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Abstract

A previous randomized, double-blind, placebo-controlled clinical trial demonstrated that multistrain probiotic supplementation improved
visuospatial cognitive performance in older adults with early cognitive impairment. Participants from a randomized, double-blind, placebo-
controlled trial (N = 68; probiotic, n = 32; placebo, n = 36) underwent T1-weighted magnetic resonance imaging at baseline and after 52
weeks. Cortical surface area and thickness were quantified using FreeSurfer-based surface morphometry. Between-group differences in
longitudinal changes were assessed using t-tests and analysis of covariance adjusted for baseline values and demographic covariates.
Compared with placebo, the probiotic group showed increased surface area in the left lingual gyrus (+ 21.53 vs. =54.39 mm?, p=3.12 x 107%)
and cuneus (+5.31 vs. -26.28 mm?, p = 0.002). Cortical thickness decreased modestly in these regions in the probiotic group. Structural
changes in the lingual gyrus and cuneus were associated with visuospatial cognitive performance. Multistrain probiotic supplementation
was associated with region-specific longitudinal cortical changes in the left lingual gyrus and cuneus, particularly in cortical surface area.
These morphometric changes were associated with visuospatial cognitive performance in older adults with early cognitive impairment.

INTRODUCTION

Population aging has led to a substantial increase in the prevalence of cognitive impairment and dementia worldwide. Alzheimer's disease is
characterized by progressive cognitive decline accompanied by structural and functional brain alterations. Despite advances in symptomatic
treatment, currently available therapies provide limited effects on disease progression, and increasing attention has therefore been directed
toward potentially modifiable biological factors associated with neurodegeneration and cognitive decline 2.

Recent evidence suggests that gut microbiota may contribute to bidirectional communication between the gastrointestinal tract and the
central nervous system through the gut—brain axis 375. Experimental studies have reported associations between microbiome-related
pathways and neuroinflammatory signaling, immune regulation, synaptic function, and neuronal activity “°. Based on these observations,
probiotic supplementation has emerged as a potential intervention for cognitive impairment and neurodegenerative disorders. Several
clinical studies have suggested that probiotic treatment may influence cognitive performance and circulating biomarkers associated with
neurodegeneration in older adults with cognitive impairment 7~°. However, findings across studies remain variable, and the neurobiological
correlates underlying cognitive changes associated with probiotic intervention are not fully understood.

Magnetic resonance imaging (MRI) provides a noninvasive approach for evaluating structural brain alterations associated with aging and
neurodegeneration %' In particular, cortical morphometric analyses using structural MRI have been widely applied to investigate regional
brain vulnerability and longitudinal structural change in individuals with mild cognitive impairment and Alzheimer’s disease '"'2. Although
cognitive outcomes have been evaluated in several probiotic intervention studies, relatively few investigations have examined whether
probiotic-associated cognitive changes are accompanied by measurable structural brain alterations.

In a previous randomized, double-blind, placebo-controlled clinical trial, multistrain probiotic supplementation selectively improved
visuospatial cognitive performance in older adults with early cognitive impairment 3. However, whether these cognitive changes were
associated with longitudinal structural brain changes remained unclear. The present study was therefore conducted as an ancillary MRI
investigation of the parent randomized clinical trial. Using longitudinal structural MRI acquired at baseline and after 52 weeks of
supplementation, we examined whether probiotic supplementation was associated with regional cortical morphometric changes and
whether these structural alterations were related to longitudinal cognitive performance.

METHODS
Study design, participants, and intervention

This ancillary neuroimaging study evaluated longitudinal structural MRI changes in a subset of participants from a previously completed
randomized, double-blind, placebo-controlled trial of multistrain probiotic supplementation in adults aged 60 years or older with early
cognitive decline related to aging '°. The present ancillary study did not involve separate randomization or treatment allocation. The parent
trial was prospectively registered with the Clinical Research Information Service (CRiS, Registration No. KCT0009453; https://cris.nih.go.kr/)
and recruited participants from the Gwangju Alzheimer’s and Related Dementias (GARD) cohort, an ongoing longitudinal registry described
previously™.

