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ABSTRACT

BACKGROUND: White matter (WM) microstructural changes in the hippocampal cingulum
bundle (CBH) in Alzheimer’ s disease (AD) have been described in cohorts of largely European

ancestry but are lacking in other populations.

METHODS: We assessed the relationship between CBH WM integrity and cognition or
amyloid burden in 505 Korean older adults aged >55 years, including 276 cognitively normal
older adults (CN), 142 mild cognitive impairment (MCI), and 87 AD, recruited as part of the
Korean Brain Aging Study for the Early Diagnosis and Prediction of Alzheimer’s disease

(KBASE) at Seoul National University.

RESULTS: Compared to CN, AD and MCI subjects showed decreased WM integrity in the
bilateral CBH. Cognition, mood, and higher amyloid burden were also associated with poorer

WM integrity in the CBH.

CONCLUSION: Thesefindings are consistent with patterns of WM microstructural damage
previously reported in non-Hispanic White (NHW) MCI/AD cohorts, reinforcing existing

evidence from predominantly NHW cohort studies.

Key words. Cingulum bundle of the hippocampus, white matter, Alzheimer’s disease, mild

cognitive impairment, cognition
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BACKGROUND

Alzheimer’ s disease (AD) is the most common form of dementia, characterized by
hallmark neuropathol ogies including extracellular amyloid plaques and intracellular
neurofibrillary tau tangles, which are thought to lead to downstream neurodegeneration [1].
Initial pathological damage is generally seen in the medial temporal lobe (MTL), primarily
affecting the entorhinal cortex and hippocampal regions, which are crucial for memory formation
and recall [2]. Clinically, AD is characterized along a diagnostic continuum, where preclinical
disease processes, including amyloid deposition, may contribute to progression from cognitively
normal (CN) status to mild cognitive impairment (MCI), and/or AD dementia[3].

The lack of inclusiveness and diversity in clinical research on AD significantly limitsthe
generalizability of existing findings. Thisimportant limitation stems from broader issues of
stigma, socioeconomic disadvantages, and health inequities impacting underrepresented
populations[4, 5]. For example, the United States V eterans Health Administration reported that
the incidence of dementia among older adults was disproportionately high in minority groups
(Asian, African American, and Hispanic) compared to non-Hispanic White (NHW) participants
[6]. The genetic architecture of AD risk and resilience may also differ more than is currently
known across ethnoracial populations, as recent genome-wide association studies indicate the
possibility of differential genetic contributionsto AD in East Asian compared to European/
NHW ancestry [7]. Thus, it isimportant to examine large-scale cohorts of races/ethnicities other
than those of European ancestry to fully characterize similarities and differencesin the
development and progression of AD.

A number of studies have focused on the role of white matter (WM) microstructurein

early AD processes. WM consists of axons surrounded by myelin, afatty lipid sheathing that
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insulates axons for optimal signal conduction. The dysfunction and degeneration of WM has
been implicated in AD pathogenesis [8-10]. A magor WM tract known as the cingulum connects
the frontal, medial temporal, and parietal cortices[11, 12] and isacritical part of the Papez
Circuit, agroup of limbic regions including the hippocampus that are thought to contribute to
memory function [12]. Previously, impaired connectivity in the Papez Circuit was demonstrated
in CN APOE ¢4 allele carriers who are at increased risk of developing AD and related amyloid
pathology [13]. Additional studies from the Pre-Symptomatic Evaluation of Experimental or
Novel Treatmentsfor AD (PREVENT-AD) and Dominantly Inherited Alzheimer’s Disease
Network (DIAN) have implicated the posterior cingulum asimpaired in early-onset dominantly
inherited AD, where disease is caused by one or more autosomal dominant mutationsin the
PSENL1, PSEN2, or APP genes[14]. The cingulum bundle is also directly associated with the
default mode network (DMN) [15], and impairments in the DMN have been consistently
described in AD [16, 17]. Further, the cingulum and Papez Circuit are thought to play arolein
depression [11, 18-20], which has been previously identified asamajor risk factor for AD in
both White [21, 22] and Korean populations[23].

