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1 | INTRODUCTION

Melina G.H.E. den Brok® |

Willem A. van Gool?

Abstract

Numerous clinical trials of anti-amyloid beta (AB) immunotherapy in Alzheimer’s
disease have been performed. None of these have provided convincing evidence for
beneficial effects. Using traditional frequentist meta-analysis, the conclusion is that
there is absence of evidence for a therapeutic effect, with a point estimate effect size of
0.05 (95% confidence interval —0.00 to 0.10, P = .055). In addition, this non-significant
effect equates to 0.4 points per year on the cognitive subscale of the Alzheimer’s Dis-
ease Assessment Scale. This is well below the minimally clinically important difference.
Bayesian meta-analysis of these trial data provides strong evidence of absence of a
therapeutic effect, with a Bayes factor of 11.27 in favor of the null hypothesis, opposed
to a Bayes factor of 0.09 in favor of a treatment effect. Bayesian analysis is particularly
valuable in this context of repeatedly reported small, non-significant effect sizes in
individual trials. Mechanisms other than removal of AS from the brain may be probed

to slow progression of Alzheimer’s disease.
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RCTs are open to several explanations according to this approach:
(1) trialists may simply have had “bad luck” due to sampling variability;

Since the turn of the century numerous therapeutic studies in
Alzheimer’s disease (AD) have targeted the cerebral amyloid beta (AB)
deposits, one of the defining characteristics of this condition. Thou-
sands of patients have participated in randomized controlled trials
(RCTs) of anti-AB (AAB) immunotherapy, costing billions of dollars. So
far, results have been disappointing, with none of these trials reporting
statistically significant beneficial effects. Despite being sufficiently
powered, well performed, and published in high-ranking journals,
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these studies have been characterized as “negative,” “failures,” or
“unsatisfactory.” This may be unjustified and can be understood best
by the characteristics of classical frequentist statistical null hypothesis
testing for significance used in all RCTs. As recently reviewed in depth

by Keysers et al.,! non-significant study results of well-designed

(2) the sample size may have been too small, the target population
not sufficiently well-defined, the follow-up too short, or the outcome
parameters too insensitive to detect subtle effects; or (3) the true
effect of a therapeutic approach is indeed absent. Both the derogatory
qualifications of recent AAB immunotherapy and the ever-continuing
research into this approach, suggest that the first two interpretations,
“bad luck” and “too small, short, or insensitive,” dominate the AD field,
whereas the third option, “absence of a true effect” appears not to be
considered seriously. This may have a simple explanation that is related
to the traditional frequentist analyses that were used. A Bayesian
analysis may offer a constructive perspective on these recent AAB
trial results and allow for quantifying the null hypothesis that AAB

immunotherapy does not slow down cognitive decline in AD.
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1.1 |
results

Frequentist versus Bayesian analysis of trial

To evaluate the full body of evidence of AAB immunotherapy in AD,
meta-analysis of published results of RCTs can be applied. Traditional
frequentist meta-analyses of published RCT results aim to provide
an estimate of the true treatment effect, by calculating the average
effect across studies. In most cases, a random effects model is indi-
cated, which takes differences between studies into account, and will
provide a weighted mean effect size, with a 95% confidence interval.
This is particularly useful in the case of conflicting trial results. The
higher number of participants exposed to the intervention or control
condition generally leads to an increase in statistical power to signal
a statistically significant effect. Interpretation of statistically signifi-
cant trial results (P < .05) is straightforward according to the conven-
tional frequentist approach, that is, rejection of the null hypothesis
and adoption of the alternative hypothesis implying a true therapeu-
tic effect. But the opposite finding of non-significant P values (P > .05)
does not provide a precise, quantitative, reliable metric favoring the
null hypothesis, supporting the absence of a therapeutic effect.! That is
because relations among sample sizes, trial power, P values, and credi-
bility of null hypotheses are complex: “absence of evidence is not evi-
dence of absence.”? A frequentist approach assumes all trials to be
equally meaningful (apart from the weighing based on trial characteris-
tics), and tends to ignore the overall picture upon publication of asingle,
extreme finding. It lacks a strong framework allowing us to specify how
trial results affect the overall odds of a specific treatment effect being
plausible.