Eligible participants in the parent trial were aged > 60 years, had age-related mild cognitive decline according to the registered eligibility
criteria, and had a baseline Mini-Mental State Examination (MMSE) score of < 27. All participants were required to be capable of
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completing neuropsychological assessments and to provide written informed consent. Detailed methods of the parent trial, including
participant selection, randomization, and clinical outcomes, have been reported previously '3.

Participants received either a multistrain probiotic formulation containing Bifidobacterium animalis subsp. lactis, Limosilactobacillus
fermentum, and Levilactobacillus brevis, or a matched placebo once daily during the study period. Participants who completed the initial 24-
week parent trial and provided written informed consent for continued follow-up were followed longitudinally. For the ancillary MRI analysis,
participants with baseline MRI data who underwent repeat MRI at week 52 were included. T1-weighted MRI scans were obtained at baseline
and at week 52 to assess longitudinal changes in cortical structure following the intervention period. Participants with analyzable MRI data
at both time points and meeting predefined imaging quality-control criteria were included in the final analysis.

The parent trial was approved by the Institutional Review Board of Chonnam National University Hospital (IRB No. CNUH-2023-072), and the
ancillary MRI study received separate approval from the same board (IRB No. CNUH-2024-067). Written informed consent for MRI
procedures was obtained directly from all participants.

MRI acquisition

Structural MRI scans were acquired at baseline and at the 52-week follow-up using a 3.0-Tesla Siemens Skyra MRI system (Siemens
Healthcare, Erlangen, Germany) equipped with a 20-channel head coil. High-resolution T1-weighted images were obtained using a three-
dimensional magnetization-prepared rapid gradient-echo (3D MPRAGE) sequence with the following acquisition parameters: repetition time
(TR) = 2300 ms, echo time (TE) = 2.143 ms, inversion time (TI) = 900 ms, flip angle = 9°, field of view = 256 mm, and isotropic voxel resolution
of 0.8 x 0.8 x 0.8 mm?3. To ensure measurement consistency across time points, identical scanner hardware, acquisition protocols, and
imaging parameters were maintained throughout the study. Standardized head positioning procedures were applied, and all scans underwent
routine quality assurance checks to minimize motion and technical artifacts.

Image processing and analysis

Cortical reconstruction and volumetric segmentation were performed using the FreeSurfer software package (version 6.0; Martinos Center
for Biomedical Imaging, Massachusetts General Hospital, Boston, MA, USA) based on T1-weighted images. A longitudinal within-subject
template—based processing framework implemented in FreeSurfer was applied to improve measurement robustness and reliability and to
enhance sensitivity for detecting subtle structural differences between baseline and follow-up scans. The automated processing pipeline
included motion correction, removal of non-brain tissue, intensity normalization, Talairach transformation, segmentation of gray and white
matter structures, and reconstruction of the gray—white matter and pial cortical surfaces. Regional cortical surface area (mm?2) and cortical
thickness (mm) were extracted across the entire cerebral cortex based on automated parcellation. Regions were defined according to the
Desikan—Killiany—Tourville (DKT) cortical atlas. All processed images were visually inspected for segmentation accuracy, and minor manual
corrections were performed when necessary, according to standard FreeSurfer quality control procedures. After visual inspection of
segmentation outputs, participants with major reconstruction errors were excluded from analysis.

Cognitive assessments

Neuropsychological testing was administered at baseline and at week 52 by trained psychologists blinded to treatment allocation. Cognitive
measures included the Mini—Mental State Examination (MMSE) '®, the Rey—Osterrieth Complex Figure Test (ROCF; Copy, Immediate Recall,
and Delayed Recall) '8, and the Korean version of the Consortium to Establish a Registry for Alzheimer's Disease neuropsychological battery
(CERAD-K) "7. Clinical evaluations and diagnostic classifications were performed by a neurologist specializing in cognitive disorders.

