Cerebral Cortex, 2024, 34, 1-12

https://doi.org/10.1093/cercor/bhad438
Advance access publication date 21 November 2023

Original Article

OXFORD

Thalamic connectivity topography in newborns with
spina bifida: association with neurological functional
level but not developmental outcome at 2 years
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Spina bifida affects spinal cord and cerebral development, leading to motor and cognitive delay. We investigated whether there are
associations between thalamocortical connectivity topography, neurological function, and developmental outcomes in open spina
bifida. Diffusion tensor MRI was used to assess thalamocortical connectivity in 44 newborns with open spina bifida who underwent
prenatal surgical repair. We quantified the volume of clusters formed based on the strongest probabilistic connectivity to the frontal,
parietal, and temporal cortex. Developmental outcomes were assessed using the Bayley III Scales, while the functional level of the
lesion was assessed by neurological examination at 2 years of age. Higher functional level was associated with smaller thalamo-parietal,
while lower functional level was associated with smaller thalamo-temporal connectivity clusters (Bonferroni-corrected P < 0.05). Lower
functional levels were associated with weaker thalamic temporal connectivity, particularly in the ventrolateral and ventral anterior
nuclei. No associations were found between thalamocortical connectivity and developmental outcomes. Our findings suggest that
altered thalamocortical circuitry development in open spina bifida may contribute to impaired lower extremity function, impacting
motor function and independent ambulation. We hypothesize that the neurologic function might not merely be caused by the spinal
cord lesion, but further impacted by the disruption of cerebral neuronal circuitry.

Key words: brain connectivity; diffusion tensor MRI; motor function; prenatal surgical repair; spina bifida newborns.

Introduction complications, consisting of varying degrees of lower extremity

Spina bifida (SB) is a prevalent congenital disorder arising from
the defective fusion of neural tube. Spinal bifida aperta (SBA) is
the most common type of open neural tube defects, characterized
by the exposure of the placode to the amniotic fluid. Individuals
with SB frequently exhibit corpus callosum (CC) abnormalities
and cortical heterotopias, as detailed by Wille in the Zurich cohort
(Wille et al. 2021). Furthermore, they experience a range of clinical

motor dysfunction, neurogenic bladder and bowel dysfunction,
Chiari II malformation, and an increased risk of cognitive and
learning problems (Kelly et al. 2008, 2012). The anatomical setting
exposes the developing neural tissue during pregnancy to the
damaging effects of amniotic fluid and mechanical trauma. In
recent years, prenatal repair has been established to prevent
further damage to the exposed spinal cord as well as to ameliorate
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hindbrain herniation associated with the Chiari II malforma-
tion and hydrocephalus (Adzick 2012; Meuli and Moehrlen 2014;
Mohrlen et al. 2020).

With prenatal repair surgery, motor development and function
improved compared with postnatal surgery (Adzick et al. 2011;
Mohrlen et al. 2020). However, despite advances in surgical repair,
most infants who followed prenatal or postnatal surgical repair
still exhibit varying degrees of impaired lower-limb motor func-
tion, neurogenic bladder, and impaired bowel function (Copp et al.
2015; Sileo et al. 2019). It is important to note the outcome can
vary widely, and some cases show mild or no lower limb motor
impairment and good bladder control. Additionally, individuals
with SB also experience a variety of developmental impairments,
such as deficits in cognitive skills (Lindquist et al. 2022). However,
the neural correlates of such impairments are not fully under-
stood. The heterogeneity of symptoms in SBA necessitates the
identification of pre- or early postnatal markers of developmental
impairments and neurological deficits.

MRI studies provide evidence of structural brain abnormal-
ities in individuals with SB. Structural MRI-based quantitative
morphometry demonstrated a remarkable heterogeneity in brain
development. Significant reductions in gray matter (GM), white
matter (WM), and subcortical structure volumes were described
in children with SB (Juranek et al. 2008; Treble et al. 2013; Ware
et al. 2014). In addition, surface-based analyses reported reduced
cortical volume, disrupted cortical thickness and gyrification in SB
(uranek et al. 2008; Treble et al. 2013). A recent study examining
the morphology of fetuses following prenatal repair revealed sig-
nificantly different brain volumes and gyri shape index compared
with control fetuses (Mufti et al. 2021).

