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Abstract
Background

Along with Alzheimer’s disease (AD) continuum, AD neuropathologies propagate trans-neuronally,
causing the memory circuit disorganization and memory de�cit. However, no evidence supports the
hypothesis in vivo to date.

Methods

Based on biological diagnosis criteria, we divided subjects into 5 groups by setting the CSF cutoff point
at 192 pg/ml for Aβ 1-42 (A) and 23 pg/ml for P-tau 181 (T): Group 0, cognitively normal (CN) with
normal Aβ 1-42 and P-tau 181 (A−T−); Group 1, CN with A+T−; Group 2, CN with A+T+; Group 3, mild
cognitive impairments (MCI) with A+T+; Group 4, AD with A+T+. We de�ned the memory circuit as the
hippocampus (HP), cingulum-angular bundles (CAB), and precuneus cortex, respectively representing the
starting point, core connecting �ber, and connected downstream cortex. Then we assessed the HP
sub�elds volume, CAB diffusion metric (whole tract-level and waypoint-wise), and precuneus volume.
Finally, we correlated neuroimaging measures with cognitive and neuropathological data.

Results

Along AD continuum, HP sub�elds volume initially increased and then decreased, starting from the early
stage (CN with A+T-). CAB integrity loss on both whole tract-level and waypoint-wise in MCI and AD with
A+T+ and progressed along AD continuum. Regarding precuneus, we only found the decreased volume in
MCI and AD with A+T+, with CN stage spared. Further, memory circuit structure impairment correlated
with more AD neuropathology and worse memory pro�le.

Conclusion

Our results support the tau propagation theory in the memory circuit, suggested that the memory circuit
impairments starting from the HP, then propagating to the downstream projection tract and cortex.

Introduction
Alzheimer’s disease (AD) is the most common form of dementia, characterized by progressive memory
and other cognitive abilities decline. Before the dementia onset, AD neuropathological accumulates for
10–15 years [1] and develops in a speci�c temporal-ordered pattern [2], with extracellular amyloid-β (Aβ)
appears the earliest followed by intracellular phosphorylated tau deposition, and downstream
neurodegeneration events [3]. The prior hypothesis shows that these AD neuropathological proteins
propagate trans-neuronally and result in neuronal circuit disorganization, especially in the memory circuit,
and �nally lead to memory loss [4]. Considering the decoupling of clinical symptoms from
neuropathological processes, the 2018 NIA-AA also proposed the biological diagnostic framework for AD
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[5]. However, it remains unclear that the trajectory of neuronal circuit changes along the biological AD
continuum, especially in the memory circuit.

Memory circuit comprises of the hippocampus (HP), the hippocampus-connected white matter �ber
pathway (e.g., the cingulum-angular bundles, CAB [6]) and the connected cortex (posterior brain regions)
[7]. Notably, HP is composed of several sub�elds differentially susceptible to AD neuropathology.
Previous studies found that HP atrophy is early involved in the face of AD neuropathological deposition,
especially the cornu ammonis (CA)1 and subiculum [8] while the downstream cortex impairs later. The
possible neuropathological mechanism is the ‘misfolded tau protein propagation theory’: tau pathology
spread through synaptic connectivity and cause the structural impairments [9]. Similar to the Braak stage,
tau pathology arises early in the transentorhinal cortex, from where they spread to limbic regions,
followed by inferior frontal and parietal cortex [10, 11]. Moreover, the white matter may be the mediation
in neuropathology spread, considering that structural tract alterations can predict downstream tau
accumulation in amyloid-positive older individuals [12]. The exploration of the memory circuit injury
mechanism is expected to provide important clues for further treatment.

Previous microstructural studies have demonstrated the disrupted integrity of the hippocampus-related
tract in AD patients [13]. Notably, the cingulum bundle is the region affected most severely, connecting the
medial temporal lobe with the posterior cingulate cortex [14–16]. However, prior work only detects the
overall white matter disruption but fails to capture the alteration in the conducting ability of the speci�c
impaired WM segments. To better assess tract-level degeneration, we used an establish tract
reconstruction technique TRACULA (TRActs Constrained by UnderLying Anatomy). Speci�cally, TRACULA
is a global probabilistic tractography approach, utilizing the underlying anatomic pathways from the �ber
tracts atlas of the training datasets and is capable of reconstructing 18 major white matter tracts [17]. An
increased number of clinical studies utilized TRACULA and proved its utility and sensitivity in re�ecting
the speci�c tract alternations on both whole tract-level and waypoint-wise within the selected pathway
[18, 19]. Therefore, TRACULA provides excellent technical support for studying memory circuits.

In the current study, we assessed the impairment pattern of memory circuit along the pathophysiological
continuum of AD. Combining the neuropathological hallmarks and symptomatic status, we classi�ed the
sample into �ve pro�les to re�ect the disease progression along the AD continuum. We used FreeSurfer to
segment HP into sub�elds, and TRACULA to re�ect the white matter diffusion metric on both whole tract-
level and waypoint-wise within the CAB. Further, the corresponding cortical volume of the CAB connected
regions was measured. According to the tau propagation theory, we hypothesized that HP is the �rst to
suffer from AD neuropathology, then followed by the connected tract and downstream cortex.

