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Abstract

INTRODUCTION: Phase 3 trials using the anti-amyloid antibodies aducanumab,
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of effects. However, heterogeneity of results has not yet directly be quantified.
METHODS: We used Bayesian random effects meta-analysis to quantify evidence for

4Department of Neurology, Duke University or against a treatment effect, and assessed the size of the effect and its heterogene-
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ity. Data were extracted from published studies where available and Web based data
reports, assuming a Gaussian data generation process.

RESULTS: We found moderate evidence in favor of a treatment effect (Bayes factor
= 13.2). The effect was moderate to small with —0.33 (95% credible interval —0.54
to —0.10) points on the Clinical Dementia Rating - Sum of Boxes (CDR-SB) scale. The
heterogeneity parameter was low to moderate with 0.21 (0.04 to 0.45) CDR-SB points.
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DISCUSSION: Heterogeneity across studies was moderate despite some trials reach-
ing statistical significance, while others did not. This suggests that the negative

aducanumab and gantenerumab trials are in full agreement with the expected effect

sizes.
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1 | INTRODUCTION

effects in their recently completed phase 3 trials. Of aducanumab’s

phase 3 trials, one was positive and one was negativel; lecanemab’s

The field of disease-modifying treatment of Alzheimer’s disease (AD)
has received increased attention after the United States Food and Drug
Administration (FDA) granted accelerated approval to the anti-amloyid
antibodies aducanumab and lecanemab, in June 2021 and January
2023, respectively, and traditional approval to lecanemab in July 2023.
However, these new generation anti-amyloid antibodies achieved

seemingly conflicting statistical evidence regarding their treatment

single phase 3 trial was positive,2 and high-dose gantenerumab’s trials
were both negative (as reported at the CTAD conference in November
2022), and donanemab’s phase 3 trial was positive.> This hetero-
geneity of evidence has been attributed to a range of factors, among
them different binding properties of the antibodies,* differential
targeting of amyloid clearance mechanisms, including phagocytosis,

disruption of AB aggregation, and peripheral sink,>¢ different routes
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of administration, and heterogeneous study populations, some of
them potentially including rapid progressors®. However, this hetero-
geneity of evidence is determined by the fact that “significant” and
“non-significant” p-values are frequently considered to be at odds with
one another, thus constituting conflicting evidence. This view limits
the scope of scientific discussion to a mutually exclusive binary. For
decades, many authors have pointed out misconceptions of the p-value
that lead to erroneous conclusions, nicely summarized in ref. 7. One
misconception is that “Studies with p-values on opposite sides of .05
are conflicting”,’ page 137. It would be more conducive to scientific
discussion if evidence were conceptualized as a continuum reaching
from strong support against the hypothesis under consideration to
strong support for the hypothesis under consideration. The Bayesian
framework allows direct estimation of evidence in favor or against the
null and the alternative hypothesis and can overcome the fallacy of
assuming different outcomes in presence of meaningless differences
in p-values on opposite sides of 0.05.

Bayesian random effects meta-analysis allows assessing both the
mean effect across studies and between study heterogeneity with the
posterior distribution providing an estimate of the most likely values
of the mean and heterogeneity parameters given the data. Addition-
ally, the Bayesian framework allows direct quantification of evidence
in favor of or against an effect on a continuous basis.®

We derived the recently published effect size estimates from the
phase 3 data of the anti-amyloid antibodies aducanumab, lecanemab,
gantenerumab, and donanemab, and applied Bayesian random-effect
meta-analysis with three aims: first, to assess whether there was an
overall positive effect; second, establish this effect’s strength and het-
erogeneity across studies; and third, the likely range of the effect in
a potential future study with these or similar antibodies. From an
immunological perspective, the decision to only include gantenerumab,
aducanumab, lecanemab, and donanemab was based on previous
studies showing a distinct binding profile of these so called “new gen-
eration” antibodies compared with first generation antibodies, such
as solanezumab, bapineuzumab, and crenezumab.*?-11 In addition,
understanding the effect sizes, both clinically and statistically, for the
newly FDA approved drugs and the strength and heterogeneity of the

clinical data are questions that arise often from clinicians.

