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ABSTRACT
Purpose:Congenital infection with humanCytomegalovirus (hCMV) is a common cause of severe neurodevelopmental disability,
while postnatal infection of a term-born infant will usually not lead to an adverse neurodevelopmental outcome. In preterm-born
infants, long-term consequences of an early postnatal hCMV infection (usually via breastmilk) are still controversial. This is highly
relevant as preventative measures exist.
Methods: Data of 37 preterm-born children (PT; ≤ 32 weeks of gestation and/or weighing ≤ 1500 g) was included. Of these,
14 acquired an early postnatal infection with hCMV (PT hCMV+), while 23 did not (PT hCMV−). Further, 38 healthy term-born
participants (FT) were included. Overall median age was 13.6 years (range 7.9–17.8 years). Global and local tissue volumes and
brain surface parameters were analyzed. Consequences of prematurity were detected by comparing FT and PT, and sequelae of
hCMV infection by comparing PT hCMV− and PT hCMV+.
Findings: Compared to FT, PT showed lower global gray matter (GM); interestingly, PT hCMV+ showed a trend toward higher
global GM than PT hCMV−. Several clusters of local GM differed in volume between PT and FT, but none as a function of hCMV
infection. Surface analyses between PT and FT identified predominantly right-hemispheric regions of lower cortical thickness in
PT. Unexpectedly, widespread clusters of higher cortical thickness were found bilaterally in predominantly frontal brain regions
in PT hCMV+ compared to PT hCMV−, demonstrating a lasting effect of hCMV infection.
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Conclusion:We found lower global and local GM volumes due to of prematurity. Additionally, we demonstrate long-term effects
of early postnatal hCMV infection on brain structure in PT, markedly different from those resulting from prematurity alone.
This suggests distinct long-term cerebral consequences of early postnatal hCMV infection in former preterm-born children above
and beyond those attributable to prematurity. Consequently, efforts to avoid HCMV infection in preterm-born infants should be
implemented.

1 Introduction

Around 11% of children are born prematurely, i.e., before 37weeks
of gestation. Among these, babies with a low birthweight (<
1500 g) and/or those born before 32 weeks in particular are at
considerable risk for early morbidity and mortality. (Stoll et al.
2010, Scheuchenegger et al. 2014, Schill et al. 2017) Importantly,
they also carry a high risk for later neurodevelopmental impair-
ment (Moster et al. 2008, Johnson and Marlow 2017, Raju et al.
2017), substantially contributing to the overall burden of disease.
(Harrison and Goldenberg 2016) While reasons for preterm birth
are diverse,many are impossible to avoid; therefore, pretermbirth
continues to pose substantial medical and societal challenges.

Human cytomegalovirus (hCMV) is among the singlemost impor-
tant causes for mental retardation if it leads to intrauterine,
congenital infection. (Boppana et al. 2013) Prevalence of con-
genital hCMV infection was estimated to be 0.5%–1% of live
births in industrialized nations (de Vries et al. 2011, Naing
et al. 2016) and up to 6% in developing countries. (Lanzieri
et al. 2014) In these cases, intrauterine infection occurs via
vertical transmission of hCMV from mother to child. In the
first and second trimesters, approximately one-third of primary
maternal hCMV infections lead to congenital hCMV infection.
Transmission rates increased over 70% in the third trimester.
(Enders et al. 2011) Traditionally, only primary infection of hCMV
in pregnant women was considered to cause congenital hCMV
infection, whereas non-primary infection during pregnancy was
considered to be mostly harmless. (Kenneson and Cannon 2007)
More recent research, however, suggested that congenital HCMV
infection following non-primary infection of already seropositive
mothers may be as prevalent as primary infection. (Townsend
et al. 2013, Wang et al. 2011, Britt 2015) On the other hand, the
infection is widely assumed to be of little relevance in term-
born children infected postnatally: the majority of full-term born
infants neither showed clinical symptoms while shedding hCMV
nor did they develop long-term neurologic sequelae. (Gentile
et al. 1989, Kumar et al. 1984, Paryani et al. 1985, Johnson et al.
1986, Stagno and Cloud 1994, Schleiss 2006) However, there is
considerable uncertainty with regard to the long-term effects of a
postnatal infection in early preterms, occurring ex utero but before
the expected delivery date. The most common route of infection
is via breast milk. The rate of hCMV secretion in breast milk
of hCMV-seropositive mothers to preterm-born infants ranged
up to 96% (Hamprecht et al. 2001, Kurath et al. 2010), and 19%
(95% CI 11–32) of the preterm-born infants exposed to hCMV
positive breastmilk were infected by hCMVpostnatally. (Lanzieri
et al. 2013) This rate of transmission depends on the viral load,
the duration of viral shedding in breast milk and the time of
observation. (Jim et al. 2009, van der Strate et al. 2001) Since
most maternal antibodies are transmitted to the fetus only in

the third trimester, (Simister 2003) most preterm born infants,
especially those born very preterm, are not as effectively protected
against postnatal hCMV infection as term born infants are. While
the majority of preterm born infants infected with hCMV did
not develop clinical symptoms (Neuberger et al. 2006), rates of
symptomatic hCMV infection varied greatly between studies,
with numbers ranging from 0% up to more than 30%. (Kurath
et al. 2010, Lanzieri et al. 2013, Yeager et al. 1983, Miron et al.
2005, Josephson et al. 2014, Bryant et al. 2002) Several cases of
severe postnatal hCMV infections in this population have been
described, with a wide range of clinical manifestations. In some
preterm-born infants, a fatal outcome was reported. (Yeager et al.
1983, Stagno et al. 1981, Hamele et al. 2010, Takahashi et al. 2007,
Fischer et al. 2012, Anne-Aurelie et al. 2016)

When assessing the early clinical outcome of preterm-born chil-
dren with early postnatal hCMV infection at 12 and 24 months,
there was no significant impairment. (Jim et al. 2015, Vollmer
et al. 2004) This changed at school age: The Tübingen group of
former preterm children with early postnatal hCMV infection
scored significantly lower in cognitive and motor function tests
than controls without such an infection. (Bevot et al. 2012, Goelz
et al. 2013) Further, both lower than average intelligence and
differences in functional MRI activation patterns could be seen in
adolescence (Brecht et al. (2015) and Dorn et al. (2014), assessing
children of the same original cohort as presented here). The ques-
tion of these long-term effects is crucial against the background
that, as breast milk is the usual route of infection, such infections
could be prevented by inactivating the virus. This can be achieved
for example by short-term heat inactivation of breast milk in
the neonatal intensive care unit. (Hamprecht and Goelz 2017,
Maschmann et al. 2019, Bapistella et al. 2019) If further evidence
for detrimental long-term effects could be demonstrated, this
could support the discussions with the potential consequence to
more broadly implement these preventative measures.

