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Abstract 

Background There has been increasing interest in cortical microstructure as a complementary and earlier measure 
of neurodegeneration than macrostructural atrophy, but few papers have related cortical diffusion imaging to post-
mortem neuropathology.

This study aimed to characterise the associations between the main Alzheimer’s disease (AD) neuropathological hall-
marks and multiple cortical microstructural measures from in vivo diffusion MRI. Comorbidities and co-pathologies 
were also investigated.

Methods Forty-three autopsy cases (8 cognitively normal, 9 mild cognitive impairment, 26 AD) from the National 
Alzheimer’s Coordinating Center and Alzheimer’s Disease Neuroimaging Initiative databases were included. Structural 
and diffusion MRI scans were analysed to calculate cortical minicolumn-related measures (AngleR,  PerpPD+, and Par-
lPD) and mean diffusivity (MD). Neuropathological hallmarks comprised Thal phase, Braak stage, neuritic plaques, 
and combined AD neuropathological changes (ADNC—the “ABC score” from NIA-AA recommendations).

Regarding comorbidities, relationships between cortical microstructure and severity of white matter rarefaction 
(WMr), cerebral amyloid angiopathy (CAA), atherosclerosis of the circle of Willis (ACW), and locus coeruleus hypopig-
mentation (LCh) were investigated.

Finally, the effect of coexistent pathologies—Lewy body disease and TAR DNA-binding protein 43 (TDP-43)—on corti-
cal microstructure was assessed.

Results Cortical diffusivity measures were significantly associated with Thal phase, Braak stage, ADNC, and LCh. Thal 
phase was associated with AngleR in temporal areas, while Braak stage was associated with  PerpPD+ in a wide corti-
cal pattern, involving mainly temporal and limbic areas. A similar association was found between ADNC (ABC score) 
and  PerpPD+.

LCh was associated with  PerpPD+, ParlPD, and MD.

Co-existent neuropathologies of Lewy body disease and TDP-43 exhibited significantly reduced AngleR and MD com-
pared to ADNC cases without co-pathology.

Conclusions Cortical microstructural diffusion MRI is sensitive to AD neuropathology. The associations with the LCh 
suggest that cortical diffusion measures may indirectly reflect the severity of locus coeruleus neuron loss, perhaps 
mediated by the severity of microglial activation and tau spreading across the brain.
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Recognizing the impact of co-pathologies is important for diagnostic and therapeutic decision-making.

Microstructural markers of neurodegeneration, sensitive to the range of histopathological features of amyloid, tau, 
and monoamine pathology, offer a more complete picture of cortical changes across AD than conventional structural 
atrophy.

Keywords Cortex, Minicolumns, Alzheimer’s disease neuropathological changes, Diffusion tensor imaging, Autopsy, 
Cortical diffusivity

Introduction
The National Institute on Aging—Alzheimer’s Asso-
ciation (NIA-AA) guidelines for the neuropathologi-
cal evaluation of Alzheimer’s disease (AD), consider 
extracellular amyloid-β (Aβ) plaques and intracellular 
neurofibrillary tangles (NFTs) of tau essential for the 
neuropathologic diagnosis of AD [1]. Previous stud-
ies [2, 3] showed these hallmarks of AD coincide with 
significant microstructural changes in cortical archi-
tecture and altered cellular minicolumnar organisation 
[2]. Extracellular Aβ plaques contribute to synaptic dys-
function [4] while progressive intracellular accumula-
tion of NFTs leads to neuronal death [5].

Cortical minicolumns are narrow, vertical arrays 
of densely interconnected neurons spanning all cor-
tical layers and representing a basic computational 
unit common to all cortical areas [6]. In some key AD 
regions, such as the parahippocampal gyrus, minicol-
umns become steadily thinner with the accretion of AD 
pathology and increase of plaque load [3]. Minicolumn 
thinning appears to precede minicolumn breakdown, 
and analysis of minicolumn structure in amnestic mild 
cognitive impairment (MCI) positions it between con-
trols and AD [2]. Progressive minicolumnar structural 
alterations presumably contribute to functional disrup-
tion across multiple cognitive domains, and minicol-
umn width correlates with declining mini-mental state 
examination score across MCI and dementia [3]. How-
ever, in the early stages, cognitive deficits may be offset 
by ‘neural reserve’ wherein brain networks can absorb 
a degree of damage without noticeable effects or by 
active ‘neural compensation’ with damaged networks 
supplemented by recruiting additional resources [7].

A two-stage model has been proposed to describe 
cortical cytoarchitectural changes: a phase of synaptic 
and neuropil loss, minicolumn width decline with age, 
amyloid build up, and neuroinflammatory response, 
followed by a phase when cell loss and columnar disin-
tegration occurs, and overt dementia develops [8].

The primary aim of the present study was to inves-
tigate associations between major Alzheimer’s 
neuropathological hallmarks and a set of cortical 
microstructural measures that relate to minicolumn 

structure, which have been validated using ex  vivo [9] 
and in vivo cohorts [10–14].

