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Abstract

Normal-appearing white (WM) and grey (GM) matter outside focal demyelinating lesions (WMH)
has been found impaired in many diseases and normal aging. The present study aimed to compare
global GM and WM alterations in patients with multiple sclerosis (MS), Parkinson's disease, long
COVID (LC) and normal aging. The study population comprised 196 participants including patients
with MS (n=42), PD (n=16), LC (n="75), and age- and gender-matched controls selected from healthy
volunteers (n = 63). All participants underwent MR scanning using the fast macromolecular fraction
(MPF) mapping protocol and routine clinical sequences. MPF in global normal-appearing WM, GM,
and mixed WM-GM was measured after exclusion of segmented focal lesions. Significant WMH
volume increase and MPF decrease in global WM, WM-GM, and GM were found both in normal
aging and MS, PD, and LC patients (except for WM in PD patients). The greatest MPF decrease was
observed in MS patients. Both MS, PD, LC patients and the oldest (75-85 years) controls had
significant demyelination in global GM. Among LC patients, the greatest global MPF reduction was
found in patients with depression and insomnia as COVID-19 complications. In healthy controls, the
peak age of myelination was estimated as 42.2 years for WM, 46.5 years for WM-GM, and 45.4 years
for GM. MPF mapping showed high sensitivity to age-related and disease-related changes in brain
myelination, particularly in GM. Our results confirm the feasibility of using MPF mapping in large-
scale clinical studies.
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1. Introduction

Brain demyelination plays a key role in the pathology of primary demyelinating diseases, the
most common of which is multiple sclerosis (MS). However, demyelination is often secondary, when
the underlying cause of the disease leads to inflammation, ischemia, metabolic disturbances, and
oxidative stress, with subsequent damage to neurons, oligodendrocytes, and myelin loss [1-3]. This
encompasses a wide range of neurological, psychiatric, and infectious conditions, including cerebral
ischemia and stroke, postinfectious encephalitis, acute disseminated encephalomyelitis, Alzheimer's
disease, Parkinson's disease (PD), schizophrenia, depression, and many others [4-7]. Post-mortem
histopathology has also demonstrated a primary role of inflammation in the development of
demyelination, in particular, in MS [8,9]. Similar processes of inflammation, ischemia, and metabolic
dysfunction may contribute into microstructural white matter (WM) damage associated with normal
aging [10,11] and post-COVID neurological and psychiatric complications [12-14].

The most remarkable and widely used diagnostic feature of demyelination is focal lesions,
detected as areas of WM hyperintensity (WMH) on T2-weighted MR images [15-17]. Quantitative
MRI methods are also capable of detecting microscopic myelin loss in normal-appearing WM
(NAWM) and GM outside of focal lesions, which are invisible on traditional MR images.
Longitudinal study by de Groot et al. [18] found that NAWM changes precede aging-related WMH
on T2-weighted fluid attenuated inversion recovery (T2/FLAIR) images. Decline in NAWM
myelination has been found in MS [17,19-22], PD [5,7,23,24], schizophrenia [25], depression [26], and
normal aging [27-31]. Furthermore, several studies provided evidence of diffuse gray matter (GM)
demyelination in MS [20,22,32], schizophrenia [25], depression [26], and normal aging [30,31].

Among the known quantitative MRI methods, only a few have demonstrated specificity to
myelin changes in GM [20,22,25,26,30-32]. One approach that has shown high sensitivity to myelin
GM is macromolecular proton fraction (MPF) mapping [33], which is used in the present study. MPF
mapping method is based on the magnetization transfer (MT) effect between water and
macromolecules in tissues [33,34]. Unlike semi-quantitative index MT ratio (MTR), MPF parameter
showed independence on longitudinal relaxation [22] and paramagnetic effects caused by iron
deposition [32]. Unlike widely used diffusion tensor imaging (DTI), MPF is independent on the
direction of myelin fibers and can be correctly measured in regions containing multidirectional fibers
[35]. Numerous studies in animal models, including cuprizone-induced demyelination and
remyelination [36,37], ischemic stroke [38,39], neonatal development [40], and normal animal brain
[41], showed strong correlations between MPF and myelin histology. MPF mapping have
demonstrated high reproducibility [42], independence on magnetic field strength [41], short data
acquisition time due to the fast mapping method [43], and easy implementation based on routine
MRI equipment and original manufacturers’ pulse sequences [25,44]. Human studies have shown
high sensitivity of MPF to myelin alterations in WM and GM in multiple sclerosis [22,32], mild
traumatic brain injury [45], schizophrenia [25], post-COVID depression [26], normal aging [30,31],
and brain development in fetuses [44], children [46], and adolescents [47].