We here set out to investigate a group of former preterm-
born children with and without postnatal hCMV infection
and full term-born children as controls, using both volumetric
and surface-based MRI analyses. The rationale for combining
both approaches was that while volumetric analyses such as
voxel-based morphometry (VBM) assess regional tissue volume,
surface-based approaches allow assessing other morphological
features, such as cortical thickness. The latter describes the
distance between the inner (white matter (WM) / grey matter
(GM)) and the outer (GM/cerebrospinal fluid (CSF)) cortical
boundaries. It reflects the thickness of grey matter and, on
a cellular level, the neuron column’s height throughout the
cortex. (Rakic 1995) As volumetric and surface parameters show
different developmental patterns throughout childhood, it was
postulated that each parameter at least partly describes different
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underlying neuronal processes. (Wierenga et al. 2014, Vijayaku-
mar et al. 2016) Therefore, alterations in brain development may
be missed when utilizing only one approach. (Wierenga et al.
2014) The aim of the current study, therefore, was to compre-
hensively assess whether long-term structural consequences of
an early postnatal hCMV infection are detectable in the brains
of former very preterm-born children in late childhood and
adolescence.

2 Subjects andMethods

Participants of the present work were part of a long-term follow-
up study investigating the consequences of an early postnatal
infection with hCMV via breast milk in preterm-born partici-
pants. Some of the participants included in this work were also
part of previous studies. (Bevot et al. 2012, Goelz et al. 2013,
Brecht et al. 2015, Dorn et al. 2014) All participating preterm-
born children (PT) were born between July 1995 and September
1999 and were treated in the NICU at the Children’s Hospital
of the University of Tübingen. Participants were born at ≤ 32
weeks of gestation and/or weighed ≤ 1500 g at birth. The study
was approved by the Ethics Committee of the University of
Tübingen Faculty of Medicine (2016/2009BO1). Written informed
consent was obtained from at least one parent, and all children
additionally gave verbal assent.

In all preterm participants, congenital hCMV infection had been
excluded by examining ear and throat swabs and urine in the
first postpartum days. (Hamprecht et al. 2001) To detect early
postnatal hCMV infection, participants’ urine as well as their
mothers’ breast milk was examined regularly. If HCMV was
detected in the participants’ urine within two to twelve weeks
of life, those participants were defined as having acquired an
early postnatal infection with HCMV. Thus, they were assigned
to group “preterm hCMV+” (PT hCMV+). Preterm participants
who did not suffer from an early postnatal infection with hCMV
are consequently considered “preterm hCMV-” (PT hCMV−). For
further information on the virological surveillance procedure see
Hamprecht et al. (2001) All former preterm-born participants
were identified from hospital records of the Department of
Neonatology and approached in writing. A total of 94 PT were
considered for inclusion; 50 hCMV− and 44 hCMV+. Full-term
born controls (FT) were recruited by public announcements.
They were required to have no history of neurological or psychi-
atric disorders, hearing deficits, or cognitive impairment. While
their HCMV status was not available, a history of any neonatal
infection, hepatosplenomegaly, thrombocytopenia, or prolonged
jaundice was also considered an exclusion criterion. Further,
all participants were required to have no MR contraindications.
(Brecht et al. 2015, Dorn et al. 2014,Wilke et al. 2014) Subjectswere
divided into two groups: FT andPT,whichwere again divided into
PT hCMV− and PT hCMV+, respectively.

Sex, age, and maternal education (ME) were collected from
all participants. ME was shown to be a relevant factor for the
cognitive outcome of preterm-born children (Patra et al. 2016) and
was scaled to reflect years of the mother’s education (9: minimal
schooling; 10: regular degree; 13: graduated from German high
school); 3 years were added for vocational training and 5 years
for a university degree, such that final numbers range from 9

to 18. Additionally, information on relevant neonatal informa-
tion for the PT group (gestational age, birth weight, singleton
or multiple, incidence of intraventricular hemorrhage (IVH),
bronchopulmonary dysplasia (BPD), retinopathy of prematurity
(ROP), or necrotizing enterocolitis (NEC)) was collected from
hospital charts.

Cognitive abilities were assessed by the HAWIK IV (the German
version of the Wechsler Intelligence Scale for Children). A stan-
dardized full-scale IQ was obtained. (Petermann and Petermann
2008) The presence of cerebral palsy (CP) was assessed clinically,
while handednesswas determined by the EdinburghHandedness
Inventory (EHI). (Oldfield 1971)

All participants were scanned at University Hospital Tübingen
on the same 1.5 Tesla MR scanner (Siemens Avanto, Erlangen,
Germany) with a 12-channel head coil. Structural T1-weighted
3D datasets were acquired consisting of 176 sagittal slices of
1 mm thickness with a matrix size of 256 × 256 and no gap,
yielding a voxel size of 1 × 1 × 1 mm3. Echo time was 2.92 s, and
repetition time was 1300 ms. Data was preprocessed using SPM12
(RRID:SCR_007037) (Wellcome Trust Centre for Neuroimaging,
University College London, UK) running on MATLAB (R2014b,
The Mathworks, Natick) and CAT12 (RRID:SCR_019184), a com-
putational anatomy toolbox. (Gaser and Kurth 2016, Gaser et al.
2024)

All MR images were initially inspected visually, and those with
clear subject motion artifacts were removed. As a second step,
data quality was checked with the help of CAT12 by creating
a sample correlation matrix. In this way, data that deviated
substantially from the whole sample was identified. Additionally,
CAT12’s image quality rating (IQR)was assessed,which combines
contrast to noise ratio, an inhomogeneity to contrast ratio, and
the root mean square of the image resolution; the lower the IQR,
the better the image quality. (Gaser and Kurth 2016, Gaser 2018)
This measure allows for ensuring comparability of image quality
between groups, thus avoiding bias. Of 83 initial MRI datasets,
eight needed to be excluded during these data quality steps due to
motion artifacts, leaving 75 datasets for final analyses: 37 in group
PT (of which 14 were PT hCMV+ and 23 were PT hCMV−) and 38 in
group FT. More details are provided in Tables 1, 2, and 3 in the
results section.

