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Magnetic resonance fingerprinting (MRF) allows rapid, noninvasive estimation of myelin content through the myelin water 

fraction (MWF), providing a tool for monitoring brain maturation and pathological changes. Despite this potential, MRF-

derived MWF has not been systematically validated against histology, and its application in leukodystrophy remains 

unexplored. The present study aimed to confirm the histological basis of MRF-derived MWF in mice and to investigate how 

MWF relates to myelin, developmental stage, and leukodystrophy in both murine models and pediatric populations, 

demonstrating its translational potential. We performed 3D MRF on normal C57BL/6 mice at multiple ages, on megalencephalic 

leukoencephalopathy with subcortical cyst 1 wild type (MLC1 WT) mice, and on MLC1 knock-out (MLC1 KO) mice using a 

3 T MRI system. MWF maps were extracted from the 3D MRF datasets, and myelin content was quantified histologically using 

anti-proteolipid protein (PLP) staining in the corpus callosum and cortex. Relationships between ‘MWF and PLP’ and between 

‘MWF and age’ were evaluated in C57BL/6 mice. Differences in MWF were compared between MLC1 WT and KO mice. 

Retrospective data from 81 normally developing children were analyzed to assess age-dependent changes in MWF. In 35 

C57BL/6 mice (ages 3–48 weeks), MWF showed significant positive associations with PLP immunoreactivity in both the corpus 

callosum (β = 0.0006, P = 0.04) and cortex (β = 0.0005, P = 0.006). In 12-week-old C57BL/6 mice, MWF correlated strongly 

with PLP (β = 0.0009, P = 0.003, R² = 0.54). Age-dependent increases in MWF were observed in the corpus callosum (β = 

0.0022, P < 0.001) and cortex (β = 0.0010, P < 0.001). Seven MLC1 WT and nine MLC1 KO mice displayed significantly 

different MWF values in both regions (P < 0.001 for corpus callosum and cortex). In 81 children (median age 126 months, 

range 0–199 months), MWF changes with age were best described by a third-order polynomial regression (adjusted R² = 0.44–

0.94, P < 0.001). MWF closely reflected histologically measured myelin, age-related maturation, and the presence of 

leukodystrophy, supporting 3D MRF-derived MWF as a rapid, noninvasive quantitative marker of myelin in both animal models 

and humans. 
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Introduction 

 MRF is a quantitative imaging approach suitable for 

evaluating brain development [1, 2], allowing 

simultaneous acquisition of T1 and T2 relaxation times 

in a single, time-efficient scan [3]. These relaxation 

parameters reflect tissue composition changes that occur 

during maturation [1]. In addition to T1 and T2, MRF can 

quantify myelin by distinguishing myelin-associated 

water from free or intra/extracellular water using 

relaxation time characteristics [4]. The myelin water 

fraction (MWF) is defined as the proportion of myelin-

associated water relative to total tissue water [1, 5]. 

MWF serves as a developmental marker because 

myelination is tightly coupled to neural growth [6, 7]. 
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While traditional T1- and T2-weighted imaging provides 

qualitative myelination assessment [8], quantitative 

metrics including diffusion tensor imaging, relaxation 

times, and MWF offer more precise evaluation [1, 6, 9]. 

Prior studies have measured T1, T2, and MWF using 2D 

MRF in 28 children aged 0–5 years [1], and 3D MRF-

derived T1/T2 relaxation times in 25 neonates (median 

corrected gestational age 263 days) [2]. However, 

histological validation of 3D MRF-derived MWF is 

lacking. 

Inherited white matter disorders affect approximately 1 

in 8,000 births [10]. Brain MRI is a crucial tool for 

detecting pediatric WM diseases [9, 11], yet few studies 

have applied MRF-derived MWF to leukodystrophies. 

