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Abstract.15

Background: Olfactory impairment is evident in Alzheimer’s disease (AD); however, its precise relationships with clinical
biomarker measures of tau pathology and neuroinflammation are not well understood.
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Objective: To determine if odor identification performance measured with the University of Pennsylvania Smell Identification
Test (UPSIT) is related to in vivo measures of tau pathology and neuroinflammation.

18
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Methods: Cognitively normal and cognitively impaired participants were selected from an established research cohort of
adults aged 50 and older who underwent neuropsychological testing, brain MRI, and amyloid PET. Fifty-four participants
were administered the UPSIT. Forty-one underwent 18F-MK-6240 PET (measuring tau pathology) and fifty-three underwent
11C-PBR28 PET (measuring TSPO, present in activated microglia). Twenty-three participants had lumbar puncture to measure
CSF concentrations of total tau (t-tau), phosphorylated tau (p-tau), and amyloid-� (A�42).
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Results: Low UPSIT performance was associated with greater18F-MK-6240 binding in medial temporal cortex, hippocampus,
middle/inferior temporal gyri, inferior parietal cortex, and posterior cingulate cortex (p < 0.05). Similar relationships were
seen for 11C-PBR28. These relationships were primarily driven by amyloid-positive participants. Lower UPSIT performance
was associated with greater CSF concentrations of t-tau and p-tau (p < 0.05). Amyloid status and cognitive status exhibited
independent effects on UPSIT performance (p < 0.01).
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Conclusion: Olfactory identification deficits are related to extent of tau pathology and neuroinflammation, particularly in
those with amyloid pathophysiology. The independent association of amyloid-positivity and cognitive impairment with odor
identification suggests that low UPSIT performance may be a marker for AD pathophysiology in cognitive normal individuals,
although impaired odor identification is associated with both AD and non-AD related neurodegeneration.
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INTRODUCTION37

Olfactory impairment is observed early in Alzhei-38

mer’s disease (AD) [1–4] and is thought to occur due39

to anatomical overlap of the regions involved in olfac-40

tion and early AD pathology. Olfactory bulb neurons41

project directly to limbic regions of the brain for42

olfactory processing [5, 6]. These regions, including43

the transentorhinal cortex and other medial temporal44

regions, are known to be involved in early tau patho-45

logical changes of AD and correspond with Braak46

stages I-III [5–7]. Tau pathology in the olfactory bulb47

continues to increase with severity of AD, which pro-48

vides a possible explanation for the progression of49

odor impairment that occurs with AD advancement50

[8].51

Olfactory impairment observed in AD can be quan-52

tified with the University of Pennsylvania Smell53

Identification Test (UPSIT). UPSIT scores appear to54

correlate with measures of entorhinal cortex volume55

on MRI [9, 10]. Large community cohort studies56

have demonstrated that low UPSIT scores predict57

cognitive decline in cognitively normal elders and58

patients with mild cognitive impairment (MCI) [3,59

11, 12]. These studies have also shown that UPSPIT60

performance is inversely related to performance on61

neuropsychological testing [12].62

Several studies have investigated the relation-63

ships between UPSIT and in vivo measures of AD64

pathology, particularly amyloid. Some studies have65

demonstrated modest relationships between UPSIT66

performance and amyloid deposition on PET [9, 10].67

Only one published study has examined the rela-68

tionship between odor identification and PET mea-69

sures of tau pathology, with results indicating that70

binding with the tau radioligand 18F-AV-1451 nega-71

tively correlated with UPSIT performance in cogni-72

tively normal adults, adults with subjective cognitive73

decline, and MCI patients [13]. However, that study74

did not include AD patients. One study evaluated75

the relationship between odor identification and CSF76

measures of tau pathology, demonstrating that low77

UPSIT performance was associated with elevated78

CSF tau [14].79

Neuroinflammation is also associated with AD80

pathology and cognitive decline [15] and can be81

quantified using PET radioligands, such as 11C-82

PBR28, that bind the 18 kDa translocator protein83

(TSPO), a marker of immune activation. To our84

knowledge, no study has evaluated the relation-85

ship between odor identification and neuroinflam-86

mation.

We sought to determine the relationship between 87

odor identification and neuroinflammation, measured 88

by 11C-PBR28 PET. We further evaluated relation- 89

ships between odor identification and tau pathology 90

using PET imaging with 18F-MK-6240, a highly spe- 91

cific radioligand for phosphorylated tau, and CSF 92

concentrations of total tau (t-tau) and phosphory- 93

lated tau (p-tau), and the relationship between odor 94

identification and amyloid pathology using CSF con- 95

centrations of amyloid-� (A�42). We hypothesized 96

that worse performance on odor identification test- 97

ing would be associated with higher PET measures 98

of neuroinflammation, and higher PET and CSF- 99

biomarker measures of tau pathology, particularly in 100

regions of early AD pathology, namely medial tem- 101

poral lobe structures. 102

METHODS 103

Participant selection 104

Adults aged 50 years and older were recruited 105

from Columbia University Irving Medical Center 106

(CUIMC) Aging and Dementia clinic, the Columbia 107

University Alzheimer’s Disease Research Center, 108

other research cohorts at CUIMC or self-referral to 109

establish the initial research cohort for a larger study 110

(K23AG052633, PI Kreisl). A subset of seventy-eight 111

adults from the initial research cohort was consid- 112

ered for inclusion into this study. Study inclusion 113

and exclusion criteria can be found in Supplementary 114

Table 1. 115

All seventy-eight participants underwent an initial 116

screening that included routine history and phys- 117

ical, neurological examination, routine laboratory 118

tests, TSPO genotyping, neuropsychological eval- 119

uation, and brain MRI. Screening measures were 120

performed to exclude any participants with signifi- 121

cant medical or psychiatric illness, cortical infarcts on 122

brain MRI, or use of immunosuppressant medication. 123

TSPO genotyping of the rs6971 polymorphism 124

was also performed. Participants homozygous for this 125

polymorphism (low affinity binders) show negligi- 126

ble binding to 11C-PBR28 [16]. Those heterozygous 127

for the polymorphism (mixed affinity binders) show 128

reduced but reliable binding with 11C-PBR28; thus, 129

TSPO genotype correction is required during sta- 130

tistical analysis to account for this heterogeneity 131

in binding [17]. After screening, seventeen subjects 132

were excluded from continuing participation in the 133

study, including eight due to low affinity TSPO, three 134
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due to lab exclusions and six withdrawals (Supple-135

