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Dopamine transporter (DAT) imaging and electroencephalography (EEG) are recommended biomarkers
for diagnosing dementia with Lewy bodies (DLB). However, their interrelationship and independent
associations with clinical symptoms remain unclear. We retrospectively analyzed 120 patients with
DLB who underwent neuropsychological tests, DAT positron emission tomography, and quantitative
EEG analysis. In the first step, partial correlation and univariable logistic regression analyses were
conducted to screen for EEG or DAT biomarkers significantly associated with clinical characteristics.
In the second step, multivariable regression models were constructed using combinations of the
selected EEG and/or DAT variables to identify the best-fitting models. All models were adjusted for
age, sex, and education. Lower DAT uptake in the ventral striatum was associated with higher theta
power, lower beta power, and higher theta-to-beta ratio (TBR). EEG and DAT imaging biomarkers
independently explained clinical symptoms: Fluctuations were best explained by increased temporal
theta power and decreased putaminal DAT uptake. While visual hallucinations and rapid eye
movement sleep behavior disorder were primarily linked to decreased DAT uptake in the putamen.
Cognitive dysfunctions were mainly associated with EEG biomarkers—including lower central-parietal
beta power, higher parietal theta power, and higher temporal-parietal TBR—while lower caudate

DAT uptake provided additional explanatory value for semantic fluency dysfunction. EEG and DAT
biomarkers offer independent and, in some cases complementary information about the clinical
features in DLB. These findings support their potential use as multimodal biomarkers for disease
monitoring.

Keywords Dementia with lewy bodies, Dopamine transporter imaging, Electroencephalography, Posterior
dominant rhythm, Theta-to-beta ratio

Background

Dementia with Lewy bodies (DLB) is the second most common cause of degenerative dementia, second only
to Alzheimer’s disease (AD). Unlike AD, the diagnosis of which is feasible using biomarkers for amyloid and
tau pathologies!, the diagnosis of DLB is based on the presence of clinical features and biomarkers that are
not direct representative of Lewy body pathology in vivo. Clinical features are weighted as core or supportive,
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and biomarkers as indicative or supportive based upon their diagnostic specificity and the volume of good
quality evidence available. There are three indicative biomarkers including the reduced striatal dopamine
transporter (DAT) uptake on DAT imaging, abnormal uptake on 'Piodine-MIBG myocardial scintigraphy,
and polysomnography-confirmed rapid eye movement (REM) sleep without atonia. In addition, there are three
supportive biomarkers that increase the diagnostic likelihood of DLB but are not themselves disease-specific.
Prominent posterior slow-wave activity around the pre-alpha and theta ranges on electroencephalography
(EEG) is one of these supportive biomarkers?.

Although the accuracy of DAT?*-¢ and EEG’~'2 biomarkers have been studied for the diagnosis of DLB, there
are inconsistencies in the results regarding their correlation with the clinical symptoms of DLB. Regarding
biomarker correlation with clinical symptoms, some studies reported a significant correlation between striatal
DAT uptake and motor parkinsonism!3~18, while others did not'. Likewise, some studies reported a significant
relationship between striatal DAT uptake and cognitive dysfunction®?°, while others did not'*”°. Moreover,
although some studies have investigated the correlation between EEG biomarkers and clinical symptoms,
including general cognition reflected by the Mini-Mental State Examination (MMSE)?!, visual hallucination'®!2,
and cognitive fluctuation'!, the independent associations of DAT imaging and EEG biomarkers with clinical
symptoms of DLB have not yet been elucidated.

In this study, we investigated the relationship between quantitative DAT imaging biomarkers, EEG biomarkers,
and the clinical symptoms of patients with DLB. The mechanisms underlying EEG changes in DLB include
dysfunctional thalamocortical connection?! and cholinergic dysfunction'?, which could occur independent
of nigrostriatal dopaminergic degeneration. Therefore, we hypothesized that the two biomarkers would exert
independent effects on the clinical symptoms of DLB. To test this hypothesis, we analyzed 120 patients with
probable DLB who underwent both DAT imaging and EEG. The primary outcomes were (1) the correlation
between DAT and EEG biomarkers and (2) their independent associations with the core clinical features of DLB
and cognitive dysfunction. Elucidating this relationship could be helpful in identifying the implications of the
two biomarkers for monitoring disease severity in patients with DLB.

