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Abstract 

Background In Alzheimer’s disease (AD), MRI atrophy patterns can distinguish between amnestic (typical) and non-
amnestic (atypical) clinical phenotypes and are increasingly used for diagnosis and outcome measures in clinical trials. 
However, understanding how protein accumulation and other key features of neurodegeneration influence these imag-
ing measurements, are lacking. The current study aimed to assess regional MRI patterns of cortical atrophy across clinical 
AD phenotypes, and their association with amyloid-beta (Aβ), phosphorylated tau (pTau), neuro-axonal degeneration 
and microvascular deterioration.

Methods Post-mortem in-situ 3DT1 3 T-MRI data was obtained from 33 AD (17 typical, 16 atypical) and 16 control 
brain donors. Additionally, ante-mortem 3DT1 3 T-MRI scans of brain donors were collected if available. Regional 
volumes were obtained from MRI scans using an atlas based parcellation software. Eight cortical brain regions were 
selected from formalin-fixed right hemispheres of brain donors and then immunostained for Aβ, pTau, neurofilament 
light, and collagen IV. Group comparisons and volume-pathology associations were analyzed using linear mixed mod-
els corrected for age, sex, post-mortem delay, and intracranial volume.

Results Compared to controls, both typical and atypical AD showed volume loss in the temporo-occipital cortex, 
while typical AD showed additional volume loss in the parietal cortex. Posterior cingulate volume was lower in typical AD 
compared to atypical AD (- 6.9%, p = 0.043). In AD, a global positive association between MRI cortical volume and Aβ load 
(βs = 0.21, p = 0.010), and a global negative association with NfL load (βs = - 0.18, p = 0.018) were observed. Regionally, 
higher superior parietal gyrus volume was associated with higher Aβ load in typical AD (βs = 0.47, p = 0.004), lower middle 
frontal gyrus volume associated with higher NfL load in atypical AD (βs = - 0.50, p < 0.001), and lower hippocampal volume 
associated with higher COLIV load in typical AD (βs = - 1.69, p < 0.001). Comparing post-mortem with ante-mortem scans 
showed minimal volume differences at scan-intervals within 2 years, highlighting the translational aspect of this study.

Conclusion For both clinical phenotypes, cortical volume is affected by Aβ and neuro-axonal damage, but in opposing 
directions. Differences in volume-pathology relationships between clinical phenotypes are region-specific. The findings of this 
study could improve the interpretation of MRI datasets in heterogenous AD cohorts, both in research and clinical settings.
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Background
The hallmark of Alzheimer’s disease (AD) is neurode-
generation of cortical brain tissue, due to a cascade of 
amyloid-beta (Aβ) and phosphorylated tau (pTau) protein 
accumulation, leading to cortical atrophy. MRI measured 
atrophy shows to correlate with cognitive decline and could 
therefore be used as a diagnostic and monitoring tool in 
clinical settings as well as in  research and clinical trials 
[1–3]. Atrophy patterns are heterogenous in the clinical 
AD spectrum, which can be observed in different clinically 
defined subtypes [4, 5]. The typical AD subtype, charac-
terized by initial dominant amnestic deficits (i.e. memory 
impairment), primarily exhibits atrophy in cortical regions 
related to memory processing, such as the medial tempo-
ral regions and subsequent parietal regions [3]. In contrast, 
atypical AD subtypes, characterized by initially dominant 
non-amnestic cognitive symptoms including behavioral [6], 
dysexecutive [7], visuospatial [8] or logopenic [9] deficits, 
have shown to exhibit specific atrophy patterns in brain 
regions related to these cognitive deficits [4, 5]. For exam-
ple, compared to typical AD, both the dysexecutive and 
behavioral subtypes show frontal atrophy, with the former 
exhibiting broader cortical involvement and the latter a 
more focal pattern [6, 7, 10]. Whereas the visuospatial sub-
type primarily shows a more occipital-parietal or occipito-
temporal pattern [8]. One of the lesser understood aspects 
of these differential atrophy patterns is their relationship 
to the neuropathological features of AD. Previous research 
has focused primarily on the impact of hallmark features of 
AD, namely the accumulation of Aβ and pTau proteins, on 
subtype-specific atrophy patterns [11–13]. These studies 
suggest that the distribution patterns of pTau, rather than 
Aβ, play a key role in differentiating AD subtypes, and are 
strongly associated with atrophy patterns. In addition to 
the pathological protein accumulations, additional neuro-
degenerative features likely contribute to subtype-specific 
atrophy patterns in AD, such as neuro-axonal degeneration 
and microvascular deterioration.

One key non-protein accumulating pathological fea-
ture in AD is neuro-axonal degeneration [14, 15]. A 
decrease in axonal function impairs cellular transport 
and signal transduction, leading to neurodegeneration 
[16–18]. Neuro-axonal degeneration has been especially 
well characterized by studies focusing on the neuro-
cytoskeletal protein marker neurofilament light (NfL) 
[19–21]. Primarily studied in CSF and plasma, NfL levels 
have been shown to increase with higher atrophy rates in 
AD [22, 23]. A study by Paterson, Toombs [24] showed 
different levels of CSF NfL between typical and atypi-
cal AD, and its subtypes, suggesting NfL has a differen-
tial involvement across AD subtypes. However, regional 
neuro-axonal degeneration patterns in the AD subtypes, 
and their link to local atrophy patterns are still unclear.

Another feature of interest, which has been shown to 
correlate with volume loss in AD, is vascular pathology 
[25, 26]. This involves the degradation of vascular organi-
zation and decrease in cerebral blood flow. Previous stud-
ies have highlighted microvascular deterioration as a key 
factor in AD vascular pathology [27, 28]. Here, microvas-
cular health (measured as vessel density, diameter, and 
wall thickness) was shown to be significantly deteriorated 
in AD compared to controls, and correlated with corti-
cal volume loss in a region-dependent manner [27, 28]. 
It is therefore crucial to study the regional differences in 
microvascular alterations and its association with atro-
phy between clinical phenotypes, as it could be a valuable 
marker to distinguish between clinical AD groups.