The thalamus is a central relay station of inputs to the
cerebral cortex, and is involved in processing information.
Thalamocortical (TC) connectivity, consisting of the complex
network of fibers linking the thalamus and the cortex, is a
fundamental contributor for the formation and the maintenance
of cerebral connections essential for proper brain function. During
early brain development, this intricate TC circuitry starts to
develop rapidly during mid-gestational fetal development in
humans. By the 30th gestational week, TC fibers have completed
their penetration across all neocortical areas. Yet, while this initial
penetration is achieved by this stage, synaptogenesis of thalamic
afferents with cortical neurons remains an active and ongoing
process. As Petanjek highlighted in primates and humans, this
significant synaptogenesis persist not only after birth but alsointo
subsequent developmental stages, suggesting that establishing
functional TC connections is a prolonged process, influencing
postnatal neurodevelopment outcomes (Petanjek et al. 2011).
Disruptions during these early developmental stages, especially
fetal and neonatal, can significantly impact neurodevelopmental
trajectories, potentially increasing risk of later-life psychiatric
disorders, such as autism and schizophrenia. Altered TC
connectivity in prematurely born infants has been associated with
later cognitive developmental outcome (Ball et al. 2015; Jakab et al.
2015). However, the relationship between early developmental
disruptions and psychiatric or cognitive outcomes in adulthood
is intricate. Some disruptions might manifest latently, potentially
due to postnatal compensatory mechanisms, sometimes lead to
typical or near-typical developmental outcomes. This intricate
relationship underscores the complexity of early disruptions and
subsequent developmental compensations. Moreover, decline
and loss of layer IIIC pyramidal cells, which has been observed
in several conditions linked with diminished higher cognitive
functions, is a notable phenomenon documented in various

studies (Morrison and Hof 2002; Pierri et al. 2003; Selemon
et al. 2003). This emphasizes the importance of these cells in
maintaining cognitive integrity and the potential consequences
of their impairment. Therefore, examining neural structures,
such as TC circuitry in SB newborns, offers an appropriate and
novel approach to better distinguish markers of developmental
impairments and neurological deficits. However, the role of TC
connectivity impairments in SBA is not yet understood. Diffusion
MRI (dMRI) was used in several studies to investigate white matter
(Hasan et al. 2008a; Herweh et al. 2010; Ou et al. 2011) and deep
gray matter microstructure in SB (Kumar et al. 2010; Williams
et al. 2013; Ware et al. 2016). The abnormal diffusion indices
in these structures may represent the microstructural basis for
postnatally altered TC connectivity development, and provide a
possibility of using dMRI based tractography between the thala-
mus and cortex to explain later impaired outcomes variability in
SB (Vachha et al. 2006; Williams et al. 2013; Kulesz et al. 2015). To
the best of our knowledge, no analysis has been published on the
structural TC connectivity in SBA newborns who underwent pre-
natal repair, and its possible relationship with postnatal impaired
neurodevelopmental outcomes requires further evaluation.

We hypothesize that early damage to the rapidly developing
TC circuitry may in part explain the later manifesting neurode-
velopmental impairments, and we hypothesize that there is a
link between the underlying spinal lesion, functional deficits, and
impaired development of TC circuitry. In addition, we hypothe-
size that the altered cerebrospinal fluid circulation as a conse-
quence of impaired spinal cord development may exert damage
on the developing mid-brain and diencephalic structures, leading
toimpairments in TC circuitry development. Therefore, the aim of
our study was to examine these links in a cohort of newborns who
underwent prenatal repair for SBA and who have been examined
at 2 years of age.

Materials and methods

Study population, clinical, and
neurodevelopmental variables

The infants in this study were drawn from a prospective cohort
of infants who underwent open prenatal repair for SBA from June
2014 to June 2020. The original inclusion criteria and the criteria
to undergo prenatal repair surgery, as well as the characterization
of the general study cohort are found in previous publications of
the research team (Mohrlen et al. 2020).

In the present MRI study, the criteria for subject enrollment
were the availability of written informed consent for the further
use of data in research, the availability of good-quality MRI (struc-
tural and DTI) performed at newborn age, availability of 2-year
developmental outcomes and functional level assessments. All
MRI data of the study were evaluated for quality by a researcher
with 10 years’ experience in fetal and infant MRI. Cases were
excluded if DTI was not available or if there were motion or other
imaging artifacts that affected more than 10% of the DTI frames.

The functional level was assessed from newborn age through
the corrected age of 24 months by pediatric neurologists or pedi-
atric rehabilitation specialists at the Zurich Center for Spina
Bifida, University Children’s Hospital Zurich, and shown almost
consistent results across multiple evaluations from early postna-
tal through 2 years of age. The functional level was determined
by evaluation of muscle strength in the lower limb: extension
and flexion of the hip, knee and ankle and hip abduction and
adduction. Functional level is defined by the lowest myotome
with normal strength (M5) of the innervated muscles. In this



All SBA underwent open prenatal
repair in Zurich from June 2014 —
June 2020 (n=140)
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Fig. 1. Flow chart of inclusion criteria applied to the study cohort.

study, partial innervation was defined by reduced muscle strength
(M1-4) in more distal myotomes. Developmental assessments
were based on the Bayley Scales of Infant and Toddler Develop-
ment, Third Edition (Bayley-III), performed at 24 months of age by
child development specialists at the Child Development Center,
University Children’s Hospital Zurich. The Bayley-III assesses dif-
ferent developmental domains providing three composite scores:
cognitive composite score (CCS), language composite score (LCS),
and motor composite score (MCS). The evaluation was conducted
by trained developmental pediatricians. Each of these has a mean
score of 100 and a standard deviation of 15. Raw scores were trans-
formed into standard scores using the American norms (Kosmann
et al. 2023).

