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ABSTRACT

INTRODUCTION: The aim of this study was to identify the histopathological correlates of MR

cortical atrophy in (a)typical Alzheimer’s disease (AD) donors.

METHODS: 19 AD and 10 control donors underwent post-mortem in-situ 3T-3DT1-MRI, from
which cortical thickness was calculated. Upon subsequent autopsy, 21 cortical brain regions
were selected and immunostained for amyloid-beta, phosphorylated-tau, and reactive
microglia. MRI-pathology associations were assessed using linear mixed models. Post-mortem
MRI was compared to ante-mortem MRI when available.

RESULTS: Higher amyloid-beta load weakly correlated with a higher cortical thickness globally.
Phosphorylated-tau strongly correlated with cortical atrophy in temporo-frontal regions.
Reactive microglia load strongly correlated with cortical atrophy in the parietal region. Post-
mortem scans showed high concordance with ante-mortem scans acquired <1 year before
death.

DISCUSSION: Distinct histopathological markers differently correlate with cortical atrophy,
highlighting their different roles in the neurodegenerative process. This study contributes in

understanding the pathological underpinnings of MRI atrophy patterns.
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1. BACKGROUND

Alzheimer’s disease (AD) is a progressive neurodegenerative disease with a heterogeneous
clinical presentation. Clinically, AD is defined as typical when memory deficits are the first
complaints, and atypical when memory is initially spared while other symptoms are more
prominent, such as visuospatial impairment, aphasia, or behavioural/dysexecutive
dysfunction®. On magnetic resonance imaging (MRI), typical AD is typically characterized by
hippocampal and temporoparietal atrophy?, whereas atypical presentations may show initial
hippocampal sparing, and cortical atrophy in regions corresponding to clinical symptoms3.
Although hippocampal and temporoparietal atrophy are commonly used MRI biomarkers in
AD, reliable imaging biomarkers ideally reflect disease state as well as underlying
pathophysiological mechanisms in AD, and should be validated in a cohort of

neuropathologically-confirmed AD subjects.

Pathologically, AD is characterised by the accumulation of amyloid-beta (AB) plaques and
phosphorylated-tau (p-tau) neurofibrillary tangles (NFT) in the grey matter®>. In addition,
neuroinflammation plays a key role in AD®’. Reactive microglia tend to proliferate and

increase with disease progression®’ and seem to reflect p-tau deposition sites®.

Studies combining MRI and positron emission tomography (PET) imaging as a proxy for
pathology showed that the load and neuroanatomical distribution of tau tracers correlate with
cortical atrophic patterns on MRI°3, while widespread cortical AB deposition® does not
correlate with cortical atrophy nor clinical presentation in clinically defined AD cases'#*>, The
effect of reactive microglia load on cortical atrophy remains elusive, since the few studies that
investigated its association with MRI atrophic patterns report contrasting results®?l’,

Unfortunately, PET imaging cannot evaluate different pathological processes together, but
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just one at each exam. As such, post-mortem histopathological examination remains the gold-

standard to diagnose AD and to evaluate the combination of different markers®® .

The aim of the current study was to assess the association between post-mortem in-situ
(within the skull) MRI cortical thickness and histopathological hallmarks in clinically-defined
and pathologically-confirmed AD subjects. Additionally, due to the clinical heterogeneity in
AD, we explored the association between neuroanatomical distribution of MRI and
pathological patterns in clinically-defined typical and atypical AD phenotypes?®. Lastly, we
investigated the coherence between ante-mortem and post-mortem patterns in a subsets of
these patients. The results of this study will increase our knowledge on the histopathological
correlates of cortical atrophy, thereby contributing to the understanding of the pathological

underpinnings of MRI atrophy patterns.

2. METHODS

Detailed methods are described in Supplementary Methods.

2.1 Donor inclusion

In collaboration with the Netherlands Brain Bank (NBB; http://brainbank.nl) we included 19

AD donors from the Amsterdam Dementia Cohort?’. The AD donors could be further
subdivided into 10 typical and 9 atypical AD donors based on clinical symptoms, of which 6
were diaghosed with the behavioural/dysexecutive variant (B/D)3, and 3 with posterior
cortical atrophy (PCA)?. Neuropathological diagnosis was confirmed by an expert
neuropathologist (A.R.) and performed according to the international guidelines of the Brain

Net Europe Il (BNE) consortium (http://www.brainnet-europe.org)?*?3. Additionally, 10 age-
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matched pathologically confirmed non-neurological controls were selected from the Normal

Aging Brain Collection Amsterdam (NABCA; http://nabca.eu)?. All donors signed an informed

consent for brain donation and the use of material and clinical information for research
purposes. The procedures for brain tissue collection of NBB and NABCA have been approved

by the Medical Ethical Committee of VUmc. For donor characteristics, see Table S1.

2.2 Post-mortem in-situ and ante-mortem in-vivo MRI acquisition

Post-mortem 3T brain in-situ MRI acquisition was acquired according to a previously described
pipeline?®> and explained in detail in the Supplementary Methods. Briefly, 3T MRI was acquired
on a magnetic resonance scanner (Signa-MR750, General Electric Medical Systems, United
States) with an eight-channel phased-array head-coil. The cortical surface was reconstructed
with FreeSurfer, version 6.0 (http://surfer.nmr.mgh.harvard.edu)?®. Moreover, 14 AD out of
19 patients included in our study had ante-mortem in-vivo 3T MRI scans available, and these
were included for comparison with post-mortem MRI. Details about these scans can be found

in Table S2.

