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Summary
Alzheimer’s disease (AD) trials initiated during or before the prodrome are costly and lengthy
because patients are enrolled long before clinical symptoms are apparent, when disease
progression is slow. We hypothesized that design of such trials could be improved by: (1)
selecting individuals at moderate near-term risk of progression to AD dementia (the current
clinical standard) and (2) by using short-term surrogate endpoints that predict progression to AD
dementia. We used a longitudinal cohort of older, initially non-demented, community-dwelling
participants (n=358) to derive selection criteria and surrogate endpoints and tested them in an
independent national data set (n=6,243). To identify a “mid-risk” subgroup, we applied
conditional tree-based survival models to Clinical Dementia Rating (CDR) scale scores and
common neuropsychological tests. In the validation cohort, a time-to-AD dementia trial applying
these mid-risk selection criteria to a pool of all non-demented individuals could achieve equivalent
power with 47% fewer participants than enrolling at random from that pool. We evaluated
surrogate endpoints measureable over two years of follow-up based on cross-validated
concordance between predictions from Cox models and observed time to AD dementia. The best
performing surrogate, rate of change in CDR sum-of-boxes, did not reduce the trial duration
required for equivalent power using estimates from the validation cohort, but alternative
surrogates with better ability to predict time to AD dementia should be able to do so. The
approach tested here might improve efficiency of prodromal AD trials using other potential
measures and could be generalized to other diseases with long prodromal phases.
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Introduction
Alzheimer’s disease (AD) is a progressive neurodegenerative disorder of late life with an
insidious onset [1]. Autopsy and imaging studies suggest that underlying disease pathology
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begins to develop years, even decades, before the development of clinical dementia [2].
Currently available therapies achieve only modest reductions in rates of cognitive decline
[3], and none appears to modify the underlying disease process [4]. The greatest therapeutic
opportunity may occur before patients develop dementia or even mild cognitive impairment
[5, 6]. In response, increasing attention is being given to prevention trials [7, 8], but the long
prodromal phase of AD makes brief clinical trials impractical [9]. Recent advances in
neuroimaging offer a potential means to identify individuals with underlying plaque
deposition [10], but it is not yet known whether all such individuals will develop clinical
dementia or in what time frame. Thus, progression to overt AD dementia—while clearly an
arbitrary threshold along an underlying continuous process—remains the standard, clinically
definitive endpoint, as well as the one most relevant to patients and clinicians. Draft
guidance from the FDA identifies time to AD dementia as an appealing efficacy measure but
also suggests that use of cognitive and functional endpoints may allow for more efficient
trial designs [11].

Following Schneider’s [12] recommendation to use existing data sets to develop improved
approaches to prodromal AD trials, we analyzed data from an existing cohort of individuals
followed annually for progression to AD. Our goal was to optimize the design of secondary
prevention trials in AD in two complementary ways: (1) cohort enrichment, defining
inclusion criteria for future trials in terms of baseline assessments of common measures of
cognition and functional status that would enrich trial cohorts with non-demented
individuals who are at moderate risk of progressing to AD dementia within the duration of a
typical clinical trial (e.g., 2–3 years), and (2) short-term surrogate endpoints, identifying
measures of progression in these same cognitive and functional assessments that predict
future progression to AD dementia.

Methods
Data sources

Separate training and validation data sets were used to develop and then test proposed cohort
enrichment criteria and surrogate endpoints. Training data were obtained from a longitudinal
cohort of initially non-demented individuals in work funded by a program project grant
(PPG) and used in a number of previous studies (e.g., [13–17]). Data for validation were
obtained from the National Alzheimer’s Coordinating Center (NACC) Uniform Data Set
(UDS; see [18, 19]). The original studies were approved by the institutional review boards
of participating sites and abided by conventions of the Helsinki Declaration. All participants
provided written informed consent.

