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Abstract

This paper for the 20th anniversary of theAlzheimer’sDiseaseNeuroimaging Initiative

(ADNI) provides an overview of magnetic resonance imaging (MRI) of medial tem-

poral lobe (MTL) subregions in ADNI using a dedicated high-resolution T2-weighted

sequence. A review of the work that supported the inclusion of this imaging modal-

ity into ADNI Phase 3 is followed by a brief description of the ADNI MTL imaging and

analysis protocols and a summary of studies that have used these data. This review is

supplemented by a new study that uses novel surface-based tools to characterizeMTL

neurodegeneration across biomarker-defined AD stages. This analysis reveals a pat-

tern of spreading cortical thinning associatedwith increasing levels of tau pathology in

the presence of elevated amyloid beta, with apparent epicenters in the transentorhi-

nal region and inferior hippocampal subfields. The paper concludeswith an outlook for

high-resolution imaging of theMTL in ADNI Phase 4.

KEYWORDS
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Highlights

∙ As of Phase 3, the Alzheimer’s Disease Neuroimaging Initiative (ADNI) magnetic

resonance imaging (MRI) protocol includes a high-resolution T2-weighted MRI
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scan optimized for imaging hippocampal subfields and medial temporal lobe (MTL)

subregions.

∙ These scans are processed by the ADNI core to obtain automatic segmentations of

MTL subregions and to derivemorphologic measurements.

∙ More detailed granular examination of MTL neurodegeneration in response to

disease progression is achieved by applying surface-basedmodeling techniques.

∙ Surface-based analysis of gray matter loss in MTL subregions reveals increas-

ing and spatially expanding patterns of neurodegeneration with advancing

stages of Alzheimer’s disease (AD), as defined based on amyloid and tau

positron emission tomography biomarkers in accordance with recently proposed

criteria.

∙ These patterns closely align with post mortem literature on spread of pathological

tau in AD, supporting the role of tau pathology in the presence of elevated levels of

amyloid beta as the driver of neurodegeneration.

1 INTRODUCTION

This paper for the 20th anniversary of the Alzheimer’s Disease

Neuroimaging Initiative (ADNI) serves two goals. The first goal,

accomplished in the next three sections, is to provide the motiva-

tion behind the inclusion in the ADNI magnetic resonance imaging

(MRI) protocol of the high-resolution T2-weighted sequence focused

on the medial temporal lobe (MTL) and hippocampus subfields; to

review the derived data and measures available in the ADNI data

archive; and to summarize the published studies using these data.

The second goal, to which the subsequent sections are dedicated,

is to examine the progression of neurodegeneration in hippocam-

pal subfields and MTL subregions based on the 2024 Alzheimer’s

Association Revised Criteria for Diagnosis and Staging of Alzheimer’s

Disease.1

2 HISTORY OF FOCAL HIPPOCAMPAL MRI AND
MOTIVATION FOR ITS INCLUSION IN ADNI

The hippocampus and the MTL are sites of earliest tau pathology and

neurodegeneration in Alzheimer’s disease (AD) and are impacted by

common co-pathologies of AD, including TAR DNA-binding protein 43

(TDP-43) pathology involved in limbic-predominant age-related TDP-

43 encephalopathy (LATE) and alpha-synuclein pathology involved

in Lewy body disease.2–5 Reduction in hippocampal volume in MRI

scans reflects the reduction in neuron number, neuropil and synaptic

density, number of glial cells, as well as fluid balance and other tran-

sient modulators.6–8 When the ADNI was first launched, volumetric

MRI and hippocampal volume specifically, was one of the best avail-

able biomarkers for AD diagnosis and tracking of disease progression

in future clinical trials of disease-modifying treatments.9–12 The vol-

ume of the hippocampus can be measured on T1-weighted MRI scans

like those obtained in every ADNI MRI session with high reliability

using either manual or automatic segmentation, and longitudinal rates

of atrophy in hippocampal volume have consistently been shown to

be higher in groups with more advanced cognitive decline as well

as groups with more advanced AD as defined by cerebrospinal fluid

(CSF) and positron emission tomography (PET) biomarkers.13–18 Dur-

ing the ADNI1 phase, multiple studies provided evidence that changes

in hippocampal volumewould be substantiallymore sensitive than cog-

nitive tests in detecting a hypothetical effect of a disease-modifying

treatment for AD.19

The hippocampus and the MTL have distinctive anatomy and con-

nectivity, and the impact of AD and co-pathologies on these structures

is not uniform. The staging of AD tau pathology by Braak and Braak2

identifies the transentorhinal cortex (TRC), located on the medial por-

tion of Brodmann area 35 (BA35, part of the perirhinal cortex) as

the earliest site of neurofibrillary tangle formation in the human cor-

tex. Pathology subsequently spreads to the entorhinal cortex (ERC)

and the hippocampus, particularly subfields cornu ammonis 1 (CA1)

and subiculum (SUB).2 Notably, the amygdala and anterior portions

of the temporal pole are also affected at this early stage.20–22 More

recent investigations of the3Ddistributionof taupathology in theMTL

using serial histological imaging reveal non-uniform patterns across

the MTL, with a gradient from anterior to posterior in the MTL cortex

and amore uniform distribution in the hippocampus.23–25 Because tau

pathology in AD is closely linked to neurodegeneration, the atrophy of

the MTL is thought to follow a similar progression to the spread of tau

pathology.26–28

Around the time of the ADNI launch, scientists studying the func-

tion and pathology of the hippocampus began using dedicated MRI

sequences to image this structure at higher resolution.29–34 Such stud-

ies typically used T2-weighted sequences on 3 tesla or 4.7 tesla MRI

scanners and achieved high resolution (e.g., 0.4 mm × 0.4 mm) in one

imaging plane, oriented orthogonally to the hippocampal main axis,
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while increasing slice thickness and only imaging a partial slab of the

