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Abstract
Aims: To investigate cortical organization in brain magnetic resonance imaging (MRI) 
of preterm- born adults using percent contrast of gray- to- white matter signal intensi-
ties (GWPC), which is an in vivo proxy measure for cortical microstructure.
Methods: Using structural MRI, we analyzed GWPC at different percentile fractions 
across the cortex (0%, 10%, 20%, 30%, 40%, 50%, and 60%) in a large and prospec-
tively collected cohort of 86 very preterm- born (<32 weeks of gestation and/or birth 
weight <1500 g, VP/VLBW) adults and 103 full- term controls at 26 years of age. 
Cognitive performance was assessed by full- scale intelligence quotient (IQ) using the 
Wechsler Adult Intelligence Scale.
Results: GWPC was significantly decreased in VP/VLBW adults in frontal, parietal, 
and temporal associative cortices, predominantly in the right hemisphere. Differences 
were pronounced at 20%, 30%, and 40%, hence, in middle cortical layers. GWPC was 
significantly increased in right paracentral lobule in VP/VLBW adults. GWPC in fron-
tal and temporal cortices was positively correlated with birth weight, and negatively 
with duration of ventilation (p < 0.05). Furthermore, GWPC in right paracentral lobule 
was negatively correlated with IQ (p < 0.05).
Conclusions: Widespread aberrant gray- to- white matter contrast suggests lastingly 
altered cortical microstructure after preterm birth, mainly in middle cortical layers, 
with differential effects on associative and primary cortices.
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1  |  INTRODUC TION

Preterm birth (<37 weeks of gestation) is associated with altered 
brain development, such as lower gray and white matter volumes, 
aberrant cortical architecture, and disturbed white matter integrity, 
as measured using magnetic resonance imaging (MRI).1– 7 On a micro-
scopic level, various brain insults associated with preterm birth, for 
example hypoxia- ischemia and inflammation, lead to disrupted de-
velopment of specific cell populations such as pre- oligodendrocytes 
(pre- OLs) and subplate neurons (SPNs).8– 10 SPNs are a largely tran-
sient neuronal population that play an essential role in cortical devel-
opment.11,12 They reach peak population size around 17– 37 weeks 
GA, thus overlapping with preterm birth, and then decline in num-
ber.11,12 SPNs are particularly vulnerable to hypoxia- ischemia in the 
context of preterm birth, leading to SPN dysmaturation and dis-
rupted cortical development.8,13

Recently, the percent contrast of gray- to- white matter signal in-
tensities (GWPC), sampled across different cortical layers, has been 
proposed as an in vivo proxy measure for irregular microstructural 
organization of the cortex, based on data from individuals with au-
tism spectrum disorder.14 Lower gray- to- white matter contrast has 
also been reported in healthy aging, in patients with Alzheimer's dis-
ease and in patients with schizophrenia.15– 17 Hence, this measure 
seems to serve as a biomarker of aging and age- associated disease, 
and of neurodevelopmental and psychiatric disorders associated 
with abnormal SPN development.14– 19 Preterm birth has been as-
sociated with both an increased risk for accelerated brain aging and 
with SPN injury.8,13,20 Moreover, cortical architecture in preterm- 
born individuals exhibits macrostructural alterations that last into 
adulthood, such as aberrant cortical folding or regionally lower cor-
tical thickness (CTh).21– 24 However, the microstructural organization 
of the cortex in preterm- born adults remains less clear. Therefore, 
we analyzed GWPC as an in vivo proxy measure for cortical orga-
nization in 86 adults born very preterm and/or with very low birth 
weight (VP/VLBW, <32 weeks of gestation and/or birth weight [BW] 
<1500 g) and 103 full- term (FT) controls at 26 years of age. In line 
with findings in aging and age- associated disease as well as other 
neurodevelopmental and psychiatric disorders associated with ab-
normal SPN development, such as autism spectrum disorder and 
schizophrenia, we hypothesized lower GWPC after preterm birth. 
Furthermore, it is known that IQ deficits after preterm birth per-
sist into adulthood which is mediated by altered cortical architec-
ture.21– 28 Therefore, we hypothesized that altered GWPC might be 
associated with lower full- scale IQ in preterm- born adults.

