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Abstract

While animal models indicate altered brain dopaminergic neurotransmission after pre-

mature birth, corresponding evidence in humans is scarce due to missing molecular

imaging studies. To overcome this limitation, we studied dopaminergic neurotrans-

mission changes in human prematurity indirectly by evaluating the spatial co-

localization of regional alterations in blood oxygenation fluctuations with the distribu-

tion of adult dopaminergic neurotransmission. The study cohort comprised 99 very

premature-born (<32 weeks of gestation and/or birth weight below 1500 g) and

107 full-term born young adults, being assessed by resting-state functional MRI (rs-

fMRI) and IQ testing. Normative molecular imaging dopamine neurotransmission

maps were derived from independent healthy control groups. We computed the co-

localization of local (rs-fMRI) activity alterations in premature-born adults with

respect to term-born individuals to different measures of dopaminergic neurotrans-

mission. We performed selectivity analyses regarding other neuromodulatory systems
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and MRI measures. In addition, we tested if the strength of the co-localization is

related to perinatal measures and IQ. We found selectively altered co-localization of

rs-fMRI activity in the premature-born cohort with dopamine-2/3-receptor availabil-

ity in premature-born adults. Alterations were specific for the dopaminergic system

but not for the used MRI measure. The strength of the co-localization was negatively

correlated with IQ. In line with animal studies, our findings support the notion of

altered dopaminergic neurotransmission in prematurity which is associated with cog-

nitive performance.
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amplitude of low frequency fluctuations, Blood oxygenation fluctuations, dopamine PET,
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1 | INTRODUCTION

Preterm birth (i.e., birth before 37 weeks of gestation) poses a major

global health problem at an 11% prevalence worldwide

(Chawanpaiboon et al., 2019; Howson et al., 2013; WHO, 1977). It is

associated with a higher risk for adverse long-term effects, especially

lasting neurocognitive deficits (Eves et al., 2021; Wolke et al., 2019).

This risk increases with earlier gestational age (GA) or lower birth

weight (BW) (D'Onofrio et al., 2013; Nosarti et al., 2012; Saigal &

Doyle, 2008). Brains of preterm newborns are particularly vulnerable

to preterm birth-related adverse events such as hypoxia-ischemia,

neuroinflammation, brain hemorrhage, and/or perinatal stress, which

might cause aberrant brain development. Such persistent aberrant

brain development is, for example, demonstrated by findings of

altered brain structure and function throughout infancy, childhood,

adolescence, and early adulthood (Back et al., 2002; Hasler

et al., 2019; Hedderich et al., 2019; Hedderich et al., 2020;

McClendon et al., 2017; Menegaux et al., 2020; Meng et al., 2016;

Pascoe et al., 2019; Schmitz-Koep et al., 2020; Skranes et al., 2013;

Volpe, 2009).

At a microscopic level, aberrant brain development is mainly

mediated by the aberrant development of pre-oligodendrocytes,

GABAergic interneurons, and subplate neurons, which have a funda-

mental role in the early development of cortical microstructure and

connectivity (Back et al., 2002; Ball et al., 2013; Buser et al., 2012;

Deng, 2010; Kanold & Luhmann, 2010; Kinney et al., 2012; Kostovi�c

et al., 2014; McClendon et al., 2017; Salmaso et al., 2014). At a macro-

scopic level, brain changes include both white matter and grey matter:

White matter alterations include reduced fiber density and volume

throughout the entire forebrain (Ball et al., 2012; Ball et al., 2014;

Eikenes et al., 2011; Meng et al., 2016; Skranes et al., 2007). Exem-

plary grey matter alterations include volume reduction in thalamus,

striatum, claustrum, basal forebrain, and temporal cortices, as well as

altered gyrification, especially in associative cortices (Grothe

et al., 2017; Karolis et al., 2017; Meng et al., 2016; Nosarti

et al., 2008; Pierson et al., 2007). In addition, evidence for functional

changes, for example, altered patterns of blood oxygenation in task-

based- and resting-state functional MRI (fMRI), overlap with structural

changes for premature-born subjects (Bäuml et al., 2015; Daamen,

Bäuml, Scheef, Meng, et al., 2015; Daamen, Bäuml, Scheef, Sorg,

et al., 2015; Damaraju et al., 2010; Doria et al., 2010; Froudist-Walsh

et al., 2015; Lubsen et al., 2011; Shang et al., 2018; Smyser

et al., 2010; White et al., 2014). Both structural and functional

changes have been associated with cognitive impairment not only in

children but also in premature-born adults, indicating a persistent

impact of premature birth on neurocognitive development and func-

tioning (Ball et al., 2015; Farajdokht et al., 2017; Hedderich

et al., 2019; Northam et al., 2011; Nosarti et al., 2014; Shang

et al., 2018).

While these structural and functional brain alterations after pre-

mature birth have been widely described, knowledge about altered

neurotransmission in prematurity is rather limited. Particularly, the

development of neuromodulatory transmitter systems such as dopa-

minergic neurotransmission occurs during the 2nd and 3rd trimesters

of gestation and may be disrupted due to preterm delivery (Boyson &

Adams, 1997; de Graaf-Peters & Hadders-Algra, 2006; Verney

et al., 1993). Previous results on the effects of preterm birth on the

dopaminergic system mostly stem from animal experiments. For

example, the dopaminergic system has been found to be specifically

susceptible to adverse perinatal events in rodents e.g., stress or

maternal separation, with lasting changes in dopamine function

(Boksa & El-Khodor, 2003; Henry et al., 1995; Kehoe et al., 1998).

Lipska et al. demonstrated delayed and persistent behavioral alter-

ations with increased dopamine activity after damage to the ventral

hippocampus in newborn rats (Lipska et al., 1993). Complementary,

the only molecular imaging study of neurotransmission in human pre-

maturity so far, an 18F-DOPA-PET study in premature-born adults,

found a reduction in striatal dopamine synthesis and storage associ-

ated with perinatal brain injury (Froudist-Walsh et al., 2017). These

results suggest that dopaminergic neurotransmission might be altered

in human prematurity. As the dopaminergic system is an important

factor for individual cognitive functioning and performance, deviations

from an optimum level can lead to cognitive deficits, prematurity-

induced altered dopaminergic neurotransmission might be associated

with neurocognitive impairments in premature-born individuals (Cools

et al., 2008; Cools & D'Esposito, 2011).
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The most direct way to test hypotheses about altered neuromo-