mentary Figure 1).136

Neuropsychological evaluation including the137

Mini-Mental State Examination [18], Selective138

Reminding Test-Delayed Recall (SRT-DR) [19], Trail139

Making Test Parts A and B, and Category and Phone-140

mic Fluency. These tests were selected to capture141

performance of specific cognitive domains, while the142

MMSE provided a global representation of cogni-143

tion. The SRT-DR tested short-term memory, Trail144

Making Test Part A tested psychomotor functioning,145

Trail Making Test Part B tested executive functioning,146

and Category and Phonemic Fluency tested language147

fluency. All cognitive test scores were transformed148

into z-scores using age-, sex-, and education-adjusted149

normative data provided by the National Alzheimer’s150

Coordinating Center. All participants were assigned151

a Clinical Dementia Rating scale score (CDR) by152

a clinician based on history, examination, and neu-153

ropsychological test results. Only participants with a154

CDR score ≤ 1 (i.e., normal, mild cognitive impair-155

ment, or mild AD) were eligible, so this study could156

focus on pathological changes in early stages of AD,157

and to ensure that participants were able to complete158

study procedures.159

Participants were defined as either cognitively160

normal or cognitively impaired based on history161

and cognitive examination. To qualify as cognitively162

impaired, participants had to have a primary mem-163

ory complaint and meet clinical criteria for amnestic164

mild cognitive impairment (MCI) [20] or AD [21].165

Participants who met clinical criteria for a non-166

AD neurodegenerative condition (e.g., dementia with167

Lewy bodies, vascular dementia, Parkinson’s disease,168

corticobasal degeneration, progressive supranuclear169

palsy, or frontotemporal dementia) were excluded.170

To qualify as cognitively normal, participants had to171

have no cognitive complaints and have absence of172

clinically significant cognitive impairment based on173

history and neuropsychological evaluation.174

TSPO affinity determination175

Blood samples were collected from all participants176

at the initial screening visit to utilize genomic DNA to177

genotype the rs6971 polymorphism using a TaqMan178

assay [16]. As mentioned under Participant Selection,179

eight participants from the original cohort (n = 78)180

were determined to be homozygous for the low affin-181

ity allele and were excluded from the remainder of182

the study (Supplementary Figure 1).

Amyloid PET imaging 183

The sixty-one participants who met inclusion cri- 184

teria after initial screening procedures had PET 185

imaging with 18F-florbetaben (FBB) to determine 186

amyloid status in a Siemens Biograph64 mCT/PET 187

scanner at the CUIMC Kreitchman PET center (tar- 188

get dose: 8.1 mCi; 4x5 min frames), with a low-dose 189

CT scan for attenuation correction. FBB images 190

were acquired 50–70 min post-injection. All PET 191

data were corrected for radioactive decay, attenua- 192

tion of annihilation photons, scanner deadtime and 193

normalization, and random and scatter events. Recon- 194

structed FBB images were averaged to create a 195

single static image for each participant. Amyloid sta- 196

tus was determined by a binary visual read by an 197

experienced neurologist (WCK), blinded to the par- 198

ticipant diagnosis, according to established methods 199

[22]. To validate the visual reads, we determined 200

a SUVR cutoff of 1.27 for FBB as defined by the 201

minimum among the visually amyloid-positive par- 202

ticipants (Supplementary Figure 2). Using this cutoff, 203

we found concordance in amyloid status determina- 204

tion between visual reads and use of SUVR in 58 of 61 205

participants (95.1%). The three discordant cases were 206

then reviewed by a second trained and experienced 207

reader (AJ), blind to diagnosis and the first reader’s 208

interpretations, who agreed with the first reader on 209

all three visual interpretations. Therefore, we used the 210

visual read results as the determinant for amyloid pos- 211

itivity or negativity. Studies have indicated that visual 212

assessments perform similarly to SUVR cutoffs in 213

interpreting amyloid status with FBB scans [23]. 214

Odor identification test administration and 215

scoring 216

The 40-item UPSIT was administered by a trained 217

technician on the same day as either the 18F-MK- 218

6240 or 11C-PBR28 scan. For each of the 40 items 219

on the UPSIT, the participants were provided with 220

an odorant embedded in a microcapsule that could 221

be scratched and smelled. They were instructed to 222

choose from four distinct answer choices. The test 223

was scored between 0 (no odors correctly identified) 224

and 40 (all odors correctly identified). Because there 225

is a 25% chance of guessing each odorant correctly, 226

scores of 10 or below are consistent with anosmia and 227

therefore were excluded from the analysis. 228

UPSIT was completed in 55 participants who 229

had FBB PET. Four participants reported history 230

of anosmia and did not have UPSIT performed. 231
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Two were unable to complete UPSIT. One partici-232

