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Abstract

Introduction:Alzheimer’s disease (AD) is the most common form of dementia, charac-

terized primarily by abnormal aggregation of two proteins, tau and amyloid beta. We

assessed tau pathology and white matter connectivity changes in subfields of the hip-

pocampus simultaneously in vivo in AD.

Methods: Twenty-four subjects were scanned using simultaneous time-of-flight 18F-

PI-2620 tau positron emission tomography/3-Tesla magnetic resonance imaging and

automated segmentation.

Results: We observed extensive tau elevation in the entorhinal/perirhinal regions,

intermediate tau elevation in cornu ammonis 1/subiculum, and an absence of tau ele-

vation in the dentate gyrus, relative to controls. Diffusion tensor imaging showed

parahippocampal gyral fractional anisotropy was lower in AD and mild cognitive

impairment compared to controls and strongly correlated with early tau accumulation

in the entorhinal and perirhinal cortices.

Discussion: This study demonstrates the potential for quantifiable patterns of 18F-

PI2620 binding in hippocampus subfields, accompanied by diffusion and volume met-

rics, to be valuable markers of AD.
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HIGHLIGHTS

∙ Tau standardized uptake value ration (SUVr) corre-

sponded with known pathological progression of tau

accumulation.

∙ Entorhinal and perirhinal cortices (ERC/PRC) tau

SUVr correlates with parahippocampal gyral fractional

anisotropy, especially for amnestic subjects.

∙ Tau deposition is more strongly correlated to volume loss

in ERC/PRC than in whole hippocampus.

1 INTRODUCTION

Alzheimer’s disease (AD) is a progressive neurological disorder result-

ing in severe cognitive and behavioral deficits affecting nearly 6 mil-

lion adults in the United States alone.1 Two main pathologic features

of AD are the aggregation of extracellular amyloid beta (Aβ) and intra-
cellular hyperphosphorylated tau. Cross-sectional neuropathological

studies have determined that tau has a characteristic pattern of accu-

mulation in the brain throughout the progression of amnestic AD.

Accumulation begins in the transentorhinal region, progresses to the

entorhinal region, then the hippocampal formation (including subicu-

lum, cornu ammonis fields [CA1-3], and dentate gyrus) while simul-

taneously spreading to the adjacent neocortex and beyond.2 Studies

have shown that connectivity and white matter integrity may be more

closely associated with tau than Aβ deposition,3,4 and tau aggregation
correlates with severity of cognitive deficits and synaptic and neuronal

loss.5

Mounting evidence shows that the hippocampus is particularly atro-

phied during amnestic AD, but that functionally and cytoarchitec-

turally distinct subregions of the hippocampus may have differential

sensitivity.6–8 Tau in the entorhinal region may instigate volume loss,

weakened connectivity, and metabolic reduction in spatially and func-

tionally adjacent brain areas due to microtubule instability, which con-

tributes to axonal degeneration and reduced synaptic transmission.9,10

Ex vivo work has shown a characteristic progression of tau in AD and

has allowed scientists to study tau seeding and AD onset.2,11 How-

ever, in vivo work, especially including non-invasive magnetic reso-

nance imaging (MRI) and positron emission tomography (PET) imaging,

is critical for studying hippocampal subfield pathology throughout dis-

ease progression in living humans. Such studies could ultimately aid in

earlier diagnosis and future tracking and treatment in human patients.

In vivo imaging studies have begun exploring region-specific patho-

logically induced changes using PET and MRI, but few have been able

to demonstrate disease-related pathologic progression on the spatial

scale of hippocampal subfields. Prior tau-PET imaging studies have

shown that patterns of tracer uptake in the whole brain correspond

to neuropathological staging, but this work has been limited to whole-

hippocampal analysis due to resolution limits of PET imaging.12,13

Here, we use time-of-flight (TOF) imaging capability, 2D erosion for

RESEARCH INCONTEXT

1. Systematic review: The authors reviewed literatureusing

PubMed and Google Scholar sources. Few studies have

focused on detecting subtle differences in tau progres-

sion andwhitematter integrity on the spatial scale of hip-

pocampal subfields, though relevant references on hip-

pocampal subfields or Alzheimer’s disease (AD) biomark-

ers are cited as appropriate.