Forty-four SBA newborns with mean (standard deviation) ges-
tational age at birth of 35.50 (1.80) weeks and at MRI of 37.97 (1.13)
weeks met these criteria and were included in the analysis. The
flow chart of how the final study population was reached is sum-
marized in Fig. 1. Further details of the patient demographics are
found in Table 1. The frequency of supratentorial abnormalities,
such as CC abnormalities and cortical heterotopias, is given in
Supplementary Table 1.

All parents or caregivers gave written informed consent for the
further use of their infants’ data in research. The ethical commit-
tee of the Canton of Zurich approved the studies for collecting and
analyzing clinical data retrospectively (2016-01019, 2021-01101

28 excluded due to no neonatal MRI

available for analysis

» External scan (n =4)

* Passed away (n=1)

* No consent for neonatal research MRI (n =
23)

25 MRl scanned at 1.5 T

23 excluded due to

* Brain lesion (n = 4)

+ Lateral ventricle size >20mm (n = 5)
+ GAat MRI >44 weeks (n = 4)

» Poor DTI quality (n = 10)

20 excluded due to no follow up or missing
outcome data

and 2022-0115). The clinical variables in our work are based on
a data registry that was established to collect all pertinent data in
a prospective and systematic way. All the clinical descriptive data
used in this study, except for the frequency statistics of the CC and
cortical abnormalities, were obtained from this REDCap™-based
repository.

MRI acquisition

Newborn MRI was performed on a 3.0 T MR750 scanner (GE
Medical Systems), using an eight-channel receive-only head
coil. All infants were sedated during scanning. Ear protection
was used, oxygen saturation and heart rate were monitored,
and all examinations were supervised by a neonatologist or
a neonatal nurse. Structural, T2-weighted MRI was performed
with a fast recovery fast spin echo sequence (FRFSE, image
resolution=0.7 x 0.7 x 1.5 mm?, repetition time (TR)=5,900 ms,
echo time (TE)=97 ms, flip angle: 90°, matrix: 512 x 320, slice
thickness: 2.5 mm, slice gap: 0.2 mm) in axial, sagittal and coronal
planes. In case the radiographers detected motion or other
artifacts, these scans were repeated. Diffusion tensor imaging
(DTI) was acquired using a pulsed gradient spin echo planar
imaging sequence with TE/TR =90/3,950 ms, field of view =18 cm,
matrix =128 x 128, slice thickness=3 mm. Thirty-five gradient
encoding directions with b=700 s/mm? and four b=0 images
were acquired.
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Table 1. Patient demographics and comparison between groups based on the functional level at 2 years of age.

Functional level Lesion type  Sex PMA at fetal PMA at GA at MRI¢ Ventricle Birth weight (g)
(MMC/MS)? (Male/Female) surgery birth® (week) volume (mm?3)
(week) (week)
L3 or higherd N 2 (2/0) 2 (0/2)
Mean 24.07 35.50 39.70 45,852.23 2,350
SDe 31 2.33 42 15,184.26 565.69
Median 24.07 35.51 39.70 45,852.23 2,350
L44 N 19 (15/4) 19 (8/11)
Mean 25.22 36.10 37.70 46,013.99 2,586.05
SD .66 1.47 1.25 56,87.75 349.54
Median 25.29 36.71 38 47,586.82 2,650
IQR(25th)f 24.64 35.43 36.80 44,121.76 2,525
IQR(75th)f 25.71 37.00 38.40 50,180.39 2,775
L5d N 23 (12/11) 23 (8/15)
Mean 25.06 35.00 38.04 47,494.28 2,487.39
SD .64 1.94 .93 5,813.34 373.34
Median 25.29 35.29 38 47,513.79 2,510
IQR(25th)f 24.43 33.14 37.50 43,348.10 2,235
IQR(75th)f 25.57 37 38.65 51,323.91 2,700
Total N 44 (29/15) 44 (16/28)
Mean 25.08 35.50 37.97 46,780.42 2,523.75
SD .67 1.80 1.13 6,063.55 365.69
Median 25.29 36.07 38 47,550.31 2,575
IQR(25th)f 24.43 33.97 37.38 43,409.28 2,280
IQR(75th)f 25.57 37 38.70 50,640.95 2,752

2MMC/MS = myelomeningocele/myeloschisis PPMA = postmenstrual age °GA = gestational age 9Functional level (highest), L3 = Lumbar 3; L4 = Lumbar 4;
L5 =Lumbar 5 ¢SD =standard deviation fIQR = interquartile range (25-75th percentiles)

Structural MRI processing and SB template
construction

The structural MRI was assessed for brain lesions. A super-
resolution slice-to-volume reconstruction algorithm (Kuklisova—
Murgasova et al. 2012) was applied to the three orthogonal T2
images, creating a 3D super-resolution reconstructed T2 volume
brain (further referred to as 3DT2 image) with an isotropic image
resolution of 0.5 x 0.5 x 0.5 mm?.

