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Abstract  

Imaging studies have characterized functional and structural brain abnormalities in 

adults after premature birth, but these investigations have mostly used univariate 

methods that do not account for hypothesized inter-dependencies between brain 

regions or quantify accuracy in identifying individuals. To overcome these limitations, 

we used multivariate machine learning to identify grey matter volume (GMV) and 

amplitude of low frequency fluctuations (ALFF) brain patterns that best classify young 

adults born very preterm/very low birth weight (VP/VLBW; n=94) from those born full-

term (FT; n=92). We then compared the spatial maps of the structural and functional 

brain signatures and validated them by assessing associations with clinical birth 

history and basic cognitive variables. Premature birth could be predicted with a 

balanced accuracy of 80.7% using GMV and 77.4% using ALFF. GMV predictions 

were mediated by a pattern of subcortical and middle temporal reductions and 

volumetric increases of the lateral prefrontal, medial prefrontal, and superior temporal 

gyrus regions. ALFF predictions were characterized by a pattern including increases 

in the thalamus, pre- and post-central gyri, and parietal lobes, in addition to 

decreases in the superior temporal gyri bilaterally. Decision scores from each 

classification, assessing the degree to which an individual was classified as a 

VP/VLBW case, were predicted by the number of days in neonatal hospitalization 

and birth weight. ALFF predicted general IQ, which highlighted the potential clinical 

significance of functional imaging. Combined, the results clarified previous research 

and suggested that primary subcortical and temporal damage may be accompanied 

by disrupted neurodevelopment of the cortex. 

 

 

Key words: premature birth, resting-state fMRI, ALFF, VBM, machine learning, 

multivariate 
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Introduction 

Multiple in-vivo imaging studies in humans have demonstrated widespread structural 

brain abnormalities after very premature birth (i.e., very preterm birth with gestational 

age <32 weeks, VP, and/or birth with very low birth weight <1500g, VLBW), with 

differences being found in newborns, children, adolescents, and adults (Ball et al., 

2012; de Kieviet, Zoetebier, van Elburg, Vermeulen, & Oosterlaan, 2012; Nosarti et 

al., 2008). Functional brain imaging has also revealed widely distributed changes in 

brain activity in very premature born individuals, which partly overlap with structural 

changes (Baldoli et al., 2015; Bauml et al., 2014; Froudist-Walsh et al., 2015; Meng 

et al., 2015). These abnormalities have been linked to pathophysiological cascades 

that begin at birth and radiate from subcortical injuries, such as hypoxic-ischemic 

damage to the periventricular white matter (de Vries, Benders, & Groenendaal, 2015; 

Thompson et al., 2014; Tsimis et al., 2015).    

 

Until recently, research has predominantly used mass-univariate testing to make 

downstream inferences regarding pathological signatures of preterm birth in 

adolescents and adults. For example, a common hypothesis is that periventricular 

white matter injury impacts the development of pre-myelinating oligodendrocytes and 

subplate neurons resulting in an impaired development of thalamo-cortical 

connectivity (Grothe et al., 2017; Hoerder-Suabedissen & Molnar, 2015; Thompson 

et al., 2014), which then leads to the reduced thalamus grey matter volume and 

related widely distributed white matter changes seen in adulthood (Meng et al., 2015; 

Joseph J. Volpe, 2009).  Structural damage and downstream abnormalities are also 

thought to be linked to functional changes, as evident in univariate task-based and 

resting-state MRI studies (Baldoli et al., 2015; Bauml et al., 2014; Froudist-Walsh et 

al., 2015; Meng et al., 2015; Shang et al., 2018).   

 

A straightforward technique to measure brain functioning is the amplitude of low-
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frequency fluctuations (ALFF) (Zang et al., 2007). Low frequency fluctuations of the 

blood-oxygenation level-dependent fMRI signal putatively arise from the 

spontaneous neural activity of microcircuits and reflect the functional integrity of the 

brain (Sanchez-Vives, Massimini, & Mattia, 2017). These fluctuations are sensitive to 

changes in brain development (Smyser et al., 2013; Wu et al., 2016), aging (Biswal 

et al., 2010), cognitive deficits (Z. Deng, Chandrasekaran, Wang, & Wong, 2016; 

Takeuchi et al., 2015), psychiatric illness (Hare et al., 2016; Lui et al., 2015; Meda et 

al., 2015; Zhao et al., 2017), and neurodevelopmental disorders (Itahashi et al., 

2015; F. Li et al., 2014; R. Li et al., 2015; Mascali et al., 2015). Previous research in 

newborns born prematurely has found reduced ALFF in the bilateral superior 

temporal gyri and increased ALFF of the precuneus and inferior temporal gyrus (Wu 

et al., 2016), but ALFF research in adults born preterm is limited (Shang et al., 2018).  

