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INTRODUCTION: We sought to determine structural magnetic resonance imaging

impairments using data from the Alzheimer’s Disease Neuroimaging Initiative (ADNI)

and to compare cognitively defined to imaging-defined subgroups.

Data used in preparation of this article were METHODS: We used data from 584 people with Alzheimer’s disease (AD) (461 amy-
obtained from the Alzheimer’s Disease
Neuroimaging Initiative (ADNI) database loid positive, 123 unknown amyloid status) and 118 amyloid-negative controls. We

(adni.loni.usc.edu). As such, the investigators
within the ADNI contributed to the design and
implementation of ADNI and/or provided data compared to controls and to AD-Memory.
but did not participate in analysis or writing of
this report. A complete listing of ADNI
investigators can be found at: with relative cortical sparing for AD-Memory, lower left hemisphere GMV for AD-
http://adni.loni.usc.edu/wp-
content/uploads/how_to_apply/
ADNI_Acknowledgement_List.pdf AD-Visuospatial. Formal asymmetry comparisons showed substantially more asymme-

used voxel-based morphometry to compare gray matter volume (GMV) for each group

RESULTS: There was pronounced bilateral lower medial temporal lobe atrophy

Language, anterior lower GMV for AD-Executive, and posterior lower GMV for

try in the AD-Language group than any other group (p = 1.15 x 10~19). For overlap
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1 [ BACKGROUND

A personalized medicine approach has been recommended for
Alzheimer’s disease (AD).}2 One success story for personalized
medicine is breast cancer. Separating people with “breast cancer” into
groups based on receptors is commonplace today; subtype-specific
treatments have reduced mortality.3

A similar strategy may be applicable to AD dementia. Heterogeneity
among people with AD dementia may impede research progress into
prevention and treatment.* Identifying more homogeneous subgroups
of people with AD dementia may be important in advancing research
and may ultimately have therapeutic implications.

We previously developed an approach to subtyping people with
typical late-onset AD dementia based on relative impairments across
cognitive domains.> Neuropsychologists use relative impairments to
help determine dementia type.® We extend this paradigm to fur-
ther characterize relative impairments across domains within the AD
dementia spectrum.

We have found differences between cognitively defined subgroups
in terms of genetic markers (multiple cohorts),” associations with
depression (three cohorts),® trajectories of glucose metabolism in
Alzheimer’s Disease Neuroimaging Initiative (ADNI) participants with
FDG-PET scans,’ and regional gray matter volumes (GMVs) from a
tertiary memory clinic cohort.10

In this paper, we use ADNI’s structural magnetic resonance imaging
(MRI) data to compare GMV patterns across cognitively defined sub-
groups. We identified amyloid-positive or -unknown individuals who
enrolled in ADNI with AD dementia or who developed AD dementia
while enrolled. We compared GMVs across subgroups and with those
from stable amyloid-negative cognitively normal (CN) older adults. We
used an atlas-based approach to formally evaluate asymmetry. We

stratified each group into quartiles based on overall atrophy to eval-

between imaging-defined and cognitively defined subgroups, AD-Memory matched up
with an imaging-defined limbic predominant group.
DISCUSSION: MRI findings differ across cognitively defined AD subgroups.

Alzheimer’s disease dementia, asymmetry, atrophy, cognitive heterogeneity, neurodegeneration,

uate pseudo-progression within subgroups. Finally, we compared our
cognitively defined subgroups to anatomically defined subgroups:2
and to subgroups identified based on data-driven differences in struc-
tural MRI findings.2

2 | METHODS
2.1 | Participants

Data are from ADNI. ADNI detailed methods are published.!31* ADNI
was launched in 2003 as a public-private partnership, led by Prin-
cipal Investigator Michael W. Weiner, MD. ADNI’s primary goal has
been to test whether serial MRI, positron emission tomography (PET),
other biological markers, and clinical and neuropsychological assess-
ment can be combined to measure the progression of mild cognitive
impairment (MCI) and early AD dementia. For up-to-date information,
see www.adni-info.org.

We included individuals who were enrolled with AD dementia
(prevalent) or who progressed to AD dementia (incident) in any phase
of ADNI up to ADNI3. A flow chart detailing exclusions and the final
sample is in Figure S1. We included those with onset age > 65 years.
We considered data from the first dementia visit: the first study
visit (prevalent cases) and the visit AD dementia was diagnosed (inci-
dent cases). We used MRI data closest to the first dementia visit
and excluded participants without a scan that passed quality control
(see below) within 1.5 years of that visit (20 participants excluded).
All included AD dementia participants had a stable diagnosis follow-
ing the first dementia visit (13 people excluded for MCI reversion).
CN controls were those who had normal cognition at enrollment
and who continued without converting to MCI or to dementia during
ADNI.
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We used established cut-offs to determine amyloid positivity. We
included people with AD dementia who were known to be amyloid pos-
itive (see below) or for whom amyloid status was unknown (n = 123);
we excluded 56 people defined by ADNI as having AD dementia who
were amyloid negative.

Amyloid levels change slowly,’® so we allowed amyloid data from
PET or cerebrospinal fluid (CSF) biomarkers up to 3 years from the first
dementia visit. There were 200 people with AD dementia who were
amyloid positive based on CSF assessment only (Elecsys AB42 < 1098
pg/mL1%); 17 based on [11C]PiB (global cortical standardized uptake
value ratio [SUVR] > 1.5%7), 66 based on [*8F]florbetapir (global corti-
cal SUVR > 1.1018), 12 based on [8¢]florbetaben (global cortical SUVR
> 1.11%%), and 166 using both CSF and PET: in all there were 461
amyloid-positive cases. There were 17 people with AD dementia who
had discrepant amyloid status between CSF and PET; all were included
as amyloid-positive individuals here. Of these, 14 were amyloid posi-
tive based on CSF but not PET, and three were amyoid positive based
on PET but not CSF.

Amyloid negative CN controls used the same cut-offs. There were
30 based on CSF, 27 based on [18F]florbetapir, and 61 with both CSF
and PET, totaling 118 controls.

2.2 | Diversity, equity, and inclusion (DEI)

ADNI had no exclusion criteria for any group defined on the basis of
ethnicity or race. ADNI enrollment was characterized by overrepre-
sentation of people with European ancestry. Current ADNI funding
focuses specifically on enhancing diversity in new enrollees. The
present analyses are of data from the earlier parts of the ADNI study.