2 | METHODS
2.1 | Data generation
Case numbers, mean rates of CDR decline, and corresponding stan-

dard errors (SE) for placebo and treatment, respectively, were derived

from:

1 Anuneven distribution of rapid progressors exclusively in the high dose group of the negative
trial had been brought forward by the sponsor to explain the difference between the positive
and the negative phase 3 trial results with aducanumab: “Excluding rapid progressors had a
notably greater impact on results in the high-dose group of Study 301 [the negative study] than
in the other groups.”, page 69 of the Briefing Information for the Peripheral and Central Nervous
System (PCNS) Drugs Advisory Committee Meeting, November 6, 2020, available at November
6, 2020: Meeting of the Peripheral and Central Nervous System Drugs Advisory Committee
Meeting Announcement - 11/06/2020 - 11/06/2020 | FDA

RESEARCH IN CONTEXT

1. Systematic review: We reviewed the literature using
PubMed, meeting abstracts, and presentations. Several
meta-analyses have examined the efficacy of anti-amyloid
antibodies in Alzheimer’s disease (AD), but few directly
quantified the evidence for or against an effect and the
heterogeneity between studies.

2. Interpretation: The results suggest a small overall
effect for the new generation antibodies. Heterogeneity
between studies was low, although results were on
different sides of a significant p-value. Thus, the negative
studies are also in full agreement with the expected effect
sizes.

3. Future directions: The findings suggest a prioritization of
future lines of research, including definition of patient-
relevant outcomes, lowering burden of treatment, and
testing combination treatments targeting several patho-
physiological domains of AD. Our findings also indi-
cate that use of appropriate statistical approaches in a
Bayesian framework provide quantitative evidence for or
against an effect and direct estimates of the heterogene-
ity of results given the data.

1. tab.2inref. 1for aducanumab. The standard error was giveninref. 1
for the placebo groups, but not for the other groups. Therefore, the
SE were derived from tab. 9 (p. 177) for the EMERGE study, and tab.
15 (p. 190) for the ENGAGE study in the summary statistics of Bio-
gen’s aducanumab trial, available here: https://www.fda.gov/media/
143502/download.

2. fig. 2inref. 2 for lecanemab.

3. The Figure on slide 20 of the presentation of the gantenerumab
topline results on CTAD 2022.

4. tab. 2 of ref. 3 for donanemab. Of note, the donanemab results had
not been available at the original submission, but have been added

during the review process.

Based on the derived SE and the number of cases (n), we deter-
mined the corresponding standard deviations (SD) of the sampling
distribution according to:

SD = SE = v/n.

This model assumes a Gaussian data generation process.

Results for aducanumab were published separately for the high-
dose and the low-dose groups in both the peer-reviewed paper! and
the FDA files, in agreement with the primary analysis plan. Con-
sequently, we treated groups as separate studies, since we did not
have access to the primary data to pool effects across doses. For

our endpoint, we focused exclusively on the Clinical Dementia Rating
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TABLE 1 Extracted study data
ACDR? ACDR? SE® (ACDR SE" (ACDR

Study placebo treatment placebo) treatment) N¢ placebo N¢ treatment

EMhd 1.74 1.35 0.12 0.12 548 547

EMId 1.74 1.47 0.12 0.12 548 543

ENGhd 1.56 1.59 0.11 0.11 545 555

ENGId 1.56 1.38 0.11 0.11 545 547

Clar 1.66 121 0.07 0.07 875 859

GRAD-I 3.67 3.36 0.29 0.29 485 499

GRAD-II 3.01 2.82 0.28 0.28 477 498

TRAIL-2 2.33 1.66 0.09 0.09 794 838

Abbreviations: CDR-SB, Clinical Dementia Rating - Sum of Boxes.

2ACDR is change of CDR-SB from baseline in the ITT populations based on linear mixed effect models.
bSE is standard error for mean change of CDR-SB from baseline in the ITT populations based on linear mixed effect models.

°nis number of cases for the ITT populations.

- Sum of Boxes (CDR-SB),12 as this measure was the primary end-
point for antibodies aducanumab, lecanemab, and gantenerumab and
a pre-specified secondary endpoint for donanemab.

Further details on the data generation and tests of its consistency

are reported in the Supplementary Section.

2.1.1 | Descriptive Statistics

Table 1 shows estimated mean values, SE, SD, and number of cases.

2.2 | Statistical analysis

The three different aims outlined above were addressed by three
separate analyses:

First, we quantified evidence in favor of the hypothesis that an anti-
amyloid antibody treatment results in negative changes of the CDR-SB
score by calculating the Bayes factor BF g using Bayesian random-
effects meta-analysis’? across the eight studies (counting aducanumab
high dose and low dose as separate studies) in the software JASP 0.16.4
with a weakly informed normally distributed prior with mean O and
standard deviation of 1. Here, a BF g >3 is considered to provide mod-
erate evidence in favor of the alternative hypothesis of a treatment
effect compared to the null hypothesis.