 

Both structural imaging and ALFF studies are also limited because they do not 

explicitly model inter-dependencies that would be expected given the hypothesis of a 

neurodevelopmental pathophysiological cascade, except for some notable 

exceptions. Specifically, anatomical covariance analysis in adults born preterm 

indicates two primary signatures: a) a pattern of brain volume reductions across 

subcortical and medial temporal regions thought to be related to early brain damage; 

and b) a pattern of increased frontal and lateral temporo-parietal cortical volume 

hypothesized to be related to disruptions in neurodevelopment (Karolis et al., 2017; 

Nosarti et al., 2011; Scheinost et al., 2015). However, this multivariate research has 

not been conducted within pipelines designed to assess generalizability, determined 

whether such patterns are sensitive and specific enough to identify individuals, 

determined how structural and functional patterns intersect, or validated them by 

demonstrating associations between brain maps, medical history, and cognitive 

performance. The potential clinical utility of such patterns in terms of their ability to 

predict cognitive domains that normally require laborious assessments has also not 
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been investigated.  

 

In order to address previous limitations, in this study we aimed to use multivariate 

machine learning methods to classify young adults born prematurely when compared 

to those full-term born on the basis of volumetric and ALFF brain abnormalities within 

a repeated, nested cross-validation design. We then compared the structural and 

functional preterm signatures, validated them by assessing their relationship to birth 

history and cognitive performance, and determined the potential clinical utility of the 

signatures by assessing their unique contribution to the prediction of the intelligence 

quotient. We expected to find a volumetric map containing subcortical decreases and 

cortical increases (Karolis et al., 2017), this signature was hypothesized to spatially 

overlap with the functional abnormality signature, and the degree to which the 

individuals loaded on the signatures was expected to correlate with the degree to 

which they were born prematurely (i.e., earlier birth, higher loading on the map). We 

also expected that the brain signatures would increase the accuracy of predicting the 

intelligence quotient over-and-above clinical prematurity data alone due to the close 

links between intelligence and functional brain networks (Dubois, Galdi, Paul, & 

Adolphs, 2018).  
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Materials and methods 

Participants 

Participants were recruited as part of the prospective Bavarian Longitudinal Study 

(BLS) (Riegel, Orth, Wolke, & Osterlund, 1995; Wolke & Meyer, 1999), a 

geographically defined whole-population study of neonatal at-risk infants born in 

South Bavaria. Of the initial 682 infants born VP/VLBW, 411 were eligible for the 26-

year follow-up assessment, and 260 (63.3%) participated in psychological 

assessments (Breeman, Jaekel, Baumann, Bartmann, & Wolke, 2015). Of the initial 

916 term born control infants from the same obstetric hospitals and alive at 6 years, 

350 were randomly selected as term controls within the stratification variables of sex 

and family socioeconomic status in order to be comparable with the VP/VLBW 

sample. Of these, 308 were eligible for the 26-year follow-up assessment, and 229 

(74.4%) participated in psychological assessments. Of the sample assessed in 

adulthood, 101 VP/VLBW as well as 102 FT individuals underwent MRI at 26 years 

of age. MRI assessments were carried out at two different sites: the Department of 

Neuroradiology, Klinikum rechts der Isar, Technische Universität München, Germany 

(N = 138), and the Department of Radiology, University Hospital Bonn, Germany (N 

= 67). Previous research using subsets of this sample has been published (Bauml et 

al., 2014; Daamen et al., 2015; Daamen et al., 2014; Grothe et al., 2017; Jurcoane et 

al., 2015; Meng et al., 2015; Shang et al., 2018). The study was approved by the 

local ethics committees of the Klinikum rechts der Isar and University Hospital Bonn. 

All study participants gave written informed consent and received travel expenses 

and a payment for attendance. A detailed description of participants, particularly 

including MRI-based brain abnormalities, can be found in the supplementary 

material.  

 

Birth-related variables  
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Gestational age (GA) was estimated from maternal reports of the last menstrual 

period and serial ultrasounds during pregnancy. In cases where the 2 measures 

differed by more than 2 weeks, clinical assessment with the Dubowitz method was 

applied (Dubowitz, Dubowitz, & Goldberg, 1970). Birth weight (BW), Intensity of 

Neonatal Treatment Index (INTI), duration of Neonatal Treatment Index (DNTI), 

optimality score of neonatal conditions (OPTN), days in hospital, maternal age, and 

familiar socioeconomic status (SES) at birth, were obtained from neonatal and 

obstetric records (Gutbrod, Wolke, Soehne, Ohrt, & Riegel, 2000; Riegel et al., 

1995).  