Methods

Participants

We retrospectively reviewed the medical records of 120 patients with probable DLB who visited the dementia
outpatient clinic at Severance Hospital, Yonsei University Health System, from 2018 to 2022 and underwent EEG,
DAT positron emission tomography (PET), and 3-Tesla brain magnetic resonance imaging (MRI). The diagnosis
of probable DLB was based on the fourth consortium criteria for DLB2. All patients also underwent neurological
examination, comprehensive neuropsychological tests, and amyloid PET imaging using florbetaben to evaluate
the presence of co-existing f-amyloid pathology. The clinical features of DLB, including parkinsonism, REM
sleep behavior disorder (RBD), visual hallucinations, and cognitive fluctuations, were evaluated using semi-
structured questionnaires administered to caregivers®?. The severity of parkinsonism was assessed based on
a modified version of the Movement Disorder Society Unified Parkinson’s Disease Rating Scale part IIT score
(mUPDRS), which included selected motor items assessing masked face, bradykinesia, rigidity, tremor, postural
instability, and gait. The modified score included selected items 2,3,4,10,12,15,17 of UPDRS part III score.
None of the patients exhibited pure vascular cognitive impairment or other causes of degenerative dementia or
other causes of cognitive impairment. This study was approved by the Institutional Review Board of the Yonsei
University Severance Hospital (No. 4-2021-0300). Due to the retrospective nature of the study, Institutional
Review Board of the Yonsei University Severance Hospital waived the need of obtaining informed consent. All
procedures performed in human studies were in accordance with the ethical standards of the institutional and/
or national research committee and with the 1964 Helsinki Declaration and its later amendments or comparable
ethical standards. Patients with suspected non-DLB pathophysiology were excluded, including (1) pure vascular
cognitive impairment; (2) other degenerative dementias (e.g., frontotemporal lobar degeneration, corticobasal
degeneration, and progressive supranuclear palsy); (3) drug-induced cognitive impairment; and (4) other
conditions that could fully account for cognitive impairment, such as epilepsy, psychiatric disorders, normal
pressure hydrocephalus, or structural brain lesion (e.g., tumor or hemorrhage).

Neuropsychological test

All patients underwent detailed neuropsychological tests using the Seoul Neuropsychological Screening
Battery®. Standardized z-scores were available for all scorable tests based on age- and education-matched norms.
This battery included the digit span backward test, the Korean version of the Boston Naming Test, the copying
item of the Rey—Osterrieth Complex Figure Test (RCFT), the 20-min delayed recall item of the RCFT and Seoul
Verbal Learning Test, the phonemic Controlled Oral Word Association Test (COWAT), semantic COWAT, and
the Stroop color reading test. General cognitive status was measured using the Mini-Mental State Examination
(MMSE) and Clinical Dementia Rating-Sum of Boxes (CDR-SOB).

EEG acquisition and analysis

All participants underwent EEG using the international 10-20 system for electrode placement. Nineteen
channels were used: FP1, FP2, F7, F3, Fz, F4, F8, T3, C3, Cz, C4, T4, T5, P3, Pz, P4, T6, Ol, and O2, with a
reference montage. The contact impedance was kept below 10 kQ during the recording. The sampling rate was
200 Hz. Participants were relaxed and awake, with eyes closed during the recording, and resting state EEG data
were recorded for at least 5 min. We selected 3 min of eye-closed and artifact-free data based on visual inspection
for further analysis. One epoch was 4 s long, and an average of 45 epochs were analyzed. The EEG data were
passed through a notch filter. Thereafter, EEG data were filtered with high-pass offline above 1 Hz, and then
low-pass filter below 60 Hz. The EEG data were recomputed to obtain the common average reference. Artifacts
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were removed in two steps. The first step was the rejection of non-stationary bad epochs, and the second step
was to remove stationary bad components related to electromyogram, electrooculogram, cardiac signals such
as heartbeat and slow drift wave such as drowsiness were removed to yield cleaned EEG data by independent
component analysis?®. At the sensor level, the absolute and relative power of EEG data was calculated in the
following eight spectral bands using Welch-based discrete Fourier transformation. We used built-in function in
MATLAB for performing Welch method (window size: sampling rate * 4 s; overlap: sampling rate * 2 s; window
type: hamming window). After the preprocessing of EEG, Sensor-level analysis using the spectopo function in
EEGLAB was performed in the following seven spectral bands: delta (1-4 Hz), theta (4-8 Hz), alphal (8-10
Hz), alpha2 (10-13 Hz), betal (13-20 Hz), beta2 (20-30 Hz), and gamma (30-45 Hz). We calculated the theta-
to-beta ratio (TBR), which is obtained by dividing the theta band power density by the beta band power density
for each channel. The mean lobar TBR was calculated by averaging the TBR values of the electrodes in each lobe
(frontal: FP1, FP2, F3, F4, F7, F8, Fz; central: C3, C4, Cz; temporal: T3, T4, T5, T6; parietal: P3, P4, Pz; occipital:
01, O2). In addition, the EEG relative power densities in the theta, betal, and beta2 bands in all lobar regions
were calculated. A logarithmic transformation was applied considering the right-skewed distribution of the
relative power and TBR.

Image processing
Details of MR and '8F-FP-CIT PET image acquisitions are provided in the supplementary material. Images
were processed using the Functional Magnetic Resonance Imaging of the Brain (FMRIB) Software Library (FSL,
version 6.0.3, http://fsl.fmrib.ox.ac.uk/fsl). T1-weighted images were corrected for intensity inhomogeneity and
brain extracted. To prevent white matter lesions from biasing MRI tissue segmentation and reference region
mask generation, we incorporated individual white matter hyperintensity (WMH) masks derived from FLAIR
MRI using a three-dimensional U-Net convolutional neural network?. First, lesion-induced T1 hypointensities
that could confound tissue classification were corrected by filling them with intensities from surrounding
normal-appearing tissue on the inhomogeneity-corrected T1, using the WMH mask. Second, the segmented
occipital white matter tissue class is further intersected with the WMH mask to obtain a lesion-cleaned reference
region. Finally, to reduce partial-volume spill-in, this reference mask was further refined by retaining voxels with
white matter tissue probability > 0.99 and applying three-dimensional one-voxel erosion (Supplementary Fig. 1).
Each participant’s '8F-FP-CIT PET image was then linearly co-registered to the individual T1-weighted MR
image using a rigid body transformation. Volumes of interest (VOIs) for the ventral striatum (VST), caudate,
and putamen were defined from the Oxford striatal structural atlas?® and non-linearly mapped using the high
deformable registration (SyN) algorithm implemented in the Advanced Normalization Tools”. Standardized
uptake value ratio (SUVR) maps were generated using the occipital white matter reference region®, and median
I8E_FP-CIT SUVRs were extracted from the VST, caudate, and putamen. To explore the clinical relevance of the
regional distribution of DAT uptake?*3, we additionally computed the caudate to posterior putamen SUVR
ratio.

