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Abstract

Objective: To investigate metabolite changes in patients with leukoaraiosis employing multivoxel magnetic resonance spectroscopy
(MRS) with the focus on periventricular white matter and explicate the biochemical alterations associated with leukoaraiosis and their
impact on lesion load.

Methods: This prospective study was conducted on 64 patients with a known history of leukoaraiosis (mean age, 66.40+8.96 years;
54 men and 10 women) referred for magnetic resonance imaging, wherein MRS was performed. For comparison, 128 age- and
gender-matched healthy individuals (mean age, 61.98+8.18 years; 40 men and 88 women) who comprised the control group also
underwent MRS. We correlated metabolite ratios (NAA/Cr, NAA/Cho, and Cho/Cr) analyzed on MRS with lesion load measured
by semiautomated software.

Results: The NAA/Cr ratio was significantly lower, whereas the NAA/Cho ratio was significantly higher in the control group com-
pared with the patients with leukoaraiosis (P<.0001). The Cho/Cr ratio was also significantly higher in the controls compared with
the patients with leukoaraiosis (P<.0034). This suggests that patients with leukoaraiosis exhibit significant metabolic differences
compared with healthy controls. We observed no correlation between the metabolite ratios and lesion load, which indicates that the
degree of white matter hyperintensities is not related to the metabolic changes in leukoaraiosis.

Conclusions: This study explicates the understanding of leukoaraiosis and underscores the potential of MRS as a biomarker for early
diagnosis of leukoaraiosis.
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Pesrome

Ieab: M3yanTs MeTaboIMIeCKIe H3MEHEHNS Y TAIIMEHTOB C JEHKOape0o30M IIOCPEACTBOM MYIBTHBOKCEIEHOH MarHUTHO-PE30HAHC-
Hoii criektpockonuu (MPC), ynenu ocoboe BHUMaHUE MEPUBCHTPUKYIISIPHOMY O€JIOMY BEILIECTBY, M IPOaHAIN3UPOBATH OMOXUMHU-
YeCKHe U3MEHEHUS, CBSI3aHHbIE C JIEHKOapeo30M, 1 UX BIUSHUE HA 00beM MOPAKCHHUS.

MeToapi: B 1aHHOM POCIIEKTHBHOM HMCCIISJOBAaHUH MIPHUHSUIN yyacTue 64 manuenta (cpenHuii Bozpact: 66,40 = 8,96 net; 54 myx-
yuHbl ¥ 10 JKeHIIMH), UIMEBILINX B aHAMHe3e Jielikoapeo3 1 HarpasiieHHbIX Ha MPT, B XoJie KOTOpOii UM IMpPOBE/IeHa MYJIbTHBOKCEb-
Hast MPC. [Ins1 cpaBHeHus MynbTHBOKceIbHYI0 MPC Takxke BeimonHmIM 128 310pOBBIM yuaCTHUKAM, COOTHOCSIIUXCS MO BO3PACTY
u nony (cpenHuid Bozpact: 61,98 + 8,18 net; 40 My»4nH 1 88 KCHIIMH) U BOLIC/IINX B KOHTPOIBHYO IPYIIITY.

CootHomienust merabonntoB NAA/Cr, NAA/Cho u Cho/Cr, npoaHanu3upoBaHHbIE C TOMOLIBIO MYJIbTHBOKCceNbHOM MPC, kxoppenu-
pOBaJIK ¢ 00BEMOM MTOPAKEHHS, U3MEPEHHBIM I10JTyaBTOMAaTHYECKOH MPOrpaMMOi.