pant who scored a 10 on the UPSIT was therefore233

excluded from analysis, leaving 54 participants with234

useable UPSIT data. Other known factors contribut-235

ing to hyposmia such as smoking and current upper236

respiratory infection were considered; however, no237

participants were smokers or experiencing upper res-238

piratory symptoms at the time of testing.239

MRI acquisition and processing240

T1-weighted MRI scans (160 slice 1 mm resolu-241

tion, 256 × 200 voxel count) were acquired for all242

participants on a 3T Phillips Achieva MRI machine243

at CUIMC. Using PMOD 3.8 (PMOD Technologies),244

the T1 MR images were segmented and normalized to245

standard space. The Hammers-N30R83-1MM atlas246

was used to define regions of interest (ROIs), which247

were then consolidated into 10 volume-weighted248

ROIs. These ROIs included prefrontal cortex (middle249

frontal gyrus, superior/inferior frontal gyrus, poste-250

rior orbital gyrus); middle and inferior temporal gyri251

(medial part of anterior temporal lobe, lateral parts of252

anterior temporal lobe and middle and inferior tem-253

poral gyri); superior temporal gyrus (anterior part of254

superior temporal gyrus, posterior part of superior255

temporal gyrus); medial temporal cortex (amygdala,256

parahippocampal gyrus); posterior cingulate cortex;257

superior parietal lobule; inferior parietal lobule; lin-258

gual gyrus; striatum (caudate nucleus and putamen);259

and cerebellum. ROI volumes were reverse-warped260

to the participant’s native MRI space and manually261

corrected, if required. Left and right hippocampi were262

manually drawn on the native MRI by blinded investi-263

gators and the weighted-average volume was used as264

an ROI distinct from the remainder of the medial tem-265

poral cortex (i.e., the PMOD-derived amygdala and266

parahippocampal gyrus). The volume of each ROI267

was divided by total intracranial volume to adjust for268

differences in brain size.269

Tau and neuroinflammation PET imaging270

Forty-one participants underwent 18F-MK-6240271

PET imaging to measure tau pathology (target dose:272

5 mCi; 6x5 min frames). 18F-MK-6240 images were273

acquired 80–100 min post injection. Fifty-three274

participants underwent 11C-PBR28 PET imaging275

to measure TSPO (target dose: 20 mCi; 6x5 min276

frames). 11C-PBR28 PET images were acquired277

60–90 min post-injection. 18F-MK-6240 and278

11C-PBR28 PET imaging were performed on the279

same scanner as the FBB scans. Because it is a 280

relatively novel radioligand, PET imaging with 281

18F-MK-6240 was not available at the initiation of 282

this study. Therefore, not all fifty-four participants 283

who completed the UPSIT were able to undergo 284

18F-MK-6240 PET imaging. 285

PET image processing 286

18F-MK-6240 and 11C-PBR28 PET images under- 287

went the same processing steps. Reconstructed 288

images were realigned and then corrected for par- 289

ticipant movement with SPM12 (Wellcome Centre 290

for Human Neuroimaging). The PNEURO tool in 291

PMOD 3.8 was then used to coregister PET images 292

into native MRI space and to perform correction for 293

partial volume effects with the region-based voxel- 294

wise method [24]. The dynamic frames were then 295

averaged to a single static image and the native 296

MRI space ROIs defined above were applied to the 297

averaged PET image. The concentration of radioac- 298

tivity of each ROI was divided by the concentration 299

of radioactivity of a reference region to generate 300

standardized uptake value ratios (SUVRs). For 18F- 301

MK-6240, inferior cerebellar gray matter was used 302

as a reference region to avoid spill-over into the ante- 303

rior lobe of the cerebellum from ventral temporal and 304

occipital cortex [25]. For 11C-PBR28, the entire cere- 305

bellar gray matter was used as a “pseudo-reference” 306

region, as previously validated [23, 26]. For 18F-MK- 307

6240 and 11C-PBR28, both partial volume-corrected 308

and uncorrected SUVRs were calculated. 309

CSF analysis 310

Lumbar puncture was optional for study partici- 311

pants. Twenty-three participants who had UPSIT also 312

agreed to lumbar puncture and had CSF collected to 313

measure concentrations of t-tau, p-tau (phosphory- 314

lated at threonine 181), and A�42. 315

Up to 15 cc of CSF was removed using a Sp- 316

rotte 24G spinal needle and placed in two 12 cc 317

polypropylene tubes. All samples were centrifuged 318

briefly, aliquoted using polypropylene pipettes within 319

30 min, and stored at –80◦C. T-tau, p-tau (181), and 320

A�42 concentrations were measured using the micro- 321

bead-based multiplex immunoassay, the INNO-BIA 322

AlzBio3 kit (Fujirebio, Ghent, Belgium), on the 323

Luminex platform [27].
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Statistical analysis324