Collectively, the above studies [22,25,26,30-32,44-47] suggest that MPF provides a uniform
highly-reproducible quantitative myelin scale across a variety of neuropathological conditions and
normal physiological states. Leveraging on our large database including MPF maps from almost 200
participants obtained using the same MRI scanner and MPF protocol, this study sought to outline a
broad landscape of myelin changes in several neurological diseases and normal aging. More
specifically, the primary goal of this study was to evaluate disease-related global myelin changes in
normal-appearing WM and GM in patients with MS, PD, and long COVID (LC) and compare them
to age- and gender-matched control groups. Additionally, we aimed to assess age-related myelin
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changes in a larger sample of healthy controls to refine the dependences observed in our previous
studies [30,31].

2. Materials and Methods

2.1. Participants

The study involved 196 participants in total. Patients with MS (n = 42), PD (n = 16), post-COVID
complications (n=75), and healthy volunteers (n = 63) were recruited from the Siberian State Medical
University (Tomsk, Russia), the Mental Health Research Institute (Tomsk, Russia), the Medica
Diagnostic and Treatment Center (Tomsk, Russia), and Tomsk State University. The common for
patients and controls inclusion criterion was age from 18 years. The common for patients and controls
exclusion criteria: the history of traumatic brain injury, acute infection or somatic diseases at the time
of study, pregnancy, contraindications to MRI, inability to tolerate the MRI procedure, and self-
withdrawal from the study. For the control group, an additional criterion was the absence of any
diagnosed neurologic or psychiatric condition. For MS and PD patients, additional inclusion criteria
were diagnosed MS and PD, respectively. For LC patients, additional inclusion criteria were:
previously positive to COVID-19 PCR test, persistence of post-COVID complications at the time of
the study, and absence of neurological or psychiatric diagnoses prior to COVID-19. Written informed
consent was obtained from all participants.

The demographic characteristics of participants are shown in Table 1.

Table 1. The demographic and clinical characteristics of the patients and controls.

Parameter MS PD LC Control
Sample size 42 16 75 63
le (%)/F 1 1)/11 25(17
Ma e((o//))/ emale 9(21)/33(79) 5(31)/11(69) 5(17)/50(83) 27(43)/36(57)
Age, years+SD 39.0+9.5 69.749.1 40.949.9 41.7+18.9
i in- 70(51- 4 -61
Age, median (min 39(25-67) 0(51-85) 2(19-61) 40(18-85)
max)
Disease duration, 5 7 9.83.9 1.8:0.82 -
years+SD
Disease severity, RR/SP  stage!1/2/3/4 mild/moderate/severe/critical® i
parameters (%) (71/29) (6/19/50/25) (75/11/11/3)

Data are presented as mean+SD. Significant differences relative the Control group: * - p<0.05 (Chi-square
criteria). ! — stage of PD according to the Hoehn and Yahr scale; 2— time after recovery from the first COVID-19
episode; 3— severity of COVID-19 caused LC.

All patients and healthy participants who met the inclusion and exclusion criteria signed an
informed consent form. The study design was approved by the Bioethics Committee of the Cancer
Research Institute (protocol Ne3 dated May 26, 2017), the Ethical Committee of Siberian State Medical
University (protocol Ne5652 dated November 27, 2017), the Ethical Committee of the Mental Health
Research Institute (protocol Nel5 dated August 25,2022) and Bioethics Committee of Tomsk State
University (Ne12 dated June 6,2022) following the guidelines of the Declaration of Helsinki.

