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Abstract.14

Background: In the 2018 AT(N) framework, neurodegenerative (N) biomarkers plays an essential role in the research and
staging of Alzheimer’s disease (AD); however, the different choice of N may result in discordances.
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Objective: We aimed to compare different potential N biomarkers.17

Methods: We examined these N biomarkers among 1,238 participants from Alzheimer’s Disease Neuroimaging Initiative
(ADNI) in their 1) diagnostic utility, 2) cross-sectional and longitudinal correlations between different N biomarkers and
clinical variables, and 3) the conversion risk of different N profiles.
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Results: Six neurodegenerative biomarkers changed significantly from preclinical AD, through prodromal AD to AD dementia
stage, thus they were chosen as the candidate N biomarkers: hippocampal volume (HV), 18F-fluorodeoxyglucose-positron
emission tomography (FDG-PET), cerebrospinal fluid (CSF), total tau (T-tau), plasma neurofilament light chain (NFL), CSF
NFL, and CSF neurogranin (Ng). Results indicated that FDG-PET not only had the greatest diagnostic utility in differentiating
AD from controls (area under the curve: FDG-PET, 0.922), but also had the strongest association with cognitive scores.
Furthermore, FDG-PET positive group showed the fastest memory decline (hazard ratio: FDG-PET, 3.45), which was also
true even in the presence of amyloid-� pathology. Moreover, we observed great discordances between three valuable N
biomarkers (FDG-PET, HV, and T-tau).
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Conclusion: These results underline the importance of using FDG-PET as N in terms of cognitive decline and AD conversion,
followed by HV, and could be a great complement to the AT(N) framework.
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INTRODUCTION32