AD pathology can exist in a “pure” form or co-exist 
with non-AD neuropathological changes and non-corti-
cal neuropathological features that deserve to be investi-
gated. The cortical pathology in AD is so dramatic that 
it may obscure the arterial and subcortical changes that 
occur during AD progression. Cerebral amyloid angi-
opathy (CAA) that involves small arteries, as well as 
arterioles in grey and white matter, occurs frequently 
during the progression of AD, and it contributes to vas-
cular pathologies and white matter rarefaction (WMr). 
Depigmentation and loss of noradrenergic locus coer-
uleus projection neurons are commonly observed in the 
early stages of AD [15] and appear to be associated with 
increased cortical Aβ plaque and NFT loads [16]. There-
fore, a second aim of the study was to investigate poten-
tial relationships between cortical diffusivity measures 
and non-cortical neuropathologic features, such as locus 
coeruleus hypopigmentation (LCh), CAA, WMr, and 
atherosclerosis of the circle of Willis (ACW).

Finally, many clinicopathological studies of demen-
tia [17, 18] demonstrate that Alzheimer’s disease is fre-
quently associated with other age-related processes, most 
commonly Lewy body disease (LBD) and TAR DNA-
binding protein 43 (TDP-43) pathology. The third aim of 
the study was therefore to investigate the impact of the 
co-occurrence of AD neuropathology and the most com-
mon comorbidities like LBD and TDP-43 inclusions on 
cortical microstructure.

Methods
Participants
The present study comprised forty-three participants, 
ranging from cognitively normal to severe dementia, 
having diffusion tensor imaging (DTI) scans and neu-
ropathological data, from the National Alzheimer’s 
Coordinating Center (NACC; 34 participants) and the 
Alzheimer’s Disease Neuroimaging Initiative (ADNI; 9 
participants).

The NACC database (www. alz. washi ngton. edu) pro-
vides data from patients collected in the AD Research 
Centers (ADRCs) funded by the National Institute on 

http://www.alz.washington.edu


Page 3 of 15Torso et al. Alzheimer’s Research & Therapy          (2023) 15:165  

Aging. This analysis used data from five ADRCs collected 
between 2009 and 2015 [19].

ADNI was launched in 2003 as a public–private part-
nership, led by principal investigator Michael W. Weiner, 
MD. The primary goal of ADNI has been to test whether 
serial magnetic resonance imaging (MRI), positron emis-
sion tomography (PET), other biological markers, and 
clinical and neuropsychological assessment can be com-
bined to measure the progression of MCI and early AD. 
For more information, please see www. adni- info. org.

Inclusion was limited to participants who were cog-
nitively normal (CN) or had a clinical AD-type presen-
tation (AD, MCI) who had undergone MRI scanning 
(T1-weighted structural and DTI) in life and had a sub-
sequent neuropathological assessment at autopsy. The 
interval between MRI scan and autopsy ranged from 104 
to 3278 days (median 1497 days).

At the time of the scanning (the closest available acqui-
sition to death), participants were clinically diagnosed as: 
8 CN, 9 MCI, and 26 AD. All clinical and neuropatho-
logical data were obtained through the NACC and ADNI 
data export.

To characterize the cohort, the Mini-Mental State 
Examination (MMSE), APOE ε4, Geriatric Depression 
Rating Scale (GDS), and Clinical Dementia Rating scale 
(CDR) global and sum of boxes (CDR-SB) scores were 
used.

Neuropathological assessment
Brain autopsies
Autopsies and neuropathological  evaluations were con-
ducted according to the NACC protocols [20]. All the 
autopsies were collected with a post-mortem interval 
between 2 and 52 h, and brain tissues were fixed in for-
malin. At the time of autopsies, the average age for the 
CN group was 81.7, for MCI, 84.2, and for AD, 78.9 years.

Cortical and non‑cortical neuropathologic changes
Neuropathology data was obtained from standard NACC 
and ADNI neuropathology reporting forms. Consistency 
of data between NACC and ADNI is maintained by using 
the same NACC Neuropathology Data Form to report 
autopsied cases [20].

Consistent with the current NIA-AA recommendations 
[1], the neuropathological assessment of Alzheimer’s dis-
ease neuropathologic change (ADNC) included the Thal 
phases of anatomical distribution of amyloid deposits 
[21], the Braak stages for tau neurofibrillary pathology 
(none, I–II, III–IV, V–VI) [22, 23], and the Consortium 
to Establish a Registry for Alzheimer’s Disease (CERAD) 
scores of neuritic plaque densities (none, sparse, moder-
ate, frequent) [24]. For each case, the ADNC was evalu-
ated using an “ABC” score that combines three separate 

four-point scales: amyloid-β plaques (A) by Thal phase 
assessment, NFT stage using Braak staging (B), and neu-
ritic plaque score by CERAD score (C). The combination 
of A, B, and C scores determines a descriptor of “Not”, 
“Low”, Intermediate”, or “High” AD neuropathologic 
change. “Intermediate” or “High” AD neuropathologic 
change is considered sufficient explanation for dementia 
[1].

All these scores were used as classical neuropathologi-
cal hallmarks for the post-mortem definition of AD and 
to investigate the relationship with a set of cortical dif-
fusivity measures.

To investigate the relationship between cortical dif-
fusivity measures and non-cortical neuropathologic 
changes, neuropathologists’ ratings of the severity of 
CAA, WMr, ACW, and LCh (graded semi-quantitatively 
as none, mild, moderate, or severe) were used as addi-
tional pathological markers.