To ensure optimal starting estimates for later data processing
steps, all images were reoriented manually, and the image
volume “origin” was set to the anterior commissure. For initial
segmentation and spatial normalization, we used the Template-
O-Matic toolbox (Wilke et al., 2008) to create a pediatric template,
using a “matched pairs” approach. Images were then segmented
into GM, WM, and CSF using CAT12, which employs a revised
version of SPM12’s unified segmentation approach. (Ashburner
and Friston 2005) From the affine-registered images from this
step, we created a custom DARTEL template. (Ashburner 2007)
For the final normalization and segmentation of the 75 datasets,
the CAT12 processing steps described above were repeated using
a newly generated TOM template from the final participants and
the study-specific DARTEL template. To account for local volume
changes due to non-linear spatial registration, we modulated the
final maps using the Jacobian determinant of the spatial defor-
mation field. This iterative procedure ensures that results were
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TABLE 1 Demographic and neuropsychological details of FT versus PT participants.

FT PT Statistics

n 38 37
Sex M: 16; F: 22 m: 26; f: 11 n.s.1

Median age (range) [years] 12.1 (7.9–17.8) 14.9 (12.0-16.1) p < .0012

Handedness 87% r; 13% l 81% r; 19% l n.s.1

Median ME 15 13 p = 0.0032

Median IQ (range) 110 (91–128) 97 (42-137) p < 0.0012

Median IQR (range) 2.44 (2.08–4.05) 2.39 (2.08-3.64) n.s.2

Abbreviations: FT= full termborn participants, IQ= intelligence quotient; PT= pretermborn participants; IQR= image quality rating,ME=maternal education.
1Chi-squared test (Scheuchenegger et al. 2014).
2Mann–Whitney U test.

TABLE 2 Demographic and neuropsychological details of preterm born participants with early postnatal hCMV-infection (PT hCMV+)
versus preterm born participants without early postnatal hCMV− infection (PT hCMV−).

PT hCMV− PT hCMV+ Statistics

n 23 14
Sex M: 16; F: 7 M: 10; F: 4 n.s.1

Median age (range) [years] 14.9 (12.1–16.1) 14.8 (12.0–16.1) n.s.2

Handedness 83% r; 17% l 79% r; 21% l n.s.1

Median ME 13 13 n.s.2

Median IQ (range) 100 (42–137) 93 (61–119) n.s.2

Median IQR (range) 2.39 (2.15–3.64) 2.45 (2.08–3.04) n.s.2

Twins n (%) 7 (30.4%) 7 (50%) n.s.1

Median gestational age (range) [weeks] 28.1 (24–32) 29.7 (25–32) n.s.2

Median birth weight (range) [g] 970 (650–1550) 1272 (630–1870) n.s.2

ICH n (%) 5 (21.7%) 2 (14.3%) n.s.1

NEC n 0 0
BPD n (%) 5 (21.7%) 1 (7.1%) n.s.1

ROP n (%) 10 (43.5%) 3 (21.4%) n.s.1

Abbreviations: aME=maternal education, BPD= bronchopulmonary dysplasia, ICH= intracranial hemorrhage, IQ= intelligence quotient, IQR= image quality
rating, NEC = necrotizing enterocolitis, ROP = retinopathy of prematurity.
1Chi squared test.
2Mann–Whitney U test.

obtained with a minimum amount of bias from an inappropriate
(adult) reference population.

For VBM analyses, a Gaussian smoothing kernel with a “full
width at half maximum” (FWHM) of 6 mm was applied.
Individual global tissue volumes were derived from the respec-
tive modulated tissue maps, including gray matter volume
(GM), white matter volume (WM), and cerebrospinal fluid vol-
ume (CSFV), which combined yield total intracranial volume
(TIV). (Malone et al. 2015) Cortical thickness was obtained
by using CAT12. These surface parameters require a larger
smoothing kernel, so we used a Gaussian filter of FWHM =
20 mm for these analyses, exploiting the matched filter the-
orem based on the average distance between sulci and gyri.
(Luders et al. 2006)

When aiming to analyze local differences in brain structure using
VBM, correction for global differences is a necessary prerequisite
(Malone et al. 2015, Barnes et al. 2010, Joel et al. 2015, Peters et al.
1998), which was achieved here by global scaling. Global scaling
divides each voxel by the global mean to detect only local effects
that exceed (and thus, are not explained by) global differences.
Images were proportionally scaled to a value of 50. After scaling,
the absolute unscaled threshold for including a voxel (default 0.1)
was adjusted as follows: new threshold = (0.1 × 50)/TIV.

As subject sex is known to influence brain anatomy both globally
and locally (Joel et al. 2015, Peters et al. 1998), it was included as
a covariate in all GLM analyses. Correction for subject age was
necessary because groups differed in median age (FT: 12.1 years,
PT hCMV−: 14.9 years, PT hCMV+: 14.8 years). As age effects on brain
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TABLE 3 Demographic details of included preterm born participants (PT) and non-included preterm born subjects (PT) of the original
cohort.

Included PT Non-included PT Statistics

n 37 57
hCMV + n (%) 14 (37, 8%) 30 (52.6%) n.s.1

Sex m: 26; f: 11 M: 42; F: 15 n.s.1

Median gestational age (range) [weeks] 28.9 (23.9–32) 28.3 (23.6–32.1) n.s.2

Median birth weight (range) [g] 1140 (630–1870) 1070 (490–1700) n.s.2

ICH n (%) 7 (18.9%) 9 (15.8%) n.s.1

NEC n (%) 0 3 (5.3%) n.s.1

BPD n (%) 6 (16.2%) 7 (12.3%) n.s.1

ROP n (%) 13 (35.1%) 16 (28.1%) n.s.1

Twins n (%) 14 (37.8%) 13 (22.8%) n.s.1

Abbreviations: BPD = bronchopulmonary dysplasia, hCMV+ = with early postnatal hCMV infection, ICH = intracranial hemorrhage, NEC = necrotizing
enterocolitis, ROP = retinopathy of prematurity.
1Chi squared test.
2Mann–Whitney U test.

volumes are non-linear (Giedd et al. 1999, Groeschel et al. 2010,
Wilke et al. 2007), age (in months) as well as age squared was
included in the GLM as covariates.

