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ABSTRACT 

Background 

Accelerated long-term forgetting - disproportionate memory loss over days despite normal 

short-delay retention - has been suggested as an early cognitive manifestation of preclinical 

Alzheimer’s disease (AD). Existing retention-ratio approaches overlook the full acquisition-

to-consolidation pattern. We aimed to characterize distinct learning-retention profiles and 

explore their associations with early AD pathology in cognitively unimpaired adults. 

 

Methods 

A total of 322 cognitively unimpaired older adults (mean age 67, 60% female, 57% APOE-

ε4 carriers, 95% with family history of AD) completed the Free and Cued Selective 

Reminding Test face-to-face (16-word list: three immediate recall trials, a 30-minute delayed 

recall). An additional, unannounced one-week delayed recall was administered by phone. 

We used growth mixture modeling across these five timepoints to identify distinct trajectory 

classes and explored their associations with AD biomarkers (CSF Aβ42/Aβ40, p-

tau181/Aβ42; plasma p-tau217) using general linear models, and retrospective longitudinal 

MRI (bilateral total medial temporal lobe and hippocampal subfield volumes derived from 

a dedicated high-resolution inversion-recovery acquisition processed using the ASHS 

pipeline, three acquisitions across 6.6 years) employing linear mixed-effects models, 

adjusted for age, sex, and education, and intracranial volume for volumetric outcomes. 

Associations were corrected for multiple comparisons within outcome families by the 

Benjamini-Hochberg procedure (pFDR). 

 

Results 

Three distinct trajectory classes were identified: High (n = 201; 62.4%), Intermediate (n = 

81; 25.2%), and Low performers (n = 40; 12.4%). Intermediate performers showed preserved 

learning and 30-minute recall but disproportionate forgetting at one week compared to High 

performers. Plasma p-tau217 levels were significantly associated with classes (pFDR = .021), 

with Low performers showing higher concentrations than Intermediate (β = 0.49; p = .012), 

and High performers (β = 0.50; p = .006). CSF p-tau181/Aβ42 followed the same pattern 

(pFDR = .021), with Low performers differing from High performers (β = 0.58; p = .006) and 

Intermediate performers not (β = 0.22; p = .161), while CSF Aβ42/Aβ40 was not associated 



   IV 

with class. Longitudinal models revealed significant class × time interactions for bilateral 

total medial temporal lobe volume (pFDR = .034); Low performers showed significantly 

greater atrophy than High performers (β = -0.056; p = .015), corresponding to 2.3× greater 

annual atrophy. In particular, CA1 subfield revealed the strongest effect (pFDR = .019); both 

Low (β = -0.048; p = .004) and Intermediate performers (β = -0.029; p = .036) showed 

significantly greater annual decline than High performers (3.0× and 2.2× faster annual 

atrophy, respectively). 

 

Conclusions 

Learning and forgetting trajectories including delayed recalls beyond standard intervals 

relate to early AD pathology, in particular plasma p-tau217 elevation, and accelerated 

hippocampal atrophy. Further studies exploring the ability of combined metrics of plasma 

p-tau217 and long-term recall trials to predict short-term cognitive decline are warranted. 

 

Keywords: accelerated long-term forgetting, preclinical Alzheimer’s disease, memory 

consolidation, growth mixture modeling, free and cued selective reminding test, plasma p-

tau217, hippocampal volume 
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INTRODUCTION 

Alzheimer’s disease (AD) is increasingly understood as a biological continuum that 

begins years, and potentially decades, before clinically evident cognitive impairment 

emerges (Jack et al., 2024; Sperling et al., 2011). Amyloid-β and tau accumulation, followed 

by synaptic dysfunction and neurodegeneration, may therefore precede measurable 

symptoms by a substantial period. This shift to a biological, biomarker-based definition of 

AD (Jack et al., 2024) has made the identification of subtle cognitive change in the 

preclinical phase a major priority for research. 

Cognitive tests are traditionally designed to identify clinically meaningful 

impairment, but their ability to detect small differences among cognitively unimpaired 

individuals is often limited. This limitation is especially relevant for episodic memory, which 

is one of the cognitive domains most closely linked to the early pathophysiology of AD, 

where performance near the upper limit of a test can reduce the observable variability and 

may conceal the earliest disease-related changes. 

In the present study, episodic memory was assessed using the Free and Cued 

Selective Reminding Test (FCSRT), a test designed to improve its assessment by controlling 

encoding and combining free and cued retrieval (Grober & Buschke, 1987). Controlled 

encoding ensures that the material has been learned, while semantic cues separate difficulties 

of retrieval from difficulties of availability or consolidation. Its standard protocol, however, 

probes delayed recall no later than 30 minutes after encoding, an interval at which 

cognitively unimpaired individuals approach the ceiling of the scale (Lindbergh et al., 2021; 

Saloner et al., 2018). 

One way around this is to assess long-term forgetting. Accelerated long-term 

forgetting (ALF) refers to a pattern in which learning and short-delay recall are relatively 

preserved but information is lost at an unusually rapid rate over subsequent days or weeks 

(Elliott et al., 2014). The defining feature of ALF is therefore not necessarily an initial 

memory deficit, but a dissociation between the amount of information acquired, the amount 

retained over a conventional short delay, and the amount that remains available after a longer 

interval. 

A one-week delay is particularly relevant to this question for both theoretical and 

psychometric reasons. Memory consolidation is thought to involve processes that continue 

over days and weeks (McClelland et al., 1995; Squire & Alvarez, 1995), whereas a 30-
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minute delay captures only its earlier stages, and one-week testing reduces ceiling effects 

without the floor effects and attrition of longer intervals (Molinare et al., 2025; Pizzoni et 

al., 2026). One-week recall has been related to medial temporal structures, cortical measures, 

genetic risk and AD biomarkers (Bartels et al., 2025; Saloner et al., 2018; Weston et al., 

2018; Zimmermann & Butler, 2018), but the literature is heterogeneous in material, learning 

criteria, retention intervals, administration and scoring (Elliott et al., 2014; Geurts et al., 

2015). 

Most studies have quantified long-term forgetting either as a continuous retention 

ratio or by applying a predefined cutoff to classify individuals as impaired or unimpaired. 

Neither characterizes the structure of an individual’s learning-to-retention profile. In 

particular, a single ratio cannot readily distinguish generally weaker memory performance 

from a specific pattern of preserved learning and short-delay recall followed by 

disproportionate loss at one week. Similarly, a cutoff may identify the presence of lower 

retention without revealing whether individuals differ in the overall level of performance, in 

the shape of the trajectory, or in both. No consensus exists on how forgetting should be 

quantified when initial learning differs (Della Sala et al., 2024; Geurts et al., 2015). 

These limitations provide the rationale for the present thesis. Its central objective was 

to identify distinct latent trajectories of learning and forgetting across the five FCSRT 

timepoints and to test their association with biological markers of early AD, focusing not on 

the level of recall at each timepoint but on the relationship between acquisition, short-delay 

retention and one-week recall. 

The study sample comprised 322 cognitively unimpaired adults who completed three 

immediate learning trials and a 30-minute delayed recall in person, followed by an 

unannounced one-week recall by telephone, a mode that yields results comparable to in-

person testing (Allen et al., 2019). Growth mixture modeling was used to identify groups of 

individuals with similar learning-retention trajectories. The resulting trajectory classes were 

subsequently examined in relation to fluid biomarkers of AD pathology, including 

cerebrospinal fluid (CSF) Aβ42/Aβ40, CSF p-tau181/Aβ42, and plasma p-tau217, as well 

as biomarker-defined amyloid and tau status. Subjective cognitive complaints were 

additionally evaluated to explore whether objectively derived patterns of learning and 

forgetting were accompanied by perceived cognitive changes. Retrospective neuroimaging 

analyses examined structural brain measures implicated in long-term memory and early AD-

related neurodegeneration, including total medial temporal lobe (MTL) volume and 

individual hippocampal subfield volumes, cortical thickness in regions relevant to AD and 
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long-term forgetting, and longitudinal rates of structural change estimated across three 

magnetic resonance imaging (MRI) visits. Particular emphasis was placed on the 

hippocampus, and especially the CA1 subfield, given their biological relevance to early AD-

related neurodegeneration and their established involvement in long-term memory processes 

(Bartels et al., 2025). 

Three trajectory classes were identified. Two of them differed mainly in the overall 

level of recall, whereas the third was defined by the relationship between its timepoints rather 

than by its level: learning and 30-minute recall were close to those of the highest-performing 

class, but recall after one week fell below that of the lowest, a dissociation that a 30-minute 

protocol cannot detect. Class membership was significantly associated with plasma p-tau217, 

with the CSF p-tau181/Aβ42 ratio and with the rate of MTL and CA1 atrophy over the years 

preceding the memory assessment, whereas volumes measured at a single timepoint did not 

differ across classes. 

The thesis is organized as follows. Chapter 1 will introduce Alzheimer’s disease, 

focusing on its principal neuropathological alterations. Chapter 2 will present the biological 

staging frameworks together with the fluid, neuroimaging, and cognitive markers relevant 

to the preclinical phase. Chapter 3 will review long-term memory assessment and accelerated 

long-term forgetting across the AD continuum, with particular attention to the 

methodological limitations of current approaches. Chapter 4 will define the aims and 

hypotheses of the present study. Chapter 5 will describe the cohort, memory assessment 

protocol, biomarker measures, neuroimaging variables, and statistical procedures. Chapter 6 

will present the results, which will then be interpreted and discussed in Chapter 7 in relation 

to the study hypotheses. Chapter 8 will conclude the thesis by summarizing its main 

contributions and identifying directions for future research. 
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1. Alzheimer’s Disease 

In 1906, the German psychiatrist and neuropathologist Alois Alzheimer presented 

the case of his patient Auguste Deter, who had developed progressive memory loss, 

disorientation, and language disturbance from the age of 51. Post-mortem examination of 

her cerebral cortex later revealed the plaques and neurofibrillary tangles that became the 

neuropathological hallmarks of the disease named after him (Alzheimer, 1907). More than 

a century later, the conceptualization of Alzheimer’s disease has undergone a profound 

transformation. Once understood primarily as a clinicopathological entity whose definitive 

diagnosis required post-mortem confirmation, AD is now understood as a biological 

continuum that can be detected in vivo through biomarkers, even before overt cognitive 

impairment emerges. (Jack et al., 2018, 2024; Kobayashi et al., 2026; Van Der Molen et al., 

2025). This shift reflects growing evidence that AD pathology begins to accumulate long 

before clinical symptoms emerge, during a prolonged preclinical phase that may extend for 

one to two decades or longer (Dubois et al., 2024; Kergoat et al., 2025; Koychev et al., 2020; 

Therriault et al., 2024). 

In contemporary research and clinical trial design, biomarker-based frameworks have 

made the early, asymptomatic stages of AD a central focus, because they allow investigators 

to detect disease-related changes before objective cognitive impairment emerges and to 

enrich prevention and disease-modifying trials (Jack et al., 2018, 2024; Therriault et al., 

2024; Thibault et al., 2026). This emphasis is further supported by evidence that preclinical 

AD is biologically heterogeneous, with variability in early tau deposition, neurodegeneration, 

and risk of progression across cognitively unimpaired individuals (Barcellos et al., 2025; 

Xie et al., 2025; Young et al., 2022; Zhou et al., 2025). 

This chapter first outlines the epidemiology and contemporary definition of AD and 

then examines the major pathophysiological alterations that occur at the cellular, 

proteinaceous, and synaptic levels. 

1.1 Definition and Epidemiology 

Alzheimer’s disease is a progressive, irreversible neurodegenerative disorder that 

is biologically defined by the presence of amyloid-β plaques and tau neurofibrillary tangles, 

with synaptic dysfunction and neuronal loss contributing to clinical decline (Jack et al., 2018; 

Knopman et al., 2021; Kobayashi et al., 2026; Therriault et al., 2024). In research 
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frameworks, AD is conceptualized as a biological continuum rather than a syndrome defined 

solely by symptoms, and biomarker abnormalities can be detected before cognitive 

impairment becomes clinically evident (Dubois et al., 2024; Jack et al., 2018, 2024; Van Der 

Molen et al., 2025). Dementia, by contrast, is the clinical stage in which cognitive 

impairment becomes severe enough to compromise independence and daily functioning, 

rather than the definition of AD itself (Dubois et al., 2016; Jack et al., 2024). The preclinical 

phase of AD often begins 10-20 years before symptom onset, and some models place the 

earliest neuropathological changes as far as 25 years before clinical manifestation (Kergoat 

et al., 2025; Koychev et al., 2020; Therriault et al., 2024). 

Dementia is a major global public health challenge, and AD is its leading cause 

worldwide (Livingston et al., 2024; Rawat et al., 2022; Therriault et al., 2022). Recent global 

estimates indicate that 57.4 million people were living with dementia in 2019, and this 

number is projected to rise to 152.8 million by 2050. The projected increase is 

geographically uneven, with the largest relative growth expected in north Africa, the Middle 

East, and eastern sub-Saharan Africa, largely driven by population aging and population 

growth (Nichols et al., 2022). In parallel, the annual global societal cost of dementia was 

estimated at US$1.313 trillion in 2019, with roughly half attributable to informal care 

(Wimo et al., 2023). These expenses include direct medical costs, formal social care by 

professional providers, and the immense contribution of informal caregiving. Family 

members and informal caregivers provide billions of hours of unpaid care, which imposes a 

severe, often unquantified psychological, physical, and financial toll on families. Despite the 

severity of these figures, up to three-quarters of individuals living with dementia globally 

have never received a formal diagnosis, primarily due to the clinical overlap with other 

neurodegenerative conditions, a lack of standardized cognitive screening in primary care, 

and the persistent misconception that cognitive decline is a normal part of biological aging 

(Gauthier, 2021). Underdiagnosis is not only a question of service provision. It also reflects 

the difficulty of separating early AD from other causes of cognitive decline, and of 

separating either from normal aging, using designed instruments (McKhann et al., 2011). 

1.2 Neuropathological Alterations 

The definitive neuropathological diagnosis of the disease relies on the post-mortem 

or in vivo biomarker-based verification of both extracellular senile plaques and intracellular 

neurofibrillary tangles, as established by consensus guidelines (Hyman et al., 2012). These 
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proteinopathies are not merely independent hallmarks; they are highly synergistic and 

initiate a complex pathological cascade that drives neuroinflammation, progressive synaptic 

disorganization, white matter degradation, and the loss of vulnerable neuronal populations, 

culminating in macroscopic cerebral atrophy (Busche & Hyman, 2020; Chen & Yu, 2023; 

Meftah & Gan, 2023; Pereira et al., 2021; Tzioras et al., 2023). 

1.2.1 Amyloid-β Plaques 

Amyloid plaques are extracellular deposits of Aβ, a peptide released by the sequential 

proteolysis of the amyloid precursor protein (APP) (S. Li & Selkoe, 2020; Perez-Nievas & 

Serrano-Pozo, 2018; Rosenberry et al., 2022; Serrano-Pozo et al., 2011). Cleavage by α-

secretase falls within the Aβ sequence and precludes its formation; cleavage by β-secretase, 

followed by the γ-secretase complex, releases it (Jankowsky et al., 2004). Because γ-

secretase cuts imprecisely within the membrane, peptides of differing length are produced. 

Aβ40 predominates and remains largely soluble, whereas the longer Aβ42, a minority 

species under physiological conditions, is considerably more hydrophobic and aggregates 

readily (Gutierrez & Limon, 2022; Kim & Bezprozvanny, 2021). 

Aggregation proceeds through soluble oligomers and protofibrils to insoluble fibrils, 

which form the cores of mature plaques. The distinction between these species matters for 

the relationship between pathology and cognition. Total plaque burden correlates only 

weakly with the severity of cognitive impairment, whereas the soluble oligomeric forms are 

those associated with synaptic dysfunction (Im & Choi, 2024; Jankowsky et al., 2004; Kim 

& Bezprozvanny, 2021; Rosenberry et al., 2022). 

Deposition follows a reproducible topographic sequence. Thal et al. (2002) described 

five phases, beginning in the neocortex, extending to allocortical structures including the 

entorhinal cortex and hippocampal formation, then to subcortical nuclei, brainstem and 

finally cerebellum. This pattern is broadly distinct from tau spread, which begins more 

medially and then extends outward, so the two lesion trajectories together provide the 

anatomical basis for later biomarker staging models (Serrano-Pozo et al., 2011; Tolar et al., 

2024). 

1.2.2 Tau Neurofibrillary Tangles 

Tau is a microtubule-associated protein that is predominantly localized to axons in 

mature neurons, where it stabilizes microtubules and supports axonal transport (Barbier et 

al., 2019; Serrano-Pozo et al., 2011). Its interaction with microtubules is regulated by 
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phosphorylation, and in Alzheimer’s disease tau becomes abnormally hyperphosphorylated, 

loses its normal microtubule-binding and assembly-promoting functions, and contributes to 

microtubule disruption (Alonso et al., 1994; Barbier et al., 2019; J. Wang et al., 2007; J.-Z. 

Wang et al., 2012). In this altered state, tau is the major protein component of paired helical 

filaments that form neurofibrillary tangles, while related tau-positive lesions also appear as 

neuropil threads within neuronal processes (Serrano-Pozo et al., 2011; J. Wang et al., 2007; 

J.-Z. Wang et al., 2012). 

Unlike amyloid burden, tau pathology follows a relatively stereotyped anatomical 

progression and is more closely related to cognitive impairment, particularly memory 

dysfunction (Arriagada et al., 1992; Guillozet et al., 2003; Nelson et al., 2012). Braak and 

Braak (1991) described six stages of neurofibrillary change: stages I-II involve the 

transentorhinal region, stages III-IV extend into limbic regions including the hippocampal 

formation, and stages V-VI involve widespread neocortical association areas. Early 

involvement of the entorhinal cortex, CA1/subiculum, and amygdala has been emphasized 

in clinicopathological studies, although limited early tau pathology can also be found in 

cognitively unimpaired older individuals and is therefore not diagnostic in itself (Arriagada 

et al., 1992; Braak & Braak, 1991; Nelson et al., 2012). 

The correspondence between Braak stage and cognition is close, although not 

absolute. In the Nun Study, Braak stage was significantly related to cognitive state and 

delayed memory performance near death (Riley et al., 2002). Other clinicopathological 

studies similarly found that tangle burden, and in some analyses CA1 neuronal loss, predicts 

cognitive status more strongly than amyloid load (Bennett et al., 2004; Giannakopoulos et 

al., 2003; Gómez‐Isla et al., 1997). Taken together, these findings support the view that early 

medial temporal tau pathology provides an anatomical basis for the emergence of memory 

impairment before more widespread cognitive decline. 

1.2.3 Synaptic Loss, Neurodegeneration, and Glial Responses 

A compelling body of neurobiological evidence supports the characterization of AD 

as an early-stage synaptopathy, wherein progressive synaptic failure and loss constitute the 

neuroanatomical correlates most strongly associated with cognitive decline, preceding the 

physical loss of neuronal cell bodies (Serrano-Pozo et al., 2011). Soluble amyloid-β 

oligomers bind with high affinity to synaptic membranes, disrupting glutamatergic 

transmission by inducing the internalization of AMPA and NMDA receptors, impairing the 

induction of long-term potentiation, and shifting the synaptic balance toward long-term 
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depression (Selkoe, 2002). This synaptic dysfunction is exacerbated by neuroinflammatory 

responses mediated by resident microglia and reactive astrocytes, which cluster around 

amyloid-β plaques and release pro-inflammatory cytokines, chemokines, and reactive 

oxygen species (Serrano-Pozo et al., 2011). 

In the early, preclinical stages of the disease, microglial responses serve a protective 

role, facilitating the clearance of amyloid-β and forming a physical barrier that isolates 

plaques from the surrounding neuropil (Condello et al., 2015). This microglial state is 

regulated by the triggering receptor expressed on myeloid cells 2 (TREM2), a surface sensor 

for lipids and apolipoproteins. Under pathological conditions, TREM2 is cleaved from the 

microglial membrane, releasing its soluble form (sTREM2) into the cerebrospinal fluid 

(Morenas-Rodríguez et al., 2022; Y. Wang et al., 2015; Yeh et al., 2016). Elevated levels of 

sTREM2 in early stages are associated with a younger neuroimaging-derived brain age, 

suggesting a beneficial microglial phenotype that promotes tissue resilience (Cumplido-

Mayoral et al., 2025). In the same cohort, higher baseline CSF sTREM2 also predicts a more 

favorable rate of global cognitive change over three years of follow-up, independently of 

AD pathology (Warmenhoven et al., 2024). However, as the disease progresses, chronic 

exposure to fibrillar aggregates drives microglia into a dysfunctional, dystrophic phenotype 

characterized by a loss of phagocytic capacity and the aberrant pruning of healthy synapses 

through complement-mediated pathways (Streit et al., 2020). 

Simultaneously, reactive astrogliosis occurs, which can be monitored in vivo using 

biofluid biomarkers such as glial fibrillary acidic protein (GFAP), chitinase-3-like protein 1 

(YKL-40), and S100 calcium-binding protein B. These markers elevate in response to 

cortical amyloid-β accumulation and correlate with longitudinal cognitive decline (Craig-

Schapiro, 2012). 
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2. The AD Continuum: Staging Frameworks 

The contemporary neurobiological paradigm conceptualizes AD not as a sudden 

onset clinical dementia, but as a slow, progressive biological continuum spanning several 

decades (Jack et al., 2018; Sperling et al., 2011). In vivo biomarker studies have 

demonstrated that the core neuropathological hallmarks of the disease develop in a 

stereotypical chronological sequence long before clinical symptoms become manifest. 

Objective staging frameworks are essential to characterize this long preclinical phase, 

allowing for the classification of individuals based on biological measures rather than 

heterogeneous clinical phenotypes. This chapter reviews the transition from syndromic to 

biological diagnostic criteria, examines non-modifiable and modifiable risk factors, and 

evaluates the fluid, neuroimaging, and cognitive markers that define the preclinical 

continuum of the disease. 

2.1 From Clinical to Biological Definition: A/T/N and the 

Preclinical Stage 

For over three decades, the clinical diagnosis of the disease was guided by the 1984 

NINCDS-ADRDA consensus criteria, which defined the condition strictly as a clinical-

pathological syndrome requiring the presence of progressive dementia (McKhann et al., 

2011). Under this historical framework, an in vivo diagnosis of probable disease was purely 

syndromic and relied on the clinical exclusion of other potential causes of cognitive decline, 

while a definitive diagnosis could only be established post-mortem via autopsy. This 

clinical-pathological conflation was highly problematic for research, as up to thirty percent 

of patients clinically diagnosed with dementia lacked the characteristic amyloid and tau 

pathology at autopsy, while many cognitively unimpaired older individuals exhibited 

extensive plaque and tangle pathology without demonstrating any objective clinical deficits. 

To resolve these limitations, Jack et al. (2016) proposed the descriptive, unbiased 

A/T/N biomarker classification system. This framework groups established biomarkers into 

three distinct categories based on the specific neuropathological process they measure, 

independent of the patient’s clinical presentation. The A category measures amyloid-β 

deposition using amyloid positron emission tomography (PET) imaging or reduced 

concentrations of the CSF Aβ42/Aβ40 ratio. The T category measures the accumulation of 

hyperphosphorylated tau neurofibrillary tangles using tau PET or elevated concentrations of 
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phosphorylated tau in the CSF or plasma. The N category measures downstream structural 

or metabolic neurodegeneration or neuronal injury using structural MRI, FDG-PET, or 

elevated biofluid concentrations of neurofilament light chain and total tau. Under this 

descriptive system, individuals are assigned a biomarker profile based on a binary (+/-) 

rating for each category (such as A+T-N-), allowing for the biological characterization of 

participants across different clinical cohorts. 

This framework was updated by the Alzheimer’s Association Workgroup, which 

published revised diagnostic and staging criteria that formalize the disease strictly as a 

biological process starting with biomarker evidence of neuropathological change (Jack et al., 

2024). These revised criteria classify biomarkers into Core 1, Core 2, and Non-Core 

categories. Core 1 biomarkers represent highly accurate biofluid assays and imaging 

modalities that are interchangeable for the biological diagnosis, including amyloid PET, CSF 

Aβ42/Aβ40, CSF p-tau181/Aβ42, and plasma p-tau217. A biological diagnosis is 

established by demonstrating abnormality on any Core 1 biomarker. Core 2 biomarkers 

measure AD-specific tau pathology but may have lower diagnostic accuracy in early stages 

or reflect later pathological events, including tau PET and CSF microtubule-binding region 

tau. Non-Core biomarkers include markers of neurodegeneration, such as structural MRI, 

FDG-PET, or NfL, and biomarkers of secondary pathways, such as astrocytic reactivity 

(CSF/plasma GFAP) or vascular brain injury measured via white matter hyperintensities. 

The 2024 revised criteria also establish a biological severity scheme based on the 

sequence of biomarker changes, moving from Stage A (initial amyloid abnormality only) to 

Stage D (advanced, extensive neocortical tau PET uptake and severe downstream 

neurodegeneration). This biological staging is integrated with a seven-stage numeric clinical 

staging scheme (Stages 0 to 6) to form a dual-axis classification system. 

Clinical Stage 0 represents asymptomatic individuals carrying deterministic genetic 

mutations with normal biomarkers. Clinical Stage 1 represents asymptomatic individuals 

who perform within expected limits on objective cognitive tests but show biomarker 

evidence of the disease. Clinical Stage 2 (Transitional Decline) represents individuals with 

normal performance on objective cognitive tests who report subjective cognitive decline 

(SCD) or exhibit subtle, transitional cognitive changes. Clinical Stage 3 represents 

individuals meeting clinical criteria for mild cognitive impairment (MCI), characterized by 

objective cognitive impairment but preserved independence in daily functioning. Clinical 

Stages 4, 5, and 6 represent mild, moderate, and severe dementia, respectively (Jack et al., 

2024). 
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This biological framework builds on early preclinical criteria proposed by Sperling 

et al. (2011), which defined Preclinical Stage 1 as asymptomatic amyloidosis, Preclinical 

Stage 2 as amyloidosis plus neurodegeneration, and Preclinical Stage 3 as amyloidosis, 

neurodegeneration, and subtle cognitive decline. Jack et al. (2013) proposed a hypothetical, 

dynamic biomarker model where biomarkers become abnormal in a sequential, non-linear 

manner, with amyloid-β biomarkers reaching abnormality first, followed by tau 

hyperphosphorylation, neurodegeneration, and finally clinical symptoms. This continuous 

model of pathogenesis has been validated in longitudinal studies and underpins 

contemporary clinical trials targeting preclinical and early symptomatic stages (Therriault et 

al., 2022). Figure 1 sets out the resulting continuum, with the clinical stages of the revised 

criteria grouped into the preclinical, mild cognitive impairment and dementia phases. 

