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ABSTRACT

Background: A subset of Alzheimer's disease patients progresses much more rapidly than average. These rapid
progressors exhibit accelerated cognitive and functional decline. Potential differences in Alzheimer’s biomarkers
for rapid progressors and their responses to disease-modifying treatments remain poorly understood, with pre-
vious clinical trials and studies producing limited biomarker data and inconsistent results.

Objectives: Examine differences in rapid progressor versus non-rapid progressor outcomes in two AD treatment
trials (bapineuzumab and semagacestat) and investigate cognitive and biomarker progression in the placebo
groups.

Design: Retrospective cohort study.

Setting: Four randomized, double-blind, phase 3 clinical trials from the Center for Global Clinical Research Data
(Semagacestat) and the Yale University Open Data Access Project (Bapineuzumab).

Participants: 4,902 patients (2,355 in bapineuzumab trials, 2,647 in semagacestat trials). Rapid progressors were
operationally defined as the 10% of patients with the largest changes in cognitive scores from baseline to trial
end.

Intervention: Bapineuzumab (monoclonal antibody) and Semagacestat (y-secretase inhibitor).

Measurements: Cognitive assessments (CDR-SB, MMSE, ADAS-Cog, ADCS-ADL) and biological markers (CSF and
plasma levels, MRI, FDG PET Scan, and Amyloid PET Scan) at baseline and endpoint.

Results: Rapid progressors showed distinct baseline characteristics in both the bapineuzumab and semagacestat
trials: younger age (61.27 vs 63.14 years, p=0.008; and, 72.64 v. 73.64 years, p=0.046), a higher proportion of
APOE4 carriers (87.6% vs 41.4%, p<0.001; and, 85.2% vs 49.3%, p = 0.022), and greater cognitive impairment
across all measures (p<0.001). Both progression groups demonstrated improvement in specific biomarkers with
treatment, though with different patterns. With bapineuzumab according to Conditional Average Treatment
Effect analysis, rapid progressors showed biomarker improvement in amyloid CSF, p-Tau CSF, and amyloid PET
scan, while non-rapid progressors demonstrated biomarker improvements in p-Tau CSF, amyloid PET, and MRI.
With semagacestat, rapid progressors showed improvements in amyloid CSF and plasma while non-rapid pro-
gressors showed improvements in amyloid CSF, FDG PET, and MRI.

Conclusions: This study provides crucial insights for clinical practice and trial design. The distinct response
patterns between progression groups suggest that early identification and balancing of RPs between groups could
improve clinical trial efficiency. The findings support the development of personalized treatment approaches for
rapid progressors, who have aggressive disease progression. These results may significantly modify clinical trial
design and patient care in Alzheimer’s disease.

1. Introduction

who exhibit an accelerated decline in cognitive and functional abilities
compared to the expected trajectory of disease progression [1-4]. It is

Rapid progressors (RPs) in Alzheimer’s disease (AD) are individuals unknown whether RPs are responsive, either via cognitive assessments

* Corresponding author at: 1941 East Rd, Houston, TX 77054, USA
E-mail address: Madison.Shyer@uth.tmc.edu (M. Shyer).

https://doi.org/10.1016/j.tjpad.2026.100483

Received 23 July 2025; Received in revised form 1 December 2025; Accepted 7 January 2026

Available online 21 January 2026

2274-5807/© 2026 The Authors. Published by Elsevier Masson SAS on behalf of SERDI Publisher. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).


https://orcid.org/0000-0003-1250-6650
https://orcid.org/0000-0003-1250-6650
https://orcid.org/0000-0002-8166-1868
https://orcid.org/0000-0002-8166-1868
https://orcid.org/0009-0006-7620-4984
https://orcid.org/0009-0006-7620-4984
https://orcid.org/0009-0008-7082-2030
https://orcid.org/0009-0008-7082-2030
https://orcid.org/0009-0001-2789-0993
https://orcid.org/0009-0001-2789-0993
https://orcid.org/0009-0003-2572-7345
https://orcid.org/0009-0003-2572-7345
https://orcid.org/0000-0003-0676-002X
https://orcid.org/0000-0003-0676-002X
mailto:Madison.Shyer@uth.tmc.edu
www.sciencedirect.com/science/journal/22745807
https://www.elsevier.com/locate/tjpad
https://doi.org/10.1016/j.tjpad.2026.100483
https://doi.org/10.1016/j.tjpad.2026.100483
http://crossmark.crossref.org/dialog/?doi=10.1016/j.tjpad.2026.100483&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/

K. Harris et al.

or biomarkers, to drugs designed to slow the progression of the disease
both in clinical trials or commercially-available treatments.

One intervention that has investigated RPs —aducanumab, an anti-
amyloid beta (Af) monoclonal antibody— has also been at the center
of extensive debate regarding its efficacy and approval process [5]. A
critical issue in its clinical trials has been that the ENGAGE study had a
higher number of RPs in the high dose group versus EMERGE (9 patients
in ENGAGE and 5 in EMERGE). Excluding these RPs changed the Clinical
Dementia Rating - Sum of Boxes (CDR-SB) outcome, improving the score
change in the high-dose ENGAGE group. The analysis of this trial with
regard to RPs (as defined by CDR-SB) did not include how biomarker
outcomes were affected. Given the recent updates to the biomarker
classification system [6], which helps to define AD biologically, a more
robust understanding of the biology of RPs and its potential effects on
treatments is necessary.

Many other anti-Ap medications have been investigated. Bapineu-
zumab and semagacestat both underwent phase 3 clinical trials for the
treatment of AD [7,8]. Bapineuzumab is a monoclonal antibody whose
mechanism of action is similar to aducanumab’s, i.e. binding to and
clearing beta amyloid deposits in the brain cortex. Semagacestat is a
y-secretase inhibitor that lowers the production of Ap in the blood, spinal
fluid, and brain. Unfortunately, bapineuzumab was not associated with
significant improvement in clinical outcomes, i.e., it did not slow disease
progression. Additionally, higher doses of Semagacestat were correlated
with a decline in functional ability and an increase in adverse events,
resulting in early termination of the clinical trial. Patients in the trial
were followed for 7 months afterwards to collect safety data. Neither the
bapineuzumab nor the semagacestat studies investigated the effects of
these medications in RPs; therefore, it is not known whether the medi-
cations have any effect on RP versus NRP biomarkers.

