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Background: Although the Clinical Dementia Rating Scale-Sum of Boxes score (CDR-SB) is a
widely accepted and commonly used global scale, validated clinical endpoints of cognitive changes
are unavailable in the predementia stages of Alzheimer’s disease (AD), and a new clinical assessment
with reliability and sensitivity is needed in the mild cognitive impairment (MCI) population.
Methods: Using Alzheimer’s Disease Neuroimaging Initiative (ADNI)-1/GO data, signal-to-noise
ratios (SNRs) were calculated to quantify the sensitivity of a measure for detecting disease progres-
sion and hypothetical treatment effects. All possible combinations of selected sensitive measures
were assessed for developing composite scores. The analyses were performed in the MCI population
and subpopulations enriched by apolipoprotein E4 (APOE €4), hippocampal volume, and cerebrospi-
nal fluid B-amyloid.

Results: The best composite score was “Word Recall + Delayed Word Recall + Orientation +
CDR-SB + FAQ”, more sensitive than 13-item Alzheimer’s Disease Assessment Scale-cognitive
subscale or CDR-SB.

Conclusion: The proposed composite score derived from the existing clinical endpoints demon-
strated higher sensitivity in the MCI population and is easy to implement and standardize across
studies.

© 2015 The Alzheimer’s Association. Published by Elsevier Inc. All rights reserved.
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1. Introduction

Alzheimer’s disease (AD) is a continuously growing
affliction worldwide and the fifth leading cause of death
for individuals age 65 and older; however, no disease-
modifying treatment is currently available. By 2025, the
number of people age 65 and older with AD is estimated
to reach 7.1 million—a 40% increase from the 5 million
aged 65 and older currently affected in the United States [1].

Recent research suggests that AD begins many years
before the development of symptoms such as memory loss
or behavioral changes, and that new technologies have the
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potential to identify brain changes that precede the develop-
ment of symptoms. In 2011, the National Institute of Aging
(NIA) and the Alzheimer’s Association proposed new
criteria and guidelines for diagnosing AD [2-5], which
identified three stages of AD. The new diagnostic criteria
require the presence of biological evidence demonstrated
by imaging or cerebrospinal fluid (CSF) biomarkers. The
new guidelines also recognize the importance of
identifying and treating patients at the early stage before
symptoms develop. If AD can be detected earlier, then
there may be a better chance for disease-modifying treat-
ment to become successful [6].

The 11-item Alzheimer’s Disease Assessment Scale-
cognitive subscale (ADAS-cog;;) has been the most
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commonly used outcome measure of cognitive function in
antidementia clinical trials and has been an effective
outcome in approval of symptomatic agents in mild to mod-
erate AD patients. However, ADAS-cog;; is not sensitive
enough to detect changes in predementia stages because of
significant ceiling effects. Although the Clinical Dementia
Rating Scale-Sum of Boxes score (CDR-SB) is a widely
accepted and commonly used global scale, there are no
generally accepted, validated clinical endpoints of cognitive
changes for use in therapeutic trials in the predementia
stages of AD.

Given the current state of clinical research in AD, a new
clinical assessment scale would ideally address the following
criteria: (1) being reliable and valid in patients with mild
cognitive impairment (MCI) due to AD because most current
therapeutic interventions are directed at AD pathology; (2) be-
ing sensitive to clinical decline and potential treatment effects
that might only manifest as a reduction in the rate of decline
because most current therapeutic interventions are directed
atdisease modification; (3) maintaining good reliability, valid-
ity, and sensitivity once patients have progressed to mild AD
dementia because most current clinical trials extend over
very long durations (e.g., 18-24 months); (4) including cogni-
tive and functional assessments so that it could be used as a sin-
gle primary composite efficacy measure in line with the recent
U.S. Food and Drug Administration (FDA) draft guidance [7]
for clinical trials in early stages of AD.

There currently exist several precompetitive initiatives
and consortia that are pursuing new assessments to address
these criteria. In addition, several pharmaceutical companies
have ongoing efforts toward the development of sensitive
clinical endpoints for trials in MCI and early AD [8-13].
In this report we present our work in developing easy-
to-use composite endpoints that are sensitive to disease
progression and to hypothetical treatment effects of
disease-modifying therapies. We quantified the sensitivity
using signal-to-noise ratios (SNRs) that measure the strength
of the desired signal for detecting the hypothetical treatment
effect relative to the level of the variability. The SNRs we
proposed are in essence the standardized mean changes,
which are useful measures of effect size in designing the
clinical trials.

We examined the SNRs for various cognitive, functional,
and global measures, including their individual components.
Composite scores were derived based on the most sensitive
measures, with a similar hypothesis as in some of the previ-
ous work [12] that by combining the most informative scales
we could create a composite with stronger signal and
reduced variability for the early AD population. In addition
to the MCI population, subpopulations enriched by apolipo-
protein E (APOE) status, baseline hippocampal volume, and
baseline CSF B-amyloid (AB) were also analyzed.

We compared the SNRs of the derived composite scales
to the existing measures such as ADAS-cog 11-item or 13-
item total score and CDR-SB. We also examined the similar-
ity between the measures selected to derive our composites

and those selected for the previously reported composite
scores and to the items selected based on the Item Response
Theory (IRT) [14,15] by other researchers.

2. Methods
2.1. Data

Data used in the preparation of this article were obtained
from the Alzheimer’s Disease Neuroimaging Initiative
(ADNI) database (adni.loni.ucla.edu). Analyses were per-
formed on the data downloaded on June 18, 2013 from the
ADNI web portal (http://adni.loni.ucla.edu/data-samples/
access-data/). All data points available for MCI subjects
enrolled in ADNI-1 and followed through ADNI-GO were
included in this analysis. Detailed ADNI protocol informa-
tion can be found at www.adni-info.org.

