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Abstract
Objective
To investigate the inﬂuence of heterogeneity in disease progression for detecting treatment
eﬀects in Alzheimer disease (AD) trials, using a simulation study.
Methods
Individuals with an abnormal amyloid PET scan, diagnosis of mild cognitive impairment or
dementia, baseline Mini-Mental State Examination (MMSE) score ≥24, global Clinical Dementia Rating (CDR) score of 0.5, and ≥1 follow-up cognitive assessment were selected from
the Alzheimer’s Disease Neuroimaging Initiative database (n = 302, age 73 ± 6.7; 44% female;
16.1 ± 2.7 years of education; 69% APOE e4 carrier). We simulated a clinical trial by randomly
assigning individuals to a “placebo” and “treatment” group and subsequently computed group
diﬀerences on the CDR–sum of boxes (CDR-SB), Alzheimer’s Disease Assessment Scale–
cognitive subscale–13 and MMSE after 18 months follow-up. We repeated this simulation
10,000 times to determine the 95% range of eﬀect sizes. We further studied the inﬂuence of
known AD risk factors (age, sex, education, APOE e4 status, CSF total tau levels) on the
variability in eﬀect sizes.
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Results
Individual trajectories on all cognitive outcomes were highly variable, and the 95% ranges of
possible eﬀect sizes at 18 months were broad (e.g., ranging from 0.35 improvement to 0.35
decline on the CDR-SB). Results of recent anti-amyloid trials mostly fell within these 95%
ranges of eﬀect sizes. APOE e4 carriers and individuals with abnormal baseline tau levels
showed faster decline at group level, but also greater within-group variability, as illustrated by
broader 95% eﬀect size ranges (e.g., ±0.70 points for the CDR-SB).
Conclusions
Individuals with early AD show heterogeneity in disease progression, which increases when
stratifying on risk factors associated with progression. We provide guidance for a priori eﬀect
sizes on cognitive outcomes for detecting true change, which is crucial for future AD trials.
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Glossary
AD = Alzheimer disease; ADAS-Cog = Alzheimer’s Disease Assessment Scale–cognitive subscale; ADAS-Cog-13 = Alzheimer’s
Disease Assessment Scale–cognitive subscale–13-item version; ADNI = Alzheimer’s Disease Neuroimaging Initiative; CDR =
Clinical Dementia Rating; CDR-SB = Clinical Dementia Rating scale–sum of boxes; LMM = linear mixed model; MCI = mild
cognitive impairment; MMSE = Mini-Mental State Examination; PiB = Pittsburgh compound B.

Primary endpoints in Alzheimer disease (AD) trials are usually
slowing or halting cognitive decline, which is typically evaluated
using neuropsychological tests or scales that capture global
cognitive functioning.1,2 A crucial assumption here is that the
treatment and placebo group should show similar rates of
cognitive decline in the absence of a treatment eﬀect.3 However, several longitudinal studies have suggested that individuals with AD show considerable heterogeneity in their rates of
cognitive decline, even when matched on disease severity at the
start of the study.4–7 Randomization procedures, however, do
not necessarily result in equal rates of cognitive decline between treatment and placebo groups (assuming rates exceed
background noise).8 A consequence is that placebo vs treatment group diﬀerences on cognitive outcome measures may
thus depend on variation in sampling of slow vs fast decliners
(ﬁgure 1). It remains unclear how such variation in random
sampling would inﬂuence trial outcomes, and may explain recent trial failures9–14 or tentative successes.15,16

cutoﬀ described below); (3) an MMSE score ≥24 at baseline;
and (5) a global Clinical Dementia Rating (CDR) scale of 0.50
at baseline.

We studied the eﬀect of heterogeneity in progression on
cognitive outcome measures in individuals from the Alzheimer’s Disease Neuroimaging Initiative (ADNI) who met
inclusion criteria that are currently used in prodromal and
mild AD trials.17 We investigated the variability in eﬀect sizes
that can be observed between a “placebo” and “treatment”
group after 18 months when heterogeneity in progression is
unaccounted for, and compared this to eﬀect sizes that have
been reported for recent anti-amyloid trials.9,10,12,14,15 We
further studied the inﬂuence of known factors aﬀecting AD
progression (i.e., age, sex,18 educational level,19 APOE e4
status,20 CSF tau levels4) on the variability in eﬀect sizes.

