure within-scanner
signal stability over time. Signal-to-noise ratio was not sig-
nificantly different between scanners [one-way ANOVA
with factor ‘scanner-ID’ (Bonn 1, Bonn 2, Munich 1,
Munich 2); F(3,182) = 1.84, P = 0.11]. The image protocol
included a high-resolution T;-weighted, 3D-MPRAGE
sequence (inversion time = 1300 ms, repetition time = 7.7 ms,
echo time=3.9ms, flip angle 15° field of view:
256 mm x 256 mm) with a reconstructed isotropic voxel
size of 1 mm®. All images were visually inspected for arte-
facts and passed homogeneity control implemented in the
CAT12 toolbox (Gaser and Dahnke, 2016).

Surface-based morphometry analysis

First, all images saved as DICOMs were transformed to
Nifti-format using dem2nii (Li et al., 2016). The CAT12
toolbox comprises a processing pipeline for surface-based
morphometry, which includes an established novel algo-
rithm for extracting the cortical surface (Dahnke ef al.,
2013), which then allows for the computation of multiple
morphometric parameters, including gyrification based on
the AMC approach (Luders et al., 2006).

In brief, Ty-weighted images underwent tissue segmenta-
tion into grey matter, white matter and CSF. Topological
correction was performed through an approach based on
spherical harmonics (Yotter et al., 2011). An adapted
volume-based diffeomorphic DARTEL algorithm was then
applied to the surface for spherical registration. Local
curvature-based gyrification index, AMC, was extracted
based on absolute mean curvature (Luders et al., 2006).
Central cortical surfaces were created for both hemispheres
separately. Finally, all scans were resampled and smoothed
with a Gaussian kernel of 20mm (full-width at half-
maximum).

Statistical analysis

To determine differences in AMC between groups, a
two-sample #-test was performed using the batch-mode im-
plemented in SPM12, adjusting for sex and scanner as
covariates of no interest. Contrasts were processed using
threshold-free cluster enhancement (TFCE) (Smith and
Nichols, 2009) and statistical significance was defined as
P < 0.05, family-wise error (FWE) corrected. The pattern
of between group difference of AMC (VP/VLBW > full-
term) was saved as binary cluster and introduced as explicit
mask into multiple regression analyses. In three separate
multiple regression analyses, either gestational age, birth
weight, or INTI served as regressors of interest, and re-
siduals of the other two covariates were introduced as
regressors of no interest, in addition to sex and scanner.
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Linking prematurity, AMC, and 1Q; mediation
analysis

To determine the association between gyrification and
FS-IQ in premature-born adults, multiple regression
analysis was performed with AMC as dependent variable,
FS-IQ as regressor of interest, and sex and scanner as
regressors of no interest in the VP/VLBW group only.
All results were obtained using TFCE at P < 0.05, FWE
corrected.

To test whether AMC mediates the influence of prema-
ture birth on FS-IQ, a mediation analysis was performed
using the PROCESS toolbox (version 3.0) (Hayes, 2017).
Mean AMC values were extracted subject-wise from be-
tween-group differences in AMC, as depicted in Fig. 1.
First, the influence of prematurity as a group effect on
FS-IQ was investigated using multiple regression analysis
(dependent variable: FS-IQ, covariate of interest: prema-
ture birth, covariate of no interest: sex). Second, to inves-
tigate whether differences in gyrification have a mediating
effect on the association between prematurity and FS-1Q,
mediation analysis was performed. In the mediation
model, prematurity at birth was entered as causal vari-
able, FS-IQ as the outcome variable, mean AMC within
the group difference cluster as the mediator variable; and
MRI scanner and sex as covariates of no interest. Path
coefficients were estimated using (unstandardized) regres-
sion coefficients from multiple regression analyses, and
statistical significance of the indirect effect was tested
using a non-parametric bootstrap approach (with 5000
repetitions) to obtain 95% confidence intervals (CI).
Third, to obtain more specific spatial information about
the mediation effect of gyrification of prematurity on IQ,
we used distinct parts of the widespread group difference
cluster of AMC and tested them separately for mediation
effects. Particularly, mean AMC per subject was extracted
in a region of interest-based manner using the Desikan-
Killiany atlas (Desikan et al., 2006) from both the post-
central (PoCC, mean AMC of postcentral gyrus region of
interest) and the lateral temporal cortices (LTC, mean

0.05 0.005

P-value
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AMC of middle and superior temporal gyrus regions of
interest) bilaterally. These primary and associative cortices
have been used for two reasons: (i) the gyrification of
primary and associative cortices are distinctively relevant
for 1Q, with associative cortex gyrification being more
tightly linked with IQ in healthy young adults (Gregory
et al., 2016); and (ii) primary cortex and associative
cortex gyrification start in a sequential manner, with ear-
lier gyrification of primary cortices (Hill et al., 2010;
Garcia et al., 2018), suggesting that prematurity has dis-
tinct effects on primary and associative cortex gyrifica-
tion. The region of interest-based averaging approach
based on a given brain atlas was chosen because of tech-
nical limitations for vertex-wise mediation analysis.
Detailed schemes of mediation analyses are shown in
Fig. 3. Path coefficients are calculated as described
previously.