Statistical analysis of demographic data was conducted in
APSS 23 (RRID:SCR_002865 IBM Corporation, Armonk, New
York, USA). Due to small sample sizes, chi-squared tests were
conducted to test for group differences of dichotomous, inde-
pendent variables, that is, sex, handedness, and the occur-
rence of twin birth, ICH, NEC, BPD, and ROP. Group dif-
ferences in image quality, age at assessment, gestational age,
birth weight, IQ, and maternal education were investigated by
applying Mann–Whitney U tests. Significance was assumed at
p ≤ 0.05, and results were Bonferroni-corrected for multiple
comparisons.

Statistical analysis of tissue volumes was also conducted in SPSS
23. Due to small sample sizes, Mann–Whitney U tests were used
to compare groups FT/PT and PT hCMV−/PT hCMV+. To assess a
possible effect of prematurity, we compared FT and PT. To assess
a possible effect of early postnatal hCMV infection in PT, we
compared groups PT hCMV− and PT hCMV+. Again, significance was
assumed at p ≤ 0.05, and results were Bonferroni-corrected for
multiple comparisons.

The framework of the general linear model (GLM) (Scott et al.
2014) was used to investigate local GM differences between
groups. In VBM analyses, the groups were considered to be
independent from each other, and variance was assumed to
be unequal in order to be statistically most robust. Global
differences were corrected by global scaling, as described above.
Age, age squared, and sex were included as covariates of no
interest. To control for multiple testing in surface-based analyses,
the “Threshold Free Cluster Enhancement” (TFCE) and an
additional correction via the “Family Wise Error Rate” (FWE)
correction was applied (Salimi-Khorshidi et al. 2011, Smith and
Nichols 2009, Pernet 2016, Li et al. 2017), using 5000 permutations

per contrast. To further protect from false positive results, FWE
correction on a cluster level (FWEC) of p ≤ 0.05 was applied.
(Nichols and Hayasaka 2003)

All results of VBM are shown in neurological convention, i.e.,
left in the image is left in the brain. All results of surface-
based analyses are shown rendered on a representative individual
cortical surface.

3 Results

3.1 Demographics

We initially approached 94 preterm-born children, 44 of whom
could be recruited. Four of these had MR contraindications
(dental braces, metal splinter). Hence, MR images of 40 preterm
children could be acquired, among them 23 hCMV− and 17
hCMV+, with a median age of 14.9 years (range 12.0–16.1). For
the control group, images of 43 full-term-born children, with a
median age of 12.1 years (7.9–17.8), were acquired. Images from
eight participants were excluded during quality control (3 PT,
5 FT). Consequently, data of 75 images was included in the
following analyses: 38 FT and 37 PT (23 PT hCMV− and 14 PT hCMV+).
There were 42 boys and 33 girls, and the overall median age was
13.6 years (range 7.9–17.8 years). Demographic data and details of
neuropsychological assessment are shown below. Groups FT and
PT showed significant differences in age, ME, and IQ, but not in
sex, handedness, and image quality rating (IQR; Table 1).

Groups PT hCMV− and PT hCMV+ did not differ significantly in sex,
age, handedness, ME, IQ, IQR, number of twins, gestational age,
birthweight, or occurrence of ICH,NEC, BPD, andROP (Table 2).

To rule out a selection bias, demographic details of the ultimately
included preterm born participants (n = 37) were compared to all
preterms we approached (n = 94) to ensure that our sample was
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TABLE 4 Tissue volumes of full term (FT) versus preterm born participants (PT).

FT PT Statistics

Mean TIV ± SD [ml] 1653 ± 157 1578 ± 164 n.s.
Mean GM ± SD [ml] 855 ± 76 783 ± 73 p < 0.001
Mean WM ± SD [ml] 522 ± 64 504 ± 74 n.s.
Mean CSF ± SD [ml] 276 ± 41 290 ± 39 n.s.

Abbreviations: CSF = cerebrospinal fluid volume, GM = gray matter volume; TIV = total intracranial volume; WM = white matter volume.

TABLE 5 Tissue volumes of preterm born participants with (PT hCMV+) and without (PT hCMV-) postnatal hCMV infection.

PT hCMV+ PT hCMV− Statistics

Mean TIV ± SD [ml] 1599 ± 162 1565 ± 167 n.s.
Mean GM ± SD [ml] 802 ± 80 771 ± 68 n.s.
Mean WM ± SD [ml] 510 ± 67 500 ± 81 n.s.
Mean CSF ± SD [ml] 286 ± 36 293 ± 41 n.s.

Abbreviations: CSF = cerebrospinal fluid volume, GM = gray matter volume, TIV = total intracranial volume; WM = white matter volume.

representative of the cohort as a whole. Of those 94 PT, 24 did
not reply, six did not have time, one suffered from claustrophobia,
eight hadmetallic implants, and 15 provided no reason. Following
inclusion, imaging data from three preterm participants had to be
excluded. Details of the groups are listed in Table 3. Neither of the
assessed differences was significant.

3.2 Global Tissue Volumes

Results are summarized in Tables 4 and 5. Mann–Whitney U
tests were conducted, and significance was assumed at p < 0.05,
Bonferroni-corrected for multiple comparisons.

3.3 Global Tissue Volumes: Effects of
Prematurity

Comparison of FT andPT showedno significant difference inTIV.
PT showed a significant decrease in GM as compared to FT. In
post hoc targeted comparisons, the difference between FT and PT
was driven by the PT hCMV− group, which had a significantly lower
GM than FT (while no significant difference in GM was found
when comparing FT to PT hCMV+). Comparison of PT versus FT
showed no significant difference in WM or CSF volumes.