2  |  METHODS

2.1  |  Participants

Our study sample, the Bavarian Longitudinal Study, has been previ-
ously described27– 33: In brief, 101 subjects born VP (<32 weeks of 
gestation) and/or with very low birth weight (VLBW, birth weight 

<1500 g; VP/VLBW) and 111 FT controls, which were randomly 
selected as control subjects within the stratification variables of 
sex and family socioeconomic status (SES), have been studied pro-
spectively since birth and underwent MRI at 26 years of age (see 
Supplement S1 for more details). The MRI examinations took place 
at two sites: The Department of Neuroradiology, Klinikum rechts der 
Isar, Technische Universität München, (n = 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 ethics committee of the Klinikum rechts der 
Isar, Technische Universität München and the University Hospital 
Bonn. All study participants gave written informed consent. They 
received travel expenses and a small payment for participation.

2.2  |  Birth variables

Gestational age (GA) was estimated from maternal reports on the 
first day of the last menstrual period and serial ultrasounds dur-
ing pregnancy. In cases in which the two measures differed by 
more than 2 weeks, clinical assessment at birth with the Dubowitz 
method was applied.34 BW was obtained from obstetric records.30,35 
The duration of mechanical ventilation in days was computed from 
daily records by research nurses. Family SES was assessed through 
structured parental interviews within 10 days of childbirth. SES was 
computed as a weighted composite score based on the profession 
of the self- identified head of each family together with the highest 
educational qualification held by either parent,36 resulting in three 
categories.

2.3  |  Cognitive performance in adulthood

To assess global cognitive performance at the age of 26, prior to and 
independent of the MRI examination, study participants were asked 
to complete a short version of the “Wechsler Intelligenztest für 
Erwachsene” (WIE), the German adaptation of the Wechsler Adult 
Intelligence Scale, third edition (WAIS- III).37 This test was carried 
out by trained psychologists who were blinded to group member-
ship and used to derive full- scale IQ estimates.27,32

2.4  |  MRI data acquisition

MRI data acquisition has been described previously4,23: At both 
sites, Bonn and Munich, MRI data acquisition was performed on 
Philips Achieva 3 T TX systems or Philips Ingenia 3 T system using 
an 8- channel SENSE head coil. Subject distribution among scan-
ners was as follows: Bonn Achieva 3 T: 5 VP/VLBW, 12 FT, Bonn 
Ingenia 3 T: 33 VP/VLBW, 17 FT, Munich Achieva 3 T: 60 VP/VLBW, 
65 FT, Munich Ingenia 3 T: 3 VP/VLBW, 17 FT. Across all scanners, 
sequence parameters were kept identical. Scanners were checked 
regularly to provide optimal scanning conditions and MRI physicists 
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at the University Hospital Bonn and Klinikum rechts der Isar regu-
larly scanned imaging phantoms to ensure within- scanner signal sta-
bility over time. Signal- to- noise ratio was not significantly 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). A high- 
resolution T1w 3D- MPRAGE sequence (TI = 1300 ms, TR = 7.7 ms, 
TE = 3.9 ms, flip angle = 15°, field of view = 256 mm × 256 mm, re-
construction matrix = 256 × 256, reconstructed isotropic voxel 
size = 1 mm3) was acquired. All images were visually inspected for 
artifacts.

2.5  |  MRI processing and calculation of GWPC

Images saved as DICOMs were converted to Nifti- format using dc-
m2nii.38 FreeSurfer v7.1.1 (http://surfer.nmr.mgh.harva rd.edu/) was 
used to process the T1w images. These automated methods have 
been described in detail elsewhere and have been validated against 
histological data.39– 44 Following the approach by Andrews et al.,14 
gray matter tissue intensities (GMI) were sampled at different per-
centile fractions of the total orthogonal distance projected from the 
white matter surface to the pial surface (0%, 10%, 20%, 30%, 40%, 
50%, and 60%). White matter signal intensity (WMI) was sampled at 
1.0 mm into the white matter from the white matter surface. Then, 
the formula provided by FreeSurfer was used to calculate tissue con-
trast as the percentage of GMI at projection fraction (j) to WMI at 
each cerebral vertex (i):

