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29  Abstract

30 Background

31  Evidence suggests pathological roles of myelination in neurodevelopmental disorders, but
32  our understanding is limited. We investigated quantitative T1 mapping (QT1) as a clinically
33 feasible tool for measuring myelination in children with neurodevelopmental disorders of the
34  RAS-MAPK signaling pathway (RASopathies).

35 Methods

36  We collected QT1, diffusion-weighted, and structural MRI scans from 72 children (49

37  RASopathies, 23 typical developing (TD)). QT1 measures of myelin content included the
38  macromolecular tissue volume (MTV) in white matter and R1 (1/T1 relaxation) of the cortex.
39 For white matter, we assessed between-groups differences across 39 tracts. For cortical R1,
40  we used principal components analysis to reduce dimensionality and capture myelination
41 patterns across 360 regions. A multivariate ANOVA assessed differences across principal
42  components. Finally, a support vector machine (SVM) identified the most discriminative

43  features between TD and RASopathies.

44  Results

45  Thirty-four of 39 tracts were higher in MTV in RASopathies relative to TD (prpr<.05),

46 indicating widespread elevation in myelination. Our MANOVA revealed a group effect on

47  cortical R1 (p=.002, 7=.028), suggesting cortical myelination differences between-groups.
48  SVM yielded an accuracy of 87% and identified cognitive and cortical R1 features as the
49  most discriminant between-groups.

50 Conclusions

51 We found widespread elevated myelin in white matter tracts and region-dependent patterns
52  of cortical myelination in children with RASopathies. QT1 enabled us to leverage preclinical
53 models showing oligodendrocyte dysfunction to uncover the myelination pattern in vivo in the
54  developing human brain. Using QT1, myelin represents a promising treatment target that
55 can be identified and monitored in neurodevelopmental disorders, offering significant

56  potential for advancing current therapeutic strategies.


https://doi.org/10.1101/2025.02.25.25322881
http://creativecommons.org/licenses/by-nc/4.0/

medRXxiv preprint doi: https://doi.org/10.1101/2025.02.25.25322881; this version posted February 26, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity.

57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83

It is made available under a CC-BY-NC 4.0 International license .

Introduction

Neurodevelopmental disorders affect an estimated 15% of children and adolescents
worldwide (1); however, effective treatments are limited due to a poor understanding of the
underlying pathology. Many of these conditions, such as attention-deficit hyperactivity
disorder (ADHD) and autism spectrum disorder (ASD), are associated with aberrations in
white matter myelin (2). Consequently, recent work emphasizes the importance of
understanding myelin biology (3), particularly as myelin is linked to cognitive functioning (4)
and, therefore, may serve as a therapeutic target in future clinical trials. However,
interpreting myelin abnormalities in neurodevelopmental disorders in vivo presents
significant challenges due to the heterogeneity of these conditions and the lack of specific

neuroimaging techniques capable of accurately visualizing myelin integrity and composition.

The heterogeneity associated with neurodevelopmental disorders can be mitigated through
the adoption of a genetics-first approach. Thus, this study focused on disorders caused by
single germline mutations in the RAS-extracellular signal-regulated mitogen-activated protein
kinase (RAS-MAPK) signaling pathway. By studying disorders with a clear genetic basis, we
can also leverage preclinical models to inform our results. Animal models previously showed
that oligodendrocytes, the myelin-producing glial cells, are affected in common RAS-MAPK
disorders (collectively termed ‘RASopathies’) such as Noonan syndrome and
neurofibromatosis type 1. Causal mutations of these RASopathies upregulate the RAS-
MAPK pathway and lead to downstream cellular effects including proliferation of
oligodendrocyte precursor cells and fewer myelinated axons (5). Gaining insight into the
brain pathology of RASopathies may also shed light on further neurodevelopmental
disorders. Notably, ADHD and ASD are frequent comorbidities in this population (6,7) and
emerging genetic evidence suggests the RAS-MAPK pathway may be involved in a variety
of currently ‘idiopathic’ neurodevelopmental disorders (8). By utilizing a genetics-first