The 3DT2 images were segmented into tissue classes accord-
ing to the definition of the developing Human Connectome
Project (dHCP) structural pipeline (Makropoulos et al. 2018). We
utilized an in-house network based on the U-Net architecture
(Ronneberger et al. 2015) which was trained on 3DT2 images
and ground truth image labels sampled from a population of
normally developing neonatal controls and SBA data. The ground
truth annotations were created in two steps: (i) running the dHCP
structural pipeline on the selected normal and SBA cases, and
(ii) performing manual corrections for cases with errors, par-
ticularly in the presence of ventricular dilatation. The network
was trained in a semi-supervised way, with initial segmentation
taken from running the subjects through the dHCP structural
pipeline, and then underwent iterations of re-training and manual
correction. The volumes of the ventricle system (lateral, third,
and fourth ventricles) were calculated from these automated
segmentations. The final segmentations were checked visually.

Next, a custom SBA T2-weighted template and region-of-
interest (ROI) system was created for this study. In our study,
we used data from 29 subjects with optimal image quality for
template creation. These subjects were selected to represent the
average ventricular dilation, but also selected to be of good to
excellent image quality. This choice ensures that our template
is more accurate, depicts sharp borders between anatomical
structures, aligning with recommendations for precise and
representative image registration. Initially, 29 selected subjects’
3D T2 images were co-registered to a 38-week neonate template

from the neonatal atlas by Gousias (Gousias et al. 2012) by using 6
degrees of freedom registration. The neonatal template served
only as a spatial reference for initial alignment and defining
image dimensions. This age of the initial target template was
chosen as the mean gestational age at MRI of our study cohort
was 38.11 weeks. Cases with the best 3DT2 image quality were
selected from the SBA cohort. Next, an unbiased non-linear
template representative of the SBA population (further referred
to as SBA template) was reconstructed using the Advanced
Normalization Tools (ANTs) (Avants et al. 2008) by running
the template reconstruction script. To ensure that the subjects
used for template creation represented the mean width of
ventricular dilatation, we employed lateral ventricle size width
measurements and excluded extreme case with large dilatation.

Diffusion tensor MRI processing

The DTI data processing was performed using an in-house Bash
script wrapping various, commonly used software libraries. The
eddy_cuda in the Functional Magnetic Imaging of the Brain Soft-
ware Library (FSL) (Smith et al. 2004) was used for slice-to-volume
reconstruction to correct for eddy current and head motion-
induced geometric distortions. Additionally, the dtifit (Woolrich
et al. 2009) routine in FSL was utilized for diffusion tensor and
scalar maps estimation.

Spatial alignment of the diffusion space to the SBA template
was carried out by registering the By image to the 3DT2
template using the subject’s 3DT2 image as an intermediate
step. Bias field correction was performed on the By image using
N4ITKBiasFieldCorrection (Tustison et al. 2010) in 3D Slicer. Next, the
bias field corrected By images were aligned to the subject’s 3DT2
using linear registration flirt (Jenkinson and Smith 2001) in FSL.
Subsequently, the 3DT2 images were linearly and non-linearly
registered to the SBA template image using antsRegistrationSyN
scriptin the ANTs toolbox (Avants et al. 2008). The resulting linear
transformation matrix was converted into an FSL compatible



transformation matrix format, for which the c3d_affine_tool was
used in c3d software package. We then concatenated the two
linear transformation matrices (Bo to 3DT2 and 3DT2 to SBA
template) into one matrix. The subjects’ 3DT2 image in the SBA
template space was used for manually annotating the thalamus
masks. To acquire a nonlinear deformation field compatible with
the FSL probabilistic tractography algorithm, B, images were
linearly and non-linearly registered with corresponding 3DT2
in SBA template space using fnirt (Andersson et al. 2007) in FSL.
Based on the standard recommendation of the developers of the
probabilistic tractography algorithm in FSL, the linear and non-
linear transformations were used to propagate masks and fiber
tracking results from the SBA template space back to individual
diffusion space, while performing the calculations in the native
diffusion space, but interpolating the results in a high-resolution
template space.

Connectivity based thalamus parcellation

We used the BedpostX (Behrens et al. 2003a) method in FSL to
estimate fiber orientations and their uncertainties. Connectivity-
based thalamus parcellation was performed using the standard
probabilistic tractography approach (Behrens et al. 2007) and
cortical target-based clustering approach in FSL (Behrens et al.
2003b). The seed masks were manually annotated on each
subject’s 3DT2 image in SBA template space for left and right
thalami. Probabilistic tractography (PT) was performed for each
voxel within thalamus mask, seeding from thalamus mask
(5,000 streamlines per-voxel) and to four target cortex masks.
PT was performed separately for left and right thalamus, and
an exclusion mask consisted of cerebral-spinal fluid (CSF)
spaces, based on the segmentation of the 3DT2 image. For each
subject, thalamus was segmented into four clusters based on
seed-to-target connectivity pattern obtained from probabilistic
tractography with find_the_biggest hard segmentation method in
FSL (Behrens et al. 2003a) by assigning each voxel within thalamus
to the class with the highest connectivity probability.