brain (e.g., 20–30 slices with 2–3 mm slice thickness) to achieve rea-

sonable scan time and not to exceed safe specific absorption rate

(SAR) limits. Such scans revealed the intricate, layered structure of

the hippocampus and made it possible to separately segment, and

measure the volume of, main hippocampal subfields, including CA1

through CA4, SUB, and dentate gyrus (DG). A number of manual

protocols for segmenting hippocampal subfields in T2-weighted MRI

were developed.29,32,34–39 Around the same timeframe, computational

algorithms for labeling hippocampal subfields emerged, first targeting

T1-weighted MRI40,41 and then specialized to high-resolution T2-

weighted MRI.42–44 The ability to measure the volume, thickness,

and shape of specific hippocampal subfields that play distinct roles

in human memory function opened new avenues of structural and

functional MRI research in many fields of neuroscience. However, as

more groups adopted subfield imaging, the number of anatomical pro-

tocols for labeling subfields grew, making it difficult to compare and

relate published results.45 In 2013, the Hippocampal Subfields Group

(HSG) was formed with the goal to harmonize the imaging techniques

and segmentation protocols used by the growing hippocampal sub-

field imaging field. The HSG adopted a long-term strategy to coalesce

the field around a harmonized protocol, with working groups con-

sisting of neuroimagers and neuroanatomists developing a sequence

of well-documented protocols for the hippocampal body, head, tail,

and extrahippocampal MTL regions; community feedback via a Del-

phi protocol; and extensive reliability testing.46,47 The HSG is on

the verge of releasing the fully validated hippocampal body proto-

col in 2024, with remaining protocols expected in the 2025 to 2026

timeframe.

T2-weighted MRI focused on the hippocampal region (HF-T2 for

short) was introduced as a pilot project during Phase 2 of ADNI, and

HF-T2 scans were acquired duringmost participantMRI visits at ADNI

sites with 3 tesla Siemens scanners. This project collected and per-

formedquality assessments on684HF-T2 scans from393participants.

A subset of these scans was used in a study byMueller et al.48 to com-

pare five distinct approaches to quantify hippocampal subfields from

ADNI. Three of the approaches used HF-T2 scans, including a manual

segmentation method32 and two automated methods: FreeSurfer 649

and the Automated Segmentation of Hippocampal Subfields (ASHS)

algorithm.44 The other two approaches used ADNI T1-weighted MRI:

FreeSurfer 541 and a deformation-based whole-hippocampus shape

analysis method.40 While the analysis was not sufficiently powered to

detect significant differences betweenmethods, the overall conclusion

of the study was that “subfield volumetry outperformed hippocampal

volumetry in their ability to detect subtle atrophy that characterizes

the early stages or preclinical stages of AD” and that the “auto-

mated T2 based subfield labeling approaches tested in this project

compared well to the manual approach.”48 This analysis, along with

studies published on other HF-T2 datasets in AD,50–53 provided the

motivation for including HF-T2 in the MRI protocol for ADNI3 and

for including automated measures of hippocampal subfield and MTL

subregional volumes derived from these scans in the ADNI3 tabular

data.

RESEARCH INCONTEXT

1. Systematic review: This article reviews high-resolution

magnetic resonance imaging (MRI) of the medial tempo-

ral lobe (MTL) in the Alzheimer’s Disease Neuroimaging

Initiative (ADNI). We used PubMed and other public

sources to review studies using this MRI modality in

Alzheimer’s disease (AD) research and, specifically, in

ADNI.Given the field’s transition tobiomarker-baseddef-

initions of neurodegenerative diseases, we identified the

need to characterize the spread of neurodegeneration in

the medial temporal lobe with advancing stages of AD, as

defined by tau and amyloid biomarkers.

2. Interpretation: Our findings reveal a pattern of increased

neurodegeneration at more advanced biomarker-defined

stages of AD that closely agree with previously described

descriptions of the spread of tau pathology.

3. Future directions: Directions for medial temporal lobe

imaging research in future phases of ADNI include proto-

col harmonization, incorporating post mortem atlases, and

ante mortem studies linking markers of multiple neurode-

generative pathologies toMTL neurodegeneration.

3 HIPPOCAMPUS-FOCUSED T2-WEIGHTED MRI
AND DERIVED MEASURES IN ADNI3

TheADNI3MRIprotocol includedanHF-T2acquiredusing a turbo spin

echo sequence in an oblique coronal direction with 175 × 175 mm2

field of view, 0.4 × 0.4 mm2 in-plane resolution, 30 slices without gap,

2.0 mm slice thickness, repetition time = 8020 ms, echo time = 50 ms.

The orientation of the slice plane is approximately orthogonal to the

long axes of the two hippocampi, and the 60 mm slab is placed so

that both hippocampal formations are included. Slab positioning is

performed by the scanner operator interactively after obtaining a

whole-brain T1-weighted MRI scan. The HF-T2 scan is obtained on all

scannermakes andmodels inADNI3,with accelerationparameters and

acquisition time (4–5 minutes) varying slightly across scanners. The

ADNI database scans were obtained routinely during MRI visits, with

scans acquired in 2270 scanning sessions in 1143 ADNI3 participants

(513 participants with one scan, 285 with two scans, 345 with three or

more scans). An example of an HF-T2 scan and its orientation relative

to a whole-brain T1-weightedMRI scan is shown in Figure 1.

All ADNI3 HF-T2 MRI scans undergo quality control (QC). HF-T2

scans are prone to artifacts, with motion and susceptibility artifacts

being most common, according to a recent survey.54 Motion artifacts

manifest themselves as rings or streaks in the image, also known as

“ghosting”54 and can cause significant errors in volume and thick-

ness estimates making the scan unusable.55 Other factors that affect

scan usability are errors in the placement of the HF-T2 slab, which

must include both the left and the right medial temporal lobe. The QC
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F IGURE 1 Overview of the HF-T2MRI in ADNI3. A, Sagittal view of a T1-weightedMRI scan fromADNI3 (face removed) with the purple
overlay indicating the position and orientation of the slab imagedwith HF-T2MRI. The slab is approximately alignedwith the hippocampal long
axes. B, Coronal view of the HF-T2MRI scan fromADNI3. C, Zoomed-in view of the rightMTL in the HF-T2 scan (corresponds to the dotted white
box in [B]). D, Sagittal view of the rightMTL. E, F, ASHS segmentation ofMTL subregions in coronal and sagittal sections. G, 3D rendering of the
ASHS segmentation. ADNI, Alzheimer’s Disease Neuroimaging Initiative; ASHS, Automated Segmentation of Hippocampal Subfields algorithm;
BA, Brodmann area; CA, cornu ammonis; DG, dentate gyrus; ERC, entorhinal cortex; HF-T2, T2-weightedMRI focused on the hippocampal region;
Misc., miscellaneous label, includes hippocampal cerebrospinal fluid and cysts;MRI, magnetic resonance imaging;MTL, medial temporal lobe; PHC,
parahippocampal cortex; SUB, subiculum.

assessment takes into consideration the visibility of the hypointense

layers in the hippocampus that separate the dentate gyrus from the

CA1–3 subfields and the SUB, knownas the “dark band” or strata radia-

tum, lacunosum, and moleculare (SRLM), as well as the definition of

the MTL cortical gray matter; and assigns each scan a score between

0 (unusable) and 4 (high quality), as described in Table 1. The QC pro-

cedure protocol is included as Supplemental Material in supporting

information.