2.3 | Cognitive measures and subgrouping

We obtained cognitive domain scores’ and determined cognitively
defined subgroups® as described.>”~10 As previously and as discussed
in those prior publications, we did not include the attention domain.
ADNI assessed cognition with a full neuropsychological battery using
measures of memory, executive function, language, and visuospa-
tial abilities. An expert panel (ET, JM, AS, PC) considered each item
administered and assigned it to one domain (memory, executive func-
tion, language, and visuospatial function) or “other.” We used bifactor
confirmatory factor analysis approaches using MplusZ° to generate
composite scores for each domain. We co-calibrated ADNI data with
those from other studies. We used scores from 825 people with inci-
dent AD dementia from Adult Changes in Thought (ACT) to define the
mean at O and standard deviation (SD) at 1, as described.” We excluded
eight cases due to insufficient cognitive data for all four domain scores
(Figure S1).

Our approach to subgrouping is schematically illustrated in Figure
S2. For each case, we determined the average of memory, executive
functioning, language, and visuospatial scores. We then determined

the difference between each domain score and that average. As pub-
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RESEARCH IN CONTEXT

1. Systematic review: The authors reviewed the literature
using traditional (eg, PubMed) sources for AD subgroups
and symmetry. Relevant papers are cited.

2. Interpretation: We found structural imaging differences
across cognitively defined subgroups, with disparate
atrophy patterns at AD dementia diagnosis. This paper
presents side-by-side comparisons with very similar find-
ings from a prior publication. Our results showed con-
cordance between the AD-Memory subgroup and the
limbic-predominant subgroup defined based on imag-
ing. The AD-Language subgroup had much greater left-
than right-sided atrophy. Usually, AD is thought to have
symmetrical imaging and neuropathology findings.

3. Future directions: This manuscript provides additional
data supporting the notion that typical late-onset AD
dementia may represent multiple biologically distinct
subgroups. Such a conclusion would have important
implications for a personalized medicine approach to
AD dementia, as risk factors, biological mechanisms,
responses to therapy, and natural history may all vary
across different subgroups.

lished, we used a difference of 0.80 units to identify domains with
scores substantially lower than the individual average. We considered
the number of domains substantially lower than the individual average.
Those with no such domains (ie, all scores similar) were AD-No Domain.
Those with a single such domain were categorized as AD-Memory, AD-
Language, AD-Visuospatial, or AD-Executive. Those with multiple such

domains were categorized as AD-Multiple Domains.

2.4 | MRI processing

Structural MRI data were downloaded from www.adni.loni.usc.edu.
Scans were corrected prior to download as described?? 22 for ADNI-1
and ADNIGO/2 scans. For ADNI-3 ADNI is no longer generating cor-
rected scans due to improved scan quality. Scans were processed using
voxel-based morphometry (VBM) in SPM12 with DARTEL. Briefly,
using a standard DARTEL-based SPM12 processing pipeline, scans
were segmented into CSF, white matter volumes, and GMVs. Seg-
mented scans were rigidly aligned to a T1 template to ensure overlap in
Montreal Neurological Institute (MNI) space. These aligned scans were
then co-registered using non-linear and high-dimensional warping,
smoothed with an 8-mm full-width-at-half-maximum isotropic Gaus-
sian kernel, modulated to preserve tissue volume signal, and spatially
normalized to MNI space.’® Quality control via visual inspection was
done after every pre-processing stage; 36 people with AD dementia
were excluded based on these checks.
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2.5 | W-scores

Regional and global atrophy is operationalized by W-scores, which rep-
resent covariate-adjusted Z-scores normalized against CN controls.2?
For each voxel we determined gray matter (GM) density distribution
controlling for age, sex, field strength, and intracranial volume. We used
these findings to determine W-scores for each voxel for each included
participant. We used mean W-scores to account for overall progression
in subsequent models.

2.6 | Statistical analyses
2.6.1 | Voxel-based morphometry

We compared demographic, neuropsychological, and clinical variables
with linear regression and chi-squared tests. We compared normal-
ized GM volume images on a voxel-by-voxel basis across groups using
a one-way analysis of covariance covaried for age at scan, sex, years
of education, total intracranial volume, field strength (1.5T vs 3T),
and global mean W-score.23 Statistical maps were generated at a
p < 0.05 threshold with cluster-wise multiple comparison correction
(voxel-wise threshold p < 0.001, minimum cluster size 840 voxels). We
displayed beta maps using MRIcronGL (https://www.nitrc.org/plugins/
mwiki/index.php/mricrogl:MainPage). Spatial maps representing CN
control/AD subgroup differences were displayed at the same minimum
and maximum threshold (8 = 0 to 0.063); all AD subgroup differences
used 8 =01t00.035.

2.7 | Asymmetry analyses

We used FreeSurfer version 5.1 to create regions of interest (ROls)
based on the Desikan-Killiany atlas.2* We extracted ROl GMVs for
each subgroup and for 30 randomly selected CN controls. We deter-
mined adjusted mean ROl GMV with linear regression, controlling
for age, sex, handedness, total intracranial volume, field strength, and
global mean W-score. We used adjusted mean ROl GMVs to calculate
asymmetry metrics for each region: (left GMV — right GMV)/(left GMV
+ right GMV). This formula is negative when the left-side volume is
smaller than the right, and positive when the left is larger. For each
region, we fit regression models with robust standard errors using a
subgroup indicator, with CN controls as reference. Tabulated values
are standardized coefficients; bold indicates p < 0.05. All the findings
reported represent differences compared to the amount of asymme-
try found in the CN controls. Any differences in the number of voxels
in a region between the right and left sides would be reflected by the
finding for the CN controls and would not explain differences across
subgroups with respect to that reference category. We compared the
number of statistically significantly regional differences by subgroup

using Fisher’s exact test.

2.8 | Pseudo-progression

Within each group we determined quartiles of overall atrophy based
on W-score voxel count, the number of voxels with W « 1.5. We
plotted mean GMV maps for each quartile of each subgroup using
MRIcroGL.

2.9 | Comparison of cognitively defined subgroups
to other systems of subgrouping

Murray et al. proposed to differentiate people with AD based on
neuropathology data.?> They quantified tau tangles in hippocampus
and neocortex and defined a “limbic-predominant” subtype with high
hippocampal and low neocortical tau loads, a “hippocampal spar-
ing” subtype with low hippocampal and high neocortical tau loads,
and a “typical” group with similar hippocampal and neocortical tau
loads.2> Several investigators have applied this framework to imaging
data,11,25-37

We used the Risacher et al. approach to categorize people into
anatomically defined subgroups.1* We considered the same scanning
occasion discussed previously. We used multinomial logistic regression
models with AD-No Domain as reference. We excluded AD-Executive
(the smallest cognitively defined subgroup); no individual with AD-
Executive was categorized as limbic predominant.