2. Interpretation: Our positron emission tomogra-

phy/magnetic resonance imaging (PET/MRI) results

are consistent with ex vivo and neuropathological work

showing that tau corresponds to cognitive decline and

is thought to be associated more closely with neurode-

generation and a loss of white matter connectivity than

amyloid beta. These findings also build off previous

imaging work on the whole hippocampal scale.

3. Future directions: These findings underline the potential

for using PET/MRI to track AD pathology in vivo, which

could help with earlier diagnosis, patient stratification,

and treatment monitoring.

minimizing partial volume effects, and a custom hippocampal atlas to

enable subfield segmentation of PET images.14

Diffusion tensor imaging (DTI)MRI has also been used to study con-

nectivity andwhitematter degradation in the brain, complementary to

structural MRI volume reductions in AD.15,16 DTI is important to study

in the context of AD to evaluatewhitematter connectivity within func-

tionally connected regions of the medial temporal lobe.17 Lower con-

nectivity has been associated with reduced memory performance in

amnestic AD andMCI subjects.18

Our prior work has used simultaneous PET-MR and hippocampal

segmentation techniques to analyze subfield-specific measures of vol-

ume and glucose metabolism.14 However, few studies have investi-

gated tau uptake in vivo on a hippocampal subfield-specific level in

concert with volumetric and microstructural measurements which—

given the characteristic progression of tau with disease severity—is

important for the study of onset and real-time progression of AD.

We use a tracer with low choroid plexus binding, 18F-PI-2620, which,

in contradistinction to other tracers, does not obscure hippocampal

uptake.19,20 Thus, we aim to simultaneously analyze tau-PET uptake,

volume, and connectivity of related subregions within and surround-

ing the hippocampus. By studying hippocampal subfield-specific differ-

ences in tau burden, white matter degradation, and volume, wemay be

able tobetter understand the relationshipbetween thepatternsof sev-

eral disease-specific changes in vivo,which couldultimately lead toear-

lier diagnosis and future treatments for AD.

Here,we show that using simultaneous tau-PET/MRI and fine-tuned

registration, we can detect subtle differences in tau tracer accumula-

tion and volume within hippocampal subfields that is consistent with
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TABLE 1 Subject demographics

AD MCI Control

Age 68.8± 10.64

years

71.2± 8.47 years 71.5± 8.75 years

N 5 6 13

Sex (M/F) 2/3 2/4 10/3

Amnestic 3 5 N/A

Abbreviations: AD, Alzheimer’s disease;MCI, mild cognitive impairment.

known histological patterning. We also show, using both region of

interest (ROI)- and tractographic-based DTI, that subfield tau bur-

den correlates with white matter degradation in the parahippocampal

gyrus.

2 METHODS

2.1 Subjects

A total of 24 subjects (Table 1, five amyloid-positive probable AD, six

amyloid-positive mild cognitive impairment [MCI], and 13 healthy con-

trol subjects) classified by clinical consensus of neurologists and neu-

ropsychologists at Stanford University were included. Amyloid status

is not known for controls. In accordance with the Stanford Univer-

sity Institutional Review Board (IRB) and the Health Insurance Porta-

bility and Accountability Act, healthy controls were enrolled from the

Stanford Aging and Memory Study,21 and patients were enrolled from

either the Alzheimer’s Disease Research Center (ADRC) or the Stan-

ford Center for Memory Disorders.19 Written informed consent was

obtained from all participants or their legally authorized representa-

tive under protocols approved by the IRB at Stanford. All AD and MCI

subjects were confirmed to have biomarker evidence of amyloid posi-

tivity using cerebrospinal fluid or amyloid PET scans.