Study participants were grouped based on amyloid325

status and CDR score into four groups: amyloid-326

negative controls (CDR = 0), amyloid-positive con-327

trols (CDR = 0), amyloid-positive patients (CDR =328

0.5–1), and amyloid-negative patients (CDR = 0.5–329

1). For key characteristics, mean and standard devi-330

ations for continuous variables and frequencies for331

categorical variables were presented by each group.332

For continuous variables, the difference between333

groups was compared using analysis of variance334

(ANOVA) followed by post-hoc pairwise group dif-335

ference tests, uncorrected for multiple comparisons.336

To assess the effect of amyloid status and cognitive337

status on UPSIT performance, we performed a 2-way338

ANOVA with factors amyloid status and cognitive339

status, controlling for age, sex, and TSPO genotype.340

Partial eta squared (η2
p) were calculated as effect size341

measures. Categorical demographic variables (e.g.,342

sex, TSPO genotype) were tested for group differ-343

ences with Chi-squared tests.344

Partial correlation analyses evaluated the associ-345

ation between UPSIT total score and 11C-PBR28346

binding, 18F-MK-6240 binding, CSF biomarkers,347

MMSE scores, and SRT-DR scores, covarying for348

age and sex (and TSPO genotype when applicable).349

The same partial correlation analyses were performed350

by amyloid status group (positive and negative) sep-351

arately. For 11C-PBR28 binding and 18F-MK-6240352

binding, partial correlation coefficients (rp) were353

computed in each ROI. The p-values of whole group354

association regarding 11C-PBR28 binding, 18F-MK-355

6240 binding, and CSF biomarkers were corrected for356

multiple comparisons controlling for false discovery357

rate using the Benjamini and Hochberg method [28].358

Uncorrected p-values are also reported.359

To assess the contributions of hippocampal vol-360

ume, global amyloid burden, ROI-specific tau bur-361

den, and ROI-specific neuroinflammatory burden to362

UPSIT performance, linear regression models were363

performed for all 11 ROIs and standardized coef-364

ficients were obtained as a measure of association.365

To consider how amyloidosis may modify the effect366

of tau and neuroinflammation on UPSIT, interaction367

terms between amyloid status and ROI-specific PET368

values were included in regression models. Effect369

sizes were calculated and reported as Cohen’s f2
370

scores. All of the regression models controlled for371

age, sex, and TSPO.372

All statistical analyses were performed in R, ver-373

sion 3.6.0. Graphs were generated using GraphPad374

Prism 8. For visualization, residuals were calculated 375

by regressing each variable on age, sex, and TSPO 376

genotype. 377

Standard protocol approvals, registrations, and 378

patient consents 379

This study was approved by the Columbia Uni- 380

versity Irving Medical Center Institutional Review 381

Board. All participants (or their representative) pro- 382

vided informed consent according to the Declaration 383

of Helsinki for participation in the study and for their 384

health information to be used for research purposes. 385

Data availability 386

Anonymized data will be made available upon rea- 387

sonable request to qualified investigators. 388

RESULTS 389

Participant demographics 390

Fifty-four participants completed screening pro- 391

cedures and 18F-FBB PET scan and had UPSIT 392

performed (23 amyloid-positive patients, 9 amyloid- 393

negative patients, 6 amyloid-positive controls, 16 394

amyloid-negative controls) (Table 1). Forty-one of 395

these participants (16 amyloid-positive patients, 8 396

amyloid-negative patients, 6 amyloid-positive con- 397

trols, 11 amyloid-negative controls) underwent 18F- 398

MK-6240 PET scan. Fifty-three of these participants 399

(22 amyloid-positive patients, 9 amyloid-negative 400

patients, 6 amyloid-positive controls, 16 amyloid- 401

negative controls) underwent 11C-PBR28 PET scan. 402

Twenty-three of these participants also underwent 403

lumbar puncture (12 amyloid-positive patients, 3 404

amyloid-negative patients, 4 amyloid-positive con- 405

trols, 4 amyloid-negative controls). 406

Among all included participants who had UPSIT, 407

amyloid-positive patients and amyloid-negative con- 408

trols were younger than amyloid-positive controls 409

and amyloid-negative patients (p < 0.01). We found 410

no difference in years of education among partic- 411

ipant groups. Amyloid-positive patients had lower 412

MMSE scores than amyloid-negative controls, amy- 413

loid negative patients and amyloid positive controls 414

(ps < 0.01). Both amyloid-positive patients and 415

amyloid-negative patients had smaller hippocampal 416

volume, lower SRT-DR scores, and lower MMSE 417

scores than the control groups (p < 0.01), suggest- 418

ing that the impaired participants had hippocampal 419
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Table 1
Descriptive data for participant demographics based on amyloid and cognitive statusa

A� (+) A� (+) A� (−) A� (−) F-statistic p

patients controls patients controls (continuous)/χ2

(n = 23) (n = 6) (n = 9) (n = 16) (categorical)

Age (y)b 64.7 ± 8.6 71.3 ± 4.6 74.0 ± 8.0 67.8 ± 3.8 4.27 0.01
Male/Female 19/4 3/3 6/3 5/11 10.90 0.01
Education (y) 16.9 ± 2.4 15.0 ± 2.8 16.8 ± 3.5 15.8 ± 2.8 1.11 0.35
MMSE scoreb,c,d 23.6 ± 4.2 28.7 ± 2.1 27.6 ± 2.3 29.4 ± 0.8 13.15 0.02
SRT-DR (z-score)c,d,e,f –3.26 ± 0.65 +0.26 ± 1.30 –2.55 ± 0.69 0.74 ± 1.05 76.92 < 0.0001
TSPO genotype (HAB/MAB) 12/11 2/4 5/4 11/5 2.43 0.49
% Hippocampal Volumec,f 0.87 ± 0.16 1.00 ± 0.16 0.84 ± 0.18 1.05 ± 0.14 5.61 < 0.001

aThirteen participants did not undergo 18F-MK-6240 PET and 1 participant did not undergo 11C-PBR28 PET. bSignificant difference between
A� (+) patients and A� (−) patients (p < 0.05). cSignificant difference between A� (+) patients and A� (−) controls (p < 0.05). dSignificant
difference between A� (+) patients and A� (+) controls (p < 0.05). eSignificant difference between A� (−) patients and A� (+) controls
(p < 0.05). f Significant difference between A� (−) patients and A� (−) controls (p < 0.05) HAB, high affinity binder; MAB, mixed affinity
binder; MMSE, Mini-Mental Status Examination; SRT-DR, Selective Reminding Test-Delayed Recall; TSPO, 18 kDa translocator protein.

atrophy even when amyloid pathology was absent.420

There were more men in the amyloid-positive and421

amyloid-negative patient groups and more women422

among the amyloid-negative controls (χ² (3, N = 54) =423

10.9, p = 0.012), so statistical analysis accounted for424

sex as a co-variate.425

UPSIT performance across study groups426

We tested whether amyloid status and cognitive427

status were independently associated with UPSIT428

performance. We found that amyloid positivity429

(F1,48 = 9.15, p = 0.004) and cognitive impairment430

(F1,48 = 8.66, p = 0.005) were each negatively asso-431

ciated with UPSIT score. These associations432

remained after controlling for age, sex, and TSPO433

genotype. However, we found no interaction between434

amyloid status and cognitive status (F1,47 = 0.776,435

p = 0.383). The η2
p of amyloid status and cognitive436

status were 0.103 and 0.163, respectively.437

Amyloid-positive patients had lower UPSIT scores438

than amyloid-negative controls (p < 0.01, Fig. 1).439

UPSIT performance of amyloid-negative patients440

did not differ significantly from amyloid-negative441

controls (p = 0.13) or amyloid-positive patients442

(p = 0.97). The η2
p of participant groups was 0.330.443

UPSIT performance and 18F-MK-6240 binding444

For participants who underwent 18F-MK6240 PET445

imaging (n = 41), we performed a partial correlation446

analysis between 18F-MK-6240 binding and UPSIT447

performance, correcting for age and sex. Using the448

partial volume corrected SUVR data, we found449

that 18F-MK-6240 binding was negatively associ-450

ated with UPSIT performance in all ROIs except451

Fig. 1. UPSIT performance across study groups. UPSIT scores
across all four study groups. UPSIT scores were lower in amyloid-
positive patients than amyloid-negative controls.

