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It is unclear whether episodic memory is an appropriate descriptor of the cognitive continuum in mild
cognitive impairment (MCI). Here, we investigated the ability of episodic memory to track cognitive
changes in patients with MCI with biomarker evidence of Alzheimer's disease (AD). We examined 387
MCI amyloid-positive subjects, cognitively staged as “early” or “late” on the basis of episodic memory
impairment. Cross-sectional and longitudinal comparisons between these 2 groups were performed for
each amyloid, tau, and neurodegeneration (AT(N)) profile. Cross-sectional analyses indicate that “early”
MCI represents a transitional phase between normal cognition and “late” MCI in the AD biomarker
pathway. After adjusting by confounders and levels of A, T, and (N), “late” MCI progressed significantly
faster than “early” MCI only in profiles with both abnormal amyloid and tau markers (AþTþ(N)� p <

0.05, AþTþ(N)þ p < 0.001). Episodic memory staging is useful for describing symptoms in prodromal AD
and complements the AT(N) profiles. Our findings might have implications for the Numeric Clinical
staging scheme of the National Institute on Aging and Alzheimer's Association research framework.

� 2019 Elsevier Inc. All rights reserved.
1. Introduction

Recent research efforts shifted toward a biological description of
Alzheimer's disease (AD) in terms of in vivo biomarkers of brain
amyloidosis (A), tauopathy (T), and neurodegeneration (N), all of
them integrated in the purported AT(N) scheme (Jack et al., 2016).
This system plays a central role in the National Institute on Aging
and Alzheimer's Association (NIA-AA) research framework (Jack
et al., 2018), in which the definition of AD relies only on the
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presence of abnormal levels of both A and T (AþTþ), whereas (N)
biomarkers and cognitive symptoms, both nonspecific for AD,
provide complementary staging information (Jack et al., 2018).

Apart from the 3 classical syndromal cognitive stages, that is,
cognitively unimpaired (CU), mild cognitive impairment (MCI), and
dementia, the NIA-AA research framework proposed a new 6-stage
numeric clinical (NC) staging scheme for patients in the Alzheimer's
continuum (patients with Aþ). Although this staging scheme is
designed to monitor subtle changes in cognition in CU individuals,
only a single stage (stage 3) is used to describe the entire cognitive
continuum of MCI.

In an attempt to stage cognitive symptoms in MCI, the Alz-
heimer's Disease Neuroimaging Initiative (ADNI) and other studies
defined the “early” and “late” stages of MCI on the basis of episodic
memory performance (Aisen et al., 2010; Jessen et al., 2014;
Petersen et al., 2010). Many studies demonstrated differences be-
tween these 2 groups, namely, slower progression rates to AD de-
mentia (Aisen et al., 2010; Jessen et al., 2014), different prevalence
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in the community in comparison with the clinic (Jessen et al., 2014;
Petersen et al., 2010), and different neuropathologic features (Cai
et al., 2015; Lee et al., 2016, 2017; Risacher et al., 2013;
Wolfsgruber et al., 2013; Wu et al., 2012; Ye et al., 2014), support-
ing the idea of a sequential evolution between these 2 groups.
However, recent evidence has suggested that the observed differ-
ences might be caused by the high number of false positive MCI
diagnoses in the early MCI group (Edmonds et al., 2014, 2015, 2019;
Thomas et al., 2019), casting doubt on the effectiveness of this
staging scheme to track the cognitive continuum in AD.
Moreover, no previous study has investigated whether episodic
memory provides independent information about severity and
progressionwhen applying the NIA-AA research framework criteria
to define AD.

In this study, we investigated whether episodic memory staging
describes the sequential evolution of cognitive symptoms in pa-
tients with MCI with biomarker evidence of AD, as defined by the
NIA-AA research framework, and whether it provides comple-
mentary prognostic information to the AT(N) profiles.

2. Methods

2.1. Study design

Data used in the preparation of this article were obtained from
the ADNI database http://adni.loni.usc.edu. The ADNI was launched
in 2003 as a public-private partnership, led by the Principal
Investigator Michael W. Weiner, MD. The primary goal of ADNI has
been to test whether serial MRI, PET, other biological markers, and
clinical and neuropsychological assessment can be combined to
measure the progression of MCI and early AD. Data were down-
loaded from the LONI website in November 2018.

2.2. Participants

We examined all the patients in the ADNI1/GO/2 study with
available clinical, MRI and cerebrospinal fluid (CSF) data at the
baseline. The diagnostic categories included, as defined in the ADNI
study, were cognitively normal (CN), subjective memory com-
plaints (SMC), early MCI (EMCI), late MCI (LMCI), and AD dementia.
CN and SMC subjects had MinieMental State Examination (MMSE)
scores of 24e30, a Global Clinical Dementia Rating (CDR) and
Memory Box Score of 0, scores in the Logical Memory II Delayed
Recall test from the Weschler Memory Scale-Revised (Weschler,
2008) not below 1.5 standard deviations from normative scores,
and absence of significant impairment in cognitive functions or
activities of daily living. CN and SMC differed only in the presence of
subjective memory concerns. EMCI and LMCI had the same MMSE
range as CN and SMC, a Global CDR of 0.5, a Memory Box Score of at
least 0.5, and functional performance sufficiently preserved to not
being considered demented. The inclusion criteria for EMCI and
LMCI differed only in the score obtained in the Logical Memory II
Delayed Recall test from the Weschler Memory Scale-Revised
(Weschler, 2008), with LMCI patients scoring below 1.5 standard
deviations from normative data and EMCI scoring between 1 and
1.5 standard deviations below the standard. Finally, AD dementia
patients had MMSE scores of 20e26, a Global CDR of 0.5 or 1, and
met the NINCDS/ADRDA criteria for probable AD. Although patients
with MCI were the main focus of our case, the remaining cohorts
were also included in a cross-sectional analysis to determine
whether EMCI represents a transitional stage between SMC and
LMCI in terms of biomarker abnormalities. Further details can be
found at http://adni.loni.usc.edu/methods/documents/. Only pa-
tients with MCI with clinically suspected MCI due to AD at the
baseline, as reported by the ADNI investigators, were included.
A total of 1147 patients, including 267 CN, 88 SMC, 252 EMCI, 324
LMCI, and 216 AD dementia had all available clinical, imaging, and
CSF examinations.