approach to investigate syndromes with well-established genetic underpinnings, we can
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84  generate valuable models for improving our understanding of myelin changes across various
85 neurodevelopmental disorders.
86
87  Previous in vivo neuroimaging studies of neurodevelopmental disorders have primarily relied
88  on diffusion tensor imaging (DTI) to make inferences about white matter abnormalities.
89  While DTl is sensitive to changes in white matter, these findings are generally non-specific
90 (9). For example, decreased fractional anisotropy (FA) may be caused by reduced neurite
91 density, demyelination, increased orientation dispersion, or other factors (10). In contrast,
92 quantitative T1 (QT1) mapping is an MRI technique that provides specific measures of brain
93 tissue composition, particularly myelin content (11). Furthermore, QT1 is robust to
94  differences in scanner hardware and boasts short acquisition times averaging around 3
95  minutes, making it particularly suitable for pediatric populations. QT1 utilizes the MR signal
96 from protons to reliably assess the macromolecular content of tissue, i.e., cell membranes,
97  proteins, and lipids contained within myelin sheaths. Previous work showed that the R1
98  (1/T1 relaxation) and macromolecular tissue volume (MTV) measurements derived from QT1
99  are accurate indicators of myelin content (11,12). By utilizing cortical R1 and white matter
100 tract MTV, we can acquire a comprehensive estimation of myelin content changes
101  throughout the brain in neurodevelopmental disorders.
102
103 In this study, we investigated the application of QT1 mapping for measuring myelin content
104 in children with RASopathies compared to their typical developing (TD) peers. To our
105 knowledge, this represents the first study to apply QT1 mapping to children with
106 RASopathies. We hypothesized that alterations to R1 and MTV would be found in the
107 RASopathies cohort compared to TD, suggesting significant differences in myelination. We
108 expected to find shorter R1 and smaller MTV values, given that preclinical work has
109 suggested hypomyelination in mouse models of Noonan syndrome (5). We utilized
110 univariate and multivariate analyses to discern group differences but also employed SVM to

111  pinpoint the most discriminative features separating TD children from those with
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RASopathies. Our study builds on previous DTI studies of RASopathies (13-17) by using
QT1 mapping as a more specific methodology. The potential implications of this investigation
include a deeper understanding of the pathology associated with neurodevelopmental
disorders, the identification of specific treatment targets, and the translation of QT1 mapping

to clinical settings.

Methods and Materials

Participants

Participants with RASopathies were recruited for this prospective study from January 2023
through November 2024 across the United States and Canada. TD participants were
recruited from the San Francisco Bay area. Eligible participants included 15 children with
NF1, 46 with NS, and 27 TD. Full-scale, performance, and verbal 1Qs were acquired using
the Wechsler Abbreviated Scale of Intelligence 2™ Edition (18). Additional cognitive
measures included seven tests from the NIH Toolbox Cognition Battery

(http://www.nihtoolbox.org/) encompassing measures of attention, memory, and language

abilities (19). Further details on these tests and the inclusion and exclusion criteria are
available in the Supplement. Legal guardians provided written informed consent and
participants aged over 7 years provided complementary written assent. The Stanford
University School of Medicine Institutional Review Board approved all procedures in this
work involving human subjects. All procedures comply with the ethical standards of the
national and institutional committees on human experimentation and with the Helsinki

Declaration of 1975, as revised in 2008.

Imaging Protocol

MRI data were acquired using a standard 48-channel head coil on a GE Premier 3.0 Tesla
whole-body system (GE Healthcare, Milwaukee, WI). Structural data were collected using a
whole-brain high-resolution T1-weighted magnetization-prepared rapid gradient-echo

(MPRAGE) sequence. QT1 data were collected using slice-shuffling of an inversion-recovery
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EPI sequence with multiple inversion times (TI) as previously described (20). We acquired
20 TlIs with the first TI = 50 ms and Tl interval = 150 ms and a second inversion-recovery EPI
with reverse-phase encoding direction. Other scan parameters included: flip angle = 60°,
repetition time (TR) = 3.5 s; field-of-view (FOV) = 22 cm; matrix size = 110 x 110; slice
thickness = 2.5 mm; number of slices = 57. The sequence generates two QT1 NIFTI files,
one with reverse phase encoding for EPI distortion correction. Both NIFTI files were
distortion-corrected using topup in FSL and were subsequently processed using open-

source Python code (https://github.com/cni/t1fit/blob/master/t1fit_unwarp.py) to produce the

QT1 maps for further analysis. Diffusion MRI data were collected with b=500s/mm? (6
directions), b=1000s/mm? (15 directions), b=2000s/mm? (15 directions) and b=3000s/mm?
(60 directions). Preprocessing of diffusion MRI data was completed by author MR using FSL
6.0.5. (FMRIB Analysis Group, Oxford, UK). Topup and eddy tools were used for
susceptibility-induced distortion correction and correction of eddy currents-induced

distortions and subject movements (21,22).