In 2018, the National Institute on Aging and Alz-33

heimer’s Association (NIA-AA) work-group pub-34

lished a new research framework for Alzheimer’s35

disease (AD), which used a scheme labeled AT(N) to36

further define the pathophysiology and staging of AD37

by characterizing research participants with various38

AD biomarkers using magnetic resonance imaging39

(MRI), amyloid positron emission tomography scan40

(PET), and cerebrospinal fluid (CSF) measurements41

[1]. This unbiased scheme plays an essential role in42

AD research and characterization of different dis-43

ease stages [2–4]. In this AT(N) classification, A44

stands for biomarkers of amyloid-� deposition, T45

for tau neurofibrillary tangles, and N for nonspe-46

cific biomarkers of neurodegeneration or neuronal47

injury. Each biomarker is rated as positive (abnormal)48

or negative (normal) [5]. N markers are conceptual-49

ized as indicators of neurodegeneration or neuronal50

injury which reflect the downstream effects of AD51

pathology. Neurodegeneration is an important part52

of AD neuropathologic changes that correlate with53

the clinical symptoms of AD and used to stage the54

disease severity [6]. N markers are believed to be55

closely related to cognitive and behavioral manifesta-56

tions of AD and provide important pathologic staging57

information. This current form of AT(N) framework58

is expandable to incorporate new biomarkers, espe-59

cially N biomarkers [7]. Above all, the N biomarker60

group is an indispensable part of the AT(N) frame-61

work.62

Nevertheless, it is still controversial which N bio-63

marker should be adopted. According to the recom-64

mendations, the application of three N markers [CSF65

total tau (T-tau), 18F-Fluorodeoxyglucose positron66

emission tomography (FDG-PET) hypometabolism,67

and hippocampus volume (HV) on MRI] were sug-68

gested, but there were differences when a different69

N marker was selected [1]. HV indicates cumula-70

tive loss and shrinkage of the neuropil; CSF T-tau71

probably reflects neuronal injury at a given point;72

and FDG-PET likely stands for both functional neu-73

ron impairment and loss of neuropil. Different AT(N)74

variants are not interchangeable. Optimal biomarker75

combinations for diagnosis and prediction of cogni-76

tive decline may differ by clinical stage [8, 9]. Some77

investigators have proposed that CSF T-tau is not78

a suitable candidate because it is highly correlated79

with CSF P-tau (Spearman’s rho > 0.90), a proposed80

“T” biomarker [10, 11]. The ideal N marker for AD81

would be reliable, reproducible, simple to measure,82

as well as easy to implement into large populations 83

to better evaluate and predict the disease progression. 84

There is also evidence suggesting that neurofilament 85

light chain (NFL), neurogranin (Ng), and �-synuclein 86

would likely be added to the N group [10, 12, 13]. Our 87

previous study suggested that progranulin (PGRN) 88

[14, 15] and �-synuclein [16] might take part in 89

the progression of AD, and could be candidate N 90

biomarkers. Although an initial comparison among 91

CSF markers of neurodegeneration including NFL, T- 92

tau, and neurogranin has been carried out in published 93

studies [10], currently no data regarding variable N 94

biomarkers such as neuroimaging, CSF, and plasma 95

biomarkers exist. Therefore, there is a need to find 96

other potential “N” biomarkers and identify the best 97

one. 98

In the present study, we aimed to 1) verify whether 99

these biomarkers could have the potential to be can- 100

didate N biomarkers, 2) compare the selected N 101

biomarkers by investigating their cross-sectional and 102

longitudinal correlations with cognitive measures, 103

and 3) the conversion risk of different N profiles, 104

to find the best candidate biomarker for “N” in the 105

AT(N) framework. 106

MATERIALS AND METHODS 107

Alzheimer’s Disease Neuroimaging Initiative 108

(ADNI) 109

We conducted cross-sectional and longitudinal 110

analyses of participants enrolled in the ADNI data- 111

base (http://adni.loni.usc.edu). ADNI is a longitudi- 112

nal, multicenter study launched in 2003 to assess 113

serial changes in CSF biomarkers, blood biomark- 114

ers, neuroimaging markers, and neuropsychological 115

assessments in three groups of elderly individuals: 116

cognitively normal (CN), mild cognitive impairment 117

(MCI) and AD. All AD individuals met the National 118

Institute of Neurological and Communicative Dis- 119

orders and Stroke-Alzheimer’s Disease and Related 120

Disorders Association (NINCDS-ADRDA) criteria 121

for probable AD, with Mini-Mental State Examina- 122

tion (MMSE) scores between 20 and 26 and Clinical 123

Dementia Rating (CDR) global scores of either 0.5 or 124

1. Criteria for amnestic MCI include MMSE scores 125

between 24 and 30, and CDR scores of at least 126

0.5. CN individuals had MMSE scores of 24 or 127

higher and a CDR score of 0. All individuals were 128

recruited from more than 50 sites across the USA and 129

Canada. Detailed diagnostic criteria are available in 130

http://adni.loni.usc.edu
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http://www.adni-info.org. All the data we used were131