 

 
Figure 1. The Alzheimer’s disease continuum. Clinical stages 0 to 6 of the 2024 revised criteria, grouped into the 

preclinical, mild cognitive impairment and dementia phases. Stages follow Jack et al. (2024); the preclinical grouping 

follows Sperling et al. (2011). 

 

2.2 Risk Factors 

Sporadic late-onset Alzheimer’s disease arises from the interaction of non-

modifiable factors, principally age and genotype, with modifiable factors acting across the 

lifespan. Heritability of the sporadic form has been estimated at between 58 and 79% in twin 

studies (Gatz et al., 2006). The factors described below are those relevant to the present 

analyses: age, sex and years of education are covariates in every model reported in Chapter 

6, and the apolipoprotein E (APOE) ε4 genotype enters as a sensitivity analysis. 
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2.2.1 Age 

Age is the strongest non-modifiable risk factor for sporadic Alzheimer’s disease, and 

dementia prevalence increases sharply after age 65 (Livingston et al., 2024). Aging and 

Alzheimer’s disease are nonetheless distinct processes. In cognitively unimpaired older 

adults, limited tau deposition in the MTL, particularly in the transentorhinal and entorhinal 

cortex, is common and can occur independently of amyloid-β, while age-related reductions 

in synaptic density and cortical thickness are also detectable before overt clinical impairment 

(LaPoint et al., 2017; Maass et al., 2018; Mecca et al., 2022; Schöll et al., 2016; Scott et al., 

2020; Wuestefeld et al., 2023). Any marker intended to detect preclinical disease must 

therefore distinguish pathological change from the age-related neurobiological changes on 

which it is superimposed. The cohort examined here was recruited within a restricted age 

range, as described in Section 5.1, which limits the contribution of age without eliminating 

it; accordingly, age at assessment was included as a covariate in all models reported in 

Chapter 6. 

2.2.2 Genetic Risk: APOE-ε4 Genotype and Family History 

The APOE gene on chromosome 19 is the principal genetic risk factor for sporadic 

late-onset Alzheimer’s disease (Liu et al., 2013). Three common alleles, ε2, ε3 and ε4, differ 

at two residues, and the substitutions alter the lipid-binding properties of the resulting 

isoforms (Huang & Mahley, 2014). The ε4 allele raises risk in a dose-dependent manner: 

one copy is associated with a two- to threefold increase in lifetime risk and two copies with 

a substantially larger increase, together with an earlier age at onset (Reiman et al., 2020). 

The ε2 allele is protective and ε3 is treated as the reference. 

The mechanism most directly implicated is isoform-dependent clearance of soluble 

Aβ from the brain parenchyma, which is least efficient for the ApoE4 isoform. Cognitively 

unimpaired ε4 carriers accordingly show greater cortical amyloid deposition from midlife 

onward, and ε4 carriage is also associated with white matter microstructural change (Peter 

et al., 2025). Genome-wide association studies have identified many further loci of 

individually small effect, implicating microglial lipid metabolism, immune response and 

endocytosis (Bellenguez et al., 2022). 

In the cohort studied here, the genetic architecture has been characterized directly: 

polygenic risk and APOE genotype relate to the biomarker profile of participants who remain 

cognitively unimpaired (Vilor‐Tejedor et al., 2024). Parental history of dementia was one of 
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the criteria by which the cohort was assembled (Molinuevo et al., 2016), so ε4 carriage is 

more frequent here than in the general population, and genotype is treated in Chapter 6 as a 

sensitivity analysis rather than as a covariate in the primary models. 

2.2.3 Sex 

Women account for a majority of people living with AD (Andrew & Tierney, 2018). 

Greater female longevity explains part of this excess, but not all of it (Fisher et al., 2018), 

and the interaction between sex and the measurement of memory has a specific bearing on 

the present study (Emrani & Sundermann, 2025). In a meta-analysis of the literature on 

cognitive sex differences, Hirnstein et al. (2023) found a consistent female advantage in 

verbal fluency and in verbal-episodic memory, present across the lifespan and robust across 

task formats. The advantage is small to moderate in size but highly reliable, and it has a 

direct diagnostic consequence, because the tests used to detect early AD are predominantly 

verbal. 

Sundermann et al. (2016) interpreted this advantage as a form of sex-specific 

cognitive reserve: at a given level of underlying pathology, women perform better on verbal 

memory tests than men, and therefore reach the threshold for objective impairment later. The 

corollary, examined directly by Sundermann et al. (2016) is that a diagnostic system 

calibrated on verbal memory will underestimate the extent of AD pathology in women. 

Consistent with a later crossing of the diagnostic threshold, sex differences have also been 

reported in the rate at which story recall declines during the preclinical stage (Cowman et 

al., 2025). 

The implication for a study on long-term forgetting is twofold. Sex must be adjusted 

for in every analysis of a verbal memory outcome, as it is throughout Chapter 6. And a 

measure that is sensitive within the normal range, rather than at the threshold of impairment, 

is precisely the kind of measure least affected by the masking effect that the female verbal 

advantage produces (Novozhilova et al., 2025). 

2.2.4 Education and Cognitive Reserve 

Cognitive reserve denotes the observation that the clinical expression of a given 

burden of neuropathology varies between individuals, and that the variation is predicted by 

educational attainment, occupational complexity and lifelong cognitive engagement 

(Livingston et al., 2024). The construct makes a specific prediction: at any given level of 

clinical severity, individuals with higher reserve will be found to carry more pathology, and 
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once symptoms emerge, they will decline more rapidly, because the pathological burden at 

onset is greater (Van Loenhoud et al., 2019). 

Two consequences follow for the present work. The first is methodological. 

Educational attainment predicts performance on verbal memory measures independently of 

the underlying pathology (M. G. Jansen et al., 2021), and reference data for the test employed 

here indicate an association between educational level and performance on every index of 

the test (Brugulat-Serrat et al., 2021). Years of education is accordingly included as a 

covariate in all models reported in Chapter 6, although it should be regarded as a proxy for 

reserve rather than as a direct measure of it. The second consequence concerns the sensitivity 

of the assessment. On the reserve account, individuals with greater reserve are expected to 

sustain performance within normal limits at a given level of pathology, so that the point at 

which a conventional instrument detects a departure from those limits is displaced towards 

a more advanced stage of the disease process (Stern, 2012). In a cohort defined by the 

absence of objective impairment, this consideration applies to the sample as a whole, and it 

bears on the choice of memory measure discussed in Section 2.5. 

2.2.5 Modifiable Risk Factors 

The Lancet Commission on dementia prevention estimated that fourteen modifiable 

risk factors together account for approximately 45% of dementia risk worldwide, distributed 

across the lifespan: low educational attainment in early life; hearing loss, high LDL 

cholesterol, traumatic brain injury, hypertension, excessive alcohol intake and obesity in 

midlife; and smoking, depression, social isolation, physical inactivity, untreated vision loss, 

air pollution and diabetes in later life (Livingston et al., 2024). This figure is not the sum of 

independent contributions. The exposures co-occur within individuals, and analyses that 

weight population attributable fractions for their overlap yield a combined estimate smaller 

than the sum of the fractions computed separately (Stephan et al., 2024). An umbrella review 

of the same literature identifies a comparable set of factors, while noting that the evidence 

available for the transitional stages preceding dementia is considerably thinner than that 

available for dementia itself (Jones et al., 2025). Whether modification of these exposures 

alters the cognitive trajectory has also been examined experimentally: a two-year 

multidomain intervention combining diet, exercise, cognitive training and vascular risk 

monitoring produced a benefit on cognition in older adults at elevated risk (Ngandu et al., 

2015), and Son et al. (2025) subsequently examined which combinations of factors yield the 

largest predicted benefit when targeted together. 
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The pathways through which these exposures act are heterogeneous, and two of them 

bear on the interpretation of cognitive measures. The first is cerebrovascular and metabolic. 

Blood pressure lowering has been associated with a reduced incidence of dementia and 

cognitive impairment in a meta-analysis of randomized trials (Hughes et al., 2020) and 

diabetes, depressive symptoms, frailty and multimorbidity have been associated with 

incident mild cognitive impairment in adults who were cognitively normal at baseline (He 

et al., 2024). The second is sensory. Adult-onset hearing loss (Yu et al., 2024) and untreated 

visual impairment (Kuźma et al., 2021) are each associated with incident cognitive 

impairment, and both additionally constrain the sensory access on which cognitive testing 

depends, so that their contribution to measured performance cannot be attributed to memory 

alone. 

The third concerns sleep. Chronic insomnia in cognitively unimpaired older adults 

has been associated with subsequent cognitive outcomes, greater amyloid burden, and white 

matter alterations (Carvalho et al., 2025). Buongiorno et al. (2025) further linked abnormal 

nocturnal blood pressure patterns to impaired perivascular clearance, providing a potential 

connection between sleep-related vascular regulation and pathways involved in Aβ removal. 

Sleep is also closely involved in the consolidation and stabilization of newly acquired 

memories, suggesting that disturbances in sleep may influence cognition through 

mechanisms that extend beyond general AD risk (Zavecz et al., 2023). 

2.3 Fluid Biomarker Measures 

Fluid biomarkers quantify the balance between production and clearance of the core 

Alzheimer’s proteins, and they become abnormal earlier than any structural measure (Jia et 

al., 2024). Three were used in the present study, all measured at the second study visit: the 

CSF Aβ42/Aβ40 ratio, the CSF p-tau181/Aβ42 ratio, and plasma p-tau217. All three are 

Core 1 biomarkers under the current criteria, meaning that abnormality on any one of them 

establishes the biological diagnosis (Jack et al., 2024). 

2.3.1 CSF Aβ42/Aβ40 Ratio 

As Aβ42 aggregates into plaques within the parenchyma, less of it is cleared into the 

cerebrospinal fluid, and its concentration there falls. Concentration alone is an unreliable 

index, however, because total amyloid production varies widely between individuals. Aβ40 

is abundant and its concentration is largely unaffected by the disease, so expressing Aβ42 
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relative to Aβ40 normalizes for that variation and reclassifies individuals who would 

otherwise be misassigned on a single-analyte threshold. The ratio is consequently preferred 

to Aβ42 alone (Jack et al., 2016, 2024). 

That preference is supported by direct comparison against amyloid imaging. In a 

sample of 200 participants with and without cognitive impairment, Lewczuk et al. (2016) 

found the ratio to agree with the amyloid PET classification in 89.4% of cases, against 74.9% 

for Aβ42 alone, and the discordant cases to be asymmetrically distributed: abnormality in 

CSF with a normal scan was more frequent than the reverse, as would be expected if the 

fluid measure changes before fibrillar deposition becomes detectable by imaging. What such 

abnormality signifies at the individual level is more circumscribed. Amyloid pathology is 

common in the absence of dementia: pooling 55 studies and 2,914 participants with normal 

cognition, W. J. Jansen et al. (2015) estimated its prevalence to rise from 10.4% at age 50 to 

43.8% at age 90, and to be substantially higher among APOE-ε4 carriers. A positive result 

therefore identifies membership of a population at elevated risk rather than an individual in 

whom decline has begun, which is the distinction the current criteria preserve by separating 

the biological from the clinical axis of staging (Jack et al., 2024). 

2.3.2 CSF p-tau181/Aβ42 Ratio 

Phosphorylated tau in cerebrospinal fluid rises in response to amyloid pathology and 

before neurofibrillary tangles are detectable by imaging, so it indexes an active 

phosphorylation process rather than the accumulated tangle burden. Combining it with Aβ42 

in a single ratio incorporates both proteinopathies into one measure, which improves its 

correspondence with the neuropathological definition of the disease and its stability across 

assay platforms; the ratio is classified as a Core 1 biomarker on that basis (Jack et al., 2024) 

The ratio has been characterized directly in unimpaired samples. Cacciaglia et al. 

(2025) examined it against a set of downstream markers in 234 cognitively unimpaired 

middle-aged adults and found it associated with cortical amyloid deposition and with 

regional gray matter volume, but not with glucose metabolism. The structural association 

was positive rather than negative, and it was weaker, in the regions that atrophy earliest, 

among participants positive for both amyloid and tau, so that the relation between the ratio 

and brain structure is not constant across the continuum. The choice of phosphorylation site 

nonetheless carries a limitation. Threonine 181 is not the site with the greatest specificity for 

Alzheimer’s pathology: CSF p-tau217 discriminates the clinical stages over a wider dynamic 
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range and corresponds more closely to tau imaging (Janelidze et al., 2020). That is the reason 

the blood-based marker described in the next section is measured at threonine 217. 

2.3.3 Plasma p-tau217 

Blood-based markers have altered the practical reach of biomarker assessment, since 

they require neither lumbar puncture nor a scanner (Karikari et al., 2022). Among them, 

phosphorylated tau at threonine 217 has the strongest diagnostic performance, approaching 

that of cerebrospinal fluid and imaging measures (Ashton et al., 2024). 

Milà-Alomà et al. (2022) characterized plasma p-tau217 in the cohort studied here, 

showing that it behaves as a state marker of amyloid-β pathology in the preclinical stage: it 

rises early, tracks cortical amyloid burden, and separates amyloid-positive from amyloid-

negative cognitively unimpaired individuals. Its availability in a simple blood sample makes 

it the biomarker with the widest coverage in the present sample. 

2.4 Neuroimaging Markers 

Imaging measures index the structural and molecular consequences of AD with an 

anatomical specificity that fluid markers cannot provide (Khalili et al., 2026). The present 

study uses structural MRI in two forms, hippocampal subfield volumetry and cortical 

thickness, and does not use PET; the latter is nonetheless described below. 

Each of the two measures is supported by a specific body of evidence. Volumetric 

studies of the hippocampal subfields converge on CA1 and the subiculum as the sectors 

reduced earliest and most consistently (De Flores et al., 2015), a pattern that holds when 

subfields are compared across successive stages of the continuum (Zhao et al., 2019) and 

when unimpaired participants are compared with those meeting criteria for MCI (Qu et al., 

2023). For the cortical measures, entorhinal and parahippocampal thickness both decrease 

across the continuum, but only entorhinal thickness is reduced at the earliest stage examined 

(Hari et al., 2023); each is treated as a separate outcome in Chapter 6. 

2.4.1 Structural Magnetic Resonance Imaging in Preclinical AD 

Structural magnetic resonance imaging is the standard measure of the N category 

(Jack et al., 2016). Its limitation in the preclinical stage is that macroscopic atrophy is a late 

consequence: by the time lobar volume loss is detectable, substantial pathology has 

accumulated (Gordon et al., 2018; McDade et al., 2018). Two strategies address this. The 
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first is anatomical specificity, measuring the structures affected earliest rather than the brain 

as a whole. Killiany et al. (2002) showed that entorhinal cortex and hippocampal 

measurements predict progression in individuals who are not yet impaired, and Ahn et al. 

(2011) mapped the relation between regional cortical morphology and specific 

neuropsychological deficits across MCI and AD. 

The second strategy is to summarize many regional measurements into a single index 

sensitive to deviation from the normal aging trajectory (Verdi et al., 2024). Machine learning 

applied to structural images yields an estimate of biological brain age whose difference from 

chronological age is associated with AD biomarkers and with neurodegeneration, and 

behaves differently in women and men (Cumplido-Mayoral et al., 2023). Beyond gray 

matter, white matter microstructural abnormality is detectable early and contributes to 

cognitive difference independently of gray matter measures (Peter et al., 2025). 

Neither approach fully resolves a key challenge in the preclinical stage: cross-

sectional brain volume reflects the cumulative effects of multiple lifelong influences, only 

one of which is AD (Xie et al., 2020). The analyses reported in Chapter 6 therefore treat the 

rate of change across repeated scans, rather than volume at a single timepoint, as the quantity 

of interest. 

2.4.2 The Hippocampus and Its Subfields: Early Vulnerability of  CA1 

Hippocampal volume loss is the classical imaging marker of AD, and automated 

measurement of change across serial scans is well established (Leung et al., 2010). The 

hippocampus is not homogeneous, however. It comprises histologically distinct subfields, 

the cornu ammonis sectors CA1 to CA4, the dentate gyrus and the subiculum, which differ 

in cytoarchitecture, connectivity and vulnerability. Treating the structure as a single volume 

averages across that heterogeneity and dilutes the signal from the sectors affected first. 

The relevant asymmetry is that tau pathology reaches CA1 and the subiculum at 

Braak stages III and IV, before CA3 and the dentate gyrus (Braak & Braak, 1991). Subfield 

segmentation methods applied to dedicated high-resolution acquisitions make this 

distinction accessible in vivo (Yushkevich et al., 2015), and the method used in the present 

study is described in Section 5.5.1. 

Several findings connect this anatomy to delayed recall specifically. Bartels et al. 

(2025) reported that long-term retrieval performance was associated with CA1 volume in 

older adults and in individuals at risk of dementia. Ma et al. (2023) mapped the cortical and 

hippocampal network supporting long-term delayed recall and found performance 
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constrained by its structural and functional connectivity. Li et al. (2020) reported 

associations between regional gray matter morphology and objective memory performance 

in participants with SCD. The convergence of these results on CA1, and on retention over 

long rather than short delays, is the basis for the regional prediction tested in Chapter 6. 

2.4.3 AD Cortical Signatures 

Cortical thinning in AD concentrates in a distributed set of regions comprising medial 

and inferior temporal cortex, the temporal pole, the angular gyrus, the superior parietal 

lobule, the superior frontal gyrus and the supramarginal gyrus. Dickerson et al. (2009) 

showed that the average thickness of these regions, taken as a single measure, discriminates 

patients from controls, relates to symptom severity, and is reduced in cognitively unimpaired 

amyloid-positive individuals. The regions are defined on a standard cortical parcellation 

(Desikan et al., 2006) and extracted using automated surface reconstruction (Fischl, 2012). 

A signature measure trades anatomical resolution for statistical power (Rusinek et 

al., 2026), which is the correct trade in a cognitively unimpaired sample where regional 

effects are small (Fletcher et al., 2021). Its reduction has also been related to subjective 

complaints in the absence of objective impairment, alongside gray matter volume and 

amyloid burden (Valech et al., 2019). In the present study the AD enters as an outcome, and 

the corresponding summary for the regions that thin in normal aging serves as its covariate, 

so that the estimate reflects thinning specific to the disease-related regions. 

2.4.4 Amyloid-β PET and Tau-PET Imaging 

Positron emission tomography visualizes the two core pathologies directly. Amyloid 

imaging became possible with the introduction of the Pittsburgh Compound-B tracer, which 

binds fibrillar Aβ and revealed cortical retention in patients and in a proportion of cognitively 

unimpaired older adults (Klunk et al., 2004). Longitudinal studies established that 

neocortical amyloid accumulates over roughly two decades and approaches a plateau early, 

so that amyloid burden distinguishes those on the continuum from those who are not, but 

discriminates poorly between stages once positivity is reached (Villemagne et al., 2013). 

Tau tracers, by contrast, follow the anatomical progression described by Braak, and 

regional tau signal corresponds more closely than amyloid to cortical thinning, 

hypometabolism and cognitive performance (Therriault et al., 2023). This asymmetry 

underlies the position of tau-PET as a Core 2 biomarker in the current criteria (Jack et al., 

2024).  
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2.5 Cognitive and Neuropsychological Markers of  Preclinical AD 

Cognition represents the ultimate clinical outcome against which AD is defined 

(Albert, 2011), with episodic memory typically being the earliest cognitive domain affected 

(Mortamais et al., 2017), in line with the anatomical progression described in Chapter 1. In 

the preclinical stage, however, the principal challenge is one of measurement rather than 

conceptual relevance (Jutten et al., 2021): instruments developed to identify clinically 

significant impairment are, by design, relatively insensitive to subtle variation within the 

cognitively normal range (Kueper et al., 2018). The present study therefore draws on two 

complementary sources of information: a self-report questionnaire, which registers change 

as the participant experiences it and so does not depend on measured performance at all 

(Chapman et al., 2021), and a performance-based memory test, whose sensitivity within this 

range depends on how it is administered (Rami et al., 2023).  

2.5.1 Subjective Cognitive Decline Assessment: MyCog Questionnaire 

Subjective cognitive decline denotes a persistent self-experienced worsening of 

cognitive capacity relative to a previous level, in an individual who performs within normal 

limits on objective testing. The conceptual framework was refined by Jessen et al. (2020), 

who set out the features that raise the probability of underlying AD, including onset after the 

age of 60, recent onset, memory as the domain of complaint, and concern about the decline. 

The instrument used here is the self-report component, MyCog, of the Subjective 

Cognitive Decline Questionnaire, which pairs a participant questionnaire with an informant 

version and was validated in a Spanish-speaking sample (Rami et al., 2014). Scores on the 

questionnaire have been related to gray matter volume and to amyloid burden in cognitively 

unimpaired participants, which supports their interpretation as an early clinical signal rather 

than as a reflection of mood alone (Valech et al., 2019). The relation between subjective 

complaint and objectively measured long-term forgetting is examined in Chapter 6. 

2.5.2 Memory Assessment: The Free and Cued Selective Reminding Test 

The Free and Cued Selective Reminding Test was designed to separate the 

components of episodic memory that a conventional list-learning task confounds. Its 

distinguishing feature is controlled encoding: each item is presented with a semantic 

category cue and identified by the participant before learning proceeds, so that the material 

is known to have been encoded and the cue available at retrieval is the one used at encoding 
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(Buschke, 1984). Retrieval is then tested first without the cue and, for items not recalled, 

with it, yielding free recall, cued recall and total recall scores. 

The design supports a specific inference. If a failure of free recall is corrected by the 

cue, the difficulty lies in retrieval, the pattern typical of normal aging and of disorders 

affecting frontal systems. If the cue does not restore performance, the information is not 

available to be retrieved, a pattern consistent with impaired storage or consolidation and 

commonly associated with AD-type memory impairment (Grober & Buschke, 1987). 

Cerami et al. (2017) evaluated delayed cued recall against a structured framework for 

biomarker development and concluded that it meets the criteria for a gateway measure in the 

early detection of AD. 

The Spanish-language version has been extensively normed. Peña-Casanova et al. 

(2009) provided norms within the NEURONORMA project, Grau-Guinea et al. (2021) 

developed and established the equivalence of a parallel version B for repeated 

administration, and Bonete-López et al. (2020) validated a recognition task following the 

standard administration.  

One constraint of the standard protocol is decisive for what follows. Retention is 

assessed after a delay of thirty minutes, an interval chosen to fit within a single session rather 

than for any property of memory. In a cognitively unimpaired sample, performance at that 

delay approaches the ceiling of the scale, so that the variance in which early decline would 

be visible is compressed (Lindbergh et al., 2021). Extending the interval to one week is the 

modification examined in the following chapter. 
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3. Long-Term Memory Assessment for Preclinical AD 

Detection: Current Studies Review 

This chapter brings together the existing literature on long-term delayed recall as a 

potential indicator of early Alzheimer’s disease, the theoretical framework upon which the 

current study is grounded. It begins by defining accelerated long-term forgetting and 

elucidating the origins of the construct. Subsequently, it outlines the methodology employed 

to identify pertinent studies, synthesizes the evidence presented across populations at 

varying risk levels, and sets out the unresolved questions that persist about this topic. 

3.1 Definition of  Accelerated Long-Term Forgetting 

Standard neuropsychological protocols typically assess retention after an interval of 

ten to thirty minutes. This choice is conventional rather than principled: it reflects the 

practical constraints of a single testing session rather than any property of the memory 

systems being evaluated. ALF denotes a pattern of memory dysfunction that this convention 

fails to capture. Individuals showing ALF encode new information normally and retain it 

over minutes but lose it at an abnormally rapid rate over the following days and weeks. The 

defining feature is therefore a dissociation rather than a deficit: learning and short-delay 

recall fall within normal limits, and the impairment becomes visible only when the retention 

interval exceeds the standard protocol. Interestingly, two interpretations of this dissociation 

coexist in the literature: one viewpoint treats it as qualitatively distinct from short-interval 

forgetting, while the other considers it a milder manifestation of the same underlying process. 

Distinguishing between these accounts therefore requires evidence capable of establishing 

whether the two forms of forgetting are genuinely dissociable. Mayes et al. (2019) proposed 

that this issue could be resolved by demonstrating a double dissociation between accelerated 

forgetting and hippocampal amnesia. Specifically, individuals with accelerated forgetting 

and those with hippocampal amnesia should show a cross-over pattern between initial and 

delayed recall relative to matched controls, rather than the single dissociation reported in 

most studies. To date, only two studies have directly tested this prediction, and both observed 

the expected cross-over pattern, a finding that is not readily accounted for by the quantitative 

explanation. 
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3.1.1 Origins of  the Construct 

ALF was first characterized in the context of epilepsy rather than Alzheimer’s 

disease. Kapur et al. (1997) reported a patient with temporal lobe epilepsy who retained new 

information normally over hours and days but lost it at an abnormal rate thereafter, and 

interpreted the pattern as evidence for multiple-stage consolidation processes; they termed 

the phenomenon long-term amnesia. Blake et al. (2000) subsequently demonstrated the same 

dissociation at group level in temporal lobe epilepsy, arguing that acquisition and initial 

consolidation are preserved while an extended consolidation process, operating over days 

and weeks, is disrupted. The label “accelerated long-term forgetting” became established 

through this work and through subsequent studies of transient epileptic amnesia, in which 

the phenomenon co-occurs with remote memory loss in patients whose routine 

neuropsychological profile is unremarkable (Butler et al., 2010; Butler & Zeman, 2008). A 

subsequent methodological review of the epilepsy literature established both the reliability 

of the effect and the heterogeneity of the paradigms used to elicit it (Elliott et al., 2014). 

Two features of this literature made the paradigm suitable for research on 

Alzheimer’s disease. The first is the logic of the manipulation: extending the retention 

interval exposes a consolidation failure that a thirty-minute delay cannot detect, so a longer 

delay functions as a stress test of a process that standard protocols overlook. The second is 

that the effect appears in individuals whose conventional testing is normal, which perfectly 

aligns with preclinical stages of AD described in Chapter 2. 

