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Abstract Introduction: We investigated the influence of different inclusion criteria for preclinical and prodro-
D.B., B.M.T., and

Dr N.D.P. serves

Forum, and Probiodru

and Takeda. He has b

Novartis. N.D.P. rece

(project number WE.0

heimer Research Cent

grant support (for the

Piramal, and MERCK

speaker fees (paid to

Forum, Sanofi, Nutric

an advisory board me

maceutical. He rece

Squibb and GE Health

http://dx.doi.org/10.10

2352-8737/� 2017 Pu

creativecommons.org/
mal Alzheimer’s disease (AD) on changes in biomarkers and cognitive markers and on trial sample
size estimates.
Methods: We selected 522 cognitively normal subjects and 872 subjects with mild cognitive impair-
ment from the Alzheimer’s Disease Neuroimaging Initiative study. Compared inclusion criteria were
(1) preclinical or prodromal AD (amyloid marker abnormal); (2) preclinical or prodromal AD stage-1
(amyloid marker abnormal, injury marker normal); and (3) preclinical or prodromal AD stage-2
(amyloid and injury markers abnormal). Outcome measures were amyloid, neuronal injury, and
cognitive markers.
Results: In both subjects with preclinical and prodromal AD stage-2, inclusion criteria resulted in the
largest observed decline in brain volumetric measures on magnetic resonance imaging and cognitive
markers.
Discussion: Inclusion criteria influence the observed rate of worsening in outcome measures. This
has implications for trial design.
� 2017 Published by Elsevier Inc. on behalf of the Alzheimer’s Association. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Alzheimer’s disease (AD)–modifying therapy, targeting
amyloid, is probably most effectivewhen administered early,
that is, before the stage of dementia. A number of research
criteria have been proposed to identify nondemented subjects
with AD based on the presence of AD biomarkers [1–3].
They can be applied in subjects without cognitive
impairment (asymptomatic at risk for AD or preclinical
AD) and subjects with mild cognitive impairment (MCI)
(MCI due to AD or prodromal AD). However, these criteria
allow for different combinations of AD pathology
biomarkers, and it is unknown whether this impacts on
observed changes in outcome measures. For trial design, it
is critical to understand how selection criteria for subjects
at such early stages of the disease influence change in
outcome measures. Previous studies on outcome measures
typically had a short follow-up, did not compare the effect
of different inclusion criteria, or restricted their analyses to
a limited set of outcome measures [4–12].

The aim of our study was to investigate whether changes
in outcome measures are dependent on the inclusion criteria
for preclinical and prodromal AD used.We studied three def-
initions for preclinical and prodromal AD: (1) having
abnormal amyloid markers; (2) having abnormal amyloid
markers and normal neuronal injury markers; and (3) having
both abnormal amyloid and neuronal injury markers. As
outcome measures, we used biomarkers for amyloid b (Ab)
in cerebrospinal fluid (CSF) or on positron emission tomog-
raphy (PET), CSF tau, fludeoxyglucose PET (FDG-PET),
brain atrophy measured with magnetic resonance imaging
(MRI), and measures of cognitive functioning. To study the
potential effects of different combinations of inclusion
criteria and outcome measures on trial design, we calculated
sample sizes for a hypothetical 3-year placebo-controlled
trial in subjects at predementia AD stages. To study the addi-
tive value of biomarkers to define predementia AD, we also
calculated slopes and sample sizes for subjects with normal
cognition and MCI, regardless of their biomarker status.
2. Methods

2.1. Alzheimer’s Disease Neuroimaging Initiative study

We studied data from subjects that participated in the Alz-
heimer’sDiseaseNeuroimaging Initiative (ADNI) study (adni.
loni.usc.edu). The ADNI was launched in 2003 as a public-
private partnership, led by Principal Investigator Michael W.
Weiner, MD. The primary goal of ADNI has been to test
whether serial MRI, PET, other biological markers, and clin-
ical and neuropsychological assessment can be combined to
measure the progression of MCI and early AD.
2.2. Participants

We selected all participants with normal cognition
(N 5 522) or MCI (N 5 872) from ADNI-1, ADNI-2, and
ADNI-GO who had baseline and follow-up data available
for at least one visit within a 3-year period for several bio-
markers and cognitive tests (explained inmore detail below).
The ADNI inclusion criteria for participants with normal
cognition were absence of memory complaints, a Mini–
Mental State Examination (MMSE) [13] score of 24–30, a
Clinical Dementia Rating (CDR) [14] score of 0, and no
MCI or dementia diagnosis. The inclusion criteria for sub-
jects with MCI were memory complaints, objective memory
loss, anMMSE score between 24 and 30, and a CDR score of
0.5. Exclusion criteria were the absence of an informant, a
score of.4 on the modified Hachinski scale [15], and score
of.5 on the Geriatric Depression Scale [16], additional dis-
eases expected to interfere with the study, use of investiga-
tional agents, multiple trial participation, and findings
showing other reasons for cognitive problems. Permitted
medication had to be stable for at least 4 weeks before
screening. We downloaded ADNI data at 31st March, 2014.
2.3. Subject classification based on AD biomarkers

Subjects were classified as preclinical or prodromal AD
with the use of AD biomarkers for amyloidosis and/or
neuronal injury (see below), as proposed by International
Work Group-2 (IWG-2) or National Institute on Aging and
Alzheimer’s Association (NIA-AA) research criteria [1–3].
As a marker for amyloidosis we used CSF Ab1–42 or 18F-
AV-45-PET, and as marker of neuronal injury we used CSF
tau or FDG-PET. If both modalities were present for a given
subject, we used their PET measures because they are more
commonly used in practice. Subjects with normal cognition
were classified as preclinical AD when they had abnormal
amyloid, without taking into account neuronal injury
markers; as preclinical AD stage-1 if they had abnormal am-
yloid and a normal injury marker; and as preclinical AD
stage-2 if both the amyloid and injury markers were
abnormal. MCI subjects were similarly classified as prodro-
mal AD if the amyloid marker was abnormal, without taking
into account neuronal injury markers; as prodromal AD
stage-1 if the amyloid marker was abnormal but the injury
marker normal; and as prodromal AD stage-2 if both the am-
yloid and injury marker were abnormal. Fig. 1 gives an over-
view of classification of subjects according to these criteria.
2.4. Baseline assessment and longitudinal assessment