2.3 Tissue sampling

Formalin-fixed paraffin-embedded (4%, 4 weeks fixation) tissue blocks from the following
regions of the right hemisphere were used: superior and middle frontal gyrus, anterior and
posterior cingulate gyrus, middle temporal gyrus, superior and inferior parietal gyrus,
precuneus, occipital cortex (primary visual cortex), and hippocampus (including the entorhinal
cortex, parahippocampal and fusiform gyrus as described before?’). Additionally, for 13 AD
cases (7 typical and 6 atypical), 9 formalin-fixed paraffin-embedded (4%, 24-36 hours fixation)

tissue blocks from the left hemisphere were available from the same regions as described
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above except for the hippocampus and posterior cingulate gyrus, adding the superior

temporal gyrus.

2.4 Immunohistochemistry and image analysis

The immunohistological procedures are explained in detail in the Supplementary Methods.
Briefly, 6-um thick sections were cut from the above-mentioned regions. The sections from
the right hemisphere were stained for AB (4G8), p-tau (AT8), and reactive microglia (CD68,
clone KP1). The sections from the left hemisphere were additionally collected and stained for
AB (4G8) and p-tau (AT8) (see Table S3 for information on primary antibodies). Images were
taken using a whole-slide scanner (Vectra Polaris, 20x objective) and quantified using Fiji

Image) Version 1.52r (https://imagej.nih.gov/ij). Regions of interest (ROIs) containing all

cortical layers were delineated in straight areas of the cortex to avoid over- or
underestimation of pathology in sulci and gyri, respectively?®. After colour deconvolution,
used to separate haematoxylin and 3.3’-Diaminobenzidine (DAB) channels, the
immunoreactivity of DAB staining was quantified using the auto-threshold plugin “maximum
entropy”?°. The outcome measure was the %DAB-stained area per ROIs of each section per

marker. For an overview of our workflow, see Figure 1.
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Figure 1. Workflow of the post-mortem MRI-pathology pipeline. Once the donors were included in the study,
they received a post-mortem in-situ 3T MRI, and cortical thickness was calculated with FreeSurfer?® from the 3D
Tlw image (purple box). After the MRI scan, autopsy was performed, and brain tissue was processed for
immunohistochemistry against AB, p-tau and CD68 (yellow boxes), which were quantified using Imagel. The
correlation between cortical thickness and %area of immunoreactivity was investigated via linear mixed models

(dashed grey arrow). Legend: IHC = immunohistochemistry; AR = amyloid-beta; p-tau = phosphorylated-tau.

2.5 Statistics

Statistical analyses are detailed in the Supplementary Methods, and were performed in SPSS
26.0 (Chicago, IL). Cortical thickness between groups and its association with pathology was
tested with linear mixed models (LMM) with age, gender and post-mortem delay as
covariates, and Bonferroni post-hoc correction for multiple testing. Pathological outcome

measures were compared across groups with LMM, using age and gender as covariates.
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Statistics at the brain area level were corrected for multiple comparisons using the false

discovery rate (FDR) approach3, and the corrected p-values were expressed as g-values.

3. RESULTS

3.1 Donor characteristics

Demographical, clinical, radiological, and pathological data of AD and non-neurological control
donors are summarized in Table 1. Age, disease duration and post-mortem delay did not differ
between groups, whereas gender differed between controls and AD cases (p=0.032). On MRI,
normalized brain volume (-5.4% in AD compared to controls, p=0.040), and normalized grey
matter volume (-11.6%, p=0.001), but not normalized white matter volume (p=0.735) were
lower in AD cases compared to controls. As per definition, AD cases had higher Braak NFT
stage (p<0.001), Thal phase (p<0.001) and ABC score (p<0.001) than controls. Regarding AD
phenotypes, typical and atypical AD did not differ in any demographical, radiological, and

pathological data. APOE genotype did not differ between AD phenotypes (p=0.315).

Table 1. Clinical, radiological and pathological characteristics of included donors.
Control AD Typical AD Atypical AD

Clinical characteristics

N (phenotype) 10 19 10 9 (6 B/D, 3 PCA)
Gender M/F (%M) 4/6 (40%) 16/3 (84%) * 9/1 (90%) 7/2 (78%)
APOE genotype N 9 19 10 9

€4 non-carrier 5 (56%) 7 (37%) 5 (50%) 2 (22%)

€4 heterozygous 4 (44%) 10 (53%) 4 (40%) 6 (67%)

€4 homozygous - 2 (10%) 1(10%) 1(11%)
Age at disease onset - 60+ 10 61+8 59+ 13
years, mean = SD

Age at death 697 67 £12 70+ 11 64 +12

years, mean £ SD
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Disease duration - 815 1016 63
years, mean = SD
Post-mortem delay 549 + 114 478 £ 116 520 + 95 432 + 124

minutes, mean + SD
Radiologic characteristics

NBV (L) mean = SD 1.49+0.06 1.41+0.13 * 1.42+0.13 1.40+0.14
NGMV (L) mean = SD 0.76 £ 0.04 0.67 £0.09 ** 0.68 +0.07 0.67+0.11 *
NWMV (L) mean % SD 0.72+0.03 0.73 £0.08 0.73 £0.09 0.73 £0.08