from ADNI 1, 2 and GO.132

Data used in preparation of this article were133

obtained from the ADNI database. The study was134

approved by institutional review boards of all par-135

ticipating institutions, and written informed consent136

was obtained from all participants or their guardians137

according to the Declaration of Helsinki (consent for138

research).139

Participants140

We extracted all information from the latest141

merged document “ADNIMERGE.csv” updated on142

May 24, 2019. In our study, individuals were included143

if they underwent the assessments of CSF A� (labeled144

A) and CSF P-tau (labeled T). A total of 1,238 par-145

ticipants were recruited from the ADNI database.146

In further cognitive and neuroimaging analyses, 13147

participants without cognitive tests and 201 with-148

out imaging data were excluded (Supplementary149

Figure 1).150

Biomarkers of neurodegeneration or neuronal151

injury152

Studies have examined the following potential N153

markers: hippocampal volume atrophy (HV), FDG-154

PET, CSF total tau (T-tau), plasma neurofilament155

light (NFL), CSF NFL, CSF �-synuclein, CSF neuro-156

granin (Ng), CSF progranulin (PGRN), CSF soluble157

triggering receptor expressed on myeloid cells 2158

(sTREM2), CSF Visinin-like protein 1 (VILIP-1),159

CSF YKL-40 (or chitinase-3-like protein 1), and160

synaptosome-associated protein 25 (SNAP-25) at161

baseline (see Supplementary Table 1) [17].162

CSF measurements163

In the present study, CSF A�42, p-tau, T-tau, and164

NFL were measured at the ADNI biomarker Core165

Laboratory (University of Pennsylvania) on the166

xMAP-Luminex multiplex platform (Luminex Corp,167

Austin, TX) using Innogenetics immunoassay kit-168

based reagents. CSF NFL (Unit: ng/L) was measured169

with a novel, sensitive sandwich ELISA method (NF-170

light ELISA kit, UmanDiagnostics AB, Sweden) in171

the University of Gothenburg, as described previ-172

ously [18]. The lower limit of quantification for CSF173

NFL assay was 50 ng/L. Level of CSF �-synuclein174

was measured using LuminexMicroPlex [19]. CSF175

PGRN and sTREM2 (Unit: pg/mL) were measured176

with a MSD platform based ELISA assay, which was 177

previously described and validated [20–22]. CSF Ng 178

(Unit: pg/mL) was measured by electrochemilumi- 179

nescence using the Ng-specific monoclonal antibody 180

Ng7 as the coating antibody [23]. Both CSF VILIP- 181

1and SNAP-25 were tested by a sandwich ELISA 182

(together with the Erenna® immunoassay platform) 183

[24]. CSF YKL-40 (Unit: ng/mL) was determined by 184

the MicroVue YKL-40 ELISA assay at Washington 185

University [25]. All CSF samples were performed in 186

duplicate. Detailed information can be obtained at 187

http://www.adni-info.org. 188

Plasma measurements 189

Blood samples were collected, centrifuged, ali- 190

quoted, and stored at –80◦C. Plasma NFL was ana- 191

lyzed by the single molecule array (Simoa) technique 192

in Clinical Neurochemistry Laboratory (University 193

of Gothenburg, Sweden) using the same methodol- 194

ogy as previously described [26]. The plasma NFL 195

assay used a combination of monoclonal antibod- 196

ies and purified bovine plasma NFL as calibrator 197

(details available in http://adni.loni.usc.edu). All 198

tested samples were above the detection limit, ana- 199

lytical sensitivity was < 1.0 pg/mL. All samples were 200

measured in duplicate. 201

Neuroimaging 202

Acquisition protocols and preprocessing steps 203

for structural MRI and FDG-PET are available at 204

http://adni.loni.ucla.edu/. Structural MRI was per- 205

formed using a Vision 3.0T or 1.5T scanner (Siemens, 206

Erlangen, Germany). Regional brain volume esti- 207

mates were processed using Free-surfer software 208

package version 4.3 and 5.1 image processing frame- 209

work for the 1.5T and 3.0T MRI images, respectively. 210

Middle temporal lobe (MidTemp) volume, entorhinal 211

cortex thickness (Entorhinal), whole brain, ventricu- 212

lar volume and fusiform volume were selected for 213

further analysis to compare the measures of brain 214

atrophy. 215

FDG-PET data for each subject were pre-pro- 216

cessed by a series of steps as described in detail else- 217

where [7, 27]. In this study, the mean standardized 218

uptake value ratio (SUVR) of previously validated 219

AD-typical hypometabolism regions (angular, tem- 220

poral, and posterior cingulate) was estimated as FDG 221

SUVR of each participant for further analysis [27].

http://www.adni-info.org
http://www.adni-info.org
http://adni.loni.usc.edu
http://adni.loni.ucla.edu/
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Cognitive scores222