The current study aims to investigate atrophy patterns 
in clinically defined AD subtypes and their association 
not only with regional Aβ and pTau protein accumula-
tion, but also with patterns of neuro-axonal and micro-
vascular degeneration. We hypothesize to find regional 
differences in atrophy-pathology associations in typical 
and atypical AD phenotypes.

To investigate these patterns, our study utilized a 
unique post-mortem cohort of clinically defined and 
pathologically confirmed AD cases in comparison with 
non-neurological controls. We determined the atrophy-
pathology association through post-mortem in-situ 
MRI volume measurements and immunohistochemi-
cally quantified pathological features of Aβ and pTau 
protein aggregation, neuro-axonal degeneration, and 
microvasculature deterioration. Finally, we assessed the 
translational capability of this study by investigating the 
agreement between post-mortem and ante-mortem vol-
ume measurements.

The results of this study will further characterize the 
volume-pathology associations and identify possible 
distinctions between AD clinical phenotypes, which is 
crucial for future improvements of diagnosis and treat-
ments by attempting to connect atrophy patterns with 
underlying pathology. This study will further highlight 
MRI measured volume loss as an important neuroimag-
ing biomarker to assess AD clinical phenotypes in both 
research and clinical settings.

Material & methods
Donor inclusion
In collaboration with the Netherlands Brain Bank (NBB; 
http:// brain bank. nl) we included 33 AD donors, 26 of 
whom were from the Amsterdam Dementia Cohort 
[29]. In this cohort, Alzheimer patients were diagnosed 
as previously described [30]. In short, clinical diagnosis 
was established through consensus by a multidiscipli-
nary team which included clinical, radiological, genetic 
and CSF biomarker perspectives. The AD donors can be 

http://brainbank.nl
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subdivided into 17 typical and 16 atypical AD donors on 
the basis of identified initial dominant clinical symptoms, 
which was reviewed by a clinical neurologist (F.H.B.). The 
atypical AD cases comprised of three cases diagnosed 
with the behavioral variant, five with the dysexecutive 
variant, four with the logopenic variant, and four with the 
visuospatial variant [5]. Neuropathological diagnosis was 
confirmed and concomitant pathologies were identified 
by an expert neuropathologist (A.J.M.R.) and performed 
according to the international guidelines of the Brain 
Net Europe II (BNE) consortium [31, 32]. This includes 
assessment of cytoarchitecture abnormalities and scoring 
of amyloid, tau, alpha-synuclein and TAR DNA-binding 
protein 43 (TDP- 43) pathology throughout brain sec-
tions sampled from frontal, parietal, temporal, occipital, 
limbic, brainstem and cerebellar regions. Additionally, 
16 age and sex-matched and pathologically confirmed 
non-neurological controls were selected from the Nor-
mal Aging Brain Collection Amsterdam (NABCA; http:// 
nabca. eu) [33]. 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 Amster-
dam UMC (formerly known as VUmc). Available clinical 
reports of donors were used to obtain clinical dementia 
rating scores when mentioned.

Post‑mortem in‑situ and ante‑mortem in vivo MRI 
acquisition
Post-mortem 3T in-situ (brain in cranium) MRI scans 
were acquired according to a previously described pipe-
line [33]. Briefly, the following 3T scans (Signa-MR750, 
General Electric Medical Systems, United States) were 
acquired with an eight-channel phased-array head-coil: 
(i) a sagittal 3D T1-weighted fast spoiled gradient echo 
sequence [repetition time (TR) = 7 ms, echo time (TE) 
= 3 ms, flip angle = 15°, 1-mm-thick axial slices, in-plane 
resolution = 1.0 × 1.0  mm2, acquisition time = 5 min and 
seconds]. Moreover, 26 out of 34 AD cases included in 
our study had ante-mortem in-vivo 3T MRI scans avail-
able, see supplementary Table 1 for acquisition details.

MRI brain volume quantification
Post-mortem and ante-mortem 3D T1 images were auto-
matically segmented using QyScore® software, developed 
by Qynapse (https:// qynap se. com/ qysco re, [34, 35]). The 
QyScore® platform utilizes a combination of algorithms 
including voxel wise probabilistic modeling for tissue 
type classification (gray matter, white matter, and CSF), a 
competitive region growing algorithm (hippocampus and 
amygdala for this study), and convolutional neural net-
work deep learning approaches to provide quantitative 

measures for additional subcortical regions, brainstem, 
and cerebellum [36].

T1-weighted 3D MR images underwent N4 bias-cor-
rection for contrast inhomogeneity, tissue type classifi-
cation was modelled on these corrected tissue intensity 
profiles and neuroanatomical probability maps. Spatial 
normalization was performed in two stages to account 
for morphological variability: first, an affine transforma-
tion aligned images to MNI152 space, followed by a non-
linear registration for fine-scale anatomical alignment. 
GM probability maps were thresholded based on indi-
vidual corrected tissue intensity profiles to create binary 
masks, which were then non-linearly spatially matched 
to the AAL3 atlas [37] in MNI152 space using nearest-
neighbor mapping for discrete cortical region labeling.

The quantitative measurements of the global, lobular 
and subcortical atrophy were expressed either as raw 
volumes (ml), as a percentage of the intracranial volume 
(%ICV), or as population-normed z-scores and percen-
tiles resulting from the comparison to a large database of 
healthy age- and sex-matched controls. The AAL3 brain 
atlas regions were provided in this study as raw volumes 
(ml). Correctness of anatomical boundaries of segmen-
tations and parcellations masks were manually quality 
checked for each MR image. Additionally, visual MRI 
scores (Global cortical atrophy, parietal cortical atrophy, 
medial temporal lobe atrophy and Fazekas score) were 
determined by a clinical radiologist (F.B.).