Since the patient groups differed significantly from each other in gender and age, a control
group, similar in gender and age, was selected for each group of patients. The results of the control
group selection are presented in Table 2. There were no significant differences between the patient
groups (MS, PD, LC) and control groups (MS control, PD control, LC control) in terms of gender, age
of the total control samples, or age of men and women.

To study the dependence of MPF and WMHs on age, all healthy study participants were divided
into age groups: 18-24 (n = 14), 25-34 (n = 12), 35-44 (n = 10), 45-54 (n = 11), 55-64 (n = 6), 65-74 (n = 6),
and 75-85 (n = 4) years old.
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Table 2. Selection of age- and gender-matched control groups for patients.

Disease Sample n Male, n (%) Female, n (%) Age, years+SD Age, median (min-max)

g _patients 42 9 (21) 33(79) 39.049.5 39 (25 - 67)
control 36 12 (33) 24 (67) 41.1+104 40 (22 - 67)
pp _Patients 16 5(31) 11(69) 69.79.1 70 (51 - 85)
control 17 6 (35) 11 (65) 65.39.7 67 (51 — 85)
¢ _patients 75  25(33) 50 (67) 40.9+9.9 42 (19 - 61)
control 42 17 (40) 25 (60) 39.9+12.0 40 (18 - 61)

2.2. MRI Data Acquisition

All participants, both patients and healthy controls, underwent MR imaging using 1.5T clinical
scanner Magnetom Essenza (Siemens, Erlangen, Germany) with 8-channel head coil. The standard
MRI protocol included:

e 3D T2-FLAIR: TR = 5000 ms, TE = 390 ms, TI = 1800 ms;
e 3D Tl-weighted: TR =16 ms, TE = 4.76 ms;
e 3D T2-weighted: TR=3000 ms, TE=335 ms;

The fast MPF mapping protocol [25] included three 3D spoiled gradient-echo pulse sequences
with following parameters:

e  MT-weighted: TR = 20 ms, echo time (TE) = 4.76 ms, flip angle (FA) = 8°, scan time 5 min 40 s;
e Tl-weighted: TR =16 ms, TE = 4.76 ms, FA =18°, scan time 4 min 32 s;
. Proton-density-weighted: TR=16 ms, TE = 4.76 ms, FA=3°, scan time 4 min 32 s.

All scans were acquired in the sagittal plane with a voxel size of 1.25 x 1.25 x 1.25 mm? (matrix
192 x 192 x 160, field of view 240 x 240 x 200 mm?3), single signal averaging.

The total scanning time was about 35 minutes.

2.3. Image Processing

MPF maps were reconstructed from T1lw, MTw, and PDw images using a single-point algorithm
with a synthetic reference image [43], which implements by the previously developed software in the
C++ language (available at https://www.macromolecularmri.org/).

Image processing included several stages (Fig. 1):

1)  Skull stripping was performed using a mask, which was obtained by applying the BET algorithm
to the PD-weighted images in the MRIcro application [48]. The mask was converted to a binary
image and applied to the MPF maps to remove extracerebral tissue.

2) WMH were outlined manually by one operator blinded to the subject information on T2/FLAIR
images with the guidance of T2-weighted and T1-weighted images.

3) T2/FLAIR images were registered to MPF maps using ITK-snap software to measure WMH
volumes and mean MPF values in the outlined areas.

4) Automatic global segmentation of MPF maps was performed using the FSL package [49] to
obtain masks of WM, GM, mixed WM-GM and mixed GM with cerebrospinal fluid (CSF)
compartments as detailed earlier [22,25].

