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Abstract.
Background: A theoretical endpoint staging framework was previously developed and published, aligning outcomes (i.e.,
memory) to the stage of Alzheimer’s disease (AD) in which a given outcome is most relevant (i.e., has the greatest risk of
degradation). The framework guides the selection of endpoints measuring outcomes relevant within a target AD population.
Here, a proof of concept is presented via post-hoc analyses of the Alzheimer Management by Albumin Replacement (AMBAR)
Phase 2b clinical trial in patients with AD (NCT01561053, 2012).
Objective: To evaluate whether aligning endpoints measuring cognition, function, and quality of life to hypothesized ‘target’
stages of AD yields magnitudes of treatment efficacy greater than those reported in the AMBAR full analysis set (FAS).
Methods: Three endpoints were tested: ADAS-Cog 12, ADCS-ADL, and QoL-AD. The magnitude of treatment efficacy
was hypothesized to be maximized in the target stages of mild, mild-to-moderate, and very mild AD, respectively, compared
to the full analysis set (FAS) and non-target stages.
Results: For ADAS-Cog 12, the magnitude of treatment efficacy was largest in the non-target stage (–4.0, p = 0.0760)
compared to target stage and FAS. For ADCS-ADL and QoL-AD, the magnitude of treatment efficacy was largest in the
target stage (14.2, p = 0.0003; 2.4, p < 0.0001, respectively) compared to non-target stage and FAS.
Conclusions: Findings indicated that evaluating endpoints in the most relevant AD stage can increase the magnitude of the
observed treatment efficacy. Evidence provides preliminary proof of concept for the endpoint staging framework.
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INTRODUCTION

In the last decade, more than 200 clinical
Alzheimer’s disease (AD) programs have been aban-
doned or have failed [1, 2]. Prior to 2003, only five
therapies had been approved for the treatment of AD,
all with only modest symptomatic improvement in
people with overt dementia [3]. Efforts to develop a
disease-modifying therapy (DMT) for AD have been
largely unsuccessful; two DMTs (aducanumab and
lecanemab) have been granted accelerated approval
to date, with the clinical benefit of aducanumab
yet to be confirmed in the upcoming confirmatory
trial(s) [4]. Reasons hypothesized for the failure of
AD trials include: 1) diagnostic inaccuracy of sub-
jects enrolled into trials stemming from the sole use
of historical clinical assessment-based criteria in the
absence of biomarkers; 2) inadequate understanding
of the heterogeneity of AD, which could include spe-
cific clinical stage of disease more likely to respond
to particular treatments; 3) failure to select a rel-
evant therapeutic target or dosing regimen; 4) the
selected outcome measures (e.g., ADAS-Cog) are not
sufficiently relevant or sensitive to detect treatment
responses in the patient population under study [5,
6]; and 5) the endpoints selected and implemented in
clinical trials do not appropriately measure the out-
comes with the greatest risk of degradation within the
stage of illness targeted by the trial.

A recent shift in the focus of randomized clinical
trials (RCTs) to early-stage disease (i.e., prodromal
AD and mild AD) means the examination of hypoth-
esis four and five is crucial. Such early-stage AD
RCTs employing endpoints with maximal sensitiv-
ity/relevance in later AD stages could mischaracterize
therapeutic benefit [7, 8]. To date, the fifth hypothesis
has not been extensively examined, although recent
work by Jutten et al. emphasized the need to select the
right cognitive outcome measure to accurately eval-
uate treatment efficacy in clinical trials [9]. Jutten et
al. proposed a framework that provides recommen-
dations for the selection of cognitive assessments for
clinical trials in early AD based on elements or cri-
teria such as target population (i.e., clinical disease
stage), relevance of domains/items, and measurement
quality (i.e., appropriate psychometric properties)
[9]. That is, when an outcome measure (e.g., ADAS-
Cog) is only clinically relevant (i.e., domain/item
content is targeted to the context of use) and sensi-
tive in a specific clinical AD stage, treatment efficacy
could be underestimated or overestimated if this out-
come measure is used in other AD stages.

This manuscript is the second part in our line of
research testing the fifth hypothesis. In the first part
of this line of research we developed a theoretical
Endpoint Staging Framework [10]. This published
framework (see Fig. 1a) provides a roadmap for
the selection of outcomes based on the stage of
disease under investigation, thereby, aligning core
outcome(s) (i.e., memory, orientation, activities of
daily living or quality of life [QoL]) to the stage
of disease in which these outcomes are most clini-
cally relevant (i.e., the stage in which the outcomes
start to degrade or are at greatest risk of degradation)
[10, 11]. In application, the framework was intended
to guide the selection of endpoints (e.g., cognitive
tools) measuring the outcomes (i.e., memory) that
are known to be the most clinically relevant in the
target population. For example, performance of activ-
ities of daily living (ADLs) is known to be at greatest
risk of degradation in mild-to-moderate AD; instru-
mental ADLs (i.e., finances) are sensitive to cognitive
decline that occurs in early AD and basic ADLs (i.e.,
toileting) degrade in later stages [12, 13]. We argue
that selecting endpoints employing this framework
should maximize measurement sensitivity and esti-
mated magnitudes of treatment efficacy, under the
assumption that a true treatment effect exists. This
is consistent with current Food and Drug Adminis-
tration (FDA) guidance, whereby outcome measures
must assess concepts that are relevant to the context
of use (i.e., target population) to be considered fit-for-
purpose [14–16]. The framework was developed from
an extensive review of the literature on the natural his-
tory of symptom expression, and findings ratified by
clinical experts [10].

