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Noninvasive biomarkers of early neuronal injury may help identify cognitively normal individuals at risk of developing Alzheimer’s
disease (AD). A recent diffusion-weighted imaging (DWI) method allows assessing cortical microstructure via cortical mean
diffusivity (cMD), suggested to be more sensitive than macrostructural neurodegeneration. Here, we aimed to investigate the
association of cMD with amyloid-β and tau pathology in older adults, and whether cMD predicts longitudinal cognitive decline,
neurodegeneration and clinical progression. The study sample comprised n= 196 cognitively normal older adults (mean[SD] 72.5
[9.4] years; 114 women [58.2%]) from the Harvard Aging Brain Study. At baseline, all participants underwent structural MRI, DWI,
11C-Pittsburgh compound-B-PET, 18F-flortaucipir-PET imaging, and cognitive assessments. Longitudinal measures of Preclinical
Alzheimer Cognitive Composite-5 were available for n= 186 individuals over 3.72 (1.96)-year follow-up. Prospective clinical follow-
up was available for n= 163 individuals over 3.2 (1.7) years. Surface-based image analysis assessed vertex-wise relationships
between cMD, global amyloid-β, and entorhinal and inferior-temporal tau. Multivariable regression, mixed effects models and Cox
proportional hazards regression assessed longitudinal cognition, brain structural changes and clinical progression. Tau, but not
amyloid-β, was positively associated with cMD in AD-vulnerable regions. Correcting for baseline demographics and cognition,
increased cMD predicted steeper cognitive decline, which remained significant after correcting for amyloid-β, thickness, and
entorhinal tau; there was a synergistic interaction between cMD and both amyloid-β and tau on cognitive slope. Regional cMD
predicted hippocampal atrophy rate, independently from amyloid-β, tau, and thickness. Elevated cMD predicted progression to
mild cognitive impairment. Cortical microstructure is a noninvasive biomarker that independently predicts subsequent cognitive
decline, neurodegeneration and clinical progression, suggesting utility in clinical trials.

Molecular Psychiatry (2021) 26:7813–7822; https://doi.org/10.1038/s41380-021-01290-z

INTRODUCTION
Alzheimer’s disease (AD) is characterized by the misfolding and
deposition of amyloid-β (Aβ) and hyperphosphorylated tau in
the brain [1, 2], a process that begins years before clinical onset
[3]. Accumulating evidence from preclinical and clinical studies
supports the notion that Aβ and tau pathologies interact
synergistically in the preclinical stages of AD, contributing to
faster neurodegeneration and cognitive decline [4–7]. Therefore,
in vivo imaging biomarkers of AD proteinopathy, neuronal
injury and neurodegeneration are of interest to elucidate the
dynamic interplay among biological mechanisms underlying
disease progression.
Although Aβ positivity and even sub-threshold Aβ load have

been shown to predict cognitive decline happening over longer
time periods [8–10], Aβ alone is not accurate enough to predict

short-term cognitive decline or clinical progression [11, 12].
Therefore, complementary noninvasive imaging biomarkers of
subtle neuronal injury—whether alone or in combination with
Aβ– may help select participants at the earliest stages with an
enhanced risk of impending cognitive decline or clinical progres-
sion. Biomarkers for identification of at-risk individuals prior to
widespread neurodegeneration are of great interest for optimiza-
tion of secondary prevention trials [13–15], and as outcome
measures of therapeutic efficacy.
While neurodegeneration is typically reflected in macrostruc-

tural changes including atrophy and cortical thinning measured
by structural MRI, a recent diffusion-weighted imaging (DWI)
method has allowed to assess microstructural properties of the
gray matter (GM) [16, 17] by means of cortical mean diffusivity
(cMD). Increased cMD is thought to reflect the early breakdown of
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microstructural integrity due to damage to cellular membranes
and dendritic processes [18], and therefore cMD has been
proposed as a sensitive biomarker of subtle microstructural injury,
prior to overt neurodegeneration measured by atrophy or cortical
thinning [19, 20]. Previous cross-sectional studies have reported
increased cMD in prodromal and dementia stages of sporadic AD
[16, 21], and a positive association between cMD values and years
to symptom onset in autosomal dominant AD [17, 22, 23]. In
sporadic fronto-temporal degeneration and amyotrophic lateral
sclerosis, increased cMD was more widespread, had a larger effect
size and was more closely associated with disease severity
compared with cortical thinning [24, 25]. Increased cMD has also
been observed in AD-vulnerable regions in pre-dementia stages of
AD at pathological levels of CSF Aβ and phospho-tau [16].
However, the relationship between cMD and the underlying
in vivo Aβ and tau burden in cognitively normal adults is
unknown. Moreover, the ability of cMD to predict subsequent
cognitive decline, neurodegeneration, and clinical progression in
the AD continuum remains unknown.
The specific aims of this study are to: (i) investigate the cross-

sectional association of in vivo Aβ and tau burden with cMD in a
cohort of cognitively normal older adults, (ii) determine whether
baseline cMD is associated with prospective longitudinal
cognitive change and hippocampal atrophy rates, indepen-
dently and/or interactively with Aβ and tau at baseline, and (iii)
determine whether baseline cMD predicts subsequent clinical
progression.