lingual gyrus when all participants were combined 452

(rs > –0.35, ps < 0.05) (Fig. 2, Table 2). Correlations 453

between UPSIT performance and 18F-MK6240 bind- 454

ing in all ROIs except for the lingual gyrus remained 455

significant after multiple comparison correction 456

(Table 2). When we stratified participants based on 457

amyloid status, this significant negative partial cor- 458

relation remained for amyloid-positive participants 459

in medial temporal cortex (rp = –0.51, p = 0.02) and 460

hippocampus (rp = –0.53, p = 0.02). 18F-MK-6240 461

binding did not correlate with UPSIT performance in 462

any regions when only amyloid-negative participants 463

were included, not even at trend level (e.g., medial 464

temporal cortex (rp = –0.27, p = 0.31), hippocam- 465

pus (rp = –0.17, p = 0.54)). Results from correlation 466
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Fig. 2. Relationship between UPSIT score and 18F-MK620 PET. Lower UPSIT scores were associated with greater 18F-MK-6240 binding
when all participants included (medial temporal cortex (r = –0.59, p < 0.01) and hippocampus (r = –0.60, p < 0.01). Correlations remained
when only amyloid-positive participants were included (medial temporal cortex: r = –0.52, p = 0.02; hippocampus: r = –0.53, p = 0.02) but
not when only amyloid-negative participants were included. Data corrected for age and sex.

Table 2
Correlation analysis between UPSIT and partial volume corrected 18F-MK6240 binding

All participants A� (+) participants A� (−) participants
(n = 41) (n = 22) (n = 19)

Region of Interest r 95% CI p r 95% CI p r 95% CI p

Pre-frontal Cortex –0.44∗ –0.66– –0.16 0.005 –0.37 –0.69–0.06 0.12 –0.32 –0.68–0.16 0.23
Middle and Inferior Temporal Gyri –0.48∗ –0.69– –0.20 0.002 –0.38 –0.69–0.05 0.11 –0.24 –0.63–0.24 0.37
Superior Temporal Cortex –0.43∗ –0.65– –0.14 0.006 –0.32 –0.65–0.12 0.19 –0.18 –0.59–0.30 0.51
Medial Temporal Cortex Composite –0.59∗ –0.76– –0.35 < 0.001 –0.52 –0.77– –0.12 0.02 –0.25 –0.63–0.23 0.36
Posterior Cingulate Cortex –0.35∗ –0.60– –0.05 0.03 –0.14 –0.53–0.30 0.56 –0.14 –0.56–0.34 0.60
Superior Parietal Cortex –0.36∗ –0.60– –0.06 0.02 –0.18 –0.56–0.26 0.46 –0.04 –0.48–0.42 0.89
Inferior Parietal Cortex –0.39∗ –0.62– –0.09 0.02 –0.20 –0.57–0.25 0.42 –0.11 –0.54–0.37 0.69
Striatum –0.35∗ –0.60– –0.05 0.03 –0.08 –0.48–0.36 0.76 –0.29 –0.66–0.18 0.27
Hippocampus –0.60∗ –0.76– –0.36 < 0.001 –0.53 –0.78– –0.14 0.02 –0.27 –0.65–0.21 0.31
Lingual Gyrus –0.21 –0.49–0.10 0.20 0.02 –0.40–0.44 0.92 –0.02 –0.47–0.44 0.94
∗Survived multiple comparison correction.



U
nc

or
re

ct
ed

 A
ut

ho
r P

ro
of

8 J. Klein et al. / Olfaction and AD Pathology

Fig. 3. Relationship between UPSIT score and 11C-PBR28 PET. Lower UPSIT scores were associated with greater 11C-PBR28 binding
when all participants were included in medial temporal cortex (r = –0.58, p < 0.01) and combined middle and inferior temporal gyri (r = –0.47,
p < 0.01). Correlations remained when only amyloid-positive participants were included (medial temporal cortex: r = –0.74, p < 0.01; com-
bined middle and inferior temporal gyri: r = –0.47, p = 0.02) but not when only amyloid-negative participants were included. Data corrected
for age, sex, and TSPO genotype.

analysis using PET data uncorrected for partial vol-467

ume effects showed similar results (Supplementary468

Table 2).469

UPSIT performance and 11C-PBR28 binding470

For participants who underwent 11C-PBR28 PET471

imaging (n = 53), we performed a partial corre-472

lation analysis between 11C-PBR28 binding and473

UPSIT performance, correcting for age, sex and474

TSPO genotype. Using the partial volume corrected475

SUVR data, we found that 11C-PBR28 binding476

was negatively associated with UPSIT performance477

in the middle and inferior temporal gyri, medial 478

temporal cortex, posterior cingulate cortex, inferior 479

parietal cortex, and hippocampus when all partici- 480

pants were combined (rps > –0.29, ps < 0.05, Fig. 3, 481

Table 3). Correlations between UPSIT performance 482

and 11C-PBR28 binding in the medial temporal cor- 483

tex, posterior cingulate cortex, hippocampus and 484

middle and inferior temporal gyri remained signif- 485

icant after multiple comparison correction (Table 3). 486

When we stratified participants based on amyloid 487

status, this negative partial correlation remained for 488

amyloid-positive participants in the medial tempo- 489

ral cortex (rp = –0.74, p < 0.001) and the middle and 490
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Table 3
Correlation analysis between UPSIT and partial volume corrected 11C-PBR28 binding

All participants A� (+) participants A� (−) participants
(n = 53) (n = 28) (n = 25)

