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Outline

• Why subgroups?
• Why cognitively defined subgroups?
• How do we define subgroups with cognitive tests?
• Our favorite stories for five subgroups, including new data from 

ACT P2
• What’s next?
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Why subgroups?

• A lot of heterogeneity in Alzheimer’s-type dementia
• Maybe “Alzheimer’s type dementia” is not one thing
• Maybe it would be useful to subgroup into different flavors, where the natural 

history is similar within a subgroup but differs across subgroups
• Implications for treatment trials (and ultimately treatments) if distinct 

biological underpinnings have implications for therapeutics
• Matching up an appropriate drug to the subset of people who may benefit from it

• This in a nutshell is a particular strategy for “personalized medicine”
• This strategy has proven to be useful in many other settings, e.g. breast 

cancer

• a
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Why cognitively defined subgroups?

• AD dementia has a specific definition, requiring memory impairment, plus other 
domains, but there is a lot of heterogeneity in other domains

• As we’ll talk about, there are other conditions characterized by AD pathology where 
memory is spared but profound influence on language (primary progressive aphasia, 
PPA) and visuospatial (posterior cortical atrophy, PCA)

• The question of why the same pathological findings impact brains of some people in a PPA 
way with prominent language impacts while they impact brains with other people in an AD 
dementia way with prominent memory impacts has fueled research careers of giants in the 
field

• A lot of inspiration from Dickerson and Wolk’s paper on “dysexecutive” and 
“amnesic” AD dementia (2011)

• Everyone had memory impairment, but could index relative impairment of memory and 
executive functioning

• Practical considerations: cognition is easy to collect, plentiful from research 
settings, and already considered in the process of differential diagnosis for 
neurocognitive syndromes
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How do we define subgroups with cognitive tests?

Four cognitive scores
M = Memory
L = Language
V = Visuospatial
E = Executive functioning

Better

Worse
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Better

Worse

Average across those 4 domain scores
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Difference of each domain from that average
This one is the executive functioning difference

Better

Worse
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Comparison of each difference with a critical value
This one: no big difference.

Better

Worse
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Worse
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Mukherjee S, et al. Genetic data 
and cognitively defined late-onset 
Alzheimer's disease subgroups. Mol 
Psychiatry. 2020;25(11):2942-51. 
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Genome wide – 7 SNPs with odds ratios >1.3
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Genome wide – 7 SNPs with odds ratios >1.3
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Much larger n
Heterogeneous mix of groups

Zero SNPs with OR > 1.3
Much smaller n for the purple group alone
Homogenous group

7 SNPs with OR>1.3
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Much larger n
Heterogeneous mix of groups

Zero SNPs with OR > 1.3
Much smaller n for the purple group alone
Homogenous group

7 SNPs with OR>1.3

Phenotype definition matters!
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Imaging: Voxel comparisons 
to cognitively normal

Findings for AD (all AD, not subgroups) compared 
to NC

Most consistent
Medial Temporal Lobe structures

Hippocampus
Amygdala
Entorhinal cortex
Parahippocampal gyrus

Also frequently identified
Temporal neocortex
Parietal neocortex
Insula
Precuneus
Anterior cingulate cortex
Posterior cingulate cortex
Frontal cortex
Thalamus
Caudate nucleus

Crane PK, Groot C, Ossenkoppele R, et al. Cognitively 
defined Alzheimer's dementia subgroups have distinct 
atrophy patterns. Alzheimers Dement. 2024;20(3):1739-
52. 

From  Busatto GF, Diniz BS, Zanetti MV. Voxel-based  
morphometry in Alzheimer's disease. Expert Rev  
Neurother. 2008 Nov;8(11):1691-702. 

AD-No Domains compared with Cognitively Normal
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Replication: 
ADNI and 

VUMC Amsterdam

Crane PK, Groot C, Ossenkoppele R, et al. Cognitively 
defined Alzheimer's dementia subgroups have distinct 
atrophy patterns. Alzheimers Dement. 2024;20(3):1739-
52. 