Methods And Materials

Study participants
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The Institutional Review Boards approved our study, and we obtained informed written consent from all
subjects at each site. We identi�ed 41 cognitively normal subjects (CN), 56 subjects with mild cognitive
impairments (MCI), and 34 AD patients from the ADNI database (Supplementary Material 1, Study
participants). Each subject underwent 3D T1 weighted structural scan, DTI scans, cerebrospinal �uid
(CSF) assessment, and comprehensive neuropsychological assessments.

Neuropsychological assessment and CSF acquisition
All subjects underwent neuropsychological examinations, including general mental status (MMSE; CDR
global and CDR-sob (sum of boxes [20])) and comprehensive memory performance: episodic memory
(WMS-LM, immediate and delayed memory; Auditory Verbal Learning Test, AVLT [21, 22]: AVLT 1–5 sum
immediate recall, AVLT 6 immediate recall after interference, AVLT 30 min delay recall, AVLT recognition)
and semantic memory (Boston Naming Test, BNT; Category �uency).

CSF biomarkers included Aβ1−42, total tau (t-tau), and P-tau181, measured by the multiplex xMAP Luminex
platform as previously (http://adni.loni.usc.edu/methods/biomarker-analysis/) [23].

Group classi�cations
The grouping method in this study follows the 2018 NIA-AA research framework (AT(N) system)
(Supplementary Material 2). As previous studies reported, we set the CSF cutoff point at 192 pg/ml for
Aβ1−42 (A) and 23 pg/ml for P-tau181 (T) [23, 24]. Subsequently, based on both the biological AT(N)
system [5] and cognitive status, we classi�ed all subjects into �ve groups: (a) Group 0: CN subjects with
normal Aβ1−42 and P-tau181 (A − T−); (b) Group 1: CN subjects with abnormal Aβ1−42 and normal P-tau181

(A + T−); (c) Group 2: CN subjects with abnormal Aβ1−42 and P-tau181 (A + T+); (d) Group 3: MCI subjects
with abnormal Aβ1−42 and P-tau181 (A + T+); (e) Group 4: demented subjects with abnormal Aβ1−42 and P-
tau181 (A + T+). Notably, we excluded subjects with normal Aβ1−42 and abnormal P-tau181 (A-T+) since it
was potentially non-AD related pathology [25]. Finally, we included 12 subjects in Group 0, 5 subjects in
Group 1, 24 subjects in Group 2, 56 subjects in Group 3, and 34 subjects in Group 4.

MRI acquisition
Based on 3T scanners, T1 weighted images were obtained based on a sagittal volumetric magnetization-
prepared rapid gradient-echo (MPRAGE) sequence with the following representative imaging parameters:
repetition time (TR) = 2300 ms; echo time (TE) = 3 ms; voxel size = 1.1 × 1.1 × 1.2 mm3; within plane FOV = 
256 × 256 mm2; �ip angle = 9° or 11°. DTI images were obtained with the following imaging parameters:
TR = 9000 ms, slice thickness = 2.7 mm, acquisition matrix 256 × 256. Fifty-nine axial slices were acquired
without a gap, giving full brain coverage. For each slice, �ve image without diffusion weighting (b = 
0 s/mm2) and 41 images with diffusion gradients were acquired (b = 1000s/mm2). More information in
the ADNI scanning guide ( http://adni.loni.ucla.edu/wp-
content/uploads/2010/05/ADNI2_GE_3T_22.0_T2.pdf).

Image Analysis
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Brain morphometry
We performed the subcortical segmentation and cortical reconstruction in each subject using “recon-all”
processing stream in FreeSurfer version 6.0 (https://surfer.nmr.mgh.harvard.edu/). This process can
provide not only grey and white matter segmentation but also surfaces and morphometry data for each
subject [26]. Matching of cortical geometry across subjects is performed by registration to a spherical
atlas based on individual cortical folding patterns [27]. These anatomic structure segmentation
information were further used in the tractography to restrict the probabilistic distribution of the
reconstructed pathways.

Correctly, we segmented HP into 24 sub�elds, including the CA1, CA2/3, CA4, molecular layer, granule-cell
molecular layer of the dentate gyrus, subiculum, presubiculum, parasubiculum, �mbria, hippocampus-
amygdala-transition-area (HATA), hippocampal �ssure, and hippocampal tail in each hemisphere. Then,
we used the Bayesian approach to calculate each sub�eld volume (Fig. 1-A) [28]. Then, estimated
intracranial volume (ICV), a proxy for intracranial volume, was calculated to correct the HP subregion for
head-size.

Diffusion MRI tractography

Whole-tract diffusion metric analysis
We performed dMRI analysis and tractography using TRACULA, a probabilistic automatic tracking
method based on Freesurfer (version 6.0, http://surfer.nmr.mgh.harvard.edu/fswiki) and FSL
(https://fsl.fmrib.ox.ac.uk) [17, 29]. In general, the processing details included: (1) structural
segmentation: Cortical parcellation and subcortical segmentation were implemented in FreeSurfer. The
structure segmentation results, covering the locations and orientations of tracts, were required as
anatomical references for tract tracking; (2) pre-processing of DTIs: A standard pre-processing method for
DTI, including eddy currents and motion correction, was performed by registering the diffusion-weighting
to the b = 0 images. (3) reconstruction: the FSL’s bedpostX algorithm based on a “ball-and-stick” diffusion
model was used to calculate the model parameters of each voxel [30]. Finally, the probability distributions
for 18 major white matter pathways were generated, including CAB, cingulum-cingulate gyrus
(supracallosal) bundle, and uncinate fasciculus (UF).