Here in the second part of our line of research
we present an applied test of the theoretical End-
point Staging Framework in a series of exploratory
post-hoc analyses using data from the Alzheimer
Management by Albumin Replacement (AMBAR)
Phase 2b clinical trial [17]. Specifically, we exam-
ined whether testing treatment efficacy for endpoints
measuring cognition, function, and QoL in the stages
for which each endpoint was hypothesized to be most
clinically relevant would yield estimates of treatment
efficacy larger than those observed in the AMBAR
full analysis set (FAS). The endpoints and disease
stages (target versus non-target stages) defined to test
the Endpoint Staging Framework are presented in
Fig. 1b. The ‘target stage’ for each endpoint rep-
resents the stage of disease in which each of the
endpoints are hypothesized to be most clinically
relevant. For example, the ADCS-ADL (endpoint)
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Fig. 1. Endpoint Staging Framework and Endpoint-to-Target Stage Matrix.

was used to assess functional status (outcome). The
ADCS-ADL accesses IADLs and BADLs and is both
clinically relevant and sensitive to change in mild-
to-moderate AD (Fig. 1a; [12, 18]). Accordingly, the
‘target stage’ for the ADCS-ADL endpoint was mild-
to-moderate AD.

To clarify, the purpose of this manuscript was not to
test efficacy or draw conclusions about any specific
therapeutic benefit in AMBAR. The trial data was
used to evaluate a proof of concept that AD endpoint
target stages should theoretically be more sensitive
than non-target stages. The manuscript was focused

on evaluating a single question: if previously reported
AMBAR efficacy evidence for the three endpoints
considered here were re-estimated linking endpoint
to corresponding clinically relevant AD stage, how
would the previously reported results differ across
target and non-target stages? We hypothesized that
for all endpoints the magnitude of treatment effi-
cacy would be greatest in the target stage, followed
by the FAS, followed by the non-target stage, and
that target and non-target stages would differ sig-
nificantly in the observed magnitude of treatment
efficacy. Should evidence support the conclusion that
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Fig. 2. AMBAR Phase 2b Study Schema.

endpoints are more sensitive within a defined target
stage then preliminary proof of the concept defined
per the theoretical endpoint staging framework would
be achieved [10]. Such a proof of concept would pro-
vide preliminary support for the implementation of
the endpoint staging framework to improve prospec-
tive trial design.

MATERIALS AND METHODS

The AMBAR Trial Design

The AMBAR trial, described in detail else-
where [19], is a phase 2b1 randomized, blinded,
placebo-controlled clinical study (EudraCT#: 2011-
001598-25; ClinicalTrials.gov ID: NCT01561053) to
evaluate the efficacy and safety of plasma exchange
with albumin (PE-A) in patients with mild-to-
moderate AD.

Institutional Review Boards or Ethics Committees
from the sites and the health authorities from both
the United States and Spain approved the protocol.
In Spain, this committee was part of the Research
Center and Memory Clinic Fundació ACE, Institut
Català de Neurociències Aplicades, and in the US this
committee was part of the University of Pittsburgh
Medical Center. A Data Safety Monitoring Com-
mittee met when approximately half of the patients
were recruited due to the invasive nature of the study.

1Trial designed to determine effective PE-A dose and des-
ignated 2b by FDA; The Agencia Española de Medicamentos y
Productos Sanitarios (AEMPS) designated AMBAR a Phase 3.
Consequently, AMBAR is often referred to as a Phase 2b/3.

When consenting to participate, the patient and a
close relative or legal representative read the infor-
mation sheet, agreed to participate in the trial, and
signed the informed consent form.

Study population and intervention

A total of 347 eligible men and women aged 55
to 85 who had a probable diagnosis of AD demen-
tia as defined by NINCDS-ADRDA criteria [20] and
a baseline Mini-Mental State Examination (MMSE)
score between 18 and 26, were enrolled. Twenty-five
of the 347 randomized patients did not receive any
planned treatment (18 in the PE-A treatment arms);
therefore, these patients were excluded from the anal-
ysis.

Eligible patients were randomized into four arms
(1 : 1:1 : 1): three PE-A treatment arms and one con-
trol (sham) arm (see Fig. 2), immunoglobulin (IVIG)
infusion (10 g) every 4 months, or high dose albu-
min (40 g) alternated with IVIG infusion (20 g) every
4 months. The non-invasive (sham) procedure deliv-
ered to the placebo group consisted of a simulated
PE to ensure blinding to treatment status. The total
time from baseline to final visit was a maximum of
14 months.