The cingulum bundle of the hippocampus (CBH), a posterior region of the cingulum [24]
with proximity to the hippocampus, has been implicated in memory recall ability in CN adults
[25]. Studies using diffusion tensor imaging (DTI), which measures the diffusion of water
molecules, can provide information about WM microstructure [26]. Prior DTI studies have
established arole for the microstructural integrity of the cingulum, and especially the CBH, in
memory and cognitive impairment related to dementia. Previoudly, lower fractional anisotropy
(FA) and higher radial diffusivity (RD) of the parahippocampal cingulum (indicative of reduced

WM integrity), have been associated with the presence of an MCI [27-32] or AD diagnosis[31-
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34] in studies of predominantly NHW populations. Further, higher amyloid burden, measured
through Positron Emission Tomography (PET) with the beta-amyloid tracer [*'C]-labeled
Pittsburg Compound-B (PiB), was associated with lower FA in the parahippocampal cingulum
longitudinally, though the same study did not find a direct relationship between APOE ¢4 allele
positivity and FA in parahippocampa WM [35].

A smaller number of studies have evaluated these metrics in non-White populations. For
example, another diffusion imaging technique, diffusion spectrum imaging (DSI), demonstrated
an association between impaired cognition, especially memory, and lower left cingulum bundle
FA in sporadic early onset AD in asmall Taiwanese cohort (CN n=15, MCI n=8, AD n=9) [36].
Additionally, findingsin asmall cohort of Korean individuals (CN n=18, MCI n=19, AD n=19)
recruited at Seoul National University (SNU) also demonstrated decreased FA of the
parahippocampal cingulum in MCI and AD patients compared to controls, which was associated
with episodic memory function [29]. Taken together, these studies implicate disrupted integrity
of parahippocampal cingulum WM microstructure as a possible early pathological marker of
AD.

Though recruitment strategies for enhancing diversity have been implemented [37, 38],
thereis still adigparity in cohort size seen in studies of predominantly NHW cohorts and other
ethnicities, including Asians. To that end, our goal was to investigate WM integrity of the CBH
in alarge single site cohort of older Koreans along the AD continuum (CN n=276, MCI n=142,
AD n=87), aswell as the association of this region with cognition and amyloid deposition. First,
we assessed diagnostic group differencesin four DTI scalar measures from the CBH, including
FA, mean diffusivity (MD), axial diffusivity (AxD), and RD. We additionally investigated

associations of these WM integrity metrics with multiple tests of memory and mood to further
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explore the relationship between the parahippocampal cingulum and cognition in patients along
the AD continuum. Finally, we examined [**C]PiB-PET standardized uptake value ratio (SUVR)
inthe MTL, where the hippocampus is located, to investigate the relationship between amyloid

deposition and WM integrity in this region.

MATERIALSAND METHODS
Participants

Participant demographics can be found in Table 1. The cohort was chosen from data
collected as part of theinitial phase of the Korean Brain Aging Study for the Early Diagnosis and
Prediction of Alzheimer’s Disease (KBASE) with approval by the Institutional Review Boards of
Seoul National University (SNU) Hospital and SNU-SM G Boramae Medica Center and in
accordance with the Declaration of Helsinki as previously described [39]. Briefly, participants
ages 55-90 from KBASE included (1) CN older adults with a Clinical Dementia Rating (CDR)
of 0 (n=276), (2) older adults with MCI with self, informant, or clinician-based memory
complaints, objective memory impairment, a global CDR score of 0.5, and performance on at
least one of four episodic memory tests at least one standard deviation below age, sex, and
education adjusted norms (n=142), and (3) older adults diagnosed with probable AD dementiain
accordance with the Diagnostic and Statistical Manual of Mental Disorders 4™ Edition (DSM-

IV-TR) and NIA-AAA guidelines with aglobal CDR Score of 0.5 or 1 (n=87).