Training Set – PPG Cohort—The PPG cohort (n = 358) was recruited at Massachusetts
General Hospital between 1992 and 2005 from community-dwelling participants age 65 or
older who were non-demented, free of significant underlying medical, neurological, or
psychiatric illness, and had a Clinical Dementia Rating (CDR; [20, 21]) based on an
augmented interview sensitive to subtle cognitive symptoms [13] of 0 (n = 117, 33%) or 0.5
(n = 241, 67%) at baseline. Those with CDR 0.5 were over-sampled to provide more data on
the prodromal phase of AD. Data from a medical and psychiatric interview, physical
examination, EKG, standard laboratory tests, MRI, genetic analysis, and a battery of
functional and neuropsychological tests were collected at baseline. Our analyses of the PPG
cohort used the CDR global rating, the sum-of-boxes (CDR-SB), and ratings on the 6
individual components (memory, orientation, judgment and problem solving, community
affairs, home and hobbies, and personal care); a memory Z score calculated from total
learning scores on the California Verbal Learning Test (CVLT, [22]) and free recall scores
on the Free and Cued Selective Reminding Test (SRT, [23]), normalized to baseline scores
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for these measures among participants rated CDR 0; and all 6 neuropsychological
assessments shared with the NACC-UDS validation sample: the Mini-Mental State Exam
(MMSE, [24]), time to complete parts A and B of the Trail Making Test [25], Digit Span
Forward and Backward [26], and Controlled Word Association Test for animals [27]. Scores
at the baseline visit on these measures were used to identify optimal criteria for cohort
enrichment.

PPG participants were followed through Feb 2007 at roughly annual visits with assessments
of medical history, functional and cognitive status, bedside neuropsychological tests, and
semi-structured interviews. Progression in CDR and bedside tests over the first 2 years (±
0.5 years) after enrollment were evaluated as possible surrogate endpoints. We were
restricted to surrogates that could be evaluated in only 2 years by the short mean follow-up
in the validation sample. For each measure, we considered both the last observed value
within the 2-year window and the slope or average linear change over time from baseline to
two years. Progression to probable AD dementia, our gold-standard endpoint, was evaluated
clinically at each annual visit based on the DSM-IV definition of dementia and standard
research criteria for probable AD [28].

Validation Set – NACC-UDS Cohort—The NACC-UDS data set includes ongoing data
collection beginning in 2005 from 27 Alzheimer’s Disease Centers located throughout the
US [18, 19]. Participants in the NACC-UDS are enrolled by referral from clinicians and
family members, by self-referral, by active recruitment through community organizations,
and, in some centers, from pre-existing memory and aging study cohorts. All centers enroll
subjects with memory complaints and as well as cognitively healthy subjects, but centers
differ in the distribution of types and severities of impairment of enrolled subjects. The
validation data extracted from the September 2011 freeze of the full NACC-UDS data set
consisted of 6,243 individuals age 65 years or older with CDR ratings of 0 (n = 3,980, 64%)
or 0.5 (n = 2,263, 36%) who were free of dementia at their baseline visit and had completed
at least one follow-up visit. Data contributed by the MGH center were excluded as many
PPG participants were subsequently followed in the NACC-UDS sample, and data from one
additional NACC site were excluded due to a reported problem with the integrity of
neuropsychological data collection during the time interval sampled for this study. Baseline
visits for the subsample of the NACC-UDS cohort used in these analyses occurred between
Aug 2005 and Sep 2010 with roughly annual follow-up visits recorded through September
2011. The CVLT and SRT were not available in the NACC data; instead a memory Z-score
was calculated from the delayed logical memory test score (Logical Memory IIA – Delayed;
[29]), standardized against baseline scores of participants rated CDR 0. Comparisons of the
PPG training sample and the NACC-UDS validation sample are given in Table 1.

