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Abstract 
 

Associations of thyroid hormone serum 
levels with in-vivo Alzheimer’s disease 

pathologies in cognitively normal elderly 
individuals 

 
Choi, Hyo Jung  

Department of Medicine (Psychiatry) 

The Graduate School 

Seoul National University 
 

Introduction: The present study investigated the relationships between thyroid 

hormone serum levels or thyroid-stimulating hormone (TSH) and Alzheimer’s 

disease (AD)-specific biomarkers including cerebral amyloid beta (Aβ) burden, 

glucose metabolism, and brain structural changes in AD-signature brain regions in 

cognitively normal (CN) middle-aged and elderly individuals. 

 

Methods: This study assessed 148 CN individuals who received comprehensive 

clinical and neuropsychological assessments that included 11C-Pittsburgh 

Compound B (PiB)-positron emission tomography (PET) scans, 18F-deoxyglucose 
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(FDG)-PET scans, Magnetic resonance imaging (MRI) scans, and the 

quantification of serum triiodothyronine (T3), free T3, free thyroxine (fT4), and 

TSH levels. 

 

Results: All participants were clinically euthyroid. Independent negative 

associations were found between serum fT4 levels and global cerebral Aβ 

deposition after controlling for the effects of age, gender, and the apolipoprotein E 

ε4 (APOEε4) genotype. Serum TSH level had significant association with CMglu 

in the precuneus after controlling for the effects of age, gender, and APOE ε4 

genotype. No other thyroid hormones exhibited relationships with either brain Aβ 

burden, glucose metabolism or brain structural changes. 

 

Conclusions: Even in a clinical euthyroid state, low serum fT4 levels appear to be 

associated with AD-specific brain changes.  

-------------------------------------------------------------------------------------------- 

Keywords: Beta-amyloid, Neurodegeneration, thyroid hormone, TSH, Alzheimer’s 
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I. Introduction 

 

1. Thyroid hormone and Alzheimer’s disease 

 

Several studies have identified an association between dysregulation of thyroid 

hormones and Alzheimer’s disease (AD) dementia (1-5). However, whether serum 

levels of thyroid hormones are associated with AD pathologies, such as cerebral 

amyloid beta protein (Aβ) deposition and neurodegeneration, in the living human brain 

remains unclear. 

Preclinical studies have repeatedly found an association between thyroid hormones 

and brain Aβ deposition in mice (6-9) and in human brain-derived neuroblastoma cells 

(9). Additionally, two pathological studies of postmortem human brain tissues showed 

that thyroid hormone levels and Aβ deposition are related (5, 10). Cerebral Aβ 

deposition begins 10-20 years before development of AD dementia (11) and reaches a 

state of near saturation in the stages of dementia or mild cognitive impairment (12, 13). 

Consequently, detection of an association between thyroid hormone serum levels and 

cerebral Aβ deposition may be difficult in cognitively impaired individuals. Therefore, 

it is important to investigate the relationships of thyroid hormones in serum with in 

vivo cerebral Aβ deposition in cognitively normal (CN) individuals.  

Furthermore, region-specific neurodegeneration is another important pathological 

change to consider in the AD brain. 18F-deoxyglucose (FDG) -positron emission 
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tomography (PET) has been used to measure regional cerebral glucose metabolism 

(rCMglu), and the specific pattern of rCMglu reduction in FDG-PET is regarded as 

presymptomatic biomarker for AD (14). Hyperthyroidism or hypothyroidism was 

associated with CMglu reduction in FDG-PET (15-18). In mood disorder patients, even 

within euthyroid range, high TSH was associated with rCMglu reduction of precuneus 

(19). However, there have been few studies which investigate the association of thyroid 

hormones with CMglu, especially AD-related rCMglu, in CN participants without 

clinical thyroid problem. 

Specific pattern of brain atrophy is also considered as AD biomarker (20). 

Hyperthyroidism or hypothyroidism was associated with brain atrophy (21-25). There 

were also several studies which showed the association between serum thyroid 

hormones and brain structural changes within euthyroid range, although the results 

were contradictory (4, 26). The study for 489 non-demented elderly showed that high 

serum free T4 level was associated with severe hippocampal-amygdala atrophy (4), 

while the study for 268 community-dwelling elderly showed that high TSH were 

related to the severe cortical atrophy in male participants (26). The participants of both 

studies might be not homogenous as non-demented elderly or community-dwelling 

elderly included both mild cognitive impairment (MCI) and CN. MCI conditions are 

associated with brain structural changes (27, 28), so previous studies have some 

limitation for investigating the association between thyroid hormone serum levels and 

brain structural changes. There have been few studies which investigate the association 

of thyroid hormones serum levels with brain structural changes, especially AD-related 
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brain atrophy, in CN participants without clinical thyroid problem. 

 

2. Objective 

This study investigated the relationships of serum levels of thyroid hormones with in 

vivo AD neuropathologies, including cerebral Aβ burden and neurodegeneration, in 

AD-signature regions in CN middle-aged and elderly individuals.  
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II. Materials and Methods 

 

1. Participants 

 

This study was part of the Korean Brain Aging Study for Early Diagnosis and 

Prediction of Alzheimer’s Disease (KBASE), which is an ongoing prospective cohort 

study searching for new biomarkers of AD with the aim of identifying the associations 

of various lifetime experiences with AD-related brain changes. The present study 

assessed 148 CN middle-aged and elderly subjects. The inclusion criteria were (a) aged 

between 55 and 90 years (inclusive), (b) a Clinical Dementia Rating score (29) of 0, 

and (c) no diagnosis of mild cognitive impairment or dementia. The exclusion criteria 

were (a) any present serious medical, psychiatric, or neurological disorders that could 

affect mental function, (b) the presence of severe communication problems that would 

make a clinical examination or brain scans difficult, (c) contraindications for magnetic 

resonance imaging (MRI) scans (e.g., pacemaker, claustrophobia, etc.), (d) the absence 

of a reliable informant, (e) illiteracy, and (f) participation in another clinical trial and/or 

treatment with an investigational product. The Institutional Review Board of the Seoul 

National University Hospital, South Korea, approved the study and all participants 

provided written informed consent. 

 

2. Clinical assessment  
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All participants completed standardized clinical assessments administered by trained 

psychiatrists that were based on the KBASE clinical assessment protocol, which 

incorporates the Korean version of the Consortium to Establish a Registry for 

Alzheimer`s Disease Assessment Packet (CERAD-K) (30). Additionally, the KBASE 

neuropsychological assessment protocol, which incorporates the CERAD 

neuropsychological battery (31), was administered to all participants by trained 

neuropsychologists. The presence or absence of stroke, diabetes, hyperlipidemia, and 

histories of transient ischemic attack (TIA), hypertension, and coronary artery disease 

were systematically assessed to create a composite score for vascular risk; this score 

was the sum of the factors (if present) and ranged from 0 to 6 (32). 