2.2 Image acquisition

Subjects underwent a dynamic 90-minute tau-PET scan on a 3T PET-

MR (SIGNA, GE) using time-of-flight (TOF) capability after a 5-10mCi

intravenous injection of 18F-PI-2620 (Life Molecular Imaging, Inc.).

During the PET acquisition, we acquired a sagittal T1-weighted inver-

sion recovery spoiled gradient echo (IRFSPGR; TR 7.6 ms, TE 3.1 ms,

FA 11, 1 × 1 × 1.2 mm resolution, 5m46s scan time) and a coronal-

oblique T2-weighted fast spin echo (FSE; TR 14111 ms, TE 102.4 ms,

FA 111, 0.43 × 0.43 × 1.9 mm resolution, 3m24s scan time). A sub-

set of subjects (N = 21, five amyloid-positive AD [three amnestic], five

amyloid-positiveMCI [four amnestic], and 11 healthy controls) hadDTI

acquired (6 b = 0 s/mm2, 30 to 60 b = 1000s/mm2 directions, 1.6 to

2.0 mm isotropic, and an additional 3 to 6 blip-down b = 0 s/mm2

image).22 Note, voxel size was included as a covariate in initial analy-

ses, which did not change the significance of any results. A LAVA-Flex

(liver-accelerated volume acquisition-Flex) MRI series was used, along

with an atlas-based segmentation algorithm, to classify fat, water, air,

and bone in the head and construct subject-specific attenuation cor-

rectionmaps for PET reconstruction.22

2.3 PET image processing

Standardized uptake value (SUV) maps were reconstructed from

static images by summing the 30-minute interval between 60 and

90 minutes of dynamic PET data using TOF optimized subset expec-

tation maximization (TOF-OSEM) with three iterations, 28 subsets,

2.78 × 1.17 × 1.17 mm voxel size, and zero-TE MR attenuation cor-

rection. SUV maps were normalized to the inferior cerebellar cortex

(to account for any off-target binding effects23) of each subject using a

modified FreeSurfer segmentation to produce SUV ratio (SUVr) maps.

SUVr maps were precisely registered to coronal T2 MR image space

using the T1-weighted IRFSPGR as an intermediate registration vol-

ume using niftireg.24 Coronal T2 space was used for analysis to pre-

serve accuracy of hippocampal subfield segmentations.

2.4 Subfield segmentation

Hippocampal subfields were segmented using Automated Segmenta-

tion of Hippocampal Subfields (ASHS, Penn Image Computing & Sci-

ence Lab), which combines multi-atlas label fusion and machine learn-

ing for error correction to precisely segment hippocampal substruc-

tures, using a custom atlas.25,26 Segmentations were verified manually

for accuracy. Analyzed subfields were: cornu ammonis 1 (CA1), den-

tate gyrus and CA2-4 as one combined subfield (DG), subiculum (SUB),

entorhinal and perirhinal cortices (ERC/PRC), and white matter within

the parahippocampal gyrus (PHG). Due to the small size of subfields

CA2-4 and the dentate gyrus, these regions are commonly grouped

together.27 The fornix was included from a FreeSurfer 6.0 segmenta-

tion. Hippocampal subfield volumes were calculated in coronal T2 MR

space, and DTI and PET images were mapped into the same space to

quantify mean fractional anisotropy (FA) and mean diffusivity (MD),

and SUVr (respectively). Subfields were eroded by one voxel in the 2D

oblique coronal plane, using the command c3d with the "-erode" flag

and 1× 1× 0 option, to reduce partial volume effects in PET imaging.28

SUV was computed by taking the average SUV across CA1, DG, SUB,

and ERC/PRC. FA/MDwas similarly computed across the subfields and

PHG. We have previously validated these methods with analysis of

FDG-PET and volumemeasures across hippocampal subfields in a sep-

arate AD cohort14 (Figure 1).