The objectives for this study were to determine whether treatment
with semagacestat or bapineuzumab affected 1) the biomarker outcomes
for RPs versus NRPs or 2) the relationship between cognitive test pro-
gression and endpoint biomarker outcomes (plasma, CSF, MRI, PET) of
RPs versus NRPs over the course of the clinical trials. We hypothesized

a)
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that semagacestat and bapineuzumab would have different effects on RP
and NRP biomarker outcomes and that in the placebo group, RPs would
have greater decline versus NRPs on cognitive testing and the rate of
biomarker change from baseline to the patients’ final visit.

2. Methods
2.1. Data Source

We analyzed data from four randomized clinical trials (RCTs) from
the Yale University Open Data Access Project (YODA) and Center for
Global Clinical Research Data (Vivli) [9-12]. Two RCTs were multi-
center, double-blind, phase 3 studies of bapineuzumab in patients with
mild to moderate AD with and without APOE4 (NCT00574132 &
NCT00575055). The other two RCTs were multicenter, double-blind,
phase 3 trials studies of semagacestat in patients with mild AD
(NCT00594568 & NCT00762411). The RCT datasets for semagacestat
were combined, as were the datasets for bapineuzumab. eTable 1
demonstrates the clinical trial details, eTable 2 illustrates the schedule of
events for each of the RCTs, and Fig. 1 shows the overall analysis
flowchart.

2.2. Patients and Treatments

Randomized patients, including those who discontinued from the
clinical trial early, were included in our analysis. One semagacestat RCT
tested 140 mg and 100 mg doses versus placebo, and the other tested
only the 140 mg dose versus placebo. For our analysis, patients who
received either dose of semagacestat were combined into a treatment
group. The bapineuzumab RCTs studied 0.5 mg/kg and 1 mg/kg dos-
ages, which for our purposes were combined into one treatment group.

2.3. Rapid Progressor Definitions

For these analyses, we used our previously described RP definitions
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Fig. 1. Rapid Progressor Designation Methodology and Analyses Overview Flowchart.

a) Description of how the mean cognitive assessment change is calculated. The top 10% of patients who progress on the cognitive tests (CDR-Sum of Boxes (CDR-SB),
Mini-Mental Status Examination (MMSE), Alzheimer's Disease Assessment Scale-Cognitive Subscale (ADAS-Cog), Alzheimer’s Disease Cooperative Study- Activities of
Daily Living (ADCS-ADL)) are classified as rapid progressors (RP), and the bottom 90% of patients are considered non-rapid progressors (NRP). b) Overview
flowchart for the bapineuzumab and semagacestat analyses. The main analysis, which identifies RPs/NRPs based on the CDR-SB assessment, is represented in the
flowchart. In all of the original clinical trials for bapineuzumab and semagacestat, 60% of patients were randomized to the treatment arms.



K. Harris et al.

(Ma & Shyer, 2024). We have defined RPs as the 10% of patients with
the greatest changes in cognitive scores from baseline to trial’s end
(Fig. 1). In this study, if a patient discontinued a trial prior to study
completion, then we used the change in score from baseline to the last
cognitive test scores recorded. Cognitive tests included the 1) CDR-SB
(0-18, higher scores indicating greater functional impairment), 2)
Mini Mental State Examination (MMSE) (0-30, lower scores indicating
greater cognitive impairment), 3) Alzheimer's Disease Assessment Scale-
Cognitive Subscale (ADAS-Cog) (0-90, higher scores indicating greater
cognitive impairment), and 4) Alzheimer’s Disease Cooperative Study-
Activities of Daily Living (ADCS-ADL) (0-78, lower scores indicating
greater functional impairment). The bapineuzumab RCTs utilized the
CDR-SB, MMSE, and ADAS-Cog, and the semagacestat RCTs utilized all
cognitive assessments.

Patients with a change of more than 22 for ADAS-Cog, 24 for the
ADCS-ADL, 6 for CDR-SB, and 10 for MMSE met our definition of RP, i.
e., the 10% of patients with the greatest changes in cognitive scores.
Since the CDR-SB was a primary outcome for the aducanumab trial and
lecanemab trials, was a secondary outcome measure in the donanemab
trial, and is an FDA recognized measure of decline, we used the CDR-SB
RP definition in this study. However, in the supplement we show the
same analyses using the other cognitive test RP definitions.

Table 1
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2.4. Outcomes

Biomarker outcomes such as plasma, CSF, MRI, and PET scan vari-
ables were included in the analysis, as available. For the semagacestat
analyses, we included CSF Ap 42/40 ratio, CSFAB 42, CSF Ap 40, plasma
AP 42/40 ratio, plasma Ap 42, plasma A 40, Entorhinal Cortex Volume,
Hippocampal Volume, Whole Brain Volume, Ventricular Volume, and
FDG PET scan SUVR. For the bapineuzumab analyses, we included CSF
Ap 42/40 ratio, CSF AB 42, CSF AB 40, CSF p-Tau, Hippocampal Volume,
Whole Brain Volume, Ventricular Volume, and Amyloid PET scan SUVR.

2.5. Statistical Analysis

For demographic variables, mean (standard deviation) and fre-
quency (percentage), and the corresponding p-value (chi-square, t-test)
were calculated. For non-demographic variables, the mean difference
between the endpoint value and the baseline values were computed.
Missing data was addressed using imputation procedures in all analyses.

2.6. Conditional Average Treatment Effect (CATE) Analysis

We observed a significant difference between RP and NRP in clinical

Bapineuzumab and Semagacestat Demographic and Cognitive Assessment Findings for Rapid Progressors and Non-Rapid Progressors based on the CDR-SB Rapid

Progressor Definition.