HF-T2 MRI scans undergo automatic segmentation using the ASHS

algorithm.44 ASHS is a multi-atlas automated segmentation algorithm

that uses an “atlas set” of N = 29 HF-T2MRI scans in which hippocam-

pal subfields andMTL cortical subregions have been labeled. TheASHS

labels include subfields CA1–3, DG, SUB, ERC, BA35, Brodmann area

36 (BA35, lateral part of perirhinal cortex), and parahippocampal cor-

tex (PHC); cysts and CSF in the hippocampus, as well as the collateral

sulcus are also labeled.

When processing an HF-T2 scan fromADNI (referred to as the “tar-

get” HF-T2 scan), ASHS performs several image processing steps. First,

rigid registration is performed between theHF-T2 scan and thewhole-

brain T1-weighted MRI scan to account for head position changes

during anMRI session. Next, the T1 image is registered to a population

template derived from the T1 images in the atlas set. These regis-

trations allow the left and right MTL region of interest (ROI) masks,

defined in the template space, to be mapped to the space of the HF-

T2 scan. The HF-T2 is then cropped around these ROI masks, so that

subsequent processing operates on image patches roughly centered

around the left and right MTL. The HF-T2 patches from the atlas set

are then registered to the target HF-T2 patches using deformable
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TABLE 1 Quality rating scale used for ADNI3HF-T2 scans.

HF-MRIQC

rating Description

Frequency in

ADNI3

0: Unusable MTL substructures and dark

band are not identifiable.

1.7%

1: Bad quality Dark band is hard to identify

andMTL substructures are

blurry.

10.7%

2: Adequate

quality

SomeMTL substructures are

clear; dark band is mostly

visible.

31.5%

3: Good quality MostMTL substructures are

clear; dark band is

continuously visible.

35.0%

4: High quality All MTL substructures are

clear; the dark band is

continuously visible, and the

transition of CA into DG is

clearly visible.

20.9%

Note: The term“darkband” refers to thehypointense layerbetween theden-

tate gyrus and the CA and subiculum subfields, which corresponds to the

strata radiatum, lacunosum, andmoleculare (SRLM) of the hippocampus.

Abbreviations: ADNI, Alzheimer’s Disease Neuroimaging Initiative; CA,

cornu ammonis;DG, dentate gyrus;HF-T2, T2-weightedMRI focusedon the

hippocampal region;MTL, medial temporal lobe.

registration, and themanual segmentation fromeach image in the atlas

set are deformed (warped) into the space of the target HF-T2 patches.

For each HF-T2 patch (left and right), this generates N “candidate” seg-

mentations. These N segmentations are fused into a single consensus

segmentationusing aweighted voting strategy called joint label fusion56

that considers local appearance similarity between each atlas and the

target. Additionalmachine learning–based correction is applied at each

voxel, which has been shown in prior work to slightly increase segmen-

tation accuracy.57 The resulting segmentation is called the “multi-atlas”

output of ASHS. Last, the process of deformable registration, weighted

voting, and learning-based correction is then repeated, this time using

the multi-atlas outputs to perform affine registration between each

atlas in the atlas set and the target HF-T2 patches. The resulting seg-

mentation is called the “bootstrap” output of ASHS. We added the

bootstrap stage to improve accuracy, as it reduced the likelihood of

large misalignment between atlases in the atlas set and the target

image prior to deformable registration.

An example of ASHS segmentation in an HF-T2 MRI scan from

ADNI3 is provided in Figure 1. The accuracy of the ASHS algorithm has

been evaluated using cross-validation in several atlas sets over the past

decade.44,58–62 While deep learning–based segmentation techniques

trained on the sameatlas sets can achieve higher cross-validation accu-

racy, a recent study has found the multi-atlas approach in ASHS to be

more robust when generalizing across scanners.63

After applying ASHS to an HF-T2 scan, each voxel in the scan is

assigned an anatomical label, for example, left CA2. By adding up

these voxels (and multiplying by the volume of the MRI voxel), the vol-

ume of each subregion is obtained. However, one caveat with using

these volume measures for analysis is that for MTL cortical subre-

gions (ERC, BA35, BA36, PHC), the volume measure is very sensitive

to how many 2 mm thick HF-T2 slices are spanned by the segmenta-

tion. These subregions are only segmented in the ASHS atlas set in the

HF-T2 slices that contain the hippocampus, plus one additional ante-

rior slice, even though the actual anatomical structures extend further

anteriorly (ERC, BA35, BA36) and posteriorly (PHC) as part of the cor-

tical gray matter. Thus, the anterior and posterior boundaries of these

subregions in ASHS segmentations are somewhat arbitrary. Further-

more, ASHS applies a heuristic post-processing step, whereby HF-T2

slices with few voxels labeled as ERC, BA35, BA36, PHC (<2 5% of

the median number of voxels labeled ERC, BA35, BA36, PHC per slice)

are removed from the ERC, BA35, BA36, PHC segmentation. Over-

all, for any given ASHS segmentation there is significant uncertainty

about the extent of theMTL cortical subregions along the slice axis. To

account for this, ASHS authors recommend normalizing the volume of

the MTL cortical subregions by the length of their segmentation in the

HF-T2 slicing direction,44 that is, number of slices spanned times slice

thickness. The volume of each subregion and the number of slices in

the HF-T2 that it spans are reported for each HF-T2 scan in ADNI3 in

the data table “ASHS volume data [ADNI3],” coded “LEFT_CA1_VOL,”

“LEFT_CA1_NS,” and so forth.