2.2. Subject population

Three hundred and ninety-seven MCI subjects were
included in this analysis. Among them, 312 (78.6%) subjects
had their hippocampal volume measured at baseline and
were considered for the subgroup analysis by baseline hip-
pocampal volume. The 198 (49.9%) subjects with baseline
CSF AB;_4> levels were considered for the subgroup analysis
using recently proposed CSF cutoffs [16]. All 397 subjects
had APOE information collected at baseline and were
considered for the subgroup analysis by APOE status. These
397 subjects were followed every 6—12 months from base-
line to beyond 3 years. At the time of the data download,
357, 302, and 260 subjects had clinical data available for
the 12-, 24-, and 36-month visits, respectively.

2.3. Clinical measures

In this analysis, we considered all of the cognitive, func-
tional, and behavioral assessments that are available in
ADNI-1 and ADNI-GO, including ADAS-cog, Mini-Mental
State Examination (MMSE), CDR, Functional Assessment
Questionnaire (FAQ), Clock Drawing Test, Rey Auditory
Verbal Learning Test (AVLT), Logical Memory Test, Digit
Span Test, Category Fluency Test, Trail Making Test, Digit
Symbol Substitution Test, and Boston Naming Test. Total
scores and individual item scores were evaluated.

2.4. Analysis methods

To quantify the sensitivity of a clinical measure, we
examined SNRs associated with two different definitions
of hypothetical treatment effect. The SNRs proposed are in
essence the standardized mean changes, which are the
average changes from baseline standardized by the vari-
ability of the measures. These quantities are associated
with the effect sizes used in designing the clinical trials
and can directly influence the sample size and power. The
applicability of these SNRs in a clinical trial setting relies
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on the assumptions that link the disease progression to the
hypothetical treatment effects. One key assumption is that
by using an endpoint that is sensitive to measuring disease
progression in the untreated control group of a clinical
trial, we will be able to sensitively compare that group
with a treated group that has hypothetically slow or no
progression.

The first hypothetical treatment effect was defined by
assuming that the disease-modifying therapy can slow
down the disease progression at a certain time point by a
certain percentage (for example, 50% at 2 years). Given
this assumption, a clinical scale or endpoint that is sensitive
to the progression of the disease is also sensitive to the hypo-
thetical treatment effect. Therefore, the following SNR is
used in the assessment of sensitivity for this hypothetical
treatment effect. Let 8, be the mean change from baseline
at time ¢ (for example, r = 1, 2, 3 years). We define the
SNR at time ¢ as

SNR;=|5t|/SD(|6t|)7

where SD(|3,]) is the standard deviation of . SNR; re-
flects the relative strength of the clinical measures to detect
disease progression over time and thus to detect the first hy-
pothetical treatment effect. The effect size used in designing
a trial is proportional to SNR,. For example, if a treatment is
assumed to slow down the progression by 50% at 2 years, the
effect size of this treatment can be calculated as SNR,*50%.
A more sensitive endpoint with a larger SNR; will result in a
larger effect size for the treatment and thus a smaller sample
size when designing the clinical trial.

The second hypothetical treatment effect was defined by
assuming that the disease-modifying therapy can delay the
disease progression by a certain period of time. For this hy-
pothesis, we focused on the scenario in which the treatment
can delay the progression of the disease by 1 year. Under this
hypothesis, MCI subjects with the treatment at 2 years
should have the same disease assessments as those without
the treatment at 1 year. For the ADNI data, if we randomly
divide the MCI population into two groups, then the differ-
ence in disease assessments between Group 1 at 1 year and
Group 2 at 2 years represents the hypothetical treatment ef-
fect. Therefore, a clinical measure that is sensitive to this dif-
ference is sensitive to the hypothetical treatment effect. To
estimate the hypothetical treatment effect and quantify the
sensitivity, the following SNR is used. Let A = |3, — [d4],
where 8, is the mean change from baseline at 1 year in Group
1 and 3, is the mean change from baseline at 2 years in
Group 2. We define the SNR for detecting the effect of
1-year delay in disease progression as

SNR,_;=A/SD(A),

where SD(A)=+/var(|6,])+var(|62) because the two
groups are independent. To obtain the estimate for this
SNR, we applied a resampling approach as follows. For
each iteration, we randomly divided the MCI subjects in

ADNI into two groups with equal allocation and then calcu-
lated the SNR,_;. We repeated this process many times (we
used 10,000 iterations in the analysis). The point estimate
was obtained by averaging the SNRbQ_], b=1,2,..,8B,
where B is the number of total iterations. Similar to SNR;,
a more sensitive endpoint with a larger SNR,_; will result
in a larger effect size for the same treatment.

For each clinical measure (including the individual com-
ponents) described in Section 2.3, we computed SNR;,
SNR;, and SNR; (SNR at 1, 2, and 3 years, respectively)
and the SNR, ; (assuming a hypothetical treatment effect
of 1-year delay in disease progression) on the basis of the
ADNI data in the MCI population described in Section
2.2. Larger SNRs indicate more sensitive measures. We
mainly focused on SNR, and SNR,_; because our goal was
to identify the sensitive measures for early-phase clinical tri-
als that typically examine the endpoint at 24 months; howev-
er, SNR; and SNR; were also calculated to evaluate the
consistency in sensitivity over time. Candidate measures
with high SNR values were selected for developing compos-
ite scores. We developed composite endpoints by combining
these candidate measures. Simple sum of the individual
scores from each candidates were used to generate the com-
posite scores. For each composite, the SNRs were computed
to compare the performance or sensitivity in the target pop-
ulation described in Section 2.2.