Coexistent pathologic features at autopsy
To assess coexistent neuropathological changes of other 
diseases, the presence/absence of Vascular pathology 
(VP), TDP-43, Lewy body (LB) pathology, Creutzfeldt-
Jakob disease and other prion encephalopathies (CJD), 
progressive supranuclear palsy (PSP), corticobasal degen-
eration (CBD), Pick’s disease (PiD), hippocampal scle-
rosis (HS), and amyotrophic lateral sclerosis (ALS) were 
defined according to the NACC coding guide.

Cases were defined with LB co-pathology if Lewy bod-
ies were detected in limbic and neocortical regions.

Cases were considered to have TDP-43 co-pathology 
if TDP-43 deposition was observed in the hippocampus 
and entorhinal/inferior temporal cortex.

MRI analysis
MRI acquisition and image pre‑processing
For each participant, the closest scanning session to 
death that included both ante-mortem diffusion tensor 
imaging and 3D T1-weighted structural images was used. 
Data was acquired from 3.0  T MRI scanners (Siemens 
and GE Medical Systems) at multiple centres. For more 
details about structural and diffusion acquisition proto-
cols, see www. alz. washi ngton. edu and https:// adni. loni. 
usc. edu/ metho ds/ docum ents/ mri- proto cols/.

The T1-weighted anatomical images were automati-
cally processed using the FreeSurfer software version 
6.0 (https:// surfer. nmr. mgh. harva rd. edu/). This provided 
outputs containing estimates of cortical volume, hip-
pocampal volume, cortical thickness, white matter vol-
ume, and white matter hypointensities volume. Left and 
right hippocampal volumes were averaged. To account 
for head size differences, all volumes were expressed 
as a fraction of the total intracranial volume, namely 

https://www.adni-info.org
http://www.alz.washington.edu
https://adni.loni.usc.edu/methods/documents/mri-protocols/
https://adni.loni.usc.edu/methods/documents/mri-protocols/
https://surfer.nmr.mgh.harvard.edu/
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cortical volume fraction, bilateral hippocampal fraction, 
white matter fraction, and white matter hypointensities 
fraction.

DTI data were processed using the FMRIB software 
library, (FSL Version 6.0.1, FMRIB, Oxford, UK, http:// 
www. fmrib. ox. ac. uk/ fsl/). Data was corrected for eddy 
current distortions and head motion, and the diffusion 
tensor model at each voxel was fitted using DTIFIT. To 
control for the effect of head motion in DTI maps, a dis-
placement index was calculated using an in-house script.

Cortical diffusivity analysis
Cortical diffusivity analysis was performed using a pro-
prietary software tool (Cortical Disarray Measurement, 
CDM; patent WO2016162682A1). The software gener-
ates cortical profiles, i.e. lines across the cortex in a radial 
direction, replicating columnar organisation within the 
cortex [9, 10]. Values for the diffusion tensor derived 
metrics were averaged along the cortical profiles, across 
the entire grey matter mask.

Briefly, the metrics calculated were mean diffusivity 
(MD) and three measures relating to the components of 
diffusion: AngleR is the angle between the radial mini-
column axis and the principal diffusion direction (in 
radians); ParlPD is the principal diffusion component 
parallel with the radial minicolumns (×  10–3  mm2/s); and 
 PerpPD+ combines the components perpendicular to the 
radial minicolumns (×  10–3  mm2/s).  PerpPD+ used here 
(and in ref.14) is a variant of the earlier PerpPD used in 
Torso et  al.; [10]  PerpPD+ includes multiple compo-
nents (secondary and tertiary) orthogonal to the cortical 
columnar profile.

All the cortical values were averaged to reduce the 
influence of noise in the DTI scans, effectively smoothing 
the data, and ensuring only directionality with some local 
coherence would dominate, guarding against the influ-
ence of random deflections from the radial direction.

Cortical region values were extracted from whole brain 
DTI maps. A single arithmetic mean value was calculated 
for each cortical region based on the Desikan-Killiany 
cortical atlas.

Statistical analyses
Data were analysed using IBM SPSS Statistics version 
26 (SPSS, Chicago, IL). One-way ANOVAs were used to 
compare main effects for clinical and demographic vari-
ables in the groups and the chi-square test for categorical 
variables.

Univariate general linear model analyses were used to 
investigate diagnostic group differences in cortical diffu-
sion measurements, using the diagnostic group code as 
a fixed factor, adjusted for the interval (days) between 
MRI scan date and autopsy date, scanner manufacturer, 

b-value, age, sex, and presence of comorbidities. The MRI 
macrostructural measures were assessed using the same 
model, excluding the covariate ‘b-value.’

Normality of the whole-brain microstructural meas-
ures was tested using Shapiro–Wilk tests. The results 
revealed a normal distribution for AngleR (W = 0.971, 
p-value = 0.482), ParlPD (W = 0.962, p-value = 0.279), 
while non-normal distributions were found for  PerpPD+ 
(W = 0.978, p-value = 0.001) and MD (W = 0.923, 
p-value = 0.020). Based on this outcome, to investigate 
the potential associations between cortical diffusivity 
measures and histological measures, a non-parametric 
partial Spearman’s rank correlation analysis was used, 
controlling for interval (days) between MRI scan date 
and autopsy date, scanner manufacturer, b-values, age, 
sex, and presence of comorbidities. All results reported 
remained significant after false discovery rate correction 
(FDR < 0.05) [25].