Statistical analysis

Statistical analyses were performed using the Statistical Package for the Social Sciences version 26.0 (IBM Corp.,
Armonk, NY, USA). The independent t-test and X2 test were performed to compare demographics and clinical
features across disease groups.

The statistical analysis was performed in two stages. First, we screened candidate predictors among EEG
and DAT biomarkers for each dependent variable (clinical symptoms or cognitive test scores). Continuous
outcomes, such as cognitive test scores, were analyzed with partial correlation analyses adjusted for age, sex,
and education, whereas categorical outcomes, including visual hallucinations and cognitive fluctuations, were
analyzed with univariable logistic regression models using the same covariates. To control for multiple testing,
we applied a false discovery rate (FDR) correction and retained only those predictors that remained significant
after correction (Q<0.05). Second, we constructed multivariable models with the biomarkers that survived the
screening step. For each outcome, every combination of one EEG biomarker and/or one DAT biomarker was
evaluated, and the model with the lowest Akaike information criterion (AIC) was selected. This strategy focused
on identifying the model that best explained the outcome rather than on retesting the statistical significance
of individual predictors. In addition, for all regression models, we examined standard assumptions including
linearity, independence of errors, normality, and homoscedasticity. Normality of residuals was assessed using the
Kolmogorov-Smirnov test, linearity and homoscedasticity were evaluated by residual plots, and independence
was assessed using the Durbin-Watson statistic. Multicollinearity was examined using variance inflation factors
(VIF). When violations of homoscedasticity were detected, we repeated the analysis using the robust estimator
(Huber-White sandwich method) as a sensitivity analysis.

Results

Demographics and clinical characteristics

The demographic and clinical characteristics of the participants are shown in Table 1. The mean age was
76.8+6.3 and 43.3% were male participants. Half of participants had concomitant AD. Regarding the core
neuropsychiatric symptoms of DLB, 60 patients had fluctuations (50%), 27 had visual hallucinations (22.5%),
and 32 had RBD (26.7%). The mean mUPDRS score was 27.4+7.6. The mean MMSE score was 20.9 +5.2, and
mean CDR-SOB score was 4.1+3.2.

Association between DAT and EEG biomarkers
The relationship between regional DAT uptake and EEG biomarkers was assessed using partial correlation
analysis (Table 2). VST DAT uptake was weakly associated with the EEG biomarkers. The lower VST DAT uptake
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Number of participants 120

Age 76.8 (6.3)
Sex, Male (%) 52 (43.3)
Education, year 9.8 (4.9)
Amyloid PET positivity, N (%) | 60 (50.0)
Fluctuation, N (%) 60 (50.0)
Visual hallucination, N (%) 27 (22.5)
RBD, N (%) 32(26.7)
mUPDRS 27.4(7.6)
K-MMSE 209 (5.2)
CDR-SOB 4.1(3.2)

Table 1. Demographics and clinical characteristics of the study participants. Data are expressed as mean
(standard deviation) or number (percentage). The visual hallucination score was assessed using CGA-NPL.
CCSIT Cross-Cultural Smell Identification Test, CDR-SOB Clinical Dementia Rating Scale Sum of Box, CGA-
NPI Caregiver-administered Neuropsychiatric Inventory, K-MMSE Korean version of the Mini-Mental Status
Examination, mUPDRS modified unified Parkinson’s disease rating score, PET positron emission tomography,
RBD rapid eye movement sleep behavior disorder.

VST Caudate Putamen Caudate/PP
Rho |P Q Rho | P Q Rho |P Q Rho P Q
PDR frequency 0.19 | 0.039 | 0.055 0.04 | 0.666 | 0.666 0.11 | 0.229 | 0.301 | —-0.05 | 0.569 | N/A

Frontal TBR -0.23 | 0.015 | 0.040 | —0.14 | 0.148 | 0.311 | =0.12 | 0.194 | 0.272 | —0.02 | 0.810 | N/A
Temporal TBR | -0.23 | 0.012 | 0.040 | —0.16 | 0.082 | 0.311 | —0.16 | 0.078 | 0.224 | 0.009 | 0.925 | N/A
Central TBR -0.23 | 0.011 | 0.040 | -0.14 | 0.122 | 0.311 | =0.15 | 0.109 | 0.224 | 0.02 |0.875 | N/A