dulatory transmission in prematurity is to use molecular imaging to

map distinct aspects of neurotransmission in premature-born individ-

uals (Froudist-Walsh et al., 2017). However, PET- or single-photon

emission computed tomography (SPECT)-based investigations in

premature-born children or adults are restricted due to radiation

exposure and high costs, particularly for larger cohorts. An alternative

strategy is to study potential changes through the relationship

between neurotransmission and resulting functional brain activity,

that is influenced by the respective neurotransmission (Dukart

et al., 2018). For example, it is well-established that modulation of

specific neurotransmitter systems such as dopamine or serotonin

affects blood oxygenation fluctuations in the brain (Dukart

et al., 2021; Li et al., 2020; Nugent et al., 2015). Such measures of

regional blood oxygenation fluctuation, i.e. fractional (i.e., normalized)

amplitude of low-frequency blood oxygenation fluctuations (fALFF),

have been shown to be altered in premature-born individuals

(Damaraju et al., 2010; Doria et al., 2010; Shang et al., 2018). By eval-

uating if these fALFF alterations co-localize with the non-pathological

distribution of specific neurotransmission systems (as derived from

independent adult cohorts), it is possible to estimate the potential

contribution of the respective neurotransmission systems to the

observed functional alterations (Dukart et al., 2021). Indeed, a novel

analysis toolbox, developed by Dukart et al., implemented this idea of

the indirect study of potential neurotransmission changes, providing

an elegant analysis pipeline for calculating cross-sample spatial regres-

sion coefficients (spatial-RC) reflecting the relationship between brain

metric individual difference maps and molecular imaging-derived nor-

mative neurotransmitter maps (Dukart et al., 2021). Previous studies

using the toolbox provided reliable results and were able to validate

the methodology (Chen et al., 2021; Dugré & Potvin, 2022; Han

et al., 2022; Martins et al., 2022; Oldehinkel et al., 2022; Park

et al., 2022; Sakreida et al., 2022; Tang et al., 2022; Xu et al., 2022;

Zarkali et al., 2022). There are similar methodological approaches, for

example, the Receptor-Enriched Analysis of functional Connectivity

by Targets (REACT) toolbox (Dipasquale et al., 2019), whose analytic

approach combines pharmacological rs-fMRI analyses and specific

neurotransmitter receptor distributions by PET imaging in healthy

brains, or, in general, toolboxes from the field of imaging transcrip-

tomics that work in a similar way (e.g., Imaging Transcriptomics

[Martins et al., 2021] or Gene Category Enrichment Analysis [Fulcher

et al., 2021]). All of these approaches allow the identification of cross-

sample spatial correlations between patterns of specific structural or

functional brain properties as measured by MRI or fMRI, and a “micro-

scopic” metric such as gene expression maps or PET map. However,

in our study, primarily aimed at providing evidence of altered neuro-

transmission in premature-born adults compared with term-born

adults, the JuSpace toolbox seemed to be most appropriate because it

provides an integrated and more direct approach to potential group

differences in PET-tracer-related fMRI changes by generating an

explicit individual group contrast. More specifically, by subtracting the

individual fALFF signal of a premature-born adult from the mean of

term-born controls (the normative reference), a contrast can be

generated that exclusively correlates fALFF alterations (i.e., premature

vs. term-born) with the spatial distribution of neurotransmitters,

thereby isolating changes specifically associated with the prematurity.

In the current study, we investigated the cross-sample association

of blood oxygenation-based fALFF with dopaminergic neurotransmis-

sion maps by regression analysis in a large sample of very preterm/

very low birth weight (VP/VLBW) and term-born adults from the

Bavarian Longitudinal Study. For dopaminergic neurotransmission,

dopamine reuptake by dopamine transporter (DAT), and dopaminergic

excitatory and inhibitory function by dopamine-2/3-(D2/3R) and

dopamine-1-receptors (D1R). The analysis of aspects of dopaminergic

neurotransmission was chosen to test the hypothesis of altered dopa-

minergic neurotransmission in prematurity. To prove this hypothesis,

we primarily focused on individual differences in premature-born

adults in a dopamine transmission-sensitive measure relative to a nor-

mative reference using the JuSpace toolbox, that computes an individ-

ual reference contrast by subtracting the individual fALFF signal of a

premature-born adult from the mean of term-born controls. Further-

more, we expected potentially aberrant spatial-RCs for dopaminergic

neurotransmission in premature-born adults to be associated with

lower neurocognitive performance as indexed by IQ scores. The

fALFF metric was derived from resting-state functional MRI, IQ scores

by cognitive assessments.

2 | MATERIALS AND METHODS

2.1 | Participants

A detailed description of the evaluated prospective whole population-

based Bavarian Longitudinal Study (BLS) cohort can be found in Lub-

sen et al. (2011); Sakreida et al., 2022; Zarkali et al. (2022). Briefly, in

the BLS neonatal at-risk children and healthy controls from southern

Bavaria were included between January 1985 and March 1986

(Wolke et al., 1994; Wolke & Meyer, 1999). 682 infants born

VP/VLBW and 350 of 916 randomly selected full-term (FT) controls

from the same obstetric hospitals were enrolled. FT controls were

matched for sex and socioeconomic status. Participants were assessed

longitudinally, from infancy to adulthood. At age of 26 years,

101 VP/VLBW and 111 FT controls underwent brain MRI. The MRI

took place at the Department of Neuroradiology, Klinikum rechts der

Isar, Technische Universität München (n = 145), and the Department

of Diagnostic and Interventional Radiology, University Hospital Bonn,

Germany (n = 67). Written informed consent was obtained from all

participants. The study was performed in accordance with the Decla-

ration of Helsinki and was approved by the local ethics committees of

the Klinikum rechts der Isar and University Hospital Bonn.

2.2 | Birth variables

Gestational age (GA) was estimated from the maternal reports on the

first day of the last menstrual period and serial ultrasounds during
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pregnancy. In cases where discrepancies of more than 2 weeks

occurred between the two methods, a clinical assessment using the

Dubowitz method at birth was used (Dubowitz et al., 1970). Birth

weight (BW) was obtained from obstetric records.

2.3 | Cognitive performance assessment

At the age of 26 years, cognitive performance was assessed by inde-

pendent psychologists using the German version of the Wechsler

Adult Intelligence Scale (WAIS III) (Molz et al., 2010), which was sub-

sequently converted to age-normalized and full-scale IQ scores.

2.4 | Imaging data acquisition

The image data acquisition was previously described in Lubsen et al.

