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ABSTRACT
Background  In Alzheimer’s disease (AD), sensitive 
measures of cognitive decline prior to overt symptoms 
are urgently needed. Accelerated long-term forgetting 
(ALF), where new information is retained normally over 
conventional testing intervals but is then lost at an 
accelerated rate over the following days and weeks, 
has been identified cross-sectionally in presymptomatic 
autosomal dominant and sporadic AD cohorts. We aimed 
to assess whether ALF testing is predictive of proximity to 
future symptom onset.
Methods  20 asymptomatic autosomal dominant AD 
mutation carriers who performed normally on standard 
cognitive testing underwent ALF assessment with (1) a 
list, (2) a story and (3) a visual figure, with the testing of 
30-min recall and 7-day recall. Participants were followed 
up annually for a median of 7 years and assessed each 
time with the Clinical Dementia Rating (CDR) scale.
Results  9/20 participants developed symptoms 
(CDR global>0) during follow-up. Those who became 
symptomatic had lower baseline ALF scores for 
both the list (progressors=30 (IQR, 30–36.4) and 
non-progressors=58.3 (IQR, 33–66.7), p=0.03) 
and story (progressors=58.8 (IQR, 44–66) and non-
progressors=81.2 (IQR, 69.1–87.8), p<0.001). Story ALF 
(area under curve (AUC)=0.82) and list ALF (AUC=0.73) 
discriminated between those who did and did not 
develop symptoms.
Conclusions  Severity of ALF is not only associated 
with the presence of AD pathology but also predictive 
of clinical onset, identifying those at the highest risk of 
imminent decline. ALF testing offers promise in aiding 
presymptomatic trial recruitment, as a presymptomatic 
cognitive endpoint and potentially as a screening tool in 
the wider population.

INTRODUCTION
In Alzheimer’s disease (AD), new disease-modifying 
therapies are likely to be most effective if given 
early, prior to significant neuronal loss, but we need 
to identify those people who are most likely to 
benefit.1 Identification of subtle cognitive changes 
occurring before symptom onset can help stratify 
those at the greatest risk of decline and assess treat-
ment response.2 While it is widely accepted that 
episodic memory is the earliest cognitive domain 
affected in AD, conventional memory tests, which 

assess recall over intervals of 5–30 min, lack sensi-
tivity to very early, presymptomatic changes.3

Autosomal dominant familial Alzheimer’s disease 
(ADAD), due to mutations in presenilin 1 (PSEN1), 
presenilin 2 or amyloid precursor protein (APP) 
genes, shares many features, both pathophysiologi-
cally and clinically, with the more common sporadic 
form, and allows prospective study of asymptom-
atic individuals with known AD pathology.4

Accelerated long-term forgetting (ALF) is a 
pattern of memory dysfunction whereby encoding 
and initial storage of new information occurs 
normally but is then lost at an accelerated rate over 
the following days and weeks and is thought to 
represent early breakdown in long-term consolida-
tion.5 We previously found that ALF was a feature 
of presymptomatic ADAD in a group who were on 
average an estimated 7 years from symptom onset, 
had normal recall at 30 min and performed normally 
on all other cognitive tests.6 These findings have 
been replicated in multiple presymptomatic and 
sporadic AD cohorts.7 8 However, to date, studies 
of ALF have largely involved only cross-sectional 
group comparisons. To our knowledge, only one 
previous study, which assessed ALF in older people, 
has investigated its potential predictive value, but 
this was done in individuals for whom the presence 
or absence of AD pathology was unknown and 
with longitudinal follow-up over only 12 months.9 
We investigated the value of ALF assessment in 
predicting future onset of clinical decline by under-
taking extended longitudinal annual follow-up of 
asymptomatic ADAD mutation carriers following 
ALF testing.

METHODS
Participants and procedures
20 asymptomatic ADAD mutation carriers were 
recruited between February 2015 and March 2016. 
18 carried a PSEN1 mutation and two an APP muta-
tion. Participants were excluded if either they or 
their partner reported progressive cognitive symp-
toms or if they had any significant neurological 
or psychiatric condition that may influence their 
cognitive performance. All participants had a Clin-
ical Dementia Rating (CDR) score of 0 (indicating 
no symptoms or functional impairment)10 and had 
performed normally on a comprehensive battery of 
standard cognitive testing, including an assessment 
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of short interval episodic memory.6 ALF was tested using test 
materials from the Adult Memory and Information Processing 
Battery.11 Participants were assessed on initial learning, 30-min 
recall and 7-day recall of (1) a word list, (2) a short story and 
(3) a complex abstract visual figure using assessment procedures 
as described previously.6 For the word list, participants had to 
learn the material to a minimum required accuracy of 80% over 
a minimum of 4 and a maximum of 10 trials. For the story, the 
minimum required accuracy was 80%, over a minimum of two 
and a maximum of 10 trials. There was no minimum required 
learning score for the visual figure. The ALF score was calcu-
lated by dividing the 7-day recall score by the 30-min recall score 
and converting to a percentage, with higher scores representing 
better long-term retention. The initial testing, for learning and 
30 min recall, was done in-person, with the 7-day testing done 
remotely. Participants were not told that the memory tests would 
be repeated 7 days following the initial testing. Participants 
underwent follow-up clinical assessment on an approximately 
annual basis, including completion of the CDR.