Megalencephalic leukoencephalopathy with subcortical 

cysts (MLC) is an autosomal recessive disorder 

characterized by early-onset cerebral WM edema and 

myelin vacuolation [12, 13]. Patients develop 

macrocephaly during infancy, with clinical stabilization 

thereafter [13]. MRI shows diffuse WM swelling and 

increased water content [13, 14], while histology reveals 

fluid-filled vacuoles in myelin sheaths [15], potentially 

affecting MWF measurements in specific regions [16]. 

Because studies validating 3D MRF-derived MWF 

histologically and in leukodystrophy are lacking, we 

aimed to examine MWF-histology correlations and age 

effects in mice. Furthermore, we analyzed  

Materials and Methods  

Animal study 

Mice   

All procedures involving animals adhered to guidelines 

from the National Institutes of Health and the 

Institutional Animal Care and Use Committee at The 

Catholic University of Korea. To investigate myelination 

patterns during brain maturation, 35 C57BL/6 mice (19 

females) underwent scanning between October 2021 and 

March 2022, spanning ages from 3 to 48 weeks. For 

assessing myelination in a leukodystrophy context, 9 

MLC1 wild-type (WT, serving as controls) and 9 MLC1 

knock-out (KO, modeling leukodystrophy) mice were 

imaged from December 2021 to January 2022. Two 

MLC1 WT cases were omitted from the final MWF 

analysis because of motion-related image artifacts.  

 

MRI Acquisitions and Postprocessing   

Imaging was conducted on a 3T MR system (Vida, 

Siemens Healthineers, Erlangen, Germany). A 6-channel 

birdcage coil (Stark Contrast, Erlangen, Germany) was 

employed for the animal scans. Three-dimensional MRF 

using stack-of-star trajectory was acquired with these 

settings: repetition time 10 ms; echo time 4.84 ms; field 

of view 60 × 60 × 24 mm³; voxel size 0.5 × 0.5 × 2 mm³; 

flip angle following sinusoidal variation; 640 MRF time 

points; 32 radial spokes per time point; slice-direction 

acceleration factor 3 (total scan duration: 17 min 55 sec) 

(Figure 1). Anatomical T2-weighted turbo spin echo 

images were obtained with: repetition time 3000 ms; 

echo time 64 ms; flip angle 150 degrees; field of view 42 

× 42 mm²; resolution 0.1 × 0.1 mm²; slice thickness 1 

mm; 18 slices; GRAPPA factor 2; 8 averages (scan time: 

7 min 17 s).

 

 
a) 
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b) 

 
c) 

Figure 1. Overview of myelin water fraction (MWF) map creation via 3D magnetic resonance fingerprinting 

(MRF). Illustration of the 3D MRF scheme, reconstructed images with sinusoidal flip angle variation, and 3D 

stack-of-star trajectory (a). Signal curves for partial volume dictionary entries of each compartment (myelin, 

intra/extracellular, and free water) (b). Example fraction maps from a mouse following dictionary matching (c). 

SVD, singular value decomposition 

T1 and T2 maps were generated from the 3D MRF data 

[2]. A three-compartment partial volume MRF approach 

from prior work [1] was then used to calculate MWF. 

Fixed relaxation values per compartment were: myelin 

water T1=130 ms, T2=20 ms; intra/extracellular water 

T1=1300 ms, T2=130 ms; free water T1=4500 ms, 

T2=500 ms (Figure 1) [1, 4]. Iterative reconstruction was 

applied to enhance image quality [2, 17]. The 3D MRF 

sequence relied on fast imaging with steady-state 

precession without radiofrequency spoilers or gradient 

spoiling. Sequence specifics and validation of T1/T2 

accuracy from 3D MRF are detailed elsewhere [2, 17]. 

To examine MWF sensitivity to varied predefined myelin 

water T1 and T2 values, five alternative combinations 

were tested on one 13-month-old MLC1 WT and one 13-

month-old MLC1 KO mouse: combination 1, T1=10 ms, 

T2=10 ms; combination 2, T1=65 ms, T2=20 ms; 

combination 3, T1=130 ms, T2=10 ms; combination 4, 

T1=252 ms, T2=15 ms; combination 5, T1=828 ms, 

T2=72 ms. Values for the other compartments remained 

fixed. 