 

Cognitive assessments 

Adult general cognitive performance was assessed by independent, trained 

psychologists with the German version of the Wechsler Adult Intelligence Scale 

(WAIS III) (von Aster, Neubauer, & Horn, 2006) and converted to age-normed verbal 

intelligence quotient (IQ), performance IQ, and Full-Scale IQ scores at the average 

age of 26 years. 

 

Image Acquisition 

At both sites, MRI data acquisition was initially performed on Philips Achieva 3T TX 

systems (Achieva, Philips), using an 8-channel SENSE head coil. Due to a scanner 

upgrade, data acquisition in Munich and Bonn had to switch to Philips Ingenia 3T 

system with an 8-channel SENSE head coil, respectively, for Munich after N =133 

participants and for Bonn after N = 17 participants. To account for possible 

confounds introduced by scanner differences, data analyses included scanner 

identities as covariates of no interest. Across all scanners, sequence parameters 

were kept identical. Scanners were checked regularly to provide optimal scanning 

conditions. MRI physicists at the Klinikum rechts der Isar Munich and University 

Hospital Bonn regularly scanned imaging phantoms, to ensure within-scanner signal 
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stability over time. Signal-to-noise ratio (SNR) 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). Rs-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 and 0 mm 

interslice gap, reconstructed voxel size = 3.59 × 3.59 × 3.59 mm³) resulting in 250 

volumes of rs-fMRI data per subject. Subsequently, a high-resolution T1-weighted 

3D-MPRAGE sequence (TI = 1300 ms, TR = 7.7 ms, TE = 3.9 ms, flip angle = 15°; 

180 sagittal slices, FOV = 256 × 256 × 180 mm, reconstruction matrix = 256 × 256; 

reconstructed voxel size = 1 × 1 × 1 mm³) was acquired. Immediately before 

undergoing the resting-state sequence, subjects were instructed to keep their eyes 

closed and to restrain from falling asleep. We verified that subjects stayed awake by 

interrogating via intercom immediately after the rs-fMRI scan. 

 

MRI data analysis - preprocessing, outcome measures, and control for 

confounding effects 

Structural MRI data analysis - preprocessing and grey matter volume. For sMRI data 

analysis, we used the CAT12 toolbox (Structural Brain Mapping group, Jena 

University Hospital, Jena, Germany) implemented in SPM12 (Statistical Parametric 

Mapping, Institute of Neurology, London, UK). T1-weighted images were corrected 

for bias-field inhomogeneity, registered using linear (12-parameter affine) and 

nonlinear transformations, then spatially normalized using the DARTEL algorithm to 

the MNI atlas (Ashburner, 2007) and segmented into grey matter, white matter, and 

cerebrospinal fluid (Ashburner & Friston, 2005). The modulated normalized grey 

matter volumes (GMV) were used in further analyses. After pre-processing all scans 

passed through a CAT12 automated quality check protocol. We also calculated total 
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intracranial volume (TIV) for each subject, which was used as a covariate in further 

analyses. 

 

Resting-state fMRI data analysis (ALFF). Preprocessing and measure definition were 

carried out using SPM12 (http://www.fil.ion.ucl.ac.uk/spm) and DPARSF (Chao-Gan 

& Yu-Feng, 2010). For each participant, functional volumes were realigned to correct 

for head motion and coregistered to each subject’s high-resolution structural T1 

image. To transform individual images into common MNI (Montreal Neurological 

Institute) space, segmentation-based normalization parameters were applied to the 

coregistered structural and functional data. Data from 17 subjects (7 VP/VLBW 

subjects and 10 FT subjects) were excluded from further analysis due to excessive 

head motion defined as a cumulative translation or rotation >3mm or 3°. To estimate 

motion-induced artifacts, temporal SNR (tSNR), point-to-point head motion, and 

frame-wise displacement were assessed for each subject (Murphy, Bodurka, & 

Bandettini, 2007; Power, Barnes, Snyder, Schlaggar, & Petersen, 2012; Van Dijk, 

Sabuncu, & Buckner, 2012). Two-sample t-tests yielded no significant differences 

between groups regarding mean point-to-point translation or rotation of any direction 

(p >0.1), tSNR (p>0.25), and frame-wise displacement (p>0.3). We did not apply 

additional ‘scrubbing’ procedures to remove outliers in rs-fMRI volumes (Power et al., 

2012), following the suggestions of (Babu & Stoica, 2010; Yan et al., 2013). In 

particular, removal of non-contiguous time points alters the underlying temporal 

structure of the data, which precludes conventional frequency-based analyses of rs-

fMRI data (i.e., the fast Fourier transformation-based ALFF). 