5) To obtain MPF measurements of normal-appearing white and grey matter outside of focal
lesions, WMH masks were subtracted from global compartment masks. The resulting masks
were used to measure average MPF values for global compartments. The measurements were
carried out using ITK-SNAP application [50].
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Source Manual lesion Lesion
T2/FLAIR image| | segmentation mask

WMH volume
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_|Automatic FSL
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B CSF mask [ WM-GM mask
Reconstructed Global WM, GM, WM mask [l GM mask

MPF map WM-GM masks [ ] Lesion mask

Figure 1. Scheme of the image processing pipeline (in the figure: patient with MS, female, 35 years old). Skull
stripped source T2/FLAIR image was registered to MPF map reconstructed from Tlw, MTw, and PDw images,
used for manual lesion segmentation, obtaining lesion mask, and measuring WMH volume. Automatic FSL
segmentation was performed using MPF maps and obtaining WM, WM-GM, and GM global masks. A lesion
mask was subtracted from the WM, WM-GM, and GM global masks and the subtraction result was used to

measure MPF in global compartments.

2.4. Statistical Analysis

Statistical analysis was performed using Statistica 10.0 software. Differences between groups in
MPF, WMH volumes, and age were analyzed using the one-way analysis of variance (ANOVA)
followed by post-hoc Fisher LSD tests. For analyses with degrees of freedom > 2, p-values were
adjusted using the Benjamini-Hochberg false discovery rate (FDR) correction. The relationship
between age and MPF in global compartments was investigated for the total sample and separately
for men and women by fitting quadratic function. The significance of the quadratic function was
accepted if all three coefficients of quadratic equation were significant. The peak age of myelination
was calculated from the coefficients of quadratic equations for the total sample of each group and for
men and women separately. Statistical significance for all analyses was considered as less than 0.05.

3. Results

3.1. Age-Related Global Changes in the Brain Myelination

Figure 2 (a) shows examples of MPF maps and T2/FLAIR images of healthy study participants
across different age ranges. In participants aged 18 and 32 years, no visible WMHSs were detected on
T2/FLAIR images. Participants aged 51 and 74 years showed typical age-related small WMHs, located
predominantly periventricularly. In the 85-year-old participant, the WMH area in the cross-section
on T2/FLAIR image occupies a larger area compared to the 51- and 74-year-old participants.
Quantitative assessment showed a significant increase in WMH volumes only for the 75-85-year age
range compared to all other age ranges (Fig. 2, c).

No visible differences were observed between MPF maps of 18-, 32-, 51-, and 74-year-old
participants. The MPF map of the 85-year-old participant had a prominent decrease in contrast
between WM and GM, as well as a reduction in compartment volumes. Quantitative assessment of

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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age-related changes (Fig. 2, b) showed the highest MPF values in participants in the age range of 35-
44 years, the lowest MPF values in participants aged 75-85 years, for all compartments. MPF values
in participants aged 75-85 years were significantly lower than those in participants aged 18-64 years
in the WM compartment, lower than those in participants aged 25-74 years in the WM-GM
compartment, and lower than those in participants aged 25-65 years in the GM compartment.
Significantly lower MPF values relative to the average age range were also found for the youngest
participants. Participants aged 18—24 years showed significantly lower MPF than those in participants
aged 25-64 years in the GM and WM-GM compartments. In WM, MPF in participants aged 18-24
years was significantly lower than those in participants aged 3544 years but higher than those in
participants aged 75-85 years.

Figure 2 (d-f) demonstrates the results of the best-fitting quadratic curves of the dependence of
MPF on age, for the total sample of healthy controls and for men and women separately. For all
quadratic models, all three coefficients of the regression equation were significant (p < 0.001).
Quadratic curves for women had a flatter shape than for men, which corresponds to lower MPF peak
in women in comparison with men. The peak age calculated from the regression equations for the
total sample is 42.2 years, 46.6 years, and 45.4 years for the GM, WM-GM, and WM compartments
correspondingly. In men, the vertex of the quadratic curve is shifted relative to the total sample
towards younger ages for WM (41.7 years) and WM-GM (46.3 years), and towards older ages for GM
(45.7 years). In women, the peak age of myelination is higher for WM (43.1 years) and WM-GM (46.6
years), and lower for GM (45.1 years) compared to men.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 2. Age-related global changes in brain myelination. (a) Example MPF maps and T2/FLAIR images of
healthy participants of different age groups: 18 years (female), 32 years (female), 51 years (female), 74 years
(female). (b) Age-related MPF changes in GM, WM, and WM-GM global compartments. (c) Age-related changes
in WMH volumes. (d)-(f) Quadratic model of MPF as a function of age for WM (d), WM-GM (e), and GM (f)
obtained for men (blue line), women (red line), and the total sample (purple line). Error bars denote standard
deviation. Significant differences relative to the youngest (18-24 y.) participants: * - p<0.05, ** - p<0.01, *** -
p<0.001. Significant differences relative to the oldest (75-85 y.) participants: # - p<0.05, ## - p<0.01, ## - p<0.001.