Image Analysis
T1- weighted images were used to reconstruct cortical surfaces for each subject in

FreeSurfer (version 5.3, http://surfer.nmr.mgh.harvard.edu). The steps included skull

stripping and grey and white matter segmentation followed by reconstruction and inflation of
the cortical surface. Manual editing of the segmentation was performed (authors MR and
CM) when required. The Human Connectome Project multi-modal parcellation (HCPMMP)
(23) was used to delineate 180 cortical brain regions per hemisphere, as described
previously (24). Briefly, the HCP annotation files were converted to the standard FreeSurfer
cortical surface and the subsequent parcellation was transformed to each participant’s
cortical surface. Volumetric masks were generated for each cortical surface, and these were
linearly transformed into the native space of each participant’s diffusion-weighted images.
Transformations were visually checked for potential artifacts or misalignments using ITK-

SNAP. R1 values were extracted from each transformed brain region (360 per subject).
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For tract-based analysis, the QT1 maps for each subject were first co-registered to the
diffusion-weighted data using the ANTS software package, i.e., each QT1 map was warped
to the non-diffusion-weighted b0 image. TRActs Constrained by UnderLying Anatomy
(TRACULA) within FreeSurfer was used to reconstruct white matter tracts (25). TRACULA
combines the distortion-corrected diffusion MRI data with T1-weighted structural images to
reconstruct 42 white matter tracts for each subject using probabilistic tractography. 3D
reconstructions of the tracts were visually examined (authors JP, MR) and any tracts that
failed or only partially reconstructed were rerun using the reinit function. Tracts that failed to
reconstruct or did so partially following reinit were excluded from analysis. Finally, the

average MTV was extracted from each tract using the previously validated equation:

1
—— = 0.42xR1 + 0.95 (11).

Statistical Analysis

For tract-based analysis, we used an analysis of covariance to assess between-group
differences (RASopathies, TD) in the average tract MTV for each of the 39 white matter
tracts, including age and sex as covariates. We used the false discovery rate (FDR) to adjust
for multiple comparisons.

For cortical R1 analysis, we performed a non-parametric multivariate ANOVA (MANOVA) to
assess for an effect of group (RASopathies, TD) on cortical R1 simultaneously across the
360 regions. Prior to the MANOVA, we regressed out the effects of age on the data. We then
performed a PCA on the residuals to reduce the dimensionality. We checked for outlier
subjects in the principal components using the Mahalanobis distance for multivariate data.
The Mahalanobis distance of each observation was compared to a critical value from the
Chi-square distribution. Outliers were identified as those where p<.001. The principal
components were entered into the MANOVA generated using the nonpartest function

(10,000 permutations) within the npmv package (26). We chose this non-parametric
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195 approach as the model is more robust against potential violations of assumptions than the
196 classic parametric MANOVA.

197  Finally, we investigated the effect of RASopathies on a combination of brain and cognitive
198 features using a support vector machine (SVM) which extracted the most discriminative

199 features between RASopathies and TD. SVM is a machine learning tool that uses a

200 multivariate approach ideal for handling data with a large number of features. SVM classifies
201 the data by finding a hyperplane that maximizes the distance between each class. We used
202  the fitcsvm function for binary classification in MATLAB R2024A to fit the SVM for TD versus
203 RASopathies. We entered 406 features including tract MTV, cortical R1, and NIH toolbox
204  subscales, to fit the SVM. Given the small sample size (total n=65 included in SVM

205 analysis), we used a leave-one-out cross-validation to fit the models, i.e., all subjects except
206  one were used to train the model, and then the remaining one subject was used to test the
207  model across 65 iterations. We evaluated the model using receiver operating characteristic
208 (ROC) metrics of accuracy, sensitivity, and specificity. Following the cross-validation, one
209 classifier was produced from which we extracted the ten features with the largest weightings.
210 These features represent the variables with the greatest discriminative power between the
211 classes. Finally, we used permutation-testing (n=1000 permutations) to evaluate our SVM
212  model in comparison to a null model where the subjects were randomly shuffled prior to the
213 leave-one-out cross-validation. Aside from SVM, which was conducted in MATLAB, all other
214  statistical analyses and visualizations were conducted in R 4.4.1 (R Core Team, 2024).