Cognitive Outcome Measures

Methods
Study Participants
Data were obtained from the ADNI research database (adni.
loni.usc.edu/wp-content/uploads/2008/07/adni2-proceduresmanual.pdf). ADNI is a multicenter longitudinal cohort study
with the primary goal of testing whether serial neuroimaging
and other biological, clinical, and neuropsychological markers
can be combined to measure clinical progression on the AD
spectrum. Data for the current study were selected from the
ADNI-1, ADNI-GO, ADNI-2, and ADNI-3 phases. We selected
those individuals who had at least 1 year clinical follow-up
available and met the inclusion criteria that were used in the
recent EMERGE and ENGAGE trials17: (1) a clinical diagnosis
of mild cognitive impairment (MCI) or dementia; (2) elevated
amyloid as measured by PET imaging (speciﬁc procedures and
e2674
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Standard Protocol Approvals, Registrations,
and Patient Consents
Data used in the current study were collected between February 2007 and November 2019. The study protocol was
approved by an ethical review board and all participants
provided written informed consent.
Data Availability
All data used in this article are publicly available and were
downloaded from the ADNI website (adni.loni.usc.edu). We
will provide a list of ADNI participant identiﬁcations for
replication purposes upon request.
Measures
We searched ClinicalTrials.gov in February 2020 on AD
clinical trials and found that out of the 208 registered phase 3
trials, 149 (72%) reported the use of cognitive outcome
measures in an anti-amyloid treatment. The top 3 most used
were the Alzheimer’s Disease Assessment Scale–cognitive
subscale (ADAS-Cog; n = 74 studies),21 the Mini-Mental
State Examination (MMSE, n = 58 studies),22 and the CDR
scale–sum of boxes (CDR-SB; n = 46 studies).23 Therefore,
we took these outcomes (i.e., ADAS-Cog, MMSE, and CDRSB) to study cognitive change.
The CDR was originally developed for the staging of dementia severity. The participant’s cognitive and functional
performance is rated in 6 areas: memory, orientation, judgment and problem-solving, community aﬀairs, home and
hobbies, and personal care. Each area is rated as 0 (“healthy”),
0.5 (“questionable dementia”), 1 (“mild dementia”), 2
(“moderate dementia”), or 3 (“severe dementia”). Adding the
rating of all boxes results in a total sum of boxes (CDR-SB)
score ranging from 0 to 18, with higher scores reﬂecting worse
impairment.23,24 The 13-item version of the ADAS-Cog
(ADAS-Cog-13) yields a measure of cognitive performance
by combining ratings of 13 subtests that mainly focus on
episodic memory, praxis, and language (e.g., word lists recognition and recall, constructional praxis, object and ﬁnger
naming) domains. Total scores range from 0 to 85, with
higher scores indicating worse impairment.21 The MMSE is a
global cognitive screening test, with total score ranging from
0 to 30, and lower scores reﬂect worse impairment.22
Neurology.org/N

Figure 1 Hypothetical Examples of Potential Effect Sampling Effects on Trial Outcomes

These examples show how random oversampling or undersampling of slow vs fast decliners could affect trial outcomes when rate of cognitive decline is not
accounted for during randomization. We depict 2 extreme possible situations of oversampling in order to illustrate the influence of an imbalance between
slow and fast decliners compared to a perfect randomization. P = placebo group (reflected by solid line); T = treatment group (reflected by dotted line).

