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ABSTRACT

The perinatal period involves transitioning from an intra- to an extrauterine environment,
which requires a complex adaptation of the brain. This period is marked with dynamic and
multifaceted cortical changes in both structure and function. Most studies to date have focused
either on the fetal or postnatal period, independently. To the best of our knowledge, this is the first
neurodevelopmental study targeting the cortical trajectory of typically developing perinatal
subjects, combining MRIs from both fetal and postnatal participants. Prior to analysis,
preprocessing and segmentation parameters were harmonized across all subjects in order to
overcome methodological limitations that arise when studying such different populations. We
conducted a normative modeling analysis on a sample of 607 subjects, age ranged 24 to 45
weeks post-conception, to observe changes that arise as participants traverse the birth barrier.
We observed that the trajectories of global surface area and several volumetric features, including
total gray matter, white matter, brainstem, cerebellum and hippocampi, follow distinct but
continuous patterns during this transition. We further report three features presenting a
discontinuity in their neurodevelopmental trajectories as participants traverse from a fetal to a
postnatal environment: the extra-cerebrospinal fluid volume, the ventricular volume and global
gyrification. The current study demonstrates the presence of unique neurodevelopmental patterns
for several structural features during the perinatal period, and confirms that not all features are

affected in the same way as they cross the birth barrier.

SIGNIFICANCE STATEMENT

The perinatal phase comprises the fetal and immediate postnatal period, and is generally
described as the time surrounding birth. Comprehensively understanding this period is crucial due

to the presence of dynamic and multifaceted brain changes. What makes this investigation unique
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is that it is the first neurodevelopmental study, to the best of our knowledge, focused on the cortical
trajectory of typically developing perinatal subjects through the combination of both fetal and
postnatal participants into one analysis. We report that certain brain feature trajectories change
drastically as fetuses become newborns, while other features remain continuous. These
observations are relevant in both the isolation of biomarkers for later cognitive and physiological

disorders and in the understanding of  typical cerebral development.
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1. Introduction

The perinatal period is generally defined as the time shortly after conception up until a few
weeks to one year after birth (Helfer, 1987; World Health Organization, 2016). Characterizing
brain development during this period is challenging as a consequence of numerous complex and
intricate genetic, molecular and cellular mechanisms that act in concert during brain maturation
(Kostovic et al., 2019). This period is particularly important in the isolation of cortical biomarkers
since alterations in trajectories and neural patterns of both pre- and postnatal subjects have been
associated with later neurodevelopmental and physiological disorders (Girard and Huisman,
2005; Ment et al., 2009; Holland et al., 2014; Bouyssi-Kobar et al., 2016; De Asis-Cruz et al.,
2022; Sadhwani et al., 2022; Walhovd et al., 2023). However, most of these studies consider fetal
and postnatal periods separately, such that the specific transition from in-utero and ex-utero life

remains poorly characterized.
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91 1.1. Proper modeling of age effects in early brain development

92 The widespread commonality of applying linear regression models for estimating the
93 temporal evolution of any feature seems insufficient to understand complex early
94  neurodevelopment. Studying the typically developing cortex during this dynamic developmental
95 phase therefore necessitates the use of proper nonlinear models with larger sample sizes to
96 accurately capture fine-grained spatiotemporal trajectories (Kyriakopoulou et al., 2017;
97 Bethlehem et al., 2022). The normative modeling framework has been proposed as an adequate
98  statistical approach to investigate the nonlinear influence of age on MRI-extracted brain features.
99 It characterizes heterogeneity within a population by considering non-linearity and interactions
100 across several factors such as age and sex (Marquand et al., 2016). Contrary to the case-control
101  paradigm, normative modeling enables the estimation of deviation from a reference sample by
102 focusing on individual-level statistics (Marquand et al., 2019; Gratton et al., 2020). This approach
103 was adopted by a recently developed initiative, Brain Charts, that aimed to produce reference
104  charts of cortical morphology evolution across age, starting in the fetal phase up to 100 years old,
105 using over 100 000 subjects (Bethlehem et al.,, 2022). Despite the remarkable amount of
106 integrated data, the perinatal period is not well represented. More importantly, a closer look at
107 their nonlinear curves indicates a sharp variation in many brain features upon transitioning from
108 afetal to a postnatal state, which may be interpreted as a discontinuous trajectory. Since such a
109 degree of biological discontinuity in tissue growth is questionable, the origin of these sharp
110 variations is likely related to methodological limitations such as differing segmentation and

111 preprocessing techniques.

112
113
114
115
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116 1.2. Contributions

117 In the current study, we shed light on normative patterns of perinatal neurodevelopment
118 in several neuroanatomical attributes and provide, to the best of our knowledge, the first empirical
119 testof neurodevelopmental trajectories as they traverse the birth barrier. We characterize patterns
120 of cortical development across several features including global gray matter, white matter,
121  ventricular, extra-cerebrospinal fluid (eCSF), hippocampal, cerebellar and brainstem volumes, as
122  well as surface area and gyrification. We show strong evidence of discontinuity for eCSF,
123  ventricles and gyrification, while observing continuous patterns in the remaining features. We fill
124  agap within the literature by combining fetal and at-term postnatal subjects into one study, versus
125 investigating them separately as has been generally done until now. By running
126  neurodevelopmental modeling on combined fetal to postnatal subjects, we not only quantitatively
127  characterize important perinatal patterns, but likewise address methodological limitations by
128 applying unified segmentation and preprocessing techniques across all subjects to manage
129 inherent MRI biases. This prevents biases that skew data and can affect results interpretation,
130 and/or introduce discontinuities in the data as seen in the transition between fetal and postnatal

131  populations in the Brain Charts paper (Bethlehem et al., 2022).