The transfer of the paradigm to Alzheimer’s disease progressed from symptomatic to 

presymptomatic populations. Early studies compared patients with dementia or amnestic 

mild cognitive impairment with healthy controls (Degenszajn et al., 2001; Manes et al., 

2008; Walsh et al., 2014). Weston et al. (2018) then demonstrated the effect in asymptomatic 

carriers of autosomal dominant mutations who were, on average, seven years from expected 

symptom onset. It is crucial to emphasize that what is borrowed from the literature on 

epilepsy is the logic of the paradigm, not a claim of shared pathophysiology: the mechanisms 

responsible for accelerated forgetting in temporal lobe epilepsy and in Alzheimer’s disease 

do not necessarily share the same underlying causes, and no study has yet tested this 

hypothesis. 
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3.1.2 Rationale Behind the Use of  One-Week Delayed Recall 

Three factors influence the decision to use a one-week interval. The first is theoretical. 

Systems-level consolidation is believed to occur over days and weeks as the hippocampal 

dependence of a new memory trace gradually shifts to a distributed neocortical 

representation (McClelland et al., 1995; Squire & Alvarez, 1995). A thirty-minute delay only 

captures the initial phase of this process, while a one-week delay examines the timeframe 

during which slow consolidation is thought to take place. Reviewing evidence from both 

human and animal studies, Ohno (2026) argues that accelerated forgetting may arise from a 

disruption of systems-level consolidation rather than from impaired hippocampal encoding. 

More specifically, the dysfunction may involve the cortical regions to which memory traces 

are gradually transferred, particularly medial prefrontal areas such as the anterior cingulate 

cortex. In transgenic models, synaptic plasticity in these regions is impaired, together with 

local amyloid deposition, before comparable hippocampal alterations emerge. From this 

perspective, preserved initial encoding followed by disproportionate forgetting over longer 

delays would be an expected cognitive profile during the presymptomatic stage. 

The second consideration is psychometric, and for a cognitively unimpaired cohort 

it is the stronger argument. At thirty minutes, healthy participants perform near ceiling, and 

ceiling effects compress variance precisely where early decline would appear; several studies 

reviewed below explicitly report this limitation (Degenszajn et al., 2001; Lindbergh et al., 

2021). Saloner et al. (2018) found that recall at one week, but not at thirty minutes, was 

associated with MTL volumes in neurologically normal older adults, and Manoli et al. (2018) 

reported that extending assessment to one-week increased sensitivity to age-related 

differences. However, the trade-off operates in the opposite direction as well: intervals of a 

month or more introduce floor effects and attrition. For instance, Molinare et al. (2025) found 

associations with tau burden and cortical thickness at one week that were absent at six 

months in the same participants. Meta-analytic evidence converges on the same interval. 

Pooling sixteen studies across the Alzheimer’s disease continuum, Pizzoni et al. (2026) 

found no significant group difference at twenty-four hours (g = 0.55, 95% CI [-0.03, 1.12]), 

a robust and homogeneous effect at one week (g = 0.63, 95% CI [0.40, 0.87], I2 = 0%) that 

was of comparable magnitude in at-risk groups considered separately (g = 0.61, 95% CI 

[0.37, 0.86]), and effects that persisted at one month or longer but weakened in those same 

at-risk groups. One week is therefore both the most practical interval and the one at which 

the effect is currently best documented. 
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The third consideration is feasibility. A one-week delay requires a second contact, 

and it is this practical constraint, rather than any theoretical objection, that has limited the 

implementation of the paradigm in large observational cohorts. A brief telephone re-

administration of material previously learned in person can substantially reduce this 

additional burden. However, this change in testing context may raise concerns because it 

removes some environmental and nonverbal cues available during encoding. However, 

Allen et al. (2019) found no meaningful differences in one-week recall or retention between 

telephone and in-person testing, supporting the validity of remote assessment. This issue is 

nevertheless relevant, as van der Werf et al. (2016) identified differences in administration 

mode between groups as a potential source of bias. In the present study, all participants are 

re-tested using the same procedure, preventing administration mode from systematically 

confounding group comparisons. Furthermore, validation work on one-week batteries 

specifically designed for cognitively unimpaired samples has demonstrated that this 

approach is psychometrically viable (Rami et al., 2023). The protocol adopted in the present 

study is described in Section 5.3.2. 

3.2 Search Strategy 

A structured literature search was carried out in order to identify studies that had 

examined long-term delayed recall as a marker of early Alzheimer’s disease pathology. The 

search and the selection process followed the reporting recommendations of the Preferred 

Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) 2020 statement 

(Page et al., 2021). 

PubMed, Scopus and Web of Science were consulted, in order to obtain a 

comprehensive and comparative coverage of the literature. The following combination of 

key terms was used and adapted to the query syntax of each database: “accelerated long-

term forgetting” OR “accelerated forgetting” OR “forgetting” OR “long-term forgetting” 

OR “delayed recall” OR “long delay” OR “list learning” OR “story recall” OR “retrieval 

performance” OR “memory consolidation” AND “Alzheimer” OR “Alzheimer disease” OR 

“mild cognitive impairment” OR “MCI” OR “memory complaints” OR (“presymptomatic” 

AND “cognitive decline”). 

The same filters were applied in each database: publication date between 2001 and 

2026, and exclusion of reviews, meta-analyses and animal studies. The last search was run 

on August 9, 2026 and was complemented by a manual screening of the reference lists of 
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the retrieved articles and of previously published reviews. Titles and abstracts of all records 

were screened by a single reviewer, and those considered relevant were assessed in full text. 

Studies were eligible if they examined cognitively unimpaired individuals, or 

populations at varying levels of risk for Alzheimer’s disease and related conditions. These 

included MCI and amnestic MCI, SCD and subjective memory decline, carriers and non-

carriers of genetic mutations (APOE-ε4, APP, PSEN1/2), individuals with positive or 

negative amyloid status, and members of families affected by autosomal dominant AD. This 

deliberately broad definition of the target population was adopted because accelerated long-

term forgetting may emerge differently depending on baseline cognitive status and 

underlying risk; the aim was to establish whether it behaves as a consistent marker of 

presymptomatic decline across heterogeneous groups. 

Eligible paradigms had to include four elements: a study phase; a baseline assessment 

of learning of the study material, operationalized as immediate recall; at least one assessment 

of retention of the same material after an extended delay of no less than 24 hours, measured 

either by free recall or by recognition; and an adequate comparison group. 

Two of these criteria are broader than those usually applied in this literature, and 

warrant comment. Recognition was admitted alongside free recall because several otherwise 

eligible paradigms report recognition as their primary or complementary retention outcome 

(Molinare et al., 2025; Ruggeri et al., 2024; Yang et al., 2021); restricting the criterion to 

free recall would have excluded the only large study of remote, digital multi-day testing in 

cognitively unimpaired older adults. The comparison group criterion was likewise defined 

broadly, as either a healthy control group matched for age and socio-educational level or a 

within-cohort contrast defined by genotype, amyloid status or severity of subjective decline. 

A strict matched case-control requirement would have excluded single-cohort correlational 

designs (Lindbergh et al., 2021; Lu et al., 2025; Saloner et al., 2018; Wearn et al., 2020) 

whose structure is closest to that of the present study. 

The selection process is summarized in Figure 2. Twenty-one studies met the 

inclusion criteria; their design, sample, memory paradigm, retention intervals and main 

outcomes are reported in Table A1 (Appendix A). Reviews and meta-analyses are excluded 

from that count by the criteria above, but three prior syntheses cover overlapping ground and 

are referred to where relevant: Rodini et al. (2022) systematically reviewed nineteen studies 

of accelerated forgetting in neurodegenerative disease, García-Martínez et al. (2023) 

reviewed the Alzheimer’s literature narratively, and Pizzoni et al. (2026) provide the only 
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meta-analysis, covering twenty-eight studies and 1,399 participants across the Alzheimer’s 

continuum. 

 

 

 
Figure 2. PRISMA 2020 flow diagram for the identification, screening and inclusion of studies. 

 

 

One caveat applies to the evidence base as a whole. Several of the included studies 

draw on the same cohorts, and their samples are therefore partially overlapping: the 

autosomal dominant Alzheimer’s disease cohort of the Dementia Research Centre, 

University College London (Magill et al., 2026; O’Connor et al., 2020; Parker et al., 2025; 

Weston et al., 2018), the Harvard Aging Brain Study and affiliated Mass General Brigham 

cohorts (Molinare et al., 2025), and the COLBOS PSEN1 E280A kindred (You et al., 2026). 

These studies report distinct outcomes, ranging from cross-sectional group differences to 

structural correlates and longitudinal prediction, and each contributes independent 

information. The number of independent participants is nonetheless lower than the sum of 

the reported sample sizes, and the four University College London reports in particular 

should be read as successive analyses of a single presymptomatic cohort rather than as 

independent replications. 
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3.3 Current Evidence 

The studies identified are heterogeneous in population, material, retention interval 

and scoring, and a study-by-study analysis would obscure rather than elucidate the pattern. 

Consequently, this section is structured around the established literature rather than 

individual reports. Sections 3.3.1 to 3.3.3 follow the disease continuum, encompassing 

symptomatic Alzheimer’s disease and mild cognitive impairment, populations defined by 

genetic risk, and cognitively unimpaired individuals characterized by biomarkers. Section 

3.3.4 then examines the methodological variations across these studies and assesses their 

potential constraints on the conclusions drawn, with particular emphasis on the practice of 

scoring forgetting as a ratio. 

3.3.1 ALF in Symptomatic AD and Mild Cognitive Impairment 

Evidence from symptomatic populations represents the earliest line of research in 

this field. While it establishes the existence of the phenomenon, it only indirectly speaks to 

its potential for early detection. 

Degenszajn et al. (2001) conducted a study comparing patients with Alzheimer’s 

disease and healthy controls on the FCSRT and found large group differences at both thirty 

minutes and twenty-four hours, with perfect discrimination. The study is instructive for a 

reason other than the one initially intended: there was no difference in performance between 

thirty minutes and twenty-four hours, suggesting that the observed variations were not due 

to accelerated forgetting but rather an amnestic deficit. Controls recalled all sixteen items at 

every interval, and the twenty-four-hour delay was probably too short to expose a 

consolidation failure. 

Manes et al. (2008) extended the interval to six weeks in individuals with memory 

complaints and amnestic MCI. Both groups performed normally at immediate and thirty-

minute testing but were significantly impaired at six weeks, with group × time interactions 

for verbal (F₄,₄₆ = 4.39, p = .005) and visual material (F₄,₄₆ = 2.77, p = .036). This design 

isolates the effect of interest, but its primary limitation is the absence of intermediate 

timepoints. 

Walsh et al. (2014) presented the most convincing demonstration in amnestic MCI. 

They employed a story recall task with a 90% learning criterion and observed a significant 

group × time interaction across a week (F₁.₃₁,₂₇ = 11.62, p = .001), and critically, a steeper 

forgetting slope in the amnestic group (F₁,₂₆ = 10.32, p = .003) rather than merely a lower 
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overall score. Enforcing a learning criterion is what licenses the inference: acquisition was 

equated, so divergence over the retention interval can be attributed to consolidation. 

Three recent studies push the finding below the threshold of objective impairment. 

Rodini et al. (2024) found a lower twenty-four-hour to thirty-minute saving index in severe 

SCD than in controls (84.2% vs. 94.3%, p = .023), discriminating severe from mild SCD 

with an area under the curve of 0.77. Ruggeri et al. (2024) found poorer one-week recall and 

recognition in participants with subjective memory decline despite intact short-delay 

performance (F₁,₉₄ = 12.06, p = .001). Bartels et al. (2025) reported that a long-term retrieval 

rate differentiated controls from SCD and MCI participants (p = .007) and that FCSRT-IR 

long-term retrieval was associated with hippocampal CA1 volume (r = 0.42, p = .017). 

Stamate et al. (2020) warrant separate mention because they found no evidence of 

accelerated forgetting from immediate recall to one month. Their learning criterion was 70%, 

lower than in any other study reviewed, and repeated testing improved one-month recall 

substantially in both patients and controls. The result constrains the generality of the claim 

and raises the methodological question taken up in Section 3.3.4: without a stringent learning 

criterion, differences observed at a long delay may be confounded with differences in 

acquisition. 

3.3.2 ALF in Individuals at Genetic Risk 

Populations defined by genetic risk provide the strongest evidence that ALF precedes 

symptom onset, for the straightforward reason that carrier status identifies individuals who 

will develop the disease before any clinical change is detectable. 

Weston et al. (2018) tested asymptomatic carriers of PSEN1 and APP mutations who 

were on average seven years from expected symptom onset and who performed normally on 

learning, on thirty-minute recall, and on a full conventional battery. At one week, carriers 

had lost substantially more material than non-carriers across all three modalities: word list 

(Δ = -30.94 percentage points, 95% CI [-45.16, -16.73], p = .0002), story (Δ = -20.10, 95% 

CI [-33.28, -6.91], p = .0048) and figure (Δ = -15.41, 95% CI [-26.88, -3.93], p = .012). The 

severity of forgetting correlated with proximity to estimated onset. This remains the anchor 

finding of the field. 

O’Connor et al. (2020) situated the effect within a data-driven staging model of 

presymptomatic decline, showing intact thirty-minute recall alongside markedly poorer one-

week retention (carriers 66.8%, IQR 59.8-81.9; non-carriers 93.1%, IQR 85.1-95.2; p 

= .0004) a decade before expected onset. Yang et al. (2021) replicated the dissociation in a 
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Chinese autosomal dominant cohort, with normal thirty-minute recall and impaired one-

week retention for lists (53.3% vs. 66.7%, p < .001), figures (38.9% vs. 58.3%, p = .002) 

and recognition (70.0% vs. 80.0%, p = .006). Notably, forgetting was correlated with 

estimated years to onset (r = -.69, p = .002). 

Two studies move beyond group comparison. Parker et al. (2025) examined the 

neuroanatomical correlates of the effect and found that verbal ALF was associated with 

prefrontal cortical thinning across four contiguous regions bilaterally, most associations 

surviving correction (pFDR = 0.00769). Interestingly, there were no associations found with 

hippocampal, parahippocampal, or entorhinal measures, nor was there any correlation 

between thirty-minute recall and gray matter structure in any region. Magill et al. (2026) 

followed twenty asymptomatic carriers for a median of seven years. Nine became 

symptomatic, and baseline ALF distinguished progressors from non-progressors for list (p 

= .03) and story (p < .001) but not figure (p = .21), discriminating with areas under the curve 

of 0.73 and 0.82 respectively. Neither learning, nor thirty-minute recall, nor any of eight 

conventional cognitive tests separated the two groups. This is the only study in the present 

review with a clinical endpoint, and it is the strongest available evidence that the measure 

carries prognostic value, rather than just group-level information. 

You et al. (2026) proposed a candidate mechanism in the Colombian PSEN1 E280A 

kindred. Non-demented carriers showed a significant time × carrier status interaction (β = -

3, 95% CI [-4.8, -1.2], p = .001), driven by the seven-day interval (β = -1.9, 95% CI [-3.2, -

0.56], p = .0008), with learning (p = .16) and twenty-minute recall (p = .19) unimpaired; the 

effect persisted after excluding carriers with MCI. Reduced parietal sleep spindle power was 

associated both with forgetting and with precuneus tau burden (β = -0.36, 95% CI [-0.6, -

0.1], p = .008), suggesting a route by which early tau accumulation might disrupt sleep-

dependent consolidation. 

Evidence from probabilistic rather than deterministic genetic risk speaks more 

directly to the sporadic form of the disease, in which the great majority of preclinical cases 

arise. Zimmermann and Butler (2018) found no genotype differences in encoding or thirty-

minute recall in cognitively normal adults, but greater one-week forgetting in APOE-ε4 

carriers, increasing linearly with allele dose (p = .021). Tort-Merino et al. (2021) found 

greater forgetting at three months in ε4 carriers (F1,19 = 4.99, p = .037), correlating with the 

CSF Aβ42/p-tau ratio (r = -.614, p = .003). 
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3.3.3 ALF in Cognitively Unimpaired Individuals 

This is the section most directly relevant to the present study, and the one in which 

the evidence is thinnest. 

Saloner et al. (2018) tested 140 neurologically normal older adults and found that 

story recall at one week was associated with MTL volumes (partial r = 0.24, p = .006), 

specifically entorhinal (r = 0.27, p = .001) and hippocampal (r = 0.21, p = .02). No 

comparable association was found at thirty minutes, where performance was near ceiling. 

The effect sizes were small to medium, and the study was cross-sectional. 

Wearn et al. (2020) followed 46 cognitively unimpaired older adults for one year and 

found that one-month word list recall predicted subsequent cognitive decline (ΔACE-III, R² 

= .123, p = .018), classifying decliners with an area under the curve of .752 that rose to .918 

when combined with hippocampal subfield volumes. No biomarker data were available, so 

the decline observed cannot be attributed to Alzheimer’s pathology specifically. 

Lindbergh et al. (2021) provide the strongest longitudinal evidence available in this 

population: 207 cognitively normal adults followed annually for up to eight years. Poorer 

one-week story recall predicted steeper decline in episodic memory (b = 0.01, p = .003), 

executive functioning (b = 0.006, p = .011) and MTL volume (b = 0.004, p = .037). The 

authors report ceiling effects at thirty minutes, which is itself part of the argument for the 

longer interval. 

Tort-Merino et al. (2021) were the first to combine subjective complaints with fluid 

biomarkers. In 52 cognitively unimpaired participants stratified by SCD-Q score, the high-

complaint group showed greater forgetting at three months (F₁,₄₄ = 4.72, p = .035); within 

that group, amyloid-positive participants performed worse than amyloid-negative 

participants at one-week free recall (F₁,₂₄ = 4.49, p = .044) and cued recall (F₁,₂₄ = 7.10, p = 

.008), and SCD-Q scores predicted higher forgetting rates (β = -0.212, p < .05). The 

biomarker subsample was 25 participants, which is the main limitation. 

Lu et al. (2025) studied 429 cognitively normal members of a birth cohort, 306 with 

complete biomarker data. Amyloid-positive participants retained less of a visual figure at 

one week than amyloid-negative participants (90% vs.95%, p < .01), and whole-brain 

atrophy interacted with amyloid status in predicting retention. The verbal measure, however, 

showed no association with amyloid status, and thirty-minute recall neither differentiated 

amyloid groups nor predicted atrophy. The study therefore supports the value of the extended 

interval while demonstrating that verbal and visual paradigms do not converge. 
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Molinare et al. (2025) provide the closest methodological precedent to the present 

work: 104 cognitively unimpaired older adults, of whom 16.3% were amyloid-positive, 

learned face-name pairs remotely on seven consecutive days and were tested for recognition 

at one week and again at six months. Better initial learning was associated with less 

forgetting (β = 0.52, 95% CI [0.34, 0.71], p < .001). One-week forgetting showed no 

association with global amyloid burden (β = -0.07, 95% CI [-0.23, 0.09], p = .418) but was 

associated with medial temporal tau (β = -0.18, 95% CI [-0.29, -0.07], p = .001), neocortical 

tau (β = -0.16, 95% CI [-0.31, -0.01], p = .032) and cortical thickness in AD-signature regions 

(β = 0.33, 95% CI [0.13, 0.52], p = .001). No association with any biomarker survived at six 

months. The tau findings require an important qualification supplied by the authors 

themselves: excluding the single participant with the highest tau value rendered both 

associations non-significant (β = -0.06, 95% CI [-0.20, 0.09], p = .436). The study is best 

read as establishing feasibility and generating hypotheses rather than as establishing a tau-

forgetting relationship. 

In summary, these studies suggest that extended-delay recall identifies variance that 

short-delay recall does not, and that this variance correlates with medial temporal structure, 

cortical thinning, and, more tentatively, tau. However, it remains unclear whether this 

correlation holds in a large, biomarker-characterized, longitudinally followed cohort of 

cognitively unimpaired individuals, utilizing a protocol that could be realistically deployed 

at scale. 

3.3.4 Methodological Heterogeneity and the Limits of  Ratio-Based Scoring 

Five methodological choices vary across the studies reviewed, and each limits 

comparability. Eleven of the twenty-one studies did not predefine a learning criterion, while 

the remainder range from 70% (Stamate et al., 2020) to 90% (Lindbergh et al., 2021; Saloner 

et al., 2018; Walsh et al., 2014); without equated acquisition, differences at the long delay 

are confounded with differences in learning. Retention intervals span twenty-four hours to 

six months, and results are not commensurable across that range, as Molinare et al. (2025) 

demonstrated directly by finding at one week what was absent at six months in the same 

sample. Verbal and visual paradigms do not converge: Parker et al. (2025) found structural 

correlates for verbal ALF only, and Lu et al. (2025) found an amyloid association for the 

visual but not the verbal measure. 
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The fourth choice concerns scoring. Most studies express forgetting as the proportion 

of material retained at the long delay relative to short-delay recall. This ratio has three 

weaknesses. It is unstable when the denominator is small, so participants with poorer short-

delay recall generate inflated or uninterpretable values; it conflates forgetting with 

acquisition wherever a learning criterion is not enforced. A third limitation concerns a more 

fundamental issue. Expressing retention as a proportion of short-delay recall presupposes 

that the rate of forgetting depends on how much was learned initially, so that dividing by the 

short-delay score removes a genuine source of variance. That premise is contested. 

Reviewing the evidence, Della Sala et al. (2024) concluded that when forgetting is measured 

in absolute terms, and ceiling and floor effects are avoided, the forgetting curves of high and 

low learners run in parallel, so that the rate of loss is largely independent of the initial level. 

On that reading the ratio adjusts for something that does not require adjustment while 

introducing a scaling artifact, and the artifact is largest exactly where the measure is most 

often applied, since proportional change is, in those authors’ account, particularly 

problematic when the groups compared differ in baseline performance. Geurts et al. (2015) 

reach the same impasse from the opposite direction, noting that several methods exist for 

adjusting long-delay performance for unequal initial learning and that no consensus has 

emerged on whether or how the adjustment should be made. These limitations motivate the 

two complementary operationalizations adopted in the present study, described in Section 

5.6. 

A fifth choice is rarely made explicit: whether the same material is probed at every 

retention interval. Repeated retrieval is itself a learning event, and Della Sala et al. (2024) 

argue that a group difference in how much repeated testing strengthens the trace would be 

sufficient to produce an apparent difference in forgetting rate; they raise the possibility for 

Weston et al. (2018) specifically. Probing a different subset of the material at each interval 

removes the confound. Among the studies reviewed here, Stamate et al. (2020) is the one 

that did so, and also the one that found no accelerated forgetting, although its learning 

criterion differed from that of every other study as well, so the two explanations cannot be 

separated. 

Finally, the anatomical findings do not concur. Bartels et al. (2025), Saloner et al. 

(2018), Wearn et al. (2020) and Lindbergh et al. (2021) report medial temporal associations, 

whereas Parker et al. (2025) found prefrontal associations and none in the MTL. Whether 

slow consolidation depends on medial temporal or on neocortical integrity remains open. 
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3.4 Gap of  Knowledge 

The evidence reviewed above supports three main conclusions. ALF is detectable in 

individuals whose learning and short-delay recall are normal, across populations ranging 

from symptomatic Alzheimer’s disease to asymptomatic mutation carriers and cognitively 

unimpaired older adults. It relates to AD structural and molecular markers, including medial 

temporal volume, cortical thinning in AD-signature regions and regional tau burden. In the 

one cohort followed to a clinical endpoint, it predicted which asymptomatic carriers would 

develop symptoms over the following seven years, where eight conventional cognitive tests 

did not (Magill et al., 2026). 

Several limitations necessitate caution in interpreting these conclusions. The sample 

sizes are relatively small: excluding the two birth-cohort studies, the median sample size 

across the reviewed studies is well below one hundred, and the presymptomatic evidence 

rests substantially on a single cohort analyzed four times. The designs are predominantly 

cross-sectional, which limits the ability to establish a direct temporal relationship between 

forgetting and pathology. The evidence is weighted towards autosomal dominant disease, in 

which the timing of pathology is known but the generalizability to sporadic Alzheimer’s 

disease is assumed rather than demonstrated. Moreover, there is no consensus on how 

forgetting should be quantified, with the ratio scoring used by most studies carrying the 

weaknesses described in the previous section. 

Two further gaps are specific to the preclinical stage. Few studies combine extended-

delay recall with a full biomarker characterization in cognitively unimpaired participants; 

those that do are either small (Tort-Merino, Valech, et al., 2021) or have low proportions of 

amyloid-positive participants (Molinare et al., 2025). Additionally, almost none of the 

studies relate forgetting to longitudinal imaging outcomes. The association between 

forgetting and brain structure is typically established at a single timepoint, making it unclear 

whether individuals who forget more rapidly also exhibit more rapid atrophy. Commenting 

on Weston et al. (2018), Reiman (2018) set out what would be needed next: confirmation 

that the effect generalizes from autosomal dominant to late-onset preclinical disease, 

clarification of how forgetting relates to biomarker measures of amyloid, tau and 

neurodegeneration, and protocols that minimize the rehearsal and learning effects introduced 

by repeated assessment. The first two remain substantially open eight years later. 

It is crucial to clearly delineate what would and would not be novel. Remote 

administration is not inherently new: Ruggeri et al. (2024) describe ecological remote 
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administration, Molinare et al. (2025) provide a fully remote and digital approach, and 

Magill et al. (2026) administered the seven-day test remotely. Nor is the one-week interval 

new, having been used in the majority of the studies reviewed. No previous study has 

combined all of the following: a one-week delayed recall of material learned during a 

standard in-person visit, administered via a brief telephone call; a cognitively unimpaired 

cohort characterized by both fluid and imaging biomarkers; a sample of several hundred 

participants; retrospective longitudinal follow-up enabling the estimation of atrophy rates; 

and a data-driven modeling of individual learning-retention trajectories rather than a single 

ratio threshold applied to the entire sample. 

Every study reviewed treats forgetting as a continuous quantity to be correlated, or 

applies a cut-off to define impaired and unimpaired groups. Neither approach can identify a 

subgroup whose profile is characterized by normal learning, normal thirty-minute recall and 

disproportionate loss at one week, because such a profile is defined by the shape of an 

individual trajectory and not by the value of any single score. Whether such a subgroup exists 

in a cognitively unimpaired population, and whether it differs from the remainder of the 

cohort on biomarkers of Alzheimer’s disease, is the question the present study addresses. 