Subjects underwent a standardized assessment that
included neurological, physical, and neuropsychological ex-
aminations, collection of CSF and blood, and performance
of MRI and PET scanning. For 32 cognitively normal and
23 MCI subjects, amyloid assessment was performed at
follow-up only; and for these subjects, we used the first
follow-up assessment with this measure as the baseline visit.
The protocols for data collection are described in detail at
http://www.loni.ucla.edu/ADNI/Data/ADNI_Data.shtml.
Cognitive measures were collected at baseline and at
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Fig. 1. Schematic overview of the groups according to subclassification, applying the research criteria. Abbreviations: ADNI, Alzheimer’s Disease Neuroimaging

Initiative; MCI, mild cognitive impairment; AD, Alzheimer’s disease. Subject classification based on AD biomarkers: Preclinical AD, n5 146; 49 based on CSF

measures only, 80 based on PET, and 17 subjects with bothmodalities present. Preclinical AD stage-1, n5 110; 33 based on CSFmeasures only, 60 based on PET,

and 17with bothmodalities present. Preclinical AD stage-2, n5 34; 16 based onCSFmeasures only, 17 based on PET, and 1 with bothmodalities present. For two

cognitively normal subjects, we did not have any information of their injury status so they could not be further classified into stage-1 or stage-2. Prodromal AD,

n5 420; 149 based on CSF measures only, 148 based on PET, and 123 with both modalities present. Prodromal AD stage-1, n5 216; 63 based on CSF measures

only, 88 based on PET, and 65with bothmodalities present. Prodromal AD stage-2, n5 197; 85 based on CSFmeasures, 59 based on PET, 53 with bothmodalities

present. For seven MCI subjects, we did not have any information of their injury status, so they could not be further classified into stage-1 or stage-2.
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6 monthly follow-up assessments; biomarkers were
collected at baseline and annually.
2.5. CSF analysis

CSF samples were available at baseline for 174 subjects
with normal cognition and in 398 subjects with MCI. CSF
samples were collected by lumbar puncture and shipped
on dry ice to the Penn ADNI Biomarker Core Laboratory
at the University of Pennsylvania, Philadelphia for storage
until further analysis. CSF was analyzed using a multiplex
xMAP Luminex platform (Luminex Corp) with immuno-
assay kit–based reagents (INNO-BIA AlzBio3; Innoge-
netics; www.adni-info.org) as described elsewhere [17].
Baseline and follow-up samples were analyzed in the same
batch. The cutoff value for abnormal CSF Ab1–42 levels
was ,192 pg/mL and for tau .92 pg/mL.
2.6. Amyloid-PET analyses

Amyloid 18F-AV-45-PET was available for 286 cogni-
tively normal and 485 MCI subjects. Data were acquired
50 minutes after injection for 20 minutes. In case of motion
artifacts, another 20 minutes of scanning was acquired. For
each subject, a florbetapir composite standard uptake value
ratio (SUVr) was created as a mean binding of four cortical
regions (frontal, anterior/posterior cingulate, parietal cortex,
and temporal cortex as determined with FreeSurfer v4.5.0
and after coregistration of PET and MRI data with SPM5),
divided by the reference region (whole cerebellum). An up-
take in the measure above 1.11 was considered to be
abnormal [18].
2.7. FDG-PET analyses

FDG-PET was available for 402 cognitively normal and
674MCI subjects. FDG data were acquired 30 to 60 minutes
after injection. After preprocessing, images were spatially
normalized in SPM5 to Montreal Neurological Institute
(MNI) PET template. Meta-analytically derived regions-
of-interest (MetaROIs) were calculated that includes FDG
uptake in bilateral angular gyrus, posterior cingular gyrus,
and bilateral inferior temporal gyrus. Each MetaROI was
normalized to a reference region composed of the pons
and vermis. Total FDG uptake was calculated as a mean of
the five individual MetaROIs (www.adni-info.org). FDG up-
take on PET below 1.21 was considered as abnormal [19].
2.8. MRI analyses

Whole brain structural scans were acquired with 1.5T or
3.0T MRI scanners. We analyzed three MRI-based outcome
measures: whole-brain, ventricular, and hippocampal vol-
umes. For measurement of whole-brain and ventricular vol-
umes, the boundary shift integral was used [20,21].
Hippocampal volumes were measured, using FreeSurfer

http://www.adni-info.org
http://www.adni-info.org
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version 4.3 for ADNI-1 and FreeSurfer 5.1 for ADNI-GO
and ADNI-2 [22]. Each scan was segmented according to
an atlas defined by FreeSurfer. For ADNI-GO and ADNI-
2, two T1 weighted images were acquired, of which we
selected the nonaccelerated acquisition scans. Hippocampal
volume was measured bilaterally, and the average volume
over left and right was used for the present analyses. To cor-
rect for interindividual differences in head size, we used the
total intracranial volume measure from FreeSurfer. From the
ADNI database, baseline hippocampal volume measures
were available for 474 subjects with normal cognition and
840 measures for subjects with MCI. Ventricular and
whole-brain gray matter volumes were available in 364 sub-
jects with normal cognition and 805 subjects with MCI.
2.9. Cognitive assessment

We used the CDR sum of boxes (CDR-sob), MMSE, and
Alzheimer’s Disease Assessment Scale-cognitive (ADAS-
Cog 11 item) [23] to assess cognition. In addition, we calcu-
lated the Alzheimer Disease Cooperative Study Preclinical
Alzheimer Cognitive Composite (ADCS-PACC), which is
a composite score of the total score of the delayed word
recall on the ADAS-Cog subscale, the delayed recall score
on the logical memory subscale II from the Wechsler Mem-
ory Scale, the digit symbol substitution test score from the
Wechsler Adult Intelligence Scale-revised, and the total
MMSE score [24]. Because the digit symbol substitution
test score was only available for ADNI-1 subjects, we also
constructed a PACC-like score, without this test.
2.10. Data analysis

Statistical analyses were performed with SPSS, version
20.0 for the Macintosh.