Second, after establishing evidence of a treatment effect, we
used a Bayesian random-effects meta-analysis with the package
“bayesmeta” in R in ref. 14 to determine estimates for the effects of
treatment on rates of CDR-SB change. This analysis provided us with
posterior effects and 95% credible intervals for the following three

measures:

1. The mean treatment effect size (score points of the CDR-SB);
2. The prediction value, indicating the expected effect for a new study
using the same or similar antibodies;

3. The heterogeneity parameter tau (7), quantifying the amount of
between-study variation that is, not explained by the fixed effect.
The parameter T equals the variance of the random effect minus the
within-study sampling variance so that if z increases the variance
of the random effect also increases, which means that the random

effect estimate becomes less precise.

We chose a weakly informed normally distributed prior with mean
0 and SD of 1 for the treatment effect size. This prior allows for con-
flicting evidence. The prior for the heterogeneity parameter  was
chosen as a weakly informed half-normal distribution with a standard
deviation of 0.5, consistent with a previous systematic review of het-
erogeneity estimates across a large range of meta-analyses from the
Cochrane library.'® In a sensitivity analysis, we compared effects when
using a non-informative Jeffreys prior for heterogeneity, and a value of
4 for the prior of the standard deviation of the effect estimate.

Third, to account for imprecision in deriving SE and subsequent
SD estimates from the graphs, we conducted a sensitivity analysis in
which we repeated the analyses with 0.5 times the SD added to the SD
estimates.

As an additional analysis, we conducted a meta-regression analy-
sis of the effect of change in the positron emission tomography (PET)
centiloid values by treatment on differences in CDR-SB scores as
described inref. 16.

3 | RESULTS

The Bayesian random-effects meta-analysis yielded a BF4g of 13.1,
providing evidence in favor of a treatment effect across studies. A
sequential analysis of the posterior model probabilities (Figure 1) sug-
gests that with study eight, that is, TRAILBLAZER-ALZ2, the posterior
probability becomes dominant for the random effect model, that is,
non-zero mean effect and larger than zero heterogeneity. The poste-
rior model probability provided by sequential analyses must always
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FIGURE 1 Sequential plot of the posterior model probabilities,
the posterior probability for each of four hypotheses is displayed as a
function of the number of studies included in the analysis. The
hypothesis are: Fixed HO, the fixed-effect null hypothesis; mean effect
=0, heterogeneity = 0; Fixed H1, the fixed-effect alternative
hypothesis; mean effect # 0, heterogeneity = 0; Random HO, the
random-effect null hypothesis; mean effect = 0, heterogeneity > 0O;
Random H1, the random-effect alternative hypothesis; mean effect #
0, heterogeneity > 0, As evidence accumulates from studies, the
posterior probability is dominant for the random effect alternative
hypothesis, indicating non-zero mean effect and larger than zero
heterogeneity

be consistent with every single individual study incorporated into the
sequential analysis. Our sequential plot of the Bayes factor (Figure S1)
hints at moderate heterogeneity: study 1, the high-dose EMERGE trial,
provides no evidence in either direction yet, the low-dose EMERGE and
the Clarity trial bring the evidence close to moderately in favor of the
treatment effect, the GRADUATE and TRAILBLAZER-ALZ2 studies tilt
the evidence firmly in favor of moderate to strong evidence. The only
non-supportive evidence - high-dose ENGAGE - does not reach con-
vincing levels of evidence against the treatment effect, suggesting that
its evidence is not in serious conflict with the remaining studies.

The forest plot across the eight studies is shown in Figure 2. The
high-dose aducanumab EMERGE, lecanemab and donanemab trials
provided evidence in favor of the expected treatment effect, and the
mean of the posterior distribution of effects across all eight studies
favored treatment with a small effect of —0.33 (95% credible interval
—0.54 to —0.10) CDR-SB points. Notably, its credible interval did not
include zero, despite gantenerumab’s widely heterogeneous effects.
The 95% credible interval surrounding the predicted effect obtained
in a potential future study with a similar antibody ranged from —0.88
to 0.25 points on the CDR-SB scale, indicating that treatment effect
sizes of 0 and greater than O are both plausible in future clinical trials. A
treatment effect size of O would mean that the treatment is ineffective
without causing harm to the participants, while an effect size greater
than O would indicate that the treatment speeds up the course of AD.
The heterogeneity parameter 7 of 0.21 CDR-SB points (95% credible
interval 0.04 to 0.45) is slightly higher than half the size of the mean
effect (0.33 CDR-SB), suggesting that heterogeneity was moderate.