Image Acquisition and Processing

MR images were acquired on a Siemens 3T Biograph MMR scanner at Seoul National

University, as previously described [39]. MR imaging included three-dimensional (3D)-T1-
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weighted magnetization-prepared rapid acquisition with gradient echo (MPRAGE) sequence
scans obtained in sagittal orientation. The following parameters were used for 3D T1-weighted
images: repetition time = 1670 ms, echo time = 1.89 ms, field of view = 250 mm, matrix size =
256 x 256, and dlice thickness = 1.0 mm. Diffusion weighted images were acquired in the
Anterior-Posterior phase encoding direction, 66 dlices, repetition time 9500 ms, echo time 92.00
ms, slice thickness 2.0 mm, field of view = 230 mm, matrix 114x104, using 8 zero diffusion

weighting and 60 directions at diffusion-weighting b=1000 §mm?.

Diffusion-weighted and MPRAGE images for the KBASE cohort were preprocessed at
the Indiana University School of Medicine using the Indiana University Connectivity Pipeline
(https://github.com/I[USCA/IUSM-connectivity-pipeline) using a standard FSL-based workflow.
Preprocessing steps included motion and eddy-current correction, with outlier detection and
replacement with FSL EDDY [40, 41], followed by diffusion tensor mode fitting with FSL
DTIfit to generate scalar images (FA, MD, AxD, RD). Then using the FSL tract-based spatial
statistics workflow [42], DTI scalar images were registered to the FMRIB_58 FA Montred
Neurological Institute (MNI) space template. Using the Johns Hopkins University ICBM-DTI-81
White Matter Labels Atlas [43], the median value for each scalar measure was extracted from
targeted regions of interest (ROIs), specifically the left and right cingulum bundles of the

hippocampus.

Amyloid PET images were collected as previously described [39], which was collected
simultaneously as three-dimensional (3D) [*'C]PiB-PET and 3D T1-weighted MRI using the
3.0T PET-MR scanner. After intravenous administration of ~555 MBq of [“'C]PiB (range,
450-610 MBQ), a 30-min emission scan was obtained after a 40 min uptake period after

injection. The PiB-PET data was collected in list mode and was reconstructed with routine
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corrections such as uniformity, UTE-based attenuation, and decay corrections into a 256x256

image matrix using iterative methods (6 iterations with 21 subsets).

PiB-PET images for the KBASE cohort were preprocessed with Statistical Parametric
Mapping 12 (SPM12; https://www.fil.ion.ucl.ac.uk/spm/software/spm12/). First, 40-70min
static PiB-PET images were created with motion correction between frames. Each participant’s
static PiB-PET images were co-registered to each individual’s T1 structural image from the
same visit. Next, voxel-based segmentation of the T1 images generated transformation
matrices to normalize each T1 image to standard MNI space. The transformation matrices were
then used to normalize the aligned static PiB-PET images to MNI space. Finally, normalized
PiB-PET scans were intensity corrected into SUVR images using a cerebellar grey matter ROI
from the Centiloid project [44] and smoothed with an 8mm full-width half maximum (FWHM)
kernel. Mean SUVR was extracted from the MTL using an ROI generated from the combination
of the entorhinal cortex, fusiform, parahippocampal gyrus, and temporal pole ROIs from mean
Freesurfer version 6 segmentations/parcellations of 30 CN participants from the Alzheimer’s

Disease Neuroimaging Initiative (ADNI-2).

Neuropsychological Testing

Participants underwent comprehensive neuropsychological testing in accordance with a
standardized protocol incorporating the CERAD-K neuropsychological battery, as previousy
described [39, 45]. The current analyses focused a priori on tests of cognition and mood: the
Mini-Mental State Examination in the Korean Version of the CERAD Assessment (MM SE-KC),
a comprehensive test of cognition which replaced reading and writing items with two judgement

items due to the high rate of illiteracy in Korea [45, 46]; Trail Making Tests A and B (TMTA
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and TMTB); Digit Span Forward and Backward; Geriatric Depression Scale (GDS); Clinica
Dementia Rating Sum of Boxes (CDR-SB); Subjective Memory Complaints Questionnaire
(SMCQ) Total Memory Decline score; CERAD Word List Recall immediate and delay total

scores; and Logical Memory immediate and delay total scores.