Biological Markers

Amyloid positivity was determined by Pittsburgh compound
B (PiB) or Florbetapir AV-45 PET scanning (summary data
were obtained from the ADNI Laboratory of Neuroimaging
database: loni.ucla.edu/ADNI/). Amyloid abnormality was
based on standardized uptakevalueratio of mean uptake in 4
cortical regions (frontal, cingulate, parietal, and temporal
cortices) normalized to the whole cerebellum uptake, using
validated tracer-speciﬁc cutoﬀ values (>1.10 for Florbetapir
and >1.47 for PiB-PET).25 Tau was measured in CSF with the
xMAP Luminex platform (Luminex Corp.) and dichotomized
into normal and abnormal based on a cutoﬀ value of 93 pg/
mL.26 APOE genotype was dichotomized into individuals
carrying at least 1 APOE e4 allele (i.e., carriers) or none
(i.e., noncarriers).
Statistical Analyses
Statistical analyses were performed using R version 3.5.3 (R
Core Team, 2018). We modeled eﬀect of oversampling or
undersampling of fast/slow decliners on the variability in effect sizes observed on the ADAS-Cog-13, MMSE, and CDRSB, using the following procedures for each cognitive test.
First, we modeled cognitive decline by running linear mixed
models (LMMs) with random intercepts and slopes for each
subject using the cognitive test scores as dependent variable
and time (measured on a continuous level and including all
available follow-up time points) as independent variable. For
individuals with longitudinal assessments, but without an
Neurology.org/N

observed 18-month assessment, we used these LMMs to
predict their test score at 18 months follow-up. We then
computed the baseline to 18 months change score for each
individual as input for our simulation analyses. Next, we
simulated a clinical trial by randomly dividing the overall
group into a placebo and “treatment” group and calculating
“treatment eﬀects” by computing group diﬀerences in change
from baseline to 18 months follow-up. We repeated this
simulation 10,000 times to determine the 95% range of observed eﬀect sizes (ﬁgure 2), demonstrating the possible range
of scores that can be expected when there is no treatment
eﬀect and heterogeneity in decline is unaccounted for at
baseline. To investigate whether the range of group diﬀerences could be explained by diﬀerences in demographics, we
also simulated group diﬀerences in age, sex, level of education,
APOE e4 status, and baseline tau levels, and computed
Pearson correlations between changes in each of these variables to the group diﬀerence in change on cognitive outcome
measures.
Subsequently, we compared the 95% range of eﬀect sizes to
placebo vs (high-dose) treatment group diﬀerences in progression on the CDR-SB, ADAS-Cog, and MMSE that have
been reported for ENGAGE15 and EMERGE,15 as well as the
DAYBREAK-ALZ,12 IDENTITY-2,9 EXPEDITION-3,10 and
BAPINEUZUMAP14 trials, which had similar inclusion criteria and follow-up duration as the ENGAGE and EMERGE
trials.
Neurology | Volume 96, Number 22 | June 1, 2021
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Figure 2 Schematic Overview of Simulation Procedure

CDR-SB = Clinical Dementia Rating scale–sum of boxes; P = placebo group, reflected by solid line; T = treatment group, reflected by dotted line.

We further performed 3 sensitivity analyses. First, we repeated this simulation procedure including only those individuals with observed 18-months data, and next including
only those individuals with an CDR-SB score of 0.50 at
baseline. Third, we repeated the simulation with datasets
including n = 1,000, n = 2,000, n = 5,000, and n = 10,000
cases who all had simulated 18-months data on the CDR-SB,
ADAS-Cog, and MMSE based on the aforementioned
LMMs, to investigate the inﬂuence of sample size on the
variability in eﬀect sizes.
Finally, we studied whether eﬀects of heterogeneity on outcomes would decrease if groups were stratiﬁed on known risk
factors for AD, i.e., age (cutoﬀ of 65 years), sex (male vs
female), education (high vs low, based on a cutoﬀ 15 years),
CSF tau levels (normal vs abnormal), and APOE e4 status
(carrier vs noncarrier).

