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Abstract 1 

Premature birth is associated with alterations in brain structure, particularly in white matter. 2 

Among white matter, alterations in cortico-thalamic connections are present in premature-3 

born infants, and they have been suggested both to last until adulthood and to contribute to 4 

impaired cognitive functions. To test these hypotheses, 70 very premature-born adults and 5 

67 full-term controls underwent cognitive testing and diffusion-weighted imaging. Each 6 

cortical hemisphere was parcellated into six lobes, from which probabilistic tractography was 7 

performed to the thalamus. Connection probability was chosen as metric of structural 8 

connectivity. We found increased cortico-thalamic connection probability between left 9 

prefrontal cortices and left medio-dorsal thalamus and reduced connection probability 10 

between bilateral temporal cortices and bilateral anterior thalami in very premature-born 11 

adults. Aberrant prefronto- and temporo-thalamic connection probabilities were correlated 12 

with birth weight and days on ventilation, respectively, supporting the suggestion that these 13 

connectivity changes relate with the degree of prematurity. Moreover, an increase in left 14 

prefronto-thalamic connection probability also correlated with lower verbal comprehension 15 

index indicating its relevance for verbal cognition. Together, our results demonstrate that 16 

cortico-thalamic structural connectivity is aberrant in premature-born adults, with these 17 

changes being linked with impairments in verbal cognitive abilities. Due to corresponding 18 

findings in infants, data suggest aberrant development of cortico-thalamic connectivity after 19 

premature birth with lasting effects into adulthood. 20 

 21 

Keywords: Premature birth, cortico-thalamic connectivity, diffusion-weighted imaging, 22 

probabilistic tractography, verbal cognition 23 
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 24 

Abbreviations: ANOVA, analysis of variance; BA, Brodmann area; BLS, Bavarian longitudinal 25 

study; BW, birth weight; DWI, diffusion-weighted imaging; fMRI, functional magnetic 26 

resonance imaging; FS-IQ, full-scale intelligence quotient; FT, full-term; FWE, family-wise 27 

error; GA, gestational age; INTI, intensity of neonatal treatment index; IQ, intelligence 28 

quotient; MNI, Montreal neurological institute; MRI, magnetic resonance imaging; PO-index, 29 

perceptual organization index; PS-index, processing speed index; ROI, region of interest; SES, 30 

socio-economic status; TE, echo time; TFCE, threshold-free cluster enhancement TR, 31 

repetition time; VC-index, verbal comprehension index; VLBW, very low birth weight; VP, very 32 

preterm; VP/VLBW, very preterm and/or with very low birth weight; WM-index, working 33 

memory index. 34 

  35 
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Introduction 36 

Premature birth, as defined by birth before 37 weeks of gestation, has a worldwide 37 

prevalence of about 11% (Blencowe et el., 2012; Chawanpaiboon et al., 2019). It is associated 38 

with an increased risk for both neurodevelopmental impairments and long-term cognitive 39 

difficulties (Anderson et Doyle 2003; D’Onofrio et al., 2013; Nosarti et al., 2012). These risks 40 

increase with higher degree of prematurity such as very premature birth (i.e., gestational age 41 

(GA) <32 weeks of gestation and/or very low birth weight (BW) < 1500g) (Nosarti et al., 2012, 42 

Saigal & Doyle, 2008). On a microscopic level, inflammatory and hypoxic-ischemic events that 43 

typically arise perinatally during premature birth, result in impaired neurodevelopmental 44 

cellular processes – from impaired subplate neuron development to aberrant neurite 45 

architecture and particularly pre-oligodendrocyte development (Pierson et al., 2007, Haynes 46 

et al., 2008, Buser et al., 2012, Kinney et al., 2012, Dean et al., 2013, for review see Volpe 47 

2009; Ment et al., 2009, Pandit et al., 2013, Salmaso et al., 2014, Volpe 2019). These impaired 48 

cellular developmental processes lead to an increased probability for delayed or incomplete 49 

migration of neurons and myelination of axons, eventually resulting at the macroscopic level 50 

in both aberrant functional and structural connectivity. As particularly the establishment of 51 

cortico-thalamic connections via the guidance of subplate neurons and the start of 52 

myelination by pre-oligodendrocytes coincides with premature birth during the third 53 

trimester of pregnancy (Kostovic and Jovano-Milosevic 2006; Kostovic and Judas 2010; Volpe 54 

2009), cortico-thalamic structural connectivity appears to be preferentially vulnerable to 55 

adverse effects of prematurity. 56 

 57 
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Indeed, several studies in premature-born infants have reported thalamic atrophy associated 58 

with microstructural alterations in corresponding white matter tracts from the thalamus such 59 

as the posterior limb of the internal capsule (Boardman et al. 2006; Pierson et al., 2007; Ball 60 

et al., 2012). Using diffusion-weighted imaging (DWI) and tractography, direct alterations in 61 

cortico-thalamic structural connectivity have been reported, with premature-born infants 62 

exhibiting diminished connections between thalamus and frontal cortices, supplementary 63 

motor areas, occipital lobes and temporal cortices compared to full-term born infants (Ball et 64 

al., 2013). Whether this cortico-thalamic structural dysconnectivity persists into adulthood, 65 

however, remains unclear. Indeed, in addition to reports of altered microstructure in several 66 

white matter tracts including thalamic radiations in premature-born adolescents and adults 67 

(Vangberg et al., 2006; Skranes et al., 2007; Allin et al., 2011; Meng et al., 2016; Menegaux et 68 

al., 2017), an inter-related decrease in thalamic volume and altered white matter 69 

microstructure has been found in premature-born adults (Meng et al., 2016). In a previous 70 

study of our group, we found impaired structural connectivity between the pulvinar and 71 

dorsal attention network, suggesting both long-lasting and widespread cortico-thalamic 72 

structural dysconnectivity after premature birth (Berndt et al., 2019). Furthermore, due to 73 

the well-known relevance of cortico-thalamic structural connectivity for cognitive functioning 74 

in general (for example Charlton et al., 2010; Hughes et al., 2012; Menegaux et al., 2019) and 75 

hints indicating that impaired cortico-thalamic connectivity in premature-born children is 76 

associated with cognitive difficulties (Ball et al., 2015; Fischi-Gomez et al., 2015), we 77 

additionally hypothesized that alterations in cortico-thalamic structural connectivity are 78 

associated with cognitive impairments in premature-born adults. 79 

 80 
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In order to test these hypotheses, 70 very premature-born adults and 67 full-term controls 81 

underwent DWI and structural imaging, as well as cognitive testing. To assess white matter 82 

structural connectivity, probabilistic tractography between several cortical regions and the 83 

thalamus based on DWI data was performed following the approach of Behrens and 84 

colleagues (Behrens et al., 2003). Full-scale and IQ subscores were obtained from the 85 