Satistical Analysis

All statistical analyses were performed using SPSS Statitics (IBM Corp. Released 2021.
IBM SPSS Statistics for Windows, Verson 28.0. Armonk, NY: IBM Corp). Anaysis of
covariance (ANCOVA) with age at time of scan and sex as covariates was used to analyze
between-group differences in DTl values by diagnosis, with DTl values as response and
diagnosis as a factor predictor. Partia correlations controlling for age, sex, and education were
used to examine the associations between DTI scalar values (FA, MD, AxD, RD) in the CBH
and cognitive test scores. Partial correlations controlling for age, sex, and APOE ¢4 alee
positivity were used to determine the relationship between [*'C]PiB-PET tracer uptake in the
MTL, where the CBH islocated, and DTI scalar valuesin the CBH. Pearson’s r correlation value
was used to determine effect size and was interpreted usng Cohen’s guidelines (small= 0.10,

medium= 0.30, large = 0.50).

Significance thresholds in all Bonferroni-adjusted post-hoc T-tests employed a p-value of
0.05. To control for multiple comparisons in partial correlations, significance was determined at
a Bonferroni-corrected alpha-level. Significance of association between CBH DTI metrics and
cognition (n=32 [12 tests per hemisphere and 4 scalar measures per hemisphere) was

determined at the Bonferroni corrected p-value < 0.0015. Significance for partial correlations

10
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between PET values and DTl (n= 8 [four tests per hemisphere]) was determined at the

Bonferroni corrected p-value < 0.00625.

RESULTS
CBH Differences Across the AD Continuumin KBASE

ANCOVA analysis results can be found in Table 2. FA values were significantly lower
and RD, MD, and AxD values were significantly higher (all p <0.001) in MCI and AD subjects
compared to CN, indicating a significant difference of WM integrity in the bilateral CBH
between diagnostic group after controlling for age and sex.

Diagnostic group differences are shown in Figure 1 a-h. Bonferroni-adjusted post-hoc
tests revealed that CN participants had significantly lower RD, MD, and AxD values than MCI
(al p-values <0.001). CN participants also had significantly higher FA than MCI (left p = 0.002,
right p=0.015). Though average MCI DTI values reflected lower WM integrity than CN, AD

values reflected lower WM integrity than both MCI and CN (all p-values < 0.001).

Relationship of CBH DTI values to Cognition

Associ ations between cognitive tests and CBH WM integrity indices can be found in
Table 3. Decreased WM integrity in the CBH, as reflected by lower FA and higher RD, AxD,
and MD, was significantly associated with poorer cognition, as well as more depressed mood.
Specificaly, significant associations were observed before adjustment for multiple comparisons
between WM integrity and performance on the Digit Span Backward, TMTA, and TMTB,
MMSE-KC, CDR-SB, Word List Recall scores, Logical Memory scores, and GDS (all p-values

< 0.003) with small to moderate effect sizes (Jr| = 0.131 —0.543). Of these, the smallest effect
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size was seen between AxD values and Digit Span Backward in the left CBH (r =-0.131, p =
0.003), which did not meet significance at the Bonferroni-adjusted alpha-level of 0.0015, and the
largest effect size was seen between GDS scores and MD valuesin theright CBH (r = 0.543, p <
0.001). Better Digit Span Forward scores were not associated with FA or RD values, though
prior to adjustment for multiple comparisons, performance was negatively associated with lower
bilateral AxD values as well as MD valuesin the left CBH only (p<0.004) with small effect size.
At the Bonferroni-adjusted alpha-level, only AxD values of the left CBH were significantly
associated with Digit Span Forward scores. Finally, more memory complaints (higher total
SMCQ score) were significantly associated with higher bilateral RD, AXD and MD values (r =

0.152 - 0.201, all p < 0.001), though not with FA.