We also assessed the development of composite scores
in the enriched MCI populations. Three subpopulations
were examined: (1) APOE €4 allele carriers; (2) sub-
jects with low hippocampal volume (i.e., baseline
volume < 6700 mm?, which is approximately the median
value in the data set); (3) AB-positive subjects (i.e., baseline
CSF ABj_4 < 192 pg/mL [16]). These subpopulations have
been considered to have higher risk of disease progression.

3. Results
3.1. Baseline characteristics

Among the 397 MCI subjects, 212 carried one or two
APOE ¢4 alleles, 191 had a baseline hippocampal volume
smaller than the cutoff of 6700 mm3, and 147 had a baseline
CSF AB;_4; level less than 192 pg/mL. The baseline charac-
teristics of the overall, biomarker-enriched, and biomarker-
negative MCI populations are summarized in Table 1. Our
focus was on the overall and biomarker-enriched MCI pop-
ulations, and the biomarker-negative MCI populations are
included in Table 1 for completeness. There was no clini-
cally meaningful difference in age, MMSE score, CDR-SB
score, or AVLT Trial 1-5 total score among the overall
and enriched MCI populations. The ADAS-cog and FAQ to-
tal scores were higher in the enriched populations. The en-
riched population with a low hippocampal volume had
more women than the other populations. All three enriched
populations had more APOE €4 carriers than the overall
MCI population in this analysis.
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Table 1
Baseline characteristics of MCI populations

APOE €4 Hippocampal volume AB
Characteristics All MCI Carrier Noncarrier Low* High Positive' Negative
n 397 212 185 191 121 147 51
Age 74.7 (7.40) 73.9 (6.72) 75.8 (8.0) 75.8 (6.60) 71.3 (7.52) 74.5 (7.04) 74.4 (8.65)
Female 141 (35.5%) 79 (37.3%) 62 (33.5%) 86 (45.0%) 29 (24.0%) 52 (35.4%) 14 (27.5%)
APOE €4 (alleles)

0 185 (46.6%) 0 (0%) 185 (100%) 69 (36.1%) 65 (53.7%) 53 (36.1%) 39 (%)

1 165 (41.6%) 165 (77.8%) 0 (0%) 90 (47.1%) 48 (39.7%) 73 (49.7%) 12 (%)

2 47 (11.8%) 47 (22.2%) 0 (0%) 32 (16.8%) 8 (6.6%) 21 (14.3%) 0 (0%)
MMSE 27.0 (1.78) 26.9 (1.79) 27.1 (1.76) 26.7 (1.72) 27.4 (1.81) 26.8 (1.79) 27.3 (1.76)
ADAS-cog1; 11.5 (4.42) 12.3 (4.30) 10.5 (4.4) 12.6 (4.48) 9.9 (4.11) 12.2 (4.55) 10.1 (4.37)
ADAS-cog;3 18.6 (6.27) 19.9 (5.94) 17.2 (6.4) 20.3 (6.06) 16.0 (6.02) 19.9 (6.06) 16.1 (6.35)
CDR-SB 1.6 (0.86) 1.7 (0.90) 1.5 (0.86) 1.6 (0.90) 1.5 (0.74) 1.6 (0.92) 1.3 (0.72)
FAQ 3.8 (4.47) 4.3 (4.73) 3.3 (4.10) 4.4 (4.69) 2.9 (4.03) 4.3 (4.40) 2.4 (4.25)
AVLT (five-item total) 30.7 (9.03) 29.4 (8.24) 32.2(9.7) 29.4 (8.26) 32.7 (10.28) 29.1 (8.13) 33.2(9.31)

Abbreviations: MCI, mild cognitive impairment; APOE, apolipoprotein E; AB, B-amyloid; MMSE, Mini-Mental State Examination; ADAS-cog;;, 11-item
Alzheimer’s Disease Assessment Scale-cognitive subscale; ADAS-cog;3, 13-item Alzheimer’s Disease Assessment Scale-cognitive subscale; CDR-SB, Clin-

ical Dementia Rating-Sum of Boxes; FAQ, Functional Assessment Questionnaire; AVLT, Auditory Verbal Learning Test; CSF, cerebrospinal fluid.

NOTE. Mean (SD) or n (%).
*Baseline hippocampal volume < 6700 mm?>.
Baseline CSF AB;_4> < 192 pg/mL.

3.2. Measures selected for development of composite
scores

The SNR;, SNR», SNR;, and SNR,_; were computed for all
individual items and are summarized in Table 2 for the MCI
population. For the enriched populations, Table 3 presents
the SNR, and SNR,_;, assuming that a 24-month study is
of primary interest.

Because we were trying to develop composites that are
more sensitive than the ADAS-cog or CDR-SB and we
were focusing on studies with primary endpoints at 18—
24 months, we selected candidate measures with SNR,
benchmarked against ADAS-cog. A threshold of 0.45,
0.50, and 0.55 was used for the overall MCI population,
the APOE-enriched population, and the other two
biomarker-enriched populations, respectively. Clinical mea-
sures with SNR, larger than the thresholds were included in
the development of composite scores. There were two ex-
ceptions: the Delayed Word Recall and the other AVLT Trial
1-5 total score. Their SNR, in some populations was just
below the threshold value, but we included them in the com-
posite score development because episodic memory impair-
ment is a core feature of AD and amnestic MCI and previous
research studies have shown that episodic memory tests were
useful for identifying MCI patients with a high likelihood of
progressing to AD dementia [17,18].