(2011): MRI data was obtained in both centers using Philips Achieva

3 Tesla TX system and Philips Ingenia 3 Tesla system, respectively,

with an 8-channel SENSE head coil, respectively. Subject and scanner

distribution: Bonn Achieva 3T: 5 VP/VLBW, 12 FT, Bonn Ingenia 3T:

33 VP/VLBW, 17 FT, Munich Achieva 3T: 60 VP/VLBW, 65 FT,

Munich Ingenia 3T: 3 VP/VLBW, 17 FT. We included scanner identi-

ties as covariates of no interest to prevent possible confounds. All

scans were done with identical sequence parameters and scanners

were checked regularly to provide optimal scanning conditions. MRI

physicists at both sites ensured within-scanner stability by regularly

scanning imaging phantoms. The signal-to-noise ratio was not signifi-

cantly different between scanners (one-way ANOVA with factor

‚scanner-ID‘[Bonn 1, Bonn 2, Munich 1, Munich 2]; F(3, 182) = 1.84,

p = .11). High-resolution T1-weighted, 3D-MPRAGE sequence was

performed with the following parameters: TI = 1300 ms,

TR = 7.7 ms, TE = 3.9 ms, flip angle 15�; field of view:

256 mm � 256 mm, with a reconstructed isotropic voxel size of

1 mm3. Resting-state fMRI data were collected for 10 min 52 s from a

gradient-echo echo-planar sequence (TE = 35 ms, TR = 2608 ms, flip

angle = 90�, FOV = 230 mm2, matrix size = 64 � 63, 41 slices,

thickness = 3.58 (no interslice gap), reconstructed voxel

size = 3.59 � 3.59 � 3.59 mm3), resulting in 250 volumes of BOLD

fMRI data per subject. Immediately before the resting-state sequence,

subjects were instructed to keep their eyes closed and to remain

awake, which was verified by interrogating via intercom immediately

after the scan. Two participants (1 VP/VLBW and 1 FT) received

structural imaging only, resulting in rs-fMRI data from

210 participants.

2.5 | Data preprocessing and calculation of fALFF

Preprocessing and fALFF calculation were carried out using SPM12

(http://www.fil.ion.ucl.ac.uk/spm) and DPARSF (Chao-Gan & Yu-

Feng, 2010; Yan, 2010). Before beginning with the canonical prepro-

cessing steps, we applied two additional physiological and motion

noise correction procedures to the raw fMRI data. First, removal of

physiological noise through the Physiologic Estimation by Temporal

Independent Component Analysis (PESTICA, http://www.nitrc.org/

projects/pestica/), which uses slice-wise temporal independent com-

ponent analysis (ICA) to detect noise caused by cardiac and respira-

tory fluctuation patterns (Beall & Lowe, 2007). The resulting PESTICA

templates were then used for voxel-wise physiological noise

correction (Glover et al., 2000). Second, retrospective application of

Slice-Oriented Motion Correction (SLOMOCO, http://www.nitrc.org/

projects/pestica), which consists of a rigid-body motion parameter

estimation and subsequent voxel- and slice-specific second-order

motion regression model (Beall & Lowe, 2014). To transform individ-

ual images into common MNI (Montreal Neurological Institute) space,

spatial normalization and re-sampling to 3 mm isotropic voxels by

DARTEL were applied (Ashburner, 2007). To estimate motion-induced

artifacts, point-to-point head motion, and frame-wise displacement

were assessed for each subject (Van Dijk et al., 2012). Data from

4 subjects (1 VP/VLBW subject and 3 FT subjects) were excluded

from further analysis due to excessive head motion defined as a

cumulative translation or rotation >3 mm or 3� (cumulative translation

VP/VLBW 0.3 ± 0.22 mm, FT 0.32 ± 0.22 mm; cumulative rotation

VP/VLBW 0.08 ± 0.06�, FT 0.10 ± 0.10�). Two-sample t-tests yielded

no significant differences between groups regarding mean point-

to-point translation or rotation of any direction (p > .1), and frame-

wise displacement (p > .1). One should note that we did not apply

additional “scrubbing” procedures to remove outliers in fMRI volumes

(Power et al., 2012), as suggested by Babu and Stoica (2010), Yan

et al. (2013). Removal of non-contiguous time points alters the under-

lying temporal structure of the data, precluding conventional

frequency-based analyses of rs-fMRI data (in our case Fourier

transformation-based fALFF, see next).

Next, nuisance covariates—including Friston-24 (Friston

et al., 1996) head motion parameters (i.e., translational and rotational

movement parameters and their derivatives), white matter, and cere-

brospinal fluid signal intensities—were regressed out from prepro-

cessed resting-state fMRI data. Subsequently, the data were

smoothed using a Gaussian kernel with a full width at half-maximum

of 6 mm. Then, after linear-trend removal, the time series were trans-

formed to the frequency domain using fast Fourier transformation to

obtain the power spectrum. To calculate fALFF, a ratio of the power

of each frequency at the low-frequency range (0.01–0.08 Hz) to the

full frequency range (0.01–0.25 Hz) was used (Zou et al., 2008).

Finally, the fALFF data were then z-transformed, that is, subtracted by

its mean and then divided by its standard deviation.

2.6 | Main outcome measure spatial-RC

To evaluate if fALFF alterations in VP/VLBW as compared with FT

controls are spatially associated with specific aspects of dopaminergic

neurotransmission, we calculated our main outcome measure of

cross-sample spatial-RC, using the JuSpace toolbox version 1.4 avail-

able at: https://github.com/juryxy/JuSpace and the Statistical
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Parametric Mapping Software (SPM12, https://www.fil.ion.ucl.ac.uk/

spm/software/spm12/) for Matlab 2017a; see also Figure 1. First, we

calculated an individual fALFF reference contrast for each

premature-born adult by subtracting the individual fALFF signal from

a premature-born adult from the mean fALFF map signal of FT con-

trols. Second, normative dopaminergic neurotransmission PET maps

are loaded into the atlas space as the mean value per file and region.

The used atlas was the neuromorphometrics atlas from SPM12

excluding all white matter and cerebrospinal fluid regions (Friston

et al., 1994). Then, the actual spatial regression analysis of neuro-

transmission PET maps and individual fALFF reference-contrast is

computed by a single multiple spatial linear regression analysis that

included the individual fALFF reference-contrast maps with respect

to all dopaminergic neurotransmission PET maps as part of the

regression function, with adjustment for spatial autocorrelation by

local gray matter probabilities as estimated from the file TPM.nii as

output by SPM12. TPM.nii defines the prior probability of finding a

tissue type, for example, gray matter, at a particular location and was

derived from the ixi dataset (http://brain-development.org/ixi-

dataset/). The ixi dataset was derived from nearly 600 healthy sub-

jects at three different hospitals in London. Neurotransmission PET

maps were derived from the library of the JuSpace toolbox (see

Table S1 for a complete list of PET maps). We did not include PET

maps with insufficient whole-brain signal-to-noise reliability

(Raclopride and F-DOPA-PET). In order to control for potential con-

founding effects due to distinct signal intensities (signal-to-noise

ratios) across different dopaminergic neurotransmission maps, all

PET maps were linearly rescaled to a minimum of 0 and a maximum

of 100 (Dukart et al., 2021). To validate the linear rescaling, we cal-

culated the total volume, mean intensity, standard deviation, and

ratio of mean intensity to standard deviation of all used PET/SPECT

templates in Data S1.