Pe3yabTarei: Cootnomenne NAA/Cr 66110 1ocTOBEpHO HIDKE, a cooTHOIEeHne NAA/Cho 10cTOBEpHO BBIIIE B KOHTPOJIEHOU IPyIITe
10 CPABHEHHIO € MaleHTaMH ¢ Jeiikoapeo3om (p<0,0001); kpome Toro, cootHorieHre Cho/Cr 6bLI0 T0CTOBEPHO BBIIIE B KOHTPOJIb-
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HOI IpyNIie 1o CpaBHEHMIO C MalMEHTaMHU ¢ Jeiikoapeo3oM (p<0,0034). DTo cBUAETEILCTBYET O TOM, YTO HALUEHTHI C JEHKOapeo3oM
JIEMOHCTPHUPYIOT CYIIECTBCHHBIC META00IMYECKHE PA3IMYMs [0 CPABHEHHUIO CO 3I0POBBIMH Y4acTHHKaMH. Kpome Toro, He Habmona-
JIOCh KOPPEISILIUK MEKITY COOTHOIIEHHEM METa0OIUTOB U 00EMOM TTOPAXKEHHMS, YTO YKa3bIBACT HA TO, YTO BBIPAKEHHOCTh THIIEPUH-
TEHCHBHOCTH OEJIOr0 BELIECTBA HE CBA3aHA ¢ METa0O0INYSCKUMH H3MEHEHHUSIMHU TIPH JIeHKoapeose.

3akiaiouenne: JlaHHOe HCCIeNOBaHNE pacIIUpsieT IOHUMAHUE JIeHKoapeo3a U MOJUepKUBaeT MOTCHIHA IPUMEHEHHST MYJIbTHBOK-
cenpHOit MPC B kadyecTBe Onomapkepa it paHHEH JHMarHOCTHKH JIeHKoapeosa.

Knrouesvie cnosa: nerikoapeos, MyJIbTUBOKCENIbHASI MArHUTHO-pe3oHaHcHast criekrpockonus, NAA/Cr, NAA/Cho, Cho/Cr, Gnomapkepsl
Lumuposamyp: Pamem P., Cyo6uax A., Aitanman C., Pamerr C. Uto ckpbiBaercs 3a Jieiikoapeo3oM? YriryOlleHHOE U3ydeHHEe METO-
JIOM MYJIBTHBOKCEITFHONH MarHUTHO-PE30HAHCHOW CHEKTPOCKONHHU. Mnnosayuonnas meouyuna Kyoanu. 2025;10(1):27-33. https://

doi.org/10.35401/2541-9897-2025-10-1-27-33

Introduction

Leukoaraiosis (LA), also known as white matter hyper-
intensities (WMH), is commonly observed on magnetic
resonance imaging (MRI) scans of older adults and indi-
viduals with vascular risk factors. Characterized by areas of
high signal intensity on T2-weighted and fluid-attenuated
inversion recovery (FLAIR) MRI sequences, LA primar-
ily affects the periventricular and subcortical white matter
in the brain. These lesions are associated with a variety of
neurological and cognitive impairments, including demen-
tia, gait disturbances, and cerebral small vessel disease.
Furthermore, LA is linked to adverse clinical outcomes,
such as cognitive decline and increased risk of stroke.'

The LA pathophysiology involves chronic ischemic
damage due to hypoperfusion, leading to demyelination,
axonal loss, and gliosis within the affected white mat-
ter.> Despite its clinical importance, precise mechanisms
underlying LA development and progression are not fully
understood. This knowledge gap underscores the need for
more detailed investigation into metabolic and biochemi-
cal changes associated with these lesions. Previous stud-
ies primarily focused on structural aspects of LA, using
imaging modalities, eg, MRI, to quantify lesion load and
distribution.* However, there is growing recognition of
the need to explore the metabolic changes associated with
these lesions to gain a more comprehensive understand-
ing of their pathophysiology. Advanced imaging tech-
niques, such as multivoxel magnetic resonance spectros-
copy (MRS), can be crucial in this effort.