Wechsler Intelligence Scale and their association to cortico-thalamic connectivity was 86 

explored via linear regression analyses. 87 

 88 

Material and methods 89 

Participants 90 

We report how we determined our sample size, all data exclusions, all inclusion/exclusion 91 

criteria, whether inclusion/exclusion criteria were established prior to data analysis, all 92 

manipulations, and all measures in the study as follows. All inclusion/exclusion criteria were 93 

established prior to data analysis. Participants were recruited from the Bavarian Longitudinal 94 

Study (BLS; Riegel et al., 1995; Wolke and Meyer 1999) which investigates a geographically 95 

defined whole-population sample of neonatal at-risk children and healthy term controls. As 96 

previously described in Meng et al, 2016 and Berndt et al., 2019, all live-births born between 97 

January 1985 and March 1986 in Southern Bavaria and requiring admission to neonatal units 98 

in 17 children’s hospitals within the first ten days of life, comprised the target sample (Wolke 99 

and Meyer 1999). These included 682 infants born very preterm (VP; <32 weeks of gestation) 100 

and/or with very low birth weight (VLBW; < 1500g). During the same period, 916 healthy full-101 

term infants (>37 weeks of gestation; normal postnatal care) born in the same hospitals were 102 

recruited as control infants and 350 followed up beyond 5 years of age. 411 VP/VLBW and 103 
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308 full term-born (FT) individuals were eligible for the 26-year follow-up assessment among 104 

which 260 VP/VLBW (63.2%) and 229 (74.4%) FT subjects participated in psychological 105 

assessments. For more details on the sample and eligibility criteria at 26 years, see Breeman 106 

et al., 2015 and Eryigit-Madzwamuse et al., 2015. FT individuals were selected to match the 107 

VP/VLBW group regarding the overall distribution of sex, family socio-economic status (SES) 108 

and maternal age. All 260 subjects from the VP/VLBW group who participated in the follow-109 

up assessment at the age of 26 years underwent an initial screening for MR-related exclusion 110 

criteria. These criteria included: (self-reported) claustrophobia, inability to lie still for > 30 111 

minutes, unstable medical conditions (e.g. severe asthma), epilepsy, tinnitus, pregnancy, non-112 

removable, MRI-incompatible metal implants and a history of severe central nervous system 113 

trauma or disease that would impair further analysis of the data. Nevertheless, the most 114 

frequent reason not to perform the MRI exam was a lack of motivation. For a total of 183 115 

subjects, both structural T1 and diffusion-weighted MRI was available. MRI data acquisition 116 

was carried out at two different sites, the Department of Neuroradiology at the Klinikum 117 

rechts der Isar from the Technische Universität München, (n=116) and the Department of 118 

Radiology at the University Hospital of Bonn (n=67). The study was carried out in accordance 119 

with the Declaration of Helsinki and approved by the local ethics committees of the Klinikum 120 

rechts der Isar and the University Hospital Bonn. All participants gave written informed 121 

consent and received travel expenses and a payment for attendance. Only participants free 122 

from medication, psychiatric or neurological diseases, and qualitative signs of brain injury 123 

(such as ventriculomegaly or polymicrogyria) were included in the study. Further exclusion 124 

criteria were poor diffusion or structural imaging data quality, drop out of MRI data 125 

acquisition and suboptimal co-registration of imaging data necessary for tractography.  126 
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A full description of the sample that underwent DWI  and details about exclusion (n = 29) can 127 

be found in (Meng et al., 2016). 17 additional subjects were excluded due to suboptimal 128 

coregistration to standard space (n=8), abnormal reconstruction of diffusion directions at 129 

each voxel (n = 4) or failed tractography (n=5). Finally, 70 VP/VLBW and 67 FT subjects entered 130 

the following analysis. For more details, see below and Table 1. 131 

 132 

Birth-related variables 133 

Gestational age (GA) was estimated from maternal reports of the last menstrual period and 134 

serial ultrasounds during pregnancy. When the two measures differed by more than two 135 

weeks, further clinical assessment after birth with the Dubowitz method was applied 136 

(Dubowitz et al., 1970). We used birth weight (BW) obtained from obstetric records in this 137 

study instead of z-scores.  138 

The intensity of neonatal treatment index (INTI) as a measure of neonatal complications was 139 

obtained based on daily assessments of care level, respiratory support, feeding dependency 140 

and neurological status (mobility, muscle tone, and neurological excitability). Each of the six 141 

variables was scored on a 4-point rating scale (0–3). The INTI was computed as the mean score 142 

of daily ratings during the first 10 days of life or until a stable clinical state was reached (total 143 

daily score <3 for 3 consecutive days), depending on which occurred first, ranging from 0 (best 144 

state) to 18 (worst state).  145 

Duration (days) of mechanical ventilation was computed from daily records by research 146 

nurses. 147 

 148 

 149 

 150 
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Assessment of cognitive performance  151 

Cognitive performance was assessed at the age of 26 by independently trained psychologists 152 

blinded to group membership. The German version of the Wechsler Adult Intelligence Scale-153 

III (WAIS III; Von Aster et al., 2006) was used in an abbreviated form, which included six 154 

subtests: vocabulary, similarities, letter-number sequence, block design, matrix reasoning 155 

and digit symbol coding. The subtest scores were converted into verbal comprehension index 156 

(VCI), working memory index (WMI), perceptual organization index (POI), and processing 157 

speed index (PSI). 158 

 159 

Imaging data acquisition, preprocessing, and quality check 160 

Data acquisition:  161 

MRI data acquisition in both Munich and Bonn, was initially performed on a 3T Philips Achieva 162 

scanner [Philips Medical System, Netherlands] using a standard 8-channel SENSE head-coil. 163 

Due to a scanner upgrade, data acquisition in Bonn had to switch to a 3T Philips Ingenia 164 

system [Philips Medical System, Netherlands] with a standard 8-channel SENSE head-coil after 165 

N=17 participants. Scanner parameters were kept identical across all scanners. Signal-to-noise 166 

ratio was not significantly different between scanners (one-way ANOVA with factor "scanner-167 

ID" [Bonn 1, Bonn 2, Munich]; p = 0.811). However, in order to account for possible confounds 168 

by the scanner-specific differences, scanner identities were included in all analyses as 169 

covariates of no interest. The distribution of subjects among scanners was as follows: Bonn 170 

Achieva 3T: 4 VP/VLBW, 9 FT; Bonn Ingenia 3 T: 24 VP/VLBW, 13 FT; Munich Achieva 3T: 42 171 

VP/VLBW, 45 FT. 172 

As previously described in Meng et al., 2016, diffusion-weighted images were acquired using 173 

a single-shot spin-echo echo-planar imaging sequence, resulting in one non-diffusion 174 
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weighted image (b = 0 s/mm2) and 32 diffusion weighted images (b = 1000 s/mm2, 32 non-175 

collinear gradient directions) covering whole brain with: echo time (TE) = 47 ms, repetition 176 

time (TR) = 20150 ms, flip angle = 90°, field of view = 224 x 224 mm², matrix = 112 x 112, 75 177 

transverse slices, slice thickness = 2 mm, and 0 mm interslice gap, voxel size = 2 x 2 x 2 mm3. 178 