Tissue Sampling
After MRI acquisition, autopsy was performed, all within 
12 h after death. Fixated right brain hemispheres (four 
weeks in 4% buffered PFA) were cut into 1 cm sections 
and dissected into tissue blocks by a neuropathologist 
(A.J.M.R.) for the NBB AD cases and by a neuroanato-
mist (W.v.d.B.) for the NABCA control cases. Tissue was 
subsequently paraffin-embedded as previously described 
[33]. The following regions of the right hemisphere were 
included for the current study: middle frontal gyrus 
(GFM), middle temporal gyrus (GTM), superior parietal 
gyrus (GPS), posterior cingulate gyrus (PCC), precuneus 
(Precun), primary visual cortex of the occipital cortex 
(OC), hippocampus (Hip; tissue block also includes the 
entorhinal and parahippocampal gyrus).

Immunohistochemistry
Six µm sections from the above-mentioned regions were 
cut and mounted on superfrost + glass slides (Thermo 
Scientific USA). Sections were stained for Aβ (clone 4G8, 
Biolegend USA, 1:8000), pTau (clone AT8, Thermo Sci-
entific USA, 1:800), NfL (NfL, Synaptic Systems 1:600) 
and Collagen IV (COLIV, Abcam UK, 1:2000). Sections 
underwent heat induced epitope retrieval (HIER) for 30 

http://nabca.eu
http://nabca.eu
https://qynapse.com/qyscore


Page 4 of 18Reijner et al. Alzheimer’s Research & Therapy           (2025) 17:93 

min in a steamer in pre-heated 10 mM Citrate Buffer pH 
6.0 (4G8, AT8 and COLIV) or 10 mM Tris–EDTA buffer 
pH 9.0 (NfL). The sections were blocked for endogenous 
peroxidase using 0.3% hydrogen peroxide in tris buffered 
saline (TBS; pH 7.6) and consequently blocked for non-
specific binding using 1% normal goat serum and 0.5% 
Triton X. Primary antibodies were diluted in blocking 
serum and incubated overnight at 4 °C. Primary anti-
bodies were detected using EnVision (Dako, Glostrup, 
Denmark), and visualized using 3.3’-Diaminobenzi-
dine (DAB, Dako) with Imidazole (50 mg DAB, 350 mg 
Imidazole and 1 μl of H2O2 per 100 ml of Tris–HCl 30 
mM, pH 7.6). Between steps, TBS was used to wash the 
sections. After counterstaining with haematoxylin, the 
sections were dehydrated and mounted with Entellan 
(Merck, Darmstadt, Germany).

Pathological quantification
Images were taken using a whole-slide scanner (Vectra 
Polaris, 20 × objective) and quantified using QuPath Ver-
sion 4.3 (https:// qupath. github. io/). Regions of interest 
containing all cortical layers were delineated in straight 
areas of the cortex, to avoid over- or underestimation of 
pathology in sulci and gyri, respectively [38]. Hippocam-
pus sections were segmented into hippocampus proper 
(including dentate gyrus, cornu ammonis (CA) 1–4, 
subiculum and parasubiculum) and parahippocampal 
regions (entorhinal cortex and parahippocampal gyrus 
combined) according to previously anatomical character-
istics, and to match MRI annotated regions [39, 40].

Using a QuPath pixel classifier function, a model was 
trained on a representative subset of the data to quantify 
the DAB positive signal. For each immunohistochemical 
(IHC) marker, the outcome measure was the % of immu-
noreactivity per area of interest (area%) for each brain 
region. For microvasculature wall thickness and vessel 
area quantification, horizontally cut vessels were auto-
matically isolated according to vessel shape characteris-
tics, and manually quality checked with a minimum of at 
least three vessel detections per section. Wall thickness 
was quantified using FIJI 1.54 [41] with the vessel analy-
sis plugin (version 1.1) adapted for an automated pipeline 
for the current data. Vessel area was estimated using area 
measurements of the best rectangular fit to the vessel. 
Vessel wall thickness and the square root of the vessel 
wall area were then used to create the wall thickness/area 
ratio measurement.

In summary, the IHC outcome measures were immu-
noreactivity (area%) of Aβ, pTau, NfL and COLIV, as 
quantification of pathological load, neuro-axonal degen-
eration, and microvascular density (Fig. 1). For microvas-
cular density, additional outcome measures were vessel 
wall thickness, vessel area, and the thickness/area ratio.

Semi‑quantitative scoring of Aβ plaques
To assess the heterogeneity in Aβ plaque deposits, such 
as diffuse, classic, coarse grained, subpial, perivascular 
and cerebral amyloid angiopathy (CAA, type 1 or type 
2) Aβ depositions [42, 43], a semi-quantitative analysis 
of Aβ plaque morphology was performed. Each sec-
tion was assessed at a  (digital) magnification of 100x. 
coarse-Aβ plaque morphologies were scored on a 
“CERAD-like” 4-point scale: 0 = none; 1 = very sparse 
(limited to moderate amount [2–5] of localized deposi-
tions, or a few sporadic singular depositions through-
out the cortical region); 2 = sparse (moderate amount 
of depositions in several areas throughout the cortical 
region); 3 = frequent (depositions covering (almost) the 
entirety of cortical area, subpial area or vessels > 75%) 
[44]. Scoring was performed blinded to case identity 
over the entire section (N.R.). A second assessor (L.J.) 
performed scoring on a subset of cases to assess intra-
rater and inter-rater agreement.