Results
A total of 302 individuals were included (mean age 73 ± 6.7
years; n = 133 [44%] female; mean level of education 16.1 ±
2.7 years; n = 207 [69%] APOE e4 carrier), of whom 274 had
MCI and 28 mild dementia at ﬁrst visit. On average, individuals were followed for 3.8 ± 2.3 years (maximum follow-up
time ranging from 1 to 9 years) and had 5 ± 2.1 repeated
cognitive assessments (number of repeated assessments
ranging from 1 to 11).
Heterogeneity in Disease Progression
The spaghetti plots in ﬁgure 3 show individual trajectories of
cognitive decline over time and illustrate that individuals vary
greatly, with person-speciﬁc slope estimates on the CDR-SB
ranging from 0.31 points improvement to 3.73 points worsening per year (mean annual change +0.76 points, SE 0.06,
95% CI 0.65–0.88, p < 0.001) (ﬁgure 3A). Similarly, personspeciﬁc slopes on the ADAS-Cog ranged from 1.01 points
improvement to 12.55 points worsening per year (mean annual change +2.44 points, SE 0.14, 95% CI 2.08–2.82, p <
0.001) (ﬁgure 3B), and individual slopes on the MMSE
e2676
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ranged from 0.60 points improvement to 5.80 worsening per
year (mean annual change −0.96 points, SE 0.09, 95% CI
−1.13 to −0.0.79, p < 0.001) (ﬁgure 3C).
The 212 individuals (201 MCI/11 dementia, age 73 ± 6.8;
44% female; 16.2 ± 2.8 years of education; 71% APOE e4
carrier) who had observed 18-month data available did not
diﬀer in baseline characteristics compared to those without
observed 18-month data, and showed similar estimates for
person-speciﬁc slopes (ﬁgure e1, A, C, and E; doi.org/10.
5061/dryad.qjq2bvqf2).
Trial Simulation Results
Figure 3, B, D, and F, shows for each cognitive outcome the
range of group diﬀerences in change from baseline to 18
months, obtained across 10,000 repetitions of randomly
assigned “placebo” and “treatment” groups. Vertical gray lines
indicate the lower and upper levels within which 95% of group
diﬀerences were observed. For the CDR-SB, 95% of group
diﬀerences fell within a range of −0.35 to +0.35 (ﬁgure 3B).
For the ADAS-Cog, 95% of group diﬀerences ranged from
−1.00 to −1.00 (ﬁgure 3D), and for the MMSE, this 95%
range was −0.42 to +0.42 (ﬁgure 3F). Group diﬀerences in
progression across simulation runs were not associated with
group diﬀerences in age, sex, level of education, APOE e4, or
baseline tau levels (all correlations ranging between r = 0.00
and r = 0.02).
To place recent trial ﬁndings in perspective of our ﬁndings, we
added trial results on each outcome measure as reported for
recent anti-amyloid trials in prodromal and mild AD. Each
colored dashed line in the histograms indicates the actual
observed diﬀerences in cognitive decline between treatment
and placebo groups for a speciﬁc trial. It can be seen that
almost all observed group diﬀerences showed improvement of
treatment vs placebo as captured by negative group diﬀerences on the CDR-SB and ADAS-Cog and positive group
diﬀerences on the MMSE, but most diﬀerences fell within the
95% ranges of our simulation for all outcome measures. Only
the blue line, i.e., the EMERGE trial, showed worsening of the
Neurology.org/N

Figure 3 Individual Trajectories and Simulated Group Differences for All Outcome Measures in the Total Sample (n = 302)

Left column: Individual trajectories on the Clinical Dementia Rating scale–sum of boxes (CDR-SB) (A), the Alzheimer’s Disease Assessment Scale–cognitive
subscale (ADAS-Cog) (C), and the Mini-Mental State Examination (MMSE) (E). Dotted vertical line presents scores at the 18 months time point. Right column:
Simulated group differences in change from baseline to month 18 based on the total sample (n = 302) on the CDR-SB (B), ADAS-Cog–13-item version (ADASCog-13) (D), and MMSE (F), including 95% range of effect sizes as indicated by vertical gray lines and effect sizes reported for recent clinical trials as indicated by
vertical colored lines (blue = EMERGE15; yellow = ENGAGE15; green = EXPEDITION-310; orange = DAYBREAK-ALZ12; red = IDENTITY-29; magenta =
BAPINEUZUMAP14).
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Figure 4 Individual Trajectories of Decline for Each Outcome Measure After Stratifying on Baseline Risk Factors