High-resolution T1-weighted images were acquired using a magnetization-prepared rapid 179 

acquisition gradient echo sequence following parameters: echo time (TE) = 3.9 ms, repetition 180 

time (TR) = 7.7 ms, flip angle = 15°, field of view = 256 x 256 mm², matrix = 256 x 256, 180 181 

sagittal slices, slice thickness = 1 mm, and 0 mm interslice gap, voxel size = 1 x 1 x 1 mm³. 182 

 183 

Data preprocessing: 184 

Diffusion data preprocessing was performed using the FMRIB Diffusion Toolbox in the FSL 185 

software (www.fmrib.ox.ac.uk/fsl) after converting data from DICOM to niftii format using 186 

dcm2nii (Li et al., 2016) as described in previous work (Meng et al., 2016). All diffusion-187 

weighted images were first corrected for eddy current and head motion by registration to the 188 

b0 image. Using the Brain Extraction Tool (BET), skull and non-brain tissue were removed. 189 

T1-weighted images were preprocessed using the anatomical processing script from FSL, 190 

which included reorientation, image cropping, bias field correction, linear (FLIRT, FMRIB's 191 

Linear Image Registration Tool) and non-linear (FNIRT, FMRIB's Non-Linear Image Registration 192 

Tool) registration to the Montreal neurological institute (MNI) standard space. Non-linear 193 

transformation output included a structural–to-MNI standard space warp field and its inverse 194 

(MNI-to-structural). Preprocessing also included brain extraction using BET and both tissue 195 

type and subcortical structure segmentations that were used to register diffusion-weighted 196 

images to preprocessed structural T1-weighted images using linear transformation (FLIRT), 197 

thus yielding a diffusion-to-structural transformation matrix. In order to register diffusion-198 

http://www.fmrib.ox.ac.uk/fsl
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weighted data to the MNI152 template via structural scan, we combined the previously 199 

generated structural-to-MNI non-linear transformation matrix with the diffusion-to-200 

structural transformation matrix, thus resulting in a diffusion-to-standard space 201 

transformation. This transformation was used in a later step to transform the individual 202 

fdt_paths, the 3D image file containing the output connectivity distribution to the seed mask, 203 

to standard space.  204 

 205 

Quality check:  206 

Individual diffusion-weighted images were carefully visually examined by three independent 207 

raters (C.M., A.M., C.S.) for excessive head motion, and apparent or aberrant artifacts. In 208 

addition to visual inspection of the raw data and preprocessed data, we also used the fitting 209 

residuals (the sum-of-squared-error maps generated by DTIFIT) to identify diffusion-weighted 210 

data corrupted by artifacts. Artifacts included motion-induced artifacts, insufficient fat 211 

suppression (ghosting) artifacts, and extreme distortion artifacts.  212 

 213 

Probabilistic tractography  214 

Regions-of-interest (ROIs) generation for tractography:  215 

Similarly as Behrens and colleagues did (Behrens et al., 2003), the cortex was divided into 6 216 

ROIs from which 6 masks were derived per hemisphere: prefrontal, motor, somato-sensory, 217 

parietal, temporal and occipital. We used the MNI152 2-mm structural label atlas combined 218 

with the Harvard-Oxford 30% 2-mm cortical atlas (Desikan et al., 2006) to create cortical 219 

masks in standard space. In addition, we used the Juelich atlas to create motor and 220 

somatosensory masks (Eickhoff et al., 2005). We combined Brodmann areas (BA) 4a, BA4p 221 

and BA6 to create the motor ROI from the left hemisphere, and BA1, BA2, BA3a and BA3b to 222 
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create the left somatosensory ROI. The same process was used to create the motor and 223 

somatosensory ROIs for the right hemisphere. Additionally, a mask of the right and left 224 

thalamus was created from the Oxford thalamic 30% connectivity 2-mm atlas (Behrens et al., 225 

2003) and a left and right mask were created from the MNI152-2mm structural label atlas. 226 

They were used as exclusion masks for the opposite hemisphere in order to ensure the 227 

ipsilateral specificity of the tracking. All masks were transformed into the participants’ native 228 

space using the reverse non-linear mapping previously obtained and nearest neighbor 229 

interpolation. 230 

 231 

Probabilistic tractography:  232 

Using the FDT toolbox from FSL, we first ran the function of Bayesian estimation of diffusion 233 

parameters obtained using sampling techniques (BedpostX) for each subject. It estimates the 234 

individual diffusion parameters at each voxel while automatically taking into account the 235 

number of crossing fibers per voxel (Behrens et al., 2003 and Behrens et al., 2007). We used 236 

the defaults parameters implemented in FDT: 2 fibers per voxel, weight of 1 and burning 237 

period 1000. Using the ROIs created as described above, we then ran the tractography 238 

analysis using the probtrackx2 function from FDT with each of the cortical ROI previously 239 

transformed into native space as described above as seed and the thalamus as waypoint 240 

target mask. We also used an exclusion mask from the opposite hemisphere in order to 241 

ensure the ipsilateral nature of the tractography. We tracked separately from each cortical 242 

ROIs to the thalamus i.e. 12 times, (1 for each of the 12 cortical ROIs). For each participant, 243 

5000 streamlines were initiated per seed voxel with a path length of 2000 × 0.5 mm steps, a 244 

curvature threshold of 80° and loop checking criteria. The resulting image or fdt_paths 245 

represents the path connecting the seed region to the target where the value in each voxel 246 
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represents the number of streamlines generated from the seed region that pass through that 247 

voxel. Because of inter-subject variability of the seed ROI size and number of generated 248 

streamlines, we normalized the fdt_paths by dividing it by the waytotal (total number of 249 

streamlines generated from the seed region that reaches the target region) thus resulting in 250 

a probability map of connectivity (Zhang et al. 2010, Arnold et al., 2012). 251 

To obtain a connectivity-based parcellation of the thalami, 6 average thalamic maps 252 

corresponding to each of the 6 cortical ROIs were first created separately for each hemisphere 253 

and for each group. Then, for each group separately, each thalamic voxel from the average 254 

maps was color-coded according to the cortical region with which it showed the highest 255 

probability of connection (winner take-all approach) thus resulting in a thalamic parcellation 256 

for VP/VLBW and FT groups separately (Figure 1).  257 

 258 

Extraction of FA and MD from paths probability maps: 259 

FA and MD maps for each individual were obtained after applying the tensor model in each 260 

voxel using the FSL fdt diffusion toolbox (Smith et al., 2004). Each individual FA and MD maps 261 

were then transformed to MNI standard space using the non-linear transformation previously 262 

obtained. A mask of the tracts between left thalamus and left prefrontal cortex was obtained 263 

using the individual fdt_paths maps from probtrackx transformed to standard space. The 264 

average paths from left thalamus to left prefrontal cortex was calculated for our cohort with 265 

fslmaths and thresholded above 0.03 (Menegaux et al., 2020). The average masks were then 266 

binarized before being used to extract the mean FA and MD value for each participant using 267 

the fslmeants command. The same procedure was used to create both masks of bilateral 268 

temporo-thalamic connections and extract the mean FA and MD value for each participant. 269 