PARTICIPANTS AND METHODS
Study design and participants
The study sample consisted of n= 196 community-dwelling older adults
from the Harvard Aging Brain Study (HABS) (Table 1), a longitudinal
observational study of aging and preclinical AD conducted at
Massachusetts General Hospital and Brigham and Women’s Hospital in
Boston, MA [26].
For the aims of this study, we selected participants with concurrent

data on DWI, T1-weighted MRI, 11C-Pittsburgh Compound-B (PIB)-PET,
18F-flortaucipir (FTP)-PET, and cognitive assessments summarized using
the Preclinical Alzheimer Cognitive Composite-5 (PACC5) [27]. All
assessments had been performed within 1 year of the T1-weighted
MRI scan. Using these inclusion criteria, we got a group of n= 196
participants (referred to as “baseline”), all deemed cognitively normal. Of
note, the majority of participants had a Clinical Dementia Rating (CDR)=
0, except for nine participants with CDR= 0.5. Subsets of the cohort had
longitudinal MRI, neuropsychological, CDR and clinical evaluations
(Table 1). Ethical approvals, exclusion criteria, and neuropsychological
evaluations are detailed in Supplementary Methods.

MRI methods
All participants underwent a structural 3D T1-weighted magnetization-
prepared rapid-acquisition gradient-echo (MPRAGE) sequence and a DWI
sequence on a 3-Tesla TimTrio scanner (Siemens, Erlangen, Germany) with
a 12-channel phased-array head coil (acquisition parameters in Supple-
mentary Methods).
Structural MRI was processed for estimation of cortical thickness (CTh)

and subcortical volumetric segmentation using FreeSurfer 6.0 (http://
surfer.nmr.mgh.harvard.edu) [28]. Cortical segmentations were visually
inspected to detect and correct processing errors and an automatic region-
of-interest (ROI) parcellation was performed [29]. Hippocampal volume
(HV), adjusted for intracranial volume, was assessed using Freesurfer.
DWI data were processed with an in-house surface-based diffusion

tensor imaging (DTI) approach combining FSL (FMRIB Software Library)
(http://fsl.fmrib.ox.ac.uk/fsl/fslwiki, v5.0.9) and FreeSurfer 6.0 tools [16]. This
surface-based approach applies recently developed techniques [30–32] to
overcome limitations of traditional voxel-based approaches. First, it
reduces the contribution from CSF and white matter signal on GM voxels
that can confound cMD measures. Second, it applies a surface-based
smoothing procedure, less sensitive to smoothing kernel size compared
with voxel-based analyses [33]. In the surface-based DTI approach, images
were motion-corrected via rigid-body registration between the b= 0 and

the 30 b= 700 volumes. After removing non-brain tissue, a tensor model
was fitted using FSL’s dtifit command, and we computed the cMD metric.
The diffusion images were then coregistered to each subject’s T1 using
bbregister, a boundary-based registration algorithm in FreeSurfer [34]. The
cMD maps resulting from DTI fitting were then sampled in the midpoint
between white and pial surfaces, projected onto the subject’s cortical
surface space, and registered to FreeSurfer standard space. Finally, cMD
maps were normalized to a standard surface template (fsaverage) and
smoothed using a 15-mm 2D full-width half-maximum Gaussian kernel
across the cortical mantle. cMD was extracted from eight AD-vulnerable
ROIs: entorhinal, fusiform gyrus, inferior-temporal, middle-temporal,
inferior-parietal, orbitofrontal, isthmus cingulate and parahippocampal
gyrus. These eight ROIs are typically described as vulnerable to tau
aggregation based on postmortem and in vivo staging [2, 35, 36] and data-
driven approaches [37].

PET methods
All PIB and FTP-PET scans were acquired at the Massachusetts General
Hospital PET facility (ECAT EXACT HR+ scanner; Siemens, Erlangen,
Germany) [26, 38]; (acquisition parameters described in Supplementary
Methods). Late-sum PIB and FTP-PET images were used to coregister the
respective PET volumes to each subject’s native T1 using mri_coreg in
FreeSurfer, prior to quantification.

PIB-PET quantification. A Logan model was applied to dynamic PIB-PET
images using cerebellar GM as reference to generate parametric non-
partial volume corrected (non-PVC) Logan distribution volume ratio (DVR)
images, which were projected onto the cortical surface. Individual Αβ
burden was extracted from a cortical composite including frontal, lateral-
temporal, parietal and retrosplenial (PIB-FLR) regions [38, 39]. Participants
were further stratified into Aβ+ and Aβ− subgroups at baseline using non-
PVC PIB-FLR Logan DVR= 1.2 as cutoff, previously derived using Gaussian
mixture modeling [12].

Tau PET quantification. FTP-PET images were projected onto the cortical
surface space and partial volume corrected using the geometric transfer
matrix method [40]. FTP-PET was then quantified using PVC standardized
uptake value ratio (SUVr) using cerebellar GM as reference. Individual tau
burden was extracted from the bilateral entorhinal and inferior-temporal
cortices. Entorhinal FTP (entFTP) was used as a proxy for aging and early
tau deposition in preclinical AD, while inferior-temporal FTP (i-tFTP)
represents AD-related neocortical tau [5, 38, 41, 42].

Statistical analyses
Cross-sectional analyses
Surface-based analyses: To investigate the associations of Aβ and tau
with cortical microstructure, we applied a general linear model in
FreeSurfer with vertex-wise cMD as dependent variable in three models.
For each model, the independent predictor was global Aβ burden
evaluated in the PIB-FLR cortical composite, entFTP or i-tFTP; age and
sex were covariates. Vertex-wise analyses were corrected for multiple
comparisons within FreeSurfer using a cluster extension criterion based on
Monte Carlo simulation with 10,000 repeats, with family-wise error
correction at P < 0.05, two-sided test.

Regional-based analyses: Separate multivariable regression models
were used to independently assess the ability of global Aβ burden
(continuous or dichotomous PIB-FLR), entFTP, and i-tFTP to predict
regional cMD. Also, models were set-up to examine the interaction of
global Aβ and either entFTP or i-tFTP in predicting regional cMD,
and their respective independent contributions. All models included age
and sex as covariates. Corrections for multiple regional comparisons
were performed using a false discovery rate (q < 0.05) approach, two-
sided test.