Specific aims and hypotheses will be set out throughout the next chapter. 



   33 

4. The Present Study: Aims and Hypotheses 

4.1 From the Research Gap to the Present Design 

The previous chapter concluded with a question that the existing literature cannot 

answer: whether a subgroup characterized by normal acquisition and normal short-delay 

recall but disproportionate loss at one week exists in a cognitively unimpaired population, 

and whether it differs from the remainder of the cohort on markers of AD pathology. The 

present chapter sets out how that question was operationalized1. 

The FCSRT protocol administered at the third visit of the ALFA+ study yields five 

points on a single learning-retention curve: three immediate learning trials, a thirty-minute 

delayed recall, and an unannounced one-week delayed recall administered by telephone. A 

retention score, regardless of its scaling, is a single number and locates a participant along a 

single dimension. The five timepoints locate the same participant along three: the amount of 

material acquired, the amount that survived thirty minutes, and the amount that survived a 

week. It is the relation among these three quantities, rather than the value of any one of them, 

that defines the profile of interest. Latent trajectory modeling estimates this relationship at 

the individual level and groups participants by the resulting shape, enabling the identification 

of a subgroup that is unremarkable at every single timepoint yet can be distinguished from 

the rest of the sample. This is the property that the present analyses exploit, and the reason 

the study models the protocol as a whole rather than its endpoints. 

4.2 Aims 

The overall aim was to identify distinct latent trajectories of learning and forgetting 

across immediate, thirty-minute and one-week recall in cognitively unimpaired adults from 

the ALFA+ cohort, and to determine whether these trajectories were associated with 

biological markers of early AD. Given that the sample was cognitively unimpaired by design, 

the focus is the preclinical stage of AD. Four primary objectives were pursued. 

 
1 Part of the work reported in this thesis was presented as a poster at the Alzheimer’s Association 

International Conference (AAIC) 2026, on the earlier data release of the same cohort (N = 313): 

https://epostersonline.com/aaic2026/node/39946  

https://epostersonline.com/aaic2026/node/39946
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1. Trajectory identification. To identify latent classes of memory performance 

across the five FCSRT timepoints using growth mixture modeling. The number of classes 

was not specified a priori; it was determined by model fit and a prespecified minimum class-

size rule. 

2. Trajectory characterization. To describe the distribution of one-week recall in 

relation to thirty-minute recall, and to establish whether the classes differ in acquisition, in 

thirty-minute retention and in one-week forgetting, and in particular whether they differ in 

the shape of the trajectory and not only in its level. 

3. Fluid biomarker associations. To examine whether class membership is 

associated with CSF Aβ42/Aβ40, CSF p-tau181/Aβ42, plasma p-tau217 and biomarker-

defined amyloid status and tau positivity among amyloid-positive participants, using general 

linear and logistic models adjusted for age, sex and years of education. 

4. Neuroimaging associations. To test whether the classes differ in brain structure 

at the time of assessment and in the rate of structural change estimated retrospectively across 

three MRI visits, using linear models and linear mixed-effects models with a class-by-time 

interaction, respectively. The same regions were included in both analyses: the hippocampus 

and its subfields, entorhinal and parahippocampal cortex, the AD cortical signature, four 

prefrontal regions in which associations with forgetting have also been reported, and the 

lateral occipital cortex as a control region where no such associations are anticipated. 

Prior to conducting the analyses, the primary objectives and the corresponding 

models were specified before the analyses were run. A secondary aim was introduced 

subsequently. It concerned convergence, specifically determining whether the conventional 

continuous ALF ratio identifies the same associations as the latent classes. It is reported as 

secondary, and the distinction is maintained in the presentation of the results. 

4.3 Hypotheses 

Six primary hypotheses were tested. 

(H1) One-week recall would exhibit greater dispersion and a reduced ceiling effect 

compared with thirty-minute recall, thereby capturing variance that the standard protocol 

does not (Manoli et al., 2018; Saloner et al., 2018). 

(H2) Trajectory modeling would distinguish at least one class whose acquisition and 

thirty-minute recall lay within the range of the more proficient participants, but whose one-

week recall was disproportionately low; the hypothesis concerns the existence of such a 
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dissociated profile, not the number of classes, and would not be supported by classes ordered 

identically at all five timepoints and therefore differing solely in level (O’Connor et al., 

2020; Weston et al., 2018). 

(H3) Trajectories characterized by disproportionate loss at one week, whether or not 

they were also lower performing at acquisition and at thirty minutes, would show higher 

plasma p-tau217 concentrations and a less favorable CSF profile, namely lower Aβ42/Aβ40 

and higher p-tau181/Aβ42, than the best-retaining trajectory (Lu et al., 2025; Tort-Merino, 

Valech, et al., 2021; Weston et al., 2018). 

(H4) The same trajectories would show smaller MTL volume and thinner entorhinal 

and parahippocampal cortex, and no difference in the lateral occipital control region 

(Lindbergh et al., 2021; Saloner et al., 2018). 

(H5) Within the hippocampus, the association would be more pronounced in CA1 

compared with the remaining subfields (Bartels et al., 2025). 

(H6) The same trajectories would show a faster rate of MTL volume loss and of 

entorhinal and parahippocampal cortex thinning across the three MRI visits, with no 

comparable acceleration in the lateral occipital control region (Lindbergh et al., 2021; Wearn 

et al., 2020). 

Three further questions were examined without a directional prediction of 

comparable confidence and are reported as exploratory throughout. The first concerns the 

prefrontal regions included in the imaging outcome set. Parker et al. (2025) reported 

associations between ALF and prefrontal thinning, with no corresponding effect in the 

hippocampus or adjacent cortex. These regions were therefore retained so that a null 

hippocampal finding would adjudicate between the medial temporal and the neocortical 

account of slow consolidation, rather than leaving the question open. The second concerns 

subjective cognitive complaints and is exploratory because the studies linking complaints to 

forgetting selected participants on that basis, whereas here complaints are an outcome in an 

unselected cohort (Rodini et al., 2024; Ruggeri et al., 2024). Convergence between the 

classes and the ratio was expected, but no prediction was made as to which would prove 

more sensitive. 

4.4 Expected Contribution 

The study aims to examine associations rather than diagnostic utility. It does not 

assess the prediction of clinical progression, and a lower-performing trajectory class is not 
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equivalent to a diagnosis of Alzheimer’s disease. Its expected contribution is methodological 

as well as substantive. The study investigates whether a five-minute telephone call appended 

to an existing protocol can index long-term consolidation in several hundred cognitively 

unimpaired adults characterized by both fluid and imaging biomarkers. Additionally, it 

explores whether modeling the shape of the learning-retention curve can recover information 

that a single retention score cannot. The following chapter provides details about the 

participants, the memory assessment, the biomarker measures, the MRI acquisition and 

processing, and the statistical procedures employed to test these aims and hypotheses. 
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5. Methods 

5.1 Study Population: The ALFA+ Cohort 

The present study was conducted within ALFA+, the nested longitudinal cohort of 

the ALFA (ALzheimer and FAmilies) study, a research platform established in 2013 at the 

Barcelonaβeta Brain Research Center (Barcelona, Spain) to characterize the 

pathophysiology of the preclinical stage of Alzheimer’s disease (Minguillón et al., 2020; 

Molinuevo et al., 2016). The ALFA parent cohort comprises 2,743 cognitively unimpaired 

individuals aged 45 to 74 years at recruitment, largely adult offspring of patients with AD, 

and is enriched for family history of the disease and for APOE-ε4 carriership (Molinuevo et 

al., 2016; Vilor‐Tejedor et al., 2024). Its baseline visit included a full cognitive evaluation, 

clinical history, lifestyle questionnaires, blood sampling for DNA extraction, and magnetic 

resonance imaging (Molinuevo et al., 2016). 

ALFA+ was designed as the deep-phenotyping arm of this platform. A total of 450 

participants were invited on the basis of an individual Alzheimer’s disease risk profile 

derived from an algorithm combining parental history of AD, APOE genotype, verbal 

episodic memory score, and the CAIDE (Cardiovascular Risk Factors, Aging and Dementia) 

score (Milà-Alomà et al., 2022). Inclusion further required previous participation in ALFA, 

an age between 45 and 65 years at the time of inclusion in ALFA, and a long-term 

commitment to the study, including agreement to undergo MRI, PET, and lumbar puncture 

(Milà-Alomà et al., 2022). Each ALFA+ visit was organized into consecutive sessions 

completed within approximately three to six months: a first session (S1) comprising the 

clinical interview, blood sampling, cognitive testing and MRI, followed by a lumbar 

puncture session, an extended neuropsychological and imaging session, and amyloid and 

FDG PET sessions; follow-up visits took place approximately every three years (Minguillón 

et al., 2020). All participants provided written informed consent, and both the ALFA and the 

ALFA+ study protocols were approved by the Independent Ethics Committee “Parc de Salut 

Mar”, Barcelona2. 

 
2 ALFA: ClinicalTrials.gov NCT01835717. ALFA+: protocol ALFA-FPM-0311, ClinicalTrials.gov 

NCT02485730. Both studies were conducted in accordance with the Declaration of Helsinki (World Medical 

Association, 2013) and with Spanish Law 14/(2007), of 3 July, on Biomedical Research. 
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Two features of this design bear on the interpretation of what follows. The cohort is 

enriched for familial risk and APOE-ε4 carriership and is therefore not representative of the 

general population. Selection also drew in part on verbal episodic memory performance, 

which restricts variance in the cognitive domain examined here. 

The analyses reported here draw on all three ALFA+ visits, but not on the same 

measures at each. The FCSRT protocol incorporating the one-week telephone recall was 

introduced at the third visit (V3) and is therefore available at that visit only. Fluid biomarkers 

were obtained at the second visit (V2). Structural MRI was acquired at all three visits, with 

mean intervals of 3.21 years between V1 and V2 and 3.35 years between V2 and V3, 

allowing rates of atrophy to be estimated retrospectively over a mean interval of 6.6 years 

ending at V3. Each of these measures is described in the sections that follow. 

 

5.2 Sample Selection and Description 

The measures described above were not obtained in every member of the cohort, and 

the present work therefore rests on a subset of ALFA+. Of the 450 participants enrolled in 

ALFA+, 341 had completed the third study visit at the time of the present analysis. The one-

week delayed recall by telephone formed part of the third-visit protocol for 336 of them; the 

remaining five were not scheduled for the call. Of those 336, 322 completed it, and these 

322 participants constitute the analytic sample of this thesis. The design of the study and the 

sequence of the analyses are summarized in Figure 3. 
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Figure 3. Study design and analysis pipeline. 

 

Inclusion rested on a single requirement: that the participant had completed the one-

week delayed recall by telephone. No further criterion was applied. Because the telephone 

call was the last component of the FCSRT protocol to be delivered, everyone who completed 

it had already completed the three immediate learning trials and the thirty-minute delayed 

recall during the preceding face-to-face session. All five FCSRT timepoints are therefore 

observed in every participant, and no one contributes a partial trajectory to the models 

described in Section 5.6. 

Fourteen of the 336 participants for whom the call was scheduled did not undergo it. 

In five, the FCSRT had been administered less than a year earlier at a tau-PET or 

intermediate study visit, and repeating it would have confounded long-term retention with 

recent exposure to the same word list. In a further five, the seven-to-ten-day window could 

not be met because it fell within a holiday period. One participant could not be reached after 

repeated attempts, one call was omitted through a scheduling oversight, and one participant 

declined. The fourteenth was excluded on clinical grounds, after amnestic impairment was 

observed during the face-to-face session itself. 

Three restrictions that are common in this literature were deliberately not imposed. 

No learning criterion was applied, so participants were not required to reach a threshold of 

acquisition before their retention intervals were considered. No FCSRT score was removed 

as an outlier. And completeness of biomarker or imaging data was not required: each 

participant contributes to those models for which the relevant measurement exists. The first 
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of these choices departs from a substantial part of the work reviewed in Section 3.3.4, in 

which participants who fail to acquire the list are removed before forgetting is estimated. 

Retaining them preserves the lower end of the learning distribution, which is precisely where 

the poorest-performing trajectory is defined. 

Coverage of the biological measures is consequently incomplete and unequal across 

outcomes, and the effective sample size differs from model to model. Plasma p-tau217 was 

available in 309 participants (96.0%), CSF Aβ42/Aβ40 in 286 (88.8%) and CSF p-

tau181/Aβ42 in 240 (74.5%); biomarker-defined amyloid status was available in the same 

286 (88.8%) and A/T status in 234 (72.7%), of whom the 95 amyloid-positive participants 

carry the tau contrast. Subjective cognitive complaints were recorded in 321 participants 

(99.7%). Hippocampal subfield volumes at the third visit were available in 314 (97.5%) and 

the cortical AD signature in 312 (96.9%). For the longitudinal imaging analyses, 306 

participants (95.0%) contributed all three MRI visits, ten (3.1%) contributed two and six 

(1.9%) contributed one. The characteristics of the sample, overall and by trajectory class, are 

given in Table 1. 

One feature of the sample bears on the interpretation of everything that follows. 

Participants enter only if the telephone recall was administered, and the reasons for non-

administration were almost entirely logistical. One was not: the single exclusion made on 

clinical grounds removed the participant in whom memory impairment was most evident, so 

that the sample is depleted, if only marginally, of precisely the profile the study sets out to 

detect. Together with the restriction of variance in verbal episodic memory that follows from 

the ALFA+ selection algorithm described in Section 5.1, this makes the present sample a 

conservative one: an association between long-term forgetting and preclinical AD pathology 

observed here is more likely to be attenuated than inflated. 
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Table 1. Cohort characteristics stratified by latent trajectory class of one-week delayed FCSRT total recall. Continuous 

variables are given as median [interquartile range] unless stated otherwise. 

 Available 
n Overall 

Low 
performers(n = 

40, 12.4%) 

Intermediate 
performers(n = 

81, 25.2%) 

High 
performers(n = 

201, 62.4%) 

Age, median [IQR]  67.1 [64.0-71.0] 70.7 [67.6-72.9] 69.2 [65.5-71.7] 66.1 [63.1-69.7] 

Female sex, n (%)  193 (59.9%) 23 (57.5%) 41 (50.6%) 129 (64.2%) 

Education, years, median [IQR]  13.0 [11.0-17.0] 12.0 [11.0-17.0] 14.0 [11.0-17.0] 15.0 [11.0-17.0] 

APOE-ε4 carriers, n (%)  185 (57.5%) 20 (50.0%) 43 (53.1%) 122 (60.7%) 

Aβ-positive¹, n (%) 286 110 (38.5%) 11 (33.3%) 31 (42.5%) 68 (37.8%) 

A-T-, n (%) 234 139 (59.4%) 16 (61.5%) 34 (53.1%) 89 (61.8%) 

A+T-, n (%) 234 67 (28.6%) 4 (15.4%) 22 (34.4%) 41 (28.5%) 

A+T+, n (%) 234 28 (12.0%) 6 (23.1%) 8 (12.5%) 14 (9.7%) 

MyCog questionnaire score, median 
[IQR] 321 4.0 [1.0-8.0] 5.0 [2.0-8.2] 4.0 [2.0-9.0] 3.0 [1.0-7.2] 

MyCog questionnaire score (memory 
subscale), median [IQR] 321 1.0 [0.0-3.0] 1.5 [0.0-4.0] 1.0 [0.0-4.0] 1.0 [0.0-3.0] 

Plasma p-tau217² (pg/mL), median 
[IQR] 309 0.210 [0.167-0.292] 0.249 [0.189-0.465] 0.213 [0.173-0.276] 0.206 [0.162-0.287] 

CSF Aβ42/Aβ40² ratio, median [IQR] 286 0.079 [0.060-0.092] 0.079 [0.046-0.086] 0.077 [0.057-0.090] 0.080 [0.061-0.094] 

CSF p-tau181/Aβ42² ratio, median 
[IQR] 240 0.0116 [0.0092-

0.0172] 
0.0123 [0.0103-

0.0322] 
0.0129 [0.0099-

0.0209] 
0.0105 [0.0090-

0.0159] 

Total MTL volume at third visit, mm³, 
mean (SD) 314 12,583 (1,255) 12,132 (1,470) 12,649 (1,217) 12,638 (1,218) 

CA1 volume at third visit, mm³, mean 
(SD) 314 2,702 (326) 2,603 (390) 2,711 (288) 2,716 (326) 

Immediate Total Recall (sum of 3 trials, 
0-48), median [IQR]  46.0 [43.0-47.0] 38.0 [36.0-40.0] 46.0 [43.0-47.0] 46.0 [45.0-47.0] 

30-minute delayed Total Recall (0-16), 
median [IQR]  16.0 [15.0-16.0] 13.0 [12.0-14.2] 15.0 [14.0-16.0] 16.0 [15.0-16.0] 

One-week delayed Total Recall (0-16), 
median [IQR]  11.0 [9.0-13.0] 9.0 [7.0-9.2] 7.0 [6.0-9.0] 12.0 [11.0-13.0] 

ALF ratio (total one-week recall / total 
30-min recall * 100, %), median [IQR]  68.8 [57.4-81.2] 62.1 [53.7-75.0] 50.0 [40.0-56.2] 80.0 [68.8-87.5] 

 

Note. FCSRT = Free and Cued Selective Reminding Test; ALF = accelerated long-term forgetting; IQR = interquartile range; MTL = 

medial temporal lobe. Available n is reported only for measures that were not obtained in the full sample; where the column is blank, the 

measure is available in all 322 participants. Percentages for biomarker variables are computed over participants with the relevant 

measurement. 

¹ Aβ-positive status defined as a CSF Aβ42/Aβ40 ratio < 0.071. 

² Biomarker assays: plasma p-tau217, CSF Aβ42 and CSF Aβ40 measured by Elecsys platform (NeuroToolKit kit, Roche; UGOT 

laboratory); CSF p-tau181 measured by Elecsys platform (standard kit; UGOT laboratory). 
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5.3 Neuropsychological Assessment 

Neuropsychological assessment in ALFA and ALFA+ was administered at the 

Barcelonaβeta Brain Research Center by trained neuropsychologists, and followed a two-

stage structure: a screening stage intended to establish cognitive normality, and an 

experimental battery intended to measure cognition with enough resolution to track its 

change over time (Molinuevo et al., 2016). Because testing took place in a bilingual region, 

participants were assessed in their preferred language, Catalan or Spanish. 

The screening stage served an exclusionary purpose. It was designed to confirm 

cognitive normality and to identify functional, psychiatric, neurological or medical 

conditions liable to affect cognition (Molinuevo et al., 2016), and comprised the Mini-

Mental State Examination (Folstein et al., 1975), the Memory Impairment Screen (Buschke 

et al., 1999), the Time-Orientation subtest of the Barcelona Test II (Peña-Casanova, 1991) 

and the Clinical Dementia Rating scale (Morris, 1997); mood symptoms were screened with 

the Goldberg Anxiety and Depression Scale (Goldberg et al., 1987). These instruments 

define the sample rather than describe it. They establish that participants are cognitively 

unimpaired, and none of them enters the present analyses as an outcome. 

The experimental battery served the opposite purpose. Screening instruments are 

built to detect impairment, and in a sample selected to be unimpaired they behave 

accordingly: several show marked ceiling effects and leave little usable variance. ALFA 

therefore added a battery chosen for sensitivity to subtle change over longitudinal follow-up, 

covering premorbid intelligence, attention and working memory, verbal episodic memory, 

executive function, language and visual processing (Molinuevo et al., 2016). The 

instruments are listed in Table 2. The reasoning behind that choice is the same one that 

motivates the present study at the level of a single test: where a measure is compressed 

against its ceiling, the variance that carries early decline is not absent but unmeasured, and 

recovering it requires changing the measurement rather than the sample. 
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Table 2. Cognitive domains and instruments of the ALFA neuropsychological battery. 

Domain Instruments 

Premorbid intelligence Test de Acentuación de Palabras (TAP) (Del Ser et al., 1997) 

Screening Mini-Mental State Examination 

Attention and working memory WAIS-IV Digit Span (Wechsler, 2008); WMS-IV Symbol Span; Trail Making Test A (Reitan 
& Wolfson, 2009) 

Verbal episodic memory Free and Cued Selective Reminding Test; Memory Binding Test; WMS-IV Logical Memory 

Executive function Trail Making Test B (Reitan & Wolfson, 2009); Five Digits Test (Sedó, 2007); WAIS-IV 
Coding; WAIS-IV Matrix Reasoning; NIH Toolbox Flanker (Eriksen & Eriksen, 1974) 

Language Semantic (animal) fluency 

Visual processing WAIS-IV Visual Puzzles; Judgment of Line Orientation (RBANS) (Randolph et al., 1998) 

 

Note. WAIS-IV = Wechsler Adult Intelligence Scale, fourth edition; WMS-IV = Wechsler Memory Scale, fourth edition; RBANS = 

Repeatable Battery for the Assessment of Neuropsychological Status. Of the instruments listed, only the FCSRT enters the analyses 

reported in this thesis. 

 

Three of these instruments assess verbal episodic memory: the FCSRT, the Memory 

Binding Test (Buschke, 2014) and the Logical Memory subtest of the WMS-IV (Wechsler, 

1945). The Memory Binding Test was included precisely because the FCSRT was judged 

insufficiently sensitive to the earliest episodic memory changes of Alzheimer’s disease 

(Molinuevo et al., 2016). The FCSRT is therefore neither the only episodic memory measure 

available in the cohort nor the one the protocol regarded as most sensitive, and what 

distinguishes the present work is not the instrument but the interval over which it is scored. 

Within ALFA+ this protocol was extended and repeated at each visit alongside the 

fluid and imaging measures described in the sections that follow (Minguillón et al., 2020). 

Two of its components bear directly on the present work. The FCSRT, administered at the 

third visit, is the measure of interest and is described in detail below. Subjective cognitive 

complaints were recorded at the same visit with the MyCog questionnaire described in 

Section 2.5.1, from which the total score and the memory subscale were taken; these enter 

the analyses as outcomes rather than as predictors, for the reason set out in Section 4.3. 

5.3.1 The FCSRT Protocol 

The FCSRT assesses verbal episodic memory under conditions of controlled learning 

and cued retrieval, a design intended to ensure effective encoding and to separate a genuine 



   44 

storage deficit from a failure of spontaneous retrieval (Buschke, 1984; Grober & Buschke, 

1987). ALFA+ uses the Spanish validated version A, administered according to the protocol 

of the NEURONORMA project (Peña-Casanova et al., 2009). Only a Spanish version of the 

test exists, so that although the rest of the assessment could be conducted in Catalan or 

Spanish, the FCSRT was always administered in Spanish. 

The list comprises sixteen words, printed four to a card, each belonging to a distinct 

semantic category that later serves as its retrieval cue. Encoding is controlled rather than 

assumed: the participant reads each card aloud and then identifies every word in response to 

its category cue, and identification of all sixteen items is a precondition for the test to proceed. 

This procedure is carried out once, before the first recall trial. 

Three immediate recall trials follow. Each is preceded by twenty seconds of serial 

subtraction by threes, from a different starting number on each occasion, so that recall is not 

contaminated by rehearsal of the last items presented. Free recall is allowed up to ninety 

seconds and is discontinued after fifteen seconds without a response; the category cue is then 

supplied for every item not spontaneously produced, with five seconds allowed for each. On 

the first two trials only, any word still not produced after cueing is given to the participant 

before the next trial begins. 

A delayed trial is administered between twenty-five and thirty-five minutes after the 

end of the third immediate trial, an interval occupied by the remaining tests of the battery, 

so that the delay is filled with interfering activity rather than left free, and is referred to 

throughout as the thirty-minute recall. Its structure reproduces the immediate trials without 

the reminding step: free recall first, then the category cue for each item not produced. Free 

and cued recall are scored separately, and their sum gives the total recall score for the trial, 

which ranges from 0 to 16; summed across the three immediate trials, immediate total recall 

ranges from 0 to 48. The three immediate total recall scores and the thirty-minute total recall 

score constitute the first four of the five timepoints modeled in this study. The choice of total 

recall is supported by evidence from the same cohort, in which it is the efficiency of semantic 

cueing, rather than free recall, that declines over three years in participants with abnormal 

amyloid and p-tau (Sánchez-Benavides et al., 2023). The full administration sequence is 

summarized in Figure 4. 

Reference data for the FCSRT derived from ALFA+ participants with normal CSF 

biomarker levels show that education is associated with performance on every index of the 

test, that women outperform men, and that age has only a marginal effect, confined to 
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delayed free recall (Brugulat-Serrat et al., 2021). The covariate set used throughout the 

present analyses follows from this. 

 

 
Figure 4. FCSRT administration protocol. 

 

5.3.2 The One-Week Delayed Recall by Telephone 

The one-week delayed recall is the element that distinguishes this protocol from the 

standard administration. Between seven and ten days after the face-to-face session, 

participants received a brief, unannounced telephone call and were asked to recall the same 

sixteen-item list learned at the visit. The call was not announced in advance: participants 

were not told at the face-to-face session that they would be contacted, so nothing in the 

protocol invited them to rehearse the list during the interval. The structure of the trial 

reproduces that of the thirty-minute delayed trial exactly: a period of free recall, followed by 

the category cue for each item not spontaneously produced, yielding free, cued and total 

scores on the same 0 to 16 scale. No material was re-presented and nothing was re-learned; 

the call measures only what survived the interval. The whole procedure takes approximately 

five minutes. 

A forty-item recognition task was administered over the telephone immediately after 

the cued recall, and is available for 303 of the 322 participants. Recognition after a long 

delay distinguishes a failure of storage from a failure of retrieval and is therefore of direct 

theoretical relevance to ALF. It is not analyzed in the present work, which is confined to the 

recall trajectory, and is noted here because it remains available for future analysis. 

The interval was closely adhered to. Across the 322 participants the median elapsed 

time between the face-to-face session and the telephone call was 7 days (interquartile range 

7 to 7; mean 7.2, SD 0.57), 272 participants (84.5%) were called at exactly seven days, and 
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320 (99.4%) fell within the protocol window of seven to ten days; the two exceptions were 

called at six and at eleven days. Variation in elapsed time is therefore bounded to a range 

within which differences in retention of the magnitude reported in Chapter 6 cannot plausibly 

be produced by the delay itself. 