 

Immunohistochemistry   

Brain sections from mice were stained using a mouse 

anti-proteolipid protein (PLP) antibody. Quantification 

of staining intensity was performed with NIH ImageJ 

software. 

 

Data analysis   

A board-certified radiologist (H.G.K., 14 years in 

pediatric neuroradiology) manually placed regions of 

interest in the corpus callosum and cortex on MWF maps, 

guided by each mouse's T2-weighted images, using ITK-

SNAP (version 3.8.0; http://www.itksnap.org/). For 

immunohistochemical sections, a researcher (K.C., 19 

years in mouse brain research) delineated corresponding 
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regions in the corpus callosum and cortex via NIH 

ImageJ. 

 

Children study 

Children   

This retrospective pediatric analysis was approved by the 

Institutional Review Board, with waiver of informed 

consent. Three-dimensional MRF is incorporated into 

standard clinical brain MRI protocols at our center. 

Neonates undergo a feed-and-wrap approach with a 

MedVac infant immobilizer (CFI Medical, USA) for 

scanning [18]. Clinical MRI reports from June 2020 to 

June 2022 were screened sequentially, identifying 750 

studies. Cases with any pathological findings, psychiatric 

conditions, or prematurity history were removed. Further 

exclusion of MRF acquisitions lacking B1 mapping left 

81 studies for inclusion (Figure 2).

 

 
Figure 2. Diagram illustrating the selection process for pediatric participants 

Cases were grouped by age: those ≤5 years and those >5 years. A board-certified pediatric radiologist (H.G.K., 14 

years of expertise) reviewed all MRI scans and verified normal myelination patterns. 

MRI acquisitions and postprocessing   

Pediatric imaging employed a 64-channel head and neck 

coil. Three-dimensional MRF using hybrid radial-EPI 

trajectory [2] was acquired with these parameters: 

repetition time 7.7 ms; echo time 4.84 ms; field of view 

256 × 256 × 144 mm³; voxel size 0.7 × 0.7 × 2 mm³; flip 

angle sinusoidal variation; 640 MRF time points; 6 radial 

spokes per time point; slice acceleration factor 5; echo 

train length in slice direction 4 (duration: 4 min 54 sec). 

T1, T2, and MWF maps were produced from 3D MRF 

data following the method outlined earlier [1, 2]. 

 

Data analysis   

Regions of interest were manually placed by a board-

certified radiologist (H.G.K., 14 years in pediatric 

neuroradiology) across frontal white matter, parietal 

white matter, occipital white matter, posterior limb of 

internal capsule, genu of corpus callosum, splenium of 

corpus callosum, caudate nucleus, putamen, and 

thalamus. Outlining was done on T1 maps for reference 

via ITK-SNAP (version 3.8.0; http://www.itksnap.org/). 

 

Intra- and interobserver agreement   

Intraobserver reliability for pediatric MWF was tested by 

having one board-certified radiologist (H.G.K., 14 years 

in pediatric neuroradiology) repeat region placement 

after two weeks. Interobserver reliability involved two 

blinded board-certified radiologists (J.K. and H.G.K., 

with 10 and 14 years in neuroradiology/pediatric 

neuroradiology) independently delineating regions. 

 

Age-matched animals and children   
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To contrast MWF in the corpus callosum and cortex at 

equivalent developmental points, 3-week-old C57BL/6 

mice and 12-year-old children were compared [19]. The 

genu of the corpus callosum was used as the target area 

in children. 

 

Statistics   

The Kolmogorov–Smirnov test checked normality. 