215

216 Results

217  Participant Characteristics

218  Atotal of 72 subjects (Mage=10.7, SDage=3.47; 36 male) were included in the analysis (Table
219 1). Eleven subjects were excluded due to excess motion (TD=2, RASopathies=9). Figure 1
220 shows the flow of participants through the study and reasons for exclusion. There were 49
221  subjects in the RASopathies group (Mage=11.0, SD.4.=3.48; 25 male) and 23 subjects in the

222  TD group (Mage=10.2, SD,4=3.48; 11 male). The subjects with RASopathies included
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223  children with Noonan syndrome (n=34, PTPN11 (n=20), SOS-1 (n=8), NRAS (n=2), RAF-1
224  (n=2), SHOC-2 (n=1), LZTR-1 (n=1) and children with neurofibromatosis type 1 (n=15, NF1
225  mutation). The groups did not differ by age (p=.40) nor by sex (p>.99). Lower scores were
226  found on full-scale 1Q (p<.001), performance 1Q (p<.001), and verbal 1Q (p=.010) in the
227  RASopathies group compared to TD. Relative to TD, the RASopathies group also had lower
228  scores on age-corrected cognitive measures of working memory, attention, receptive

229 language, executive function, and expressive language (all p<.001). A power calculation to
230 determine the minimum detectable effect sizes is available in the Supplement. Example
231 QT1images are shown in Figure 2.

232

233  Children with RASopathies demonstrate higher MTV, suggesting greater myelin

234  content, in majority of white matter tracts

235 Nine subjects were excluded from tract-based analysis (total n=63) due to motion in the
236  diffusion-weighted images and subsequent failure to form tracts in TRACULA (Figure 1).
237  The anterior commissure, left fornix, and right fornix were excluded from all tract-based
238 analysis due to a low number of subjects with acceptable reconstructions (<80%

239 acceptable). Following removal of these three tracts, 1.67% of all tract-based data were
240  missing. The missing values were subsequently imputed using a predictive mean matching
241  algorithm Multiple Imputation by Chained Equations (MICE) package in R.

242

243  Thirty-four out of 39 white matter tracts investigated showed significant between-group
244  differences (pror<.05). Higher MTV was found in the RASopathies group relative to TD,
245 indicating greater white matter myelin in RASopathies (Figure 3). We found the largest
246  effect sizes (largest absolute value of Cohen’s d) in the right superior longitudinal fasciculus
247 |l (prpr=-006, d=1.01), right anterior thalamic radiation (prpr=.007, d=0.95), left cingulum
248  bundle-dorsal (prpr=.007, d=0.91), and corpus callosum-rostrum (prpr=.007, d=0.86). The
249 average MTV values in each group are shown in Supplementary Table 1.

250
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We examined the two groups of RASopathies, Noonan syndrome (n=29) and
neurofibromatosis type 1 (n=12), separately to gain a deeper understanding of the specific
myelination patterns associated with each disorder. However, we did not find any differences
in tract MTV between Noonan syndrome and neurofibromatosis type 1, indicating similar
tract myelin in both groups. Statistical comparisons between TD and Noonan syndrome
revealed 17 out of 39 tracts with higher MTV (prpr<.05, Figure 4A), whereas comparisons
between TD and neurofibromatosis type 1 revealed 36 of 39 tracts with higher MTV relative
to TD (pror<.05, Figure 4B). Overall, both RASopathies showed elevations in tract MTV,

suggesting greater myelin, relative to TD.

Children with RASopathies tend to have longer R1 (greater myelin content) in regions
adjacent to the hippocampal formation

We conducted a PCA followed by MANOVA to analyze R1 (units 1/s) across all 360 cortical
regions. The PCA reduced the dimensionality of the 360 regions to 71 principal components.
Calculation of the Mahalanobis distance revealed zero outlier subjects at a threshold for
exclusion of p<.001. The first and second principal components (PCs) individually explained
18% and 5.3% of the variance, respectively. Twenty-two PCs, explaining 67% of the
cumulative variance, were entered as dependent variables into a non-parametric MANOVA
with group (TD, RASopathies) as the independent variable. A scree plot shows the variance
explained by each of the 22 PCs (Supplementary Figure 1). The MANOVA showed an
effect of group on the cortical R1 PCs (Wilks’ Lambda=0.54, F(22,70)=2.73, p=.002,
177=.028). Visualization of the top PCs suggests subjects with RASopathies tend to have
higher scores on PC2 relative to TD (Figure 5A, 5B), which likely contributed to the
significant effect detected by the MANOVA. The ten regions with the greatest contributions to
PC2 (Table 2) include several regions within the hippocampal area of the brain including R1
of the right PreSubiculum, right ParaHippocampal Area 3, and bilateral Entorhinal Cortex.
The results suggest subjects with RASopathies tend to have longer R1 (greater myelin

content) in these regions compared to TD.
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279  Support vector machine (SVM) suggests select cognitive and cortical R1 features are
280 key discriminants between RASopathies and TD