3.4 Global Tissue Volumes: Effects of hCMV
Infection

Comparison of PT hCMV+ versus PT hCMV− showed no significant
difference in TIV. Comparison of PT hCMV− versus PT hCMV+
showed no significant difference in GM, but contrary to our
hypothesis, PT hCMV+ had a tendency toward higher GM than
PT hCMV-; however, this difference was not significant. Compari-
son of PT hCMV+ versus PT hCMV− showed no significant difference
in WM or CSF volumes.

3.5 Voxel Based Morphometry

To assess a possible local effect of prematurity on GM (exceeding
global differences), we performed VBM studies between groups
FT and PT. A GLM was designed, correcting for sex and age
(linear and squared) and for TIV differences by global scaling.
Significance was assumed after applying TFCE and correcting via
FWEc (p ≤ 0.05).

3.6 VBM: Effects of Prematurity

PT showed significantly lower local GM than FT (FT > PT) in
the medial temporal gyrus in both hemispheres, in the middle
orbitofrontal gyrus in both hemispheres, in the occipital lobe in
both hemispheres, in the inferior temporal gyrus in the right
hemisphere, and in the medial insula in the right hemisphere.
Results are visualized in Figure 1. PT showed no significant
cluster of increased local GM compared to FT (FT < PT).

3.7 VBM: Effects of hCMV infection

There were no significant differences in local GM between
PT hCMV+ and PT hCMV−, in either direction.

3.8 Cortical Thickness Analyses

Comparisons were corrected for sex and age (linear and squared).
Significance was assumed after applying TFCE and correcting via
FWEc (p ≤ 0.05).
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FIGURE 1 Comparison of local GM: FT versus PT partici-
pants. PT showed decreased local GM in the left and right medial
temporal gyrus, the right inferior temporal gyrus, the left and right
occipital lobe, the left and right middle orbitofrontal gyrus and the right
insula. Clusters are overlaid on the normalized average T1 image of the
study group. Results are shown in neurologic convention. (TFCE, FWE p
< 0.05.) Abbreviations: LH = left hemisphere, RH = right hemisphere.

3.9 Cortical Thickness Analyses: Effects of
Prematurity

PT showed locally lower cortical thickness predominantly in
the right hemisphere, including temporal (superior, medial, and
inferior gyrus) and parietal regions (postcentral, supramarginal,
and angular gyrus) as well as lateral aspects of the occipital lobe,
compared to FT. In the left hemisphere, only a small area in the
angular gyrus showed lower cortical thickness in PT. Results are
visualized in Figure 2. There were no significant clusters where
PT had higher cortical thickness than FT.

3.10 Cortical Thickness Analyses: Effects of
hCMV Infection

PT hCMV+ showed widespread higher cortical thickness when
compared to PT hCMV-. Higher cortical thicknesswas predominant
frontally but present in all lobes, more pronounced in the left
hemisphere. The left hemisphere showed cluster peaks in the
superior and medial temporal gyrus, the frontolateral occipital
lobe, the cuneus, the pre- and postcentral gyrus, the precuneus
and angular gyrus in the parietal lobe, the precentral and superior
and inferior frontal gyrus, the frontal pole, and the cingulate. The
right hemisphere showed cluster peaks in the superior andmedial

FIGURE 2 Comparison of local cortical thickness: FT versus
PT participants. PT showed significantly lower cortical thickness
compared to FT, predominantly in temporal and parietal regions of the
right hemisphere. In the left hemisphere, only a small area of parietal
lobe showed significantly lower cortical thickness of PT compared to FT.
(GLM, TFCE, FWEc p < 0.05.).

FIGURE 3 Comparison of local cortical thickness: PT hCMV−
versus PT hCMV+. PT hCMV+ showed widespread regions of significantly
higher cortical thickness compared to PT hCMV-. This was more pro-
nounced in the left hemisphere, including areas of the temporal, parietal,
occipital and frontal lobe. In the right hemisphere, cortical thickness was
higher in areas of the temporal, parietal and frontal lobe. (GLM, TFCE,
FWEc p < 0.05.).

temporal lobe, superior parietal lobe, superior frontal gyrus,
frontal pole, and medial cingular gyrus. Results are visualized in
Figure 3. There were no clusters of lower cortical thickness in
PT hCMV+ compared to PT hCMV−.

4 Discussion

The aim of this work was to assess the long-term influence of
prematurity in general and of early postnatal hCMV infection in
particular on the brain structure of former preterm-born children
in late childhood and adolescence. To address the first question,
we compared imaging data from 37 PT participants to data from
38 FT participants. To address the second question, 23 PT hCMV+
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participants were compared to 14 PT hCMV− participants. We
applied volumetric analyses (global and local tissue volumes)
as well as surface-based analyses. We hypothesized that early
postnatal hCMV-infection would have long-term consequences
on brain structure, in addition to the influence of prematurity per
se.

4.1 Cohort

The finally included PT differed from the FT children in age,
which was statistically accounted for, and in maternal education
(Table 1). Maternal education, on the one hand, is linked to
prematurity per se (Ruiz et al. 2015) but is also known to play an
important role in cognitive outcome after prematurity. (Patra et al.
2016) Considering this, the additional difference in IQ between
all PT and FT must be discussed critically; however, it is in
good agreement with the large body of evidence demonstrating
the intelligence of former PT in the low average range. (Raju
et al. 2017, Bhutta et al. 2002, Baumann et al. 2015, Hutchinson
et al. 2013, Anderson 2014) Hence, our sample’s characteristics
are generally in line with previous studies on neurocognitive
impairment of preterm born children at school age and beyond.

Importantly, we were able to assess a rather large group of
excellently characterized very preterm born children treated in
only one tertiary care center. The stringent virological screening
program established very early on (Hamprecht et al. 2001)
allowed us to unequivocally categorize all PT participants as
either PT hCMV− or PT hCMV+, and to rule out congenital hCMV
infection as a potentially important confound. Importantly, these
groups did not differ from each other in a number of relevant
neonatal characteristics (Table 2). To further rule out a post-hoc
selection bias, we also assessed the original, full cohort that could
have participated and found the finally-included PT to be fully
representative (Table 3). These factors suggest a valid basis for the
interpretation of our results.