Regional associations were investigated using linear 
models, controlling for the same variables used in whole-
brain analysis (interval (days) between MRI scan date and 
autopsy date, scanner manufacturer, b-value, age, sex, 
and presence of comorbidities). Regional results reported 
were FDR corrected over the set of Desikan-Killiany 
regions.

Potential regional differences between groups with 
and without comorbidities were investigated using the 
cortical diffusivity measures (AngleR,  PerpPD+, ParlPD, 
and MD) as dependent variables, with clinical diagnosis 
and ADNC score as fixed factors, controlling for interval 
(days) between MRI scan date and autopsy date, scan-
ner manufacturer, b-value, age, and sex. The uncorrected 
p-values and FDR corrected results were reported.

Results
Participants
Clinical and demographic data are summarized in 
Table 1. Diagnostic groups were comparable for age, sex, 
and education. The proportion of APOE ε4 carriers/non-
carriers was significantly different between groups, with 
a higher percentage of APOE ε4 carriers in the AD group. 
As expected, there were significant differences between 
groups for MMSE, Global CDR, and CDR-SB scores 
with a greater degree of impairment in the AD group. No 
other differences were detected.

Neuropathological features
Alzheimer’s disease neuropathologic changes (ADNC) 
and clinical diagnosis
The ADNC severity, assessed following the NIA-AA rec-
ommendations, is reported for each case in Additional 
file 1: Table S3. The ADNC prevalence (calculated as the 
number of participants with the ADNC pathology/total 

http://www.fmrib.ox.ac.uk/fsl/
http://www.fmrib.ox.ac.uk/fsl/
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autopsied participants) was 97.7% (42 cases). Out of the 
43 cases included in the study, 35 (81.4%) had intermedi-
ate/high ADNC.

Divided by clinical diagnosis at the scan, in the CN 
group (8 cases), 1 case was “not AD”, 4 low ADNC, and 
3 intermediate ADNC. Two of the three cases with inter-
mediate ADNC converted to MCI by 36 months from the 
scan date.

In the MCI group (9 cases), 2 cases had low ADNC, 
2 cases intermediate ADNC, and 5 cases high ADNC. 
Eight of the 9 MCI cases converted to AD by 36 months 
from the scan.

In the AD group (26 cases), 1 case showed low ADNC, 
4 intermediate ADNC, and 21 high ADNC. No changes 
in clinical diagnosis were reported for this group.

Non‑cortical neuropathologic changes
As summarized in Additional file  1: Table  S4 (see also 
Additional file  1: Figure A1), non-cortical changes are 
reported frequently during the course of AD. The only 
case without ADNC showed a severe WMr, a moder-
ate ACW, and a mild LCh. In cases with ADNC, the co-
occurrence of non-cortical changes was slightly more 
common in cases with High ADNC. Out of 26 cases with 
high ADNC, a moderate/severe WMr was reported in 10 
cases, a moderate/severe ACW in 8 cases, a moderate/
severe LCh in 16 cases, and a moderate/severe CAA in 
11 cases.

Coexistent pathologic features at autopsy
The pathologies coexistent with AD for each case 
included in the study are provided in Additional file  1: 
Table  S5. As previously described, out of 43 cases, just 

one cognitively normal case was “Not-AD”. This case pre-
sented just moderate vascular signs and did not have any 
other pathology.

Out of the remaining 42 cases with AD neuropatholog-
ical changes, 41 (97.6%) had at least one vascular sign, 14 
(33.3%) were TDP-43 positive, 13 (30.9%) were LB posi-
tive, 1 (2.4%) had PiD, and 6 (14.3%) HS.

Considering the cases with at least 2 coexistent pathol-
ogies in addition to AD, 8 cases (19%) had VP and TDP-
43, 8 (19%) VP and LB, and 2 (4.8%) VP and HS.

Three cases (7.1%) showed AD, VP, TDP-43, and LB; 
1 case (2.4%) had AD, VP, TDP-43, and HS; and 1 case 
(2.4%) had AD, VP, LB, and HS.

One (2.4%) case showed AD, VP, TDP-43, PiD, and HS, 
and one case AD, VP, TDP-43, LB, and HS.

Grouping cases for ADNC severity, the high ADNC 
group had the highest number of coexistent pathologies 
(Fig. 1).

MRI analysis
Macrostructural MRI
Based on the ADNC, participants were classified as 
“unlikely AD” (8 cases with ADNC of not or low) and 
“likely AD” (35 cases with ADNC of intermediate or 
high).

The two groups showed no significant differences in 
cortical thickness, white matter volume fraction, and 
white matter hypointensities fraction.

Significant differences after FDR correction between 
group means were found for cortical volume fraction 
(F6,36 = 9.21; p < 0.05; ηp2 = 0.204) and bilateral hippocam-
pal fraction (F6,36 = 7.14; p < 0.05; ηp2 = 0.166).