281  We used SVM to determine the most discriminant features between children with

282 RASopathies and TD. Tract MTV, cortical R1, and the cognitive measures were used to
283  produce the binary SVM classifier (RASopathies versus TD). Sixty-one subjects were

284  included in the SVM. Two subjects were excluded following tract-based analysis (n=63) due
285 to missing values in their cognitive data. The accuracy, sensitivity, and specificity of the

286  classifier were 86.9%, 86.4%, and 87.2%, respectively. The ROC curve is shown in Figure
287  6A. The area under the curve (AUC) is 0.95. The p-values from the SVM permutation-testing
288  comparison demonstrated that the accuracy of the SVM was significantly greater than

289 chance (p<.001), i.e., the SVM has a significantly higher accuracy (87%) than the null model
290 (57% average accuracy).

291

292  The ten features with the greatest weights are shown in Table 3 and Figure 6B. The

293 positive weights suggest subjects with increases in these features are more likely to be

294  classified as RASopathies, whereas the negative weights indicate increases in these

295 features are more likely to be classified as TD. Our results suggest longer R1 values in the
296  right presubiculum, a region located in the temporal lobe between the hippocampus and
297  entorhinal cortex, mean the subject is more likely to be classified in the RASopathies class.
298  The nine remaining features out of the top ten were all negative, suggesting increases in
299 these features mean the subject is more likely to be classified as TD. Five of these features
300 were cognitive measures including language, inhibitory control and attention, executive

301 function, and working memory. The remaining four features were R1 measurements from
302  cortical regions including regions located in the superior frontal gyrus (right superior frontal
303 language area and right area anterior 32 prime), area PH located between the temporal and
304  occipital lobes, and area 23d in the posterior cingulate.

305
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Five subjects with RASopathies (mutations of PTPN11=2, SOS-1=2, RAF-1=1) were
incorrectly classified as TD in the SVM following the leave-one-out cross-validation. The
values of the top 10 features for each of these five incorrectly classified subjects are shown
in Supplementary Table 2. Compared to the correctly classified RASopathies subjects, all
five of the incorrectly classified subjects had higher inhibitory control and attention scores
(83, 88, 100, 101, and 84) compared to the group average (81). These subjects also had
longer R1 of the left superior frontal language area (0.618, 0.594, 0.629, 0.617, 0.641)

compared to the group average (0.586) of the correctly classified RASopathies subjects.

Three TD subjects were incorrectly classified as RASopathies. The values of the top 10
features for each of these TD subjects are shown in Supplementary Table 3. The
incorrectly classified subjects had lower expressive language scores (100, 89, 90) and
inhibitory control and attention scores (92, 90, 83) compared to the group averages of the
correctly classified TD subjects (114 and 99, respectively). The subjects also had longer R1

of the right presubiculum (0.606, 0.613, 0.615) compared to the group average (0.602).

As five of the most discriminant ten features in the SVM were cognitive measures, we were
interested in investigating the added value of brain-based measures. We tested the
difference in classification performance between the two models by running a second SVM
using seven cognitive measures but excluding any brain-based metrics. The SVM classifier
based on cognitive measures alone yielded accuracy, sensitivity, and specificity of 77.1%,
72.7%, and 79.5%, respectively. The ROC curve is shown in Supplementary Figure 2. The
area under the curve (AUC) is 0.89. Fifteen subjects (RASopathies=8, TD=6) were classified
incorrectly following the leave-one-out cross-validation. Overall, these findings indicate that
integrating brain-based with cognitive measures enhances the accuracy of the SVM by 10%,

emphasizing the added value of a multimodal approach for understanding RASopathies.
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334 Discussion

335 Using QT1 mapping, we identified differences in white matter tracts and cortical myelin

336  content in children with RASopathies relative to TD peers. Our analysis of tract MTV

337 revealed widespread elevations in white matter myelin in RASopathies, to the extent that
338 thirty-four out of thirty-nine (87%) showed significantly increased MTV compared to TD. The
339 results of our MANOVA suggest group differences in cortical myelination, with a significant
340 effect driven partially by PC2. Higher scores on PC2 were found in the RASopathies group
341 relative to TD, suggesting children with RASopathies may have longer R1 (increased myelin)
342  of the contributing regions. Finally, the SVM identified cognitive and neuroimaging-based
343 features that discriminate the RASopathies and TD groups with reasonable accuracy. The
344  most discriminating features indicate the strong effects of RASopathies on language and
345  cognitive abilities, and on cortical myelination. Taken together, our findings illustrate the

346  extensive impact of the RAS-MAPK mutations on myelination and demonstrate the potential
347  of QT1 as a non-invasive measure of pathology in clinical populations.

