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Abstract  37 

 38 

For years, Alzheimer’s disease (AD) was associated with the dementia stage of the disease, the tail 39 

end of a pathophysiological process that lasts approximately two decades. While early disease 40 

staging models focused on progressive deterioration of clinical functioning, PET and CSF 41 

biomarker studies highlighted the long preclinical phase of AD in which a cascade of detectable 42 

biological abnormalities precede cognitive decline. The recent proliferation of imaging and fluid 43 

biomarkers of AD pathophysiology provide the opportunity for the identification of several 44 

biological stages in the preclinical phase of AD. This review will discuss the use of clinical and 45 

biomarker information in the past, present and future staging of AD. We highlight potential 46 

applications of PET, CSF and plasma biomarkers for staging AD severity in vivo. 47 
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Staging of disease 79 

 80 

A major challenge in many medical specialties is measuring disease severity to guide patient 81 

management and evaluate therapeutic efficacy. Disease staging systems rank a disease in relation 82 

to progressive levels of severity, where later stages are associated with a worse prognosis. Staging 83 

systems highlight specific milestones in the natural history of a disease that are detectable, reflect 84 

current or future symptomatic severity, and ideally provide clinical significance in selecting choice 85 

of therapeutic intervention [1]. Disease stages can be based on clinical history, etiology [2], 86 

anatomical distribution of pathology [3], or biological features [4], and can be identified based on 87 

physical examination, biomarker testing, or both.  88 

 89 

Alzheimer’s disease (AD) is a neurodegenerative disease, which results in progressing cognitive 90 

impairment and dementia. For decades, AD has been closely associated with the dementia stage 91 

of the disease. Evidence from autosomal dominant and sporadic forms of AD provide evidence 92 

that the defining features of AD, amyloid- plaques and tau neurofibrillary tangles, accumulates 93 

over up to two decades before the onset of clinical dementia [5–7]. The recent proliferation of 94 

imaging and fluid biomarkers of AD pathophysiology provides the opportunity for staging of AD 95 

pathological changes in the preclinical phase of AD. This review will discuss the use of clinical 96 

and biomarker information in the past, present and future staging of AD. We focus on conceptual 97 

and methodological issues pertaining to disease classification and highlight novel promising 98 

biomarkers for the preclinical phase of AD.  99 

 100 

Past: clinical staging of AD 101 

 102 

Despite being defined in the early 1900s by Dr. Alois Alzheimer as being associated with plaques 103 

and tangles, the progressive functional decline of AD provided the basis for staging of AD severity 104 

for many decades. The diagnostic criteria for of AD relied on the nature of cognitive symptoms, 105 

progressive and insidious clinical progression in the absence of other causes [8].  To many 106 

clinicians, three overarching disease stages were apparent: mild forgetfulness, early and late 107 

dementia [9].  108 

 109 

 110 
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The Reisberg Global Deterioration Scale [9], developed in 1982, categorized the dementia process 111 

into seven stages based on cognitive and functional severity: no cognitive decline (stage 1), very 112 

mild cognitive decline, often accompanied by subjective memory concerns (stage 2), mild 113 

cognitive decline, where the earliest clinical deficits are observable in systematic observations 114 

(stage 3), moderate cognitive decline, where patients can no longer perform complex tasks 115 

efficiently (stage 4), moderately severe cognitive decline, where the individual begins to require 116 

assistance in activities of daily living (stage 5), severe cognitive decline, where patients depend 117 

entirely on their caregivers for survival (stage 6) and finally very severe cognitive decline, where 118 

verbal and psychomotor skills are lost (stage 7). 119 

 120 

Therefore, the staging of cognitive decline ranged from no cognitive impairment to severe 121 

multidomain dementia. The focus of cognitive domains affected early in the disease process were 122 

largely centered around memory dysfunction, which became further emphasized in the 1984 123 

diagnostic criteria for AD during the dementia stage [8]. With the diagnosis based on medical 124 

history and neurological examination (the abstract of the 1984 criteria reads “the diagnosis cannot 125 

be determined by laboratory tests”), clinical staging of AD severity provided a framework for the 126 

subsequent decades in routine clinical practice as well as in the description of cohorts in 127 

observational research. While clinically-determined stages lack specificity for AD, they 128 

nonetheless provide prognostically relevant information. Individuals without objective cognitive 129 

impairment who experience subjective cognitive decline (stage 2) display a nearly two-fold risk 130 

of developing Mild Cognitive Impairment (MCI) [10,11]. However, poor specificity of clinical 131 

symptoms to underlying AD neuropathology, especially at early clinical stages, created a need for 132 

other staging systems which incorporated biological and/or histopathological information. 133 

 134 

Present: AD neuropathologic change & A/T/(N) 135 

 136 

Neuropathological staging 137 

 138 

Neuropathological staging of AD is based on the anatomical localization of neuropathology, with 139 

density of pathology assessed semi-quantitatively [12]. Current neuropathological staging models 140 

of AD involve an ABC scoring system, in which stages are assigned to amyloid- plaques (A), 141 

Braak stage of tau neurofibrillary tangles (B) and CERAD score of neuritic plaques (C) [13,14].  142 

 143 
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Topography of amyloid- plaques is staged according to Thal staging, a five-stage model in which 144 

amyloid-β first deposits across the whole neocortex (phase 1), followed by the isocortex 145 

(entorhinal and hippocampal cortices – phase 2), the striatum and diencephalon (phase 3), 146 

brainstem nuclei (phase 4) and finally the cerebellum (phase 5). Tau neurofibrillary tangles are 147 

staged according to the staging system devised by Braak & Braak [15–17], which begins with the 148 

transentorhinal cortex (stage I), entorhinal cortex and hippocampus (stage II), inferior temporal 149 

neocortex (stage III), association cortices (stages IV and V) and primary sensory cortices (stage 150 

VI). The CERAD (Consortium to Establish a Registry for Alzheimer’s Disease) scoring system 151 

ranks the density of neuritic plaques in the neocortex (None, Sparse, Moderate, Frequent) [18]. 152 

Neuritic plaques are extracellular aggregates constituted of a central core of amyloid- and a 153 

corona, which surrounds the central core, consisting of degenerating neurons containing tau [19]. 154 

Each staging system allows for the differentiation of several disease phases based on the 155 

anatomical distribution of neuropathologic change, whether into one of 5 Thal stages for amyloid-156 