Mann–Whitney and Fisher’s exact tests compared age 

and sex in MLC1 WT versus KO groups. Linear 

regression tested links between MWF and PLP-stained 

regions, and between MWF and age, in C57BL/6 mice 

by area (corpus callosum, cortex). For 12-week C57BL/6 

mice, linear regression evaluated MWF versus pooled 

PLP from both areas. Mann–Whitney test contrasted 

MWF between MLC1 WT and KO; unpaired t-test 

contrasted PLP areas. In children, age-MWF patterns 

were visualized with scatter plots and fitted to nonlinear 

(second- or third-order) models, then compared. Age-T1 

and age-T2 patterns used scatter plots with third-order 

fits. β values reflected weekly (mice) or yearly (children) 

shifts in MWF or PLP (%). Intraclass correlation 

coefficients (ICCs) measured reliability [20], with 0.61–

0.80 indicating strong and 0.81–1.00 near-perfect 

agreement [21]. ICCs used mean-rating (k=2), absolute-

agreement, two-way mixed model. Analyses ran on SPSS 

version 29 (SPSS) or GraphPad Prism version 8.4.2 

(GraphPad), conducted by H.G.K. (14 years experience). 

Bonferroni correction applied; P < 0.05 is significant. 

Results and Discussion 

Characteristics of the study sample   

Thirty-five C57BL/6 mice at varied ages (median 12 

weeks; range 3–48 weeks) were analyzed: 3 weeks — 8 

mice (6 females); 8 weeks — 8 mice (4 males); 12 weeks 

— 7 mice (4 males); 24 weeks — 5 mice (3 females); 48 

weeks — 7 mice (4 males). For leukodystrophy contrasts, 

9 MLC1 WT (median 17 months; range 12–20 months; 7 

males) and 9 MLC1 KO (median 13 months; range 13–

24 months; 6 females) were included. MWF evaluation 

used 9 MLC1 KO and 7 MLC1 WT (median 17 months; 

range 12–20 months; 6 males). Details on mouse groups 

appear in Table 1.

 

Table 1. Characteristics of the mice 

Characteristic MLC1 KO MLC1 WT C57BL/6 MLC1 WT vs MLC1 KO 

(n = 9) (n = 9) (n = 35) P value 

Age (weeks) 52 [24] (52–96) 68 [20] (48–80) 12 [16] (3–48) 0.80 

Age (months) 13 [6] (13–24) 17 [5] (12–20) 3 [4] (1–12) 0.80 

Sex   
 

0.08 

Male 3 (33) 7 (78) 16 (46) 
 

Female 6 (67) 2 (22) 19 (54) 
 

Data are displayed as medians accompanied by interquartile ranges in brackets and full ranges in parentheses, or as counts followed by percentages 

in parentheses   

MLC1 = megalencephalic leukoencephalopathy with subcortical cyst 1, WT = wild type, KO = knock-out   

 

Correlations with tissue myelin markers and 

developmental progression   

In the complete set of C57BL/6 mice, MWF exhibited 

clear positive correlations with PLP-stained regions in 

the corpus callosum (β = 0.0006, P = 0.04) and cortex (β 

= 0.0005, P = 0.006) (Figure 3a). Within the subset of 

12-week-old C57BL/6 animals, MWF demonstrated a 

notable positive link to PLP staining (β = 0.0009, P = 

0.003, R² = 0.54) (Figure 3a). Median MWF [IQR] 

across C57BL/6 mice was 0.1 [0.06] for corpus callosum 

and 0.08 [0.02] for cortex. Age displayed strong positive 

ties to MWF in the corpus callosum (β = 0.0022, P < 

0.001) and cortex (β = 0.0010, P < 0.001) (Figure 3b). 

Typical examples of MWF maps paired with PLP 

staining from C57BL/6 mice across age groups are 

presented in Figure 3c.
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a) 

 
b) 

 
c) 

Figure 3. Patterns of myelin water fraction (MWF) relative to proteolipid protein (PLP) staining levels and age 

progression. Robust links appeared between MWF and PLP intensity in corpus callosum (a, left) and cortex (a, 

middle) for the full C57BL/6 cohort, plus the seven 12-week-old cases (a, right). Age correlated markedly with 
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MWF rises in the corpus callosum (b, left) and cortex (b, right). Illustrative PLP-stained images (left) alongside 

corresponding MWF maps (right) from C57BL/6 mice at varying ages (c). Solid lines show optimal regression 

fits; dashed lines denote 95% confidence boundaries 

Relations to hereditary white matter pathology in mouse 

models   

MWF contrasts highlighted reductions in KO compared 

to WT mice in corpus callosum (0.20 [IQR, 0.03] vs 0.13 

[IQR, 0.04]; P < 0.001) and cortex (0.12 [IQR, 0.02] vs 

0.06 [IQR, 0.03]; P < 0.001) (Table 2 and Figure 4a). 