2.3. Cerebrospinal fluid

CSF measurements of Ab42, phosphorylated tau181 (p-tau), and
total tau (t-tau) were performed by the Center of Neurodegenera-
tive Disease Research, University of Pennsylvania, for ADNI. We
downloaded the measurements from the Roche Elecsys electro-
chemiluminescence immunoassay batch. Recent evidence indicates
that this fully automated assay provides transferable cut-points
between independent studies (Hansson et al., 2018) which might
result in a higher applicability of the findings of this study. A
detailed description of the procedures used for CSF analysis can be
found at http://adni.loni.usc.edu/methods/.

2.4. Magnetic resonance imaging

All the examined patients had a T1-weighted MRI (1.5T or 3T)
scan at the baseline. A detailed MRI acquisition protocol of the
different parts of the ADNI project can be found at http://adni.loni.
usc.edu/methods/documents/. T1 scans were segmented with
Freesurfer v5.1 (Fischl, 2012). The ADNI collaborators at the Center
for Imaging of Neurodegenerative Diseases at University of Cali-
fornia, San Francisco, performed a thorough quality control of their
own Freesurfer segmentations. We only included those patients
with segmentations of the hippocampus that passed the ADNI
quality control. Only nonacceleratedMPRAGE or IR-SPGR sequences
were used. We estimated total intracranial volume (TIV) with
SPM12 (Malone et al., 2015; Penny et al., 2007) because this mea-
sure demonstrated to be more accurate than the Freesurfer TIV
(Malone et al., 2015) and because the Freesurfer TIV is biased by
brain volume (Klasson et al., 2018). Given that the variability
associated to different field strengths is small and comparable with
within-scanner variability (Jack et al., 2015; Jovicich et al., 2009), we
combined 1.5T and 3T volumetric measures and included a term to
account for field strength in our linear analyses (see
Implementation of the AT(N) framework and Supplementary
Material for more details).

2.5. Neuropsychology

Cognition measures, as assessed by MMSE and the Clinical De-
mentia RatingdSum of Boxes (CDR-SB) (O'Bryant et al., 2008), were
obtained at the baseline and in subsequent follow-up visits for all
the participants, although we restricted the analysis to patients
with MCI given that the goal of this study is to investigate the
prognostic added value of the proposed NC substages.

2.6. Implementation of the AT(N) framework

We implemented the AT(N) framework using CSF Ab42 and p-
tau as markers of A and T, respectively, whereas hippocampal at-
rophy measured with MRI was used as a biomarker of (N). These
measures are standard markers of A, T, and (N) in the NIA-AA
research framework (Jack et al., 2018), and represent an accessible
AT(N) implementation for most of the hospitals and memory
clinics. CSF t-tau was not used here as (N) biomarker because of its
tight correlation with p-tau in AD (Blennow et al., 1995) and
because recent evidence suggests that CSF neurofilament light
chain might be the most suitable CSF-based (N) marker (Kern et al.,
2018).

Following recent recommendations, no adjustment for age was
performed in CSF biomarkers (Herukka et al., 2017). To obtain an
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index for (N), we used the average between left and right hippo-
campal volumes normalized by TIV, and adjusted by age and field
strength using linear regression in the subsample of CN with A�, as
defined in the following. By including the field strength term
(categorical), we account for the small bias introduced by the
different field strengths (Jovicich et al., 2009). A detailed descrip-
tion of this approach can be found in the Supplementary Material.
This index is referred to as adjusted hippocampal volume (aHV) and
increases with atrophy severity.

The AT(N) framework requires the definition of cut-points that
establish the separation between normal (negative) and abnormal
(positive) levels of biomarkers. For our A marker, we established an
externally derived cut-point of 1100 pg/cc based on agreement with
amyloid PET imaging (Hansson et al., 2018; Schindler et al., 2018;
Shaw et al., 2018). For T and (N), however, no externally derived
cut-points that directly reflect tauopathy or neurodegeneration
have been established for the Roche Elecsys assay and MRI under
the ADNI protocol. To derive independent cut-points to be applied
in our CN andMCI cohorts, we established cut-points using the 10th
percentile (90% sensitivity) of the biomarker distribution among AD
dementia patients with Aþ, as defined by the aforementioned A
cut-point. We used this approach because it provided similar im-
aging cut-points to those obtained by maximizing the discrimina-
tion between cognitively impaired patients versus young controls
(Jack et al., 2017), which arguably represents the most reliable
alternative when no direct neuropathology measures are available.
2.7. NC staging

Following the definition of the NC staging in the NIA-AA
research framework (Jack et al., 2018), ADNI CN subjects with Aþ
can be regarded as stage 1, SMC with Aþ as stage 2, and EMCI and
LMCI with Aþ as stage 3. To keep a similar nomenclature, we
defined a subdivision of stage 3 patients into early and late sub-
stages (early stage 3 and late stage 3) following the same neuro-
psychological criteria used to define EMCI and LMCI (Aisen et al.,
2010). Aþ AD dementia patients are mildly demented and thus
can be regarded as stage 4.
Table 1
Demographic information for Aþ (abnormal CSF Ab42 levels) participants