Pathological characteristics

ABC score! N 10 19 10 9
A0/1/2/3 3/6/1/0 0/0/0/19 *** 0/0/0/10 *** 0/0/0/9 ***
B 0/1/2/3 3/7/0/0 0/0/4/15 *** 0/0/3/7 *** 0/0/1/8 ***
co/1/2/3 10/0/0/0 0/0/4/15 *** 0/0/3/7 *** 0/0/1/8 ***
Thal phase* N 10 19 *** 10 *** g **
0/1/2/3/4/5 3/3/3/1/0/0 0/0/0/1/1/17 0/0/0/1/0/9 0/0/0/0/1/8
Braak NFT stage® N 10 19 Hk* 10 *** g **
0/1/2/3/4/5/6 3/6/1/0/0/0/0 0/0/0/0/4/8/7 0/0/0/0/3/3/4 0/0/0/0/1/5/3
CAA type N 10 18 10 9

Type 1/ type 2 (% type 1) 0/0 15/3 (83%) 7/2 (78%) 8/1 (89%)

Abbreviations: N= sample size; B/D= behavioral / dysexecutive variant; PCA= posterior cortical atrophy; M/F=
males/females ratio; SD= standard deviation; L= liter; NBV= normalized brain volume; NGMV= normalized grey
matter volume; NWMV= normalized white matter volume; NFT= neurofibrillary tangles; CAA= cerebral amyloid

angiopathy. *p<0.05, **p<0.01, ***p<0.001 when compared to controls.

3.2 MRI cortical atrophy of the temporo-parietal region in AD

AD donors had significantly more cortical atrophy compared to controls (-5.7%, p=0.011, see
Table S4), in the inferior (q=0.004), middle (q=0.008) and superior temporal gyrus (q=0.012),
entorhinal cortex (g=0.001), fusiform gyrus (q=0.050), inferior parietal gyrus (g=0.020), insular
cortex (g=0.043), supramarginal cortex (g=0.020) and precuneus (g=0.028) in the left
hemisphere, and in the entorhinal cortex (q=0.025) and inferior temporal gyrus (g=0.042) in
the right hemisphere (Figure 2A). Compared to controls, atypical AD cases showed significant
global cortical atrophy (-6.2%, p=0.039), while typical AD cases did not (p=0.116) (Figure 2B).

No significant difference in atrophy was found between AD phenotypes (p=1.000) (Table S4).

Vo]
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Figure 2. MRI cortical atrophy in AD. Figure (A) shows the atrophic patterns in AD compared to controls (when
typical and atypical AD were combined) across the whole cortex. The scale bar represents the p-values. No
significant differences in atrophy patterns were found between typical and atypical AD. Graph (B) shows
differences in global cortical thickness in controls, typical and atypical AD. The boxplot represents the median,
the upper and lower quartile, and the minimum and maximum values. *p<0.05 when compared to controls. For

detailed information, see Table S4.

3.3 Load and distribution of AD pathological hallmarks

As expected, AD cases had significantly higher AB (p<0.001) and p-tau load (p<0.001)
compared to controls (see Table S5). By subgroup, both typical and atypical AD had higher AB
(p=0.012 and p=0.001, respectively) (Figure 3A-C) and p-tau load (p=0.002 and p<0.001,
respectively) (Figure 3D-F) compared to controls, whereas typical and atypical AD did not

differ in AB (p=1.000) or p-tau load (p=1.000).

AD cases had a significantly higher reactive microglia load compared to controls (p=0.002, see
Table S5). By subgroup, atypical AD cases had a higher reactive microglia load than controls
(p=0.001), whereas typical AD cases did not (p=0.104) (Figure 3G-l), suggesting that the

significant difference in reactive microglia load between AD and controls was driven by the
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atypical AD group. No significant difference was found between AD phenotypes (p=0.199). For

an overview of the correlations between pathological markers, see table Table S6.
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Figure 3. Load and distribution of pathological hallmarks in AD phenotypes and controls. A-C represent the load
of AB, D-F of p-tau, and G-I of reactive microglia in the right hemisphere. In the first column (A, D and G) show
group differences in overall pathological load with boxplots showing median, the upper and lower quartile, and
the minimum and maximum values for each group; the middle column (B, E and H) show group differences across
regions; C, F and | visually show the mean pathological load on the cortical surface in typical and atypical AD
phenotypes, i.e. the same data graphically showed in the middle column. In short, we found significant
differences in AP and p-tau distribution patterns compared to controls, but not between AD phenotypes.

Additionally, atypical AD donors had an overall higher reactive microglia load compared to typical AD, which
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tended to be higher in all the regions, and the regions with the highest mean reactive microglia values were the
frontal and temporal cortex. Legend: MFG: middle frontal gyrus, SFG: superior frontal gyrus, ACC: anterior
cingulate cortex, PCC: posterior cingulate cortex, EntC: entorhinal cortex, PHG: parahippocampal gyrus, FusG:
fusiform gyrus, MTG: middle temporal gyrus, Prec: precuneus, SPG: superior parietal gyrus, IPG: inferior parietal
gyrus, OC: occipital cortex. In the first column: * (p<0.05), ** (p<0.010), *** (p<0.001) when compared to
controls. In the middle column, FDR corrected p-values: * (q<0.05), ** (q<0.010), *** (q<0.001) typical AD

compared to controls; # (g<0.05), ## (q<0.010), ## (q<0.001) atypical AD compared to controls.

3.3 Cortical thickness associates with Thal and Braak staging

In the whole cohort, the average whole-brain cortical thickness correlated negatively with
both Thal phase (rs=-0.39, R?=15%, p=0.037) and Braak NFT stage (rs=-0.40, R?=16%, p=0.030,

Figure S1), suggesting an increase in cortical atrophy with disease progression.