MMSE, Alzheimer Disease Assessment Scale 11223

score (ADAS11), Alzheimer Disease Assessment224

Scale 13 score (ADAS13), Rey Auditory Verbal Lear-225

ning Test (RAVLT) Immediate, and Functional Activ-226

ities Questionnaire (FAQ) were used to assess overall227

cognitive ability and evaluate outcome measures.228

AT(N) measurements229

As for A and T categories, we adopted the estab-230

lished cutoffs based on the ADNI database to define231

the diagnostic test results: positive or negative [28].232

CSF amyloid positive (A+) and negative (A–) were233

determined by a cutoff value of 192 pg/ml for CSF234

A�42 [28]. CSF p-tau positive (T+) and negative235

(T–) were defined as a score above and below a cut-236

off value of 23 pg/ml. Binaryzation of N markers237

(+/–, abnormal/normal) was obtained from a Youden238

index-derived cutoff (ROC analyses included AD239

dementia as cases and CN participants as controls).240

Statistical analysis241

To find the best N marker(s), we conducted a three-242

step analysis in our study.243

In the first step, we included common neurode-244

generative biomarkers generated from blood test,245

CSF, MRI, and PET. We compared the changing246

trend of each N marker in the preclinical, prodromal,247

and dementia stages of AD: A–CN, A + CN, A +248

MCI, and A + AD. Then, we filtered out those non-249

significant marker(s) and calculated the diagnostic250

accuracies of selected N markers using area under251

the receiver operating characteristic curve (AUROC)252

with binary logistic regression models. Receiver253

operating characteristic curve (ROC) and logistic254

regression (LR) analyses were done using IBM SPSS255

Statistics 26.256

Secondly, in the cross-sectional analyses, the257

effects of each candidate N biomarker on cogni-258

tive (MMSE, ADAS11, ADAS13, RAVLT, and FAQ)259

were investigated using a linear regression model.260

Longitudinally, the correlations of those candidate261

N biomarkers with cognitive performance over time262

were further compared by linear mixed-effects mod-263

els. In the cross-sectional and longitudinal analyses,264

all the included biomarkers and outcome variables265

(cognitive scores) were all Z log-transformed to nor-266

malize the distributions, a facilitating the comparison267

of biomarkers. In these results, � coefficients refer to268

standardized effects (� = 1 implies that an increase of 269

Z log biomarker was associated with a 1-SD increase 270

in the dependent variable). All regression analyses 271

were adjusted for age, gender, APOE �4, years of 272

education, diagnosis at baseline, and continuous A 273

and T variables for cognitive performance. 274

Finally, unadjusted Kaplan-Meier (KM) analysis 275

with the log-rank test to determine cognitive decline 276

was performed. Clinical progression was defined as 277

followings: 1) CN converted to MCI or AD, or their 278

CDR scores rose to 0.5 or more, 2) MCI subjects 279

converted to AD at follow-up or their MMSE scores 280

decrease more than 3 points. More precisely, we con- 281

ducted the subgroup analyses as follows: 1) using 282

N markers only (N + versus N-); 2) using the com- 283

bination of “A” marker and N markers, i.e., A–N– 284

versus A–N+ versus A + N- versus A + N+. Then, 285

we ran multivariate Cox proportional hazard mod- 286

els adjusted for age, gender, APOE �4, and years of 287

education at baseline. 288

All tests were two-tailed, and statistical signifi- 289

cance was set at p < 0.001. All statistical analyses 290

were performed using the R statistical software (ver- 291

sion 3.5.1) and IBM SPSS Statistics 26. 292

RESULTS 293

Basic characteristics of the population 294

A total of 1,238 individuals (including 372 CN, 295

632 MCI, and 234 AD) were enrolled in our study. 296

The basic demographic, clinical, and psychometric 297

characteristics of our study population were summa- 298

rized in Table 1. The total participants had a median 299

age of 73.5 years (interquartile range IQR, 68.3, 78.1 300

years), a median of 16.0 years of education (IQR 14, 301

18 years), and a female proportion of 44.5% (Table 1). 302

Of these participants, 782 (63.17%) were assigned 303

to A positive (A+) group, and 644 (52.01%) were 304

assigned to T positive (T+) group, 905 participants 305

were categorized into AD continuum (161 A–CN, 306

116 + CN, A + MCI, and A + AD) when we further 307

added the amyloid marker. 308

Screening the candidate N biomarkers 309

We primarily selected several reported markers 310

of neurodegeneration or neuronal injury: HV, FDG- 311

PET, T-tau, plasma NFL, CSF NFL, �-synuclein, 312

Ng, PGRN, STREM2, YKL-40, VILIP-1, and 313

SNAP-2 (Supplementary Figure 2). We explored 314

whether these biomarkers could be the candidate 315
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Table 1
Baseline Demographic Characteristics of Study Participants

Characteristics Median (IQR)/N (%)

Number 1,238
Age (y) 73.5 (68.3, 78.1)
Female (%) 551 (44.5%)
Education (y) 16.0(14, 18)
APOE �4 positive (%) 576 (46.5%)
Cognitive normal (%) 372 (30.0%)∗
Mild cognitive impairment (%) 632 (51.05%)#

Alzheimer’s disease (%) 234 (18.9%)
A+ 782 (63.17%)
T+ 644 (52.01%)
A–CN 161(13%)
A + CN 116 (9.36%)
A + MCI 412 (33.27%)
A + AD 216 (17.44%)

IQR, interquartile range; APOE, apolipoprotein E; A+, cere-
brospinal fluid amyloid positive (CSF A�42 ≤ 192 pg/ml);
T+, cerebrospinal fluid phosphorylated tau positive (CSF p-
Tau ≥ 23 pg/ml); A–CN, amyloid negative cognitive normal
participants; A + CN, amyloid positive cognitive normal par-
ticipants; A + MCI, amyloid positive mild cognitive impaired
individuals; A + AD, amyloid positive Alzheimer’s disease group.
∗CN including SMC 95. #MCI including EMCI (Early MCI) 277
and LMCI (late MCI) 355.