Table 1 Clinical and demographic characteristics of participants

ANOVA was used to identify differences between diagnostic groups

APOE apolipoprotein E, MMSE Mini-Mental State Examination, GDS Geriatric Depression Rating Scale, CDR Clinical Dementia Rating scale global, CDR-SB Clinical 
Dementia Rating scale sum of boxes (available only for NACC participants)
a Significant difference from CN
b Significant difference from MCI

CN (n = 8) MCI (n = 9) AD (n = 26)

Age at scan, mean (SD) 77.1 (6.2) 80.3 (9.7) 75.5 (6.8)

Women, N (%) 3 (37.5) 1 (11.1) 10 (38.5)

Education, mean (SD) years 15.4 (3.1) 16.1 (2.7) 15.8 (2.7)

APOE ε4 carriers (%) 2 (25) 3 (33.3) 19 (73.1) a,b

MMSE, mean (SD) 28.7 (1.2) 26.1 (2.8) 21.9 (4.6) a,b

GDS, mean (SD) 0.9 (0.9) 3.6 (3.9) 2.9 (3.2)

Global CDR®, mean (SD) 0.0 (0) 0.8 (0.5) a 1.0 (0.4) a

CDR-SB, mean (SD) 0.0 (0) 3.8 (3.2) a 5.7 (2.2) a,b

MRI scan/autopsy interval, mean (SD) days 1508.6 (967.6) 1368.2 (879.9) 1531.9 (884.3)

Diagnostic changes by 36 months 3 (to MCI) 8 (to AD) 0
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“Microstructural” MRI: cortical diffusivity analysis
Comparison of the above-defined “likely AD” and 
“unlikely AD” groups revealed significant differences 
(after FDR correction) in AngleR (F7,35 = 6.25; p < 0.05; 
ηp2 = 0.151),  PerpPD+ (F7,35 = 5.64; p < 0.05; ηp2 = 0.139), 
and MD (F7,35 = 4.87; p < 0.05; ηp2 = 0.122) (Fig.  2). No 

significant differences between groups in ParlPD were 
detected.

Whole brain cortical diffusivity/neuropathology correlations
Two partial Spearman’s rank correlation analyses were 
performed to investigate associations between whole 

Fig. 1 Number of cases with co-existent pathologies for each ADNC group. VP vascular pathology; TDP-43 TAR DNA-binding protein 43 pathology; 
LB Lewy body disease; PiD Pick’s disease; HS hippocampal sclerosis

Fig. 2 Whole brain cortical diffusivity differences between “unlikely AD” and “likely AD” groups. Unlikely AD ADNC not or low; likely AD ADNC 
of intermediate or high. Diagnostic groups were compared using a linear model. The group differences reported in the figure were significant 
after FDR correction
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brain cortical diffusivity measures (AngleR,  PerpPD+, 
ParlPD, and MD) and neuropathological scores.

In the first analysis (Table 2), the association between 
cortical diffusivity measures and Alzheimer’s disease 
neuropathologic changes (Thal phase (A), Braak stage 
(B), and CERAD neuritic plaque (C) and ABC) scores 
was investigated. The results revealed significant positive 
associations (Fig. 3) between ADNC scores and cortical 
diffusivity measures (AngleR,  PerpPD+, and MD).

In the second analysis, the association between cortical 
diffusivity measures and non-cortical neuropathologic 
changes (WMr, ACW, LCh, and CAA) was assessed. 
The LCh was the only non-cortical measure significantly 
associated with any (and all) cortical diffusivity measures 
(Table 2, Fig. 4).

Regional cortical diffusivity/neuropathology correlation
To further characterise the associations between corti-
cal diffusivity measures and cortical AD neuropatho-
logic changes that were seen at the whole brain level, 
the strongest associations reported (AngleR/Thal phase, 

 PerpPD+/Braak stage,  PerpPD+/ABC score) were 
explored at the regional level.

The results are summarized in Fig. 5. After FDR correc-
tion, the results showed significant associations between 
Thal phase score and AngleR values in different cortical 
regions, including the bilateral fusiform, left entorhinal, 
left middle temporal, right lingual, right pars opercularis, 
and right temporal pole.

Concerning the association between Braak stage and 
 PerpPD+ values, the results clearly demonstrated a wide-
spread significant association across cortical regions, 
involving, in particular, temporal (bilateral entorhinal, 
inferior temporal, middle temporal and fusiform cortex) 
and limbic regions (bilateral posterior cingulate cortex).

Finally, the regional analysis showed a significant pat-
tern of association between  PerpPD+ and the ABC score 
in temporal and parietal regions.

Coexistent pathologic features
The cases with ADNC were grouped based on the pres-
ence/absence of additional pathologies (ADNC without 

Table 2 Associations between cortical diffusivity measures and AD neuropathology

ρ Spearman’s rank partial correlation coefficient; p p value; pFDR Benjamini-Hochberg Adjusted p value. WMr white matter rarefaction; ACW  atherosclerosis of the 
circle of Willis; LCh locus coeruleus hypopigmentation; CAA cerebral amyloid angiopathy
* Statistically significant difference after FDR correction