PLP staining intensity varied between WT and KO in 

corpus callosum (57% [IQR, 50%] vs 31% [IQR, 22%]; 

P = 0.03) yet showed no significant difference in cortex 

(86% [IQR, 74%] vs 42% [IQR, 62%]; P = 0.16) (Table 

2 and Figure 4b). Sample MWF maps for MLC1 WT 

and KO cases are illustrated in Figure 4c.  

 

Table 2. Contrasts between megalencephalic leukoencephalopathy subcortical cyst 1 wild-type and knock-out 

models 

Parameter MLC1 KO MLC1 WT P value 

Myelin water fraction  
  

Corpus callosum 0.13 [0.04] 0.20 [0.03]  < 0.001 

Cortex 0.06 [0.03] 0.12 [0.02]  < 0.001 

PLP (%)  
  

Corpus callosum 31 [22] 57 [50] 0.03 

Cortex 42 [62] 86 [74] 0.16 

Data appear as medians with interquartile ranges in brackets and ranges in parentheses, or as mouse counts with percentages in parentheses   

MLC1 = megalencephalic leukoencephalopathy with subcortical cyst 1, WT = wild type, KO = knock-out, PLP = anti-proteolipid protein 

immunoreactive area   

 

 
a) 

 
b) 
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c) 

Figure 4. Differences in myelin water fraction (MWF) and proteolipid protein (PLP) staining across control and 

disease-model mice. Lower MWF emerged in both the corpus callosum and cortex for MLC1 KO versus WT (a). 

PLP intensity reductions reached significance in the corpus callosum but not the cortex between groups (b). 

Typical PLP staining and MWF maps from 13-month-old MLC1 WT and KO animals (c). An asterisk (*) marks 

P < 0.05 

MWF variations based on selected T1 and T2 settings   

Table 3 outlines MWF results obtained using multiple 

preset T1 and T2 pairs for myelin water. Patterns 

remained stable regardless of the pair chosen: corpus 

callosum consistently yielded higher MWF than cortex, 

and MLC1 WT animals exceeded MLC1 KO animals. 

Specifically, Combination 1 (T1 and T2 both at 10 ms) 

produced lower MWF than the baseline pair. 

Combination 2, which raised T1 above baseline, led to 

decreased MWF. Conversely, Combination 3, featuring 

reduced T2, generated elevated MWF relative to 

baseline. Combinations 4 and 5, both with elevated T1 

but contrasting T2 (lower in 4, higher in 5), resulted in 

higher MWF than the baseline.  

 

Table 3. Myelin water fraction readings in megalencephalic leukoencephalopathy with subcortical cysts 1 wild-type 

and knock-out mice across different predefined myelin water T1 and T2 settings 

Simulation T1 (ms) T2 (ms) MLC1 KO mouse*  MLC1 WT mouse* 
 

   
Corpus callosum Cortex Corpus callosum Cortex 

Original 130 20 0.121 0.021 0.178 0.123 

1 10 10 0.008 0 0.022 0.006 

2 65 20 0.058 0.001 0.101 0.057 

3 130 10 0.159 0.037 0.221 0.158 

4 252 15 0.243 0.130 0.312 0.256 

5 828 72 0.837 0.574 0.888 0.837 

* A 13-month-old mouse, MLC1 = megalencephalic leukoencephalopathy with subcortical cyst 1, WT = wild type, KO = knock-out   

 

Children study   

Participant profile   

The cohort comprised 81 children (median age 126 

months; range 0–199 months; 50 females). Among them, 

57 were above 5 years (median age 151 months; range 

68–199 months; 37 females). Participant details appear in 

Table 4.   