Statistical analysis
Statistical analyses were performed in Rstudio Version 
4.3.2. Group differences between typical AD, atypical 
AD and controls were assessed. Subsequent analy-
sis of clinical subtypes within the atypical phenotype 
group could only be approached using exploratory 
analysis without statistical testing due to small sam-
ple sizes. Cohort characteristics were analyzed using 
linear regression models for continuous data, and 
Fisher’s exact test for categorical data. All AAL3 atlas 
regional volume differences between typical AD, atypi-
cal AD and controls were assessed using linear regres-
sion models and presented as Cohen’s D effect sizes. 
Due to large volume differences between regions, brain 
volumes were scaled to the mean of the control group 
for each region, which was set at 100%. For both MRI 
volume (lobar and selected regions) and immunohis-
tological measurements, group differences between 
typical AD, atypical AD and controls were assessed 
using linear mixed models with a random intercept 
for subjects, with an added regional interaction term 
when analyzing regional differences. Post-hoc analysis 
were performed using the models estimated marginal 
means. Semi-quantitative scores of amyloid mor-
phology frequency were assessed using Fisher’s exact 
test. The strength of the inter-rater and intra-rater 
agreement was tested using the intraclass correlation 
coefficient (ICC), and magnitude of effect size was 
interpreted according to suggestions described by Koo 
& Li [45],ICC < 0.5 = poor, 0.5 < ICC < 0.75 = moder-
ate, 0.75 < ICC < 0.9 = good, ICC > 0.9 = excellent. Vol-
ume-pathology associations were assessed using linear 
mixed models with a groupwise interaction term and 

https://qupath.github.io/
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random intercepts for subjects, a regional interaction 
term was added when analyzing regional associations. 
Standardized regression coefficients (βs) were calcu-
lated with a model refit which used the standardized 
version of the data, processed using the “parameters” 
R package, improving interpretability by allowing a 
one-unit increase in a variable to be equal to its stand-
ard deviation. A p-value of ≤ 0.05 was considered sig-
nificant throughout all analyses and were corrected for 
multiple comparison testing using the false discovery 
rate (FDR) method in a groupwise fashion (e.g. control, 
typical and atypical AD). All analyses including patho-
logical data were corrected for age at death and sex; all 
analyses including MRI data were corrected for age at 
death, sex, post-mortem delay (PMD) and intracranial 
volume (ICV).

Results
Cohort characteristics
Demographical, clinical, pathological, and radiological 
characteristics of included donors are summarized in 
Table 1 and in detail per case in supplementary Table 2. 
An apparent lower percentage of females was observed 
in both typical AD (− 50%) and atypical AD (− 37.5%) 
compared to controls, but this difference in sex propor-
tion was not significant. Both age at death and post-
mortem delay did not differ between control and both 
AD groups. Clinical dementia rating (CDR) scores did 
not differ between typical and atypical AD. Atypical AD 
cases showed a shorter disease duration compared to 
typical AD (p = 0.001). The atypical AD group showed a 
higher occurrence of APOE4 carriers compared to con-
trols (p = 0.032). By definition, AD pathological scores 

Fig. 1 Quantification of pathological markers. A Examples of imaged pathology and matching quantification results for Amyloid-β, pTau, NfL 
and COLIV. Positive signal % over a given area is quantified as area %. B Examples of best rectangle fit and vessel wall thickness measurements 
in COLIV positive vessels
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of Braak NFT stage, Thal Aβ phase and CAA-type were 
higher in both AD groups when compared to controls 
(all p < 0.001). Braak Lewy Body (LB) stage did not dif-
fer between both AD and control groups. Furthermore, 
normalized whole brain volume (typical AD: − 13.25%, 
p < 0.001; atypical AD: − 12.96%, p < 0.001), gray 

matter volume (typical AD: − 10.7%, p < 0.001; atypi-
cal AD: − 13.18%, p = 0.002), and white matter volumes 
(typical AD: − 16.67%, p < 0.001; atypical AD: − 12.67%, 
p = 0.002) were lower in both AD groups compared to 
controls. Medial temporal lobe atrophy score was higher 
in the AD groups compared to controls (typical AD: p = 

Table 1 Cohort characteristics

Data is noted as mean (± standard deviation) [range] or count (ratio %)

NA not available or not applicable, behav behavioral subtype, dysex dysexecutive subtype, logo logopenic subtype, visuo visuospatial subtype NFT Neurofibrillary 
Tangle, LB Lewy Body, LATE Limbic-predominant Age-related TDP- 43 Encephalopathy, ICV Intracranial Volume

Significance between control and AD phenotypes is denoted with * = p ≤ 0.05, ** = p ≤ 0.01, *** = p ≤ 0.001 and between AD groups similarly with^ 

Control Typical AD Atypical AD
n = 16 n = 17 n = 16

Sex
(Female)

8
(50%)

4
(23.5%)

5
(31.2%)

Age at death
(In years)

71 (± 8)
[59–85]

69 (± 11)
[53–89]

66 (± 10)
[37–78]

Age at Onset
(In years)

NA 61 (± 10)
[46–81]

61 (± 10)
[32–74]

Disease duration
(In years)

NA 8 (± 3)
[2–14]

4 (± 3)^
[1–10]

Clinical Dementia Rating Scale
NA/0/1/2/3

NA 6/0/5/2/4 2/0/3/2/9

Clinical Subtyping
NA/Behav/dysex/logo/visuo

NA NA 1/3/5/3/4

APOE genotyping
APOE4 carrier

4 (26.6%) 10 (58.8%) 11 (68.8%)*

Post‑Mortem delay
(Hours:minutes)

8:13 (± 1:51) 8:12 (± 1:25) 7:42 (± 1:46)