N biomarkers. N biomarkers were closely tied with316

aging during the preclinical, prodromal, and demen-317

tia stages of AD. We compared levels of baseline N318

markers from A–CN to A + CN, to A + MCI, and to 319

A + AD (see Fig. 1a). Supplementary Figure 2 and 320

Supplementary Table 2 showed the levels of these 321

12 makers in these four subgroups. To better com- 322

pare their trends, combined models were showed in 323

Fig. 1a. In this study, we found hippocampal volume 324

(mean: A–CN 7447.31, A + CN 7317.07, A + MCI 325

6622.94, and A + AD 5845.55, mm3) and FDG-PET 326

(mean: A–CN 1.33, A + CN 1.29, A + MCI 1.22, and 327

A + AD 1.06, SUVR) declined significantly as AD 328

progressed (p < 0.0001). Moreover, CSF T-tau, Ng, 329

CSF NFL, and plasma NFL were also increased sig- 330

nificantly (p < 0.0001, see Supplementary Table 2). 331

STREM2, PGRN, �-synuclein, YKL-40, VILIP-1, 332

and SNAP-25 did not show significant change from 333

the preclinical to dementia stages of AD (Fig. 1a). 334

Finally, we included six candidate N biomarkers for 335

further analysis: N1 HV, N2 FDG-PET, N3 T-tau, N4 336

plasma NFL, N5 CSF NFL, and N6 Ng. 337

Accuracy of N biomarkers in predicting AD 338

ROC analyses of AD patients versus CN group 339

provided cutoffs concentrations which showed the 340

greatest diagnostic accuracy. Detailed information on 341

the diagnostic sensitivity and specificity was sum- 342

marized in Fig. 1b (Supplementary Table 3). The 343

Fig. 1. Screening the candidate N biomarkers. A) The trajectories of primarily candidate N biomarkers from the preclinical, prodromal,
and dementia stages of AD. Based on the baseline levels of each biomarker (mean ± SD) in four subgroups (A–CN, A + CN, A + MCI,
and A + AD), we delineated an approximate trend Graph. Control: A�- controls (A–CN); AD continuum: A� + controls (A + CN), patients
with A� + MCI (A = MCI), and patients with A� + AD dementia (A + AD). A– indicates A� negative; A + indicates A� positive, definite A:
CSF A�42 < 192 ng/L. B) Receiver operating characteristic curve (ROC) curves for N biomarkers for the Alzheimer’s disease (AD) cases
versus cognitively normal (NC) subjects. HV, hippocampal volume; FDG-PET, 18F-fluorodeoxyglucose-positron emission tomography;
T-tau, CSF total tau; plasma NFL, plasma neurofilament light chain; CSF NFL; �-synuclein, Ng, neurogranin; PGRN, progranulin; SD,
standard deviation.
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Fig. 2. Associations between candidate N markers and clinical variables (cognitive scores and imaging markers). A) Association between N
biomarkers and cognitive scores cross-sectionally. B) Association between N biomarkers and cognitive scores longitudinally. C) Association
between N biomarkers and imaging markers cross-sectionally. D) Association between N biomarkers and imaging markers longitudinally.
Beta values were all transformed to absolute values of �. All analyses were adjusted for age, gender, education, APOE �4 status, and baseline
diagnosis. All data were z log transformed. N1, MRI Hippocampal volume; N2, 18F-fluorodeoxyglucose-positron emission tomography;
N3, CSF total tau; N4, plasma neurofilament light chain; N5, CSF NFL; N6, CSF neurogranin.