Alternatively, the thickness of each MTL cortical subregion can be

computed from the ASHS segmentation, which is less sensitive to the

extent of the anatomical labels. Because there are multiple ways to

compute cortical thickness, the ADNI data tables currently do not

include thickness as one of the derived measures. However, because

ASHS segmentations are uploaded to the Laboratory of Neuro Imag-

ing (LONI) archive, researchers may compute thickness using their

preferred approach.

4 REVIEW OF PUBLISHED STUDIES OF MTL
SUBREGIONAL MORPHOMETRY IN ADNI

After a pilot project in phase 2 of ADNI in which some sites with

Siemens scanners collected HF-T2MRI, the modality was newly added

to the ADNI MRI protocol for phase 3. The initial studies using HF-T2

primarily used data from phase 2. They included the study compar-

ing different approaches to quantify hippocampal subfields byMueller

et al.,48 as well as the first comprehensive analysis of morphometric

data measured from an MTL-dedicated sequence obtained in a multi-

site manner by Wolk et al.64 The latter study not only replicated in

ADNI the enhanced sensitivity of hippocampal subfield measures to

prodromal AD reported in prior work,44 but also demonstrated the

sensitivity of themodality toMTL subregional changes across a contin-

uum of clinical progression in a pseudo-longitudinal analysis, including

changes in preclinical disease detected in the BA35 region. Leveraging

the capability of HF-MRI to make MTL subregional atrophy measure-

ments, this work established that it was possible to largely recapitulate

the topographic pattern of neurofibrillary tangle deposition reported

in the histology literature in its downstream effects of neurodegenera-

tionwithdifferent degrees ofADseverity, frompreclinical to dementia.
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In a subsequent study using ADNI phase 3 data, associations between

MTLsubregionalmorphometricmeasures and taupathologymeasured

with tau PET were reported,65 broadly reflecting spatial patterns that

recapitulated early Braak stages, with strong effects in rhinal cortices.

Further, these correlation patterns in A– individuals were similar to

those in A+, suggesting that the 18F-Flortaucipir tracer is sensitive

to tau pathology in primary age-related tauopathy.66 Memory perfor-

mancewas also found tobe correlatedwithbothMTL tau tracer uptake

and subregional atrophy, with the latter effect being strong in rhinal

cortices in both A+ and A–, and strongest in CA1 in A+. Another study
reported greater atrophy in CA1, DG, and SUB and greater tau burden

inmultipleMTL subregions including ERC inA+ participants compared

to A–. This study also found an association of subregional measures

with cognitive scores.67 The A+ group showed more widespread asso-

ciation of memory performance with subregional atrophy and tau

measures compared to A–. Impaired executive function was associ-

ated with higher tau in some subregions, including ERC, only in A+.
As substantial amounts of HF-T2 MRI data started becoming avail-

able from phase 3, HF-T2 MRI from ADNI also started being used

for studies beyond morphometric analysis along the AD continuum.

Cong et al. performed a volumetric genome-wide association study of

MTL substructures demonstrating the value of high-resolution MTL

imaging for revealing the genetic basis of AD biomarkers.68 Over

time, novel methods using these data to interrogate subfields were

developed69–71 and they were also used in evaluation studies com-

paring different MRI sequences to study subfields.72 Some of these

methods, such as longitudinal automatic segmentation of hippocampal

subfields (LASHiS),69 were designed to take advantage of multimodal

imaging, including ultra-high field strength (7 tesla) MRI. Compared to

the HF-T2MRI acquired at 3 tesla in ADNI, similar T2-weighted 7 tesla

MRI can provide better tissue contrast, as well as higher spatial reso-

lution, particularly along the long axis of the hippocampus.73 This can

be advantageous for segmenting subfields in the complex folds of the

hippocampal head, and result in more reliable delineations of smaller

subfields such as CA2 and CA3.74,75

The use of HF-T2MRI in ADNI neuroimaging studiesmay have been

limitedby the fact that this sequencewas introduced inADNI relatively

late, as well as, perhaps, by the lack of familiarity with this modality.

Indeed, there is significant interest in the ADNI community in deriving

MTL subregion measures from ADNI MRI, as evidenced by the sub-

stantial number of papers that estimate the volume of hippocampal

subfields from T1-MRI data in ADNI. This trend has continued to date

despite evaluation studies cautioning against segmenting hippocampal

subfields in the T1-MRI with ≈ 1 mm resolution76 due to low contrast

between hippocampal layers and likely dominance of the probabilistic

atlas prior in resulting subfield labels.

On the other hand, the use of the HF-T2 MRI sequence for MTL

morphometry in AD neuroimaging as well as other areas of neu-

roimaging has grown substantially since its adoption in ADNI. A recent

meta-analysis of age effects on MTL subregions across the lifespan77

reported that out of 41 eligible studies, 19 obtained hippocampal sub-

field measures from T1-weighted MRI using automatic segmentation

in FreeSurfer,41,49 while HF-T2 was used in 22 studies (12 with manual

and 10 with automatic segmentation). It is likely that with contin-

ued acquisition of HF-MRI in ADNI4 and increased awareness of the

availability of more than one thousand HF-T2 scans and ASHS-derived

measurements inADNI3, the number of studies using thismodalitywill

soon increase.

5 DERIVING PATTERNS OF MTL ATROPHY IN
PROGRESSIVE STAGES OF AD USING ADNI3 HF-T2
MRI

ROI summary measures like CA1 volume or BA35 thickness derived

from the ASHS segmentations of HF-T2 MRI scans make it possible

to study the regional impact of neurodegenerative pathologies on the

MTL. Even greater anatomical specificity can be achieved by applying

more advanced morphological tools to the ASHS output. We recently

developed a surface-based approach to perform groupwise registra-

tion and pointwise thickness analysis using ASHS segmentations.78

Here, we apply this approach to ADNI3HF-T2 to study the topography

of neurodegeneration associated with different stages of AD defined

by biomarkers of amyloid beta (Aβ) and tau pathology.We hypothesize

that earlier biological stages of AD would be associated with thinning

particularly in ERC and BA35, while later stageswould showmore pro-

nounced neurodegeneration in other MTL subregions, consistent with

the pattern of spread of tau pathology in AD.2

Data used in this analysis were obtained from the ADNI database

(adni.loni.usc.edu). The ADNIwas launched in 2003 as a public–private

partnership, led by principal investigator Michael W. Weiner, MD. The

primary goal of ADNI has been to test whether serial MRI, PET, other

biologicalmarkers, and clinical and neuropsychological assessment can

be combined tomeasure the progression ofmild cognitive impairment,

and early AD. For up-to-date information, see www.adni-info.org.