We were curious as to the stability of anatomically defined sub-
types over time in ADNI. We evaluated first and most recent ADNI
scans and considered subgroup stability from enrollment to the first
dementia visit and from first dementia visit to the most recent study
visit.

Finally, we obtained group assignments from Poulakis et al.l?
They used a Bayesian clustering approach with longitudinal structural
imaging data. We used multinomial logistic regression to compare
cognitively defined subgroups to the approach used by Poulakis et al.

2.10 | Standard protocol approvals and patient
consents
All data are from ADNI. All ADNI participants signed informed consent

forms. University of Washington Institutional Review Board approval
is STUDY00008205.

3 | RESULTS
3.1 | Demographic and clinical characteristics
There were 584 people with AD dementia and 118 CN controls

included. Table 1 summarizes demographic and clinical characteristics.

People with AD dementia were older than CN controls, though there
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FIGURE 1 Comparison of gray matter volume 3 coefficients for AD-No Domains group and cognitively normal elderly controls.

was substantial overlap in age. Educational attainment was lower for
people with AD dementia (p = 0.016); educational differences across
subgroups were not statistically significant (p = 0.29).

Almost half of those with AD dementia had prevalent dementia at
ADNI enrollment, and the other half developed incident dementia. Pro-
portions of prevalent versus incident dementia were similar across
subgroups (p = 0.29). The apolipoprotein E (APOE) 4 allele was more
common among people with AD dementia than CN but did not vary
significantly across subgroups (p = 0.85).

Table 1 also summarizes cognitive data. People with AD dementia
had lower Mini-Mental State Examination (MMSE), Clinical Demen-
tia Rating (CDR) sum of boxes, ADNI-Memory, ADNI-Executive,
ADNI-Language, and ADNI-Visuospatial scores than CN controls (all
p < 0.0001). MMSE (p = 0.12) and CDR sum of boxes (p = 0.95) did not
differ across subgroups. As expected, mean domain scores were closely
matched for people in the AD-No Domain and AD-Multiple Domains
groups, while individual domain scores were substantially lower for the
index domain (the single domain with relative impairment) for the other
groups (all p < 0.0001).

3.2 | Subgroup voxel-based morphometry analyses
compared with cognitively normal controls

Several subgroups’ VBM findings compared with CN controls appeared
similar. Figure 1 shows f8 coefficient findings for AD-No Domains.
Colors indicate voxels where the AD-No Domain group had lower
GMV than CN controls. Medial temporal lobe and symmetrical bilat-
eral temporal cortex involvement is apparent. Figure S3 shows p value
results.

Findings were similar for AD-Memory, AD-Visuospatial, AD-
Executive, and AD-Multiple Domains subgroups; 8 coefficient and p
value findings are in Figures S4 to S11.

The AD-Language subgroup differed from this pattern (Figure 2).
We noted asymmetrical GMV differences. P values are in Figure S12.
B coefficient comparisons for all groups are shown in Figure S13, and
p values for all groups are shown in Figure S14.

3.3 | Voxel-based morphometry analyses of
subgroups compared with AD-Memory subgroup

Contrasts between subgroups were apparent. Figure 3 shows AD-No
Domain versus AD-Memory groups. Figure 3A shows voxels where the
AD-Memory group has lower GMV than AD-No Domain; Figure 3B
shows voxels where the AD-No Domain group has lower GMV than the
AD-Memory group.

Medial temporal involvement compared to controls was evident for
both these groups (Figures 1 and S4), and Figure 3A shows even greater
involvement for the AD-Memory group. Figure 3B shows broad cortical
involvement outside medial temporal lobes where AD-No Domain has
lower GMV than AD-Memory. Figure S15 shows corresponding p value
comparisons.

Figure 4 shows comparisons between AD-Memory and AD-
Language. We observed greater hippocampal involvement for AD-
Memory bilaterally, but more pronounced on the right. Large portions
of the right hemisphere have lower GMV in AD-Memory, while there
are left temporal cortical areas with lower GMV in AD-Language.
Figure S16 shows enlargements of left temporal cortex, medial tem-
poral lobe, and hippocampus. This figure shows more atrophy in the
lateral temporal cortex in AD-Language and more atrophy in the medial
temporal lobe and hippocampus in AD-Memory.

Figure S17 shows comparisons of AD-Memory and AD-Visuospatial.
There was lower GMV in the bilateral hippocampi and medial temporal
lobes in AD-Memory and lower GMV in bilateral cortical regions for
AD-Visuospatial. Figure S18 shows the corresponding p values.
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®) Voxels where gray matter volume is lower for AD-No Domains

FIGURE 3 Comparison of gray matter volume for AD-Memory group with AD-No Domain group.
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(A) Voxels where gray matter volume is lower for AD-Memory
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(B) Voxels where gray matter volume is lower for AD-Language

L

FIGURE 4 Comparison of gray matter volume for AD-Memory group with AD-Language group. *Marginal totals for each subgroup are shown
at bottom; for example, 17% of the people with Alzheimer’s disease (AD) dementia who met the inclusion criteria were defined as having
limbic-predominant AD. We used the scan at the first AD dementia visit to determine subtypes. These data are also tabulated in Table S2.

Figure S19 shows comparisons of AD-Memory and AD-Executive.
There was lower GMV in bilateral hippocampi in AD-Memory and
lower cortical GMV anteriorly in AD-Executive. Figure S20 shows com-
parisons of AD-Memory and AD-Multiple Domains. While not as stark
as contrasts with other subgroups, there was greater hippocampal
involvement in AD-Memory. There were scattered areas of cortex with

greater involvement in AD-Multiple Domains.

3.4 | Comparison with previously published
findings

All these findings closely replicate those previously reported from a
distinct study population.'© Figures S21 to 525 show prior and current
findings side by side. VBM uses proximity-based smoothing proce-

dures but is agnostic in terms of anatomical relationships beyond
distance. Brain regions that differ most from controls show clear
replication.