Finally, we tested whether gyrification development
across the brain—primary cortices first, associative cor-
tices later—is relevant for the impact of prematurity on
IQ. Only LTC gyrification was a significant mediation
variable between prematurity and IQ in a parallel medi-
ation analysis of LTC and PoCC gyrification. No signifi-
cant mediation was seen between PoCC gyrification and
IQ in this model. However, primary cortex gyrification
precedes folding of associative cortices and thus may be
more affected by prematurity and associated hypoxic/
hypoxaemic adverse events. We therefore predicted that
primary cortex gyrification acts as a mediator of cortical
folding of association cortices. A subsequent three-path
‘sequential’ mediation analysis was performed, testing
whether aberrant cortical folding in the PoCC has an in-
direct effect on FS-IQ in VP/VLBW subjects via aberrant
cortical folding in the LTC and whether this mediates the
impact of prematurity at birth (or its different aspects ges-
tational age, birth weight, INTI, mediation analysis in the
VP/VLBW group only) on adult FS-IQ. For the detailed
path-model see Fig. 4 (path coefficients are calculated as
described before).

Figure | Increased absolute mean curvature in very premature-born adults. Statistical parametric map of group comparison for AMC
between VP/VLBW and full-term (FT) adults. Bihemispheric lateral and medial views are shown. Two-sample t-test, P < 0.05, FWE-corrected,
threshold-free cluster enhancement was used. Colour bars indicate P-values for increased AMC in the VP/VLBW group. Warm colours represent

lower P-values.
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Figure 2 Associations of increased absolute mean curvature with variables of premature birth. (A) Statistical parametric map of
negative associations between AMC and gestational age within the VP/VLBW group, controlled for residuals of birth weight and INTI, sex and
scanner. (B) Statistical parametric map of negative associations between AMC and birth weight within the VP/VLBW group, controlled for

residuals of gestational age and INTI, sex and scanner. (C) Statistical parametric map of positive associations between AMC and INTI within
the VP/VLBW, controlled for residuals of gestational age and birth weight, sex and scanner. Bihemispheric lateral and medial views are shown.
Multiple regression analyses, P < 0.05, FWE-corrected, threshold-free cluster enhancement was used. Between-group difference in AMC was

used as explicit mask. Colour bars indicate P-values for associations between AMC and gestational age (A), birth weight (B), and INTI (C),
respectively, in the VP/VLBW group. Warm colours represent lower P-values.

Data availability

The data that support the findings of this study are avail-
able on request from the corresponding author. The data
are not publicly available due to restrictions by the
Bavarian Longitudinal Study.

Results

Sample characteristics

Group demographic and clinical background variables are
shown in Table 1. There were no significant differences
between the VP/VLBW and full-term group regarding age
at scanning (P =0.765), sex (P=0.167), socioeconomic
status at birth (P =0.492), and maternal age (P =0.889).
By design, VP/VLBW subjects had significantly lower ges-
tational age (P <0.001) and lower birth weight

(P < 0.001). They were hospitalized for a longer time
after birth (P < 0.001). VP/VLBW subjects had significantly
lower FS-IQ scores (P < 0.001).

Widespread increases of AMC in
premature-born adults associated
with birth-related variables

To test for group differences in gyrification between VP/
VLBW and full-term subjects, we conducted a vertex-wise
two-sample #-test for AMC, correcting for sex and scanner
(Fig. 1 and Table 2). We found significantly increased
AMC in both hemispheres with predominance in the
right hemisphere, namely in bilateral lateral temporal,
right lateral frontal and right parietal cortices as well as
in bilateral pre- and postcentral cortices. We did not find
significantly decreased AMC clusters in the VP/VLBW

group.
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Figure 3 Linking increased AMC, reduced FS-IQ, and prematurity. (A) Statistical parametric map of negative associations between FS-
IQ and AMC within the VP/VLBW group. Bihemispheric lateral and medial views are shown. Multiple regression analyses, P < 0.05, FWE-
corrected, threshold-free cluster enhancement was used. Between-group difference in AMC were used as explicit mask. Colour bars indicate P-
values for negative associations between AMC and FS-1Q in the VP/VLBW group. Warm colours represent lower P-values. Two-way path diagrams
are shown to illustrate results of mediation analyses: (B) Scheme of mediation analysis for mean AMC of the group difference cluster of Fig. |. (C)
Scheme of mediation analysis for mean AMC restricted to bilateral PoCC and to bilateral LTC.