5.4 Fluid Biomarkers and Aβ/AT Status Definition 

Fluid biomarkers were obtained at the second ALFA+ visit, on average 3.3 years 

before the cognitive assessment analyzed here. This ordering is a property of the cohort 

rather than a design choice, and it has a consequence worth stating plainly: the biomarker 

measurements precede the memory measurement, so an association between them cannot be 

read as a concurrent correlation, and the direction of the temporal relation is the reverse of 

the one usually assumed when cognition is treated as an outcome of pathology. 

Cerebrospinal fluid was obtained by lumbar puncture, and all fluid biomarkers were 

assayed on the Elecsys platform at the University of Gothenburg laboratory. CSF Aβ42, CSF 

Aβ40 and plasma p-tau217 were measured with the Roche NeuroToolKit kit, and CSF p-

tau181 with the standard Elecsys kit. Two ratios were derived: CSF Aβ42/Aβ40, which 

indexes amyloid pathology and is the first CSF marker to change along the Alzheimer’s 

continuum, and CSF p-tau181/Aβ42, which pairs tau phosphorylation with amyloid burden 

and therefore combines a standard-kit measurement with a NeuroToolKit one. The second 

ratio is more sensitive than either marker alone in preclinical samples (Milà-Alomà et al., 

2020). Plasma p-tau217 was retained as the blood-based marker because in this cohort it is 

among the plasma markers most strongly associated with amyloid PET retention in early-

accumulating regions, and reaches abnormal levels before overt plaque pathology is 

established (Milà-Alomà et al., 2022). 

Amyloid and tau positivity were defined with the thresholds derived in this cohort by 

two-component Gaussian mixture modeling, each cut-off being the mean plus two standard 

deviations of the non-pathological distribution: a participant is amyloid-positive when the 

CSF Aβ42/Aβ40 ratio falls below 0.071 and tau-positive when CSF p-tau181 exceeds 24 

pg/mL (Milà-Alomà et al., 2020). A/T status combines the two into three groups, A-T-, A+T- 

and A+T+. The fourth logical combination, A-T+, is not assigned to a group: it is uncommon 

in a cognitively unimpaired sample and does not lie on the amyloid-initiated pathway the 

staging model describes, so participants in that cell contribute to no A/T comparison. 



   47 

Amyloid PET was available for a subset of participants as a binary visual read of 

flutemetamol rather than as a continuous measure, and is used only as second-modality 

confirmation, not as a primary amyloid variable. The two modalities are not interchangeable 

at this stage of the continuum: the CSF definition is the more inclusive of the two in this 

sample, and almost every discordant participant is positive on CSF with a negative visual 

read rather than the reverse. 

All three continuous biomarkers are strongly right-skewed and were transformed to 

base-ten logarithms before analysis. The logarithms were not standardized at this stage; 

standardization is applied inside each model, so that regression coefficients are expressed in 

standard deviations of the outcome and are comparable across biomarkers measured in 

different units. 

5.5 Neuroimaging Acquisition and Processing 

T1-weighted structural MRI was acquired at all three ALFA+ visits on a single 

Philips Ingenia CX 3T scanner at the Barcelonaβeta Brain Research Center. The sequence 

is a high-resolution three-dimensional T1-weighted acquisition with a repetition time of 9.9 

ms, an echo time of 4.6 ms, a flip angle of 8 degrees and an isotropic voxel of 0.75 mm 

(Cumplido-Mayoral et al., 2023). Because the scanner and the protocol were unchanged 

across visits, between-visit differences in volume and thickness are not confounded by a 

change of platform, which is the principal threat to a retrospective longitudinal design of this 

kind. The mean interval was 3.21 years between the first and second visits and 3.35 years 

between the second and third, giving approximately 6.6 years of retrospective follow-up 

ending at the visit at which memory was assessed. 

Acquisition and quality control follow the centralized framework of the ALFA 

neuroimaging platform, in which every session is archived and processed through an XNAT-

based infrastructure, automatic validators are applied sequence by sequence, and the output 

of each processing pipeline is reviewed visually before release (Huguet et al., 2021). 

Acquisitions that did not pass this review were withheld, so the pattern of missing imaging 

data is largely documented rather than arbitrary. Five participants have no segmentation at 

the first visit, and those same five together with one more at the second, because the 

acquisition revealed an incidental finding that made it unsuitable for research use; one further 

participant has no second-visit segmentation because of a movement artefact; and three had 

not yet been scanned for the third visit when the data were extracted. Hippocampal 
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segmentations were therefore available for 316 participants at the first visit and 314 at each 

of the second and third; the mixed-effects models use every available acquisition. 

Each imaging session was processed through two independent segmentation 

pipelines, and their output supports three families of outcomes. Hippocampal subfields were 

segmented with the Automatic Segmentation of Hippocampal Subfields (ASHS) pipeline, 

which runs on the dedicated inversion-recovery acquisition; cortical thickness was estimated 

with FreeSurfer on the T1 volume, using the Desikan-Killiany atlas; and from that same 

parcellation two cortical signatures, one specific to Alzheimer’s disease and one indexing 

normal aging, were computed as weighted averages of thickness. Both pipelines are 

launched and archived through the same pipeline engine as part of the platform described 

above, so the derivatives of a given session are released together or not at all. The regions of 

interest were fixed in advance and are identical in the cross-sectional and the longitudinal 

analyses, so that the two differ only in whether they model the level or the rate of change of 

the same quantity. 

Models of volumetric outcomes adjust for intracranial volume, estimated by 

FreeSurfer at the first visit and held constant across visits. Using the baseline estimate rather 

than a visit-specific one is deliberate: intracranial volume is fixed in adulthood, so visit-to-

visit variation in its estimate reflects measurement error, and allowing it to vary would 

introduce that error into the very term intended to remove head-size variation. 

5.5.1 Hippocampal Subfield Segmentation 

Hippocampal subfields were segmented automatically with the ASHS pipeline 

(Yushkevich et al., 2015) which labels the hippocampal subfields and the adjacent medial 

temporal cortices in each hemisphere. The segmentation is driven by a dedicated high-

resolution inversion-recovery acquisition rather than by the T1 volume used for cortical 

reconstruction. Four labels are analyzed as volumes in their own right: CA1, CA2, CA3, and 

the dentate gyrus taken together with CA4.  

Two conventions govern how the segmentations were reduced to the variables 

entering the models, and both were verified against the source exports. Bilateral volumes are 

the sum of the left and right labels. The total MTL volume is the sum of the nine labeled 

structures: the five hippocampal subfields (CA1, CA2, CA3, the dentate gyrus with CA4, 

and the subiculum) together with the entorhinal cortex, the two perirhinal subdivisions 

(Brodmann areas 35 and 36) and the parahippocampal cortex, excluding the miscellaneous, 

sulcus and intracranial-volume entries, which are not anatomical structures of interest. 
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5.5.2 Cortical Thickness and AD Signatures 

Cortical reconstruction and parcellation were performed with FreeSurfer v7 (Fischl, 

2012), using the Desikan-Killiany atlas (Desikan et al., 2006). Average thickness was 

extracted for seven regions selected a priori: entorhinal and parahippocampal cortex, as the 

cortical targets of early Alzheimer’s pathology; four prefrontal regions - caudal middle 

frontal, rostral middle frontal, superior frontal and pars triangularis - included because Parker 

et al. (2025) reported associations between accelerated forgetting and prefrontal thinning in 

the absence of medial temporal effects; and the lateral occipital cortex as a control region in 

which no association is expected. Bilateral thickness is the mean of the two hemispheres, 

not their sum, since thickness is not an additive quantity. Two participants could not 

complete the third-visit MRI session, because of claustrophobia or discomfort in the scanner, 

and were recalled shortly afterwards to finish it. In both cases the T1-weighted volume had 

already been acquired before the session was interrupted, so the interrupted session also 

yields cortical derivatives; these were discarded and those of the complete session retained.  

Two composite measures were also taken, both computed as weighted averages of 

cortical thickness over a fixed set of regions. The AD cortical signature follows the definition 

of Dickerson et al. (2009) and covers the nine regions in which thinning most reliably 

separates Alzheimer’s disease from normal aging: medial temporal cortex, inferior temporal 

gyrus, temporal pole, angular gyrus, superior frontal gyrus, superior parietal lobule, 

supramarginal gyrus, precuneus and inferior frontal sulcus. The aging signature is the 

corresponding summary for the regions in which thinning accompanies normal aging. It 

enters only as a covariate in the models of the disease signature, in place of intracranial 

volume, so that the estimate reflects thinning specific to the disease-related regions over and 

above the thinning expected at that age. 

5.6 Operationalization of  Long-Term Forgetting 

Forgetting was operationalized in two complementary ways, and the distinction 

between them is the methodological core of the study. The first treats the five FCSRT scores 

as five observations of a single underlying curve and asks whether the sample divides into 

subgroups that differ in the form of that curve, that is in how much is acquired over the three 

learning trials, how much of it is still available after thirty minutes, and how much of it 

survives the week. The second reduces retention to a single number, the ratio of one-week 

to thirty-minute total recall, expressed as a percentage. The two are reported side by side 
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throughout Chapter 6; neither is treated as a validation of the other, since they answer 

different questions, and Section 3.3.4 gives the reasons for not relying on the ratio alone. 

5.6.1 Growth Mixture Modeling of  FCSRT Trajectories 

Latent trajectories were estimated with growth mixture models fitted by maximum 

likelihood in the lcmm package for R. The data were arranged in long form, with five 

observations per participant: total recall at immediate trials one, two and three, at thirty 

minutes, and at one week, indexed by an ordinal timepoint variable running from one to five. 

This indexing treats the five occasions as equally spaced positions in the protocol rather than 

as points on a physical time axis. The intervals between them are in fact very unequal, from 

the minutes separating the three learning trials to the seven days preceding the final one, and 

a model fitted on elapsed time would be governed almost entirely by that last interval. The 

curve therefore describes the shape of the learning and retention profile across the five 

occasions of the protocol, and its coefficients are not rates of loss per unit of time. 

A growth mixture model assumes that the population comprises a finite number of 

latent classes, each with its own mean trajectory, and that individuals vary around their class 

mean according to random effects (Muthén & Shedden, 1999). This distinguishes it from 

latent class growth analysis, in which within-class variance is constrained to zero and every 

member of a class is assumed to follow the class mean exactly (Nagin, 1999). The distinction 

matters here: constraining within-class variance forces heterogeneity to be absorbed by 

adding classes, and would inflate the number of classes required to describe the same data 

(Jung & Wickrama, 2008). Both families were nevertheless fitted, so that the choice between 

them rested on fit rather than on assumption. 

Fourteen specifications were estimated in total, crossing the functional form of the 

trajectory with the random-effects structure and with the number of classes: latent class 

growth models with one to four classes; growth mixture models with a random intercept and 

one to four classes; growth mixture models with a random intercept and slope and one to 

three classes; and quadratic models with quadratic random effects and one to three classes. 

All multi-class models allowed class-specific proportional variance. Each specification was 

fitted by a grid search of fifty random starting-value sets, with a fixed seed, each run for a 

maximum of ten iterations from the starting values before the best was carried forward to 

convergence. 

This procedure applies to the primary outcome, the trajectory of total recall 

culminating in the one-week trial, whose selection, fit and class descriptions are reported in 
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Section 6.1. Five secondary trajectory outcomes were modeled by the same procedure: the 

trajectories of total recall restricted to the three immediate trials and to the immediate trials 

plus the thirty-minute recall, and the three corresponding free-recall trajectories. Being 

ancillary to the question the study asks, these are reported in Appendix B. 

5.6.2 Model Selection and the Minimum Class-Size Rule 

Model selection required a rule beyond the information criteria, for a reason that is 

specific to mixture models and that materially affected the result. The likelihood of a growth 

mixture model increases as a class contracts onto a handful of participants with near-zero 

residual variance (Hipp & Bauer, 2006). Such solutions attain the highest log-likelihood and 

the lowest Bayesian information criterion (BIC) while being substantively empty: a class of 

three participants describes three people, not a subgroup of the population (Bauer & Curran, 

2003). The grid search implemented in lcmm returns only the single best-likelihood solution 

across its random starts and discards the remainder, so it can return a degenerate solution 

without any indication that it has done so. 

The following rule was therefore specified: among converged solutions, discard any 

whose smallest class contains fewer than 5% of the sample, then select the solution with the 

highest log-likelihood among those remaining. The threshold is conventional rather than 

derived. Jung and Wickrama (2008) treat a class holding less than 1% of the sample as 

grounds for rejecting a solution, and the 5% adopted here is deliberately stricter. It is applied 

uniformly to the primary and to all secondary outcomes. Its effect here was decisive, and is 

documented in Section 6.1.1: the unconstrained best-likelihood solution places seven 

participants in its smallest class, and a solution better still places three. 

Applying the rule to the primary outcome required more than a single estimation. 

The initial grid search converged on a solution the rule excludes, so the same specification 

was re-estimated from a denser grid of two hundred random starting-value sets and, 

separately, from a chosen set of starting values. The dense grid returned the excluded 

solution again; the chosen start reached both a higher log-likelihood and an admissible 

partition, and it is that solution which is reported. 

To establish that selection did not depend on favorable starting values, the retained 

specification was refitted from eighty independent random starts, retaining every converged 

solution rather than only the best (Hipp & Bauer, 2006). This audit serves two purposes. It 

quantifies how often each distinct optimum is reached, and it reveals whether the retained 

solution is an artifact of the optimizer’s path. 
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One further decision must be stated explicitly rather than presented as an outcome of 

the data. The number of classes was fixed at three for the primary outcome and applied 

uniformly to all secondary outcomes. For the primary outcome this coincides with the 

solution preferred by the information criteria among admissible models. For three of the four 

secondary outcomes that yielded an admissible solution, however, the Bayesian information 

criterion would have preferred two classes, and the third class is retained as an a priori 

structural choice made for comparability across outcomes. The secondary results in 

Appendix B should be read accordingly. 

Class assignment used modal posterior probability. Classes were then ordered by 

their mean score and labeled Low, Intermediate and High performers, and the resulting 

variable enters all subsequent models as an ordered factor. The consequence for 

interpretation is that the primary coefficient for class is the linear polynomial contrast, which 

tests whether the outcome varies monotonically across the ordered classes, rather than a 

comparison against an arbitrary reference category. Pairwise contrasts between classes are 

reported separately where the ordered contrast is significant. Entropy is reported as a 

measure of classification separation, together with the mean posterior probability of the 

assigned class; neither is a fit statistic, and neither was used for selection. 

Because assignment is modal, class membership enters every subsequent model as 

though it were observed, and the uncertainty quantified by the posterior probabilities is not 

carried forward. The consequence is documented: naive assignment attenuates the 

association between class membership and an external variable rather than inflating it, and 

leaves the standard errors conditional on the classification (Bolck et al., 2004; Vermunt, 

2010). Corrections that propagate this uncertainty into the second stage were not applied 

here, so the associations reported in Chapter 6 are associations with the assigned class rather 

than with latent class membership itself. 

5.6.3 The Continuous ALF Ratio 

The second operationalization is the most conventional one in previous literature. 

The ALF ratio expresses one-week total recall as a percentage of thirty-minute total recall, 

so that a value of 100 denotes complete retention over the interval and lower values denote 

proportionally greater loss. The scale is not bounded above: four participants recalled more 

at one week than at thirty minutes and therefore exceed 100. It is analyzed as a continuous 

predictor, with no threshold applied, and it enters exactly the same models as the trajectory 
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classes, adjusted for the same covariates and subjected to the same correction for multiple 

comparisons. 

The three weaknesses of ratio scoring identified in Section 3.3.4 apply here and are 

not remedied by treating the ratio as continuous. The ratio is unstable when its denominator 

is small, so participants with poorer thirty-minute recall generate less reliable values; in the 

present sample the denominator is high and its variance is compressed, which limits but does 

not eliminate the problem. The ratio also conflates forgetting with acquisition, since two 

participants with identical ratios may differ substantially in how much they learned. And the 

ratio presupposes that retention depends on the amount initially learned, which is the premise 

Della Sala et al. (2024) contest; if that premise fails, dividing by thirty-minute recall 

introduces a scaling artifact rather than removing a confound. The trajectory model does not 

share these properties, because acquisition is represented explicitly as part of the curve rather 

than divided out of it. The two approaches are reported in parallel for precisely this reason: 

agreement between them is informative, and so is disagreement. 

5.7 Statistical Analysis 

All analyses were carried out in R v4.5.2 (R Core Team, 2025). Mixed-effects models 

were fitted with lme4 v1.1.38 (Bates et al., 2015) and tested with lmerTest v3.1.3 

(Kuznetsova et al., 2017); marginal means, slopes and contrasts were obtained with 

emmeans v2.0.0 (Lenth & Piaskowski, 2025); trajectory models were fitted with lcmm 

v2.2.2 (Proust-Lima et al., 2017). 

Every model adjusts for age at the third visit, sex and years of education. Models of 

volumetric outcomes additionally adjust for intracranial volume at baseline, and models of 

the AD cortical signature adjust for the aging signature in place of intracranial volume. 

All models are fitted to complete cases and no values were imputed. The number of 

participants contributing to each model therefore follows the coverage reported in Section 

5.2, and is given with each result. 

5.7.1 Cross-Sectional and Longitudinal Models 

Continuous biomarker and cross-sectional imaging outcomes were analyzed with 

linear models in which the predictor is the trajectory class or the ALF ratio, and binary 

outcomes with logistic regression. These are amyloid status and, within the amyloid-positive 

subgroup, tau status. Confining the tau contrast to amyloid-positive participants keeps it 
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distinct from the amyloid contrast; dichotomizing the three-level A/T variable instead would 

compare A-T- against all other participants and so repeat the amyloid test rather than test 

tau. Continuous outcomes were standardized within each model, so that coefficients are 

expressed in standard deviations of the outcome and are comparable across measures 

recorded in different units. 

Rates of structural change were estimated with linear mixed-effects models fitted to 

the three MRI visits in long form, with a random intercept per participant and time expressed 

in years from the first visit. The term of interest is the interaction between predictor and time, 

which tests whether the classes differ in the rate at which the structure changes rather than 

in its level; the main effect of class in these models corresponds to the difference at the first 

visit, on average 6.6 years (SD 0.6) before the memory assessment, and is not the quantity 

of interest. Restricted maximum likelihood was used throughout. Degrees of freedom for the 

model coefficients, which supply the p-values entering the correction for multiple 

comparisons, were approximated by the Satterthwaite method, while the marginal slopes and 

their pairwise contrasts were obtained with the Kenward-Roger approximation (Kenward & 

Roger, 1997). The bobyqa optimizer (Powell, 2009) was used for all fits. 

Two random-effects structures were fitted to every longitudinal outcome: a random 

intercept alone, and a random intercept together with a random slope for time. The results 

reported in Chapter 6 use the random intercept. That structure was the one specified when 

the models were run, and with three observations per participant an individual slope rests on 

two intervals, so the simpler structure was retained as primary and the richer one examined 

as a sensitivity analysis. The comparison between the two is reported in Section 6.6. The 

distinction matters, because the slope variance is supported by the data and admitting it 

widens the standard error of the class-by-time interaction. Annual rates of change are 

reported in native units, obtained from the same models before standardization, so that the 

magnitude of the effect can be judged in cubic millimeters per year and not only in standard 

deviations. 

Effect sizes for the longitudinal outcomes are reported as the standardized difference 

between class means at the final visit, computed from the residual standard deviation of the 

fitted model. Two quantities must not be confused. The rate of atrophy is estimated across 

three occasions and is comparatively precise; the difference accumulated by any one visit is 

a single contrast and is not. A significant difference in slope alongside an effect size whose 

confidence interval includes zero is therefore not a contradiction but a description of two 

different quantities, and both are reported. 
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5.7.2 Correction for Multiple Comparisons 

Outcomes were assigned in advance to three families: fluid biomarkers and 

subjective cognitive complaints, comprising seven outcomes; cross-sectional imaging, 

comprising thirteen regions; and longitudinal imaging, comprising the same thirteen regions 

tested as a predictor-by-time interaction. The Benjamini-Hochberg false discovery rate 

(FDR) procedure was applied within each family, separately for the trajectory classes and 

for the ALF ratio (Benjamini & Hochberg, 1995). Corrected p-values are reported 

throughout Chapter 6 and denoted pFDR; for tests that enter the correction, an uncorrected p-

value is quoted only where the corresponding corrected value is given alongside it. 

Exactly one p-value per outcome enters the correction, and it is always the one from 

the base model. The sensitivity variants described in the next section do not contribute 

additional tests, and the pairwise contrasts between classes are reported without correction 

and interpreted only as a decomposition of an ordered contrast that has already survived it. 

Family membership was fixed before the models were run; no outcome was moved between 

families, and none was added or removed after inspecting the results. 

5.7.3 Sensitivity Analyses 

Three sets of sensitivity analyses were run. Each base model was refitted with APOE-

ε4 genotype added as a covariate, with an interaction between the predictor and sex, and 

with both. The purpose of the genotype variant is to establish whether an association with 

biomarkers or structure is carried by the strongest single genetic risk factor rather than by 

the memory trajectory; the purpose of the sex variant is to test whether an effect present in 

the whole sample is driven by one sex. Neither variant contributes a p-value to the correction 

for multiple comparisons, and both are reported as sensitivity analyses rather than as results 

in their own right. 

A further check concerns the stability of the trajectory solution itself. The multi-start 

audit described in Section 5.6.2 bears on whether the classes are a property of the data or of 

the estimation procedure, and its results are reported with the model selection in Section 

6.1.1. 

A third check concerns the random-effects structure of the longitudinal models. Both 

structures described in Section 5.7.1 were fitted to every longitudinal outcome and are 

compared in Section 6.6. The comparison is reported in full because the two specifications 

yield different standard errors for the predictor-by-time interaction. 
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6. Results 

The results follow the order in which the analyses were specified. Section 6.1 begins 

with the property of the one-week measure that makes the trajectory models informative at 

all, and then reports those models, from the selection of the retained solution to the 

description of the three classes it defines. Sections 6.2 to 6.4 test the classes against the three 

families of outcomes in turn: fluid biomarkers and subjective cognitive complaints, brain 

structure at the time of assessment, and the rate of structural change estimated retrospectively 

across the three MRI visits. Section 6.5 repeats the same models with the continuous ALF 

ratio in place of the classes, so that the two operationalizations of forgetting can be compared 

directly, and Section 6.6 reports the sensitivity analyses. Throughout, p-values are given 

both uncorrected and after the Benjamini-Hochberg correction applied within each family, 

and an association is described as surviving only where the corrected value falls below .05. 

The hypotheses set out in Section 4.3 are addressed at the point where the relevant evidence 

appears. 

6.1 Latent Trajectory Classes 

Before the trajectory models are reported, one property of the data conditions 

everything that follows. At the conventional retention intervals, the FCSRT is insufficiently 

demanding for this cohort: most participants obtain the maximum score, so the test 

discriminates poorly among them, and a measure on which participants barely differ cannot 

covary with anything else. Extending the interval to one week removes that limitation. At 

the third immediate trial the standard deviation of total recall is 1.04 and 222 of 322 

participants (68.9%) score the maximum of 16; at thirty minutes the standard deviation is 

1.46 and 173 (53.7%) still score the maximum; at one week the standard deviation is 2.98 

and only 11 participants (3.4%) do so. Dispersion therefore roughly doubles when the 

retention interval is extended, and the distribution does not simply collapse against the lower 

bound instead: 10 participants (3.1%) score four or below, and the scores run the length of 

the scale rather than banking at one end of it. H1, which predicted greater dispersion and a 

reduced ceiling effect at one week than at thirty minutes, is supported. 

This is not a minor psychometric observation. More than half of a cognitively 

unimpaired cohort is indistinguishable on the standard thirty-minute measure, which is to 

say that for those participants the standard protocol returns no information about retention. 
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The variance that the trajectory models exploit is variance that only the extended interval 

makes visible. 

6.1.1 Model Selection and Fit 

Fourteen specifications were fitted to the five FCSRT timepoints. Their fit statistics 

are given in Table 3. The quadratic family separates sharply from the linear one: the three 

quadratic specifications occupy the three best positions by Bayesian information criterion, 

and the gap between the worst quadratic model and the best linear model exceeds 1,100 BIC 

units. Within the quadratic family, three classes are preferred over two by 17.1 BIC units 

and over one by more than 100. Three of the fourteen specifications failed to satisfy the 

convergence criteria and are excluded from consideration regardless of their fit. 
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Table 3. Fit of the fourteen candidate specifications, ordered by Bayesian information criterion. The retained solution is 

given in the final row. 

Specification Classes Parameters Log-likelihood BIC Entropy Smallest class 

Quadratic GMM, 3 
classes 3 20 -2,953.25 6,021.99 0.717 2.2% 

Quadratic GMM, 2 
classes 2 15 -2,976.24 6,039.09 0.931 8.4% 

Quadratic GMM, 1 class 1 10 -3,033.35 6,124.45 - 100% 

LCGA, 3 classes 3 9 -3,618.51 7,288.98 0.862 0.6% 

GMM random intercept, 2 
classes 2 8 -3,623.75 7,293.70 0.611 13.7% 

LCGA, 2 classes 2 6 -3,633.82 7,302.29 0.853 10.2% 

GMM random intercept, 3 
classes † 3 12 -3,617.16 7,303.61 0.714 4.0% 

GMM intercept + slope, 2 
classes 2 10 -3,623.50 7,304.75 0.645 13.4% 

LCGA, 4 classes 4 12 -3,618.51 7,306.31 0.474 0% 

GMM intercept + slope, 3 
classes † 3 14 -3,616.03 7,312.90 0.761 3.1% 

GMM random intercept, 4 
classes † 4 16 -3,617.21 7,326.81 0.714 0% 

GMM intercept + slope, 1 
class 1 6 -3,656.06 7,346.78 - 100% 

GMM random intercept, 1 
class 1 4 -3,664.11 7,351.31 - 100% 

LCGA, 1 class 1 3 -3,688.34 7,394.00 - 100% 

Retained solution 

Quadratic GMM, 3 
classes 3 20 -2,951.02 6,017.53 0.732 12.4% 

 

Note. GMM = growth mixture model; LCGA = latent class growth analysis. † did not satisfy the convergence criteria. Entropy is not 

defined for single-class models. The retained solution has a higher log-likelihood and a lower BIC than the same specification as 

returned by the grid search, and a smallest class six times larger; see the text and Table 4. 