3.4 AB load weakly correlates with less cortical atrophy in AD

A weak positive correlation between A load and cortical thickness was found in the AD group
across regions (r = 0.19, R?=3%, p=0.010; Table S7, Figure 4A) but not in controls (p=0.165). A
similar association was found in typical AD (r = 0.22, R>=5%, p=0.022), but not in the atypical
AD (p=0.200). We found no associations within brain areas for any group. Overall, AB load

weakly correlated with less cortical atrophy in AD.

3.5 P-tau load strongly correlates with regional cortical atrophy

No associations were found between p-tau load and cortical thickness in AD (p=0.477), AD
phenotypes (p=0.144 for typical, and p=0.856 for atypical), or controls (p=0.755) across
regions. However, within regions, we observed strong significant correlations in the middle (r
=-1.00, R2=100%, q=0.001) and superior frontal gyrus (r = -0.76, R>=58%, q=0.018), and the

middle temporal gyrus (r = -0.84, R>=71%, q=0.001) in the AD group only (Table S8, Figure 4C-
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E). Overall, p-tau load strongly correlated with cortical atrophy in frontal and temporal regions

in AD.

3.6 Reactive microglia load contributes to cortical atrophy in the parietal

region

No associations were found between reactive microglia load and cortical thickness in the AD
group (p=0.487) nor controls (p=0.242) across regions. Similarly, we found no associations in
typical (p=0.747) and atypical (p=0.285) AD phenotypes. However, within regions, we found a
strong and negative significant association in the right inferior parietal gyrus in AD donors (r =
-0.94, R?=89%, q<0.001) (Figure 4B), which survived also when p-tau load was included in the
model as covariate (r = -0.86, R?=74%, g<0.001). Overall, reactive microglia load strongly

correlated with cortical atrophy in the inferior parietal gyrus in AD.
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Figure 4. MRI-pathology associations in AD. (A) Weak positive correlation between A load and cortical thickness
in the AD group across regions (shown in yellow). (B) Strong negative correlation between reactive microglia load
and cortical thickness in the inferior parietal gyrus. (C) Strong negative correlations between p-tau load and
cortical thickness in the middle frontal gyrus, (D) superior frontal gyrus, (E) and middle temporal gyrus. On the
top right of each graph, two tissue sections representing a low (left) and high (right) pathological load are shown.
Purple squares represent typical AD cases, and blue triangles atypical AD cases. A fit-line with 95% confidence

interval (dashed lines) is shown for each correlation.
3.7 Combined contribution of pathological hallmarks to cortical thickness
A regression model was run to investigate the combined contribution of AB, p-tau and reactive

microglia load on cortical thickness of each brain area, and to investigate which had the
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strongest association with cortical atrophy. While we found no associations in controls, we
found significant associations in AD in the middle frontal gyrus (r = 0.88, R>=77%, q=0.031),
and the inferior parietal gyrus (r =0.92, R?=84%, q<0.001), explaining up to 84% of the variance
in cortical thickness. In AD, p-tau load was the major contributor in the middle frontal gyrus
(g=0.007), while reactive microglia was the main contributor in the inferior parietal gyrus
(g=0.001). When the AD group was split up in typical and atypical AD, no areas showed

significant regression models.

3.8 From post-mortem in-situ to ante-mortem in-vivo

Additionally, we investigated the association between ante-mortem in-vivo and post-mortem
in-situ MRI scans of the same donor. Cortical thickness assessment of scans acquired <1 year
before death tended to have a stronger correlation with post-mortem cortical thickness than
ante-mortem scans acquired 8-10 years before death (r ranged from 0.98 in ante-mortem scan
with a 2-year interval from death to 0.69 in ante-mortem scan with a 10-year interval from
death, p<0.001 for all, Table S9). Moreover, we investigated the correlation between p-tau
load and both ante-mortem and post-mortem cortical thickness in the 3 brain areas that
showed significant correlations in our study (see Paragraph 3.5). Cortical thickness measured
from ante-mortem scans acquired shortly before death (<1 year, n=3) showed high
concordance with post-mortem cortical thickness and its relationship with histopathology,
while cortical thickness measured from ante-mortem scans acquired 8-10 years before death
(n=2) showed more discordance with post-mortem cortical thickness, especially in the middle
temporal gyrus (Figure S2A-B). In one AD case which had 3 ante-mortem scans in addition to
the post-mortem scan, we found a progressively increased pattern of discordance with more

years between ante-mortem scan and death, with an mean deviation from post-mortem
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cortical thickness of 22 um+17 at 1-month, 24 um+17 at 2-year, and 107 um+37 at 3-year

intervals (Figure S2C).

4 DISCUSSION

Using a combined post-mortem in-situ MRI and histopathology approach, we investigated the
associations between MRI cortical thickness and AR, p-tau and reactive microglia load in
clinically-defined and pathologically-confirmed AD and control donors, and explored these
associations in typical and atypical AD phenotypes. Associations between the
histopathological hallmarks and MRI cortical atrophy were found in the AD group, and not in
controls. In AD, AB and p-tau load contributed differently to cortical thickness: AB associated
weakly and diffusely with reduced cortical atrophy, while p-tau accumulation strongly
associated to regional cortical atrophy. In the cortex of AD donors, the strongest contributors
to cortical atrophy were p-tau load in the frontal and temporal cortices, and reactive microglia

load in the parietal region.

On MRI, our AD cohort showed pronounced cortical atrophy in the temporoparietal region of
the left hemisphere, consistent with the classic AD signature and independent of the

phenotypical presentation?3°.