Statistical analysis

TC connectivity was analyzed using two approaches: (i) volu-
metric analysis on the clusters obtained from the connectivity-
based parcellation of TC connection. These clusters corresponded
to projections from the thalamus to the frontal, parietal, and
temporal regions; and (ii) voxel-wise analysis of the seed-to-
target image maps that represent the voxel-level connection
probability with the frontal, parietal, temporal, and occipital
cortices.

For the volumetric data, multivariate linear regression models
were used and evaluated with SPSS 24.0 (IBM Corp. in Armonk, NY)
and statistical visualizations were created by using R (R Core Team
(2013) For the connectivity strength maps, we performed cluster-
wise statistical analysis using the Randomize tool (Winkler et al.
2014) in FSL. We corrected for multiplicity using threshold-Free
Cluster Enhancement (TFCE; Smith and Nichols 2009).

The associations with outcomes were tested with multiple uni-
variate models, where the predicted variables (dependent) were
the 2-year CCS, LCS, MCS, or 2-year functional level. The CCS, LCS,
MCS scores were continuous variables, while the 2-year functional
level was encoded into an ordinal variable representing three
levels: level of lumbar 3 segment or higher (referred to as L3), level
of lumbar 4 (L4), level of lumbar 5 segment or lower (L5). In these
statistical tests, no data were missing and no data imputation was
carried out.
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To investigate the relationship between the developmental and
functional level variables and the standard space volume of each
connectivity-based cluster, multivariate linear regression models
were constructed. Bonferroni correction was employed to correct
for multiple comparisons. In these models included variables
were gestational age at MRI, lesion type, and ventricular volume as
covariates. If volumetric differences were found, we ran a cluster-
wise analysis on the voxel-level connectivity strength maps to
see if more local relationships between TC connectivity and the
dependent variables are driving these results, and whether a spa-
tial predilection exists within the relatively large frontal, parietal,
or temporal clusters within the thalamus.

Results
TC connectivity-based cluster volumes

The volumes of the TC connectivity-based clusters were mean
(SD) mm? for frontal lobe (2047.24 (485.24) mm?3, parietal lobe
(664.46 (407.95) mm?, temporal lobe (524.81 (309.11) mm?, occip-
ital lobe (161.13 (185.09) mm?. We found that in three subjects,
the volume of the occipital cluster was zero. This means that
there were no voxels in the thalamus where the thalamo-occipital
connections were stronger than the thalamo-frontal, parietal,
or temporal connections. Similarly, the variability of thalamo-
occipital cluster volumes in the remaining subjects was high.
Based on considerations of data quality and missing data, further
statistical comparisons were restricted to multiplicity of 3 (frontal,
parietal, and temporal clusters), and occipital cluster volumes
were excluded from the analysis.

Association between structural TC
connectivity-based cluster volume, 2-year
developmental outcome, and functional level

In our subject group, developmental outcome (mean (SD)) was
lower than the norm (100 (15)) for motor outcome and language
outcome (MCS 78.93 (12.41), LCS 91.80 (10.59), respectively), but
not for cognitive outcome (CCS 99.18 (11.96)). We found that the
variability of the developmental outcomes (2-year LCS, CCS, and
MCS) were not explained by the volumes of the frontal, parietal,
or temporal connectivity-based thalamus (Bonferroni-adjusted
P > 0.05).

The variability of the 2-year functional level (L3, L4, or L5)
was explained by two models. Our study revealed a significant
positive association between the volume of the parietal cluster in
neonates and the 2-year functional level, with increasing parietal
cluster volume being linked to lower (more favorable) functional
levels (L5) (Fig. 2). A decreasing trend was observed for tempo-
ral cluster volume. No significant results were observed for the
frontal cluster volume. The parietal connectivity-based thalamus
cluster volumes (mean(SD) mm?3 for level L3 (517.20 (692.92) mm?,
level L4 (1,086.59 (659.47) mm?, and level L5 (1,599.70 (858.04))
mm? (Supplementary Table 3). The temporal connectivity-based
thalamus cluster volumes were for level L3 (1,295.51 (1038.92)
mm?, level L4 (1,258.48 (671.02) mm?, and and level L5 (855.98
(497.33) mm? (Supplementary Table 5).

This first full model, which consisted of the parietal
connectivity-based thalamus volume, gestational age at MRI,
lesion type, and ventricular volume (term parietal cluster volume,
P=0.015, full model P=0.013, Bonferroni-adjusted P=0.039),
accounted for 19.6% of the variability in neurological function
level (adjusted R? =0.196; Table 2). Among the terms in this model,
lesion subtype (myelomeningocele vs. myeloschisis) was found
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Fig. 2. TC connectivity-based parcellation is associated with the 2-year functional neurological level in newborns with SB. Top row: in three selected
cases, colored clusters represent the TC connectivity-based clusters in newborns who had a functional level at L3, L4, and L5, respectively. Results are
displayed on top of the T2-weighted SBA template image. Middle and bottom rows: boxplots of each cluster volumes in three functional levels.