The measures selected as candidates for the composite
score were ADAS-cog;; total score, 13-item Alzheimer’s
Disease Assessment Scale-cognitive subscale (ADAS-
cog3) total score, Word Recall (Q1), Delayed Word Recall
(Q4), Orientation (Q7), MMSE, CDR-SB, FAQ total score,
and AVLT Trial 1-5 total score (bold font, Table 2). The
same measures also showed high sensitivity in the enriched

populations (Table 3). These measures were considered in
the development of composite scores.

Some subitems of CDR and FAQ are as sensitive as the
total score, but we considered only the total score for the
composite because illnesses such as dementia may not
always progress uniformly in all subdomains of CDR and
FAQ, and the total score is not difficult to obtain.

3.3. Composite scores

After examining the SNRs of all of the possible combina-
tions of the candidate measures, the composite scores by
combining ADAS-cog individual items (Word Recall,
Delayed Word Recall, and Orientation) with CDR-SB and
FAQ were identified as being the most sensitive to the
disease progression and hypothetical treatment effects. The
SNR values for the top-ranked composites and other
combinations of interest are presented in Table 4 and
Fig. 1. The following observations are similar across the
four populations (the MCI population and the three enriched
subpopulations) that we examined.

The composite score derived by summing up the scores of
Word Recall (Q1), Delayed Word Recall (Q4), Orientation
(Q7), CDR-SB, and FAQ was the most sensitive, with
much higher sensitivity than the ADAS-cog;; total score.
CDR-SB alone was more sensitive than the ADAS-cog;;
total score, but our proposed composite improved the sensi-
tivity even more.

CDR-SB or FAQ seemed to play an important role in
enhancing the sensitivity of composite scores because the
composite of summing Word Recall, Delayed Word Recall,
and Orientation scores without adding CDR-SB or FAQ had
much lower sensitivity compared with the top-ranked
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Table 2
SNRs for clinical measures in MCI population
Assessment Description SNR, SNR> SNR3 SNR;.;
ADAS-cog ADAS-cogy; total score 0.20 0.52 0.60 0.29
ADAS-cog;; items total score 0.28 0.56 0.65 0.29
Word Recall (Q1) 0.27 0.47 0.55 0.18
Commands (Q2) 0.07 0.09 0.25 0.06
Construction (Q3) 0.04 0.04 0.18 0.05
Delayed Word Recall (Q4) 0.27 0.42 0.50 0.12
Naming (Q5) 0.03 0.10 0.16 0.07
Ideational Praxis (Q6) 0.05 0.12 0.29 0.07
Orientation (Q7) 0.25 0.50 0.64 0.23
‘Word Recognition (Q8) 0.03 0.26 0.30 0.15
Recall Instructions (Q9) 0.03 0.10 0.24 0.07
Spoken Language (Q10) 0.13 0.25 0.24 0.13
Word Finding (Q11) 0.19 0.23 0.37 0.06
Comprehension (Q12) 0.12 0.16 0.32 0.07
Number Cancellation (Q14) 0.09 0.35 0.31 0.32
MMSE Score 0.26 0.49 0.61 0.25
CDR Sum of Boxes Score 0.55 0.74 0.76 0.35
Memory 0.29 0.51 0.61 0.28
Orientation 0.45 0.65 0.68 0.27
Judgment and Problem Solving 0.30 0.55 0.61 0.25
Community Affairs 0.44 0.68 0.76 0.31
Home and Hobbies 0.40 0.57 0.69 0.20
Personal Care 0.08 0.27 0.33 0.18
FAQ Total Score 0.47 0.73 0.88 0.34
Financial 0.35 0.57 0.71 0.21
Forms 0.33 0.57 0.68 0.22
Shopping 0.25 0.51 0.73 0.25
Game 0.20 0.45 0.56 0.23
Beverage 0.15 0.21 0.40 0.09
Meal 0.30 0.48 0.65 0.22
Event Tracking 0.21 0.36 0.51 0.14
TV 0.15 0.40 0.46 0.22
Remembering 0.19 0.43 0.55 0.18
Travel 0.30 0.57 0.71 0.26
Clock Drawing Test Drawing Administration 0.10 0.15 0.28 0.07
Copying Administration 0.05 0.09 0.21 0.06
AVLT Trial 1-5 Total Score 0.20 0.38 0.60 0.16
Trial 1 Administration 0.04 0.15 0.40 0.09
Trial 2 Administration 0.08 0.26 0.36 0.14
Trial 3 Administration 0.19 0.35 0.56 0.13
Trial 4 Administration 0.13 0.29 0.49 0.12
Trial 5 Administration 0.21 0.34 0.55 0.11
Trial 6 Administration 0.06 0.19 0.40 0.11
List B Administration 0.10 0.24 0.25 0.10
Delayed Administration 0.19 0.25 0.36 0.07
Recognition Administration 0.16 0.31 0.43 0.13
Logical Memory Test Immediate Recall 0.13 0.01 0.13 0.11
Delayed Recall 0.20 0.15 0.10 0.06
Digit Span Test Forward 0.06 0.16 0.16 0.09
Backward 0.16 0.18 0.20 0.05
Category Fluency Test Animal Total 0.15 0.30 0.47 0.12
Vegetable Total 0.20 0.33 0.56 0.13
Trail Making Test Part A 0.07 0.22 0.34 0.13
Part B 0.16 0.25 0.36 0.10
Digit Symbol Substitution Test Score 0.10 0.25 0.50 0.14
Boston Naming Test Score 0.08 0.19 0.41 0.09