Cortical neuropathology
Thal phase (A) Braak stage (B) CERAD (C) ABC

AngleR ρ= 0.403; p= 0.013  
pFDR= 0.041*

ρ= 0.342; p= 0.038  
pFDR= n.s

ρ= 0.314; p= n.s  
pFDR= n.s

ρ= 0.330; p= 0.046  
pFDR= n.s

PerpPD+ ρ= 0.247; p= n.s   
pFDR= n.s

ρ= 0.501; p= 0.002  
pFDR= 0.032*

ρ= 0.186; p= n.s  
pFDR= n.s

ρ= 0.438; p= 0.007  
pFDR= 0.037*

ParlPD ρ= 0.099; p= n.s  
pFDR= n.s

ρ= 0.426; p= 0.009  
pFDR= 0.036*

ρ= -0.028; p= n.s  
pFDR= n.s

ρ= 0.299; p= n.s  
pFDR= n.s

MD ρ= 0.201; p= n.s   
pFDR= n.s

ρ= 0.448; p= 0.005  
pFDR= 0.040*

ρ= 0.094; p= n.s  
pFDR= n.s

ρ= 0.357; p= 0.030  
pFDR= n.s

Non-Cortical neuropathology
WMr ACW LCh CAA 

AngleR ρ= -0.130; p=n.s        
pFDR= n.s

ρ= 0.998; p= n.s        
pFDR= n.s

ρ= 0.450; p= 0.008     
pFDR= 0.042*

ρ= 0.215; p= n.s     
pFDR= n.s

PerpPD+ ρ= 0.069; p= n.s        
pFDR= n.s

ρ= 0.226; p= n.s        
pFDR= n.s

ρ= 0.512; p= 0.002     
pFDR= 0.024*

ρ= 0.265; p= n.s     
pFDR= n.s

ParlPD ρ= 0.132; p= n.s        
pFDR= n.s

ρ= 0.337; p= n.s        
pFDR= n.s

ρ= 0.440; p= 0.009     
pFDR= 0.036*

ρ= 0.200; p= n.s     
pFDR= n.s

MD ρ= 0.081; p= n.s        
pFDR= n.s

ρ= 0.176; p= n.s        
pFDR= n.s

ρ= 0.491; p= 0.003  
pFDR= 0.032*

ρ= 0.190; p= n.s     
pFDR= n.s

Fig. 3 Significant correlations between cortical diffusivity metrics and ADNC. Thal phase (top row green box), ABC score (top row red box), 
and Braak stage (bottom row blue box). Colour codes indicate healthy controls (blue), individuals with MCI (orange), and AD cases (red). The whole 
sample correlation analysis revealed significant associations between cortical diffusivity metrics and ABC score (significant after FDR correction). 
The coloured lines for each group in AngleR,  PerpPD+, and ParlPD values are consistent with the trajectory across the AD continuum [14], 
with a progressive increase in both patient groups (MD did not appear as sensitive to this aspect)

(See figure on next page.)
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Fig. 3 (See legend on previous page.)
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LB or TDP-43, ADNC with LB and TDP-43, ADNC 
with LB only, and ADNC TDP-43 inclusions only), to 
explore the impact of coexistent pathology on cortical 
diffusivity measures. The results are shown in Fig. 6. At 
the uncorrected level, group comparisons showed that 
the cases with only ADNC compared to those with LB 
pathology had higher AngleR values in the right infe-
rior temporal, lingual, and fusiform cortex and higher 
MD values in the bilateral caudal middle frontal, bilat-
eral isthmus cingulate, right medial orbito-frontal, 
right middle temporal, right paracentral, right pars 
opercularis, right precentral, bilateral rostral middle 
frontal, right superior temporal, right transverse tem-
poral, and bilateral insula. Differences in AngleR in the 

right fusiform, MD in the right transverse temporal, 
and right insula cortex remained significant after FDR 
correction.

Compared with the ADNC + TDP-43 group, at the 
uncorrected level, the ADNC only group showed a pat-
tern of higher MD values that included the right banks 
STS, left isthmus cingulate, left lingual, left paracentral, 
right pars opercularis, right pars triangularis, bilateral 
postcentral, bilateral precentral, right posterior cingulate, 
bilateral rostral middle frontal, left supramarginal, left 
frontal pole, bilateral transverse temporal, and bilateral 
insula cortex. Differences in the right pars opercularis, 
right pars triangularis, right precentral, and right insula 
remained significant after FDR correction.

Fig. 4 Correlation between cortical diffusivity measures and Locus Coeruleus hypopigmentation severity. Colour codes indicate healthy controls 
(blue), individuals with MCI (orange), and AD cases (red). All the associations reported in the figure were significant after FDR correction
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Fig. 5 Cortical regions associated with ABC score. The colour bar shows the pFDR values. L, left hemisphere; R, right hemisphere

Fig. 6 The impact of coexistent pathologic features on cortical diffusion values. The results of regional analysis performed using the cortical 
diffusivity measures (AngleR,  PerpPD+, ParlPD, and MD) as dependent variables, adjusting for clinical diagnosis, ABC score, interval (days) 
between MRI scan date and autopsy date, scanner manufacturer, b-values, age, and sex. The figure shows uncorrected p-values. The red arrows 
indicate regions that remained significant after FDR correction (see the text for more details)
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Finally, comparing the two groups with comorbidities, 
no significant differences were found after FDR correc-
tion. However, at the uncorrected level, the ADNC + LB 
group showed significant higher AngleR level in left middle 
temporal, left superior parietal, right pars triangularis, and 
right precentral cortex.

No significant differences were found in the ADNC 
group with both LB and TDP-43 comorbidities when com-
pared to the ADNC group without comorbidities.

Discussion
AD neuropathological changes
Cortical diffusivity measures increase during AD pro-
gression, from “unlikely” to “likely” AD and are signifi-
cantly associated with progression on Thal phase, Braak 
stage, and ABC score.