NC stage Stage 1 Stage 2 E. Stage 3 L. Stage 3 Stage 4 p value

N 113 32 132 255 200

Demographics
Age (y) 75 � 6 73 � 5 73 � 7 74 � 7 74 � 8 0.14
Female (%) 50 69 38 37 42 0.021
Education (y) 16 � 3 17 � 2 16 � 3 16 � 3 15 � 3 0.032
MMSE 29 � 1 29 � 1 28 � 2 27 � 2 23 � 2 <0.001
CDR-SB 0 � 0 0 � 0 1 � 1 2 � 1 4 � 2 <0.001
Follow-up (y) 5 � 3 3 � 2 4 � 2 4 � 2 N/A <0.001
APOE ε4
carriers (%)

40 59 58 63 74 <0.001

Continuous variables are reported as means �standard deviation. p values were
calculated using a Kruskal-Wallis test (continuous variables) or a c2 test (categorical
variables).
Key: NC, numeric clinical; E. stage 3, early stage 3; L. stage 3, late stage 3; MMSE,
MinieMental State Examination score; CDR-SB, Clinical Dementia RatingdSum of
Boxes; APOE, apolipoprotein E; N/A, not assessed.
2.8. Statistical analysis

We used Kruskal-Wallis tests to evaluate differences in de-
mographic continuous variables among the different NC stages. The
Tukey-Kramer method was applied for pairwise comparisons.
Discrete demographic variables were compared using the c2 test.

We used a one-tailed exact binomial test to assess the hypoth-
esis that stage 1 and stage 2 patients progressed first to early
stage 3.

Cross-sectional proportions of each biomarker profile across the
NC stages were compared using a logistic regression for each AT(N)
profile with profile status (absent or present) as the dependent
variable and NC stage as the independent variable. The model was
adjusted for age, sex, education years, number of APOE ε4 alleles,
and baseline MMSE score.

Annual rates of change of MMSE and CDR-SB across the NC
substages were compared by fitting a linear mixed effects model for
each AT(N) profile. The model included a random intercept per
subject, and fixed effect terms for NC substage, the interaction be-
tween NC substage and time, time, covariates, and the interaction
between each covariate and time. The covariates included age, sex,
education years, number of APOE ε4 alleles, baseline cognitive score
under consideration (MMSE or CDR-SB), and, as a sensitivity anal-
ysis, levels of CSF Ab42, p-tau, t-tau, and age- and TIV-adjusted
hippocampal volume. The adjusted mean rate of change, using
late stage 3 as reference, was obtained from the coefficient of the
interaction between NC substage and time.

We assessed the time of progression to AD dementia computing
Kaplan Meier survival curves and fitting a cox proportional hazards
model for each profile. The model was adjusted by the same
covariates, including both baseline MMSE and CDR-SB, described
previously.

F tests were used to assess the significance of model coefficients.
Post hoc contrasts were conducted for pairwise comparisons. The
significance level was set a ¼ 0.05. The Bonferroni correction was
applied to correct for multiple inferences. We reported two-tailed p
values, except for the binomial exact test. The Statistics and Ma-
chine Learning Toolbox from MATLAB (R2017a) (https://es.
mathworks.com/help/pdf_doc/stats/stats.pdf) was used for all
statistics.

3. Results

3.1. Cohort characteristics

The proportion of patients with Aþ increased with symptom-
atology: 113 (42%) CN had Aþ, 32 (36%) in SMC, 132 (52%) in EMCI,
255 (79%) in LMCI, and 200 (93%) in AD dementia. Demographic
information for A� participants is presented in Supplementary
Table 1. Table 1 shows the characteristics of the Aþ participants
examined in this study, stratified by NC stages and the proposed
substaging.

Each stage had small differences in age, sex, and education.
Cognitive measures worsened with increasing stage, with early
stage 3 representing a trade-off between stage 2 and late stage 3.
APOE genotype followed the expected trend. Pairwise comparisons
between early and late stage 3 only showed that early stage 3 had
significantly higher baseline MMSE score (median difference 1, 95%
CI: 1 to 2; p < 0.001). Post hoc analyses can be found in the
Supplementary Material. Biomarker levels also had a higher rate of
abnormality in the progression of NC stages (Fig. 1). Again, early
stage 3 levels demonstrated to imbricate between stage 2 and late
stage 3, specially for T and (N) markers. Late stage 3 displayed
significantly more abnormal biomarker levels than early stage 3 (p
< 0.05 for all the biomarkers). Biomarker levels for A� participants
are presented in Supplementary Fig. 1.

3.2. AT(N) profiles across NC stages

The 90% sensitivity approach used to derive biomarker cut-
points yielded the following results: p-tau cut-point ¼ 19.39 pg/
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Fig. 1. Box plots showing biomarker levels across the different numeric clinical stages and substages. aHV stands for intracanial volume-, field strength-, and age-adjusted hip-
pocampal volume, and is higher and positive for higher atrophies. Abbreviations: CSF, cerebrospinal fluid; E. stage 3, early stage 3; L. stage 3, late stage 3.
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cc and aHV cut-point ¼ 1.82 � 10�4. Fig. 2 shows the prevalence of
the AT(N) profiles for each stage. Demographic information for each
profile in early and late stage 3 can be found in Supplementary
Table 2. The proportion of AþTþ(N)þ increased at every NC stage
(stage 1 < early stage 3 < late stage 3, p < 0.01 for each compari-
son), whereas in AþTþ(N)� and AþT�(N)� decreased (for
AþTþ(N)�, early stage 3 > late stage 3, p < 0.05; for AþT�(N)�,
stage 1> early stage 3> late stage 3, p< 0.01 for each comparison).
No significant differences in prevalence were observed for
AþT�(N)þ.

3.3. Longitudinal progression of stage 1 and 2 patients

During follow-up, 28 stage 1 and 7 stage 2 patients progressed to
other stages on an average of 4.1 � 2.6 and 2.6 � 1.2 years,
respectively. Nineteen stage 1 and 3 stage 2 progressed to early
stage 3, whereas the rest progressed to late stage 3. No direct
transitions to stages 4e6 were observed. We regarded early stage 3
as those who progressed to a clinical diagnosis of MCI but had
neuropsychological scores above (more normal) the limits specified
in the ADNI inclusion criteria. The proportion of stage 1 and 2 pa-
tients who transitioned to early stage 3 was higher than that of late
stage 3 (65%, p ¼ 0.043).