The research was approved by the Queen Square Ethics 
Committee. All participants provided informed consent.

Statistical analysis
We compared ALF test scores (list, story and figure) of those 
who became symptomatic (CDR global>0) during follow-up 
with those who remained asymptomatic (CDR global=0) using 
the Kruskal–Wallis rank sum test. We present Kaplan–Meier 
plots, using median splits of ALF list, story and figure scores, 
to illustrate the relationship between ALF assessment and 
time to symptom onset in the two groups (ie, above median vs 
below median). We right-censored follow-up times at the final 
assessment date for participants who remained asymptomatic. 
Receiver operating characteristic curves were generated using 
logistic regression models to quantify the ability of baseline ALF 
scores to discriminate between those who would and would not 
go on to develop symptoms during follow-up.

In order to determine whether any association between test 
performance and symptom onset was unique to ALF assessment, 
we also analysed scores from several other established cogni-
tive tests, again comparing those who did and did not become 
symptomatic. The cognitive tests included covered domains 
previously found to be affected early in AD,12 13 including three 
of episodic memory (Recognition Memory Test (RMT) words, 
RMT faces and Camden Paired Associate Learning), three of 
executive function (Digit Symbol Substitution, Trail Making 
A and Trail Making B) and two of global intellectual function 
(Wechsler Abbreviated Scale of Intelligence (WASI) verbal IQ 
and WASI performance IQ).

RESULTS
Baseline demographics and performance on both ALF assess-
ment and other cognitive tests are shown in table 1. The median 
follow-up was 7 years. 9 participants developed symptoms (CDR 
global>0) during follow-up. Those who became symptomatic 
had significantly lower ALF scores at baseline for both the list 
(progressors=30 (IQR, 30–36.4) and non-progressors=58.3 
(IQR, 33–66.7), p=0.03) and story (progressors=58.8 (IQR, 
44–66), non-progressors=81.2 (IQR, 69.1–87.8), p<0.001) 
but not for the figure (progressors=68.2 (IQR, 55.6–81.3) and 
non-progressors=74.5 (IQR, 64.5–85.9) p=0.21) (figure  1A, 
table  1). While the list and story ALF scores (7 day/30 min) 
differed significantly between progressors and non-progressors, 
this was not the case for learning or 30-min recall scores. When 

splitting the participants based on the median ALF score, for 
both the list and story, the development of symptomatic disease 
occurred in seven individuals from the below median group and 
two individuals from the above median group (figure 1B). Both 
story ALF (area under curve (AUC)=0.82) and to a lesser extent 
list ALF (AUC=0.73) were able to discriminate between those 
mutation carriers who would and would not go onto develop 
symptoms, but this was not the case for figure ALF (AUC=0.64) 
(figure 1C).

No differences were found between those who did become 
symptomatic and those who did not become symptomatic for any 
of the other more conventional cognitive assessments (table 1).

DISCUSSION
In a group of asymptomatic ADAD mutation carriers who 
performed normally across baseline standard cognitive tests, we 
found that lower baseline verbal ALF scores were significantly 
associated with an increased risk of developing progressive clin-
ical symptoms during the following 7 years. Those who went on 
to develop symptomatic disease had lower baseline ALF scores 
for both list and story recall, with story scores showing almost 
no overlap between the two groups. No similar association was 
found for any of the other cognitive tests of memory or other 
domains included in our standard testing battery.

Assessing long-term forgetting in asymptomatic people has 
previously identified cross-sectional group differences between 
those with and without AD pathology.6–8 It has also been found 
to have some predictive value of progression over a 12-month 
period in asymptomatic older people (although with unknown 
presence or absence of amyloid-β).9 Here, we extend on 
previous work by showing for the first time, over an extended 

Table 1  Summary of demographic and clinical measures: groups 
are compared using the Kruskal–Wallis rank sum test, with p values 
reported

Progressors (n=9) Non-progressors (n=11) P value

Female (n (%)) 4 (44.4%) 6 (54.6%)

Age, years (mean 
(SD))

38.8 (3.9) 38.0 (7.2)

Years in education 
(mean (SD))

13.9 (3.3) 14.2 (2.1)