3.2. Diffuse and Focal Demyelination in MS Patients

Figure 3 shows differences in brain myelination between MS patients and age- and gender
matched healthy controls (MS control group). Patients with MS showed a typical pattern of multiple
focal lesions (WMH) on T2/FLAIR images, more prominent in SPMS patients (Fig.3, a). These WMHs
are clearly visible as hypointensities on the MPF maps (Fig.3, a). SPMS patients also exhibited
decreased WM volume, ventricular enlargement, and lower WM/GM contrast on MPF maps. WMH
volume was significantly higher in both RRMS and SPMS patients compared to the MS control group,
and in SPMS patients compared to RRMS patients (Fig. 3, c). In GM and WM-GM compartments,
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MPF values were significantly lower in both RRMS and SPMS patients compared to the MS control
group, and in SPMS patients compared to RRMS patients (Fig. 3, b). In normal-appearing WM, MPF
values were significantly lower in both RRMS and SPMS patients compared to the MS control group,
but no significant difference was found between RRMS and SPMS patients.

(@) MS control SPMS

T2/FLAIR

(c) WMH volume
16 30
14 25
*kk
L 12 4 20
U 10 E 5
= g £ 10
6 =
4 0

GM WM-GM WM
| =MS control =RRMS = SPMS

MS control  RRMS SPMS

Figure 3. Global and focal changes of brain myelination in MS patients. (a) Example MPF maps of healthy
participant (MS control, female, 32 years), RRMS (female, 32 years), and SPMS (female, 32 years) patients. (b)
MPF decrease in global GM, WM, and WM-GM compartments in RRMS and SPMS patients relative to healthy
participants (MS control). (¢) WMH volume changes in RRMS and SPMS patients relative to controls. Error bars
denote standard deviation. Significant differences relative to the MS control group: * - p<0.05, ** - p<0.01, *** -
p<0.001. Significant differences between RRMS and SPMS patients: ## - p<0.01, ### - p<0.001.

3.3. Diffuse and Focal Demyelination in PD Patients

Differences of brain myelination in patients with PD compared to age- and gender-matched
healthy controls (PD control group) are shown on Figure 3. The area of periventricular and nearby
WMH on T2/FLAIR images is larger in PD patients in comparison with PD controls (Fig. 4, a). A PD
patient showed visible brain atrophy and lower GM/WM contrast on the MPF maps (Fig. 4, a). The
average WMH volume in PD patients was significantly higher compared to the PD control group
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(Fig. 4, ¢). MPF values in all compartments were lower in PD patients compared to controls but these
differences were significant only for GM and WM-GM (Fig.4, b).

(@)  PD control PD (b) MPF in PD patients
16
14
3912
MPF =+ I
. GM WM-GM WM
(C) WMH volume
30
25
T2/FLAIR T,
E10
S
0

PD control PD

Figure 4. Changes of brain myelination in PD patients: (a) Example MPF maps of healthy participant (PD control,
male, 73 years) and PD patient (male, 70 years). (b) MPF decrease in global GM, WM, and WM-GM
compartments in PD patients relative to healthy participants (PD control). (c) WMH volume changes in PD
patients relative to controls. Error bars denote standard deviation. Significant relative to the PD control group: *
-p<0.05 **-p<0.01.