We found a higher AB load in both AD phenotypes compared to controls, but we did not
observe a difference in AB load nor distribution between AD phenotypes, which is in line with
previous studies®®. Furthermore, we found a high p-tau load in AD excluding the occipital
cortex, consistent with the fact that this region is the last affected according to Braak NFT

staging® and 12 out of 19 of our cases not having reached this stage yet. We did not find any
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significant differences in p-tau load nor distribution in clinically-defined AD phenotypes,
although a difference in distribution has been described previously®32-3*, However, most of
those studies used pathologically-defined AD donors as opposite to our clinically-defined
cohort®3334, and the only study that used clinically-defined phenotypes did not find any
significant difference in NFT load or distribution in the B/D variant compared to typical AD

cases3?, which represents 6 out of 9 cases of our atypical AD cohort.

In line with the literature®’, we show that AD cases had a higher reactive microglia load
compared to controls, which was driven by the atypical AD group in our cohort. Atypical AD
cases had a higher reactive microglia load compared controls, while typical AD cases did not.
Neuroinflammation tends to be stronger in relatively young AD patients compared to the
oldest patients®, however our atypical cohort did not have a younger age compared to our
typical AD group. As such, the underlying disease mechanisms that lead to an increased

inflammatory response remains to be elucidated.

When associating our MRI findings with AD pathological hallmarks, we found a weak positive
association between AP load and cortical thickness in AD, suggesting that a higher AB load
associated to a slightly decreased global cortical atrophy (Figure 5). Previous studies also
reported that AB deposition is widespread across the cortex in AD, however they were not
consistent in the association with cortical atrophy nor in the direction of the association; some
PET studies showed no correlation between AB and cortical thickness or grey matter
volume®t112:36 \while other cerebrospinal fluid (CSF) studies found a positive correlation3’-41.
The latter argued the existence of a “two-phase phenomenon” along the AD continuum,
according to which cortical thickness follows a biphasic trajectory: in preclinical phases there

is a cortical thickening, suggesting a relationship with amyloid deposition, and in the late
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clinical phases cortical atrophy occurs, indicating the (additional) influence of p-tau
accumulation3’7#2, Our results being similar to these latter CSF studies is not due to the
inclusion of preclinical AD cases, since the positive association was found in our clinical AD
group, but more likely due to the use of immunohistochemical quantification. In fact,
immunohistochemistry is sensitive to pick up even small diffuse accumulations of AB (which
is limited with PET imaging**~*). Therefore, it is possible that our study revealed a positive

association between AB and cortical thickness in late clinical AD similar to preclinical AD.

We found that the regional increase in p-tau load strongly associated with cortical atrophy in
frontal and temporal regions in AD (Figure 5). These results are in line with several PET studies
which reported regional correlations between tau PET and cortical thickness or grey matter
volume®133¢, Even if the exact mechanisms of p-tau-mediated neurodegeneration are still
unclear, p-tau has been shown to be closely related to axonal transports deficits and neuronal
and synaptic loss, leading to volume loss, hence cortical atrophy?®®. A striking finding in our
study is the variance in cortical thickness explained by p-tau load, which ranges between 58%
in the superior frontal gyrus to 100% in the middle frontal gyrus, suggesting that p-tau load is
indeed one of the main contributors to cortical atrophy in AD. While temporal regions are
expected to be hit by p-tau-associated atrophy in AD3, our results indicate that frontal regions
are also particularly vulnerable to p-tau pathology, which might be due to our inclusion of

atypical AD cases of the B/D phenotype.
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Figure 5. Summary figure: differential effects of p-tau and AP load on cortical thickness in AD. Ap weakly
correlates with a reduced cortical atrophy (top; small blue arrows), while p-tau load strongly correlates with

cortical atrophy (bottom; big red arrows) in AD.

Regarding the association between cortical thickness and neuroinflammation, we found a
strong association between reactive microglia load and cortical atrophy in the parietal region
in AD. Similar findings have been reported in a PET study, where the PET marker **CPK11195
for microglial activation correlated with parieto-occipital thinning in AD, including the inferior
parietal gyrus'®. The temporoparietal region reveals neuroinflammation in AD*’, which can
contribute to structural damage. Since the temporal region is one of the first to be affected?,
any correlational analysis with structural imaging is likely to suffer from a floor effect in end-
stage AD cases!®. Therefore cortical thinning is, most likely, significantly correlated with
neuroinflammation only in parietal areas. When chronically activated, microglia tend to
transform to a dystrophic, senescent phenotype, which brings them to lose their
neuroprotective functions and to become detrimental and neurotoxic, thus accelerating the

disease course’. Senescent reactive microglia are known to release cytokines, reactive oxygen
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species and pro-inflammatory factors®, which can contribute to synaptic and neuronal loss’,

hence neurodegeneration.

To further validate our results, we explored the correlation between post-mortem and ante-
mortem cortical thickness extrapolated from scans acquired shortly before death and several
years prior to it, and its correlation to histopathology. Our findings show that post-mortem in-
situ scans showed high concordance with ante-mortem in-vivo scans acquired few months
prior to death. On the other hand, when the ante-mortem scans were acquired several years
before death, the associations showed discrepancies. To conclude, this confirms that post-

mortem MRI can be used as a proxy for in-vivo MRI%,

The main strength of this study is that MRI and gold-standard immunohistological data were
collected from the same donor at the same moment in time. All donors had pathological
confirmation of clinical diagnosis, as clinical-pathological discrepancies occur in 10% of
cases*?, and may obscure in-vivo studies. In addition, comprehensive clinical and pathological
datasets were available, and both ante-mortem and post-mortem MRI were collected for a
subset of patients, making this study encompassing clinical, pathological and radiological data.
However, there are also limitations, such as the small group sample sizes, the heterogeneity
of our atypical AD cohort, and the fact that the ante-mortem MRI scans have not been
collected systematically, having therefore slightly different parameters. Additionally, since we
used only one antibody for p-tau, glial and neuronal tau could not be differentiated, and
similarly, different AB variants were not differentiated. Moreover, we investigated three
markers that might contribute to cortical thickness changes, while it is likely that also other
cellular and molecular components contribute to cortical atrophy, such as synaptic and axonal

degeneration. Future research should therefore investigate the MRI-pathology associations in
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a larger cohort and include more neurodegenerative markers and molecular profiling to

further validate MRI atrophy patterns in AD.