MRS offers a promising approach: noninvasive in
vivo measurement of various brain metabolites, providing
a window into the brain’s biochemical environment. Ana-
lyzing metabolite ratios, such as N-acetyl aspartate to cre-
atine (NAA/Cr), N-acetyl aspartate to choline (NAA/Cho),
and choline to creatine (Cho/Cr), gives insights into neu-
ronal health, membrane turnover, and cellular energy me-
tabolism.* These metabolic markers are essential for under-
standing the pathophysiological changes occurring in LA.

Our study aims to delve deeper into the metabolic al-
terations in LA using multivoxel MRS, specifically focus-
ing on the periventricular white matter, a frequently af-
fected region. The choice of an intermediate echo time
(TE) (135 milliseconds) is critical for optimizing the de-
tection of these metabolites and minimizing the overlap
of their signals.*® By correlating these metabolite ratios
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with the lesion load, we aim to elucidate the metabolic
changes that occur in the LA progression. Understanding
these changes is essential for developing targeted thera-
peutic interventions and improving clinical outcomes.

This study leverages the capabilities of MRS to ex-
plore the metabolic landscape of LA. By examining key
metabolite ratios and their relationship with lesion sever-
ity, we aim to contribute to the growing body of knowl-
edge on the pathophysiology of white matter lesions.
Our findings have the potential to inform future research
and clinical practices aimed at mitigating the LA impact
on the brain health and cognitive function.

Methods

Image Acquisition

Brain MRI was performed using a MAGNETOM ES-
SENZA —a Tim+Dot system 1.5 T scanner with a 16-chan-
nel head/neck coil (Siemens Healthineers, Germany). This
setup enabled both standard MRI and MRS without repo-
sitioning. The routine brain MRI sequences included T1-
weighted (repetition time [TR], 500 ms; TE, 8.9 ms; slice
thickness, 5.0 mm; distance factor, 30%; number of slices,
23; voxel size, 0.7x0.7%5.0 mm; flip angle, 90°; field of
view [FOV], 230%x230 mm), T2-weighted (TR, 4290 ms;
TE, 101 ms; slice thickness, 5.0 mm; distance factor, 30%;
number of slices, 23; voxel size, 0.5x0.5x5.0 mm; flip
angle, 150°; FOV, 230 %230 mm), and T2 FLAIR axial im-
ages (TR, 9000 ms; TE, 92 ms; slice thickness, 5.0 mm,;
distance factor, 30%; number of slices, 23; voxel size,
0.4 x0.4 x5.0 mm; flip angle, 150°; FOV, 230 x 220 mm).

WMH Volume Measurement

Hyperintense signal changes, indicative of LA, were
visually graded on MRI scans. Volume measurements
of these regions were further validated using ITK-
SNAP 4, semiautomated software supported by the Chan
Zuckerberg Initiative through grant “Bridging the Gap
In Medical Image Analysis and Biomechanics with ITK-
SNAP” (Figure 1). During the active contour step, the low
threshold mode was adjusted to automatically segment
and isolate hyperintense areas. Only periventricular
WMH within the 1H-MRS area were analyzed.

Multivoxel MRS (1H-MRS)

1H-MRS was employed to accurately measure metab-
olite concentrations in specific brain regions. Sagittal and
coronal T1-weighted spin-echo and coronal T2-weighted
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Figure 1. A-C, T2-weighted FLAIR axial, coronal, and sagittal images with the yellow box as the region of interest in 3 different
plains selected for spectroscopy,; D, multivoxel magnetic resonance spectra obtained from the periventricular region in a patient
with a Fazekas grade 3 lesion

Pucynox 1. A—C — T2-g36ewennvie uzobpaxcenus ¢ pesicume FLAIR 6 akcuanbhotl, KOpOHAILHOU U CA2UMMANbHOU NPOEKYUSX (dice-
mas pamxa — 0onacmb UCCIE0068aHUS 8 3-X NIOCKOCMSIX, 8bIOPAHHAsL OISl CREKMPOCKONUL); D — MYIbMUBOKCeNbHbIE MACHUMHO-Pe-
30HAHCHbIE CNEKMPbL, NOTYYEHHbLE U3 NEPUSCHMPUKYISPHOU 001ACMU Y nayueHma ¢ nopasicenuem 3-it cmenenu no wikaie dazexaca