BAPINEUZUMAB SEMAGACESTAT
RP (N=315), NRP (N=2,040) RP (N=290), NRP (N=2,357)
RP or NRP Baseline p-value Overall Endpoint p-value Baseline p-value Overall Endpoint p-value
Mean Change Mean Change

RP 69.57 (8.24) 0.008 72.64 (8.42) 0.04
Age NRP 70.75 (9.22)) 73.64 (8.04)

RP 131 (41.6%) <0.001 123 (42.4%) 0.46
WL NRP 953 (46.7%) 1058 (44.9%)

RP 300 (95.2%) 0.665 247 (85.2%) <0.001
Caucasian NRP 1927 (94.5%) 1750 (74.2%)

RP 5(1.6) 0.082
Hispanic NRP 75 (3.7)

RP 276 (87.6%) <0.001 164 (56.6%) 0.02
APOE4
Carrier NRP 845 (41.4%) 1161 (49.3%)

RP 5.82 (2.38) <0.001 6.81 (1.90) <0.001 5.73 (2.17) 0.57 7.59 (1.99) <0.001
CDR-SB NRP 5.11(2.87) 0.8 (1.64) 5.63 (2.91) 1.07 (1.79)

RP 28.66 (8.63) <0.001 14.29 (9.24) <0.001  40.58(11.02) <0.001 20.31 (13.70) <0.001
ADAS-Cog NRP 21.97 (9.48) 3.20 (6.97) 34.63 (11.12) 4.76 (9.55)

RP 19.17 (2.65) <0.001 -7.93 (4.82) <0.001 19.6 (2.75) <0.001 -7.77 (5.00) <0.001
MMSE NRP 21.25 (3.20) -2.02 (4.18) 20.82 (3.14) -1.85(3.72)
ADCS.ADL 2.44 (1.41) 0.01 -1.45 (1.40) <0.001

2.67 (1.46) -0.47 (1.26)

Continuous variables are presented as mean and standard deviation, and categorical variables as frequency and percentage. When comparing rapid progressors and
non-rapid progressors, or mean endpoint values, variables that demonstrated the same mean outcome at 2 decimal places were extended to 4 decimal places (0.02 vs
0.0254). ADAS-Cog: Alzheimer's Disease Assessment Scale-Cognitive Subscale; ADCS-ADL: Alzheimer’s Disease Cooperative Study- Activities of Daily Living; APOE:
Apolipoprotein E; CDR-SB: Clinical Dementia Rating-Sum of Boxes; MMSE: Mini-Mental Status Examination; NRP: Non-Rapid Progressor; RP: Rapid Progressor.
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and biological variables at baseline (Tables 1-2). These differences
suggest that treatment effects may not be uniform across the population
and the group-level comparison might reflect those imbalances. To ac-
count for such heterogeneity, we estimated individualized Conditional
Average Treatment Effects (CATE) using a causal forest model. Causal
forests are an extension of random forests designed to estimate treat-
ment effect heterogeneity under the potential outcome’s framework
[13]. Previously, we leveraged causal forest for heterogeneity estima-
tion to identify moderators affecting treatment effect [14]. Building on
this, we identified individualized CATEs using various biological
outcome measures and quantified the RP and NRP group CATE in a
post-hoc manner. By conditioning on a rich set of baseline features,
causal forests aim to adjust for such heterogeneity and uncover sub-
groups with differential treatment responses.

2.7. Additional Analyses on Amyloid Status and Disease Severity

Two additional analyses were conducted in order to understand
whether baseline characteristics that are usually used in contemporary
clinical trials influenced outcomes. First, to assess the impact of amyloid
status on bapineuzumab results, we included only patients with a PIB
PET scan SUVR > 1.35. We compared RPs and NRPs in regards to the PIB
PET scan values at the baseline, overall endpoint, and the endpoint mean
change for both the treatment and placebo groups. Second, to examine
the influence of disease severity on bapineuzumab and semagacestat
outcomes, we restricted the sample to include only patients with a
baseline MMSE of > 20, which has commonly been done in more recent
clinical trials. As in the amyloid analysis, we compared RPs and NRPs.
However, this analysis also included MMSE at baseline, PIB PET Scan,
CSF AB 42/40, and plasma Af 42/40 as outcomes.

2.8. Ethical approval

The UTHealth at Houston Institutional Review Board and the Com-
mittee for the Protection of Human Subjects (CPHS) reviewed the study
and classified it as “non-human subjects research” due to the use of de-
identified retrospective data. The study was approved with a waiver of
HIPAA authorization and informed consent waiver.

3. Results
3.1. Bapineuzumab

The bapineuzumab analyses included 2,355 patients (eTable 3), of
whom 315 met our definition for CDR-SB RPs and 2,040 were CDR-SB
NRPs. Of the RPs, 204 (64%) received treatment and 111 (35%)
received placebo. Of the NRPs, 1,216 (59%) received treatment and 824
(40%) received placebo. The proportion of RPs and NRPs receiving
treatment was similar to the randomization ratios found in the original
clinical trials in which 60% of patients were randomized into the
treatment arms. The CDR-SB RP baseline characteristics and measure-
ments, endpoint effects, and CATE values are shown in Tables 1 and 2.

In the bapineuzumab RP CDR-SB analysis, the mean age was 61.27
(SD: 10.01) for RPs and 63.14 (SD: 11.92) for NRPs (p-value: 0.008).
Males were 49.2% of RPs, and 77.4% NRPs (<0.001). Caucasians were
95.2% of RPs and 94.5% of NRPs. APOE4 carriers were 87.6% of the RPs
and 41.4% of the NRPs (p-value: <0.001).

At baseline, RPs were more cognitively impaired versus NRPs on the
CDR-SB, ADAS-Cog, and MMSE (p-values: <0.001). RPs were also more
likely to have worse biomarker profiles than NRPs on CSF Ap 42/40, Ap
PET scans, CSF p-Tau, volumes of the left/right hippocampi, whole
brain, and ventricles, (p-values: <0.001).