132

133 2. Materials and methods

134 In this section, we outline the criteria for selecting fetal and postnatal participants and the
135 pipelines used for processing this perinatal MRI data. We emphasize the unified segmentation
136 method used for segmenting both fetal and postnatal MRI data and for generating an inner cortical
137  surface interface between cortical gray and white matter. Extensive quality assessments of each

138 step are also described.
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139 2.1. The fetal dataset: MarsFet

140 We constituted our fetal dataset by retrospective access to MRI data acquired during
141  routine clinical appointments at la Timone Hospital in Marseille between 2008 and 2021. Over
142  this period, more than 800 cerebral MRI sessions, spanning a developmental period of 20 to 37
143  weeks post-conception (WPC), were administered following an indication requested by the
144  Multidisciplinary Center for Prenatal Diagnosis, in the context of usual obstetric assessment
145  during pregnancy. This study was approved by the local ethical committee from Aix-Marseille
146  University (N°2022-04-14-003). We focused on the cerebral MRI sessions acquired using two
147  particular MRI Siemens scanners (Skyra 3T and SymphonyTim 1.5T), using a T2 weighted (T2w)
148  half Fourier single shot turbo spin echo (HASTE) sequence. The details of the MRI acquisition
149  settings are provided in Table 1. To define our fetal normative cohort, close collaboration between
150 contributing medical doctors enabled the design of a set of exclusion criteria combining

151 neuroradiology, obstetrics and pediatric neurology aspects (Table 2).

152
Fetal Dataset
Scanner Model Skyra SymphonyTim
Magnetic Field Strength 3.0 1.5
[Tesla]
Resolution [mm*3] 0.6*0.6*3.0 0.7%0.7*%3.0 | 0.8%0.8%3.0 0.7%0.7*3.6 0.7%0.7*3.0 0.7%0.7*3 .4 0.7*0.7*3.5
Repetition Time 4060 3418 3315 3550 1740 1690 1689
(Tr)[ms] +- (609) +-(922) +-(911) +-(71) +-(59)
Echo Time (Te)[ms] 180 177 177 177 141 138 131
+ (D +-(0) +-(1) +- (1) +(1)
153

154 Table 1: A detailed table summarizing MRI acquisition settings for the fetal dataset, MarsFet.

155


https://doi.org/10.1101/2024.03.07.583908
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.03.07.583908; this version posted March 11, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-ND 4.0 International license.

Exclusion Criteria for the MarsFet Cohort

*  Multiple pregnancy

* Brain malformation : microcephaly (-3SD), macrocephaly (+2SD), commissural anomalies (corpus callosum
anomalies, septal agenesis), posterior fossa anomalies (Dandy-Walker spectrum, compressive arachnoid cysts,
mega grande cisterna > 12mm, cerebellar hypoplasia, pontocerebellar malformations), clastic lesions, cortical
developmental anomalies

* Enlargement of ventricles superior than 10mm at ultrasound

* Extracerebral malformation (particularly cardiac or syndromic)

* Genetic syndrome and/or chromosomal abnormality and/or deleterious mutation

* Fetal alcoholism

* Detrimental perinatal event: difficult traumatic delivery, anoxo-ischemia, respiratory distress, convulsion,
maladjustment to extrauterine life

» Diabetic mother treated or gestational diabetes, epileptic mother treated

Fetal MRI sessions performed in the following situations were not excluded:
* Maternal infection by cytomegalovirus for which the infection of the fetus was ruled-out by test on amniotic fluid

or urine in the neonatal period

* Presence of small (inferior to 3mm) periventricular cysts

156

157  Table 2: Detailed inclusion/exclusion criteria.

158

159 Fetal MRI acquisitions consisted in several 2D T2w images with varying acquisition

160 directions (such as coronal, sagittal, axial, or transverse), referred to as stacks. Fetal MRI stacks
161  were denoised using the non-local means approach (Manjén et al., 2010) implemented in the
162  ANTS software (Avants et al., 2009). A mask of the brain was computed for each 2D image using
163  Monaifb (Ranzini et al., 2021). The denoised MRI stacks were corrected for three-dimensional
164 fetal brain intensity bias using the N4 method (Tustison et al., 2010) implemented in ANTS. A 3D
165  high resolution T2w MRI volume (0.5mm iso) was then estimated from the pre-processed MRI

166  stacks using NESVOR v0.2 (Xu et al., 2022) (https://github.com/daviddmc/NeSVoR). The quality

167  of the resulting 3D high resolution T2w volume can be affected by various inaccuracies or artifacts

168 related to the quality of the initial stacks. Since the 3D volume quality in turn impacts the accuracy
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169 of the segmentation, we visually inspected each reconstructed volume as detailed in section 2.3.5

170  below and excluded data of insufficient quality.

171
172 2.2. The postnatal dataset - developing Human Connectome Project
173 We used the third release of the publicly available developing Human Connectome Project

174  (dHCP) neonatal dataset (https://www.developingconnectome.orq) that consists of 887 MRI

175 scans from 783 infants, spanning a developmental period of 26 to 45 weeks post-conception
176 (Edwards et al., 2022). This dataset thus contains the data from 200 babies born preterm (before
177 37 wPC). As detailed in Edwards et al. (2022), T2 weighted (T2w) multi-slice fast spin echo (FSE)
178  scans were acquired using a 3T Philips Achieva scanner with in-plane resolution 0.8 x 0.8 mm2
179 and 1.6 mm slices. We relied on the 3D isotropic (0.5 mm iso) MRI scans reconstructed by
180 combining multi-slice scans after slice-to-volume motion correction using the Cordero-Grande et
181 al. (2016) method. From this dataset, we excluded the MRI scans exhibiting clinical anomalies or
182  presenting incidental findings that were likely to affect further processing (dHCP radiological score
183  of 3, 4 or 5). Participants of a multiple pregnancy were also excluded from our postnatal normative

184  cohort. We further detail the refinement of our final sample in section 2.3.5.