Longitudinal analyses
Prediction of cognitive decline and neurodegeneration rates:
To investigate whether regional cMD is associated with longitudinal
cognitive and neurodegeneration rates, the longitudinal changes in
PACC5 or HV were extracted from mixed effects models with PACC5 or
HV as outcome, using time (years from baseline) as fixed effects
predictor, and incorporating random intercepts and slopes at the subject
level (Eq. (1)). From these models, we extracted an individual random
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slope of PACC5 and of HV for each participant, which represented the
corresponding rates of change [43]:

Longitudinal PACC5 or HV � timefrom baseline þ ðtimefrom baselinejsubject IDÞ
(1)

Multivariable regression models were then used to investigate whether
regional cMD at baseline predicts slope of PACC5 or HV. All models
included age and sex as covariates; in models predicting cognitive decline,
baseline PACC5 and education were also added as covariates. Furthermore,
we tested whether cMD interacted with dichotomous or continuous PIB-
FLR, entFTP, or i-tFTP on the slope of PACC5 or HV; models with interaction
terms included all lower-order terms.
We further applied a hierarchical regression approach to test the ability

of cMD to predict PACC5 or HV slopes when sequentially including PIB-FLR
and CTh as independent predictors, and finally adding entFTP or i-tFTP as
predictors. The statistical fit of different models was inter-compared using
R2 and Akaike information criterion (AIC); lowest AIC indicates better fit. All
statistical tests were two-sided.

Prediction of clinical outcomes: We used survival analysis to
investigate whether cMD predicts subsequent clinical progression. Time-
to-event was defined as years from baseline to the first follow-up visit
when a participant was diagnosed as mild cognitive impairment (MCI). For
comparison, separate survival models were set-up using progression from
CDR= 0 to 0.5 as a subtler definition of clinical progression [44]. We
applied multivariable Cox proportional hazards regression models to

estimate hazard ratios (HRs) with 95% confidence intervals (CI) to
investigate whether dichotomous regional cMD (“high cMD” defined as
top-tertile cMD; “low cMD” otherwise) predicts subsequent diagnosis of
MCI/AD, or progression to CDR= 0.5. Cox regression analyses were
controlled for baseline age, sex and education, to account for demographic
differences across participants. Additional exploratory Cox regression
analyses sequentially incorporated PIB status and CTh as predictors. Results
were visualized using Kaplan–Meier curves. All statistical tests were two-
sided. Further details about statistical tests and software are included in
Supplementary Methods.

RESULTS
Demographic and clinical data of the 196 participants with baseline
data stratified into Aβ+ and Aβ− subgroups are presented in
Table 1. Aβ+ participants had greater prevalence of APOE-ε4
positivity, were older and had greater Aβ and tau pathology than
the Aβ− subgroup; there were no significant differences in cognitive
performance between Aβ+ and Aβ− subgroups at baseline.

Cross-sectional associations of in vivo Aβ and tau with cMD in
older adults
No significant association was found between PIB-FLR and vertex-
wise cMD after multiple-comparisons correction. In the ROI-based
analysis, neither dichotomous nor continuous PIB-FLR were
associated with regional cMD, corrected for multiple comparisons.

Table 1. Characteristics of the study sample.

Characteristic All participants
(n= 196)

Aβ−
(n= 147)

Aβ+
(n= 49)

P value

No. (% of sample)

Female, no. (%) 114 (58.2%) 86 (58.5%) 28 (57.1%) 0.87

White/non-hispanic, no. (%) 148 (75.5%) 105 (71.4%) 43 (87.8%) 0.02

APOE-ε4+ 53 (27.0%) 23 (15.6%) 30 (61.2%) <0.001

CDR= 0.5 9 (4.6%) 8 (5.4%) 1 (2.0%) 0.32

Mean (SD)

Age, years 72.5 (9.4) 70.9 (9.6) 77.3 (7.2) <0.001

Years of education 16.2 (2.9) 16.2 (3.0) 16.0 (2.8) 0.63

MMSE 29.1 (1.1) 29.1 (1.1) 29.2 (1.1) 0.80

Logical memory, delayed recall 15.7 (3.9) 15.7 (3.9) 15.7 (3.9) >0.99

PACC5 0.19 (0.75) 0.22 (0.75) 0.09 (0.74) 0.30

PIB-FLR DVR 1.17 (0.19) 1.08 (0.04) 1.45 (0.19) <0.001

entFTP PVC SUVr 1.36 (0.29) 1.29 (0.23) 1.56 (0.34) <0.001

i-tFTP PVC SUVr 1.44 (0.18) 1.40 (0.15) 1.56 (0.21) <0.001

No. follow-up MRI scans
Prospective MRI follow-up, years
Subsample n/total n (%)

1.47 (0.52)
3.11 (1.52)

118/196 (60.2%)

1.44 (0.50)
3.01 (1.50)

79/147 (53.7%)

1.51 (0.56)
3.31 (1.55)

39/49 (79.6%)

0.49
0.31

No. follow-up cognitive assessments
Prospective cognitive follow-up, years
Subsample n/total n (%)

3.56 (1.80)
3.72 (1.96)
186/196 (94.9%)

3.40 (1.81)
3.50 (1.92)
138/147 (93.9%)

4.04 (1.71)
4.34 (1.95)

48/49 (98.0%)

0.03
0.01

Prospective clinical follow-up, years
Subsample n/total n (%)
Progressors to MCI, n/total (%)
Time-to-progression in those who progressed, years

3.2 (1.7)
163/196 (83.2%)
11/163 (6.7%)

3.3 (1.5)

3.1 (1.7)
116/147 (78.9%)