4.2 Effects of Prematurity

MRI analyses of global brain volumes showed a tendency of
lower TIV in PT than FT, which, however, was only significant
when comparing FT to PT hCMV−. PT showed significantly lower
global GM than FT (the impact of the two PT groups will be
discussed below). Those results are in accordance with previous
studies showing lower GM at term equivalent age as well as later
on. (Monson et al. 2016, Thompson et al. 2007, Padilla et al.
2015) Differences in GM between preterm-born and full-term-
born children even increased throughout childhood. (Monson
et al. 2016) Discrepancies may have resulted from a higher rate of
ICH, WM injury, and neonatal complications in other published
preterm-born groups. (Monson et al. 2016, Thompson et al. 2007)
Reduced GM in infancy and childhood was associated with lower
scores in IQ testing in the literature (Monson et al. 2016), which
is in line with our observations in this sample.

VBM analyses revealed that local GM (irrespective of global
differences) of PT was lower predominantly in temporal lobes
and the right insula. Reduced GM in the medial temporal gyrus,
as was apparent in our PT group compared to FT, has been

reported many times in groups with a history of premature
birth, across a wide age range (nine-year-olds (Soria-Pastor et al.
2009, Zubiaurre-Elorza et al. 2011) male 12-year-olds (Kesler et al.
2008), adolescents (Nosarti et al. 2008), and adults). (Bauml et al.
2015) Furthermore, our analyses showed lower local GM in the
right inferior temporal gyrus in PT compared to FT. Lower GM
in the inferior temporal gyrus has been reported previously in
preterm-born young adults; interestingly, also only in the right
hemisphere in both studies. (Bauml et al. 2015, Nosarti et al. 2014)
Likewise, regional brain volume measurement in preterm-born
infants at term-equivalent age revealed lower volume of the right
inferior temporal gyrus. (Gousias et al. 2012) The temporal lobe is
known to play a role in language processing (Helenius et al. 2014,
Marslen-Wilson and Tyler 1980), reading acquisition (Monzalvo
and Dehaene-Lambertz 2013), working memory (Jeneson and
Squire 2012), and learning. (Dalton et al. 2016) Further, studies
have previously reported an association of altered temporal lobe
structure with cognitive abilities. In preterm-born young adults,
lowerGM in themedial temporal gyruswas associatedwith lower
executive function scores. (Nosarti et al. 2014) Hence, structural
alterations of the temporal lobe may play a role in impairment
of cognitive, reading, speech, and learning abilities, all of which
have been described in preterm-born children. (Hutchinson et al.
2013, Bowen et al. 2002, Aarnoudse-Moens et al. 2011) Overall,
we see our results in line with findings indicating enhanced
vulnerability of the temporal lobe in preterm-born children.

Moreover, the insula of the right hemisphere showed lower local
GM in VBM analyses, in line with previous studies in adolescents
and in young adults with a history of preterm birth. (Nosarti et al.
2008, Nosarti et al. 2014) The insula functions as an integrating
center of various networks and, as part of the limbic system, plays
a role in sensory and motoric networks, distinguishes between
salient and irrelevant impulses from internal and external stimuli,
influences attention, focuses workingmemory, and plays a role in
human consciousness. (Menon and Uddin 2010, Augustine 1996,
Craig 2009)

Analyses of local GM further revealed lower GM also in the
bilateral middle orbitofrontal cortex in PT compared to FT.
Structural abnormalities in this region have been described
previously in preterm-born individuals at term-equivalent age as
well as in adults. (Ball et al. 2012, Gimenez et al. 2006) Patients
with damage to the orbital prefrontal cortex had difficulties in
gambling tasks and in choices between actions and in planning
ahead. (Rogers et al. 1999, Bechara 2004) While these may be
behavioral manifestations of the structural alterations observed
here, the ultimate clinical relevance of structural alterations of the
middle orbitofrontal cortex is yet unclear.

Last, PT compared to FT showed lower GM in small clus-
ters located in the occipital lobe, again already described in
preterm-born adolescents and young adults. (Nosarti et al. 2008,
Nosarti et al. 2014) The clusters, though small, are located
in the extrastriate visual cortex, which plays a role in object,
face, and number recognition, spatial attention, and visuospatial
information. (Allison et al. 1994, Desimone 1998) Visuospatial
problems are widespread in former preterm-born individuals,
especially in connectionwith posteriorWMlesions. (Pavlova et al.
2003, Pavlova et al. 2007) These problems may be enhanced by
additional GM lesions within the same system, but no analyses
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were done here to correlate possible visuospatial impairments
in our subjects with these volume reductions in the extrastriate
cortex.

Cortical thickness was lower in PT, predominantly in circum-
scribed regions of the superior and middle temporal lobe, inter-
estingly only in the right hemisphere. Lower cortical thickness in
the temporal lobe has already been reported in 15- and 20-year-old
teenagers with low birth weight (Bjuland et al. 2013, Martinussen
et al. 2005), in the left temporal lobe of 7–12 year-old preterm
born children (Murner-Lavanchy et al. 2014), in the bilateral
middle and inferior temporal lobe of 15-year-old preterm-born
individuals (Nagy et al. 2011), and in 16-year-old preterm-born
teenagers. (Frye et al. 2010) Bjuland and colleagues (2013) further
reported an association of lower cortical thickness in the temporal
lobe with the perceptual organization index of IQ testing, though
not full-scale IQ.Hence, our findings in cortical thickness are also
well in linewith the effect of prematurity on the brain, even in late
childhood and adolescence.

4.3 Previous Research on the Effect of Postnatal
hCMV Infection in Brain Structure

The main objective of this work was to analyze the consequences
of early postnatal hCMV infection on the brain structure of
preterm-born children. We hypothesized that hCMV would have
long-term consequences on brain structure, in addition to the
influence of prematurity.

So far, only a few studies have focused on the brain structure
of preterm-born children with early postnatal hCMV infection
in adolescent age. One study at term-equivalent age showed a
higher incidence of lenticulostriate vasculopathy in preterm-born
infants with early postnatal hCMV using ultrasound. (Nijman
et al. 2012) These children further showed lower fractional
anisotropy in occipital WM, indicating microstructural WM
alterations (Nijman et al. 2013), whereas in a recent study, also
at term equivalent age, no microstructural changes were found
in a small group of preterm born infants with and without
postnatal hCMV infection. (Pellkofer et al. 2023) In preterm-
born infants, PVL and subsequent WM damage are considered
to be the main driving pathology leading to cortical structural
alterations. (Volpe 2009) It has been suggested that congenital
HCMV infection shows a similar pattern of whitematter affection
as does PVL. (van der Voorn et al. 2009) These findings would
support the theory that in postnatal hCMV infection, at least
part of the cortical alterations are due to an underlying WM
damage, as suggested before for more typical preterm brain WM
lesions. (Volpe 2009, Inder et al. 2023) The prominent role of
inflammation may be another similarity, as discussed below.