185
186 2.3. Unified MRI processing pipeline and quality assessment
187 A unified MRI segmentation and surface extraction pipeline is crucial for quantitatively

188  depicting the development of brain structures as they transition from an in-utero and an ex-utero
189  environment. One key contribution of this work is showcasing the practicability of processing
190 cerebral MRI scans from fetuses and neonates using identical tools, as illustrated in Figure 1. To

191  achieve this, our approach entails combining the state-of-the-art nn-Unet framework (Isensee et
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192  al., 2020) with a large amount of T2w postnatal MRI data sourced from the dHCP dataset, in order
193 totransfer a segmentation model from postnatal data to fetal imaging acquired in clinical settings.
194  This approach has two key advantages: 1- the segmentation model is trained on top-quality data,
195 thatis not accessible to antenatal acquisitions; 2- the anatomical nomenclature and segmentation
196  accuracy is unified, meaning that defined variations of segmented structures between fetal and
197 postnatal datasets are minimized, contrary to Bethlehem et al. (2022) where different
198 segmentation models were used. Our approach included the following steps: 1) train a state-of-
199 the-art deep-learning 3D segmentation model on the youngest infants from the postnatal dataset
200 (dHCP) from which high quality images and segmentations were available, resulting in the Unet-
201 preterm segmentation model; 2) Fine-tune the Unet-preterm model on a fetal ground truth,
202  resulting in the Unet-fetus segmentation model; 3) Segment the rest of the postnatal MRI scans
203 from the dHCP using the Unet-preterm model; 4) Apply the same surface extraction and topology
204  correction tool to all the above-mentioned segmented volumes; 5) Visual quality assessment of

205 the obtained segmentations and surfaces. We further describe each processing step below.

206
Neonatal Neonatal
41 wPC
207
208 Figure 1: Examples of obtained segmentations for three fetuses and two neonates, illustrating the consistency of the anatomical

209 delineation despite large variations in age and developmental stage. eCSF represents extra-cerebrospinal fluid, cGM represents
210 cortical gray matter, WM represents white matter, and dGM represents deep gray matter.
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211 2.3.1. Training of the segmentation model on the postnatal dataset

212 The dHCP consortium provides whole brain multi-tissue segmentation maps based on the
213  technique Draw-EM (Makropoulos et al., 2018) that combines a spatial prior and a model of the
214  intensity of the image in order to enforce robustness to variations in image intensity distribution
215 related to brain maturation. This segmentation map includes extra-cerebrospinal fluid (eCSF),
216  cortical gray matter (cGM), white matter (WM), lateral ventricles, deep gray matter (dGM),
217  cerebellum, brainstem, and hippocampus. To avoid the influence of local inaccuracies in the
218 segmentation of the convoluted cortical gray matter resulting from the well known limitations of
219 the atlas-registration approach in Draw-EM, we replaced the initial cortical gray matter label with
220  the cortical ribbon volumetric mask also provided by the dHCP and defined as the voxels located
221  between the inner (white) and the outer (pial) cortical surfaces. We then use the segmentation
222  maps as defined above from the 50 youngest infants of the dHCP to train a first nn-Unet model.
223  The age within the training set ranged from 29.3 to 37.1 weeks post-conception, covering a
224  substantial portion of the fetal period. We denote this model as Unet-preterm in the following

225 sections.

226
227 2.3.2.  Fine-tuning on the fetal dataset
228 We used the Unet-preterm model described above to predict the segmentation from the

229 3D T2w fetal MRI volumes that passed the visual quality assessment. As expected, the accuracy
230 of these segmentations was not always satisfying. We adopted the ‘active learning’ strategy as
231 introduced in Uus et al. (2023) and Budd et al. (2021) by manually refining the initial segmentation
232  predicted by the Unet-preterm model. We specifically screened the highest quality fetal MRI
233  volumes, which is critical for accurate manual delineation of anatomical structures, and selected
234  seven cases showing minimal, unambiguous errors. We obtained optimal quality data and

235 corresponding accurate segmentation for these seven fetuses. We then fine-tuned the Unet-
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236  preterm model using these ground truth fetal data following the procedure described in

237 (https://github.com/MIC-

238 DKFEZ/nnUNet/blob/master/documentation/pretraining_and _finetuning.md). During this fine-
239  tuning, the model further converges toward an optimal configuration that lies closer to the Unet-
240  preterm model than in the case of training directly from fetal data. This second model is denoted
241  as Unet-fetus. Extensive visual assessment of selected cases for which the prediction from the
242  Unet-preterm was inaccurate confirmed that the fine-tuning on seven fetal data was sufficient to

243  proceed with the next step of our pipeline.

244

245 2.3.3. Segmentation of the postnatal dataset using the nn-Unet based

246 model

247 In order to ensure a consistent image processing across both postnatal and fetal datasets,

248  we also used the Unet-preterm model to predict the segmentation of the remaining subjects from
249 the dHCP dataset. The visual assessment described in section 2.3.5 below confirmed that this

250 segmentation model is more accurate than Draw-EM provided by the dHCP consortium.

251
252 2.3.4. Whole brain mesh generation and surface features
253 In order to extract a surface mesh allowing us to compute surface features, we designed

254  an extended white matter mask from the multi-tissue segmentation by aggregating the labels
255  corresponding to the ventricles, deep gray matter and hippocampus with the white matter. Figure
256 2 shows examples of cortical surfaces extracted using our pipeline spanning the perinatal period
257 from fetal to postnatal subjects. A 3D global gyration index similar to the one proposed in

258  Batchelor et al. (2002) was computed as the ratio between the white mesh surface area and the


https://github.com/MIC-DKFZ/nnUNet/blob/master/documentation/pretraining_and_finetuning.md
https://github.com/MIC-DKFZ/nnUNet/blob/master/documentation/pretraining_and_finetuning.md
https://www.zotero.org/google-docs/?m8hdTb
https://www.zotero.org/google-docs/?m8hdTb
https://www.zotero.org/google-docs/?m8hdTb
https://doi.org/10.1101/2024.03.07.583908
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.03.07.583908; this version posted March 11, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-ND 4.0 International license.