, one of 6 Braak stages for tau neurofibrillary tangles, and one of 3 stages for neuritic plaques, 157 

with the additional possibility of scoring 0 if the specific pathology is absent. Stages are often 158 

collapsed to improve inter-rater reliability: for example, Braak stages I-II, III-IV and V-VI are 159 

frequently grouped together. 160 

 161 

In summarizing an individual’s neuropathological change score based on the staging systems, 162 

individuals are assigned an ABC score. Therefore, an example AD neuropathologic change 163 

classification could be anywhere from A0, B0, C0 to A3, B3, C3. In turn, ABC scores are 164 

converted into one of four levels of levels of AD neuropathologic change: none, low, intermediate, 165 

or high. Braak stage III/IV and above accompanied by significant amyloid- plaques and neuritic 166 

plaques is considered to be a sufficient explanation for dementia [13,14].  167 

 168 

Crucially, AD neuropathologic change staging systems are reported independently of clinical 169 

history (i.e. presence dementia or stage of cognitive impairment) [13,14]. Correspondingly, an 170 

important minority of individuals with histopathological evidence of AD at autopsy did not have 171 

cognitive impairment in their lifetime [20,21]. Furthermore, post-mortem AD staging systems 172 

revealed a proportion of individuals with histopathological evidence of AD who had subtle 173 

cognitive impairment that did not exhibit dementia [22–24]. While neuropathological staging of 174 
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AD had limited utility due to the fact that it could only be applied post-mortem, the cognition-175 

independent feature of post-mortem histopathological staging systems provided a rationale for the 176 

similarly cognition-independent in vivo biomarker classification system of AD.  177 

 178 

Identification of AD in vivo using A/T/(N) 179 

 180 

The recently proposed unbiased biomarker classification system for AD provides three main 181 

classes of biomarkers: Aβ (A), Tau (T) and Neurodegeneration (N), denoted as A/T/(N) [25]. In 182 

this framework, abnormal levels of Aβ and phosphorylated tau are considered core features of AD, 183 

with neurodegeneration also being a feature of other neurodegenerative diseases, hence the 184 

appearance in parentheses [26]. Amyloid- biomarkers include amyloid-PET and CSF 185 

concentrations of amyloid-. Tau biomarkers include tau-PET and CSF concentrations of 186 

phosphorylated tau. The neurodegeneration category includes multiple biomarkers including 187 

FDG-PET, MRI atrophy (often of the hippocampus), CSF concentrations of total tau and of 188 

Neurofilament light chain. Similar to the neuropathological staging systems, then A/T/(N) system 189 

assigns a biomarker status to an individual independent of their cognitive status. This classification 190 

has numerous applications including enrichment of therapeutic trials [27] and prediction of 191 

cognitive decline [28]. With increasing clinical use of biomarkers for the differential diagnosis of 192 

individuals with cognitive impairment [29–31], it has often been speculated that this framework 193 

may also have practical applications in screening patients most likely to have AD and to help 194 

differentiate AD from non-AD dementia disorders.  195 

 196 

While amyloid- accumulation takes place on a continuum [32], amyloid-PET scans and CSF 197 

concentrations of amyloid- are frequently dichotomized as pathological (positive) / normal 198 

(negative) in clinical and research settings [29,30,33]. Stratification of populations using amyloid-199 

β levels is critical for diagnosing AD, assessing clinicopathological changes associated with 200 

amyloid-β, and for enriching populations for disease-modifying trials. Of note, the frequent 201 

observation of significant amyloid- plaques in the brains of individuals without cognitive 202 

impairment corroborated previous findings in the neuropathology literature [20]. Despite being a 203 

core neuropathological feature of AD, cerebral amyloid-β aggregation measured with PET 204 

displayed poor correlations with brain glucose metabolism [34] or cognition [35,36]. This 205 
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supported the notion of an asymptomatic stage characterized by “silent” amyloid-β accumulation 206 

[36]. Studies of autosomal dominant AD further suggest that this silent phase begins approximately 207 

20 years prior to the onset of symptoms [6]. 208 

 209 

In contrast to amyloid-PET, which shows little association with cognitive symptoms [35], tau-PET 210 

load shows associations with disease severity (Figure 1). Specifically, the topographical 211 

distribution of tau-PET displays strong correlations with metabolic dysfunction [37], atrophy [38], 212 

and domain-specific cognitive dysfunction [39,40]. Moreover, the magnitude of tau-PET SUVRs 213 

reflects the degree of cognitive impairment and dementia [39,41,42]. Furthermore, tau-PET uptake 214 

in the temporal neocortex also displays high diagnostic accuracy for AD vs other causes of 215 

cognitive impairment in multicentre studies [43]. At the cross-sectional level, tau-PET abnormality 216 

is almost exclusively observed in the presence of amyloid-PET abnormality [44,45]. Taken 217 

together, these studies suggested the elevated tau (generally operationalized as tau-PET in the 218 

neocortex) is closely associated with AD’s clinical impairment stage (MCI and Dementia). In 219 

contrast, amyloid-PET abnormality seems to be required for tau-PET abnormality, and predate it 220 

by several years, though the precise temporal lag between these two biomarkers is unknown.  221 

 222 

The A/T/(N) biomarker framework is not a staging system sensu stricto. Disease staging systems 223 

imply a sequence of pathological events, which is not presupposed in a biomarker classification 224 

system such as the A/T/(N) system [25,26]. Instead, the A/T/(N) system is operationalized for the 225 

identification (not staging) of biological AD in living individuals. Therefore, the application of 226 

A/T/(N) biomarker profiles allows for tracking AD through its preclinical, mild cognitive 227 

impairment and dementia stages. In this framework, staging of AD remains guided by clinical 228 

symptoms, where increasing symptomatic severity connotes more advanced disease stage (Box 1). 229 

 230 

There remains an unmet need to stage AD in vivo using biomarkers during the preclinical stage. 231 

The reasons for this are threefold: (i) the accumulation of protein aggregates in the absence of 232 

symptoms lasts longer than AD’s symptomatic phase, therefore adding granularity to 233 

presymptomatic biological changes will permit the identification of points in the disease course 234 

where individuals may respond optimally to treatment (ii) disease-modifying therapeutic 235 

interventions in the dementia stage of AD have been unsuccessful (iii) prevalence estimates of 236 
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asymptomatic biological AD exceed those of symptomatic AD at all age groups [46], indicating 237 

that the number of individuals who may benefit from disease-modifying interventions is greater 238 

than the number of people living with clinically symptomatic AD. 239 

 240 

 241 

Future: Multidimensional biomarker-based staging of AD  242 

 243 

Advances in in vivo biomarkers provide a novel framework for staging of pathological changes 244 

characteristic of early AD in asymptomatic individuals, as well as tracking the severity of 245 

pathological changes into the symptomatic phases. We highlight three promising aspects of in vivo 246 