CDR global 0 0 >0.99

CDR Sum of Boxes 0 0 >0.99

MMSE at baseline 29 (29–30) 29 (29–30) 0.94

ALF list 30 (30–36.4) 58.3 (33–66.7) 0.03

ALF story 58.8 (44–66) 81.2 (69.1–87.8) <0.001

ALF figure 68.2 (55.6–81.3) 74.5 (64.5–85.9) 0.21

WASI verbal IQ 106 (94–111) 103 (79–108) 0.32

WASI performance IQ 104 (103–114) 103 (100–117) 0.99

RMT words 49 (48–50) 50 (49–50) 0.24

RMT faces 46 (45–49) 44 (40–45) 0.13

Camden PAL 19 (16–22) 18 (12–22) 0.78

Digit Symbol 
Substitution Test

62.5 (52.5–72.5) 58.5 (52–61) 0.40

Trail Making A 19 (18.5–28.5) 28 (20–33) 0.17

Trail Making B 44 (37.5–68.5) 57 (43–67) 0.32

‘Progressors’ refer to those who developed cognitive symptoms during the follow-
up period, while ‘non-progressors’ are those who remained asymptomatic. For all 
cognitive test scores, the values shown represent the median and IQR.
CDR, Clinical Dementia Rating; MMSE, Mini-Mental State Examination; PAL, Paired 
Associate Learning; RMT, Recognition Memory Test; WASI, Wechsler Abbreviated 
Scale of Intelligence.
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follow-up period, that the severity of ALF is not only associated 
with the presence or absence of AD pathology but also predictive 
of proximity to clinical disease onset in people with known AD 
pathology, several years before symptoms develop. ALF testing 
therefore not only discriminates between groups (ie, with AD 
pathology vs without AD pathology) but can also discriminate 
within the AD group, identifying which people with presymp-
tomatic AD are at the highest risk of decline.

While we can detect amyloid positivity through biomarkers, 
some amyloid positive individuals will be over 15 years from 
clinical onset and therefore may stand to gain less from interven-
tion with disease-modifying treatments that have significant risk 
profiles.14 Additional markers of proximity to onset able to iden-
tify those most at risk of imminent decline are therefore needed 

to inform treatment decisions, with ALF testing providing a 
cheap and scalable potential solution. In the future, a combi-
nation of an accessible amyloid biomarker, such as emerging 
pTau217 blood tests,15 with an indicator of proximity to onset 
such as ALF assessment, could enable effective screening and 
treatment stratification.

As the field shifts to performing AD trials earlier, a step change 
is required in how we approach cognitive assessment in the 
period before symptoms. While still widely used in clinical trials, 
endpoints such as the CDR Sum of Boxes10 were designed to 
detect changes only after symptoms have developed and hence 
show very little dynamic change until that point. Moreover, in 
the current study, we also used several more conventional cogni-
tive testing approaches, including those of memory, executive 

Figure 1  (A) Box plots showing the median ALF score (calculated as the percentage of information recalled at 30 min that is retained at 7 days) at 
baseline for list, story and figure tests, comparing those who remained asymptomatic and did not progress clinically with those who progressed to the 
symptomatic stage. (B) Kaplan–Meier curves showing the percentage of individuals who remain asymptomatic at each year of follow-up. The red lines 
represent individuals who scored above the median score on baseline list, story and figure ALF tests, while the blue lines represent those who scored below 
the median score. (C) Receiver operating characteristic curves for each of the three ALF scores showing the ability to discriminate between asymptomatic 
mutation carriers who do and do not go on to develop symptomatic disease during follow-up. For determining sensitivity and specificity, we used a cut-off 
probability of 0.5. ALF, accelerated long-term forgetting; AUC, area under the curve.
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function and global intelligence, none of which showed an asso-
ciation with future symptom onset. Developing improved assess-
ment tools for use in presymptomatic AD, able to detect earlier 
changes, is an area of high importance. However, efforts to date 
have tended to use lengthy combinations of multiple tests that 
were not originally designed for use during the presymptomatic 
period.16 17

While the results of verbal ALF assessments—both list and 
story—were associated with future symptom onset, this was not 
the case for long-term recall of a visual figure. This finding is 
consistent with long-term memory in the verbal domain being 
affected earliest in AD13 and with our previous work showing 
the cross-sectional discriminatory power of verbal ALF to be 
higher than visual.6 However, an alternative explanation is 
that the visual figure used did not represent a sensitive enough 
assessment of forgetting in the visual domain, with recent work 
showing that sensitivity can be improved by selectively assessing 
recall of more salient features.18

Our study has limitations. The sample size is relatively small, 
primarily because of the relative rarity of ADAD, although it was 
still sufficient to identify group differences, thereby highlighting 
the strong effect size. Replication in both familial and sporadic 
presymptomatic AD cohorts will be important. A potential prac-
tical limitation of our ALF testing paradigm, and its widespread 
implementation clinically and in trials, is its relatively high 
resource demands, with assessment required on 2 days 1 week 
apart. The development of automated digital testing paradigms 
could help to address this issue.

In summary, we have shown that the assessment of verbal ALF 
may provide a means of identifying individuals with presymp-
tomatic AD pathology who are at the highest risk of developing 
cognitive symptoms and clinical decline in the coming years. 
ALF testing offers promise in aiding presymptomatic clinical 
trial recruitment as a presymptomatic cognitive endpoint and 
ultimately as a cognitive screening tool in the wider population.
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