Findings were obtained from a cohort representative 
of the AD continuum. While, according to the amyloid 
cascade hypothesis [26], the role of Aβ protein in the 
pathogenesis of AD is crucial, the mere deposition of Aβ 
in the brain tissue is not sufficient to produce cognitive 
decline [27, 28]. AD progression can involve a long pre-
clinical course of 15 − 25 years characterized by gradual 
accumulation of Aβ plaques across the cerebral cortex 
without any evidence of cognitive impairment [29]. 
Usually, cognitive decline occurs with neuritic and tau 
pathology, at an intermediate ADNC level, but about a 
third of people without dementia symptoms at autopsy 
have AD pathology meeting the criteria for intermediate 
ADNC [30, 31]. In the present study, only one CN case 
had ADNC of ‘not AD’, four had low ADNC, and three 
intermediate. Three out of eight CN cases converted to 
MCI within 36  months after the scan (two with inter-
mediate ADNC, one with low ADNC); these cases pre-
sented only the coexistence of some vascular signs. All 
MCI participants with intermediate/high ADNC con-
verted to AD by 36  months after scanning, while just 
one of the two MCI cases with low ADNC converted.

Clinical AD onset and progression can be mediated by 
many aspects, including genetic and epigenetic factors 
[32, 33], individual differences in susceptibility to age-
related brain changes or AD-related pathology, (e.g. neu-
ral reserve, cognitive reserve) [34], and the co-occurrence 
of additional secondary neuropathological processes [18]. 
In addition, the modular organisation, connections, and 
plasticity of the cerebral cortex from minicolumns, to 
macrocolumns, to surface regions, could contribute to 
determining the pattern of pathological spread and, con-
sequently, the pattern of functional loss [6].

The associations reported here between cortical diffu-
sivity measures and AD neuropathological measures sug-
gest that cortical diffusivity measures may be sensitive to 
alterations of minicolumnar microstructural organisation 

produced by AD neurodegeneration. A previous post-
mortem validation study [9] demonstrated correlations 
between cortical diffusion measures and cortical mini-
columnar architectural features, such as minicolumnar 
thinning.

Minicolumnar thinning has been reported to be associ-
ated with normal aging and to be more severe in demen-
tia [2]. Previous studies [2, 3] showed that an increase 
of plaque load and thinning of the minicolumns contin-
ues steadily during AD progression [3]. This progressive 
minicolumn thinning appears to precede more severe 
minicolumn disruption due to loss of cell bodies and lost 
connections so that amnestic MCI looks neuropathologi-
cally intermediate between controls and AD [2]. The pro-
gressive increase of cortical diffusivity values during AD 
progression is therefore consistent with the trajectory of 
minicolumnar thinning and disruption that occurs dur-
ing AD.

More specifically, as shown by the significant associa-
tion with Thal phase, the AngleR metric seems sensitive 
to cortical microstructural changes determined by Aβ. 
These findings are consistent with previous in  vivo evi-
dence [14], which indicates that the AngleR metric may 
reflect cortical microstructural changes along the amy-
loid continuum, differentiating between amyloid posi-
tive and negative cognitively normal controls as well as 
distinguishing between amyloid positive controls and 
individuals with amyloid positive cognitive impairment 
(MCI and AD). Additionally, AngleR was found to be 
associated with markers of microglial activity, such as 
CSF soluble triggering receptor expressed on myeloid 
cells-2 (sTREM2) and progranulin (PGRN). Previous 
studies [14, 35] suggested that during AD progression, 
the trajectories of diffusion measures can be bi-phasic. 
Early Aβ deposition may cause an inflammatory response 
yielding a reduction of water diffusivity between minicol-
umns [14]. In the later stages, the progressive minicolum-
nar thinning and disruption due to neuronal, synaptic, 
and neuropil loss contribute to an increase of diffusivity 
between minicolumns.

Due to the small sample size of each diagnostic group 
in the present study, it was not possible to investigate the 
potential bi-phasic trajectory of diffusion measures along 
the AD continuum. However, consistent with previous 
studies [10, 14, 35], the results confirm a global increase 
in cortical diffusivity in the middle and late stages of AD. 
The significant associations between  PerpPD+, ParlPD, 
and MD with Braak stage (Table 2 and Fig. 3) may reflect 
the progressive minicolumnar disruption due to neuronal 
loss processes like necroptosis [36]. Previous evidence 
[36, 37] suggested that tau accumulation could be a key 
trigger for necroptosis activation and the neurofibrillary 
tangles can represent an event proximal to neuronal loss 
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in AD. The neuronal loss contributing strongly to minico-
lumnar disruption resulted in an increase of cortical dif-
fusivity in all the main diffusion directions, especially in 
the axis perpendicular to minicolumns  (PerpPD+).

In addition, the significant association between 
 PerpPD+ and ABC scores suggests that  PerpPD+ could 
be useful as a comprehensive indicator of neurodegen-
eration in the AD continuum.

Locus coeruleus and noradrenergic system
The profound degeneration in noradrenergic neurons 
of the locus coeruleus is considered one of the earlier 
changes of AD [38]. This loss, and the resultant compen-
satory mechanisms in the remaining neurons, determine 
changes in the level of norepinephrine available in the 
brain [39].

As shown by previous studies, the locus coeruleus sys-
tem plays a crucial protective role against brain diseases, 
improving the clearance of deposited Aβ and protect-
ing against neuroinflammation and microglial activation 
and against tau pathology [40]. Activated microglia have 
a role in Aβ and tau spreading and in synapse loss [40]. 
The significant associations between cortical diffusion 
measures and locus coeruleus hypopigmentation suggest 
that cortical diffusion measures could reflect not just the 
severity of locus coeruleus neuron loss and lost projec-
tions  indirectly, but in general, the severity of microglia 
activation and tau spreading across the brain that is asso-
ciated with that cell loss.