AD staging: (i) leveraging the topographical information from PET imaging to optimize sensitivity 247 

to detect stage-specific AD pathological changes (ii) adding granularity to the spectrum of tau 248 

pathology from emerging pTau biomarkers (iii) the opportunity to monitor multidimensional 249 

aspects of AD pathophysiology simultaneously with CSF or plasma samples. 250 

 251 

Biological Staging AD using the topography of PET imaging 252 

 253 

Advances in molecular imaging are expected to refine existing AD diagnostic classification 254 

systems [47]. While most research has focused on dichotomous classification of amyloid-PET and 255 

tau-PET imaging into positive and negative groups, the spatial resolution of PET provides the 256 

opportunity for staging based on the anatomical distribution of pathology. Staging systems may 257 

provide additional information by leveraging the topographical distribution of PET uptake, which 258 

may aid in the patient monitoring during the course of AD.  259 

 260 

Detection of elevated concentrations of neuropathologies in specific brain regions before global 261 

abnormality presents as a unique feature of PET imaging. Multiple studies have proposed data-262 

driven staging systems of regional amyloid- concentrations. While the precise order of regional 263 

accumulation varies between studies, the general pattern of results supports earliest accumulation 264 

in medial neocortical structures (medial prefrontal cortex, posterior cingulate, precuneus), which 265 

are followed by the striatum, and eventually, medial temporal regions [48–50]. Region-specific 266 

approaches have increased sensitivity for predicting cognitive changes compared to global 267 

measures [51], though replicability across radioligands, cohorts and analytic methods can be 268 

challenging [50]. However, in a recent multicentre study of over 3000 individuals, staging 269 
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amyloid- pathology according to regional abnormality was able to classify subjects scanned with 270 

different radioligands and was associated with distinct risk profiles of cognitive decline [52]. These 271 

studies suggest that while the topography of amyloid- is not closely associated with 272 

contemporaneous cognitive impairment, staging systems of regional pathology convey important 273 

prognostic information about future cognitive decline. 274 

 275 

PET imaging of protein aggregates in AD benefits from standing on the shoulders of giants. The 276 

decades of neuropathological work which has examined the regional distribution of pathological 277 

aggregates, as well as synapse loss, have led to the creation of staging systems used in large-scale 278 

observational research studies as well as in routine neuropathological examinations [12]. The 279 

validation of tau-PET radioligands have been particularly informed by the canonical distributions 280 

of pathology documented in Braak stages. Early tau-PET studies provided evidence that the 281 

distribution of tau-PET uptake conformed to Braak stages (most studies collapsed Braak stages 282 

into I-II, III-IV and V-VI) [53–55]. Tau-PET signal in early stages is observed in individuals 283 

without cognitive impairment, with and without significant amyloid- load. Elevated medial 284 

temporal tau-PET in the absence of amyloid- pathology may reflect primary age-related 285 

tauopathy (PART) [56]. Significantly elevated tau-PET in regions comprising Braak stages III-IV 286 

(temporal neocortex and association cortices) is almost exclusively observed in individuals with 287 

abnormal amyloid- biomarkers, and is generally accompanied by at least mild cognitive decline 288 

[57]. Finally, tau-PET in brain regions comprising later Braak stages (association cortices and 289 

primary sensory cortices) is almost exclusively observed in individuals with cognitive impairment 290 

[58]. Therefore the topographical information provided by PET imaging can be used to optimize 291 

the stage-specific detection of pathology that characterizes AD (Figure 2). 292 

 293 

A critical advantage of PET imaging over neuropathological assessments is the ability to track the 294 

evolution of pathology in the same individual over time. Longitudinal tau-PET studies have 295 

provided strong evidence of a diversity of tau accumulation patterns, frequently associated with 296 

brain connectivity [59–62]. A recent study of over 2300 individuals identified four patterns of tau-297 

PET accumulation, with each pattern characterized by specific clinically-relevant phenotypic and 298 

prognostic features [63]. Furthermore, a recent multicentre study identified distinct patterns of 299 

neocortical tau-PET uptake in individuals with preclinical AD, characterized by either 300 
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asymmetrical tau-PET distribution in the temporal lobe, or high uptake in the precuneus [64]. 301 

While many studies have highlighted substantial variability in tau accumulation, the general 302 

pattern of early accumulation in the medial temporal lobe, followed by aggregation in the temporal 303 

neocortex, association cortex and finally primary sensory cortices seems to be a consistent pattern 304 

and may serve as a basis for AD staging using tau-PET. While understanding the heterogeneity of 305 

AD will be helpful for personalized interventions [65], staging systems such as Braak staging are 306 

nonetheless useful for estimating AD severity, despite not perfectly capturing the variability in tau 307 

accumulation described in large PET studies. 308 

 309 

Expanding the continuum of the tau biomarker category  310 

 311 

Tau’s complex biology and pathophysiology necessitate the distinction of different kinds of tau 312 

biomarkers. While the tau biomarker category is useful, recent PET and fluid tau biomarker studies 313 

suggests that different tau biomarkers measure different aspects of the AD process [66] (Box 2). 314 

 315 

In particular, several recent studies of biomarkers for pathological tau phosphorylated at specific 316 

phosphorylation sites have led to the emerging viewpoint that specific tau phosphorylation 317 

signatures are associated with specific disease stages. In a recent study of autosomal dominant AD, 318 

abnormality in CSF concentrations of pTau217 rose before concentrations of pTau181, both of 319 

which preceded concentrations of pTau205 [67]. In particular, CSF pTau217 and pTau181 were 320 

closely associated with the initiation of amyloid- plaque aggregation. Another study highlighted 321 

that early changes in pTau231 were more closely associated with levels of amyloid- pathology 322 

in amyloid-negative individuals than pTau217 and pTau181, suggesting that pTau231 is associated 323 

with very early AD pathological change [68,69]. The early increase of CSF concentrations of 324 

pTau231 is in agreement with neuropathological studies reporting that pTau231 is observed prior 325 

to the formation of tau filaments in pre-neurofibrillary tangles [70]. A recent study investigating 326 

pTau235 suggests that elevated concentrations of pTau235 are preceded by pTau231 and pTau217 327 

