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Research in Context 34 
 35 
Systematic Review 36 
 37 
We reviewed the literature to identify articles that considered the classification of 38 
biomarkers associated with Alzheimer’s disease (AD), articles that focused on cognitively 39 
healthy individuals with a range of AD biomarker levels and articles that assessed 40 
longitudinal cognitive scores relative to AD biomarker classification. 41 
 42 
Interpretation 43 
 44 
We introduce the concept of a “grey zone” around defined thresholds of AD-related 45 
biomarkers in cognitively healthy individuals, within which the ability to distinguish between 46 
subsequent trajectories of cognitive decline is lost. Our analysis of cortical amyloid PET 47 
levels and subsequent cognitive decline places this work in the context of informing the 48 
selection and inclusion criteria of participants into observational and clinical trial studies of 49 
cognitive ageing. 50 
 51 
Future Directions 52 
 53 
A unified effort across research groups is required to further address the issues we describe. 54 
Data from biomarker-enriched prospective studies with long follow-up must be pooled to 55 
better delineate and characterise the peri-threshold “grey zone” across studies. 56 
 57 
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Abstract 81 
 82 
The 2018 NIA-AA research framework recently redefined Alzheimer’s disease (AD) as a 83 
biological construct, based on in vivo biomarkers reflecting key neuropathologic features. 84 
Combinations of normal/abnormal levels of three biomarker categories, based on single 85 
thresholds, form the AD signature profile that defines the biological disease state as a 86 
continuum, independent of clinical symptomatology. While single thresholds may be useful in 87 
defining the biological signature profile, we provide evidence that their use in studies with 88 
cognitive outcomes merits further consideration. Using data from the Alzheimer’s Disease 89 
Neuroimaging Initiative (ADNI) with a focus on cortical amyloid binding, we discuss the 90 
limitations of applying the biological definition of disease status as a tool to define the 91 
increased likelihood of the onset of the Alzheimer’s clinical syndrome, and the effects that 92 
this may have on trial study design. We also suggest potential research objectives going 93 
forward, and what the related data requirements would be. 94 
 95 
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1. Introduction 128 
 129 
In 2018, the National Institute on Aging and the Alzheimer’s Association (NIA-AA) published a 130 
research framework (RF) for the biological definition of Alzheimer’s disease (AD), for clinical 131 
research purposes [1]. While the RF provides a purely biologically based description of AD 132 
that was derived independently of clinical symptomology, the authors expect more severe 133 
pathologic staging to indicate a greater risk of short-term cognitive decline [1], [2]. The 134 
dichotomous classification system on which the RF relies may be useful and necessary to 135 
describe the biological signature profile of AD, given our current understanding of the disease. 136 
However, it is important to understand the limitations and downstream consequences of 137 
using this classification system as a predictive or diagnostic tool in relation to the Alzheimer’s 138 
clinical syndrome. As an increasing number of clinical trials are utilising this dichotomous 139 
approach as part of the selection criteria for trial participants, and subsequently assess 140 
change in cognition as the primary study outcome, we argue that high priority should be given 141 
to refining the application of this dichotomous classification with respect to the Alzheimer’s 142 
clinical syndrome. This is particularly relevant in the preclinical stages of the AD continuum as 143 
these stages are increasingly seen as the optimal timepoint for pharmacological and non-144 
pharmacological interventions. 145 
 146 
We provide evidence which suggests that the use of a single classification threshold for an 147 
AD-related biomarker is overly precise, or strict, when the primary measure of interest (e.g. 148 
as a trial outcome) is based on measures of cognition. We do so by demonstrating the 149 
existence of a potential “grey zone” of a biomarker, defined as the interval around the 150 
threshold within which we lose the ability to differentiate between the subsequent cognitive 151 
trajectories of biomarker normal/abnormal individuals. By doing so, we hope to initiate an 152 
important discussion around, and further research into, this issue. 153 
 154 
We begin by providing a general overview of the origins and evolutions of AD diagnostic 155 
criteria and the current use of dichotomous thresholds in AD, and medical research more 156 
widely. We discuss some of the practical limitations of the current classification in clinical 157 
research and make clear how the concept of the “grey zone” neither criticises nor seeks to 158 
improve upon the biological classification system. Instead, we demonstrate the effects of 159 
these limitations in practice, using evidence from our analysis of data from the Alzheimer’s 160 