To determine ALFF, nuisance covariates, including six head motion parameters, 

white matter, and cerebrospinal fluid signal intensities were regressed out from 

preprocessed rs-fMRI data. Then, after linear-trend removal, the time series were 

transformed to the frequency domain using Fast Fourier Transformation to obtain the 
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power spectrum. ALFF was calculated by taking the square root of the power 

spectrum averaged across 0.01–0.1 Hz at each voxel. Finally, the ALFF was 

standardized by dividing each voxel’s value by the global mean (Zang et al., 2007).  

 

Multivariate Pattern Classification Analysis for GMV and ALFF 

We used the NeuroMiner pattern recognition tool (www.pronia.eu/neurominer) to 

implement two fully automated machine learning pipelines to characterize 

multivariate brain patterns that separated full-term born control subjects from 

VP/VLBW individuals using, respectively: a) the normalized and modulated GMV 

maps; and b) the normalized ALFF maps. Models were trained within a repeated, 

nested cross-validation framework. In the inner loop of the cross-validation (CV), the 

training data were separated into 10 folds and preprocessed by: 1) smoothing the 

images with a full-width by half maximum smoothing kernel across range of [4 6 8 10] 

mm; 2) correction for age, sex, sites, and TIV; 3) dimensionality reduction using 

principal components analysis retaining the components contributing to the top 80% 

of the variance; 4) scaling [0,1]. Each processed training sample entered a stepwise 

forward variable selection process using a linear support vector machine (SVM; 

LIBSVM 3.12; http://www.csie.ntu.edu.tw/~cjlin/libsvm) at each selection step to 

iteratively grow a predictive group of variables up to 80% of the variable set (10% of 

variables added at each step). The procedure was repeated for each smoothing 

value and across a range of SVM C hyperparameters [0.125 0.25 0.5 1 2 4] and 

models that maximized the balanced accuracy (average of sensitivity and specificity) 

were selected within the inner CV loop. Inner folds were retrained using the winning 

model and the resulting inner models were applied to the outer-loop validation data. 

As the outer CV folds were permuted 5 times, this procedure produced an ensemble 

of 50 decision scores reflecting the degree to which an individual was classified as a 

FT or VP/VLBW. The predicted class of the individual was defined using majority 

http://www.csie.ntu.edu.tw/~cjlin/libsvm
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voting across models in which a given participant was not involved as a training 

instance.     

 

Multivariate brain patterns characterizing the decision boundary that separated FT 

and VP/VLBW subjects were visualized by back-projecting the feature weight vector 

of each SVM model from PCA to MNI space. Specifically, to visualize the average 

decision function, we implemented the procedure described in Koutsouleris et al. 

(Koutsouleris et al., 2015), involving: (i) In PCA space, the weight vector (w) of each 

SVM model was projected back to voxel space. This computation was performed for 

every training sample on the inner cross-validation (CV1) cycle, resulting in 10 voxel-

level images for a given training partition on the outer (CV2) loop. (ii) The average 

and standard error volumes of these 10 voxel-level w images were computed. (iii) 

For each CV2 partition, voxels with an absolute value greater than their respective 

standard error multiplied by 1.96 were set to one, or to zero otherwise. This 

thresholding procedure extracted only those voxels that reliably contributed to the 

average neuroanatomical decision boundary of a given CV2 partition at the 95% 

confidence interval. (iv) The obtained binary images were summed across all CV2 

partitions and divided by the number of partitions, thus forming a single map that 

specified every voxel’s probability of reliably contributing to the average 

neuroanatomical decision boundary across the entire experiment. 

 

Since we were specifically interested in the quantitative relationship between mutual 

structural and functional differences, we calculated the spatial overlap of both 

patterns according to the following steps: First, any significant clusters resulting from 

the SVM analysis of two modalities were saved as images in SPM12 and 

subsequently binarized between -1~-0.5 or 0.5~1. Second, clusters showing spatial 

overlap in both entities were resampled to common space/dimension and multiplied 

with each other via ImCalc to identify voxels that showed significant group 
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differences in either domain. Resulting clusters only contained voxels that showed 

significant differences in both structural and functional voxel probability maps.  