Linear mixed models (with covariates for age, sex, and
level of education) were used to test the following effects:
(1) we tested whether baseline scores differed between pre-
clinical AD stage-1 and stage-2 and between subjects with
prodromal AD stage-1 and stage-2 (i.e., differences in inter-
cepts); (2) changes over time were assessed by testing
whether slopes differed from 0 and whether they differed be-
tween subjects in preclinical AD stage-1 and stage-2 and be-
tween subjects in prodromal AD stage-1 and stage-2. For
slope analyses, we used an unstructured covariance matrix,
assuming a random intercept and fixed slope, and used
follow-up time as repeated measure. We assumed a linear
change in time (time coded with a quadratic term was not
statistically significant). Separate analyses were performed
for each criterion used to classify predementia AD. Differ-
ence with a P-value,.05 were considered to be statistically
significant. Sample size was estimated for a hypothetical
3-year randomized-controlled trial with two arms, showing
an expected treatment effect of 25% reduction of decline
in outcome measures with a power of 80%, a two-sided
alpha of 5%, and a 10% annual dropout rate using the
following formula [25]:

n=arm52
�
z1�a=21z1�b

�2�
s2
ε

.X
ðti � tmeanÞ

�2.
D2

with D as the difference in mean rate of decline in treatment
versus control, s2

e as the residual error variance of the mixed
effects model, a as the type I error rate of a two-sided test
and 12b as the power, ti as the times i at which measures
were made, and t mean as the average follow-up time. The to-
tal sample size n required for a trial was then obtained by
multiplying this estimation by 2 and adjusted for an annual
dropout rate of 10% over the course of 3 years (n/arm* 2 *
1.113). Finally, we calculated the numbers needed to be
screened, which is the sample size needed in a specific sub-
group divided by the prevalence of this group in subjects
with the same cognitive status. All analyses were stratified
for baseline diagnosis.
3. Results

3.1. Baseline characteristics and longitudinal change in
outcome measures in subjects with normal cognition

Table 1 shows the baseline characteristics of the subjects
with normal cognition according to different classification
criteria. Subjects classified as preclinical AD stage-2 were
older (P 5 .036), had smaller hippocampal volumes
(P 5 .014), and, by definition, higher CSF tau and lower
FDG-PET binding (P , .001) in comparison to preclinical
stage-1 subjects.

Table 2 shows the change in biomarkers and cognitive
markers over time. In subjects with normal cognition,
regardless of biomarkers status, all markers showed wors-
ening over time, except for the ADAS-Cog, and both
ADCS-PACC composite scores. Subjects with preclinical
AD and preclinical AD stage-1 showed increases over
time in amyloid PET, CSF tau levels, CDR-sob and ventric-
ular volumes, and decreases in FDG-PET, whole-brain vol-
ume, and hippocampal volume. Subjects with preclinical
AD stage-2 showed increases over time in ventricular vol-
ume and the CDR-sob, and decreases in CSF Ab1–42 levels,
whole-brain volume, and hippocampal volume. In subjects
with preclinical AD, the rate of hippocampal volume loss
and increase in CDR-sob were faster for those classified as
belonging to stage-2 than those to stage-1 (Table 2).
3.2. Baseline characteristics and longitudinal change in
outcome measures in subjects with MCI

Table 3 shows the baseline characteristics of subjects with
MCI according to the different classification criteria. Subjects
with prodromal AD stage-2 were more often apolipoprotein
ε4 (APOE ε4) positive (P5.003), had higher amyloid binding
on 18F-AV-45-PET (P5 .0001), smaller whole-brain and hip-
pocampal volumes (P 5 .0001), worse scores on cognitive



Table 1

Baseline characteristics of subjects with normal cognition according to disease-stage classification at baseline

Baseline characteristics

Total sample

cognitively

normal

(N 5 522)

Cognitively normal

with normal amyloid

and injury markers

(N 5 221)

Preclinical AD

(N 5 146)

Preclinical AD

stage-1

(N 5 110)

Preclinical AD

stage-2

(N 5 34)

P value

differences

stage-1 and

stage-2

Age (years) 74.24 (5.79) 73.01 (5.76) 74.8 (5.5) 74.2 (5.5) 76.84 (4.94) .036

Females (%) 51% (0.5) 49% (0.5) 60% (0.5) 66% (0.5) 44% (0.5) .064

Years of education 16.38 (2.7) 16.50 (2.6) 16.06 (2.7) 15.95 (2.8) 16.47 (2.33) .62

1/2 APOE ε4 alleles (%) (n 5 410) 103/11 (19/2) 29/1 (13/0.5) 46/7 (32/5) 30/6 (28/5) 15/0 (44/0) .96

CSF Ab1–42 (pg/mL) (n 5 174) 209.6 (53.5) 243.6 (31.55) 155.27 (31.9) 160.1 (33.8) 144.29 (27.2) .079
18F-AV-45 (SUVr) (n 5 286) 1.1 (0.17) 1.01 (0.05) 1.29 (0.17) 1.30 (0.18) 1.29 (0.14) .65

CSF tau (pg/mL) (n 5 172) 68.2 (32.9) 57.4 (19.2) 80 (41) 65.3 (32.9) 126.39 (28.4) .0001

FDG-PET (SUVr) (n 5 402) 1.31 (0.12) 1.34 (0.09) 1.31 (0.12) 1.35 (0.1) 1.17 (0.06) .0001

Whole-brain volume (cm3) (n 5 364) 1045 (50) 1054 (50) 1043 (49) 1043 (49) 1039 (51) .83

Hippocampal volume (mm3) (n 5 474) 3709 (385) 3771 (369) 3676 (368) 3710 (384) 3525 (288) .014

Ventricular volume (cm3) (n 5 363) 46.5 (40.6) 38.3 (29) 49.7 (40.9) 48 (39) 59.5 (47) .68