259  area of its convex hull derived directly from the mesh using the SLAM toolbox (brain-slam/slam:

260 Surface analLysis And Modeling).

261

262

263 Figure 2: Examples of cortical surfaces obtained using our pipeline for each week post-conception from 26 to 45 weeks (left to right,
264 along each row). Note the increasing folding with age. The dotted gray line represents the transition from fetal to postnatal cortical
265  surfaces.

266
267 2.3.5.  Quality control (QC)
268 In order to ensure a high accuracy of the features used in our statistical analyses described

269  below, we conducted an extensive visual assessment of the quality of the images, segmentations
270 and corresponding cortical surfaces. Three raters (G.A, A.M and A.P) scrutinized the 3D
271  reconstructed T2w volumes to identify potential artifacts and anatomical inaccuracies. Regarding
272  T2w postnatal MRI data, we relied on the quality control and the radiological screening performed
273 by experts involved in the dHCP consortium and incorporated postnatal T2w MRI scans that were
274 successfully processed using the full dHCP structural pipeline (Makropoulos et al., 2018). We
275 also controlled the quality of the cortical surface mesh for each participant from both fetal and

276  postnatal datasets. The visual assessment of the cortical surface is efficient for spotting subtle
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277  segmentation inaccuracies that would be very hard to detect by inspecting the segmentation in

278  the voxel space.

279

280 2.4. Statistical analyses

281 2.4.1. Normative models using the GAMLSS framework

282 As described in Marquand et al. (2016), the aim of normative modeling is not only to

283  estimate aregression curve representative of an average across a population, but also to estimate
284  centiles of a distribution for each brain phenotype that will serve to quantify the potential deviation
285 from the reference model. In this work, we used the generalized additive model for location, scale
286 and shape (GAMLSS) framework to observe and model the evolution of each brain feature as a
287  function of age as subjects traverse the birth barrier. This is a robust and flexible normative
288 modeling framework introduced in Stasinopoulos and Rigby (2008) that can be fit to non-Gaussian
289  distributions and used to characterize heteroskedasticity and dynamic non-linear growth. We used
290 the implementation provided by Dinga et al. (2021), which is based on the R package presented
291 in Stasinopoulos and Rigby (2008). This implementation of the GAMLSS framework provides
292 automated parameter optimization to obtain optimal fit for inserted data. It is therefore ideal for
293 modeling the median and centiles of non-linear neurodevelopmental trajectories of brain features
294  extracted from neuroimaging data as a function of age (Kyriakopoulou et al., 2017; Bethlehem et
295 al., 2022; Frangou et al., 2022; Bozek et al.,, 2023). GAMLSS was fit with the Sinh-Arcsinh
296 (SHASH) model distribution for growth as a suitable four parameter distribution corresponding to
297 location, scale, skewness and kurtosis due to its flexibility across different types of data
298  distributions including scenarios of non-normally distributed residuals (Jones and Pewsey, 2009;

299 Dinga et al., 2021).
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300 The GAMLSS model was fit on each of the following whole-brain volumetric features:
301 cortical gray matter, deep gray matter, white matter, cerebellum, brainstem, hippocampi, extra-
302  cerebrospinal fluid (eCSF) and ventricles. Whole-brain gyrification and white matter surface area
303 were also investigated. Quantile intervals were set by the model and computed at [-20, -10,
304 median, 10, 20] in order to better incorporate the data. Model quality of the fit per feature was
305 assessed by computing model diagnostics metrics including worm plots, Q-Q plots and other
306 distribution measures such as skewness, kurtosis and Filliben correlation coefficients. All
307 analyses were done in R using gamiss, nime and mgcv packages, and plots were generated using

308 ggplots. We used the code provided by Dinga et al. (2021) as a starting point for our statistical

309 analyses (https://github.com/dinga92/gamliss _normative paper).
310

311 2.4.2. Normalized trajectories and velocity

312 To better visualize and compare the neurodevelopmental trajectories of all features,

313 normalization is required in order to compensate for potentially large variations related to global
314  tissue sizes. In this work, we also normalized the median trajectory of each feature by its
315 maximum, which corresponded to the value recorded at 45 wPC (the oldest age) for all cortical
316 features. These normalized trajectories can thus be collectively interpreted in terms of evolution
317 relative to the highest cortical feature value (achieved at the end of our age range for all features
318 at45 wPC). In order to further characterize the dynamics of each feature’s cortical trajectory, we
319 further computed their respective first derivatives, which describes the velocity, or growth rate, at
320 each point on the curve.

321

322

323

324
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325 2.4.3. Feature Proportionality Across Age

326 To observe inherent maturational dynamics of the cortical features collectively, we
327  calculated the proportion of the intracranial volume (ICV) that each feature represents per week
328  across the perinatal period using the following formula:

329

330 Proportion of Feature X = (Ftx/ICV) x 100

331

332  Ftrepresents the cortical feature, x represents the type of cortical feature (computed for each of
333 the following = brainstem, cerebellum, cortical gray matter, deep gray matter, white matter,
334  hippocampi, eCSF and ventricles), and ICV is the summation of all the volumetric features. This
335 analysis was computed on only volumetric features (i.e. not including surface area and

336  gyrification).