F IGURE 1 Work flow for cross-
sample spatial-RC analysis. First, a mean
fALFF map is generated from the
individual fALFF maps of the full-
term-born control. Second, individual
fALFF reference-contrast maps are
generated for each subject from the
VP/VLBW group by subtracting individual
fALFF maps from the mean fALFF map of

the full-term-born controls. Third, the
association between fALFF reference-
contrast maps and normative dopamine
transmission PET maps are tested by
implementing a cross-sample spatial
multiple linear regression model. This
procedure yielded the outcome measure
of individual spatial-RCs per VP/VLBW
individual and PET map. Fourth, exact
orthogonal permutation-based p-values
(with 10,000 permutations) were
computed. The threshold for statistical
significance was set to p < .05. D1R,
dopamine-1-receptor; fALFF, fractional
amplitude of low frequency blood
fluctuations; FT, full-term; spatial-RC,
spatial regression coefficient; VP/VLBW,
very preterm and/or very low birth
weight.
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As a result of these procedures, we received our main outcome

measures of cross-sample spatial-RCs for different dopaminergic neu-

rotransmission PETs for each individual of very premature birth.

2.7 | Specificity analyses with respect to both
different neuromodulatory systems and different MRI
measures

To assure specificity to both, other neuromodulatory systems and

other MRI measures, we computed—with respect to specificity for

other neuromodulatory systems—the spatial-RCs—as described in the

previous section—for serotonergic, noradrenergic, and cholinergic

neurotransmission systems.

To assess whether significant spatial-RCs are specific to the

fALFF measure, we performed the regression analysis—as described

in the previous section—for structural MRI, i.e., voxel-based mor-

phometry (VBM) and T1w/T2w-ratio images, with normative maps of

dopaminergic neurotransmission.

To compute VBM, we followed our previous approach to VBM in

the same dataset (Bäuml et al., 2015). T1w-images were preprocessed

using the CAT12 toolbox (https://neuro-jena.github.io/cat/) within

SPM12. T1w-images were normalized to a template space and seg-

mented into gray matter (GM), white matter, and cerebrospinal fluid.

Finally, images were smoothed with a Gaussian kernel of 6 mm (FWHM).

For the T1w/T2w-images, as described recently (Schmitz-Koep

et al., 2023), we used SPM12 (SPM12, https://www.fil.ion.ucl.ac.uk/

spm/software/spm12/). The T2w-image was co-registered to the

T1w-image through rigid body transformation, then the T1w- and

T2w-images were bias-corrected, and intensity calibrated, and the

ratio was calculated to generate the T1w/T2w-images. Finally,

the previously segmented GM masks were used to calculate the

T1w/T2w ratio within GM. GM T1w/T2w ratio maps were smoothed

with a Gaussian kernel of 6 mm (FWHM).

To test whether the observed co-localizations of individual

fALFF-difference maps of VP/VLBW with the target brain maps

(dopaminergic neurotransmission maps) were significantly greater

than randomly generated brain maps or spatially autocorrelated syn-

thetic brain maps, we used a spatially constrained null model within

the open-access BrainSMASH toolbox (github.com/murraylab/

brainsmash) (Burt et al., 2020). We computed randomly shuffled

(n = 1000) and spatial autocorrelation (SA) preserving surrogate brain

maps (n = 1000) for the target brain map. Next, we performed Pear-

son's correlation to obtain null distributions of Pearson correlation

coefficients between an average fALFF-difference map of VP/VLBW

compared to FT controls and the SA-preserving and randomly shuf-

fled surrogate brain maps derived from the target brain map. The

results of this SA analysis can be found in Data S1.

2.8 | Statistical analysis

Statistical analyses concerning scalar variables were performed using

IBM SPSS Version 27 (IBM Corp., Armonk, NY, USA): Differences of

clinical variables between VP/VLBW and FT individuals were tested

using Chi-squared test (sex) and two-sample t-tests (age, BW, GA,

gray matter, and IQ). The threshold for statistical significance was set

to p < .05.

fALFF. To investigate within-group fALFF patterns, voxel-wise

one-sample t-tests as implemented in SPM12 correcting for the cov-

ariates “sex” and “scanner identity”, were performed for the cohorts

of VP/VLBW-born adults and FT controls respectively. To test for

group differences (VP/VLBW vs. FT controls) in fALFF, voxel-wise

fALFF maps per subject were entered into a general linear model as

implemented in SPM12, with the between-subjects factor “group,”
and the covariates “sex” and “scanner identity”. The threshold for sta-

tistical significance was set to p < .05 cluster FWE-corrected, with a

voxel-wise threshold of p < .001.

Spatial multiple linear regression. To evaluate the significance of

group changes in spatial-RCs between fALFF-, VBM-, and T1w/T2w-

ratio-difference maps of VP/VLBW subjects and neurotransmission

PET maps, we computed exact permutation-based p-values (with

10,000 permutations) for all analyses to test if the mean regression

coefficients across the subjects were significantly different from the

null distribution. The threshold for statistical significance was set to

p < .05. The results of the main analysis of spatial multiple linear

regression between fALFF-difference maps of VP/VLBW subjects and

dopaminergic neurotransmission maps were Bonferroni-corrected for

multiple testing.

Correlation analysis of spatial-RC, prematurity, and cognition. To

analyze the associations between aberrant spatial-RCs and scores of

prematurity and cognitive performance, respectively, spatial-RCs were

extracted for all 99 VP/VLBW subjects and correlated with birth-

related variables (BW and GA) and the cognitive performance variable

(full-scale IQ), respectively. These correlations were investigated by

two-tailed partial correlation analyses with “sex” and “age” as

covariates-of-no interest. The threshold for statistical significance was

set to p < .05.