2.5 DTI image processing

Diffusion images were pre-processed with FDT (FMRIB’s Dif-

fusion Toolbox) using top-up susceptibility-induced distortion

correction, brain extraction, and eddy distortion correction.29,30
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F IGURE 1 Tau-positron emission tomography (PET) standardized uptake value (SUV)mapped on to coronal T2magnetic resonance (MR)
imagewith hippocampal subfields outlined on amild cognitive impairment (MCI; left) and control subject (right). DG, dentate gyrus; CA1, cornu
ammonis 1; ERC/PRC, entorhinal and perirhinal cortices; SUB, subiculum

Weighted-least-squares tensor fitting using DTIFIT generated FA and

mean diffusivity MDmaps,31 which indicate the degree of asymmetry

of water diffusion directionality (which is sensitive to microstruc-

tural changes) and measure overall diffusion (which is increased

with decreased cellularity/cellular processes), respectively. Diffusion

images were also fitted to the neurite orientation dispersion and den-

sity imaging (NODDI) algorithm to generate freewater volume fraction

(FISO) and orientation dispersion index (ODI) maps.32 FICVF was not

computed as we had only one non-zero b shell. The b= 0s/mm2 images

for each subject were registered to coronal-oblique T2-weighted

images using reg_aladin,24 then FA, MD, FISO, and ODI images were

resampled to coronal oblique T2-weighted image space using the

b= 0-to-T2 image transformationmatrix.

We then performed a tract-based analysis: tractography was com-

puted using bedpostx in FMRIB’s diffusion toolbox, which implements

a probabilistic multi-fiber ball-and-stick diffusion model, followed by

probtrackx.33 The –opd, –l, and –f flags, which, respectively, out-

put path distribution maps, perform loop checks on paths, and use

anisotropy to constrain tracking, were used. The choice of flags used

was based on comparing Dice coefficients between this and other

methods; the result showed least overlap among distinct tracts. Tar-

get/seed pairs included the following tracts (1) parahippocampal cingu-

lum: anterior to/from posterior parahippocampal gyrus, (2) perforant

pathway: ERC/PRC to/from DG/CA4/3 and CA1, (3) Schaffer collater-

als: DG/CA4/3 to/from CA1, (4) CA1 to/from SUB, and finally (5) SUB

to/fromERC/PRC. The corpus collosumwas used as an exclusionmask.

The combined bidirectional tracts were normalized to total track num-

ber to show probability maps of streamline counts, and probability-

weightedaverageDTImetrics (FA,MD,ODI, andFISO)were computed.

Bilateral DTI results were combined using a volume-weighted average.

2.6 Statistical analysis

Volume: Separate linear regression analyses were completed on bilat-

eral whole hippocampus (all subfields combined) and individual bilat-

eral subfield (CA1, DG, SUB, ERC/PRC, PHG) volume. Volume regres-

sions used volume as the dependent variable and disease status as

the independent variable, with total intracranial volume (estimated by

FreeSurfer 6.034) and age as additional independent regressors. We

reported the uncorrected P-value for the disease status regressor and

computed an associated Cohen’s D score. AD (n = 5) and MCI (n = 6)

subjects were combined to better balance the groups and compared to

controls (n= 13). Analyses were also repeated using combined amnes-

tic AD (n = 3) and MCI (n = 5) subjects. Finally, we compared all AD to

all MCI, and all MCI to controls using the samemodel.

PET: Separate linear regression analyses were performed for tau

SUVr using the same whole hippocampus and subfield combinations.

SUVr was the dependent variable and disease status was the indepen-

dent variable, with age as an independent regressor.We similarly com-

binedAD (n=5) andMCI (n=6), separately analyzed combinedamnes-

tic AD (n= 3) andMCI (n= 5) subjects, and compared all AD to all MCI

and allMCI to controls (n=13). Pearson correlation analyseswere per-

formed between raw volume and raw SUVrmeasurements within each

subfield.

DTI: Separate linear regression analyses were performed for each

DTImetric (FA,MD,ODI, andFISO) using the samewhole hippocampus

and subfield combinations, with the addition of the PHG, fornix, and

tract-based DTI metrics. The DTI metric was the dependent variable

and disease status was the independent variable, with age as an inde-

pendent regressor. We similarly combined AD (n = 5) and MCI (n = 5).