Hence, lower GWPC indicates lower contrast between GMI and 
WMI. This formula differs from other previously reported measures 
of tissue contrast that have used a ratio calculation (GMI/WMI) with 
higher values indicating lower contrast.15 The surface was then sub-
divided into 68 gyral- based regions of interest (ROIs), 34 per hemi-
sphere, using the Desikan– Killiany Atlas,45 and GWPC was extracted 
within these ROIs. Furthermore, CTh values were extracted within 
these ROIs. The FreeSurfer “recon- all” pipeline failed in three cases 
due to limited image quality. Output quality was assessed using 
FreeSurfer's QA tools (https://surfer.nmr.mgh.harva rd.edu/fswik i/
QATools), resulting in the exclusion of additional 13 subjects. GWPC 
values were available for 91 VP/VLBW subjects and 105 FT subjects.

2.6  |  Statistical analysis

All statistical analyses were performed using IBM SPSS Version 26 
(IBM Corp). Age was not included as a covariate in our analyses, 
as VP/VLBW subjects and FT controls had the same mean age of 
26 years (p = 0.274). To control for possible scanner effects, we ap-
plied ComBat.46 ComBat- harmonized values of the main outcome 
measure, GWPC at different projection fractions, and of CTh as a 
covariate of no interest were used for the analyses. We checked the 

main outcome measure, GWPC at different projection fractions, for 
outliers. As a criterion for outlier values, the interquartile range was 
multiplied by the factor 3. Additional five VP/VLBW and two FT sub-
jects were excluded from analyses because they contained multiple 
outlier values. Finally, 86 VP/VLBW subjects and 103 FT subjects 
were included in the analyses. Normal distribution was assessed 
using histogram analysis and the Shapiro– Wilk test.

2.6.1  |  Group comparison of GWPC

To analyze group differences between VP/VLBW and FT individuals, 
we used general linear models. GWPC values at different projection 
fractions (0%, 10%, 20%, 30%, 40%, 50%, and 60%) were entered 
as dependent variables. Group (VP/VLBW vs. FT) was entered as a 
fixed factor, and sex as a factor of no interest. The analyses at dif-
ferent projection fractions were false discovery rate (FDR) corrected 
for multiple comparisons across all 68 ROIs, respectively, using the 
Benjamini- Hochberg procedure.47

As a control analysis for possible scanner effects, we repeated 
general linear model analyses for ROIs with significant differences 
between VP/VLBW individuals and FT controls using only data from 
one scanner, Munich Achieva 3 T (see Tables S2 and S3).

As a control analysis for possible confounding effects of lower 
CTh in VP/VLBW individuals, we repeated the general linear model 
analyses for ROIs with significant differences between VP/VLBW 
individuals and FT controls with CTh as an additional covariate of no 
interest (see Tables S4 and S5).

To investigate whether group differences in GWPC were specifi-
cally related to birth variables, we used two- tailed partial correlation 
analyses within the VP/VLBW group. If group differences were iden-
tified, GWPC at the respective projection fractions in the respective 
ROIs was correlated with GA, BW, and duration of ventilation. Sex 
was entered as a covariate of no interest. Results at different projec-
tion fractions are reported at p < 0.05, uncorrected, and at p < 0.05, 
FDR- corrected for multiple comparisons across all correlations re-
garding birth variables, respectively. And 95% confidence intervals 
for partial correlation analyses were obtained using a bootstrap ap-
proach (with 5000 repetitions) in SPSS.

2.6.2  |  Relationship between GWPC and cognitive 
performance

To explore the relationship between altered GWPC after preterm 
birth and cognitive performance as measured by full- scale IQ, we 
used two- tailed partial correlation analyses within the VP/VLBW 
group. If group differences were found, GWPC at the respective 
projection fractions in the respective ROIs was correlated with full- 
scale IQ. Sex was entered as a covariate of no interest. Results at dif-
ferent projection fractions are reported at p < 0.05, uncorrected, and 
at p < 0.05, FDR- corrected for multiple comparisons across all seven 
correlations regarding cognitive performance, respectively. And 

GWPCij = 100 ×
(

WMIi,1.0mm − GMIi,j
)

∕0.5 ×
(

WMIi,1.0mm + GMIi,j
)

.

http://surfer.nmr.mgh.harvard.edu/
https://surfer.nmr.mgh.harvard.edu/fswiki/QATools
https://surfer.nmr.mgh.harvard.edu/fswiki/QATools
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95% confidence intervals for partial correlation analyses were ob-
tained using a bootstrap approach (with 5000 repetitions) in SPSS.