[71]. Another observational study suggested that CSF concentrations of pTau231, pTau217 and 328 

pTau181 all began increasing in relation to subthreshold amyloid- concentrations [69]. Recent 329 

data suggest that pTau217 is more closely associated with both cerebral amyloid- and tau than is 330 

pTau181 [72], and that pTau217 mediates the relationship between cerebral amyloid- and tau 331 
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[73]. Taken together, these studies suggest a close association between pTau metabolism and 332 

exposure to cerebral amyloid- dysmetabolism. 333 

 334 

If tau phosphorylation at different sites indeed reflects different points in the AD 335 

pathophysiological process, it is conceivable to stage individuals according to their abnormality in 336 

multiple pTau biomarkers. Correspondingly, panels of phosphorylated tau pathology may give 337 

additional information over a single phosphorylated tau epitope (Box 3). A single plasma or CSF 338 

sample may therefore provide information about the extent of tau phosphorylation, with the 339 

understanding that phosphorylation at specific sites may be more closely associated with the 340 

aggregation of amyloid- plaques, tau neurofibrillary tangles, both, or even other 341 

pathophysiological events. However, the strength of these relationships is currently unclear, and 342 

studies are restricted to highly selected cohorts. Moreover, due to the closely correlated nature of 343 

pTau epitopes in most individuals [69,71,74,75], it is unknown how many individuals will be 344 

positive in one, but negative in another, and to what extent this information is prognostically 345 

meaningful at the individual level. Another concern in relation to the individual-level predictive 346 

value of pTau panels is the high coefficients of variation of fluid biomarkers; issues relating to 347 

false positives and false negatives may be present. Head-to-head studies of fluid biomarkers of 348 

pTau epitopes are needed to determine the site-specific associations between different pTau 349 

concentrations in CSF or plasma with neurofibrillary tangles changes in the brain. Future studies 350 

can be guided by hypotheses from neuropathological studies reporting that some phosphorylation 351 

sites may preferentially reflect tau aggregation in early Braak stages, while others sites may be 352 

associated with tau aggregation in later Braak stages [70].   353 

 354 

Plasma 355 

 356 

Considered a pipe dream only years ago, the development of ultrasensitive assays for amyloid-β 357 

and phosphorylated tau in plasma has provided evidence for the feasibility AD biomarker 358 

assessments using minimally invasive, scalable and accessible methods. Assays based on 359 

immunoprecipitation coupled with mass-spectrometry can predict amyloid-PET status based on 360 

concentrations of amyloid- in plasma [76]. Similarly, concentrations of phosphorylated tau in 361 

plasma show high sensitivity and specificity for AD pathological change, correlate with CSF and 362 

PET measures of tau pathology in vivo, correlate with neurofibrillary tangle burden at autopsy, 363 
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and differentiate AD from other dementia syndromes [77–81]. Because clinical criteria for AD 364 

have limited sensitivity and specificity for AD pathology [82], the addition of plasma-based 365 

biomarkers of phosphorylated tau to clinical workups may provide information to physicians 366 

evaluating individuals with age-related cognitive impairment [83], or for predicting future 367 

cognitive decline [84]. Plasma assessments of AD pathophysiology may represent clinical tool 368 

with the potential to improve dementia-related care globally. 369 

 370 

Similar to CSF samples, single blood sample provides the ability to assess multiple aspects of the 371 

AD pathological processes. This constitutes a promising advantage in contrast to neuroimaging, 372 

for which three separate scans would be required to determine a patient’s A/T/(N) imaging 373 

biomarker status [28], in turn related to substantially increased cost, patient burden and decreased 374 

accessibility.  375 

 376 

Current evidence suggests that plasma biomarkers should be considered as screening biomarkers 377 

and not as diagnostic biomarkers [85,86]. If evidence of efficacy of anti-amyloid or anti-tau 378 

therapies for AD exist, there will be a need to confirm that specific individuals who will begin 379 

treatment (whether at preclinical, MCI or dementia stages) are amyloid- positive, or amyloid- 380 

and tau positive. Presence of AD biomarker abnormalities will need to be confirmed before 381 

treatment is initiated, and may preclude the need for more costly / invasive CSF or PET 382 

assessments. Alternatively, plasma assessments could be used as routine pre-screening, with CSF 383 

examination or PET imaging used to confirm the presence of pathology before initiating treatment. 384 

 385 

Despite the promise of plasma measures of AD pathology, more research is needed on the 386 

associations between plasma biomarkers and more established AD biomarkers. Early evidence 387 

suggests that plasma pTau181 becomes abnormal approximately 6 years after an individual 388 

reaches abnormal levels of amyloid-β [87]; the time frame to abnormality in other pTau 389 

phosphorylation sites such as pTau231, pTau217 and pTau235 are currently unclear but expected 390 

to be slightly shorter [69,81]. In familial AD, plasma pTau181 concentration starts to increase 391 

around 15 years prior to expected clinical disease onset [88]. Recent studies have also associated 392 

pTau181 with cortical thinning as well as cerebral glucose hypometabolism [89], indicating that 393 

plasma pTau181 may help track neurodegenerative processes in AD. However, due to the novelty 394 
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of plasma-based pTau measurements, several questions remain [83]. Studies assessing the positive 395 

predictive value of abnormal pTau181 levels in relation to more established tau biomarkers such 396 

as tau-PET [41,90] will be required to increase confidence in the significance of plasma pTau181 397 

concentrations at the individual level. It is unlikely that the dynamic range of individual 398 

phosphorylated tau species are sufficient to stage disease. While recent phase III data from the 399 

aducanumab trials provide evidence for lowering of plasma pTau181 concentrations after 400 

treatment [91], it is also unknown how plasma pTau biomarkers fare in terms of measuring of the 401 

slowing (or removal) of tau aggregates in the brain. Hence, in situations where high accuracy is 402 

required such as in clinical trials, quantification using PET imaging to measure changes in regional 403 

tau aggregation may be preferable. 404 

 405 

Emerging biomarkers 406 

 407 

While amyloid- plaques and tau neurofibrillary tangles are the defining features of AD,  408 

numerous biological processes become abnormal in AD and may indicate specific disease stages. 409 

The 2018 NIA-AA biological research framework for AD proposed the possibility of adding 410 

biomarkers to the AT(N) system, denoted as A/T/X(N), where the “X” represents novel candidate 411 

biomarkers of additional pathophysiological mechanisms [26]. Although there are many potential 412 

candidates for the X [92], including cerebrovascular biomarkers, the most abundant cell types in 413 

the human cortex, the so-called glial cells – microglia, astrocytes, and oligodendrocytes – are the 414 

subject of substantial research interest [93]. 415 

 416 

Microglia cells are the brain's immune cells and, when activated, change their morphology, assume 417 

phagocytic properties, and release inflammatory mediators [94]. In AD, it is thought that 418 

microglial activation happens in waves, with an early and a late peak. These results come from 419 