1/116 (0.86%)
4.5 (−)

3.4 (1.6)
47/49 (95.9%)
10/47 (21.3%)

3.2 (1.5)

0.30

Prospective CDR follow-up, years
Subsample n/total n (%)
Progressors to CDR= 0.5, n/total (%)
Time-to-CDR= 0.5 in those who progressed, years

3.3 (1.7)
165/187 (88.2%)
15/165 (9.1%)

2.7 (1.7)

3.3 (1.6)
119/139 (85.6%)

3/119 (2.5%)
3.4 (0.9)

3.3 (1.8)
46/48 (95.8%)
12/46 (26.1%)

2.5 (1.9)

>0.99

Participant information is presented for the full sample and at two levels of Aβ burden. Statistical differences between the Aβ+ and the Aβ− groups were
computed using two-sample t tests or chi-square t tests, as appropriate. APOE-ε4 data were missing for 12 participants.
APOE apolipoprotein, CDR Clinical Dementia Rating, DVR distribution volume ratio, entFTP entorhinal 18F-flortaucipir, i-tFTP inferior-temporal 18F-flortaucipir, FTP
18F-flortaucipir, PIB-FLR frontal, lateral temporo-parietal and retrosplenial composite PIB-PET, MCI mild cognitive impairment, MMSE mini-mental state
examination, PACC5 Preclinical Alzheimer Cognitive Composite-5, PVC partial volume corrected, SD standard deviation, SUVr standardized uptake value ratio.
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Entorhinal and inferior-temporal tau (entFTP, i-tFTP) showed a
positive cross-sectional association with vertex-wise cMD across all
n= 196 participants (Fig. 1). The association of entFTP with vertex-
wise cMD was localized to clusters in the entorhinal and inferior-
middle-temporal gyrus on the right hemisphere (Fig. 1A), while
i-tFTP was associated with more widespread increases in cMD in
bilateral clusters of entorhinal, isthmus cingulate, fusiform gyrus,
inferior-middle-temporal gyrus, and parts of lateral occipital,
lateral orbitofrontal cortex and precuneus (Fig. 1C). These
associations were confirmed when using ROI-based analyses for
eight bilateral cMD ROIs (Supplementary Table 1). Both entFTP
and i-tFTP had the strongest positive association with inferior-
middle-temporal gyrus cMD, where regression models explained
up to 40–45% of the total variance in cMD (Supplementary
Table 1). Scatterplots for the ROI-based analyses are illustrated for
the middle-temporal gyrus (Fig. 1B, D). There was no significant
interaction between entFTP or i-tFTP and either dichotomous or
continuous PIB-FLR in predicting concurrent regional cMD (not
shown). When either dichotomous or continuous PIB-FLR and
entFTP or i-tFTP were entered as independent predictors, the PIB-
FLR term was nonsignificant, while the predictive ability of entFTP
or i-tFTP was not substantially altered (not shown).

Relationship between baseline cMD and subsequent rate of
cognitive decline
Correcting for baseline demographics and cognitive status
(PACC5), baseline cMD in all ROIs predicted steeper decline in
PACC5 (Supplementary Table 2); illustrated in the lateral middle-
temporal gyrus (Fig. 2A). In five ROIs (Table 2), cMD remained a
significant predictor of PACC5 slope after correcting for PIB-FLR,
and after simultaneously correcting for both PIB-FLR and regional
CTh, indicating that baseline cMD is capturing variance in

subsequent cognitive decline, independently from Aβ and CTh
biomarkers. The observation that CTh was a nonsignificant
predictor in four of the five ROIs (Table 2) supports the concept
that cMD has higher sensitivity than CTh as a prognostic marker of
cognitive decline. When entFTP was additionally included as
predictor, cMD in the isthmus cingulate cortex remained a
significant predictor of cognitive decline (Supplementary Table 3);
when i-tFTP was used as predictor instead of entFTP, none of the
regional cMD values remained predictive of cognitive decline,
suggesting that the shared variance between cMD and subse-
quent cognitive decline is explained by increased neocortical tau
pathology.

Cortical mean diffusivity is synergistic with amyloid-β and tau
burden in predicting future cognitive decline
We observed a significant interaction between cMD and
continuous or dichotomous PIB-FLR in predicting PACC5 slope,
which was significant in all ROIs after multiple-comparisons
correction (Supplementary Table 4). This interaction is illustrated
in Fig. 2A where, as middle-temporal cMD increases, PACC5
declines with a steeper slope in the Aβ+ compared with the Aβ−
subgroup. The interaction between cMD and continuous PIB-FLR is
illustrated in Supplementary Fig. 1, which represents the associa-
tion of baseline middle-temporal cMD with PACC5 slope for mean
PIB-FLR ± 1 standard deviation (SD) range. In these interaction
models, the individual terms for PIB-FLR and regional cMD (in all
ROIs except entorhinal and inferior-parietal) remained significant
independent predictors (Supplementary Table 4).
There was also a significant interaction between regional cMD

and tau burden as measured by either entFTP or i-tFTP in
predicting the rate of cognitive decline, as illustrated in Fig. 2B for
cMD in the middle-temporal region. In these interaction models,

Fig. 1 Cross-sectional associations of entorhinal and inferior-temporal tau with cMD. A Surface-based statistical map representing the
clusters with significant association of vertex-wise cMD with entorhinal 18F-flortaucipir (FTP) uptake; clusters survived correction for multiple-
comparisons implemented in FreeSurfer by using a cluster extension criterion in a Monte Carlo simulation with 10,000 repeats, with the
family-wise error correction settled at P < 0.05. B Scatterplot illustrating the association of cMD in the middle-temporal gyrus region-of-interest
(ROI) with entorhinal FTP uptake. C Surface-based statistical map representing the clusters with significant association of vertex-wise cMD with
inferior-temporal FTP uptake; clusters survived correction for multiple-comparisons implemented in FreeSurfer by using a cluster extension
criterion in a Monte Carlo simulation with 10,000 repeats, with the family-wise error correction settled at P < 0.05. D Scatterplot illustrating the
association of milddle-temporal cMD with inferior-temporal FTP uptake. cMD cortical mean diffusivity, FTP 18F-flortaucipir, PVC partial volume
corrected, SUVr standardized uptake value ratio.
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the individual terms for entFTP, i-tFTP, and regional cMD (in
fusiform, isthmus cingulate and parahippocampus) remained
significant independent predictors (Supplementary Table 5).