Coexistent pathologic features
Beyond ADNC, the most frequent coexistent proteinopa-
thies in this cohort were TDP-43 and LB. The former 
involves primarily intraneuronal accumulations of phos-
phorylated TDP-43, while Lewy bodies are aggregates 
of phosphorylated a-synuclein in neuronal cytoplasmic 
inclusions [41]. As widely reported [42, 43], TDP-43 
inclusions and Lewy body co-morbid proteinopathy fre-
quently co-occur in patients with ADNC [44, 45]. How-
ever, it is not clear if the co-occurrence of LB and TDP-43 
in AD is due to synergistic interactions or to overlapping 
of independent neuropathological processes.

In addition, TDP-43 is the main cause of a recently 
recognized disease entity, the limbic-predominant age-
related TDP-43 encephalopathy (LATE) that seems to 
share some pathogenic mechanisms with both fron-
totemporal lobar degeneration with TDP-43 and Alz-
heimer’s disease, while also showing disease-specific 
underlying mechanisms [46].

To test whether the coexistence of ADNC and co-
pathologies (LB and/or TDP-43) can produce spe-
cific changes in cortical diffusivity values, ADNC cases 
with and without comorbidities (LB and TDP-43) were 

compared. The cases were divided into four groups: 
ADNC without either LB or TDP-43, ADNC with LB, 
ADNC with TDP-43 inclusions, and ADNC with both LB 
and TDP-43.

Comparing groups, regional analyses revealed signifi-
cant differences in AngleR and MD values (Fig. 6).

Although the small sample size demands prudence 
in interpretation, this significant difference represents 
an interesting aspect that can be better investigated in 
further studies to define the relationships between co-
pathologies and their impact on clinical presentation and 
diagnostic process.

Compared with the ADNC only group, both groups 
with comorbidities showed lower AngleR and/or MD val-
ues. For the ADNC + LB group, the apparently ‘milder’ 
effect on cortical diffusivity values may be consistent 
with the findings of Buldyrev et  al. [47] which showed 
that minicolumnar disruption was present in AD and 
LB but that the extensive loss of neurons (i.e. in the 
more advanced phase of progression in AD) was a fea-
ture of the AD brains, whereas the LB brains were rela-
tively spared. The combination of coexisting LB and AD 
pathology on the progression of the columnar alterations 
may add further complexity, e.g. biphasic trajectory [14].

In neuropathological research, TDP-43 is classified 
into four subtypes (A, B, C, D). A recent study [48] dem-
onstrated that there is distinct heterogeneity of TDP-43 
deposition in non-FTLD brains, so the TDP-43 positive 
cases can show “typical” (type A) inclusions or TDP-43 
immunoreactivity adjacent to/associated with a neurofi-
brillary tangle in the same neuron (type B).

In the cerebral cortex of patients with AD and demen-
tia with Lewy bodies (DLB), type A is the most com-
mon [48, 49], and it is characterized by a large number 
of neuronal cytoplasmic inclusions and dystrophic neu-
rites [48–50]. The dystrophic neurites may contribute 
to the reduction of AngleR values in subjects with coex-
istent ADNC + TDP-43 compared to ADNC only and 
ADNC + LB group.

Limitations
The first limitation of the study is the sample size, which 
led us to restrict statistical analyses mainly to a whole 
brain level and a few regional level analyses. In particular, 
the sample size of each diagnostic group means that care 
must be taken not to over-interpret the separate regres-
sion lines for each group in Figs. 3 and 4. Furthermore, 
sample size limitations prevent us from carrying out sta-
tistical analysis of the small number of cases with HS (6) 
or PiD (1).

A second limitation arose from the significant time 
interval (approximately 4  years on average) between 
the last available imaging timepoint and the autopsy. A 
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considerable number of subjects experienced a change 
in diagnostic categories within a span of 3  years. Con-
sequently, some of the deductions drawn from imaging 
biomarkers may not assess directly all potential neuro-
pathological changes that can occur some years later 
than the imaging.

An additional technical caveat as regards the MRI 
acquisition is that although all scans included here were 
acquired using broadly comparable protocols, and the 
scanner manufacturer and b-values were used as covari-
ates in our analyses, it could be possible that correlation 
analyses may be more accurate using a dataset from a 
single centre.

Conclusion
Taken together, these findings suggest that cortical dif-
fusivity measures may reflect AD neuropathological 
changes in the microstructure of cortical grey matter. 
In  vivo markers of neurodegeneration that are sensitive 
to the range of histopathological features of Aβ, tau, and 
monoamine pathology in Alzheimer’s disease offer a use-
ful complement to existing non-invasive markers of amy-
loid and tau across the AD continuum.

In addition, further studies can better clarify if cortical 
diffusivity measures can help to investigate the frequent 
coexistence of AD proteinopathy (Aβ and tau) and other 
important age-related neuropathological features such as 
Lewy bodies, vascular disease, or TDP-43.

The identification of imaging patterns of comorbidi-
ties and their overlap and interaction may help to identify 
confounding factors in the diagnostic process and could 
help to target the development of early disease-modify-
ing treatments.
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