 

Table 4. Characteristics of the children 

Characteristic Children (n = 81) 

Age (months) 126 [144] (0–199) 

Sex 
 

Male 31 (38) 

Female 50 (62) 

Data appear as medians with interquartile ranges in brackets and ranges 

in parentheses, or counts with percentages in parentheses   

 

Age-related patterns in pediatric cases   

Across all children, median MWF across brain areas 

spanned 0.03 to 0.44. For those ≤5 years, medians ranged 

0–0.02; for those >5 years, 0.03–0.49. Scatter plots 

revealed clear age-dependent MWF increases across 

regions (Figure 5a). Both second- and third-order 
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regressions confirmed age-MWF links per region (Table 

5). Third-order models provided optimal fits (adjusted R² 

0.44–0.94, P < 0.001). Model comparisons favored third-

order fits for frontal WM, parietal WM, occipital WM, 

posterior limb of internal capsule, genu of corpus 

callosum, and splenium of corpus callosum (P range 

<0.001–0.04). Example MWF maps from children at 

varying ages are displayed in Figure 5b. Regional T1 and 

T2 followed third-order age trajectories (T1 adjusted R² 

0.75−0.82, P < 0.001; T2 adjusted R² 0.60−0.76, P < 

0.001).  

 

 
a) 

 
b) 

Figure 5. Age-dependent myelin water fraction trends in pediatric subjects. Scatter plots depicting myelin water 

fraction across various brain areas versus age (a). Sample axial MR fingerprinting-based myelin water fraction 

maps from children at progressive ages (left to right: 2-month-old female, 7-month-old female, 20-month-old 

male, 42-month-old male, 161-month-old male) (b). Solid lines represent best-fit third-order regression; dashed 

lines mark 95% confidence bands 

 

Table 5. Evaluation of regression models examining age-myelin water fraction associations. 

Brain Region Second-Order Regression Third-Order Regression 
Second- vs Third-

Order Regression 
 Adjusted R² RMSE P value Adjusted R² RMSE P value P value 

Frontal white 

matter 
0.90 0.04 < 0.001 0.94 0.03 < 0.001 < 0.001 

Parietal white 

matter 
0.83 0.06 < 0.001 0.85 0.06 < 0.001 0.002 

Occipital white 

matter 
0.81 0.07 < 0.001 0.84 0.06 < 0.001 < 0.001 
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Posterior limb of 

the internal 

capsule 

0.83 0.05 < 0.001 0.90 0.03 < 0.001 < 0.001 

Genu of the 

corpus callosum 
0.86 0.08 < 0.001 0.86 0.08 < 0.001 0.04 

Splenium of the 

corpus callosum 
0.68 0.11 < 0.001 0.69 0.10 < 0.001 < 0.001 

Caudate 0.64 0.01 < 0.001 0.65 0.01 < 0.001 0.19 

Putamen 0.70 0.02 < 0.001 0.70 0.02 < 0.001 0.88 

Thalamus 0.83 0.02 < 0.001 0.83 0.02 < 0.001 0.39 

Cortex 0.42 0.02 < 0.001 0.44 0.02 < 0.001 0.06 

RMSE = root mean squared error   

 

Reliability across observers   

Intraobserver reliability for MWF ranged from strong to 

nearly perfect, with ICC values between 0.71 (95% CI: 

0.55, 0.81) and 0.99 (95% CI: 0.99, 0.99) across brain 

areas. Interobserver reliability similarly spanned strong 

to near-perfect, with ICC from 0.71 (95% CI: 0.55, 0.81) 

to 0.95 (95% CI: 0.92, 0.97).  

 

Developmentally matched mouse and human 

comparisons   

The group included 8 C57BL/6 mice aged 3 weeks and 5 

children aged 12 years. Median [IQR] MWF in the 

corpus callosum reached 0.11 [0.01] for the young mice 

and 0.53 [0.15] for the children. Cortical median [IQR] 

MWF was 0.08 [0.01] in the 3-week mice and 0.05 [0.03] 

in the 12-year-old children.   