348

349  Our analysis of tract MTV reveals increased myelin content in many white matter tracts in
350 children with RASopathies compared to their TD peers. Prior in vivo studies of RASopathies
351 using DTI have identified white matter alterations, such as reduced FA and increased mean
352  diffusivity (MD), in children with neurofibromatosis type 1 and Noonan syndrome

353 (13,14,16,17). While these findings suggest abnormalities in white matter structure, FA and
354  MD are non-specific metrics influenced by multiple factors, including myelin content, axonal
355 density, and fiber orientation coherence (9,10). For example, FA may reflect both the degree
356  of myelination and alignment of axons within a voxel, making it difficult to isolate the specific
357  biological mechanisms. In contrast, QT1 measures like R1 provide more direct and specific
358 information about myelin content. Unlike DTI, QT1 metrics are largely independent of fiber
359 orientation and thus offer a clearer representation of myelin concentration (27). Supporting
360 this, previous work demonstrated a weak relationship between R1 and diffusion measures in

361  white matter, highlighting that these modalities capture distinct biological processes (12). By
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leveraging QT1 to measure tract MTV, our study advances understanding of RASopathies
by identifying significant myelin increases without relying on the assumptions required by
DTI. QT1 highlights specific myelin-related changes, providing novel insights into the white

matter abnormalities associated with RASopathies.

To elucidate the mechanisms driving increased myelin content in RASopathies, we can
leverage insights from animal models of these conditions. Animal models of
neurofibromatosis type 1 and Noonan syndrome demonstrated proliferation of
oligodendrocyte precursor cells (OPC), indicating alterations in the early stages of
oligodendrocyte development (5,28,29). However, the impact on later processes involving
the differentiation and functionality of mature oligodendrocytes remains unclear (30). For
instance, a mouse model of Noonan syndrome showed fewer myelinated axons in white
matter, leading to the hypothesis of hypomyelination (5). In contrast, our findings suggest
white matter hypermyelination among children with RASopathies. Our findings are at least
partially driven by the increased myelin detected in neurofibromatosis type 1, where 36 of 39
tracts were significantly higher in tract MTV relative to TD. Animals models of
neurofibromatosis type 1 showed increased myelin thickness (31), hypermyelination, and
myelin decompaction (32). Future longitudinal studies would be valuable to further evaluate

the impact of the RAS-MAPK mutations on myelination trajectories in vivo.

Using multivariate techniques, including PCA and SVM classification, we found region-
dependent differences in cortical myelin content within the RASopathies group relative to TD
individuals. The PCA and MANOVA revealed several cortical regions adjacent to the
hippocampal formation where myelin content is likely elevated in children with RASopathies.
Interestingly, the hippocampus is involved in memory and working memory is often impaired
in children with RASopathies (6), as we also found in the present study. In contrast, the SVM
classifier detected multiple cortical regions where myelin content appeared lower in this

group. Collectively, these findings suggest complex and varied effects of RAS-MAPK
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390 mutations on cortical myelination. These findings may also be related to atypical

391 developmental trajectories observed in RASopathies compared to TD, characterized by

392  certain regions that mature more quickly while others lag in development. The regions

393 highlighted in the SVM analysis play a role in visuospatial processing — a cognitive domain
394  affected in children with neurofibromatosis type 1 and Noonan syndrome (33,34). Further
395  research incorporating functional MRI would be valuable to understand the potential link
396 between the myelination of these regions and visuospatial processing in RASopathies.

397  Additionally, our analysis revealed five cognitive measures that served as the most

398 discriminative factors between TD individuals and those with RASopathies, aligning with
399  previous studies that indicate lower cognitive scores in children with RASopathies compared
400 to their TD peers (6,35-37). Importantly, however, the SVM based on cognitive measures
401 alone yielded lower accuracy (77%) than the SVM based on cognitive and brain-based

402 measures (87% accuracy), showing the value of multimodal approaches for improved

403  precision. Ultimately, these findings enhance our understanding of myelination patterns in
404  RASopathies while affirming the need for targeted interventions to support cognitive

405  development in this population.