3  |  RESULTS

3.1  |  Sample characteristics

Table 1 presents group demographic and clinical background vari-
ables. There was no significant difference between the VP/VLBW 
group and FT group regarding sex (p = 0.736) and age at scanning 
(p = 0.247). By design of the study, VP/VLBW subjects had signifi-
cantly lower GA (p < 0.001) and lower BW (p < 0.001). Furthermore, 
VP/VLBW subjects had significantly lower full- scale IQ scores com-
pared to FT controls (p < 0.001).

3.2  |  Altered GWPC in preterm- born adults

GWPC was significantly (p < 0.05, FDR- corrected) lower in associa-
tive cortices in the left inferior frontal and left superior temporal 
lobes, and in right frontal, parietal, and temporal lobes at 10%, 20%, 
30%, 40%, and 50% projection fraction. Differences were more 
pronounced in the right hemisphere and at 20%, 30%, and 40% 
projection fraction. ROIs in which GWPC of VP/VLBW individuals 
was significantly lower compared to FT individuals with respective 
p- values are listed in Table 2. In contrast, GWPC was significantly 
(p < 0.05, FDR- corrected) higher in the right paracentral lobule 
(Table 3). Results are visualized in Figure 1.

As a control analysis for possible scanner effects, we repeated 
general linear model analyses for ROIs with significant differences 
at 10%, 20%, 30%, 40%, and 50% projection fraction between VP/
VLBW individuals and FT controls using only data from one scanner 
(Munich Achieva 3 T). Except for two results in right inferior frontal 
gyrus, pars orbitalis, group differences in GWPC remained signifi-
cant (p < 0.05, FDR- corrected) using only data from one scanner (see 

Table S2 for GWPC in VP/VLBW<FT and Table S3 for GWPC in VP/
VLBW>FT).

To control for possible confounding effects of lower CTh in VP/
VLBW individuals, we repeated general linear model analyses for 
ROIs with significant differences at 10%, 20%, 30%, 40%, and 50% 
projection fraction between VP/VLBW individuals and FT controls 
with CTh as a covariate of no interest. Except for few results in right 
inferior parietal cortex and right inferior frontal gyrus, pars orbit-
alis, group differences in GWPC remained significant (p < 0.05, FDR- 
corrected) when additionally controlling for CTh (see Table S4 for 
GWPC in VP/VLBW<FT and Table S5 for GWPC in VP/VLBW>FT).

To test whether group differences in GWPC are specifically re-
lated to preterm birth, we performed partial correlation analyses 
between GWPC in ROIs with significant differences at 10%, 20%, 
30%, 40%, and 50% projection fraction and GA, BW, and duration 
of ventilation. GWPC in the left inferior frontal gyrus, pars orbit-
alis, and right superior temporal gyrus was positively correlated with 
BW, and GWPC in the left inferior frontal gyrus, pars orbitalis, left 
superior temporal gyrus, right banks of the superior temporal sul-
cus, right middle temporal gyrus, and right superior temporal gyrus 
was negatively correlated with duration of ventilation (p < 0.05, re-
spectively). However, only the associations between the duration of 
ventilation and left and right superior temporal gyrus at 30% and 
40% projection fraction and between the duration of ventilation and 
right banks of the superior temporal sulcus at 40% projection frac-
tion remained significant after FDR- correction. Significant (p < 0.05) 
results are listed in Table 4 and visualized as scatter plots in Figure 2. 
All results are listed in Tables S6 and S7.