When looking at the joint distribution of the effect 1 and the hetero-
geneity parameter 7 in Figure 3, one can see that the effect estimates
exclude zero even at relatively high values of 7.

When using a standard deviation of 4 instead of 1 for the effect
prior and a non-informative Jeffreys prior instead of the half-normal
distribution for the heterogeneity parameter, the effects were essen-
tially unchanged (Figure S2). When we chose priors between 0.8 and
—0.8 for the mean effect with an SD of 2, the results remained largely
unchanged as well, underscoring the robustness of the findings.

Repeating the analyses with 0.5 times the SD added to the SD
estimates, affected the numerical results mildly without changing the
fundamental conclusions: the mean treatment effect was —0.33, a
slightly wider credible interval of —0.58 to —0.03, and a heterogene-
ity estimate of 0.16 (0.0 to 0.41). The results for a prior centered at a
small effect of —0.4 with a standard deviation of 2 are shown in Figure
S3.

Finally, in the meta-regression analysis the effect was —0.0061 [95%
credible interval = —0.00086 to —0.0032] CDR-SB score points less per
one centiloid less amyloid PET signal with a heterogeneity estimate =
0.12[0.00 to 0.31] (Figure S4).

4 | DISCUSSION

Our Bayesian meta-analysis suggests that overall, there was a moder-
ate to small effect of -0.33 points less decline on the CDR-SB and that
heterogeneity between the studies was moderate. This effect size can
explain why some of the trials fell on the “statistically significant” side
of the p-value and some did not,%2 even if one disregards potential
biological* or pharmacological factors for efficacy. It is a misunder-
standing of the p-value to assume that a positive trial contradicts a
negative trial because one is significant and the other is not.” A contin-
uous approach can help overcome this misconception: in a frequentist
framework, the use of exact p-values rather than the dichotomiza-
tion according to some threshold; in a Bayesian framework, estimating
the posterior distribution of effect sizes and use of Bayes factors to
quantify evidence for and against the null hypothesis.

Our analysis extends previous work’ that found strong evidence
for no effect of treatment in a Bayesian meta-analysis across six tri-
als with the antibodies solanezumab, bapineuzumab and one low-dose
trial of gantenerumab. Here, we provide moderate evidence support-
ing atreatment effect. Our results also extend a previous meta-analysis
that showed evidence against an effect based on the two aducanumab
phase 3 trials alone.® Our results are compatible with the results of
a meta-analysis considering the high-dose results of aducanumab and
the previous phase 2 data for lecanemab and donanemab, yielding a
mean effect of —0.24 CDR-SB points.1? The notion of a small effect is
also compatible with previous frequentist meta-analyses.'?-21

Given the observed data, the 95% credible interval for the aver-
age effect was between —0.54 and —0.10 points on the CDR-SB scale.
When taking into account the actual observed decline of 1.57 to 3.67
points in the CDR-SB over 18 months, the average effect corresponds

to an average reduction in CDR-SB rates of 9% to 21% across all
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& quoted estimate <+ shrinkage estimate

study estimate 95% ClI

AduEMERGEhRd -0.39 [-0.71, -0.07] 'g

AJuEMERGEId -0.27 [-0.59, 0.05] =

AduENGhd 0.03 [-0.27, 0.33] pa—

AduEnNGId -0.18 [-0.48, 0.12] * L

Lecanemab -0.45 [-0.67, -0.23] —r—

Gant1 -0.31 [-1.11,0.49] =

Gant2 -0.19 [-0.97, 0.59] ya—

Donanemab -0.67 [-0.88, -0.46] — - ~——

mean -0.33 [-0.54, -0.10] -l

prediction -0.33 [-0.88, 0.25] ]

Heterogeneity (tau): 0.212 [0.040, 0.448]