An alternative approach is using Bayesian methodology, which
offers the opportunity to factor in all previous RCT results upon weigh-
ing the precise implications of new findings. This approach is based
on an eighteenth-century theorem that offers a formal framework
for how to update an initial belief after new observations. Following
Keysers et al. we provide here a short explanation of a Bayesian
approach in the context of the interpretation of new experimental
findings. In the evaluation of a new therapy, for example, absence or
presence of a beneficial effect, classically reflecting the null (Hg) or
alternative (H4) hypothesis, respectively, may be equally believable
initially. After obtaining the results from a first RCT, for example, in the
form of an effect size, beliefs on the (in)efficacy of a new therapy can
be updated, according to the degree to which the RCT result supports
either hypothesis. A description for such rival accounts in a Bayesian

approach can be provided in the form of odds®:

p(Holdata)  p(Ho)

p (data|Ho)
p (data|Hq)

p(Hildata)  p(Hq)

The posterior odds in the case of a meta-analysis can be calculated
after including new data from each subsequent RCT. This is done by
taking the product of the (prior) odds, based on all previously avail-
able RCT findings, and an updating factor based on the latest RCT data
that have become newly available. The latter metric, the “Bayes fac-
tor,” reflects the relative performance of Hy and H4 in accounting for

RESEARCH IN CONTEXT

1. Systematic Review: We performed a systematic review
for phase 3 randomized placebo-controlled clinical tri-
als investigating the effect of anti-amyloid beta (Ag)
immunotherapy in patients with Alzheimer’s disease
(AD). As minimal quality criterion we set a minimum of
50 patients in the highest dose arm and an intervention
period of at least 12 months. This resulted in six com-
pleted trials.

2. Interpretation: A conventional frequentist meta-analysis
of all six published clinical trials, all with null findings,
leads to the conclusion that there is absence of evidence
for an effect of anti-AS immunotherapy. Using a Bayesian
analysis of the same data leads to the conclusion that
there is strong evidence of absence of a therapeutic effect
of anti-AB immunotherapy in patients with AD. Results
from additional trials investigating the effect of anti-Ag
immunotherapy are highly unlikely to change this overall
conclusion.

3. Future directions: Research efforts into treatment of AD
may best be diverted toward other disease mechanisms.

the findings in a given RCT. Calculation of this Bayes factor is based
on different probability distributions of effect sizes under Hy and Hy.
Although rival hypotheses may have been equally plausible initially (i.e.,
p[Hol = p[H1] = 0.5), thus with a prior hypothesis odds of 1, the results
from a first RCT may indicate that these findings are 10 times more
likely under H4 than under Hg, rendering the posterior odds also 10,
favoring Hq in this example. In this case the RCT result has increased
the probability of H from 0.5 to 10/11 ~0.91, as the posterior H4 prob-
ability. A major advantage of Bayesian analysis as opposed to a fre-
quentist approach is its potential to quantify the strength of evidence
in both directions, not only against Hq but also in favor of Hgp; that is,
the strength of evidence for absence of a therapeutic effect. See Key-

sers et al. for an in-depth review and more examples.?

1.2 | Meta-analysis of AAB immunotherapy trials

To compare a frequentist and Bayesian approach in the meta-analysis
of AAB immunotherapy in AD, we performed a systematic literature
search selecting publications on phase 3 AAB immunotherapy RCTs
all using the cognitive subscale of the Alzheimer’s Disease Assessment
Scale (ADAS-Cog) as clinical outcome, to allow for comparison. As min-
imum quality criterion, studies had to include at least 50 AD patients
in the main analysis who received active treatment in the highest dose,
for at least 12 months. We chose this anti-conservative approach, that
is, only analyzing the groups receiving the highest dosage, to maximally
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FIGURE 1 Hypothesis testing using a
frequentist approach: anti-amyloid beta
immunotherapy in Alzheimer’s disease. This
forest plot displays six randomized controlled
trials testing monoclonal antibodies and their
Cohen’s d effect sizes with confidence intervals
based on a classical random-effects
frequentists meta-analytical approach. The
NCT numbers refer to the unique identification
code given to clinical studies registered on
ClinicalTrials.gov. The overall treatment effect
was 0.048 (95% confidence interval: —0.001 to
0.096)

NCT01224106 gantenerumab

NCT01900665 solanezumab

RE Model

benefit the intervention groups. This resulted in four papers on six
RCTs including a total of 6597 participants studying the effects of
solanezumab, gantenerumab, or bapineuzumab, all monoclonal anti-
bodies against AB, for 78 to 104 weeks.3-¢