—mll
B
— ‘

Gestational age Full-scale 1Q

Figure 4 Brain gyrification development mediates the association between prematurity and adult FS-1Q. Three-way path dia-
grams are shown to illustrate results of mediation analyses: (A) ‘Sequential’ mediation analysis comparing the mediating effects of AMC in the
PoCC and the LTC between prematurity (=causal variable) and FS-IQ (=outcome variable). Indirect mediating effect of LTC-AMC alone is
significant (1.41 £ 0.71; 95% Cl: 0.23-3.00). Sequential mediation effect of PoCC-AMC on FS-1Q via LTC-AMC is significant (1.22 & 0.56; 95% Cl:
0.23-2.39). (B) ‘Sequential’ mediation analysis comparing the mediating effects of AMC in the PoCC and the LTC between gestational age
(=causal variable) and FS-IQ (=outcome variable). Indirect mediating effect of LTC-AMC alone is significant (0.63 £ 0.27; 95% CI: 0.15-1.20).
Sequential mediation effect of PoCC-AMC on FS-1Q via LTC-AMC is significant (0.32 £ 0.17; 95% CI: 0.05-0.70).
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Table | Demographical, clinical, and cognitive data
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VP/VLBW (n=101) FT (n=111)

Mean SD Range Mean SD Range P-value
Sex, male/female 58/43 66/45 0.167
Age, years 27.71 +0.61 25.7-28.3 26.84 +0.74 25.5-28.9 0.765
Gestational age, weeks 30.5 +2.1 25-36 39.7 + 1.1 37-42 <0.001
Birth weight, g 1325 +313 630-2070 3398 +444 21204670 <0.001
Hospitalization, days 722 +264 24-170 6.9 +3.0 2-26 <0.001
INTI, a.u. 1.6 +3.8 3-18 - - - na.
SES?, a.u. 29/44/28 1-3 35/50/26 1-3 0.760
Maternal age, years 29.5 +4.8 1641 29.4 +5.2 18—42 0.889
FS-1Q®, a.u. 94.1 +12.7 64-131 102.5 +11.9 77-130 <0.001

Statistical comparisons: sex, socioeconomic status with x” statistics; age, gestational age, birth weight, hospital, maternal age, IQ with two sample t-tests.
a.u. = arbitrary units; maternal age = maternal age at birth; SES = socioeconomic status at birth; SD = standard deviation.

a) —

= upper class; 2 = middle class; 3 = lower class.
®Data are based on 97 VP/VLBW and 108 full-term born subjects.

To test whether AMC increases in premature-born adults
were indeed linked with premature birth, we performed
vertex-wise multiple regression analyses of the relationship
between AMC and variables related to premature birth,
namely gestational age, birth weight, and INTIL in the
VP/VLBW group only, restricted to the AMC group differ-
ence cluster (Fig. 2 and Supplementary Tables 2.1-2.3).
Because of the high collinearity between gestational age,
birth weight, and INTI as determined by Pearson
correlation [gestational age and birth weight: r=0.316
(P=0.001); gestational age and INTL: r=-0.483
(P <0.001); birth weight and INTI: r=-0.269
(P =0.007)], we chose one parameter as covariate of inter-
est, respectively, and residualized the other two parameters
before including them as covariates of no interest. For ges-
tational age, we found a negative association with AMC,
predominantly in the right lateral temporal lobe and the
bilateral lateral frontal lobe, as well as in the central
region, the right temporoparietal junction, and left medial
temporal lobe (Fig. 2A). For birth weight, we found a nega-
tive association with AMC in lateral temporal and frontal
cortices, the left temporoparietal junction, and left medial
temporal lobe (Fig. 2B). For INTIL, we found a positive
association with AMC in bilateral frontal cortices
(Fig. 2C). These results suggest that AMC increases
in premature-born adults are indeed linked to the degree
of prematurity mostly in frontotemporoparietal, including
pre- and postcentral gyri, and that different aspects of pre-
maturity affect regionally distinct cortices.