Relationship of CBH \WWM Integrity Values to [ *'C] PiB-PET Values

Associations between average [*'C]PiB-PET SUVR valuesin the MTL and CBH WM
integrity measures can be found in Table 4. As observed in Figure 2, average SUVR valuesin
the MTL were significantly different between all three diagnostic groups in a stepwise fashion
(p <0.001, n,*= 0.222) with significantly lower SUVR valuesin CN participants than MCI, and
lower in MCI than AD, reflecting increasing amyloid burden across the disease continuum (all
p-values < 0.001). Poorer WM integrity in the CBH, as reflected by lower FA and higher RD,
AxD, and MD, was significantly associated with more amyloid burden in the MTL as reflected
by [*'C]PIB-PET SUVR. Bilaterally, higher FA values were negatively correlated and lower
RD, AxD and MD values were positively correlated with SUVR inthe MTL (|r] = 0.233 —

0.330, p< 0.001).
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DISCUSSION

The CBH ispart of the cingulum, which isatract that is critically involved in
interconnection of the frontal, medial temporal, and parietal cortices[11, 12], aswell asin the
function of the limbic Papez Circuit[12]. Previoudly, disrupted integrity of thiscircuit, especially
within the parahippocampal cingulum, has been demonstrated in AD [13, 14, 25, 27-34].
However, these investigations have been limited to predominantly NHW populations, which
affects the broad generalizability of this structure’ srole in AD. Here, we report reduced WM
integrity of the CBH in Korean AD and MCI subjects compared to CN, aswell as associations
between lower WM integrity and poorer cognition and lower WM integrity and higher amyloid
burden in a cohort from the initial phase of KBASE. These results provide evidence of arole for
the CBH in participants on the AD continuum with Korean ancestry and are consistent with prior
literature, which has established this relationship in cohorts of predominantly NHW ancestry
[27-34].

Previoudly, higher amyloid burden as observed through PET has been associated with
lower FA in CN subjects at risk for AD [35]. Our study extended these results, demonstrating
further association between amyloid burden and the other scalar DTI measures (RD, AxD, and
MD). Despite worsened WM integrity being associated with higher amyloid burden and thus
implied disease progression, we are unable conclude a specific temporal association between
amyloid-beta plague deposition and poorer WM integrity, nor can we determine whether these
are independent or intertwined processes. However, the significant differences in diffusion
indicesin the CBH between CN, MCI, and AD participants, with MCI values falling
intermediately between CN and AD (Figure 1), mirroring PiB tracer uptake inthe MTL (Figure

2), indicate the possibility that this region may be a sensitive measure for diagnostic staging.

13
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Moreover, most neuropsychological test scores were significantly associated with all four
CBH WM integrity values. The Digit Span Forward, which tests the domain of working memory
that is often impaired in AD, was less robustly associated with poorer WM integrity. Presently,
there is not a consensus in the literature regarding the relationship between the cingulum and
working memory. Working memory seems to be relatively spared in the event of damage to the
cingulum [11]. For example, recent evidence has shown that some tests of working memory were
not associated with diffusion valuesin the cingulum in multiple sclerosis, a neurodegenerative
disease involving myelin [47], although other studies have suggested a relationship between
lower cingulum bundle integrity and poorer working memory in cognitively normal adults [48,
49]. The association prior to multiple comparison correction which was seen in the present study
between Digit Span Forward and AxD values could potentially indicate a specific role for axonal
degeneration, asit isthought that AxD is more specific to axonal injury than other scalar
measures [50]. The Digit Span Backward isa similar test which also involves working memory,
though incorporates executive functioning skills as well, which may explain the higher
associations seen here between worsening WM integrity and poorer scores compared to Digit
Span Forward. Additionally, SMCQ Total Memory Decline, a subjective test, was not strongly
associated with FA. Patients with mild memory complaints who are filling out the exam for
themselves may not be fully cognizant of the extent of their disease, or stigma may prevent older
adults from fully expressing their concerns [4, 5, 38], though further studies are needed to
understand why FA values, which typically are myelin-driven but can reflect axonal damage[26],
areless sengitive.

Additionally, while AXD is specific to axonal degeneration, RD is thought to correspond

more specifically to myelin-specific damage [51]. MD, like FA, may also partially indicate

14
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myelin-related pathology [52]. Here, we found that the GDS was strongly associated with WM
integrity in the bilateral CBH, with the strongest effect sizes seen in RD and MD. It ispossible
that depression, previoudy identified in NHW cohorts[21, 22], aswell as Korean [23], asa
major risk factor for AD, may be related to myelin degeneration within the limbic system and
specifically the CBH.