We follow the 2023 Draft Revised Criteria for Diagnosis and Stag-

ing of AD1 to assign ADNI3 participants to progressive disease stages

based on Aβ and tau PET biomarkers, and independently of their

clinical diagnosis or cognitive status. These criteria break down AD

progression into initial (A), early (B), intermediate (C), and advanced

(D) stages based on PET or fluid biomarkers. When operationalized

using PET biomarkers, all four stages are associated with abnormally

elevated levels of Aβ pathology, and the four stages are defined based
on the spatial extent and severity of tau pathology: normal levels of tau

in stage A (A+T–); elevated tau in the MTL only in stage B (A+TMTL+);
elevated tau in theMTL and elevated butmoderate level of neocortical

tau in stage C (A+TMOD+); and elevated tau in the MTL and high level

of neocortical tau in stage D (A+THIGH+).1 We assign individuals with

normal levels of amyloid and tau (A–T–) to the normal (N) group; and

we use the designation “indeterminate” (I) to denote participants who

donot fit into anyof these stages (e.g., have elevated taubut normalAβ;
or have elevated neocortical tau but normal MTL tau, consistent with

the hippocampal-sparing subtype of AD79).

To operationalize this staging approach in ADNI3, we closely

followed the steps used for PET-based Braak staging in a recent

study by Jack et al.80 We used established thresholds based on a

http://adni.loni.usc.edu
http://www.adni-info.org
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composite ROI in ADNI for defining Aβ PET positivity81 and we fit-

ted two-component Gaussian mixture models to tau PET standardized

uptake value ratio (SUVR) distributions in two stages to define cut-

offs between normal/elevated and moderate/high levels of tau for

the MTL and neocortical reference regions. This operationalization is

detailed in the SupplementalMethods and Figures S2–S5 in supporting

information.

To generate surface maps of hippocampal and MTL subregional

thickness, we used a surface-based pipeline that builds on top of

ASHS, named “Cortical Reconstruction for ASHS” or CRASHS (https://

github.com/pyushkevich/crashs). This pipeline adapts the concepts and

tools from widely used whole-brain segmentation and cortical surface

analysis packages FreeSurfer, Nighres, and CRUISE,82–84 originally

developed for whole-brain segmentation and cortical surface analysis,

toMTL subregional segmentations generated byASHS. These segmen-

tations are first upsampled using a deep learning network trained on

paired same-subject in vivo and ex vivo MTL segmentations to reduce

the step edges due to HF-T2 slice thickness. The starting point for

CRASHS is the surface between the gray matter and the white matter

in the upsampledASHS segmentation. This surface includes the “inner”

surface of the subiculum and MTL cortical regions (ERC, BA35, BA36,

and PHC) and the “outer” surface of the CA1, CA2, and CA3 subfields,

which approximately corresponds to the border between hippocam-

pal gray matter and alveus/fimbria (shown as black and red curves,

respectively, in Figure S3A). The gray/white surface and the ASHS gray

matter segmentation are then used to generate a mid-surface that

passes through the middle of the gray matter (cortical sheet in the

MTL; CA1–3 and subiculum subfields in the hippocampus). This mid-

surface is inflated to achieve a simple shape, and large deformation

diffeomorphic metric mapping (LDDMM) shape registration is used to

map inflated surfaces to a common template surface. The thickness of

the MTL gray matter, estimated at every point in the upsampled ASHS

segmentation, is mapped to the template space for group analysis. The

details of the CRASHS pipeline are provided in SupplementalMethods.

At every vertex of the template mesh, a general linear model is fit-

tedwithMTL thickness at that vertex as the dependent variable; group

membership as a categorical independent variablewith levelsA,B,C,D,

andN; and age and sex as covariates. The contrasts 𝛽N − 𝛽A,… , 𝛽N − 𝛽D

are computed at each vertex, where 𝛽A,… , 𝛽N are the fitted model

coefficients for the five groups. For each contrast, the t statistic is

computed at each vertex. Permutation testing using the threshold-free

cluster enhancement (TFCE) approach85 with parameters E = 1

2
, H =

2,Δh = 0.01, and 10,000 permutations is used to assign a family-

wise error rate (FWER) corrected P value to each location on the MTL

surface template.

ROI-level summary measures of hippocampal subfield volume and

MTL cortical thickness were also analyzed. First, these summary mea-

sures were plotted against group membership, and the area under the

receiver operating curve (AUC) statistic was computed between each

group and the N group. Second, linear models with the same design

and contrasts as for the vertex-level analyses were applied to each ROI

measure. Permutation tests with 10,000 permutations were used to

assess the significance in both sets of ROI-level analyses.

5.1 Results

Tau PET data from 751 ADNI3 participants were analyzed using Gaus-

sian mixture models to define tau PET SUVR cutoffs for the MTL

and neocortical reference regions. The resulting cutoffs are given in

Table 2.

We applied the surface-based CRASHS pipeline to the ASHS seg-

mentations of HF-T2 MRI scans of 336 participants who had available

Aβ and tau SUVR measures, passed HF-T2 image QC (score ≥ 2 in

Table 1 on both sides), and for which QC of the ASHS output was

additionally performed (using the QC protocol for ASHS segmenta-

tions included in the Supplemental Materials). When considering left

and right MTL separately, the proportion of ASHS segmentations that

passed ASHS QC (i.e., QC score of 3 or 4) was 92.8%, as reported in

Table S3 in supporting information. We also rejected ASHS segmenta-

tions for which the CRASHS template fitting resulted in > 5% of the

vertices located> 1mm from the target surface (95.7% of the segmen-

tations that passed ASHS QC also satisfied this condition). The total

number of scans for which both the left and right MTL passed ASHS

QC and satisfied the template distance condition was 285 (84.8% of

the participants). These participants were assigned to the six groups

(AD stages A–D, control group N, and indeterminate group I) based on

the amyloid and tau PET cutoffs specified in Table 2. Table 3 compares

the six groups in termsofdemographic variables, clinical diagnosis, cog-

nitive metrics, and apolipoprotein E (APOE) ε4. More advanced stages

are associated with greater levels of impairment and more frequent

incidence of one or two APOE ε4 alleles.
Figure 2 plots the volumes of hippocampal subfields and themedian