Disease Neuroimaging Initiative (ADNI), with a focus on A levels in individuals that are 161 
cognitively healthy (CH) at baseline. We propose that going forward, research within the field 162 
should focus on individuals near the threshold, what the data requirements for doing so 163 
would be, and how harmonisation of the ways in which thresholds are defined and utilised 164 
across studies should be given high priority. 165 
 166 
2. Background 167 
 168 
The last thirty years have seen various iterations of methods for defining AD nosology with 169 
each variation utilising combinations of neuropathological features, clinical outcomes and 170 
biological profiles to classify individuals according to disease status. It is important to first 171 
understand the origins and evolution of AD diagnostic criteria, in order to assess the precision 172 
of the current criteria in a practical manner. 173 
 174 



 

 

During the 80s, much progress was made in defining criteria for Alzheimer’s disease and 175 
Alzheimer’s dementia, relating to the pathological diagnosis and clinical syndrome (“possibly” 176 
or “probably” due to Alzheimer’s disease), respectively. Khachaturian and colleagues, in 1985, 177 
first introduced the concept that Alzheimer’s disease represents a biological construct, with 178 
key neuropathological features of increased burden of amyloid and tau, associated with 179 
evidence of neurodegeneration and brain atrophy [3]. Subsequently, standardised criteria for 180 
the pathological diagnosis of Alzheimer’s disease were defined by the Consortium to Establish 181 
a Registry for Alzheimer’s Disease (CERAD) [3]–[5]. This was further refined and updated in 182 
2012 by Hyman and colleagues [6]. With respect to the clinical diagnosis of AD, the National 183 
Institute of Neurological and Communicative Disorders and Stroke – Alzheimer’s Disease and 184 
Related Disorders Association (NINCDS-ADRDA) published diagnostic criteria relating to the 185 
Alzheimer’s clinical syndrome, whereby AD definitive diagnosis required the post-mortem 186 
confirmation of Alzheimer’s typical neuropathology [7]. An in vivo diagnosis of AD could only 187 
be assigned the term “probable” in the presence of an established Alzheimer’s dementia 188 
syndrome, combining an advanced stage of memory and cognitive decline with functional 189 
disabilities and evidence that excluded all other possible aetiologies of dementia, through the 190 
use of blood, cerebrospinal fluid (CSF) and then available brain imaging tools of computed 191 
tomography and, subsequently, magnetic response imaging (MRI). Thus, the definition of 192 
Alzheimer’s disease was confined to a clinical dementia syndrome and the use of in vivo 193 
biomarkers was intended to provide evidence of exclusion criteria, rather than confirmatory 194 
evidence of AD diagnosis. 195 
 196 
The relatively recent development of accurate imaging and fluid biomarkers brought along 197 
the first attempt, by an International Working Group (IWG) in 2007, to use biomarkers as 198 
translational in vivo tools to reflect AD neuropathology [8]. The authors suggested that the 199 
diagnosis of AD could be made in vivo using CSF, positron emission tomography (PET) imaging, 200 
and structural MRI, in conjunction with a distinct episodic memory phenotype, thought to be 201 
AD-specific. Subsequently, the NIA-AA published, in 2011, a series of three papers on 202 
diagnostic criteria of each of the disease stages: dementia due to AD [9]; mild cognitive 203 
impairment (MCI) due to AD [10]; and finally, recommendations toward the definition of 204 
preclinical AD stages [11]. AD was therefore defined as a continuum, from preclinical stages 205 
to advanced dementia stages. The 2011 criteria provided both clinical and biomarker-based 206 
criteria, the latter including evidence of amyloid burden and neurodegeneration. For the first 207 
time, the NIA-AA applied single thresholds for a dichotomous classification of AD-related 208 
biomarkers. Subsequently, the IWG revised their 2007 diagnostic criteria to incorporate 209 
atypical and mixed dementia phenotypes with supportive biomarker evidence of elevated 210 
cortical amyloid and tau loads (IWG2), considering MRI and fluorodeoxyglucose (FDG) PET 211 
biomarkers as downstream topographical evidence of regional distribution of pathology [12]. 212 
The same authors subsequently revised their IWG2 criteria to differentiate the at-risk of AD 213 
status (either abnormal amyloid burden or neurodegeneration) from preclinical AD (both 214 
abnormal) [13].  215 
 216 
The 2018 NIA-AA RF proposed definition of AD was based on underlying neuropathology that 217 

can be translated in vivo using biomarkers related to abnormal levels of aggregated A 218 