337
338 2.4.4. Sensitivity analyses
339 To assess the robustness of our statistical models we tested for sources of potential

340 influence on the estimated trajectories including the effect of sex and of the type of scanner used

341  for MRI data acquisition.
342

343 2.4.4.1. Effect of sex

344 Recent works such as Studholme et al. (2020) report significant effects of sex on brain

345  growth trajectories even before birth. Including sex as a categorical factor in the model is thus
346  expected, if possible. However, since fetal sex was not systematically recorded in the clinical
347  routine implemented at the hospital of la Timone since 2008, this information is missing in 16% of
348  our fetal dataset. We chose to proceed with a sensitivity analysis instead of excluding this 16% of

349 our fetal population. To do so, we re-ran the GAMLSS models on males and females
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350 independently for those participants with sex data in order to empirically observe if brain feature
351  continuities were influenced by the effect of sex. GAMLSS models were also re-run including sex

352 as a factor on all subjects with sex data to isolate potential statistical differences in cortical

353 features between males and females.
354

355 2.4.4.2. Effect of scanner in fetuses

356 Another well known confounding factor is the type of scanner used for MRI acquisition,

357  which can affect the image processing algorithm and thus the estimated brain features (Radua et
358 al., 2020). As previously mentioned, we used two separate cohorts to conduct our investigation:
359 the publicly available dHCP dataset for postnatal participants, which only used a 3T scanner, and
360 our local MarsFet dataset for fetal participants, which used both 1.5T and 3T scanners. For each
361 brain feature in the fetal cohort we ran separate linear models for those using a 1.5T scanner and
362 those using a 3T scanner, to empirically observe if their brain feature trajectories were influenced
363 by differences in scanner strength. A linear model was deemed preferable for use on our fetal
364  cohort due to the limited sample size. Linear models were also run on the entire fetal cohort per
365  cortical feature including scanner type as a factor to isolate any statistical differences between

366 fetal subjects scanned with a 1.5T scanner and those scanned with a 3T scanner.

367

368 3. Results
369 3.1. Data selection and description of final sample

370 The flow chart recapitulating the data selection process is provided in Figure 3. Regarding
371 the fetal dataset, 806 MRI sessions including a HASTE sequence have been acquired between

372 2008 and 2021 at the hospital of la Timone. Based on the clinical evaluation from the
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373  neuroradiologist, 404 fetal sessions were considered normal. We then applied the exclusion
374  criteria described in section 2.1 and Table 2, which resulted in 300 fetal sessions corresponding
375  to ‘clinical controls with normal MRI'. For each scanning session, we estimated a 3D T2w volume.
376  The visual quality check procedure described in section 2.3.5 resulted in the exclusion of 229
377  volumes of insufficient quality, leaving 175 3D T2w volumes to be kept in the pipeline. Finally, 25
378 more cases were excluded based on the visual assessment of the segmentation maps and
379  cortical mesh, resulting in a final sample of 150 MRI sessions (65 males, 61 females, 24 unknown)
380 from 140 healthy fetuses covering an age range between 23.7 and 37 (mean = 31.6; std = 2.5)
381  weeks post-conception.

382 Regarding the postnatal dataset, 669 out of 887 MRI scanning sessions were selected
383  based on postnatal clinical and imaging exclusion criteria of the dHCP dataset. 666 MRI sessions
384 passed the quality control conducted by the dHCP consortium. After exclusion of multiple
385 pregnancy and preterm birth, we obtained 477 MRI sessions. Lastly, 20 MRI sessions were
386 excluded based on the visual QC of the segmentation and cortical mesh, resulting in a final
387 sample of 457 MRI sessions (248 males, 209 females) from 456 healthy newborn babies covering
388 an age range between 37.4 and 44.9 (mean = 41.5; std = 1.6) weeks post-conception.

389 Selection from these two cohorts resulted in our final perinatal sample which spanned an
390 age range between 23.7 and 44.9 (mean = 39.1; std = 4.7), and included 607 sessions from 596
391 healthy participants. See Table 3 below for basic demographic information of the perinatal cohort
392  which is composed from the MarsFet and dHCP datasets.

393 Finally, as described in Section 2.3.1, we selected 50 scanning sessions acquired at
394  earlier ages from the dHCP to train our Unet-preterm segmentation model, which have a scan
395 age range of 29.3 - 37.1 weeks post-conception (34 males, 16 females), and a birth age range
396  of 25.57 - 36.85 weeks post-conception (mean age=32.7, std=3.14).

397

398
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306 Fetal cerebral MRI scans performed " rol T
at the hospital between, 2008 and 2021 I 3" release of the dHCP dataset I 887
Exammatl.on b\,.r . radiological score <=2
neuroradiologist
404 | MRI scans with no abnormal finding MRI scans with no abnormal finding | 669

Exclusion criteria based on a
consensus between
neuroradiology, obstericics and
gY, 666

pediatric neurology high quality 3DHR volumes }_

300 I MRI scans from clinical controls

Exclusion of preterm birth and
Visual QC of 3DHR volume

multiple pregnancies

reconstructions

175 | 3DHR volumes from clinical control fetuses | | 3DHR volumes from control neonates | 477

Visual QC of segmentation and cortical meshes

50
Training set for the
399 150 | High quality segmentation used to estimate the normative curves | 457 segmentation model
400 Figure 3: Data selection flowchart for fetal (left) and postnatal (right) sessions.
401
Basic Demographics
Sex Ratio Scan Age Range Scanner Type Ratio
(M: F:NA) (Gestational Weeks) (3T : 1.5T)
Perinatal Cohort 270:313:24 23.7—-44.9 (mean=39.1;std=4.7) 541 : 66
Fetal Cohort: Marsfet 65:61:24 23.7-37.0 (mean = 31.6;std = 2.5) 84 : 66
402 Postnatal Cohort: dHCP 248:209:0 37.4—-44.9 (mean=41.5;std=1.6) 457:0

403 Table 3: Basic demographic information for the sessions of the perinatal cohort, which is composed from the MarsFet and dHCP

404 cohorts.
405

406
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407 3.2.  Normative Modeling Analysis
408 3.2.1. Model selection
409 As suggested in Dinga et al. (2021), we ran a 4-model comparison using our data: a simple

410 linear regression model, a GAM homoskedastic model, a GAM heteroskedastic model, and a
411  GAMLSS model. Visual inspection indicated that the GAM heteroskedastic and GAMLSS models
412  were better fit to the data compared to the simpler models (Extended Figure 4-1). This was further
413  validated by computing the Akaike Information Criterion to estimate the quality of fit of each model
414  for each cortical feature (Extended Figure 4-2). GAMLSS outperformed the remaining models in
415 the majority of estimations and was therefore chosen to represent our data in the current

416  investigation.