MRI
Normalized Whole Brain Volume
% ICV

70.2 (± 4.5) 60.9 (± 5.6)*** 61.1 (± 7.7)***

Normalized Gray Matter Volume
% ICV

40.2 (± 3.3) 35.9 (± 3.3)*** 34.9 (± 5.5)**

Normalized White Matter Volume
% ICV

30.0 (± 1.9) 25.0 (± 4.3)*** 26.2 (± 4.1)**

Global Cortical Atrophy
0/1/2/3/4

13/3/0/0 2/10/4/1*** 5/6/2/3*

Parietal Cortical Atrophy
0/1/2/3/4

10/5/1/0 0/9/6/2*** 1/4/8/3***

Medial Temporal Lobe Atrophy
0/1/2/3/4

9/6/1/0/0 1/5/4/4/3** 1/5/4/5/1**

Fazekas
0/1/2/3

6/3/7/0 6/5/1/5* 4/3/6/3

Pathology
Braak NFT stage
0/1/2/3/4/5/6

3/10/3/0/0/0/0/ 0/0/0/0/3/5/9 *** 0/0/0/0/1/6/9 ***

Thal Aβ phase
0/1/2/3/4/5

3/7/4/2/0/0 0/0/0/1/0/16 *** 0/0/0/0/2/14 ***

Braak LB stage
0/1/2/3/4/5/

14/2/0/0/0/0/ 14/0/1/0/1/1/ 13/0/0/1/0/2

LATE stage
0/1/2/3

16/0/0/0 11/2/3/1 13/1/1/1

CAA‑Type
0/1/2

13/1/2 1/14/2 *** 0/10/6 ***
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0.002; atypical AD: p = 0.002), and the Fazekas score was 
higher in the typical AD group (p = 0.016) but not in the 
atypical AD group when compared to controls.

MRI measured brain volume
When assessing lobar volume, compared to controls, 
both AD phenotype groups showed lower volume in the 
temporal (typical AD: -11.42%, p = 0.007; atypical AD: %, 
p = 0.007), insular (typical AD: -14.31%, p = 0.030; atypi-
cal AD: -22.91%, p = 0.002) and limbic lobes (typical AD: 
-7.57%, p = 0.005; atypical AD: − 8.10%, p = 0.005), only 
the typical AD group showed a lower parietal lobe vol-
ume (-11.11%, p = 0.042) (supplementary Table 3). There 
was no observed difference in lobar volume between typ-
ical and atypical AD. Variation between atypical subtypes 
was observed to be most pronounced in the insular lobe 
(supplementary Fig. 1).

Differences between typical AD, atypical AD, and con-
trols were explored for all AAL3 atlas regions are shown 
in Fig. 2. Both AD groups showed a generally lower vol-
ume compared to controls, most pronounced in limbic, 
parietal, and temporal regions. AD phenotype groups 
showed only minor differences, primarily in limbic 
regions, which were not significant. See supplementary 
Table 4 for all regional significant differences after multi-
ple comparison.

In addition to the  analysis of all AAL3 atlas regions 
analysis, we assessed volume differences restricting to 
brain regions used for histopathological quantification 
(Fig.  2 regions with red box), where both AD groups 
showed lower overall cortical volume when compared 
to controls (typical AD: -14.17%; atypical AD: -11.4%, 
both p < 0.001), see Fig.  3A. Regionally, the hippocam-
pus (typical AD: -38.63%; atypical AD: -34.15%, both p < 
0.001), parahippocampus (typical AD: − 13.3%, p < 0.001; 
atypical AD: − 7.11%, p = 0.003), middle temporal gyrus 
(typical AD: − 10.39%; atypical AD: − 12.45%, both p = 
0.003), and occipital cortex (typical AD: − 9.35%, p = 
0.005; atypical AD: -7.95%, p = 0.017) showed lower vol-
ume in both AD phenotypes compared to controls. The 
superior parietal gyrus showed a lower volume in typical 
AD compared to controls (− 19.92%, p = 0.018), which 
was not observed in the atypical group. The posterior 
cingulate gyrus had a lower volume in typical AD com-
pared to atypical AD (-6.93%, p = 0.043) and controls 
(-7.76%, p = 0.005). Exploring the subtypes within the 
atypical AD group, the behavioral, logopenic and visuos-
patial group subtypes showed an overall lower regional 
volume compared to the dysexecutive group, especially 
in the hippocampus (-20.53% on average), middle frontal 
gyrus (-14.95% on average) and occipital cortex (-12.24% 
on average) (Fig. 3C and supplementary Table 3). In addi-
tion, the visuospatial group showed an overall lower 

regional volume compared to the average of the other AD 
subtypes, especially evident in the superior parietal gyrus 
(-17.09% on average). Correlations between MRI meas-
ured volume and visual assessed atrophy scores showed 
good concordance, see supplementary Table 5.

Histopathological load and distribution
Global load of all pathological markers (Aβ, pTau NfL and 
COLIV) was higher in both AD phenotype groups com-
pared to controls (all p < 0.05, Fig. 4A, D, G, J). There was 
a pattern of higher global pathological load in atypical 
AD compared to typical AD for all markers, but this was 
only significant for COLIV (+ 13.66%, p = 0.040) (Fig. 4J).

Regionally, the load of pathological markers was higher 
in atypical AD compared to typical AD in several areas. 
pTau load was increased in the precuneus (+59.91%, 
p = 0.018) and posterior cingulate cortex (+39.44%, p = 
0.048). NfL levels were elevated in the middle tempo-
ral gyrus (+20.08%, p = 0.015), while COLIV load was 
higher in the superior parietal gyrus (+27.00%, p = 0.037 
and +17.09%, p = 0.033). Differences in load and distri-
bution between atypical subtypes were examined in an 
exploratory observational approach, revealing a distinctly 
higher pTau load in the occipital cortex in the visuospa-
tial phenotype compared to all other subtypes (Fig.  4F, 
with additional visual details in Supplementary Fig.  2). 
A comprehensive overview of mean pathological marker 
load for each group is available in Supplementary Table 3.

No significant regional differences for Aβ were 
observed between AD phenotypes. Semi-quantitative 
analysis of Aβ plaque morphology revealed a higher 
global classical cored plaque frequency in the atypi-
cal AD group compared to typical AD across all regions 
(p < 0.001). However, regionally no significant differences 
between typical and atypical AD groups were found (sup-
plementary Fig. 3).