CDR sum of boxes (n 5 520) 0.05 (0.18) 0.03 (0.12) 0.05 (0.16) 0.059 (0.18) 0.015 (0.09) .17

MMSE score (n 5 521) 29.1 (1.15) 29.1 (1.18) 29.1 (0.95) 29.04 (0.99) 29.12 (1.09) .64

ADAS-Cog (n 5 522) 5.95 (3.03) 5.67 (2.99) 6.08 (2.9) 6.12 (2.73) 6.55 (3.6) .84

ADCS-PACC (n 5 197) 2.63 (1.78) 2.64 (1.74) 2.62 (1.71) 2.63 (1.81) 2.62 (1.56) .79

ADCS-PACC without digit symbol test

(n 5 521)

2.15 (1.41) 2.25 (1.40) 2.19 (1.30) 2.15 (1.23) 2.12 (1.74) .44

Follow-up time (n 5 522) 2.14 (1.03) 2.10 (0.96) 2.18 (0.97) 2.12 (1.00) 2.35 (0.81) .18

Number of visits per subject (n 5 522) 5.14 (1.78) 5.30 (1.70) 5.34 (1.76) 5.29 (1.78) 5.44 (1.58) .64

Abbreviations: Ab1–42, amyloid b 1–42; AD, Alzheimer’s disease; ADAS-Cog, Alzheimer’s Disease Assessment Scale-Cognitive; ADCS-PACC, Alz-

heimer’s Disease Cooperative Study Preclinical Alzheimer Cognitive Composite; CDR, Clinical Dementia Rating scale; CSF, cerebrospinal fluid; FDG, flu-

deoxyglucose; AV-45, florbetapir; MMSE, Mini–Mental State Examination; PET, positron emission tomography.

NOTE. Data are mean (standard deviation) unless specified otherwise.
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tests (CDR-sob and ADAS-Cog P5 .0001, MMSE P5 .001,
ADCS-PACC without digit symbol test P 5 .029), and, by
definition, higher CSF tau levels and lower FDG-PET binding
(P5 .0001) than subjects with prodromal AD stage-1.

In the total group of MCI subjects, regardless of their
biomarker status, all markers showed worsening over time
(Table 4). In all subgroups of MCI patients, most markers
became progressively worse over time, except for 18F-AV-
45-PET in the total prodromal AD and prodromal AD
stage-2 subjects, and for CSF Ab1–42 levels in prodromal
AD stage-1 patients. Whole-brain volume loss and hippo-
campal volume loss and worsening in cognitive test scores
over time occurred faster in subjects with prodromal AD
stage-2 than in subjectswith prodromalAD stage-1 (Table 4).
3.3. Sample size estimations
3.3.1. Sample size estimations for subjects with normal
cognition

For subjects with normal cognition, sample size estimates
ranged from 81–32,750 (Table 5). The smallest sample sizes
were estimated for brain volumetric outcome measures, irre-
spective of the inclusion criteria used. In preclinical AD
stage-1, an intermediately small sample size was estimated
with 18F-AV-45-PET as outcome measure (n5 436). Cogni-
tive outcome measures resulted in the largest sample size
estimates, regardless of the inclusion criteria used.
Numbers-needed-for-screeningwere two to three times larger
for subjects with preclinical AD and preclinical AD stage-1
compared with cognitively normal subjects with unspecified
biomarker status, when MRI measures, FDG-PET, or CSF
tau were used as outcome measures (Supplementary Table
1). Numbers-needed-for-screening were smaller in subjects
with preclinical AD and preclinical AD stage-1 when
compared to subjects with normal cognition and unspecified
biomarker status, when 18F-AV-45-PETor cognitivemeasures
were used as outcome measure. Numbers-needed-for-
screening increased three to nine times in subjects with pre-
clinical AD stage-2, regardless of the outcome measure used.

3.3.2. Sample size estimations for subjects with MCI
In subjects with clinical MCI, sample size estimates

ranged from 165 to 9312 with the smallest sample size esti-
mates when whole-brain volume, hippocampal volume,
and ventricular volume were used as outcome measures
(Table 6). The use of 18F-AV-45-PET, CSF Ab1–42, and
CSF tau as an outcomemeasure resulted in the largest sample
size estimations. In prodromal AD, sample size was the
smallest for brain volumetric measures, the CDR-sob, and
ADCS-PACC. In this group, the largest sample sizes were
estimated for the outcome measures CSF Ab1–42 and CSF
tau. For prodromal AD stage-1 and prodromal AD stage-2,
the smallest sample sizes were estimated when using brain
volumetric measures as an outcome measure. Numbers-
needed-for-screening were the smallest in clinical MCI,
followed by subjects with prodromal AD, prodromal AD
stage-2, and prodromalAD stage-1 (Supplementary Table 2).



Table 2

Annual change in outcome measures in subjects with normal cognition according to disease-stage classification at baseline

Outcome measures

Cognitively

normal

(N 5 522)

Cognitively normal

with normal amyloid

and injury markers

(N 5 221)

Preclinical

AD (N 5 146)

Preclinical

AD stage-1

(N 5 110)

Preclinical

AD stage-2

(N 5 34)

P value

slope

differences

stage-1 and

stage-2

CSF Ab1–42 (pg/mL) (n 5 97) 24.80 (0.97)** 25.90 (1.41)** 22.60 (1.35) 21.01 (1.74) 25.59 (1.96)* .12
18F-AV-45-PET (SUVr) (n 5 135) 0.01 (0.003)** 0.001 (0.002) 0.03 (0.01)** 0.03 (0.01)** 0.01 (0.02) .096

CSF tau (pg/mL) (n 5 97) 2.97 (0.66)** 2.32 (0.71)** 4.12 (1.35)** 4.70 (1.59)** 1.91 (2.51) .21

FDG-PET (SUVr) (n 5 219) 20.01 (0.001)** 20.01 (0.003)** 20.012 (0.004)** 20.015 (0.005)** 0.002 (0.007) .05

Whole-brain volume (cm3) (n 5 346) 28.18 (0.44)** 27.07 (0.75)** 28.70 (0.70)** 27.92 (0.89)** 210.34 (1.03)** .073