Statistical analysis

Statistical analyses were performed using SPSS software (version 29.0; IBM Corp., Armonk, NY, USA). Baseline demographic and clinical
characteristics were compared between groups using independent t-tests for continuous variables and chi-square tests for categorical
variables. For brain structural outcomes, region-of-interest analyses were conducted. Within-group changes from baseline to 52 weeks were
evaluated using paired t-tests. Between-group differences in longitudinal change scores were assessed using independent t-tests (P,),
followed by analysis of covariance (ANCOVA) as the primary analysis (P3). ANCOVA models compared between-group differences while
adjusting for baseline values, age, sex, education level, and total intracranial volume. Exploratory associations between regional brain
structural changes and cognitive performance within the test group were examined using Pearson correlation analyses. Given the
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exploratory nature of the structure-function correlations, no correction for multiple comparisons was applied. Statistical significance was set
at p<0.05 (two-tailed).

RESULTS
Baseline Characteristics

A total of 68 participants with available baseline and 52-week data were included in the final analysis, comprising 32 participants in the test
group and 36 participants in the placebo group (Table 1). No statistically significant differences at baseline were observed across
demographic, genetic, or clinical variables.

Baseline demographics and clini-(I:-:F:;;racteristics of study participants

Total, N Placebo Test P
36 32

Male/Female, N 12/24 9/23 0.643
Age, M (SD) 74.14 (5.3) 74.16 (4.9) 0.989
APOE e4 carrier, N (%) 20 (55.6) 17 (53.1) 0.841
Education level, M (SD) 9.42 (3.8) 8.34 (4.1) 0.264
MMSE, M (SD) 25.19 (1.8) 24.91 (2.7) 0.599
Abbreviations: N, number of participants; M, mean; SD, standard deviation; APOE, Apolipoprotein E; MMSE, mini-mental state
Sgﬁ;ngrea;.ion; P-values were calculated analyzing the independent t-test for continuous variables, and chi-square test for categorical

Longitudinal structural MRI changes in cortical surface area and thickness

Significant longitudinal structural changes were observed in the lingual and cuneus cortices following 52 weeks of probiotic
supplementation. In the test group, the left lingual surface area increased from 2971.38 + 378.27 mm? at baseline t0 2992.91 + 399.67 mm?2
at 52 weeks, corresponding to a mean change of 21.53 + 98.37 mm?, whereas the placebo group showed a significant reduction from
2996.06 * 346.94 mm? to 2941.67 + 332.88 mm? (change: -54.39 + 59.26 mm?; between-group comparison, P =2.70 x 10~ ANCOVA-
adjusted P =3.12 x 10-%). Similarly, the left cuneus surface area was slightly increased in the test group (1954.50 + 277.72 mm? to 1959.81 +
281.90 mm?; change: 5.31 + 36.97 mm?), whereas the placebo group demonstrated a marked reduction over time (2006.67 + 236.29 mm? to
1980.39 + 224.89 mm?; change: -26.28 + 39.15 mm?). These longitudinal changes were significantly different between groups (P = 0.007;
ANCOVA-adjusted P = 0.002) (Table 2 and Fig. 1A).
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Results of ROl between the groups at baseline and after 52 weeks

Table 2

Placebo Test P2 P3
Baseline 52 Difference P1 Baseline 52 Difference P1
weeks weeks