Relationship between baseline cMD and subsequent rate of
HV loss
Regional cMD in all ROIs predicted the rate of HV loss, after
multiple-comparisons correction (Supplementary Table 6), illu-
strated in Fig. 2C for the middle-temporal gyrus cMD. The ability of
regional cMD to predict rate of HV loss remained significant after
correcting for PIB-FLR, regional CTh, and either entFTP (Supple-
mentary Table 7) or i-tFTP (Supplementary Table 8).
Regional cMD did not interact with PIB-FLR (not shown). Also,

the interaction of cMD with continuous measures of tau burden
(entFTP or i-tFTP) was nonsignificant in predicting the rate of HV
loss (Fig. 2D).

Cortical mean diffusivity is predictive of subsequent clinical
progression
Eleven participants (6.7% [11/163]) progressed to a clinical
diagnosis of MCI within a mean (SD) progression time of 3.3
(1.5) years. Using CDR as outcome, we found that 15 participants
(9.1% [15/165]) progressed to CDR= 0.5 during 2.7 (1.7) years.
Despite few participants progressed clinically during the study
period, we observed that higher cMD predicted faster progression.
In particular, entorhinal, middle-temporal and orbitofrontal cMD
predicted shorter survival using MCI or CDR= 0.5 as outcome, as
illustrated in Fig. 3 for the orbitofrontal cMD. Cox proportional
hazard models included cMD, PIB status and CTh as independent
predictors; all models were covaried by age, sex and education
(Fig. 3). In these clinical progression models, PIB status was found
to be the strongest predictor of clinical progression, which
showed an HR [95% CI]= 25.98 [3.19 to 211.32], P= 0.002 in
predicting progression to MCI and HR [95% CI]= 10.20 [2.82 to

36.93], P < 0.001 in predicting progression to CDR= 0.5. Orbito-
frontal cMD remained significant after inclusion of PIB status and
CTh as independent predictors (Fig. 3). Orbitofrontal cMD showed
an HR [95% CI]= 11.06 [2.22 to 55.03], P= 0.003 in predicting
progression to MCI, and HR [95% CI]= 4.78 [1.57 to 14.59], P=
0.006 in predicting progression to CDR= 0.5. CTh did not
significantly predict clinical progression in any of the models
(Fig. 3). Respective survival analyses in entorhinal and middle-
temporal gyrus are illustrated in Supplementary Figs. 2, 3.

DISCUSSION
In this study of 196 older adults, entorhinal and inferior-temporal
tau, but not global Aβ, were positively associated with cMD in AD-
vulnerable brain areas. Increased cMD at baseline predicted faster
cognitive decline, which remained significant after correction for
global Aβ, regional CTh, and entorhinal tau. We also observed a
synergistic interaction between cMD and global Aβ, and between
cMD and tau burden, on subsequent rate of cognitive decline.
Higher cMD at baseline predicted faster hippocampal atrophy and
clinical progression to MCI. At baseline, entorhinal and inferior-
temporal tau were positively associated with regional cMD,
suggesting that elevated cMD is a marker of neuronal injury
accompanying tau as it spreads into the neocortex. Our finding
that increased cMD is associated with tau but not Aβ burden is
consistent with the independent roles that these proteinopathies
play in the brain [4, 45]. Recent studies [16, 17, 46] reported a non-
linear effect of Aβ load on structural biomarkers in the brain in
clinically-normal individuals prior to overt neuronal damage,
which could explain the lack of a linear association between
cMD and global Aβ in our cohort.
We then assessed the relationship between baseline cMD and

subsequent cognitive decline, neurodegeneration and clinical
progression. We found that higher cMD values were strongly

Fig. 2 Associations of cMD with subsequent rates of cognitive decline and hippocampal volume loss. A Association of middle-temporal
cMD at baseline with subsequent rate of cognitive decline as measured by the Preclinical Alzheimer Cognitive Composite-5 (PACC5),
illustrating the significant interaction between cMD and dichotomized Aβ burden. B Middle-temporal cMD interacts with tau burden (entFTP,
i-tFTP) in predicting future rate of cognitive decline. C Association of middle-temporal cMD at baseline with subsequent rate of hippocampal
volume loss. D Middle-temporal cMD does not significantly interact with tau burden (entFTP, i-tFTP) in predicting future rate of hippocampal
volume loss. cMD cortical mean diffusivity, entFTP entorhinal 18F-flortaucipir, i-tFTP inferior-temporal 18F-flortaucipir, PACC5 Preclinical
Alzheimer Cognitive Composite-5.

E. Rodriguez-Vieitez et al.

7817

Molecular Psychiatry (2021) 26:7813 – 7822



Ta
bl
e
2.

M
u
lt
iv
ar
ia
b
le

re
g
re
ss
io
n
m
o
d
el
s
p
re
d
ic
ti
n
g
th
e
ra
te

o
f
co

g
n
it
iv
e
d
ec
lin

e.

In
d
ep

.
p
re
d
.