Risk factors presented in the different rows for all outcome measures (A = Clinical Dementia Rating scale–sum of boxes [CDR-SB]; B = Alzheimer’s Disease
Assessment Scale–cognitive subscale [ADAS-Cog-13]; C = Mini-Mental State Examination [MMSE]).

placebo compared to the treatment group that was outside the
lowest 95% percentile of group diﬀerences on all outcome
measures. On the other hand, the red vertical line, i.e., the
IDENTITY-2 trial, showed a worsening of the treatment
group that was outside the highest 99% percentile of group
diﬀerences for CDR-SB, suggesting that this was unlikely a
chance ﬁnding (although this eﬀect was not observed for the
ADAS-Cog).
e2678
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Sensitivity Analyses

Repeating the analyses including only individuals with observed
18-month data (n = 212) slightly broadened ranges of eﬀect
sizes, as shown in ﬁgure e1, B, D, and F (doi.org/10.5061/dryad.
qjq2bvqf2). We repeated analyses including only individuals
with a baseline CDR-SB score of 0.50 (n = 66), and observed
that restricting the sample to individuals with early state MCI did
not lead to less variation at 18-month follow-up (ﬁgure e2). We
Neurology.org/N

Figure 5 Individual Trajectories and Simulated 18-Month Group Differences for the Clinical Dementia Rating Scale–Sum of
Boxes (CDR-SB) After Stratifying on Risk Factors

then studied whether sample size inﬂuenced the 95% range of
expected eﬀect sizes based on simulated datasets including n =
1,000, n = 2,000, n = 5,000, and n = 10,000 individuals. Overall,
these results point out that by increasing sample sizes the 95%
range eﬀect sizes narrow systematically (ﬁgures e3–e5; corresponding clinical trial eﬀects were included only when group size
was comparable). Most observed group diﬀerences of recent
clinical trials remained within the 95% ranges for all outcome
measures when matched with simulated group sizes, except for
the EMERGE ﬁndings for the CDR-SB and ADAS-Cog and
EXPEDITION-3 ﬁndings for the CDR-SB and MMSE.
AD Risk Factors Influencing
Disease Progression
Figure 4 and e6 (doi.org/10.5061/dryad.qjq2bvqf2) shows
the individual trajectories for each outcome measure by risk
Neurology.org/N

factor including all follow-up time points. Figures 5-7 and
e7–e9 show the individual trajectories up to 18 months as well
as histograms of simulated group diﬀerences at month 18 for
each cognitive outcome measure, after splitting the overall
group in high- and low-risk groups separately for each factor
(i.e., baseline age, sex, educational level, APOE e4 status,
baseline CSF tau levels). In each ﬁgure, the left column represents the groups assumed to be at lower risk for fast progression, i.e., baseline age ≥65 (n = 261, 86%), male sex (n =
169, 56%), low education (n = 92, 30%), APOE e4 noncarrier
(n = 95, 31%), and normal tau levels (n = 123, 48%), whereas
the right column represents the groups assumed to be at
higher risk for fast disease progression (i.e., baseline age <65
[n = 41, 14%], female sex [n = 133, 44%], high education [n =
210, 70%], APOE e4 carrier [n = 207, 69%], and abnormal tau
levels [n = 135, 52%]).
Neurology | Volume 96, Number 22 | June 1, 2021
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Figure 6 Individual Trajectories and Simulated 18-Month Group Differences for the Alzheimer’s Disease Assessment
Scale–Cognitive Subscale–13-Item Version (ADAS-Cog-13) After Stratifying on Risk Factors