Cohort enrichment
We identified criteria for cohort enrichment in the PPG cohort using tree-based models
applied to the 15 baseline variables shared with the NACC-UDS validation sample. Tree-
based models assign membership in risk strata using recursive partitioning down a hierarchy
of “branches.” Tree-based methods are particularly useful for defining cohort selection
criteria because their construction identifies stratifying criteria explicitly. Individual trees
were fit using a conditional tree-based survival model [30]. Trees for predicting risk of
progression to probable AD dementia were grown by selecting the predictor and split that
yielded the minimum p-value from a log-rank test. Additional predictors and splits were
included until a Bonferroni correction indicated that no additional model complexity yielded
significant improvement in fit. Use of this stopping criterion avoids over-fitting of trees
without a need for pruning [31].
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Criteria for cohort enrichment were obtained by excluding terminal nodes predictive of the
longest and shortest median times to probable AD dementia. Individuals who were
diagnosed during follow-up with dementias other than probable AD were considered
censored for risk of probable AD dementia at the first time they were diagnosed as
demented. Nodes with the longest median time to probable AD dementia were excluded to
minimize enrollment of individuals with limited risk of progressing to a diagnosis of
probable AD dementia during a short-term trial. Nodes with the shortest median times to
probable AD dementia were excluded for several reasons: (1) individuals with high short-
term risk might be beyond the reach of early intervention due to substantial underlying
pathology; (2) they might have too little time to respond to a therapy prior to crossing the
threshold for dementia, and (3) they might be so close to the threshold that their status as
non-demented at baseline might be unreliably assessed. The remaining “mid-risk”
individuals would be expected to have the greatest potential for well-defined progression
and potentially modifiable risk of developing AD dementia in a short-term trial.

Surrogate endpoints
We used Cox proportional hazards regression to identify surrogate endpoints evaluated after
two years of follow-up that best predicted subsequent progression to AD dementia among
members of the mid-risk stratum of the PPG cohort. Time at risk of progression to AD
dementia was modeled as beginning after the 2-year assessment. To ensure that surrogates
were evaluated only with regard to their potential response to treatment, we included the
best fitting baseline predictors in all Cox models as covariates.

Prediction accuracy of models was measured using Harrell’s c-index of rank concordance
[32]. Concordance was estimated by 10-fold cross-validation to best estimate prediction
accuracy and limit over-fitting to the data. We took the median concordance from 20
replicate cross-validated concordance estimates obtained by random permutations of the
data set to better stabilize the estimates. Our final measure for a given surrogate aimed to
show how it could improve prediction of AD dementia over baseline variables by measuring
the difference in median cross-validated concordance of the model containing the surrogate
minus the median cross-validated concordance of the best baseline model. All models
included age, gender, and years of education. Symmetric 90% confidence bounds were
estimated as simple percentiles of the distribution of these differences from 100 bootstrap
replicates. Additional details describing our evaluation of potential surrogates are given in
the supplementary data.

Validation
The generalizability of the baseline risk stratification for cohort enrichment based on the
survival tree analysis of the PPG cohort was assessed by comparing the estimated survival
curves for progression to AD dementia between the PPG and NACC-UDS baseline risk
cohorts. The generalizability of surrogate endpoints identified from analysis of the PPG
cohort was assessed by comparing their cross-validated concordance estimates and by
comparing the Cox model coefficients with those from the NACC cohort. Note that
comparisons of concordance between PPG and NACC-UDS cohorts provide only an
approximate comparison of prediction accuracy due to differences in the censoring
distributions between the two cohorts [33].

Power evaluation
The potential benefit of using the proposed cohort enrichment criteria and surrogate
endpoint in a future clinical trial was evaluated with respect to the reduction in required
sample size or trial duration relative to a time-to-AD dementia trial designed for equivalent
power under two choices of source population: (1) all participants who were non-demented
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at baseline, and (2) only those who were non-demented and CDR 0.5 at baseline. In each
case, our proposed mid-risk criteria were used to define a subset of the larger non-demented
or non-demented and CDR 0.5 populations. Parameters used in calculating sample size
requirements were drawn from the NACC-UDS cohort. Three-year trials (including one year
to recruit subjects) were considered in order to focus on designs that would be feasible
within a normal funding and drug development timeframe.

Effect of cohort enrichment on required sample size—The potential benefit of our
proposed cohort enrichment criteria was estimated under the following assumptions: (1) the
proportion of potential participants in a future trial who would be eligible under our mid-risk
criteria would be equal to that found in NACC-UDS cohort, (2) time to progression to AD
dementia would be Weibull distributed with parameters equal to those observed in the
NACC-UDS cohort, (3) a proportion of participants equal to the 2-year Kaplan-Meier
product-limit estimate of the probability of progression to AD dementia in each risk stratum
of the NACC-UDS cohort would not respond to the treatment (i.e., those with non-
modifiable or non-detectable risk of progression), and (4) treatment would reduce the hazard
of progression to AD dementia for the remaining participants by a fixed hazard ratio.
Sample size requirements were calculated for a log-rank test comparing specified survival
distributions given parameters estimated from the NACC-UDS cohort assuming 80% power,
two-tailed testing at alpha = 0.05, one-year of constant accrual, 1:1 randomization, and a
pre-specified treatment-dependent hazard ratios: 0.50 or 0.67 (i.e., a 1/2 or 1/3 reduction in
risk; cf. [34]). Additional details describing power calculations are given in the
supplementary data.