Parietal TBR -0.24 | 0.009 | 0.040 | -0.16 | 0.083 | 0.311 | -0.16 | 0.081 | 0.224 | 0.005 | 0.960 | N/A
Occipital TBR | -0.22 | 0.017 | 0.040 | —0.13 | 0.170 | 0.313 | -0.17 | 0.074 | 0.224 | 0.058 | 0.538 | N/A
Frontal theta -0.15 | 0.117 | 0.117 | -0.10 | 0.267 | 0.345 | —0.08 | 0.393 | 0.413 0.012 | 0.901 | N/A
Temporal theta | —0.19 | 0.044 | 0.056 | —0.12 | 0.189 | 0.313 | -0.12 | 0.192 | 0.272 0.028 | 0.764 | N/A
Central theta -0.25 | 0.007 | 0.040 | —0.18 | 0.052 | 0.311 | -0.17 | 0.072 | 0.224 | <0.001 | 0.997 | N/A
Parietal theta —0.22 | 0.017 | 0.040 | -0.14 | 0.131 | 0.311 | -0.15 | 0.107 | 0.224 | 0.04 |0.673 | N/A
Occipital theta | —0.15 | 0.104 | 0.115 | -0.05 | 0.605 | 0.635 | —0.09 | 0.325 | 0.366 | 0.09 | 0.350 | N/A
Frontal betal 0.19 | 0.037 | 0.055 | 0.11 | 0.241 | 0.344 | 0.09 | 0.331 | 0.366 | 0.05 |0.574 | N/A
Temporal betal | 0.23 | 0.011 | 0.040 | 0.17 | 0.070 | 0.311 | 0.16 | 0.075 | 0.224 | 0.02 | 0.834 | N/A
Central betal 0.15 | 0.114 | 0.117 | 0.06 | 0.523 | 0.578 | 0.06 | 0.542 | 0.542 0.06 |0.115 | N/A
Parietal betal 0.18 | 0.049 | 0.057 | 0.12 | 0.194 | 0.313 | 0.10 | 0.294 | 0.363 0.04 | 0.660 | N/A
Occipital betal 0.20 | 0.028 | 0.055 | 0.14 | 0.143 | 0.311 | 0.16 | 0.084 | 0.224 | —-0.03 | 0.778 | N/A
Frontal beta2 0.20 | 0.031 | 0.055 | 0.09 | 0.354 | 0.413 | 0.13 | 0.162 | 0.262 | =0.03 | 0.726 | N/A
Temporal beta2 | 0.19 | 0.045 | 0.056 | 0.11 | 0.246 | 0.344 | 0.14 | 0.128 | 0.224 | —0.05 | 0.619 | N/A
Central beta2 0.19 | 0.037 | 0.055 | 0.10 | 0.279 | 0.345 | 0.14 | 0.123 | 0.224 | —-0.05 | 0.601 | N/A
Parietal beta2 0.19 | 0.037 | 0.055 | 0.14 | 0.123 | 0.311 | 0.15 | 0.111 | 0.224 | 0.003 | 0.971 | N/A
Occipital beta2 0.22 | 0.017 | 0.040 | 0.17 | 0.072 | 0.311 | 0.19 | 0.037 | 0.224 | —0.01 | 0.892 | N/A

Table 2. Association between DAT and EEG biomarkers. Data shown are the results of the partial correlation
analyses between the variables. Age, sex, and education level were used as covariates. Significant correlations
(Q value <0.05) are expressed in bold. N/A not available, PDR posterior dominant rhythm, P P value, PP
posterior putamen, Q FDR-corrected P value, TBR theta-to-beta ratio, VST ventral striatum.

was correlated with the higher TBR in all lobes (range of p = —0.22-0.24) and relative theta power in the central
and parietal lobes. Higher VST DAT uptake was related to greater relative betal power in the temporal lobe
(p=0.23) and beta2 power in the occipital lobe (p=0.22). There were no significant results in other regional
DAT uptake biomarkers.