Increased AMC of temporal associative cortices
contributes to the association between prematurity
and 1Q

Cognitive performance has been linked to gyrification
(Gregory et al., 2016) and premature birth is associated
with reduced cognitive performance in adult life (Saigal
and Doyle, 2008). To test whether aberrant gyrification
in premature-born adults, measured as increased AMC, is

associated with cognitive impairment, defined by reduced
FS-IQ, we conducted a multiple regression analysis in the
VP/VLBW group only with AMC as dependent variable
and FS-IQ as independent variable. Deviations due to sex
and scanner were controlled for. We observed a significant
negative association between AMC and FS-IQ in bilateral
lateral and anterior temporal cortices as well as in the oc-
cipitotemporal junction (Fig. 3 and Supplementary Table
3). The negative association between FS-IQ and AMC
was most evident for anterolateral temporal cortical
areas, which are also significantly negatively correlated
with gestational age. No significant positive association
was seen between AMC and FS-IQ.

We tested whether aberrant gyrification, i.e. increased
AMC, mediates the association between prematurity and
IQ. Prematurity was significantly associated with lower
FS-IQ [regression coefficient: 8.347, standard error (SE):
1.714, standardized coefficient beta: 0.322; 95% CI:
4.97-11.73 P < 0.001]. In a first mediation analysis using
averaged mean AMC across the group difference cluster as
mediator, the direct effect of premature birth as a group
factor on adult FS-IQ was not significant (¢;" = 3.75 +2.12;
P =0.079). However, the bootstrapped 95% CI determined
that the indirect effect mediated by mean AMC across
groups  was  significantly  different  from  zero
(by = 5.09 + 1.39; 95% CI: 2.55-7.96), indicating the med-
iating effect of mean AMC on the association between pre-
maturity and IQ (Fig. 3B).

To obtain more detailed spatial information about the
mediation effect of gyrification on FS-IQ we used distinct
region of interest-based clusters from the PoCC and LTC,
serving as surrogate for the primary and secondary folding
cortices, respectively, as mediators. We included AMC of
both PoCC and LTC as mediators in a parallel analysis to
test for mediation effects on adult FS-IQ in premature-born
adults (Fig. 3C). In this mediation analysis, the direct effect
of  prematurity on  FS-IQ remained significant
(=475 +1.98; P=0.018, 95% CL 0.84-8.67). The
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Table 2 Cortical areas of increased absolute mean
curvature index in prematurely born adults compared
to term-born controls

Cluster size
(number of
significant vertices)

P (FWE-
corrected)

Overlap of atlas region

Left hemisphere
0.00900 11604 12% postcentral

10% supramarginal
9% superior temporal
9% precentral

8% lateral occipital
8% inferior parietal
7% middle temporal
6% precuneus

5% superior parietal
5% inferior temporal
4% fusiform

4% pars opercularis
3% rostral middle frontal
2% pars triangularis
1% parahippocampal
1% entorhinal

1% parsorbitalis

1% lingual

Right hemisphere

0.00640 14509 10% postcentral

9% inferior parietal

9% precentral

7% rostral middle frontal
7% lateral occipital

6% supramarginal

5% middle temporal

5% precuneus

5% inferior temporal

4% superior temporal
4% superior frontal

4% superior parietal

3% pars triangularis

3% medial orbitofrontal
3% fusiform

3% caudal middle frontal
2% pars opercularis

2% posterior cingulate
2% lateral orbitofrontal
2% cuneus

1% rostral anterior cingulate
1% parsorbitalis

1% paracentral

1% caudal anterior cingulate

A two-sample t-test was performed between prematurely born adults (VP/VLBW,
n=101) and full-term controls (n = [0l). Sex and scanner served as covariates of no
interest. Results are thresholded at P < 0.05, FWE-corrected, threshold-free cluster
enhancement was used. Atlas labelling was performed according to the Desikan-
Killiany atlas (Desikan et al., 2006).

indirect mediation effect of the PoCC was not significant
(ay = 1.51 4 0.96; 95% CI: —0.26-3.53) while mean AMC
in the LTC did show a significant mediation effect between
prematurity and FS-IQ (b, =2.72 £ 1.56; 95% CI: 0.52—
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5.09). In conclusion, we observed a statistical mediation
effect for gyrification in temporal association cortices but
not for primary PoCC.