Effect of surrogate endpoints on required follow-up time—Assuming one year to
complete accrual and surrogates measured over 2 years of follow-up, a proposed surrogate-
endpoint trial could be completed in 3 years. For comparison, assuming designs with 80%
power, we determined (1) the trial duration required for time-to-AD dementia designs with
the same sample size and treatment effect, and (2) the minimum detectable effect of
treatment on the surrogate given the sample size required for a time-to-event trial with
specified treatment effect and duration. For trials analyzing time to progression to AD
dementia, we calculated power using estimates from the mid-risk stratum of the total non-
demented population or of the CDR 0.5 non-demented population in the NACC-UDS
cohort. For trials analyzing surrogate endpoints, we calculated power for a simple t-test of
the surrogate endpoint. For simplicity, we assumed that the percent reduction in the hazard
due to treatment could be compared to the percent reduction in the surrogate mean,
recognizing that the two endpoints are measured on different scales.

Results
Cohort characteristics

While the NACC-UDS cohort was selected to match the PPG eligibility criteria for age and
lack of dementia at baseline, the NACC-UDS participants tended to be older, more racially
diverse, slightly less well educated, and somewhat less impaired (based on the fraction with
a CDR rating of 0.5, reflecting the oversampling of such individuals in the PPG cohort)s
(Table 1). MMSE scores, digit spans, Trail making B completion times, and memory Z-
scores were slightly worse among NACC-UDS participants. PPG participants were followed
for over 6 years on average, twice as long as the NACC-UDS cohort as of September 2011.
In the total non-demented population, the hazard of progression to AD dementia was
comparable (hazard ratio (HR) = 0.93, p = 0.59). The mean rate of increase in CDR-SB was
only half or a sixth as large in the NACC-UDS cohort relative to the PPG cohort for the total
non-demented and CDR 0.5 only non-demented populations, respectively. Conversely,
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MMSE scores declined more rapidly on average in the NACC-UDS cohort. Lower
neuropsychological scores and more rapid decline despite much slower changes in CDR-SB
scores among the NACC-UDS cohort may reflect scoring differences on the CDR between
the two samples, at least at the low end of the scale, or educational differences beyond those
measured by years of education, or both.

Cohort enrichment
Stratification of the PPG participants identified four risk strata based on participants’
baseline CDR-SB and composite memory Z-scores (Figure 1). Forty-six percent of all non-
demented NACC-UDS participants were classified as mid-risk based on criteria of CDR-SB
≤ 1 and memory Z-score ≤ −0.428 or CDR-SB > 1 and memory Z-score > −2.00 (Table 2).
The NACC-UDS and PPG cohorts had nearly equal risk of progression in the mid-risk
stratum (HR = 1.13 for NACC-UDS relative to PPG hazard, 95% CI 0.81 to 1.59, p = 0.47),
reflecting good generality of the PPG-defined mid-risk criteria. In the total non-demented
NACC-UDS population, participants in the low-risk stratum had 3-yr cumulative rates of
progression to probable AD dementia of 1.4%. Inclusion of such individuals in any short-
term trial would add almost nothing to estimates of treatment effect given the very low event
rates even in the absence of treatment. Conversely, NACC-UDS participants in the high-risk
stratum with CDR-SB > 1 and memory Z-score ≤ −2.00 had substantial risk of rapid
progression to probable AD dementia (median 2.30 years, 95% CI 2.07 to 2.87 years). While
power increases with more observed outcomes, all else being equal, the large percentage of
participants progressing to probable AD dementia within a few years of baseline (40% in 2
years) suggests that many of these individuals might be too close to the threshold for
dementia to reliably assess the transition or might have insufficient time to respond to
therapy. The benefit to a trial of enrolling such individuals depends on the degree to which
their progression can be cleanly detected and their disease is still amenable to the specific
treatment under study.