Participant motion is a confounding factor that may lead to spurious group differences in diffusion MRI
[29]. The head motion index computed from the a�ne registration was evaluated in the TRACULA report
[30]. Each subject’s reconstructed tracts underwent a visual inspection, and aberrant or truncated �ber
tracts were excluded. Finally, three participants were excluded due to rough translation and rotation.

In this study, we focused on the CAB tract because it connects the HP and angular gyrus and is
considered to be an essential pathway in the tau propagation process. Besides, we chose the UF as the
reference, considering it connects the medial temporal lobe but not the hippocampus; thus, it has limited
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tau accumulation in cognitively intact elderly (Supplementary Material 3) [12, 31]. Regarding the white
matter metrics, we extracted the average values of mean diffusivity (MD), fractional anisotropy (FA), axial
diffusivity (DA), and radial diffusivity (DR) on both whole tract-level and waypoint-wise within the tract
(Fig. 1-B).

Waypoint-wise diffusion metric analysis
To examine the damage pattern of white matter �ber, we further performed the waypoint-wise analysis.
The diffusion metric was obtained from multiple contiguous cross-sections along the reconstructed
pathway of each subject [32].

Speci�cally, TRACULA yields a 1D sequence of values for each of DTI measures, consisting of 40–60
comparison points in each tract, computed in the native space of each subject. Correspondence of points
between these sequences from different subjects is established by aligning the mid-points of the
sequences. We used sequences for point-wise analyses along the trajectory of a speci�c pathway.

Tract connected cortical regions volume analysis
To explore the downstream cortical volume changes along with AD progress, we extracted the volume of
cortical regions, where the selected tract connected, from the Freesurfer structure segmentation results.
Here, we chose the bilateral precuneus as cortical ROIs considering its connection with temporal
structures through CAB [33]. We extracted the cortical ROIs volume and normalized it to ICV for statistical
analyses (Fig. 1-C).

Statistical analysis
Based on SPSS software (Version 19), we analyzed the demographic data using the Chi-squared test for
categorical data (gender, APOE ε4 status) and t-test for continuous data (age, education, and GDS)
(Table 1, Supplementary Material 4). Regarding the brain morphometry, we examined the difference
between HP sub�elds and the bilateral precuneus between groups by using the two-sample t-test.
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Table 1
Demographic and neuropsychological data in subjects along with the AD continuum

Demographic
characteristics

Group 0
N = 12

Group 1
N = 5

Group 2
N = 24

Group 3
N = 56

Group4
N = 34

P-value

Age,
y, mean (SD)

73.21 ± 
5.41

72.72 ± 
5.87

76.27 ± 
5.95

74.14 ± 
7.52

74.11 ± 
8.95

G1-G0 = 
0.87

G2-G0 = 
0.14

G3-G0 = 
0.69

G4-G0 = 
0.68

Female, n (%) 6
(50.00%)

3
(60.00%)

17
(70.83%)

22
(39.29%)

14
(41.18%)

G1-G0 = 
0.56

G2-G0 = 
0.20

G3-G0 = 
0.36

G4-G0 = 
0.42

Education,
y, mean (SD)

17.67 ± 
1.87

15.00 ± 
2.24

16.00 ± 
2.27

15.50 ± 
2.74

15.12 ± 
2.78

G1-G0 = 
0.02*

G2-G0 = 
0.04*

G3-G0 = 0.
003*

G4-G0 = 
0.005*

APOE ε4 status, n
(%)

1 (8.33%) 2
(40.00%)

12
(50.00%)

40
(71.43%)

24
(70.59%)

G1-G0 = 
0.19

G2-G0 = 
0.02*

Data are presented as means ± standard deviations. * P < 0.05.

Abbreviation: A: Aβ1–42; T: P-tau181; Group 0: cognitively normal subjects with A − T−; Group 1:
cognitively normal subjects with A + T−; Group 2: cognitively normal subjects with A + T+; Group 3:
mild cognitive impairment subjects with A + T+; Group 4: demented subjects with A + T+; GDS:
Geriatric Depression Scale; MMSE, Mini-Mental State Examination; CDR: Clinical Dementia Rating;
WMS-LM, Wechsler Memory Scale Logical Memory; AVLT, Auditory Verbal Learning Test; BNT, Boston
Naming Test. AvgTranslation: average translation; AvgRotation: average rotation
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Demographic
characteristics