3.5 | Regional asymmetry comparisons

Distinct asymmetry for the AD-Language group compared with CN
controls (Figure 2) and compared with AD-Memory (Figure 4) led us
to consider formal asymmetry tests. Selected results from these analy-
ses for right-handed individuals are shown in Table 2. The full results
of all of the asymmetry analyses performed are in Tables S1 and S2.
AD-Language had four regions with statistically significant differences
when limited to right-handed people, and there were no such regions

in any of the other groups (Fisher’s exact test p = 0.004).
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TABLE 2 Asymmetry results for right-handed people in Z-score units. Negative numbers occur with lower volume on left compared with right.

AD-No AD- AD- AD- AD- AD-Multiple
Domain Memory Language Visuospatial Executive Domains
Global cortex -0.23 -0.23 -2.51 -0.27 -0.69 0.08
Frontal
Frontal lobe -0.21 -0.18 -1.13 -0.28 0.25 -0.17
Regional measures
Medial orbitofrontal 0.00 -0.46 -0.46 -0.29 0.40 —0.64
Middle frontal -0.26 -0.12 -0.71 -0.29 0.08 0.14
Pars opercularis -0.08 -0.33 -0.58 -0.27 0.18 -0.22
Pars orbitalis —-0.07 -0.13 -0.22 0.06 0.10 -0.61
Pars triangularis —0.16 —-0.32 —-0.52 -0.24 -0.10 —-0.45
Precentral -0.12 0.00 —0.68 -0.10 -0.12 -0.11
Rostral middle frontal -0.15 -0.09 —0.52 -0.25 0.23 —-0.03
Parietal
Parietal lobe -0.10 -0.09 -1.19 -0.06 -041 0.15
Regional measures
Isthmus of cingulate -0.12 -0.19 -0.51 -0.41 -0.22 -0.27
Precuneus -0.11 -0.13 —0.68 -0.01 0.01 0.30
Supramarginal -0.09 0.07 -0.65 -0.05 -048 -0.03
Temporal
Temporal lobe —0.05 -0.17 -235 -0.27 -1.11 0.16
Medial temporal lobe -0.01 -0.10 —-1.67 -0.19 -0.89 0.01
Lateral temporal lobe —0.03 -0.12 -2.05 -0.24 -0.83 0.20
Regional measures
Banks super temp sulcus 0.05 —0.08 —0.88 0.01 -0.28 0.43
Entorhinal cortex —-0.06 —0.06 -0.95 -0.29 -0.54 -0.10
Fusiform 0.06 -0.04 -1.29 —-0.04 —-0.70 0.02
Middle temporal -0.11 -0.18 -1.59 -0.24 —0.58 —0.07
Parahippocampal -0.40 -0.38 —-1.54 -0.35 -1.25 -0.33
Superior temporal 0.02 -0.03 -1.31 -0.14 -0.95 0.57
Temporal pole 0.03 -0.03 -047 0.09 -0.18 047
Occipital
Occipital lobe 0.02 —0.10 -0.71 0.11 —-0.32 0.46
Regional measures
Cuneus 0.06 0.04 -0.22 0.10 -0.01 0.28
Lateral occipital —-0.02 -0.09 —0.50 0.19 -0.23 0.31
Lingual -0.02 0.00 -0.61 -0.04 —-0.53 0.33
Pericalcarine 0.03 0.02 -0.24 0.17 —-0.05 0.08
Insula 0.24 0.00 —-0.96 —-0.09 0.00 -0.42
Sensorimotor -0.16 0.04 -0.80 -0.01 -0.15 -0.16
Cerebellum
Cerebellar white matter -0.21 -0.21 -2.54 -0.23 -0.71 0.07
Cerebellar gray mater 0.09 —0.02 -0.10 0.13 -0.29 -0.30
(Continues)
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TABLE 2 (Continued)
AD-No AD- AD- AD- AD- AD-Multiple
Domain Memory Language Visuospatial Executive Domains
Deep structures

Accumbens 0.15 0.16 -0.18 0.06 0.58 0.16
Amygdala -0.07 -0.15 -0.99 -0.22 -041 -0.16
Caudate 0.00 -0.03 -0.73 0.14 0.38 0.52
Hippocampus -0.30 -0.30 —-1.53 -0.25 -1.55 -0.51
Pallidum 0.13 0.10 -0.77 -0.01 0.38 -0.14
Putamen 0.30 0.10 -0.77 -0.01 0.38 —-0.02
Thalamus -0.24 -0.21 —-0.62 -0.11 -0.24 -0.61

Note: Bold font indicates observations with p < 0.05.

AD-EX
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FIGURE 5 Mean gray matter findings compared to controls for each quartile defined by W-score voxel counts for AD-No Domain,

AD-Memory, AD-Visuospatial, AD-Language, and AD-Executive.

3.6 | Mean g coefficient maps for quartiles of each
subgroup

We sorted each group by quartiles of voxels with W-scores < —1.5.
Table S3 shows thresholds between quartiles for each group. There was
considerable overlap between the bottom quartiles in each group. In
each AD subgroup, the 25th percentile ranged from 19,000 to 34,000
voxels, comparable to the controls’ 75th percentile (21,000 voxels).
AD-Memory had a restricted range of atrophy compared to other
groups; the median (35,000 voxels) and 75th percentile (65,000 voxels)
were lower than those of any other subgroup (medians 44,000-77,000,
and 75th percentiles 78,000-122,000). Figure 5 shows g coefficient

maps for each quartile for each subgroup compared to controls. In

Figure 5, the left side of the coronal slices is to the left.

3.7 | Comparison of cognitively defined and
atrophy-defined subgroups

We used MRI scans at the dementia visit to determine anatomically
defined subgroups, as published.!! Table S4 and Figure $S26 show
comparisons with cognitively defined subgroups.

We used multinomial logistic regression to evaluate associations

across groupings. We used relationships of anatomically defined
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subgroups for AD-No Domains as reference. For each cognitively
defined subgroup there are comparisons of the ratio of people with hip-
pocampal sparing subtype (and limbic predominant subtype) to those
for the typical AD subtype to those for the AD-No Domain subgroup
(Table S5). Compared to AD-No Domain, the limbic-predominant pat-
tern was associated with higher AD-Memory risk (relative risk ratio
[RRR] 2.6, p = 4.6 x 10~%), and the hippocampal sparing pattern was
associated with lower AD-Memory risk (RRR 0.34, p = 0.0034).