Outcome measures and endpoints

Co-primary endpoints were evaluated and included
the Alzheimer’s Disease Assessment Scale-Cognitive
Subscale (ADAS-Cog 12) and the Alzheimer’s Dis-
ease Cooperative Study–Activities of Daily Living
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Table 1
The MMSE and CDR-sb cut-off values used to define AD Severity

Measure MCI/Very Mild Mild AD Moderate Severe AD

CDR-sb 0.5–4.0 4.5–9.0 9.5–15.5 16.0–18.0
MMSE ≥26 26–20 19–10 ≤10

AD, Alzheimer’s disease; CDR-sb, Clinical Dementia Rating – Sum of Boxes; MCI, mild cognitive impair-
ment; MMSE, Mini-Mental State Examination. Note, participants with ‘severe AD’ were not enrolled into
the AMBAR trial; however, for completeness, the associated cut-off values are included here.

(ADCS-ADL) total scores. In addition, the Quality of
Life in Alzheimer’s Disease (QoL-AD), a secondary
endpoint, was evaluated given the completeness of
available data on this measure.

In these analyses, we examined stage-specific
treatment efficacy on the total score change from
baseline for the ADAS-Cog 12, the ADCS-ADL
(composite of the IADLs and BADLs scores), and
the QoL-AD as reported by the patient.

Disease stage definitions for post hoc analyses

For this proof-of-concept study, participant’s stage
of disease at baseline (i.e., mild, moderate) was
defined using a combination of MMSE and Clinical
Dementia Rating – Sum of Boxes (CDR-sb) scores
according to published cut-off values [21–23]. The
cut-off values for these measures used to define AD
severity at baseline are presented in Table 1.

The MMSE is often used in clinical practice and
research to determine dementia severity. There is
empirical evidence to support the sensitivity of the
MMSE in staging moderate AD; however, a growing
body of evidence suggests the MMSE has both psy-
chometric and diagnostic limitations in early stage
disease (i.e., mild cognitive impairment (MCI) and
mild AD) [24–27]. Specifically, the MMSE has been
found to have large ceiling effects in MCI and mild
dementia, thereby leading to greater misclassifica-
tion of early-stage AD [25, 26]. Poor discrimination
between MCI and mild AD has been demonstrated for
the MMSE using data from clinical trials and observa-
tional studies [25, 28, 29]. In contrast, the CDR-sb has
been found to accurately discriminate between cog-
nitive impairment and early-stage disease, although it
has been found to misclassify moderate disease [24,
30, 31].

Taken together, there is limited evidence to sup-
port the use of either instrument as a stand-alone
tool to determine stages of AD across the contin-
uum. While CDR-sb has been used as an endpoint
in RCTs following the release of the FDAs 2013
guidance [32], the CDR global has also been used

in RCTs for staging disease alongside the MMSE
[33–35]. Therefore, in the absence of a ‘gold stan-
dard’ and to maximize stage classification accuracy
using the available tools, cutoffs from both the MMSE
and CDR-sb were used to define the target and non-
target groups for these post-hoc analyses. To preserve
classification accuracy of the target stages, subjects
classified inconsistently across MMSE and CDR-sb
were coded as members of the non-target stage for
each endpoint.

Statistical analysis

Post-hoc analyses to test the proof of concept are
described next. Note that AMBAR was not designed
or powered to assess the proof of concept presented
here; the powering of AMBAR has been described
previously. Sample sizes reported and employed are
those available in the data [17].

Per trial statistical analysis plan (SAP), the origi-
nal AMBAR efficacy models differed by endpoint.
The Mixed-Effect Model for Repeated Measures
(MMRM) was used to analyze longitudinal change
from baseline across months 2, 6, 9, 12, and 14 for
ADAS-Cog 12 total and ADCS-ADL total scores.

The MMRM accounted for the within-subject cor-
relation of the repeated measures via an unstructured
covariance matrix and included fixed effects of treat-
ment (pooled PE-A treated versus Placebo), month,
and the treatment by month interaction. Analysis of
covariance (ANCOVA) was used to model a single
change from baseline for QoL-AD total score (change
from baseline to month 14) from the fixed effect
of treatment (pooled PE-A treated versus Placebo).
Per SAP, both the MMRM and ANCOVA included
covariates of age, the endpoint-specific baseline
score, and MMSE-based AD-severity (Mild: baseline
MMSE 26-22; Moderate: baseline MMSE 21-18).

Proof of concept models

To reiterate, the goal of this proof of concept was
to evaluate whether the observed treatment efficacy
in change from baseline to month 14 would have a
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larger magnitude in the endpoint target stage than
that reported in the original FAS analysis or the
FAS adjusting for stage (assessed descriptively) or
in the non-target stage (assessed descriptively and
inferentially). If reproducing the AMBAR analyses
on AMBAR data accounting for the hypothesized
stage effect produced numerically larger efficacy esti-
mates, then the preliminary proof of concept would be
achieved. The goal was not to make claims regarding
PE-A treatment efficacy specifically, but to report and
compare magnitudes of observed treatment efficacy
estimates for the purpose of testing the theoretical
Endpoint Staging Framework.

To test the proof of concept, the AMBAR efficacy
models were augmented by including the endpoint-
specific stage variables defined in Fig. 1a and 1b [10,
11]. For each outcome, reference cell coding was
used to define the target stage (coded 1) and refer-
ence (i.e., non-target) stage (coded 0) within each
endpoint-specific stage variable.