Group 0
N = 12

Group 1
N = 5

Group 2
N = 24

Group 3
N = 56

Group4
N = 34

P-value

G3-G0 < 
0.001*

G4-G0 < 
0.001*

GDS 1.25 ± 
1.22

0.60 ± 
0.55

0.88 ± 
1.48

1.68 ± 
1.42

1.88 ± 
1.41

G1-G0 = 
0.28

G2-G0 = 
0.46

G3-G0 = 
0.33

G4-G0 = 
0.17

General mental status

MMSE 28.50 ± 
2.02

29.20 ± 
0.84

28.67 ± 
1.40

27.41 ± 
1.79

23.03 ± 
2.28

G1-G0 = 
0.47

G2-G0 = 
0.77

G3-G0 = 
0.07

G4-G0 < 
0.001*

CDR global 0.00 ± 
0.00

0.00 ± 
0.00

0.00 ± 
0.00

0.50 ± 
0.00

0.79 ± 
0.25

/

/

/

G4-G0 < 
0.001*

CDR sum 0.13 ± 
0.23

0.10 ± 
0.22

0.04 ± 
0.14

1.45 ± 
0.92

4.63 ± 
1.52

G1-G0 = 
0.84

Data are presented as means ± standard deviations. * P < 0.05.

Abbreviation: A: Aβ1–42; T: P-tau181; Group 0: cognitively normal subjects with A − T−; Group 1:
cognitively normal subjects with A + T−; Group 2: cognitively normal subjects with A + T+; Group 3:
mild cognitive impairment subjects with A + T+; Group 4: demented subjects with A + T+; GDS:
Geriatric Depression Scale; MMSE, Mini-Mental State Examination; CDR: Clinical Dementia Rating;
WMS-LM, Wechsler Memory Scale Logical Memory; AVLT, Auditory Verbal Learning Test; BNT, Boston
Naming Test. AvgTranslation: average translation; AvgRotation: average rotation
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Demographic
characteristics

Group 0
N = 12

Group 1
N = 5

Group 2
N = 24

Group 3
N = 56

Group4
N = 34

P-value

G2-G0 = 
0.26

G3-G0 < 
0.001*

G4-G0 < 
0.001*

Episodic Memory

WMS-LM immediate 14.17 ± 
2.92

10.80 ± 
3.83

13.22 ± 
3.83

8.25 ± 
3.80

3.24 ± 
1.86

G1-G0 = 
0.07

G2-G0 = 
0.46

G3-G0 < 
0.001*

G4-G0 < 
0.001*

WMS-LM delay 11.92 ± 
2.15

9.60 ± 
2.88

12.39 ± 
3.58

5.77 ± 
4.11

1.35 ± 
1.59

G1-G0 = 
0.09

G2-G0 = 
0.68

G3-G0 < 
0.001*

G4-G0 < 
0.001*

AVLT sum of trials
1–5

46.42 ± 
10.89

46.00 ± 
13.02

46.04 ± 
8.32

32.21 ± 
8.83

20.94 ± 
6.77

G1-G0 = 
0.95

G2-G0 = 
0.91

G3-G0 < 
0.001*

Data are presented as means ± standard deviations. * P < 0.05.

Abbreviation: A: Aβ1–42; T: P-tau181; Group 0: cognitively normal subjects with A − T−; Group 1:
cognitively normal subjects with A + T−; Group 2: cognitively normal subjects with A + T+; Group 3:
mild cognitive impairment subjects with A + T+; Group 4: demented subjects with A + T+; GDS:
Geriatric Depression Scale; MMSE, Mini-Mental State Examination; CDR: Clinical Dementia Rating;
WMS-LM, Wechsler Memory Scale Logical Memory; AVLT, Auditory Verbal Learning Test; BNT, Boston
Naming Test. AvgTranslation: average translation; AvgRotation: average rotation
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Demographic
characteristics

Group 0
N = 12

Group 1
N = 5

Group 2
N = 24

Group 3
N = 56

Group4
N = 34

P-value

G4-G0 < 
0.001*

AVLT6
(immediate Recall)

8.08 ± 
3.65

9.80 ± 
4.32

9.04 ± 
3.52

4.46 ± 
3.02

1.47 ± 
1.56

G1-G0 = 
0.42

G2-G0 = 
045

G3-G0 = 
0.001*

G4-G0 < 
0.001*

AVLT30min
(Delay Recall)

7.00 ± 
4.51

8.60 ± 
4.39

7.50 ± 
4.11

3.29 ± 
3.45

0.59 ± 
1.18

G1-G0 = 
0.51

G2-G0 = 
0.74

G3-G0 = 
002*

G4-G0 < 
0.001*

AVLT recognition
(recognition)

11.67 ± 
3.14

14.40 ± 
0.55

12.75 ± 
2.38

10.71 ± 
3.14

6.56 ± 
3.98

G1-G0 = 
0.01*

G2-G0 = 
0.26

G3-G0 = 
0.34

G4-G0 < 
0.001*

Semantic Memory

BNT 28.67 ± 
1.50

27.00 ± 
2.55

27.50 ± 
2.55

25.98 ± 
3.48

20.94 ± 
5.68

G1-G0 = 
0.11

Data are presented as means ± standard deviations. * P < 0.05.