We first performed a traditional frequentist random-effects meta-
analysis based on the published results of the primary analysis in all
trials, using Cohen'’s d effect sizes for individual studies. This resulted
in an overall treatment effect of 0.05 (95% confidence interval: —0.00
to 0.10, P = .055), thus not rejecting the null hypothesis (Figure 1).
Subsequently, we used a Bayesian approach to investigate the plausi-
bility of the null hypothesis being true (i.e., no treatment effect). We
used the JASP software package to calculate sequential Bayes factors
after adding each subsequent trial result. JASP stands for Jeffreys’s
Amazing Statistics Program in recognition of the pioneer of Bayesian
inference Sir Harold Jeffreys. This is a free multi-platform open-source
statistics package (https://jasp-stats.org), developed and continually
updated by a group of researchers at the University of Amsterdam.
Because also under a Bayesian framework certain assumptions have
to be made, including that the probabilities stem from the same dis-
tribution, we used a random effects model. We used a Cauchy prior
with scale 1/\/5 ~ 0.707. This meta-analysis, based on the very same
six RCTs as used for the frequentist analysis, yielded a final Bayes fac-
tor of 11.27 in favor of the null hypothesis, as opposed to a Bayes
factor in favor of the alternative hypothesis of a beneficial treatment

effect of 0.09 (Figure 2). The Bayes factor in favor of the null hypoth-

NCTO00574132 bapineuzumab

NCTO00575055 bapineuzumab

NCT00904683 solanezumab

NCT00905372 solanezumab
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esis should be interpreted as “strong” support, thus going beyond the
notion of “not rejecting the null hypothesis” according to the frequen-
tists approach.! Although the essence of a Bayesian approach is to
interpret new information in light of existing information, one may
wonder whether results would have been different if RCT results had
appeared in a different order. Therefore, we have rerun the analyses
adding the trials in a different order (i.e., arbitrarily, reverse order, and
by population size). This slightly changed the steps toward the final
Bayes factor after including all six trials, but did not change the over-
all resulting Bayes factor, as expected.

1.3 | Addition of a theoretical new RCT

Under the traditional frequentist statistical approach, addition of a
new trial result that would have roughly a similar outcome as the
previous six RCTs would further reduce the value of the P estimate,
most probably reaching a value below .05, albeit without substantially
affecting the estimate for the effect size. Under a Bayesian approach,
we found that such a hypothetical, seventh study would require an
unrealistic treatment effect with a Cohen’s d effect size of at least 10
(standard error 0.02). Based on a typical ADAS-Cog standard devia-
tion, such a scenario would require a study including at least 100,000
participants randomized 1:1 to active or placebo treatment and a

difference between treatment groups of about 14 to 15 ADAS-Cog
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points at endpoint. As AD patients who receive placebo deteriorate
about 4 to 5 ADAS-Cog points per year, this would require a study
period of at least 3 years, assuming a complete halt of cognitive decline
in the active treatment group. Under such an unlikely scenario an
update of the current Bayesian meta-analysis would result only in
equipoise between the AAB immunotherapy null hypothesis and its

alternative, thus without favoring H4 over Hg.

2 | DISCUSSION

Based on these analyses of previously published clinical trial results, we
conclude that there is strong evidence of absence of a therapeutic effect
of AAB immunotherapy in AD and that further pursuit of this approach
in AD is likely futile, even if additional studies would replicate the find-
ings available to date, and thus decrease the P value in a traditional
frequentist meta-analysis by increasing the total number of subjects in
such an analysis. The overall effect size based on the frequentist meta-
analysis of these six RCTs of .05 is based on the difference between a
yearly average deterioration of 4.5 ADAS-Cog points in 3288 placebo-
treated patients versus 4.1 points in 3309 patients with one of the
three forms of AAB immunotherapy. This minute non-significant treat-
ment effect of 0.4 ADAS-Cog points over a year, in the subgroups of
trial participants subjected to the highest doses of AAB immunother-
apy, invites the question how plausible a possible “true” and clinically
relevant treatment effect could still be. The strong support for the null
hypothesis resulting from the Bayesian analysis renders a true absence
of a treatment effect much more plausible. The continued efforts of
researchers and pharmaceutical companies toward persistent invest-
ment of research efforts, time, and money in AAB immunotherapy may
be partially driven by the relatively narrow framework of traditional
frequentist statistical methods used.

Several methodological issues should be addressed. First, it could
be argued that combining different specific AAB immunotherapeutic
drugs in one meta-analysis may be problematic, despite the fact that all
RCTs probed essentially the same hypothesis concerning AD therapy.