 

Association of Clinical and Cognitive Variables with Brain Signatures 

We conducted two analyses in order to: a) validate the neuroanatomical signatures 

by providing evidence of associations with demographics, medical history of preterm 

birth, and cognition; b) determine whether the neuroanatomical signatures could 

enhance the prediction of intelligence over-and-above the contribution of clinical 

indicators of prematurity.  For both analyses, decision scores separating the 

VP/VLBW individuals from the controls were used to quantify the degree to which 

each preterm individual’s brain matched the VBM and ALFF maps, respectively. We 

first assessed univariate relationships using Spearman’s correlation and then used a 

machine learning approach to quantify multivariate relationships.   Specifically, 

support vector regression (nu-SVR; LIBSVM 3.12; 

http://www.csie.ntu.edu.tw/~cjlin/libsvm) was employed using a similar procedure as 

for the imaging analyses. A repeated, nested framework (10x10 in CV1, 10x10 in 

CV2) was employed. For each training fold, preprocessing involved: a) scaling to a 

range of [0, 1]; b) pruning non-informative columns with zero variance; c) k-Nearest 

Neighbor-(k-NN) imputation to fill the missing values in the data (Jonsson & Wohlin, 

2004). Each processed training sample entered a stepwise forward variable selection 

process using SVR at each selection step to iteratively grow a predictive group of 

variables up to 80% of the variable set (10% of variables added at each step). This 

stepwise procedure identifies the most parsimonious subset of variables within the 

variable pool. C parameters were optimized within the range of [0.016 0.063 0.25 1] 

and the nu parameter characterizing the model fit of the regression across the range 

of [0.2 0.5 0.7]. Inner folds were retrained using the winning model and the resulting 

inner models were applied to the outer-loop validation data. To investigate the 

http://www.csie.ntu.edu.tw/~cjlin/libsvm
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contribution of individual variables we plotted the percentage of times that each 

feature was selected by the wrapper.  
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Results 

Sample Characteristics 

Group clinical-performance characteristics are shown in Table 1. The VP/VLBW and FT 

group did not differ with respect to age at assessment (p=0.277), gender (p=0.786), SES 

at birth (p=0.253), and maternal age (p=0.956). By design VP/VLBW adults had 

significantly lower GA (p<0.001) and BW (p<0.001). VP/VLBW persons had significantly 

more neonatal medical complications (optimality score) (p< 0.001) and were hospitalized  

longer (p<0.001). In addition, they had significantly lower Full-Scale IQ (p=0.001), verbal 

IQ (p=0.001), and performance IQ scores (p< 0.001). 

 

Patterns of aberrant GMV in VP/VLBW born adults 

Multivariate pattern classification via SVM based on individual GMV maps separated 

VP/VLBW and FT participants with balanced accuracy of 80.72% (specificity 88.0%, 

sensitivity 73.4%, Area Under the Curve: 0.90) (Table 2). Distinguishing patterns of 

increased and decreased GMV, respectively, which visualize this group separation, 

indicate multivariate patterns of inter-related volume decreases and increases in 

VP/VLBW adults (Figure 1). Patterns of decreased GMV in the VP/VLBW group 

compared with the term controls were in the bilateral middle temporal gyri, thalamus, 

caudate, and hippocampus. Patterns of increased GMV were in the bilateral superior 

temporal gyri, medial and lateral prefrontal cortex, precuneus/posterior cingulate cortex, 

and occipital regions.  

 

Patterns of aberrant ALFF in VP/VLBW adults 

Multivariate pattern classification based on individual ALFF maps separated VP/VLBW 

and FT participants with balanced accuracy of 77.5% (specificity 82.6, sensitivity 72.3%, 

Area Under the Curve: 0.85) (Table 2). Patterns of decreased ALFF in the VP/VLBW 
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group compared with the term controls were in the temporal pole, superior temporal 

gyrus, and inferior frontal gyrus (Figure 2). Patterns of increased ALFF were in the 

thalamus and the superior parietal lobes extending to the premotor cortices (Figure 2).  

 

Comparison of GMV and ALFF maps  

The GMV and ALFF maps were largely non-overlapping (Supplementary Figures 1 and 

2): firstly, the GMV changes were associated with subcortical decreases and frontal, 

medial frontal, and PCC increases; secondly, the ALFF maps were largely associated 

with decreases in the superior temporal gyri and increases in the parietal and 

sensorimotor cortices. Of the overlapping regions, decreases were found across both 

modalities in the middle temporal gyrus and right insula (Figure 3; blue). Increases were 

found for both modalities for the right fusiform gyrus and parietal lobes (Figure 3; red). 

Opposite effects were also found in the superior temporal gyrus with increased GMV but 

decreased ALFF (Figure 3; yellow), and decreased GMV but increased ALFF was found 

for the thalamus and caudate nucleus (Figure 3; violet).  