(defined as “A”, including CSF A42 and cortical amyloid PET), fibrillar tau (defined as “T”, 219 
including CSF phosphorylated tau (P-tau) and cortical tau PET), as well as evidence of 220 
neurodegeneration or neuronal injury (defined as “(N)”, including CSF total tau (T-tau), FDG 221 



 

 

PET, and MRI) – the [AT(N)] scheme. Repositioning AD as a biological construct was a 222 
departure from the prevailing, primarily clinical (with or without biomarker profiling), 223 
classification of AD into one derived from all three AT(N) biomarker categories [1]. As clearly 224 
stated by the authors, their main objective was to provide an operational definition and 225 
staging of AD across the disease continuum to facilitate clinical research, including trials, and 226 
to standardise the reporting of findings of such studies. The RF was intended to be widely 227 
used in both interventional randomised clinical trials across the disease continuum and in 228 
biomarker-enriched observational prospective studies. Such studies would optimally involve 229 
much larger datasets that would, in turn, serve for the qualification and validation of the 230 
proposed RF, its key variables, and related methodologies and thresholds. The authors clearly 231 
stated that this is a fundamental and necessary step prior to its introduction into medical 232 
practice, as diagnostic criteria for AD in clinical diagnosis and management, or in secondary 233 
prevention in asymptomatic at-risk individuals [1], [14], [15]. 234 
 235 
Notably, the AT(N) scheme requires the dichotomous classification of related biomarkers in 236 
such a way that an asymptomatic individual would be defined as being on the AD continuum 237 
on the basis of a biomarker-related signature profile in the presence of abnormal levels of A 238 
markers, with T and (N) biomarkers providing insights into AD diagnosis and non-AD-specific 239 
pathologic changes, respectively. Thus, in parallel to adopting a holistic approach to viewing 240 
AD as a continuum, the RF’s recommendation relies on single thresholds to dichotomise the 241 
levels of each biomarker as either normal, or abnormal – a concept that has been widely used 242 
since the 2011 NIA criteria were published. Furthermore, the authors do not specify universal 243 
thresholds but describe several methodologies for how thresholds should be adapted by 244 
individual research groups to their research goals and environment [1]. While it is clear that 245 
the RF defines the AD disease state based on the [AT(N)] signature profile irrespective of the 246 
Alzheimer’s clinical syndrome or dementia, more work is now needed to better understand 247 
how the current RF subsequently relates to cognitive outcomes given the continued heavy 248 
focus on cognitive performance in practice (e.g. as primary outcome measures in clinical 249 
trials). 250 
 251 
3. Dichotomous thresholds of continuous variables 252 
 253 
The field of medical research is no stranger to using thresholds of continuous variables, aimed 254 
at identifying at-risk groups of individuals. Examples include, the utility of high/low systolic 255 
and diastolic blood pressure levels, and/or high/low cholesterol levels for characterising, 256 
within a given period of time, the risk of cardiovascular disease [16]. In the case of 257 
hypertension, thresholds were established based on decades of clinical practice and related 258 
research, using data from millions of individuals [17]. Such measures have also been used in 259 
combination with others to derive risk scores [18], which may in turn be applied as a means 260 
to group individuals based on their risk of disease progression, mainly for clinical 261 
management purposes. 262 
 263 
For AD, where the asymptomatic stage is now believed to be the optimal time for 264 
pharmacological and non-pharmacological intervention, defining a set of biomarkers to 265 
identify at-risk individuals is still work in progress. This is in part due to the multifactorial 266 
nature of the disease, the scarcity of available (and well-powered) longitudinally structured 267 
epidemiological data from patients with sufficient numbers of outcomes relative to other 268 



 

 