Regarding the stability of anatomically defined subgroups over time,
for people with incident dementia, we considered the enrollment and
dementia visit scans (Figure S27). In all, 21% had a different anatom-
ically defined subgroup at enrollment than at the dementia visit. In
this subset, 18 of 47 (37%) with the hippocampal sparing subtype at
enrollment had the typical AD subtype at dementia diagnosis, and 17
of 46 (37%) with the hippocampal sparing subtype at dementia diag-
nosis had the typical AD subtype at the first study visit (Figure S27).
Similarly, 11 of 41 with the limbic-predominant subtype at enroliment
had the typical AD subtype at dementia diagnosis (27%), and 13 of
43 with the limbic-predominant subtype at dementia diagnosis had
the typical Alzheimer’s subtype at enrollment (30%; Figure 527). Sim-
ilarly, considering subgroups beginning at dementia diagnosis, there
was considerable movement across subtypes from the dementia visit
to the most recent follow-up (Figure 528). In all, 19% had a differ-
ent anatomically defined subgroup at the dementia visit and the most
recent visit.

There were 248 people from our sample who had a subgroup
defined by Poulakis et al.’s hierarchical Bayesian clustering approach
applied to longitudinal imaging data.'? Tables S6 and S7 show that
there were no significant associations between Poulakis et al.’s sub-
groups and cognitively defined subgroups.

4 | DISCUSSION

We found different GMV patterns across cognitively defined sub-
groups. AD-Memory had relative cortical sparing and severe medial
temporal atrophy compared to other subgroups. AD-Language had
notable left-greater-than-right atrophy, with statistically greater atro-
phy across much of the brain. These findings strongly replicate findings
from a distinct study population.

Our prior study from Vrije Universiteit Medical Center (VUMC)
Amsterdam also evaluated people with posterior cortical atrophy and
with logopenic variant primary progressive aphasia. AD-Language’s
regional findings resembled those of people with logopenic primary
progressive aphasia, though there was more medial temporal lobe
involvement in AD-Language. In a formal voxel-level comparison,
AD-Language’s atrophy patterns were more highly correlated with
logopenic primary progressive aphasia than with any other AD demen-
tia subgroup. Similarly, AD-Visuospatial’s findings resembled those of
posterior cortical atrophy, though there was more medial temporal
involvement in AD-Visuospatial. At the voxel level, AD-Visuospatial had

high correlations with posterior cortical atrophy.1°
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AD-Language’s left-predominant atrophy pattern was consistent
between ADNI and VUMC Amsterdam (Figure S23). We performed
formal asymmetry analyses using average values over atlas-defined
ROls. We found strong statistical support for asymmetry (Table 2).

Identifying ways to subdivide AD is an important recent area of
research; the theory-based cognitive approach we use is one of several
candidate approaches. Notably, several anatomy-based approaches
- including the Poulakis et al. approach!? - in a first step average
data from the left and right sides. While this reduces the number of
regions considered, it makes it impossible to discern a subgroup with
pronounced asymmetry.

Sarica et al.%® reviewed studies addressing asymmetry in people
with AD compared with controls, including cortical thickness, cortical
volumes, and cortical surface area, as well as white matter proper-
ties and functional connectivity. The details of these studies along with
citations are provided in Supplementary Text 1. Most of these stud-
ies showed that structures on the left side had more atrophy than
the right. Almost all of these studies have considered people with AD
as a single group in their analyses. Several investigators suggest that
findings of left lateralized AD pathology may be due to selection fac-
tors induced by cognitive assessments that emphasize language.3?-41
While this could explain differences between people with AD dementia
and controls, it cannot explain differences across cognitively defined
subgroups of people with AD dementia.

A few studies have considered asymmetry and particular cognitive
domains. Keilp et al. evaluated perfusion deficits and performance in
specific cognitive domains.*? Derflinger et al. found that faster left
hemisphere degeneration was associated with worse performance in
language-based cognitive tests across MCl and AD dementia.? Frings
et al. evaluated a sample of referred patients at a German specialty
center and found that people with AD dementia with predominant
language deficits exhibited more left-lateralized AS burden based on
[11C]PiB PET scans and hypometabolism based on [18F]FDG PET scans
compared to people with AD dementia with predominant visuospatial
impairment.*3 Frings et al. did not have MRI scans on most of the peo-
ple in their sample and highly recommended similar analyses in the
ADNI dataset.*> The approaches to categorizing people with AD in
Frings et al. is similar to that performed here and in our previous analy-
ses of the Amsterdam University Medical Center cohort. The pattern
of findings for those with relative language impairments reported in
Frings et al.is similar to our findings. Intriguingly, in their analyses of tau
deposition using tau PET scans, Vogel et al. identified one group with
prominent left greater than right tau involvement in their discovery
sample but not in a replication analysis.3¢

One implication of prominent asymmetric findings in a subset of
people with typical late-onset AD dementia is the possibility that neu-
ropathology findings at autopsy may differ on the right and left sides.
This has been evaluated with autopsy data. King et al. found asym-
metric pTDP-43 and plaque and tangle pathology in some people
with clinical diagnoses of typical late-onset AD dementia.** Simi-
larly, Stefanitis et al. found some left/right asymmetry in tau staining

in some cases of AD dementia.*> There were insufficient cognitive
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data reported in those papers to comment on whether asymmetrical
findings were associated with relative language impairments.

Both Vogel and colleagues®® and Poulakis and colleagues'? stressed
the importance of addressing both stage and severity in subgrouping
AD dementia. We do both. Like Poulakis and colleagues, we identify
conversion to dementia as the anchoring time point. We used a differ-
ent approach for severity with W-scores to reflect overall atrophy. This
is similar to approaches taken by Ossenkoppele and colleagues in other
settings to compare typical late-onset AD dementia with atypical AD
including posterior cortical atrophy and logopenic primary progressive
aphasia.?®

Theory-driven approaches differ in their treatment of minimal atro-
phy, or minimal levels of plaques and tangles. Murray et al. compared
tangles in cortex and limbic regions among people with high Braak
stages and classified people with minimal tangles in both as “typical
AD.”?> Similarly, Risacher et al. did not separately consider individuals
with minimal atrophy.!! Our approaches to pseudo-progression, like
those of Vogel et al. and the SuStaln model approach applied to regional
tau findings,3¢ suggest there may be overlap across subgroups at lower
levels of overall atrophy, where it may be difficult to differentiate
across subgroups based on imaging data. However, for quartiles with
greater overall atrophy, subgroups differ in specific regions involved
(Figure 5). We are analyzing ADNI’s longitudinal imaging data to deter-
mine whether the pseudo-progression suggested here, which by design
represents between-person differences, is confirmed by within-person
changes using longitudinal imaging data.