417

418 3.2.2. Normative plots

419 As expected, all cortical feature trajectories show an increase in volume with age. As
420 illustrated in Figure 4, the median trajectory is almost linear for the total intracranial volume (ICV),

421  brainstem, deep gray matter, and hippocampi volumes. The trajectory follows an exponential
422  pattern for the cerebellum, and, to a lesser extent, the cortical gray matter. A slight inflection is
423  visible for the total white matter volume with a modest decrease in growth following birth. The
424 trajectory for the cortical surface area shows an increase after birth compared to during the fetal
425  period. Remarkably, the development of the aforementioned cortical features follows a smooth
426  median trajectory with maintained variability from early fetal life up until around two months
427  postnatally, without a significant discontinuity at birth.

428 As illustrated in Figure 5A, we observe different patterns for the three remaining measures:
429 the eCSF volume, ventricles volume and gyrification index. These features exhibit a discontinuity
430 eitherin variance or in value. The strikingly different patterns observed for these measures before

431  and after birth cast doubt on the validity of assuming continuity in estimating perinatal trajectories.
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432  To analyze these patterns in more detail, we computed two independent normative models for
433  each of these three measures: one for the fetal period and one for the postnatal period (Figure
434  5B). Each of these three features showed distinctive patterns. The variability around the median
435 trajectory for ventricles volume is considerably larger during the fetal period than in the postnatal
436  period. Regarding the eCSF volume, the variance is also higher before birth compared to after.
437  As illustrated on the ‘two models’ plot (Figure 5B), the eCSF volume variance shows a constant
438 increase with age for the fetuses, while the postnatal variance is much less. The comparison
439  between the median eCSF trajectory from a single (Figure 5A) versus a ‘two models’ (Figure 5B)
440  experiment suggests that the transition might still be continuous, with a plateau around birth.
441  Lastly, the trajectory obtained for the global gyrification index is striking, with a relatively
442  maintained variability but a sharp transition from fetal to postnatal life. In addition to this
443  acceleration, the slope of the median curve is higher after birth than before.

444 We followed the procedures proposed in Dinga et al. (2021) and Bethlehem et al. (2022)
445  to evaluate model fit by computing Q-Q plots, worm plots and other distribution metrics such as
446  skewness, kurtosis and Filliben correlation coefficients, per feature. Detailed model diagnostics
447  are provided in Extended Figures 4-3, 4-4 and 4-5.

448
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456 Figure 5: The normative plots of 2 volumetric features = Total eCSF and Ventricles, which exhibit discontinuity in variability before
457 and after birth; and one surface feature = Total Gyrification, which exhibits discontinuity in growth before and after birth. In panel A
458 one GAMLSS model was computed for the entire perinatal population, and in panel B two separate GAMLSS plots were computed

459 per participant type (i.e, fetal and postnatal). This was done in order to comprehensively visualize inherent discontinuities. Blue
460 represents the fetal MarsFet cohort and orange represents the postnatal dHCP cohort.

461

462 3.2.3.  Normalized trajectories and derivatives

463 To conduct a proper visual comparison across the normalized trajectories exhibited in

464  Figures 4 and 5, all cortical feature median trajectories can be superimposed onto a single plot.
465  As described in section 2.4.2, we used the maximal value of each trajectory for normalization,

466  which constrains all trajectories to reach a maximum value of 1 at 45 wPC. By comparing the
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467 normalized trajectories across features, the smoothness for all features except eCSF, ventricles
468 and gyrification is clear. Normalization also enables the comparison of the total growth of
469  continuous features over this developmental period quantified by the difference between the
470 lowest value and 1 (highest value) in each cortical feature. We observe that the total cerebellum
471  volume exhibits the largest total growth with a value of 92.6%, while the total brainstem volume
472  shows the lowest total growth with a value of 74.6% (Figure 6, top). The plots illustrating velocity,
473  or growth rate, confirm more complex trajectories for the eCSF, ventricles and gyrification, with
474  higher variations along their respective trajectories compared to the other features (Figure 6,
475  bottom).

476 Of note, the median trajectory and velocity for the total surface area show an intermediate
477  level of complexity. In terms of complexity and linearity of the median trajectory, the trajectory
478  pattern for this feature lies between the continuous and discontinuous features (i.e., slightly less
479 linear compared to tissues showing a clearly continuous trajectory, but much more smooth
480 compared to the eCSF, ventricles and gyrification index). Regarding the velocity, the surface area
481  shows a clear burst in growth rate, similar to the pattern elicited by the gyrification. Referring back
482  to Figure 4, we conclude that the trajectory for the total surface area does show a subtle inflexion
483  around birth, but not a discontinuity as observed for eCSF, ventricles and gyrification index.

484
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Figure 6: Normalized trajectories (top) and their respective velocities, or growth rates, (bottom) for each cortical feature.

3.2.4. Feature proportions across age
To investigate how cortical features change within the ICV during development, we plotted
the proportion (of the ICV) of each volumetric feature per week across the perinatal period. As
shown on Figure 7, we found that most features maintained their proportions across this period
with the eCSF showing the most drastic and sharp change in proportion across the perinatal
period. Specifically, the eCSF encompassed a larger proportion of the ICV in the fetal stage, with

a drastic drop at birth and a smaller proportion in the postnatal period.
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497 Figure 7: Changes in cortical feature proportions were observed across post-conceptional age with marked variations in the eCSF.
498 Each layer represents one cortical feature. The y-axis represents the percentage of the ICV that each volumetric feature
499  encompasses per week (summing up to 100% at each week).