(L) 2996.06  2941.67 -54.39 2971.38 299291 21.53 0.225
Lingual  (346.94) (332.88) (59.26) 3.46 (37827) (399.67) (98.37) 270> 312X
surface 10 6xxx 104wk 104w
(mm?)
L) 2006.67 1980.39 -26.28 2.89% 1954.50 1959.81 5.31 0.422 0.007**  0.002**
Cuneus (236.29) (224.89) (39.15) : (277.72)  (281.90) (36.97)
surface 10~ 4rxx
(mm?)
(L) 1.99 2.00 0.01 0.447 1.99 1.95 -0.04 0.007** 0.001%* 4 9o«
Lingual (0.11) (0.09) (0.04) (0.11) (0.11) (0.07) )
thickness ~Asekex
(mm)
L) 1.98 1.98 0.00 0.671 1.94 1.91 -0.03 0.006** 0.006**  0.005**
Cuneus (0.11) (0.11) (0.05) (0.11) (0.10) (0.05)
thickness
(mm)
P1: the paired T-test between baseline and 52 weeks within each group; P2: the independent t-test for change value(post-pre/yrs)
between the groups; P3: the ANCOVA adj, age, sex, baseline, icy, yrs) *P < 0.05, **P < 0.01, ***P < 0.001

In contrast to the surface area findings, cortical thickness in both regions decreased in the probiotic-treated group. The left lingual thickness
decreased from 1.99 £ 0.11 mm to 1.95+ 0.11 mm (change: -0.04 + 0.07 mm; P = 0.001), while the placebo group exhibited a slight increase
from 1.99 £ 0.11 mm to 2.00 + 0.09 mm (change: 0.01 + 0.04 mm). Likewise, left cuneus thickness decreased in the test group from 1.94 +
0.71 mmto 1.91 £ 0.10 mm (change: -0.03 + 0.05 mm; P = 0.006), whereas minimal change was observed in the placebo group (change:
0.00 + 0.05 mm) (Table 2 and Fig. 1B).

Three-dimensional cortical rendering demonstrated that the lingual and cuneus regions exhibiting increased surface area in the test group
were located in close anatomical proximity within the occipital cortex (Fig. 1C).

Associations between cortical structural changes and cognitive performance

Exploratory correlation analyses were performed within the test group to investigate associations between longitudinal cortical structural
changes and changes in cognitive performance over 52 weeks (Fig. 2). As shown in the correlation heatmap (Fig. 2A), significant structure—
function associations were predominantly observed in posterior cortical regions and were mainly related to visuospatial cognitive measures.
Changes in left lingual surface area were positively correlated with changes in ROCF Copy scores (r = 0.364, P = 0.044), indicating that
greater preservation or increase in lingual surface area was associated with improved visuoconstructional performance (Fig. 2B). In addition,
longitudinal reductions in left cuneus cortical thickness were associated with improvements in CERAD-J5 z-scores (r = - 0.443, P =0.013)
and CERAD-J8 z-scores (r = - 0.357, P = 0.049) (Fig. 2C-D). Overall, the observed structure—function relationships were primarily linked to
visuospatial and visual memory domains.

Overlap between cognitive outcomes in the parent trial and ancillary study

Cognitive assessments related to visuoconstructional and visual memory function, including ROCF Copy, CERAD-J5, and CERAD-J8, were
included in both the parent randomized clinical trial and the present ancillary study (Fig. 3). These measures corresponded to the cognitive
domains showing significant associations with longitudinal structural changes in the lingual and cuneus regions. In contrast, CDR scores,
which showed significant changes in the parent trial, were not available in the ancillary study.

DISCUSSION

In this ancillary MRI study, 52 weeks of multistrain probiotic supplementation was associated with longitudinal structural changes in the
lingual and cuneus regions. Compared with the placebo group, participants receiving probiotic supplementation showed relative preservation
and modest increases in cortical surface area within these posterior cortical regions, whereas the placebo group demonstrated progressive
reductions over time. In contrast, cortical thickness in the lingual and cuneus regions showed slight decreases in the probiotic group. In
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addition, longitudinal structural changes in these regions were associated with visuospatial and visual memory performance, including ROCF
Copy and CERAD-based cognitive measures.