406

407  While this study was limited by small group sizes, we nonetheless focused on biologically
408 defined neurodevelopmental disorders and found large effect sizes highlighting the clinical
409 significance of this work. To our knowledge, this is the first study to apply QT1 mapping in
410 children with RASopathies and our results suggest this technique is promising for clinical
411 applications. Due to its relatively short scan time and specificity, QT1 may be instrumental in
412 identifying objective treatment targets and subsequent monitoring of treatment efficacy over
413 time. In our analysis we utilized a leave-one-out cross-validation to fit the SVM classifier. We
414  acknowledge that a train-test split across 1000 iterations would provide a more rigorous
415 validation process; however, the small sample size in each group was not conducive to such
416 an approach. Future studies with larger sample sizes and more statistical power will be

417  essential to validate and improve the robustness of these findings.


https://doi.org/10.1101/2025.02.25.25322881
http://creativecommons.org/licenses/by-nc/4.0/

medRXxiv preprint doi: https://doi.org/10.1101/2025.02.25.25322881; this version posted February 26, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity.
It is made available under a CC-BY-NC 4.0 International license .

418

419  This study builds on prior research by utilizing QT1 mapping to examine changes in myelin
420  content in children with RASopathies relative to TD peers. The evidence suggests

421 widespread elevated myelin content in white matter tracts and region-dependent patterns of
422  cortical myelination in children with RASopathies. The SVM suggests a unique pattern of
423  myelin content in RASopathies that may be of relevance to visuospatial abilities. The

424  significance of these findings warrants further investigation, ideally involving larger sample
425  sizes to garner a more comprehensive and nuanced picture of the underlying neurobiology
426  associated with the RAS-MAPK pathway. QT1 mapping demonstrates promise for clinical
427  translation and should be explored further in additional RASopathies and

428 neurodevelopmental disorders to ultimately develop novel treatments and improve outcomes
429  for affected children.
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449 Table 1. Demographics and descriptive statistics of included participants.
450

TD (n=23) RAS (n=49) Flyx?(df) p
Age 10.2 (3.48) 11.0(3.48) F(1,70) =.729 .396
Sex (M/F) 11/12 25/24 27(1) =.000 >.999
Full-scale 1Q 119 (14.7) 96.3 (14.7) F(1,68) = 36.7 <.001
Verbal 1Q 114 (19.8) 101 (19.8) F(1,68) = 7.04 .010
Performance I1Q 120 (13.7) 94.4 (16.0) F(1,68) =42.9 <.001
Working memory’ 107 (14.2) 92.7 (15.1) F(1,69) = 14.8 <.001
Attention’ 96.3 (14.2) 84.0(10.1) F(1,69) =18.3  <.001
Receptive language’ 118 (17.6) 100 (14.5) F(1,69) = 20.6 <.001
Episodic memory’ 106 (17.0) 100 (16.0) F(1,69) = 1.80 184
Executive function’ 111 (15.8)  90.6 (15.0) F(1,68) =29.0 <.001
Expressive Ianguage’r 111 (15.1) 91.9(12.2) F(1,69) = 31.0 <.001
Processing speed’ 91.4 (21.2) 82.2(19.9) F(1,68) = 3.10 .083

451
452
453
454
455
456
457
458
459

460
461
462
463

Data presented as counts or mean (SD).

Between-group differences were calculated using analysis

of covariance, including covariates of age and sex, or Chi-square test. Presented p-values are

uncorrected. Two subjects (both from RASopathies group) did not complete executive function and

processing speed measures. Tage-corrected scores derived from NIH toolbox tests: working memory

(List Sorting Working Memory Test), attention (Flanker Inhibitory Control and Attention Test), receptive

language (Picture Vocabulary Test), episodic memory (Picture Sequence Memory Test), executive

function (Dimensional Change Card Sort Test), expressive language (Oral Reading Recognition Test),

and processing speed (Pattern Comparison Processing Speed Test).

RAS = RASopathies; TD= typical developing.
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464

465

466

467

468

469

470

471

472

473 Table 2. The ten regions with the greatest weightings in each of PC1 and PC2.

PC1 PC2

Region Weighting  Region Weighting
Area Lateral IntraParietal dorsal (R) 0.51 PreSubiculum (R) 0.39
Area Lateral Occipital 2 (R) 0.51 Area PH (L) 0.36
Auditory 4 Complex (L) 0.51 Entorhinal Cortex (L) 0.32
PreCuneus Visual Area (L) 0.48 Area 8B Lateral (L) 0.31
Area 8C (R) 0.47 PeriSylvian Language Area (L) 0.31
ParaHippocampal Area 1 (R) 0.47 Inferior 6-8 Transitional Area (L) 0.31
Sixth Visual Area (L) 0.44 ParaHippocampal Area 3 (R) 0.29
Area 44 (R) 0.43 Entorhinal Cortex (R) 0.28
Area TemporoParietoOccipital Junction 2 (R) 0.42 Frontal Opercular Area 3 (L) 0.27
Area 45 (L) 0.41 Primary Motor Cortex (R) 0.26