3.3  |  Functional relevance of lower GWPC

To explore the functional relevance of lower GWPC, we performed 
partial correlation analyses between GWPC in ROIs with significant 
differences at 10%, 20%, 30%, 40%, and 50% projection fraction and 
full- scale IQ. GWPC in the right paracentral lobule was negatively 

TA B L E  1  Demographical, clinical, and cognitive data.

VP/VLBW (n = 86) FT (n = 103)

p- ValueMean/n SD Range Mean/n SD Range

Sex (male/female) 48/38 60/43 0.736

Age (years) 26.8 ± 0.6 25.7– 28.3 26.8 ± 0.7 25.5– 28.9 0.247

GA (weeks) 30.6 ± 2.2 25– 36 39.7 ± 1.1 37– 42 <0.001*

BW (g) 1328 ± 316 630– 2000 3402 ± 451 2120– 4670 <0.001*

Ventilation (days) 11.4 ± 17.1 0– 81 n.a. n.a. n.a. n.a.

SES 23/39/24 1– 3 34/44/25 1– 3 0.630

Full- scale IQ (a.u.)a 94.0 ± 12.8 64– 131 102.3 ± 11.9 77– 130 <0.001*

Note: Statistical comparisons: sex and SES with χ2 statistics; age, GA, BW, and full- scale IQ with two sample t- tests. Bold letters indicate statistical 
significance defined as p < 0.05. Asterisks (*) indicate statistical significance defined as p < 0.05, FDR- corrected.
Abbreviations: BW, birth weight; FT, full- term; GA, gestational age; IQ, intelligence quotient; n.a., not applicable; SD, standard deviation; SES, 
socioeconomic status at birth; VP/VLBW, very preterm and/or very low birthweight.
aData are based on 83 VP/VLBW individuals and 101 FT individuals.
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correlated with full- scale IQ at 10%, 20%, 30%, and 40% projection 
fraction (p < 0.05). However, results did not remain significant after 
FDR correction. All significant (p < 0.05) results are listed in Table 5 
and visualized as scatter plots in Figure 3. All results are listed in 
Tables S8 and S9.

4  |  DISCUSSION

Using structural MRI, we found significantly lower tissue contrast 
between gray matter within the cortex and white matter in preterm- 
born adults compared to controls in frontal, parietal, and temporal 
associative cortices, predominantly in the right hemisphere, at 10%, 
20%, 30%, 40%, and 50% projection fraction. Differences were 
more pronounced at 20%, 30%, and 40%, hence, in middle cortical 
layers. Frontal and temporal GWPC was positively correlated with 
BW and negatively correlated with duration of ventilation. In con-
trast, GWPC in the right paracentral lobule was significantly higher 
in preterm- born adults compared to controls. Furthermore, GWPC 
in the right paracentral lobule was negatively correlated with full- 
scale IQ, indicating that altered GWPC might contribute to lasting 
cognitive deficits after preterm birth. To the best of our knowledge, 
results provide first evidence for widespread aberrant gray- to- white 
matter tissue contrast after preterm birth. Data suggest region-
ally altered cortical microstructure in human preterm- born adults, 
mainly in middle cortical layers, with differential effects on associa-
tive and primary cortices.

4.1  |  Altered gray- to- whiter matter contrast after 
preterm birth

We found lower GWPC in VP/VLBW adults compared to FT controls 
in frontal, parietal, and temporal associative cortices predominantly 
in the right hemisphere and mainly at 20%, 30%, and 40% projec-
tion fraction, indicating lower tissue contrast between gray matter 
within the cortex and white matter. Frontal and temporal GWPC 
was correlated with BW and duration of ventilation. In contrast, we 
found higher GWPC in VP/VLBW adults compared to FT controls in 
the right paracentral lobule at 10%, 20%, 30%, 40%, and 50% pro-
jection fraction, indicating higher tissue contrast between gray mat-
ter within the cortex and white matter in primary cortices.