For the MMRM modeling, longitudinal change
from baseline in ADAS-Cog and ADCS-ADL, the
endpoint-specific stage variable was added as a main
effect and interaction with treatment, month, and
treatment by month. The marginal mean change from
baseline to each follow-up month within each treat-
ment arm and the corresponding difference between
treatment arms were estimated for the FAS adjust-
ing for stage, the target stage and non-target stage. In
addition, the difference in treatment efficacy between
target and non-target stages was tested. Each of
these contrasts were estimated as marginal means
and marginal mean differences using SAS’ LSMES-
TIMATE function within the MIXED Procedure.
This approach permitted evaluating the hypothesized
effect of stage on the difference between treatment
arms across month without the sample-size-reducing
effect of stratification.

For the ANCOVA modeling, change from base-
line to month 14 in QoL-AD the endpoint-specific
stage variable was added as a main effect and inter-
action with treatment. The treatment efficacy within
and the difference in efficacy between target and
non-target stages was tested. Each of these contrasts
were estimated as marginal means and marginal mean
differences using SAS’ LSMESTIMATE function
within the GLM Procedure.

Imbalance and missing data

Consistent with previous AMBAR evidence
reporting, observed data were analyzed and no impu-

tation procedure was used for missing data. Missing
data were handled by the properties of the MMRM.
The MMRM yields unbiased estimates in the pres-
ence of unbalanced data (e.g., the 3 : 1 PE-A treated
to placebo allocation in AMBAR) and missing data
under the assumption data are missing at random
(MAR). A sensitivity analysis used the joint model
to adjust estimates for potential bias arising from
data missing not at random (MNAR). The joint
model yields unbiased estimates under both MAR
and MNAR by adjusting the MMRM for subject-
specific study survival time [36].

All analyses were conducted in SAS Version 9.4
except the joint model sensitivity analysis which was
conducted in R version 4.3.2 using the JM package.

RESULTS

Baseline characteristics

The average age of the study population (Table 2)
was 69.0 years, consistent across pooled treatment
and placebo arms (69.2 versus 68.4). The percent-
age of males was greater in the placebo arm (55%)
compared to the pooled treatment arm (43%). The
percentage of apolipoprotein E (APOE �4) carriers
was marginally greater for pooled treatment com-
pared with the placebo arm (51.9% versus 44.2%).
The mean time from diagnosis to enrolment was 2.4
years.

Post-hoc analyses of endpoints

Full model results are presented in Supplementary
Tables 1 and 2. For the sake of parsimony and consis-
tency of reporting across all endpoints, only marginal
means and mean contrasts for change from baseline to
final visit (month 14) are reported. These are reported
for the FAS adjusting for stage, within the target
stage, within the non-target stage, and for the dif-
ference between target and non-target stages. Within
Tables 4 and 5, results presented were obtained from
a single model. The estimates for the FAS adjust-
ing for stage (1a–1c) were derived from the two-way
interaction between treatment and month; the target
stage estimates (2a–2c) were obtained from the three-
way interaction between stage, treatment and month,
slicing on target stage; the non-target stage estimates
(3a–3c) were obtained from the three-way interaction
between stage, treatment and month, slicing on non-
target stage; the difference in efficacy between target
and non-target stage (4a) was obtained as the differ-
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Table 2
Baseline demographics and clinical characteristics in AMBAR Trial

Characteristics Placebo (n = 80) Pooled PE-A Treated (n = 242) Total (n = 322)

Age (y), mean (SD) 68.4 (8.4) 69.2 (7.4) 69.0 (7.7)
Age group (n, %)

<65 29 (36.3) 65 (26.9) 94 (29.2)
65–75 33 (41.3) 124 (51.2) 157 (48.8)
>75 18 (22.5) 53 (21.9) 71 (22.0)

Sex (n, %)
Male 44 (55.0) 104 (43.0) 148 (46.0)
Female 36 (45.0) 138 (57.0) 174 (54.0)

Time since AD diagnosis (y), mean (SD) 2.5 (2.3) 2.4 (2.4) 2.4 (2.4)
MMSE score, mean (SD) 21.7 (2.6) 21.6 (2.6) 21.6 (2.6)
CDR-sb score, mean (SD) 5.1 (2.6) 4.5 (2.1) 4.6 (2.2)
AD medication (n, %)

CEIs 56 (70.0) 164 (67.7) 220 (68.3)
Memantine 7 (8.8) 36 (14.9) 43 (13.4)
CEIs + Memantine 16 (20.0) 40 (16.5) 56 (17.4)
None 1 (1.3) 2 (0.8) 3 (0.9)

APOE �4 Status
N 77 231 308
Carriers (n, %) 34 (44.2) 120 (51.9) 154 (50.0)
Non-carriers (n, %) 43 (55.8) 111 (49.1) 154 (50.0)

CSF A�42
N 71 226 297
pg/mL, median (IQR) 551 (380–810) 505 (431–700) 515 (426–737)

Abbreviations: AD, Alzheimer’s disease; BMI, body mass index; CEI, cholinesterase inhibitor; CSF, cerebrospinal
fluid; IQR, Interquartile range; IVIG, intravenous immunoglobulin; MMSE, Mini-Mental State Examination; PE-A,
plasma exchange with albumin replacement; SD, standard deviation.

ence in stage-sliced three way interactions (2c minus
3c). The same was true for the ANCOVA presented in
Table 6, except there was no effect of month and there-
fore no three-way interaction because the ANCOVA
analyzed only a single change from baseline value
(baseline to month 14).