The lingual gyrus and cuneus are key components of the posterior visual association cortex and have been implicated in visuospatial
integration, visuoconstructional processing, and visual memory function '8. Studies using functional and structural neuroimaging have
demonstrated that these posterior cortical regions are involved in higher-order visual cognitive processes beyond primary visual perception,
particularly spatial organization and visual memory retrieval '>2°. Previous neuroimaging studies have shown that posterior cortical regions
are vulnerable to structural alterations during aging and neurodegenerative processes, particularly in Alzheimer’s disease and mild cognitive
impairment 2122, Structural abnormalities involving posterior cortical systems have also been associated with visuospatial dysfunction and
visual memory impairment in Alzheimer’s disease-related disorders ?2. Consistent with these observations, the cognitive measures
associated with longitudinal cortical structural changes in the present study, including ROCF Copy, CERAD-J5, and CERAD-J8, primarily
reflect visuoconstructional and visual memory functions. The associations observed between posterior cortical structural changes and
visuospatial cognitive measures in the present study are therefore consistent with the known functional roles of the lingual and cuneus
regions.

Different longitudinal patterns were observed between cortical surface area and cortical thickness within the same regions. Participants in
the probiotic group demonstrated relative preservation or increases in cortical surface area together with modest reductions in cortical
thickness. Cortical thickness and cortical surface area represent distinct morphometric features reflecting different aspects of cortical
organization and may exhibit differential longitudinal trajectories during aging and neurodegenerative progression 2324, Accordingly, these
morphometric measures may capture different aspects of structural brain change. In addition, recent evidence indicates that localized
increases in cortical thickness may also occur in Alzheimer’s disease under specific biological or methodological conditions, suggesting that
longitudinal cortical morphometry may not always follow a uniform degenerative pattern 2°. Therefore, the longitudinal morphometric
patterns observed in the present study should be interpreted cautiously, particularly given the exploratory nature of the analysis and the
relatively small sample size.

The observed structure—function relationships were primarily localized to posterior cortical regions associated with visuospatial cognition.
Notably, ROCF Copy, CERAD-J5, and CERAD-J8, which demonstrated significant associations with MRI-derived structural changes in the
present study, were also included among the cognitive outcomes evaluated in the parent randomized clinical trial. These overlapping findings
across the independently conducted parent trial and ancillary study may support the reproducibility of the observed visuospatial cognitive
associations.

Several limitations should be considered when interpreting the present findings. First, the MRI analysis was conducted in a subset of
participants from the parent randomized clinical trial, resulting in a relatively modest sample size that may limit statistical power and the
generalizability of the observed morphometric associations. Replication in larger neuroimaging cohorts will therefore be important to
confirm the regional specificity of these findings. Second, structural MRI was obtained at baseline and at a single follow-up time point after
52 weeks of supplementation. Although this design allows comparison of interval structural differences between groups, it does not capture
intermediate trajectories of cortical change or the temporal dynamics of morphometric variation. Studies incorporating multiple imaging
time points would help clarify whether the observed differences reflect preservation, delayed atrophy, or transient structural variability within
posterior cortical regions. Third, the present analysis focused on structural morphometry and did not include molecular neuroimaging
capable of directly assessing underlying neurodegenerative processes in the brain. While the parent clinical trial reported changes in plasma
biomarkers related to neurodegeneration, the absence of molecular imaging (e.g., tau or amyloid PET) limits the ability to relate structural
variation to specific pathological mechanisms. Finally, because this investigation represents an ancillary neuroimaging analysis derived from
the parent randomized controlled trial, certain methodological considerations described in that study—such as sample size constraints and
potential cognitive retest effects—remain relevant and should be interpreted within the broader context of the original trial design '3. Further
studies incorporating larger imaging cohorts, repeated longitudinal neuroimaging assessments, and multimodal biomarker approaches may
help clarify the biological and clinical significance of the observed posterior cortical structural changes.

In conclusion, long-term probiotic supplementation was associated with longitudinal structural changes in the lingual and cuneus regions in
older adults with early cognitive impairment. These posterior cortical structural changes were associated with visuospatial and visual
memory-related cognitive measures. Further investigation will be required to determine whether these structural alterations are reproducible
and clinically relevant in larger populations.