3.4. Demyelination in LC Patients

Changes in brain demyelination in LC patients (Fig. 5) relative age- and gender-matched
controls (LC control group) were analyzed both for the total sample of LC patients and the LC
patients with specific symptoms clinically diagnosed by neurologists or psychiatrists. The number of
these LC patients with specific symptoms (depression, chronic headache, hyposmia/anosmia,
asthenia, mild cognitive impairment, insomnia) is shown in Figure 5 (b). Small WMHs are visible on
T2/FLAIR image of LC patient with mild cognitive impairment after COVID-19 (Fig. 5, a). No visible
changes on MPF map in LC patient with depression is observed (Fig. 5, a). WMH volume was
significantly increased relative controls only in the LC patients with mild cognitive impairments (Fig.
5, ¢). More pronounced changes were observed in MPF for all compartments (Fig. 5, d-f). In the GM
and WM-GM (Fig. 5, e,f), significant MPF decrease was found for the total sample of LC patients and
for all subsamples corresponding to specific LC complications (except for hyposmia for GM). MPF in
WM showed a significant decrease for the total sample of LC patients and, specifically, in the LC
patients with depression, insomnia, and cognitive impairments. In all compartments, the lowest MPF
relative to controls in LC patients with depression was found.
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Figure 5. Global changes of brain myelination in LC patients: (a) Example MPF maps of healthy participant (LC
control, male, 46 years), LC patient with cognitive impairment (male, 48 years), and LC patient with depression
(male, 46 years). (b) Number of examined LC patients with clinically diagnosed specific LC symptoms of
depression, chronic headache, hyposmia/anosmia, mild cognitive impairment, and insomnia. (c) WMH volume
in LC patients with specific symptoms. (d-f) MPF changes in global GM, WM, and WM-GM compartments in
LC patients with specific symptoms relative to healthy participants (LC control). Error bars denote standard
deviation. Significant differences relative to the LC control group: * - p < 0.05, ** - p <0.01, ** - p <0.001.

3.5. Comparison of Global Demyelinationand WMH Volume in MS, PD, LC Patients, and Normal Aging

Percentage changes in global and focal brain myelination in MS, PD, LC patients relative to
matched controls, as well as age-related changes are summarized in Figure 6. The most prominent
demyelination including highest MPF decrease in GM (-22.0+£1.7%) and WM-GM (-13.3+1.0%) and
WMH volume increase (1799.3+270.8%) was observed in MS patients compared to controls. Lower
but significant MPF decrease in GM (-5.0+1.5%) and WM-GM (-3.6+1.4%) and an increase in WMH
volume (427.6+162.3%) were found for PD patients compared to aged controls. In LC patients, small
but significant MPF decrease relative to controls was found for all global compartments: GM (-
2.5+0.5%), WM-GM (-3.4%+0.6%), and WM (-1.5+0.6%). Age-related demyelination in 75-85-year
controls were second largest after those in MS: a significant MPF decrease in GM (-10.8+2.9%), WM-
GM (-9.8+1.4%), WM (-8.5+2.0%) compartments and an increase in WMH volume (727.3+514%). MPF
in GM (-6.5+2.0%) and WM-GM (-6.7+2.0%) compartments of the youngest participants also was
significantly lower than in participants aged 35-44 years.
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Figure 6. Age- and disease-related percentage changes in brain myelination relative to matched controls for MS,
PD, LC patients and relative to participants aged 35-44 years for the youngest (18-24 years) and oldest (75-85
years) participants. (a) — Percentage changes in MPF. (b) — Percentage changes in WMH volumes. Significant
differences relative to controls: * - p <0.05, ** - p <0.01, ** - p <0.001. Error bars correspond to SD.

4. Discussion

This study for the first time has evaluated disease-dependent alterations in global WM and GM
myelination in patients with MS, PD, and LC measured by quantitative MPF mapping. By selecting
matched control groups for each patient group, it can be argued that these changes in global
myelination are due specifically to the type of disease and are not related to gender and age. In
addition, an important result of the study is the refining of our previously obtained data [30,31] on
age-related changes in myelination.