PET evidence with TSPO tracers ([11C]PK11195 and others) [95]. It is suggested that TSPO is 420 

overexpressed in the outer layer of mitochondria in activated microglial cells [96]. Additionally, 421 

soluble triggering receptor expressed on myeloid cells 2 (sTREM2) is considered a promising fluid 422 

biomarker of microglial activation that changes at different stages of AD [97]. Although findings 423 

are still conflicting, several studies found increased sTREM2 levels in the CSF of MCI and AD 424 

patients [98–102], and TREM2 is considered to have protective functions [103]. Recently, 425 
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microglial activation has been identified as a key player in amyloid-β and tau propagation from 426 

affected to unaffected regions [104,105].  427 

 428 

Astrocytes are physically intercalated with neurons, and a single astrocyte simultaneously 429 

exchanges information with multiple neurons. They are the homeostatic cells of the brain, playing 430 

critical roles in modulating neurotransmission, regulating brain energy metabolism, and 431 

maintaining CNS ionic and fluid balance [106]. In AD pathology, astrocytes undergo molecular, 432 

morphological, and functional changes, assuming a state collectively termed as reactive 433 

astrogliosis (or reactive astrocytes) [106] . It is currently a consensus that reactive astrocytes co-434 

exist in multiple states [107,108]. Thus, it is unlikely that a single astrocyte biomarker will capture 435 

astrocyte heterogeneity. Reactive astrogliosis was first seen in living AD individuals with 436 

topographical information from [11C]DED PET, a tracer that binds to monoamine oxidase B 437 

(MAO-B). [11C]DED PET binding presents elevated signal in the brain of amyloid-β+ prodromal 438 

AD individuals [109]. They also demonstrated that [11C]DED PET binding associates with cortical 439 

atrophy and [18F]FDG hypometabolism [110,111]. Recently, novel astrocyte PET tracers have 440 

been developed such as the [18F]SMBT-1 [112], also a MAO-B tracer derivate from the THK 441 

family, and the [11C]BU99008 [113], a tracer that binds to the imidazoline 2 binding sites (IS2B). 442 

Early findings indicates that [11C]BU99008 captures an specific type of reactive astrocytes (IS2B+ 443 

astrocytes) in AD [114,115]. A recent meta-analysis evaluated 3,204 CU and AD individuals 444 

identified that [11C]DED PET binding is also increased at later stages of AD (but the peak increase 445 

remains in the early prodromal phase) [116]. This meta-analysis also confirmed that Glial 446 

Fibrillary Acidic Protein (GFAP) and YKL-40 levels in the CSF, and S100B in the blood are 447 

consistently altered in AD. More recent evidence indicates that GFAP is increased in the CSF and 448 

plasma of CU amyloid-β+ individuals [117,118]. Thus, it seems that GFAP is being released (or 449 

leaking) in response to emerging amyloid-β pathology, which indicates that they may react to early 450 

soluble species of amyloid-β [119].  Oligomeric forms of amyloid-β are the core pathology of the 451 

recently proposed pre-amyloid-β plaque phase of AD [120]. 452 

 453 

Oligodendrocytes are CNS myelinating cells, which wrap axons to provide insulation and a 454 

protective layer. Recent evidence indicates that disruption of oligodendrocyte progenitor cells may 455 

cause myelin abnormalities in AD [121]. In fact, micro- and macrostrutral changes in white matter 456 
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have been widely described in AD, including degeneration and demyelination. Since the 457 

generation of myelin is the main function of adult oligodendrocyte progenitor cells, it is possible 458 

that these cells are behind, at least in part, the white matter abnormalities seen in AD. Myelin 459 

quantification with MRI [122] may be an indirect marker of oligodendrocyte dysfunction in AD. 460 

Specific markers for tracking oligodendrocyte dysfunction remain to be developed.   461 

 462 

Disease staging and comorbidities  463 

The notion of “pure” AD as a pathological entity (i.e. abnormal amyloid- and tau in the absence 464 

of pathologies that characterize other neurodegenerative diseases) has been slowly replaced by the 465 

recognition that multiple neuropathological comorbidities are common in most dementia cases 466 

[123,124]. Therefore, adding biomarkers of other neuropathologies may contribute to a superior 467 

understanding of clinical presentations associated with AD, and those associated with other 468 

pathologies, as well as their potential interactions.  469 

 470 

While biomarkers for amyloid- and tau pathologies are becoming well established, the 471 

development of biomarkers for other protein aggregates are still in their infancy. There is 472 

tremendous interest in developing a biomarker for -synuclein, the main component of Lewy 473 

bodies. Two meta-analyses demonstrated that -synuclein levels in the CSF are consistently 474 

reduced in Parkinson’s disease [125,126]. However, there are important variabilities in the 475 

measured levels a-synuclein across studies [127]. A recent developed method, the real-time 476 

quaking-induced conversion (RT-QuIC), that estimates a-synuclein aggregation, using CSF as the 477 

biological matrix, demonstrated high sensitivity (90%) and specificity (~99%) to discriminate PD 478 

and controls [128]. By contrast, less advancements have been made in the development of a-479 

synuclein PET tracers. Remarkably, it is not uncommon to find deposits of αSyn in autopsied AD 480 

brains [129]. Indeed, CSF α-synuclein levels were significantly higher in the MCI and AD patients 481 

[130]. Interestingly, distinct patterns of association between CSF α-synuclein and pTau seem to 482 

offer promise to differentiate clinical progression due to AD or in association with Lewy body 483 

pathology [131]. In blood, no differences have been found in plasma α-synuclein between AD and 484 

controls [132,133]. These early results should be carefully evaluated since 99% of the α-synuclein 485 

resides in the red blood cells, the other 1% is in total plasma, platelets, and peripheral blood 486 

mononuclear cells [134].  487 
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 488 

The transactive response DNA-binding protein of 43 kDa (TDP-43) is a nuclear RNA/DNA 489 

binding protein involved in the regulation of RNA processing. Accumulation of 490 

hyperphosphorylated and ubiquitinated TDP-43 aggregates is commonly found in cases of 491 

frontotemporal lobar degeneration with ubiquitin-positive inclusions (FTLD-TDP or FTLD-U) 492 

and amyotrophic lateral sclerosis [135,136]. Post-mortem data suggest that TPD-43 inclusions are 493 

a co-pathology usually found in the medial temporal lobe of many AD patients [137].  The 494 

concomitant AD and TDP-43 pathology are associated to faster cognitive changes and brain 495 

atrophy [138–140]. This high prevalence of TDP-43 pathology gave rise to a new pathological 496 

entity termed called ‘limbic-predominant age-related TDP-43 encephalopathy’ (LATE), in which 497 

deposits of TDP-43 are widespread distributed in the amygdala, middle frontal gyrus and 498 

hippocampus [141]. LATE is characterized by an amnestic presentation similar to amnestic AD. 499 