 270 
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Statistical analysis 271 

Differences of clinical variables between VP/VLBW and FT individuals were tested using Chi2 272 

tests (sex, SES), two-sample t-tests (age, BW, VC-index, WM-index, PO-index, PS-index, Verbal 273 

IQ, Performance IQ and FS-IQ) and Mann-Whitney U tests (GA, ventilation score and INTI).  274 

The thalamus connection probability maps were compared between VP/VLBW and FT adults 275 

separately for each cortical ROI after being transformed to the MNI 2mm isotropic space. We 276 

used the general linear model, nonparametric permutation testing (5000 random 277 

permutations) and the Oxford-thalamic connectivity atlas from Behrens and colleagues 278 

(Behrens et al., 2003; Johansen-Berg et al., 2005) implemented in FSL in order to assess group 279 

differences in connection probability between each cortical ROI and thalamus using FSL’s 280 

randomize script (http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/randomise/) (Anderson and Robinson 281 

2001). The Oxford-thalamic connectivity atlas is a probabilistic atlas of 7 sub-thalamic regions 282 

segmented according to their connectivity to cortical areas (prefrontal, pre-motor, primary 283 

motor, sensory, parietal, occipital and temporal). We used these defined sub-thalamic regions 284 

as masks to investigate group differences between VP/VLBW and FT adults. As our cortical 285 

motor masks were composed of both pre-motor and motor cortices, we combined the pre-286 

motor and primary motor nuclei of the thalamic atlas into one nucleus that we called motor 287 

nucleus. We thus had 6 different thalamic masks corresponding to the 6 cortical ROIs for each 288 

hemisphere. The statistical threshold was set at PFWE < 0.05, with multiple comparison 289 

correction with threshold-free cluster enhancement (TFCE) (Smith and Nichols, 2009).  290 

In order to assess differences in connectivity between groups, we set the significance 291 

threshold >= 10 voxels. The location of significant voxels was identified using the Talairach 292 

atlas. 293 

 294 

http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/randomise/
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To analyze the association of cortico-thalamic structural connectivity with both the degree of 295 

prematurity and with cognitive performance within the VP/VLBW group, we extracted the 296 

mean connection probabilities from the significant group difference clusters and performed 297 

linear regression analyses. To investigate the association with the degree of prematurity, each 298 

cortico-thalamic connection probability was used as dependent variable and each 299 

prematurity variable (either GA, BW, INTI or ventilation score) as independent variable. 300 

Furthermore, as GA and BW are highly correlated, residuals of GA were added in the 301 

regression models with BW as covariate of no interest and vice versa. Sex and scanner were 302 

also added in the model as covariates of no interest. A total of 12 models were created, with 303 

multiple testing being corrected for using Bonferroni correction. To investigate the relevance 304 

of cortico-thalamic structural connectivity for cognitive ability, each of the IQ sub-score or FS-305 

IQ was used as dependent variable, and each cortico-thalamic connection probability was 306 

entered in the model separately as independent variable. As previously, sex and scanner were 307 

added in the model as covariates of no interest. As some of the IQ subscores correlated to 308 

each other, residuals of the others were always added as additional covariate of no interest 309 

in the models. As 2 VP/VLBW subjects did not have IQ measurements, the total number of 310 

subjects used to investigate the relevance of cortico-thalamic structural connectivity on 311 

cognitive performance was 68. A total of 15 models were created, with multiple testing being 312 

corrected for using Bonferroni correction. 313 

All linear regression analyses were performed using SPSS statistics package version 21 (IBM). 314 

As for the previously described voxelwise connectivity analyses, we used the general linear 315 

model to investigate group differences in FA and MD with gender and scanner as covariates 316 

of no interest using the SPSS statistics package. 317 

 318 
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Control Analysis 319 

In order to ensure that our findings were independent from the tractography method used, 320 

namely tractography direction, we used a reverse tractography approach to control for this 321 

choice, i.e., we performed tractography from thalamus (seed region) to each cortical ROI 322 

(target region). Although the directionality of connections cannot be inferred from diffusion-323 

weighted imaging data, we will refer to this approach as thalamo-cortical tractography for 324 

clarity. Both thalamic and cortical ROIs were identical to the ones described for the cortex-to-325 

thalamus tractography approach and an exclusion mask from the opposite hemisphere was 326 

used in order to ensure the ipsilateral nature of the tractography. We followed the same steps 327 

of normalization and transformation to MNI 2mm standard space as previously described. 328 

Each of the 6 previously described Oxford-thalamic atlas nuclei was used as a mask to 329 

investigate voxelwise group differences in thalamo-cortical connectivity between VP/VLBW 330 

and FT groups. 331 

 332 

Results 333 

Sample Characteristics 334 

The characteristics of the study sample are described in Table 1. By design, VP/VLBW adults 335 

had significantly lower GA, (p <.001) and BW (p <.001) than FT individuals. VP/VLBW subjects 336 

also had significantly lower verbal comprehension index scores (p =0.034), perceptual 337 

organization index scores (p <.001), and Full-Scale-IQ scores (p =.001) compared to FT 338 

controls. The two groups did not differ regarding age at scan (p = .330) or sex (p = .513), or 339 

processing speed index (p = .230). As processing speed index scores did not differ between 340 

VP/VLBW and FT subjects, it was not used for further analyses. 341 
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 342 

Aberrant cortico-thalamic connection probability in VP/VLBW adults 343 

In order to ensure that cortico-thalamic connectivity is comparable across VP/VLBW and FT 344 

adults, we first performed a qualitative analysis of connection probability patterns of cortico-345 

thalamic tractography using a winner take-all approach. This approach generated group-346 

specific thalamic parcellation maps due to distinct cortical lobes connection probabilities. 347 

Thalamic parcellation maps showed comparable patterns to those previously described in 348 

healthy adults (Behrens et al., 2003) and were comparable between VP/VLBW and FT subjects 349 

suggesting rather subtle differences in cortico-thalamic connection probabilities between 350 

groups (Figure 1A). In order to investigate each region more carefully, we performed a 351 

quantitative analysis. 352 

 353 

Voxel-wise between groups comparisons of connection probabilities for each cortical region-354 

of-interest showed both increases and decreases in connection probabilities in VP/VLBW 355 

adults. We found a reduced connection probability between left temporal cortices and left 356 

anterior thalamus (18 voxels, PFWE<0.05 TFCE corrected, Fig. 1B ) as well as between the right 357 

temporal cortices and the right anterior thalamus (13 voxels, PFWE<0.05 TFCE corrected, Fig. 358 

1B) in VP/VLBW adults compared to FT ones. We also found an increased connection 359 

probability between left prefrontal cortices and left medio-dorsal thalamus (39 voxels; 360 