FIGURE 2 Forest plot, The forest plot features the direct and indirect estimates of treatment effects across the cohorts. The direct or quoted
estimates are the parameter estimates based only on the effects in the particular study, while the indirect or shrinkage estimates are the estimates
shrunk to the mean of all studies, taking into account the information from all other studies for the single estimate. Negative numbers favor
treatment. Estimates are based on Bayesian random effect meta-analysis models with weakly informative priors (normal (mean = 0, standard
deviation = 1)) and heterogeneity priors (half-normal (scale = 0.5)). 95% Cl, 95% credible interval, AduEMERGEhd, aducanumab EMERGE trial,
high dose; AAUEMERGEId, aducanumab EMERGE trial, low dose; AdUENGhd, aducanumab ENGAGE trial, high dose; AAUENGId, aducanumab
ENGAGE trial, low dose; Gant1, gantenerumab Graduate | study; Gant2, gantenerumab Graduate Il study; Donanamab, donanemab
TRAILBLAZER-ALZ 2 study, Parameter estimates are given together with their 95% credible intervals. The “mean” effect size is given in score
points of the CDR-SB. The “prediction” value indicates the expected mean effect for a new study using the same or similar antibodies. The
“heterogeneity” parameter tau () quantifies the amount of between-study variation that is, not explained by the fixed effect. CDR-SB, Clinical

Dementia Rating - Sum of Boxes; Cl, confidence interval

studies compared with progression rates on placebo. This effect relates
to a limited time window, where the key question will be if such effect
persists when treatment extends beyond 18 months. Furthermore,
these effects are below the minimal clinically important difference
in CDR-SB for mild cognitive impairment (MCI) and mild AD cases,
based both on clinician judgement and a statistical criterion of half the
baseline’s SD.22 These estimates of the minimal clinically important dif-
ference have been challenged because it was thought that a difference
of about —0.5 points on the CDR-SB score at 18 months may lead to a
very significant effect for patients if it persists or even increases with

longer treatment duration.2®> While this would be true, such a persist-

ing effect remains to be shown. Demonstration of disease modification
would make enduring effects on cognitive outcomes more likely. Use of
delayed start design and engagement of downstream markers by treat-
ment have been proposed to demonstrate disease modifying effects.?

In our data, the effect of a new study with these or similar antibodies
was predicted to fall between -0.88 to 0.25 points on the CDR-SB scale.
The heterogeneity estimate was moderate, despite studies differing in
terms of statistical significance. Of note, the effect, albeit becoming
very small, would still exclude zero even at more extreme estimates
for the heterogeneity parameter as illustrated in Figure 2. These find-

ings underscore that the negative trials ENGAGE, and Graduate | and
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heterogeneity T
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FIGURE 3 Joint posterior distribution of the heterogeneity and effect size estimates, plot of the joint posterior density of heterogeneity (1)
and mean effect (1). Red lines trace the contours of constant density corresponding to approximate 2D 50%, 90%, 95%, and 99% credible regions.
Horizontal green lines indicate medians and 95% credible intervals for heterogeneity parameter z. The vertical green lines indicate medians and
95% credible intervals for the mean effect . They are based on the estimates from the posterior distribution of each parameter, corresponding to
the average effects and credible intervals plotted in the forest plot. Blue lines show the conditional mean effect i as a function of the heterogeneity ¢
(solid line) along with conditional 95% confidence bounds (dashed blue lines). This illustrates that only for values of the heterogeneity parameter r at
the upper end of the credible interval (most right horizontal dashed green line), the 95% credible interval of the mean effect begins to include zero.

Il do not represent outliers but are in full agreement with the effects
that have to be expected for such antibodies. Therefore, the evidence
of all trials should be considered when investigating the efficacy, poten-
tial side effects, and patient and health care burden of an anti-amyloid
treatment. These results are encouraging, as they suggest that some
real, albeit small effect, may underlie the recently published positive
studies. At the same time, it is challenging because it suggests that the
new-generation antibodies achieve only small effect sizes, which alone
are not sufficient to achieve a breakthrough in the disease-modifying
treatment of AD.

Consistent with a previous instrumental variable meta-analysis
that showed on average 0.3 points improvement in the Mini-Mental
State Examination (MMSE) score per 0.1 standardized uptake value
ratio (SUVR) unit change in amyloid PET SUVR across 14 trials,2° we
found that one centiloid less amyloid PET signal corresponded with
—0.061less worseningin CDR-SB score, fully accounting for the overall
treatment effect.