 

The row that requires explanation is the difference between the first and the last. Both 

are the three-class quadratic growth mixture model; they differ only in which local optimum 

the estimation reached. The grid search over fifty random starting values returned a solution 

whose smallest class contains seven participants, 2.2% of the sample. That solution is 

inadmissible under the minimum class-size rule of Section 5.6.2. Re-estimating the same 

specification located a second optimum with a higher log-likelihood (-2,951.02 against -

2,953.25), a lower BIC (6,017.53 against 6,021.99) and a smallest class of 40 participants, 

12.4% of the sample. The retained solution is thus better on every criterion simultaneously. 



   59 

The multi-start audit quantifies the problem the rule is designed to solve (Table 4). 

Across eighty independent random starts, five distinct optima were reached, all satisfying 

the convergence criteria. The most frequently reached solution, arrived at by 60 of 80 starts, 

places seven participants in its smallest class. The highest-likelihood solution overall, better 

than the retained one by 9.4 log-likelihood points and reached by 10 starts, places three 

participants - 0.9% of the sample - in its smallest class, and does so by merging the two best-

retaining groups into a single class of 280. Its entropy of 0.952 illustrates why entropy must 

not be used for selection: a solution that assigns almost everyone to one class separates that 

class from a handful of outliers almost perfectly. 

 

Table 4. Multi-start audit of the three-class quadratic growth mixture model: the distinct optima reached across eighty 

independent random starts. All five satisfied the convergence criteria. 

Log-likelihood Starts reaching it Smallest class, n (%) Entropy Admissible 

-2,941.63 10 3 (0.9%) 0.952 no 

-2,951.02 3 40 (12.4%) 0.732 yes - retained 

-2,952.28 1 28 (8.7%) 0.668 yes 

-2,953.22 6 4 (1.2%) 0.725 no 

-2,953.25 60 7 (2.2%) 0.717 no 

 

Note. Admissibility is determined by the minimum class-size rule of Section 5.6.2: a solution is discarded if its smallest class contains 

fewer than 5% of the sample. Among admissible solutions the one with the highest log-likelihood is retained. 

 

Two consequences follow. First, the retained solution is reached by 3 of 80 starts, so 

it does not depend on informed starting values even though it was originally located by 

starting the optimizer from a previous solution. Second, the solution that a single grid search 

would return is degenerate, and it is returned by three quarters of random starts. Had model 

selection rested on the information criteria alone, applied to the output of a single grid search, 

the analysis would have reported a spurious class of seven participants. This is a general 

property of mixture models rather than a peculiarity of these data. 

The retained model converged with all convergence criteria satisfied, all standard 

errors finite and non-zero, and no negative variance components. Entropy is 0.732, and the 

mean posterior probability of the assigned class is 0.901, 0.881 and 0.878 for the three 

classes respectively, with an overall mean maximum posterior probability of 0.883. 
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Classification is therefore good without being so sharp as to suggest that the classes are 

artifacts of a degenerate solution. 

6.1.2 Description of  the Three Classes 

The three classes and their mean trajectories are shown in Figure 5 and tabulated in 

Table 5. They are labeled by their standing on the one-week trial: Low performers (n = 40, 

12.4%), Intermediate performers (n = 81, 25.2%) and High performers (n = 201, 62.4%). 

 

 
Figure 5. Latent trajectory classes of FCSRT total recall across the five timepoints. 

 

The Low performers score below both other classes at every timepoint up to thirty 

minutes. They acquire less material (10.45 at the first trial against 14.80 for the High class) 

and retain less at thirty minutes (12.82 against 15.60). At one week they recall 8.20 against 

12.31 for the High class. This is a profile of uniformly weaker verbal episodic memory, and 

it is the profile that a conventional protocol would already detect. 

The Intermediate class is the substantive finding. Its members learn normally: 14.43, 

15.28 and 15.58 across the three immediate trials, values that differ from the High performers 

by roughly a third of a point and lie far above the Low performers. They retain normally at 

thirty minutes, scoring 14.91 against 15.60 for the High class. At one week they recall 7.07 

of 16 - the lowest mean of the three classes, below even the Low performers, and 5.24 points 

below the High class. Expressed as a proportion of what they still held at thirty minutes, they 
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retain 47.5% (SD 11.6), against 64.0% (SD 16.8) for the Low performers and 79.0% (SD 

11.3) for the High performers. 

This is a dissociation and not a matter of degree. A class that is ordered second of 

three at every timepoint through thirty minutes, and last of three at one week, cannot be 

described as a milder version of the Low class; the ordering itself changes. H2, which 

predicted at least one class whose acquisition and thirty-minute recall lay within the range 

of the more proficient participants, but whose one-week recall was disproportionately low, 

is therefore supported; three classes ordered identically at all five timepoints would have 

contradicted it. 

Cross-tabulating the one-week classes against the trajectory classes derived from the 

same protocol truncated at thirty minutes, 43 participants classified as High performers on 

the thirty-minute trajectory are Intermediate performers at one week. That is 13.4% of the 

cohort whose learning and short-delay recall are unremarkable and whose one-week 

retention is not - a group invisible to a standard protocol by construction. The correlation 

between thirty-minute and one-week total recall is 0.44, so the two intervals share less than 

a fifth of their variance. 

 

Table 5. FCSRT total recall by trajectory class at each timepoint, mean (SD), and ALF ratio. 

Class n (%) Trial 1 Trial 2 Trial 3 30 min 1 week ALF ratio, % 

Low performers 40 (12.4) 10.45 
(1.69) 

13.03 
(1.62) 

13.75 
(1.72) 

12.82 
(2.25) 

8.20 
(2.23) 64.0 (16.8) 

Intermediate performers 81 (25.2) 14.43 
(1.25) 

15.28 
(0.95) 

15.58 
(0.70) 

14.91 
(1.32) 

7.07 
(1.77) 47.5 (11.6) 

High performers 201 (62.4) 14.80 
(1.11) 

15.45 
(0.79) 

15.77 
(0.51) 

15.60 
(0.65) 

12.31 
(1.72) 79.0 (11.3) 

Whole sample 322 (100) 14.2 
(1.9) 

15.1 
(1.2) 

15.5 
(1.0) 

15.1 
(1.5) 

10.5 
(3.0) 69.2 (18.2) 

 

Note. All scores are total recall, on a 0-16 scale. ALF ratio is one-week total recall as a percentage of thirty-minute total recall, mean 

(SD). 

 

The classes also differ on demographic and biological characteristics. These are 

given by class in Table 1, and the models that test these differences with adjustment for 

covariates follow in Sections 6.2 to 6.4. The Low performers are the oldest (median 70.7 

years against 66.1 for the High class) and the least educated (median 12.0 against 15.0 years), 

which is the expected ordering and one reason why all subsequent models adjust for age and 
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education. The Intermediate class lies between the two on both, closer to the High class on 

education than on age. 

6.2 Associations With Fluid Biomarkers and Subjective Cognitive 

Complaints 

Seven outcomes constitute the first correction family, defined in Section 5.7.2. Five 

derive from fluid biomarkers: plasma p-tau217 and the CSF Aβ42/Aβ40 and p-tau181/Aβ42 

ratios, each analyzed as a continuous concentration, and two dichotomous statuses derived 

from cerebrospinal fluid, amyloid positivity and, within the amyloid-positive subgroup, tau 

positivity. The remaining two are the MyCog total and memory scores, which quantify self-

reported cognitive complaints and are not markers of pathology. Results are given in Table 

6. Coverage varies across these outcomes, from 309 participants for plasma p-tau217 to 95 

for the tau contrast, but the variation is unrelated to the predictor: missingness on the three 

fluid measures is independent of trajectory class (p = .92, .40 and .36). Two outcomes 

survive correction for multiple comparisons: plasma p-tau217, for which the ordered contrast 

across trajectory classes gives p = .0055 and pFDR = .021, and CSF p-tau181/Aβ42, which 

gives p = .0059 and pFDR = .021. 

 

Table 6. Associations between trajectory class and the family of fluid biomarkers and subjective cognitive complaints. p-

values are for the linear ordered contrast across classes, from models adjusted for age, sex and years of education. 

Outcome n p pFDR 

Plasma p-tau217 309 .0055 .021* 

CSF Aβ42/Aβ40 286 .181 .211 

CSF p-tau181/Aβ42 240 .0059 .021* 

Amyloid status 286 .468 .468 

Tau positivity (A+T+ vs A+T-) 95 .033 .065 

MyCog total 321 .064 .089 

MyCog memory 321 .037 .065 

 

Note. Continuous biomarkers were log-transformed and standardized within model. Amyloid status and tau positivity were analyzed by 

logistic regression, the latter within the amyloid-positive subgroup. Correction is by the Benjamini-Hochberg procedure within the 

family of seven. * survives correction at the 5% level. 
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The pairwise decomposition of the p-tau217 effect is shown in Figure 6 and does not 

follow the ordering of the classes on one-week recall. As set out in Section 5.7.2, pairwise 

contrasts are reported without correction, since they decompose an ordered contrast that has 

already survived it. The Low performers have higher concentrations than the Intermediate 

class (β = 0.49, 95% CI [0.11, 0.87], p = .012) and than the High class (β = 0.50, 95% CI 

[0.15, 0.85], p = .006), both expressed in standard deviations of log-transformed p-tau217. 

The Intermediate and High classes are indistinguishable (β = 0.008, 95% CI [-0.26, 0.27], p 

= .95). 

 

 
Figure 6. Plasma p-tau217 concentration by trajectory class (n = 309). Boxes show median and interquartile range, 

diamonds the mean, points individual participants. 

 

Hypothesis H3 predicted that trajectories showing disproportionate loss at one week, 

whether or not also lower at acquisition, would show higher p-tau217 and a less favorable 

CSF profile than the best-retaining trajectory. It holds for the Low performers but not for the 

Intermediate class, so H3 is only partially supported, and what fails is the comparison the 

study was designed to make. CSF p-tau181/Aβ42 repeats this shape rather than adding to it: 

the Low performers differ from the High performers (β = 0.58 standard deviations, p = .006) 

while the Intermediate class does not (β = 0.22, p = .161). The CSF Aβ42/Aβ40 ratio shows 

no association with trajectory class. 
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6.3 Cross-Sectional Imaging Associations 

Thirteen outcomes constitute the cross-sectional imaging family: total MTL volume 

and the CA1, CA2, CA3 and dentate gyrus subfields, entorhinal and parahippocampal 

thickness, the AD cortical signature, four prefrontal regions, and the lateral occipital control 

region. None is associated with trajectory class or with the ALF ratio after correction. 

Before correction, the strongest associations for the classes are total MTL volume (p 

= .074), pars triangularis (p = .080) and the dentate gyrus (p = .114), none of which 

approaches significance within a family of thirteen (all pFDR ≥ .49). The control region 

behaves as intended, with p = .992 and pFDR = .992. Hypotheses H4 and H5, which predicted 

smaller MTL volume and thinner entorhinal and parahippocampal cortex in the poorer-

retaining trajectories, with a more pronounced effect in CA1, are not supported at the level 

of structural volume measured at a single timepoint. 

The descriptive values in Section 5.2 explain why. Bilateral total MTL volume is 

12,132 mm³ in the Low class against 12,638 mm³ in the High class, a difference of about 

4%, while the standard deviation within each class exceeds 1,200 mm³. The between-class 

difference is small relative to the between-person variation in head size and MTL volume, 

and a cross-sectional comparison adjusted for intracranial volume has little power to resolve 

it. The result of Section 6.4 suggests that this is a limitation of the cross-sectional contrast 

rather than an absence of structural difference. 

6.4 Longitudinal Hippocampal Atrophy 

The same thirteen regions were tested as a class-by-time interaction in mixed-effects 

models fitted to the three MRI visits, spanning 6.6 years of retrospective follow-up on 

average ending at the visit at which memory was assessed. Two outcomes survive correction: 

bilateral CA1 (p = .0014, pFDR = .019) and total MTL volume (p = .0053, pFDR = .034). These 

are not independent of one another, since total MTL volume is the sum of the segmented 

structures defined in Section 5.5.1 and therefore includes CA1. Results are given in Table 7. 
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Table 7. Associations between trajectory class and the rate of structural change across three MRI visits. p-values are for 

the class-by-time interaction, from models adjusted for age, sex, years of education and, for volumetric outcomes, 

baseline intracranial volume. 

Region p pFDR 

Bilateral MTL, total .0053 .034* 

Bilateral CA1 .0014 .019* 

CA2 .621 .682 

CA3 .472 .682 

Dentate gyrus / CA4 .020 .087 

Entorhinal thickness .273 .592 

Parahippocampal thickness .764 .764 

AD cortical signature .445 .682 

Caudal middle frontal thickness .174 .564 

Rostral middle frontal thickness .246 .592 

Superior frontal thickness .329 .610 

Pars triangularis thickness .630 .682 

Lateral occipital thickness (control) .620 .682 

 

Note. Correction is by the Benjamini-Hochberg procedure within the family of thirteen. The lateral occipital cortex was specified a 

priori as a control region in which no association was expected. MTL = medial temporal lobe. * survives correction at the 5% level. 

 

The magnitude of the CA1 effect is shown in Figure 7. Annual change in bilateral 

CA1 volume is -23.9 mm³ per year in the Low class, -17.5 in the Intermediate class and -7.9 

in the High class, corresponding to 0.86%, 0.62% and 0.29% of baseline volume per year. 

The Low performers therefore lose CA1 volume 3.01 times faster than the High performers, 

and the Intermediate performers 2.20 times faster. 
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Figure 7. Model-implied trajectories of bilateral CA1 volume by trajectory class across the three MRI visits, with 

covariates held at their sample means and annual rates of change annotated.  

 

The pairwise slope contrasts identify which comparison carries the effect. The Low 

and High classes differ (β = -0.048, 95% CI [-0.083, -0.013], p = .004, expressed in standard 

deviations of CA1 volume per year), and so do the Intermediate and High classes (β = -0.029, 

95% CI [-0.056, -0.002], p = .036). The Low and Intermediate classes do not differ from 

each other (p = .489). The second of these is the contrast the study was designed to detect: a 

group whose learning and thirty-minute recall are within the normal range loses CA1 volume 

more than twice as fast as the best-retaining group. This contrast, and the two associations 

that survive correction, depend on the random-effects structure of the models; Section 6.6 

reports what becomes of them when a random slope for time is admitted. 

Total MTL volume shows the same ordering with a weaker gradient: -136.1, -83.1 

and -59.7 mm³ per year for the Low, Intermediate and High classes, corresponding to fold 

ratios against the High class of 2.28 and 1.39. Only the Low versus High contrast reaches 

significance (β = -0.056, 95% CI [-0.103, -0.009], p = .015). The attenuation follows from 

the nesting: total volume dilutes the CA1 effect in the subfields that show none, so the 

composite is less strongly associated than the region that drives it. The dentate gyrus shows 

a similar pattern - fold ratios of 2.20 and 1.87 - but does not survive correction (p = .020, 

pFDR = .087), and it should not be reported as a positive finding. The lateral occipital control 

region shows no difference in rate of change (p = .620, pFDR = .682), with fold ratios of 1.09 

and 0.92, consistent with regional specificity rather than with generalized atrophy. 
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Hypothesis H6 predicted faster MTL volume loss and faster entorhinal and 

parahippocampal thinning in the poorer-retaining trajectories, with no acceleration in the 

control region. It is supported for MTL volume and for CA1, and not supported for entorhinal 

or parahippocampal thickness, neither of which approaches significance. H5, which 

predicted a more pronounced effect in CA1 than in the remaining subfields, is partially 

supported in the longitudinal domain, where it was not supported cross-sectionally: the effect 

is strongest in CA1, while the dentate gyrus shows the same pattern without surviving 

correction. The difference between the two subfields was not tested, so regional specificity 

rests on the contrast with the control regions, in which no acceleration is observed, rather 

than on a contrast between subfields. 

Expressed as the standardized difference between class means at the final visit, the 

effect sizes are moderate and their confidence intervals include zero: for CA1, d = -0.47 [-

1.24, 0.29] for Low versus High and d = -0.24 [-0.82, 0.34] for Intermediate versus High; 

for total MTL volume, d = -0.40 [-0.94, 0.13] and d = -0.17 [-0.58, 0.24]. This is not in 

conflict with the significant slope contrasts. A rate estimated across three occasions is 

estimated precisely; the difference accumulated by one particular visit is a single contrast 

and is not. The two are different quantities, and both statements are true of these data. 

6.5 Convergence With the Continuous ALF Ratio 

The same models were run with the continuous ALF ratio in place of the trajectory 

classes. Three outcomes survive correction, and they are not the same three (Table 8). 

Among the subjective complaint scores and the fluid biomarkers, the MyCog total and 

memory scores survive (both pFDR = .016); CSF p-tau181/Aβ42 falls just short (p = .023, 

pFDR = .054), and plasma p-tau217, which survives for the classes, does not (p = .298, pFDR 

= .348). Among the longitudinal outcomes, bilateral CA1 survives (β = 0.015 per standard 

deviation of the ratio per year, 95% CI [0.005, 0.025], p = .0026, pFDR = .033). As for the 

classes, no measure of structure at the third visit is associated with it. 
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Table 8. Outcomes surviving correction for multiple comparisons under each operationalization of forgetting. Corrected 

p-values are shown; a dash indicates that the outcome did not survive correction within its family. 

Outcome Trajectory classes ALF ratio 

Plasma p-tau217 .021 - 

CSF p-tau181/Aβ42 .021 - 

MyCog total - .016 

MyCog memory - .016 

Bilateral CA1, rate of change .019 .033 

Bilateral medial temporal lobe, rate of change .034 - 

Cross-sectional MRI - - 

 

 

The convergence is therefore partial, and the pattern of disagreement is itself 

informative. The two operationalizations agree on the one finding that is common to both - 

the rate of CA1 atrophy - and diverge everywhere else, in a direction that follows from what 

each measure represents. The ratio divides one-week recall by thirty-minute recall and 

thereby removes the level of performance, retaining only the proportion lost; it is associated 

with subjective complaints and with the CSF marker that combines tau with amyloid. The 

classes retain the level as well as the shape, and the two fluid biomarkers they identify, 

plasma p-tau217 and CSF p-tau181/Aβ42, both prove on decomposition to be carried by the 

Low performers rather than by the Intermediate class. 

No prediction had been made as to which measure would prove more sensitive, and 

these results do not establish that either is. What they show is that the two are not 

interchangeable: the ratio alone would have missed both fluid biomarker associations and 

the MTL volume result, and the classes alone would have missed the association with 

subjective memory complaints. 

6.6 Sensitivity Analyses 

Adding APOE-ε4 genotype as a covariate does not alter the pattern of results, and 

neither does adding an interaction between the predictor and sex. The associations that 

survive correction in the base models remain significant in both variants, and no association 

that fails to survive in the base model becomes significant in either. Neither variant 

contributed a p-value to the correction for multiple comparisons, and neither is reported as a 

result in its own right. 
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The random-effects structure of the longitudinal models was examined directly. 

Refitting every longitudinal outcome with a random slope for time alongside the random 

intercept improves fit (likelihood-ratio tests on two degrees of freedom: χ² = 72.6 for CA1, 

105.5 for total MTL volume, 56.2 for the dentate gyrus; all p < .001; no fit singular) and 

widens the standard error of the class-by-time interaction by 28% to 35%. The estimates 

themselves are essentially unchanged: the Intermediate versus High contrast for CA1 is -9.5 

mm³ per year under the random intercept and -10.4 under the random slope. Under the wider 

standard errors, the two longitudinal associations reported in Section 6.4 fall short of the 

corrected threshold (CA1 pFDR = .073, total MTL volume pFDR = .073). The longitudinal 

findings are therefore consistent in direction and magnitude across both specifications, but 

under the wider standard errors they no longer clear the correction across thirteen regions. 
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7. Discussion 

The previous chapter presented the results of the statistical models; the present 

chapter considers their interpretation and implications. Section 7.1 integrates the evidence 

across the six hypotheses and identifies the three principal findings on which the discussion 

is based. Section 7.2 examines the specificity of the imaging finding, addressing both its 

restriction to a single hippocampal subfield and its emergence in longitudinal change rather 

than cross-sectional volume. Section 7.3 considers what the divergence between the two 

operationalizations of forgetting reveals about the constructs captured by each measure. 

Section 7.4 defines the scope of interpretation supported by the findings and the claims that 

remain beyond the evidence provided by the present study. Finally, Section 7.5 addresses 

the principal limitations of the study, including one that is particularly relevant to the 

interpretation of the longitudinal findings. 

7.1 Main Findings 

Of the six primary hypotheses specified in Section 4.3, the findings supported H1 

and H2, provided partial support for H3, H5 and H6, and did not support H4. Extending the 

retention interval from 30 minutes to one week approximately doubled the dispersion of total 

recall and reduced the ceiling effect from 53.7% to 3.4%. The retained trajectory model 

identified an Intermediate class whose acquisition and 30-minute recall were close to those 

of the High-performing class, but whose one-week recall was the lowest of the three classes. 

The associations with plasma p-tau217 and the CSF p-tau181/Aβ42 ratio were driven by the 

Low-performing class rather than by the Intermediate class. No cross-sectional measure of 

brain structure differed significantly between classes after correction for multiple 

comparisons. The predicted neuroanatomical pattern was therefore observed only 

longitudinally, most clearly in CA1, with weaker support for total MTL volume and no 

corresponding association with entorhinal or parahippocampal cortical thickness. The lateral 

occipital control region showed no comparable association. 

Three findings are central to the study. First, the conventional 30-minute retention 

interval showed limited discriminatory value in this cohort, whereas the one-week interval 

revealed substantially greater variability in performance. More than half of the participants 

achieved the maximum score at 30 minutes, compared with only 3.4% at one week. The 
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extended interval therefore exposed individual differences that were largely compressed at 

the conventional delay. 

Second, the additional variability observed at one week was structured rather than 

random. The trajectory model identified an Intermediate class comprising 81 participants, or 

approximately one quarter of the cohort, whose acquisition and 30-minute recall were 

relatively preserved but whose one-week recall was the lowest of the three classes. In a 

trajectory model truncated at 30 minutes, 43 of these participants were classified as High 

performers, whereas the inclusion of the one-week assessment placed them in the 

Intermediate class. The one-week assessment therefore identified a subgroup that would not 

have been distinguished by the conventional protocol alone. 

Third, the trajectory pattern showed a regional neuroanatomical correlate. In the 

primary random-intercept models, which covered an average of 6.6 years across the three 

MRI visits, the Low-performing class lost bilateral CA1 volume 3.01 times faster than the 

High-performing class, while the Intermediate class lost CA1 volume 2.20 times faster. A 

similar but weaker gradient was observed for total MTL volume. These findings suggest that 

the one-week trajectory may carry information about longitudinal hippocampal change, 

particularly in CA1. 

The interpretation of the Intermediate class requires caution. Neither of the fluid 

biomarker associations that survived correction was specifically carried by this class: plasma 

p-tau217 and CSF p-tau181/Aβ42 differed between the Low-performing and High-

performing classes, whereas the Intermediate and High-performing classes were not 

distinguishable on either measure. Amyloid positivity also did not differ significantly across 

classes, occurring in 33.3% of the Low-performing class, 42.5% of the Intermediate class 

and 37.8% of the High-performing class. The fluid biomarker findings therefore point to a 

pattern of poorer overall memory performance in the Low-performing class rather than to a 

consistent biomarker profile corresponding to the dissociated Intermediate trajectory. 

The longitudinal findings were somewhat sensitive to the random-effects structure. 

Adding a random slope for time improved model fit and left the estimates similar in direction 

and magnitude, although it increased the standard errors of the class-by-time interactions. 

The longitudinal pattern therefore remained similar across model specifications, while the 

strength of the statistical evidence varied with the complexity of the model. These findings 

should be interpreted cautiously and considered in need of confirmation in future studies. 

Taken together, the results support a narrower interpretation of the one-week 

assessment. One-week delayed recall appears to provide complementary information that is 



   72 

not fully captured by standard short-delay assessment, particularly with regard to 

longitudinal hippocampal change. The findings do not establish uniformly greater sensitivity 

across biological, structural and subjective outcomes. The value of the extended interval may 

therefore lie in complementing, rather than replacing, conventional measures of learning and 

short-delay recall. 

7.2 Regional Specificity of  Longitudinal Structural Change 

The imaging analyses pointed to a regionally specific longitudinal pattern. The 

clearest associations involved bilateral CA1 and total MTL volume, where trajectory classes 

differed in the rate of volume change after correction for multiple comparisons. This pattern 

was not observed in cross-sectional measures of brain structure at the third visit, nor across 

most of the other predefined regions. The dentate gyrus showed a similar direction of 

association, but the result did not survive correction and is therefore not interpreted as a 

positive finding. No comparable association was observed for CA2, CA3, entorhinal or 

parahippocampal cortical thickness, the Alzheimer’s disease cortical signature, or the four 

prefrontal regions. The lateral occipital cortex, specified a priori as a control region, showed 

no evidence of a difference in the rate of change. 

This pattern should nevertheless be interpreted in light of two important 

considerations. First, the associations were restricted to two of the thirteen regions examined. 

Because total MTL volume includes CA1 among its constituent structures, the two findings 

should be interpreted as related measures of MTL change rather than as entirely separate 

pieces of evidence. Second, the associations emerged in the rate of structural change rather 

than in cross-sectional measures of brain structure at the third visit. The absence of a cross-

sectional association should therefore not be interpreted as evidence that the relationship 

between long-term forgetting and hippocampal structure is absent. 

CA1 represents a biologically plausible target for this association. Neuropathological 

changes are thought to begin in the transentorhinal region and subsequently extend into the 

hippocampal formation, with CA1 and the subiculum among the earliest affected targets 

(Braak & Braak, 1991). Consistent with this framework, clinicopathological studies have 

reported that CA1 neuronal loss may be more closely related to cognitive impairment than 

amyloid burden (Bennett et al., 2004; Giannakopoulos et al., 2003; Gómez‐Isla et al., 1997). 

Bartels et al. (2025) also reported an association between long-term retrieval performance 
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and CA1 volume in older adults and individuals at risk of dementia, providing the rationale 

for examining CA1 in the present study. 

The present findings extend this literature in one respect and qualify it in another. 

They extend previous cross-sectional evidence by suggesting that the relationship between 

long-term forgetting and CA1 may also be reflected in the rate of volume loss over time. 