Gyrification development across the brain
contributes to the association between prematurity
and 1Q

Finally, we asked whether gyrification development across
the brain—starting with primary cortices, followed by as-
sociative cortices—is relevant for the impact of prematurity
on IQ. We performed a three-path mediation analysis,
which extends the previous two-path mediation model
(Fig. 3B and C). Specifically, we expected gyrification in
primary PoCC to propagate prematurity effects on the gyr-
ification of temporal cortices. In more detail (Fig. 4A), set-
ting prematurity as dichotomous causal variable and adult
FS-IQ as outcome variable with mean AMC in the bilateral
PoCC being the first mediator and mean AMC in bilateral
LTC being the second mediator, the direct effect of prema-
turity on adult FS-IQ did remain = significant
(c3=4.75 £ 1.96; P =0.018). The indirect effect mediated
by mean AMC in the PoCC was not significant
(a5 = 1.46 + 0.96; 95% CI: —0.31-3.48) while the indirect
effect mediated by mean AMC in the LTC was significant
(bs = 1.41 + 0.71; 95% CI: 0.23-3.00) (Fig. 4A). Critically,
mean AMC in the PoCC had a significant indirect medi-
ation effect via mediation of mean AMC in LTC on FS-IQ
(abs = 1.22 + 0.56; 95% ClI: 0.23-2.39), indicating that
prematurity effects on the mediation effect of LTC gyrifica-
tion is translated by PoCC gyrification.

To address in more detail which aspects of prematurity
modulate PoCC gyrification, we restricted the last medi-
ation analysis to premature-born adults and performed
again a ‘sequential’ three-path mediation analysis. In
more detail, we investigated whether the effect of gesta-
tional age on FS-IQ is sequentially mediated by AMC in
the PoCC and the LTC (Fig. 4B). We used the same models
also for birth weight and INTI, respectively, instead of ges-
tational age (see below). Partial correlation analysis, con-
trolled for sex and scanner, revealed a significant
association of FS-IQ with gestational age (r=0.276;
P =0.007), birth weight (r=0.306; P =0.003), and INTI
(r=—0.220; P =0.032), respectively. The direct effect of
gestational age on FS-JIQ was not significant
(c4=0.79 & 0.63; P =0.212) in the mediation model. The
indirect effect mediated by mean AMC in the PoCC was
not significant (az=0.09 +£0.21; 95% CI: —0.30-0.58)
while the indirect effect mediated by mean AMC in the
LTC was significant (bg =0.62 +0.27; 95% CI: 0.15-
1.20). Interestingly, mean AMC in the PoCC had a signifi-
cant mediation effect via mediation of mean AMC in LTC
on FS-IQ (aby =0.32+0.17; 95% CI: 0.05-0.70). This
result indicates that gestational age impacts 1Q through
mediatory effects of temporal associative cortices gyrifica-
tion, which in turn are mediated by gyrification in primary
PoCC.
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Analogous results were obtained when inserting birth
weight or INTI as causal variables. For birth weight, the
mediating effect of PoCC was not significant
(a5 = 0.0003 4 0.001; 95% CI: —0.003-0.003) while the
mediating effects of LTC (bs =0.0024 £ 0.0014; 95% CI:
0.0001-0.0055) and of PoCC via LTC
(abs = 0.0025 + 0.0011; 95% CI: 0.0007-0.0049) were
significant. For INTI, the mediating effect of PoCC was
not significant (ag=—0.048 £ 0.105; 95% CI: —0.291-
0.133), while the mediating effects of LTC
(be = —0.191 4 0.123; 95% CL: —0.491 to —0.004) and
of PoCC via LTC (abg=-0.179 +0.084; 95% CIL
—0.363 to —0.038) were significant. Both results indicate
that effects of birth weight and medical complications at
birth on the mediation effect of temporal associative cortex
gyrification are itself influenced by changes in primary
PoCC gyrification. When considering the final results and
the fact that primary cortices are distinctively affected by
prematurity as they fold earlier than associative cortices,
these results suggest that the development of gyrification
across the brain contributes to the impact of gestational
age on IQ. In particular, ‘early’ effects on primary PoCC
gyrification seem to convey prematurity effects on subse-
quent gyrification processes in temporal association cortices
and on their relevance for cognitive performance.

Discussion

Using structural MRI and intelligence assessments, we
demonstrated for the first time, that widespread increases
of gyrification in very premature-born adults contribute to
the association between prematurity and general IQ reduc-
tion. Results suggest that impaired gyrification is an im-
portant marker of prematurity effects on the development
of both brain morphology and cognitive performance.