For regions that showed a significant difference between AD/MCI
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F IGURE 2 Boxplots showing volume (top) and standardized uptake value ratio (SUVr; bottom) in whole hippocampus and subfields across
groups, including amnestic and non-amnestic subjects. Significance did not changewhen non-amnestic subjects were excluded. Volume datapoints
have been adjusted for estimated total intracranial volume using residuals from a linear regressionmodel centered about themean volume.
Orange bars indicate a significant difference between controls and the combined Alzheimer’s disease (AD)/mild cognitive impairment (MCI)
cohort. Note the scale bars are optimized for each subregion’s dynamic range, DG, dentate gyrus; CA1, cornu ammonis 1; ERC/PRC, entorhinal and
perirhinal cortices; SUB, subiculum

and controls (n = 11), we performed Pearson correlations between

DTI metrics and tau SUVr in the ERC/PRC. Pearson correlation anal-

yses were performed between diffusion tract-based measurements

and SUVr within each corresponding connected subfield. For simplic-

ity, results are organized by region.

Multiple comparison correction was performed using Li and Ji’s

method35 to account for both covariance and independence between

subregions, using the eigenvalues of the subfield covariance matrix

to compute an effective number of degrees of freedom for each

metric, and providing a P-value significance threshold for each test.

All reported significant statistics are below this threshold unless

otherwise specified. Regression residuals for all analyses performed

showed normalcy. All statistical analyses were completed using STATA

v15.0.

3 RESULTS

3.1 Volume

The combined AD/MCI group had smaller whole hippocampal vol-

ume compared to controls (P = .002). All subfields except SUB

had significantly smaller volume in AD/MCI than controls (Figure 2,

Table 2). When non-amnestic MCI and AD subjects were excluded,

volume differences between AD/MCI and controls were significant in

ERC/PRC (P = .004) and whole hippocampus (P = .009). Volume dif-

ferences between AD and MCI subjects was significant in ERC/PRC

(P = .015) and whole hippocampus (P = .025) and trending in DG

(P = .048; Li and Ji threshold was P < .025). Volumes were not signif-

icantly different between MCI and controls for any subfield or whole

hippocampus.

3.2 Tau SUVr

Whole hippocampus SUVr was higher in AD/MCI than controls (Fig-

ure 2, Table 2, P < .001). Examining the subfields, SUVr was signifi-

cantly higher in AD/MCI than controls in the ERC/PRC (P < .001), and

to a lesser degree in CA1 (P = .012) and SUB (P = .010), but not DG

(P= .708). The effect size of SUVr difference in ERC/PRC (D= –3.407)

was larger than for whole hippocampus (D = –2.188). When non-

amnestic subjects were excluded, SUVr differences between AD/MCI

and controls were significant in CA1 (P = .001), SUB (P = .001),

ERC/PRC (P < .001), and whole hippocampus (P < .001) but not DG

(P = .708). There was a trend toward higher SUVr in AD compared to

MCI in ERC/PRC only (P = .017). SUVr differences between MCI and

controls were significant in ERC/PRC (P < .001), SUB (P = .015), and

whole hippocampus (P < .001), and trending in CA1 (P = .025; Li and

Ji threshold was P< .017). Correlations between tau SUVr and volume

were highly significant in ERC/PRC (R= –0.67, P< .001), a trend in the

whole hippocampus (R = –0.42, P = .040), and not significant in other

subfields.
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TABLE 2 Mean and standard deviation of volume and tau uptake SUVr in subfields, and results of linear regression statistics

Volume [mm3]

Volume

P-value Cohen’s d SUVr

SUVr

P-value Cohen’s d

Correlation

between

volume, SUVr

Whole HC AD/MCI:

5273± 898.3

Control:

6890± 790.8

.002 1.546 AD/MCI:

1.31± 0.131

Control:

1.05± 0.134

<.001 -2.188 R= -0.423

P= .040

DG AD/MCI: 903± 157.9

Control:

1185± 201.7

.010 0.095 AD/MCI:

1.09± 0.221

Control:

1.15± 0.309

.708 0.151

R=0.049P= .820

CA1 AD/MCI:

1432± 309.6

Control:

1917± 270.5

.005 1.322 AD/MCI:

1.07± 0.177

Control:

0.91± 0.135

.012 -1.121 R= -

0.291P=0.168

SUB AD/MCI: 700± 120.6

Control:

794± 151.9

.528 0.271 AD/MCI:

1.13± 0.173

Control:

0.98± 0.135

.010 -1.148 R= -

0.069P=0.749

ERC/PRC AD/MCI:

2238± 410.7

Control:

2293± 319.9

.001 1.721 AD/MCI:

1.60± 0.170

Control:

1.11± 0.124

<.001 -3.407 R= -0.671

P< .001

Note:Multiple comparison significance threshold for volume/SUVrwas P= .025/.017.

Abbreviations: AD, Alzheimer’s disease; CA1, cornu ammonis 1; DG, dentate gyrus; ERC/PRC, entorhinal and perirhinal cortices; MCI, mild cognitive impair-

ment; SUB, subiculum; SUVr, standardized uptake value ratio.

TABLE 3 Parahippocampal gyral ROI and probability-weighted parahippocampal cingulum tract-based diffusion P comparing controls to
AD/MCI

FA P MD [e–4] P ODI P FISO P

PHGROI AD/MCI:

0.423±0.0286

Control:

0.465±0.0276

.003 AD/MCI:

7.02± 0.600

Control:

6.98± 0.300

.813 AD/MCI:

0.282± 0.0244

Control:

0.260± 0.0236

.044 AD/MCI:

0.0801±0.02256

Control:

0.0740±0.01267

.459

Parahippocampal

cingulum

AD/MCI:

0.392±0.0288

Control:

0.444±0.0262

.001 AD/MCI:

7.14± 0.497

Control:

6.95± 0.292

.383 AD/MCI:

0.301± 0.0129

Control:

0.273± 0.0202

.003 AD/MCI:

0.0831±0.01840

Control:

0.0718±0.00985

.123

Abbreviations: AD, Alzheimer’s disease; FA, functional anisotropy; FISO, free water volume fraction; MCI, mild cognitive impairment; MD, mean diffusivity;

ODI, orientation dispersion index; PHG; parahippocampal gyrus; ROI, region of interest.

3.3 DTI

In the PHG, FA is significantly lower in AD/MCI compared to controls

(P = .003 for all AD/MCI, P = .004 for amnestic AD/MCI; Table 3,

Table S1 in supporting information). ODI trended toward increasing in

AD/MCI PHG (P= .044), while MD and FISO were not statistically dif-

ferent. Tractographic-based metrics showed comparatively more sig-

nificant changes with lower FA (P = .001, T = –4.15) and higher ODI

(P = .003, T = 3.47) in the anterior-posterior parahippocampal gyral

cingulum bilaterally in AD/MCI subjects compared to controls (Table 3,

Table S2 in supporting information). FA in the PHG negatively cor-

relates (R = –0.60, P = .008) with ERC/PRC tau SUVr in amnestic

AD/MCI and controls (Figure 3A-C), and this correlation holds (R = –

0.53,P= .014) in all (amnestic andnon-amnestic)AD/MCI and controls.

Evaluation of parahippocampal gyral cingulum tractography metrics

showed a significant negative correlation between FA and ERC/PRC

SUVr (P= .008, R= –0.61) and a positive correlation betweenODI and

ERC/PRC SUVr (P= .009, R= 0.67).