Abbreviations: SNR, signal-to-noise ratio; ADAS-cog, Alzheimer’s Disease Assessment Scale-cognitive subscale; ADAS-cog;;, 11-item ADAS-cog;
ADAS-cog;3, 13-item ADAS-cog; CDR-SB, Clinical Dementia Rating-Sum of Boxes; FAQ, Functional Assessment Questionnaire; AVLT, Auditory Verbal
Learning Test; SNR;, SNR>, and SNR;, SNR at 1, 2, and 3 years, respectively; SNR;_;, SNR assuming a hypothetical treatment effect of 1-year delay in disease

progression.
NOTE. Bold indicates selected candidates.
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Table 3
SNRs for clinical measures in enriched populations
Low hippocampal
APOE €4 carrier volume* AB positive'
Assessment Description SNR» SNR>_; SNR, SNR>_; SNR, SNR>_;
ADAS-cog ADAS-cog,; total score 0.56 0.34 0.67 0.30 0.68 0.39
ADAS-cog,; total score 0.60 0.32 0.74 0.32 0.73 0.38
Word Recall (Q1) 0.56 0.22 0.61 0.23 0.55 0.22
Commands (Q2) 0.03 0.08 0.06 0.08 0.10 0.09
Construction (Q3) 0.07 0.07 0.05 0.11 0.01 0.10
Delayed Word Recall (Q4) 0.48 0.14 0.60 0.20 0.55 0.17
Naming (Q5) 0.14 0.11 0.08 0.08 0.20 0.16
Ideational Praxis (Q6) 0.18 0.12 0.13 0.10 0.07 0.09
Orientation (Q7) 0.50 0.24 0.62 0.30 0.64 0.28
Word Recognition (Q8) 0.21 0.16 0.30 0.13 0.39 0.22
Recall Instructions (Q9) 0.12 0.10 0.13 0.08 0.15 0.13
Spoken Language (Q10) 0.24 0.13 0.28 0.15 0.27 0.12
Word Finding (Q11) 0.36 0.12 0.29 0.10 0.31 0.12
Comprehension (Q12) 0.19 0.08 0.24 0.08 0.15 0.11
Number Cancellation (Q14) 0.42 0.33 0.43 0.34 0.51 0.37
MMSE Score 0.63 0.29 0.66 0.30 0.62 0.24
CDR Sum of Boxes Score 0.87 0.41 0.95 0.44 0.93 0.41
Memory 0.61 0.29 0.76 0.39 0.63 0.28
Orientation 0.80 0.34 0.82 0.34 0.81 0.36
Judgment and Problem Solving 0.63 0.29 0.73 0.31 0.69 0.26
Community Affairs 0.82 0.39 0.80 0.37 0.93 0.39
Home and Hobbies 0.67 0.23 0.72 0.24 0.72 0.22
Personal Care 0.24 0.16 0.34 0.21 0.25 0.19
FAQ Total Score 0.86 0.40 0.90 0.46 0.91 0.48
Financial 0.63 0.24 0.66 0.25 0.70 0.29
Forms 0.63 0.29 0.67 0.30 0.63 0.28
Shopping 0.58 0.28 0.67 0.34 0.64 0.34
Game 0.50 0.26 0.51 0.24 0.58 0.39
Beverage 0.28 0.13 0.30 0.15 0.24 0.13
Meal 0.58 0.26 0.63 0.31 0.61 0.29
Event Tracking 0.45 0.14 0.47 0.22 0.51 0.21
vV 0.49 0.23 0.53 0.31 0.42 0.27
Remembering 0.51 0.17 0.58 0.32 0.47 0.20
Travel 0.69 0.33 0.73 0.37 0.73 0.37
Clock Drawing Test Drawing Administration 0.07 0.08 0.17 0.10 0.13 0.11
Copying Administration 0.07 0.08 0.09 0.08 0.02 0.09
AVLT Trial 1-5 Total Score 0.56 0.25 0.55 0.27 0.50 0.23
Trial 1 Administration 0.30 0.16 0.27 0.18 0.23 0.15
Trial 2 Administration 0.35 0.18 0.35 0.19 0.24 0.14
Trial 3 Administration 0.48 0.19 0.49 0.22 0.48 0.20
Trial 4 Administration 0.44 0.14 0.37 0.17 0.43 0.19
Trial 5 Administration 0.47 0.21 0.43 0.18 0.40 0.17
Trial 6 Administration 0.38 0.20 0.40 0.17 0.36 0.19
List B Administration 0.32 0.09 0.31 0.11 0.26 0.12
Delayed Administration 0.38 0.11 0.46 0.16 0.37 0.14
Recognition Administration 0.47 0.18 0.40 0.16 0.35 0.13
Logical Memory Test Immediate Recall 0.23 0.13 0.21 0.14 0.21 0.15
Delayed Recall 0.14 0.11 0.19 0.14 0.13 0.10
Digit Span Test Forward 0.14 0.11 0.33 0.17 0.24 0.09
Backward 0.18 0.07 0.13 0.08 0.32 0.09
Category Fluency Test Animal Total 0.39 0.17 0.56 0.20 0.44 0.17
Vegetable Total 0.45 0.23 0.34 0.16 0.44 0.23
Trail Making Test Part A 0.26 0.13 0.28 0.15 0.31 0.18
Part B 0.41 0.21 0.38 0.14 0.46 0.21
Digit Symbol Substitution Test Score 0.37 0.19 0.34 0.16 0.41 0.18
Boston Naming Test Score 0.31 0.10 0.27 0.11 0.31 0.15

Abbreviations: SNR, signal-to-noise ratio; ADAS-cog;3, 13-item ADAS-cog; CDR-SB, Clinical Dementia Rating-Sum of Boxes; FAQ, Functional Assess-
ment Questionnaire; SNR;, SNR,, and SNR;, SNR at 1, 2, and 3 years, respectively; SNR,_;, SNR assuming a hypothetical treatment effect of 1-year delay in
disease progression; CSF, cerebrospinal fluid; AB, B-amyloid.