Hippocampal volume (mm3) (n 5 412) 252.68 (2.87)** 245.91 (4.54)** 258.86 (5.69)** 243.87 (6.97)** 290.49 (8.39)** ,.001

Ventricular volume (cm3) (n 5 346) 2.51 (0.13)** 1.87 (0.16)** 3.52 (0.36)** 3.29 (0.45)** 3.99 (0.6)** .076

CDR sum of boxes (n 5 98) 0.09 (0.01)** 0.042 (0.011)** 0.15 (0.02)** 0.09 (0.02)** 0.21 (0.05)** .022

MMSE score (n 5 486) 20.07 (0.03)* 20.084 (0.04) 20.15 (0.06)* 20.12 (0.06) 20.09 (0.11) .89

ADAS-Cog (n 5 484) 20.08 (0.06) 20.12 (0.09) 20.05 (0.11) 0.027 (0.12) 0.09 (0.25) .66

ADCS-PACC (n 5 309) 20.008 (0.041) 0.045 (0.072) 20.049 (0.081) 20.049 (0.089) 20.045 (0.166) .98

ADCS-PACC without digit symbol test

(n 5 394)

20.008 (0.028) 0.030 (0.045) 20.077 (0.055) 20.062 (0.059) 20.025 (0.124) .99

Abbreviations: Ab1–42, amyloid b 1–42; AD, Alzheimer’s disease; ADAS-Cog, Alzheimer’s Disease Assessment Scale-Cognitive; ADCS-PACC, Alz-

heimer’s Disease Cooperative Study Preclinical Alzheimer Cognitive Composite; CDR, Clinical Dementia Rating scale; CSF, cerebrospinal fluid; FDG, flu-

deoxyglucose; AV-45, florbetapir; MMSE, Mini–Mental State Examination; PET, positron emission tomography.

NOTE. N after outcome variable indicates the number of subject from the total sample with at least 1 follow-up measure available. Data are mean (standard

error). **P , .01, *P , .05 indicates a slope different from 0.
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4. Discussion

Our main findings are that inclusion criteria, used to iden-
tify subjects with predementia AD, influenced the magni-
tude of change over time in observed outcome measures.
Sample size estimates for a hypothetical 3-year clinical trial
varied widely according to the combination of inclusion
criteria and outcome markers applied. The smallest sample
Table 3

Baseline characteristics of subjects with MCI according to disease-stage classific

Baseline characteristics

Total sample of MCI

patients (N 5 873)

Prodrom

AD (N

Age (years) 72.93 (7.6) 73.38

Females (%) 41% (0.5) 42%

Years of education 15.9 (2.8) 15.91

1/2 APOE ε4 alleles (%) (n 5 856) 338/93 (39/11) 210/63

CSF Ab1–42 (pg/mL) (n 5 398) 168.6 (54.2) 137.83
18F-AV-45(SUVr) (n 5 485) 1.2 (0.22) 1.35

CSF tau (pg/mL) (n 5 382) 97.6 (57.3) 115.7

FDG-PET (SUVr) (n 5 674) 1.25 (0.13) 1.22

Whole-brain volume (cm3) (n 5 805) 1022 (59) 1023

Hippocampal volume (mm3) (n 5 840) 3298 (517) 3241

Ventricular volume (cm3) (n 5 805) 55.3 (50.4) 56.2

CDR sum of boxes (n 5 873) 1.53 (0.89) 1.62

MMSE score (n 5 872) 27.57 (1.81) 27.4

ADAS-Cog (n 5 869) 10.27 (4.6) 11

ADCS-PACC (n 5 372) 22.56 (2.28) 22.93

ADCS-PACC without digit symbol test

(n 5 869)

21.20 (2.16) 21.57

Follow-up time (n 5 873) 2.62 (0.69) 2.64

Number of visits per subject (n 5 873) 5.94 (1.25) 6.18

Abbreviations: Ab1–42, amyloid b 1–42; AD, Alzheimer’s disease; ADAS-Co

heimer’s Disease Cooperative Study Preclinical Alzheimer Cognitive Composite;

deoxyglucose; AV-45, florbetapir; MCI, mild cognitive impairment; MMSE, Min

NOTE. Data are mean (standard deviation) unless specified otherwise.
size needed to show a treatment effect was estimated for sub-
jects with normal cognition or MCI who had both abnormal
amyloid and injury markers at baseline using brain volu-
metric markers as outcome measure.

Subjects with normal cognition showed a worsening over
time in all markers, except the ADAS-Cog, ADCS-PACC
like composite score, and ADCS-PACC without digit
ation at baseline

al

5 420)

Prodromal AD

stage-1 (N 5 216)

Prodromal AD

stage-2 (N 5 197)

P value difference

stage-1 and stage-2

(7.22) 73.12 (7.25) 73.56 (6.99) .58

(0.5) 43% (0.5) 42% (0.5) .88

(2.85) 15.90 (2.84) 15.83 (2.89) .82

(50/15) 95/31 (44/15) 114/31 (59/16) .003

(27.3) 138.9 (31.8) 135.5 (21.9) .31

(0.18) 1.33 (0.17) 1.40 (0.15) .0001

(59) 88.8 (39.7) 143.37 (62.1) .0001

(0.14) 1.29 (0.12) 1.14 (0.1) .0001

(58) 1034 (61) 1011 (52) .0001

(505) 3349 (532) 3140 (449) .0001

(52.5) 55.0 (56.5) 57.3 (48.0) .77

(0.93) 1.45 (0.91) 1.82 (0.9) .0001

(1.85) 27.6 (1.84) 27.13 (1.81) .001

(4.7) 10.27 (4.92) 11.96 (4.41) .0001

(2.09) 22.93 (2.23) 22.91 (2.00) .81

(2.12) 21.07 (2.07) 22.16 (2.04) .029

(0.63) 2.60 (0.64) 2.65 (0.64) .42

(1.14) 6.15 (1.15) 6.14 (1.16) .92

g, Alzheimer’s Disease Assessment Scale-Cognitive; ADCS-PACC, Alz-

CDR, Clinical Dementia Rating scale; CSF, cerebrospinal fluid; FDG, flu-

i–Mental State Examination; PET, positron emission tomography.