Figure 2. Steps to measure volume with semiautomatic segmentation using ITK-SNAP software
Pucynox 2. Omanvl usmepenusi 06vema nocpeocmeom NowyasmoMamu4eckol ceemenmayuu ¢ nomowwio npoepayvmel ITK-SNAP

sequences served as references to locate the voxel of in-
terest for MRS data acquisition. 1H-MRS was performed
using a chemical shift imaging sequence, namely point-
resolved spectroscopy (Figure 2).

Statistical Analysis

The data were collected and processed using Mi-
crosoft Excel (Microsoft Corp, USA), and statistical
analysis was conducted with SPSS version 29.0 (IBM

Corp, USA). Demographic characteristics were evalu-
ated using the y? test. The independent samples ¢ test
was applied to compare the means between the controls
and the disease group, with statistical significance set
at P<.05%*. The Pearson correlation coefficient was used
to assess the relationship between metabolite ratios and
lesion volume in the LA patients and lesion volumes
in any of the grades.
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Results

Our prospective study conducted between January
2022 and July 2023 received approval from the Insti-
tutional Review Board of the SRM Institutional Ethi-
cal Committee (8474/IEC/2022) and included a total of
192 patients: 64 adult patients (median, 31.5 years; range,
50-70 years; 10 women [15.62%] and 54 men [84.37%])
with a known history of LA (disease group) and 128 adult
patients (median, 63.5 years; 88 women [68.75%] and
40 men [31.25%]) without LA (control group). The age of
the participants ranged from 50 to 75 years, with the mean
age of 66.40 and 61.98 years, respectively, and showed
statistical significance at P<.000797. The proportion
of men in the groups had no statistically significant dif-
ference (P<.986437), whereas the proportion of women
had statistically significant difference between the groups,
with P<.0012 (Table 1).

Patients with intracranial tumors, lacunar infarcts,
stroke, recent head injuries, space-occupying lesions, mul-
tiple sclerosis, parkinsonism, psychiatric or associated
mental disorders were excluded from this study to ensure
that the observed changes were primarily due to LA. For
the sake of compliance and complete data acquisition, all
the patients provided informed consent.

The disease group (64 patients) exhibited changes in
the periventricular white matter detected on T2-weighted
FLAIR axial images and graded with the Fazekas scale
by a neuroradiologist. These changes were not limited
by severity and ranged from mild to severe LA. The par-
ticipants had no significant disabilities on assessment
by instrumental activities of daily living scales.”® Thus,

Table 1

Clinical characteristics of the main and control groups
Tabnuuya 1

Kiananyeckasi XapakTepucTHKA OCHOBHOM

U KOHTPOJILHOM rpynmn

the study focused on individuals whose daily functional
abilities were relatively unaffected by other conditions.

A total of 128 healthy participants were age- and
gender-matched to those in the disease group to ensure
comparability between the groups. The control partici-
pants were selected based on routine MRI scans as part
of regular checkups, and their scans were reviewed to
confirm the absence of any brain lesions or abnormali-
ties. They had no history of head injury, seizures, stroke,
or significant disabilities, were neurologically healthy and
free from conditions that could affect the brain metabo-
lism and structure.

MRS revealed that the NAA/Cr ratio was significant-
ly lower, whereas the NAA/Cho ratio was significantly
higher in the control group compared with the LA pa-
tients (P<.0001); also, the Cho/Cr ratio was significantly
higher in the control group compared with the LA patients
(P<.0034) (Table 2).