Limitations of this study include the considerably smaller AD subgroup compared to
MCI and CN groups, which may reduce statistical power. Additionally, the diagnosis of AD is
probable and cannot be proven until post-mortem examination, though all probable AD-dementia
participants were thoroughly cognitively tested and met established guiddines. Finaly, while
DTI is considered an advanced neuroimaging metric, it still requires further validation to confirm
that it is definitively and accurately representative of WM integrity. Future work is needed to
fully characterize the pathological differences of the CBH in relation to tau and amyloid, as well
asto fully characterize this region in large cohorts of other underrepresented minorities on the
AD continuum, such as African American, Higpanic, and other minority communities.

In conclusion, we demonstrate that loss of WM integrity in the CBH in a cohort of older
adult Koreans on the AD continuum is cons stent with the patterns seen in predominately NHW
cohorts. Worsening WM integrity in this region was associated with MCl and AD diagnosis, as
well as poorer cognition in Koreans. Poorer WM integrity in thisregion is also associated with
higher scores on the Geriatric Depression Scale, supporting depression as an AD risk factor in
both White and Korean populations. Finally, worsening WM integrity is associated with higher
amyloid burden, demonstrating a similar pattern of progression across the AD continuum. In
sum, the CBH is a promising region that may be sensitive to MCI and AD diagnoses across

multiple racial/ethnic populations and should be further investigated in diverse cohorts.
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Figure and table captions:

Table 1. Demographic and clinical variables by diagnostic group.

Table 2. Overall and post-hoc between-group differences of WM integrity in the left and right
cingulum bundle of the hippocampus (CBH) as measured through the 4 commonly acquired
diffusion tensor imaging (DTI) indices: fractional anisotropy (FA), radial diffusivity (RD), axial
diffusvity (AxD), and mean diffusivity (MD). When controlling for age and sex, all groups had
significantly different average DTI valuesin each hemisphere. CN = cognitively normal; MCI =
mild cognitive impairment; AD = probable Alzheimer’s disease-related dementia. Overall p
significance determined at the Bonferroni-adjusted aphalevel of 0.0015, and automatically
Bonferroni-adjusted post-hoc T-tests employed a p-value of 0.05.

Table 3. Association of DTI values from the left (a) and right (b) CBH with cognitive exams.
Significance is determined at the Bonferroni-adjusted alphalevel of 0.0015 and all partial
correlations in this table are controlled for age, sex, and years of education at time of scan.
TMTA = Trail Making Test A; TMTB = Trail Making Test B; MM SE-KC = Mini-Mental State
Exam in the Korean Version of the CERAD; CDR = Clinical Dementia Rating Scale; SMCQ =
Subjective Memory Complaints Questionnaire.

Table 4. Association of WM integrity metrics with amyloid deposition. Pearson’s partial
correlations between average [*'C]PiB-PET SUVR in the medial temporal lobe (MTL) and DTI
indicesin the left and right CBH. Significance is determined at the Bonferroni-adjusted p-value
of 0.00625 and all partial correlationsin this table are controlled for age, sex, and APOE €4

allele positivity. All associations were significant (p <0.001) with small to medium effect sizes.
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Figure 1. Differencesin WM integrity metrics by diagnostic group. Estimated marginal mean
per group (CN = cognitively normal; MCI = mild cognitive impairment; AD = probable
Alzheimer’ s disease dementia) of left and right cingulum bundles of the hippocampus (CBH)
values per each diffusion tensor imaging (DTI) scalar measure (FA = Fractional Anisotropy; RD
= Radial Diffusivity; AxD = Axial Diffusivity; MD = Mean Diffusivity), controlled for age and
sex. Error bars represent 95% confidence interval. All groups demonstrated significantly
different average values for DTI scalar measures, with MCI values falling intermediately
between CN and AD values.