Quantifying myelin through brain MRI plays a key role 

in monitoring typical maturation and detecting 

leukodystrophies. Although MWF serves as a valuable 

myelin marker, MRF-based MWF lacked prior tissue 

validation and large-scale testing. Here, we examined 

untreated mice across ages and transgenic 

leukodystrophy models. In both corpus callosum and 

cortex, 3D MRF MWF correlated positively with 

histological myelin staining and rose with age. 

Leukodystrophy-model mice displayed reduced MWF 

relative to controls. Across 81 typically developing 

children, MWF followed expected maturation 

trajectories, best captured by third-order regression fits.   

We conducted tissue-based validation of 3D MRF MWF 

in age-varied mice and leukodystrophy models. Such 

validation is crucial prior to broader preclinical or clinical 

adoption. Previous reports linked MWF from animals 

and humans to demyelination [22, 23] or autism [24, 25]. 

MWF can stem from T2, T2*, T1, or steady-state 

sequences [5]. Unlike those, 3D MRF delivers rapid, 

high-resolution whole-brain scans under 10 min [2]. Our 

approach used a hybrid radial-interleaved EPI 3D MRF. 

Earlier work validated 2D synthetic MRI 

(QRAPMASTER multi-echo saturation recovery) 

histologically against Luxol fast blue, yielding Spearman 

r = 0.74 and R² = 0.55 [26]. Our MRF MWF versus PLP 

showed comparable linear regression (β = 0.0009, R² = 

0.54). That study reported mean myelin 0.31 (white 

matter) and 0.05 (gray matter) [26], aligning with our 

older children (median frontal WM 0.35, putamen 0.08). 

Direct cross-study comparisons remain limited, as MRI 

myelin signals explain only ~54–55% of true density 

variance, with methods differing (PLP here vs Luxol fast 

blue there). Various myelin stains (Luxol fast blue, PLP, 

myelin basic protein, myelin oligodendrocyte 

glycoprotein) can diverge in 

demyelination/remyelination contexts despite overall 

myelination reflection [27]. Identifying optimal marker-

MRI pairings for specific scenarios warrants further 

exploration. Thus, our mouse validation supports the 3D 

MRF MWF promise, though methodological differences 

constrain direct benchmarking and call for more research.   

Age-driven MWF increases emerged in both mice and 

children, consistent with prior reports [28, 29]. We 

demonstrated 3D MRF MWF utility for quantitative 

maturation tracking. Traditionally, maturation relied on 

qualitative spatial patterns, but quantitative [2, 6] and 

automated [30] tools now prevail. Myelin dynamics 

across pediatric and adult ages feature widely [1, 2, 6, 29, 

31]. Pediatric in vivo myelin metrics often fit nonlinear 

curves [6, 32]. Our results mirrored known myelination 

trajectories, though lower cortical/subcortical MWF 

(0.03–0.10) raises accuracy concerns—cortex thinness 

risks partial volume effects, and 3D MRF resolution may 

limit precision. Still, given demonstrated abnormalities 

in autism [24, 25] or prematurity [33, 34], relative 

maturation grading via 3D MRF holds clinical value. 
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Beyond MRF and synthetic MRI, numerous MRI 

approaches exist for estimating myelin content, such as 

ultra-short echo-time (UTE), magnetization transfer 

(MT), inhomogeneous magnetization transfer (ihMT), 

and quantitative susceptibility mapping (QSM) [35]. Of 

these, ihMT and QSM have achieved exceptionally high 

correlations with myelin in preclinical models (R² = 

0.85−0.94), while UTE and MT displayed robust 

correlations (R² = 0.51−0.60) [35]. Our findings revealed 

a comparable robust correlation for MWF against PLP 

staining (R² = 0.54), matching earlier MWF 

investigations (R² = 0.55) [35]. Unlike ihMT and QSM, 

which serve as indirect myelin-mapping techniques, 

MRF represents a swift, direct multiparametric 

quantitative method that generates parameter maps 

straight from acquired signals [36]. MRF efficiently 

produces T1, T2, and MWF maps in shorter times, in 

contrast to indirect techniques that demand longer 

acquisitions and yield fewer parameters. Considering the 

critical need for brief scans in infants, MRF was selected 

here. Nonetheless, emerging methods like ihMT and 

QSM will likely supplement precise myelin evaluation in 

future work. 