St
d
.
β

(9
5%

C
I)

P
va

lu
e

q
va

lu
e

R
2 (A
IC
)

In
d
ep

.
p
re
d
.

St
d
.
β

(9
5%

C
I)

P
va

lu
e

q
va

lu
e

R
2 (A
IC
)

Sl
op

e
PA

C
C
5
~
fu
si
fo
rm

cM
D
+
PI
B
-F
LR

+
PA

C
C
5
+
(f
us
if
or
m

C
Th

)

Fu
si
fo
rm

cM
D

−
0.
24

(−
0.
38

to
−
0.
10

)
8
×
10

−
4

0.
00

5
0.
34

(4
89

)
Fu

si
fo
rm

cM
D

−
0.
17

(−
0.
32

to
−
0.
03

)
0.
02

2
0.
04

3
0.
37

(4
84

)

PI
B
-F
LR

−
0.
33

(−
0.
45

to
−
0.
21

)
2
×
10

−
7

3
×
10

−
7

PI
B
-F
LR

−
0.
32

(−
0.
44

to
−
0.
20

)
3
×
10

−
7

4
×
10

−
7

PA
C
C
5

0.
27

(0
.1
4
to

0.
40

)
9
×
10

−
5

1
×
10

−
4

PA
C
C
5

0.
25

(0
.1
2
to

0.
38

)
2
×
10

−
4

3
×
10

−
4

Fu
si
fo
rm

C
Th

0.
17

(0
.0
4
to

0.
30

)
0.
01

2
0.
04

6

Sl
op

e
PA

C
C
5
~
in
fe
ri
or
-t
em

p
or
al

cM
D
+
PI
B
-F
LR

+
PA

C
C
5
+
(i
n
fe
ri
or
-t
em

p
or
al

C
Th

)

In
f.
te
m
p
.c
M
D

−
0.
23

(−
0.
39

to
−
0.
08

)
0.
00

3
0.
00

5
0.
34

(4
91

)
In
f.
te
m
p
.c
M
D

−
0.
20

(−
0.
37

to
−
0.
03

)
0.
02

0
0.
04

3
0.
34

(4
92

)

PI
B
-F
LR

−
0.
34

(−
0.
47

to
−
0.
22

)
8
×
10

−
8

2
×
10

−
7

PI
B
-F
LR

−
0.
35

(−
0.
47

to
−
0.
23

)
6
×
10

−
8

2
×
10

−
7

PA
C
C
5

0.
27

(0
.1
4
to

0.
41

)
6
×
10

−
5

1
×
10

−
4

PA
C
C
5

0.
27

(0
.1
4
to

0.
40

)
8
×
10

−
5

2
×
10

−
4

In
f.
te
m
p
.C

Th
0.
06

(−
0.
08

to
0.
19

)
0.
40

0.
48

Sl
op

e
PA

C
C
5
~
is
th
m
us

ci
n
g
ul
at
e
cM

D
+
PI
B
-F
LR

+
PA

C
C
5
+
(i
st
h
m
us

ci
n
g
ul
at
e
C
Th

)

Is
th
m
u
s
ci
n
g
.c
M
D

−
0.
21

(−
0.
34

to
−
0.
08

)
0.
00

1
0.
00

5
0.
34

(4
90

)
Is
th
m
u
s
ci
n
g
.c
M
D

−
0.
21

(−
0.
34

to
−
0.
08

)
0.
00

1
0.
01

1
0.
34

(4
91

)

PI
B
-F
LR

−
0.
34

(−
0.
46

to
−
0.
22

)
1
×
10

−
7

2
×
10

−
7

PI
B
-F
LR

−
0.
34

(−
0.
46

to
−
0.
21

)
2
×
10

−
7

3
×
10

−
7

PA
C
C
5

0.
26

(0
.1
3
to

0.
39

)
1
×
10

−
4

1
×
10

−
4

PA
C
C
5

0.
26

(0
.1
3
to

0.
39

)
2
×
10

−
4

2
×
10

−
4

Is
th
m
u
s
ci
n
g
.C

Th
0.
04

(−
0.
09

to
0.
16

)
0.
57

0.
57

Sl
op

e
PA

C
C
5
~
la
te
ra
l
or
b
it
of
ro
n
ta
l
cM

D
+

PI
B
-F
LR

+
PA

C
C
5
+
(l
at
er
al

or
b
it
of
ro
n
ta
l
C
Th

)

La
te
ra
l
o
rb
it
o
fr
.c
M
D

−
0.
15

(−
0.
28

to
−
0.
01

)
0.
03

4
0.
03

9
0.
32

(4
96

)
La
te
ra
l
o
rb
it
o
fr
.c
M
D

−
0.
16

(−
0.
29

to
−
0.
02

)
0.
02

7
0.
04

4
0.
32

(4
97

)

PI
B
-F
LR

−
0.
35

(−
0.
47

to
−
0.
23

)
6
×
10

−
8

2
×
10

−
7

PI
B
-F
LR

−
0.
35

(−
0.
48

to
−
0.
23

)
6
×
10

−
8

2
×
10

−
7

PA
C
C
5

0.
28

(0
.1
4
to

0.
41

)
6
×
10

−
5

1
×
10

−
4

PA
C
C
5

0.
28

(0
.1
5
to

0.
42

)
5
×
10

−
5

2
×
10

−
4

La
te
ra
l
o
rb
it
o
fr
.C

Th
−
0.
05

(−
0.
17

to
0.
07

)
0.
42

0.
48

Sl
op

e
PA

C
C
5
~
m
id
d
le
-t
em

p
or
al

cM
D

+
PI
B
-F
LR

+
PA

C
C
5
+
(m

id
d
le
-t
em

p
or
al

C
Th

)