Abbreviation: A: Aβ1–42; T: P-tau181; Group 0: cognitively normal subjects with A − T−; Group 1:
cognitively normal subjects with A + T−; Group 2: cognitively normal subjects with A + T+; Group 3:
mild cognitive impairment subjects with A + T+; Group 4: demented subjects with A + T+; GDS:
Geriatric Depression Scale; MMSE, Mini-Mental State Examination; CDR: Clinical Dementia Rating;
WMS-LM, Wechsler Memory Scale Logical Memory; AVLT, Auditory Verbal Learning Test; BNT, Boston
Naming Test. AvgTranslation: average translation; AvgRotation: average rotation



Page 12/30

Demographic
characteristics

Group 0
N = 12

Group 1
N = 5

Group 2
N = 24

Group 3
N = 56

Group4
N = 34

P-value

G2-G0 = 
0.09

G3-G0 < 
0.001*

G4-G0 < 
0.001*

Category �uency 21.58 ± 
5.74

18.60 ± 
5.50

21.83 ± 
4.90

16.73 ± 
5.32

12.00 ± 
5.20

G1-G0 = 
0.34

G2-G0 = 
0.89

G3-G0 = 
0.006*

G4-G0 < 
0.001*

CSF

Aβ1−42 (pg/ml) 230.58 ± 
20.34

160.6 ± 
28.17

143.64 ± 
24.22

136.30 ± 
20.34

128.89 ± 
22.00

G1-G0 < 
0.001*

G2-G0 < 
0.001*

G3-G0 < 
0.001*

G4-G0 < 
0.001*

T-Tau (pg/ml) 46.49 ± 
9.21

37.54 ± 
17.06

85.38 ± 
33.00

112.13 ± 
64.99

139.34 ± 
64.19

G1-G0 = 
0.18

G2-G0 < 
0.001*

G3-G0 < 
0.001*

Data are presented as means ± standard deviations. * P < 0.05.

Abbreviation: A: Aβ1–42; T: P-tau181; Group 0: cognitively normal subjects with A − T−; Group 1:
cognitively normal subjects with A + T−; Group 2: cognitively normal subjects with A + T+; Group 3:
mild cognitive impairment subjects with A + T+; Group 4: demented subjects with A + T+; GDS:
Geriatric Depression Scale; MMSE, Mini-Mental State Examination; CDR: Clinical Dementia Rating;
WMS-LM, Wechsler Memory Scale Logical Memory; AVLT, Auditory Verbal Learning Test; BNT, Boston
Naming Test. AvgTranslation: average translation; AvgRotation: average rotation
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Demographic
characteristics

Group 0
N = 12

Group 1
N = 5

Group 2
N = 24

Group 3
N = 56

Group4
N = 34

P-value

G4-G0 < 
0.001*

P-Tau181 (pg/ml) 18.96 ± 
2.69

16.72 ± 
4.70

49.43 ± 
26.43

55.88 ± 
25.04

66.97 ± 
39.82

G1-G0 = 
0.36

G2-G0 < 
0.001*

G3-G0 < 
0.001*

G4-G0 < 
0.001*

Head Motion

AvgTranslation 1.54 ± 
0.69

1.49 ± 
0.60

1.32 ± 
0.65

1.58 ± 
0.50

1.33 ± 
0.56

G1-G0 = 
0.90

G2-G0 = 
0.34

G3-G0 = 
0.77

G4-G0 = 
0.30

AvgRotation 0.007 ± 
0.003

0.009 ± 
0.005

0.006 ± 
0.002

0.007 ± 
0.003

0.006 ± 
0.002

G1-G0 = 
0.54

G2-G0 = 
0.06

G3-G0 = 
0.43

G4-G0 = 
0.19

Data are presented as means ± standard deviations. * P < 0.05.

Abbreviation: A: Aβ1–42; T: P-tau181; Group 0: cognitively normal subjects with A − T−; Group 1:
cognitively normal subjects with A + T−; Group 2: cognitively normal subjects with A + T+; Group 3:
mild cognitive impairment subjects with A + T+; Group 4: demented subjects with A + T+; GDS:
Geriatric Depression Scale; MMSE, Mini-Mental State Examination; CDR: Clinical Dementia Rating;
WMS-LM, Wechsler Memory Scale Logical Memory; AVLT, Auditory Verbal Learning Test; BNT, Boston
Naming Test. AvgTranslation: average translation; AvgRotation: average rotation

Regarding the DTI results, we focused on the bilateral CAB and analyzed white matter microstructural
disruptions on both whole tract-level and waypoint-wise. Firstly, tract-level signi�cance tests were
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performed using general linear models (GLM): mean FA, MD, DR, and DA of the whole WM tract as the
dependent variable; group as a categorical predictor, age, gender, and education as co-variables. Then, we
assessed the waypoint-wise signi�cance for each 2.7 mm segment by using GLMs: FA, MD, DR, and DA
of each segment as the dependent variable; group as a categorical predictor, age, gender, education, and
the selected tract volume as the co-variables. To reduce the false-positive rate, we reported the results
only if they showed a signi�cant group difference (p < 0.05) over contiguous segments greater than
0.81 cm along a chosen pathway [32].

We de�ned brain structural regions showing signi�cant between-group differences as ROIs and extracted
the averaged values. Then, across all subjects, we correlated memory circuit (including HP sub�elds
volume and the diffusion metrics of CAB tract) with memory ability through the linear regression
analyses controlled for age, gender, and education. Furthermore, across all subjects, we conducted
Pearson correlation analysis between the memory circuit and AD neuropathology to explore the possible
mechanism.