For the total non-demented and the CDR 0.5 only non-demented populations, sample sizes
of n = 5,214 and 2,308, respectively, would be required for 80% power to detect a treatment
hazard ratio of 0.67 given the assumptions described in the Methods. If enrollment for a
secondary prevention trial were restricted to the mid-risk stratum defined by our proposed
cohort enrichment criteria, the required sample sizes would be n = 2,784 for the total non-
demented population and 1,780 for the CDR 0.5 only non-demented population, reductions
of 46 and 23%, respectively (Figure 2). If we remove the assumption that subjects within
two years of the developing dementia do not benefit from treatment, then the required
sample sizes for an unselected population vs. the mid-risk subset would be n = 3,598 and
2,402 (33% fewer), respectively, for the total non-demented population, and n = 1,408 and
1,370 (3% fewer) for the CDR 0.5 only non-demented population.

Surrogate endpoints
Among variables available in the PPG cohort, rate of change in CDR-SB and 2-year CDR-
SB were found to be the best predictors of future progression to AD dementia in the total
non-demented PPG mid-risk stratum based on baseline-adjusted increments in cross-
validated predication accuracy (Table 3). In the NACC-UDS validation sample,
concordance estimates of models based on rate of change in CDR-SB were significantly
greater than those based on baseline data alone in the total non-demented mid-risk stratum
(Table 3), but the increment was modest at 4.0% (90% CI 1.6 to 6.4%). In the mid-risk
stratum of the CDR 0.5 only non-demented population, rate of change in CDR-SB also
improved prediction of time to progression to AD dementia beyond what was identified at
baseline, but the increment was still more modest (2.8%, 90% CI 0.0 to 6.6%). Of note, the
estimated hazard ratio for a one-unit increase in change in CDR-SB per year in the NACC-
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UDS cohort was much smaller than that in the PPG cohort in both the total non-demented
population (NACC-UDS HR = exp(0.90) = 2.46 versus PPG HR = exp(3.31) = 27.4) and the
CDR 0.5 only non-demented population (NACC-UDS HR = 1.99 vs. PPG HR = 9.58; Table
3). This may reflect site-to-site variation in CDR scoring among sites contributing to the
NACC-UDS data set and may suggest that rate of change of CDR-SB is not an optimal
surrogate endpoint, particularly when combining data from a wide number of sites.

A trial designed to detect a 33% reduction in the mean rate of change in CDR-SB over two
years in the total non-demented NACC-UDS population (mean = 0.098 / yr) would require a
sample size of n = 5,897 based on the observed standard deviation in rate of change in CDR-
SB (SD = 0.418 / yr, Table 3) and an estimate that 6.6% of participants would not respond to
treatment (based on the observed 2-year event rate in the total non-demented NACC-UDS
population). Assuming one year for accrual, the full surrogate trial would require 3 years to
complete, although follow-up of individual participants for the purpose of estimating the
surrogate was assumed to end after their two year assessment. To achieve 80% power in a
time-to-event trial with n = 5,897 given the assumptions above would require only 2.1 years
of total follow-up (29% shorter, Figure 3A). Even if all participants could be enrolled at the
start of the trial and a surrogate trial would be completed in 2 years, a time-to-event trial of
the same sample size powered for a 67% hazard ratio would require only 1.7 years, 15%
shorter than the surrogate design. Within the CDR 0.5 only non-demented population, time-
to-event trials would be even shorter than trials based on change in CDR-SB when designed
with the same sample size and power and equating percent reduction in hazard and surrogate
mean as measures of treatment effect (Figure 3B). These estimates reflect the limited
statistical power of slope measures, particularly for noisy data, and the limited latitude for
detecting any benefit of a given treatment under our assumption that the rate of change in
CDR-SB can at best be reduced to zero. The utility of a surrogate trial based on CDR-SB
would be greater if it were plausible that treatment could lead to negative slopes, i.e.,
improvements in cognitive function, not just reductions in the rate of cognitive decline.