greatest value of the area under the ROC curve (AUC)344

was obtained for N2 FDG-PET (0.922). FDG-PET345

had the greatest sensitivity value of 86.34% and346

greatest specificity value of 85.44% (cutoff value,347

1.199 SUVR). However, the diagnostic specificity348

for N1 HV was 89.09%, which was greater than the349

other five biomarkers (cutoff value, 6594 mm3). For350

T-tau, the AUC value and sensitivity value were 0.826351

and 81.14, respectively (cutoff value, 74.4 pg/ml).352

For plasma NFL, CSF NFL, and Ng, the AUC val-353

ues were 0.760, 0.768, and 0.704, respectively (see354

Fig. 1b). Prevalence of AT(Nx) categories based on355

these above N cutoffs were showed in the Supplemen-356

tary Figure 1. To further compare diagnostic utilities357

of N markers, we compared their diagnostic accu-358

racy in the amyloid positive subgroup. We compared359

those N markers in A + subgroups (A + T + and A + T-360

). In A + T+, the diagnostic accuracy of FDG-PET361

in differentiating AD from CN and MCI was much362

better than other markers (Supplementary Figure 3).363

Besides, the diagnostic accuracy of HV in differen-364

tiating AD from CN and MCI was comparable to365

FDG-PET. In A + T- subgroup, there were no signif-366

icant differences in diagnostic accuracy between the367

six biomarkers (Supplementary Figure 4).368

Associations between N markers and cognitive369

scores370

In multivariable models adjusting for age, gen-371

der, years of education, APOE �4, and diagnosis at372

baseline, the associations between cognitive scores373

(MMSE, ADAS11, ADAS13, RAVLT, and FAQ) and 374

N markers were shown in Supplementary Table 4 375

and Fig. 2a. The levels of HV, FDG-PET, and T- 376

tau were all correlated with all the above cognitive 377

variables (MMSE, ADAS11, ADAS13, RAVLT, and 378

FAQ). Notably, FDG-PET showed strongest associ- 379

ations with 4 cognitive variables (MMSE, ADAS11, 380

ADAS13, and FAQ), followed by HV and T-tau (abs- 381

olute value of �: FDG-PET > HV > T-tau > CSF NFL 382

> plasma NFL > CSF Ng; see Fig. 2a). A few cogni- 383

tive variables (ADAS11 and ADAS13) were asso- 384

ciated with plasma NFL (p < 0.01) and CSF NFL 385

(p < 0.01). No cognitive variables were associated 386

with CSF Ng. 387

In the longitudinal analyses, the associations of all 388

cognitive variables with HV, FDG-PET, and T-tau 389

measures remained significant (Supplementary 390

Table 5 and Fig. 2b). FDG-PET was closely associ- 391

ated with cognitive variables (abstract value of beta 392

value: MMSE, RAVLT, and FAQ: FDG-PET > T- 393

tau>HV>CSF NFL > plasma NFL > CSF Ng). 394

Plasma and CSF NFL had moderate associations 395

with these cognitive variables (p < 0.008). 396

Above all, three biomarkers were significantly 397

associated with cognitive decline and neuroimag- 398

ing: FDG-PET, HV, and T-tau. We also conducted a 399

comparison between N biomarkers and brain atro- 400

phy (MRI measurements: volumes of ventricles, 401

whole brain, entorhinal, fusiform and MidTemp), 402

which yield similar results that FDG-PET, HV, and 403

T-tau were best N biomarkers (see Supplementary 404

Material). Accordingly, these three biomarkers were 405

further compared in the following studies.
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Fig. 3. Inter-group comparison between three top neurodegeneration biomarkers in different diagnostic groups: MRI Hippocampal volume,
FDG-PET, and CSF T-tau. Precentral of concordances and discordances between MRI, PET, and CSF were compared in five diagnostic
groups (CN, SMC, EMCI, LMCI, and AD). A) MRI HV versus FDG-PET (concordant MRI-PET-, concordant MRI + PET + , discordant
MRI + PET-, and discordant MRI-PET+). B) MRI HV versus CSF T-tau (concordant MRI-CSF-, concordant MRI + CSF+, discordant
MRI + CSF-, and discordant MRI-CSF+). C) FDG-PET versus CSF T-tau (concordant PET-CSF-, concordant PET + CSF+, discordant
PET + CSF-, and discordant PET-CSF+). Cohen’s Kappa statistics allowed numerical comparisons between pairs of profiles obtained using
different N biomarker. Agreement was defined as coefficient values > 0.4 (fair agreement) ranging up to 1 (perfect agreement). CN, cognitively
normal; SMC, subjective memory concern; MCI mild cognitive impairment; EMCI, early MCI; LMCI, late MCI; AD, Alzheimer’s disease;
HV, hippocampal volume; FDG-PET, 18F-fluorodeoxyglucose-positron emission tomography; T-tau, cerebrospinal fluid total tau. MRI-
indicate MRI HV negative; MRI + indicates MRI HV positive; CSF- indicate CSF T-tau negative; CSF + indicates CSF T-tau positive; PET-
indicate FDG-PET negative; PET + indicates FDG-PET positive.
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Fig. 4. Kaplan-Meier curves showing cumulative probability of clinical disease progression. The comparisons of cumulative probability of
clinical progression in (A) N1- versus N1+, (B) N2- versus N2+, (C) N3- versus N3+, and (D, E, F) add Amyloid status. The numbers of
subjects at different time points were presented. N1, MRI Hippocampal volume; N2, FDG-PET; N3, CSF total tau; N-, neurodegeneration
marker normal; N+, neurodegeneration marker abnormal; A–, amyloid normal; A+, amyloid abnormal.

Ability of N markers to predict future clinical406

progression407

The inter-group comparison (as evaluated with408

Cohen’s Kappa values) of these three valuable409

biomarkers (FDG-PET, MRI HV, and CSF T-tau)410

across diagnostic groups is shown in Fig. 3. For these411

three N biomarkers, there was no agreement among412

the diagnostic groups (all Kappa value < 0.4).413

The results from the Kaplan-Meier analysis of414

N positive versus N negative and A–N– versus415

A–N+ versus A + N– versus A + N+ were shown in416

Fig. 4. Controlling for age, gender, APOE �4 status,417

MMSE scores, and years of education at baseline,418

Cox proportional-hazards models were conducted to419

access the conversion risk. The corresponding haz-420

ard ratios were given in Supplementary Table 6.421

Using three N biomarkers (N1, HV; N2, FDG-PET;422

N3, CSF T-tau) to define N, we found that all423

three N + subgroups had a greater conversion rate424

than the corresponding N- subgroups (p < 0.0001,425

Fig. 4, Supplementary Table 6). The FDG-PET pos-426

itive subgroup wase more likely to progress than427

FDG-PET negative subgroup with an HR of 3.45 428

(95%CI = 2.50–4.77, Fig. 4a), which is greater than 429

those of HV (HR = 2.59, 95%CI = 1.95–3.43, Fig. 4b) 430

and T-tau (HR = 2.24, 95%CI = 1.66–3.01, Fig. 3c). 431

When we added the A biomarker and divided partic- 432

ipants into four subgroups (A–N–, A–N+, A + N–, 433

and A + N+), the HRs derived for HV was big- 434

ger than FDG-PET and T-tau (p < 0.0001 HR = 3.15, 435

95%CI = 1.76–5.64). A + N2 + (using FDG-PET to 436

define N2) subjects showed a 7.05-fold risk of cog- 437

nitive decline compared with A–N2– individuals. 438

We also assessed the conversion risk of cognitive 439

impairment (Event: MMSE score decline more than 440

3 points) (see Supplementary Figures 6 and 7). Simi- 441

larly, the results were in accordance with conversion 442

risk of clinical progression. There was a trend that 443

FDG-PET positive group had a faster rate of clinical 444

progression, but when the A marker was added, HV 445

was a better predictor for clinical progression. 446

In addition, we also compared the abilities of 447

six N + markers (N1+, HV positive; N2+, FDG-PET 448

positive; N3+, T-tau positive; N4+, plasma NFL pos- 449

itive; N5+, CSF NFL positive; N6+, Ng positive) to 450
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predict future cognitive impairment in Cox regres-451