For tau and APOE, overall decline over time was signiﬁcantly
steeper in the high-risk groups as compared to their low-risk
counterparts, for all outcome measures (all time × risk factor
interaction terms p values < 0.001) (ﬁgure 4). For age, sex, and
educational level, decline over time did not diﬀer between the highand low-risk groups (ﬁgure e6, doi.org/10.5061/dryad.qjq2bvqf2).
Figure e7 (doi.org/10.5061/dryad.qjq2bvqf2) shows that for
sex and educational level, the overall pattern of decline over 18
months was similar in both the high-risk groups and low-risk
groups (i.e., being male vs being female, having lower vs
higher education) and the 95% ranges of CDR-SB progression for the high-risk groups were largely similar to their
low-risk counterparts. However, age, tau, and APOE high-risk
groups (i.e., a baseline age <65 years, APOE e4 carriers,
baseline abnormal tau levels) showed a somewhat steeper
e2680
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decline over 18 months as compared to their lower risk
counterparts (ﬁgure 5). Also, the 95% ranges of group differences were broader in those high-risk groups, showing that
these risk factors lead to greater variability between individuals in CDR-SB progression. Similar results for age, tau, and
APOE e4 status were observed for the MMSE (ﬁgure 6 and
ﬁgure e8). For the ADAS-Cog, a steeper decline over 18
months as well as greater variability between individuals was
observed for the younger age <65, female sex, low education,
and abnormal baseline tau groups (ﬁgure 7 and ﬁgure e9).

Discussion
We investigated the inﬂuence of heterogeneity in disease
progression among individuals with prodromal AD on eﬀect
Neurology.org/N

Figure 7 Individual Trajectories and Simulated 18-Month Group Differences for the Mini-Mental State Examination (MMSE)
After Stratifying on Risk Factors

sizes of commonly used cognitive outcome measures for AD
trials. We found that individual trajectories on the CDR-SB,
ADAS-Cog, and MMSE varied highly among individuals with
prodromal and mild AD, even though the goal of inclusion
criteria and subsequent group randomization is to create
homogeneous groups. As a consequence, the 95% range of
observed group diﬀerences on cognitive outcome measures at
18 months follow-up were broad, e.g., ranging from 0.35
Neurology.org/N