NOTE. Bold indicates selected candidates.

*Baseline hippocampal volume < 6700 mm?>.

"Baseline CSF AB;_4» < 192 pg/mL.
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Table 4
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All MCI APOE &4 carrier Low hippocampal volume*  AB-positive'
Composite SNR; SNR, SNR; SNR,;, SNR, SNR, SNR; SNR,;, SNR; SNR, SNR; SNR,;, SNR; SNR, SNR; SNR;,
Top rank combination vs. some candidate measures
Q1+Q4+Q7+CDR-SB + FAQ 0.62 0.82 093 037 075 093 1.12 042 070 1.04 125 051 0.74 1.04 124 0.51
CDR-SB 055 074 076 035 067 087 096 041 070 095 1.01 044 072 093 092 041
ADAS-cog3 028 056 0.65 029 028 060 074 032 041 074 086 032 034 073 0.81 038
Other combinations of interest
Q1+Q4+Q7+CDR-SB 052 074 082 031 063 083 1.02 035 069 101 116 044 068 096 1.12 051
Q1+Q4+Q7+FAQ 057 080 092 036 070 091 1.09 041 063 1.01 121 050 068 1.02 125 040
Q1+Q4+Q7 038 061 071 023 045 068 090 025 049 0.83 100 033 049 0.78 1.02 030

Abbreviations: AB, B-amyloid; SNR, signal-to-noise ratio; ADAS-cog;;, 13-item ADAS-cog; CDR-SB, Clinical Dementia Rating-Sum of Boxes; FAQ,
Functional Assessment Questionnaire; SNR; and SNR,, SNR at 1 and 2 years, respectively; SNR,_;, SNR assuming a hypothetical treatment effect of 1-year

delay in disease progression; CSF, cerebrospinal fluid.
*Baseline hippocampal volume < 6700 mm>.
Baseline CSF ABi_42 < 192 pg/mL.

composite. However, there could be some overlap between
CDR-SB and FAQ because dropping one of them from the
top-ranked composite had a smaller effect on sensitivity.
In addition, CDR-SB was more sensitive than the composite
of summing Word Recall, Delayed Word Recall, and Orien-
tation scores.

The sensitivity of the measures has a direct effect on the
sample size of a clinical trial. For the hypothetical treatment
effect of slowing down progression by 50% in a 2-year MCI
trial (type I error = 0.05, power = 80%), a total sample size
of 402, 231, and 189 subjects would be required for ADAS-
cogy3, CDR-SB, and the proposed composite score, respec-
tively. Therefore, a 53% or 18% saving in sample size could
be achieved by using the composite score compared with
ADAS-cog;; or CDR-SB alone.

The composite score using a subset of ADAS-cog indi-
vidual items (e.g., summing Word Recall, Delayed Word
Recall, and Orientation scores) had comparable sensitivity
to the ADAS-cog total score. As the authors noted before

@
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Q1+Q4+Q7+CDRsb
4 Q1+Q4+Q7+FAQ

Month

~ Signal to Noise Ratio (SNR)

[19], some of the ADAS-cog individual items with low
sensitivity could be simply adding noise to the detection of
disease progression in the MCI population, and a subset of
the individual items may be used as a more efficient measure
for early AD.

As in each of the clinical measures, the composite scores
had higher SNR values in the enriched populations than the
MCI population (Table 4, Fig. 1), indicating a faster progres-
sion of the disease in these high-risk populations, especially
in those with low hippocampal volume or those who were
AB-positive at baseline.

4. Discussion

In this analysis, SNRs, which are essentially standardized
mean changes, were proposed to quantify the relative
strength of a measure or instrument to detect disease pro-
gression and hypothetical treatment effects. ADNI-1 and
ADNI-GO clinical data at 12, 24, and 36 months were

™
|

c
o

4 lower hippocampal
A ApoE4 carrier

.2 = 9 AP positive

@ all MCI patients

Month

Fig. 1. Time course of signal-to-noise ratio (SNR). (A) The SNRs at 1, 2, and 3 years for all composite scores. The lines without corresponding legends (gray
color) are all of the other possible combinations assessed for composite development. (B) Comparison between apolipoprotein e4 (APOE e4) carrier group, low
hippocampal volume group, and cerebrospinal fluid (CSF) B-amyloid (AB)-positive group vs. all mild cognitive impairment (MCI) subjects for the best com-
bination (Q1+Q4+Q7+CDR-SB+FAQ). CDR-SB, Clinical Dementia Rating-Sum of Boxes; FAQ, Functional Assessment Questionnaire.
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used to identify sensitive instruments and best combinations
of the selected instruments in MCI subjects. We did not
include ADNI-2 data because only limited data up to
24 months were available with ADNI-2 subjects as of June
18, 2013. The instruments examined in this analysis include
ADAS-cog (ADAS-cog;;, ADAS-cog;3;, and subitems),
MMSE, CDR (CDR-SB and subitems), FAQ (total score
and subitems), Clock Drawing Test, AVLT (total and subi-
tems), Logical Memory Test, Digit Span Test, Category
Fluency Test, Trail Making Test, Digit Symbol Substitution
Test, Boston Naming Test (Table 2), and all possible com-
binations of the most sensitive instruments selected from
this list. Highly overlapping combinations in the same
domain or category (e.g., ADAS-cog;; + Delayed Word
Recall in which Delayed Word Recall is a component of
ADAS-cog;3) were excluded from the analysis. The best
combination or composite score is Word Recall + Delayed
Word Recall + Orientation + CDR-SB + FAQ, in which
Word Recall, Delayed Word Recall, and Orientation are
from ADAS-cog (Table 3). This proposed composite
endpoint includes cognitive, functional, and global instru-
ments; therefore, it is also in line with the recent draft
FDA guidance for clinical trials in the early stage of AD
[7]. It has higher sensitivity than ADAS-cog;3 or CDR-SB
(Table 4, Fig. 1), indicating improved statistical power for
MCI trials.