M
id
.t
em

p
.c
M
D

−
0.
24

(−
0.
39

to
−
0.
09

)
0.
00

2
0.
00

5
0.
34

(4
90

)
M
id
.t
em

p
.
cM

D
−
0.
21

(−
0.
37

to
−
0.
04

)
0.
01

6
0.
04

3
0.
34

(4
92

)

PI
B
-F
LR

−
0.
34

(−
0.
46

to
−
0.
22

)
1
×
10

−
7

2
×
10

−
7

PI
B
-F
LR

−
0.
34

(−
0.
46

to
−
0.
22

)
1
×
10

−
7

2
×
10

−
7

PA
C
C
5

0.
26

(0
.1
3
to

0.
40

)
1
×
10

−
4

1
×
10

−
4

PA
C
C
5

0.
26

(0
.1
3
to

0.
39

)
1
×
10

−
4

2
×
10

−
4

M
id
.t
em

p
.
C
Th

0.
06

(−
0.
08

to
0.
21

)
0.
37

0.
48

A
ll
m
o
d
el
s
w
er
e
ad

ju
st
ed

fo
r
ag

e,
se
x
an

d
ed

u
ca
ti
o
n
,
w
h
ic
h
w
er
e
al
l
n
o
n
si
g
n
ifi
ca
n
t
p
re
d
ic
to
rs
.
M
u
lt
ip
le
-c
o
m
p
ar
is
o
n
s
co

rr
ec
te
d
re
su
lt
s
ar
e
in
d
ic
at
ed

b
y
FD

R
q
va
lu
es
.

A
IC

A
ka
ik
e
In
fo
rm

at
io
n
C
ri
te
ri
o
n
,c
M
D
co

rt
ic
al

m
ea
n
d
iff
u
si
vi
ty
,C

Th
co

rt
ic
al

th
ic
kn

es
s,
PA

CC
5
Pr
ec
lin

ic
al

A
lz
h
ei
m
er

C
o
g
n
it
iv
e
C
o
m
p
o
si
te
-5
,P

IB
-F
LR

1
1
C
-P
it
ts
b
u
rg
h
co

m
p
o
u
n
d
-B

in
a
co

rt
ic
al

co
m
p
o
si
te

in
cl
u
d
in
g

fr
o
n
ta
l,
la
te
ra
l
te
m
p
o
ro
-p
ar
ie
ta
l,
an

d
re
tr
o
sp
le
n
ia
l
re
g
io
n
s.

E. Rodriguez-Vieitez et al.

7818

Molecular Psychiatry (2021) 26:7813 – 7822



predictive of steeper cognitive decline and HV loss. The ability of
regional cMD to predict subsequent cognitive decline remained
significant after sequentially accounting for global Aβ burden,
regional CTh and entorhinal tau, suggesting that cMD indepen-
dently explains variance in cognitive decline, beyond those
traditional imaging biomarkers. Moreover, regional cMD did not
significantly predict subsequent cognitive decline once inferior-
temporal tau was included as independent predictor. Our findings
suggest that the shared variance between cMD and subsequent
cognitive decline may be explained by increasing neocortical tau
pathology, which is likely an underlying biological substrate
driving the elevated cMD signal. Our results are in line with
accumulating evidence that, while entorhinal tau can increase
with age, inferior-temporal tau is a stronger predictor of
subsequent AD-specific cognitive decline [47, 48]. In previous
cross-sectional studies in patients with sporadic AD, fronto-
temporal degeneration and amyotrophic lateral sclerosis
[19, 20, 24, 25], cMD was associated with cognitive performance
independently from CTh. Our study extends our knowledge about
cMD to cognitively unimpaired individuals, where we found
that cMD has prognostic ability to predict short-term cognitive
decline beyond that provided by Aβ, structural biomarkers and
entorhinal tau.

The regions where increased cMD was predictive of cognitive
decline independently from CTh are consistent with regions
undergoing hypometabolism in preclinical AD, in particular the
isthmus cingulate located next to the posterior cingulate cortex
[41], where a synergistic contribution of Aβ and tau leads to
metabolic dysfunction in the absence of atrophy. Together with
those previous reports, our findings support the notion that both
cMD and 18F-fluorodeoxyglucose-PET are early biomarkers of tau-
driven synaptic dysfunction preceding overt neuronal death and
atrophy. Increased cMD in the absence of cortical thinning might
also reflect early microstructural damage in response to tau
oligomers that cause synaptic toxicity and dysfunction prior to
neuronal death as demonstrated in preclinical studies [4], or to the
accumulation of other protein oligomers or deposits of TDP-43 or
α-synuclein, for which no PET tracers are yet available.
Our study also showed that cMD and either Aβ or tau burden

contribute independently and synergistically to subsequent
cognitive decline over ~3.5 years. This finding suggests that in a
clinical trial selecting Aβ+ participants [13, 15], the addition of the
cMD biomarker would help to further select those participants
most likely to decline over a relatively short term. Our finding adds
to current efforts to compare the utility of different biomarkers
of Aβ, tau and neurodegeneration, whether used alone or in

Fig. 3 Survival analyses illustrating the ability of cMD to predict subsequent clinical progression. Kaplan–Meier curves and Cox
proportional hazards regression results for lateral orbitofrontal cMD (high/low groups) predicting (A) progression to MCI, (B) progression to
CDR= 0.5. cMD cortical mean diffusivity, CTh cortical thickness, PIB_status Aβ+ vs. Aβ−; “High cMD”= top-tertile cMD values (“Low cMD”,
otherwise).