Prematurity and gyrification

Gyrification is permanently altered after premature
birth

We found that AMC-based gyrification was increased in
VP/VLBW adults, namely in bilateral fronto-temporo-par-
ietal cortices with an emphasis on the right hemisphere
(Fig. 1). This result was not influenced by gender and/or
scanner differences, as we controlled for these factors. The
AMC value computes mean cortical curvature by equating
an increase in amplitude and frequency of cortical folding
to an increase in absolute mean curvature. Furthermore,
AMC-based gyrification is strongly correlated with total
surface area which signifies that an increase of cortical
curvature, termed gyrification translates to increased total
cortical surface area (Luders et al., 2006). AMC increases
were correlated to premature birth variables (Fig. 2), indi-
cating that they were indeed linked to prematurity. In par-
ticular, AMC was associated with gestational age, after
correction for birth weight and INTIL in bilateral lateral
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frontal cortices and right-sided lateral temporo-parietal cor-
tices (Fig. 2A). Furthermore, AMC was associated with
birth weight, independent from gestational age and INTI,
in mostly left-hemispherical lateral frontal and lateral tem-
poral areas (Fig. 2B). We found an additional covariance
between medical complications at birth and AMC in these
areas, indicating that gyrification is a key process affected
by premature birth and its complications (Fig. 3B).
Interestingly, all variables related to premature birth con-
sistently showed an association with early folding pre- and
postcentral cortices (White er al., 2010; Zilles et al., 2013;
Sun and Hevner, 2014). Associations with associative cor-
tices that are known to fold later during pregnancy and in
the postnatal period (Hill et al., 2010; Garcia et al., 2018)
were also present, however, were less consistent.

In a former study of 19-year-old premature-born adults,
surface area was used as a measure of cortical expansion
and was found to be decreased in premature-born individ-
uals in lateral fronto-temporo-parietal cortices (Skranes
et al., 2013). The pattern of aberrant cortical surface alter-
ations is in line with our results indicating that prematurity
consistently affects distinct areas of the brain. However,
since cortical surface area and AMC are different measures
of cortical structure they have to be compared with cau-
tion. More directly related to our findings, Zhang et al.
(2015) investigated sulcus depth and surface area in pre-
term-born, 7-year-old children and found shallower anter-
ior superior temporal sulci. Surface area was shown to be
partly decreased (in the posterior superior temporal cortex)
and partly increased (in medial frontoparietal cortex)
(Zhang et al., 2015). The authors state that while the
global gyrification index was decreased in very preterm-
born children, the cortex appeared visibly more convoluted
with most obvious cortical folding abnormalities found in
areas of increased relative surface area, such as the medial
frontoparietal cortex.

In conclusion, the widespread pattern of aberrant gyrifi-
cation in both hemispheres and the direction of altered
gyrification towards an increase in AMC are consistent
with previous reports and can be considered long lasting
effects of prematurity on brain morphology.

Possible causes of aberrant cortical folding in
prematurity

To date, the forces and mechanisms that drive the process
of cortical folding during brain development in late preg-
nancy and early postnatal life are not completely under-
stood. Two main hypotheses exist that explain
gyrification as a physical process of folding, underpinned
by distinct biological mechanisms. These are: the axonal-
tension model (Van Essen, 1997; Mota and Herculano-
Houzel, 2012) and the different-tangential expansion
model (Ronan et al., 2014). According to the latter
theory, the balanced proliferation of neuronal progenitors
that reside in the ventricular and subventricular zone is
important for the formation of cortical folds through
their influence on cortical expansion and architecture
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(Sun and Hevner, 2014). In particular, subplate neurons
constitute an important cell population that has been
shown to influence these processes of cortical growth and
architecture formation (Kostovic and Rakic, 1990;
Hoerder-Suabedissen et al., 2013).

The subplate is a transient cell compartment in the de-
veloping brain that is important for guiding thalamocorti-
cal and corticocortical connections of the cortical plate and
thus for establishing cortical microarchitecture (Kostovic
and Rakic, 1990; Judas$ et al., 2010; Hoerder-Suabedissen
and Molnar, 2015). The subplate, which is most prominent
in late maturing and developing association cortices has
been shown to be selectively vulnerable to transient hyp-
oxia and hypoxia-ischaemia in premature birth resulting in
impaired dendritic arborization and altered cortical micro-
structure (Kanold and Shatz, 2006; Dean et al., 2013;
Zilles et al., 2013; McClendon et al., 2017). As this is a
basic mechanism of neurodevelopment, it can be hypothe-
sized that subplate damage in prematurity has an impact on
cortical folding by altering cortical growth and microstruc-
ture (Zilles et al., 2013; Sun and Hevner, 2014).