Results
HP sub�elds volume
As the AD neuropathology progress, the extent of HP atrophy gradually increases. Speci�cally, relatively
to Group 0, patients in Group 1 had larger right presubiculum (p = 0.03) and parasubiculum (p = 0.027);
Group 2 had smaller CA1 (p = 0.048); Group 3 and Group 4 had widespread decreased HP sub�elds
volume (Fig. 2; Supplementary material 5, Table s4 and Figure s2 ).

Whole-tract diffusion metrics
Regarding the left CAB, Group 4 showed increased DA, DR and MD compared to group 0. Regarding the
right CAB, Group 3 showed increased DA when compared to Group 0, and Group 4 showed increased DA
and MD compared to group 0 (Fig. 3; Supplementary material 5, Table s5 and s6).

Waypoint-wise diffusion metrics analysis
Similar diffusion pro�les could be observed in 5 groups, while the WM diffusivity at the late stage of AD
showed a distinct variation compared to CN (Fig. 4).

Speci�cally, compared to Group 0, Group 1 showed signi�cantly lower FA and higher MD in 0.81 cm long
segments on the left CAB. Group 2 showed a signi�cantly increased DA in a 1.35 cm long segment in the
central portion of the left CAB. Group 3 showed two increased DA segments over 0.81 cm long in the
central and posterior portion of left CAB, and one increased MD segment in the posterior portion of left
CAB; one increased DA segment in the central portion of right CAB. Group 4 showed a signi�cant
increased DA in a 0.81 cm long segment in the central portion of left CAB, and a signi�cant increased MD
and DR in a 0.81 cm long segment in the central portion of left CAB (Fig. 5).

Tract connected cortical regions volume analysis
Compared to Group 0, Group 3 showed decreased volume in the left precuneus;
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Group 4 showed decreased volume in the bilateral precuneus. No signi�cant difference was found in
Group 2 and Group 1 when compared to Group 0 (Fig. 6).

Relationship between the memory circuit integrity, memory, and AD neuropathology
Linear regression analyses showed the positive association between HP sub�elds and memory, including
the parasubiculum, subiculum, CA1, molecular layer, and et al. As for the CAB tract, DR and MD showed a
negative association with memory (Supplementary material 6).

Pearson correlation showed that HP sub�eld positively correlated with the Aβ, but negatively correlated
with tau. As for the CAB tract, DR and MD showed a negative correlation between Aβ (Supplementary
Material 7).

Notably, to show the progressive pattern of the memory circuit, we also performed a comparison between
groups 1, 2, 3, and 4 (Supplementary material 8). Finally, to show the results more clearly, we gathered all
results in Fig. 7 to show the progressive impairments of memory circuit structure along with AD
neuropathology spread.

Discussion
This study explored the progressive impairments of memory circuit structure as the AD neuropathological
deposition increases: initially, atrophy appears in HP sub�elds, followed by the CAB impairments and the
downstream brain cortex atrophy. Our study supported the AD neuropathology spread theory in the
memory circuit in vivo, especially the tau propagation theory, and might conducive to the development of
therapeutic methods.

The diphasic trajectory change of HP sub�elds volume along progressive AD neuropathology

As the core memory-related region, HP comprises sub�elds with different functions, connecting to other
brain regions with different susceptibility to AD-related pathologies. Previous studies regarded HP as the
most robust and sensitive biomarker of AD [34]. In line with expectations, our results showed that HP
sub�elds volume had initially increased and then decreased along the AD continuum. To be speci�c, HP
sub�elds volume showed an initial increase in CN with A + T-, then a decrease in CN with A + T + and
progressive decrease with AD neuropathology progress (MCI with A + T + and AD with A + T+).

Our �ndings are consistent with previous work, documenting that increased HP sub�elds volume in
subjects with abnormal Aβ and then decreased the volume in subjects with both abnormal tau and Aβ [7,
35]. The possible mechanism may be the initial compensation resulted by Aβ, while strengthened
impairments resulted from the simultaneous presence of both tau and Aβ [7]. Our results also supported
this hypothesis. Firstly, the earliest involved HP sub�elds in our study include the presubiculum,
parasubiculum and CA1. This spatial signature of HP sub�elds is consistent with the Braak staging of
tau pathology: neuro�brillary tangles seed in the entorhinal cortex and then spread to CA1 and subiculum
[10]. Further, our correlation analysis showed that increased Aβ linked with increased HP sub�elds in CN
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with A + T-, while increased tau linked with HP sub�elds atrophy in CN with A + T+. These results
suggested that the concurrent presence of Aβ and tau is the tipping point of HP atrophy. Then, HP tends
to show a progressive decrease with AD neuropathology develops.

CAB integrity started to impair from the MCI stage and then accelerated with the development of AD
neuropathology

White matter damage plays a pivotal role in AD onset and progression. The underlying mechanism may
involve in the demyelination, microglial activation, oligodendrocytes loss and reactive astrocytosis in the
WM microstructure [36]. Thereinto, CAB carries hippocampal projections to the medial parietal lobe and
acts as the most affected white matter tract by AD neuropathology.