points improvement to 0.35 points decline for the CDR-SB.
Moreover, we showed that almost all group diﬀerences
reported for recent anti-amyloid trials fell within this simulated 95% range of eﬀect sizes for all outcome measures,
i.e., meaning that they fell within the range of eﬀect sizes that
can be expected when there is actually no treatment eﬀect.
This suggests that, even though within some trials diﬀerences
between placebo and treatment groups were statistically
Neurology | Volume 96, Number 22 | June 1, 2021
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signiﬁcant, the possibility cannot be excluded that those differences were actually due to oversampling of fast decliners in
the placebo group or oversampling of slow decliners in the
treated group. We further showed that, when repeating our
simulation for separate risk factors associated with disease
progression, a positive APOE e4 status and baseline abnormal
total tau levels were associated with steeper cognitive decline
at a group level, but also with greater variability in progression.
This resulted in even broader ranges of eﬀect sizes in these
high-risk groups on all outcome measures (e.g., ±0.70 points
for the CDR-SB in those with baseline abnormal tau).
Our simulation reﬂects a clinical trial in which there is no real
treatment eﬀect, and so the 95% range of group diﬀerences
between our “placebo” and “treatment” groups reﬂect the
possible range of scores that can be expected when there is no
treatment eﬀect. Thus, this range of group diﬀerences can
only be explained by heterogeneity between individuals in
their cognitive decline. Comparing our simulation results with
reported results from actual clinical trials revealed that these
reported diﬀerences consistently fell within the 95% ranges of
our simulation. So, although most trials showed an improvement of the treatment group vs the placebo group as
captured by negative group diﬀerences, it is not possible to
dissociate those results from chance ﬁndings due to unbalanced placebo vs treatment groups in terms of fast vs relatively slow decliners. This might even hold for the EMERGE
trial, in which signiﬁcantly less decline on the CDR-SB,
ADAS-Cog, and MMSE were observed in the treated arm.15
Because those eﬀects were not found in the identical ENGAGE trial, the possibility cannot be excluded that the
“treatment eﬀects” as observed in EMERGE could be due to
random overrepresentation of slow decliners in the treatment
group.
In most prodromal AD trials, amyloid-positive individuals are
matched on APOE e4 status, age, sex, and level of education,
which are known to be associated with rate of disease
progression.4,5,18–20,27 We also found that abnormal tau levels
are associated with steeper decline at group level, as also
suggested by previous studies.4,19 One strategy to overcome
the problem of heterogeneity might thus be to further select
on risk factors that are associated with rate of decline. However, when we tested this strategy, we indeed observed steeper
decline in high-risk individuals at group level, but also more
variability at subject level, as compared to low-risk individuals.
Thus, “low-risk” individuals are likely to show a similar rate of
relatively show progression, whereas, paradoxically, “highrisk” individuals still vary highly in their rate of progression.
This implies that even a broader range of non-therapy-related
eﬀects are possible for the “high”-risk group, whereas in lowrisk groups less variability among individuals is probably
explained by the fact that all individuals show less decline.
Consequently, only enrolling individuals at high risk of fast
progression may not solve the issue of heterogeneity, but
could increase heterogeneity, making it more diﬃcult to
capture a clinical eﬀect on group level. Our ﬁndings illustrate
e2682
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that although at a group level individuals with both abnormal
amyloid and tau show steeper decline, it is diﬃcult to translate
this to individual persons. This urges the further investigation
of factors that can aid in prognostic estimates at an individual
level.
Our results could be used to provide guidance on where to
ﬁnd “real” treatment eﬀects, when heterogeneity in disease
progression is unaccounted for. For example, the boundaries
of the 95% range of eﬀect sizes we found for the CDR-SB
indicate that less decline of >0.5 points over 18 months would
be unlikely due to random overrepresentation of fast decliners
in this group. In other words, a decline of >0.5 points on the
CDR-SB in the treated arm would strongly point towards a
true clinical eﬀect. A replication of this eﬀect in a second trial
would then be the ultimate proof of this clinical eﬀect. Furthermore, the results from our simulation with samples
ranging from n = 1,000 to n = 10,000 individuals highlight the
inﬂuence of sample size on eﬀects of heterogeneity, in that
larger samples become less prone to imbalanced groups in
terms of rate of decline. At the same time, this analysis shows
that trials should be cautious with subgroup analyses, which
diminishes group sizes and thereby increases the chance of
ﬁnding a false-positive eﬀect.
Other strategies for trials to deal with disease progression
heterogeneity could be to investigate treatment eﬀects on
biomarkers for the intended target and expected downstream
eﬀects would further provide more information on treatment
eﬀects. This has for example has been done in the Dominantly
Inherited Alzheimer’s Network Trial Unit and the related
gantenerumab trial, which demonstrated a treatment eﬀect on
markers of total tau, p-tau181, and neuroﬁlament light.28 An
advantage of biomarker outcomes compared to cognitive
outcomes is that the former are less prone to day-to-day
variability due to contextual factors (mood, concentration) or
diﬀerences in practice eﬀects due to repeated cognitive testing, and as such may show less heterogeneity in change over
time across individuals. For a more direct demonstration of
treatment eﬀects on cognitive outcomes, it would be informative if trials examined individual cognitive trajectories
rather than change on group level, to demonstrate whether
individual tracts within the treatment group show less variability in decline than in the placebo group, which may point
consistently to a treatment eﬀect.
An additional strategy would be to incorporate a run-in test
design, which could help to distinguish individuals who decline slowly from those who decline relatively fast. In the socalled “run-in period” all individuals would be “oﬀ-treatment,”
and the cognitive change in this period might be a good
estimate on the subsequent rate of disease progression.29 Still,
a drawback of this approach is that long run-in periods are
needed to capture cognitive changes, as our data as well as
previous work suggest that currently used cognitive outcome
measures do not adequately capture short-term changes in
prodromal AD.30 Long run-in periods are undesirable, as they
Neurology.org/N