 

3. Blood sampling for apolipoprotein E genotyping and 

assessment of serum thyroid hormone level 

 

Blood samples were obtained via venipuncture after an overnight fast. Serum levels 

of total triiodothyronine (T3), free T3 (fT3), free thyroxine (fT4), and thyroid-

stimulating hormone (TSH) were evaluated with a chemiluminescence immunoassay 

using the ADVIA Centaur XP system (Siemens; Washington DC, USA). The normal 

range for total T3 is 65-150 ng/dL, for fT3 is 2.3-4.2 pg/mL, for fT4 is 0.89-1.76 ng/dL, 

and for TSH is 0.55-4.78 μIU/ml; serum TSH and fT4 levels were assessed to define 
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thyroid status. Additionally, genomic DNA was extracted from whole blood samples to 

perform apolipoprotein E (APOE) genotyping, as previously described (33). The 

sequences of the primer pair were as following: i) 5’-

TCCAAGGAGCTGCAGGCGCGCCA-3’ for the upstream primer and ii) 5’-

ACAGAATTCGCCCCGGCCTGGTACACTGCCA-3’ for the downstream primer. An 

initial denaturation at 94○C for 10 min was followed by 30 cycles of annealing at 65○C 

for 0.5 min, extension at 72○C for 2 min, denaturation at 94○C for 1 min, and final 

extension at 72○C for 5 min. Identification of the APOE genotypes were performed by 

detecting a unique combination of fragment sizes: i) 91 bp and 81 bp fragments for ε2; 

ii) 91 bp and 48 bp fragments for ε3; iii) 72 bp and 48 bp fragments for ε4. Each 

participant was considered to have an APOEε4 carrier status if at least one ε4 allele 

was present. 

 

4. 11C-PiB PET image acquisition and analysis 

 

4.1. Image acquisition 

All participants underwent simultaneous three-dimensional 11C-Pittsburgh Compound 

B (PiB)-PET (PiB-PET) and 3D T1-weighted MRI scans with a 3.0T Biograph mMR 

(PET-MR) scanner (Siemens) according to the manufacturer’s approved guidelines. 

Prior to the scan, each participant received an intravenous administration of 555 MBq 

of PiB (range: 450-610 MBq) and then rested in a waiting room for 40 min.  
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PiB-PET data collected in list mode were processed for routine corrections such as 

uniformity, ultrashort echo time (UTE)-based attenuation, and decay corrections and 

then reconstructed into a 256 × 256 image matrix using iterative methods (6 iterations 

with 21 subsets). T1-weighted images were acquired in the sagittal orientation using 

the following characteristics: repetition time = 1670 ms, echo time = 1.89 ms, field of 

view = 250 mm, 256 × 256 matrix, and slice thickness = 1.0 mm. Additionally, fluid-

attenuated inversion recovery (FLAIR) and T2-weighted images were obtained for 

qualitative clinical readings.  

 

4.2. Image processing and analyses 

All image preprocessing steps were performed using Statistical Parametric Mapping 

8 (SPM8) implemented in Matlab 2014a (Mathworks; Natick, MA, USA). Static PiB-

PET images were coregistered to an individual T1 structural image and then the 

transformation parameters for the spatial normalization of the individual T1 image to a 

standard Montreal Neurological Institute (MNI) template were calculated. Using 

IBASPM software, inverse transformation parameters were used to bring the 

Automated Anatomical Labeling (AAL) 116 atlas (34) in a standard space to an 

individual space for each subject (resampling voxel size = 1 × 0.98 × 0.98 mm); the 

non-gray matter portions of the atlas were individually masked using the cerebral gray 

matter segment image of each subject. Using the individual AAL116 atlas, the mean 

regional PiB uptake values from cerebral regions were extracted from the T1-

coregistered PiB-PET images. The cerebellar gray matter was used as the reference 
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region for the quantitative normalization of cerebral PiB uptake values due to its 

relatively low Aβ deposition (35). To measure PiB uptake in the cerebellar gray matter 

regions, a probabilistic cerebellar atlas (Institute of Cognitive Neuroscience, UCL; 

Cognitive Neuroscience Laboratory, Royal Holloway) was brought into individual 

space in the same manner as described above. Of the 28 anatomical structural regions 

in the cerebellar atlas, the cerebellar lobular regions (except for the vermis) were 

included to extract the mean cerebellar uptake values.  

The AAL algorithm and a region combining method (36) were applied to set regions 

of interest (ROI) to characterize PiB retention levels in the frontal, lateral parietal, 

precuneus/posterior cingulate cortex (PCC), and lateral temporal regions, where 

prominent PiB retention has been reported (37). Standardized uptake value ratio 

(SUVR) values for each ROI were calculated by dividing the mean value of all voxels 

within each ROI by the mean cerebellar uptake value in the same image. Additionally, 

a global cortical ROI consisting of the four ROIs was defined and a global cortical 

SUVR was generated by dividing the mean value of all voxels of the global cortical 

ROI by the mean cerebellar uptake value in the same image. Global cerebral Aβ 

deposition was defined as the mean PiB retention value of the global cortical ROI. 

Images were classified as amyloid-positive if the mean 11C-PiB retention value was 

over 1.4 in at least one of the following ROIs: frontal, lateral temporal, lateral parietal 

or posterior cingulate-precuneus (PC-PRC) (36). 
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5. FDG-PET image acquisition and analysis 

 

5.1. Image acquisition 

The participants also underwent FDG-PET scans using the same PET-MR machine 

described above. Prior to the scan, each participant fasted for at least 6 h, received an 

intravenous administration of FDG radioligands (0.1 mCi/Kg), and then rested in a 

waiting room for 40 min. PET data collected in list mode (5 min × four frames) were 

processed for routine corrections such as uniformity, UTE-based attenuation, and decay 

corrections. Following an inspection for any significant head movements, the data were 

reconstructed into a 20-min summed image using iterative methods (six iterations with 

21 subsets). 

 

5.2. Image processing and analyses 

The following image processing steps were performed using SPM12 implemented in 

Matlab 2014a (Mathworks). Static FDG-PET images were co-registered to an 

individual T1 structural image and then the transformation parameters for the spatial 

normalization of the individual T1 image to a standard MNI template were calculated 

for the utilization of the spatial normalization of FDG-PET images to a standard MNI 

space. After smoothing the spatially normalized FDG-PET images with a 12-mm 

Gaussian filter, intensity normalization was performed using the pons as a reference 

region. VBM analysis was performed using SPM12 with the VBM12 toolbox 



 
 

10 
 

(http://dbm.neuro.uni-jena.de/vbm/) to demonstrate the rCMglu which shows the 

association with serum thyroid hormones. SUVR values were also extracted from 

regions known to be sensitive to changes associated with AD (38-40), including the 

angular gyri, PCC, precuneus, and inferior temporal gyri. AD-signature region CMglu 

was defined as a weighted mean of the four ROIs. 

 

6. MRI acquisition and image processing   

 

6.1. Image acquisition 

MRI scanning was performed on a 3T Siemens TrioTim magnetic resonance scanner 

(Siemens AG, Erlangen, Germany). For a three dimensional (3D), T1-weighted 

magnetization-prepared rapid gradient-echo (MPRAGE) sequence, the following 

parameters were used: repetition time (TR) = 1900ms; echo time (TE) = 3.1 ms; field 

of view (FOV) = 240 x 240 mm2; filp angle (FA) = 9○; slice thickness 0.9 mm. For 

diffusion tensor imaging (DTI), following parameters were used: TR = 10000 ms; TE = 

88 ms; FOV = 240 x 240 mm2; FA = 90○; slice thickness 2.5 mm. The diffusion 

sensitizing gradients were applied along 30 directions (b = 1000 s/mm2) with an 

acquisition without diffusion weighting (b = 0). For fluid-attenuated inversion recovery 

(FLAIR) imaging, following parameters were used: TR = 5000 ms; TE = 348 ms; FOV 

= 250 x 250 mm2; FA = 120○; slice thickness 1 mm.  
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6.2. Image processing  

 

6.2.1. Voxel-based morphometry (VBM) 

VBM analysis was performed using SPM8 with the VBM8 toolbox 

(http://dbm.neuro.uni-jena.de/vbm/) to demonstrate the regional gray matter (GM) 

volume which shows the association with serum thyroid hormones. All T1-weighted 

images of each subject were normalized into standard anatomical space using MNI 152 

template. Next, normalized images were segmented into GM, white matter (WM), and 

cerebrospinal fluid (CSF). Smoothing at 12-mm full width-at-half maximum was done 

after segmentation and modulation.  