This longitudinal dimension could not be evaluated in the study by Bartels et al. (2025). At 

the same time, the absence of a cross-sectional association with CA1 in the present sample 

indicates that this relationship may not be detectable through brain-structure measures 

obtained at a single time point. 

The secondary trajectory analyses reported in Appendix B further support a 

distinction between concurrent structural measures and longitudinal change. The full 

trajectory including the one-week recall was the only trajectory predictor associated with 

corrected longitudinal changes in bilateral CA1 and total MTL volume. This pattern suggests 

that the different retention windows may capture partly distinct aspects of memory 

performance. 

 

7.3 Trajectory Classes and Continuous Ratio 

The two operationalizations of long-term forgetting converged on one outcome but 

diverged across the remaining outcome domains. In the primary analyses, both the trajectory 

classes and the continuous ALF ratio were associated with the rate of bilateral CA1 atrophy. 

Neither operationalization, however, was associated with cross-sectional measures of brain 

structure at the third visit. Beyond this common longitudinal finding, the trajectory classes 

were associated with plasma p-tau217 and the CSF p-tau181/Aβ42 ratio, but not with 

subjective cognitive complaints. The continuous ALF ratio showed the opposite pattern for 

subjective cognition, being associated with both the MyCog total score and its memory 

subscale, but not with plasma p-tau217. Its association with the CSF p-tau181/Aβ42 ratio 

was weaker and did not survive correction. 

The divergence between the two operationalizations is consistent with the 

information retained by each measure. The ALF ratio expresses one-week recall as a 

proportion of 30-minute recall and therefore focuses on relative loss while largely removing 

the overall level of performance. The trajectory model preserves both the level and the shape 

of performance across acquisition, short-delay retention and one-week retention. This 
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distinction helps explain why the fluid biomarker associations were carried primarily by the 

Low-performing class, which also showed poorer acquisition, whereas the ratio captured 

associations with subjective cognitive complaints that were not detected by the class-based 

analysis. 

These findings also bear on the methodological debate surrounding ratio-based 

measures of forgetting. Della Sala et al. (2024) argued that expressing retention as a 

proportion of short-delay recall may adjust for initial performance, whereas Geurts et al. 

(2015) suggested that ratio scores can introduce a scaling artefact. The present study cannot 

resolve this theoretical issue because it was not designed to test whether the relationship 

between long-term forgetting and biological outcomes depends on initial learning. It does 

nevertheless show that, within this sample, the choice of operationalization affected which 

associations were detected. The results support their use as complementary approaches, 

provided that their different interpretations are made explicit. 

The trajectory classes also capture information that cannot be reduced to the 

continuous ratio. The Intermediate class had the lowest mean one-week recall, with a mean 

score of 7.07 out of 16, below the Low-performing class mean of 8.20. It also had the lowest 

retention proportion, retaining 47.5% of the material recalled at 30 minutes, compared with 

64.0% in the Low-performing class and 79.0% in the High-performing class. At the same 

time, the Intermediate class showed relatively preserved acquisition and 30-minute recall, 

whereas the Low-performing class performed worse at every earlier time point. The two 

classes therefore differed not only in the amount of material retained, but also in the shape 

of their learning-retention trajectories. 

Taken together, these findings suggest that trajectory classes and the continuous ALF 

ratio provide related but non-interchangeable descriptions of long-term forgetting. The ratio 

offers a concise measure of proportional retention, whereas trajectory modeling 

distinguishes overall performance level from the pattern of change across the protocol. The 

convergence of both measures on CA1 atrophy supports the relevance of long-term 

forgetting to longitudinal hippocampal change, while their divergence across biomarkers and 

subjective cognition indicates that each operationalization contributes information that the 

other does not capture. 
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7.4 Clinical and Research Implications 

Beyond its analytical implications, the study also provides preliminary evidence 

about the practical feasibility of extending memory assessment over a one-week interval. Of 

the 336 participants scheduled to complete the telephone recall, 322 did so, and the reasons 

for non-completion were predominantly logistical. The call lasted approximately five 

minutes, required no additional visit and used material that had already been learned during 

the face-to-face session. Previous work has found no meaningful difference between 

telephone and in-person administration at one week (Allen et al., 2019), and the present 

protocol used the same procedure for all participants. One-week delayed recall therefore 

appears feasible as an addition to an existing face-to-face cognitive assessment. 

The one-week assessment may also provide information that is largely absent from 

the standard retention interval. At 30 minutes, more than half of the participants achieved 

the maximum total-recall score, whereas only a small proportion did so after one week. The 

extended interval consequently revealed substantially greater variability in a cohort that was 

cognitively unimpaired at conventional assessment. This supports the use of longer retention 

intervals when the aim is to characterize individual differences in long-term retention rather 

than to assess only short-delay memory performance. 

These findings have potential value for research on preclinical AD, particularly in 

studies that seek to identify subtle differences in memory consolidation before conventional 

cognitive impairment becomes evident. The results suggest that a brief delayed assessment 

may complement standard neuropsychological measures and may be especially informative 

when combined with longitudinal neuroimaging.  

Overall, the findings support the feasibility and research utility of adding a one-week 

telephone recall to an established cognitive protocol. They do not, on their own, justify using 

the measure for diagnosis or screening. Further studies in cohorts selected independently of 

episodic memory performance, with prospective longitudinal follow-up and clinical 

endpoints, will be needed to determine whether the trajectory-defined patterns are 

reproducible and clinically meaningful. 

7.5 Limitations 

Some limitations should be considered when interpreting the present findings. The 

study was conducted in a cognitively unimpaired research cohort with a relatively restricted 
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range of age and cognitive performance. The sample is therefore not representative of the 

general population, and the findings may not generalize directly to individuals with objective 

cognitive impairment or to populations with different educational, linguistic, and 

sociodemographic characteristics. In addition, the analytic sample included only participants 

who completed the one-week telephone assessment. Although most missing assessments 

were attributable to logistical or procedural reasons, one participant was excluded because 

clinically relevant memory impairment had already been observed during the face-to-face 

assessment. The resulting sample may consequently have been slightly depleted of the most 

pronounced memory profiles. 

A more substantial limitation concerns the observational and partially retrospective 

design. The memory assessment was conducted at the third study visit, whereas the fluid 

biomarkers were obtained at the preceding visit, approximately 3.3 years earlier. The 

biomarker values therefore did not represent measurements collected concurrently with the 

memory assessment. Although this temporal ordering is compatible with the possibility that 

earlier biological abnormalities are related to later memory performance, it does not establish 

that the observed biomarker differences caused the forgetting trajectories. Similarly, the MRI 

analyses estimated structural change retrospectively across three visits. These models 

identify differences in the rate of hippocampal change between trajectory classes, but they 

do not demonstrate that one-week forgetting predicts future atrophy or subsequent clinical 

decline. 

The availability of biological and neuroimaging measures was incomplete and 

unequal across outcomes. Plasma p-tau217 was available for 309 participants, CSF 

Aβ42/Aβ40 for 286, CSF p-tau181/Aβ42 for 240, and A/T classification for 234 participants. 

The comparison of tau positivity within the amyloid-positive subgroup included only 95 

individuals. Although missingness in the principal fluid measures did not differ significantly 

across trajectory classes, the outcome-specific sample sizes reduce statistical precision, 

particularly for subgroup analyses and dichotomous biomarker comparisons. All models 

were based on complete cases and no values were imputed. Consequently, the possibility 

that unmeasured participant characteristics influenced the availability of particular 

assessments cannot be completely excluded. 

The biological characterization was also necessarily incomplete. The study combined 

fluid biomarkers with structural MRI, but did not include tau-PET in the primary analyses 

or direct measures of several processes that may influence long-term memory, including 

sleep-dependent consolidation, synaptic dysfunction, neuroinflammation, vascular injury, 
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and cerebrovascular disease. Amyloid PET was available only for a subset of participants 

and was used as a binary secondary confirmation rather than as a continuous primary 

measure. The associations with plasma p-tau217 and the CSF p-tau181/Aβ42 ratio should 

therefore not be interpreted as evidence that tau-related pathology is the only mechanism 

contributing to long-term forgetting. Conversely, the absence of a significant association 

with amyloid positivity does not demonstrate that amyloid is unrelated to the observed 

memory profiles. 

The assessment procedure introduces additional measurement considerations. The 

one-week recall was administered by telephone, which increased feasibility but provided 

less control over environmental conditions than an in-person assessment. Participants may 

have differed in the presence of distractions, interruptions, or other contextual factors during 

the call. The delay was tightly controlled for most participants, although two assessments 

occurred outside the prespecified seven-to-ten-day window. More importantly, the same 

material was tested at several time points. Repeated retrieval may strengthen memory traces, 

and individuals may differ in the extent to which they benefit from prior testing. The protocol 

therefore cannot completely separate the effects of repeated retrieval from the underlying 

rate of forgetting. In addition, the present analyses focused on total recall and did not 

examine the recognition measure administered after the telephone assessment. It is 

consequently not possible to determine whether poor one-week performance primarily 

reflects impaired storage, inefficient retrieval, or both. 

The trajectory methodology also requires careful interpretation. The five assessment 

points were indexed as equally spaced occasions, despite the fact that the intervals between 

them varied considerably, from minutes between immediate trials to approximately one 

week before the final assessment. The resulting trajectories therefore describe the shape of 

performance across the testing protocol rather than rates of forgetting per unit of time. In 

addition, latent classes are statistical approximations and should not be regarded as naturally 

occurring diagnostic categories. Their number and composition depend on the functional 

form, random-effects structure, starting values, and selection criteria used in the mixture 

model. 

The minimum class-size threshold of 5% was substantively motivated but ultimately 

conventional. Although three classes were preferred for the primary outcome, some 

secondary trajectory analyses were better described by two classes according to the Bayesian 

information criterion. Three classes were nevertheless retained in the secondary analyses to 

preserve comparability across outcomes. This decision facilitates interpretation across 
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models, but it also means that the secondary classes should not be considered entirely 

independent empirical discoveries. 

A further limitation is that class assignment was based on the modal posterior 

probability, and uncertainty surrounding individual classification was not propagated into 

the subsequent biomarker and neuroimaging models. The reported associations therefore 

concern assigned classes rather than fully corrected estimates of association with latent class 

membership. Although modal assignment generally attenuates associations with external 

variables, it may also obscure distinctions between closely related groups. Future analyses 

should consider three-step procedures or other approaches that incorporate classification 

uncertainty directly into the outcome models. 

The longitudinal findings should be interpreted with some caution. The primary 

analyses used a random-intercept structure, whereas models including a random slope for 

time provided a better fit but produced wider standard errors. Although the estimated 

associations involving CA1 and total MTL volume were similar in direction and magnitude 

across the two specifications, they did not remain statistically significant after correction for 

multiple comparisons in the more complex models. Further studies using prospective data 

and appropriately specified longitudinal models will be needed to clarify the robustness and 

significance of this association. 

Finally, the study was not designed to establish diagnostic accuracy, clinical utility, 

or prognostic value. No prospective clinical conversion endpoint was available, and the 

analyses cannot determine whether the Intermediate trajectory predicts subsequent cognitive 

decline or incident Alzheimer’s disease. The identified trajectories should consequently not 

be interpreted as diagnostic categories, and the one-week assessment should not be used 

clinically without independent replication. The principal limitation is that the present design 

cannot establish whether the observed associations are reproducible, specific to AD 

pathology, or predictive of clinically meaningful outcomes. Future research should address 

these questions through prospective longitudinal studies incorporating contemporaneous 

multimodal biomarkers, recognition measures, independent samples, and clinically relevant 

endpoints. 
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8. Conclusion 

This thesis examined whether latent trajectory analysis of immediate, 30-minute, and 

one-week delayed recall can characterize distinct patterns of learning and forgetting and 

identify cognitive profiles associated with early Alzheimer’s disease pathology in 

cognitively unimpaired adults. The study was based on the premise that long-term memory 

performance should not be reduced to a single retention score. Instead, the relationship 

between acquisition, short-delay retention, and delayed recall may provide a more 

informative description of individual differences in memory consolidation. 

The results support the value of modeling the complete learning-to-retention 

trajectory. The conventional 30-minute assessment showed limited discriminatory capacity 

in this cohort because more than half of the participants achieved the maximum total-recall 

score. By contrast, the one-week assessment substantially reduced the ceiling effect and 

revealed greater variability in performance. This finding indicates that delayed recall beyond 

the standard interval can expose differences in long-term retention that are not apparent 

during the earlier stages of the memory protocol. 

Growth mixture modeling identified three distinct trajectory classes: Low, 

Intermediate, and High performers, demonstrating meaningful heterogeneity in both overall 

memory performance and the pattern of change across the assessment protocol. The Low-

performing class showed lower performance from the learning trials through the one-week 

assessment, whereas the High-performing class consistently showed the strongest 

performance. The Intermediate class displayed relatively preserved acquisition and 30-

minute recall but greater loss over the longer delay, illustrating how the one-week 

assessment can reveal aspects of memory performance that are not captured by conventional 

short-delay testing. Taken together, these findings indicate that modeling the full learning-

to-retention trajectory provides a more differentiated characterization of memory function 

than relying on a single delayed-recall score or retention ratio. 

The biological associations provide preliminary support for the relevance of these 

trajectories to early AD-related changes. Plasma p-tau217 and the CSF p-tau181/Aβ42 ratio 

were associated with trajectory class after correction for multiple comparisons. These 

associations were primarily driven by the Low-performing class, which showed higher 

biomarker levels than the High-performing class. In contrast, the Intermediate class did not 

differ significantly from the High-performing class on these measures, and amyloid 
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positivity was not significantly associated with trajectory class. The findings therefore do 

not support a simple interpretation in which the dissociated Intermediate profile represents 

a specific biomarker-defined stage of AD. Rather, they suggest that different aspects of the 

memory trajectory may relate differently to underlying biological processes. 

Among the biological measures examined, plasma p-tau217 is particularly relevant 

from a translational perspective. Its association with memory trajectory links the cognitive 

findings to a blood-based marker of AD-related pathology. Because plasma p-tau217 can be 

measured from a blood sample without lumbar puncture or specialized imaging equipment, 

it has practical advantages over CSF-based assessment and may be more suitable for large-

scale research and screening-oriented protocols, pending further validation. Its broad 

availability in the present study also supports its potential usefulness when combined with 

sensitive cognitive measures. 

The neuroimaging analyses further suggest that the information captured by long-

term memory trajectories may be related to longitudinal hippocampal change. The strongest 

association involved bilateral CA1 volume, for which both the Low-performing and 

Intermediate classes showed faster decline than the High-performing class. A weaker pattern 

was also observed for total MTL volume. In contrast, no corrected cross-sectional 

association was observed at the time of memory assessment, and no comparable association 

emerged for the other predefined cortical or hippocampal regions. These results are 

consistent with the possibility that long-term memory trajectories are more closely related 

to the rate of structural change. 

The comparison between latent trajectories and the conventional ALF ratio showed 

that the two approaches provide complementary information. Both converged on the rate of 

CA1 atrophy, but they differed in their associations with fluid biomarkers and subjective 

cognitive complaints. The ALF ratio summarizes proportional loss relative to 30-minute 

recall, whereas latent trajectory analysis retains information about both overall performance 

and the shape of the learning-retention curve. This distinction is important because a 

participant with poor one-week recall may have either a generally weak memory profile or 

a specific difficulty maintaining information over the longer interval. Trajectory analysis can 

preserve this difference, whereas a single ratio may not fully represent it. 

The findings also have practical implications for cognitive assessment. The one-week 

telephone recall was brief, required no additional in-person visit, and was completed by the 

large majority of scheduled participants. This supports its feasibility as an addition to an 

established neuropsychological protocol. Its most appropriate role, however, is likely to be 
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complementary. The extended assessment should not replace measures of learning and short-

delay recall, but may provide additional information about long-term retention. 

Overall, this thesis provides evidence that latent trajectory analysis of immediate, 30-

minute, and one-week delayed recall can reveal distinct patterns of memory performance in 

cognitively unimpaired adults. The results support the potential of this approach as a 

candidate sensitive cognitive marker of early AD-related change, particularly when long-

term memory trajectories are considered alongside plasma p-tau217 and longitudinal 

hippocampal measures. Nevertheless, the present findings establish associations rather than 

diagnostic or prognostic validity. The identified trajectory classes should not be interpreted 

as diagnostic categories, and the study does not determine whether the Intermediate profile 

predicts subsequent cognitive decline or clinical conversion. 

Future research should replicate these findings in independent cohorts, use 

contemporaneous multimodal biomarkers, examine recognition performance alongside 

recall, and include prospective cognitive and clinical follow-up. Particular attention should 

be given to whether combined measures of plasma p-tau217 and long-term recall improve 

the prediction of short-term cognitive decline. This combination may be especially valuable 

because it integrates an accessible biological measure with a cognitive assessment designed 

to capture memory changes that remain undetected at shorter retention intervals. 

In conclusion, the present study supports a multidimensional approach to the 

assessment of memory consolidation in preclinical AD. Modeling the complete trajectory 

from acquisition to one-week retention provides a more differentiated account of individual 

memory performance than a single short-delay or proportional retention score. The 

association with plasma p-tau217, together with the observed relationship between long-

term memory trajectories and longitudinal CA1 change, provides a rationale for further 

investigating combined cognitive and blood-based markers. Their diagnostic and prognostic 

value remains to be established, but the present findings indicate that long-term delayed 

recall may contribute meaningfully to the detection and characterization of early 

Alzheimer’s disease-related changes. 
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APPENDICES 

Appendix A Summary of the studies included in the review. 

Table A1. Summary of selected studies providing evidence that long-term delayed recall may serve as a sensitive cognitive marker for early Alzheimer’s disease pathology detection. 

Author(s), Year, 
Country 

Study Design Sample Long-Term Delayed Recall Measure Learning 
Criterion 

Recall Intervals Main Outcomes Strengths Limitations 

Verbal Visual 

Bartels et al., 2025 
Göttingen 
(Germany) 

Cross-sectional • N = 59 (17 HC, 
24 SCD, 18 MCI) 
• Subsample of 
participants with 
MRI data: N = 32 
(13 HC, 19 SCD) 

CERAD/ADAS-Cog FCSRT-IR (picture 
version) 

Not predefined for 
the ADAS-Cog 
word list (three 
learning trials); the 
FCSRT-IR uses a 
controlled encoding 
procedure in which 
all 16 items must be 
retrieved in 
immediate cued 
recall 

• Immediate 
• 30 min 
• Between 2 and 30 
days 

• FCSRT-IR LTR rate 
significantly differentiated HC 
vs. SCD and MCI 
HC = 0.218 ± 0.232; SCD = 
0.087 ± 0.123; MCI = 0.045 ± 
0.125 (p = .007) 
• FCSRT-IR LTR positively 
associated with hippocampal 
CA1 volume (r ≈ 0.41, p < .02) 
and left CA3 (r = 0.53, p = .002) 

• Multicenter 
sample 
• Harmonized MRI 
protocol 

• Small MRI subsample 
• Floor effects: many 
participants (even HC) 
scored LTR = 0 after 1-30 
days 
• Variable retrieval interval 
(2-30 days) may have 
influenced results 
• No biomarker 
confirmation (Aβ, tau) 

Degenszajn et al., 
2001 
São Paulo (Brazil) 

Cross-sectional N = 30 (15 AD, 15 
HC) 

FCSRT Not predefined • Immediate 
• 30 min 
• 24 h 

• AD patients showed 
significantly lower recall 
compared with HC 
30-min delayed TR: AD = 8.3 ± 
4.8; HC = 16.0 ± 0 (p = .0001) 
24-h delayed TR: AD = 8.2 ± 
4.7; HC = 16.0 ± 0 (p = .0001) 
• Significant decline from 
immediate (12.06) to 30 min 
(8.3) and 24 h (8.2) (p < .01), but 
no difference between 30 min 
and 24 h (p > .05) 

Delayed recall 
assessment showed 
excellent diagnostic 
accuracy (100% 
sensitivity and 
100% specificity) 
 

• Small sample size 
• The short delay in LTR 
(24h) may have 
compromised the 
effectiveness of the measure 
• Ceiling effects in HC 
• No neuroimaging or 
biomarker confirmation 
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Author(s), Year, 
Country 

Study Design Sample Long-Term Delayed Recall Measure Learning 
Criterion 

Recall Intervals Main Outcomes Strengths Limitations 

Verbal Visual 

Lindbergh et al., 
2021 
San Francisco (US) 

Longitudinal 
(annual visits up to 
8 years) 

N = 207 CU Story Recall Test 90% accuracy • Immediate 
• 30 min 
• 1 week 

Poorer one-week delayed recall 
predicted steeper decline in 
episodic memory, executive 
functioning, and medial temporal 
lobe (MTL) volumes.• Episodic 
memory: b = 0.01; p = .003• 
Executive functioning: b = 
0.006; p = .011• MTL volume: b 
= 0.004; p = .037 

• Large sample 
• Comprehensive 
neuroimaging and 
cognitive follow-up 

Ceiling effects for 30-min 
recall  

Lu et al., 2025 
London (UK) 

Longitudinal 
(baseline and ≈ 3-
year follow-up) 

• N = 429 CU 
• Subsample of 
participants with 
complete 
biomarkers data: N 
= 306 (Aβ+ = 77, 
Aβ- = 229) 

 FNAME-12  AMIPB Complex 
Figure 

Not predefined • Immediate 
• 30 min 
• 1 week 

Aβ+ showed poorer one-week 
recall than Aβ-.• AMIPB 
Complex Figure outline: Aβ+ = 
90% (95% CI 85, 94); Aβ- = 
95% (CI 92, 99); p < .01• Whole-
brain atrophy × amyloid 
interaction: -1.9 percentage-
points one-week retention per 
ml/year atrophy (95% CI 0.5, 
3.7); p < .05• Hippocampal 
atrophy in Aβ+ associated with 
lower one-week recall (p < .05) 
• FNAME-12 one-week recall 
showed no association with Aβ 
status 
• 30-min recall did not 
differentiate amyloid groups or 
predict atrophy 

• Large birth-cohort 
sample with 
multimodal 
biomarkers data 
• Item-level 
analysis (AMIPB 
Complex Figure 
outline vs. detail) 

No tau-PET data available 
limits conclusions about tau 
vs. Aβ effects 
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Author(s), Year, 
Country 

Study Design Sample Long-Term Delayed Recall Measure Learning 
Criterion 

Recall Intervals Main Outcomes Strengths Limitations 

Verbal Visual 

Magill et al., 2026 
London (UK) 

Longitudinal 
(annual follow-up, 
median 7 years) 

N = 20 
asymptomatic 
ADAD mutation 
carriers (18 PSEN1, 
2 APP) 
• All CDR 0 with 
normal 
performance on 
standard testing 
• Progressors n = 9; 
non-progressors n = 
11 

• Word list 
• Short story 

Complex abstract 
figure 

80% accuracy (list: 
4-10 trials; story: 2-
10 trials); no 
criterion for figure 

• Learning 
• 30 min 
• 7 days (remote) 

Baseline ALF predicted clinical 
onset; 9/20 developed symptoms 
(CDR global > 0). 
• List ALF: progressors = 30 
(IQR 30-36.4); non-progressors 
= 58.3 (IQR 33-66.7); p = .03 
• Story ALF: progressors = 58.8 
(IQR 44-66); non-progressors = 
81.2 (IQR 69.1-87.8); p < .001 
• Figure ALF: 68.2 (IQR 55.6-
81.3) vs 74.5 (IQR 64.5-85.9); p 
= .21 
• Discrimination: story AUC = 
0.82; list AUC = 0.73; figure 
AUC = 0.64 
• Learning and 30-min recall did 
not differ between groups 
• No other cognitive test 
discriminated progressors 

• Only study with a 
clinical outcome 
rather than group 
differences alone 
• Extended follow-
up (median 7 years) 
• ALF specificity 
relative to 
conventional tests 
• 7-day recall 
administered 
remotely 

• Small sample, reflecting 
the rarity of ADAD 
• ADAD only; replication in 
sporadic AD required 
• High resource demands 
(two sessions one week 
apart) 
• UCL cohort, overlapping 
Weston 2018, O’Connor 
2020 and Parker 2025 

Manes et al., 2008 
Buenos Aires 
(Argentina) 

Cross-sectional N = 26 (9 CU, 10 
memory complaint, 
7 aMCI) 

AMIPB, two stories 
recall 

Rey-Osterrieth 
Complex Figure 

Not predefined • Immediate 
• 30 min 
• 6 weeks 

Memory complaint and aMCI 
groups recalled normally at 
immediate and 30-min tests but 
showed significantly poorer 
recall at 6-week testing. 
• Logical Memory 6-week recall: 
group × time interaction F4,46 = 
4.39; p = .005 
• Rey figure 6-week recall: group 
× time interaction F4,46 = 2.77; p 
= .036 

Evaluation of 
individuals with 
memory complaints  
 

• Small sample size 
• 6-week interval only, no 
intermediate timepoints 
• No biomarker or imaging 
confirmation 
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Author(s), Year, 
Country 

Study Design Sample Long-Term Delayed Recall Measure Learning 
Criterion 

Recall Intervals Main Outcomes Strengths Limitations 

Verbal Visual 

Molinare et al., 2025 
Boston (US) 

Cross-sectional 
(remote, digital, 
multi-day testing) 

• N = 104 CU older 
adults (16.3% Aβ+) 
• CDR 0 
subsample: n = 93 
• Mass General 
Brigham cohorts 
(HABS, IADL, 
SCD) 

Face-Name Matching Task (BRANCH); 
associative memory assessed by recognition 

Not predefined; 
identical stimuli on 
seven consecutive 
days; learning curve 
quantified as AUC 

• Daily learning 
across 7 days 
• 1 week 
• 6 months 

• Better initial learning 
associated with less LTF: β = 
0.52, 95% CI [0.34, 0.71]; p < 
.001 
• No association with global 
amyloid: β = -0.07, 95% CI [-
0.23, 0.09]; p = .418 
• Medial temporal tau: β = -0.18, 
95% CI [-0.29, -0.07]; p = .001 
• Neocortical tau: β = -0.16, 95% 
CI [-0.31, -0.01]; p = .032 
• Cortical thickness, AD meta-
ROI: β = 0.33, 95% CI [0.13, 
0.52]; p = .001 
• No significant associations with 
any biomarker at 6 months 

• Large CU sample 
with both amyloid 
and tau PET 
• Fully remote, 
digital 
administration 
• Comparison of 
two retention 
intervals (1 week 
and 6 months) 