Region of Interest r 95% CI p r 95% CI p r 95% CI p

Pre-frontal Cortex –0.22 –0.46–0.05 0.12 –0.19 –0.53–0.20 0.36 0.12 –0.28–0.50 0.58
Middle and Inferior Temporal Gyri –0.47∗ –0.66– –0.23 < 0.001 –0.47 –0.72– –0.12 0.02 –0.09 –0.47–0.031 0.68
Superior Temporal Cortex –0.20 –0.45–0.07 0.16 –0.15 –0.50–0.24 0.48 0.16 –0.25–0.52 0.49
Medial Temporal Cortex Composite –0.58∗ –0.74– –0.37 < 0.001 –0.74 –0.87– –0.50 < 0.001 –0.06 –0.45–0.34 0.77
Posterior Cingulate Cortex –0.34∗ –0.56– –0.08 0.01 –0.15 –0.49–0.24 0.48 –0.18 –0.54–0.23 0.43
Superior Parietal Cortex –0.25 –0.49–0.02 0.08 0.00 –0.34–0.38 0.98 0.10 –0.31–0.47 0.67
Inferior Parietal Cortex –0.29 –0.52– –0.02 0.04 –0.15 –0.50–0.23 0.46 0.10 –0.31–0.47 0.67
Striatum –0.09 –0.36–0.18 0.51 –0.07 –0.44–0.31 0.72 –0.15 –0.51–0.26 0.50
Hippocampus –0.35∗ –0.57– –0.08 0.01 –0.31 –0.61–0.08 0.15 –0.38 –0.67–0.02 0.08
Lingual Gyrus –0.20 –0.45–0.07 0.16 –0.02 –0.39–0.36 0.94 0.06 –0.34–0.44 0.79
∗Survived multiple comparison correction.

inferior temporal gyri (rp = –0.48, p = 0.02). When491

only amyloid-negative participants were included,492

11C-PBR28 binding did not correlate with UPSIT493

performance in any region except at trend level494

for the hippocampus (rp = –0.38, p = 0.08). Results495

from partial correlation analysis using imaging data496

uncorrected for partial volume effects showed similar497

results (Supplementary Table 3).498

UPSIT performance and CSF biomarkers499

For participants who underwent lumbar puncture500

(n = 23), we performed a partial correlation anal-501

ysis between CSF biomarkers burden and UPSIT502

performance. We found that UPSIT performance503

was negatively associated with CSF concentrations504

of t-tau (rp = –0.52, p = 0.02) and p-tau (rp = –0.53,505

p = 0.012) when all participants were combined506

(Fig. 4, Table 4). We did not observe a significant neg-507

ative association between UPSIT performance and508

CSF concentrations of A�42 (rp = –0.12, p = 0.60).509

We did not observe significant associations between510

UPSIT performance and CSF t-tau: A�42 ratios511

(rp = –0.32, p = 0.17) or between UPSIT performance512

and p-tau (181): A�42 ratios (rp = –0.38, p = 0.10).513

Correlations between UPSIT performance and CSF514

measures of t-tau and p-tau remained significant after515

multiple comparison correction (Table 4). Due to516

the smaller sample size of participants who under-517

went lumbar puncture, we did not stratify participants518

based on amyloid status for subgroup evaluation.519

UPSIT performance, hippocampal volume, and520

cognition521

Performance on the UPSIT positively correlated522

with hippocampal volume, such that lower UPSIT523

scores were associated with smaller hippocampal vol- 524

umes, when all participants were included (rp = 0.53, 525

p < 0.001) and when only amyloid-positive partici- 526

pants were included (rp = 0.69, p < 0.001, Fig. 5A). 527

UPSIT performance positively correlated with 528

MMSE scores (rp = 0.42, p < 0.001) and z-scores for 529

performance on the SRT-DR (rp = 0.65, p < 0.001), 530

such that lower UPSIT scores were associated with 531

worse cognitive performance, when all participants 532

were included (Fig. 5B). The partial correlation 533

between UPSIT and SRT-DR performance remained 534

significant when only amyloid-positive participants 535

were included (rp = 0.68, p < 0.001, Fig. 5C). 536

Linear regression models of UPSIT performance 537

Across the linear regression models to deter- 538

mine whether global amyloid burden, tau burden, 539

neuroinflammatory burden or hippocampal volume 540

exhibited the greatest association with UPSIT, hip- 541

pocampal volume consistently demonstrated the 542

strongest relationship with UPSIT in all 11 ROIs 543

(ps < 0.0001). Additionally, ROI-specific neuroin- 544

flammatory burden measured by 11C-PBR28 PET 545

exhibited significant associations with UPSIT in 546

the medial temporal cortex, hippocampus and mid- 547

dle/inferior temporal gyri, using both partial volume 548

corrected and uncorrected data (ps < 0.05) (Supple- 549

mentary Table 4). 550

In the regression models considering effect modifi- 551

cation by amyloidosis on 18F-MK-6240 binding and 552

11C-PBR28 binding, none of the interaction terms 553

were significant. We observed small to medium effect 554

sizes in the medial temporal lobe for 11C-PBR28 555

binding (f 2 = 0.042) and 18F-MK-6240 binding 556

(f 2 = 0.025).
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Fig. 4. Relationship between UPSIT score and CSF concentrations of total tau and phosphorylated tau. Lower UPSIT scores were associated
with greater CSF concentrations of phosphorylated tau (p-tau, r = –0.53, p = 0.02) and total tau (t-tau, r = –0.52, p = 0.02), after controlling
for age and sex.

Table 4
Correlation analysis between UPSIT and CSF measures

CSF Biomarker r (whole Group) 95% CI p

T-tau –0.52 –0.77– –0.14 0.02
P-tau –0.53 –0.78– –0.16 0.02
A�42 0.14 –0.30–0.51 0.60
T-tau: A�42 –0.32 –0.65–0.11 0.17
P-tau: A�42 –0.38 –0.69–0.04 0.10
∗Survived multiple comparison correction.