500
501 3.3. Sexeffects
502 For the main analysis focusing on the transition from fetal to postnatal life, we did not

503 stratify our cohort by sex due to incomplete sex data. However, to better understand the role of
504 sex in these normative models, we selectively analyzed participants with sex data (n = 583, 313
505 males and 270 females) to empirically determine potential sex-specific variations. We conducted
506 a GAMLSS model for each feature, including sex as a covariate to isolate statistical differences.
507  We found highly statistically significant differences in sex in all the volumetric features and in the
508 surface area. All values were Bonferroni corrected. These statistical differences are likely due to

509 established variances in intracranial brain volume between males and females. Upon adjusting
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for intracranial volume, sex differences were observed for white matter (p = 0.007), cerebellum (p
= 8.80 x 107), deep gray matter (p = 0.0057) and brainstem (p = 8.16 x 10°) volumes (Figure 8;
Extended Figure 8-1).

While these effects related to sex deserve further investigation, they do not compromise

our primary goal of investigating the continuity of features using normative modeling across the

entire cohort, which included both males and females. We observed similar developmental
trajectories between males and females, as shown in Figure 8. More specifically, for both females
and males, we observed a clear continuity for all tissues except for eCSF, ventricles and
gyrification index as observed in the entire sample (Figures 4 and 5).
eCSF cGray Matter White Matter Ventricles
Cerebellum dGray Matter Brainstem Hippocampi
ICV Surface Area Gyrification

£ 3 Participant Class
. fetal

postnatal

Weeks Post Conception

Figure 8: Overlapping normative plots for males and females per feature illustrating the globally consistent normative pattern that
can be seen in both sexes. This confirms that any significant sex differences do not affect the continuity and pattern of these
neurodevelopmental trajectories.
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527 3.4. Scanner effects
528 Only one scanner was used for the postnatal dHCP cohort. The MarsFet cohort, however,
529 used two types of scanners, a 3T Skyra and a 1.5T SymphonyTim. We assessed the potential
530 scanner effects in the fetal cohort using simpler linear models since the sample size was too low
531 for proper estimation using a full GAMLSS model. We found significant differences in volume
532  between the two scanners for fetuses in the cortical gray matter (p = 2.16 x 10'®), brainstem (p =
533 0.031) and the hippocampi (p = 4.40 x 107) (Table 4; Extended Table 4-1). All values were
534  Bonferroni corrected. These effects might be attributed to residual influence of the acquisition
535 sequence and settings on the estimated volumes.
536
Scanner Effects

Cortical Feature Scanner Effects (p-values)

eCSF 0.0705

cGray Matter < De-16%*

'White Matter 10.65

Ventricles 0.547

Cerebellum 0.182

dGray Matter 0.0693

Brainstem 0.0314*

Hippocampi 4.40e-07*

‘White Surface Area 7 755

Gyrification 0.135

ICV 0.092
537
538  Table 4: A summary of the statistical differences in each feature between the 1.5T and 3T scanners in the fetal population. All
539  values are Bonferroni corrected. Due to the limited sample size a linear model was deemed sufficient to compare scanner effects in
540 the fetal population. Values marked with a *' are significant.
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541 4. Discussion

542 Transitioning from an intra- to an extrauterine environment requires a significant
543 adaptation affecting the entire fetal/newborn body, including the brain. To the best of our
544  knowledge, this is the first neurodevelopmental study targeting the cortical trajectory of perinatal
545  subjects crossing the birth barrier, including MRIs from both fetal and postnatal subjects, with
546  homogenized preprocessing techniques. Furthermore, for global surface area and for several
547  volumetric features, including total cortical gray matter, white matter, brainstem, cerebellum and
548  hippocampi, trajectories follow a continuity as participants move from a fetal to a postnatal
549  environment. Three features, however, exhibit a strikingly abrupt and discontinuous shift as they
550 cross the birth barrier: the extra-cerebrospinal fluid (eCSF), ventricles and gyrification. This study
551 stands as the first to establish that not all cortical features undergo the same developmental

552  change at birth.

553
554 4.1. Position with respect to previously published normative curves
555 The largest-scale study thus far, and the only one that we are aware of combining fetal

556  and postnatal datasets, is Bethlehem et al. (2022). They used a cohort of over 100 000 subjects
557  totrack trajectories of cerebral volumes and surface area throughout life starting at 115 days post-
558 conception up to 100 years of age using a GAMLSS model. They demonstrated how total gray
559  matter volume, white matter volume, subcortical volume and surface area rapidly increase from
560 the fetal stage until childhood followed by a slow and steady decline until the end of life, albeit
561  with different maxima and trajectory patterns. Though an impressive study, an important limitation
562 s their lack of unified image processing tools, especially for the perinatal period. They reported

563  disruptions in most cortical features as participants traverse from an in-utero to ex-utero
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564  environment. Homogenizing our methods across subjects addresses these limitations (Extended
565 Figure 4-6) and better characterizes perinatal neurodevelopment since we report no
566  discontinuities in the perinatal period in the aforementioned features (Figure 4). In particular, we
567  show that surface area follows a continuous trajectory, contrary to what was shown in Bethlehem
568 et al. (2022). Surface area is a particularly critical feature in assessing neurodevelopmental
569 normality, thus properly characterizing it is essential in the identification of healthy participants
570 and biomarkers linked to neurodevelopmental disorders (Kline et al., 2020; Guardiola-Ripoll et

571 al., 2023).

572 Many other studies have investigated cortical nhormative neurodevelopment, but often
573 focused on either fetal or postnatal subjects separately. Those studying the fetal population
574  reported increases across age in surface and volumetric features, small variabilities in surface
575 area, cortical, subcortical and cerebellar volumes, and large variabilities for the eCSF and
576  ventricles (Kyriakopoulou et al., 2017; Studholme et al., 2020; Story et al., 2021), all of which we
577 described in our study. Furthermore, they reported an exponential pattern in cerebellar
578 neurodevelopment, and a rapid increase followed by a steady decline in eCSF volume at the end
579  of the fetal period, again identical to our reported patterns. Postnatal studies covering the same
580 age range as our postnatal population (37 to 45 weeks post-conception, born at-term and healthy)
581 are much less common in the literature. One comparable study is that of Huang et al. (2022),
582 claiming to map perinatal cortical surface area from 29 weeks post-conception to 2 years of age.
583  They however included premature subjects to represent ages below 37 weeks post-conception,
584  which introduces important limitations (Chau et al., 2013; Dimitrova et al., 2021). Nonetheless, in
585 the immediate postnatal period, they describe a linear relationship between post-conceptional
586 age and surface area, similar to what is reported in the literature and to what we observed in our

587 results (Jha et al., 2019; Alex et al., 2023).