At the endpoints, no improvements were noted on biomarkers with
bapineuzumab treatment for the CDR-SB RP definition analysis. How-
ever, based on the CATE analysis, RPs showed improvements with CSF
AB 40, CSF p-Tau, and amyloid PET scans. On CATE analyses, NRPs had
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improvements in CSF Ap 42/40, CSF Ap 42, CSF Ap 40, CSF p-Tau,
hippocampal volume, ventricular volume, and amyloid burden on PET
scans.

There were no biomarkers in RPs that showed improvement with
bapineuzumab treatment identified through both the endpoint treat-
ment effect and CATE analyses; however, NRPs demonstrated
improvement in amyloid PET and CSF p-Tau.

3.2. Semagacestat

The semagacestat analysis had 2,647 patients, of whom 290 met our
definition for CDR-SB RPs, and 2,357 as CDR-SB NRPs. Of the RPs, 179
(61%) received treatment and 111 (38%) received placebo. Of the NRPs,
1,413 (57%) received treatment and 944 (40%) received placebo. Again,
the proportion of RPs and NRPs receiving treatment was similar to the
randomization ratios found in the original clinical trials in which 60% of
patients were randomized into the treatment arms. The semagacestat RP
CDR-SB analysis had a mean age of 72.64 (SD: 8.42) for RPs and 73.64
(SD: 8.04) for NRPs (p-value: 0.046). Males represented 42.4% of RPs,
and 44.9% NRPs (p-value: 0.461). Caucasians constituted 85.2% of RPs
and 74.2% of NRPs (p-value: <0.001). APOE4 carriers represented
85.2% of the RPs and 49.3% of the NRPs (p-value: 0.022). Again, RPs
were more likely to be cognitively progressed at baseline when using the
ADAS-Cog (p-values: <0.001), MMSE (p-values: <0.001), and ADCS-
ADL (p-values: 0.01) assessments.

At baseline, RPs were more likely to have worse biomarker profiles
than NRPs, including CSF Ap42/40 (p-value: 0.004), hippocampal vol-
umes (p-values: <0.001), whole brain volume (p-value: <0.001), and
ventricular volume (p-value: <0.001).

At the endpoint, only plasma Ap 42/40 improved significantly for
RPs (p-value: 0.01) and CSF Ap 40 for NRPs (p-value: 0.02). Based on the
CATE analysis, however, RPs showed improvement in CSF A 42/40,
CSF Ap 40, plasma Af 42/40, and plasma AP 42. NRPs had improve-
ments in CSF Ap 40, plasma Ap 42/40, plasma Ap 40 Plasma, and FDG
PET. The only biomarkers that showed improvement with treatment
identified through both the endpoint treatment effect and CATE analyses
for RPs was plasma Ap 42/40 and CSF Ap 40 for NRPs.

The baseline, endpoint, and CATE tables for the other RP definitions
(ADAS-Cog, MMSE, and ADCS-ADL) is found in eTables 4-9. An over-
view and analysis of the trends for biomarkers that demonstrated
beneficial treatment effects is in eTable 10. Altogether, when comparing
the frequency of biomarkers that showed benefit from treatment, NRPs
clearly had more positive outcomes than RPs (eTable 10).

3.3. Cognitive and Biomarker Progression in the Placebo Group(s)

For our second objective - examine cognitive and biomarker pro-
gression in placebo arms of both drug trials—Tables 2 and 3, and eTables
4-9—demonstrate that RPs are more progressed at baseline than NRPs,
as noted above. Fig. 2 illustrates the cognitive test score progression for
the placebo group RPs and NRPs throughout the clinical trials. Overall,
RPs were more progressed at baseline, then continued to decline
throughout the clinical trial at a consistent rate when compared with
NRPs who progressed at a much slower rate.

3.4. Amyloid Status and Disease Severity

After restricting the bapineuzumab analyses to patients with a PIB
PET scan SUVR > 1.35, RPs showed more advanced disease via PIB PET
scan at baseline than NRPs (eTable 11). Within this sample, RPs
receiving treatment had significantly higher Ap levels than those in in
the placebo group.

When restricting to patients with an MMSE score of > 20, RPs
demonstrated worse baseline characteristics for MMSE scores, PIB PET
scan, and CSF Ap 42/40 in the bapineuzumab portion of the analysis
(eTable 12), consistent with the original analysis (Table 2). The NRPs
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Table 2
Bapineuzumab and Semagacestat Baseline, Endpoint, and Conditional Average Treatment Effect Analysis of Rapid Progressors and Non-Rapid Progressors based on the
CDR-SB Rapid Progressor Definition.

Baseline p- Overall p- Endpoint Endpoint p- Treatment CATE Treatment
value Endpoint value Mean Mean value Beneficial via Beneficial via
Mean Change Change Endpoints? CATE?
Change Treatment Placebo

BAPINEUZUMAB RP (N=315), NRP (N=2,040)