Taken together, our findings show that in AD AB load correlates to a reduced global cortical
atrophy, while p-tau load is the strongest contributor to regional cortical atrophy in fronto-
temporal regions, and reactive microglia load is a strong correlate of cortical atrophy in the
parietal region. An exploration within AD phenotypes showed an increased reactive microglia
load in atypical AD, but not typical AD, compared to controls, even though no or only subtle
differences were found in MRI-pathology associations, indicating that the histopathological
correlates of cortical atrophy might be similar between AD phenotypes included in our study.
Moreover, we show that post-mortem in-situ MRI can be used as proxy for ante-mortem in-
vivo MRI. In conclusion, our results show that distinct histopathological markers correlate
differently with cortical atrophy, highlighting their different roles in the neurodegenerative
process, therefore contributing to the understanding of the pathological underpinnings of MRI

atrophic patterns.

Acknowledgments

We would like to thank all brain donors and their next of kin for brain donation, the
Netherlands Brain Bank (NBB)and Normal Aging Brain collection Amsterdam (NABCA)
autopsy teams, Tjado HJl Morrema and Danae de Gooijer for cutting sections and Martijn
Steenwijk for the lesion filling MRI script. FB is supported by the NIHR biomedical research

centre at UCLH.

21


https://doi.org/10.1101/2021.06.16.448650

bioRxiv preprint doi: https://doi.org/10.1101/2021.06.16.448650; this version posted June 17, 2021. The copyright holder for this preprint

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Conflicts

The authors declare that they have no competing interests.

Funding sources

This study was funded by PAGE-AD Alzheimer Association (Research Fellowship AARF-18-

566,459), ZonMW Memorabel (grant # 733050102), and MJFF (grant # 17253).

References

1.

Graff-Radford J, Yong KXX, Apostolova LG, et al. New insights into atypical Alzheimer’s
disease in the era of biomarkers. Lancet Neurol. 2021;20(3):222-234.

doi:10.1016/5S1474-4422(20)30440-3

Whitwell JL, Jack CR, Przybelski SA, et al. Temporoparietal atrophy: A marker of AD
pathology independent of clinical diagnosis. Neurobiol Aging. 2011;32(9):1531-1541.

doi:10.1016/j.neurobiolaging.2009.10.012

Ossenkoppele R, Pijnenburg YAL, Perry DC, et al. The behavioural/dysexecutive variant
of Alzheimer’s disease: Clinical, neuroimaging and pathological features. Brain.

2015;138(9):2732-2749. d0i:10.1093/brain/awv191

Thal DR, Riib U, Orantes M, Braak H. Phases of AB-deposition in the human brain and
its relevance for the development of AD. Neurology. 2002;58(12):1791-1800.

doi:10.1212/WNL.58.12.1791

22


https://doi.org/10.1101/2021.06.16.448650

bioRxiv preprint doi: https://doi.org/10.1101/2021.06.16.448650; this version posted June 17, 2021. The copyright holder for this preprint

10.

11.

12.

13.

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Braak H, Braak E. Neuropathological stageing of Alzheimer-related changes. Acta

Neuropathol. 1991;82(4):239-259. doi:10.1007/BF00308809

Akiyama H, Barger S, Barnum S, et al. Inflammation and Alzheimer’s disease.

Neurobiol Aging. 2000;21(3):383-421. doi:10.1016/50197-4580(00)00124-X

Heppner FL, Ransohoff RM, Becher B. Immune attack: The role of inflammation in

Alzheimer disease. Nat Rev Neurosci. 2015;16(6):358-372. d0i:10.1038/nrn3880

Boon BDC, Hoozemans JJM, Lopuhaa B, et al. Neuroinflammation is increased in the
parietal cortex of atypical Alzheimer’s disease. J Neuroinflammation. 2018;15(1).

doi:10.1186/s12974-018-1180-y

Ossenkoppele R, Schonhaut DR, Schéll M, et al. Tau PET patterns mirror clinical and
neuroanatomical variability in Alzheimer’s disease. Brain. 2016;139(5):1551-1567.

doi:10.1093/brain/aww027

Ossenkoppele R, Smith R, Ohlsson T, et al. Associations between tau, AB, and cortical
thickness with cognition in Alzheimer disease. Neurology. 2019;92(6):e601-e612.

doi:10.1212/WNL.0000000000006875

Ossenkoppele R, Lyoo CH, Sudre CH, et al. Distinct tau PET patterns in atrophy-defined
subtypes of Alzheimer’s disease. Alzheimer’s Dement. 2020;16(2):335-344.

doi:10.1016/j.jalz.2019.08.201

Whitwell JL, Graff-Radford J, Tosakulwong N, et al. Imaging correlations of tau,
amyloid, metabolism, and atrophy in typical and atypical Alzheimer’s disease.