Our proposed composite contains similar elements as
those identified in previously reported analyses. Logovin-
sky and colleagues [13] proposed “ADCOMS,” a compos-
ite score derived from ADAS-cog subitems (Delayed Word
Recall, Orientation, Word Recognition, and Word Finding),
MMSE subitems (orientation and construction praxis),
and all of the CDR subitems. The authors applied a
linear regression model to data from MCI subjects in
ADNI-1 and placebo groups of three clinical trials
(NCT00293176, NCT00403520, and ADCS-MCI). The
selected items were combined using weighting factors to

Table 5
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maximize the sensitivity of the composite. Nandini and col-
leagues [12] proposed two composite scores on the basis of
ADNI-1 clinical data. The first one is “TriAD,” a cognitive
endpoint combining Word Recall, Delayed Word Recall,
Orientation, and CDR cognitive components. The second
one is “TriAD-G,” a cognitive-functional endpoint that
adds FAQ to TriAD. In their analysis, sensitive measures
were identified based on standardized mean changes at
2 years and were combined into composite scores. The
most sensitive composites were selected based on their
performance in terms of sample size reduction for 2-year
clinical trials. Comparing to the composite scores proposed
by other researchers using the ADNI data, all of the
composites included some items from the memory domain
of ADAS-cog, and all items from the memory domain of
CDR. Most of the other composites did not use the func-
tional assessment FAQ whereas ours and “TriAD-G” by
Raghavan and colleagues [12] used FAQ to improve
sensitivity. None of the studies that examined all available
clinical scales in ADNI has identified Executive Function
measures (e.g., Trail Making, Digit Symbol, Digit Span,
Category Fluency tests) in the development of sensitive
composites. In summary, although each researcher used
different statistical methodologies and sometimes different
data sets, the cognitive measures in the memory domain
were always selected, and adding some global and/or
functional assessments could improve the performance of
the composite scores.

In addition, the rank of ADAS-cog subitems that was
based on the SNRs was consistent with the rank that was
based on the Fisher’s information used in the IRT analysis
(Table 5). Ueckert and colleagues [14,15] calculated the
information content for each subitem using data from the
ADNI and the Coalition Against Major Diseases (CAMD)
databases (2744 patients in total). The top three items
(Word Recall, Delayed Word Recall, and Orientation) are
the same between our analysis and the IRT analysis. These

Rank of sensitive measure selected from SNR analysis compared with IRT analysis [14,15]

SNR analysis

IRT analysis

Rank Component 24 mo + 36 mo % Total Component Information % Total
1 Orientation (Q7) 1.14 15.3 Delayed Word Recall 4.82 30.1
2 Word Recall (Q1) 1.02 13.7 Word Recall 4.10 25.6
3 Delayed Word Recall (Q4) 0.92 124 Orientation 2.02 12.6
4 Number Cancellation (Q14) 0.66 8.9 Word Recognition 1.91 12.0
5 Word Finding (Q11) 0.6 8.1 Naming Objects and Fingers 1.10 6.9
6 Word Recognition (Q8) 0.56 7.5 Number Cancellation 0.40 2.5
7 Spoken Language (Q10) 0.49 6.6 Construction 0.34 2.1
8 Comprehension (Q12) 0.48 6.5 Word Finding 0.29 1.8
9 Ideational Praxis (Q6) 0.41 55 Remembering 0.25 1.5
10 Commands (Q2) 0.34 4.6 Comprehension 0.21 1.3
11 Recall Instructions (Q9) 0.34 4.6 Ideational Praxis 0.20 1.3
12 Naming (Q5) 0.26 3.5 Spoken Language 0.13 0.8
13 Construction (Q3) 0.22 3.0 Commands 0.12 0.8

Abbreviations: SNR, signal-to-noise ratio; IRT, Item Response Theory.

NOTE. Bold indicates ADAS-cog individual items selected for the development of composite scores.



412 Y. Huang et al. / Alzheimer’s & Dementia 11 (2015) 404-414

consistent results indicate that the selected cognitive items
(Word Recall, Delayed Word Recall, and Orientation)
could be the most sensitive items from ADAS-cog and
would be the best candidates among the ADAS-cog subitems
for constructing composite endpoints.

Biomarkers have been playing an important role in AD
drug development. Dubois and colleagues [20,21] proposed
a revision of the diagnosis of AD on the basis of the recent
advance of technology and understanding of pathology,
widening the range of its categories to encompass
predementia and dementia phases. The new criteria include
at least one ‘“abnormal” biomarker among structural
neuroimaging with magnetic resonance imaging, molecular
neuroimaging with positron emission tomography, and
CSF analysis of A or tau proteins. Some other researchers
have examined the subpopulation enriched by baseline
CSF ApBj.4, in their composite score analysis [12]. We
examined three subpopulations with amyloid burden
measured by CSF AB;_4,, low hippocampal volume, and
positive APOE €4 status, respectively. The sensitive
measures found in the enriched populations were consistent
with the MCI population, and the same composite score was
identified for the overall and enriched populations. The
SNR values were higher in the enriched populations than
the overall population, suggesting that an enrichment
strategy may further improve the statistical power in clinical
trials.