PFWE<0.05 TFCE corrected, Fig. 1B). We did not find any significant group differences between 361 

motor cortices, somato-sensory cortices, parietal cortices, occipital cortices and thalami 362 

respectively. We also did not find any significant differences in connection probability from 363 

right prefrontal cortices to right thalamus. 364 

 365 
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In order to ensure that our findings were not dependent on the direction of tractography, we 366 

performed reverse tractography, i.e., tractography from thalamus to cortex. Using this 367 

approach and analyzing group differences with Oxford-thalamic nuclei as masks as for the 368 

previous analysis, we also found that the connection probability between left anterior 369 

thalamus and left temporal cortices was reduced in VP/VLBW adults (21 voxels) compared to 370 

FT controls, while the connection probability between left medio-dorsal thalamus and left 371 

prefrontal cortices was increased (63 voxels; Fig. 3 PFWE<0.05 TFCE corrected, Fig 2B). We did 372 

not find any significant group differences between left or right motor cortices, somato-373 

sensory cortices, parietal cortices, occipital cortices and left or right thalamus respectively.  374 

 375 

In order to better understand these aberrant cortico-thalamic connection probabilities, we 376 

investigated the microstructure of left prefronto-thalamic and bilateral temporo-thalamic 377 

tracts. We found significantly increased FA and reduced MD (p = .020 and p = .003 378 

respectively) in left prefronto-thalamic tracts in premature compared to term-born adults 379 

suggesting microstructural alterations of these tracts and potentially explaining the increase 380 

in structural connection probability. Furthermore, we also found reduced FA in left and right 381 

temporo-thalamic tracts in premature compared to term-born adults (p <.001 for both ROIs). 382 

However, there were no significant differences in MD in bilateral temporo-thalamic tracts 383 

between groups (p =.689 and p = .731 for left and right temporo-thalamic MD respectively). 384 

 385 

To ensure further that aberrant cortico-thalamic connection probabilities were due to 386 

prematurity, we performed linear regression analyses with aberrant connection probabilities 387 

as the dependent variables and GA, BW, ventilation score or INTI as independent regressors 388 

in the VP/VLBW group. In order to control for the effect of sex, scanner and age at scan, these 389 
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variables were added as covariates in the model. We found BW to be significantly negatively 390 

associated with the increased connection probability between left prefrontal cortices and left 391 

medio-dorsal thalamus (F(5.64) = 2.65, p = .031; β = -.316; p = .012., Table 2 ), suggesting that 392 

the lower the BW, the higher the connection probability between left prefrontal cortex and 393 

left medio-dorsal thalamus. The R2 of the model was 0.17 which corresponded to a medium 394 

to large effect size according to Cohen et al., 2010. We did not find any association between 395 

BW and left or right decreased temporo-thalamic connection probabilities. We also found the 396 

ventilation score to be significantly positively associated with the reduced connection 397 

probability between left temporal cortices and left anterior thalamus ( F(4.65) = 2.67, p = .040; 398 

β = .239; p = .047, Table 2 ), suggesting that the higher the number of days on ventilation, the 399 

lower the connection probability between left temporal cortex and left anterior thalamus. 400 

The R2 of the model was 0.14 which also corresponds to a medium to large effect size. 401 

We did not find any significant association between ventilation score and either the reduced 402 

right temporo-thalamic connection probability or the increased left prefronto-thalamic 403 

connection probability. We also did not find any significant association between GA or INTI 404 

and increased left prefronto-thalamic connection probability, reduced left temporo-thalamic 405 

connection probability or reduced right temporo-thalamic connection probability (Table 2).   406 

One should note that none of the associations between prefronto-thalamic or temporo-407 

thalamic connection probabilities and prematurity variables described above survived 408 

Bonferroni correction . 409 

 410 

 411 

 412 
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Aberrant cortico-thalamic connectivity in VP/VLBW adults is associated with cognitive 413 

difficulties 414 

In order to test whether aberrant cortico-thalamic connectivity is relevant for cognitive 415 

difficulties in VP/VLBW adults, we investigated the association between aberrant cortico-416 

thalamic connection probabilities and IQ subscores using linear regression analyses. We 417 

found that left increased prefronto- medio-dorsal thalamic connection probability was 418 

significantly negatively associated with verbal comprehension index (F(6.67) = 2.27, p = .049; 419 

β = -.287; p = .022) while no significant association was found with reduced left or right 420 

temporo-thalamic connection probability (Table 3). The R2 of the model was 0.18 which 421 

corresponded to a medium to large effect size (Cohen et al., 2010). 422 

One should note that the association between left prefronto-thalamic connection probability 423 

and verbal IQ  did not Bonferroni correction. 424 

Moreover, no further association between connection probabilities and cognitive scores were 425 

found (Table 3). 426 

 427 

 428 

Discussion 429 

In order to investigate cortico-thalamic structural connectivity in premature-born adults and 430 

its link to adult general cognitive performance, we used probabilistic tractography and the 431 

Wechsler intelligence scale. We found aberrant cortico-thalamic connectivity in VP/VLBW 432 

adults, namely increased connection probability between left prefrontal cortices and left 433 

medio-dorsal thalamus and decreased connection probability between bilateral temporal 434 

cortices and bilateral anterior thalami. Adult aberrant structural cortico-thalamic connectivity 435 

was directly associated with birth weight and the amount of days on ventilation, supporting 436 
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the suggestion that observed aberrant cortico-thalamic connectivity is linked with 437 

prematurity, although these findings did not survive Bonferroni correction. We further found 438 

that aberrant cortico-thalamic connection probabilities were associated with impaired 439 

general cognitive abilities. Indeed, increased prefronto-thalamic connection probability was 440 

associated with reduced verbal comprehension index. Thus, we showed, to the best of our 441 

knowledge for the first time, direct and long-term impact of premature birth on cortico-442 

thalamic structural connectivity, which partly links with adult cognitive outcomes. These data 443 

suggest aberrant development of cortico-thalamic connectivity after premature birth with 444 

lasting effects into adulthood. 445 

 446 

Persistent cortico-thalamic structural dysconnectivity following premature birth 447 

Aberrant temporo-thalamic connectivity.  448 

While cortico-thalamic connectivity was qualitatively comparable (Figure 1A), quantitative 449 

analyses revealed both increased and decreased structural connectivity between cortices and 450 

thalamus in premature born adults (Figure 1B). Temporo-thalamic structural connectivity was 451 

reduced bilaterally in VP/VLBW adults compared to full-term-born ones. This result persisted 452 

when employing the reverse tractography approach suggesting it was independent of the 453 

methodological approach used, and thus a robust finding. Reduced FA in bilateral temporo-454 

thalamic tracts in premature compared to term-born adults further suggested microstructural 455 

alterations of these tracts. Remarkably, this result is in line with findings from Ball and 456 

colleagues who found reduced structural connectivity between thalamus and temporal 457 

cortices in premature-born infants (Ball et al., 2013). Together, these findings suggest that 458 

reduced structural connectivity between thalamus and temporal cortices persists until 459 

adulthood. 460 
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This suggestion was further supported by the finding that decreased temporo-thalamic 461 

structural connectivity was negatively associated with the mechanical ventilation score in 462 