Alzheimer’s Dement. 2018;14(8):1005-1014. doi:10.1016/j.jalz.2018.02.020

Mak E, Bethlehem RAI, Romero-Garcia R, et al. In vivo coupling of tau pathology and

23


https://doi.org/10.1101/2021.06.16.448650

bioRxiv preprint doi: https://doi.org/10.1101/2021.06.16.448650; this version posted June 17, 2021. The copyright holder for this preprint

14.

15.

16.

17.

18.

19.

20.

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

cortical thinning in Alzheimer’s disease. Alzheimer’s Dement Diagnosis, Assess Dis

Monit. 2018;10:678-687. d0i:10.1016/j.dadm.2018.08.005

Jack CR, Lowe VJ, Senjem ML, et al. 11C PiB and structural MRI provide
complementary information in imaging of Alzheimer’s disease and amnestic mild

cognitive impairment. Brain. 2008;131(3):665-680. doi:10.1093/brain/awm336

Rabinovici GD, Jagust WJ, Furst AJ, et al. AB amyloid and glucose metabolism in three
variants of primary progressive aphasia. Ann Neurol. 2008;64(4):388-401.

doi:10.1002/ana.21451

Nicastro N, Malpetti M, Mak E, et al. Gray matter changes related to microglial
activation in Alzheimer’s disease. Neurobiol Aging. 2020;94:236-242.

doi:10.1016/j.neurobiolaging.2020.06.010

Daniela Femminella G, Dani M, Wood M, et al. Microglial activation in early Alzheimer
trajectory is associated with higher gray matter volume. Published online 2019.

doi:10.1212/WNL.0000000000007133

Mirra SS, Heyman A, McKeel D, et al. The consortium to establish a registry for
Alzheimer’s disease (CERAD). Part Il. Standardization of the neuropathologic
assessment of Alzheimer’s disease. Neurology. 1991;41(4):479-486.

doi:10.1212/wnl.41.4.479

Dubois B, Feldman HH, Jacova C, et al. Advancing research diagnostic criteria for
Alzheimer’s disease: The IWG-2 criteria. Lancet Neurol. 2014;13(6):614-629.

doi:10.1016/51474-4422(14)70090-0

Van Der Flier WM, Scheltens P. Amsterdam dementia cohort: Performing research to

24


https://doi.org/10.1101/2021.06.16.448650

bioRxiv preprint doi: https://doi.org/10.1101/2021.06.16.448650; this version posted June 17, 2021. The copyright holder for this preprint

21.

22.

23.

24,

25.

26.

27.

28.

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

optimize care. J Alzheimer’s Dis. 2018;62(3):1091-1111. doi:10.3233/JAD-170850

Crutch SJ, Schott JM, Rabinovici GD, et al. Consensus classification of posterior cortical

atrophy. Alzheimer’s Dement. 2017;13(8):870-884. d0i:10.1016/j.jalz.2017.01.014

Alafuzoff |, Thal DR, Arzberger T, et al. Assessment of B-amyloid deposits in human
brain: A study of the BrainNet Europe Consortium. Acta Neuropathol.

2009;117(3):309-320. d0i:10.1007/s00401-009-0485-4

Alafuzoff |, Arzberger T, Al-Sarraj S, et al. Staging of neurofibrillary pathology in
Alzheimer’s disease: A study of the BrainNet Europe consortium. Brain Pathol.

2008;18(4):484-496. doi:10.1111/j.1750-3639.2008.00147..x

Jonkman LE, Graaf YG de, Bulk M, et al. Normal Aging Brain Collection Amsterdam
(NABCA): A comprehensive collection of postmortem high-field imaging,
neuropathological and morphometric datasets of non-neurological controls.

Neurolmage Clin. 2019;22. doi:10.1016/j.nicl.2019.101698

Jonkman LE, Kenkhuis B, Geurts JIG, van de Berg WDJ. Post-Mortem MRI and
Histopathology in Neurologic Disease: A Translational Approach. Neurosci Bull.

2019;35(2):229-243. doi:10.1007/s12264-019-00342-3

Dale AM, Fischl B, Sereno MI. Cortical surface-based analysis: |. Segmentation and

surface reconstruction. Neuroimage. 1999;9(2):179-194. doi:10.1006/nimg.1998.0395

Adler DH, Pluta J, Kadivar S, et al. Histology-derived volumetric annotation of the
human hippocampal subfields in postmortem MRI. Neuroimage. 2014;84:505-523.

doi:10.1016/j.neuroimage.2013.08.067

Arendt T, Morawski M, Gartner U, et al. Inhomogeneous distribution of Alzheimer

25


https://doi.org/10.1101/2021.06.16.448650

bioRxiv preprint doi: https://doi.org/10.1101/2021.06.16.448650; this version posted June 17, 2021. The copyright holder for this preprint

29.

30.

31.

32.

33.

34.

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

pathology along the isocortical relief. Are cortical convolutions an Achilles heel of

evolution? Brain Pathol. 2017;27(5):603-611. doi:10.1111/bpa.12442

Kapur JN, Sahoo PK, Wong AKC. A new method for gray-level picture thresholding
using the entropy of the histogram. Comput Vision, Graph Image Process.