Cognitive function

Original analysis in FAS
In the original FAS analysis, the ADAS-Cog

12 change from baseline to final visit (month 14)
marginal mean was 2.8 for placebo and 1.2 for PE-A
treatment. The difference between PE-A treatment
and placebo groups in ADAS-Cog 12 total score
change from baseline to final visit (month 14) was
not statistically significant (–2.1 [95% CI: –4.4, 0.2],
p = 0.063) [17].

Proof of concept model
Within the FAS adjusting for stage (target versus

non-target), the PE-A treatment efficacy was statis-
tically significant (–2.8, p = 0.0330; see Table 4 and
Fig. 3). Treatment efficacy for ADAS-Cog 12 total
score change from baseline to final visit (month 14)
was not statistically significant in the target stage

(mild AD; –1.6, p = 0.2284) nor in the non-target
stage (moderate AD; –4.0, p = 0.0760). PE-A treat-
ment efficacy did not significantly differ between
the target and non-target stages (2.5, p = 0.3456; see
Table 4 and Fig. 3). Note, the corresponding sample
sizes for this analysis are presented in Table 3.

Inconsistent with the endpoint staging hypothesis,
the magnitude of treatment efficacy was largest in
the non-target stage (–4.0 [non-target] > –2.8 [FAS
adjusting for stage] > –2.1 [original FAS] > –1.6
[target]), this is explored in the discussion and is
hypothesized to be related to the item content and
sensitivity of the ADAS-Cog 12.

Activities of daily living

Original analysis in FAS
In the original FAS analysis, the ADCS-ADL

change from baseline to final visit (month 14)
marginal mean was –6.7 for placebo and –3.2 for
PE-A treatment. Treatment efficacy for the ADCS-
ADL total score change from baseline to final visit
(month 14) was statistically significant (mean differ-
ence: 3.5, p = 0.030), reflecting greater preservation
of functional ability for PE-A treated patients com-
pared to those receiving placebo [17].
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Fig. 3. ADAS-Cog 12 Total Score: Treatment Effect in FAS, Target, and Non-Target Stages.

Table 3
Sample size for each post-hoc analysis, by endpoint and target and non-target stage

ADAS-Cog 12 ADCS-ADL QOL-AD1

Visit Non-Target Target Non-Target Target Non-Target Target

Intermediate Visit (Month 2) 62 161 62 161 – –
LVPE 4 (Month 6) 56 144 55 144 – –
LVPE 7 (Month 9) 51 134 51 134 – –
LVPE 10 (Month 12) 48 126 48 126 – –
Final Visit (Month 14) 44 121 44 122 79 78
1Note that QOL-AD, in contrast to ADAS-Cog 12 and ADCS-ADL was modeled, per SAP/CSR as only change from baseline to final visit
via ANCOVA. Therefore, there are no sample sizes reported for change from baseline to intermediate visit through LVPE 10.

Table 4
Marginal Mean-Based Effects for Cognition at Final Visit (ADAS-Cog 12)

EFFECT LSM 95%CI p

FAS Adjusted for Stage: Treatment Efficacy at Final Visit (Month 14)
1a. PBO Change from Baseline 4.9 2.6, 7.1 <0.0001
1b. POOLED TX Change from Baseline 2.1 0.8, 3.4 0.0020
1c. Treatment Efficacy (1b–1a) –2.8 –5.4, –0.2 0.0330
Target Stage: Treatment Efficacy at Final Visit (Month 14)
2a. PBO Change from Baseline 1.5 –0.7, 3.7 0.1758
2b. POOLED TX Change from Baseline –0.1 –1.4, 1.3 0.9400
2c. Treatment Efficacy (2b–2a) –1.6 –4.1, 1.0 0.2284
Non-Target Stage Treatment Efficacy at Final Visit (Month 14)
3a. PBO Change from Baseline 8.2 4.3, 12.2 0.0001
3b. POOLED TX Change from Baseline 4.2 1.9, 6.5 0.0004
3c. Treatment Efficacy (3b–3a) –4.0 –8.5, 0.4 0.0760
Difference Between Target and Non-Target Stage Treatment Efficacy at Final Visit (Month 14)
4a. Treatment Efficacy Difference Across Endpoint Staging (2c–3c) 2.5 –2.7, 7.6 0.3456

TX, treatment; PBO, placebo; LSM, least squares means; 95%CI, 95% confidence limit; FAS, full analysis set.

Proof of concept model
PE-A treatment efficacy for the ADCS-ADL total

score within the FAS adjusting for stage (target

versus non-target) was statistically significant (7.9,
p = 0.0002). The same was true in the target stage
(mild-to-moderate AD; 14.2, p = 0.0003) but not in
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Fig. 4. ADCS-ADL Total Score: Treatment Effect in FAS, Target, and Non-Target Stages.