However, a similar approach in hypertension, epilepsy, or thromboem-

— FIGURE 2 Hypothesis testing using a

Very Strong Bayesian approach: anti-amyloid beta

L immunotherapy in Alzheimer’s disease. This

plot shows strong evidence for Hy. A Bayes

Strong m factor (BF) between 1/3 and 3 indicates

B g_ insufficient evidence for either the null or
Moderate (=D alternative hypothesis, and a BF above 3

. o indicates evidence for the null hypothesis. The
Anecdotal ® plot shows strong evidence supporting Hg (no

L treatment effect, BFpq = 11.27) and
Bieedolal insufficient evidence for Hq (beneficial

treatment effect, BF ;o = 0.09)*

bolic disease would have resulted in clear-cut conclusions concerning
the efficacy of antihypertensives, antiepileptics, or anticoagulants as
drug classes. Second, it could be argued that perhaps the target pop-
ulations were not optimal in the studies that were used in the present
analyses, and that in earlier RCTs even some patients without cerebral
amyloidosis have been recruited, in whom it was beforehand unlikely
that an approach to remove Ag from the brain would be effective. How-
ever, based on both in vivo AB imaging using positron emission tomog-
raphy and ex vivo study of cerebral Aj load in trial participants who
came to autopsy, there is no doubt that these AAB immunotherapies
are potent drugs that can remove AB from the brain.>’” But even virtu-
ally complete removal of A from the brain for >10 years could not pro-
tect AD patients from progression to severe dementia.” This renders
the possibility of a type Il error due to too-short follow-up to detect an
effect unlikely.

Third, the ADAS-Cog as outcome instrument could be questioned.
However, this is a widely applied cognitive instrument that has a solid
track record as outcome in AD research, including these major RCTs. In
essence, the exact cognitive assessment instrument used as outcome in
AD RCTs may be less relevant. Even if a minute, statistically significant
treatment effect could be detected using amore sensitive, detailed out-
come measure, this would most likely not meet the minimally clinically
important difference if this difference could not be detected by the
ADAS-Cog.

There is an important caveat to this interpretation. Current
approaches in AD clinical trials implicitly assume AD to be a rather
homogeneous condition, for which one specific intervention, in this
case AAB immunotherapy, may be beneficial. However, the hetero-
geneity of underlying brain pathology long has been recognized.® In
line with this recognition, more recent findings suggest that cere-
brospinal fluid proteomics may define subtypes of AD that are poten-
tially relevant from a pathophysiological perspective.” The same may
hold for additional characteristics, resulting in both clinical as well
as biological heterogeneity. If corroborated, this has major implica-
tions for selection of trial participants and development of interven-
tions in the future. Delineation of relevant AD subgroups, for instance

based on a combination of age at onset, genotype, phenotype, cerebral
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co-morbidity, and the specific pathophysiological processes relevant in
each individual patient will most likely be necessary, to deliver the right
therapeutic intervention to the right patient. Better understanding of
this heterogeneity will put neutral trial results in studies based on AD
as ahomogenous, generic category of disease in a new perspective, and
may invite new RCTs in these populations.

By contrasting the results of a traditional frequentist meta-analysis
with the results from a Bayesian meta-analysis, and showing how an
additional trial result would change the overall results of the latter
meta-analysis, we illustrate that further pursuing AAB immunotherapy
as treatment for AD as a rather homogeneous condition is likely futile.
Even in the unlikely event of a new trial shifting the frequentist meta-
analysis toward a significant difference, the Bayesian analysis would
most likely still strongly favor the null hypothesis over the alternative
hypothesis. And the chance that a new RCT would not only shift the
pooled effect size toward a significant difference, but also toward a
clinically relevant effect is negligible.

Finally, there are important ethical and societal aspects that need to
be addressed. All AAB immunotherapy probed has to be administered
intravenously on a monthly basis, and most AAB immunotherapies
have a considerable risk of adverse events, including amyloid-related
imaging abnormalities (ARIA), which may or may not cause serious
symptoms.19 This would be completely acceptable if clinically impor-
tant benefits could be expected, such as, for example, in chemotherapy
for different forms of malignancies. Based on the currently available
trial results it is highly unlikely that AAB immunotherapy will funda-
mentally change the course of disease in AD in a clinically meaningful
way, therefore one could question whether further exposure of large
numbers of older persons to this type of experimental therapy is justi-
fied. The potential target population for these drugs is very large, and
the logistical challenge of intravenous administration and the accom-
panying costs of the infrastructure needed and the drug itself would be
astronomical. Only a clinically relevant effect beyond any doubt could
justify the societal burden of this expenditure on scarce health-care

resources.

3 | CONCLUSION

Our message is threefold. First, based on six well-designed RCTs there
is strong evidence for absence of an effect of AAB immunotherapy in
AD. Second, the use of Bayes factor hypothesis testing allows for quan-
tification of the plausibility of the null hypothesis, as opposed to tra-
ditional frequentist analysis, which only allows us to conclude that
there is absence of evidence. Third, whereas results from frequentist
meta-analysis may invite the conclusion that additional studies to col-
lect evidence may still be relevant, results from the Bayesian analy-
sis strongly suggest the time has come to divert therapeutic efforts
away from AAB immunotherapy. This leads to the potential to open
up alternative lines of investigation that have more potential to bear
fruit.
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