1985;29(3):273-285. doi:10.1016/0734-189X(85)90125-2

Benjamini Y, Hochberg Y. Controlling the False Discovery Rate: A Practical and
Powerful Approach to Multiple Testing. J R Stat Soc Ser B. 1995;57(1):289-300.

doi:10.1111/j.2517-6161.1995.tb02031.x

Montine TJ, Phelps CH, Beach TG, et al. National institute on aging-Alzheimer’s
association guidelines for the neuropathologic assessment of Alzheimer’s disease: A
practical approach. Acta Neuropathol. 2012;123(1):1-11. doi:10.1007/s00401-011-

0910-3

Petersen C, Nolan AL, de Paula Franca Resende E, et al. Alzheimer’s disease clinical
variants show distinct regional patterns of neurofibrillary tangle accumulation. Acta

Neuropathol. 2019;138(4):597-612. d0i:10.1007/s00401-019-02036-6

Murray ME, Graff-Radford NR, Ross OA, Petersen RC, Duara R, Dickson DW.
Neuropathologically defined subtypes of Alzheimer’s disease with distinct clinical
characteristics: A retrospective study. Lancet Neurol. 2011;10(9):785-796.

doi:10.1016/5S1474-4422(11)70156-9

Tang-Wai DF, Graff-Radford NR, Boeve BF, et al. Clinical, genetic, and neuropathologic
characteristics of posterior cortical atrophy. Neurology. 2004;63(7):1168-1174.

doi:10.1212/01.WNL.0000140289.18472.15

26


https://doi.org/10.1101/2021.06.16.448650

bioRxiv preprint doi: https://doi.org/10.1101/2021.06.16.448650; this version posted June 17, 2021. The copyright holder for this preprint

35.

36.

37.

38.

39.

40.

41.

42.

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Hoozemans JIM, Rozemuller AJM, van Haastert ES, Eikelenboom P, van Gool WA.
Neuroinflammation in Alzheimer’s disease wanes with age. J Neuroinflammation.

2011;8. doi:10.1186/1742-2094-8-171

Xia C, Makaretz SJ, Caso C, et al. Association of in vivo [18F]AV-1451 tau PET imaging
results with cortical atrophy and symptoms in typical and atypical Alzheimer disease.

JAMA Neurol. 2017;74(4):427-436. doi:10.1001/jamaneurol.2016.5755

Montal V, Vilaplana E, Alcolea D, et al. Cortical microstructural changes along the
Alzheimer’s disease continuum. Alzheimer’s Dement. 2018;14(3):340-351.

doi:10.1016/j.jalz.2017.09.013

Pegueroles J, Vilaplana E, Montal V, et al. Longitudinal brain structural changes in
preclinical Alzheimer’s disease. Alzheimer’s Dement. 2017;13(5):499-509.

doi:10.1016/j.jalz.2016.08.010

Fortea J, Vilaplana E, Alcolea D, et al. Cerebrospinal fluid B-amyloid and phospho-tau
biomarker interactions affecting brain structure in preclinical Alzheimer disease. Ann

Neurol. 2014;76(2):223-230. doi:10.1002/ana.24186

Johnson SC, Christian BT, Okonkwo OC, et al. Amyloid burden and neural function in
people at risk for Alzheimer’s Disease. Neurobiol Aging. 2014;35(3):576-584.

doi:10.1016/j.neurobiolaging.2013.09.028

Harrison TM, Du R, Klencklen G, Baker SL, Jagust WJ. Distinct effects of beta-amyloid
and tau on cortical thickness in cognitively healthy older adults. Alzheimer’s Dement.

Published online December 15, 2020:alz.12249. doi:10.1002/alz.12249

Ingala S, De Boer C, Masselink LA, et al. Application of the ATN classification scheme in

27


https://doi.org/10.1101/2021.06.16.448650

bioRxiv preprint doi: https://doi.org/10.1101/2021.06.16.448650; this version posted June 17, 2021. The copyright holder for this preprint

43.

44,

45.

46.

47.

48.

49.

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

a population without dementia: Findings from the EPAD cohort. Alzheimer’s Dement.

Published online 2021. doi:10.1002/alz.12292

Ikonomovic MD, Klunk WE, Abrahamson EE, et al. Post-mortem correlates of in vivo
PiB-PET amyloid imaging in a typical case of Alzheimer’s disease. Brain.

2008;131(6):1630-1645. doi:10.1093/brain/awn016

Thal DR, Attems J, Ewers M. Spreading of amyloid, tau, and microvascular pathology in
alzheimer’s disease: Findings from neuropathological and neuroimaging studies. J

Alzheimer’s Dis. 2014;42:5421-5429. doi:10.3233/JAD-141461

Cairns NJ, lkonomovic MD, Benzinger T, et al. Absence of Pittsburgh compound B
detection of cerebral amyloid B in a patient with clinical, cognitive, and cerebrospinal
fluid markers of Alzheimer disease: A case report. Arch Neurol. 2009;66(12):1557-

1562. doi:10.1001/archneurol.2009.279

Wang Y, Mandelkow E. Tau in physiology and pathology. Nat Rev Neurosci.

2016;17(1):5-21. doi:10.1038/nrn.2015.1

Terada T, Yokokura M, Obi T, et al. In vivo direct relation of tau pathology with
neuroinflammation in early Alzheimer’s disease. J Neurol. 2019;266(9):2186-2196.

doi:10.1007/s00415-019-09400-2

Boon BDC, Pouwels PJW, Jonkman LE, et al. Can post-mortem MRI be used as a proxy

for in vivo? A case study. Brain Commun. 2019;1(1). doi:10.1093/braincomms/fcz030

Ikonomovic MD, Buckley CJ, Heurling K, et al. Post-mortem histopathology underlying
B-amyloid PET imaging following flutemetamol F 18 injection. Acta Neuropathol

Commun. 2016;4(1):130. doi:10.1186/s40478-016-0399-z

28


https://doi.org/10.1101/2021.06.16.448650

bioRxiv preprint doi: https://doi.org/10.1101/2021.06.16.448650; this version posted June 17, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

29


https://doi.org/10.1101/2021.06.16.448650