Table 4

Annual change in outcome measures in subjects with MCI according to disease-stage classification at baseline

Outcome measures MCI (N 5 873)

Prodromal

AD (N 5 420)

Prodromal

AD stage-1 (N 5 216)

Prodromal AD

stage-2 (N 5 197)

P value difference

stage-1 and stage-2

CSF Ab1–42 (pg/mL) (n 5 187) 21.81 (0.66)** 21.66 (0.64)* 0.13 (1.02) 23.00 (0.82)** .13
18F-AV-45-PET (SUVr) (n 5 234) 0.007 (0.003)* 0.01 (0.005) 0.014 (0.006)* 0.004 (0.01) .44

CSF tau (pg/mL) (n 5 185) 3.24 (0.88)** 4.11 (1.15)** 3.69 (1.27)** 4.26 (1.83)* .89

FDG-PET (SUVr) (n 5 388) 20.02 (0.002)** 20.027 (0.003)** 20.025 (0.003)** 20.029 (0.003)** .09

Whole-brain volume (cm3) (n 5 731) 211.46 (0.35)** 213.31 (0.49)** 211.64 (0.66)** 214.69 (0.72)** .007

Hippocampal volume (mm3) (n 5 804) 286.22 (2.28)** 297.59 (3.78)** 286.06 (5.58)** 2109.8 (5.10)** .006

Ventricular volume (cm3) (n 5 731) 4.54 (0.18)** 5.60 (0.30)** 6.04 (0.51)** 5.08 (0.34)** .08

CDR sum of boxes (n 5 811) 0.54 (0.02)** 0.68 (0.03)** 0.52 (0.05)** 0.82 (0.05)** ,.001

MMSE score (n 5 823) 20.73 (0.04)** 20.91 (0.06)** 20.63 (0.08)** 21.16 (0.08)** ,.001

ADAS-Cog (n 5 822) 1.14 (0.08)** 1.53 (0.10)** 1.09 (0.14)** 1.99 (0.15)** ,.001

ADCS-PACC (n 5 334) 20.81 (0.05)** 21.09 (0.08)** 21.10 (0.14)** 21.09 (0.10)** .89

ADCS-PACC without digit symbol test

(n 5 782)

20.46 (0.03)** 20.69 (0.05)** 20.45 (0.07)** 20.94 (0.07)** ,.001

Abbreviations: Ab1–42, amyloid b 1–42; AD, Alzheimer’s disease; ADAS-Cog, Alzheimer’s Disease Assessment Scale-Cognitive; ADCS-PACC, Alz-

heimer’s Disease Cooperative Study Preclinical Alzheimer Cognitive Composite; CDR, Clinical Dementia Rating scale; CSF, cerebrospinal fluid; FDG, flu-

deoxyglucose; AV-45, florbetapir; MCI, mild cognitive impairment; MMSE, Mini–Mental State Examination; PET, positron emission tomography.

NOTE. N after outcome variable indicates the number of subject from the total sample with at least 1 follow-up measure available. Data are mean (standard

error). **P , .01, *P , .05 slope different from 0.
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symbol test. When taking into account biomarkers, wors-
ening was typically greater in subjects with preclinical
stage-2 than in subjects with preclinical stage-1. In subjects
with MCI, all markers became more abnormal over time.
Worsening of outcome markers was greater for subjects
with prodromal stage-2 than for subjects with prodromal
stage-1. Our observation of larger effects in outcome mea-
sures for subjects at more advanced disease stages is in
line with reports of previous studies [26–30]. Because
subjects in stage-2 showed the most worsening over time
in all outcome markers, the absolute difference between
treated and nontreated groups in our hypothetical trial was
the largest as well, and so subsequent sample size estimates
were smaller for this group of subjects.
Table 5

Sample size estimates showing a treatment effect of 25% in a hypothetical 3-year

Outcome measures

Cognitively

normal (N 5 522)

CSF Ab1–42 (pg/mL) 1205 (617–3311)
18F-AV-45-PET (SUVr) 2756 (1050–19,103)

CSF tau (pg/mL) 1440 (698–4532)

FDG-PET (SUVr) 2425 (1327–5775)

Whole-brain volume (cm3) 304 (249–380)

Hippocampal volume (mm3) 361 (294–452)

Ventricular volume (cm3) 310 (253–388)

CDR sum of boxes 2928 (1874–5206)

MMSE score 32,730 (9837–1057708)

ADAS-Cog -

ADCS-PACC -

ADCS-PACC without digit symbol test -

Abbreviations: Ab1–42, amyloid b 1–42; AD, Alzheimer’s disease; ADAS-Co

heimer’s Disease Cooperative Study Preclinical Alzheimer Cognitive Composite;

deoxyglucose; AV-45, florbetapir; MMSE, Mini–Mental State Examination; PET,

NOTE. Sample size was estimated for a hypothetical 3-year randomized-control

tion of decline in outcome measures with a power of 80%, a two-sided alpha of 5%

significantly different from 0 (see Table 2). Data are mean (95% confidence inter
For all definitions of preclinical AD, brain atrophy
outcome measures showed the most worsening over time
and subsequently resulted in the smallest sample size esti-
mates. This estimate was the smallest for preclinical AD
stage-2. Amyloid markers showed some worsening over
time, but acceptable sample size estimates based on amyloid
were only obtained in preclinical AD stage-2 when CSF
Ab1–42 was used as an outcome measure and in preclinical
AD stage-1 when 18F-AV-45-PET was used. In preclinical
AD stage-2, when neuronal injury was defined based on
CSF tau, no changes in FDG-PET were observed, which
might reflect floor effects in this group of subject and this
is in line with previous studies [31,32]. None of the
cognitive measures showed decline over time.
trial in subjects with normal cognition at baseline

Preclinical

AD (N 5 146)

Preclinical AD

stage-1 (N 5 110)