While we did not find overlap with Poulakis et al’s subgroups
(Tables S6 and S7), we found associations between AD-Memory and
the limbic-predominant group defined using a theory-driven imaging
data approach (Table S5 and Figure S26).

Our findings should be considered along with the study’s limita-
tions. ADNI is a very large imaging study, but when we divided the
cohort of people who developed AD into subgroups, some of those
were small. ADNI excluded people with higher Hachinskiischemic scale
scores, limiting the spectrum of vascular disease burden in the cohort.
Whether these relationships hold in a less stringently selected popu-
lation is uncertain, though the strong replication with a clinic-based
cohort without the vascular disease exclusion is reassuring. For people
who enrolled in ADNI with MCI, ADNI required a memory deficit, pos-
sibly tipping the scales to higher proportions with AD-Memory among
those who convert to AD dementia. Indeed, rates in that subgroup were
higher in ADNI than in other studies where we used the same approach
for subtyping.” ADNI has limited ethnic and racial diversity, and it will
be important to replicate these analyses in more diverse samples. We
took different approaches to those of Vogel et al. to account for dif-
ferential disease severity across subgroups. We used W-scores. This
approach may actually overcorrect disease severity for AD-Memory
as that group has relative cortical sparing, meaning there are fewer
cortical voxels at risk for atrophy in AD-Memory compared to other
groups (Table S3). Global atrophy as defined by W-scores may not
capture important levels of hippocampal involvement that may define
different severity levels for AD-Memory better than differential corti-

cal involvement. We also limited these evaluations to cross-sectional

relationships. We are eager to learn whether patterns of progres-
sion suggested by Figure 5 are seen with individual-level longitudinal
data.

In conclusion, cognitively defined subgroups of people with late-
onset AD dementia have distinct atrophy patterns on structural MRI
at the time of dementia diagnosis. Findings from the present analyses
in ADNI are very similar to those we previously published in a differ-
ent cohort. We found that the AD-Memory group was characterized
by lower GMV in the medial temporal lobe and less involvement else-
where in the cortex compared to other subgroups. This description is
analogous to the limbic-predominant subgroup defined on the basis
of structural imaging, and there was significant overlap between the
AD-Memory subgroup defined on the basis of relative cognitive impair-
ments and the limbic-predominant subgroup defined on the basis of
structural imaging. There was distinct asymmetry with a left greater
than right atrophy pattern in the AD-Language group. Taken together,
across different cohorts, we have found important contrasts between
cognitively defined AD subgroups in terms of genetic findings,” clinical
findings,® FDG-PET findings,” and now structural MRI differences in
ADNI that replicate those we published from an independent cohort.1©
These data add to the evidence base that suggests that typical late-
onset AD could reasonably be considered to be made up of distinct
subgroups on the basis of relative impairments in cognition. Subse-
quent studies should determine whether this approach to categorizing
people with AD may lead to important insights that result in person-
alized medicine approaches and/or discovery of therapeutics that may

ameliorate the deleterious impacts of AD.

ACKNOWLEDGMENTS

Analyses for this project were supported by National Institutes of
Health (NIH) RO1AG 029672 (P Crane, Pl). Data collection and sharing
for this project were funded by the ADNI (NIH Grant U01 AG024904)
and Department of Defense ADNI (Award No. W81XWH-12-2-0012).
ADNI is funded by the National Institute on Aging, the National Insti-
tute of Biomedical Imaging and Bioengineering, and through generous
contributions from the following organizations or companies: Abb-
Vie, Alzheimer’s Association; Alzheimer’s Drug Discovery Foundation;
Araclon Biotech; BioClinica, Inc.; Biogen; Bristol-Myers Squibb Com-
pany; CereSpir, Inc.; Cogstate; Eisai Inc.; Elan Pharmaceuticals, Inc.;
Eli Lilly and Company; Eurolmmun; F. Hoffmann-La Roche Ltd and its
affiliated company Genentech, Inc.; Fujirebio; GE Healthcare; IXICO
Ltd.; Janssen Alzheimer Immunotherapy Research & Development,
LLC; Johnson & Johnson Pharmaceutical Research & Development
LLC; Lumosity; Lundbeck; Merck & Co., Inc.; Meso Scale Diagnostics,
LLC; NeuroRx Research; Neurotrack Technologies; Novartis Pharma-
ceuticals Corporation; Pfizer Inc.; Piramal Imaging; Servier; Takeda
Pharmaceutical Company; and Transition Therapeutics. The Canadian
Institutes of Health Research provides funds to support ADNI clini-
cal sites in Canada. Private-sector contributions are facilitated by the
Foundation for the National Institutes of Health (www.fnih.org). The
grantee organization is the Northern California Institute for Research
and Education, and the study is coordinated by the Alzheimer’s Ther-

apeutic Research Institute at the University of Southern California.

858017 SUOWILLIOD @A 118810 3ded! [dde ayy Aq pausenob a1e ssjolle YO ‘@S Jo ss|n. 10} Ariq1]8UIUO AB]IM UO (SUOIIPUD-PUB-SWBIW0 A8 |IM A eI 1 BU1|UO//SIL) SUORIPUOD PUe SWwie | 8u8eS *[7202/20/.2] uo AkeiqiTauluo Ae|im IuIodieD JO AiseAlun Aq Z9GET ZB/Z00T 0T/I0p/Woo A8 1M Aleiq Ul |uo's euino -z fe//:sdiy woly papeolumoq ‘0 ‘6/2525ST


http://www.fnih.org

CRANEET AL.

Alzheimer’s &Dementia® | 1

ADNI data are disseminated by the Laboratory for Neuro Imaging at
the University of Southern California.

CONFLICT OF INTEREST STATEMENT

Dr. Saykin receives support from multiple NIH grants (P30 AG010133,
P30 AG072976, RO1 AG019771, RO1 AG057739, U19 AG024904,
RO1 LM013463, RO1 AG068193, T32 AG071444, U0O1 AG068057,
U01 AG072177, and U19 AG074879). He has also received support
from Avid Radiopharmaceuticals, a subsidiary of Eli Lilly (in-kind con-
tribution of PET tracer precursor); Bayer Oncology (Scientific Advisory
Board); Eisai (Scientific Advisory Board); Siemens Medical Solutions
USA, Inc. (Dementia Advisory Board); NIH National Hearth, Lung,
and Blood Institute (MESA Observational Study Monitoring Board);
Springer-Nature Publishing (Editorial Office Support as Editor-in-
Chief, Brain Imaging and Behavior). No other authors have declarations
of interest. Author disclosures are available in the Supporting informa-

tion.