3.4. Cognitive decline

To ascertain whether the new NC stages provided prognostic
information to the AT(N) profiles we conducted linear mixed effects
models for longitudinal measures of MMSE and CDR-SB. Table 2
shows the mean difference in annual rates of change for early
Fig. 2. Sample sizes and prevalence of each AT(N) profile for patients in the Alzheimer's c
L. stage 3, late stage 3.
stage 3 compared with late stage 3 patients. Overall, early stage 3
patients showed a slower decline on both MMSE and CDR-SB than
patients in late stage 3 (Fig. 3), with significant differences in
AþTþ(N)� and AþTþ(N)þ profiles. Additional sensitivity analyses
for varying p-tau and aHV cut-points (�15% around the values
derived here) can be found in Supplementary Fig. 2, showing the
stability of the results.

3.5. Progression to AD dementia

At follow-up, 41 early stage 3 and 147 late stage 3 progressed to
AD dementia (see Supplementary Table 3 for details). Fig. 4 shows
KaplanMeier survival curves and hazard ratios for 3 of the 4 profiles
(AþT�(N)� had only 6 progressions to AD dementia and was
excluded from the analysis). Late stage 3 patients had higher risk of
progression to AD dementia than early stage 3, this risk being
significantly higher for AþTþ(N)þ patients but not for those with
AþTþ(N)� (Fig. 4). Patients with an AþT�(N)þ profile showed a
similar risk of progression to AD dementia. Sensitivity analyses for
varying p-tau and aHV cut-points, presented in Supplementary
Fig. 2, showed that these results were robust under slight varia-
tions in cut-points.

4. Discussion

In the study presented here, we investigated the effectiveness of
episodic memory as a descriptor of the cognitive continuum in
patients with MCI with biomarker evidence of AD. Although prior
work had already drawn comparisons between the early and late
stages of MCI in terms of progression and pathologic features (Aisen
ontinuum, across each numeric clinical stage. Abbreviations: E. stage 3, early stage 3;



Table 2
Difference in annual change of cognitive measures in early stage 3 compared with
late stage 3

Variable Difference in annual change (pts/y) p value

MMSE
AT(N)
AþT�(N)� 0.16 (�0.08e0.40) 0.20
AþTþ(N)� 0.35 (0.17e0.53) <0.001
AþTþ(N)þ 0.42 (0.19e0.64) <0.001
AþT�(N)þ 0.20 (�0.02e0.41) 0.07

CDR-SB
AT(N)
AþT�(N)� �0.19 (�0.34 to �0.03) 0.02
AþTþ(N)� �0.27 (�0.40 to �0.15) <0.001
AþTþ(N)þ �0.50 (�0.64 to �0.35) <0.001
AþT�(N)þ �0.05 (�0.21 to 0.10) 0.50

A positive (negative) difference in annual change of MMSE (CDR-SB) means that the
decline of early stage 3 is slower than in late stage 3. Quantities between paren-
theses are 95% CI.
Key: L. stage 3, late stage 3; E. stage 3, early stage 3; MMSE, MinieMental State
Examination score; CDR-SB, Clinical Dementia RatingdSum of Boxes.
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et al., 2010; Cui et al., 2015; Jessen et al., 2014; Lee et al., 2016, 2017;
Petersen et al., 2010; Risacher et al., 2013; Wolfsgruber et al., 2013;
Wu et al., 2012; Ye et al., 2014), this is, to our knowledge, the first
study inwhich the comparison has been performed among subjects
with biomarker confirmation of AD, as defined by the NIA-AA
research framework (Jack et al., 2018). This is extremely impor-
tant because recent studies have suggested that the high number of
false-positive MCI diagnoses in the EMCI group might have influ-
enced previous results (Edmonds et al., 2014, 2015, 2019; Thomas
et al., 2019), leaving the efficacy of the episodic memory staging
to track cognition in prodromal AD unclear.

In contribution to solving for the aforementioned problem, our
cross-sectional results suggest that early stage 3 represents a
transitional stage between stage 2 and late stage 3 in the patho-
physiological progression of the disease (Figs. 1 and 2). Moreover,
Fig. 2 indicates that biomarker abnormalities evolve according to an
AþT�(N)� / AþTþ(N)� / AþTþ(N)þ temporal progression
(Bateman et al., 2012; Jack et al., 2011; Jack and Holtzman, 2013), in
which early stage 3 fits in the expected way, that is, with more
(fewer) AþTþ(N)þ (AþT�(N)�) profiles than in stages 1 and 2 but
fewer (more) than in late stage 3. The longitudinal tracking of stage
Fig. 3. Longitudinal progression of MinieMental State Examination and Clinical Dementia R
linear mixed models evaluated at mean values of continuous covariates and reference cate
fidence intervals. Abbreviations: MMSE, MinieMental State Examination; CDR-SB, Clinical D
1 and 2 patients showed that the most probable transition was to
early stage 3, supporting our hypothesis that this stage represents
not only a transitional phase in terms of biomarker profiles but also
accurately describes the cognitive continuum of AD.

We also investigated whether episodic memory staging of stage
3 patients was indicative of patient progression for a given AT(N)
profile. We found that cognitive decline and progression to AD
dementia were faster in late stage 3 than in early stage 3 patients
only for AD-type profiles (profiles with AþTþ) (Table 2 and Figs. 3
and 4). This finding was independent of intraprofile levels of
Ab42, p-tau, t-tau, and hippocampal atrophy, suggesting that
episodic memory actually provides complementary information
about the severity of the disease. It is not clear, however, to what
extent these differences in progression can be attributed to a more
fine-grained staging system rather than to differences in cognitive
reserve (Stern, 2012, 2006) or concomitant pathology burden. Un-
der the cognitive reserve scenario, some subjects would exhibit less
impaired cognition than expected for a given burden of AD
neuropathologic changes. In this context, our early stage 3 patients
might represent subjects with high cognitive reserve, although it is
also possible that the higher impairment of late stage 3 patients
might be due to the presence of concomitant pathologies. For
instance, vascular pathology is known to accelerate cognitive
deterioration (Helzner et al., 2009; Li et al., 2011) and recent evi-
dence suggest that vascular pathology might be a core AD feature
(Lee et al., 2016).