Preclinical AD

stage-2 (N 5 34)

- - 457 (153–6280)

603 (256–2786) 436 (190–1853) -

1121 (409–9444) 779 (274–7883) -

2563 (914–24,240) 1622 (623–10,873) -

169 (126–239) 226 (151–375) 86 (60–135)

279 (197–426) 514 (297–1095) 81 (58–123)

271 (188–423) 324 (201–607) 191 (113–389)

1280 (732–2791) 1745 (841–5580) 1046 (431–5342)

7317 (2373–122846) - -

- - -

- - -

- - -

g, Alzheimer’s Disease Assessment Scale-Cognitive; ADCS-PACC, Alz-

CDR, Clinical Dementia Rating scale; CSF, cerebrospinal fluid; FDG, flu-

positron emission tomography.

led trial with two arms, showing an expected treatment effect of 25% reduc-

, and a 10% annual dropout rate. “-” represents not calculated as slope is not

val).



Table 6

Sample size estimates showing a treatment effect of 25% in a hypothetical 3-year trial in subjects with MCI according to disease-stage classification at baseline

Outcome measures MCI (N 5 873)

Prodromal

AD (N 5 420)

Prodromal AD

stage-1 (N 5 216)

Prodromal AD

stage-2 (N 5 197)

CSF Ab1–42 (pg/mL) 6545 (2218–82,165) 5257 (1705–88,214) - 1469 (619–6964)
18F-AV-45-PET (SUVr) 9312 (2850–2,51,663) - 3925 (1074–5,00,647) -

CSF tau (pg/mL) 3611 (1539–16,455) 2760 (1148–13,667) 1791 (634–17,633) 3577 (1044–1,62,076)

FDG-PET (SUVr) 888 (662–1254) 447 (330–640) 486 (322–817) 396 (262–665)

Whole-brain volume (cm3) 165 (147–187) 108 (94–126) 120 (97–152) 102 (85–125)

Hippocampal volume (mm3) 200 (178–227) 142 (123–167) 197 (155–259) 102 (85–123)

Ventricular volume (cm3) 274 (236–322) 231 (189–289) 260 (191–373) 185 (144–245)

CDR sum of boxes 636 (536–765) 443 (359–559) 603 (433–897) 355 (273–481)

MMSE score 992 (803–1256) 625 (488–830) 1263 (791–2328) 371 (283–507)

ADAS-Cog 1420 (1105–1893) 703 (548–933) 1346 (854–2431) 418 (318–573)

ADCS-PACC 745 (583–985) 433 (326–604) 488 (308–889) 395 (279–601)

ADCS-PACC without digit symbol test 1509 (1160–2043) 688 (528–932) 1576 (934–3203) 342 (262–465)

Abbreviations: Ab1–42, amyloid b 1-42; AD, Alzheimer’s disease; ADAS-Cog, Alzheimer’s Disease Assessment Scale-Cognitive; ADCS-PACC, Alz-

heimer’s Disease Cooperative Study Preclinical Alzheimer Cognitive Composite; CDR, Clinical Dementia Rating scale; CSF, cerebrospinal fluid; FDG, flu-

deoxyglucose; AV-45, florbetapir; MCI, mild cognitive impairment; MMSE, Mini–Mental State Examination; PET, positron emission tomography.

NOTE. Sample size was estimated for a hypothetical 3-year randomized-controlled trial with two arms, showing an expected treatment effect of 25% reduc-

tion of decline in outcome measures with a power of 80%, a two-sided alpha of 5%, and a 10% annual dropout rate. “-” represents not calculated as slope is not

significantly different from 0 (see Table 4). Data are mean (95% confidence interval).
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Also, for all definitions of prodromal AD inMCI patients,
brain atrophy outcomemeasures showed the most worsening
over time and yielded the smallest sample size estimate. The
smallest sample size estimate was observed for prodromal
AD stage-2. In these subjects, amyloid measures and CSF
tau levels showed limited change over time, which resulted
in very large sample size estimates. FDG-PET showed
some decline and this resulted in reasonable sample size es-
timates. Of the cognitive measures, the smallest sample size
estimate was obtained with the CDR-sob and ADCS-PACC
without digit symbol test, which became the most abnormal
over a time.

Across all predementia subjects, the inclusion criteria
incorporating AD biomarkers considerably reduced sample
size estimates.However, thiswas at the expense of an increase
in the number of subjects needed to be screened, since only a
subset of subjects with normal cognition or MCI have
abnormal AD biomarkers. Still, despite the large numbers-
needed-to-be-screened, a previous cost-benefit analysis
showed that enriching trials by refining inclusion criteria
with the use of a CSFAb1–42/tau inMCI can reduce trial costs
with 60%, because fewer subjects are needed to show an ef-
fect, and this outweighs the increased costs for screening [33].

The observation that both in subjects with preclinical AD
and in subjects with prodromal AD CSFAb1–42 decreased in
stage-2 but not in stage-1, whereas 18F-AV-45-PET changed
in stage-1 but not in stage-2 suggests that these markers (in
part) reflect different disease processes, although it should be
noted that the slopes of change did not differ between stage-1
and stage-2 [34].

In our fictive trial, we found reduced sample size esti-
mates when enriching for AD biomarkers, and this is in
line with sample size estimates from previous studies that
used a similar fictive trial design approach. In preclinical
AD, one study found that with CDR-sob and the MMSE
score as outcome measure, the use of an abnormal amyloid
marker for inclusion reduced sample size relative to cogni-
tively subjects unselected for biomarkers although sample
size estimates in that study were twice as high as in our study
[5,11]. Our observed lack of change on the PACC may limit
its use as endpoint in preclinical AD trials with a 3-year
duration. Longer trial durations are necessary to detect
potential treatment effects on cognitive outcomes in
preclinical AD (Supplementary Table 20). A recent study us-
ing a subset of ADNI subjects with normal cognition showed
that when constructing a cognitive composite measure using
information from cognitive tests scores of those subjects
who show clinical decline, the power to detect changes
might be improved [35]. However, in subjects with preclin-
ical AD this optimized composite measure showed only
minimal change over time. Two other studies reported
similar to our results a reduction of sample size estimates
for hippocampal, ventricular and whole-brain volumes,
and/or MMSE in prodromal AD compared with unspecified
MCI [12,36]. While another study found that sample sizes
were smaller for prodromal AD stage-2 than prodromal
AD [9]. In addition, APOE ε4 allele carriership as an addi-
tional risk marker might lead to even smaller size estimates
[24,36,37]. Although these previous studies show that AD
biomarkers can decrease sample size estimates, none of
these studies have compared the impact on these estimates
of amyloid, injury, and clinical outcome markers over
different preclinical and prodromal AD stages. Our study
further extents these findings, as we covered all
predementia stages of AD and demonstrated that also the
stages influence sample size estimates.
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4.1. Methodological issues