Further investigation of microvascular deterioration 
was done by analyzing the ratio value between the ves-
sel lumen (vessel area) and the vessel wall diameter. No 
difference between groups were observed (supplemen-
tary Fig.  4 A), except for the precuneus where both AD 
phenotype groups showed a lower mean ratio value than 
controls (typical AD: -14.27%; atypical AD -15.18%, both 
p = 0.003). Exploratory analysis indicated regional vari-
ability in ratio between atypical subtypes (supplemen-
tary Fig. 4B). A significant negative correlation was found 
between ratio value and Aβ load across whole AD group 
(r = -0.145, p = 0.050), which was driven by atypical AD 
(r = -0.290, p = 0.005) (supplementary Table  6). Addi-
tionally, ratio value showed a negative association with 
CAA severity score in both typical (r = -0.536, p < 0.001) 
and atypical AD (r = -0.353, p < 0.001) (supplementary 
Table 7).
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Association between MRI volume and pathological 
markers
When assessing global associations (i.e., across all 
selected regions) a positive association between volume 
and Aβ load was found in both AD phenotypes, but 
the effect was only significant in the typical AD group 
(typical: βs = 0.211, p = 0.010; atypical: βs = 0.160, p = 
0.063). A negative association between global volume 

and NfL load was found in both AD phenotypes, but 
the effect was only significant in the atypical AD group 
(typical: βs = − 0.130, p = 0.071; atypical: βs = − 0.176, 
p = 0.018). No significant associations were found 
between global volume and pTau or COLIV load, nor 
for the control group with any marker (all p > 0.05, see 
Fig. 5 for all results).

Fig. 2 Group Comparisons of regional volume between controls and clinical AD phenotype groups. AAL3 atlas regions are grouped by lobes 
and brain structures and sorted in alphabetical order. Comparisons in order from outer ring to inner ring: control vs typical AD, control vs atypical 
AD, typical AD vs atypical AD. Volume differences are displayed as Cohen’s D effect sizes, with negative effect size (blue) denoting a lower volume 
in the second group of each paired comparison. Significant group differences are annotated with * = p ≤ 0.05, corrected for multiple comparisons. 
Highlighted in red boxes are regions selected for association with pathological quantification
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A detailed overview of regional associations between 
volume and pathology can be found in Fig.  6 and sup-
plementary Table  8. In summary, a positive association 
between volume and Aβ load was found in the hip-
pocampus for both clinical AD phenotypes (typical: βs 
= 0.718, p = 0.005; atypical: βs = 0.718, p = 0.004), and in 
the superior parietal gyrus in typical AD (βs = 0.471, p = 
0.004). No significant associations were found between 
regional volume and pTau load after correction for 

multiple comparisons. Hippocampal volume associated 
negatively with NfL load in both clinical AD phenotypes 
(typical: βs = -0.585, p < 0.001; atypical: βs = -0.574, p = 
0.004). In the middle frontal gyrus, a negative associa-
tion with NfL load was found in atypical AD (βs = -0.496, 
p = 0.011). Exploring this data further, no specific atypi-
cal subtype showed to be driving this effect (supplemen-
tary Fig.  5). Hippocampal volume negatively associated 
with COLIV load, only in typical AD (βs = -1.691, p < 

Fig. 3 Global and regional cortical MRI volume of selected regions. Global data indicates all eight selected regions combined. A boxplots of cortical 
MRI volume as % of control mean, which was set at 100% for each region. B Radar plot of clinical phenotypes visualizing control, typical and atypical 
AD. C Radar plot visualizing atypical subtypes, namely dysexecutive, behavioral, logopenic and visuospatial groups. Radar plots denote the mean 
volume for each region per group. * = p ≤ 0.05, ** = p ≤ 0.01, *** = p ≤ 0.001. Hip = hippocampus, ParaHip = parahippocampal gyrus, GFM = middle 
frontal gyrus, GTM = middle temporal gyrus, GPS = superior parietal gyrus, Precun = precuneus, PCC = posterior cingulate cortex, OC = occipital 
cortex
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Fig. 4 Pathological load of cortical Aβ, pTau, axonal damage and microvascular deterioration in AD phenotypes and controls. Boxplots 
of immunoreactivity of histological markers Amyloid beta (A) pTau (D) NfL (G) and COLIV (J) as area% load in selected brain regions in control 
and AD phenotype groups (behavioral, dysexecutive, logopenic and visuospatial). Radar plots showing the distribution of pathology load 
among control, typical AD, atypical AD (B, E, H, K), and distinct subtype groups (C, F, I, L). * = p ≤ 0.05, ** = p ≤ 0.01, *** = p ≤ 0.001. Hip 
= hippocampus, ParaHip = parahippocampal gyrus, GFM = middle frontal gyrus, GTM = middle temporal gyrus, GPS = superior parietal gyrus, Precun 
= precuneus, PCC = posterior cingulate cortex, OC = occipital cortex
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0.001). To further assess this association, the hippocampi 
of typical AD cases were visually examined for COLIV 
immunoreactivity, revealing an observed increase in 
COLIV-positive vessel count (supplementary Fig. 6).

Post‑mortem MRI as proxy for ante‑mortem MRI
To assess the coherence of post-mortem in-situ MRI 
with ante-mortem in vivo MRI derived brain volumes, 
global and regional differences of ante to post-mortem 
scan volume was assessed. At a scan interval within 
two years, 100% of cases had an ante- to post-mortem 
global (i.e., volume across all studied regions) volume 
difference below 10%. At intervals higher than two 
years, the majority (62% of cases) had a global volume 
difference exceeding 20% (Fig.  7). When assessing the 

regional volume of ante- to post-mortem differences, 
most regions showed small differences (< 10%) at a scan 
interval within two years, including the hippocampus. 
However, the superior parietal gyrus showed a larger (< 
20%) difference within two years in 40% of cases. This 
percentage increases to 80% of cases at scan intervals 
above two years. The hippocampus showed the largest 
volume differences at longer time intervals, ranging up 
to an ante- to post-mortem difference of 320% (Fig. 7).