Discussion

This study highlights the effect of LA on the brain
structure and function, using MRS to identify associated
metabolic alterations. Older patients were more likely
to belong to the disease group, possibly due to disease
progression, comorbidities, or treatment differences, sug-
gesting that age can be a significant factor in the disease
progression and management. LA patients were generally
older, emphasizing the need for age-specific management
strategies.>!

Gender analysis showed a higher proportion of women
in the control group and more men in the disease group,
indicating potential gender-related factors in the disease
management. This disparity may stem from biological,
behavioral, or social differences, including medication
adherence, lifestyle, and healthcare access, or such factors
as hormones, comorbidities, and genetics.'"!?

The study revealed significant metabolic differences

Groups Age (years) | Men (%) | Women (%) between the groups. The NAA/Cr ratio was.lower in the
controls compared with the LA patients, while the NAA/
Coiltlfgé group 61.98 31.25 68.75 Cho ratio was higher in the control group compared with
(n=128) the disease group, indicating better neuronal health in the
D‘ieg‘je group 66.40 84.37 15.62 controls. Furthermore, the Cho/Cr ratio was higher in the
(n=64) control group, suggesting potential cellular turnover or
group, sugg gp
P value 000797 | .986437 001231 inflammation. These findings underscore the complexity
Table 2
NAA/Cr, NAA/Cho, and Cho/Cr ratios in the disease and control groups
Tabnuya 2
CoorHomenust NAA/Cr, NAA/Cho, Cho/Cr B 0CHOBHO#i H B KOHTPOJILHOI rpynmax
Ratio Con{\l/“[oela%lroup Diselz\lzzagl:"oup P value t value
NAA/Cr 1.04 1.28 <.0001 —5.47306
NAA/Cho 1.98 1.64 <.0001 5.91039
Cho/Cr 2.12 1.56 .003389 2.7375
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of metabolic changes and highlight the need for further
investigation, particularly regarding the lower NAA/Cr
ratio in the controls (Table 2).

The NAA/Cr ratio is commonly used as a marker of
neuronal health and integrity."* However, the lack of a sig-
nificant correlation in this context suggests that NAA/Cr
levels are not strongly associated with lesion volume in the
disease group." Similar to the NAA/Cr ratio, the NAA/Cho
ratio does not demonstrate a significant relationship with
lesion volume in the disease group, further supporting the
idea that these metabolic ratios may not be reliable indica-
tors of lesion volume in this patient population.'¢

The mean Cho/Cr ratio of 1.642, with statistical insig-
nificance (P<.7228) and weak positive correlation (0.0452)
to lesion volume, indicates that only 0.2% of lesion volume
variability is explained by the Cho/Cr ratio. These findings
suggest that metabolic ratios (NAA/Cr, NAA/Cho, and
Cho/Cr) do not significantly correlate with lesion volume
in LA, rendering them poor predictors. Further, it indicates
that other clinical or biological markers may assess lesion
volume better, reflecting the complexity of disease mecha-
nisms in LA patients'’ (Table 3).

The NAA/Cr ratio reflects neuronal integrity, with
reduced levels indicating neuronal loss or dysfunction.
Lower NAA/Cr ratios correlate with increased white
matter lesion burden in LA and are linked to cognitive
decline and disease progression.'®?* The NAA/Cho ratio
highlights the balance between neuronal integrity (NAA)
and membrane turnover (Cho).

Changes in the NAA/Cho ratio indicate alterations in
neuronal health and metabolism. Studies link decreased
NAA/Cho ratios to cognitive decline in LA, while ele-
vated Cho/Cr ratios, markers of membrane turnover and
cellular proliferation, are observed in WMH.?'-?

The mean NAA/Cr and Cho/Cr ratios showed statisti-
cal insignificance and a weak correlation with grade 1 le-
sion load, reinforcing that metabolic ratios are not strong
indicators of lesion volume in early-grade lesions."> Simi-
larly, the mean NAA/Cr and NAA/Cho ratios for grade
2 and 3 lesions also demonstrated statistical insignificance
and a weak correlation, suggesting that none of these ra-
tios reliably predict lesion volume (Table 4).