Prematurity, gyrification, and
cognitive performance

Gyrification in temporal association cortices
specifically contributes to the impact of prematurity
on reduced IQ

We have shown that gyrification in temporal association
cortices, but not in earlier folding primary cortices, statis-
tically mediates the association between prematurity and
reduced 1Q (Fig. 3). This underscores the importance of
later-developing, associative cortices for cognitive develop-
ment and is in line with a recent study on healthy indivi-
duals investigating associations between gyrification and
cognitive ability (Gregory et al., 2016). Gregory et al.
found the highest correlation between gyrification and IQ
in bihemispheric medial and lateral fronto-parietal cortices
and the highest variability of cortical folding in the super-
olateral temporal lobe. In contrast, we found the lateral
temporal association cortices to be most tightly linked to
FS-IQ in premature-born adults. This may be explained by
the high variability of cortical folding in these regions that
may be influenced by the cognitive development of preterm
infants from birth until adulthood.

This raises the question whether aberrant cortical folding
is rather the consequence or the cause of impaired cognitive
development leading to reduced FS-IQ. In earlier post-
mortem studies, the pattern of cortical folding was thought
to remain nearly constant after 1 year of age (Armstrong
et al., 1995). However, recent studies suggest that behav-
ioural or environmental factors do have an impact on gyr-
ification later in life. For example, alterations in cortical
folding have been shown in professional keyboard players
and meditation practitioners (Amunts et al., 1997; Luders
et al., 2012). Also, gyrification has been shown to decrease
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with ageing, independently from changes in cortical thick-
ness, surface area and volume (Hogstrom et al., 2013;
Klein et al., 2014) and to be different in male and female
subjects (Luders et al., 2008). More recently, a study on
anorexic patients demonstrated that nutritional factors
have a rather short-term impact on cortex morphology:
in anorexic patients, gyrification was significantly decreased
but changed back to normal after body weight restoration
(Bernardoni et al., 2018). These studies suggest plasticity of
cortical folding to some extent across the lifespan.

Development of the cortical folding pattern
expresses the impact of prematurity on reduced 1Q

In our sequential mediation analysis, we observed an indir-
ect statistical mediation effect of PoCC gyrification on full-
scale IQ after premature birth via LTC gyrification (Fig. 4).

When interpreting this result, one has to reflect the dif-
ferent concepts of mediation in a statistical and biological
context. Statistical mediation is used to identify and to fur-
ther characterize mechanisms underlying an observed rela-
tionship via introducing one or more variables as mediators
(Hayes and Rockwood, 2017). The term ‘mediation’ re-
flects mainly two concepts in a biological context: A bio-
logical mediator either influences an observed relationship
across different scales (e.g. local brain circuits generating a
certain kind of behaviour) or across different scales and
time points (e.g. the progression of cortex development in-
fluences cognitive capacities). Thus, caution is advised
when transferring results from statistical mediation to bio-
logical models, because in a statistical pathway mediation
analysis alternative pathways, which are not included in the
model, are ignored, irrespective of their biological signifi-
cance. In conclusion, while statistical mediation can sup-
port or oppose a factor’s contribution to a given
relationship between two variables, it ignores alternative
pathways and thus falls short of explaining complex and
concurrent relationships in a biological model.

The sequential mediation effect we have observed for
PoCC and LTC is interesting because these distinct cortical
areas show different timelines of gyrification during gesta-
tional or postnatal brain development (Garcia et al., 2018).
The PoCC have been shown to develop rather early during
gestation as do other primary sensory and motor regions of
the brain starting in the second trimester (Dubois et al.,
2008). In contrast, cortical folding in associative cortices
has been shown to start later during gestation and to
extend into the postnatal period (Hill et al., 2010; Zilles
et al., 2013). A recent study on cortical folding in preterm
infants postulated a distinct developmental trajectory based
on MR imaging between gestational Weeks 28 and 38
(Garcia et al., 2018). The described trajectory of preterm
cortical growth starts around the central sulcus and then
migrates peripherally towards the associative cortices
(Garcia et al., 2018). This model suggests that gyrification
should not be treated as a local phenomenon during cor-
tical development but that it is important to perceive gyr-
ification as a global and interrelated developmental step. A
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study investigating diffusion properties of the cortex in pre-
mature-born and term-born individuals between 27 and 47
weeks post conception showed the highest decrease of cor-
tical fractional anisotropy as a marker of development in
frontal, temporal and parietal association cortices (Ball
et al., 2013). This cortical development may in part be
related to the dynamics of cortical folding in these areas
during the last trimester. Our results show the involvement
of primary and associative cortices in permanent gyrifica-
tion aberrancies. Furthermore, we have shown that the
variance of AMC in primary cortices is sequentially asso-
ciated with the variance of AMC in associative cortices.
Given the temporal coincidence of gyrification in primary
cortices and premature birth we interpret our results in the
following way: adverse events during premature birth, such
as hypoxia, lead to perturbation of cortical folding in early
folding cortices which in turn influences aberrant cortical
folding in primary cortices on the one hand by a shifted
trajectory.