Figure 2: Medial temporal amyloid deposition by diagnostic group. Estimated marginal mean
per group (CN, MCI, AD) of the medial temporal lobe, which includes the Papez circuit,
cingulum bundle of the hippocampus (CBH) aswell as other circuitsrelevant to AD. All three
groups demonstrate significantly different average SUVR values after controlling for age, sex,
and APOE e4 allele positivity (F(2,499) = 71.104, p <0.001, np2: 0.222), with error bars
representing 95% confidence interval. As seen in DTI values, participants with MCI demonstrate

an intermediate SUVR uptake that is significantly higher than CN, but less than AD participants.
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Cognitively . - Probable
Normal Older :\/Inllldaicr:ror?enr:tlve Alzheimer’s g(r)(r)rlljparison
Adults (CN) (M%I) (n=142) Disease (AD) (n 0 P
(n=276) =87)
*
Age 70.84+7.95 73.54+6.81 73.13+8.53 éol\logllvl cl &
9 55-87 55-90 55-89
AD
0.003*
Sex (F) 51.5% 66.2% 66.7% CN <MCI &
AD
*
Yearsof 12.10+4.74 10.13+4.41 9.85:5.39 E%OS}VI -
Education 0-25 0-20 0-20
AD
APOE &4 <0.001*
allde 18.8% 40.1% 56.3% CN <MCl <
Positive AD

Table 1. Demographic and clinical variables by diagnostic group.
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ANCOVA
L eft Cingulum Bundle of the Right Cingulum Bundle of the
Hippocampus Hippocampus
F(2500)| p qu Post-hoc | F(2,500)| p qu Post-hoc
CNand MCl: p CN and MCl: p
=0.002 =0.015
CN andAD: p CN andAD: p
FA 61.562 | <0.001 | 0.198 <0.001 31.359 |[<0.001]0.111 <0.001
MCI and AD: MCI and AD:
p<0.001 p<0.001
CN and MCl: p CN and MCl: p
<0.001 <0.001
CN andAD: p CN andAD: p
RD | 80.705 | <0.001|0.244 <0.001 96.300 | <0.001 | 0.278 <0.001
MCI and AD: MCI and AD:
p<0.001 p<0.001
CN and MCl: p CN and MCl: p
<0.001 <0.001
CN andAD: p CN andAD: p
AxD | 39.835 | <0.001]|0.137 <0.001 82.884 | <0.001 | 0.249 <0.001
MCI and AD: MCI and AD:
p<0.001 p<0.001
CN and MCl: p CN and MCl: p
<0.001 <0.001
CN andAD: p CNandAD: p
MD | 81.016 |<0.001 | 0.245 <0.001 110.980 | <0.001 | 0.307 <0.001
MCI and AD: MCI and AD:
p<0.001 p<0.001

Table 2. Overall and post-hoc between-group differences of WM integrity in the left and right

cingulum bundle of the hippocampus (CBH) as measured through the 4 commonly acquired

diffusion tensor imaging (DTI) indices:. fractional anisotropy (FA), radial diffusivity (RD), axial

diffusivity (AxD), and mean diffusivity (MD). When controlling for age and sex, all groups had

significantly different average DTI valuesin each hemisphere. CN = cognitively normal; MCI =

mild cognitive impairment; AD = probable Alzheimer’s disease-related dementia. Overall p
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Bonferroni-adjusted post-hoc T-tests employed a p-value of 0.05.
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a. Association of Imaging Measureswith Cognitive Examsin the L eft Cingulum Bundle of the Hippocampus

FA RD AxD MD
Cognitive Measure
r p r p r p r p
Digit Span Forward 0.052 | 0.249 |-0.115( 0.010 |-0.194|<0.001* |-0.129| 0.004
Digit Span Backward 0.196 | <0.001* |-0.172| <0.001* | -0.131| 0.003 (-0.146| 0.001*
TMTA -0.246| <0.001* | 0.264 | <0.001* | 0.188 | <0.001* | 0.254 | <0.001*
TMTB -0.195| <0.001* | 0.226 | <0.001* | 0.175 | <0.001* | 0.217 | <0.001*
Geriatric Depression Scale -0.445| <0.001* | 0.486 | <0.001* | 0.363 | <0.001* | 0.485 | <0.001*
MMSE-KC 0.395 | <0.001* | -0.462 | <0.001* | -0.350| <0.001* | -0.464 | <0.001*
CDR Sum of Boxes -0.445| <0.001* | 0.484 | <0.001* | 0.345 | <0.001* | 0.478 | <0.001*
SMCQ Total Memory Decline -0.097| 0.030 | 0.166 | <0.001* | 0.152 | <0.001* | 0.176 | <0.001*
Word List Recall (Immediate) Total Score 0.230 | <0.001* | -0.282 | <0.001* | -0.270| <0.001* {-0.293| <0.001*
Word List Recall (Delay) Total Score 0.405 | <0.001* | -0.457 | <0.001* | -0.353| <0.001* | -0.461 | <0.001*
Logical Memory (Immediate) Total Score 0.356 | <0.001* |-0.385| <0.001* | -0.287 | <0.001* |-0.382| <0.001*
Logical Memory (Delay) Total Score 0.321 | <0.001* | -0.336 | <0.001* | -0.240| <0.001* | -0.327 | <0.001*