These estimates also depend on the unknowable assumption of equal effect of treatment on
the surrogate and on time to AD dementia. If the treatment effect on the surrogate were
equal to an effect size of at least δ = 0.22, then a surrogate trial could be completed in half
the duration (3 years vs. 6 years) of an equivalent time-to-event trial powered to detect a
33% reduction in hazard of progression to AD dementia (Figure 3C). Given the higher event
rates in the mid-risk stratum of the CDR 0.5 only non-demented NACC-UDS population
and thus the greater relative efficiency of time-to-event trials in this population, the
minimum required effect size for a surrogate trial requiring half the duration of an
equivalently powered time-to-event trial would be δ = 0.28 for treatment effects that reduced
hazard by 33% (Figure 3D).

Discussion
Significant advances are being made in elucidating the pathophysiology of AD [35], but
effective prevention and treatment of AD are slow to emerge. Greater efficiency in the
conduct of AD trials will enhance our ability to evaluate a wide spectrum of possible
therapies. Given the current understanding that the greatest benefit from some treatment
strategies may be achieved by initiating therapies early in the disease process, well before
progression to dementia, much of the focus of AD clinical trials is on early intervention. Our
analysis suggests that reductions in sample size requirements can be achieved for such trials
through use of well-guided criteria for enriching the trial cohort with participants who are at
risk of progression but still responsive to treatment. These individuals are exactly those who
are far enough from the “tipping point” to respond clearly to therapy. In principle, we
believe that trials could be shortened by evaluating efficacy on the basis of surrogate
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endpoints that predict eventual progression to AD dementia over shorter time-spans, but the
surrogates identified in this study from the short list available for validation would not
substantively shorten a trial drawing from the NACC-UDS cohort.

Not surprisingly, we found that memory scores and CDR measures were useful metrics in
defining cohort enrichment criteria. Baseline risk stratification based on CDR-SB and a
memory Z-score derived either from the SRT and CVLT or from delayed recall on a logical
memory test consistently identified a mid-risk stratum of patients in two data sets. Under the
proposed mid-risk criteria, 45% to 65% of potential non-demented participants or CDR 0.5
only non-demented participants would be eligible for enrollment, but the sample size
required for 80% power would be reduced by 47% and 23%, respectively. We have
previously suggested that recognition of graded severity across the spectrum of mild
cognitive impairment might improve the design of early treatment trials [17]. Our mid-risk
criteria broaden the target population for prodromal AD trials beyond those meeting criteria
for MCI or with a CDR rating of 0.5 to include a subset of subjects with normal cognition
but relatively poor performance on memory tests and excludes more severely impaired
subjects from the CDR 0.5 group.

We did not identify useful surrogates among the measures available for analysis in the PPG
cohort and validation in the NACC-UDS data set. Based on event rates in the total non-
demented NACC-UDS population, a surrogate trial 2-year rate of change in CDR-SB would
require n = 5,897 participants for 80% power to detect a 33% reduction in mean rate of
change and would require more time to complete than an equivalent time-to-AD trial, even
assuming full accrual at study initiation. Coley et al. [36] recommend change in CDR-SB as
an outcome measure in clinical trials based on good responsiveness in a population of
patients with AD dementia, even in those rated CDR 0.5. The FDA endorsed CDR-SB in
their draft guidance on early stage AD trials as a well-validated and reliable measure for the
longitudinal assessment of patients with cognitive and functional deficits that do not rise to
the level of a diagnosis of overt dementia [11]. We also observed that CDR-SB is the best
surrogate among those we considered, but our analysis of trial duration suggests that CDR-
SB is not a useful surrogate in a population of non-demented subjects due to substantial
floor effect and coarse granularity of the scale, particularly in its lower range. Rate of
change in neuropsychological test scores, particularly in memory, might have performed
better had they been available for analysis. Use of item response theory to define an
internally consistent scoring for such instruments would also likely have improved
performance of such measures. Measures of change in beta-amyloid plaques, as proposed
for the Anti-Amyloid Treatment in Asymptomatic AD (A4) Trial, or other physiological
biomarkers might also have been superior surrogates had those data been available. Based
on estimates from the NACC-UDS cohort, even modest effects of treatment on a responsive
surrogate could reduce the required duration of a trial. Fleming and DeMets discuss a
number of situations where treatments may differentially affect the proposed surrogate and
the clinical endpoint [37]. Surrogate effect sizes of only δ = 0.1 to 0.2 would be required for
good power and substantial reduction in trial duration relative to a time-to-event trial
designed to detect a hazard ratio of 0.67.