The mean NAA/Cho ratio of 1.612 and the mean
Cho/Cr ratio of 1.684 showed a weak positive correlation

Correlation of NAA/Cr, NAA/Cho, and Cho/Cr ratios with lesion \?;‘)llellreni
Tabnuua 3
CoorHomenune NAA/Cr, NAA/Cho, Cho/Cr ¢ 00beMoM nopa:keHust
Ratio Mean Correlation coefficient P value R? value
Disease group (N=64)
NAA/Cr 1.28 —-0.0293 .820054 0.0009
NAA/Cho 1.565 0.0073 .954346 0.0001
Cho/Cr 1.642 0.0452 722848 0.002
Table 4
Correlation of NAA/Cr, NAA/Cho, and Cho/Cr ratios with grade 1-3 lesion volume in the leukoaraiosis patients
Tabnuua 4
CoorHomenusi NAA/Cr, NAA/Cho, Cho/Cr nipu o0beme nopa:kenusi 1, 2 u 3 cTeneHu y NaiueHTOB ¢ JeidKoapeo3oM
Ratio Mean Standard deviation Correlation coefficient P value R? value
Grade 1 (n=31)
NAA/Cr 1.329 0.35 0.0522 .780334 0.0027
NAA/Cho 1.612 0.77 —0.1884 31116 0.0355
Cho/Cr 1.684 0.47 0.0135 .942539 0.0002
Grade 2 (n=19)
NAA/Cr 1.18 0.29 0.1979 41671 0.0392
NAA/Cho 1.520 0.44 0.176 471069 0.031
Cho/Cr 1.561 0.44 0.1862 445321 0.0347
Grade 3 (n=14)
NAA/Cr 1.321 0.43 0.1945 525213 0.0378
NAA/Cho 1.514 0.40 0.1052 720404 0.0111
Cho/Cr 1.657 0.36 —0.3471 224166 0.1205
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with age which implies that this ratio is not influenced
by age and remains relatively stable across different ages
in grade 1 lesions. The Cho/Cr ratio in Grade 3 patients
shows a significant negative correlation with age.”® This
highlights that age might influence choline and creatine
levels variably in more advanced stages of the disease and
indicate alterations in membrane turnover or cellular densi-
ty,** suggesting reduced cellular proliferation or metabolic
shifts.” Therefore, the Cho/Cr ratio could serve as a poten-
tial biomarker for monitoring disease progression, tailoring
more age-specific therapeutic approaches, and designing
interventions that target metabolic pathways, potentially
improving patient outcomes. Moreover, LA patients dem-
onstrate elevated levels of choline, indicating ongoing cel-
lular damage and repair processes within the white matter.
The metabolic changes in LA are complex, involving al-
terations in neuronal integrity and membrane turnover. How-
ever, no significant correlation was found between lesion
load and these metabolic changes. Further research is needed
to clarify the pathways underlying these alterations and their
impact on disease progression and clinical outcomes.

Conclusions

The metabolic alterations observed in LA highlight
the complex and multifactorial nature of this disease,
particularly as it pertains to neuronal integrity and mem-
brane turnover. It was also observed that the NAA/Cr and
NAA/Cho ratios can be used as an analytical tool in the
LA diagnosis. MRS provides valuable insights into the
biochemical environment of the brain, offering potential
biomarkers for early diagnosis and treatment strategies.

The lack of relationship between lesion volume and
MRS metabolite ratios in LA suggests that the overall vol-
ume of the lesion alone is insufficient to accurately assess
the biochemical environment or the extent of neuronal
damage. Improved understanding of these mechanisms
will be crucial in developing effective therapeutic strat-
egies to address the metabolic components of LA, ulti-
mately aiming to improve patient care and quality of life.
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