We would like to address the following limitations. First, we did
not have access to the original data, so the standard deviation esti-
mates were based on SE derived from charts, which resulted in some
imprecision. To account for this, a sensitivity analysis was performed in
which the SD estimates were increased by 50% without this changing
the main results. Second, we treated the low-dose and high-dose adu-
canumab trials as separate studies. The reason was that we did not have
access to the data pooled across doses. The paper?! and the FDA’s sum-
mary statistics of Biogen’s aducanumab trial only reported results split
according to high- and low-dose groups, consistent with the primary
analysis plan for EMERGE and ENGAGE. Third, a limitation of meta-

analyses without access to the primary data are necessary assumptions
onunderlying data generation processes. Here, we assumed a Gaussian
model for deriving standard error and standard deviation estimates.
Fourth, we only considered phase 3 trial results, which differ from some
previous studies that conducted meta-analyses on a mixture of phase 2
and phase 3 trial outcomes.1?2>26 Our focus was the degree of het-
erogeneity of the phase 3 trials that were conducted for purpose of
regulatory approval, while aiming to assess whether the statistically
non-significant phase 3 trials of aducanumab and gantenerumab were
outliers or fell within the expected range of findings. Adding data from
phase 2 trials for aducanumab and donanemab would likely not have
altered the overall results, as suggested by the data of,1? but was out-
side of the scope of this study. Finally, a meta-analysis can provide
evidence regarding the existence and size of an effect, but it cannot
establish the causes of any effect. Thus, other factors besides a true
biological effect may contribute to the estimated effect. One example
is possible bias from treatment-specific adverse events, such as ARIAs
or local reactions, which may contribute some unblinding of caregivers
and raters assessing the CDR-SB.

Future lines of research have already been defined but need to
be prioritized. These include the development and use of primary
endpoints that detect patient-relevant outcomes. The CDR-SB simul-
taneously measures cognitive and functional impairments,2’ making it
more relevant from a patient perspective than purely cognitive scales
such as ADAScog. Nevertheless, the CDR-SB may be less sensitive to
patient-relevant changes compared with more meaningful markers of
everyday functioning that may become available through home-based

digital assessments,28 but remain to be validated for this purpose.2?
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Another line of research is investigating alternative routes of admin-
istration for treatments to reduce patient burden and healthcare
costs, such as subcutaneous injection instead of intravenous infusion.3°
Finally, targeting the amyloid cascade alone may not be enough to alter
the course of AD.21 A major requirement to establish the effect of
any disease-modifying treatment in AD and any other disease is the
application of appropriate study designs?* and statistical approaches.
Simply considering whether the results of a study fall on one side or
the other of a significant p-value’ is not sufficient to derive maximum
information from the results of a trial.8 The Bayesian approach to prob-
ability helps interpret results in the context of all available studies. It
provides quantitative evidence for or against an effect and direct esti-
mates of the parameters of interest such as effect sizes and their actual

distribution given the data.1”:32

ACKNOWLEDGMENTS

The study received no external funding.

Open access funding enabled and organized by Projekt DEAL.

CONFLICT OF INTEREST STATEMENT

Stefan Teipel participated on scientific advisory boards of Roche
Pharma AG, Biogen, and Grifols SA, and received lecture fees from
Eisai. Anna G.M. Temp and Michael W. Lutz have no conflicts of interest.

Author disclosures are available in the Supporting Information.

DATA AVAILABILITY STATEMENT

The JASP file underlying the Bayes factor analysis and Figure 3 and the
R code to generate the data and plot Figures 1 and 2 can be obtained
without restrictions from the Open Science Framework at: https://osf.
io/8tjda.

CONSENT STATEMENT
Consent of human subjects was not necessary since only aggregated
metadata were entered into the meta-analysis.

REFERENCES

1. Budd Haeberlein S, Aisen PS, Barkhof F, et al. Two randomized phase
3 studies of aducanumab in early Alzheimer’s disease. J Prev Alz Dis.
2022;9(2):197-210.

2. van Dyck CH, Swanson CJ, Aisen P, et al. Lecanemab in early
Alzheimer’s disease. N Engl J Med. 2023;388:9-21.

3. Sims JR, Zimmer JA, Evans CD, et al. Donanemab in early symptomatic
Alzheimer disease: the TRAILBLAZER-ALZ 2 randomized clinical trial.
JAMA. 2023;330(6):512-527. doi: 10.1001/jama.2023.13239

4. Soderberg L, Johannesson M, Nygren P, et al. Lecanemab, Adu-
canumab, and Gantenerumab—binding profiles to different forms
of amyloid-beta might explain efficacy and side effects in clini-
cal trials for Alzheimer’s disease. Neurotherapeutics. 2023;20(1):195-
206.