Limitations
We are encouraged by the consistency in results between our training and validation samples
in the identification of baseline risks of progression to AD dementia. Nevertheless, our study
has limitations. Neither cohort is an unbiased sample of patients at risk for AD dementia.
While the NACC-UDS cohort does not reflect the distribution of mild symptoms in the
community, it has the advantage of actually being used to recruit for AD trials and offered
consistent, structured assessments for multiple measures shared with the PPG cohort. The
thresholds for differentiating low-, mid-, and high-risk strata were selected by the survival-
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tree models on the basis of maximal log-rank statistics, while optimal thresholds will depend
on the relationship between risk of rapid progression and potential for therapeutic efficacy.
Overall, our exploration of cohort enrichment criteria and possible surrogate endpoints was
limited by short follow-up in the NACC-UDS validation cohort, the short list of cognitive
and functional variables measured in both cohorts, the lack of neuroimaging or cerebrospinal
fluid biomarkers in either cohort, and the lack of serial neuropsychological testing in the
PPG cohort. In particular, the PPG cohort lacked serial memory assessments, which would
be expected to perform better as surrogates than the CDR-SB and its components. We also
chose to restrict ourselves to easily obtained measures from the primary care setting and did
not include variables such as APOE genotype that might not be widely available. Note as
well that our model of times to AD dementia assumes continuous, Weibull-distributed event
times, but time to AD dementia may not follow a Weibull distribution and diagnosis of
progression to AD dementia requires a clinical evaluation and thus happens discretely in
time with events clustered around scheduled follow-up visits. With annual follow-up, we
will slightly over-estimate power using the assumptions described. Also important in
limiting the estimated benefit of a surrogate was our assumption that treatment can slow but
not reverse cognitive decline. Adaptive clinic trials (cf. [38–40]) might provide a mechanism
for collecting the necessary data on treatment mediation by proposed surrogates during an
initial phase of a larger efficacy trial.

In spite of these caveats, we feel that the proposed cohort enrichment criteria could help
accelerate development of AD therapies. Our analysis presents a general approach to
improving clinical trials through better targeted enrollment and use of short-term endpoints
that effectively reflect treatment effects on an accepted clinical endpoint. While we applied
the technique to a relatively small sample of functional and neurocognitive measures, the
approach can be directly generalized to other measures, e.g., Rasch scores of memory
assessments, other symptom scales, serum biomarkers, gene expression, and imaging
measures. Moreover, this same approach could be extended to other diseases with long
prodromal stages where primary prevention trials with time-to-event endpoints are
prohibitively large due to low incidence rates in the general population, e.g., Parkinson’s
disease, amyotrophic lateral sclerosis, and schizophrenia.
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Figure 1.
(A) Baseline risk stratification of the PPG cohort using shared baseline variables. Terminal
nodes overlay Kaplan-Meier survival curves for freedom from probable AD for the PPG
cohort (dashed line) and for the NACC-UDS validation cohort (solid line). (B) The
distribution of CDR Global scores at baseline (0 = white, 0.5 = shaded) in the PPG and
NACC-UDS cohorts for each of the four risk strata defined by the shared-variable survival
tree model.
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Figure 2.
Sample sizes required for clinical trials with 80% power to detect a treatment effect on risk
of progression to probable AD dementia by Cox regression based on survival curves
estimated from the NACC-UDS cohort for all non-demented subjects (A) and CDR 0.5 non-
demented subjects only (B) comparing all subjects (dashed line) with those meeting the
PPG-defined mid-risk criteria (solid line). Estimates assume 1:1 randomization, one year
accrual, two years minimal follow-up, and two-tailed testing at alpha = 0.05.
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Figure 3.
Trial duration (A and B) and minimum surrogate treatment effects (C and D) required for
80% power in all non-demented subjects (A and C) and CDR 0.5 only non-demented
subjects (B and D) populations. Estimates assume 1:1 randomization, one year accrual, and
two-tailed testing at alpha = 0.05.
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