Early findings suggest that TDP-43 can be measured in plasma [142,143]. A recent systematic 500 

review described multiple antibodies that can may become reproductive immunoassays for 501 

measuring TDP-43, but this is still a challenging task [144]. Biomarkers of other protein aggregates 502 

are a priority in AD research but in terms of validation they are still far behind amyloid- and tau 503 

biomarkers. However, while biomarkers for neuropathological comorbidities will help explain a 504 

patient’s clinical symptoms, it is important to emphasize that their usefulness for staging AD will 505 

be limited, as these other neuropathological comorbidities do not define AD, but rather define 506 

other neurodegenerative diseases.  507 

 508 

Role of Biological AD Staging for Clinical Trials 509 

 510 

Recent clinical trial data support the use of in vivo disease staging in selecting patients most likely 511 

to benefit from a specific therapeutic intervention. A phase 2 randomized controlled trial of the 512 

monoclonal antibody donanemab, which pre-screened participants using both amyloid- and tau-513 

PET met primary endpoints, defined as a 25-30% slower decline in the Integrated Alzheimer’s 514 

Disease Rating Scale, a composite measure of cognition and activities of daily living [145] 515 

(ClinicalTrials.gov number: NCT03367403). Potential study participants were pre-screened based 516 

on clinical criteria in addition to biomarker criteria, resulting in the inclusion of just over 10% of 517 

the population screened included in the study. Participants were only included if they had evidence 518 
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of tau-PET abnormality and if tau-PET levels were below a predefined upper threshold. It was 519 

hypothesized that subjects who do not yet display advanced tau aggregation may respond better to 520 

anti-amyloid therapy. 521 

 522 

Future disease-modifying trials in AD may benefit from using the topographical information from 523 

tau-PET in determining inclusion criteria. Because tau aggregation in medial temporal regions 524 

often takes place in the absence of symptoms, asymptomatic amyloid-β positive individuals 525 

constitute a highly heterogenous group with respect to future cognitive decline. Therefore, 526 

restricting enrollment criteria to specific disease stages may inform the time frame in which future 527 

cognitive symptoms can be anticipated in individuals without cognitive symptoms at baseline. 528 

 529 

Another potential use of disease staging in clinical trials is using biomarker-based staging as an 530 

outcome measure. The transition from amyloid-positive to amyloid-negative has already been 531 

demonstrated in many monoclonal antibody anti-amyloid therapies [145–150]. Future clinical 532 

trials may use tau-PET biomarkers to look for the expansion of tau to subsequent Braak stages. 533 

Stability (or even reduction) of PET-based Braak stage at follow-up could be used as evidence of 534 

biomarker efficacy. If disease-modifying treatments are successful, there will be a greater need for 535 

in vivo staging of AD using biomarkers [151].  536 

 537 

Concluding remarks 538 

 539 

Staging of AD has evolved over the past four decades from clinically-defined stages based on 540 

symptomatic severity to a more complex clinical-pathological model integrating information from 541 

multiple biomarker modalities. This review highlighted pTau panels, in which a single collection 542 

of plasma or CSF could be used to provide information on multiple tau phosphorylation sites, as a 543 

method of staging AD in vivo. We also highlighted novel potential “X” biomarkers, which promise 544 

to refine our understanding of AD progression. Furthermore, using the topography of PET 545 

abnormalities presents to opportunity to stage AD in vivo while simultaneously allowing for 546 

comparison with established post-mortem frameworks for staging AD. Finally, biomarker-based 547 

AD staging systems have the advantage of superior sensitivity and specificity for AD as compared 548 

to clinical staging (see Clinician’s corner). However, several important challenges lie ahead (see 549 

outstanding questions section). Many AD biomarker studies are conducted in highly selected 550 
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cohorts made up of volunteers who are motivated to participate in biomedical research on AD. 551 

Correspondingly, they are unlikely to represent the general population. In this connection, recent 552 

studies have identified lower concentrations of pTau181 and total tau in the CSF of African 553 

American individuals after correcting for age, sex, APOE4 and cognitive impairment [152]. While 554 

the reasons underlying these differences are unclear, these results highlight that great care must be 555 

taken when applying biomarker thresholds derived from observational studies whose 556 

demographics are not reflective of the general population. Similarly, great care is needed to ensure 557 

that the biological milestones used to stage AD are relevant to all populations to which they will 558 

be applied. 559 

 560 

Unbiased staging of disease lies at heart of personalized clinical management. When successful 561 

disease-modifying therapies exist, staging of AD using biomarkers will be critical for selecting 562 

patients who will respond to a specific therapy. Until then, disease staging systems provide a 563 

window into the natural history of AD and provide a framework for the development of new 564 

biomarkers and therapeutic targets. 565 
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 957 

Glossary: 958 

 959 

Alzheimer’s disease: progressive neurodegenerative disease defined biologically by the 960 

accumulation of cerebral amyloid-β plaques and tau neurofibrillary tangles. 961 

 962 

Alzheimer’s clinical syndrome: clinical syndrome associated with AD pathophysiology. 963 

Typically conceptualized as amnestic predominant multidomain cognitive impairment resulting in 964 

dementia. 965 

 966 

Amyloid-β: peptide produce by proteolytic processing of amyloid precursor protein (APP) by 967 

beta- and gamma-secretases. Amyloid-β peptides are the main component of extracellular plaques. 968 

Amyloid-β accumulation is considered to be an early central event in the pathogenic cascade of 969 

AD. 970 

 971 

Braak staging: six-stage hierarchical AD staging system based on the anatomical distribution of 972 

tau neurofibrillary tangles. Early stages document abnormalities in medial temporal regions, while 973 

later stages include abnormalities extending to primary sensory cortices. 974 

 975 

CSF: Cerebrospinal fluid. CSF assays permit the investigation of protein production and clearance 976 

in the brain. 977 

 978 

Dementia: clinical syndrome characterized by major deficits in two or more cognitive domains, 979 

resulting in major inference with ability to carry out activities of daily living. 980 

 981 

Disease staging: framework for ranking progressive levels of disease severity based on the reliable 982 

identification of specific points in the disease course. Later stages are associated with worse 983 

prognosis. 984 

 985 

Mild cognitive impairment: clinical syndrome characterized by cognitive decline greater than 986 

expected for an individual’s age and education level, but that does not cause interference in 987 

activities of daily living. 988 

 989 

Neurofibrillary tangles: abnormal aggregates of intraneuronal hyperphosphorylated tau. One of 990 

the defining features of Alzheimer’s disease. 991 

 992 

Neurodegeneration: process of neuronal injury or neuronal death. Biomarkers include FDG-PET, 993 