• Recognition-based 
outcome rather than free 
recall 
• Low proportion of Aβ+ 
participants (16.3%) 
• Tau associations did not 
survive exclusion of the 
single highest-tau 
participant (medial 
temporal β = -0.06, 95% CI 
[-0.20, 0.09]; p = .436) 
• HABS cohort, overlapping 
other BRANCH studies 

O’Connor et al., 
2020 London (UK) 

Cross-sectional 
(event-based model 
of presymptomatic 
decline in FAD) 

N = 35 (21 APP or 
PSEN1 mutation 
carriers, 14 non-
carriers) 

AMIPB, stories and 
lists recall 

Figure recall Not predefined • Immediate 
• 30 min 
• 1 week 

Mutation carriers showed intact 
30-min recall but significantly 
poorer one-week retention than 
non-carriers.  
Story one-week retention: 
carriers median 66.8% (IQR 
59.8-81.9); non-carriers 93.1% 
(85.1-95.2); p = .0004 

• Data-driven 
staging model of 
cognitive decline in 
presymptomatic 
FAD 
• Demonstrated 
ALF abnormalities 
a decade before 
symptom onset 

No complete biomarker and 
imaging confirmation 
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Author(s), Year, 
Country 

Study Design Sample Long-Term Delayed Recall Measure Learning 
Criterion 

Recall Intervals Main Outcomes Strengths Limitations 

Verbal Visual 

Parker et al., 2025 
London (UK) 

Cross-sectional 
(multimodal MRI: 
T1 and diffusion-
weighted imaging) 

• N = 30 (18 
presymptomatic 
ADAD mutation 
carriers, 12 non-
carriers) 
• Carriers: EYO 
7.29 ± 4.72; CDR 0 

• Word list 
• Short story 

Complex figure 80% accuracy 
(protocol as in 
Weston et al., 2018) 

• Learning 
• 30 min 
• 7 days 

ALF scores, median (IQR), 
carriers vs non-carriers: 
• List: 43.06 (30.00-61.54) vs 
71.79 (58.55-81.82) 
• Story: 66.67 (58.82-83.02) vs 
90.70 (78.80-96.71) 
• Figure: 72.41 (62.75-83.88) vs 
87.55 (75.68-96.25) 
• In carriers, worse verbal ALF 
associated with lower prefrontal 
cortical thickness across four 
contiguous regions bilaterally; 
most survived correction (pFDR 
= 0.00769) 
• No association between ALF 
and medial temporal lobe 
structures 
• No association for visual 
(figure) ALF, nor between 30-
min recall and gray matter in any 
ROI 
• Structural connectivity 
associations did not survive 
correction 

• First study of the 
neuroanatomical 
correlates of ALF 
in presymptomatic 
ADAD 
• Multimodal 
design (cortical 
thickness and 
structural 
connectivity) 
• Explicit 
dissociation 
between ALF and 
short-interval recall 

• Small sample; cross-
sectional 
• Group differences 
previously reported in 
Weston et al., 2018 (same 
UCL cohort) 
• Generalizability from 
ADAD to sporadic AD not 
established 

Rodini et al., 2024 
Rome (Italy) 

Cross-sectional N = 47 (16 CU, 18 
mild SCD, 13 
severe SCD) 

Short Story Test  Rey-Osterrieth 
Complex Figure 

Not predefined • Immediate 
• 30 min 
• 24 h 
• 1 week 

Severe SCD showed 
significantly poorer 24-h and 
one-week story recall compared 
with HC. 
• Short Story 24h-30min saving 
index: severe SCD = 84.2%; HC 
= 94.3%; p = .023 
• ROC analysis: 24h-30min 
saving index discriminated 
severe SCD from mild SCD 
(AUC = 0.77) 
• EMQ correlated with 24h-
30min saving index (r = -0.46; p 
< .01) 
• fMRI: ALF associated with 
reduced FC in DMN, FPN, and 
SAL 

• SCD severity 
subgroups 
• Integration of 
cognitive, 
recognition, and 
fMRI measures 

Small sample size with 
gender imbalance in severe 
SCD 
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Author(s), Year, 
Country 

Study Design Sample Long-Term Delayed Recall Measure Learning 
Criterion 

Recall Intervals Main Outcomes Strengths Limitations 

Verbal Visual 

Ruggeri et al., 2024 
Rome (Italy) 
 
 
 
 
 
 
 

Cross-sectional N = 96 (70 HC, 26 
SMD) 

Rey Auditory Verbal 
Learning Test  

Rey-Osterrieth 
Complex Figure 

Not predefined • Immediate 
• 15 min 
• 1 week 

SMD participants showed poorer 
one-week RAVLT recall and 
recognition, despite intact short-
delay performance. 
• RAVLT one-week recall: HC = 
6.7 ± 3.3; SMD = 4.0 ± 2.9; 
F1,94 = 12.06; p = .001 
• RAVLT one-week recognition 
hits: HC = 12.4 ± 2.3; SMD = 
11.1 ± 2.6; F1,90 = 5.33; p = 
.023 

• Direct comparison 
of verbal and visual 
long-term recall 
• Ecological remote 
administration 
feasible for large-
scale studies 

Increased probability of 
Type I errors 

Saloner et al., 2018 
San Francisco (US) 

Cross-sectional N = 140 CU • Story Recall Test 
• CVLT-II 

90% accuracy • Immediate 
• 30 min 
• 1 week 

One-week story recall was 
associated with MTL volumes 
(partial r = 0.24; p = .006). 
• Story recall (18.4 ± 1.5 at 30 
min; 12.8 ± 3.8 at one-week) 
• Specific associations with 
entorhinal (r = 0.27; p = .001) 
and hippocampal (r = 0.21; p = 
.02) volumes 

Direct MRI 
correlations 

Small to medium effect 
sizes 
 

Stamate et al., 2020 
Bucharest 
(Romania) 

Cross-sectional 
(between-subjects: 
single test vs 
repeated testing) 

• N = 75 (33 AD, 
42HC) 
• Subsamples: AD 
repeated testing = 
19, AD single test = 
14; CU repeated 
testing = 21, CU 
single test = 21 

Fables cued-recall test 70% accuracy • Immediate 
• 24h 
• 1 week 
• 1 month 
 

No evidence of ALF from 
immediate to one month.  
Repeated testing improved 1-
month recall in both groups: 
• AD repeated = 5.1 ± 2.3; AD 
single = 2.0 ± 1.5; p = .0002 
• HC repeated = 7.4 ± 2.5; HC 
single = 3.5 ± 1.6; p = .0001 

Lower learning 
criteria than other 
studies 
 

Some missing follow-ups 

Tort-Merino et al., 
2021a 
Barcelona (Spain) 

Cross-sectional N = 22 CU (11 
APOE ε4 carriers, 
11 APOE ε4 non-
carriers) 

AFE-T Two learning 
sessions across 2 
days; no predefined 
accuracy criterion 

• Immediate 
• 1 week 
• 3 months 
• 6 months 

APOE ε4 carriers showed greater 
forgetting at 3 months, 
particularly in cued recall. 
• Carriers = 7.6 ± 6.4, non-
carriers = 13.3 ± 5.5; F1,19 
= 4.99; p = .037) 
• 3-month cued forgetting 
correlated negatively with CSF 
Aβ42/ptau ratio (r = -.614; p = 
.003) and positively with SCD-Q 
complaints (r = .636; p = .002) 

• Use of demanding 
associative memory 
task (AFE-T) 
sensitive to subtle 
deficits 
• Long follow-up (6 
months) 
 
 

• Small sample size 
• Longer learning session 
compared with other 
studies: two consecutive 
days, each with 7 learning 
runs (≈ 45 min per day) 
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Author(s), Year, 
Country 

Study Design Sample Long-Term Delayed Recall Measure Learning 
Criterion 

Recall Intervals Main Outcomes Strengths Limitations 

Verbal Visual 

Tort-Merino et al., 
2021b 
Barcelona (Spain) 

Cross-sectional • N = 52 CU (Low 
SCD-Q = 21), High 
SCD-Q = 31) 
• Subsample of 
participants with 
complete CSF 
biomarkers data: N 
= 25 (Aβ+/Aβ-) 

AFE-T Two learning 
sessions across 2 
days; no predefined 
accuracy criterion 

• Immediate 
• 1 week 
• 3 months 
• 6 months 

High SCD-Q group showed 
greater forgetting at 3 months 
(F1,44 = 4.72; p = .035). 
Within high SCD-Q, Aβ+ 
performed worse than Aβ- on: 
• One-week free recall (F1,24 = 
4.49; p = .044) 
• One-week cued recall (F1,24 = 
7.10; p = .008) 
• One-week cued forgetting rate 
(F1,24 = 5.13; p = .032) 
• 3-month cued recall (F1,24 = 
4.27; p = .049) 
• SCD-Q scores predicted higher 
forgetting rates (β = -0.212; p < 
.05) 

• Use of demanding 
associative memory 
task (AFE-T) 
sensitive to subtle 
deficits 
• Integration of 
subjective 
complaints and CSF 
biomarkers 
 

• Small biomarker 
subsample 
• Dropouts at 3- and 6-
month follow-up 

Walsh et al., 2014 
San Francisco (US) 

Cross-sectional N = 30 (15 HC, 15 
aMCI) 

Story Recall Task 90% accuracy • Immediate 
• 30 min 
• 1 week 

aMCI subjects showed ALF. 
• One-week recall: significant 
group × time interaction (F1.31,27 
= 11.62; p = .001); aMCI 
recalled less overall (F1,29 = 
22.97; p < .001) 
• Steeper forgetting slope in 
aMCI vs. HC across one-week 
(F1,26 = 10.32; p = .003) 

Explicitly isolates 
consolidation 
deficits in aMCI 

aMCI diagnostic criteria 
were slightly less strict than 
Petersen/International 
Consensus (possible 
heterogeneity) 

Wearn et al., 2020 
Bristol (UK) 

Longitudinal (1 
year follow-up) 

N = 46 CU • CVLT-II 
• RBMT-3 (story 
recall) 
 

Rey-Osterrieth 
Complex Figure 

75% accuracy • Immediate 
• 30 min 
• 1 month 

• One-month word list recall 
predicted one-year cognitive 
decline (ΔACE-III; R² = .123; p 
= .018) 
• ROC analysis: 1-month word 
list recall AUC = .752; p = .007; 
best classification when 
combined with hippocampal 
subfield volumes (AUC = .918; 
93% sensitivity; 86% specificity) 

Integration with 
MRI hippocampal 
subfield volumes 

No biomarker confirmation 
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Author(s), Year, 
Country 

Study Design Sample Long-Term Delayed Recall Measure Learning 
Criterion 

Recall Intervals Main Outcomes Strengths Limitations 

Verbal Visual 

Weston et al., 2018, 
London (UK) 

Cross-sectional N = 35 CU (21 
ADAD mutation 
carriers, 14 non-
carriers) 

AMIPB (list and 
story recall) 

AMIPB (figure 
recall) 

80% accuracy • Immediate 
• 30 min 
• 1 week  

Carriers showed greater 
forgetting than non-carriers at 
one-week delayed recall. 
• Word list: ΔM = -30.94 pp; 
95% CI -45.16, -16.73; p = .0002 
• Story: ΔM = -20.10 pp; CI 
33.28, -6.91; p = .0048 
• Figure: ΔM = -15.41 pp; CI 
26.88, -3.93; p = .012Severity of 
ALF correlated with proximity to 
estimated symptom onset (p ≤ 
.01) 

First demonstration 
of ALF in 
presymptomatic 
ADAD 

EYO based on parental 
onset (proxy) 

Yang et al., 2021 
Beijing (China) 

Cross-sectional N = 39 (18 ADAD 
mutation carriers, 
21 non-carriers) 

WHO-UCLA-AVLT Rey-Osterrieth 
Complex Figure 

80% accuracy • Immediate 
• 30 min 
• 1 week 

Carriers showed normal 30-min 
recall but greater forgetting at 
one-week. 
• List recall: 53.3% vs. 66.7%; p 
< .001 
• Figure recall: 38.9% vs. 58.3%; 
p = .002 
• List recognition: 70.0% vs 
80.0%; p = .006 
• Forgetting correlated with EYO 
(r = -.69; p = .002) and with 
blood biomarkers (↓THBS4, 
↑GDF11, ↑CCL11; all p ≤ .007). 

Integration of ALF 
measures with 
senescence-related 
blood biomarkers 

• EYO based on parental 
onset (proxy) 
• Blood assay specificity 
issues (e.g., GDF11 vs. 
myostatin) 
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Author(s), Year, 
Country 

Study Design Sample Long-Term Delayed Recall Measure Learning 
Criterion 

Recall Intervals Main Outcomes Strengths Limitations 

Verbal Visual 

You et al., 2026 
Boston (US) 
Medellín (Colombia) 

Cross-sectional 
(COLBOS 
biomarker study) 

• N = 52 (28 non-
demented PSEN1 
E280A carriers, 24 
non-carriers) 
• Carriers FAST 1-
3, therefore 
including some 
participants with 
MCI 
• PET subsamples: 
PiB n = 31; 
flortaucipir n = 32 

NEUROPSI 12-Word List (three learning 
trials) 

Not predefined 
(fixed at three 
learning trials) 

• Learning 
• 20 min 
• 7 days 

• Time × carrier status 
interaction: β = -3, 95% CI [-4.8, 
-1.2]; p = .001 
• Learning: β = -0.51, 95% CI [-
1.2, 0.2]; p = .16 
• 20-min recall: β = -1, 95% CI [-
2.3, 0.28]; p = .19 
• 7-day recall: β = -1.9, 95% CI 
[-3.2, -0.56]; p = .0008 
• Findings unchanged after 
excluding carriers with MCI 
• Carriers showed reduced 
parietal sleep spindle power (β = 
-0.46, 95% CI [-0.89, -0.03]; p = 
.04) 
• Spindle power inversely 
associated with precuneus tau (β 
= -0.36, 95% CI [-0.6, -0.1]; p = 
.008); no association with 
amyloid 

• Integration of 
ALF, sleep 
microarchitecture 
and amyloid/tau 
PET 
• Proposes a 
candidate 
neurophysiological 
mechanism 
• ALF finding 
robust to exclusion 
of participants with 
MCI 

• Verbal material only; no 
visual measure 
• Non-demented rather than 
strictly cognitively 
unimpaired sample 
• PET available in 
approximately 60% of the 
sample 
• High prevalence of 
diagnosed sleep apnea (≈ 
48% in both groups) 

Zimmermann & 
Butler, 2018 
London (UK) 

Cross-sectional N = 60 CU (20 
APOE ε4/ε4, 20 
APOE ε3/ε4, 20 
APOE ε3/ε3) 

AMIPB (list and 
story recall) 

AMIPB (figure 
recall) 

80% accuracy • Immediate 
• 30 min 
• 1 week 

Encoding and 30-min recall did 
not differ across genotypes (all 
ns). 
At one week, ε4 status associated 
with greater forgetting 
(p = .042), increasing linearly 
with number of ε4 alleles 
(p = .021). 
Recognition at one week also 
impaired in ε4 carriers (p = .011; 
linear trend p = .0043). 
Relationship between learning 
rate and long-term forgetting: 
• Present in ε3/ε3 (p = .0051), 
• Reduced in ε3/ε4 (p = .020), 
• Absent in ε4/ε4 (p = .17). 

Evidence of ALF in 
sporadic AD 
genetic risk 

Relatively young sample 
(mean age ~51 y), well 
below typical symptom 
onset 
 

 

Note. Several included studies draw on the same cohorts, and samples are therefore partially overlapping: the UCL autosomal dominant Alzheimer’s disease cohort (Weston, 2018; O’Connor, 2020; Parker, 2025; Magill, 2026), the 

Harvard Aging Brain Study and affiliated Mass General Brigham cohorts (Molinare, 2025), and the COLBOS PSEN1 E280A kindred (You, 2026). These studies report distinct outcomes (cross-sectional group differences, structural 
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correlates and longitudinal prediction), but the number of independent participants is lower than the sum of the reported sample sizes. Abbreviations: ACE-III = Addenbrooke’s Cognitive Examination, Third Edition; AD = Alzheimer’s 

Disease; ADAD = Autosomal Dominant Alzheimer’s Disease; AFE-T = Ancient Farming Equipment Test; ALF = Accelerated Long-term Forgetting; aMCI = amnestic Mild Cognitive Impairment; AMIPB = Adult Memory and 

Information Processing Battery; APOE = Apolipoprotein E; APP = Amyloid Precursor Protein; AUC = Area Under the Curve; AVLT = Auditory Verbal Learning Test; Aβ = Amyloid β; BRANCH = Boston Remote Assessment for 

NeuroCognitive Health; CCL11 = CC Chemokine Ligand 11; CDR = Clinical Dementia Rating; CERAD/ADAS-Cog = Consortium to Establish a Registry for AD/AD Assessment Scale-Cognitive Subscale; COLBOS = Colombia-

Boston biomarker study; CU = Cognitively Unimpaired; CVLT-II = California Verbal Learning Test, Second Edition; DMN = Default Mode Network; EMQ = Everyday Memory Questionnaire; EYO = Estimated Years to Onset; FAD 

= Familial Alzheimer’s Disease; FAST = Functional Assessment Staging Tool; FC = Functional Connectivity; FCSRT = Free and Cued Selective Reminding Test; FCSRT-IR = Free and Cued Selective Reminding Task with Immediate 

Recall; FNAME-12 = Face Name Associative Memory Exam, 12 items; FPN = Frontoparietal Network; GDF11 = Growth Differentiation Factor 11; GDS = Geriatric Depression Scale; HABS = Harvard Aging Brain Study; HC = 

Healthy Controls; IADL = Instrumental Activities of Daily Living; IQR = Interquartile Range; LTF = Long-Term Forgetting; LTR = Long-Term Retrieval; MCI = Mild Cognitive Impairment; MTL = Medial Temporal Lobe; 

NEUROPSI = Neuropsi Atención y Memoria battery; ns = non-significant; PET = Positron Emission Tomography; pFDR = False Discovery Rate corrected p-value; PiB = Pittsburgh Compound B; PSEN1 = Presenilin 1 gene; RAVLT = 

Rey Auditory Verbal Learning Test; RBMT-3 = Rivermead Behavioural Memory Test, Third Edition; ROCF = Rey-Osterrieth Complex Figure; ROI = Region of Interest; SAL = Salience Network; SCD = Subjective Cognitive Decline; 

SCD-Q = Subjective Cognitive Decline Questionnaire; SMD = Subjective Memory Decline; SRT = Story Recall Test; tau = tubulin associated unit; THBS4 = Thrombospondin-4; TR = Total Recall; UCL = University College London; 

WHO-UCLA-AVLT = World Health Organization-University of California Los Angeles Auditory Verbal Learning Test. 

 

 



   120 

Appendix B Secondary trajectory outcomes and the specificity of the one-week retention window. 

 

B.1 Secondary trajectory outcomes 

The primary outcome models the trajectory of total recall across the three immediate trials, the thirty-minute recall and the one-week recall. Five 

secondary trajectory outcomes were modeled by the identical procedure described in Section 5.6: the trajectory of total recall truncated at the three immediate 

trials, the trajectory of total recall truncated at thirty minutes, and the three corresponding trajectories of free recall. Truncating the protocol in this way isolates 

what each retention window contributes, and comparing the resulting classes against the same biological outcomes tests whether the associations reported in 

Chapter 6 are specific to the one-week interval or are already present at shorter delays. 

Four of the five yielded an admissible solution under the minimum class-size rule. Their fit and class structure are given in Table B1, and their class 

means at each timepoint in Table B2. Two points must be carried forward from Section 5.6.2. First, the number of classes was fixed at three a priori for 

comparability, and for three of these four outcomes the Bayesian information criterion would have preferred two classes; the third class is an analytic constraint 

and not a finding. Second, one outcome - the free-recall trajectory culminating at one week - produced no admissible solution at all, which is itself reported 

below as a result rather than as a failure. 
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Table B1. Retained solutions for the four secondary trajectory outcomes with an admissible fit. Class sizes are given as n (%). 

Outcome Timepoints Specification BIC Entropy Low Intermediate High BIC-preferred classes 

Total recall, learning 3 GMM, intercept + slope 2,845.0 0.732 31 (9.6) 97 (30.1) 194 (60.2) 2 

Total recall, 30 minutes 4 Quadratic GMM 3,517.0 0.780 64 (19.9) 74 (23.0) 184 (57.1) 3 

Free recall, learning 3 LCGA 4,230.1 0.761 51 (15.8) 218 (67.7) 53 (16.5) 2 

Free recall, 30 minutes 4 Quadratic GMM 5,563.3 not 
recorded 39 (12.1) 180 (55.9) 103 (32.0) 2 

Free recall, one week 5 no admissible solution - - - - - - 

 

Note. GMM = growth mixture model; LCGA = latent class growth analysis. Classes are labeled Low, Intermediate and High performers, ordered by class mean; the label Intermediate is reserved for the two outcomes that include the 

one-week trial. The final column gives the number of classes the Bayesian information criterion would select if the three-class structure were not imposed. Entropy for the free-recall thirty-minute solution was not retained by the 

estimation log and would require refitting to recover. 
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Table B2. Mean total or free recall by class and timepoint for the four secondary trajectory outcomes. 

Outcome Class Trial 1 Trial 2 Trial 3 30 min 

Total recall, learning trials only (0-16 per trial) 

 Low performers 10.77 12.68 13.29 - 

 Intermediate performers 12.95 14.68 15.43 - 

 High performers 15.31 15.71 15.84 - 

Total recall, learning + thirty minutes 

 Low performers 11.77 13.39 14.14 13.00 

 Intermediate performers 13.27 15.04 15.61 15.30 

 High performers 15.36 15.73 15.88 15.72 

Free recall, learning trials only 

 Low performers 4.94 5.82 7.14 - 

 Intermediate performers 7.37 9.64 10.84 - 

 High performers 10.83 12.36 13.55 - 

Free recall, learning + thirty minutes 

 Low performers 5.67 6.33 7.28 5.23 

 Intermediate performers 6.40 9.48 10.85 10.68 

 High performers 10.29 10.67 11.73 12.17 

 

Note. None of these four solutions exhibits the crossing pattern that defines the Intermediate class of the primary outcome: in every case the three classes preserve their ordering at every timepoint, differing in level rather than in shape. 

This is the expected result if the dissociation reported in Section 6.1.2 is specific to the one-week interval. 

 

B.2 The free-recall one-week trajectory 

The trajectory of free recall culminating at one week produced no solution meeting the criteria of Section 5.6.2, and no class variable was therefore 

derived from it. Across sixty random starts for each three-class specification, the quadratic growth mixture model and the growth mixture model with a random 
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intercept failed to converge at every start; the model with a random intercept and slope converged at three starts of sixty, with a smallest class of 4.97%; and 

the latent class growth model converged at fifty-nine of sixty starts but with a smallest class of 2.80%. The only specification producing well-populated classes 

was a two-class latent class growth model, which fits approximately 1,200 BIC units worse than the best available model. 

The explanation is a floor effect, and it is the mirror image of the ceiling effect reported in Section 6.1. Free recall excludes the cued component, and 

after a week many participants recall very few items without a cue. The distribution is compressed against zero, leaving too little variance in the shape of the 

curve for a mixture model to resolve. This is a substantive finding about the measure rather than a technical failure: it indicates that the cued component is 

necessary at the one-week interval, and that total recall, not free recall, is the appropriate score when the retention interval is extended to a week in a cognitively 

unimpaired sample. Studies planning to adopt this paradigm should note it. 

 

B.3 Specificity of the one-week window 

The two secondary outcomes based on total recall, namely the learning trajectory and the thirty-minute trajectory, were tested against the same three 

families of biological and subjective outcomes as the primary outcome. The same models, covariates and correction for multiple comparisons were used for 

each trajectory predictor. Table B3 compares the corrected p-values obtained for the three retention windows. The results indicate a differentiated pattern 

across retention windows, which qualifies the interpretation of the findings presented in Chapter 6. Associations varied according to the outcome domain 

examined, and the results did not indicate a uniform increase in sensitivity with longer retention intervals. 
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Table B3. Corrected p-values for the same outcomes under three trajectory predictors: classes derived from the three learning trials, from the learning trials plus thirty-minute recall, and from the full protocol 

including the one-week recall. Correction is by the Benjamini-Hochberg procedure within family, applied separately for each predictor. 

Family and outcome Learning trajectory 30-minute trajectory One-week trajectory 

Fluid biomarkers and subjective cognition 

Plasma p-tau217 .0006 * .034 * .021 * 

CSF Aβ42/Aβ40 .042 * .276 .211 

CSF p-tau181/Aβ42 .005 * .121 .021 * 

MyCog total .267 .034 * .089 

MyCog memory .124 .039 * .065 

Amyloid status .547 .984 .468 

Tau positivity (A+T+ vs A+T-) .109 .276 .065 

Cross-sectional MRI 

Bilateral MTL .021 * .905 .493 

Bilateral CA1 .036 * .905 .779 

Dentate gyrus / CA4 .021 * .905 .493 

Rostral middle frontal thickness .036 * .710 .567 

Entorhinal thickness .917 .905 .992 

Lateral occipital thickness (control) .236 .905 .992 

Longitudinal MRI (predictor × time) 

Bilateral CA1 .289 .141 .019 * 

Bilateral MTL .447 .141 .034 * 

Dentate gyrus / CA4 .751 .381 .087 

Rostral middle frontal thickness .289 .313 .592 

Lateral occipital thickness (control) .751 .770 .682 
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Note. MTL = medial temporal lobe. * survives correction at the 5% level. Only the outcomes needed to show the pattern are listed. The three trajectory predictors were processed identically, using the same models, the same covariates 

and the same correction procedure. 

Concurrent biological measures, including biomarker concentrations measured at the second visit and brain structure measured at the third visit, were 

more frequently associated with the learning trajectory than with the trajectories that included the thirty-minute or one-week assessments. In contrast, the rate 

of structural change across the three MRI visits was associated only with the full trajectory including the one-week recall. This pattern suggests that the different 

retention windows may capture partly distinct aspects of memory performance rather than representing progressively more sensitive versions of the same 

measure. Taken together, these findings suggest that one-week delayed recall provides complementary information that is not fully captured by standard short-

delay assessment, particularly with regard to longitudinal hippocampal change. 
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