diseases, and significant gaps in our understanding of the precise biological mechanisms 269 
underpinning disease causation and progression [1], [14], [19]–[22]. In attempting to 270 
overcome these obstacles, the NIA-AA RF has provided the research community with a set of 271 
tools to begin to disentangle the biological components of the disease, including the 272 
dichotomous classification of AT(N) biomarkers into what are considered to be normal and 273 
abnormal levels. 274 
 275 
The consideration of thresholds was initially introduced in the 2011 NIA-AA research criteria, 276 
when the concept of a biomarker-based definition of pre-clinical AD was discussed [11]. 277 
Nonetheless, single thresholds come with a number of limitations, in terms of: sensitivity to 278 
longitudinal changes in biomarker levels over time [19], [23], [24], sensitivity with respect to 279 
choices of region(s) of interest relative to the reference region in the context of imaging 280 
markers [19], [24], [25], and sensitivity to often undefined measurement error [24], [26]. 281 
These limitations have been acknowledged and efforts are underway to address them – for 282 
example, the investigation into sub-threshold amyloid accumulation over time [27], [28], the 283 
topology of tracer uptake [27], [29], [30], among others. In addition to the research that is 284 
underway to improve the accuracy with which we measure biomarker levels in vivo, is 285 
research investigating and discussing possible alternatives to the dichotomous threshold-286 
based system. Alternative methodologies have been discussed previously [1], [31]–[33], most 287 
notably the potential for applying a two-threshold approach, one lenient and one strict, which 288 
would in essence result in an “intermediary” group. 289 
 290 
The perspective presented here is primarily in the context of Florbetapir PET within a clinical 291 
population. However, most arguments could, in theory, extend to other amyloid radiotracers 292 
[34] in studies that use different radiotracers and image processing methods [34], [35], and 293 
other continuous AD biomarkers, where the data are available. Amyloid cortical PET ligand 294 
binding, commonly assessed as the standardised uptake value ratio (SUVR), is currently one 295 

of the most commonly used biomarker of AD status and risk, along with measures of CSF A42 296 

and/or the A42/A40 ratio. This is a result of the widespread belief of the role of A in the 297 
disease aetiology and symptom development despite the, as yet, unproven causal link 298 
between amyloid deposition and disease onset/progression [20]–[22], [36]. Nevertheless, 299 
amyloid PET is a key input within the NIA-AA 2018 RF and IWG2 for AD. In particular, it is used 300 
for determining whether or not an individual is on the AD continuum [1] or at risk of 301 
progression [13]. Furthermore, the consideration of these issues in the context of amyloid 302 
helps to address the immediate need to better understand what is going wrong in recent 303 
failed clinical trials. 304 
 305 
4. Does there exist a peri-threshold “grey zone”? 306 
 307 
4.1 The concept 308 
 309 
To introduce the concept of having a region of uncertainty around a biomarker threshold, it 310 
is important to first place AD in the group of long-term chronic diseases of the elderly. This 311 
makes it difficult to disentangle the degenerative biological, pathological, and cognitive 312 
decline processes underlying natural brain ageing from the neurodegenerative processes 313 
associated with disease onset and progression. Unlike most infectious diseases, where the 314 
agent and onset of infection is known (or is assumed to be known), the moment at which AD 315 



 

 

is “triggered” and consequently affects cognitive decline, is not yet understood. There does 316 
not currently exist a defined healthy/diseased boundary for AD like the pre-/post-infection 317 
boundaries that exist for most infectious diseases. AD progression seems to be a long process 318 
with dynamic biological processes and biomarker levels that gradually go from being normal 319 
to abnormal and subsequently lead to worsening cognition by some as yet undetermined 320 
mechanisms. The gradual manifestation of abnormal biomarker levels, in contrast to the rapid 321 
biomarker changes seen in infectious diseases (for example, CD4 counts in HIV), may lend 322 
credibility to the concept of a more seamless continuum for AD and subsequent cognitive 323 
decline – something which cannot be accounted for using strict dichotomous thresholds. This 324 
does not preclude the consideration of thresholds to improve our understanding of the 325 
stratification of risk. However, it should be a concept that is kept in mind when trying to 326 
differentiate natural from disease-related neurodegenerative ageing. 327 
 328 
Although these limitations apply to the entire population, they have a larger impact when it 329 
comes to peri-threshold individuals. It is likely that current dichotomous thresholds do well 330 
at distinguishing between individuals at either end of the distribution of biomarker 331 
measurements, as all derived thresholds (by definition) should, however the question of how 332 
well they distinguish between individuals that are near the threshold (or not so near, for that 333 
matter) with respect to the onset of the clinical syndrome seems not to have been addressed 334 
at present. 335 
 336 
The dynamic nature of biomarker level changes within individuals over time and their 337 
association with cognitive decline is one reason why more research focusing on peri-threshold 338 
individuals is needed. Recent studies by Landau, and Farrell, and colleagues [27], [28] address 339 
this important issue by demonstrating that individuals with sub-threshold levels of cortical 340 
amyloid binding at baseline may be liable to develop abnormal amyloid pathology, and 341 
decline cognitively, at some point in the near, or not so near, future. Until longitudinal 342 
measures of amyloid become more accessible, a “grey area” around the threshold may be 343 
appropriate in order to better evaluate the cognitive trajectories of sub-threshold individuals 344 
that are accumulating over time. 345 
 346 
Alternatively, as discussed above, the use of two thresholds that would allow for three groups 347 
(i.e. low, intermediate and high) has been proposed to account for some of the biological 348 
uncertainty in the exact causes of AD. Such approaches are already in clinical use in other 349 
common complex diseases, such as diabetes (pre-diabetes) or in hypertension, where sub-350 
threshold levels are defined as “elevated” as opposed to “abnormal” [1]. Understanding the 351 
difference between defining an intermediary group using two thresholds and the concept of 352 
defining a “grey zone” is paramount to be able to understand the practical implications of the 353 
latter. The proposed three-group/two-threshold alternatives approach the issue biologically 354 
by, for example, using a lenient (lower) threshold in order to safely include all “true positive” 355 
cases or, vice versa, by using a strict (higher) threshold to ensure that only a limited number 356 
of “true negative” healthy controls are misclassified [33]. On the other hand, for purposes of 357 
risk prediction of cognitive decline rather than understanding causation, different approaches 358 
may be applicable. A “grey zone” approach accepts the dichotomised signature profile for the 359 
biological definition of disease status but represents an interval around its threshold within 360 
which more data is needed to better disentangle and define the risk of cognitive decline and 361 
the occurrence of the clinical syndrome. More specifically, the boundaries of a “grey zone” 362 