3 | RESULTS

3.1 | Sample characteristics

Group demographic and clinical characteristics are presented in

Table 1. There was no significant difference between the VP/VLBW

and FT groups with respect to age at scanning (p = .215) and sex

(p = .745). By design, the VP/VLBW cohort had significantly lower

GA (p < .001) and lower BW (p < .001). Furthermore, VP/VLBW sub-

jects had significantly lower full-scale IQ scores (p < .001) compared

to FT controls.

3.2 | Aberrant fALFF in premature-born adults

Results of the voxel-wise fALFF comparison of VP/VLBW and FT

controls showed significant fALFF increases in left insular cortex and

fALFF decreases in right lateral temporal cortices (Figures S1 and S2).
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3.3 | Altered spatial-RCs in premature-born adults
for dopaminergic neurotransmission

Using cross-sample spatial multiple linear regression analysis, we

observed that individual fALFF differences of VP/VLBW adults from

average fALFF maps of FT adults were significantly spatially associ-

ated with normative PET maps for D2/3R-availability ([18F]Fallypride)

(mean β-coefficient = �.014; p = .012; Cohen's d = �.37). In con-

trast, for other normative PET maps, spatial-RCs of VP/VLBW adults

were not significantly different from zero, namely D1R-availability

([11C]SCH23390) (mean β-coefficient = .006; p = .295; Cohen's

d = .13) and dopamine reuptake ([123I]FP-CIT) (β-coefficient = .008;

p = .295; Cohen's d = .16) (Figure 2a; Table 2).

To provide further evidence that significant spatial-RCs for

D2/3R availability were associated with premature birth, we corre-

lated spatial-RCs with birth-related variables (i.e., GA and BW) within

the VP/VLBW group. We found no significant correlation of BW or

GA with spatial-RCs for D2/3R-availability (p = .37 and p = .426,

respectively; Table 3).

3.4 | Association of altered spatial-RCs for
dopaminergic neurotransmission with IQ in
premature-born adults

To test whether significant spatial-RCs in the VP/VLBW subjects

were associated with cognitive deficits, we performed partial correla-

tion analyses for spatial-RCs for D2/3-receptor availability and IQ

scores. The full-scale age-normed IQ showed a significant negative

correlation with spatial-RCs for D2/3R-availability (r = �.230;

p = .031; R2 = .053; Table 3, Figure 2b).

3.5 | Results of specificity analyses

To control for specificity of our finding with respect to other neuromo-

dulatory systems beyond the dopaminergic ones, we performed a

cross-sample spatial multiple linear regression analysis, including sero-

tonergic, cholinergic, and noradrenergic neurotransmitter PET maps.

Spatial-RCs of VP/VLBW adults were not significantly different from

zero for other neurotransmitter systems, i.e., cholinergic, noradrenergic,

and serotonergic (Table S3). Identical to the analysis for the dopaminer-

gic neurotransmitter system, spatial-RCs of the VP/VLBW cohort

remained significantly deviated from the null distribution for D2/3R-

availability ([18F]Fallypride) (mean β-coefficient = �.019, p = .046;

Cohen's d = �.30), but was also significant for D1R-availability ([11C]

SCH23390) (mean β-coefficient = .021, p = .045; Cohen's d = .26).

To control for specificity of our finding with respect to other MRI-

derived measures beyond fALFF, we tested whether spatial associations

of dopaminergic neurotransmission maps were associated with not only

functional but structural MRI-derived measures. We performed cross-

sample spatial multiple linear regression analysis for individual differences

in voxel-based GM-masks of VP/VLBW adults from average GM-masks

of FT adults and dopaminergic neurotransmission maps. Spatial-RCs were

significantly different from zero for D1R- (mean β-coefficient = �.010,

p = .018; Cohen's d = .38) and D2/3R-availability (mean

β-coefficient = �.012, p = .001; Cohen's d = �.55) (Table S4).

Similarly, we performed spatial multiple linear regression analysis

for individual T1w/T2w ratio differences of VP/VLBW adults from

average T1w/T2w ratios of FT adults and dopaminergic neurotrans-

mission maps. Spatial-RCs were significantly different from zero for

D2/3R-availability (mean β-coefficient = �.006, p = .007; Cohen's

d = �.39) and dopamine reuptake (mean β-coefficient = .005,

p = .026; Cohen's d = .34) (Table S5).

4 | DISCUSSION

Using cross-sample spatial regression between individual fALFF

reference-contrast maps from premature-born adults with respect to

term-born ones and dopaminergic neurotransmission maps derived

from normative molecular imaging data, we found selectively signifi-

cant spatial regression coefficients for D2/3R-availability for very

premature-born adults. Although these alterations were small, they

TABLE 1 Demographical, clinical, and cognitive data.

VP/VLBW (n = 99) FT (n = 107)

Mean SD Range Mean SD Range p value

Sex (male/female) 57/42 64/43 .745

Age (years) 26.7 ±0.6 25.7–28.3 26.8 ±0.7 25.5–28.9 .215

GA (weeks) 30.6 ±2.1 25–36 39.7 ±1.1 37–42 <.001

BW (g) 1332 ±311 630–2070 3384 ±445 2120–4670 <.001

GM (mm3) 684.4 ±62.5 524.0–839.3 714.9 ±57.5 555.1–861.2 <.001

Full-scale IQa 94.4 ±12.6 64–131 102.6 ±12.0 77–130 <.001

Note: Statistical analysis: sex with χ2 statistics; age, GA, BW, GM and full-scale IQ with two sample t-tests. Bold letters indicate statistical significance

defined as p < .05.

Abbreviations: BW, birth weight; FT, full-term; GA, gestational age; GM, grey matter; IQ, intelligence quotient; SD, standard deviation; VP/VLBW, very

preterm and/or very low birth weight.
aData are based on 95 VP/VLBW and 104 FT-born individuals.
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were related to cognitive performance, emphasizing their functional

relevance. Specificity analyses proved that the measured spatial neu-

romodulatory alterations were specific toward the dopaminergic

neurotransmission but not for the used MRI measure (i.e., structural

or functional MRI). Results indicate—to the best of our knowledge for

the first time—a relationship between aberrant blood oxygenation

fluctuations and dopaminergic neurotransmission in very premature-

born adults. Data suggest impaired dopaminergic neurotransmission

in adult prematurity, potentially due to altered development of the

dopaminergic system after very premature birth.

4.1 | Indirect evidence for selectively altered D2/
3R-availability in very premature-born adults

The main finding of our study was the selectively altered spatial-RCs

for individual blood oxygenation fluctuation differences with respect

to D2/3R-availability in premature-born adults (Figure 2).