Table 2. Results of multivariate linear regression analysis model 1.
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Term? F-statistic Significance Standardized t Zero-order Partial correlation
beta correlation

Parietal cluster 6.425 0.015* 0.349 2.656 0.379 0.376

Lesion type 5.176 0.028* 0.376 2.275 0.316 0.342

Ventricle volume 2.614 0.114 0.245 1.617 0.119 0.251

GA 0.183 0.672 —0.069 —0.427 0.137 —0.068

20verall model fit: F 4 39 =3.618, adjusted R?=0.196, P =0 0.013, Bonferroni-adjusted P =0.039. Significant results are marked with boldface.

Table 3. Voxel-wise regression analysis of functional level with TC connectivity strength.

Functional level Left thalamo-parietal

Right thalamo-parietal

Left thalamo-temporal Right thalamo-temporal

L3>1L4>L5 0.096 0.218

0.0142 0.064

aPeak P-values were shown corrected multiplicity with the TFCE method.

to be significant, while ventricles volume or GA at MRI were not
significant.

A second multivariate linear regression full model was used to
examine the relationship between neurological functional level
at 2 years of age and the temporal connectivity-based thalamus
cluster volume, gestational age at MRI, lesion subtype, and
ventricular volume. However, after adjusting for multiple compar-
isons, this model was no longer significant (P=0.032, Bonferroni-
adjusted P=0.096). The analysis based on temporal connectivity-
based cluster volumes revealed that 15.4% of the variance in
neurological function level could be explained (adjusted R? = 0.154;
Supplementary Table 2). As with the first model, lesion type was
a significant predictor, while neither ventricle volume nor GA at
MRI contributed significantly to the model.

Associations between voxel-level TC connectivity
strength, developmental outcomes, and
functional level

A voxel-wise analysis revealed that the variability of the develop-
mental variables (2-year CCS, LCS, and MCS) were not correlated
with the TC connectivity strength (P > 0.05).

The same analysis on the TC connection strength and func-
tional level revealed a significant negative correlation between
functional level and the left thalamo-temporal connectivity
(P=0.014) (Table 3) (Fig. 3), indicating that lower functional level
(L5) associated with reduced thalamic-temporal connectivity.
In contrast, while left thalamo-parietal connectivity showed a
non-significant trend toward positive correlation with functional
level (P=0.096) (Table 3), which suggests a potential relationship
between lower functional level (LS) and increased thalamic-
parietal connectivity.

Discussion

To our knowledge, this is the first study evaluating structural TC
connectivity and possible associations with neurologic function
and developmental outcomes in SBA newborns. We found
an association between the 2-year functional level and the
topographical connectivity organization of the thalamo-parietal
and thalamo-temporal cortex projections. However, no asso-
clation with the 2-year developmental outcome (reflecting
the cognitive, language, and motor development) were found.
The latter contradicts similar analyses conducted in preterm
newborns, where thalamic circuitry was linked with later
cognitive development (Ball et al. 2015; Jakab et al. 2020). Similarly,

the finding of a correlation between functional level and a lack
of correlation with scores in the motor developmental domain
presents a slight contradiction. This may stem from the fact that
the neurological functional level assessment focuses mainly on
lower extremity function in these cases (e.g. functional levels L3-
L5), while the Bayley composite motor scores characterize motor
development as a whole, including gross motor and fine motor
functions of upper and lower extremities.

Our results align with those of previous studies that described
altered MRI findings of reduced GM and WM volume (Dennis
et al. 2004; Ware et al. 2014), thinning cortex and enhanced
cortical complexity in parietal and temporal region (Juranek and
Salman 2010), and limbic tracts abnormalities (Vachha et al.
2006) impaired parietal tectal cortical pathway (Williams et al.
2013) as well as altered DTI metrics of deep gray matter and
white matter pathway that reveal the disrupted neurobiological
process in SB (Hasan et al. 2008a; Hasan et al. 2008b). Similarly,
an experimental animal study in a fetal sheep SB model found
reduced thalamic neuron numbers (Joyeux et al. 2019). Reduced
WM volume, lower neuron numbers, thinning cortex or reduced
GM volume in the parietal lobe might lead to a reduced projection
in the thalamus, which in turn results in a changing topography
of the TC connectivity-based clustering.

There is emerging evidence for a link between the development
of neural circuitry and cognitive outcomes; however, many find-
ings from the literature are ambiguous. Several previous stud-
ies on SB focused on brain morphology and diffusion metrics,
and correlated these to developmental outcome. Wille (Wille
et al. 2021) described no associations between impaired Bayley-
11T scores and overall brain structural abnormalities in the same
cohort of SBA children after prenatal repair as presented in the
current analysis. Treble (Treble et al. 2013) reported that cortical
thickness and gyrification in SB was associated with IQ and fine
motor dexterity assessed over a large time period between 8 and
28 years. Another study found diffusion properties of cortical-
subcortical circuits correlated with executive function and fine
motor performance in youth with SB (Ware et al. 2016). While no
study so far has examined TC connections in SBA infants, two
studies in preterm born infants, another population with altered
brain development prior to term age, were able to show that struc-
tural TC connections could be a promising imaging biomarker
for cognitive abilities at two years of age (Ball et al. 2015; Jakab
et al. 2020). In our study cohort, SBA infants who underwent
prenatal repair surgery also showed a range of developmental and
neurologic outcomes at 2 years of age, especially impairments of
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VL