 

 

should be defined be in relation to the biomarker profile’s ability to distinguish between 363 
differences in the outcome of interest – in this case, cognitive decline. 364 
 365 
For these reasons, the strict dichotomous classification of disease state based on single 366 
measurements from CH individuals may be sub-optimal for the purposes of prospective 367 
investigations into the risk of cognitive decline. Until we fully understand the biological 368 
relationship between AD-related biomarkers and the progression of clinical symptomology, a 369 
flexible approach may be more appropriate to assigning individuals to at-risk of cognitive 370 
decline groups [22], [37]. Such an approach would not only improve recruitment into 371 
randomised clinical trials but would also refrain from excluding those at-risk sub-threshold 372 
individuals from prospective longitudinal studies that carry the potential of providing more 373 
detailed information pertaining to the issues raised in this perspective piece. 374 
 375 
4.2. The Alzheimer’s Disease Neuroimaging Initiative: a case study 376 
 377 
Given the repeated failures of randomised clinical trials testing anti-amyloid medications [22], 378 
[38]–[40], we examined these issues in the context of amyloid deposition with longitudinal 379 
measures of cognition as the study outcome. Relevant data from preclinical individuals with 380 
measured amyloid PET were obtained from the ADNI study database, focussing on individuals 381 
that were CH at baseline, with and without subjective complaints. Figure 1 depicts the 382 
differences in cognitive decline over time, as assessed with the Preclinical Alzheimer Cognitive 383 
Composite (PACC) [41] modified to include the Trail-Making Test B. It illustrates the 384 
differences in cognitive decline between individuals with normal/abnormal levels of 385 
Florbetapir SUVR measured via PET (amyloid abnormality defined as whole-cerebellum SUVR 386 
above 1.11 [36], which has become the commonly accepted threshold using ADNI data) in a 387 
sample of individuals who were diagnosed as cognitively normal or with subjective memory 388 
concerns. Longitudinal PACC scores were modelled using linear mixed-effect regression with 389 
a random intercept and slope. The analyses were adjusted for relevant covariates and 390 
included a quadratic term for time since baseline (see Figure 1 caption for more details). The 391 
various components in Figure 1 illustrate the differences, or lack thereof, for decreasing 392 
numbers of “extreme” SUVR levels (i.e. measurements at either end of the overall 393 
distribution), between progressively smaller sample subsets of individuals. Subsets were 394 
defined as being within a given distance of the established SUVR threshold of 1.11 in either 395 
positive or negative directions. The distances from the threshold of +/- 0.20, 0.10 and 0.05 396 
were chosen to represent a minimal decrease in overall sample size, to reflect the random 397 
variation in SUVR levels over time accounting for various factors, and to retain the proportion 398 
of the sample classified as abnormal (Figure 2). Trajectories of cognitive decline have been 399 
modelled using similar methods split by amyloid positivity/negativity [42], [43] and extended 400 
to include neurodegenerative markers and suspected non-Alzheimer’s disease 401 
pathophysiology (SNAP) [2], [44]. 402 
 403 
By iteratively focusing on individuals that are closer to the threshold, we can begin to unravel 404 
the point where the threshold loses its ability to describe differences in subsequent patterns 405 
of cognitive decline. Figure 1C demonstrates how, despite including a wide range of values 406 
around a SUVR threshold of 1.11 relative to the distribution in the sample (+/- SUVR 0.10), we 407 
lose the ability to differentiate between the subsequent trajectories of cognitive decline. This 408 
concept can be illustrated by comparing the overlapping credible intervals (CIs) after 5 years 409 