b. Association of Imaging Measureswith Cognitive Examsin the Right Cing

ulum Bundle of t

he Hippocampus

Cognitive Measure

FA

RD

AXxD

MD

Digit Span Forward

0.041

0.358

-0.098

0.028

-0.136

0.002

-0.098

0.029
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Digit Span Backward 0.169 | <0.001* | -0.196 | <0.001* | -0.174| <0.001* | -0.185| <0.001*
TMTA -0.291| <0.001* | 0.382 | <0.001* | 0.305 | <0.001* | 0.386 | <0.001*
TMTB -0.188| <0.001* | 0.252 | <0.001* | 0.271 | <0.001* | 0.261 | <0.001*
Geriatric Depression Scale -0.327| <0.001* | 0.520 | <0.001* | 0.488 | <0.001* | 0.543 | <0.001*
MMSE-KC 0.332 | <0.001* | -0.501 | <0.001* | -0.461 | <0.001* | -0.517 | <0.001*
CDR Sum of Boxes -0.334| <0.001* | 0.516 | <0.001* | 0.470 | <0.001* | 0.538 | <0.001*
SMCQ Total Memory Decline -0.070| 0.117 | 0.187 |<0.001* | 0.200 | <0.001* | 0.201 | <0.001*
Word List Recall (Immediate) Total Score 0.206 | <0.001* | -0.288 | <0.001* | -0.288 | <0.001* {-0.292| <0.001*
Word List Recall (Delay) Total Score 0.313 | <0.001* | -0.473 | <0.001* | -0.441| <0.001* | -0.485| <0.001*
Logical Memory (Immediate) Total Score 0.285 | <0.001* | -0.383 | <0.001* |-0.361| <0.001* | -0.392 | <0.001*
Logical Memory (Delay) Total Score 0.278 | <0.001* | -0.363 | <0.001* | -0.325| <0.001* | -0.364 | <0.001*

Table 3. Association of DTI values from the left (a) and right (b) CBH with cognitive exams. Significance is determined at the
Bonferroni-adjusted alphalevel of 0.0015 and all partial correlationsin this table are controlled for age, sex, and years of education at
time of scan. TMTA = Trall Making Test A; TMTB = Trail Making Test B; MM SE-KC = Mini-Mental State Exam in the Korean

Version of the CERAD; CDR = Clinical Dementia Rating Scale; SMCQ = Subjective Memory Complaints Questionnaire.
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11
Partial Correlationsbetween [ C]PiB PET Valuesof the Medial Temporal L obe
and DTI in the CBH
L eft Cingulum Bundle of the Right Cingulum Bundle of the
Hippocampus Hippocampus
r p r p
FA -0.267 <0.001* -0.233 <0.001*
RD 0.330 <0.001* 0.325 <0.001*
AxD 0.240 <0.001* 0.279 <0.001*
MD 0.323 <0.001* 0.323 <0.001*

Table 4. Association of WM integrity metrics with amyloid deposition. Pearson’s partial

11
correlations between average[ C]PiB-PET SUVR in the medial temporal lobe (MTL) and DTI
indicesin the left and right CBH. Significance is determined at the Bonferroni-adjusted p-value
of 0.00625 and all partial correlationsin this table are controlled for age, sex, and APOE &4 allele

positivity. All associations were significant (p <0.001) with small to medium effect sizes.
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