sion models (Supplementary Figure 7). No significant452

intergroup differences were detected among N posi-453

tive subjects.454

DISCUSSION455

The objective of this analysis was to exam-456

ine: whether there were other biomarkers could be457

the N markers apart from those recommended by458

NIAA, and which biomarker(s) could be the best459

N biomarker(s). In the current study, we found460

that 1) there were several valuable N biomark-461

ers: HV, FDG-PET, T-tau, plasma NFL, CSF NFL,462

and Ng; 2) FDG-PET had greatest diagnostic util-463

ity in differentiating AD from CN (values of ROC464

AUC: FDG-PET > HV > T-tau > plasma NFL/CSF465

NFL/Ng.). Within A + T + subgroup, the diagnostic466

utility of FDG-PET differentiating AD and MCI from467

CN was still greatest; 3) HV and FDG-PET were both468

highly associated with cognitive declines. FDG-PET469

shows a closer association with cognitive decline than470

other markers at baseline and longitudinal analysis;471

4) FDG-PET + subgroups showed more significantly472

cognitive decline than HV + and T-tau + subgroup.473

All these findings suggested that FDG-PET was a474

very important N marker to predict cognitive decline475

than other N markers, which was comparable to HV.476

Neurodegenerative pathology is believed to have477

close associations with cognitive and behavioral478

manifestations of disease, act as important outcome479

measures in clinical trials and increase the risk of480

progression within a particular time frame. Our anal-481

ysis evaluated the performances of N biomarkers482

generated from MRI, PET, CSF, and blood test.483

In this study, our findings supported one recom-484

mendation from NIA-AA research framework that485

CSF T-tau, FDG-PET, and hippocampal atrophy on486

MRI were proposed to be core N markers under the487

AT(N) scheme. Our study provided novel data-based488

evidence for AT(N) scheme of the new NIA-AA489

research framework. In the preliminary analysis, sev-490

eral markers (HV, FDG-PET, CSF T-tau, CSF Ng,491

CSF NFL, and plasma NFL) showed a significantly492

stepwise decrease/increase across the AD progres-493

sion (A–CN, A + CN, A + MCI, and A + AD). These494

findings suggest that these six markers are dynamic495

markers that change throughout the course of AD.496

The inter-group comparison of three biomarkers497

(FDG-PET, MRI HV, and CSF T-tau) across diag-498

nostic groups showed that these N biomarkers do not499

seem to be interchangeable. Our study confirmed the500

great interchangeability observed in other analyses 501

between N biomarkers [29]. Our results are congruent 502

with our expectation that there are other biomark- 503

ers with the potential to be N biomarkers, whereas 504

the different choice of N biomarkers may result in 505

discordances. 506

FDG-PET was a powerful marker of neurodegen- 507

eration in diagnosing AD, reflecting cognitive deficits 508

and predicting clinical decline. Our results showed 509

that FDG-PET had the greatest diagnostic utility in 510

differentiating AD from CN than other markers even 511

in A + T + subgroup. FDG-PET is particularly useful 512

for early diagnosis, as it can show characteristic pat- 513

terns of AD neurodegeneration earlier than MRI in 514

individuals with MCI. Previous studies had shown 515

the superiority of FDG-PET in early diagnosis, as it 516

can better predict the progression of AD dementia 517

in MCI than routine CSF or MRI tests, significantly 518

decreasing the misclassification rate [30, 31]. Con- 519

sistent with our published results, our study showed 520

that FDG-PET was significantly associated with the 521

severity of cognitive deficits [7]. As reported, PET 522

allows better staging and monitoring of the extent 523

and location of AD pathology than blood and CSF 524

assessments [31]. These findings therefore strongly 525

support the idea that FDG-PET can identify a wide 526

spectrum of pathophysiological dementing condi- 527

tions and visualize the distribution of neuronal injury 528

or synaptic dysfunction. Furthermore, our longitudi- 529

nal analyses discovered that the FDG-PET positive 530

group had a faster rate of clinical progression, indi- 531

cating the great value of FDG-PET in reflecting and 532

predicting cognitive decline. This finding is consis- 533

tent with a previous study suggesting that a negative 534

FDG-PET scan strongly predicted clinical stability 535

with high negative predictive values for both A– and 536

A + groups [32]. FDG-PET hypometabolism, preced- 537

ing MRI atrophy, is considered to be a sensitive 538

marker of ongoing neurodegeneration dysfunction, 539

with high accuracy in the early detection and stag- 540

ing of AD [31]. Cerebral hypometabolism detected 541

by FDG-PET were reported to predict early con- 542

version from CN to MCI and MCI to AD [33, 34]. 543

FDG-PET performs better than SPECT and structural 544

MRI in predicting the conversion risk from MCI to 545

AD [34]. Another piece of evidence is that glucose 546