Our study focused on the CAB tract and found its microstructural integrity disrupted on both whole-tract
level and waypoint-wise along AD neuropathology. To be speci�c, our tract-based analysis showed
impaired CAB integrity in AD and MCI with A + T+. Similarly, previous studies reported the CAB
impairments in MCI and AD patients [13]. The possible mechanism may be the spread of tau pathology.
One study found the association between the tau pathology and DTI alternations in AD, especially
involving the medial temporal limbic connections and medial parietal white matter [37]. Similarly, the
work of Lee et al. also found that the deterioration of �ber is the most important place for �ber loss is
where it connects to medial temporal lobe regions [13]. On the other hand, our study observed that no
signi�cant difference in UF, which was not involved in the tau spread through HP-connected white matter
tracts [12].

Furthermore, our waypoint-wise analysis on CAB also showed a dynamic WM change as AD
neuropathological developing, starting from the middle of CAB, subsequently expanding to the posterior
cerebral region, mainly re�ected by DA metric. These results suggested that Wallerian degeneration from
the upstream GM atrophy might be the main mechanism. Moreover, CAB has connections to HP, which
was affected early by the AD pathology, including the tau pathology. Thus, we inferred that the tau
propagation along the tract might cause the CAB impairments.

Notably, our study found that WM impairment appeared in MCI and AD, with the CN stage spared. Our
waypoint-wise analysis showed similar diffusion pro�les in the CN, early and middle AD stages, while
variated diffusivity in the �nal stage. These �ndings may suggest that the WM tract gets involved at the
relatively late stage of AD. Similarly, another study of nondemented older adults also reported that
decreased FA only in those who also had grey matter atrophy and hypometabolism [38]. The possible
mechanism may be that having abnormal Aβ, without upstream GM neurodegeneration, was not
su�cient for the impaired integrity of the WM tract.
Tract connected cortical regions volume changes at the relatively late stage of AD

As the tract connected cortical region, the precuneus is one of the critical regions in AD and associated
with cognition [39]. Our results showed decreased precuneus volume only in MCI and AD with A + T+, but
not in other groups. These results suggested that the downstream brain cortex affected until the late
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stage. One possible mechanism is the tau pathology spread along the memory circuit. Also, Jacobs et al.
found that HP cingulum bundle diffusivity could predict the tau accumulation in the downstream-
connected posterior cingulate cortex in subjects with A+ [12]. Another possible mechanism may be that
neuronal loss appears to be axonal degeneration, with anterograde (Wallerian, trans-synaptic) effects
leading to secondary grey matter degeneration in the downstream cortex [40]. For example, one study
focusing on the preterm also found that downstream GM may be affected by aberrant white matter
structure [32].
Conclusion: Memory circuit damage pattern and potential mechanism

Our study results showed a progressively structural impairment pattern of memory circuit with the
development of AD neuropathology: starting from the upstream GM, then leading to the deterioration of
CAB, and the downstream GM atrophy. Thereinto, Aβ and tau pathology are the trigger of the memory
circuit impairment, including the GM volume and white matter integrity. Besides, the WM impairments at
the stage of AD might be caused by Wallerian degeneration from the upstream GM atrophy and progress
due to tau propagation along the tract. Such structural impairments may lead to progressive memory loss
in subjects along AD continuum. These results agreed and extended several previous works that found
that tau pathology propagation, facilitated by amyloid pathology, may occur along connected pathways
[12, 13] and affects the white matter tracts connecting the hippocampus with the distal region [9]. Our
work may be conducive to the development of therapeutic methods.

Limitations
Firstly, our study is cross-sectional research, so we unable to explore the casual relationship between HP
sub�elds, WM tract integrity and precuneus volume. Although we try to use the subjects with different
disease stages to simulate the AD continuum, further study with exact longitudinal data is needed.
Moreover, the sample size of CN with A + T- is relatively small, which may weaken the statistical effort.
Further study with a bigger sample size should be performed. Finally, TRACULA is unable to reconstruct
other �bers like fornix, the further study which combined several methods should be performed.
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Figure 1

Image analysis path. Abbreviation: A: Aβ1-42; T: P-tau181; Group 0 (G0): cognitively normal subjects with
A−T−; Group 1 (G1): cognitively normal subjects with A+T−; Group 2 (G2): cognitively normal subjects
with A+T+; Group 3 (G3): mild cognitive impairment subjects with A+T+; Group 4 (G4): demented subjects
with A+T+; HP: hippocampus; CA: cornu ammonis; GC-ML-DG: granule-cell molecular layer of the dentate
gyrus; HATA: hippocampus-amygdala-transition-area
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Figure 2

Comparison of HP sub�elds volume in G 0, 1, 2, 3 and 4. ∗P< 0.05. Abbreviation: A: Aβ1-42; T: P-tau181;
Group 0 (G0): cognitively normal subjects with A−T−; Group 1 (G1): cognitively normal subjects with
A+T−; Group 2 (G2): cognitively normal subjects with A+T+; Group 3 (G3): mild cognitive impairment
subjects with A+T+; Group 4 (G4): demented subjects with A+T+; HP: hippocampus; CA: cornu ammonis;
GC-ML-DG: granule-cell molecular layer of the dentate gyrus; HATA: hippocampus-amygdala-transition-
area; CN: cognitively normal; MCI: mild cognitive impairment; AD: Alzheimer’s disease
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Figure 3