 

6.2.2. Hippocampus segmentation 

T1-weighted images were corrected for non-uniform intensity artifacts using the N3 

algorithm (41). Following non-uniformity correction, a brain mask was generated 

using the Brain Extraction Tool (42). Spatial normalization to the ICBM 152 average 

template was performed using a nine-parameter affine transformation (43).  

Then the images were classified as GM, WM, CSF, and background using an 

advanced neural net classifier (44). The classified volumes were inversely transformed 

from the ICBM 152 template space to native space to calculate individual volume. GM, 

WM, and CSF volume were calculated by measuring the volume of voxels within 

classified images, and intracranial volume (ICV) was defined as the total volume of 
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GM, WM, and CSF. Hippocampus segmentation was performed using an automated 

method based on a graph-cuts algorithm (45) combined with atlas-based segmentation 

and morphological opening (46). 

 

6.2.3. AD-signature cortical thickness 

All MR images were automatically segmented using Freesurfer version 5.3 (http:// 

surfer.nmr.mgh.havard.edu/) with manual correction of minor segmentation errors. 

Based on the Desikan-Killiany atlas (47), mean cortical thickness values were obtained 

from Alzheimer’s Disease (AD) – signature regions, including the entorhinal, inferior 

temporal, middle temporal, and fusiform gyrus according to a previous study (39). 

 

7. Statistical analysis  

In order to examine the relationships of serum levels of thyroid hormones or TSH 

with cerebral Aβ deposition, we took two steps of statistical analyses. Before analysis, 

global cerebral Aβ deposition was natural log-transformed to reduce the skewness that 

existed in the distributions. At the first step, we conducted Pearson correlation analyses 

to explore the associations between hormones and global cerebral Aβ deposition. 

Based on the results from preliminary exploratory analyses, variables with p values < 

0.1 were selected for the second step multivariate analyses. At the second step, we 

tested the multiple linear regression model(s) with the hormone selected from the first 

step as an independent variable and the global cerebral Aβ deposition as a dependent 

variable controlling age, gender, and APOE ε4 genotype as covariates. We conducted 
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the same regression analyses controlling VRS as an additional covariate.  

In order to examine the relationships of serum levels of thyroid hormones or TSH 

with rCMglu, Voxel-based multiple linear regression analyses were performed to 

explore the association between serum thyroid hormones or TSH and rCMglu. To 

accomplish this, the ‘‘multiple regression’’ module in SPM 12 was applied with age, 

gender, and education as covariates at the corrected level of p < 0.05 after FWE 

correction for multiple comparisons (k > 20). To avoid multiple comparisons and 

confirm the correlation detected by explorative analysis, the AD-signature rCMglu 

SUVR were used to test the association between serum levels of thyroid hormones or 

TSH with rCMglu. We took two steps of statistical analyses. At the first step, we 

conducted Pearson correlation analyses to explore the associations between hormones 

and the AD-signature region CMglu. Based on the results from preliminary exploratory 

analyses, variables with p values < 0.1 were selected for the second step multivariate 

analyses. At the second step, we tested the multiple linear regression model(s) with the 

hormone selected from the first step as an independent variable and AD-signature 

region CMglu as a dependent variable controlling age, gender, and APOE ε4 genotype 

as covariates. We conducted the same regression analyses controlling global cerebral 

Aβ deposition or VRS as an additional covariate.  

In order to examine the relationships of serum levels of thyroid hormones or TSH 

with regional GM volume, Voxel-based multiple linear regression analyses were 

performed to explore the association between serum thyroid hormones or TSH and 

regional GM volume. To accomplish this, the ‘‘multiple regression’’ module in SPM 8 
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was applied with age, gender, and education as covariates at the corrected level of p < 

0.05 after FWE correction for multiple comparisons (k > 20). To avoid multiple 

comparisons, two AD specific brain structures, hippocampal volume and AD-signature 

cortical thickness, were used to test the association between serum thyroid hormones or 

TSH and brain structural changes. For statistical analysis of hippocampal volume, 

normalized hippocampal volume was calculated by scaling raw hippocampal volume 

by ICV to adjust for differences in individual head sizes. In order to examine the 

relationship of serum levels of thyroid hormones or TSH with brain structural changes, 

we tested the multiple linear regression model(s) with hormones as an independent 

variable and the corresponding imaging marker, adjusted hippocampal volume and 

cortical thickness, as a dependent variable controlling age, gender, and education as 

covariates. All the statistical tests were conducted using the Statistical Package for the 

Social Sciences for Windows version 20.0 (SPSS Inc.; Chicago, IL, USA). 
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III. Results  

 

1. Demographic, clinical characteristics 

The demographic and clinical characteristics of the study participants (n = 148) are 

summarized in Table 1. The global cerebral Aβ deposition SUVR was 1.16 ± 0.23 

(range: 0.56-2.54). The proportion of amyloid positive subjects were 10.8% (n = 16). 

All participants were clinically euthyroid but subclinical thyroid problems were found 

in 12 individuals (8.1%); of these twelve participants, nine had high TSH levels and 

three had low TSH levels.  
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Table 1.  Demographic and clinical characteristics 

 CN (n = 148) 

Age (yrs) 68.93 ± 7.85 

Education (yrs) 11.67 ± 4.85 

Gender, female (%) 92 (62.2) 

CDR 0 

APOEε4 allele(+) (%) 25 (16.9) 

HRSD 0.86 ± 1.60 

VRS 1.07 ± 0.92 

Neuropsychological testsa  

MMSE score 26.94 ± 2.58 

Animal fluency 16.22 ± 4.70 

Boston naming 12.27 ± 2.37 

Word list learning 20.15 ± 4.15 

Constructional praxis 10.06 ± 1.37 

Word list recall 6.76 ± 1.83 

Word list recognition 9.24 ± 1.04 

Constructional recall 7.46 ± 2.80 

Global amyloid burden (SUVR) 1.16 ± 0.23 

Amyloid positivity (%) 16 (10.8) 

T3 (mg/dL) 103.84 ± 17.34 

Free T3 (pg/mL) 3.11 ± 0.34 

Free T4 (ng/dL) 1.17 ± 0.16 

TSH (uIU/mL) 2.36 ± 1.57 

Data for continuous variables presented as a mean ± SD. Categorical variables are presented as N (%). 