In this investigation, MLC1 KO mice (leukodystrophy 

model) exhibited reduced MWF compared to MLC1 WT 

controls, a pattern that held across multiple preset myelin 

water T1 and T2 pairs. MLC represents a hereditary 

condition marked by cerebral white matter swelling [37]. 

Tissue analysis reveals expanded brain volume and 

vacuoles within myelin sheaths in MLC [37]. Such 

changes appear in mice as young as 3 months and 

intensify by 7–12 months [38]. Our myelin assessment in 

MLC mice detected significant cortical MWF reductions 

between KO and WT, alongside a downward trend in 

PLP staining for KO. Since both MWF and PLP in the 

corpus callosum indicated clear declines from MLC1 

knockout, MWF might detect leukodystrophy-related 

shifts more readily, though validation requires larger 

cohorts across ages. Furthermore, given links between 

MLC genetic variants and clinical outcomes [39], MWF 

could aid in subclassifying genotypes. 

Developmentally aligned comparisons showed parallel 

MWF patterns in corpus callosum (mice 0.11; children 

0.53) and cortex (mice 0.08; children 0.05) between 

species. Cross-species MRI myelin research remains 

limited, likely due to challenges in harmonizing 

protocols. Mouse imaging typically uses ultra-high-field 

systems (≥7 T), while human scans employ clinical fields 

(≤3 T). One report tracked myelin progression in dogs 

and monkeys via T2 relaxation on a 2.35 T scanner [40], 

hinting at interspecies potential, though without direct 

quantitative cross-comparisons—possibly emphasizing 

maturation stage over species traits. 

Several constraints apply to this work. First, MWF 

derivation relied on a three-compartment model from 

earlier reports [1, 4], using adult- and child-derived preset 

T1/T2 values [1, 4]. Resulting MWF exceeded some 

previous estimates [41], and sensitivity testing confirmed 

influence from these presets (Table 3). Upcoming efforts 

should derive compartment-specific relaxation values 

optimized for age groups. Applicability of identical 

modeling across mice and humans also merits scrutiny. 

Second, the mismatched age spans between the mouse 

(up to 48 weeks, roughly 38–47 human years [19]) and 

pediatric (up to 16 years) cohorts hinder precise cross-

species developmental matching. Extending the 

algorithm to adult humans could prove valuable. Third, 

retrospective pediatric data may include subtle 

myelination influencers despite exclusions for overt 

pathology or risk histories; full normalcy cannot be 

guaranteed. Fourth, motion susceptibility in young 

children risks artifactual MWF alteration. Neonates 

benefited from feed-and-wrap immobilization, but older 

cases lacked dedicated mitigation beyond routine 

sedation where used. Motion elimination proves difficult, 

yet prior evidence suggests MRF resilience [42]. 

Dedicated motion impact studies on MRF-derived MWF 

are advisable. 

Conclusion 

Overall, 3D MRF yielded MWF across age-varying 

mice, leukodystrophy models, and pediatric subjects. 

These MWF readings closely matched histopathological 

myelin markers. Age-related MWF elevations emerged 

in both species. Leukodystrophy mice displayed 

diminished MWF versus controls. Thus, 3D MRF-based 

MWF emerges as a viable, quick, non-invasive myelin 

biomarker applicable to mice and humans. Refining 

compartment T1/T2 settings for each species remains 

essential for diagnostic reliability. Prospective 

longitudinal tracking of typical and disordered 

maturation via MWF could solidify its utility for 

prognosis and therapy monitoring in affected individuals. 
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