Ap 42/40 CSF RP 0.083 <0.001 0.0056 <0.001 0.0048 0.007 0.09 No -0.00027 No
(0.0165) (0.0113) (0.0117) (0.0107)
NRP 0.0907 0.0009 0.001 0.0005 0.22 No 0.00042 Yes
(0.0236) (0.0094) (0.0072) (0.0119)
A 42 CSF RP 510.31 <0.001 -32.36 <0.001 -35.13 -27.26 0.41 No -22.68 No
(143.02) (78.36) (73.93) (86.01)
NRP 563.05 1.39 (55.67) 2.49 (52.93) -0.22 0.29 No 4.05 Yes
(177.79) (59.45)
AP 40 CSF RP 6,258.64 0.065 -621.97 <0.001 -612.2 -639.91 0.81 No -194.31 Yes
(1,646.00) (1,100.09) (1192.78) (910.21)
NRP 6,436.01 -68.46 -75.42 -58.17 0.58 No -3.76 Yes
(1,580.60) (657.88) (578.71) (760.06)
p-Tau CSF RP 108.61 <0.001 -6.58 (11.11) <0.001 -6.94 (10.9) -5.9 (11.5) 0.43 No -3.57 Yes
(32.28)
NRP 99.74 -0.21 (5.28) -0.36 (5.3) 0.02 (5.23) 0.1 No -0.08 Yes
(29.17)
Left RP 2.1123 <0.001 -0.0899 <0.001 -0.0902 -0.0891 0.79 No -0.00745 No
Hippocampal (0.2724) (0.0379) (0.0379) (0.0379)
Volume NRP 2.2935 -0.0648 -0.0649 -0.0647 0.9 No 0.00029 Yes
(0.3028) (0.0351) (0.0358) (0.0341)
Right RP 2.2343 <0.001 -0.0768 <0.001 -0.0769 -0.0767 0.97 No -0.00417 No
Hippocampal (0.2877) (0.0490) (0.0459) (0.0543)
Volume NRP 2.3691 -0.0629 -0.0624 -0.0636 0.51 No 0.0013 Yes
(0.3092) (0.0392) (0.0386) (0.0401)
Whole Brain RP 1,003.48 <0.001 -30.29 <0.001 -29.91 -30.99 0.47 No -2.42 No
Volume (75.32) (12.99) (13.15) (12.72)
NRP 1,025.99 -17.35 -17.74 -16.76 0.04 No -0.76 No
(74.01) (10.69) (10.67) (10.68)
Ventricular RP 52.52 <0.001 11.01 (4.96) <0.001 10.92 (4.84) 11.18 (5.19) 0.65 No 1.99 No
Volume (17.08)
NRP 48.76 5.29 (2.70) 5.36 (2.77) 5.18 (2.58) 0.13 No -0.06 Yes
(15.54)
Amyloid (PIB) RP 1.9033 <0.001 -0.0081 <0.001 -0.0131 0.0012 0.08 No -0.02008 Yes
PET SUVR (0.1759) (0.0694) (0.0677) (0.0718)
NRP 1.7610 0.0056 0.0036 0.0085 0.054 No -0.00342 Yes
(0.2378) (0.0574) (0.0584) (0.0557)

SEMAGACESTAT RP (N=290), NRP (N=2,357)

AB42/40 CSF RP 0.0876 0.004 0.0014 <0.001 0.0013 0.0015 0.61 No 0.000196 Yes
(0.0121) (0.0028) (0.0026) (0.0032)
NRP 0.085 0.0008 0.0009 0.0007 0.07 No -0.000207 No
(0.0143) (0.0026) (0.0027) (0.0025)
Ap 42 CSF RP 1,006.38 0.37 0.02 (41.52) 0.16 -1.48 (45.2) 2.44 (34.82) 0.4 No -1.21 No
(141.42)
NRP 997.31 -4.18 (48.88) -4.65 (46.61) -3.46 (52.1) 0.56 No -4.08 No
(165.24)
AP 40 CSF RP 11,708.17 <0.001 -270.56 0.04 -274.85 -263.63 0.86 No -49.37 Yes
(1,497.27) (536.71) (549.34) (518.05)
NRP 12,108.73 -203.86 -223.85 -173.93 0.02 Yes -17.98 Yes
(1,461.38) (543.19) (577.07) (486.87)
AP 42/40 RP 0.2304 0.84 -0.0067 0.44 0.012 -0.0369 0.01 Yes 0.0115 Yes
Plasma (0.1188) (0.15) (0.0885) (0.2067)
NRP 0.2315 0.0042 (0.24) 0.0084 -0.0021 0.2 No 0.0478 Yes
(0.0802) (0.2987) (0.0863)
Ap 42 Plasma RP 38.15 0.81 5.26 (14.60) 0.72 5.15(13.42) 5.43 (16.38) 0.87 No 0.44 Yes
(10.18)
NRP 38.31 4.96 (13.42) 5.12 (13.77) 4.71 (12.87) 0.46 No -0.05 No
(11.20)
AP 40 Plasma RP 175.3 0.56 30.04 (72.11) 0.30 25.42 37.5(73.74) 0.17 No 2.9 No
(45.95) (70.88)
NRP 173.58 25.54 (71.16) 26.7 (71.88) 23.78 0.32 No -10.93 Yes
(48.61) (70.06)
Left Entorhinal RP 472.45 0.34 -17.66 <0.001 -18.45 -16.37 0.13 No -0.47 No
Cortex (48.45) (11.98) (12.76) (10.52)
Volume NRP 476.03 -10.89 (9.99) -11.08 -10.61 0.25 No -2.33 No
(62.18) (10.51) (9.15)

(continued on next page)
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Table 2 (continued)
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Baseline p- Overall p- Endpoint Endpoint p- Treatment CATE Treatment
value Endpoint value Mean Mean value Beneficial via Beneficial via
Mean Change Change Endpoints? CATE?
Change Treatment Placebo
Right Entorhinal ~ RP 452.78 0.24 -16.58 <0.001 -17.06 -15.8 (9.19) 0.33 No -0.79 No
Cortex (55.60) (11.60) (12.87)
Volume NRP 448.13 -9.11 (8.98) -9.42 (9.74) -8.64 (7.66) 0.03 No -1.53 No
(65.82)
Left RP 1,688.91 <0.001 -70.89 <0.001 -74.29 -65.38 0.09 No -2.02 No
Hippocampal (186.25) (47.41) (52.35) (37.69)
Volume NRP 1,743.78 -39.78 -40.53 -38.64 0.22 No -10.68 No
(206.06) (37.84) (39.48) (35.22)
Right RP 1,742.43 <0.001 -68.37 <0.001 -69.91 -65.86 0.48 No -5.3 No
Hippocampal (174.05) (47.96) (47.61) (48.61)
Volume NRP 1,792.57 -40.88 -42.93 -37.79 0.001 No -4.62 No
(190.11) (39.39) (41.76) (35.33)
Whole Brain RP 1,005.84 <0.001 -10.57 (8.00) <0.001  -10.68 (7.81) -10.38 0.76 No 0.24 No
Volume (47.02) (8.32)
NRP 1,024.76 -6.00 (6.28) -6.09 (6.68) -5.85 (5.61) 0.34 No -0.47 No
(59.38)
Ventricular RP 55.88 <0.001 5.27 (3.54) <0.001 5.26 (3.04) 5.25 (4.23) 0.98 No 0.14 No
Volume (11.38)
NRP 51.87 2.37 (2.33) 2.43 (2.48) 2.28 (2.08) 0.12 No 0.11 No
(12.13)
FDG PET SUVR RP 1.4334 0.22 0.0166 (0.06)  <0.001 0.0216 0.0085 0.09 No -0.00179 No
(0.0627) (0.0561) (0.0684)
NRP 1.4264 0.0033 (0.06) 0.0026 0.0042 0.48 No 0.0134 Yes
(0.0970) (0.0653) (0.0445)