Abbreviations: CN, cognitively normal; HRSD, Hamilton Depression Rating Score; VRS, vascular risk score; 

MMSE, Mini-mental State Examination; SUVR, standardized uptake value ratio; T3, triiodothyronine; T4, 

thyroxine; TSH, thyroid-stimulating hormone   
a n = 147 
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2. Association between brain beta-amyloid burden assessed by 

11C-PiB PET and serum thyroid hormones or TSH 

 

2.1. Exploratory univariate analysis 

At the exploratory step of the analyses using Pearson’s correlation, we found that the 

associations between serum fT4 and global cerebral Aβ deposition are below the 

threshold (p < 0.1) (Table 2, Figure 1). Based on the results, we selected these 

associations for the second confirmatory step of the analyses.    
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Table 2. Relationship between serum thyroid hormones or TSH levels and global 

cerebral Aβ deposition  

  Correlation coefficients (p-value) 

global cerebral Aβ deposition 

Free T4 -.156 (0.059)* 

Free T3 .031 (0.712) 

T3 .131 (0.114) 

TSH .054 (0.517) 

Pearson correlation analysis was done for investigating the relationship between 

serum thyroid hormones or TSH and global cerebral Aβ deposition (df = 146). Global 

cerebral Aß values were natural log-transformed to normalize variance. *p<0.1 ; 

Abbreviations: Aß, amyloid beta protein; AD, Alzhiemer’s disease; T4, thyroxine; 

T3, triiodothyronine; TSH, thyroid-stimulating hormone 
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Figure 1. Simple correlation plot showing the relationship between serum fT4 and 

cerebral Aβ in CN participants 

 

 

Graphic illustrations of the simple correlation plot showing the relationship 

between serum fT4 and global cerebral Aβ in CN participants. Global cerebral Aß 

values were natural log-transformed to normalize variance. Pearson correlation 

analysis was done for investigating the relationship between serum free T4 and global 

cerebral Aβ deposition. *p<0.1; Abbreviations: fT4, free thyroxine; Aβ, global 

amyloid burden; CN, cognitively normal  
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2.2. Confirmatory multivariate analysis for global cerebral Aβ 

deposition  

Based on the results from the first step, we selected serum fT4 as the candidate 

hormone for further analyses for global cerebral Aβ deposition. Multiple linear 

regression analyses controlling for age, gender, and APOE ε4 carrier status revealed 

that global cerebral Aβ deposition had a significant negative association with serum 

fT4 levels (Table 3, Figure 2). Serum fT4 explained 3.9% of the variance of global 

cerebral Aβ deposition. Controlling VRS in addition to age, gender, and APOEε4 

genotype did not largely change the results (Table 3). Similarly, excluding the 

participants (n = 5) who took medications with the potential to affect thyroid function 

(e.g., synthroid, propylthiouracil, and methimazole) did not change the results (Table 4, 

Figure 3).  

To explore whether or not one particular ROI is driving the relationship for global 

cerebral Aβ deposition and serum fT4, the associations between each regional cerebral 

Aβ and serum fT4 were also examined using multiple regression analysis controlling 

for age, gender, and APOE ε4 genotype. Serum fT4 showed significant associations 

with frontal, lateral temporal and lateral parietal regional cerebral Aβ deposition and a 

trend-level association with PC-PRC regional cerebral Aβ deposition (Table 5, Figure 

4~7), indicating no regional predominance of the relationship. 

Additionally, in order to explore clinically meaningful serum fT4 level, we divided 

fT4 level into 4 quartiles and compared the global amyloid deposition between the 

quartiles using general linear model analyses. Although statistically not significant, 
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there was a trend of negative association between quartiles of serum fT4 concentrations 

and mean global cerebral Aβ deposition (Table 6). Participants with the lowest quartile 

of fT4 concentration had a mean SUVR of 1.199, whereas those in the highest quartile 

of fT4 concentration had a mean SUVR of 1.117 (Figure 8).  
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Table 3. Multiple linear regression analysis with global cerebral Aβ deposition as dependent variable (n = 148) 

Dependent variable Independent 

variable 

Model Ia Model IIb 

  B  SE t p B  SE t p 

Global cerebral Aß deposition          

 Serum fT4 level -.213 .088 -2.407 .017* -.205 .088 -2.316 .022* 

Multiple linear regression analysis was conducted to investigate the relationship between serum fT4 level and global cerebral Aß deposition controlling 

for several variables. Global Aß deposition values were natural log-transformed to normalize variance.;*p < 0.025; aModel I: Adjusted for age, gender, 

and APOE ε4 carrier status; bModel II: Adjusted for age, gender, APOE ε4 carrier status and vascular risk score. Abbreviations: Aß, amyloid beta protein; 

B, Regression coefficient; SE, Standard error; fT4, free thyroxine; 
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Figure 2. Partial regression plots showing the relationship between serum fT4 and 

cerebral Aβ in CN participants 

 

Graphic illustrations of the partial regression model predicting natural log-transformed 

cerebral Aβ according to serum fT4 values. The control variables included age, gender, 

and the APOE ε4 genotype. Abbreviations: fT4, free thyroxine; Aβ, global amyloid 

burden; APOE, apolipoprotein E; CN, cognitively normal 
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Table 4. Multiple linear regression analysis for participants without thyroid medication (n = 143) 

Dependent variable Independent 

variable 

Model Ia Model IIb 

  B  SE t p B  SE t p 

Global cerebral Aß deposition          

 Serum fT4 level -.221 .092 -2.396 .018* -.210 .092 -2.274 .024* 

Multiple linear regression analysis was done for investigating the relationship between serum fT4 level and global cerebral Aß deposition after 

controlling several variables. Global cerebral Aß deposition values were natural log-transformed to normalize variance.;*p < 0.025 aModel I: Adjusted 

for age, gender, and APOE ε4 carrier status; bModel II: Adjusted for age, gender, APOE ε4 carrier status and vascular risk score. Abbreviations: Aß, 

amyloid beta protein; APOE, apolipoprotein E; B, Regression coefficient; SE, Standard error; fT4, free thyroxine; 
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Figure 3. Partial regression plots showing the relationship between serum fT4 and 

cerebral Aβ in CN participants without thyroid medication 

 

 

Graphic illustrations of the partial regression model predicting natural log-transformed 

cerebral Aβ according to serum fT4 values. The control variables included age, gender, 

and the APOE ε4 genotype. Abbreviations: fT4, free thyroxine; Aβ, global amyloid 

burden; APOE, apolipoprotein E; CN, cognitively normal 
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Table 5. Multiple regression analyses with regional cerebral Aβ deposition as dependent variable 

Covariates B  SE t p-value F (df) R2 

Dependent variable: Aß Frontal region (df = 143) .025 2.866 (df = 4,143) .048 

Age (years) .002 .002 1.275 .204   

Sex .041 .030 1.342 .182   

APOE ε4 genotype .061 .036 1.713 .089   

Serum fT4 level -.214 .090 -2.374 .019   

Dependent variable: Aß Lateral temporal region (df = 143) .047 2.470 (df = 4,143) .038 

Age (years) .001 .002 .840 .402   

Sex .059 .029 2.055 .042   

APOE ε4 genotype .024 .034 .712 .478   

Serum fT4 level -.209 .085 -2.474 .015   

Dependent variable: Aß Lateral parietal region (df = 143) .038 2.613 (df = 4,143) .042 

Age (years) .002 .002 1.293 .198   

Sex .050 .031 1.590 .114   

APOE ε4 genotype .046 .037 1.235 .219   

Serum fT4 level -.218 .093 -2.338 .021   

Dependent variable : Aß PC/PRC region (df = 143)  .043 2.530 (df = 4,143) .040 

Age (years) .002 .002 1.205 .230   

Sex .064 .035 1.810 .072   

APOE ε4 genotype .060 .041 1.454 .148   

Serum fT4 level -.205 .104 -1.968 .051   

Multiple linear regression analysis was done for investigating the relationship between serum fT4 and 

regional cerebral Aβ deposition after controlling age, gender, and APOE ε4 genotype (df for F statistics 

= 4,143). All regional Aß deposition values were natural log-transformed to normalize variance. 