As expected, the most prominent global demyelination was found in MS patients. In these
patients, a significant decrease in MPF was observed in all global compartments both in RRMS and
SPMS patients. The most percentage decrease in MPF was found in global GM and mixed WM-GM,
and in these compartments SPMS patients showed significantly higher MPF decline compared to
RRMS patients. In addition, WMH volume was significantly higher in both RRM and SPMS patients
compared to controls, and in SPMS patients compared to RRMS patients.

The majority of quantitative MRI studies showed a significant demyelination in NAWM [19-
22,32] but only MWF and MPF techniques were able to detect a decrease in global GM myelination
[20,22,32] in MS patients. Our findings are in accordance with previous studies [22,32], which
investigated demyelination in MS patients using MPF mapping. First study [22] showed a greater
MPF decrease and its stronger correlation with clinical scores in GM compared to WM. The second
study [32] showed a significant MPF decrease in deep GM structures and its correlation with clinical
scores in MS patients. Rahmanzadeh et al [20] found a decreased MWF both in WM and GM
compared with healthy controls, and in SPMS patients compared to RRMS patients.
Histopathological studies found that the normal-appearing GM of MS patients is characterized by
myelin disturbances with the loss of particular neuronal populations, synaptic demise, and microglial
alterations compared with the GM of non-neurological controls [21]. Our results confirmed the
important role of GM demyelination in MS pathology.

In PD patients, a smaller (compared to MS patients) but significant reduction in MPF was found
in GM and WM-GM compartments compared to aged controls. WMH volume in PD patients was
significantly higher in comparison with age-matched controls. A number of studies investigated
changes in WMH volume and normal appearing WM and GM in PD [5,7,15,23,24,51-53]. Most
studies found an increased WMH volume in PD patients compared to age-matched controls
[15,16,51]. In DTI studies, alterations both in WM and GM were found compared to age-matched
controls [24,52,53] but one study did not show differences [51]. Given iron deposition in the
subcortical nuclei in older age and its impact on DTI [54], such measurements in GM should be
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considered with some caution. For MPF mapping method, independence on iron deposition in the
deep GM was demonstrated in the previous study [32].

LC patients showed the least MPF reduction among all groups of patients, but these changes
were significant in all three compartments. Among all subsamples of patients with specific post-
COVID complications, the greatest MPF reduction was found in LC patients with depression and
insomnia. However, significant MPF reductions (primarily in WM-GM) were also found for chronic
headache, asthenia, cognitive impairment, and hyposmia as complications of COVID-19. A
significant increase in WMH volume was found only for LC patients with cognitive impairment. Our
results are consistent with our previous studies [26,55] that found significant demyelination of GM
and WM brain structures in patients with post-COVID depression and cognitive impairments.

Changes in WM as a consequence of COVID-19 was found in many DTI studies [56-63] but few
studies considered WM changes in relation with the specific symptoms of LC patients. We found
several studies (including our [26]) in LC patients that examined WM changes in relation to
depression and insomnia [58,64,65]. Cui et al [58] found decreased FA in WM tracts in the patients
with severe depression compared to the patients with mild or moderate depression after one COVID-
19. Insomnia- and depression-related psychological scores were negatively correlated with the FA in
these WM tracts. The study by Benedetti et al. [64] showed negative associations between AD in
several WM tracts and self-rated depression. Qin et al. [65] found lower FA and higher RD and AD
in acute COVID-19 patients with sleep disorders compared to healthy controls. These WM
abnormalities correlated with insomnia scores. In three months after recovery, insomnia-related
scores slightly improved, depression- and anxiety-related scores remained unchanged, and DTI
measures changed significantly only in two brain structures. Unfortunately, healthy participants
were not included in two [58,64] of three of above studies, therefore, the lack of control groups does
not allow us to compare these studies with our results.