AD-No Domains compared with Cognitively Normal
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Imaging Comparison of 
AD-No Domains with AD-Memory

Regions where AD-Memory

Has more atrophy than AD-No Domains

Regions where

AD-MemoryHas more atrophy than

AD-No Domains
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Findings from ACT standard neuropathology
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Findings from ACT standard neuropathology
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Findings from ACT standard neuropathology
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Findings from ACT standard neuropathology
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Findings from ACT standard neuropathology

28



Costs – Adjusted for survival
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Conclusions – AD-No Domains

• Genetics: multiple SNPs with strong effect sizes
• Imaging

• Pattern of findings similar to that for AD-Dementia
• Pattern of findings replicates for ADNI and VU Amsterdam
• Distinct differences from AD-Memory – marked signal in hippocampus 

compared to controls, but less than AD Memory, and scattered areas of 
cortex  with more atrophy in AD-No Domains

• Neuropathology (ACT Project 2)
• More AD neuropathology than controls, more LATE and HS, more gross 

infarcts and deep microinfarcts
• Costs (ACT Project 2): Higher costs early; lower costs later
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Mukherjee S, et al. Genetic data and 
cognitively defined late-onset Alzheimer's 
disease subgroups. Mol Psychiatry. 
2020;25(11):2942-51. 
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Genetics
Genome wide – 9 SNPs with odds ratios >1.3
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Imaging – comparison with PCA

Groot C, et al. Differential patterns of gray matter 
volumes and associated gene expression profiles 
in cognitively-defined Alzheimer's disease 
subgroups. Neuroimage Clin. 2021;30:102660. 

AD-Visuospatial

PCA

Cognitively Normal

vs.

Cognitively Normal

vs.
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Imaging Comparison of 
AD Visuospatial with AD-Memory

Regions where AD-Memory

Has more atrophy than AD-Visuospatial

Regions where

AD-MemoryHas more atrophy than

AD-Visuospatial
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AD-No Domains is reference
No adjustment for APOE genotype Adjusted for APOE genotype
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AD Neuropath in ACT: AD-VS lower than AD-ND
No adjustment for APOE genotype Adjusted for APOE genotype
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Other Neuropath in ACT: AD-VS less LATE, more LB
No adjustment for APOE genotype Adjusted for APOE genotype
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Vascular NP in ACT: AD-VS similar to AD-ND
No adjustment for APOE genotype Adjusted for APOE genotype
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Costs – Adjusted for survival
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Conclusions – AD-Visuospatial

• Genetics: multiple SNPs
• Imaging

• Overlap with PCA, an atypical AD characterized by visuospatial 
complaints

• Neuropathology
• Less AD neuropathology than AD-ND, similar vascular and LATE and HS, 

more Lewy bodies

• Costs: Somewhat higher costs than AD-No Domains
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Mukherjee S, et al. Genetic data and 
cognitively defined late-onset Alzheimer's 
disease subgroups. Mol Psychiatry. 
2020;25(11):2942-51. 43



Genetics
Genome wide – 6 SNPs with odds ratios >1.3
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Imaging – comparison with PPA

Groot C, et al. Differential patterns of gray matter volumes and associated 
gene expression profiles in cognitively-defined Alzheimer's disease 
subgroups. Neuroimage Clin. 2021;30:102660. 

AD-Language

Cognitively Normal

PPA

vs

Cognitively Normal

vs
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Imaging: comparisons 
with controls

Crane PK, Groot C, Ossenkoppele R, et al. Cognitively 
defined Alzheimer's dementia subgroups have distinct 
atrophy patterns. Alzheimers Dement. 2024;20(3):1739-
52. 

AD-Language More atrophy than Cognitively Normal
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Laterality: findings from ADNI

Crane PK, et al. Cognitively defined Alzheimer's dementia 
subgroups have distinct atrophy patterns. Alzheimers 
Dement. 2024;20(3):1739-52. 
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Laterality findings overlap with an approach 
starting from tau PET scans
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Limbic (hippocampus)
More APOE ε4
Amnestic (“Memory”)

Posterior
Visuospatial

Sparing MTL
Dysexecutive

Lateral temporal
Asymmetric
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AD Neuropath:                      s.    similar to
No adjustment for APOE genotype Adjusted for APOE genotype

AD-Language AD-ND
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Other Neuropath: AD-Lang.            > LATE, HS, LB than

No adjustment for APOE genotype Adjusted for APOE genotype

AD-Language AD-ND
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Vascular NP in ACT: AD-Lang slight > than AD-ND
No adjustment for APOE genotype Adjusted for APOE genotype
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Costs – Adjusted for survival
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Conclusions – AD-Language

• Genetics: multiple SNPs
• Imaging

• Strong Overlap with PPA, an atypical AD characterized by language complaints
• Distinct differences from AD-Memory; Laterality differences; overlap with Vogel 

et al.