We interpret this finding as indirect evidence for selectively

altered dopaminergic neurotransmission in very premature-born

adults (Boksa & El-Khodor, 2003; Froudist-Walsh et al., 2017; Henry

et al., 1995; Kehoe et al., 1998; Lipska et al., 1993). First, significant

spatial RCs reflect that for premature-born adults, individual differ-

ence maps of blood oxygenation fluctuations (more precisely of frac-

tional amplitudes of such fluctuations) are associated with (i.e., do

spatially correlate with) normative dopaminergic neurotransmission

maps (namely D2/3R-availability). This suggests that blood oxygena-

tion differences link to aspects of dopaminergic neurotransmission;

this link is not general as it holds not for all tested aspects of dopami-

nergic neurotransmission but was specifically observed for D2/3R

availability but not for D1R-availability and dopamine reuptake. As

very premature-born adults indeed have significant changes in blood

oxygenation fluctuations (Figure S2), one can infer that D2/3R avail-

ability might be relevant for these changes. Second, dopamine synthe-

sis and storage have been demonstrated to be aberrant in human

prematurity. More concretely, Froudist-Walsh et al. compared a small

cohort of 16 very premature-born adults with perinatal damage to

13 very premature-born adults without perinatal damage and

14 control subjects using dopamine synthesis and storage PET

(Froudist-Walsh et al., 2017). Only for very-premature-born adults

(a)

(b)

F IGURE 2 Significant spatial-RCs in premature-born adults and
their relationship to birth weight. (a) Each dot represents an individual
spatial-RC value of the VP/VLBW group based on cross-sample
spatial regression analysis between fALFF reference-contrast maps of
a premature-born adult and a given normative dopaminergic
neurotransmission PET map. Error bars represent the parametric 95%
confidence interval of the mean spatial RC. (b) Associations between
spatial-RCs and IQ-values are shown as scatter plots. IQ is plotted on
the y-axes and spatial-RCs on the x-axes. Linear regression lines, 90%
confidence interval bands, correlation coefficients r and p-values were
added. D1R, dopamine-1-receptor; D2/3R, dopamine-2/3-receptor;
DAT, Dopamine transporter; fALFF, fractional amplitude of low-
frequency fluctuations; FT, full-term; IQ, intelligence quotient;

VP/VLBW, very preterm and/or very low birth weight.

TABLE 2 Results of the spatial regression analysis for fALFF-differences between VP/VLBW and FT controls and dopaminergic
neurotransmission maps.

Neurotransmission Maps Tracer Mean β coefficient p value Source

D1-receptor availability (11C)SCH23390 .006 .295 Kaller et al. (2017)

D2/3-receptor availability (18F)Fallypride �.014 .004 Jaworska et al. (2020)

Dopamine reuptake (123I)FP-CIT .008 .261 Dukart et al. (2018)

Note: Multiple spatial regression analysis for the co-localization of fALFF-differences between VP/VLBW and FT controls and the non-pathological

distribution of specific dopaminergic neurotransmission systems (as derived from independent adult cohorts). Exact permutation-based p values (with

10,000 permutations) were computed. The threshold for statistical significance was set to p < .05.

Abbreviations: D1R, Dopamine receptor 1; D2/3R, Dopamine receptor 2 and 3; fALFF, fractional amplitude of low-frequency fluctuations; FT, full-term;

VP/VLBW, very preterm and/or very low birthweight.

5132 SCHINZ ET AL.



with perinatal brain damage, a reduction in striatal dopamine synthesis

capacity and storage was demonstrated, suggesting impaired dopa-

mine synthesis in at least subgroups of premature-born individuals.

However, while this supports the notion of altered dopaminergic neu-

rotransmission in premature-born adults, we did not include dopamine

synthesis and storage PET in our indirect analyses because of insuffi-

cient cortical signal reliability of F-DOPA-PET which would have been

necessary for our analyses. Third, dopaminergic neurotransmission

influences blood oxygenation fluctuations (Dukart et al., 2018). For

example, blood oxygenation fluctuations-derived measures are modu-

lated by externally administered dopamine levels (Shafiei et al., 2019);

stimulation of the dopaminergic ventral tegmental area in swine

induces dopamine release that correlates with fMRI-based blood

oxygenation-based amplitude changes (Settell et al., 2017). Fourth,

critical phases of development of dopaminergic neurotransmission

overlap with times of preterm birth and are highly vulnerable to

hypoxic–ischemic events, which typically occur perinatally in prematu-

rity. More concretely, prenatal development of dopaminergic neuro-

transmission occurs in distinct phases, beginning as early as the 6th–

8th week of gestation with the emergence of first dopaminergic neu-

rons (de Graaf-Peters & Hadders-Algra, 2006; Sundström et al., 1993).

Especially in the last trimester, the period overlapping with premature

birth, there are substantial developmental changes in the dopaminer-

gic neurotransmission system. For example, there is a dramatic

increase in the availability of both D1R and D2R across the forebrain,

which leads to transient receptor densities 10–15-times larger than

those in adulthood (Boyson & Adams, 1997). Furthermore, these

developmental changes are highly vulnerable to hypoxic–ischemic

events (Pagida et al., 2013), which co-occurring with premature birth.

Taking all these points together, our finding of significant spatial-

RCs for individual blood oxygenation fluctuation differences with

respect to D2/3R-availability is consistent with the notion of selectively

aberrant dopaminergic neurotransmission in premature-born adults. It

is clear that our indirect and correlative approach does not provide

definitive evidence; further molecular imaging studies of dopaminergic

neurotransmission, including the use of pharmacological aided examina-

tion, specifically focused on D2/3R-availability, validate our findings.

4.2 | Association of spatial-RCs and cognitive
performance

The second main finding of our study was the association between

significant spatial-RCs for D2/3R-availability with cognitive

performance in very premature-born adults. Following the above-

outlined interpretation of significant spatial-RCs, this result suggests

that aberrant D2/3R-availability is relevant for cognitive performance

in premature-born adults. In general, dopaminergic neurotransmission

is critically involved in many aspects of cognitive functioning (Cools &

D'Esposito, 2011; Klein et al., 2019; Sawaguchi &

Goldman-Rakic, 1991; Williams & Goldman-Rakic, 1995). While there

is consistent evidence for cognitive performance with respect to

D1R-availability following an inverted U-shaped model (Cools

et al., 2008; Gjedde et al., 2010; Weber et al., 2022), the functioning

of D2-like receptors is more complex and much less understood, with

some authors reporting a link between D2R-availability with cognitive

performance while others demonstrated no association (Kellendonk

et al., 2006; Klein et al., 2019; Lee et al., 2021; Vyas et al., 2018).