Comparison of averaged DA, DR, FA, MD in G 0, 1, 2, 3 and 4. ∗P< 0.05. Abbreviation: A: Aβ1-42; T: P-
tau181; Group 0 (G0): cognitively normal subjects with A−T−; Group 1 (G1): cognitively normal subjects
with A+T−; Group 2 (G2): cognitively normal subjects with A+T+; Group 3 (G3): mild cognitive impairment
subjects with A+T+; Group 4 (G4): demented subjects with A+T+; CN: cognitively normal; MCI: mild
cognitive impairment; AD: Alzheimer’s disease; CAB: cingulum-angular bundles; DA: axial diffusivity; DR:
radial diffusivity; FA: fractional anisotropy; MD: mean diffusivity;
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Figure 4

Diffusion metrics pro�les of the selected tracts along AD continuum. The bilateral CAB were divided into
2.7 mm long segments in each subject’s native space, and the average DA, FA, MD and DR value of each
segment was obtained and mapped on each side. The x axis shows the location of the constructed tract
from backward to forward (corresponding to yellow solid point and hollow point). Each line represents the
group average diffusion metrics across subjects. Abbreviation: CAB, cingulum-angular bundles; DA, axial
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diffusivity; FA, fractional anisotropy; MD, mean diffusivity; DR, radial diffusivity; A: Aβ1-42; T: P-tau181;
Group 0: cognitively normal subjects with A−T−; Group 1: cognitively normal subjects with A+T−; Group 2:
cognitively normal subjects with A+T+; Group 3: mild cognitive impairment subjects with A+T+; Group 4:
demented subjects with A+T+;

Figure 5
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Waypoint-wise diffusion metrics analysis. The �gure shows signi�cance tests of group differences in DA,
FA, MD and DR along left and right CAB. The result of each diffusion metric was displayed in a coronal
position, left side and right side in radiological views from the top to bottom. The tracts were divided into
2.7 mm long segments in each subject’s native space, and the average FA of each segment was obtained
for analysis. The p-values are obtained from general linear models �tted for each segment along the tract,
with FA, MD, DR and DA of each segment as the dependent variable, group as a categorical predictor, and
age, gender, education, and the selected tract volume as co-variables. Red represents the selected tracts.
Yellow segments show signi�cant group difference (p < 0.05) over a contiguous segment greater than
0.81 cm along a given pathway. The arrows represent the increase or decrease of the diffusion metrics.
Abbreviation: CAB, cingulum-angular bundles; DA, axial diffusivity; FA, fractional anisotropy; MD, mean
diffusivity; DR, radial diffusivity; A: Aβ1-42; T: P-tau181; Group 0 (G0): cognitively normal subjects with
A−T−; Group 1 (G1): cognitively normal subjects with A+T−; Group 2 (G2): cognitively normal subjects
with A+T+; Group 3 (G3): mild cognitive impairment subjects with A+T+; Group 4 (G4): demented subjects
with A+T+;

Figure 6

Comparison of precuneus volume between groups. ∗P< 0.05. Abbreviation: A: Aβ1-42; T: P-tau181; Group
0 (G0): cognitively normal subjects with A−T−; Group 1 (G1): cognitively normal subjects with A+T−;
Group 2 (G2): cognitively normal subjects with A+T+; Group 3 (G3): mild cognitive impairment subjects
with A+T+; Group 4 (G4): demented subjects with A+T+
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Figure 7

The impairments pattern of memory circuit structure along with Alzheimer’s disease neuropathology
spread. To show the results more clearly, we gathered all results to show the progressive impairments of
memory circuit structure along with AD neuropathology spread. The green structure at the bottom
represents the CAB tracts. Red segments of the CAB show signi�cant group difference (p < 0.05) over a
contiguous segment greater than 0.81 cm along a given pathway. The colourful structures above the
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green structure represent the HP sub�elds. The lavender at the posterior brain region represents the
precuneus volume. The arrows represent the decrease (blue) or increase (red) of the imaging metrics. In
summary, when compared to G 0, G 1 showed larger right presubiculum and parasubiculum; G 2 showed
smaller CA1; G 3 showed widespread decreased HP sub�elds volume, increased DA in right CAB, and
decreased volume in the left precuneus; G 4 showed widespread decreased HP sub�elds volume,
increased DA, DR and MD in the left CAB, increased DA and MD in the right CAB, and decreased volume in
the bilateral precuneus. Abbreviation: AD: Alzheimer’s disease; CAB, cingulum-angular bundles; A: Aβ1-42;
T: P-tau181; Group 0 (G0): cognitively normal subjects with A−T−; Group 1 (G1): cognitively normal
subjects with A+T−; Group 2 (G2): cognitively normal subjects with A+T+; Group 3 (G3): mild cognitive
impairment subjects with A+T+; Group 4 (G4): demented subjects with A+T+; DA, axial diffusivity; MD,
mean diffusivity; DR, radial diffusivity; HP: hippocampus
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