For our power calculation, we made several assumptions
that might have influenced our findings. We used linear
mixed models with random intercepts and a fixed slope to
assess changes over time in outcome measures. The use of
a fixed slope might have underestimated sample sizes
because it does not take into account variability in slopes be-
tween subjects [7,10]. In a post hoc analysis, we found that
the use of random slope models indeed resulted in larger
sample size estimates, although the model did not
converge for several outcome variables (Supplementary
Tables 3 and 4). Also, for the present analyses we used effect
sizes of 25%, which can be considered to be an upper bound
for a relatively small, but clinically relevant effect size.
Larger effect sizes provide smaller sample size estimations,
and lower numbers needed to screen. For example, with a
hypothetical reduction of 35% sample sizes would be 45%
smaller (Supplementary Tables 14–17). In addition, we did
not correct for age effects in our slopes’ analyses, although
these are likely to be present in cognitively normal subjects
with normal AD markers [7,10]. It can be argued that one
should not correct age effects because it cannot be
excluded that even in cognitively normal subjects, with
normal AD markers at baseline, the change in outcome
effects is still reflecting (in part) AD and which might lead
to an underestimation of treatment effects. Still, we
performed additional post hoc analyses correcting for age,
and this resulted in increased sample sizes or, in the case
of preclinical AD stage-1, were often not estimable
(Supplementary Tables 5 and 6). Of note is that sample
size estimates for MCI subjects in stage-1 and stage-2
increased for neuronal injury outcome measures and re-
mained comparable for cognitive outcome measures. A
similar effect has been reported by a recent study in another
study sample [36]. Possibly this difference reflects that brain
structural changes are more intertwined with aging, making
it difficult to detangle age from disease processes. Cognitive
outcome measures seemed to be less affected by aging, but
this might also reflect the much slower pace of decline in
preclinical AD for these measures. In our design, we chose
to model a hypothetical trial in which a treatment effect
would result in a reduced change, to illustrate the effect of
different inclusion criteria and outcome measure on sample
size estimates. Other sample size estimates would be ob-
tained in designs that assume that treatment might result in
biomarker or cognitive improvements. In our analysis, we
combined amyloid and injury markers either based on CSF
or PET markers, which might have influenced our results
because these modalities might reflect different processes.
Post hoc analysis in subjects with markers for both modal-
ities showed that the concordance for amyloid status was
85% for subjects with normal cognition and 92% for subjects
with MCI (Supplementary Table 7), similar to previous
studies [34,38–40]. Concordance for preclinical stage-1
and stage-2 classification in subjects who were amyloid
positive on both CSF and PET was 85% for preclinical AD
and 50% for prodromal AD (Supplementary Table 8). Addi-
tional exploratory analyses for the subgroup of prodromal
AD with classification using only CSF measures provided
slope and sample size estimates largely comparable to the to-
tal group of stage-1 and stage-2 subjects (Supplementary
Table 19). We used FDG-PET as a neuronal injury marker,
if amyloid was measured with a PET tracer. However, using
two PET, markers may be impractical.We therefore repeated
these analyses with hippocampal volume as a neuronal
injury marker. We found a concordance of FDG-PET hypo-
metabolism and hippocampal atrophy of 74% for subjects
with normal cognition and of 64% for MCI patients
(Supplementary Table 9). Slope and sample size estimates
were largely similar (Supplementary Tables 10–13), sug-
gesting that MRI-based hippocampal volume can be used
as a more practical alternative to FDG-PET for neuronal
injury definition.

Our findings show that the definition of predementia AD
influences the effects that can be found for outcome mea-
sures. This has important implications for trial design. For
our hypothetical trial in subjects with preclinical AD, the
estimated sample sizes were smallest in subjects at stage-
2, using volumetric markers as outcome measurement. In
subjects with prodromal AD, the smallest sample size esti-
mates were obtained when including subjects at stage-2, us-
ing brain volume and cognitive measures as outcome
measurements. Although a change in cognition would be
the most clinically relevant outcome, the estimated sample
sizes required to demonstrate effects on such markers were
about three to four times larger than estimates based on
MRI markers. This highlights the need for novel cognitive
tests that are more sensitive for cognitive decline in subjects
with preclinical and prodromal AD [11,41].
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RESEARCH IN CONTEXT

1. Systematic review: We searched PubMed for rele-
vant studies using, “preclinical Alzheimer’s disease
(AD)”, “prodromal AD”, “sample size”, “trials”, “
normal cognition”, “ MCI”, “MCI due to AD”,
“biomarkers”, and “cognition”. Previous studies re-
ported that sample size depends on outcome mea-
sures, but it is still unclear how different
definitions of predementia AD influence outcome
and sample size estimates.

2. Interpretation: Our main finding is that the definition
of predementia AD influence rate of decline and sam-
ple size estimates for a fictive trial with a treatment
that would slow down decline by 25%. The smallest
sample size was seen with predementia AD defined
by the presence of both abnormal amyloid and injury
markers at baseline, as well as brain volumetric
markers as the outcome. The sample size was largest
for cognitive outcomes.

3. Future directions: The definition of predementia is
important in AD-trial design because this in-
fluences rate of decline and sample size estimates.
Although cognition is often considered to be themost
relevant outcome, they are relatively insensitive to
capture decline in predementia AD.
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