Regardless of the origin of cognitive differences between early
and late stage 3 patients, the significantly divergent outcomes
observed in this study indicate that proper accounting for these
substages might result in a better prediction of cognitive decline
and, thus, in increased power for interventional trials using profile-
based participant selection. In addition, the rapid progression to AD
dementia observed in AþTþ LMCI suggests that these patients
might be appropriate candidates for symptomatic treatment,
allowing to treat symptoms earlier in the disease course.

Episodic memory staging may also help to harmonize prognosis
results obtained across different stage 3 cohorts. Because current
guidelines for the definition of stage 3 or MCI leave the definition of
abnormality cut-points in cognitive scores to the discretion of the
researcher (Albert et al., 2011; Dubois et al., 2014; Dunn, 2018; Jack
et al., 2018), the proportion of patients in the early stage might vary
atingdSum of Boxes for each biomarker profile and substage, as predicted by the fitted
gorical covariates (males and APOE ε4 noncarriers). Shaded areas represent 95% con-
ementia RatingdSum of Boxes.



Fig. 4. Survival curves for the progression to AD dementia, according to AT(N) profiles and substages. Hazard ratios are defined as early versus late stage 3. We did not include the
AþT�(N)� because only 3 conversions to AD were observed for each substage. Dashed lines represent 95% confidence intervals.
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dramatically from cohort to cohort, resulting in a wide range of
estimates of prognostic accuracy for the different biomarkers of AD
(Prestia et al., 2015, 2013). This variability was one of the main
factors that hampered the development of recommendations
regarding the use of CSF and imaging biomarkers in predicting
short-term decline (Herukka et al., 2017). Differences might be even
more disparate in community cohorts, in which EMCI prevalence is
much higher than in the clinic (Jessen et al., 2014; Petersen et al.,
2010). In this regard, accounting for substages seems to be a
promising approach to reduce variability across different stage 3
cohorts, improving the quality of the evidence for the development
of new guidelines.

Our analysis has also revealed the heterogeneous nature of the
AþT�(N)þ profile. Regarded as a combination of early AD patho-
logic changes and other non-AD conditions (Jack et al., 2018), this
profile has proven to be equally likely across the different stages
(Fig. 2) and, therefore, seems to lie outside the biomarker pro-
gression observed in the other 3 profiles of the Alzheimer's con-
tinuum. Not to mention, rates of progression were similar in early
and late stage 3, suggesting that episodic memory is not useful in
predicting progression when the impairment is caused by other
non-AD conditions. Furthermore, Figs. 3 and 4 show that cognitive
decline and conversion to AD dementia was faster for AþTþ(N)þ
profiles in comparison to AþT�(N)þ, confirming that the addition
of the T biomarker predicts faster progression (Cummings, 2018;
Jack et al., 2018) compared with previous amyloid-
neurodegeneration schemes (Albert et al., 2011; Dubois et al., 2014).

This study has strengths. First, by comparing early and late MCI
subjects with biomarker evidence of AD we excluded false-positive
MCI diagnoses that potentially contaminated the findings of pre-
vious studies, increasing the reliability of our findings. Second, by
performing an analysis based on the AT(N) framework we provided
first-time evidence indicating that episodic memory is an accurate
descriptor of the AD cognitive pathway only in patients with the
NIA-AA research framework definition of AD (AþTþ). Third, our
findings might help to refine the NC staging scheme, describing
symptom progression more accurately at the MCI stage.

Our study was not without its limitations. Given the lack of
autopsy-validated cut-points reflecting tauopathy or neuro-
degeneration in published literature, we used an alternative
method which does not reflect brain pathology directly, but that
provides similar imaging cut-points to those obtained when
discriminating between cognitively normal young and Aþ cogni-
tively impaired subjects (Jack et al., 2017). Biomarker values close to
the cut-point were commonly found, which might limit the appli-
cability of our results for subjects with borderline biomarker levels.
We combined 1.5T and 3T data in our analyses, which, despite the
statistical corrections we used, might have influenced our results.
Although many cognitive tests can be used to objectively assess a
memory deficit, only the Logical Memory II Delayed Recall test from
theWeschler Memory Scale-Revised was used in this study. It is not
clear whether the categorization into early and late stage 3 might
vary using different tests, leading to better or worse staging and
prognostic information. Another limitation is that ADNI MCI co-
horts represent only a highly preselected fraction of patients with
MCI and, therefore, conclusions made here regarding different MCI
cohorts and community MCI samples are plausible but need future
confirmation. Further investigations are needed to confirm the
observed differences in early stage 3 versus stage 2, given the low
number of the latter studied here.

In conclusion, our findings might help to describe the symp-
tomatic progression in AD more accurately, leading to a potential
refinement of the NC staging scheme that will result in power in-
creases for profile-based clinical trials.

Disclosure

The authors have no actual or potential conflicts of interest.