In CA1, amnestic AD/MCI had significantly higher MD than con-

trols (P = .008), although significance was reduced when all AD/MCI

was included (P = .044). CA1 ODI trended toward being lower in all

AD/MCI (P= .051). CA1MDpositively correlatedwith ERC/PRC SUVr

in amnestic subjects (R= 0.49, P= .041). Correlation of tractographic-

based metrics with tau SUVR revealed a positive correlation of CA1-
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F IGURE 3 Boxplot of (A) tau standardized uptake value ratio (SUVr) in the entorhinal and perirhinal cortices (ERC/PRC) and (B) fractional
anisotropy (FA) in the parahippocampal gyrus for amnestic Alzheimer’s disease (AD), amnestic mild cognitive impairment (MCI), and controls.
Hippocampal subfield diagrams in plot corners show segmentations overlaid on T2-w fusedwith (A) SUVr with ERC/PRC outlined in yellow and (B)
FAmaps with parahippocampal gyrus outlined in yellow. C, Scatter plot of tau SUVr in the ERC/PRC versus parahippocampal gyral FA in amnestic
and non-amnestic AD,MCI, and control subjects

F IGURE 4 A-C, Significant (P< .05, or P< .01*) correlations between tau standardized uptake value ratio (SUVr) in subfields and cornu
ammonis 1 (CA1)-to-subiculum tract-based diffusionmetrics. R values are listed in the top right corner. D, CA1 to/from SUB streamline countsmap
interpolated and overlaid on the T2-weighted image

to-subiculum MD with CA1 SUVr (P = .037, R = 0.51; Figure 4B,D).

In this same tract, ODI negatively correlated to both CA1 (P < .01,

R= –0.66) and subiculum SUVr (P< .01, R= –0.64; Figure 4A,C).

There were no other significant differences in ROI or tractographic

FA, MD, ODI, or FISO in other subfields, the fornix, or the whole hip-

pocampus.
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4 DISCUSSION

In this study, we used simultaneous TOF PET and high-resolution MRI

acquisition along with fine-tuned segmentations to analyze tau tracer

accumulation and white matter connectivity in distinct hippocampal

subfields. Our PET/MR image-based measurements correlated with

known pathological progression of tau in the medial temporal lobe,2

with the most significant involvement in ERC/PRC, and progressively

less involvement further within the hippocampal formation. This find-

ing parallels neuropathologic staging on a small scale that has not been

previously demonstrated in vivo and could be useful in detecting subtle

changes in tau accumulation during longitudinal studies in the future.

ERC/PRC tau also correlated with PHGwhite matter integrity, as mea-

sured by FA, andwas observable alongside hippocampal atrophy.

Our work expands upon existing tau-PET and MRI AD literature

that has demonstrated correlations between tau deposition and AD

status. 18F-AV-1451 tau-PET binding patterns across larger regions

of the brain, including the whole medial temporal lobe, correspond

with known tau progression and Braak staging of disease.36,37 Other

studies using 18F-AV-1451 have shown comparable results and spatial

distributions of tracer uptake throughout the brain corresponding to

amyloid status, cognition, and neuropathologic staging, beginning with

heaviest involvement surrounding the transentorhinal area.13,38

Existing models of AD suggest that tau pathology, along with Aβ
plaques, contribute to neuronal loss.39 Our data support this, with

ERC/PRC tau correlating with volume loss. Notably, the volume dif-

ferences in DG, one of the last regions to accumulate tau within the

hippocampus,2,8 are not accompaniedby significant tau tracer accumu-

lation in AD/MCI in the same subregion, supporting the validity of the

methods used in this study.

The tau tracer used, 18F-PI-2620, is known to have lower off-target

binding to Aβ and monoamine oxidase A and higher sensitivity and

selectivity for pathologic tau aggregates than other tau tracers, includ-

ing 18F-AV-1451.40 Previous work using different tau PET tracers has

not found significant correlations between tau deposition and volume

loss in hippocampal subfields;41 however, this could be explained by

differences in specific binding of tracers used, single-timepoint imag-

ing, choroid plexus uptake, and limited resolution, but may still point

toward the benefit of our method in evaluating hippocampal subfield-

specific changes that may go undetected when evaluating the whole

hippocampus.42

Subfield tauSUVralso correlatedwithdiffusionMRImeasurements.