Univariable association of biomarkers with core clinical features of DLB

The logistic regression analyses for the presence of fluctuation, visual hallucination, or RBD (Table 3) showed
that higher TBR [range of odds ratio (OR) =1.66-1.81], and relative theta power (range of OR=2.55-3.80) in all
lobes except for the frontal lobe and lower relative betal power (range of OR=0.39-0.47) in all lobes except for
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Fluctuation Visual hallucination RBD
OR (95% CI) P Q OR (95% CI) P Q OR (95% CI) P Q
EEG biomarker | PDR frequency | 0.93 (0.67-1.28) 0.639 | 0.639 | 0.79 (0.54-1.16) 0.223 | 0.360 | 0.70 (0.48-1.02) 0.064 | 0.671
Frontal TBR 1.81(1.12-2.93) | 0.016 | 0.037 | 1.64(0.92-2.91) 0.091 | 0.217 1.19 (0.71-1.99) 0.512 | 0.671
Temporal TBR | 1.79 (1.17-2.72) | 0.007 | 0.032 | 1.54(0.93-2.53) 0.093 | 0.217 1.25 (0.80-1.96) 0.325 | 0.671
Central TBR 1.76 (1.12-2.77) | 0.015 | 0.037 | 1.75(0.99-3.08) 0.052 | 0.156 1.28 (0.78-2.08) 0.326 | 0.671
Parietal TBR 1.75 (1.15-2.66) | 0.009 | 0.032 | 1.48 (0.91-2.42) 0.117 | 0.246 1.22 (0.79-1.90) 0.363 | 0.671
Occipital TBR | 1.66 (1.10-2.48) | 0.015 | 0.037 | 1.74 (1.05-2.87) 0.031 | 0.109 1.38 (0.88-2.14) 0.158 | 0.671
Frontal theta 2.69 (1.02-7.06) 0.045 | 0.068 | 4.40 (1.28-15.14) 0.019 | 0.109 1.23 (0.44-3.48) 0.691 | 0.691
Temporal theta | 3.57 (1.44-8.85) | 0.006 | 0.032 | 3.81(1.24-11.73) 0.020 | 0.199 1.29 (0.50-3.35) 0.604 | 0.691
Central theta 3.80 (1.43-10.09) | 0.008 | 0.032 5.12 (1.47-17.87) 0.010 | 0.109 1.46 (0.53-4.06) 0.465 | 0.671
Parietal theta 3.55(1.43-8.82) | 0.006 | 0.032 | 3.48 (1.17-10.29) 0.024 | 0.109 1.34 (0.53-3.38) 0.537 | 0.671
Occipital theta | 2.55 (1.13-5.73) | 0.024 | 0.046 | 3.12(1.14-8.54) 0.026 | 0.109 1.70 (0.71-4.09) 0.235 | 0.671
Frontal betal 0.41 (0.20-0.86) 0.018 | 0.038 0.76 (0.34-1.71) 0.511 | 0.623 0.71 (0.33-1.53) 0.385 | 0.671
Temporal betal | 0.39 (0.19-0.79) | 0.009 | 0.032 | 0.64 (0.29-1.42) 0.273 | 0.410 | 0.57 (0.27-1.20) 0.139 | 0.671
Central betal 0.47 (0.22-0.997) | 0.049 | 0.069 | 0.71(0.29-1.74) 0.456 |0.599 | 0.63 (0.27-1.45) 0.274 | 0.671
Parietal betal 0.47 (0.24-0.92) 0.029 | 0.048 0.78 (0.36-1.70) 0.534 | 0.623 0.73 (0.35-1.50) 0.387 | 0.671
Occipital betal | 0.47 (0.24-0.93) | 0.030 | 0.048 | 0.54 (0.24-1.22) 0.140 | 0.267 | 0.54 (0.26-1.14) 0.104 | 0.671
Frontal beta2 0.68 (0.40-1.15) 0.151 | 0.175 0.79 (0.43-1.46) 0.790 |0.790 | 0.88 (0.49-1.58) 0.667 | 0.691
Temporal beta2 | 0.62 (0.37-1.05) | 0.077 | 0.101 | 0.90 (0.48-1.67) | 0.740 | 0.777 | 0.89(0.50-1.57) | 0.677 |0.691
Central beta2 0.69 (0.41-1.17) 0.167 | 0.175 0.75 (0.40-1.41) 0.375 | 0.525 | 0.82(0.46-1.47) 0.511 | 0.671
Parietal beta2 0.71 (0.44-1.15) 0.159 | 0.175 0.87 (0.49-1.53) 0.623 | 0.689 | 0.82(0.48-1.39) 0.452 | 0.671
Occipital beta2 | 0.68 (0.43-1.09) 0.109 | 0.135 0.69 (0.39-1.23) 0.209 |0.360 | 0.85(0.51-1.43) 0.543 | 0.671
DAT biomarker | VST 0.39 (0.21-0.72) | 0.003 | 0.005 | 0.42 (0.21-0.81) 0.010 | 0.013 | 0.66 (0.36-1.22) 0.189 | 0.252
Putamen 0.52(0.33-0.81) | 0.004 | 0.005 | 0.42 (0.24-0.72) 0.002 | 0.008 | 0.52(0.32-0.86) 0.010 | 0.040
Caudate 0.46 (0.27-0.78) | 0.004 | 0.005 | 0.60 (0.32-1.11) 0.105 | 0.105 | 0.80 (0.46-1.40) 0.437 | 0.437
Caudate/PP 0.25 (0.03-2.30) 0.221 |0.221 | 52.97 (3.36-834.72) | 0.005 | 0.010 | 16.61 (1.49-185.45) | 0.022 | 0.044

Table 3. Univariable association of EEG biomarkers and DAT uptakes with neuropsychiatric symptoms.

Data were obtained from univariable logistic regression analyses of clinical symptoms using EEG or DAT
biomarkers as a predictor, after controlling for age, sex, and education. Significant correlations (Q value <0.05)
are expressed in bold. DAT dopamine transporter, EEG electroencephalography, PDR Posterior dominant
rhythm, P P value, PP posterior putamen, Q FDR-corrected P value, RBD rapid eye movement sleep behavior
disorder, TBR theta-to-beta ratio, VST Ventral striatum.

the central lobe were related to the increased risk of fluctuation. No EEG biomarkers were associated with the
risk of visual hallucination and RBD.