Abbreviations

ANCOVA
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analysis of covariance

APOE

apolipoprotein E

CERAD-K

Korean version of the Consortium to Establish a Registry for Alzheimer’s Disease neuropsychological battery
GARD

Gwangju Alzheimer’s Disease and Related Dementias cohort
MMSE

Mini—Mental State Examination

MPRAGE

magnetization-prepared rapid gradient-echo

MRI

magnetic resonance imaging

ROCF

Rey-Osterrieth Complex Figure Test

ROI

region of interest.
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Figure 1

Changes in regional cortical morphology from baseline to 52 weeks in the test and placebo groups.
Bar plots (A-B) show mean changes (+ SE) from baseline to 52 weeks in cortical surface area and cortical thickness in the test (red) and
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placebo (grey) groups. Panel A shows changes in cortical surface area (mm?2) in the left lingual and left cuneus regions. Panel B shows
changes in cortical thickness (mm) in the same regions. Panel C presents cortical surface renderings indicating the anatomical locations of
the left lingual and left cuneus regions of interest. Error bars indicate standard errors (SE).

(L) Lingual surface . .. r

5 (L) Cuneus surface . 04

x (L) Lingual thickness .. .@ 0.0
-0.2
(L) Cuneus thickness . .. .. & o4

& & N & ] A AV P o 4
é\sp‘@«‘}q G"Q z&&g\"ﬁ ,\o@ & «&_ {wqy) ) 51;?) yQ?‘) ):? > ‘>:Y > '\qy ) '):y > 9
q"'} \13’ &~ \.96\ 4 ¥ o Qy Q o@ Qg' o@ Qy. Qy Qy Q@ Qy. o@ Q? (f/ Qy. 0‘0 43'
F T LE ST
S 2 ¢ O L
& 8 [
Cognitive Test
T e 0057 R=-044,p=0.013 . 0.054 R=-0.36, p=0.049
g 200 R=036,p=0044 E E
@ =l ~
o @ @ 0.0
2 i o 0.00 @
So e £
=8 2 29
TE 55 5 £ 0.05-
oz o4 O c O e
£¢c g -0.05 é
o & c
g-mo— g g -0.10+
& -0.10+
T T T T T T T T T T T T T T
-5 0 5 10 10 05 00 05 10 K 0 1 2 3
Change in ROCF copy score Change in CERAD J5 z-score Change in CERAD J5 z-score

Figure 2

Figure 2

Associations between posterior cortical structural changes and cognitive performance in the test group.

Panel A shows a correlation heatmap illustrating associations between regional cortical changes and cognitive test performance within the
test group (n = 31); asterisks indicate statistically significant correlations (*p < 0.05). Scatter plots (B—D) show associations between
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regional structural changes and cognitive scores. Panel B shows the relationship between changes in left lingual cortical surface area and
ROCF Copy scores. Panel C shows the relationship between changes in left cuneus cortical thickness and CERAD-J5 z-scores. Panel D
shows the relationship between changes in left cuneus cortical thickness and CERAD-J8 z-scores. Shaded areas represent 95% confidence

intervals.
Parent study Ancillary study
CDR*
MMSE MMSE
ROCF immediate ROCF copy* ROCF immediate
ROCF delayed ROCF delayed
CERAD J1 CERAD-J5* CERAD J1
CERAD J2 CERAD J2
CERAD J4 CERAD-J8* CERAD J4
CERAD J6 CERAD J6
CERAD J7 CERAD J7
CERAD J9 CERAD J9
Figure 3
Figure 3

Overlap of cognitive assessments between the parent clinical trial and the ancillary neuroimaging study.
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Venn diagram illustrating cognitive assessments evaluated in the parent randomized clinical trial and the ancillary neuroimaging study. The
overlapping region highlights cognitive measures that showed significant improvement in both studies, specifically ROCF Copy, CERAD-J5,

and CERAD-J8, which were subsequently examined in exploratory structure—function analyses. Asterisks (*) indicate cognitive measures that
demonstrated statistically significant improvement in both study phases.
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