Acknowledgements

Data collection and sharing for this project was funded by the
Alzheimer's Disease Neuroimaging Initiative (National Institutes of
Health Grant U01 AG024904) and DOD ADNI (Department of De-
fense award number W81XWH-12-2-0012). ADNI is funded by the
National Institute on Aging, the National Institute of Biomedical
Imaging and Bioengineering, and through generous contributions
from the following: AbbVie, Alzheimer's Association; Alzheimer's
Drug Discovery Foundation; Araclon Biotech; BioClinica, Inc.; Bio-
gen; Bristol-Myers Squibb Company; CereSpir, Inc.; Cogstate; Eisai
Inc.; Elan Pharmaceuticals, Inc.; Eli Lilly and Company; EuroImmun;
F. Hoffmann-La Roche Ltd and its affiliated company Genentech,
Inc.; Fujirebio; GE Healthcare; IXICO Ltd.; Janssen Alzheimer
Immunotherapy Research & Development, LLC.; Johnson & Johnson
Pharmaceutical Research & Development LLC.; Lumosity; Lund-
beck; Merck & Co., Inc.; Meso Scale Diagnostics, LLC.; NeuroRx
Research; Neurotrack Technologies; Novartis Pharmaceuticals Cor-
poration; Pfizer Inc.; Piramal Imaging; Servier; Takeda Pharma-
ceutical Company; and Transition Therapeutics. The Canadian
Institutes of Health Research is providing funds to support ADNI
clinical sites in Canada. Private sector contributions are facilitated
by the Foundation for the National Institutes of Health (www.fnih.

http://www.fnih.org


A. Moscoso et al. / Neurobiology of Aging 84 (2019) 1e8 7
org). The grantee organization is the Northern California Institute
for Research and Education, and the study is coordinated by the
Alzheimer's Therapeutic Research Institute at the University of
Southern California. ADNI data are disseminated by the Laboratory
for Neuro Imaging at the University of Southern California.

This work was partially supported by the project PI16/01,416
(ISCIII co-funded FEDER) and RYC-2015/17430 (Ramóny Cajal, Pablo
Aguiar).

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.neurobiolaging.2019.07.014.

References

Aisen, P.S., Petersen, R.C., Donohue, M.C., Gamst, A., Raman, R., Thomas, R.G.,
Walter, S., Trojanowski, J.Q., Shaw, L.M., Beckett, L.A., Jack Jr., C.R., Jagust, W.,
Toga, A.W., Saykin, A.J., Morris, J.C., Green, R.C., Weiner, M.W., Alzheimer's
Disease Neuroimaging Initiative, 2010. Clinical core of the Alzheimer’s disease
neuroimaging Initiative: progress and plans. Alzheimers Dement. 6, 239e246.

Albert, M.S., DeKosky, S.T., Dickson, D., Dubois, B., Feldman, H.H., Fox, N.C., Gamst, A.,
Holtzman, D.M., Jagust, W.J., Petersen, R.C., Snyder, P.J., Carrillo, M.C., Thies, B.,
Phelps, C.H., 2011. The diagnosis of mild cognitive impairment due to Alz-
heimer’s disease: recommendations from the National Institute on Aging-Alz-
heimer’s Association workgroups on diagnostic guidelines for Alzheimer’s
disease. Alzheimers Dement. 7, 270e279.

Bateman, R.J., Xiong, C., Benzinger, T.L., Fagan, A.M., Goate, A., Fox, N.C., Marcus, D.S.,
Cairns, N.J., Xie, X., Blazey, T.M., Holtzman, D.M., Santacruz, A., Buckles, V.,
Oliver, A., Moulder, K., Aisen, P.S., Ghetti, B., Klunk, W.E., McDade, E.,
Martins, R.N., Masters, C.L., Mayeux, R., Ringman, J.M., Rossor, M.N.,
Schofield, P.R., Sperling, R.A., Salloway, S., Morris, J.C., Dominantly Inherited
Alzheimer Network, 2012. Clinical and biomarker changes in dominantly
Inherited Alzheimer's disease. N. Engl. J. Med. 367, 795e804.

Blennow, K., Wallin, A., Agren, H., Spenger, C., Siegfried, J., Vanmechelen, E., 1995.
Tau protein in cerebrospinal fluid: a biochemical marker for axonal degenera-
tion in Alzheimer disease? Mol. Chem. Neuropathol. 26, 231e245.

Cai, S., Huang, L., Zou, J., Jing, L., Zhai, B., Ji, G., von Deneen, K.M., Ren, J., Ren, A.,
Alzheimer’s Disease Neuroimaging Initiative, 2015. Changes in thalamic con-
nectivity in the early and late stages of amnestic mild cognitive impairment: a
resting-state functional magnetic resonance study from ADNI. PLoS One 10,
e0115573.

Cummings, J., 2019. The national Institute on aging-Alzheimer's association
framework on Alzheimer's disease: Application to clinical trials. Alzheimers
Dement. 15, 172e178.

Dubois, B., Feldman, H.H., Jacova, C., Hampel, H., Molinuevo, J.L., Blennow, K.,
DeKosky, S.T., Gauthier, S., Selkoe, D., Bateman, R., Cappa, S., Crutch, S.,
Engelborghs, S., Frisoni, G.B., Fox, N.C., Galasko, D., Habert, M.O., Jicha, G.A.,
Nordberg, A., Pasquier, F., Rabinovici, G., Robert, P., Rowe, C., Salloway, S.,
Sarazin, M., Epelbaum, S., de Souza, L.C., Vellas, B., Visser, P.J., Schneider, L.,
Stern, Y., Scheltens, P., Cummings, J.L., 2014. Advancing research diagnostic
criteria for Alzheimer's disease: the IWG-2 criteria. Lancet Neurol. 13, 614e629.

Dunn, B., 2018. Early Alzheimer's disease: developing drugs for treatment. Draft
guidance for Industry. In: Services USDoHaH, Administration FaD, (CDER)
CfDEaR, (CBER) CfBEaR (Eds.) Office of the Federal Register. National Archives
and Records Administration, Silver Spring, MD, pp. 7060e7061.

Edmonds, E.C., McDonald, C.R., Marshall, A., Thomas, K.R., Eppig, J., Weigand, A.J.,
Delano-Wood, L., Galasko, D.R., Salmon, D.P., Bondi, M.W., Alzheimer's Disease
Neuroimaging Initiative, 2019. Early versus late MCI: Improved MCI staging
using a neuropsychological approach. Alzheimers Dement. 15, 699e708.