Significance
P=0.05

P=0.001

Fig. 3. Voxel-wise analysis of the association between TC connectivity strength at newborn age and functional level at 2 years of age. Thalamic voxels
where left thalamo-temporal connectivity was significantly (P <0.05, TFCE-corrected) associated with functional level are shown as darker to lighter
shade overlay on a neonatal thalamus atlas and a T2-weighted SB template. VL, thalamic ventral lateral nuclei; VA, ventral anterior nuclei.

lower-extremity motor function (assessed with functional levels).
However, we could not demonstrate a correlation between TC
connections and cognitive outcomes at two years of age. However,
the assessment of cognitive abilities is limited at two years of age
and is based on the structured assessment of play behavior. It
is possible that an assessment at school or adolescent age may
reveal a link between TC connections and cognitive, visuomotor
and behavioral functions at school age, as has been shown for
school-aged preterm born children (Chau et al. 2019).

The developmental timing of how TC connections emerge may
explain our findings. SBA newborns were undergoing prenatal
repair surgery at a mean gestational age of 25 weeks, which is
still a very active time period of neural circuit development. After
a rapid and early development in mid-gestation, TC circuits are
mostly mature at the time of birth (Zhang et al. 2010; Ferradal
et al. 2019). Before the time of surgery, the first wave of neurons
migrate to the subplate region and contribute to the formation
of the first thalamus-subplate circuits, as well as shape the
later maturing TC connections (Kanold and Luhmann 2010;
Kostovi¢ and Judas 2010). Recent advances have shed more light
on the intricacies of subplate development and its significance
in the broader context of cortical circuitry during fetal and
early postnatal periods. For a comprehensive review on this
topic, the work by the Kostovic group provides valuable insights,
among several other notable contributions they have made in
recent years (Kostovi¢ 2020). This early organizational process
may be vulnerable to disruptions from several factors, such as
the presence of harmful molecules or osmotic forces from the
amniotic fluid or the accumulation of cerebral spinal fluid that
generate expansion forces (Kostovi¢ et al. 2002; Kostovi¢ and
Jovanov-MiloSevi¢ 2006; Dubois et al. 2014). As Meuli described
in fetal sheep model that the loss or degeneration of neural tissue
may be attributed to the abnormal exposure of unprotected
neuronal tissue to the chemicals from amniotic fluid during
pregnancy (Meuli et al. 1995). In addition to these consider-
ations, recent insights from the premature infant literature
emphasize the importance of cortico-cortical connections in
neurodevelopment. Prematurity significantly alters short-range
cortico-cortical connections and the brain’s structural network
(Batalle et al. 2017). The sensorimotor network, encompassing

both cortico-cortical and cortico-subcortical components, is
particularly affected, influencing motor and cognitive outcomes.
Studies by Neumane and Ball further emphasized the devel-
opmental significance of these disruptions (Ball et al. 2014;
Neumane et al. 2022). To explain some of the findings, we assume
that abnormal spinal cord development in SB leads to abnormal
(afferent sensory) inputs to the thalamus, thereby affecting the
development of the thalamus and of the neural connectivity
(Stiefel et al. 2007; Mangano et al. 2020). In conclusion, while
secondary damage to the developing central nervous system is
ameliorated by prenatal repair surgery by significantly reducing
spinal cord exposure to amniotic fluid and mechanical damage,
salvaging the early developing TC circuitry from damage may no
longer be completely possible.

Our results showed a possible link between TC connection
topography and functional level with the largest effect being
between the L4 and L5 levels. To interpret this finding, it is
important to understand the characteristics of the functional loss
that is associated with these spinal levels. Several classification
systems have been proposed to characterize and classify the
functional deficits as a consequence of the spinal lesion in SBA
(Tono et al. 1976; Swank and Dias 1994; Dias et al. 2021). For
example, the functional level could be described as the muscle
strength corresponding to the muscle groups innervated by the
spinal nerves of different anatomical levels. McDonald (McDon-
ald et al. 1991) proposed a classification system to predict SBA
patients’ walking ability based on the assessment of iliopsoas
muscle strength. In our study cohort, functional levels were at
level range of L5. The most significant differences in TC connec-
tions were found between group L4 and group L5. According to
the classification system employed in the Zurich Center for Spina
Bifida, the differentiation of L4 and L5 functional level reflects
differences in muscle strength of the legs, it is mainly made by
assessing hip abduction, knee flexion and dorsal extension of
the ankles. The examination of functional level in SBA allows for
quantification of SBA functionality from early postnatal stages
through age 2, yielding stable results across multiple assessments.
This evaluation typically involves assessment of clinical history,
functional observation, and muscle strength examination, which
could be employed for counseling the prognosis of ambulation or



walking ability. The TC connection differences between different
functional levels in SBA neonates shed light on the fact that
the overall neurologic function might not merely be caused by
the anatomical level of the spinal cord lesion, but sustained or
further impacted by disruption of cerebral neuronal circuitry. In
SBA patients, this may further be exacerbated by hydrocephalus
or hindbrain herniation.