DATA AVAILABILITY STATEMENT
Data analyzed in this paper are available from the ADNI website (www.
adni.loni.usc.edu). Analytic code for all steps is available on request, as

are lists of participants assigned to each subgroup.

CONSENT STATEMENT
All participants signed consent forms indicating their informed consent

to participate in the study.

ORCID

Connie Nakano "= https://orcid.org/0000-0001-8987-5337

REFERENCES

1. Gauthier S, Ng KP, Pascoal TA, Zhang H, Rosa-Neto P. Targeting
Alzheimer’s disease at the right time and the right place: validation of
a personalized approach to diagnosis and treatment. J Alzheimers Dis.
2018;64:523-S31.

2. Kosik KS. Personalized medicine for effective Alzheimer disease treat-
ment. JAMA Neurol. 2015;72:497-498.

3. Chan CWH, Law BMH, So WKW, Chow KM, Waye MMY. Novel strate-
gies on personalized medicine for breast cancer treatment: an update.
Int J Mol Sci. 2017;18.

4. Restifo LL. Unraveling the Gordian knot: genetics and the trou-
bled road to effective therapeutics for Alzheimer’s disease. Genetics.
2022:220.

5. Crane PK, Trittschuh E, Mukherjee S, et al. Incidence of cognitively
defined late-onset Alzheimer’s dementia subgroups from a prospec-
tive cohort study. Alzheimer’s & Dementia. 2017;13:1307-1316.

6. Lezak MD. Neuropsychological Assessment. Oxford University Press;
1995.

7. Mukherjee S, Mez J, Trittschuh EH, et al. Genetic data and cognitively
defined late-onset Alzheimer’s disease subgroups. Mol Psychiatry.
2020;25:2942-2951.

8. Bauman J, Gibbons LE, Moore M, et al. Associations between
depression, traumatic brain injury, and cognitively-defined late-onset
Alzheimer’s disease subgroups. J Alzheimers Dis. 2019;70:611-619.

9. Groot C, Risacher SL, Chen JQA, et al. Differential trajectories of
hypometabolism across cognitively-defined Alzheimer’s disease sub-
groups. Neuroimage Clin. 2021;31:102725.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

THE JOURNAL OF THE ALZHEIMER’S ASSOCIATION

Groot C, Grothe MJ, Mukherjee S, 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.

Risacher SL, Anderson WH, Charil A, et al. Alzheimer disease brain
atrophy subtypes are associated with cognition and rate of decline.
Neurology. 2017;89:2176-2186.

Poulakis K, Pereira JB, Muehlboeck JS, et al. Multi-cohort and longi-
tudinal Bayesian clustering study of stage and subtype in Alzheimer’s
disease. Nat Commun. 2022;13:4566.

Weiner MW, Veitch DP. Introduction to special issue: overview
of Alzheimer’s Disease Neuroimaging Initiative. Alzheimers Dement.
2015;11:730-733.

Weiner MW, Veitch DP, Aisen PS, et al. The Alzheimer’s Disease
Neuroimaging Initiative 3: continued innovation for clinical trial
improvement. Alzheimers Dement. 2017;13:561-571.
Hadjichrysanthou C, Evans S, Bajaj S, et al. The dynamics of biomarkers
across the clinical spectrum of Alzheimer’s disease. Alzheimers Res Ther.
2020;12:74.

Schindler SE, Gray JD, Gordon BA, et al. Cerebrospinal fluid biomark-
ers measured by Elecsys assays compared to amyloid imaging.
Alzheimers Dement. 2018;14:1460-1469.

Ismail R, Parbo P, Hansen KV, et al. Abnormal amyloid load in mild
cognitive impairment: the effect of reducing the PiB-PET threshold. J
Neuroimaging. 2019;29:499-505.

Hutton C, Declerck J, Mintun MA, Pontecorvo MJ, Devous MD Sr,
Joshi AD. Quantification of 18F-florbetapir PET: comparison of two
analysis methods. Eur J Nucl Med Mol Imaging. 2015;42:725-732.
Bullich S, Roé-Vellvé N, Marquié M, et al. Early detection of amyloid
load using (18)F-florbetaben PET. Alzheimers Res Ther. 2021;13:67.
Muthen LK, Muthen BO. Mplus user’s guide. 7 ed. Muthen LA: &
Muthen; 1998-2012.

Jack CR Jr., Bernstein MA, Borowski BJ, et al. Update on the mag-
netic resonance imaging core of the Alzheimer’s disease neuroimaging
initiative. Alzheimers Dement. 2010;6:212-220.

Jack CR Jr, Bernstein MA, Fox NC, et al. The Alzheimer’s Disease
Neuroimaging Initiative (ADNI): mRI methods. J Magn Reson Imaging.
2008;27:685-691.

Ossenkoppele R, Cohn-Sheehy BI, La Joie R, et al. Atrophy patterns in
early clinical stages across distinct phenotypes of Alzheimer’s disease.
Hum Brain Mapp. 2015;36:4421-4437.

Desikan RS, Ségonne F, Fischl B, et al. An automated labeling system
for subdividing the human cerebral cortex on MRI scans into gyral
based regions of interest. Neuroimage. 2006;31:968-980.

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;10:785-796.

Dong A, Toledo JB, Honnorat N, et al. Heterogeneity of neuroanatom-
ical patterns in prodromal Alzheimer’s disease: links to cognition,
progression and biomarkers. Brain. 2017;140:735-747.

Ezzati A, Zammit AR, Habeck C, Hall CB, Lipton RB. Detecting biolog-
ical heterogeneity patterns in ADNI amnestic mild cognitive impair-
ment based on volumetric MRI. Brain Imaging Behav. 2020;14(5):1792-
1804.

Mitelpunkt A, Galili T, Kozlovski T, et al. Novel Alzheimer’s disease sub-
types identified using a data and knowledge driven strategy. Sci Rep-Uk.
2020;10:1327.

Ferreira D, Nordberg A, Westman E. Biological subtypes of
Alzheimer disease: a systematic review and meta-analysis. Neurology.
2020;94:436-448.

Ferreira D, Verhagen C, Hernandez-Cabrera JA, et al. Distinct sub-
types of Alzheimer’s disease based on patterns of brain atrophy:
longitudinal trajectories and clinical applications. Sci Rep. 2017;7:
46263.