The present study refined the patterns of age-related changes in myelination obtained in
previous studies [30,31] on a larger sample of healthy volunteers. Overall, the previously made
estimates of the peak age of myelination in WM-GM and WM were similar: in the previously
conducted study these estimates were 46.9 and 43.1 years, in the present study 46.5 and 42.2 years,
respectively. In both studies, a later peak age for WM-GM and WM compartments was observed in
females, but the present study found that these differences are smaller (1.4 and 0.3 years) than those
obtained previously (4.6 and 2.1 years). The present study also determined the peak age of
myelination for GM as 45.7 years in men and 45.1 years in women. Compared with the group with
maximal myelination (35-44 years), we found significantly lower MPF values in all compartments for
participants in both the oldest (75-85 years) and youngest (18-24 years) age groups. The percentage
reduction in MPF associated with normal aging was even greater than those in PD patients compared
with age-matched controls. Only the olderst age group showed a significant increase in WMH
volume relative to all younger participants.

Despite on numerous studies investigated age-related changes in myelination [30,47,66-73], they
are often limited to a linear model [66,70,71] but more appropriate quadratic (inverted-U) model was
also used for wider age ranges [73-76]. Within a linear model, positive correlations were found in
childhood and adolescence [47] while negative correlations were found at ages over 60 years [68,70].
Arshad et al. [75] studied age-related changes in myelination using DTI and WMF data within liner
and quadratic models. It was found that DTI parameters, FA and RD, correlates with age only within
linear model, while more myelin-specific MWF correlates with age within quadratic model. Westley
et al. [74] within a quadratic model estimated WM peak age of myelination at 29.1 years based on FA,
35.7 years based on MD, and 31.1 years based on RD. Based on DTI indices, peak age of WM
myelination was estimated by Kochunov et al [76] as 23- 39 years, and by Lebel et al. [72] as 21-44
years old. Our peak age estimates for the global WM (42.2 years) are close to the upper bound of the
ages obtained in these studies. We did not find any studies in the literature assessing the peak age of
myelination in GM.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202512.1296.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 15 December 2025 d0i:10.20944/preprints202512.1296.v1

13 of 19

Our results highlight the capability of fast MPF mapping to detect very subtle GM changes in
brain myelination. Since many studies consider myelin loss as the basis of cognitive decline [77-82],
it would be of great interest to investigate associations of demyelination with performance on
cognitive tests. Future studies will define the contribution of demyelination of specific brain
structures to age- and disease-related decline of cognitive abilities.

5. Conclusions

This is the first study that compared disease-dependent changes in global WM and GM
myelination in patients with MS, PD, LC, and in normal aging using quantitative MPF mapping. The
selection of matched control groups for each patient group allowed to separate the contributions of
specific diseases to demyelination from the contributions of gender and age.

Significant WMH volume increase and MPF decrease in global WM, WM-GM, and GM were
found in both normal aging and MS, PD, and LC patients. The exception was the group of PD
patients, for whom the MPF decrease in WM was not significant. The greatest MPF decrease was
observed in MS patients. Significant demyelination was found in all global compartments both in
RRMS and SPMS patients. The differences between RRMS and SPMS patients were significant for
GM and WM-GM.

The study also for the first time showed significant global changes in LC patients. Among LC
patients, the greatest MPF reduction was found in patients with depression and insomnia as COVID-
19 complications.

The present study refined the patterns of age-related changes in myelination obtained in
previous studies [30,31] on a larger sample of healthy controls. The peak age of myelination was
estimated as 42.2 years for WM, 46.5 years for WM-GM, and 45.4 years for GM.

Both MS, PD, LC patients and the oldest (75-85 years) controls revealed the greatest
demyelination in global GM. These results highlight the important role of GM demyelination in
disease pathology and normal aging. MPF mapping showed high sensitivity to age-related and
disease-related changes in brain myelination providing the feasibility of this method in clinics.

6. Study Limitations

The study was carried out on relatively small samples of patients. The study did not include
independent control samples of similar age at both time points to carry out cross-sectional
comparisons. We did not take into account brain atrophy in MS patients, PD patients, and older
controls, which could have influenced the results of automatic FSL segmentation. All LC patients
were diagnosed with neurological and psychiatric conditions for the first time after COVID-19.
However, we cannot fully guarantee that the occurrence of these conditions was not influenced by
sociodemographic factors associated with the pandemic.
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