 

 

for individuals within 0.10 of the threshold (SUVR 1.01 – 1.21) in Figure 1C (positive: -0.55 [-410 
1.93, 0.90]; negative: 0.04 [-1.01, 1.03]) with the non-overlapping CIs for individuals within 411 
0.20 of the threshold (SUVR 0.91 – 1.31) in Figure 1B (positive: -1.63 [-2.61, -0.63]; negative: 412 
0.18 [-0.54, 0.88]) after the same period of time. This specific finding implies that the cognitive 413 
trajectories of individuals within at least 0.10 of the SUVR threshold of 1.11 may be 414 
indistinguishable within 5 years. Of note, approximately 40% of individuals within our sample 415 
had baseline PET levels within 0.10 of the SUVR threshold. 416 
 417 
This case study is meant to be illustrative of the issues surrounding the cognitive trajectories 418 
of peri-threshold individuals. Further work in this area may consider clinically meaningful 419 
differences in cognitive decline as opposed to the divergence of cognitive trajectories. 420 
 421 
5. Suggestions going forward 422 
 423 
5.1 Understanding the “grey zone”, not redefining thresholds 424 
 425 
In light of these observations, the question arises whether the current classification based on 426 
a single threshold value needs to be revised, in particular with respect to clinical trials 427 
involving cognitively unaffected peri-threshold individuals that we have shown may carry the 428 
same risk of cognitive decline over time. The large proportion of peri-threshold individuals in 429 
ADNI highlights the importance of addressing these questions.  430 
 431 
If we accept that there is an “unknown” instance around the threshold within which absolute 432 
measurements of a single biomarker are unable, in isolation, to distinguish between 433 
biomarker-based normal and abnormal individuals with respect to risk of cognitive decline 434 
over time, then the classification procedures for individuals whose measurements lie within 435 
this range will need to be supplemented using other data sources. This does not mean simply 436 
further stratifying peri-threshold positive/negative amyloid individuals into smaller, more 437 
precise groups [2]. An example of this would be stratification into AT(N) groups. It means 438 
taking this population as an amyloid homogenous peri-threshold group and defining risk of 439 
cognitive decline using additional data sources – ideally commonly collected measures. 440 
 441 
Given the current state of knowledge and understanding of disease aetiology and 442 
pathophysiology, we envisage that a more integrative multidimensional approach would 443 
prove useful in defining the at-risk of cognitive decline in a group of CH peri-threshold 444 
individuals. Such a multi-dimensional approach may include the AT(N) markers but would 445 
extend beyond to include measures of other known, but not necessarily AD-specific, risk 446 
factors, such as age, genetics (e.g. APOE or APOE/TOMM40 allele carriage status [45]), 447 
polygenic risk scores [46], [47] or others, such as the CAIDE (Cardiovascular Risk Factors, 448 
Aging, and Incidence of Dementia) Dementia Risk Score [18], used in the Finnish Geriatric 449 
Intervention Study to Prevent Cognitive Impairment and Disability (FINGER) randomised 450 
control trial [48]. Metrics related to cognitive reserve, brain reserve and brain maintenance 451 
[49] would also be relevant in this context due to the focus on cognitive outcomes. The 452 
development and precise composition of such a composite measure would be based on 453 
emerging evidence from biomarker-enriched prospective studies from large datasets. Such a 454 
composite measure would allow to dissect, understand and better classify peri-threshold 455 



 