MRI and plasma NfL. 994 

 995 

Tau: microtubule-associated protein (MAP) involved in neuronal microtubule stabilization and 996 

intraneuronal transport. Becomes misfolded in Alzheimer’s disease. 997 

 998 

pTau: phosphorylated tau. Tau may become phosphorylated at one of several sites. 999 

 1000 

PET: Positron Emission Tomography: molecular imaging technique to quantify physiological 1001 

functions using imaging agents radiolabeled with positron-emitting isotopes. 1002 
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 1003 

Preclinical AD: the observation of abnormal concentrations of both amyloid-β and tau biomarkers 1004 

in individuals without objective cognitive impairment. 1005 

 1006 

Prodromal AD: MCI with the presence of Alzheimer’s disease (abnormal amyloid-β and tau), 1007 

considered to precede AD dementia. 1008 

 1009 

 1010 

 1011 

 1012 

 1013 

 1014 

 1015 

 1016 

 1017 

 1018 

 1019 

 1020 

 1021 

 1022 

 1023 

 1024 

 1025 

 1026 

 1027 
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 1029 

 1030 

 1031 

 1032 

 1033 

 1034 

 1035 

 1036 

 1037 

 1038 

 1039 

 1040 

 1041 

 1042 

 1043 

 1044 

 1045 

 1046 

 1047 

 1048 
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 1049 

Text Boxes: 1050 

 1051 

Box1: AD biomarker-assisted clinical staging 1052 

 1053 

Currently, biomarkers are used to support the diagnosis of AD, while clinical presentation itself is 1054 

used to stage AD severity. Positive amyloid and tau biomarkers can be observed in individuals 1055 

without cognitive impairment (preclinical AD), in those with Mild Cognitive Impairment, and in 1056 

those with dementia. 1057 

 1058 

Stages of preclinical AD were first defined in 2011: (1) No cognitive impairment with the presence 1059 

of amyloid-β pathology; (2) no cognitive impairment with the presence of amyloid-β pathology 1060 

and neurodegeneration and finally (3) amyloid-β pathology, neurodegeneration and subtle 1061 

cognitive decline [153]. A revision in 2016 described preclinical AD as requiring both amyloid-β 1062 

and tau pathologies, without the need for neurodegeneration [154].  1063 

 1064 

Mild Cognitive Impairment is a term used to describe noticeable cognitive decline relative to age 1065 

norms that does not significantly interfere with activities of daily living [155]. MCI is a 1066 

heterogeneous clinical entity that does not require the presence of AD pathology; however, AD as 1067 

a biological process can result in MCI. Correspondingly, AD research criteria have incorporated 1068 

the use of imaging and cerebrospinal fluid biomarkers to identify AD in individuals with MCI 1069 

[156].  1070 

 1071 

The dementia stage is the stage most commonly associated with AD. It is characterized by 1072 

substantial cognitive impairment affecting more than one cognitive domain. Impact of cognitive 1073 

decline on activities of daily living is substantial, and neuropsychiatric symptoms are common. 1074 

Despite the fact that dementia constitutes the tail end of a pathophysiological process that takes 1075 

approximately two decades (for AD at least), individuals can live with dementia for several years 1076 

[157]. During this time, cognitive symptoms continue to progressively worsen. Correspondingly, 1077 

dementia stage can be subdivided into mild, moderate and severe, which commonly correspond to 1078 

a Clinical Dementia Rating score of 1, 2 or 3, respectively [158]. The Reisberg Global 1079 

Deterioration Scale provides increased granularity for staging dementia symptoms during the 1080 
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symptomatic phase of the disease. Although the biological approach is the cornerstone of current 1081 

trials of disease-modifying interventions in Alzheimer’s disease, clinical diagnosis still rests on 1082 

the criteria set by the National Institute on Aging and Alzheimer’s Association in 2011 [159].  1083 

 1084 

Box2: PET and CSF biomarkers of AD pathophysiology are complementary 1085 

 1086 

Positron Emission Tomography (PET) is a non-invasive molecular imaging modality which 1087 

permits the assessment of regional tissue function in vivo. PET provides a highly sensitive 1088 

(picomolar to nanomolar range) technique for assessing a diversity of specific physiological 1089 

processes including regional blood flow (perfusion), synaptic density, metabolic activity, drug 1090 

delivery, as well as quantification of neuropathology.  1091 

 1092 

It is important to draw a conceptual distinction between CSF concentrations of amyloid- and 1093 

pTau with PET measures of insoluble amyloid- and neurofibrillary tangle aggregates. While they 1094 

both reflect different aspects of the same pathological process, concentrations of AD pathology 1095 

measured with CSF and PET are not interchangeable. CSF biomarkers reflect the concentration of 1096 

abnormal proteins which have leaked from brain tissue into the CSF, measured using 1097 

immunochemical or mass-spectrometry techniques. The availability of these proteins is influenced 1098 

by rates of production and clearance, and reflect a specific point in time in the AD pathological 1099 

cascade. PET biomarkers, in contrast, bind with high sensitivity and selectivity for insoluble forms 1100 

of AD pathophysiology, namely amyloid- plaques or tau neurofibrillary tangles. Therefore, CSF 1101 

biomarkers are often conceptualized as measures of a pathological process that are associated with 1102 

the presence of specific neuropathological abnormalities in the brain. Correspondingly, PET 1103 

biomarkers are considered to reflect the accumulation of pathology over time. Because CSF 1104 

biomarkers reflect concentrations of soluble proteins at a given period of time and PET biomarkers 1105 

reflect the aggregation of these proteins, a temporal offset between CSF and PET biomarkers is 1106 

expected. In fact, several studies support the notion that at the group level, CSF measures of AD 1107 

pathology begin to change before PET measurements.  1108 

 1109 

The topographical information conferred from PET imaging permits the staging of pathology 1110 

according to anatomical localization of pathology (in line with neuropathological staging models). 1111 