VP/VLBW adults, suggesting that the higher the number of days on ventilator, the lower the 463 

structural connectivity between the left thalamus and left temporal cortices. Although this 464 

finding did not survive the conservative Bonferroni correction, it is in line with previous 465 

studies that have shown that prolonged positive-pressure mechanical ventilation was linked 466 

with diffuse white matter injury, particularly around the thalamus (Alahmari et al., 2017; 467 

Skiöld et al., 2014). Therefore, we infer that aberrant temporo-thalamic connectivity is indeed 468 

related with the adversity of premature birth and in some cases with the adverse long-term 469 

effects of mechanical ventilation treatments. 470 

 471 

Aberrant prefronto-thalamic connectivity.  472 

We also observed patterns of aberrant connectivity between left thalamus and left prefrontal 473 

cortices in VP/VLBW adults, i.e., increased connection probability. Increased left prefronto-474 

thalamic connectivity was supported by reverse tractography, indicating the robustness of 475 

the result. Reduced FA and increased MD of prefronto-thalamic tracts in premature compared 476 

to term-born adults further suggested that microstructural alterations of these tracts might 477 

underlie the increase in connection probability. Increased prefronto-thalamic connection 478 

probability was negatively associated with birth weight so that the higher the structural 479 

connectivity between left prefrontal cortex and left thalamus, the lower the birth weight, 480 

suggesting that increased connectivity between left prefrontal cortex and left thalamus might 481 

reflect an impairment or deficit due to prematurity, i.e., it is suggestive of a lesion pattern 482 

although it did not survive the conservative Bonferroni correction for multiple comparisons. 483 

Although the direction of change is opposite to the one previously described in infants by Ball 484 
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and colleagues (2013) our findings show similar patterns of changes than those from Ball and 485 

colleagues who found diminished connections between thalamus and frontal cortices in 486 

premature-born infants compared to full-term-born ones (Ball et al., 2013). One should note 487 

generally that it is challenging to interpret findings of increased or decreased connectivity 488 

results in terms of underlying anatomical or even microscopic changes. The probability of 489 

connection between a cortical ROI and the thalamus reflects the number of streamlines 490 

connecting those two ROIs. However, the number of streamlines generated by probtrackx is 491 

not a direct measure of anatomical connectivity and their relationship to the underlying 492 

microscopic anatomy is rather unclear (Jones 2010; Jones et al., 2013; Jbabdi and Johansen-493 

Berg, 2011). Thus, lower connectivity values do not necessarily indicate lower strength of 494 

connection or fewer axons between two ROIs. Therefore, we can only interpret our finding of 495 

increased connectivity between left prefrontal cortices and left thalamus as aberrant. 496 

 497 

No changes in motor, somatosensory, parietal, and occipital cortices connection probability 498 

to the thalamus.  499 

Although Ball and colleagues also previously reported reduced structural connectivity 500 

between thalami and motor cortices as well as between thalami and occipital cortices (Ball et 501 

al., 2013), we did not find such differences in our adult sample. This might be explained by 502 

methodological issues such as the small size of the occipito-thalamic and motor-thalamic 503 

nuclei according to the Oxford-thalamic atlas (Behrens et al., 2003), the use of different 504 

scanning parameters, thalamo-cortical connectivity measures (e.g. connection probability 505 

versus tract FA) as well as cortical target regions (cortical lobes versus regions). With respect 506 

to the last point, we used rather large and unspecific cortical ROIs such as our cortical motor 507 

ROI which combined pre-motor and primary motor regions together. Given such large seed 508 
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ROIs, more specific findings of reduced connectivity between premotor-cortices and 509 

thalamus, for example, might not have been detected. This non-specificity of cortical ROIs 510 

might also explain the lack of group differences in cortico-thalamic connectivity of somato-511 

sensory, parietal and occipital cortices. Indeed, this argument in favor of more specific cortical 512 

ROI is supported by our previous finding of reduced structural connectivity between the 513 

pulvinar nucleus of the thalamus and the individually defined dorsal attention network in 514 

premature-born adults using resting-state fMRI (Berndt et al., 2019). Thus, although using 515 

more defined cortical ROIs might reveal differences between groups, the use of resting state 516 

functional networks rather than cortical lobes might prove useful for the investigation of 517 

cortico-thalamic structural connectivity changes in premature-born individuals.  518 

 519 

A further explanation for our lack of significant differences between VP/VLBW adults and full-520 

term controls might be the nature of the structural connectivity value used in our study. 521 

Indeed, the connection probability values obtained for each cortical ROI might not be very 522 

sensitive to prematurity-induced changes compared to microstructural indices such as FA and 523 

MD. Indeed, there have been widespread reports of changes in FA and MD in premature born 524 

individuals from infancy to adulthood in both anterior and posterior thalamic radiations 525 

(Meng et al., 2016; Menegaux et al., 2017; Allin et al., 2011; Vangberg et al., 2006; Skranes et 526 

al., 2007). Considering such reports and although connection probability is not a direct 527 

equivalent of the number of fibers connecting two regions (Jones et al., 2012), premature 528 

birth might rather affect the microstructural properties of thalamocortical fibers rather than 529 

their density.  530 

In summary of these limitations of our approach, i.e., size and specificity of cortical ROIs as 531 

well as the restrictive and unspecific nature of the connection probability measure, we infer 532 
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that our findings of aberrant fronto/temporo-thalamic connectivity might reflect conservative 533 

but robust estimates of aberrant cortico-thalamic connectivity after premature birth. 534 

 535 

Development of cortico-thalamic structural connectivity. 536 

The presence of aberrant prefronto-thalamic and temporo-thalamic structural connectivity 537 

specifically is consistent with previous findings of reduced thalamic volume being associated 538 

primarily with reduced frontal and temporal cortices in premature-born infants (Ball et al., 539 

2012), suggesting that fronto-temporal regions are particularly vulnerable to premature birth. 540 

In addition, aberrant gyrification in associative cortices such as fronto-temporal cortices in 541 

premature-born children (Zhang et al., 2015;) and adults (Skranes et al., 2013; Hedderich et 542 

al., 2019) have been reported. One proposed mechanism has been the disruption of subplate 543 

neurons which have been shown to influence the process of cortical formation as well as the 544 

establishment of cortico-cortical connections of the cortical plate (Kostovic and Rakic 1990). 545 

Interestingly, subplate neurons are necessary to establish thalamo-cortical connections 546 

(Kostovic and Rakic, 1990; Judas et al., 2010; Hoerder-Suabedissen et al., 2015) which takes 547 

place during part of the second and the third trimester of gestation (Kostovic et al., 2002; 548 