5. Liu YH, Wang YR, Xiang Y, et al. Clearance of amyloid-beta in
Alzheimer’s disease: shifting the action site from center to periphery.
Mol Neurobiol. 2015;51:1-7.

6. Morgan D. The role of microglia in antibody-mediated clearance of
amyloid-beta from the brain. CNS Neurol Disord Drug Targets. 2009;8:7-
15.

10.

11

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Clinical Interventions

. Goodman S. A dirty dozen: twelve p-value misconceptions. Semin

Hematol. 2008;45:135-140.

. Temp AGM, Lutz MW, Trepel D, et al. How Bayesian statistics may

help answer some of the controversial questions in clinical research on
Alzheimer’s disease. Alzheimers Dement. 2021;17:917-919.

. Meilandt WJ, Maloney JA, Imperio J, et al. Characterization of the

selective in vitro and in vivo binding properties of crenezumab to
oligomeric Abeta. Alzheimers Res Ther. 2019;11:97.

Plotkin SS, Cashman NR. Passive immunotherapies targeting Abeta
and tau in Alzheimer’s disease. Neurobiol Dis. 2020;144:105010.
Perneczky R, Jessen F, Grimmer T, et al. Anti-amyloid antibody
therapies in Alzheimer’s disease. Brain. 2023;146:842-849.

Wessels AM, Dowsett SA, Sims JR. Detecting treatment group differ-
ences in Alzheimer’s disease clinical trials: a comparison of Alzheimer’s
Disease Assessment Scale—Cognitive Subscale (ADAS-Cog) and the
Clinical Dementia Rating—Sum of Boxes (CDR-SB). J Prev Alzheimers
Dis. 2018;5:15-20.

Gronau QF, Heck DW, Berkhout SW, Haaf JM, Wagenmakers EJ. A
Primer on Bayesian model-averaged meta-analysis. Adv Meth Pract
Psych. 2021;4.

Rover C. Bayesian random-effects meta-analysis using the bayesmeta
R Package. J Stat Softw. 2020;93:1-51.

Rhodes KM, Turner RM, Higgins JPT. Predictive distributions were
developed for the extent of heterogeneity in meta-analyses of contin-
uous outcome data. J Clin Epidemiol. 2015;68:52-60.

Rover C, Friede T. Using the bayesmeta R package for Bayesian
random-effects meta-regression. Comput Methods Programs Biomed.
2023;229:107303.

Richard E, den Brok M, van Gool WA. Bayes analysis supports
null hypothesis of anti-amyloid beta therapy in Alzheimer’s disease.
Alzheimers Dement. 2021;17:1051-1055.

Costa T, Cauda F. A Bayesian reanalysis of the phase IIl Aducanumab
(ADU) trial. J Alzheimers Dis. 2022;87:1009-1012.

Villain N, Planche V, Levy R. High-clearance anti-amyloid immunother-
apies in Alzheimer’s disease. Part 1: meta-analysis and review of
efficacy and safety data, and medico-economical aspects. Rev Neurol.
2022;178:1011-1030.

Ackley SF, Zimmerman SC, Brenowitz WD, et al. Effect of reductions
in amyloid levels on cognitive change in randomized trials: instrumen-
tal variable meta-analysis. BMJ (Clinical Research Ed). 2021;372:n156.
https://www.bmj.com/content/372/bmj.n156.long

Avgerinos Kl, Ferrucci L, Kapogiannis D. Effects of monoclonal anti-
bodies against amyloid-beta on clinical and biomarker outcomes and
adverse event risks: a systematic review and meta-analysis of phase 1l
RCTs in Alzheimer’s disease. Ageing Res Rev. 2021;68:101339.
Andrews JS, Desai U, Kirson NY, Zichlin ML, Ball DE, Matthews BR.
Disease severity and minimal clinically important differences in clinical
outcome assessments for Alzheimer’s disease clinical trials. Alzheimers
Dement. 2019;5:354-363.

Petersen RC, Aisen PS, Andrews JS, et al. Expectations and clinical
meaningfulness of randomized controlled trials. Alzheimers Dement.
2023;19(6):2730-2736.

Planche V, Villain N. Advocating for demonstration of disease
modification-have we been approaching clinical trials in early
Alzheimer disease incorrectly? JAMA Neurol. 2023;80:659-660.