Abbreviations: Aß, amyloid beta protein; B, regression coefficient; SE, standard error; APOE, 

apolipoprotein E; PC-PRC, posterior cingulate-precuneus; fT4, free thyroxine;  
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Figure 4. Partial regression plots showing the relationship between serum fT4 and 

frontal cerebral Aβ in CN participants  

 

Graphic illustrations of the partial regression model predicting natural log-transformed 

frontal cerebral Aβ according to serum fT4 values. The control variables included age, 

gender, and the APOE ε4 genotype. Abbreviations: fT4, free thyroxine; Aβ, global 

amyloid burden; APOE, apolipoprotein E; CN, cognitively normal 

  



 
 

28 
 

Figure 5. Partial regression plots showing the relationship between serum fT4 and 

lateral temporal cerebral Aβ in CN participants  

 

 

Graphic illustrations of the partial regression model predicting natural log-transformed 

lateral temporal cerebral Aβ according to serum fT4 values. The control variables 

included age, gender, and the APOE ε4 genotype. Abbreviations: fT4, free thyroxine; 

Aβ, global amyloid burden; APOE, apolipoprotein E; CN, cognitively normal 
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Figure 6. Partial regression plots showing the relationship between serum fT4 and 

lateral parietal cerebral Aβ in CN participants  

 

 

Graphic illustrations of the partial regression model predicting natural log-transformed 

lateral parietal cerebral Aβ according to serum fT4 values. The control variables 

included age, gender, and the APOE ε4 genotype. Abbreviations: fT4, free thyroxine; 

Aβ, global amyloid burden; APOE, apolipoprotein E; CN, cognitively normal 
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Figure 7. Partial regression plots showing the relationship between serum fT4 and 

PC/PRC cerebral Aβ in CN participants  

 

 

Graphic illustrations of the partial regression model predicting natural log-transformed 

PC/PRC cerebral Aβ according to serum fT4 values. The control variables included age, 

gender, and the APOE ε4 genotype. Abbreviations: fT4, free thyroxine; Aβ, global 

amyloid burden; PC/PRC, Posterior cingulate cortex/ Precuneus ; APOE, 

apolipoprotein E; CN, cognitively normal 
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Table 6. Global cerebral Aβ deposition by categories of fT4 serum level 

 Q1 

(n = 38) 

Q2 

(n = 36) 

Q3 

(n = 37) 

Q4 

(n = 37) 

F p 

Global cerebral Aβ 

deposition (SUVR) 

1.20 ± 0.26 1.19 ± 0.22 1.14 ± 0.28 1.12 ± 0.13 2.127 0.099 

Data are shown as mean ± SD. To compare global cerebral Aβ deposition by quartiles of fT4 serum level, 

general linear models were used with adjustment for age, gender and APOE ε4 genotype. Abbreviation: Q, 

quartiles; Aβ, amyloid; SD, standard deviation; fT4, free thyroxine 
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Figure 8. Global cerebral Aβ deposition according to the quartiles of fT4 levels in the 
study population  

 

When subjects were divided according to category of fT4 (quartiles of similar sizes), 

higher levels of free T4 showed lower global cerebral amyloid deposition. Values 

represent mean and error bars represent standard error. Abbreviations: fT4, free 

thyroxine; Aβ, global amyloid burden 
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3. Association between rCMglu and serum thyroid hormones or 

TSH 

 

3.1. VBM analysis  

Voxel-based multiple linear regression analyses showed that there was no region 

which showed significant association with serum thyroid hormones or TSH levels 

(FWE corrected p < 0.05, k > 20). 

 

3.2. Exploratory univariate analysis 

At the exploratory step of the analyses using Pearson’s correlation, we found that the 

associations between serum TSH and AD-signature CMglu are below the threshold (p 

< 0.1) (Table 7, Figure 9). Based on the results, we selected these associations for the 

second confirmatory step of the analyses.    
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Table 7. Relationship between serum thyroid hormones or TSH levels and CMglu  

  Correlation coefficients (p-value) 

CMglu in AD-signature region 

Free T4 0.091 (0.273) 

Free T3 0.050 (0.542) 

T3 0.049 (0.553) 

TSH -0.176 (0.033)* 

Pearson correlation analysis was done for investigating the relationship between 
serum thyroid hormones or TSH and CMglu (df = 146). *p<0.1 ; CMglu, cerebral 
glucose metabolism; AD, Alzhiemer’s disease; T4, thyroxine; T3, triiodothyronine; 
TSH, thyroid-stimulating hormone 
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Figure 9. Simple correlation plot showing the relationship between serum TSH and 

AD-signature regional CMglu in CN participants 

 

 

Graphic illustrations of the simple correlation plot showing the relationship 

between serum TSH and CMglu in AD-signature region in CN participants. Pearson 

correlation analysis was done for investigating the relationship between serum TSH 

and CMglu in AD-signature region. *p<0.1; Abbreviations: TSH, thyroid-stimulating 

hormone; CMglu, cerebral glucose metabolism; AD, Alzhiemer’s disease; CN, 

cognitively normal   
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3.3. Confirmatory multivariate analysis for CMglu 

Based on the results of univariate analyses, we selected serum TSH as the candidate 

hormone for further multivariate analysis for CMglu in the AD-signature regions. 

However, multiple linear regression analyses controlling for age, gender, and APOE ε4 

carrier state showed that serum TSH levels were not related to CMglu in the AD-

signature regions (Table 8). The addition of global cerebral Aβ deposition and VRS as 

covariates did not largely change the results. Additional exploratory multiple 

regression analyses for the relationship between serum TSH and each regional CMglu 

showed that serum TSH level had significant association with CMglu in the precuneus, 

but did not have any associations CMglu of the other regions (Table 9, Figure 10). 
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Table 8. Multiple linear regression analysis with AD-signature CMglu as a dependent variable (n = 148)  

 Model Ia Model IIb Model IIIc 

 B  SE t p B  SE t p B  SE t p 

AD-signature region CMglu 

 TSH -.011 .006 -1.677 .096 
 

-.011 .006 -1.667 .098 -.010 .007 -1.486 .139 

Multiple linear regression analysis was was conducted to investigate the relationship between serum TSH and AD-signature CMglu controlling for 

several variables.; *p < 0.025; aModel I: Adjusted for age, gender and APOE ε4 carrier status; bModel II: Adjusted for age, gender, APOE ε4 carrier 

status and global Aß retention (natural log-transformed); cModel III: Adjusted for age, gender, APOE ε4 carrier status, global Aß retention (natural 

log-transformed) and vascular risk score. Abbreviations: B, Regression coefficient; SE, Standard error; CMglu, cerebral glucose metabolism; 

APOE, apolipoprotein E; TSH, thyroid-stimulating hormone; AD, Alzheimer’s disease; Aß, amyloid beta protein; 
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Table 9. Multiple regression analyses with rCMglu as dependent variable 

Covariates B  SE t p-value F (df)  R2 

Dependent variable: rCMglu of angular gyrus (df = 143) .009 3.549 (df = 4, 143) .065 

Age (years) -.003 .001 -1.825 .070   

Sex .024 .024 .989 .324   

APOE ε4 genotype -.073 .031 -2.392 .018   

Serum TSH level -.012 .007 -1.609 .110   

Dependent variable: rCMglu of PCC (df = 143) .052 2.411 (df = 4, 143) .063 

Age (years) -.003 .002 -1.796 .075   

Sex -.024 .025 -.928 .355   

APOE ε4 genotype -.038 .032 -1.201 .232   

Serum TSH level -.012 .008 -1.529 .129   

Dependent variable: rCMglu of precuneus (df = 143) .005 3.924 (df = 4, 143) .074 

Age (years) -.001 .002 -.415 .679   

Sex -.017 .025 -.684 .495   

APOE ε4 genotype -.081 .032 -2.533 .012   

Serum TSH level -.020 .008 -2.584 .011   

Dependent variable : rCMglu in inferior temporal gyrus 

(df = 143)  