Edmonds, E.C., Delano-Wood, L., Clark, L.R., Jak, A.J., Nation, D.A., McDonald, C.R.,
Libon, D.J., Au, R., Galasko, D., Salmon, D.P., Bondi, M.W., Alzheimer's Disease
Neuroimaging Initiative, 2015. Susceptibility of the conventional criteria for
mild cognitive impairment to false-positive diagnostic errors. Alzheimers
Dement. 11, 415e424.

Edmonds, E.C., Delano-Wood, L., Galasko, D.R., Salmon, D.P., Bondi, M.W., Alz-
heimer’s Disease Neuroimaging Initiative, 2014. Subjective cognitive complaints
contribute to misdiagnosis of mild cognitive impairment. J. Int. Neuropsychol.
Soc. 20, 836e847.

Fischl, B., 2012. Freesurfer. Neuroimage 62, 774e781.
Hansson, O., Seibyl, J., Stomrud, E., Zetterberg, H., Trojanowski, J.Q., Bittner, T.,

Lifke, V., Corradini, V., Eichenlaub, U., Batrla, R., Buck, K., Zink, K., Rabe, C.,
Blennow, K., Shaw, L.M., 2018. Swedish BioFINDER study group; Alzheimer's
Disease Neuroimaging Initiative. CSF biomarkers of Alzheimer’s disease concord
with amyloid- PET and predict clinical progression: a study of fully automated
immunoassays in BioFINDER and ADNI cohorts. Alzheimers Dement. 14,
1470e1481.

Helzner, E.P., Luchsinger, J.A., Scarmeas, N., Cosentino, S., Brickman, A.M.,
Glymour, M.M., Stern, Y., 2009. Contribution of vascular risk factors to the
progression in Alzheimer disease. Arch. Neurol. 66, 343e348.
Herukka, S.K., Simonsen, A.H., Andreasen, N., Baldeiras, I., Bjerke, M., Blennow, K.,
Engelborghs, S., Frisoni, G.B., Gabryelewicz, T., Galluzzi, S., Handels, R.,
Kramberger, M.G., Kulczy�nska, A., Molinuevo, J.L., Mroczko, B., Nordberg, A.,
Oliveira, C.R., Otto, M., Rinne, J.O., Rot, U., Saka, E., Soininen, H., Struyfs, H.,
Suardi, S., Visser, P.J., Winblad, B., Zetterberg, H., Waldemar, G., 2017. Recom-
mendations for cerebrospinal fluid Alzheimer’s disease biomarkers in the
diagnostic evaluation of mild cognitive impairment. Alzheimers Dement. 13,
285e295.

Jack Jr., C.R., Bennett, D.A., Blennow, K., Carrillo, M.C., Dunn, B., Haeberlein, S.B.,
Holtzman, D.M., Jagust, W., Jessen, F., Karlawish, J., Liu, E., Molinuevo, J.L.,
Montine, T., Phelps, C., Rankin, K.P., Rowe, C.C., Scheltens, P., Siemers, E.,
Snyder, H.M., Sperling, R., Contributors, 2018. NIA-AA Research Framework:
toward a biological definition of Alzheimer’s disease. Alzheimers Dement. 14,
535e562.

Jack Jr., C.R., Bennett, D.A., Blennow, K., Carrillo, M.C., Feldman, H.H., Frisoni, G.B.,
Hampel, H., Jagust, W.J., Johnson, K.A., Knopman, D.S., Petersen, R.C.,
Scheltens, P., Sperling, R.A., Dubois, B., 2016. A/T/N: an unbiased descriptive
classification scheme for Alzheimer disease biomarkers. Neurology 87,
539e547.

Jack Jr., C.R., Barnes, J., Bernstein, M.A., Borowski, B.J., Brewer, J., Clegg, S., Dale, A.M.,
Carmichael, O., Ching, C., DeCarli, C., Desikan, R.S., Fennema-Notestine, C.,
Fjell, A.M., Fletcher, E., Fox, N.C., Gunter, J., Gutman, B.A., Holland, D., Hua, X.,
Insel, P., Kantarci, K., Killiany, R.J., Krueger, G., Leung, K.K., Mackin, S., Maillard, P.,
Malone, I.B., Mattsson, N., McEvoy, L., Modat, M., Mueller, S., Nosheny, R.,
Ourselin, S., Schuff, N., Senjem, M.L., Simonson, A., Thompson, P.M.,
Rettmann, D., Vemuri, P., Walhovd, K., Zhao, Y., Zuk, S., Weiner, M., 2015.
Magnetic resonance imaging in Alzheimer's disease neuroimaging Initiative 2.
Alzheimers Dement. 11, 740e756.

Jack Jr., C.R., Holtzman, D.M., 2013. Biomarker modeling of Alzheimer's disease.
Neuron 80, 1347e1358.

Jack Jr., C.R., Vemuri, P., Wiste, H.J., Weigand, S.D., Aisen, P.S., Trojanowski, J.Q.,
Shaw, L.M., Bernstein, M.A., Petersen, R.C., Weiner, M.W., Knopman, D.S., Alz-
heimer's Disease Neuroimaging Initiative, 2011. Evidence for ordering of Alz-
heimer disease biomarkers. Arch. Neurol. 68, 1526e1535.

Jack Jr., C.R., Wiste, H.J., Weigand, S.D., Therneau, T.M., Lowe, V.J., Knopman, D.S.,
Gunter, J.L., Senjem, M.L., Jones, D.T., Kantarci, K., Machulda, M.M., Mielke, M.M.,
Roberts, R.O., Vemuri, P., Reyes, D.A., Petersen, R.C., 2017. Defining imaging
biomarker cut points for brain aging and Alzheimer's disease. Alzheimers
Dement. 13, 205e216.