Kostovic and Judas 2010; Kostovic et al., 2014). Thalamic afferents projecting to the cortex 549 

first establish transient connections with subplate neurons around mid-gestation before 550 

connecting to cortical neurons. During this time, thalamic neurons, subplate neurons, and 551 

pre-oligodendrocytes are vulnerable to hypoxic/ischemic or inflammatory events that often 552 

take place during premature birth (Agresti et al., 996; Back et al., 2005; Ligam et al., 2009). 553 

Thus, our findings of aberrant prefronto- and temporo-thalamic structural connectivity in 554 

VP/VLBW adults compared to full-term controls fits with the current knowledge of brain 555 

development. 556 
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 557 

Cortico-thalamic structural connectivity changes are associated with cognitive difficulties 558 

We found that increased prefronto-thalamic structural connectivity was negatively associated 559 

with verbal comprehension index in VP/VLBW adults. Although this finding did not survive the 560 

conservative Bonferroni correction for multiple comparisons, it would suggest that cortico-561 

thalamic structural connectivity is relevant for cognitive performance. This finding is in line 562 

with reports of the impact of cortico-thalamic networks alterations on cognitive functions in 563 

adults (Charlton et al., 2010; Hughes et al. 2012), premature-born infants, (Ball et al., 2015) 564 

children (Fischi-Gomez et al., 2015) and the suggested relevance of cortico-thalamic 565 

connectivity for cognitive abilities in premature-born adults (Meng et al., 2016; Menegaux et 566 

al., 2017; Berndt et al., 2019). 567 

 568 

Prefronto-thalamic structural connectivity is relevant for verbal cognition.  569 

Our finding of increased prefronto-thalamic structural connectivity being negatively 570 

associated with verbal comprehension index suggests that prefronto-thalamic structural 571 

connectivity is more specifically relevant for language and verbal cognition. Previous studies 572 

have previously shown that language function and verbal cognition were impaired in 573 

premature-born children (Gozzo et al., 2009; Barre et al., 2011; Rogers et al., 2018; Bruckert 574 

et al., 2019) adolescents (Nosarti et al., 2004; Nosarti et al., 2008) and adults (Eryigit 575 

Madzwamuse et al., 2015; Heinonen et al., 2018). Among the anatomical regions relevant for 576 

language and verbal cognition, are the left inferior frontal gyrus where Broca’s area is located 577 

as well as the left superior temporal gyrus where Wernicke’s area area is located. It has also 578 

been shown in healthy adults that left prefrontal cortex was relevant for language (Gabrieli 579 

et al., 1998). Interestingly, human lesion studies have found impairments in verbal 580 
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comprehension index to be associated with lesions in the left inferior frontal gyrus but not 581 

left superior temporal gyrus (Gläscher et al., 2009; Barbey et al., 2012). Given the unspecific 582 

nature of our prefrontal ROI (composed of prefrontal and frontal cortices minus motor 583 

cortices) and the previous report of reduced thalamic volume being associated with 584 

impairments in a verbal fluency task in adolescents born prematurely (Gimenez et al., 2006), 585 

our finding of prefronto-thalamic structural connectivity being associated with verbal 586 

comprehension index is in line with the literature. 587 

Our finding of increased prefronto-thalamic connectivity being associated with lower verbal 588 

comprehension index score confirms the defective nature of increased connectivity and 589 

suggests it does not reflect a compensation mechanism. 590 

 591 

Further cortico-thalamic dysconnectivity is not linked to cognitive impairments.  592 

We did not find any further association between cortico-thalamic dysconnectivity and FS-IQ 593 

or other IQ-subscores. This lack of finding is in line with a report by Thompson and colleagues 594 

of an association between thalamo-cortical connectivity and motor performance only but not 595 

with IQ or executive function in preterm-born children (Thompson et al., 2020). Regarding 596 

other IQ subscores, lesions in parietal cortices but not lesions in prefrontal or temporal 597 

cortices have been reported to be associated with lower working memory index and 598 

perceptual organization index (Gläscher et al., 2009; Gläscher et al., 2010; Barbey et al., 2012). 599 

Moreover, in a previous study, we found that reduced connectivity between dorsal attention 600 

network (composed primarily of posterior parietal cortices and frontal eye fields) and pulvinar 601 

nuclei was associated with impaired perceptual organization index in premature-born adults 602 

(Berndt et al., 2019). Together these findings suggest that parietal rather than frontal or 603 

temporal cortices are of particular relevance for working memory and perceptual 604 
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organization functions. As we investigated their association to prefronto-thalamic and 605 

temporo-thalamic structural connectivity only, our lack of finding is consistent with the 606 

literature. Moreover, as both working memory and perceptual organization are complex 607 

functions relying on more than just one brain region, it might be more relevant to investigate 608 

structural connectivity between the thalamus and functional brain networks composed of 609 

regions located in several lobes rather than individual cortical lobes (Berndt et al., 2019).  610 

Finally, our lack of further findings between cortico-thalamic dysconnectivity and cognitive 611 

function might be explained by the nature of the measure of structural thalamo-cortical 612 

connectivity used. Indeed, we previously found that reduced FA in posterior thalamic 613 

radiations was associated with IQ (Meng et al., 2016) and visual short-term memory capacity 614 

in premature-born adults (Menegaux et al., 2017). These findings therefore suggest that 615 

cognitive performance might rely more on the microstructure of cortico-thalamic fibers 616 

rather than their density. 617 

 618 

Limitations 619 

Our study has several limitations that should be considered carefully. First, regarding the 620 

sample used in this study: Individuals with more severe impairments or multiple 621 

complications in the initial BLS cohort were more likely to be excluded in the initial screening 622 

for MRI thus creating a bias in our study towards VP/VLBW adults with higher IQ and less 623 

severe neonatal complications. Accordingly, we assume that our finding of aberrant cortico-624 

thalamic connectivity in premature-born adults and its link to cognition might be rather 625 

conservative estimates of changes in cortico-thalamic connectivity. Nevertheless, as our 626 

sample was of large size (137 subjects) and of similar age, our findings are reliable and can be 627 

generalized. Another factor to consider is that the most frequent reason not to perform the 628 
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MRI for BLS participants at the age of 26 was a lack of motivation which created a selection 629 

bias. Furthermore, our sample of premature-born adults was comprised of both VP and/ or 630 

VLBW individuals and it should be noted that preterm birth and intrauterine growth 631 

restriction might have different neurodevelopmental trajectories. Although only 12 subjects 632 

(17%) had VLBW and were not VP (Table S4), our findings refer to premature birth conditions, 633 

and are thus non-specific for the distinction between preterm and low-birth weight birth. 634 