E. Rodriguez-Vieitez et al.

7819

Molecular Psychiatry (2021) 26:7813 – 7822



combination, to predict short-term cognitive decline and clinical
progression [44, 49]. In line with previous observations [8], we
found that PIB status was a strong predictor of clinical progression
to MCI or CDR= 0.5 during ~3.5 years follow-up. In addition, a
novel finding of our study was that higher cMD independently
predicted faster clinical progression to MCI or CDR= 0.5, beyond
that predicted by PIB status, while CTh did not contribute with any
significant predictive value. These findings add support to the
concept that cMD has higher sensitivity than CTh in the AD
continuum and that it may be a useful biomarker for stratification
of at-risk individuals for prevention trials that typically extend over
3 to 5 years.
Regional cMD showed prognostic ability for subsequently faster

rate of hippocampal atrophy, demonstrating added value beyond
imaging biomarkers of global Aβ, CTh, and entorhinal or inferior-
temporal tau; the absence of a synergistic effect between cMD
and either Aβ or tau might be explained because longitudinal MRI
data was available for only ~60% of baseline participants, having
fewer longitudinal follow-ups compared to the more comprehen-
sive longitudinal cognitive and clinical data available. Alterna-
tively, the presence of co-pathologies might in part explain the
observed hippocampal atrophy. Previous reports have suggested
that, while hippocampal atrophy is a rather specific feature of
underlying AD pathology [50], neurodegeneration in this brain
region may be due to a confluence of multiple underlying AD and
non-AD co-pathologies including TDP-43 [51]. In particular,
postmortem TDP-43 burden was found to be associated with
antemortem hippocampal atrophy as measured with MRI,
independently from Aβ and tau pathology [52]. Based on these
previous reports, we acknowledge that the cMD signal in our
study may be partly due to underlying TDP-43 pathology that
contributes to HV loss independently from Aβ and tau pathology,
and which may be associated with a slower rate of cognitive
decline than AD pathology.
While our study focused on microstructural properties in the

GM, three previous studies investigated white matter micro-
structural changes in the same cohort [53–55]. Increased mean
diffusivity in the hippocampal cingulum white matter bundle
was associated with greater downstream tau pathology in the
posterior cingulate cortex, an effect that was enhanced at high
levels of Aβ burden, and suggesting that white matter tracts
might serve as pathways for tau propagation [53]. Our results
are in line with Jacobs et al. [53] with one key difference in that
we studied microstructural properties in the GM. Our study
found that AD pathology, in particular tau, is associated with
microstructural injury in the GM. Further longitudinal studies are
needed to investigate whether changes in cMD in the GM are
locally and/or distally associated to longitudinal accumulation of
tau, and whether they temporally precede or follow from
degeneration of white matter tracts. A related study in older
adults from HABS [54] found that global fractional anisotropy
(FA) averaged across nine white matter tracts predicted long-
itudinal cognitive decline independently but not synergistically
with Aβ burden. A follow-up study [55] reported that the
synergistic interaction between FA in the fornix and Aβ burden
was associated with subsequently faster episodic memory
decline. Similar to these reports [54, 55], we found that cMD
predicted subsequent rate of cognitive decline independently
and synergistically with Aβ status. From our results we conclude
that in the continuum of AD, and especially in pre-symptomatic
Aβ+ individuals, cMD may be a promising marker to identify
individuals at enhanced risk of short-term cognitive decline and
clinical progression, with utility for prevention trials.
HABS is a cohort study enrolling community-dwelling older

adults that are followed over time. Our finding that cMD has
prognostic value in a convenience sample such as HABS, not
enriched for AD-risk factors, suggests that cMD is a sensitive
marker of early and subtle neuronal injury, with promising

potential as a prognostic biomarker with higher sensitivity
compared with macrostructural biomarkers. Additional studies
on the ability of cMD to predict cognitive decline and clinical
progression in cohorts enriched for AD-risk factors such as APOE-
ε4, autosomal dominant mutations, or other more stringent
inclusion criteria, would be valuable to confirm our results.
A major strength of our study is its highly multimodal nature

including concurrent T1-weighted MRI, DWI, Aβ, and tau
neuroimaging data. Also, the cohort was comprehensively
characterized in terms of cognitive assessments and multiple
longitudinal neuroimaging, neuropsychological, and clinical
data points. Since GM is considered mostly isotropic with
respect to the motion of water molecules [18, 20], we selected
cMD as an optimum metric to assess cortical microstructure in
the GM. Although it could be technically possible to compute FA
in the GM, its anisotropic-based computation would make it less
informative and straightforward to interpret compared with
cMD. Our study has some limitations. Only ~60% of the study
participants had longitudinal MRI scans, which possibly limited
the statistical power of the analyses involving HV loss. We only
had longitudinal DWI in a small subset of participants so DWI
analyses were restricted to cross-sectional data; further long-
itudinal investigations would be valuable to explore relation-
ships between changes in cMD, Aβ, and tau to investigate the
temporal dynamics of microstructural damage and proteino-
pathy accumulation.
Our study showed that cortical microstructure is a promising

noninvasive technique, sensitive to early microstructural injury
in older adults. Given that neuronal loss is irreversible, the ability
of cMD to detect subtle microstructural damage prior to overt
atrophy may have important clinical implications. We found
that tau is an underlying pathological substrate associated
with increases in cMD. As such, cMD might be a proxy for tau-
induced neuronal injury, and cortical microstructure could serve
as a lower-cost, noninvasive alternative to tau PET in clinical
settings. The combination of multimodal baseline and long-
itudinal data allowed us to demonstrate the ability of cMD to
predict cognitive and clinical progression using three different
independent measures: slope of PACC5 and progression to MCI
or to CDR= 0.5; the confirmation of the prognostic ability of
cMD using three different methods adds robustness to our
findings. The ability of cMD to predict short-term cognitive
decline and clinical progression suggests utility as outcome
measure and to improve risk stratification of participants in
clinical trials.
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