Mo JJ, Li JY,Yang Z, Liu Z, Feng JS. Efficacy and safety of anti-amyloid-
beta immunotherapy for Alzheimer’s disease: a systematic review and
network meta-analysis. Ann Clin Transl Neurol. 2017;4:931-942.
Rahman A, Hossen MA, Chowdhury MFI, et al. Aducanumab for the
treatment of Alzheimer’s disease: a systematic review. Psychogeri-
atrics. 2023;23(3):512-522.

Coley N, Andrieu S, Jaros M, Weiner M, Cedarbaum J, Vellas B.
Suitability of the clinical dementia rating-sum of boxes as a single
primary endpoint for Alzheimer’s disease trials. Alzheimers Dement.
2011;7:602-610.e2.

85UB017 SUOWILIOD BA11E81D) 3ot [dde au Aq peusenob afe Se[ole YO ‘8SN JO S8|ni o} Akeudi8UlIUQ AB] 1M UO (SUONIPUOD-PUe-SWBI 00" A3 1M AleIq 1 Ul |Uo//:SdNY) SUORIPUOD pue SWe | 841 88S *[7202/20/82] Uo Aeiq1 aul|uo A8 |1m ‘Bepoine Ind wniusz seyasined Ad vSy2T z041/Z00T 0T/I0pAW00 A8 AReiq  puljuo's feuanol-z //:sdiy wo.y pepeojumod ‘T ‘v202 'LE.825EC


https://osf.io/8tjda
https://osf.io/8tjda
https://doi.org/10.1001/jama.2023.13239
https://www.bmj.com/content/372/bmj.n156.long

80of8 Translational Research

28.

29.

30.

31

32.

TEIPELET AL.

Clinical Interventions

Dodge HH, Zhu J, Mattek NC, Austin D, Kornfeld J, Kaye JA. Use
of high-frequency in-home monitoring data may reduce sample sizes
needed in clinical trials. PLoS ONE. 2015;10:e0138095.

Teipel S, Konig A, Hoey J, et al. Use of nonintrusive sensor-based infor-
mation and communication technology for real-world evidence for
clinical trials in dementia. Alzheimers Dement. 2018;14:1216-1231.
Portron A, Jordan P, Draper K, et al. A phase | study to assess the effect
of speed of injection on pain, tolerability, and pharmacokinetics after
high-volume subcutaneous administration of gantenerumab in healthy
volunteers. Clin Ther. 2020;42:108-120.e1.

Gauthier S, Aisen PS, Cummings J, et al. Non-amyloid approaches to
disease modification for Alzheimer’s disease: an EU/US CTAD task
force report. J Prev Alzheimers Dis. 2020;7:152-157.

Temp AGM, Ly A, van Doorn J, et al. A Bayesian perspective on Biogen’s
aducanumab trial. Alzheimers Dement. 2022;18:2341-2351.

SUPPORTING INFORMATION
Additional supporting information can be found online in the Support-
ing Information section at the end of this article.

How to cite this article: Teipel S, Temp AGM, Lutz MW.
Bayesian meta-analysis of phase 3 results of aducanumab,
lecanemab, donanemab, and high-dose gantenerumab in
prodromal and mild Alzheimer’s disease. Alzheimer’s Dement.
2024;10:e12454. https://doi.org/10.1002/trc2.12454

85UB017 SUOWILIOD BA11E81D) 3ot [dde au Aq peusenob afe Se[ole YO ‘8SN JO S8|ni o} Akeudi8UlIUQ AB] 1M UO (SUONIPUOD-PUe-SWBI 00" A3 1M AleIq 1 Ul |Uo//:SdNY) SUORIPUOD pue SWe | 841 88S *[7202/20/82] Uo Aeiq1 aul|uo A8 |1m ‘Bepoine Ind wniusz seyasined Ad vSy2T z041/Z00T 0T/I0pAW00 A8 AReiq  puljuo's feuanol-z //:sdiy wo.y pepeojumod ‘T ‘v202 'LE.825EC


https://doi.org/10.1002/trc2.12454

	Bayesian meta-analysis of phase 3 results of aducanumab, lecanemab, donanemab, and high-dose gantenerumab in prodromal and mild Alzheimer’s disease
	Abstract
	1 | INTRODUCTION
	2 | METHODS
	2.1 | Data generation
	2.1.1 | Descriptive Statistics

	2.2 | Statistical analysis

	3 | RESULTS
	4 | DISCUSSION
	ACKNOWLEDGMENTS
	CONFLICT OF INTEREST STATEMENT
	DATA AVAILABILITY STATEMENT

	CONSENT STATEMENT
	REFERENCES
	SUPPORTING INFORMATION