.152 1.705 (df = 4, 143)  .019 

Age (years) -.003 .001 -2.217 .028   

Sex .024 .019 1.239 .217   

APOE ε4 genotype -.024 .024 -.970 .334   

Serum TSH level -.001 .006 -.188 .851   

Abbreviations: rCMglu, regional cerebral glucose metabolism; B, regression coefficient; SE, standard 

error; APOE, apolipoprotein E; PCC, posterior cingulate cortex; Multiple linear regression analysis 

was done for investigating the relationship between serum TSH and rCMglu after controlling age, 

gender, and APOE ε4 genotype (df for F statistics = 4,143).  
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Figure 10. Partial regression plots showing the relationship between serum TSH and 

CMglu of Precuneus in CN participants  

 

 

 

Graphic illustrations of the partial regression model predicting CMglu of Precuneus 

according to serum TSH values. The control variables included age, gender, and the 

APOE ε4 genotype. Abbreviations: TSH, thyroid-stimulating hormone; CMglu, 

cerebral glucose metabolism; APOE, apolipoprotein E; CN, cognitively normal 
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4. Structural brain imaging analysis 

 

4.1. Association between serum thyroid hormone or TSH and 

regional GM volume  

Voxel-based multiple linear regression analyses showed that there was no region 

which showed significant association with serum thyroid hormones or TSH levels 

(FWE corrected p < 0.05, k > 20). 

 

4.1. Adjusted hippocampal volume  

Multiple linear regression analyses controlling for age, gender, and education revealed 

that adjusted hippocampal volume had no significant association with serum thyroid 

hormone or TSH (Table 10). 

 

4.3. Cortical thickness 

Multiple linear regression analyses controlling for age, gender, and education revealed 

that cortical thickness had no significant association with serum thyroid hormone or 

TSH (Table 10). 
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Table 10. Multiple linear regression analysis for HVa or cortical thickness according to serum thyroid hormones or TSH 
(n = 147) 

Dependent variable Independent 
variable 

B  SE t p 

HVa           

  Serum fT4 level 326.787 360.300 .907 .366 

  Serum fT3 level -47.945 168.734 -.284 .777 

  T3 level 2.507 3.107 .807 .421 

  TSH level 24.059 34.804 .691 .491 

Cortical thickness_Jack           

  Serum fT4 level -.034 .086 -.389 .698 

  Serum fT3 level .030 .040 .749 .455 

  T3 level .001 .001 1.405 .162 

  TSH level .007 .008 .782 .436 

Multiple linear regression analysis was done for investigating the relationship between serum thyroid hormones or TSH level and 
HVa or cortical thickness after controlling age, gender, and education; Abbreviations: B, Regression coefficient; SE, Standard error; 
HVa, adjusted hippocampal volume; fT4, free thyroxine; T3, triiodothyronine; fT3, free T3; TSH, thyroid-stimulating hormone 
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IV. Discussion 

 

The present study examined the relationships between serum levels of thyroid 

hormones or TSH and AD-specific brain biomarkers (i.e., an amyloid biomarker and a 

neurodegeneration biomarker) in CN middle-aged and elderly individuals with no 

clinical symptoms of thyroid disease. Low serum fT4 levels were associated with an 

increase in cerebral Aβ deposition and fT4 explained 3.9% of the variance of global 

cerebral Aβ deposition. Although statistically not significant, there was a trend of 

negative association between quartiles of serum fT4 concentrations and mean global 

cerebral Aβ deposition. To the best of our knowledge, this is the first report to reveal 

associations between serum thyroid hormones and cerebral Aβ burden and AD-specific 

neurodegeneration in euthyroid CN elderly individuals.  

The mechanisms underlying the relationship between serum levels of fT4 and 

cerebral Aβ deposition are not yet fully understood. Serum fT4 crosses the blood-brain-

barrier (BBB) via monocarboxylate transporter 8 (MCT 8) and reaches the astrocytes 

where it is converted to T3 by type 2 deiodinase (D2) (48). Brain T3 can suppress the 

cerebral gene expression of beta-amyloid precursor protein (APP) (9). In the present 

study, serum fT3 was not associated with brain amyloid burden, which may have been 

due to its small contribution to brain T3. In the cerebral cortex, active T3 is 

predominantly derived from serum T4 rather than serum T3 (49) because serum T3 

seems to be degraded by tyrosyl ring deiodinase before it reaches the neuronal space 

(50).  
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Preclinical studies have found a negative association between brain T3 and APP 

expression using a transgenic mouse model of AD (8, 9, 51) and a human autopsy 

study (10) revealed decreases in cerebral T3 levels in subjects at Braak stages IV-V, 

which is similar to the present results. In contrast to the present results, a postmortem 

human study (5) reported that higher serum levels of total T4 but not fT4 are associated 

with an increase in neocortical neuritic plaques. Serum levels of total T4 can be 

affected by the concentration of thyroid hormone-binding proteins, which fluctuate due 

to various medical conditions. Moreover, this autopsy study assessed the brain tissues 

of AD dementia patients in which the Aβ deposition may have already been saturated, 

which would make it difficult to identify an association between serum fT4 levels and 

neocortical amyloid burden. On the other hand, the present study included only CN 

elderly individuals far from Aβ saturation.  

 Although serum TSH levels were not significantly associated with overall 

metabolism in AD-signature regions, exploratory analysis indicated that it may be 

negatively associated with CMglu in the precuneus, where AD-related hypometabolism 

first occurs [27-29]. This is partially consistent with the findings of a previous study 

(19) showing that serum TSH levels are negatively associated with global CMglu in 

euthyroid mood disorder patients. The mechanisms linking serum TSH with CMglu are 

not well understood. It is possible that serum dyslipidemia mediates elevations in TSH 

and decreases in CMglu because subclinical hypothyroidism may lead to elevated 

serum levels of total cholesterol (52), which are associated with lower CMglu in 

various brain regions, including the precuneus, during late middle age (53). 
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The present study has several limitations. First, this is a cross-sectional study and, 

therefore, it is difficult to identify causal relationships based on these findings. Further 

longitudinal studies are needed to determine the nature of the associations between 

serum thyroid hormones or TSH and brain amyloid burden. Additionally, the lack of 

repeated assessments of thyroid hormone levels might have resulted in some errors in 

measurements of the serum levels because there are diurnal/seasonal variations in 

thyroid hormone levels. However, in order to minimize such errors, thyroid hormones 

were assessed at the same time (9-10 A.M.) in all participants. 

In conclusion, the present results suggest that, even in a clinical euthyroid state, low 

serum fT4 and high serum TSH levels are differentially associated with AD-related 

brain changes i.e., increases in global cerebral amyloid burden and increases in 

precuneus hypometabolism, respectively. Further longitudinal studies are needed to 

clarify whether stricter correction of serum thyroid hormone levels will be helpful for 

attenuating AD specific brain pathologies. 