Lower regional DAT uptakes in the VST (OR=0.39, 95% CI=0.21-0.72, P=0.003), putamen (OR=0.52,
95% CI=0.33-0.81, P=0.004), and caudate (OR=0.46, 95% CI=0.27-0.78, P=0.004) were associated with the
increased risk of fluctuation. Lower DAT uptakes in the VST (OR=0.42, 95% CI=0.21-0.81, P=0.010) and
putamen (OR =0.42, 95% CI=0.24-0.72, P=0.002), and higher caudate to posterior putamen DAT uptake ratio
(OR=52.97,95% CI=3.36-834.72, P=0.005, Q=0.010) were related to the increased risk of visual hallucination.
Lower DAT uptake in the putamen (OR=0.52, 95% CI=0.32-0.86, P=0.010, Q=0.040) and higher caudate to
posterior putamen DAT uptake ratio (OR=16.61, 95% CI=1.49-185.45, P=0.022, Q =0.044) were related to the
increased risk of RBD.

Multivariable association of biomarkers with core clinical features of DLB

The multivariable associations of biomarkers with the core features of DLB are presented in Table 4. The
multivariable model with the temporal theta power and putamen DAT uptake as predictors was the best-fit model
for the presence of fluctuations. Higher relative temporal theta power (OR=3.34, 95% CI=1.30-8.57, P=0.012)
and lower putamen DAT uptake (OR=0.54, 95% CI=0.34-0.85, P=0.008) were independently associated with
the increased risk of fluctuation. The best-fit multivariable model for the presence of visual hallucinations only
included the putamen DAT uptake as predictor. Lower putamen DAT uptake (OR=0.42, 95% CI=0.24-0.72,
P=0.002) was associated with an increased risk of visual hallucinations. The best model for the presence of RBD
only included the putamen DAT uptake as a predictor (OR=0.52, 95% CI=0.32-0.86, P=0.010).

Partial correlation analyses of biomarkers with cognitive test scores

Cognitive test scores were related to the widespread EEG and some DAT imaging biomarkers (Table 5). The
KBNT score was associated with the PDR frequency, TBR and betal power in all lobes, theta power in the
temporal, parietal, and occipital lobes. The Rey copy score was related to TBR and betal power in all lobes, beta2
power and theta power in the parietal lobe. Phonemic COWAT test scores were related to the parietal TBR and
theta power in the temporal and parietal lobes. The semantic COWAT test score was related to the TBR in all
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Predictors OR (95% CI) P AIC
Fluctuation Temporal theta | 3.34 (1.30-8.57) | 0.012 | 147.05
Putamen DAT | 0.54 (0.34-0.85) | 0.008
Visual hallucination | Putamen DAT | 0.42 (0.24-0.72) | 0.002 | 121.25
RBD Putamen DAT | 0.52 (0.32-0.86) | 0.010 | 139.26

Table 4. Multivariable association of biomarkers with core clinical features of DLB. Data shown are the
result of multivariable logistic regression analyses for clinical symptoms using EEG and DAT biomarkers
as predictors that were significantly and most closely associated with each symptom but did not correlate
too closely (rho < 0.6) with each other. The covariates included age, sex, and educational level. AIC Akaike
information criterion, CI confidence interval, DAT dopamine transporter, OR odds ratio, P P value, PP
posterior putamen, RBD rapid eye movement sleep behavior disorder.

lobes, theta power in central, temporal, and parietal lobes, betal power in all lobes. The Stroop CR score was
related to the PDR frequency, TBR in all lobes, theta power in the parietal and occipital lobes, betal power in the
temporal and parietal lobes and parietal beta2 power. The DSB, SVLT DR, and RCFT DR scores were not related
to the any of EEG parameters investigated.

Among the DAT imaging biomarkers VST and caudate DAT uptakes were related to COWAT semantic score.
Otherwise, there was no significant result.

Multivariable association of biomarkers with cognitive test scores
The multivariable associations between biomarkers and cognitive test scores were presented in the Table 6. The
best-fit models for the KBNT, Rey copy, phonemic COWAT, Stroop CR scores included only EEG biomarker,
whereas those for the semantic COWAT score included both EEG and DAT imaging biomarkers. Lower
central betal power best explained the lower KBNT scores (B=0.28, P=0.003). Lower parietal betal power
(B=1.38, P<0.001) best explained the lower Rey copy score. The combination of higher temporal TBR (B =
-0.29, P=0.002) and lower caudate DAT uptake (B=0.36, P=0.003) best explained lower COWAT semantic
score. Higher parietal theta power (B = —0.69, P=0.003) best explained lower COWAT phonemic score. Higher
parietal TBR (B = —0.41, P=0.003) best explained lower Stroop CR score. The best-fit models for the DSB, SVLT
DR and RCFT DR scores were not made due to lack of significant parameter in the univariable analysis and
partial correlation analysis.

For the RCFT copy score analysis, the residuals showed a deviation from normality. (Kolmogorov-Smirnov
p-value 0.004). Therefore, we repeated the analysis using the robust estimator (Huber-White sandwich method).
The results were consistent with those from the original regression analysis (Supplementary Table 1).

Discussion

In this study, we investigated the relationship between DAT imaging biomarkers, EEG biomarkers, and clinical
symptoms in patients with DLB. Our major findings were as follows: First, EEG and DAT imaging biomarkers
demonstrated independent and, in some cases, complementary associations with the clinical functions in DLB.
Second, the combination of increased temporal theta power and decreased putaminal DAT uptake best predicted
fluctuation, while visual hallucination and RBD were primarily explained by decreased DAT uptake in the
putamen. Third, cognitive dysfunction was mainly explained by EEG biomarkers—specifically, lower central-
parietal beta power, higher parietal theta power, and higher temporal-parietal TBR—while decreased caudate
DAT uptake provided additional explanatory value for semantic fluency dysfunction. Forth, EEG biomarkers
were associated with lower DAT uptake in the VST.