Discussion
In this post-mortem MRI and immunohistochemis-
try study, we investigated the association between MRI 
atrophy patterns and immunohistochemical markers for 
Aβ and pTau aggregation, neuro-axonal damage, and 

Fig. 5 Global volume-pathology associations for AD clinical phenotypes. A Results of multilevel model for control and AD phenotype groups for each 
immunohistological marker. Data are presented as β (± SE) for volume change rates or as βs (± SE) for standardized volume change rates. Significant 
results are displayed in bold. B Scatter plots and regression slopes of each immunohistological marker for controls and AD phenotype groups

Fig. 6 Regional Volume-Pathology associations for AD clinical phenotypes. Standardized betas of volume-pathology associations are presented 
in a heatmap to provide a better overview of all regional associations. For each significant association, scatterplots with regression lines are plotted. 
By definition, control cases have little-to-no pTau load in the selected regions therefore control volume-pathology associations for pTau are 
not included and are designated by the – sign. Hip = hippocampus, ParaHip = parahippocampal gyrus, GFM = middle frontal gyrus, GTM = middle 
temporal gyrus, GPS = superior parietal gyrus, Precun = precuneus, PCC = posterior cingulate cortex, OC = occipital cortex

(See figure on next page.)
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Fig. 6 (See legend on previous page.)
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microvascular alterations, in patients with clinical AD 
phenotypes. Using MRI-measured volume, we observed 
a global positive association with Aβ and a negative asso-
ciation with NfL, with minimal differences across AD 
clinical groups. Furthermore, regional differences in vol-
ume-pathology associations between phenotypes were 
observed: only in typical AD, a higher superior parietal 
gyrus volume was associated with higher Aβ load, and 
a lower hippocampal volume with higher COLIV load; 
only in atypical AD, a lower middle frontal gyrus volume 
was associated with higher NfL load.

As expected, compared with controls, AD donors pre-
sented decreased cortical volume, specifically in the lim-
bic, temporal, parietal and occipital regions. While we 
did find parietal atrophy selectively in typical AD, clini-
cal AD phenotype groups did not show distinctly differ-
ent patterns of atrophy as would be expected on the 
basis of the literature (e.g. less hippocampal or more 
pronounced frontal atrophy in atypical AD) [4, 5, 46, 47]. 
An explanation could be the advanced AD disease stage 
of our cohort; in early stages, atrophy and pathology pat-
terns might be selective to specific brain regions [46, 47], 
whereas more diffuse brain atrophy occurs at later stages 
of the disease [1, 2, 48], masking the initial regional vol-
ume differences between phenotypes.

However, a lower posterior cingulate cortex volume 
was observed in typical AD compared to atypical AD. 
This highly connected region plays a key role in auto-
biographical memory and multiple brain networks 
and is often affected early in AD, particularly in rela-
tion to default mode network disruptions and changes 
in metabolic activity [49–51]. Notably, dysconnectiv-
ity in AD is increasingly recognized as a key driver of 
disease progression, possibly even shaping distinct AD 
phenotypes, with the posterior cingulate potentially 
playing a crucial role in these network disruptions [52, 
53]. Furthermore, previous findings indicate that pos-
terior cingulate pathology as well as atrophy, can dif-
ferentiate between typical AD and other dementias, 
such as patients within the spectrum of frontotemporal 
dementia (FTD), particularly semantic dementia [54, 
55]. Here, evidence of posterior cingulate volume dif-
ferentiating between phenotypes was found. Whether 
the lower posterior cingulate volume is due to the pro-
gression of the parietal atrophy pattern in typical AD, 
network-mediated degradation effects, or other under-
lying mechanisms, requires further investigation.

Compared to typical AD, the atypical AD cases in our 
cohort not only had a shorter disease duration, as was 
expected [5], but also a greater load of all pathological 

Fig. 7 Scatter plot ante-mortem to post-mortem scan interval and volume difference. Each data point represents a comparison 
between the ante- and post-mortem scan of a given case. Vertical lines are drawn at 0% (green) − 10% and 10% (black) and at − 20% and 20% 
(red) volume difference to indicate no, small, and large volume differences, respectively. Time difference between ante and post-mortem 
interval is presented as ante- to post-mortem interval. Volume difference was calculated as the percentage difference between ante-mortem 
to post-mortem scan volume. Hip = hippocampus, ParaHip = parahippocampal gyrus, GFM = middle frontal gyrus, GTM = middle temporal gyrus, 
GPS = superior parietal gyrus, Precun = precuneus, PCC = posterior cingulate cortex, OC = occipital cortex
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markers included in our study. These findings sug-
gest a greater accumulation of pathological hallmarks, 
neuro-axonal and microvascular degeneration within a 
shorter time frame, indicative of a more aggressive dis-
ease manifestation in atypical AD.

In terms of cortical volume and pathology asso-
ciations, the positive association between Aβ and vol-
ume found in the current study has been previously 
described, but instead in early stages of AD [56–60]. 
Similar associations, but instead with cortical thick-
ness, were found previously by our group in a sub-
set of cases [61]. Here it was hypothesized that the 
space encompassing process of plaque formation was 
captured by the high resolution quantification of Aβ 
because of the immunohistochemical approach. More 
recently, anti-amyloid therapies showed a decrease in 
(PET and CSF measured) Aβ levels associated with a 
loss of brain volume, spawning the hypothesis that Aβ 
mediated inflammation induces swelling of brain tis-
sue, subsequent clearance of Aβ reduces this swelling 
[62–64]. Although the mechanism is still not clear, the 
results in this study provide evidence that Aβ accumu-
lation could be contributing, whether directly or indi-
rectly, to a volume increase in the cortex. Aβ-mediated 
volume increase appears strongest in the hippocampus 
and superior parietal gyrus in typical AD cases. These 
regions also exhibit the largest volume differences com-
pared to controls, suggesting a potentially counterintui-
tive relationship in which Aβ-related volume increase 
is most pronounced in areas most vulnerable to neuro-
degeneration. However, further research is needed to 
uncover the underlying mechanisms.