588
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589 4.2. Discontinuity of Gyrification, eCSF and Ventricles Volumes

590 We observed three features exhibiting a sharp transition at birth: the total eCSF, ventricles
591 and gyrification. The ventricles and eCSF are filled with CSF which partakes in a plethora of roles
592 including mechanical and immunological protection, homeostasis, delivery of neural growth
593 signaling molecules, neurotoxic waste elimination and regulation of brain growth via positive
594  hydrostatic pressure (Desmond and Jacobson, 1977; Purves et al., 2001; Johanson et al., 2008;
595  Kapoor et al., 2008; lliff et al., 2012; Xie et al., 2013). CSF constituents vary according to age,
596 from the embryonic phase up until adulthood, and experience an abrupt drop in protein
597  concentration after birth (Shah et al., 2011; Gato et al., 2014). For both eCSF and ventricle
598 volumes, we report high variance during the fetal phase followed by a notable drop in variability
599 inthe postnatal phase, reflecting many investigations (Andescavage et al., 2016b; Kyriakopoulou
600 et al., 2017; Story et al., 2021). We also showed that relative eCSF volumes largely decrease
601 after birth, which is a widely published radiological observation (Gholipour et al., 2017; Li et al.,
602  2019; Dubois et al., 2021; Nagaraj and Kline-Fath, 2022)(Figures 1 and 7). This is corroborated
603 in Lefévre et al. (2016) where the ratios of eCSF and ventricle volumes are higher in fetuses
604 compared to premature postnatal subjects of the same age. This enforces the interpretation that

605 the event of birth itself causes this discontinuity and not the age.

606 The third feature reporting discontinuity is global gyrification. Gyrification is known to be a
607 genetically determined feature that begins forming early in the gestational period (10 — 15 weeks
608  post-conception)(Chi et al., 1977; Zilles et al., 2013). An essential role of the gyrification is to draw
609 regions of connectivity closer to one another to decrease action potential transit time and in turn
610 increase overall brain function efficiency (Essen, 1997; White et al., 2010; Gautam et al., 2015).
611 The jump in gyrification that we report after birth (Figures 1 and 5) is consistent with radiological

612  observations (Gholipour et al., 2017; Li et al., 2019; Dubois et al., 2021), and could be linked to
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613 the crucial increase in brain stimulation after birth attributed to abrupt and intense sensory
614  stimulation from exposure to the extrauterine environment (Polese et al., 2022). Furthermore, we
615 confirm the preliminary results of Lefévre et al. (2016) that reported more pronounced folding in
616  premature infants compared to fetuses at the same age. This again enforces the idea that the

617 event of birth itself and not the age is linked to this discontinuity.

618 A multifaceted array of neuro-ontogenetic processes beginning shortly after conception
619 are responsible for the maturing brain including neurulation, neurogenesis, synaptogenesis,
620  pruning, myelination and neuronal migration (Giedd, 1999; Tau and Peterson, 2010; Kostovi¢ et
621 al., 2019). Neuronal migration is the process in which neurons travel along the cortex to reach
622 their final destination in the brain, reportedly guided by CSF flow, and typically halts and/or slows
623 down at birth (Purves et al., 2001; Sawamoto et al., 2006). Disruption of this process leads to
624  neuronal migration disorders that are largely based on folding malformations (Copp and Harding,
625  1999). Additionally, the completion of neuronal migration has been linked to matured gyrification,
626 as corroborated by human and animal models (Borrell and Goétz, 2014; Tallinen et al., 2016;
627 Kroenke and Bayly, 2018). Since we report noticeable changes in gyrification, ventricles and
628 eCSF at birth, and that likewise neural migration is linked to these cortical features and is a

629  process that itself is affected by birth, further study is warranted into this complex relationship.

630 The multi-functionality of the eCSF and ventricles, coupled with the genetic impact on
631  gyrification, underscores the importance of their early quantitative analysis. These traits are
632 associated since the CSF is linked to the physical and cellular evolution of the cortex, including
633 and leading up to the eventual development of cortical folds (Magnotta et al., 1999; White et al.,
634  2010; Gato et al., 2014). The fact that these cortical traits are so impacted when crossing the birth
635 barrier indicates possible physiological and/or mechanical factors linked to the womb, the

636 maternal or the sudden external environment.
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637 4.3. Limitations

638 One limitation in this study is the smaller size of the fetal dataset compared to the postnatal
639 cohort. Nonetheless, the GAMLSS model performs robustly enough to account for this, and to
640 properly capture inherent patterns. Furthermore, we would need to map pathological cases onto
641  our trajectories to obtain a better sense of both typical and atypical neurodevelopment. Also,
642  subjects were labeled as typically developing through the inclusion of normal looking scans,
643  absence of maternal medication, no history of illness, and no reported perinatal complications,
644  however a more accurate categorization could be obtained using neurobehavioral assessments
645  starting at 3 years old. Finally, the cross-sectional nature of our current datasets limits the

646 interpretation of brain maturation dynamics to the population and not the individual level.

647
648 4.4. Conclusions
649 In conclusion, by unifying data from fetal and postnatal subjects, our study sheds light on

650 the continuous neurodevelopmental trajectory during the perinatal period, addressing a crucial
651 gap in existing knowledge. We show that cortical features can follow either a continuous or
652 discontinuous pattern within the perinatal period as fetal subjects traverse the birth barrier to
653 become postnatal subjects. The drastic pattern change around birth of certain cortical features
654  could have physiological or mechanical influences from either the intrauterine or extrauterine
655 environment. These original observations warrant further study to better understand trajectory

656  dynamics at the physiological and neurobehavioral level.

657
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