These findings suggest that EEG and DAT imaging biomarkers contribute independently, and in some cases
complementarily, to the clinical features in DLB. For fluctuation, the multivariable model included both EEG
and DAT imaging biomarkers, whereas visual hallucination and RBD symptoms were best explained by DAT
imaging biomarkers alone. In contrast, cognitive symptoms were primarily associated with EEG biomarkers,
while phonemic fluency was best explained by a combination of EEG and DAT imaging biomarkers. These
findings highlight that specific neuropsychiatric and cognitive manifestations of DLB may be differently linked
to EEG and DAT imaging biomarkers. EEG and DAT imaging biomarker can serve complementary role in
characterizing the heterogeneous clinical presentations of DLB.

EEG and DAT imaging biomarkers explained the increased risk of fluctuations. Specifically, higher temporal
theta power and lower putamen DAT uptake best explained the increased risk of fluctuation. Prominent posterior
slow-wave activity around the pre-alpha and theta ranges on EEG is a supportive biomarker for the diagnosis of
DLB?. However, our findings emphasize the relative importance of temporal theta activity over occipital slowing
in relation to this core clinical feature. Previous studies also showed a significant association between cognitive
fluctuation and slower dominant frequency, not confined to the occipital lobe®*!. Regarding the association
between cognitive fluctuations and regional DAT uptake, Lee et al. reported a significant relationship for the
ventral striatum but not for the caudate or putamen?. The discrepancy between those findings and the present
results may stem from (1) the concurrent inclusion of EEG biomarkers in the present study and (2) the broader
cohort analyzed in the previous study, which included patients DLB, AD, and mixed AD/DLB. Taken together,
these results indicate that temporal-lobe theta activity and putaminal dopaminergic loss capture distinct yet
complementary aspects of the pathophysiology underlying cognitive fluctuations in DLB.
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Predictors Beta (SE) B Confidence interval | P Adjusted R? | VIF | AIC
DSB Not significant
KBNT Central betal | 0.88 (0.28) | 0.28 |0.32,1.44 0.003 0.106 1.032 | 94.45
Rey copy Parietal betal | 1.38 (0.37) | 0.33 | 0.64,2.11 <0.001 | 0.226 1.068 | 185.78
SVLT DR Not significant
RCFT DR Not significant
COWAT semantic | Temporal TBR | —0.29 (0.09) | —0.28 | —0.47, —0.11 0.002 0.183 1.062 | -24.62
Caudate DAT | 0.36 (0.12) |0.29 | 0.13,0.60 0.003 1.239
COWAT phonemic | Parietal theta | —0.69 (0.23) | -0.26 | —1.15,-0.23 0.003 0.161 1.029 | 17.28
Stroop CR Parietal TBR —-0.41(0.14) | -0.27 | —0.68, —0.14 0.003 0.163 1.055 | 70.73

Table 6. Multivariable association of biomarkers with cognitive test scores. Data shown are the results of
multivariable linear regression analyses for clinical symptoms using EEG and DAT imaging biomarkers

as predictors that were significantly and most closely associated with each symptom but did not correlate

too closely (rho <0.6) with each other. The covariates included age, sex, and educational level. AIC Akaike
Information Criterion, B standardized beta, CR color reading, DAT dopamine transporter, DR delayed recall,
DSB digit span backward, EEG electroencephalography, KBNT Korean version of the Boston Naming Test, P P
value, PDR posterior dominant rhythm, RCFT Rey-Osterrieth Complex Figure Test, SE standard error, SVLT
Seoul Verbal Learning Test, TBR theta-to-beta ratio, VIF Variance Inflation Factor, VST ventral striatum.

Visual hallucinations in DLB were primarily associated with decreased DAT uptake in the putamen, with no
significant contribution from EEG biomarkers in our multivariable model. This finding suggests the nigrostriatal
dopaminergic deficits may contribute to the pathophysiology of hallucinations, although previous literature
on this association has been inconsistent. While some studies have reported significant correlation between
striatal DAT binding and visual hallucinations®, but others that found no significant association'®***>. Our
results support the possibility that nigrostriatal dopaminergic deficits may be involved in the development of
visual hallucinations in DLB, although alternative mechanisms, such as concomitant cholinergic dysfunction
or abnormalities in the visual pathway*’~*°, may also contribute. Regarding EEG biomarkers, although few
previous studies suggested an association between visual hallucination and EEG slowing—such as decreased
alpha power, increased theta/alpha or theta/beta ratio***!—no EEG biomarkers survived FDR correction in our
analysis. Notably, increased theta power exhibited a marginal association with the risk of visual hallucinations,
although this did not reach statistical significance following multiple comparison correction. This trend may
suggest a weak contribution of EEG biomarker in the risk of visual hallucination. Taken together, our findings
indicate that EEG changes may play a limited role in visual hallucinations compared to dopaminergic deficits,
further studies with larger sample sizes are warranted to clarify this relationship.