Continuous variables are presented as mean and standard deviation, and categorical variables as frequency and percentage. When comparing rapid progressors and
non-rapid progressors, or mean endpoint values, variables that demonstrated the same mean outcome at 2 decimal places were extended to 4 decimal places (0.02 vs
0.0254). For Ap 42/40, Ap 42, Entorhinal Cortex Volume, Hippocampal Volume, Whole Brain Volume, and FDG PET SUVR a positive CATE value indicates treatment
benefit. For Ap 40, Ventricular Volume, and p-Tau a negative CATE value indicates treatment benefit. For the “Treatment Beneficial via Endpoints?”” column, the
treatment was only considered beneficial if it was both statistically significant and the treatment group had a better outcome than the placebo group for the specific
measure. ADAS-Cog: Alzheimer's Disease Assessment Scale-Cognitive Subscale; ADCS-ADL: Alzheimer’s Disease Cooperative Study- Activities of Daily Living; AB:
Amyloid beta; APOE: Apolipoprotein E; CSF: Cerebrospinal Fluid; CDR-SB: Clinical Dementia Rating-Sum of Boxes; CATE: Conditional Average Treatment Effect; FDG:
Fluorodeoxyglucose; MMSE: Mini-Mental Status Examination; NRP: Non-Rapid Progressor; PET: Positron Emission Tomography; PIB: Pittsburgh Compound B; RP:

Rapid Progressor; SUVR: Standardized uptake value ratio.

demonstrated a statistically significant increase in CSF Ap 42/40, indi-
cating a positive response to treatment. For the semagacestat analysis
portion of the analysis, RPs were significantly more impaired at baseline
on the MMSE, but not for plasma Ap 42/40 or CSF Ap 42/40. Unlike in
the original analysis (Table 2), the endpoint mean change in plasma Ap
42/40 was no longer statistically significant for the RPs when comparing
treatment with placebo. This indicates that once the MMSE falls below
20, RP patients have an elevated amount of plasma Af 42/40.

4. Discussion

In this cohort study, we determined that there were significant dif-
ferences between RPs and NRPs in regard to baseline characteristics,
biological endpoint values, and CATE. RPs are more likely to be young,
more cognitively progressed at baseline, female (for bapineuzumab),
have an ApoE 4 allele, and have worse biomarker profiles. Throughout
the clinical trials, by definition, they progressed much more rapidly than
the NRPs. While both RPs and NRPs responded to the treatments
(bapineuzumab and semagacestat), they did so in different ways, and
NRPs had greater responses to treatments.

4.1. Baseline Differences and Timing of Rapid Progressors Identification

Similar to another study [15], we found that RPs are more progressed
at baseline as measured by cognitive tests. The differences on the
ADAS-Cog, for example, were nearly 7 points and were 1 to 2 points for
the MMSE. It is unclear whether this small effect size is clinically sig-
nificant at baseline. However, the RPs decline quickly throughout the
clinical trial (Fig. 2), such that the cognitive differences at trial
conclusion are likely to be very clinically significant. Baseline differ-
ences in ADLs, in contrast, were minimal. This could be because one

would not have meet the enrollment criteria for being early in the course
of AD if they were more impaired. Furthermore, we have included a
figure in the supplementary (eFigure 1) displaying the number of RPs
identified by each individual/combination of tests (non-overlapping) for
ease of interpretation.

Biomarkers also differed between groups, with RPs having more at-
rophy on MRI, more Af deposition, and higher levels of p-Tau in the CSF.
In comparing the progression rates between RPs and NRPs during the
clinical trial, Fig. 2 shows that RPs experienced a significantly faster rate
of decline compared to NRPs.

Sex differences in AD progression are known, with studies showing
that women experience cognitive decline at approximately twice the
rate of men [16,17]. Additionally, women with AD pathology are more
likely to exhibit clinical symptoms of the disease than men. In our study,
the RP group included a statistically significant higher proportion of
women. In addition to other factors such as age and APOE status, which
also differed significantly between RPs and NRPs, sex may have an
important role in RP development and should be considered in future
studies.

Identification of RPs within the first few clinic visits could be very
beneficial to both the patient and caregivers so they can take this in-
formation into account when making life and treatment decisions. In
addition, it would be valuable to identify RPs early for clinical trials so
the number of RPs in the treatment and placebo groups could be
balanced, avoiding the concerns of the aducanumab trial. We previously
published a model to predict RPs within a clinical trial setting that uses
data up until week 28 (6 months) [1]. Ideally this could occur during the
clinical evaluation and before entering a study so that it could be taken
into account for randomization. It is therefore possible to create and use
a similar model in the clinic setting to help clinicians predict who will
become an RP and personalize care accordingly.
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Fig. 2. Longitudinal Cognitive Test Scores by Visit for Rapid Progressors and Non-Rapid Progressors.

Cognitive assessment means and standard deviations at visits in which the test is conducted. For bapineuzumab, the CDR-SB, MMSE, ADAS-Cog assessments are
shown, and for semagacestat the CDR-SB, MMSE, ADAS-Cog, ADCS-ADL assessments are shown based on the rapid progressor definition. a) Bapineuzumab CDR-SB;
b) Bapineuzumab MMSE; c) Bapineuzumab ADAS-Cog; d) Semagacestat CDR-SB; e) Semagacestat MMSE; f) Semagacestat ADAS-Cog; and g) Semagacestat ADCS-
ADL. ADAS-Cog: Alzheimer's Disease Assessment Scale-Cognitive Subscale; ADCS-ADL: Alzheimer’s Disease Cooperative Study- Activities of Daily Living; CDR-SB:
Clinical Dementia Rating-Sum of Boxes; MMSE: Mini-Mental Status Examination; NRP: Non-Rapid Progressor; RP: Rapid Progressor. Higher scores represent
worse cognitive function on the ADAS-Cog and the CDR-SB. Lower scores represent worse function for the MMSE and ADCS-ADL.
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e) Semagacestat MMSE
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4.2. Biomarker Endpoint Differences and CATE

Recently, the National Institute on Aging and the Alzheimer's Asso-
ciation updated their diagnostic criteria for AD, adapting to the increase
in biomarker technology that is available and has been validated [6].
Several of the mentioned core AD biomarkers in the publication are
included in our study, such as Ap 42/40 ratio in the CSF, amyloid PET
scan, p-Tau, as well as non-AD specific biomarkers such as MRI and FDG
PET scans.