Among different types of composite endpoints (e.g.,
patient-level total score, index score derived from multiple
item scores, and time to first event derived from multiple cat-
egories of events), our analysis was about the development
of a total score from multiple items. In addition to our
method, there are several other analytical approaches for
constructing total scores as composite endpoints. The partial
least squares (PLS) regression used by Logovinsky and col-
leagues [13] is one of them, in which a linear regression
model was used to identify and combine sensitive measures.
Rasch Measurement Theory (RMT) used in Hobart and col-
leagues [22] and IRT used in Ueckert and colleagues [14,15]
can generate information-based ratings for individual items
according to their responsiveness in the population. Our
analysis found consistent results as those based on IRT
(Table 5). Partitioning trees (e.g., Llano and colleagues
[23]) and other machine learning models may be used to
generate composite scores for discriminating between popu-
lations.

There are in general two types of strategies to improve
the sensitivity of a composite score: finding more optimal
weights for the individual items or adding more content
(or items) to broaden the scope of domain coverage. Our
work was essentially an extension of the latter. Not only
did we add sensitive scales, we also eliminated the items
that were just adding noise. Although some other
researchers have attempted to develop more sensitive
composite scores using weighting factors (e.g., model coef-
ficients) derived from the data set used in the analysis [13],

our goal at this point was to develop a sensitive measure in
a clinical trial setting that is easy to use and standardize;
therefore, data-driven weighing systems were not consid-
ered. As described in the Methods, the sensitive measures
for the development of composite scores were selected
simply based on sensitivity at various time points during
the course of the disease, and our analysis was not depen-
dent on parametric models, which makes the developed
composite score less prone to assumption errors or bias.
In addition, we applied a simple sum to the components
of the composite score because data-dependent weighting
factors may require more data sets to test their reliability
before standardizing the composite score for clinical use.
Therefore, our derived composite that was based on a sim-
ple sum of existing instruments may be a better choice for
clinical trial endpoints because a simple sum is easy to
standardize and implement across studies and to explain
and interpret for clinicians.

There are some limitations of and potential improve-
ments to our analysis. Firstly, although ADNI is a quality
study and its population is close to those who would be
enrolled into clinical trials, it is an observational study
without treatment intervention; therefore, the generaliz-
ability of the proposed composite endpoint, including its
underlying assumptions for testing hypothetical treatment
effects, has yet to be determined in real clinical trials.
Secondly, our search for sensitive measures was restricted
to the clinical assessments administered in ADNI. Other
clinical measures or different versions of the same mea-
sures that were not used by ADNI may have great sensi-
tivity to disease progression in the MCI, especially in an
epidemiologically selected real-life population. Analyzing
data sets with a larger pool of sensitive assessments may
result in even more sensitive composite scores. Lastly, the
nominal visit time and the actual visit time in ADNI did
not always coincide with each other. We have used the
nominal visits in the ADNI data sets because most sub-
jects had their actual visits occur near the times that
were close to the nominal visit times. For the nominal
visits at 12, 24, and 36 months, the actual visit time
from baseline had an interquartile range of 11.9-
12.2 months, 23.9-24.5 months, and 35.9-36.6 months,
respectively. However, there were some subjects whose
actual visit times deviated from the nominal visit times.
The actual visit time from baseline for the nominal 12-,
24-, and 36-month visits ranged from 11.0-23.9 months,
21.4-36.4 months, and 29.7-54.1 months, respectively.
Refinement of the analysis using the actual visit times
may improve the accuracy in modeling the disease
progression over time and can be explored in future
research. Another future research direction can be the
assessment of validity and reliability of the proposed
composite measure. Our analysis focused on the
identification of sensitive measures and development of
more sensitive composites. However, validity is also an
important aspect of any measure and needs careful
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theoretical considerations and comprehensive data ana-
lyses. Validity and reliability of this sensitive composite
endpoint may be assessed when more data are available
(e.g., when the ADNI-2 data are more mature, or some
clinical trial data are available).

5. Conclusion

A simple composite score is derived from the existing
clinical endpoints that have been widely used in mild to
moderate AD clinical studies. The derived composite score
is sensitive to disease progression in the MCI population
and to detecting hypothetical disease-modifying treatment
effects tested in MCI trials, and it is easy to use and stan-
dardize across studies. The components of the composite
overlap with those identified in previously proposed com-
posite scores as well as the IRT analysis.
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RESEARCH IN CONTEXT

1. Systematic review: The authors identified and evalu-
ated the scientific question and relevant knowledge
through channels including participation in AD work-
ing initiatives (e.g., CAMD AD), interaction with
health regulators, and literature review using online
sources (e.g., PubMed). The accumulated knowledge
indicated a great need for a reliable and sensitive clin-
ical endpoint for the MCI or early AD trials.

2. Interpretation: We proposed a composite score
derived from the existing clinical endpoints that
demonstrated higher sensitivity in the MCI popula-
tion, and it is easy to implement and standardize
across studies.

3. Future directions: The proposed composite score can
be used as a clinical endpoint to design more efficient
MCI trials to screen potential disease-modifying
treatments for early signs of efficacy. Validation of
this composite score may be conducted when the
ADNI-2 data are more mature or some clinical trial
data are available.
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