In the present study, EEG biomarkers were not associated with the risk of RBD, whereas lower putamen DAT
uptake explained the increased risk of RBD. These results are consistent with previous studies showing reduced
DAT uptake in patients with idiopathic RBD*?*3, Parkinson’s disease and RBD**, and cognitively impaired
patients with AD or Lewy body disease®?. Although previous studies have reported slower occipital dominant
frequency rhythm*, higher frontal-temporal-occipital theta power*’, lower occipital beta power*, lower central
beta power®®, and occipital-central alpha-beta power?® in patients with RBD, to the best of our knowledge, the
association between RBD and EEG changes has not been evaluated in DLB patients. Our results emphasize the
role of brainstem nigrostriatal dopaminergic depletion in the pathogenesis of RBD in patients with DLB.

EEG biomarkers, including lower central-parietal beta power, higher parietal theta power, and higher
temporal-parietal TBR, best explained cognitive dysfunction, but DAT biomarkers, especially lower caudate
DAT uptake, provided additional information regarding semantic fluency dysfunction. Similar to our results,
previous studies have shown a significant association of striatal, especially caudate, DAT uptake and cognitive
dysfunction in patients with DLB?*¥. Although previous studies have shown that the slowing of dominant
frequency is associated with lower MMSE scores in patients with DLB?!, and lower median frequency of EEG
is associated with attention, memory, fluency, and executive dysfunction in patients with Parkinson’s disease?s,
the association of EEG changes with domain-specific cognitive dysfunction has not been evaluated in patients
with DLB. These results suggest the possibility of using EEG biomarkers for disease monitoring of DLB in terms
of cognitive dysfunction.

Previous studies have consistently demonstrated EEG abnormalities in patients with DLB, yet only a
limited number of investigations have directly addressed the neural correlates of these abnormalities. Some
reports have suggested an association with cholinergic dysfunction, particularly involving the nucleus basalis
of Meynert®. Other studies have highlighted alterations in large-scale network dynamics has been associated
with a loss of EEG microstate dynamics in Lewy body dementia®. Building upon these findings our study
specifically examined whether EEG changes are related to DAT uptake, thereby probing the contribution of
dopaminergic dysfunction to the electrophysiological abnormalities observed in DLB. DAT uptake in the VST
was associated with EEG slowing patterns, including higher TBR, higher theta power, and lower beta power
(Table 2). The VST comprises key regions of the mesolimbic dopaminergic system, such as the medial shell of the
nucleus accumbens and the olfactory tubercle®*2, and it receives dopaminergic projections primarily from the
ventral tegmental area (VTA)>? rather than from the nigrostriatal pathway. These EEG changes have previously
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been reported in patients with DLB>!2°3, and because they were not related to DAT uptake in the caudate

or putamen—regions innervated by the nigrostriatal system—our findings point to a specific contribution
of mesolimbic dopaminergic dysfunction to EEG abnormalities in DLB. Experimental data reinforce this
interpretation: in rodents, selective knock-down of DAT in the VTA prolongs mesolimbic dopamine signaling—
presumably elevating extracellular dopamine in the VST—and is accompanied by increased beta power and
decreased theta power®. Conversely, our patients showed the opposite EEG pattern—decreased beta power and
increased theta power—in proportion to VST DAT depletion. Because degeneration of the VTA-VST projection
would reduce presynaptic dopamine stores and stimulus-evoked release, the electrophysiological effect observed
in our patients can be regarded as the mirror image of the DAT knock-down experiment. Taken together, our
findings suggest that dopaminergic dysfunction, particularly within the mesolimbic pathway, may contribute to
EEG abnormalities in DLB. However, given prior evidence implicating cholinergic dysfunction and large-scale
network alterations, further multimodal studies integrating dopaminergic, cholinergic, and cortical network
markers are warranted to disentangle their relative contributions to the pathophysiology of EEG changes in DLB.

This study had several limitations. First, pathological confirmation was not performed to diagnose DLB.
However, all of the enrolled patients with DLB satisfied the research criteria for probable DLB?, and the diagnosis
was based on the meticulous clinical evaluation including DAT PET analyses. Second, all the patients with
DLB were recruited from a single university hospital; as such, our results should be interpreted considering
the referral bias. In addition, the relatively low prevalence of RBD (26. 7%) in our patients, which is within
the lower range of previously reports rates®®=>’, may be due to several factors; Most patients were evaluated at
an early disease stage shortly after diagnosis, and prolonged follow-up (which may increase RBD detection)
was not available; RBD was assessed using caregiver-based questionnaires rather than polysomnography, which
may underestimate its prevalence. These factors should be considered when interpreting the findings related to
RBD. Additionally, although residual normality was satisfied in all but one of the linear regression models, the
model predicting Rey copy scores showed a deviation from normality. To address this, we repeated the analysis
using the robust estimator, which yielded results consistent with the original regression analysis. This sensitivity
analysis indicates that the findings are robust despite the violation of normality.

Conclusions

This study investigated the interrelationship between DAT imaging and EEG biomarkers, and their associations
with the clinical symptoms in patients with DLB. Our findings highlight the complementary roles of EEG and
DAT imaging biomarker in explaining the clinical manifestations of DLB and support their potential utility as
multimodal biomarkers for disease monitoring.

Data availability

The data and code used in this study are available from the corresponding authors upon request.
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