The absence of an association between volume and 
pTau pathology in this study is in contrast with previous 
findings in which Tau PET tracer uptake strongly aligns 
with brain atrophy and clinical presentation [12, 13, 65, 
66]. In this study tangles and neuropil threads were not 
separately quantified, which might have affected the abil-
ity to detect volume associations, as tangles are more 
indicative of neurodegeneration [67–69]. Additionally, 
the antibody used to detect pTau in this study (AT8) is 
effective at identifying tangle isoforms prominent in early 
to intermediate stages of pathological maturation, but 
less effective at detecting the most advanced isoform, 
the so-called ghost tangles [68, 70]. A better detection of 
these advanced isoforms combined with improved isola-
tion of tangle morphologies could better reflect previous 
findings.

In the current study, neuro-axonal damage (increas-
ing NfL due to degradation of neurons and axons [71]) 
showed to be a strong indicator for overall brain volume 
loss for both clinical AD phenotypes, most pronounced 
in the hippocampus. This replicates effects previously 

found in CSF and plasma studies, in which NfL levels 
strongly associated with brain atrophy [19–23]. A higher 
NfL load was associated with lower middle frontal gyrus 
volume only in atypical AD, possibly indicating specific 
regional vulnerability to axonal damage in the atypical 
phenotype. However, this requires further validation in a 
larger independent atypical subtype(s) cohort.

The strongest regional association observed in this 
study was between decreased hippocampal volume 
and higher COLIV load. This increase in hippocampal 
COLIV load was not due to thickening of the vascular 
wall as expected, but due to an apparent increase in vas-
cular density. This effect could be due to a significant loss 
of brain volume combined with a maintenance, or at least 
a relatively low decrease, of vascular density, resulting 
in a net increase of blood vessels. Previous research also 
points towards angiogenesis and subsequent hypervas-
cularization as response to impaired tissue perfusion and 
inflammation in AD [72–74]. Nevertheless, this response 
was only observed in the hippocampus of typical AD 
cases, hinting at a unique response of vascular density to 
volume loss in typical AD.

To build on previous studies observing good compa-
rability between post-mortem and ante-mortem MRI 
for cortical thickness [61, 75], this study also showed 
good comparability for cortical volume. At short ante-
to-post-mortem scan intervals, i.e. within 2 years, the 
volume differences were less than 10%. This finding vali-
dates structural post-mortem MRI as a proxy for struc-
tural ante-mortem MRI measurements and facilitates the 
possible translation of pathological findings towards a 
clinical setting via MRI outcome measures. Hippocampal 
ante-to-post-mortem volume differences were exception-
ally large at higher scan intervals, showing that disease 
progression strongly affects hippocampal volume. Rela-
tive to other cortical regions, the superior parietal gyrus 
showed the greatest ante-to-post-mortem volume differ-
ences, indicating this region might be more affected by 
disease progression than other cortical regions. Stud-
ies combining ante-mortem MRI with neuropathology 
should be aware of these regional differences as they can 
affect interpretation of their results.

The strengths of this study include the unique cohort 
and pipeline setup, including clinical phenotype infor-
mation, post-mortem and ante-mortem MRI data, 
and immunohistological quantification of pathological 
hallmarks and other markers of neurodegeneration in 
multiple brain regions. However, there were also some 
limitations. While clinical dementia rating scores still 
indicate a variability in clinical disease stage, neuropatho-
logically all cases showed to be highly burdened (Braak 
NFT stage V and VI), which may have influenced the 
lack of different typical and atypical atrophy patterns 
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often reported in the literature. Additionally, no sig-
nificant sex and age differences were observed between 
groups, but the effect may not have been detectable 
due to the limited sample size. Another limitation is the 
grouping of atypical subtypes into one atypical phe-
notype group due to small sample sizes of subgroups, 
possibly introducing variability and masking subtype 
specific effects. Furthermore, recent studies highlight 
the difficulty of diagnosing clinical phenotypes and show 
not only symptomatic variability within a given pheno-
type but also overlap in symptoms between phenotypes 
[76, 77]. In turn, atrophy and pathology patterns can be 
expected to show heterogeneity within and similarities 
between phenotypes, making it difficult to detect differ-
ences between groups. Although we included markers of 
neurodegeneration such as neuro-axonal and microvas-
cular degeneration, there are several other markers of 
interest which may influence regional cortical volume. 
For instance, neuroinflammatory response has recently 
been found to differ between clinical phenotypes in a 
regional manner, which could also be linked to atrophy 
[78]. In addition, loss of synapses or of specific neuronal 
and glial cell types have a strong effect on regional vol-
ume, which might differ between clinical AD subtypes 
[79–81]. Similarly, more advanced imaging methods 
that are more sensitive to a variety of neuropathologi-
cal changes and group differences could be applied, such 
as the T1-weighted/T2-weighted ratio which could be 
applicable for capturing myelin degradation in the cortex 
[82, 83], or diffusion-weighted imaging approaches which 
can assess deterioration of fiber tracts or cortical tissue 
integrity [84]. Investigating other theories explaining 
clinical and pathological heterogeneity may also be valu-
able. For instance, the probabilistic model of AD which 
puts decreasing weight on the amyloid pathophysiologi-
cal cascade and increasing weight on environmental fac-
tors and risk genes as biological underpinnings, could be 
worth pursuing in future studies [85].

Conclusion
This study shows that cortical volume in AD is pre-
dominantly influenced by Aβ and neuro-axonal 
degeneration, albeit in opposing directions, and that 
region-specific distinctions in atrophy-pathology asso-
ciations can be observed between typical and atypical 
AD. While using cortical volume as an imaging marker 
to distinguish between AD phenotypes remains chal-
lenging, understanding its relationship with the under-
lying pathological features is crucial for enhancing the 
interpretation of AD MRI data sets in heterogeneous 
cohorts in both research and clinical settings.
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