ERC/PRC tau was closely negatively correlated with ROI-based and

tract-based PHG FA, and closely positively correlated to PHG trac-

tographic ODI. Because the PHG is a region of crossing fibers, a

weakening of the primary parahippocampal cingulum bundle would

be expected to reduce the FA (with less uniform diffusion along the

parahippocampal cingulum) and increase the ODI (with more relative

dispersion).43 This is consistent with FA alterations in parahippocam-

pal white matter accompanying progression of AD.15,44 We observed

higher MD only between amnestic AD/MCI and controls, corroborat-

ing other work in which MD increases alongside memory decline.45,46

Theseobservations are consistentwithwork showing that tau accumu-

lation contributes to axonal damage,whichmayalso result in functional

isolation of the hippocampus.12 We also saw tract-based CA1 to SUB

MDwas higher in AD/MCI and accompanied by increased tau accumu-

lation in both regions, suggesting that tau may mediate reductions in

subregional cellularity. In the same tract, we found ODI is negatively

correlated with tau uptake, which may be explained by there being a

larger gray matter overlap of this smaller tract, with similar dendritic

degradation reducing overall dispersion as measured by ODI.43 Alter-

natively, given that this is in a region of extensive crossing fibers, much

more so than the central parahippocampal gyrus in which the parahip-

pocampal cingulum resides,47 the decrease in ODI may simply reflect

feweroverall crossing fibers (e.g., aweakeningof the crossingperforant

pathway).

To precisely correlate diffusion characteristics, volume loss, and tau

depositionwithdisease severity in vivo, it is important toevaluate small

subregions, which often requires long PET and MRI scan times. Thus,

we used a TOF-PET/MR imaging acquisition method because it offers

several benefits that helpminimize imagemisregistration errors due to

subject motion,48 including that signal-to-noise ratio is increased com-

pared to non-TOF images, and simultaneous acquisition enhances spa-

tial alignment between PET and MRI image series.49 Partial volume

effects wereminimized by doing a subfield erosion. Partial volume cor-

rection was not applied as research has shown that this does not sig-

nificantly impact results.50 Motion correction was not performed on

this cohort, becauseour grouphadnot, at the timeof acquisition, devel-

oped an optical tracking technique to prospectively correct for motion

in list mode PET; however, ourmotion correction approachwill be used

in future work.

Our results are limited by small sample size, so to increase statistical

power we grouped AD and MCI for our analysis. Our future work will

include analyses on larger cohorts. Nevertheless, the changes in vol-

ume and tau tracer accumulation, along with FA, are in the expected

direction andmagnitude given the patients’ disease classification. Clin-

ical implications may require a larger cohort and finer stratification

based on cognitive ability. Other limitations of hippocampal subfield

PET-MRI include fundamental resolution limitations of PET and only

having approximate subfield segmentations at 3.0T MRI; in particu-

lar, CA2-4 is quite small and difficult to subdivide further. We hope to

include more reliable hippocampal segmentation analyses using 7.0T

MRI in the future, which would allow us to probe even smaller struc-

tural regions.

5 CONCLUSION

We have used TOF-PET/MRI methods and a second-generation tau

tracer to reveal subfield-level relationships between AD pathological

hallmarks, connectivity, and volume effects patients, which has previ-

ously only been demonstrated using postmortem histology. Using these

methods, we separated both amnestic and non-amnestic AD, MCI, and

control subject groups. Our results indicate that tau accumulation and

volumetric changes in the hippocampus are more pronounced than

white matter degradation. Moreover, the effect size is larger in certain
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ADhippocampal subfields compared towhole hippocampus, indicating

that this type of analysis may enable earlier detection of tau pathol-

ogy before it is apparent throughout the whole hippocampus. Com-

bined with DTI, this approach reveals intricacies of subfield and sub-

field pathway degeneration intermingled with tau accumulation. Alto-

gether, these results underline the potential value of subfield-specific

imaging analyses using PET/MRI to track pathological hallmarks of AD

invivo.Quantifiable patternsof 18F-PI2620binding couldbeavaluable

marker of AD progression or response to novel therapies in clinical tri-

als, as well as help separate AD from other tauopathies.
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