Table 5
Marginal Mean-Based Effects for Functional Status at Final Visit (ADCS-ADL)

EFFECT LSM 95%CI p

FAS Adjusted for Stage: Treatment Efficacy at Final Visit (Month 14)
1a. PBO Change from Baseline –12.7 –16.3, –9.0 <0.0001
1b. POOLED TX Change from Baseline –4.8 –6.9, –2.7 <0.0001
1c. Treatment Efficacy (1b–1a) 7.9 3.7, 12.1 0.0002
Target Stage: Treatment Efficacy at Final Visit (Month 14)
2a. PBO Change from Baseline –21.6 –28.3, –14.8 <0.0001
2b. POOLED TX Change from Baseline –7.4 –11.2, –3.6 0.0002
2c. Treatment Efficacy (2b–2a) 14.2 6.6, 21.8 0.0003
Non-Target Stage Treatment Efficacy at Final Visit (Month 14)
3a. PBO Change from Baseline –3.8 –6.7, –0.9 0.0115
3b. POOLED TX Change from Baseline –2.2 –4.0, –0.4 0.0191
3c. Treatment Efficacy (3b–3a) 1.6 –1.8, 5.1 0.3519
Difference Between Target and Non-Target Stage Treatment Efficacy at Final Visit (Month 14)
4a. Treatment Efficacy Difference Across Endpoint Staging (2c–3c) 12.6 4.2, 20.9 0.0033

TX, treatment; PBO, placebo; LSM, least squares means; 95%CI, 95% confidence limit; FAS, full analysis set.

the non-target stage (very mild AD; 1.6, p = 0.3519).
The difference in efficacy significantly differed
between the target and non-target stages, with statis-
tically significant superior preservation of function
in the target stage (12.6, p = 0.0033; see Table 5 and
Fig. 4) compared to the non-target stage. Note, the
corresponding sample sizes for this analysis are pre-
sented in Table 3.

Consistent with the endpoint staging framework
hypothesis, the magnitude of treatment efficacy was
largest in the target stage (14.2 [target] > 7.9 [FAS

adjusting for stage] > 3.5 [original FAS] > 1.6 [non-
target]).

Quality of life

Original analysis in FAS
In the original FAS analysis, the QoL-AD change

from baseline to final visit (month 14) marginal mean
was 0.2 for placebo and 1.5 for PE-A treatment. Treat-
ment efficacy for the QoL-AD total score change from
baseline to final visit (month 14) was statistically sig-
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Table 6
Marginal Mean-Based Effects for Patient-Reported QoL at Final Visit (QoL-AD)

EFFECT LSM 95%CI p

FAS Adjusted for Stage: Treatment Efficacy at Final Visit (Month 14)
1a. PBO Change from Baseline 0.1 –0.1, 0.3 0.4140
1b. POOLED TX Change from Baseline 1.5 1.4, 1.7 <0.0001
1c. Treatment Efficacy (1b–1a) 1.5 1.3, 1.7 <0.0001
Target Stage: Treatment Efficacy at Final Visit (Month 14)
2a. PBO Change from Baseline –0.6 –0.8, –0.3 0.0001
2b. POOLED TX Change from Baseline 1.8 1.6, 2.0 <0.0001
2c. Treatment Efficacy (2b–2a) 2.4 2.0, 2.7 <0.0001
Non-Target Stage Treatment Efficacy at Final Visit (Month 14)
3a. PBO Change from Baseline 0.7 0.5, 1.0 <0.0001
3b. POOLED TX Change from Baseline 1.3 1.1, 1.5 <0.0001
3c. Treatment Efficacy (3b–3a) 0.6 0.3, 0.9 0.0001
Difference Between Target and Non-Target Stage Treatment Efficacy at Final Visit (Month 14)
4a. Treatment Efficacy Difference Across Endpoint Staging (2c–3c) 1.8 1.4, 2.2 <0.0001

TX, treatment; PBO, placebo; LSM, least squares means; 95%CI, 95% confidence limit; FAS, full analysis set.

Fig. 5. QoL-AD: Treatment Effect in FAS, Target, and Non-Target Stages.

nificant (mean difference: 1.4, p = 0.024), indicating
greater preservation of QoL in AD for patients receiv-
ing PE-A treatment compared with patients receiving
placebo [37].

Proof of concept model
PE-A treatment efficacy for patient-reported QoL

in the FAS adjusting for stage (target versus non-
target) was statistically significant (1.5, p < 0.0001).
Within the target stage (very mild AD) treatment
efficacy was statistically significant (2.4, p < 0.0001)
and was numerically smaller but significant (0.6,

p = 0.0001) in the non-target stage (mild-to-moderate
AD). The magnitude of the difference in treatment
efficacy between target and non-target stages was sig-
nificant (1.8, p < 0.0001; See Table 6 and Fig. 5).
Additionally, in the target stage, the proportion of
patients achieving the threshold for minimally impor-
tant difference (MID, 3-point change [38–42]) was
39% for the PE-A treatment group and 20% for the
placebo group. Note, the corresponding sample sizes
for this analysis are presented in Table 3.