Previous results in healthy subjects, in patients with Alzheimer's 
disease, in patients with schizophrenia, and in patients with autism 
spectrum disorder suggest lower contrast in aging and age- associated 
disease as well as in neurodevelopmental and psychiatric disorders 
that are associated with abnormal SPN development.14– 19,48 More 
specifically, Salat et al.15 reported that gray- to- white matter contrast 
at 35% projection fraction decreased with age. Furthermore, gray- 
to- white matter contrast at 35% projection fraction was decreased 
in individuals with Alzheimer's disease compared to non- demented 
control participants.16 Therefore, widespread lower GWPC in 
preterm- born adults compared to controls could be interpreted as TA
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accelerated brain aging, which is in line with our previous results 
suggesting an increased risk for accelerated brain aging in human 
prematurity.20 However, results have to be interpreted with care 
since cross- sectional data cannot answer questions regarding brain 
development. Longitudinal studies across different age groups are 
necessary to investigate brain aging after preterm birth.

On a cellular level, altered gray- to- white- matter contrast might 
be associated with abnormal SPN development. Decreased gray- to- 
white matter contrast was reported in patients with schizophrenia at 
35% projection fraction and in individuals with autism spectrum dis-
order at all sampling depths from 0% (gray/white matter boundary) 
to 60%.14,17 More specifically, Andrews et al.14 found that reduc-
tions in GWPC were most extensive when gray matter intensity was 

sampled at the gray/white matter boundary. These in- vivo results 
are in line with previous postmortem histological studies that report 
abnormal cell patterning at the cortical gray/white matter bound-
ary in autism spectrum disorders.49 Possible explanations for this 
less distinct boundary include disrupted migratory processes or im-
proper resolution of the cortical subplate.49 In contrast, in the pres-
ent study, we found differences in GWPC between preterm- born 
adults and controls predominantly at 20%, 30%, and 40% projection 
fraction, while GWPC was not significantly altered at the gray/white 
matter boundary. Hence, we found no evidence for abnormal per-
sistence of SPN at the gray/white matter boundary after preterm 
birth. However, lower contrast at projection fractions within the 
cortex could still reflect SPN dysmaturation. SPNs are particularly 

F I G U R E  1  Group comparison of GWPC at 10%, 20%, 30%, 40%, and 50% projection fractions. All ROIs in which ComBat- harmonized 
values of GWPC were significantly different in VP/VLBW individuals compared to FT controls. Statistical significance was defined as 
p < 0.05, FDR- corrected. P- values are color- coded, darker colors indicate lower p- values. Both hemispheres are shown in medial and lateral 
views. FT, full- term; GWPC, gray- to- white matter percentage contrast; VP/VLBW, very preterm and/or very low birth weight.
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important for the correct development of thalamocortical con-
nections as they provide a scaffold for thalamic inputs to directly 
innervate cortical layer 4.12,50,51 The relative thickness of cortical 
layers in humans indicates that projection fractions between 30% 
and 40% represent layer 4.52,53 Therefore, our results could indicate 
alterations in thalamocortical projections after preterm birth. In line 
with this interpretation, we recently found decreased connection 
probability between bilateral temporal cortices and bilateral ante-
rior thalami using diffusion- weighted imaging in the same cohort of 
preterm- born adults.54

Another possible explanation for differences in GWPC could 
also be abnormal pre- OL development. Besides SPNs, pre- OLs are 
particularly vulnerable to hypoxia- ischemia.8,9 More specifically, the 
maturation of pre- OLs to myelin- producing OLs is impaired after 
premature birth, leading to disturbed myelination.8,55 Since the 
cortex also contains myelinated axons, altered cortical myelination 

could contribute to differences in GWPC between preterm- born 
adults and controls.

Importantly, our results suggest differential effects of prematu-
rity on the microstructural organization of associative and primary 
cortices. Diverse neurobiological properties reveal a sensorimotor- 
to- association axis of cortical organization, such as cortical my-
elination and thickness.56,57 It has been suggested that protracted 
plasticity within late- maturing association cortices makes these cor-
tical areas particularly vulnerable to the effects of developmental 
insults,56 which is in line with our findings of widespread alterations 
in associative cortices.