 

  



 
 

45 

V. References 

 

1. Kalmijn S, Mehta KM, Pols HA, Hofman A, Drexhage HA, Breteler MM. 
Subclinical hyperthyroidism and the risk of dementia. The Rotterdam study. 
Clin Endocrinol (Oxf). 2000;53(6):733-7. 
2. van Osch LA, Hogervorst E, Combrinck M, Smith AD. Low thyroid-
stimulating hormone as an independent risk factor for Alzheimer disease. 
Neurology. 2004;62(11):1967-71. 
3. Bensenor IM, Lotufo PA, Menezes PR, Scazufca M. Subclinical 
hyperthyroidism and dementia: the Sao Paulo Ageing & Health Study (SPAH). 
BMC Public Health. 2010;10:298. 
4. de Jong FJ, den Heijer T, Visser TJ, de Rijke YB, Drexhage HA, 
Hofman A, et al. Thyroid hormones, dementia, and atrophy of the medial 
temporal lobe. The Journal of clinical endocrinology and metabolism. 
2006;91(7):2569-73. 
5. de Jong FJ, Masaki K, Chen H, Remaley AT, Breteler MM, Petrovitch H, 
et al. Thyroid function, the risk of dementia and neuropathologic changes: the 
Honolulu-Asia aging study. Neurobiol Aging. 2009;30(4):600-6. 
6. Belandia B, Latasa MJ, Villa A, Pascual A. Thyroid hormone negatively 
regulates the transcriptional activity of the beta-amyloid precursor protein gene. 
J Biol Chem. 1998;273(46):30366-71. 
7. O'Barr SA, Oh JS, Ma C, Brent GA, Schultz JJ. Thyroid hormone 
regulates endogenous amyloid-beta precursor protein gene expression and 
processing in both in vitro and in vivo models. Thyroid. 2006;16(12):1207-13. 
8. Ghenimi N, Alfos S, Redonnet A, Higueret P, Pallet V, Enderlin V. 
Adult-onset hypothyroidism induces the amyloidogenic pathway of amyloid 
precursor protein processing in the rat hippocampus. J Neuroendocrinol. 
2010;22(8):951-9. 
9. Belakavadi M, Dell J, Grover GJ, Fondell JD. Thyroid hormone 
suppression of beta-amyloid precursor protein gene expression in the brain 
involves multiple epigenetic regulatory events. Mol Cell Endocrinol. 
2011;339(1-2):72-80. 
10. Davis JD, Podolanczuk A, Donahue JE, Stopa E, Hennessey JV, Luo 
LG, et al. Thyroid hormone levels in the prefrontal cortex of post-mortem brains 
of Alzheimer's disease patients. Curr Aging Sci. 2008;1(3):175-81. 
11. Holtzman DM, Morris JC, Goate AM. Alzheimer's disease: the 
challenge of the second century. Sci Transl Med. 2011;3(77):77sr1. 
12. Pike KE, Savage G, Villemagne VL, Ng S, Moss SA, Maruff P, et al. 
Beta-amyloid imaging and memory in non-demented individuals: evidence for 
preclinical Alzheimer's disease. Brain. 2007;130(Pt 11):2837-44. 



 
 

46 

13. Sperling RA, Aisen PS, Beckett LA, Bennett DA, Craft S, Fagan AM, et 
al. Toward defining the preclinical stages of Alzheimer's disease: 
recommendations from the National Institute on Aging-Alzheimer's Association 
workgroups on diagnostic guidelines for Alzheimer's disease. Alzheimers 
Dement. 2011;7(3):280-92. 
14. Mosconi L, Berti V, Glodzik L, Pupi A, De Santi S, de Leon MJ. Pre-
clinical detection of Alzheimer's disease using FDG-PET, with or without 
amyloid imaging. Journal of Alzheimer's disease : JAD. 2010;20(3):843-54. 
15. Constant EL, de Volder AG, Ivanoiu A, Bol A, Labar D, Seghers A, et al. 
Cerebral blood flow and glucose metabolism in hypothyroidism: a positron 
emission tomography study. The Journal of clinical endocrinology and 
metabolism. 2001;86(8):3864-70. 
16. Schreckenberger MF, Egle UT, Drecker S, Buchholz HG, Weber MM, 
Bartenstein P, et al. Positron emission tomography reveals correlations 
between brain metabolism and mood changes in hyperthyroidism. The Journal 
of clinical endocrinology and metabolism. 2006;91(12):4786-91. 
17. Bauer M, Silverman DH, Schlagenhauf F, London ED, Geist CL, van 
Herle K, et al. Brain glucose metabolism in hypothyroidism: a positron emission 
tomography study before and after thyroid hormone replacement therapy. J 
Clin Endocrinol Metab. 2009;94(8):2922-9. 
18. Miao Q, Zhang S, Guan YH, Ye HY, Zhang ZY, Zhang QY, et al. 
Reversible changes in brain glucose metabolism following thyroid function 
normalization in hyperthyroidism. AJNR American journal of neuroradiology. 
2011;32(6):1034-42. 
19. Marangell LB, Ketter TA, George MS, Pazzaglia PJ, Callahan AM, 
Parekh P, et al. Inverse relationship of peripheral thyrotropin-stimulating 
hormone levels to brain activity in mood disorders. Am J Psychiatry. 
1997;154(2):224-30. 
20. Caselli RJ, Reiman EM. Characterizing the preclinical stages of 
Alzheimer's disease and the prospect of presymptomatic intervention. Journal 
of Alzheimer's disease : JAD. 2013;33 Suppl 1:S405-16. 
21. Cooke GE, Mullally S, Correia N, O'Mara SM, Gibney J. Hippocampal 
volume is decreased in adults with hypothyroidism. Thyroid : official journal of 
the American Thyroid Association. 2014;24(3):433-40. 
22. Quinque EM, Karger S, Arelin K, Schroeter ML, Kratzsch J, Villringer A. 
Structural and functional MRI study of the brain, cognition and mood in long-
term adequately treated Hashimoto's thyroiditis. Psychoneuroendocrinology. 
2014;42:188-98. 
23. Zhang W, Song L, Yin X, Zhang J, Liu C, Wang J, et al. Grey matter 
abnormalities in untreated hyperthyroidism: a voxel-based morphometry study 
using the DARTEL approach. European journal of radiology. 2014;83(1):e43-8. 
24. Oatridge A, Barnard ML, Puri BK, Taylor-Robinson SD, Hajnal JV, 
Saeed N, et al. Changes in brain size with treatment in patients with hyper- or 
hypothyroidism. AJNR American journal of neuroradiology. 2002;23(9):1539-44. 



 
 