thickness ofMTL cortical subregions for the six groups and reports the

AUC for pairwise discrimination between the N group and each of the

A, B, C, and D stages using each volume/thickness measure, without

considering covariates. For the A group, no significant differences with

the N group are observed in any of the subregions. For the B group,

there are highly significant reductions in volume and thickness for DG,

CA1, BA35, SUB, and ERC. These effects become progressively more

significant for the C and D groups, with trend-level effects appear-

ing in PHC and BA36 in the C group and all subregions except CA3

having significant effects in the D group. For the I group, there are

significant effects in ERC and BA35, with trend-level effects in PHC

and SUB. Complementary analysis in Table S1 in supporting informa-

tion summarizes the general linearmodels fitted for eachmeasurewith

age and sex included as covariates, with the results largely recapitulat-

ing those in Figure 2. Additionally, Figure S6 in supporting information

plots alternative subregionalmeasures: thickness forhippocampal sub-

fields CA1–3 and SUB; and volume for MTL cortical subregions; those

results are largely consistent with Figure 2, but AUCs for the MTL

subregions are generally lower.

Figure 3 shows regional patterns of difference in thickness between

each of the A, B, C, D stages and the control group N in the space

of the CRASHS MTL surface template. This surface template cap-

tures thickness measurements from all MTL subregions except DG.

Figure 3 plots t statistic maps and corresponding log-transformed

FWER-corrected P value maps for contrasts 𝛽N − 𝛽A,… , 𝛽N − 𝛽D at

https://github.com/pyushkevich/crashs
https://github.com/pyushkevich/crashs
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TABLE 2 Operationalizing the draft revised criteria for AD staging in ADNI3 using amyloid beta PET and tau PET SUVR.

Amyloid PET cortical SUVR Tau PET Entorhinal SUVR Tau PETNeocortical SUVR

AD biomarker stage

Elevated:

≥1.11 for Florbetapir

>1.08 for Florbetaben Elevated:≥1.239

Moderate:≥1.191

High:≥1.457

N: No biomarker evidence of AD Normal Normal Normal

A: Initial stage biomarkers Elevated Normal Normal

B: Early-stage biomarkers Elevated Elevated Normal

C: Intermediate stage biomarkers Elevated Elevated Moderate

D: Advanced stage biomarkers Elevated Elevated High

I: Indeterminate Any irregular pattern of biomarkers

Notes: Participants were assigned to six groups based on amyloid positivity and levels of tau in the entorhinal cortex and a reference neocortical region, as

proposed in.1 Cutoffs for tau PETwere obtained by Gaussianmixturemodel analysis, as detailed in the SupplementalMethods.

Abbreviations: AD, Alzheimer’s disease; ADNI, Alzheimer’s DiseaseNeuroimaging Initiative; PET, positron emission tomography; SUVR, standardized uptake

value ratio.

TABLE 3 Comparison of the PET biomarker-defined progressive AD stages A–D, participants with normal biomarker levels (N), and
participants with indeterminate disease stage (I) in ADNI3 in terms of age, sex, education, cognitive status, clinical diagnosis, and number of APOE
ε4 alleles.

N (normal) A (initial) B (early) C (intermediate) D (advanced) I (indeterminate)

Group size (n) 99 80 32 28 19 26

Age 70.4± 5.7 72.4± 6.7† 72.5± 7.0 71.6± 6.7 68.3± 5.9 69.6± 7.1

Sex (Female/male) 52.5%/47.5% 56.2%/43.8% 71.9%/28.1% 50.0%/50.0% 47.4%/52.6% 30.8%/69.2%

Education (years) 16.6± 2.3 16.7± 2.6 16.1± 2.2 15.9± 2.8 16.1± 2.3 17.2± 2.4

CDR Sum of Boxes 0.3± 0.7 0.8± 1.4† 1.8± 1.7*** 3.5± 3.5*** 3.5± 2.6*** 1.5± 2.2*

Clinical Dx

(CN/MCI/DM)

70.7%/29.3%/

0.0%

63.7%/27.5%/

8.8%†

18.8%/59.4%/

21.9%***

14.8%/44.4%/

40.7%***

5.3%/57.9%/

36.8%***

50.0%/38.5%/

11.5%**

APOE ε4 alleles
(0/1/2)

81.3%/16.5%/

2.2%

43.4%/50.0%/

6.6%***

17.9%/57.1%/

25.0%***

24.0%/48.0%/

28.0%***

10.5%/57.9%/

31.6%***

76.0%/20.0%/

4.0%

Note: Statistically significant differences between group N and each of the other groups, obtained using the chi-squared test of independence for categorical

variables and the Mann–Whitney U test for continuous variables, are marked (***: P < 0.001; **: P < 0.01; *: P < 0.05; with Bonferroni correction across the

five group comparisons; †: p< 0.05without Bonferroni correction).

Abbreviations: AD, Alzheimer’s disease; ADNI, Alzheimer’s Disease Neuroimaging Initiative; APOE, apolipoprotein E; CDR, Clinical Dementia Rating scale;

CN, cognitively normal; DM, dementia; MCI, mild cognitive impairment; PET, positron emission tomography.

each point on the template surface, displayed from two different view-

points. No significant differences in thickness are observed between A

and N groups. The most prominent significant differences between B

and N groups are observed in and around the transentorhinal region,

which is located along the boundary between lateral ERC and BA35.

Differences between C and N groups in the MTL cortex resemble the

differences between B and N groups, with slightly greater overall thin-

ning; but in the hippocampus there are strong significant effects across

inferior and anterior CA1 as well as SUB that are absent for the B–N

comparison. Differences between D and N groups also span a larger

area of the MTL cortex, with greater involvement of ERC compared to

BA35 compared to the B–N and C–N comparisons, and a similar area

of the hippocampus to the C–N comparison.