4.4 Effects of Early Postnatal hCMV Infection in
Former Preterm Infants

As expected, analyses of global brain volumes revealed that
PT hCMV+ showed a tendency of lower TIV and GM compared to
FT controls. Surprisingly, PT hCMV+ showed a tendency toward
greater TIV and GM when compared to PT hCMV−. Assuming a
detrimental impact of postnatal HCMV infection, our expectation

was the inverse effect. Counterintuitively, the difference in global
volumes was therefore less pronounced between PT hCMV+ and
FT than between PT hCMV− and FT. Cortical volume is directly
dependent on cortical thickness and surface area (Wierenga et al.
2014, Raznahan et al. 2011), of which only cortical thickness
was investigated in this study. Considering the differences in
cortical thickness described below, we suggest that the mecha-
nism that results in more global GM in PT hCMV+ is the higher
cortical thickness over large parts of the brain in PT hCMV+
compared to PT hCMV−, as demonstrated by our surface-based
analyses (see below). Thus, the counterintuitively higher volume
of GM in PT hCMV+ would indirectly reflect widespread structural
alterations in cortical thickness.

In line with this hypothesis, analyses of local GM did not yield
any significant clusters when comparing PT hCMV− to PT hCMV+.
Since various authors have reported an influence of prematurity
on local GM as discussed above, an additional effect of hCMV on
local GM had seemed likely a priori. However, local GM, cortical
surface, and cortical thickness are the product of at least partly
independent processes during brain development (Wierenga et al.
2014); hence, an effect on the one (cortical thickness) would
plausibly lead to differences in global, but not necessarily local,
tissue volumes. It is also noteworthy that we used global scaling
to correct for global tissue volume differences; hence, our VBM
approach would only find local tissue volume differences above
and beyond global differences.

Interestingly, there were widespread clusters of higher cortical
thickness in PT hCMV+, predominantly in the frontal, temporal,
and parietal lobes of both hemispheres, with a left dominance.
This demonstrates that early postnatal hCMV infection in
PT affected various parts of the brains, which still resulted in
higher cortical thickness at the age of assessment (∼13.6 years
later). Since PT hCMV+ were compared to PT hCMV−, these differ-
ences were not a consequence of prematurity per se. As described
above, many other neonatal risk factors were also balanced
between the two groups, suggesting that these differences in
cortical thickness can be specifically attributed to the postnatal
hCMV infection.

Previous research has shown that development of cortical thick-
ness, at least in the first year of life, was determined by cortical
thickness at birth (Meng et al. 2017), indicating that cortical
thickness was a sensitive parameter for early cortical alterations
in the form of disturbed intra-cortical organization. However,
they could also represent secondary alterations, reflecting a delay
in brain maturation. Both hypotheses will be discussed below.

4.5 Possible Mechanism of Early Brain Damage
by Early Postnatal hCMV Infection in PT

From a purely chronological standpoint, early postnatal hCMV
infection in preterm-born infants equates to congenital hCMV
infection in the third trimester. In contrast to infections in
the first and second trimesters of pregnancy, which can cause
microcephaly, lissencephaly, and polymicrogyria, infections in
the third trimester were traditionally described as having no
macroscopic influence on brain morphology. (Barkovich and
Lindan 1994) Moreover, while it was suggested that intrauterine
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hCMV infections in the third trimester were not associated
with long-term sequelae (Enders et al. 2011, Foulon et al. 2008,
Oosterom et al. 2015, Chatzakis et al. 2023), PT with early post-
natal hCMV infection showed cognitive impairment in previous
studies. (Bevot et al. 2012, Goelz et al. 2013, Brecht et al. 2015)
Compared to fetuses, preterm-born infants additionally must
cope with the strenuous extrauterine environment and organ-
immaturity-related comorbidities. Furthermore, quantitatively
the largest amounts of maternal antibodies are transmitted via
the placenta only during the third trimester. (Simister 2003)
Therefore, preterm-born infants undergoing this infection lack
passive maternal immunoprotection. For all those reasons, it
seems likely that preterm-born infants are at a higher risk
of an adverse outcome from early postnatal hCMV infection
as compared with fetuses suffering from a congenital hCMV
infection in the third trimester, although principally of the same
age.

The pathogenesis of early postnatal HCMV infection on a
microscopic level has not yet been investigated. In contrast, the
impact of hCMV in congenital infection is well described. Here,
four main pathomechanisms were hypothesized to disrupt brain
development: damage to stem cells (Teissier et al. 2014), impaired
cell migration into the cortex (Cheeran et al. 2009), damage to
glial cells (Cheeran et al. 2009) and detrimental effects of the
host’s immune response. (Gabrielli et al. 2012) When discussing
the potential relevance of these in early postnatal hCMV infec-
tion, some seem more likely than others. With regard to the first
two, the main body of stem cells has already differentiated in
preterm-born infants, and cellular migration into the cortex is
mostly complete at 24 weeks of gestation (Volpe 2009); hence,
these two pathomechanisms seem less likely to be crucial in post-
natal hCMV infection. More relevant could be the damage to glial
cells in early postnatal hCMV infection, since axon formation is
still well underway in the third trimester (Kostovic and Judas
2002), and impaired axon development may also have an impact
on cortical structure. Finally, systemic inflammatory processes
were shown to be detrimental for later cognitive abilities in
former preterm-born toddlers. (Leviton et al. 2013) Cytokines
and chemokines secreted in inflammatory processes change the
microenvironment in the developing brain and may also alter
neural differentiation and migration in congenital hCMV infec-
tion. (Cheeran et al. 2009) Taken together and extrapolating from
congenital hCMV infection, the long-term detrimental potential
of hCMV is obvious, but the exact underlying pathomechanism
can only be speculated upon.