Consistent with the endpoint staging framework
hypothesis, the magnitude of treatment efficacy was
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largest in the target stage (2.4 [target] > 1.5 [FAS
adjusting for stage] > 1.4 [original FAS] > 0.6 [non-
target]).

DISCUSSION

In this proof of concept, we conducted a series
of post-hoc analyses using data from the AMBAR
trial to test the hypothesis that optimal endpoints for
measuring the benefits of treatment depend upon the
stage of illness of the participants enrolled in the
study. Thus, we posited that the accurate detection
of a treatment effect and the magnitude of that effect
strongly depends on aligning a measured endpoint
with the appropriate stage of disease. Specifically,
treatment efficacy was hypothesized to be maximized
when using endpoints known to be clinically relevant
within a given stage. Clinical relevance was defined
as endpoints measuring outcomes at greatest risk of
degradation within the AD stage of interest.

While we were limited to the endpoints and AD
stages available within the AMBAR trial, the findings
from these exploratory analyses offer preliminary
proof of concept for the endpoint staging framework
broadly.

The primary analysis on the FAS in AMBAR
demonstrated statistically significant PE-A efficacy
on QoL-AD and ADCS-ADL but not for ADAS-Cog
12 [17, 37].

In proof-of-concept models testing the endpoint
staging framework, both the QoL-AD and the ADCS-
ADL total score retained the significant treatment
efficacy observed in the FAS. In addition, both per-
formed as hypothesized, with the numerically largest
and statistically significant treatment efficacy esti-
mates observed in the target stage. Results for the
ADAS-Cog 12 total score did not follow this pattern.
That is, the numerically largest and statistically sig-
nificant PE-A efficacy estimates were not observed
within the target stage, and no difference was found
in efficacy between the target and non-target stages.
Given this finding, we propose that there are other
potential contributors to effect suppression in cogni-
tion that warrant discussion.

The findings from this study suggest that two
forms of heterogeneity could diminish detection of
a true clinical benefit in AD trials, and that alterna-
tive study design solutions should be considered to
address these forms of heterogeneity. One approach
depends upon stage and matching the measures and
endpoints to the most relevant stage of disease. The

second approach depends upon the refinement of the
measurement of endpoints. In this manuscript, we
endeavored to address the effect of stage-dependent
heterogeneity and the matching of endpoints to stages
on the detection of efficacy for AD treatments. For
measure-dependent heterogeneity, the refinement of
measures may be required, as all tests of cognition
are not equal within and across stage.

We know cognition encompasses various domains
each exhibiting differential accelerated decline
depending on AD stage (pre-clinical, MCI, mild
AD, moderate AD, and severe AD) [43–45]. Recent
evaluations have demonstrated increased accuracy
in characterizing decline in preclinical to prodro-
mal AD using alternative more targeted cognitive
measures, such as the Free and Cued Selective
Reminding test or Controlled Oral Word Associa-
tion Test [46–48]. In contrast, the ADAS-Cog 12,
widely used in clinical development programs regard-
less of stage, was developed to measure facets of
cognition relevant to overt dementia where cognitive
impairments are more severe. The potential misalign-
ment between this endpoint and early stage AD is
somewhat demonstrated by psychometric limitations
such as significant floor effects in some items (i.e.,
delayed word recall; 10 errors) in mild AD [49].
Consequently, a cognition endpoint measuring cogni-
tion facets at highest risk of degradation in moderate
AD, like the ADAS-Cog, may fail to detect treatment
efficacy in early AD stages. This could offer some
explanation to why the largest observed magnitude of
treatment efficacy was seen in the non-target (mod-
erate AD) stage in this analysis of the ADAS-Cog
12. Employing cognitive tools that robustly assess
relevant facets of cognition (i.e., executive function)
that start to degrade in the earlier disease stages com-
pared with traditional tools, such as the ADAS-Cog,
are likely to provide greater sensitivity to treatment
effects in confirmatory trials of early-stage disease.

There have been tremendous advances in the use
of neuroimaging and biomarkers as eligibility crite-
ria and outcomes in AD trials, as well as for general
clinical practice [50–53]. However, these advances
have not been matched by advances in the measures
of objective or subjective cognitive status and decline,
or in measures of functional status, QoL, or neuropsy-
chiatric symptoms. In many ways, the relevance and
measurement issues presented here could be con-
sidered as consistent with recent clinical findings
that demonstrated AD stage progression is associated
with distinct elements and specific expressions of tau
isoforms, and these stage-specific expressions have
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been proposed as stage-specific interventional targets
[54]. However, while several drugs have demon-
strated the clearance of amyloid from the brain,
evidence of a corresponding slowing of cognitive and
functional decline has not been robust [55].

The findings from this proof of concept support
recent published work that concludes there is a need
for the field to critically appraise the selection of
outcome measures and endpoints for trials based on
consensus-driven criteria or frameworks [9]. Here,
we present preliminary support for the endpoint stag-
ing framework, that we hope can be used to aid in the
selection of optimal outcomes, outcome measures,
and endpoints for future AD trials.