DISCUSSION 557

We demonstrated that olfactory identification is 558

negatively associated with progression along the 559

AD clinical continuum, such that amyloid-positive 560

patients had lower UPSIT scores than amyloid-nega- 561

tive controls, and that UPSIT score positively corre- 562

lated with cognitive performance and hippocampal 563

volume. We also found that UPSIT score negatively 564
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Fig. 5. Relationship among UPSIT score and hippocampal volume, Mini Mental State Exam (MMSE) score and Selective Reminding Test
– Delayed Recall (SRT-DR) score. Positive correlations were observed between UPSIT performance and (A) hippocampal volume (r = 0.53,
p < 0.001), (B) MMSE (r = 0.42, p < 0.001) and (C) SRT-DR performance (r = 0.65, p < 0.001) when all participants were included. Positive
correlations between UPSIT performance and hippocampal volume (r = 0.69, p < 0.001) and UPSIT and SRT-DR performance (r = 0.68,
p < 0.001) remained when only amyloid-positive participants were included.

correlated with PET and CSF measures of tau pathol-565

ogy and neuroinflammation. Taken together, these566

results suggest that odor identification worsens with567

AD progression in a manner that may be related to568

both tau and neuroinflammatory burden.569

When we considered the amyloid-positive570

group separately, we found inverse relationships571

between olfactory identification ability and both tau572

pathology and neuroinflammation in medial temporal 573

regions (hippocampus and the combined amygdala/ 574

parahippocampal gyrus). Our results suggest that 575

decreased ability to identify odors may reflect the 576

burden of tau-mediated neurodegeneration in these 577

regions, which are among the first to show tau 578

pathology and correspond to Braak stages I-III 579

[5–7]. This topographical specificity is notable 580
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because these regions, which are affected early in581

AD, receive afferent input from primary neurons582

originating in the olfactory bulb [5].583

Our results build on early findings demonstrating584

relationships between UPSIT performance and AD.585

In one sample of cognitively normal adults, poorer586

performance on the 12-item Brief Smell Identifica-587

tion (B-SIT) was associated with a 50% increased588

risk of developing MCI over the following five years589

and exhibited predictive value for developing demen-590

tia [12]. Lower UPSIT scores are associated with591

smaller hippocampal and entorhinal volumes in cog-592

nitively normal elders, particularly in those with high593

amyloid burden on PET [9, 10]. Another PET study594

found that lower odor identification scores in a shorter595

version of the UPSIT were modestly associated with596

greater neocortical amyloid binding in cognitively597

normal, MCI and AD patients when combined, but598

not when MCI participants were considered indepen-599

dently, suggesting that olfactory impairment is not600

directly related to amyloid burden alone [29]. Addi-601

tionally, UPSIT performance prior to death predicted602

neurofibrillary tangle burden in the CA1/subiculum603

of the hippocampus in AD patients [30]. Our find-604

ing of a negative relationship between UPSIT score605

and CSF concentrations of tau, but not A�42 is in606

agreement with prior studies showing that low perfor-607

mance on the B-SIT and UPSIT have been associated608

with increased CSF tau but not with measurement609

of CSF A�42 [14, 31]. These results suggest that610

UPSIT may provide more insight into burden of611

tau pathology in early AD than amyloid pathology.612

While a prior study showed associations between low613

UPSIT score and increased ratios of CSF t-tau and614

p-tau (181) to A�42 we did not observe a relation-615

ship between odor identification and these CSF ratio616

measurements in our sample [31]. This discrepancy617

may be due to lower sample size in our study; how-618

ever, since we saw no association between UPSIT619

and CSF A�42 alone, the A�42 concentrations may620

have introduced variance into our t-tau: A�42 and p-621

tau: A�42 ratios, explaining why UPSIT correlated622

with t-tau and p-tau alone but not with the ratio623

values.624

To our knowledge, the only prior study compar-625

ing odor identification and tau pathology in vivo626

using PET imaging used Flortaucipir (18F-AV-1451)627

and likewise found an inverse relationship between628

UPSIT score and tau binding in temporal and pari-629

etal cortices in cognitively normal adults and patients630

with subjective cognitive decline. In our study, we631

extended these results to include clinically affected632

AD patients and patients who are amyloid-negative 633

but exhibit evidence of hippocampal neurodegen- 634

eration and AD patterns of cognitive impairment. 635

In addition, we used 18F-MK-6240, an improved 636

tau radioligand with less off-target binding in basal 637

ganglia and choroid plexus than 18F- AV-1451, and 638

confirmed our imaging findings by demonstrating 639

correlations between UPSIT score and CSF concen- 640

trations of t-tau and p-tau [25, 32]. 641

We also showed that there is a strong relation- 642

ship between UPSIT performance and PET measures 643

of neuroinflammation. While the staging of neuroin- 644

flammation is poorly understood, one meta-analysis 645

including results from a range of TSPO radioligands, 646

including 11C-PBR28, reported that the difference 647

in microglial activation measured on PET imaging 648

between AD patients and healthy controls existed 649

in several cortical areas, but was greatest in the 650

middle and inferior temporal gyri and the parahip- 651

pocampal gyrus [31]. The same relationships were 652

observed in MCI, albeit more modestly. Interestingly, 653

these regions were among those that exhibited the 654

strongest inverse relationships with UPSIT perfor- 655

mance in our present study, suggesting that these 656

regions experience early neuroinflammation in AD. 657

Further, the inverse relationships between UPSIT 658

performance and PET measures of neuroinflamma- 659

tion were observed in nearly identical brain regions 660

as PET measures of tau pathology. These results 661

support the possibility of a topographical overlap 662

between neuroinflammation and tau deposition in 663

early neurodegeneration, and align with results of 664

prior PET studies showing colocalization of TSPO 665

and tau binding, which is largely driven by amyloid- 666

positive individuals [33, 34]. These findings raise the 667

question of whether tau and inflammation are inde- 668

pendent processes in AD pathogenesis. In our earlier 669

study, we showed that, among amyloid-positive par- 670

ticipants, earliest increases in tau pathology were 671

found in medial temporal regions, while increases 672

in TSPO were first found in neocortical regions [33, 673

34]. Therefore, even though neuroinflammation and 674

tau pathology are likely related to each another, they 675

may have distinct spatial patterns early in the AD 676

continuum and may therefore independently con- 677

tribute to olfactory impairment. Longitudinal studies 678

in cognitively normal older adults could help iden- 679

tify the downstream effects of these distinct early 680

spatial patterns of pathology and clarify the tempo- 681

ral relationships between olfactory impairment and 682

pathological changes in amyloid, tau, and neuroin- 683

flammation. 684
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Our current study selected a subset of participants685