As an additional exploratory analysis, we examined whether there

are associations between cognition and MTL subregional thickness

that are not explained by AD biomarker staging. Within each of the

F IGURE 2 Volumes of hippocampal subfields (CA1, CA2, CA3, DG, subiculum) andmedian thickness ofMTL cortical regions (ERC, BA35,
BA36, PHC) are plotted for the control group (N), biomarker-defined progressive AD stages A–D, and the indeterminate stage group (I).
Hippocampal subfield volumes are normalized by intracranial volume. The area under the receiver operating characteristic curve (AUC) is labeled
for pairwise comparisons between each stage (A–D, I) and the control group (N). AUC values that are significant after correction for multiple
comparisons using a permutation test aremarked (***: P< 0.001 **: P< 0.01; *: P< 0.05; †: trend, i.e., uncorrected P< 0.05; ns, not significant). AD,
Alzheimer’s disease; BA, Brodmann area; CA, cornu ammonis; DG, dentate gyrus; ERC, entorhinal cortex; MTL, medial temporal lobe; PHC,
parahippocampal cortex; SUB, subiculum.
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F IGURE 3 Surface-based analysis ofMTL cortical thickness across biomarker-defined AD stages. The left and right halves of the figure show
different views (from inferior, looking at theMTL cortex, and from superior, looking at the hippocampus) of the same 3Dmodels. The CRASHS
surface template is shown in the top row, withMTL subregions labeled. The next four rows show results from a general linear model in which gray
matter thickness is the dependent variable, AD stage (A to D, or N for the control group) is the categorical predictor of interest, and age and sex are
nuisance predictors. Each row corresponds to the contrast between one of the A–D stages and the N group. T statistic maps are plotted on the left,
and log-transformed P values corrected for multiple comparisons using the threshold-free cluster enhancement (TFCE) methodwith 10,000
permutations are plotted on the right. Larger values of the t statistic indicate greater relative differences in thickness between a given stage and
the control groupN, while accounting for differences in age and sex. The white outlines on the blue-to-red P value plots correspond to
pFWER = 0.05. The black outlines indicate subregion boundaries. It is important to note that in TFCE analysis, a small P value at a point on the
template does not imply that there is a significant difference at that precise location, but rather that the point belongs to a set of clusters in the t
statistic map, taken at different thresholds, that is significantly larger in terms of threshold-weighted cluster area than under the null distribution
of the permutation test. The last row shows a general linear model fitted to the thickness data in which participants were assigned to
high-cognition and low-cognition groups based on terciles of the logical memory delayed recall score in each stage; the high-versus-low groupwas
the categorical predictor of interest, and stage, age, and sex were used as nuisance predictors. AD, Alzheimer’s disease; CRASHS, Cortical
Reconstruction for Automated Segmentation of Hippocampal Subfields algorithm;MTL, medial temporal lobe.

N, A, B, C, and D groups, we divided the participants into terciles

based on the logical memory delayed recall total score and compared

the thickness at each point in the MTL template between upper ter-

cile (better cognitive performance) and lower tercile (worse cognitive

performance) with age, sex, and disease stage (A–D, N) as covari-

ates. The analysis reveals a pattern of associations between cognition

and MTL thickness in the ERC (with a pFWER < 0.05 region in the

right ERC and a small 0.05 < pFWER < 0.1 region in the left ERC,

shown in Figure S7 in supporting information). ROI-level results for this

exploratory analysis are presented in Table S2 in supporting informa-

tion, with ERC thickness significantly associated with cognition at the

ROI level.
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6 DISCUSSION

By adopting theHF-T2 sequence in the ADNI3 protocol, the ADNIMRI

Core made it possible for AD research to take advantage of detailed

measurements of MTL subregional volume and thickness enabled by

this sequence. The MTL is the site of early neurofibrillary tau tan-

gle pathology in the brain, and measures derived from HF-T2 make

it possible to measure neurodegeneration in this region with greater

granularity than measures such as whole hippocampus volume. Given

the close spatial association between tau pathology and neurodegen-

eration, HF-T2 is a valuable biomarker in the AD imaging toolbelt,

allowing more detailed interrogation of findings from other, more

commonly acquired imagingmodalities.

The analysis presented in Section 5.1 highlights the potential of

HF-T2 to provide detailed regional information on MTL atrophy. This

analysis revealed distinct but overlapping patterns of thinning asso-

ciated with progressively more severe stages of AD, as defined by

Aβ PET and tau biomarkers following the recently proposed revised

staging criteria.1 The lack of discernible neurodegeneration in the A

stage (elevated Aβ, normal tau) relative to the N stage and the pro-

gressive increase in the amount and area of neurodegeneration in

the B, C, and D stages (elevated amyloid, progressively elevated tau)

supports the notion that in the presence of Aβ pathology, neurode-

generation is closely associated with the extent and degree of tau

pathology.26,86–88 The spatial pattern of neurodegeneration in the B,

C, andD stages is highly telling, with B stage involving BA35 and lateral

ERC, and C and D stages involving thinning in a pattern concentri-

cally expanding around the regions implicated in the B stage, as well

as extensive CA1 and SUB thinning. The B stage regions revealed by

our analysis are the regions of earliest tau pathology in the MTL, and

agree with the three-dimensional maps of tau tangle burden from post

mortem literature,23–25,89 which show increased burden in the anterior

ERC/BA35 and in both anterior and posterior CA1 and SUB. There is

significant symmetry to the statistical maps in Figure 3, which speaks

to the robustness of theproposed surface-based approach. A limitation

of our analysis is that we did not compare the patterns of associa-

tions between MTL structure and AD stage to patterns of association

between MTL structure and continuous measures of magnitude and

extent of tau and amyloid pathology; nor did we consider AD staging

based on fluid biomarkers in our analysis. Such comparisons are left to

follow-up work.

The exploratory analysis examining associations between delayed

recall andMTL region thickness, with age, sex, and biomarker AD stage

as covariates, reveals a relationship between cognition and neurode-

generation that is not fully explained by AD stage. Factors contributing

to this residual negative association between memory performance

and cortical thickness may include both tau pathology effects not fully

captured by the staging scheme, as well as factors independent of tau

and aging, particularly co-pathologies such as cerebrovascular disease

or TDP-43 pathology that are also associated with MTL neurodegen-

eration and cognitive decline.90–95 However, including continuous tau

SUVR measures as covariates has very little effect on this analysis

(Table 2), suggesting that the observed effect is due to factors other

than tau. The fact that the region of significant association between

thinning and delayed recall performance beyond AD staging is asso-

ciated with more medial and less anterior atrophy in the MTL cortex

could, in principle, support the role of TDP-43 given its particular asso-

ciation with anterior hippocampus and ERC atrophy,96–98 although

the lack of a significant effect in the anterior hippocampal subfields

weakens the connection with TDP-43 that can be inferred.