may increase the chance of attrition before the actual start of
the trial. Future research should investigate whether alternative cognitive tests with improved sensitivity to detect subtle
changes may shorten run-in periods. Several endeavors have
been undertaken to develop more sensitive cognitive outcome
measures for prodromal stages of AD, such as the Alzheimer’s
Disease Composite Score31 and the Cognitive–Functional
Composite.32 Moreover, innovative cognitive tests that make
use of digital technology and advanced scoring and assessment techniques33 are being developed, which may provide
useful tools to capture more attenuation of disease progression more sensitively as well as reliably.34,35
There are some limitations that should be taken into account
when interpreting our ﬁndings. First, our simulation was
based on the ADNI database, a relatively highly educated
community-based sample, with little diversity in terms of racial and ethnic characteristics. This has limited our investigation of heterogeneity in speciﬁc subgroups, particularly
the young-onset group, and restricts the generalizability of our
eﬀect size boundaries to the global population. However, a
strength of using the ADNI study is that it was designed to
reﬂect a potential clinical trial population, hence the comparisons with recent clinical trial ﬁndings seem valid. A potential limitation regarding longitudinal cohort studies, such
as ADNI, is attrition. To investigate potential attrition bias, we
compared baseline characteristics of our selected cohort with
a sample including all individuals who fulﬁlled all of our inclusion criteria without requirement of follow-up (as “intentto-treat” cohort), and we found no diﬀerences between the
two. Hence, it is unlikely that the intent-to-treat cohort would
have shown a diﬀerent rate in overall decline than our observed cohort. Another issue is that practice eﬀects can arise
when cognitive assessment are repeated over time, particularly at the second time of testing and when the time interval
between assessments is short.36 In our ADNI selection, some
participants had 6 months follow-up data, which may have led
to less decline and thus less variability in change over time. In
addition, it should be acknowledged that in general it is difﬁcult to determine disease duration for individuals with AD at
their ﬁrst visit. Such variability in disease duration prior to
study participation may have inﬂuenced variance in change at
18 months. Our approach to ensure a similar disease stage was
by selection on baseline levels of cognitive functioning, as
reﬂected by our inclusion criteria of an MMSE score of 24–30
and a global CDR score of 0.5. This is the only approach we
have at the moment and is also used in clinical trials. So
whereas it could be argued that an MMSE range from 24 to 30
is still somewhat broad, it should be noticed that this range has
been common practice in recent and current clinical trials of
prodromal AD.
Regarding our comparisons with recent clinical trials, it
should be noted that our selection criteria and follow-up
timeframe were based on the EMERGE and ENGAGE trials
inclusion criteria,17 and that there may be small diﬀerences
with the criteria used in the other trials with which we
Neurology.org/N

compared our ﬁndings. Furthermore, most clinical trials with
which we compared our ﬁndings included up to 1,500 participants, whereas our original sample only included 300
participants. To enable a fairer comparison, we also ran our
analyses with simulated datasets up to 5,000 participants.
Finally, it should be taken into account that we investigated
the inﬂuence of risk factors of disease progression by only
looking at single risk factors, whereas accumulating evidence
suggests that no one factor can explain heterogeneity in
progression. Future research in large, independent datasets
with extensive follow-up data like that in the ADNI study
should be done to systematically test and validate an optimal
prediction model for rate of disease progression, for example
using machine learning tools.
Our study highlights the importance of understanding heterogeneity in AD progression in the context of clinical trials,
by providing more insight on how this heterogeneity, if unaccounted for, could potentially aﬀect trial outcomes. Our
ﬁndings imply that only selecting individuals with abnormal
amyloid and tau markers does not seem to solve the issue of
heterogeneity, and in fact, may make it more diﬃcult to
capture potential treatment eﬀects on clinical outcomes. Our
ﬁndings may have use in determining thresholds for detecting
(actual) treatment eﬀects in prodromal AD and may thereby
advance the successful evaluation of future clinical trials.
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