 

Clinical and cognitive validation 

Clinical and cognitive scores predicted GMV- and ALFF-based classification decision 

scores, respectively (GMV: R2 = 0.3, p<0.001, mean average error = 0.6; ALFF: R2 = 

0.13, p <0.001, mean average error = 0.43) (Table 3). Across both imaging modalities, 

increased number of hospital days and lower BW was associated with increased 

VP/VLBW likeness (Figure 4). For ALFF specifically a lower performance IQ and for 

GMV a higher total intracranial volume were associated with increased VP/VLBW 

likeness. Univariate correlations supported these findings as demonstrated by significant 

associations between GMV decision scores and BW, hospital days, GA, and the INTI 

(Table 4). ALFF decision scores were significantly associated with BW, GA, hospital 
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days, the INTI, and IQ (Table 4). Full-scale IQ was predicted using a combination of 

clinical variables and neuroimaging decision scores (R2=0.18, p < 0.001, mean average 

error = 9) at higher accuracies than using clinical variables alone (Supplementary Table 

1).  Variable importance analysis showed that decision scores of ALFF and birth-related 

variables (e.g. hospital days and birth weight) contributed most (Supplementary Figure 

2). We additionally predicted general IQ using a step-wise multiple linear regression 

approach in order to determine the additive effects of the neuroimaging decision scores. 

These analyses aligned with the machine learning results to demonstrate that the 

prediction of full-scale IQ significantly improved after the addition of neuroimaging 

decision scores (clinical R2=0.32, p=0.001; clinical and imaging R2=0.36, p<0.001) as 

mediated by ALFF but not GMV (Supplementary Table 2).  
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Discussion 

We analyzed structural and resting-state functional MRI data using machine learning to 

find that preterm birth signatures of brain abnormalities that could accurately identify 

individuals at a single-subject level. Our hypothesis was partially supported by the 

finding that subcortical volume decreases and cortical increases comprised the preterm 

birth signature. However, contrary to our hypothesis, the ALFF pattern was not 

completely overlapping and showed distinctive parietal, sensorimotor, and superior 

temporal cortex regions. Intersections of the maps were found in specific regions of the 

thalamus, insula, middle temporal cortex, and fusiform gyrus. The maps were validated 

by their association with critical preterm birth variables in agreement with our hypotheses 

and ALFF was found to contribute to the prediction of general intelligence.  

 

Patterns of aberrant grey matter volume 

Individuals born preterm could be separated from full-term individuals on the basis of 

brain volume at an accuracy of 80%. The spatial brain patterns broadly agreed with 

previous literature (Ball et al., 2012; Karolis et al., 2017; Loh et al., 2017; Nosarti et al., 

2008), but extended this research within a multivariate framework to demonstrate clearly 

differentiable networks of decreased and increased GMV. Decreased GMV was found in 

a pattern that centered on subcortical structures (thalamus, caudate, and hippocampus) 

and included the middle temporal gyri. Increased GMV was found in cortical structures 

that prominently involved the medial prefrontal cortex, dorsolateral prefrontal cortex, 

superior temporal gyrus, precuneus/posterior cingulate cortex, and occipital regions.  

 

The differentiation between subcortical-temporal decreases and cortical increases could 

be interpreted as an interaction between primary brain pathology and secondary 

neurodevelopmental disruption (Joseph J. Volpe, 2009). In particular, subcortical brain 
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lesions are indicated in postmortem preterm studies demonstrating neuronal loss and 

gliosis of the thalamus and basal ganglia (Haynes, Sleeper, Volpe, & Kinney, 2013; J. J. 

Volpe, 2012). This damage is indicated by reduced MRI volumes in infancy (Boardman 

et al., 2006; Haynes et al., 2013), which is sustained during childhood, adolescence, and 

adulthood (Bjuland, Rimol, Lohaugen, & Skranes, 2014; Counsell et al., 2007; Lax et al., 

2013; Nosarti et al., 2008; Peterson, Vohr, Staib, & et al., 2000; Young et al., 2015). In 

contrast, postmortem cortical damage is only reported in cases of severe forms of 

periventricular leukomylacia (Haynes et al., 2013), suggesting that localized 

abnormalities of cortical volume reported in preterm children or adults  (Lean, Melzer, 

Bora, Watts, & Woodward, 2017; Nosarti et al., 2014; Wan, Wood, Chen, Wilson, & 

Reutens, 2013) are attributable to secondary pathological cascades that disrupt normal 

neurodevelopment (e.g., from thalamic, white matter, or GABAergic cellular damage) 

(Joseph J. Volpe, 2009).  