For bapineuzumab, CATE analysis found that various amyloid bio-
markers were improved in association with the medication. In exam-
ining CSF Ap 42/40, the MMSE and ADAS-Cog RP definition
demonstrated a positive influence, while the CDR-SB did not. The CDR-
SB and ADAS-Cog identified the amyloid PET scan as being positively
influenced by bapineuzumab.

In RPs, the treatment seems to have slowed the endpoint accumu-
lation of Ap when compared to placebo, though not by a statistically
significant amount. However, when performing the PIB PET scan SUVR
> 1.35 restricted analysis, RPs receiving treatment had a statistically
significant increase in A, indicating that the medication did not benefit
RPs, which is consistent with our findings. For NRPs, there is less am-
biguity, with bapineuzumab demonstrating statistical significance in the
endpoint analysis and positive findings in the CATE analysis for the
amyloid PET scan and CSF p-tau in the MMSE and ADAS-Cog RP
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(continued).

definition analyses. This suggests that the extent of Ap clearance may be
a key factor in the differential response, as NRPs experienced an overall
greater reduction in AP burden, which was associated with more sig-
nificant clinical benefits. Given that RPs are, on average, more pro-
gressed both in terms of A deposition and cognitively at baseline, we
postulate that RPs could benefit from starting treatment earlier in their
disease process. Furthermore, a majority of RPs are APOE4 carriers, and
APOE4 carriers appeared to benefit more from the treatment than non-
carriers in the bapineuzumab clinical trials [8]. In terms of non-specific
biomarkers, MRI endpoint results showed some evidence that patients in
the treatment group had more atrophy than the placebo group. This is
consistent with a study on anti-Ap immunotherapies that found these
therapies were associated with brain atrophy results on MRI [18]. As a
whole, RPs had more brain atrophy than NRPs in the placebo group.
Interestingly, there were sparse statistically significant results in the
endpoint analysis that demonstrated NRPs were more negatively
affected by treatment than RPs by this treatment-associated brain at-
rophy. It is unclear why this would occur in the NRP group more than in
the RP group. It is important to note that some of the MRI endpoint
analysis shows that patients had atrophy on MRI, while the CATE
analysis demonstrated that there was overall treatment benefit, espe-
cially in the NRP group. There could be a few explanations for this
finding, including that the NRP group is heterogeneous where some
patients may not have atrophy with treatment, however others may
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actually worsen with treatment and have atrophy. CATE uses causal
forests which focuses on learning this heterogeneity, therefore, even if
the overall mean demonstrates atrophy, the CATE can still show benefits
for subgroups within NRPs.

Semagacestat seemed to have consistent findings in the RP group
having a positive effect on both Af 42/40 CSF and plasma levels. The
NRP analysis showed benefit on Af CSF in the endpoint analysis and Af
plasma, MRI, and FDG PET scan via the CATE analysis, suggesting a
more favorable central response to the medication than RPs. In the
original clinical trial, plasma levels of Ap 42 and 40 decreased in the
treatment group, however, CSF levels remained the same [7]. One hy-
pothesis discussed by the authors is that the treatment worked periph-
erally, but not in the brain, as evidenced by lack of CSF and imaging
positive outcomes. The trial also highlighted how semagacestat inter-
fered with the cleavage of other substrates, including Notch, which is
critical for synaptic signaling and neuroplasticity, and may contribute
directly to cognitive worsening independent of amyloid reduction.
Additionally, off-target binding could have caused negative effects that
outweighed any improvements to biomarkers or cognition. Our findings
indicate that RPs may be more vulnerable to the adverse cognitive ef-
fects of semagacestat, potentially due to a more aggressive disease tra-
jectory, increased sensitivity to the Notch inhibiting activities, or the
negative and strong off-target binding effects. Additionally, it was noted
in the clinical trials that exposure to the higher dosages of semagacestat
may have contributed to worsening cognition. Because we combined the
two dosages into one single group in our analysis, we are unable to test if
this was the case for RPs as well. Further analysis of the data should be
conducted to determine whether there is a difference in adverse events
between RPs and NRPs, given the toxic side effects of semagacestat.

4.3. Clinical Trials: Past and Future

Previous randomized clinical trials have identified RPs in post-hoc
analyses, including aducanumab’s. While aducanumab was designated
for accelerated approval by the FDA because it was shown to decrease
the amount of Ap plaque in the brain, the cognitive benefit was mixed
and only met primary or secondary endpoints in one of the two clinical
trials [5,19,20]. However, it was argued that once patients who rapidly
progressed were removed from the clinical trial, the CDR-SB (the pri-
mary objective) illustrated a slowing of decline amongst patients who
were randomized to the high dose treatment. Importantly, although the
primary pathway for FDA designated accelerated approval was Af
reduction, the impact on the Af plaque or other biomarkers was not
published in relation to RPs. Lastly, the FDA approved the use of adu-
canumab for accelerated approval whether a patient is considered an RP
or not. The selective exclusion of RPs raises concerns about the gener-
alizability of trial findings and the applicability of medications to
real-world AD populations.