Thus, we hypothesize that gyrification in primary cortices
might be a prognostic marker for the disruption of neuro-
development at preterm birth, which should be investigated
further in other cohorts of premature-born individuals.
Furthermore, we propose the hypothesis that gyrification
in secondary associative cortices might be suitable as a
treatment target after premature birth. For the latter
point, one should keep in mind the aforementioned dy-
namics of post-natal gyrification including altered gyrifica-
tion of professionals in keyboard playing and mediation
practice (Amunts et al., 1997; Luders et al., 2012).

Strengths and limitations

Some points should be carefully considered when interpret-
ing our results. First, the current sample is biased to VP/
VLBW adults with less severe neonatal complications, less
functional impairments, and higher 1Q. Individuals with
stronger birth complications and/or severe lasting impair-
ments in the initial Bavarian Longitudinal Study sample
were more likely both to be excluded in initial screening
for MRI due to exclusion criteria for MRI (e.g. infantile
cerebral palsy). Thus, differences in gyrification between
VP/VLBW and term control adults reported here are con-
servative estimates of true differences. Second, the study
sample was limited by MRI- and study-related contraindi-
cations including a history of severe neurological disorders
(e.g. epilepsy, multiple sclerosis, cerebral haemorrhage,
traumatic brain injury, tinnitus), severe back problems, (po-
tential) pregnancy, severely impaired vision, as well as non-
removable ferromagnetic implants (e.g. pacemakers). Third,
the current sample has the strength of large size (101 VP/
VLBWand 111 full-term adults), enhancing the generaliz-
ability of our findings. A strength of our study is that a
relevant impact of patient age on gyrification measures at
the time of the MRI scan is excluded because of the inclu-
sion of preterm and term subjects who had approximately
the same age of 27 years. When interpreting our results
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about the significant mediation of prematurity effects on
adult full-scale 1Q by gyrification measures one has to
keep in mind that the statistical model is inherently limited
as explained above. We have identified aberrant
AMC-based gyrification in different primary and associa-
tive cortical areas serving as markers of impaired neurode-
velopmental processes that contribute to prematurity effects
on adult full-scale IQ in a sequential statistical mediation
model. However, complementary effects as well as markers
and mechanisms of impaired neurodevelopment, for ex-
ample, as assessed by structural or functional connectivity,
may also have a mediating effect on adult cognitive per-
formance. These markers have to be taken into account in
further studies in order to create a more general under-
standing of cognitive impairments after premature birth.
One technical limitation of our study includes the measure
of local gyrification, which varies among studies and is
heavily dependent on the software used, limiting compar-
ability. In our study, we used a curvature-based approach
to locally measure gyrification of the brain via AMC. This
measure cannot be used interchangeably with surface-based
local gyrification index which has been used in most studies
so far (Luders et al., 2006; Schaer et al., 2008). A recent
study examining anorexic patients compared these two
measures and demonstrated that the direction of alterations
(increased vs. decreased gyrification) is generally opposite
for AMC and local gyrification index while the cortical
areas identified as abnormal corresponded well between
the two measures (Ronan et al., 2014; Bernardoni et al.,

2018).

Conclusion

We have shown widespread differences in gyrification be-
tween premature-born adults and full-term controls sug-
gesting that disturbances of gyrification in the last
trimester alter brain morphology permanently. This alter-
ation in brain morphology is functionally relevant since it is
associated with FS-IQ and contributes to the effect of pre-
maturity on reduced cognitive performance. While there
may be various other potential measures of brain structure,
structural and functional connectivity that could potentially
mediate preterm effects on cognitive performance, gyrifica-
tion seems to be an important morphological characteristic
and expression of aberrant brain development in this re-
spect. Moreover, we showed that this effect is specific for
the lateral temporal associative cortex. Finally, we sug-
gested the importance of the development of gyrification
from early-folding, PoCC towards more lateral, associative
cortices through our sequential mediation model. We pro-
pose that gyrification in early folding cortices might poten-
tially serve as a prognostic marker after premature birth
while gyrification in cortices that fold later during develop-
ment might serve as treatment target for specific therapeutic
interventions aiming at improving the neurocognitive out-
comes of premature birth.
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