 

individuals, in terms of risk of cognitive decline and progression to the Alzheimer’s clinical 456 
syndrome, for interventional clinical research studies. 457 
 458 
5.2 Requirements going forward 459 
 460 
Unlike in the case of hypertension referenced earlier, AD researchers do not yet have the 461 
luxury of biomarker-enriched studies of sufficiently large sample sizes, frequent 462 
measurements, and long follow-up periods to adequately address these complex issues. 463 
Collaboration between research groups, in sharing their respective cohort data, would 464 
accelerate this process and would provide a tool for the validation of findings, such as those 465 
presented here. A unified effort is now required, perhaps under the auspices of the 466 
Alzheimer’s Association, that brings together data from multiple biomarker-enriched 467 
prospective studies with long follow-up, and failed clinical trials, to begin the difficult task of 468 
trying to harmonise the definition of thresholds across studies (as is underway with the 469 
calibration of different amyloid PET ligands along the common Centiloid scale [50]). Such an 470 
effort to harmonise should focus both on the biological disease signature and, in cognitive 471 
healthy individuals, the risk of cognitive decline with the concept of the “grey zone” in mind. 472 
This may lead to universally adopted thresholds and a better delineation of the peri-threshold 473 
“grey zone” across studies. 474 
 475 
6. Summary 476 
 477 
Discussions around issues such as the ones presented here are a necessity going forward. We 478 
argue that high priority should be given to moving beyond and improving upon the current 479 
utilisation of the dichotomous classification system in clinical research settings, given its 480 
limitations. Overall, the 2018 NIA-AA RF has accelerated the field of biomarker research and 481 
has provided a means to standardise the reporting of research findings. Nevertheless, the link 482 
between the biological profile aimed at defining disease status and the future risk profile of 483 
cognitive decline needs to be better understood. We suggest that a key focus of further 484 
research should be on how to begin to differentiate between the cognitive trajectories of 485 
peri-threshold individuals, while in parallel continuing to address the biological challenges 486 
mentioned previously (sub-threshold accumulation, image processing, regions of interest, 487 
clear definition of measurement error, among others). The only way to do so is through a 488 
unified effort across multiple research groups. The overarching aim of the perspective 489 
presented here is to stimulate further discussion and research on this topic. The challenge 490 
going forward will be finding a balance between accuracy, clinical usefulness, and practicality. 491 
 492 
 493 
 494 
 495 
 496 
 497 
 498 
 499 
 500 
 501 
 502 



 

 

List of figures 503 
 504 
Figure 1: Cognitive decline by amyloid status and peri-threshold interval  505 
Mean Preclinical Alzheimer’s Cognitive Composite (PACC) score over time for a range of 506 
data subsets: (A) full sample; (B) within 0.20 of the threshold; (C) within 0.10 of the 507 
threshold; (D) within 0.05 of the threshold. Models for each subset were fit based on 508 
complete data from 356, 308, 150 and 72 individuals, respectively. Baseline values SUVR 509 
values were imputed prior to dichotomisation in cases where individuals had follow-up 510 
standard uptake value ratio (SUVR) measurements but no baseline measurement. Amyloid 511 
positivity was defined as Florbetapir whole-cerebellum SUVR greater than 1.11. Linear 512 
mixed-effect regression with random intercept and slopes was used to model longitudinal 513 
PACC scores controlling for amyloid status and baseline covariates. The modelling was 514 
conducted in a Bayesian framework with diffuse/non-informative priors. Time since baseline 515 
was modelled as a quadratic term. Results presented above are for mean age and 516 
ventricular volume (adjusted for intracranial volume) at baseline, APOE4 positive, female, 517 
mean years of education. Solid lines represent the expected PACC score over time with 518 
associated shaded regions representing 95% credible intervals. Inset histograms present the 519 
distribution of individuals by amyloid status included in each analysis. To verify that the 520 
trajectories presented here are robust to the imbalance in amyloid status, amyloid positive 521 
individuals were bootstrapped such that sample sizes were equally between both groups. 522 
 523 
Figure 2: Proportion of total sample and amyloid positivity by peri-threshold interval 524 
The grey line represents the proportion of the total sample size that would be included as a 525 
function of the width of the interval around the current threshold value of 1.11. The blue 526 
line represents the proportion of the included sample that would classified as amyloid 527 
positive (note: the proportion of the total sample that is amyloid positive is 0.33) as a 528 
function of the width of the interval. Dotted lines (B), (C) and (D) correspond with the one-529 
sided widths of intervals of 0.20, 0.10 and 0.05 respectively and are aligned with those from 530 
Figure 1. 531 
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