hypometabolism detected by PET preceded cognitive 547

decline and gray matter atrophy [35–37]. All these 548

above results indicate that FDG-PET is very closely 549

associated with the severity of cognitive deficits, 550

making PET particularly useful for differential diag- 551

nosis, staging of disease extent, and prediction of 552
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disease progression. Thus, on the basis of our cur-553

rent knowledge of the advantages and disadvantages554

of each biomarker, FDG-PET can act as an important555

N biomarker in AD.556

Our results also showed that HV, which was widely557

used to investigate structural changes in AD [38],558

had huge potential as an N marker for AD. Accu-559

mulating evidence indicates that HV is one of the560

best positioned MRI markers for clinical use [38, 39].561

Hippocampal atrophy occurs in the early stage of AD,562

and accelerates with the progression of AD. Our find-563

ings indicated that HV had better performance in the564

prediction of cognitive decline than FDG-PET and565

T-tau. When amyloid deposition was taken into con-566

sideration in our longitudinal dataset (the biomarker567

“A” was added), HV is a better predictor in both A–568

and A + subgroups. This finding is in line with sev-569

eral prior MRI studies reporting that increased rates570

of hippocampal loss accelerated cognitive decline.571

HV provided important complimentary information572

for the prediction of cognitive decline in AD when573

regard of the A� status. Understanding discrepancies574

between FDG-PET and HV is essential.575

CSF T-tau, one of core AD CSF biomarkers,576

had the strongest association with AD-related neu-577

rodegeneration than other CSF markers (CSF NFL578

and Ng) [10]. However, it was less robustly asso-579

ciated with cognition and neuroimaging outcomes580

when compared with HV and FDG-PET. Plasma581

NFL has been suggested by previous studies to be582

a valuable noninvasive biomarker closely related to583

neurodegeneration in AD patients [12, 40]. In the584

further analysis, we found plasma NFL was a more585

promising blood biomarker for neurodegeneration586

than some CSF biomarkers (�-synuclein, progran-587

ulin, STREM2, YKL-4, VILIP-1, and SNAP-25), but588

we did not find any evidence for the superiority of589

plasma NFL over FDG-PET, HV, or T-tau. However,590

larger longitudinal studies on the above-mentioned591

N biomarkers are still needed to further explore their592

advantages in predicting disease progression.593

We reached an agreement on the choice of N594

biomarkers under the NIA–AA AT(N) research595

framework based on our available evidence. More596

recently, Mattsson et al. reported that different597

AT(N) variants were not interchangeable and dif-598

ferent AT(N) combinations may influence clinical599

diagnosis and the prediction of cognitive decline [8].600

Rather, we hope we provide a decision aid for future601

research and clinical decision-making when each N602

marker is available and different A, T and N mark-603

ers can be combined in a meaningful way. We also604

highlight the main challenges in clinical practice and 605

suggest research directions. 606

The results from this current study provide support 607

for the proposed AT(N) scheme. A key strength of 608

this study is that we analyzed both the cross-sectional 609

and longitudinal associations of selected potential N 610

biomarkers with neurodegeneration and their predic- 611

tive abilities in cognitive decline in a large cohort, 612

which facilitates the improvement of AT(N) system 613

and the understanding of AD key pathologies. How- 614

ever, there were several limitations in this study. First, 615

the sample sizes for different N biomarkers (plasma 616

NFL, CSF NFL, and Ng) were small and signifi- 617

cantly different, which might lead to confounding. 618

Therefore, those findings may need to be replicated 619

in one large-sample studies with the same sample 620

size for different N biomarkers in the future. Sec- 621

ond, in the present study, dichotomizing continuum 622

markers might result in the loss of important infor- 623

mation. Finally, although we tested comprehensive 624

N biomarkers, we acknowledged that several other A 625

([18F] flutemetamol PET neocortical SUVR) and T 626

(tau PET) biomarkers could be further tested. 627

In conclusion, our study suggests that levels of 628

FDG-PET maximize the likelihood of observing and 629

predicting significant cognitive decline over time and 630

could be the best N biomarker. The multimodal clas- 631

sification of AD biomarkers (AT(N) system) is well 632

established, but the N selection required for this 633

approach is conflicting and there are numerous block- 634

ers to adopt this framework in clinical trials. This 635

current study could be a complement to the AT(N) 636

framework and have the potential effect to bridge 637

the gap between multiple biomarker lead by AT(N) 638

system and its clinical usage. 639
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