Indeed, very premature-born adults show on average lower gen-

eral cognitive performance (on average about 12 points in IQ (Basten

et al., 2015; Eves et al., 2021; Kroll et al., 2017; Volpe, 2009; Wolke

et al., 2019)), aberrant dopaminergic neurotransmission might contrib-

ute to this deficit. However, beyond the definitive link between signif-

icant spatial-RC for D2/3R availability and cognitive performance, the

current study can only indirectly support the relationship between

aberrant D2/3R availability and IQ due to the indirect nature of

spatial-RCs. Further molecular imaging studies in prematurity are

required to test this link more directly.

4.3 | Strengths and Limitations

Some points should be carefully considered when interpreting the

indirect approach of spatial co-localization of regional blood oxygena-

tion fluctuations with normative PET maps of dopaminergic neuro-

transmission. First, while the large sample size (99 VP/VLBW and

107 FT adults) enhances the generalizability of our findings, the cur-

rent sample is biased to VP/VLBW adults with less severe neonatal

complications, as individuals with stronger birth complications and/or

severe lasting impairments in the initial BLS sample were more likely

to be excluded in the initial screening for MRI or to reject MRI scan-

ning or even continuation in the study. Therefore, the indirectly mea-

sured altered dopaminergic neurotransmission in VP/VLBW adults is

a conservative estimate of true difference, which might partly explain

the small effect sizes for the altered spatial-RC and non-significant

associations with BW and GA. Additionally, the used preprocessing

protocol including PESTICA/SLOMOCO to account for both different

slice acquisition time- and physiology-induced artifacts is rather strict.

TABLE 3 Relationship between spatial multiple linear regression coefficients and birth-related variables and IQ, respectively.

Spatial-RC Full-scale IQ Gestational age Birth weight

D2/3R-availability �0.230 (p = .031) �0.086 (p = .426) 0.096 (p = .371)

Note: Two-tailed partial correlation analysis for the VP/VLBW group between beta coefficients—of spatial multiple linear regression analysis for VP/VLBW

and FT controls—and full-scale IQ, gestational age, and birth weight, respectively. “Sex” and “age at scan” were included as covariates of no-interest. Bold

letters indicate statistical significance defined as p < .05.

Abbreviations: D2/3R, Dopamine receptor 2 and 3; FT, full-term; IQ, intelligence quotient; RC, regression coefficient; VP/VLBW, very preterm and/or very

low birthweight.
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Second, cross-sample spatial regression coefficients derived from

fMRI and their relationship with variables of premature birth as well

as cognitive performance is influenced by multiple other individual,

social, and environmental factors. The rationale for using the approach

to correlate fMRI-based signal and PET-derived measures is based on

both high test–retest reliability shown in previous studies (e.g., rs-

fMRI changes associated with D2 and 5-HT1b receptors in patients

with Parkinson's disease by Dukart et al. (Dukart et al., 2021) and on a

clear hypothesis for aberrant dopaminergic neurotransmission in

premature-born adults by previous animal and human studies. Never-

theless, the results, in this case, should be interpreted with caution

because of the general ‘indirectness’ of the approach. Fourth, as fMRI

and therefore its derived metric fALFF has no intrinsic selectivity for

specific aspects of neurotransmission, e.g., dopaminergic neurotrans-

mission, our indirect approach of cross-sample regression analyses

does not provide definitive evidence and must be interpreted care-

fully. Rather, it facilitates further molecular imaging studies in

VP/VLBW adults, specifically focused on dopaminergic

neurotransmission.

5 | CONCLUSION

In conclusion, our approach to study dopaminergic neurotransmission

in prematurity via cross-sample spatial regression analysis of blood

oxygenation fluctuation changes provides indirect evidence for

altered dopaminergic neurotransmission in very premature-born

adults. Results suggest specific studies about potentially aberrant

dopamine-2/3-receptor availability in prematurity.
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Dukart, J., Holiga, Š., Chatham, C., Hawkins, P., Forsyth, A., McMillan, R.,

Myers, J., Lingford-Hughes, A. R., Nutt, D. J., Merlo-Pich, E.,

Risterucci, C., Boak, L., Umbricht, D., Schobel, S., Liu, T., Mehta, M. A.,

Zelaya, F. O., Williams, S. C., Brown, G., … Sambataro, F. (2018). Cere-

bral blood flow predicts differential neurotransmitter activity. Scientific

Reports, 8, 4074.

Dukart, J., Holiga, S., Rullmann, M., Lanzenberger, R., Hawkins, P. C. T.,

Mehta, M. A., Hesse, S., Barthel, H., Sabri, O., Jech, R., & Eickhoff, S. B.

(2021). JuSpace: A tool for spatial correlation analyses of magnetic res-

onance imaging data with nuclear imaging derived neurotransmitter

maps. Human Brain Mapping, 42, 555–566.
Eikenes, L., Løhaugen, G. C., Brubakk, A.-M., Skranes, J., & Håberg, A. K.

(2011). Young adults born preterm with very low birth weight demon-

strate widespread white matter alterations on brain DTI. NeuroImage,

54, 1774–1785.
Eves, R., Mendonça, M., Baumann, N., Ni, Y., Darlow, B. A., Horwood, J.,

Woodward, L. J., Doyle, L. W., Cheong, J., Anderson, P. J.,

Bartmann, P., Marlow, N., Johnson, S., Kajantie, E., Hovi, P., Nosarti, C.,

Indredavik, M. S., Evensen, K. A. I., Räikkönen, K., … Wolke, D. (2021).

Association of very preterm birth or very low birth weight with intelli-

gence in adulthood: An individual participant data meta-analysis. JAMA

Pediatrics, 175, e211058.

Farajdokht, F., Sadigh-Eteghad, S., Dehghani, R., Mohaddes, G., Abedi, L.,

Bughchechi, R., Majdi, A., & Mahmoudi, J. (2017). Very low birth

weight is associated with brain structure abnormalities and cognitive

function impairments: A systematic review. Brain and Cognition, 118,

80–89.
Friston, K. J., Holmes, A. P., Worsley, K. J., Poline, J., Frith, C. D., &

Frackowiak, R. S. (1994). Statistical parametric maps in functional

imaging: a general linear approach. Human Brain Mapping, 2, 189–210.
Friston, K. J., Williams, S., Howard, R., Frackowiak, R. S. J., & Turner, R.

(1996). Movement-related effects in fMRI time-series: Movement arti-

facts in fMRI. Magnetic Resonance in Medicine, 35, 346–355.
Froudist-Walsh, S., Bloomfield, M. A., Veronese, M., Kroll, J., Karolis, V. R.,

Jauhar, S., Bonoldi, I., McGuire, P. K., Kapur, S., Murray, R. M., &

Nosarti, C. (2017). The effect of perinatal brain injury on dopaminergic

function and hippocampal volume in adult life. eLife, 6, e29088.