Our analysis highlights the benefits of a template-based approach

to MTL subregion morphometry. Given the intricate anatomy of the

MTL, the statistical analysis of thickness maps in Figure 3 provides a

more complete picture than the ROI-based analysis in Figure 2 and

better accounts for variation in the size of different subregions. Sum-

mary (volume or median thickness) estimates for larger regions like

CA1 are likely less impacted by segmentation errors than estimates for

smaller regions like BA35 or CA3 because a local segmentation error

has less of an impact on the summary measure for larger regions. This

may contribute to larger regions being more sensitive to a given pre-

dictor in statistical analyses than smaller regions. When the analysis is

conducted on the MTL cortex in a point-wise manner, the treatment

of different regions is more consistent, though biases may still exist,

for example, in very thin regions or regions of higher curvature, in

which segmentation and registration errors may be higher. For exam-

ple, the ROI-based analysis in Figure 2 (and Table S1) points to the

larger subfields CA1 andDG as the onesmost affected in the A+TMTL+

stage B, compared to the control group N. By contrast, in line with

the expectation of less bias toward larger subregions, the surface-

based analysis in Figure 3 detects peaks with highest t statistic values

around the transentorhinal region (BA35 and ERC), the earliest site of

MTL tau pathology.2 Furthermore, surface-based analysis allows for

the detection ofmore local hotspots, not influenced by subfield bound-

aries, which could, in theory, produce better biomarkers, particularly

for detecting subtle changes in early disease stages.

While surface-based and shape-based modeling has been used in

the past to study hippocampal subfield atrophy,31,40,44,99,100 our new

surface-based approach CRASHS combines most of the hippocampal

gray matter and MTL cortex into a single surface model. The fitting

of the surface template to unfolded MTL mid-surface helps simplify

the complex geometry of the collateral sulcus, which poses significant

challenges to volumetric image registration, prior to group-level regis-

tration. TheCRASHSapproach is not limited to thicknessmeasures and

can also be used to analyze other imaging features, such asmicrostruc-

ture features derived from diffusion MRI,101 texture features,102 or

longitudinal change78 measures. CRASHS is closely related to the hip-

pocampal unfolding approach HippUnfold,99 in which hippocampal

subfields are automatically segmented and the mid-surface of the hip-

pocampal subfields CA1–3, SUB, and, separately, DG, are mapped to a

flat domain based on the solution of the Laplace equation. CRASHS dif-

fers from HippUnfold in that it includes extrahippocampal MTL cortex

in the geometrical model and anchors surface-based correspondences

on the gray–white surface, rather than hippocampal gray matter mid-

surface, and that it traces this gray–white surface along the superior

surface of the hippocampus (alveus/fimbria). However, one limitation

of the CRASHS pipeline is that it excludes DG. Adding DG would
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require extending the gray/white boundary model in CRASHS into the

inner “Swiss roll” of the hippocampus.

HF-T2 MRI will be collected as part of the ADNI4 MRI protocol,

and our groupwill continue to analyze these scans, provide QC assess-

ments, ASHS segmentations, and derived measurements. During the

ADNI4 timeframeweplan to extend theASHSatlas set to includemore

anterior portions of the MTL cortical subregions as well as the amyg-

dala, based on recently developed protocols.103,104 We also plan to

further validate the CRASHS pipeline, and, once pipeline development

has reached a mature, stable stage, provide surface-based measures

alongside volumetricmeasures as part of theADNI4 data tables. These

will include median thickness measures, as well as pointwise mea-

sures of thickness defined in the CRASHS surface template, allowing

researchers to quickly perform the kinds of surface-based analyses

presented in Figure 3.

There are several exciting developments in the field of MTL sub-

region morphometry that will emerge during the ADNI4 phase. The

protocol harmonization efforts of the HSG are progressing rapidly,

with the protocol for the hippocampal body completed in 2024 and

protocols for hippocampal head and tail, as well as MTL cortex,

expected in 2025 or 2026. ADNI3 data are being used, along with

post mortemMRI and histological reference data,46,47,105 for the devel-

opment and validation of the protocol, and once completed, an atlas

manually labeled with this protocol will be used to train the next

generation of the ASHS algorithm. Together with recent algorith-

mic improvements to ASHS, such as incorporation of convolutional

neural networks andmore effective integration ofmultipleMRImodal-

ities during segmentation,63 these developments will likely lead to

improved accuracy of MTL subregion segmentation in ADNI4. We are

also working on a closer integration of ASHS with post mortem ref-

erence atlases of the MTL, which include both detailed anatomical

parcellation and a probabilistic description of neuropathology.25,106

HF-T2 MRI may also prove useful for detailed study of the amyg-

dala in AD, a subject of renewed interest in recent years, given

its early and extensive involvement in multiple neurodegenerative

proteinopathies.22 Additionally, tighter integration betweenMTL sub-

region segmentation and longitudinal changequantification algorithms

in HF-T2 MRI, as proposed in recent work,69,107,108 may lead to

increased use of HF-T2 MRI as a longitudinal measure of treatment

response.

The AD field has entered an exciting new phase in which treat-

ments are available109,110 and biomarkers are moving from the realm

of research and clinical trial to patient treatment and treatment mon-

itoring. We believe there is an important role for focused imaging and

morphometry of the MTL in this new phase. On the one hand, detailed

imaging of theMTLmay provide information on co-pathologies such as

TDP-43, for which currently there are no reliable direct biomarkers. A

recent study ofMTLmorphometry in ante mortemMRI of brain donors

with post mortem diagnoses of AD and histologically derived measures

of TDP-43 pathology91 suggests that the ratio of anterior hippocampal

volume to PHC thickness can detect TDP-43 co-pathology with mod-

erate accuracy. Similar analyses in ADNI participants who donate their

brain to science will be able to leverage HF-T2 MRI and may provide

more sensitive markers of co-pathology. On the other hand, accurate

longitudinal measurement of changes in the regions of the brain most

affected by AD will be needed to understand why some individuals

respond better to treatments than others. While global measures of

brain volume and cortical thickness produced unexpected results in

recent clinical trials of lecanemab and donanemab, with greater vol-

ume loss in the treatment group than in the placebo group, this was

not the case for the hippocampus.109,110 This distinction points to the

need to interrogate the changes in MTL and MTL subregions under

amyloid-clearing treatments in greater detail.
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