4.6 Potential Secondary Impact of Early
Postnatal hCMV Infection in PT

In addition to the initial damage to the postnatal brain as a
direct or indirect consequence of hCMV infection, altered brain
structure in adolescence may also result from altered brain
maturation or as a result of compensatory mechanisms.

Previous research on brain development showed thatMR scans at
birth could predict cortical thickness development in the first year
of life with high accuracy. Those findings indicate that dynamics
of cortical thickness development, at least in the first year, are
determined already at birth. (Meng et al. 2017) Later on and as a

function of normal brain maturation, however, cortical thickness
decreases in most areas of the brain throughout late childhood
and adolescence. (Vijayakumar et al. 2016, Raznahan et al. 2011,
Schnack et al. 2015, Aleman-Gomez et al. 2013) This allows for the
interpretation that the here-observed higher cortical thickness in
our school-aged sample of preterm born children reflects a “lack
of the naturally occurring thinning” and thus, a delay in cortical
maturation. (Murner-Lavanchy et al. 2014,Namet al. 2015) In fact,
we could previously show that prematurity is associated with a
delay in BrainAGE (Franke et al. 2012), which would be in line
with this hypothesis.

While seemingly counterintuitive, higher cortical thickness may
be associated with a worse cognitive outcome. In healthy chil-
dren, cortical thinning over time was associated with higher
cognitive abilities in children, such that the more pronounced
the cortical thinning was, and the earlier it set in, the higher the
IQ was. (Schnack et al. 2015, Shaw et al. 2006) Complementing
and consistent with this observation, higher cortical thickness in
preterm-born children was associated with lower IQ at 12 years
of age and lower executive function at 15 years of age. (Nam et al.
2015, Brouwer et al. 2014) Hence, a delay in cortical thinning (and
thus, relatively higher cortical thickness) may be associated with
impaired cognitive abilities of PT hCMV+, in particular, potentially
not only reflecting an additional initial insult by hCMV but
also an interference with later physiological brain maturational
processes.

4.7 Strengths and Limitations of this Work

The first limitation of this paper is relatively small sample sizes.
Of 94 PT from the original cohort, only 37 were included in
the present work. Those 57 not included did not reply, did not
want to participate, had contraindications for MRI, or showed
movement artifacts in their MR data. However, the PT included
in this work did not differ significantly in postnatal clinical data
from the whole original cohort and can therefore be considered
representative of the original cohort. Further, of the 37 included
PT, only 14 were hCMV+. Small samples may not accurately
reflect the whole patient cohort they claim to represent. On the
other hand, while smaller groups may lack the power to detect
subtle differences, the differences that are detected can be taken
to be robust (if appropriately controlled formultiple comparisons,
as done here).

Conversely, while further subgroup analyses by, e.g., gestational
age or other factors would have been desirable, such subgroups
becomeprohibitively small, precluding robust neuroimaging data
analyses.

Regrettably, significant differences in age between PT and FT
made it necessary to correct for differences in age. Nevertheless,
PT hCMV− and PT hCMV+ did not differ significantly in age. Analyses
between PT hCMV− and PT hCMV+ therefore cannot be expected
to be driven or mitigated by age differences. Moreover, PT were
older than FT and, thus, effectively had “a head start” in brain
development, and age was further corrected for by including it
as a covariate. If anything, it must be expected that significant
differences in age might have led to an underestimation of
alterations in brain structure between PT and FT.
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To what extent the observed differences in regional volume
or in cortical morphology are stable, aggravate, or mitigate
over time would require imaging at different timepoints, which
regrettably is not available for this cohort. It could also be argued
that not all neonatal complications associated with long-term
neurologic sequelae have been included in our preterm cohorts as
covariates (Pellkofer et al. 2023); however, ROP as a substitute for
critical neonatal courses, such as, for example, sepsis (Jacobson
et al. 2021), was not significantly different between our cohorts.
Specifically, while no data exists to suggest that CNS infection
may have beenmore prevalent in the one group than in the other,
this also cannot be excluded.

Additionally, we have no serologic information on possible
postnatal hCMV infections in our term born control children;
however, even if present, such infections in the control group
would only mitigate the differences between the groups (instead
of inflating them). Hence, while a limitation, this lack of informa-
tion does not invalidate our findings, nor our interpretation.

Due to the increasingly recognized detrimental effects of early
postnatal hCMV infection, (Hamele et al. 2010, Fischer et al.
2012, Anne-Aurelie et al. 2016, Bevot et al. 2012, Goelz et al.
2013, Brecht et al. 2015, Dorn et al. 2014), the original study
design could not easily be repeated as more and more centers
in Germany move toward pasteurization of breast milk if the
hCMV status of the mother is positive. (Buxmann et al. 2010,
Klotz et al. 2018) Therefore, our data and results are a unique
source of knowledge on the impact of early postnatal hCMV
infection onbrain structure andneurocognitive abilities in former
preterm-born children.

4.8 Summary and Conclusion

In agreement with previous studies, our preterm-born partici-
pants showed decreased global and local GM when compared
to full-term-born controls. Those findings were supplemented
by differences in cortical thickness analyses as a function of
prematurity, which have so far not yet been widely reported.

Additionally, hCMV-infected PT showed widespread clusters of
higher cortical thickness compared to non-infected PT, demon-
strating that early postnatal hCMV infection had long-term
consequences on brain structure. The lack of overlap with the
brain changes resulting from preterm birth indicates that the
effect of hCMV is independent of the influence of prematurity
per se. Counterintuitive higher global GM in PT hCMV+ could
be explained by this widespread higher cortical thickness. This
may be a consequence of an early interference with cortical
organization and/or of impaired cortical maturation postnatally
as a function of early postnatal hCMV infection.

In summary, across several analyses, there were both robust
effects of prematurity (differences between FT and PT) and of
early postnatal hCMV infection (differences between PT hCMV+
and PT hCMV−). Remarkably, the patterns of cortical alterations
were markedly different from each other, with little overlap,
suggesting a distinct and independent impact of either factor.
Further, the full extent and some seemingly contradictory effects
were only detected and explained by combining different image

analysis approaches, which is in line with previous observations.
(Wierenga et al. 2014) We believe that these results argue in favor
of further implementation of efforts to prevent such an infection
in preterm-born infants.
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