Froudist-Walsh, S., Karolis, V., Caldinelli, C., Brittain, P. J., Kroll, J.,

Rodríguez-Toscano, E., Tesse, M., Colquhoun, M., Howes, O.,

Dell'Acqua, F., Thiebaut de Schotten, M., Murray, R. M.,

Williams, S. C. R., & Nosarti, C. (2015). Very early brain damage leads

to remodeling of the working memory system in adulthood: A com-

bined fMRI/tractography study. The Journal of Neuroscience, 35,

15787–15799.
Fulcher, B. D., Arnatkeviciute, A., & Fornito, A. (2021). Overcoming false-

positive gene-category enrichment in the analysis of spatially resolved

transcriptomic brain atlas data. Nature Communications, 12, 2669.

Gjedde, A., Kumakura, Y., Cumming, P., Linnet, J., & Møller, A. (2010).

Inverted-U-shaped correlation between dopamine receptor availability

in striatum and sensation seeking. Proceedings of the National Academy

of Sciences of the United States of America, 107, 3870–3875.
Glover, G. H., Li, T. Q., & Ress, D. (2000). Image-based method for retro-

spective correction of physiological motion effects in fMRI: RETROI-

COR. Magnetic Resonance in Medicine, 44, 162–167.
Grothe, M. J., Scheef, L., Bäuml, J., Meng, C., Daamen, M., Baumann, N.,

Zimmer, C., Teipel, S., Bartmann, P., Boecker, H., Wolke, D.,

Wohlschläger, A., & Sorg, C. (2017). Reduced cholinergic basal fore-

brain integrity links neonatal complications and adult cognitive deficits

after premature birth. Biological Psychiatry, 82, 119–126.

SCHINZ ET AL. 5135



Han, S., Zheng, R., Li, S., Zhou, B., Jiang, Y., Wang, C., Wei, Y., Pang, J.,

Li, H., Zhang, Y., Chen, Y., & Cheng, J. (2022). Integrative functional,

molecular, and transcriptomic analyses of altered intrinsic timescale

gradient in depression. Frontiers in Neuroscience, 16, 826609.

Hasler, H. M., Brown, T. T., & Akshoomoff, N. (2019). Variations in brain

morphometry among healthy preschoolers born preterm. Early Human

Development, 140, 104929.

Hedderich, D. M., Bäuml, J. G., Berndt, M. T., Menegaux, A., Scheef, L.,

Daamen, M., Zimmer, C., Bartmann, P., Boecker, H., Wolke, D.,

Gaser, C., & Sorg, C. (2019). Aberrant gyrification contributes to the

link between gestational age and adult IQ after premature birth. Brain,

142, 1255–1269.
Hedderich, D. M., Bäuml, J. G., Menegaux, A., Avram, M., Daamen, M.,

Zimmer, C., Bartmann, P., Scheef, L., Boecker, H., Wolke, D.,

Gaser, C., & Sorg, C. (2020). An analysis of MRI derived cortical com-

plexity in premature-born adults: Regional patterns, risk factors, and

potential significance. NeuroImage, 208, 116438.

Henry, C., Guegant, G., Cador, M., Arnauld, E., Arsaut, J., Moal, M. L., &

Demotes-Mainard, J. (1995). Prenatal stress in rats facilitates

amphetamine-induced sensitization and induces long-lasting changes

in dopamine receptors in the nucleus accumbens. Brain Research, 685,

179–186.
Howson, C. P., Kinney, M. V., McDougall, L., Lawn, J. E., & Born Too Soon

Preterm Birth Action Group. (2013). Born too soon: preterm birth mat-

ters. Reproductive Health, 10(Suppl 1), S1.

Jaworska, N., Cox, S. M. L., Tippler, M., Castellanos-Ryan, N., Benkelfat, C.,

Parent, S., Dagher, A., Vitaro, F., Boivin, M., Pihl, R. O., Côté, S. M.,

Tremblay, R. E., Séguin, J. R., & Leyton, M. (2020). Extra-striatal D2/3

receptor availability in youth at risk for addiction. Neuropsychopharma-

cology, 45, 1498–1505.
Kaller, S., Rullmann, M., Patt, M., Becker, G.-A., Luthardt, J., Girbardt, J.,

Meyer, P. M., Werner, P., Barthel, H., Bresch, A., Fritz, T. H.,

Hesse, S., & Sabri, O. (2017). Test–retest measurements of dopamine

D1-type receptors using simultaneous PET/MRI imaging. European

Journal of Nuclear Medicine and Molecular Imaging, 44, 1025–1032.
Kanold, P. O., & Luhmann, H. J. (2010). The subplate and early cortical cir-

cuits. Annual Review of Neuroscience, 33, 23–48.
Karolis, V. R., Froudist-Walsh, S., Kroll, J., Brittain, P. J., Tseng, C.-E. J.,

Nam, K.-W., Reinders, A. A. T. S., Murray, R. M., Williams, S. C. R.,

Thompson, P. M., & Nosarti, C. (2017). Volumetric grey matter alter-

ations in adolescents and adults born very preterm suggest acceler-

ated brain maturation. NeuroImage, 163, 379–389.
Kehoe, P., Shoemaker, W. J., Arons, C., Triano, L., & Suresh, G. (1998).

Repeated isolation stress in the neonatal rat: Relation to brain dopa-

mine systems in the 10-day-old rat. Behavioral Neuroscience, 112,

1466–1474.
Kellendonk, C., Simpson, E. H., Polan, H. J., Malleret, G., Vronskaya, S.,

Winiger, V., Moore, H., & Kandel, E. R. (2006). Transient and selective

overexpression of dopamine D2 receptors in the striatum causes per-

sistent abnormalities in prefrontal cortex functioning. Neuron, 49,

603–615.
Kinney, H. C., Haynes, R. L., Xu, G., Andiman, S. E., Folkerth, R. D.,

Sleeper, L. A., & Volpe, J. J. (2012). Neuron deficit in the white matter

and subplate in periventricular leukomalacia. Annals of Neurology, 71,

397–406.
Klein, M. O., Battagello, D. S., Cardoso, A. R., Hauser, D. N.,

Bittencourt, J. C., & Correa, R. G. (2019). Dopamine: Functions, signal-

ing, and association with neurological diseases. Cellular and Molecular

Neurobiology, 39, 31–59.
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