858017 SUOWILLIOD @A 118810 3ded! [dde ayy Aq pausenob a1e ssjolle YO ‘@S Jo ss|n. 10} Ariq1]8UIUO AB]IM UO (SUOIIPUD-PUB-SWBIW0 A8 |IM A eI 1 BU1|UO//SIL) SUORIPUOD PUe SWwie | 8u8eS *[7202/20/.2] uo AkeiqiTauluo Ae|im IuIodieD JO AiseAlun Aq Z9GET ZB/Z00T 0T/I0p/Woo A8 1M Aleiq Ul |uo's euino -z fe//:sdiy woly papeolumoq ‘0 ‘6/2525ST


http://www.adni.loni.usc.edu
http://www.adni.loni.usc.edu
https://orcid.org/0000-0001-8987-5337
https://orcid.org/0000-0001-8987-5337

w | Alzheimer’s &Dementiar

31
32.
33.
34.
35.
36.
37.
38.
39.

40.

CRANEET AL.

THE JOURNAL OF THE ALZHEIMER’S ASSOCIATION

Habes M, Grothe MJ, Tunc B, McMillan C, Wolk DA, Davatzikos
C. Disentangling heterogeneity in Alzheimer’s disease and related
dementias using data-driven methods. Biol Psychiatry. 2020;88:70-82.
Jeon S, Kang JM, Seo S, et al. Topographical heterogeneity of
Alzheimer’s disease based on MR imaging, tau PET, and amyloid PET.
Frontiers in aging neuroscience. 2019;11:211.

Mohanty R, Martensson G, Poulakis K, et al. Comparison of subtyp-
ing methods for neuroimaging studies in Alzheimer’s disease: a call for
harmonization. Brain communications. 2020;2:fcaa192.

Noh Y, Jeon S, Lee JM, et al. Anatomical heterogeneity of
Alzheimer disease: based on cortical thickness on MRIs. Neurology.
2014;83:1936-1944.

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

Vogel JW, Young AL, Oxtoby NP, et al. Four distinct trajectories of tau
deposition identified in Alzheimer’s disease. Nat Med. 2021;27:871-
881.

Zhang B, Lin L, Wu S, Al-Masqari Z. Multiple subtypes of Alzheimer’s
disease base on brain atrophy pattern. Brain sciences. 2021:11.

Sarica A, Vasta R, Novellino F, Vaccaro MG, Cerasa A, Quattrone A.
MRI asymmetry index of hippocampal subfields increases through the
continuum from the mild cognitive impairment to the Alzheimer’s
disease. Front Neurosci. 2018;12:576.

Derflinger S, Sorg C, Gaser C, et al. Grey-matter atrophy in
Alzheimer’s disease is asymmetric but not lateralized. J Alzheimers Dis.
2011;25:347-357.

Daianu M, Jahanshad N, Nir TM, et al. Breakdown of brain connectiv-
ity between normal aging and Alzheimer’s disease: a structural k-core
network analysis. Brain Connect. 2013;3:407-422.

41.

42.

43.

44,

45.

Thompson PM, Hayashi KM, de Zubicaray G, et al. Dynamics of gray
matter loss in Alzheimer’s disease. J Neurosci. 2003;23:994-1005.
Keilp JG, Alexander GE, Stern Y, Prohovnik I. Inferior parietal perfu-
sion, lateralization, and neuropsychological dysfunction in Alzheimer’s
disease. Brain Cogn. 1996,32:365-383.

Frings L, Hellwig S, Spehl TS, et al. Asymmetries of amyloid-beta bur-
den and neuronal dysfunction are positively correlated in Alzheimer’s
disease. Brain. 2015;138:3089-3099.

King A, Bodi I, Nolan M, Troakes C, Al-Sarraj S. Assessment of the
degree of asymmetry of pathological features in neurodegenerative
diseases. What is the significance for brain banks? Journal Neural
Transm. 2015;122:1499-1508.

Stefanits H, Budka H, Kovacs GG. Asymmetry of neurodegenera-
tive disease-related pathologies: a cautionary note. Acta Neuropathol.
2012;123:449-452.

SUPPORTING INFORMATION
Additional supporting information can be found online in the Support-

ing

Information section at the end of this article.

How to cite this article: Crane PK, Groot C, Ossenkoppele R,
et al. Cognitively defined Alzheimer’s dementia subgroups
have distinct atrophy patterns. Alzheimer’s Dement. 2023;1-14.
https://doi.org/10.1002/alz.13567

858017 SUOWILLIOD @A 118810 3ded! [dde ayy Aq pausenob a1e ssjolle YO ‘@S Jo ss|n. 10} Ariq1]8UIUO AB]IM UO (SUOIIPUD-PUB-SWBIW0 A8 |IM A eI 1 BU1|UO//SIL) SUORIPUOD PUe SWwie | 8u8eS *[7202/20/.2] uo AkeiqiTauluo Ae|im IuIodieD JO AiseAlun Aq Z9GET ZB/Z00T 0T/I0p/Woo A8 1M Aleiq Ul |uo's euino -z fe//:sdiy woly papeolumoq ‘0 ‘6/2525ST


https://doi.org/10.1002/alz.13567

	Cognitively defined Alzheimer’s dementia subgroups have distinct atrophy patterns
	Abstract
	1 | BACKGROUND
	2 | METHODS
	2.1 | Participants
	2.2 | Diversity, equity, and inclusion (DEI)
	2.3 | Cognitive measures and subgrouping
	2.4 | MRI processing
	2.5 | W-scores
	2.6 | Statistical analyses
	2.6.1 | Voxel-based morphometry

	2.7 | Asymmetry analyses
	2.8 | Pseudo-progression
	2.9 | Comparison of cognitively defined subgroups to other systems of subgrouping
	2.10 | Standard protocol approvals and patient consents

	3 | RESULTS
	3.1 | Demographic and clinical characteristics
	3.2 | Subgroup voxel-based morphometry analyses compared with cognitively normal controls
	3.3 | Voxel-based morphometry analyses of subgroups compared with AD-Memory subgroup
	3.4 | Comparison with previously published findings
	3.5 | Regional asymmetry comparisons
	3.6 | Mean b coefficient maps for quartiles of each subgroup
	3.7 | Comparison of cognitively defined and atrophy-defined subgroups

	4 | DISCUSSION
	ACKNOWLEDGMENTS
	CONFLICT OF INTEREST STATEMENT
	DATA AVAILABILITY STATEMENT

	CONSENT STATEMENT
	ORCID
	REFERENCES
	SUPPORTING INFORMATION