 

In this study, secondary pathological cascades putatively resulted in the developmental 

delay or impairment of the normative process of synaptic pruning (Sowell, Thompson, 

Holmes, Jernigan, & Toga, 1999) within regions that are known for their relatively late 

maturation (Fair et al., 2008). Supportive evidence for this hypothesis can be found in 

previous preterm research showing increased grey matter volume in the medial frontal 

and cingulate regions in children (Lean et al., 2017; Nosarti et al., 2011; Zhang et al., 

2015) , adolescents (Nosarti et al., 2011) and adults (Nosarti et al., 2014). As 

hypothesized by previous research, the specific mechanism may be related to 

abnormalities of the corpus callosum (Zhang et al., 2015) and  long-range white matter 

tracts of functional networks, such as the default mode network whose main hubs were 

found here (i.e., medial frontal and posterior cingulate cortex) (Cui et al., 2017; 

Cunningham, Tomasi, & Volkow, 2017; Daamen et al., 2014; Degnan et al., 2015). As 
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such, this study clarifies research with disparate evidence of decreases and increases of 

cortical volume (Lean et al., 2017; Nosarti et al., 2014; Wan et al., 2013) by showing 

clearly differentiated networks. The work here also extends existing research by 

suggesting that such abnormalities are unique to brain volume because we did not find 

overlapping abnormal patterns of ALFF in the same medial and frontal regions. 

 

Patterns of aberrant ongoing brain activity fluctuations 

Adults born preterm could be classified on the basis of ALFF at an accuracy of 77.5% 

with a pattern consisting of prominently decreased ALFF in the superior temporal 

cortices and temporal poles, together with increased fluctuation amplitude in thalamic, 

and pre- and post-central gyri. Resting-state patterns were largely non-overlapping with 

volumetric patterns, except for the thalamus and middle temporal gyrus (see below). 

These results could be understood with reference to similar hypotheses as for brain 

volume regarding early primary deficit and secondary deficits.   

 

Voxel-wise univariate research in newborn infants demonstrates reduced ALFF 

compared to term infants in a pattern consisting of the superior temporal gyri bilaterally 

and motor areas, in addition to increased ALFF of the precuneus and inferior temporal 

gyrus (Wu et al., 2016). The results of the current study in early adulthood support this 

research by demonstrating a persistence of reduced ALFF in bilateral superior temporal 

gyri. The findings also cohere with task-based and resting-state functional imaging 

research demonstrating specific functional deficits associated with temporal gyri (Bauml 

et al., 2014; Gozzo et al., 2009; Schafer et al., 2009; White et al., 2014; Wilke, Hauser, 

Krageloh-Mann, & Lidzba, 2014). Combined, the results suggest that superior temporal 

functional deficits that are present in infancy persist into early adulthood and are a stable 
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pathophysiological marker of preterm birth. Further research using longitudinal designs 

is required to investigate this hypothesis.    

 

Thalamic ALFF increases were also found, which were partially overlapping with the 

thalamic decreases in volume. These findings agree with previous univariate region-of-

interest network-based analyses using largely the same patient cohort (Bauml et al., 

2014) demonstrating increased functional connectivity between this region and others. 

When combined with the previously described research demonstrating early thalamic 

lesions with later MRI volume changes, the results suggest that increased ALFF may be 

a downstream functional correlate in young adulthood of early thalamic damage. 

Interestingly, a previous study investigating ALFF in infants rather than adults did not 

find thalamic abnormalities (Wu et al., 2016), which may suggest early functional 

compensation that does not persist into adulthood or secondary disruption to 

development of functional networks (Fair et al., 2009).    

 

In addition to increased ALFF in thalamus, more widespread increases were found in the 

pre- and post-central gyri. These results are similar to previous preterm studies that 

have found disrupted functional connectivity of sensorimotor networks in premature 

neonates (Linke et al., 2018) and in perceptual and motor networks more broadly in 

adults born preterm, including the sensorimotor, visual, and auditory networks (Bauml et 

al., 2014).   Similar primary damage and secondary disease effects may explain these 

results. In particular, cortico-striatal-thalamic pathways connect sensorimotor areas 

(Leisman, Braun-Benjamin, & Melillo, 2014; Marsden, 1987; Nambu, 2004) and the 

suspected structural damage to the subcortical areas as found in this study could result 

in disrupted connectivity and subsequently increased amplitude of low frequency 

fluctuations. This hypothesis is supported by diffusion tensor findings indicating 
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disruption to basal ganglia and to motor connections (Hüppi et al., 1998) and by 

research indicating impairments in thalamocortical development related to sensory 

activation from 29 to 32 weeks in preterm infants (Kostovic & Judas, 2010).  

 

Distinction and intersection of GMV and ALFF patterns 

Except for areas in the temporal lobes and thalamus, the regions discussed above 

largely did not overlap for each modality. Such dissociation has been reported previously 

in infants and adults (Baldoli et al., 2015; Salvan et al., 2014) and could represent 

dissociations of structural and functional development coupled with compensatory 

effects. On one hand, non-overlapping increased ALFF of the sensorimotor cortices 

found across studies is primary thalamic and subcortical damage with subsequent 

functional disruption to areas whose structural development has returned to normal in 

adulthood. On the other hand, increased volume of the frontal, medial frontal, and 

posterior cingulate cortex could be due to delayed synaptic pruning in combination with 

functional compensation or delayed functional impairment.    