A post-hoc analysis conducted on another anti-Ap medication, gan-
tenerumab, also explored cognition in RPs [21]. This analysis showed
that RPs were responsive to gantenerumab at higher doses via the
cognitive tests ADAS-Cog 13, MMSE, and CANTAB (but not the CDR-SB).
As with aducanumab, the treatment’s effect on biomarkers was not
published. Interestingly, similar to our study, the authors noticed that at
baseline there were differences in characteristics between RPs and “slow
progressors,” and that the RPs seemed more progressed according to the
FAQ, CDR-SB and MRI hippocampal volume.

The limited data on the pathological trends of RPs in AD and their
response to treatment highlights the need for further studies, such as
ours. Unfortunately, patients with RPs enrolled in clinical trials may
experience more rapid cognitive decline due to inherent disease pa-
thology rather than the effects of the drug being tested. It may be
possible to identify these patients through biomarkers or progression
rates in the clinic prior to clinical trial enrollment, which could help
stratify them before randomizing treatment distribution. Furthermore, a
concern is that in identifying RPs earlier in their disease process,
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pharmaceutical companies will want to exclude RPs from clinical trials,
which would be unethical and could limit the generalizability of findings
to the broader AD population. Retrospective analyses such as these allow
1) the validation of previously defined metrics of rapid progression, 2)
identification of more clinical and biomarker features that reliably
distinguish this subset of patients, and 3) better quantify the progression
of decline. For example, these retrospective results suggest a need in
future prospective therapeutic trials to balance NRPs and RPs between
the treatment and placebo groups since their outcomes may differ. This
would avoid a false positive or false negative outcome. Moreover, these
results suggest that the choice of trial endpoints and expected effect sizes
for the RPs may need to differ from the NRPs. Ideally, treatment trial
companies could create an objective to identify RPs early on in the
clinical trial and conduct further analyses on how medications affect
RPs, giving them a similar chance at improving treatment outcomes as
NRPs.

4.4. Limitations

Our study has several limitations. First, since we used data from
clinical trials, the generalizability of this study is only to clinical trial
participants and not the general population. Additionally, the clinical
trial population overwhelmingly has more non-Hispanic white patients
which is not representative of the symptomatic AD population [22].

Second, since the clinical trials were designed and conducted over a
decade ago, we are limited by the technology, understanding of AD, and
diagnostic tools from that time. There may be more differences between
RPs and NRPs with newer tools, and as such, more research is needed
with the new diagnostics to identify them and to understand why they
progress so rapidly. Going forward, we plan to define a RP using clinical
metrics, including our referenced cognitive definitions and expanding to
clinical biomarker definitions as a result of these retrospective analyses.
While there will be overlap between RPs and NRPs by nature of the
disease, these results show that there is potential to define the differ-
ences between the two cohorts beyond baseline metrics.

Third, both clinical trials had an inclusion criterion that required
patients to have an MMSE score of 16-26 at the first visit. The relatively
low baseline MMSE score may have introduced a number of confound-
ing factors within these trials. Increased disease heterogeneity may have
led to variable treatment responses, especially for patients with more
advanced disease.

Fourth, neither trial considered A deposition in either the inclusion
or exclusion criteria which could have also led to differences in treat-
ment response. To address these issues, we conducted additional ana-
lyses that mirror contemporary inclusion and exclusion criteria.
Restricting the sample to patients who were A positive at baseline via
PIB PET scan (eTable 11), and to patients with an MMSE > 20 at baseline
(eTable 12) yielded some differences but generally produced results
consistent with our primary analyses. However, further work using more
recent clinical trial datasets with more modern biomarkers, and
contemporary inclusion and exclusion criteria should be conducted.

Fifth, patients who received either the 140 mg or 100 mg dosage of
semagacestat were combined into a single treatment group. Therefore,
while a higher dosage exposure may have contributed to worsening
cognition in the original trial, our data cannot distinguish whether the
response between RPs and NRPs reflects exposure-related effects, or
biological differences.

Finally, our RP definition uses cognitive assessment scores from
baseline to the individual’s end of study. Patients in the treatment group
have been exposed to bapineuzumab or semagacestat, and therefore the
treatment could hypothetically affect the number of patients in the RP
group if the treatment modifies outcomes related to cognitive tests. In
the case of semagacestat, the treatment was associated with worse
cognitive outcomes, especially at higher doses. According to eTable 3,
there were more RPs in the treatment group than in the placebo group.
However, the rates of RPs in the treatment and placebo groups are
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similar across all RP definitions and for both treatments. One method to
counteract the issue is to create a model that predicts who will become
an RP using only demographic and baseline data. Previous RP defini-
tions that only use these data rely on the fact that RPs are typically more
progressed at baseline than NRPs [23]. While we also found that, on
average, an RP is more progressed at baseline, not everyone who is
already progressed at baseline becomes an RP. Additionally, this defi-
nition is limited to clinical trials and therefore restricted by trial inclu-
sion/exclusion criteria, as well as timing—specifically when the patient
is diagnosed and able to enter the trial. Furthermore, the definition can
still potentially be influenced by FDA approved treatments such as
donepezil, galantamine, rivastigmine, or memantine, as patients can be
on those treatments at baseline. While we have created a model to
predict RPs, we found the best internal and external validity by using
longitudinal data, specifically from baseline until week 28 [1]. Ideally,
RPs would be identified at a clinic visit, prior to even being approached
for a clinical trial. Data from presymptomatic clinical trials, or the
clinical/ community setting would need to be utilized to avoid issues
listed above.

4.5. Next Steps and Conclusion

Understanding the impact of RPs is crucial for refining AD clinical
trial designs, as their imbalanced inclusion can significantly influence
the assessment of treatment efficacy. Our study reveals that key bio-
markers, such as CSF and plasma Ap levels, as well as A PET scan re-
sults, change in response to A monoclonal antibody or y-secretase
inhibitor administration, supporting the possibility that RPs do respond
to treatments. Previous research has shown that early administration of
disease-modifying treatments leads to more favorable outcomes, and it
is reasonable to expect that early identification of RPs and timely
medication administration could slow their rate of disease progression.
Future analysis should aim to identify RPs earlier in their disease pro-
cess, determine whether RPs respond to treatment as NRPs do, and
examine more possible explanations for why some AD patients progress
so rapidly.
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