Limitations

While these findings provide preliminary proof of
concept, there are several limitations to this work.
We conducted post-hoc analyses of a relatively small
study that did not use biomarkers as part of the inclu-
sion criteria. A prospective study designed to evaluate
this hypothesis would require collection of multiple
endpoints (cognition, function, QoL, emotional &
mental health) in each disease stage (preclinical/MCI,
mild, moderate) and sufficient powering of the study
to detect any differences in change by endpoint and
stage.

Second, several variables were not included as
covariates (i.e., amyloid status, APOE status) in the
primary AMBAR analysis, and, therefore, were not
available for inclusion in these post-hoc analyses.
These variables included APOE �4 status (carrier
versus non-carrier), amyloid status (positive ver-
sus negative), treatment received prior to enrolment,
comorbidities (e.g., diabetes), and level of educa-
tion. These variables are key contributors to observed
heterogeneity in disease progression, as well as
within-subject and between-subject variability in per-
formance on outcome measures. While this specific
limitation goes beyond the scope of the guidance
provided by the Endpoint Staging Framework, it is
important that these factors be considered for future
stage-specific evaluation of outcomes in AD.

Subject loss-to-follow-up was a consideration in
this analysis. Study attrition in clinical research and
its potential corresponding biasing effect on estimates
and inference remains a pervasive and vexing issue.
AD RCTs are no exception, and neither was AMBAR.
The rate of loss-to-follow-up within AMBAR was
within the range commonly observed within AD tri-
als: 20–30% [56]. While the MMRMs employed

for the ADAS-Cog 12 and ADCS-ADL endpoints
implicitly adjust for data missing at random (MAR),
they are insufficient to adjust for informative missing-
ness mechanisms broadly referred to as data missing
not at random (MNAR). Survivor bias is a general
example of the issues that can arise from MNAR
data. A hypothetical example illustrating survivor
bias would consist of a scenario wherein a subject
experiences a dramatic deterioration in their AD sta-
tus and can no longer participate in the study. Their
departure from the study leaves the endpoint values
preceding this deterioration event and omits the value
that would have been observed had they remained.
The unobserved endpoint value would have reflected
a dramatic change in endpoint and could, depending
on the severity of the endpoint deterioration, alter the
analysis outcome.

To examine the potential biasing effect associated
with AMBAR’s loss-to-follow-up, we conducted a
sensitivity analysis using the joint model. The joint
model simultaneously models the MMRM and the
time to study drop-out for the analysis sample. The
joint model links the MMRM to study survival via
shared random effects, thereby adjusting for phe-
nomena such as survivor bias [36]. The Cox model
component of the joint model predicted time to study
drop-out from planned treatment, age at baseline,
endpoint baseline value, baseline AD severity, and
AD target and non-target stage. None of these effects
were significant predictors of time to study drop-out.
Within the target stage, the joint model sensitiv-
ity analysis for the ADCS-ADL endpoint yielded
a MAR- and MNAR-adjusted month 14 efficacy
estimate of 13.71 (compared to 14.2 in the origi-
nal model) and the associated p-value was <0.0001.
Therefore, subject loss-to-follow-up was found to
not bias the model results, regardless of mechanism
(MAR or MNAR). A joint model was not fit for the
ADAS-Cog 12 given the null results.

Note that because the original QoL-AD model
replicated in this analysis employed an ANCOVA
(as was the case for all non-primary endpoints),
a joint model or pattern mixture model could not
be used to examine the potential effect of MNAR
data on the QoL-AD analysis. Given the pernicious
nature of missing data and loss-to-follow-up in AD
trials, it would behoove researchers to employ lon-
gitudinal models for all endpoints where possible,
to permit testing the potential effect of MNAR bias
on reported results. Finally, the authors note that this
manuscript is not intended to promote the use of the
methods employed here but rather to demonstrate
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what we believe would be observed if the Endpoint
Staging Framework were used to prospectively link
endpoints to the target stage of disease in an RCT.
While such interaction terms could be employed in
stage-heterogeneous trials, that is not the point of this
manuscript. The manuscript is solely intended to pro-
vide a preliminary proof of concept that AD endpoints
should be tailored to their context of use (here, stage)
to maximize observed therapeutic benefit. Prospec-
tive trial design should carefully consider what AD
stage is relevant for the clinical program, what stage-
conversions may be observed post-baseline as a
function of study duration, and then select the end-
points that are most relevant to these stages.

Conclusions

Taken together the findings from these exploratory
post-hoc analyses provide preliminary support for
the theoretical hypothesis that the optimal endpoints
for measuring the benefits of treatment depend upon
the stage of illness of the participants enrolled in
the study. As hypothesized, the magnitude of the
observed treatment efficacy in the function and QoL
outcomes was numerically largest compared to all
other estimates when evaluated in the most relevant
stage of AD. From this, we posit that a failure to
optimize the selection and evaluation of endpoints to
measure clinical benefit in the stage of illness under
study is one reason for the limited success of previ-
ous AD trials. We conclude that preliminary evidence
supporting the use of the Endpoint Staging Frame-
work to optimize outcome assessment in trials may
exist, but that substantial additional work is needed.
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O, Piñol-Ripoll G, Gámez JE, Anaya F, Kiprov D, Alegret
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