Second point, as mention previously, the cortical ROIs used in our study as seed regions for 635 

tractography are relatively large and non-specific. Therefore, there might be group 636 

differences in cortico-thalamic connectivity that were not detected due to the non-specificity 637 

of cortical region.  638 

 639 

Finally, also discussed above, our metric of structural connectivity, i.e., connection probability 640 

between two ROIs, reflects the number of streamlines connecting those two ROIs. However, 641 

the relationship between number of axons and number of streamlines remains incompletely 642 

understood (Jones 2010; Jones et al., 2013; Jbabdi and Johansen-Berg, 2011). Thus, lower 643 

connectivity values do not necessarily indicate lower strength of connection or fewer axons 644 

between two ROIs. It is also important to note that here we use the term ‘probability of 645 

connection’ to refer to the probabilistic tractography score obtained by probtrackx. As 646 

explained by Jones and colleagues who prefer the term ‘stochastic tractography score’, the 647 

tractography score indicates how frequently a streamline between two points can be 648 

reconstructed, and there are many reasons why a streamline might not be successfully 649 

reconstructed (Jones et al., 2013), with differences in ‘true’ connection strength being only 650 

one of them (Jones et al., 2010). Other factors that might influence the number of streamlines 651 

are the organization of myelin in regions bordering cortical grey matter (Reveley et al., 2015), 652 
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fanning fibers and crossing fibers with fewer crossing fibers leading to increased connectivity 653 

values (Jbabdi and Johansen-Berg, 2011; Thomas et al., 2014; Reveley et al., 2015; Donahue 654 

et al., 2016).  655 

Conclusion 656 

Cortico-thalamic structural connectivity is aberrant in premature born adults, with these 657 

changes being linked with impairments in verbal cognitive abilities. Data suggest aberrant 658 

development of cortico-thalamic connectivity after premature birth with lasting effects into 659 

adulthood. 660 
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Tables  1079 

Table 1: Sample characteristics 1080 

 VP/VLBW (n=70) FT (n=67)  

 Mean SD Range Mean SD Range 
p 

value 

Sex (m/f) 42/28   41/26   .513 

Age (years) 26.6 ± 0.5 25.8 – 27.7 26.5 ± 0.5 25.6 – 27.9 .330 

GA (weeks) 30.3 ± 2.2 25 – 36 39.8 ± 0.9 38 – 42 <.001 

BW (g) 1307 ± 333 630 – 2070 3452 ± 433 2120 - 4200 <.001 

Ventilation 

(days) 
12.4 17.0 0 - 81 - - - n.a. 

INTI (a.u.) 11.8 4.0 3 - 17.6 - - - n.a. 

VC-index (a.u.) 104.2 ± 14.4 65 – 143 109.0 ± 15.9 77 – 143 .034 

WM-index (a.u.) 95.5 ± 18.3 58 – 146 101.7 ± 19.2 68– 150 .032 

PO-index (a.u.) 94.9 ± 13.4 69 – 125 105.7 ± 12.4 71 – 127 <.001 

PS-index (a.u.) 99.6 ± 18.3 50 – 138 101.7 ± 14.9 62 – 133 .230 

FS IQ (a.u.) 94.9 ± 12.2 64 – 125 102.0 ± 12.4 77 – 130 .001 

MRI Center:  N   N   

Bonn Achieva  4   9  .166 

Bonn Ingenia  24   13  .071 

Munich Achieva  42   45  .748 

 1081 

Statistical comparisons: Sex, SES, MRI center with χ2 statistics; age, BW, VC-index, WM-index, 1082 

PO-index, PS-index, Verbal IQ, Performance IQ and FS-IQ with t-tests; GA, ventilation score 1083 

and INTI with Mann-Whitney-U tests. 1084 

Abbreviations: BW, birth weight; FS-IQ, full-scale IQ; FT: Full-term-born; GA, gestational age; 1085 

INTI; Intensity of neonatal treatment; IQ intelligence quotient; PO-index, perceptual 1086 

organization index; PS-index, processing speed index; SD, standard deviation; VC-index, 1087 

verbal comprehension index; VP/VLBW: Very preterm and/or with very low birth weight WM-1088 

index, working memory index. 1089 
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 1090 

Table 2: Association between prematurity variables and connection probabilities 1091 

 L prefronto-thalamic 

connection probability 

L temporo-thalamic 

connection probability 

R temporo-thalamic 

connection probability 

GA β = -.123  p = .288 β = -.024  p = .845 β = -.018  p = .878 

BW β = -.316  p = .012 β = .020  p = .876 β = .025  p = .832 

Ventilation  β = .041  p = .734 β = -.239  p = .047 β = -.149  p = .202 

INTI β = .067  p = .577 β = -.011  p = .929 β = -.013  p = .907 

 1092 

Abbreviations: BW, birth weight; GA, gestational age; INTI; Intensity of neonatal treatment; 1093 

L, Left; R, Right; 1094 

 1095 

 1096 

Table 3: Association between connection probabilities and cognitive functions 1097 

 L prefronto-thalamic 

connection probability 

L temporo-thalamic 

connection probability 

R temporo-thalamic 

connection probability 

VC-index  β = -.287  p = .022 β = .012  p = .925 β = .086  p = .518 

WM-index β = -.066  p = .629 β = .068  p = .609 β = -.031  p = .826 

PO-index β = -.029  p = .837 β = .133  p = .321 β = -.093  p = .510 

PS-index β = -.032  p = .824 β = .134  p = .332 β = -.095  p = .503 

FS-IQ β = -.156  p = .230 β = .130  p = .320 β = .008  p = .951 

 1098 

Abbreviations: FS-IQ, full-scale IQ; L, Left; PO-index, perceptual organization index; R, Right; 1099 

VC-index, verbal comprehension index; WM-index, working memory index. 1100 

 1101 

  1102 

 1103 
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Figure Legends 1104 

Figure 1: Aberrant cortico-thalamic structural connectivity in VP/VLBW adults 1105 

A. Bilateral thalamic parcellations of the VP/VLBW and FT groups. B. The first row represents 1106 

the cortical ROIs used as seed regions in our study. The second row (cortico-thalamic 1107 

probabilistic tractography) shows group differences in cortico-thalamic connection 1108 

probabilities obtained from probabilistic tractography performed between cortical ROIs as 1109 

seed regions and thalami as target regions. The third row (thalamo-cortical probabilistic 1110 

tractography) exhibits group differences in thalamo-cortical connection probabilities 1111 

obtained from probabilistic tractography performed between thalami as seed regions and 1112 

cortical ROIs as target regions (i.e. reverse tractography). Red indicates voxels with 1113 

significantly increased cortico-thalamic connection probability in VP/VLBW individuals 1114 

compared to FT ones while blue represents voxels with significantly reduced cortico-thalamic 1115 

connection probability in VP/VLBW individuals compared to FT adults. Results are overlaid on 1116 

the Oxford-thalamic 25% connectivity atlas (Behrens et al., 2003).  1117 

 1118 

Figure 2: Association between aberrant cortico-thalamic connection probabilities and 1119 

prematurity variables. 1120 

The upper graph represents the left prefronto-thalamic connection probability as a function 1121 

of birth weight. The lower graph represents the left temporo-thalamic connection probability 1122 

as a function of ventilation. 1123 

 1124 

Figure 3: Association between aberrant cortico-thalamic connection probabilities and 1125 

verbal cognition. 1126 

Graph showing the verbal comprehension index as a function of left prefronto-thalamic 1127 

connection probability. 1128 