 

In contrast, the temporal lobes were important to the classification of adults born 

prematurely in both the GMV and ALFF data but the direction of the results diverged. 

Firstly, extensively decreased brain volume in the middle temporal gyri was found and 

this was related to increased ALFF. This finding is intriguing because the direction of the 

effect corresponds to the suspected thalamic damage, as indicated by volume 

reductions, that was coupled with ALFF increases as discussed above. The pathology 

underlying these findings is potentially related to abnormal growth of subplate neurons in 

the lateral temporal regions, which is known to be disrupted during premature birth (W. 

Deng, 2010; Kinney et al., 2012; Salmaso et al., 2014; Joseph J. Volpe, 2009). As such, 
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the results may suggest that primary subcortical and cortical abnormalities are related to 

increased ALFF—i.e., as primary functional marker of brain pathology.   

 

Secondly, increased superior temporal gyri volume was found in adults born prematurely 

but was related to decreased ALFF. As discussed above, the finding of increased 

volume is hypothesized to be related to secondary pathological cascades affecting 

cortical pruning as mediated by white matter tracts. However, the increased volume of 

other regions (e.g., medial and frontal regions) was not associated with ALFF changes in 

this study, which suggests a potential dissociation of the mechanism. Because superior 

temporal gyri abnormalities of brain functioning are so frequently reported from infancy 

to adulthood, these findings may suggest that persistent functional disruptions occurring 

throughout the lifetime may also impair neurodevelopmental processes—i.e., this 

speculative hypothesis implies that there may be primary functional changes that then 

result in secondary volume changes. However, further longitudinal research is required 

to tease apart the dynamics of structural and functional changes.     

 

Clinical and Cognitive Relationships with Brain Signatures 

The brain signatures of both the GMV and ALFF modalities were validated by strong 

relationships between an individual’s decision score and preterm birth complications that 

are known to be associated with early brain pathology (i.e., more hospital days and 

lower birth weight) (Joseph J. Volpe, 2009). These results suggest a continuum between 

the severity of preterm birth complications and later brain differences when compared to 

individuals born full-term. Additionally, the clinical signature associated with ALFF also 

included performance IQ, which provides discriminant validity and highlights the 

importance of assessing brain functioning in order to detect similarly dynamic cognitive 

processes. Our further analyses also demonstrated that the prediction of general IQ was 
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improved by the addition of the ALFF decision score. This result highlights a promising 

future direction for functional MRI predictive analyses because it tentatively suggests 

that improvements in accuracy may allow the techniques to be used as a proxy for 

traditional cognitive batteries in combination with birth-related variables (Dubois et al., 

2018).  

 

In further research, it would also be beneficial to investigate departures from the 

relationships found in this study (e.g., individuals with high birth complications but low 

brain correspondence with preterm birth signatures) in order to identify potential 

vulnerability and resilience factors that influence long-term brain outcomes. A hypothesis 

generated from this study would be that these factors would particularly modify 

downstream neurodevelopment, as represented by the cortical components of the brain 

signatures found here.  

 

Strength and limitations 

This study was limited by a number of factors. The first is that the sample used had less 

morbidity than previous samples in the literature in terms of neonatal complications, 

functional impairments, and decreased intelligence (e.g., individuals with frank brain 

damage were excluded from the study). As such, the hypotheses related to primary 

neuronal loss relate to the possibility of more subtle brain damage that would require 

more direct measurement in infancy in future studies. Secondly, hypotheses related to 

neurodevelopmental disruption were based on a single, cross-sectional snapshot and 

longitudinal studies across the lifespan are required to fully investigate the possibility of 

neurodevelopmental disruption. Thirdly, head motion during scanning and across 

centers may have confounded ALFF measurements despite the efforts to control for 

such factors. Fourthly, classification error was significantly higher in the VP/VLBW group 
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than in the FT group, which may be related to increased heterogeneity of long-term 

outcomes due to vulnerability and resilience factors, but this requires further 

investigation. In order to address these limitations, future studies should attempt to 

directly measure brain damage following preterm birth, follow individuals through critical 

developmental windows leading to adulthood, and assess vulnerability and resilience 

factors along this trajectory.  

 

Conclusion 

Using multivariate machine learning techniques, this study suggests that volumetric 

imaging related to subcortical brain damage present in infancy also appears in early 

adulthood. These abnormalities are interconnected with cortical brain patterns that 

suggest secondary neurodevelopmental disruption persisting into adulthood. Distinctive 

clinical associations with each brain measure validated these young adult preterm birth 

signatures by reinforcing links to their birth history.  
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