For these reasons, it can be argued that CSF biomarkers are indicators of disease state (i.e. they 1112 
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indicate the presence or absence of AD pathophysiology), while PET biomarkers can provide 1113 

information about disease state and disease stage. 1114 

 1115 

Box3: pTau panels 1116 

 1117 

The ability to measure multiple aspects of disease pathophysiology with a single sample is an 1118 

important advantage of fluid biomarkers over PET biomarkers. The advantage may be leveraged 1119 

in relation to the recent explosion of biomarkers for tau phosphorylated at different sites. Evidence 1120 

from autosomal dominant and sporadic AD suggest that different tau phosphorylation sites become 1121 

elevated at different points in the disease course. Therefore, pTau panels, in which multiple pTau 1122 

epitopes are evaluated concurrently, may provide AD staging information beyond the information 1123 

available from a single pTau epitope. 1124 

 1125 

Elevations in specific pTau phosphorylation sites could be used to stage AD in vivo. For example, 1126 

a subject with only abnormality in pTau231 and/or pTau217, but who does not have abnormal 1127 

concentrations of pTau 235 or pTau181 may be at an earlier stage of AD as compared to an 1128 

individual with abnormal concentrations of each of these sites. Moreover, a better understanding 1129 

of the temporal order of abnormality of these phosphorylation sites, provided they are replicable, 1130 

will inform pTau panel staging models. Longitudinal studies comparing the predictive power of 1131 

individual pTau phosphorylation sites are also needed to determine stage-specific associations 1132 

between pTau phosphorylation sites and cognitive decline. 1133 

 1134 

More research is needed to determine the extent to which different pTau phosphorylation sites are 1135 

preferentially associated with either cerebral amyloid- plaques or neurofibrillary tangles. 1136 

However, the high specificity of pTau for AD may indicate that pTau at certain epitopes are closely 1137 

associated with the presence of amyloid- in the brain. This may be an advantage when evaluating 1138 

AD pathology in plasma, where peripheral expression of amyloid- in peripheral tissues confounds 1139 

the estimation of cerebral amyloid- associated with AD. Therefore, elevated pTau at sites closely 1140 

associated with cerebral amyloid- may be used as surrogate markers of amyloid-. 1141 

 1142 

 1143 

 1144 

 1145 
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Clinician’s corner 1146 

 1147 

Accepted models of AD pathophysiology provide evidence that accumulation of amyloid- and 1148 

tau pathologies take place over up to two decades before the onset of clinical symptoms. Therefore, 1149 

staging of AD using biomarkers has some advantages over clinically-derived stages. Because AD 1150 

is characterized by a long preclinical period in which neuropathologies accumulate in the absence 1151 

of symptoms, biomarker-based staging of AD will have superior sensitivity for detecting changes 1152 

in the asymptomatic stage of the disease. The measurement of cognitive decline in AD is 1153 

characterized by floor effects and practice effects on cognitive testing. Moreover, cognitive reserve 1154 

complicates the relationship between severity of neuropathological changes and severity of 1155 

cognitive decline.  1156 

 1157 

Furthermore, because multiple comorbidities are associated with cognitive decline, cognitively-1158 

derived stages also lack specificity for AD. Biomarker-based disease staging provides the potential 1159 

for monitoring AD pathophysiology in the asymptomatic phase of the disease. Tracking levels of 1160 

amyloid-, abnormal tau phosphorylation, and the topography of neurofibrillary tangles provides 1161 

the opportunity to stage AD specifically, complementing information from cognitive testing. 1162 

 1163 

Currently, AD biomarkers are used in specialized centres to rule in / rule out the presence of AD. 1164 

It is conceivable that in the future, in vivo biomarkers can provide information about AD severity 1165 

in addition to presence / absence. For example, tracking the extent of tau abnormality using PET 1166 

may permit for in vivo identification of Braak neurofibrillary tangle stage. 1167 

 1168 

More accessible measures of AD pathophysiology are soon coming to the clinic. Measurements of 1169 

phosphorylated tau in plasma have high specificity for AD and may aid in the differential diagnosis 1170 

of cognitive impairment. Furthermore, multiple measurements of phosphorylated tau at specific 1171 

phosphorylation sites may be able to identify different disease stages without the need to highly 1172 

specialized equipment or perceived invasive procedures (PET and CSF). 1173 

 1174 

 1175 

 1176 

 1177 

 1178 
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Figure legends 1179 

 1180 

Figure 1. Biological interpretation and staging AD pathophysiology using Positron Emission 1181 

Tomography. Amyloid, Tau and Neurodegeneration PET biomarkers in representative 1182 

individuals across that AD continuum. A: Amyloid-PET (such as [18F]AZD4694) tracers bind to 1183 

mature amyloid- plaques; Tau-PET tracers (such as the [18F]MK4620) tracers bind to 1184 

neurofibrillary tangles; FDG-PET is used as an index of tripartite synaptic activity (coupling 1185 

between energy usage by neurons and astrocytes). A: Cognitively unimpaired individuals with no 1186 

AD pathology are negative for amyloid and tau. B: Amyloid- accumulation is observed in the 1187 

absence of cognitive impairment. C: Subtle tau accumulation restricted to the medial temporal 1188 

lobes also occurs in the absence of overt cognitive impairment. Note this individual is still 1189 

considered as tau-negative using summary measures of tau positivity. D: Cognitively impaired 1190 

individuals are both A+ and T+ positive, indicating the presence of preclinical AD. E: and A+T+ 1191 

in mild cognitive impairment. to mild dementia. F: A+T+ biomarker profile in mild dementia. G: 1192 

A+T+ in the moderate dementia stage. As disease progresses vulnerable regions become 1193 

hypometabolic as depicted in [18F]FDG PET images. In this framework, dichotomized amyloid- 1194 

and tau biomarkers are used to identify the presence of AD, while clinical stages describe AD 1195 

severity.  1196 

 1197 

 1198 

Figure 2: Stage-specific optimization of cerebral tau pathology detection 1199 

Tau neurofibrillary tangle aggregation in AD is characterized by substantial variability in 1200 

magnitude and topography. Because this variability in tau is associated with disease symptoms as 1201 

well as neurodegeneration, how to optimally detect and report tau abnormality remains an 1202 

important question in AD. Therefore it may be beneficial to use different regions of interest (ROIs) 1203 

when assessing tau pathology at different stages of AD. Quantification of tau pathology in 1204 

asymptomatic elderly adults may be facilitated by specifically investigating brain regions 1205 

characterized by very early tau accumulation such as the transentorhinal cortex, entorhinal cortex, 1206 

and hippocampus. Using larger ROIs in asymptomatic elderly individuals may dilute the isolated 1207 

medial temporal signal by concurrently sampling brain regions in which tau is not elevated, and 1208 

may therefore miss detectable tau pathology. In contrast, the diagnosis of dementia due to AD may 1209 

be aided by investigating tau uptake outside the medial temporal lobe, which indicates a more 1210 
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advanced pathological state. Trade-offs between sensitivity and specificity should be considered 1211 

with respect to study design and population. 1212 

 1213 