47 

25. Singh S, Modi S, Bagga D, Kaur P, Shankar LR, Khushu S. Voxel-
based morphometric analysis in hypothyroidism using diffeomorphic anatomic 
registration via an exponentiated lie algebra algorithm approach. Journal of 
neuroendocrinology. 2013;25(3):229-34. 
26. Reitz C, Kretzschmar K, Roesler A, von Eckardstein A, Berger K. 
Relation of plasma thyroid-stimulating hormone levels to vascular lesions and 
atrophy of the brain in the elderly. Neuroepidemiology. 2006;27(2):89-95. 
27. Kiuchi K, Kitamura S, Taoka T, Yasuno F, Tanimura M, Matsuoka K, et 
al. Gray and white matter changes in subjective cognitive impairment, amnestic 
mild cognitive impairment and Alzheimer's disease: a voxel-based analysis 
study. PloS one. 2014;9(8):e104007. 
28. Dhikav V, Sethi M, Anand KS. Medial temporal lobe atrophy in 
Alzheimer's disease/mild cognitive impairment with depression. The British 
journal of radiology. 2014;87(1042):20140150. 
29. Morris JC. The Clinical Dementia Rating (CDR): current version and 
scoring rules. Neurology. 1993;43(11):2412-4. 
30. Lee JH, Lee KU, Lee DY, Kim KW, Jhoo JH, Kim JH, et al. 
Development of the Korean version of the Consortium to Establish a Registry 
for Alzheimer's Disease Assessment Packet (CERAD-K): clinical and 
neuropsychological assessment batteries. J Gerontol B Psychol Sci Soc Sci. 
2002;57(1):P47-53. 
31. Lee DY, Lee KU, Lee JH, Kim KW, Jhoo JH, Kim SY, et al. A normative 
study of the CERAD neuropsychological assessment battery in the Korean 
elderly. J Int Neuropsychol Soc. 2004;10(1):72-81. 
32. DeCarli C, Mungas D, Harvey D, Reed B, Weiner M, Chui H, et al. 
Memory impairment, but not cerebrovascular disease, predicts progression of 
MCI to dementia. Neurology. 2004;63(2):220-7. 
33. Wenham PR, Price WH, Blandell G. Apolipoprotein E genotyping by 
one-stage PCR. Lancet. 1991;337(8750):1158-9. 
34. Tzourio-Mazoyer N, Landeau B, Papathanassiou D, Crivello F, Etard O, 
Delcroix N, et al. Automated anatomical labeling of activations in SPM using a 
macroscopic anatomical parcellation of the MNI MRI single-subject brain. 
NeuroImage. 2002;15(1):273-89. 
35. Lopresti BJ, Klunk WE, Mathis CA, Hoge JA, Ziolko SK, Lu X, et al. 
Simplified quantification of Pittsburgh Compound B amyloid imaging PET 
studies: a comparative analysis. J Nucl Med. 2005;46(12):1959-72. 
36. Reiman EM, Chen K, Liu X, Bandy D, Yu M, Lee W, et al. Fibrillar 
amyloid-beta burden in cognitively normal people at 3 levels of genetic risk for 
Alzheimer's disease. Proc Natl Acad Sci U S A. 2009;106(16):6820-5. 
37. Klunk WE, Engler H, Nordberg A, Wang Y, Blomqvist G, Holt DP, et al. 
Imaging brain amyloid in Alzheimer's disease with Pittsburgh Compound-B. 
Ann Neurol. 2004;55(3):306-19. 
38. Mosconi L, Tsui WH, Herholz K, Pupi A, Drzezga A, Lucignani G, et al. 
Multicenter standardized 18F-FDG PET diagnosis of mild cognitive impairment, 



 
 

48 

Alzheimer's disease, and other dementias. J Nucl Med. 2008;49(3):390-8. 
39. Jack CR, Jr., Wiste HJ, Weigand SD, Rocca WA, Knopman DS, Mielke 
MM, et al. Age-specific population frequencies of cerebral beta-amyloidosis 
and neurodegeneration among people with normal cognitive function aged 50-
89 years: a cross-sectional study. The Lancet Neurology. 2014;13(10):997-
1005. 
40. Jagust WJ, Landau SM, Shaw LM, Trojanowski JQ, Koeppe RA, 
Reiman EM, et al. Relationships between biomarkers in aging and dementia. 
Neurology. 2009;73(15):1193-9. 
41. Sled JG, Zijdenbos AP, Evans AC. A nonparametric method for 
automatic correction of intensity nonuniformity in MRI data. IEEE transactions 
on medical imaging. 1998;17(1):87-97. 
42. Smith SM. Fast robust automated brain extraction. Human brain 
mapping. 2002;17(3):143-55. 
43. Collins DL, Neelin P, Peters TM, Evans AC. Automatic 3D intersubject 
registration of MR volumetric data in standardized Talairach space. Journal of 
computer assisted tomography. 1994;18(2):192-205. 
44. Zijdenbos A EA RF, Sled J, Chui J, Kollokian V. . Automatic 
quantification of multiple sclerosis lesion volume using stereotaxic space. . Lect 
Notes Comput Sc. 1996;1131:439-48. 
45. Boykov Y VO ZR. Fast approximate energy minimization via graph 
cuts. Ieee T Pattern Anal 2001;23:1222-39. 
46. Kwak K, Yoon U, Lee DK, Kim GH, Seo SW, Na DL, et al. Fully-
automated approach to hippocampus segmentation using a graph-cuts 
algorithm combined with atlas-based segmentation and morphological opening. 
Magnetic resonance imaging. 2013;31(7):1190-6. 
47. Desikan RS, Segonne F, Fischl B, Quinn BT, Dickerson BC, Blacker D, 
et al. An automated labeling system for subdividing the human cerebral cortex 
on MRI scans into gyral based regions of interest. NeuroImage. 
2006;31(3):968-80. 
48. Morte B, Bernal J. Thyroid hormone action: astrocyte-neuron 
communication. Front Endocrinol (Lausanne). 2014;5:82. 
49. Crantz FR, Silva JE, Larsen PR. An analysis of the sources and 
quantity of 3,5,3'-triiodothyronine specifically bound to nuclear receptors in rat 
cerebral cortex and cerebellum. Endocrinology. 1982;110(2):367-75. 
50. Leonard JL. Regulation of T3 production in the brain. Acta Med 
Austriaca. 1992;19 Suppl 1:5-8. 
51. Contreras-Jurado C, Pascual A. Thyroid hormone regulation of APP 
(beta-amyloid precursor protein) gene expression in brain and brain cultured 
cells. Neurochem Int. 2012;60(5):484-7. 
52. Kanaya AM, Harris F, Volpato S, Perez-Stable EJ, Harris T, Bauer DC. 
Association between thyroid dysfunction and total cholesterol level in an older 
biracial population: the health, aging and body composition study. Arch Intern 
Med. 2002;162(7):773-9. 



 
 

49 

53. Reiman EM, Chen K, Langbaum JB, Lee W, Reschke C, Bandy D, et 
al. Higher serum total cholesterol levels in late middle age are associated with 
glucose hypometabolism in brain regions affected by Alzheimer's disease and 
normal aging. NeuroImage. 2010;49(1):169-76. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

50 

요약(국문초록) 

 

서론: 본 연구에서는 인지적으로 정상인 중 노년 대상자들에게서, 혈중 

갑상선 호르몬 또는 갑상선 자극 호르몬과 알츠하이머병 특이적인 뇌 

바이오마커와의 관련성을 탐색해보고자 하였다. 선정된 알츠하이머병 

특이적인 뇌 바이오마커로는 알츠하이머병 특이적 뇌 영역에서의 뇌 

아밀로이드 축적정도, 뇌 당대사의 변화, 그리고 뇌의 구조적인 변화 등이 

포함되었다. 

 

방법: 인지적으로 정상인 55세에서 90세까지의 대상자들을 모집하였다. 

대상자들에게 포괄적 임상, 신경심리평가, APOE 유전자형 검사, 뇌 MRI 

촬영을 시행하였다. 뇌 [11C]-PiB PET을 이용하여 뇌 베타 아밀로이드 

단백질 침착도를 측정하였고, 뇌 [18F]-FDG PET을 이용하여 뇌 당 대사 

정도를 측정하였다. 그리고, 혈중 free T4, free T3, T3 그리고 TSH 

농도를 측정하였다. 

 

결과: 연구대상자들은 모두 임상적으로 갑상선 문제를 보이지 않았다. 나이, 

성별, APOE ε4 유전자형의 영향을 통제하고도 혈중 free T4 농도는 뇌 
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아밀로이드 축적정도와 음의 상관관계를 보였다. 혈중 TSH 농도는 나이, 

성별, APOE ε4 유전자형의 영향을 통제하고도 쐐기앞소엽(precuneus)의 

뇌 당대사와 음의 상관관계를 보였다.  

 

결론: 본 연구 결과, 임상적으로 갑상선 문제를 보이지 않는 인지적 정상 

중노년 대상자들에게서, 혈중 free T4 level이 낮은 것이 알츠하이머병 

특이적인 뇌 변화와 관련을 보인다. 

---------------------------------------- 

주요어: 아밀로이드; PiB-PET; FDG-PET; 갑상선 호르몬; 갑상선 자극 

호르몬; 신경퇴행; 알츠하이머병; 바이오마커 
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