Furthermore, we previously investigated cortical architecture 
after preterm birth using CTh.23 We found lower CTh in frontal, 
parietal, and temporal associative cortices predominantly in the 
left hemisphere in premature- born adults compared to controls.23 
However, there was only very little spatial overlap (left and right 

F I G U R E  2  Relationship between GWPC and birth variables. (A) Scatter plots showing significant (p < 0.05) results of partial correlation 
analyses between GWPC and BW for GWPC in VP/VLBW<FT. BW (in grams) is plotted on the x- axes and GWPC is plotted on the y- axes. 
(B) Scatter plots showing significant (p < 0.05) results of partial correlation analyses between GWPC and duration of ventilation for GWPC 
in VP/VLBW<FT. Duration of ventilation (in days) is plotted on the x- axes and GWPC is plotted on the y- axes. Linear regression lines as well 
as correlation coefficients and p- values were added. Bold letters indicate statistical significance defined as p < 0.05. Asterisks (*) indicate 
statistical significance defined as p < 0.05, FDR- corrected. BW, birth weight; GWPC, gray- to- white matter percentage contrast
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inferior frontal gyrus, pars orbitalis) between ROIs with lower CTh 
and ROIs with aberrant GWPC after preterm birth. Moreover, most 
of our results remained significant after controlling for CTh (see 
Tables S2 and S3). Hence, GWPC seems to describe structural corti-
cal aberrations after preterm birth beyond alterations in CTh, which 
is in line with findings in individuals with Alzheimer's disease, schizo-
phrenia, and autism spectrum disorder.14,16,17

4.2  |  Functional relevance of altered gray- to- white 
matter contrast

GWPC in the right paracentral lobule was negatively correlated with 
full- scale IQ (p < 0.05), indicating that altered GWPC might contrib-
ute to lasting cognitive deficits after preterm birth.

While the association between gray- to- white matter contrast 
and cognitive performance has not been investigated in healthy 
adults or after preterm birth, previous results in individuals with mild 
cognitive impairment and Alzheimer's disease suggest that lower 
contrast in patients compared to controls is associated with cogni-
tive decline.16,58,59 In this sample of preterm- born adults, GWPC in 
the right paracentral lobule was higher compared to controls; hence, 
the negative correlation with IQ might still indicate that altered 
GWPC contributes to lasting cognitive deficits after preterm birth. 
Furthermore, the paracentral lobule is part of the sensorimotor net-
work, which has been associated with cognitive impairment using 
functional MRI.60 However, our results did not remain significant 
after FDR correction. Hence, on the other hand, it is possible that 
GWPC does not reflect cortical features that are important for cog-
nitive performance. In general, analyses trying to link brain structure 
with cognitive functioning have to be interpreted with care, as only 
one specific aspect is investigated, while multiple other structural 
features have been associated with cognitive performance.3,21– 23,61 
More specifically, other features of cortical architecture, such as 
gyrification and CTh, have been linked with full- scale IQ in preterm- 
born adults.21– 23 Furthermore, individual, social, and environmental 
factors influence the association between brain structural features 
and cognitive performance.

4.3  |  Strengths and limitations

One important limitation of the current study is the resolution of 
structural MRI images (1 mm isotropic voxels). At this level of resolu-
tion that neuroimaging techniques currently offer, it is not possible 
to distinguish between different aspects of cortical cytoarchitecture 
or accurately delineate particular layers of the cortical sheet as de-
fined by histological staining.14

Furthermore, the current sample is biased toward VP/VLBW 
adults with less severe neonatal complications, less functional im-
pairments, and higher IQ. Individuals with more birth complications 
in the initial BLS sample were more likely to be excluded due to ex-
clusion criteria for MRI. Thus, the reported differences in GWPC TA
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between VP/VLBW and FT controls are conservative estimates of 
true differences. However, in terms of GA and BW, our final sample 
was still representative of the full cohort since these values were 
not significantly different in VP/VLBW subjects with MRI data com-
pared to subjects without MRI data (see Table S10).

One of the strengths of our study is that a relevant impact of age 
is controlled because VP/VLBW subjects and FT controls had the 
same age of 26 years at the time of the MRI scan.

Furthermore, the study has the strength of a large sample (86 
VP/VLBW and 103 FT adults).

5  |  CONCLUSION

Tissue contrast between gray matter within the cortex and white 
matter is lower in preterm- born adults compared to controls. Our re-
sults indicate lastingly altered cortical microstructure after preterm 
birth with differential effects on associative and primary cortices.
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