474  L=left; PC=principal component; R=right.

475
476
477
478
479
480
481
482
483
484
485
486
487
488
489
490
491
492
493 Table 3. Ten features with the greatest weights in the classifier generated by SVM.
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494
495
496

Feature W& gHt

498

Expressive language -0.089

500

Inhibitory control and attention -0869

. 502

Receptive language Ogé%

: : 504

Executive function Oga%

R1 in Area PH (R) Oggg

R1 in Area anterior 32 prime (R) Oggg

R1 in PreSubiculum (R) 0.(?4%0

511

R1 in Area 23d (R) 0948

513

R1 in Superior frontal language area (L) 0?%%

Working memory 0949

517  Expressive language (Oral Reading
518 Recognition Test), inhibitory control and attention (Flanker Inhibitory Control and Attention Test),
519  executive function (Dimensional Change Card Sort Test), receptive language (Picture Vocabulary
520  Test), and working memory (List Sorting Working Memory Test) are derived from the NIH toolbox tests
521  named in brackets.

522
523

524

525

526

527

528

529

530

531
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Recruited participants n=90

Excluded due to ineligibility n=2

Participants through MRI n=88
TD=27, RASopathies=61

Incomplete QT1 n=5
TD=2, RASopathies=3

Preprocessing n=83
TD=25, RASopathies=58

Excess motion n=11
TD=2, RASopathies=9

Analysis n=72
TD=23, RASopathies=49

Failed TRACULA n=9
TD=1, RASopathies=8

Tract-based analysis n=63 Cortical analysis n=72
TD=22, RASopathies=41 TD=23, RASopathies=49

Figure 1. Flow of participants through the study. Following exclusions and quality
checking, 72 subjects were included in cortical analysis and 65 subjects were
included in tract-based analysis. QT1=quantitative T1 mapping; TD=typical developing;

TRACULA=TRActs Constrained by UnderLying Anatomy.
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Figure 2. Example QT1 image slices from a single participant. Image created in
MRICroGL.
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Figure 3. Average tract MTV and standard errors for each group (TD, RAS), ordered

from largest effect size at the top to smallest effect size at the bottom. Thirty-four of

39 tracts had significantly elevated MTV in the RAS group relative to TD (prpr<.05),

suggesting greater white matter myelin content in the RAS group. CC=corpus

callosum; L=left; MTV=macromolecular tissue volume; R=right; RAS=RASopathies;

TD=typical developing.
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Figure 4. Average tract MTV and standard errors in each of the RASopathies compared to TD, ordered from largest effect size at the
top to smallest effect size at the bottom. A) Seventeen of 39 tracts have significantly elevated MTV in Noonan syndrome relative to TD
(pror<.05). B) Thirty-six of 39 tracts had significantly elevated MTV in neurofibromatosis type 1 relative to TD (prpr<.05). Overall, the
results indicate greater white matter myelin in both groups relative to TD.

CC=corpus callosum; L=left; MTV=macromolecular tissue volume; NF1=neurofibromatosis type 1; NS=noonan syndrome; R=right;

RAS=RASopathies; TD=typical developing.
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Figure 5. Subjects with RASopathies tend to have higher scores on PC2 relative to TD. (A) Boxplot visualizations suggest that
subjects with RASopathies (pink) score higher on PC2 than TD subjects (blue). A Wilcoxon rank-rum test indicates the difference is
significant Z=3.38, p=.008, r=0.398. (B) A biplot of PC 1 and PC2 indicates that TD subjects tend to score similarly on both PC1 and

PC2, whereas subjects with RASopathies show more variation in scores on both PCs.
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Figure 6. SVM Classifier. A) ROC Curve, area under the curve (AUC) is 0.95. B) Top 10 feature weights from the SVM classifier.
Expressive language (Oral Reading Recognition Test), inhibitory control and attention (Flanker Inhibitory Control and Attention Test), receptive
language (Picture Vocabulary Test), executive function (Dimensional Change Card Sort Test), and working memory (List Sorting Working
Memory Test) are derived from the NIH toolbox tests named in brackets.

L=left; R=right; ROC=receiver operating characteristic
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