Our findings demonstrate an altered thalamus connectivity
topology in SBA neonates, likely caused by an increasing trend
toward stronger thalamic-parietal connections in functional lev-
els L3 to L5. Moreover, the analysis of TC projection (cluster)
volume and functional level revealed a similar trend with TC con-
nection strength. Specifically, lower functional levels were associ-
ated with more thalamic-parietal connections, while the opposite
trend was observed for thalamic-temporal connections. Our find-
ings suggest that these altered thalamus connectivity patterns
may contribute to the functional deficit in SBA. These patterns
are likely attributed to the TC connectivity parcellations defined
by the cortical regions with the highest probability/connectivity
within each thalamic voxel registered to a standardized template
space. This way, the TC connectivity-based thalamus parcellation
volumes in standard space have a competitive relationship with
each other. Our findings suggest an asynchronous trend in tha-
lamic connections with different cortical regions. A higher func-
tional level (with more severe extremity motor deficit) exhibits
more severe disruption of thalamic parietal connectivity path-
ways. These findings are indirectly supported by Joannet (Poh et al.
2015) who reported a synchronized growth pattern of the thalamic
substructures and the corresponding cortical connectivity. They
also observed that the prefrontal and temporal cortical thickness
and their TC connections developed relatively faster than other
brain regions within the first few weeks of life. Additionally,
in neonates, the structural connectivity in the left hemisphere
demonstrated higher efficiency compared with the right hemi-
sphere. This may partially support our findings, as the connec-
tions in the left hemisphere thalamo-temporal region displayed a
statistically significant correlation with the functional level, while
no significant correlation was observed in the right hemisphere.

Our study has the following limitations. Our results are limited
by the relatively low case numbers (n=44), which reduces the
statistical power of our analysis. Furthermore, in the neonatal
brain, axons are still in a pre-myelinated form in the majority of
the white matter. The low diffusion anisotropy of non-myelinated
white matter leads to higher uncertainty in estimating fiber
orientations and connectivity. As a general limitation of diffusion
MR based tractography, this method only traces relatively
large fiber bundles, reducing the sensitivity in reconstructing
the structural brain connectome. While we followed the TC
connectivity analysis methodology previously reported, this
method is still limited by the inherent noise in the DTI signal
and the uncertainty in estimating the diffusion propagator or
during the probabilistic tractography. The main limitation of the
TC connectivity-based parcellation method is that it is a hard
clustering method that is based on predefined cortical regions,
which makes it less accurate in discriminating finer subdivisions
of TC connectivity. Moreover, tractography, in general, is unable
to resolve tract polarity; therefore, TC connectivity in our
manuscript (and in the majority of the DTI literature) refers to
a mixture of TC as well as cortico-thalamic connections.

A further limitation is that our analysis excluded the occipital
thalamic clusters, firstly based on missing data and data vari-
ability. The decision to restrict our analysis to these three clus-
ters was also based on our hypothesis that functional level and
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developmental outcomes are more likely correlated with those
TC connections that relay connections to cortices responsible for
higher cognitive or motor functions, rather than visual connec-
tions. It is also important to note that the TC connectivity-based
clusters are not independent observations, since they represent
the subdivision of one structure into mutually exclusive compart-
ments, so the relative volume change of one cluster affects the
volume of the surrounding cluster(s).

The last limitation would be that our research into cortico-
cortical connections is constrained by the limitations of current
newborn DTI technology and the unique challenges presented by
SB anatomy. Cortico-cortical connectivity analysis would require
a detailed atlas depicting subdivisions of the cortex into regions
of interests. Therefore, the absence of a detailed atlas for con-
nectomic analysis for the unconventional brain anatomy of SBA
further limits our study.

The exact impact of SB on neural circuit development depends
on the type and location of the lesion, as well as the presence of
other related conditions, such as hydrocephalus. Our results sug-
gest that there are marked TC connectivity differences between
the brains of newborns who will later have a functional neurolog-
ical deficit that corresponds to L4 and LS spinal levels.

Conclusion

In conclusion, our study highlights the potential clinical signifi-
cance of differentiating between the L4 and L5 levels in individuals
with SBA. Our findings suggest that measuring TC connectivity
could serve as a useful predictor for functional level and may
aid clinicians in predicting the ability to walk independently. The
novel findings presented in this study shed light on the potential
clinical relevance of TC connectivity in SB. The results of this study
provide a foundation for future research aimed at investigating
the potential impact of these findings on prenatal and postna-
tal diagnostics and prognosis. By further elucidating the neural
mechanisms underlying SB, we may be better equipped to develop
more personalized and effective treatment strategies for children
with this condition.
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