• Neuropathology
• Similar AD neuropathology as AD-ND; more LATE, HS, and Lewy bodies; slightly 

more vascular pathology

• Cognition: Large declines across all domains except Language
• Costs: Highest cost of any subgroup.  Difference from  AD-No Domains 

most impressive early on (higher costs earlier)
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Subgroup 4: AD-Executive Functioning

Mukherjee S, et al. Genetic data and 
cognitively defined late-onset Alzheimer's 
disease subgroups. Mol Psychiatry. 
2020;25(11):2942-51. 56



WMH from ACT CDEs: AD-Exec > AD-No Domains

> WMH in occipital and temporal lobes than AD-ND
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Conclusions – AD-Executive Functioning

• Imaging
• Higher levels of WMH in occipital and temporal lobes (big confidence 

intervals)

• Need more data!
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Mukherjee S, et al. Genetic data and 
cognitively defined late-onset Alzheimer's 
disease subgroups. Mol Psychiatry. 
2020;25(11):2942-51. 60



Genetics – APOE genotype

p =
Mukherjee S, et al. Genetic data and cognitively defined 
late-onset Alzheimer's disease subgroups. Mol Psychiatry. 
2020;25(11):2942-51. 
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Genetics
Genome wide – 2 SNPs with odds ratios >1.3
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Much larger n
Heterogeneous mix of groups

Zero SNPs with OR > 1.3
Much smaller but homogenous groups

MANY SNPs with OR>1.3
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Much larger n
Heterogeneous mix of groups

Zero SNPs with OR > 1.3
Much smaller but homogenous groups

MANY SNPs with OR>1.3
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Imaging comparisons
with other subgroups

AD-Memory AD-No DomainsMore atrophy than 

AD-Memory AD-VisuospatialMore atrophy than 

AD-Memory AD-LanguageMore atrophy than 

AD-Memory AD-ExecutiveMore atrophy than 
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Risacher SL, et al. Alzheimer disease brain atrophy 
subtypes are associated with cognition and rate of 
decline. Neurology. 2017;89(21):2176-86. 

“MRI-based AD subtypes (hippocampal sparing, limbic predominant, 
typical AD) were defined according to an algorithm analogous to one 
recently proposed for tau neuropathology.” 68



Crane PK, Groot C, Ossenkoppele R, et al. 
Cognitively defined Alzheimer's dementia 
subgroups have distinct atrophy patterns. 
Alzheimers Dement. 2024;20(3):1739-52. 69
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AD Neuropath in ACT: AD-Me   higher than AD-NDAD-NDAD-Memory

No adjustment for APOE genotype Adjusted for APOE genotype
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Other Neuropath in ACT: AD-Mem more LATE, HS, LB

No adjustment for APOE genotype Adjusted for APOE genotype
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Vascular NP in ACT: AD-Mem less than AD-NDAD-ND

No adjustment for APOE genotype Adjusted for APOE genotype
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Costs – Adjusted for survival
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Conclusions – AD-Memory

• Genetics: Strong APOE differences – multiply replicated, plus two 
genome-wide SNPs

• Imaging
• Differences with all of the other subgroups – more intensive involvement of the 

medial temporal region and hippocampi
• Overlap with imaging subgrouping scheme modeled on Murray et al.’s 

neuropathology-based approach – AD-Memory has significant overlap with the 
Limbic Predominant group

• Neuropathology
• Higher AD neuropathology as AD-ND; more LATE, HS, and Lewy bodies; less 

vascular pathology

• Costs not that different from controls
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Outline

• Why subgroups?
• Why cognitively defined subgroups?
• How do we define subgroups with cognitive tests?
• Our favorite stories for five subgroups, including new data from 

ACT P2
• What’s next?
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Next steps: Genetics

• Data particularly compelling on need 
for additional genetic analyses with 
larger n

• Even with strong signals need larger n for 
genome-wide significance

• Enables following up on other choices for 
thresholds (AD-Executive)

• Post-GWAS analyses may be particularly 
valuable with more precise phenotypes.
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Next steps: 
Neuropathology
• Repeating standard neuropathology 

analyses in ROS/MAP data is low 
hanging fruit

• Both the Murray et al. and Vogel et al. 
papers suggest challenges to the 
Braak and Braak single trajectory 
model of tau pathology

• Quantitative neuropathology analyses 
in ACT coming soon to Project 2 near 
you!
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Next steps: 
Neuroimaging
• Strong and replicated cross-sectional 

data from ADNI and VU-Amsterdam
• Two ongoing projects with longitudinal 

imaging data – one on cortical 
thickness and one on surface area

• ACT quantitative neuroimaging data?  
We hope to take a look in ACT Project 
2.
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Next steps: Lived experience 
with AD dementia

• Pretty impressive differences in costs
• Much left to learn

• Behavioral and neuropsychiatric 
symptom differences?

• Communication differences?
• Caregiving differences?
• Overlap with PPA?
• Overlap with PCA?
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Thank you!

• To the entire Project 2 team!
• And for this opportunity to present some of our work here today.

82