from a pre-established research cohort. In a prior686

study of the larger cohort, both 18F-MK-6240 and687

11C-PBR28 binding were greater in amyloid-positive688

than in amyloid-negative participants, specifically in689

neocortical regions for 11C-PBR28 and in the medial690

temporal lobe for 18F-MK-6240 [34]. In our sub-691

sample, we observed similar regional patterns of692

increased 11C-PBR28 and 18F-MK-6240 binding in693

association with lower UPSIT scores, suggesting that694

odor identification impairment may be mechanisti-695

cally linked to inflammation and tau pathology, and696

not just a nonspecific measure of neurodegeneration.697

Our linear regression models demonstrated that698

hippocampal volume showed the strongest associa-699

tion with UPSIT when accounting for global amyloid700

burden, ROI-specific tau burden and ROI-specific701

neuroinflammatory burden. Neuroinflammatory bur-702

den in the medial temporal cortex, hippocampus and703

middle/inferior temporal gyri also exhibited asso-704

ciations with UPSIT when accounting for other705

variables. Although we are unable to determine cau-706

sation, if any, in this cross-sectional model, it is707

worth noting these relationships. The largest esti-708

mates across models for neuroinflammatory burden709

were in ROIs that exhibited the strongest partial corre-710

lations with UPSIT performance, namely Braak I-III711

regions.712

We also found that amyloid status and cognitive713

status are independently associated with UPSIT per-714

formance. That amyloid-positivity is associated with715

lower UPSIT score is consistent with prior studies716

showing that lower performance on odor identifica-717

tion predicts decline in cognitively normal elderly718

and UPSIT scores correlate with amyloid deposition719

on PET [35, 36]. Therefore, UPSIT may be use-720

ful as a selection tool to identify cognitively normal721

elders more likely to be amyloid-positive for pre-722

ventative clinical trials. That impaired cognition is723

associated with lower UPSIT score independent of724

amyloid status is not surprising, given that impaired725

odor identification has also been reported in amy-726

loid negative dementias, or non-AD dementias such727

as dementia with Lewy bodies, Huntington’s disease,728

and frontotemporal dementia [37]. Notably, amyloid-729

negative patients did not have lower UPSIT scores730

than amyloid-negative controls, although this may731

relate to our modest sample size. That amyloid-732

positive patients had the lowest UPSIT scores in733

our cohort may reflect greater overall pathology734

in this group than in the amyloid-negative partici-735

pants. We do not have histopathological confirmation736

in the amyloid-negative patients; however, given 737

the overall small hippocampal volumes and AD- 738

like patterns of impairment in this group, they may 739

represent hippocampal sclerosis/TDP-43 pathology, 740

argyrophilic grain disease, or other AD mimics that 741

may have more indolent clinical trajectories than 742

patients with biomarker evidence of AD pathophysi- 743

ology [38]. Importantly, none of the amyloid-negative 744

patients had clinical or radiographic (on MRI) signs 745

or symptoms indicative of non-AD dementias such 746

as frontotemporal dementia, dementia with Lewy 747

bodies, vascular dementia, progressive supranuclear 748

palsy, or corticobasal syndrome). 749

While the positive correlations in amyloid-positive 750

but not amyloid negative participants suggests these 751

relationships are moderated in part by amyloidosis, 752

we additionally performed an interaction regression 753

model to see if the association between UPSIT score 754

and either 11C-PBR28 binding or 18F-MK-6240 bind- 755

ing differ by amyloid status. In the 47 models, none of 756

the interaction terms reached significance; however, 757

we may have been underpowered for this particu- 758

lar analysis. We saw small-to-medium effect sizes in 759

the interactions with the medial temporal cortex for 760

both 11C-PBR28 and 18F-MK-6240 binding. There- 761

fore, a larger study is warranted to better characterize 762

how the relationships among olfactory identification, 763

inflammation, and tau are influenced by amyloid 764

status. 765

Our conclusions are limited by our sample size. We 766

did not observe any significant relationships within 767

the amyloid-negative subgroups alone and many of 768

the overall relationships observed were driven by 769

amyloid-positive patients. We cannot say, however, 770

that olfactory identification is not related to tau or 771

neuroinflammation in amyloid-negative participants, 772

only that we failed to find such a relationship and that 773

presumably tau, neuroinflammation, and impaired 774

odor identification are mediated at least in part by 775

amyloid. Sample size was particularly limiting for 776

our CSF analysis, as only 23 participants in our 777

cohort elected to have lumbar puncture performed, 778

and therefore we did not evaluate amyloid-positive 779

and amyloid-negative groups separately. Further, our 780

sample size did not permit stratification of these 781

relationships by sex given that there were more 782

male participants in both the amyloid-positive and 783

amyloid-negative patient groups and more female 784

participants overall in the control group. However, 785

sex was considered as a biological covariate in 786

statistical analysis. We did not evaluate relation- 787

ships between olfactory impairment and performance 788
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on neuropsychological testing batteries beyond the789

MMSE and SRT-DR. However, the relationship790

between UPSIT and cognitive performance was more791

comprehensively investigated in a larger commu-792

nity cohort of over 1000 participants, with results793

demonstrating that UPSIT significantly correlated794

with neuropsychological measures of memory, flu-795

ency, and executive functioning [12]. While these796

results do not imply causation due to the limitations797

of a cross-sectional observational study, our results798

indicate that there appear to be significant associa-799

tions between olfactory impairment, tau pathology800

and neuroinflammation that could be further investi-801

gated with a larger sample size. 18F-MK-6240 is still802

an early tau radioligand with an off-target binding803

profile that is not yet fully understood. Early studies,804

however, suggest that the radioligand has adequate805

sensitivity for detecting tau pathology [32, 39].806

In conclusion, while reduced olfactory identifica-807

tion ability has previously been linked to cognitive808

decline and amyloid deposition, we have demon-809

strated that UPSIT performance is also related to810

other contributors of AD pathophysiology. Therefore,811

the UPSIT appears to serve broader utility beyond812

being a marker of disease severity, but rather an inex-813

pensive, non-invasive screening tool that may provide814

insight into the burden of tau pathology and neuroin-815

flammation. Based on our results and the literature,816

the UPSIT could also be considered for use as an ini-817

tial screening tool to identify participants in at-risk818

populations who may be more likely to test positive819

of PET for amyloid, tau or other in vivo measures of820

AD pathology, saving time and cost in clinical trials821

involving preventative treatments.822
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