Jessen, F., Wolfsgruber, S., Wiese, B., Bickel, H., Mösch, E., Kaduszkiewicz, H.,
Pentzek, M., Riedel-Heller, S.G., Luck, T., Fuchs, A., Weyerer, S., Werle, J., van den
Bussche, H., Scherer, M., Maier, W., Wagner, M., 2014. German Study on Aging,
Cognition and Dementia in Primary Care Patients. AD dementia risk in late MCI,
in early MCI, and in subjective memory impairment. Alzheimers Dement. 10,
76e83.

Jovicich, J., Czanner, S., Han, X., Salat, D., van der Kouwe, A., Quinn, B., Pacheco, J.,
Albert, M., Killiany, R., Blacker, D., Maguire, P., Rosas, D., Makris, N., Gollub, R.,
Dale, A., Dickerson, B.C., Fischl, B., 2009. MRI-derived measurements of human
subcortical, ventricular and intracranial brain volumes: reliability effects of scan
sessions, acquisition sequences, data analyses, scanner upgrade, scanner ven-
dors and field strengths. Neuroimage 46, 177e192.

Kern, S., Syrjanen, J.A., Blennow, K., Zetterberg, H., Skoog, I., Waern, M., Hagen, C.E.,
van Harten, A.C., Knopman, D.S., Jack Jr., C.R., Petersen, R.C., Mielke, M.M., 2018.
Association of cerebrospinal fluid neurofilament light protein with risk of mild
cognitive impairment among individuals without cognitive impairment. JAMA
Neurol. 76, 187e193.

Klasson, N., Olsson, E., Eckerström, C., Malmgren, H., Wallin, A., 2018. Estimated
intracranial volume from FreeSurfer is biased by total brain volume. Eur. Radiol.
Exp. 2, 24.

Lee, E.S., Yoo, K., Lee, Y.B., Chung, J., Lim, J.E., Yoon, B., Jeong, Y., Alzheimer’s Disease
Neuroimaging Initiative, 2016. Default mode network functional connectivity in
early and late mild cognitive impairment. Alzheimer Dis. Assoc. Disord. 30,
289e296.

Lee, P., Ryoo, H., Park, J., Jeong, Y., 2017. Morphological and microstructural changes
of the hippocampus in early MCI: a study utilizing the Alzheimer’s Disease
Neuroimaging Initiative database. J. Clin. Neurol. 13, 144e154.

Lee, S., Viqar, F., Zimmerman, M.E., Narkhede, A., Tosto, G., Benzinger, T.L.,
Marcus, D.S., Fagan, A.M., Goate, A., Fox, N.C., Cairns, N.J., Holtzman, D.M.,
Buckles, V., Ghetti, B., McDade, E., Martins, R.N., Saykin, A.J., Masters, C.L.,
Ringman, J.M., Ryan, N.S., Förster, S., Laske, C., Schofield, P.R., Sperling, R.A.,
Salloway, S., Correia, S., Jack Jr., C., Weiner, M., Bateman, R.J., Morris, J.C.,
Mayeux, R.3, Brickman, A.M., 2016. Dominantly inherited Alzheimer network.
Ann. Neurol. 79, 929e939.

Li, J., Wang, Y.J., Zhang, M., Xu, Z.Q., Gao, C.Y., Fang, C.Q., Yan, J.C., Zhou, H.D., 2011.
Chongqing Ageing Study Group. Vascular risk factors promote conversion from
mild cognitive impairment to Alzheimer disease. Neurology 76, 1485e1491.

Malone, I.B., Leung, K.K., Clegg, S., Barnes, J., Whitwell, J.L., Ashburner, J., Fox, N.C.,
Ridgway, G.R., 2015. Accurate automatic estimation of total intracranial volume:
a nuisance variable with less nuisance. Neuroimage 104, 366e372.

O'Bryant, S.E., Waring, S.C., Cullum, C.M., Hall, J., Lacritz, L., Massman, P.J., Lupo, P.J.,
Reisch, J.S., Doody, R., Texas Alzheimer's Research Consortium, 2008. Staging
dementia using clinical dementia rating Scale Sum of Boxes scores: a Texas
Alzheimer's research Consortium study. Arch. Neurol. 65, 1091e1095.

Penny, W., Friston, K., Ashburner, J., Kiebel, S., Nichols, T., 2007. Statistical Parametric
Mapping: The Analysis of Functional Brain Images. Academic Press, London, UK.

http://www.fnih.org
https://doi.org/10.1016/j.neurobiolaging.2019.07.014
https://doi.org/10.1016/j.neurobiolaging.2019.07.014
http://refhub.elsevier.com/S0197-4580(19)30217-9/sref1
http://refhub.elsevier.com/S0197-4580(19)30217-9/sref1
http://refhub.elsevier.com/S0197-4580(19)30217-9/sref1
http://refhub.elsevier.com/S0197-4580(19)30217-9/sref1
http://refhub.elsevier.com/S0197-4580(19)30217-9/sref1
http://refhub.elsevier.com/S0197-4580(19)30217-9/sref1
http://refhub.elsevier.com/S0197-4580(19)30217-9/sref2
http://refhub.elsevier.com/S0197-4580(19)30217-9/sref2
http://refhub.elsevier.com/S0197-4580(19)30217-9/sref2
http://refhub.elsevier.com/S0197-4580(19)30217-9/sref2
http://refhub.elsevier.com/S0197-4580(19)30217-9/sref2
http://refhub.elsevier.com/S0197-4580(19)30217-9/sref2
http://refhub.elsevier.com/S0197-4580(19)30217-9/sref2
http://refhub.elsevier.com/S0197-4580(19)30217-9/sref3
http://refhub.elsevier.com/S0197-4580(19)30217-9/sref3
http://refhub.elsevier.com/S0197-4580(19)30217-9/sref3
http://refhub.elsevier.com/S0197-4580(19)30217-9/sref3
http://refhub.elsevier.com/S0197-4580(19)30217-9/sref3
http://refhub.elsevier.com/S0197-4580(19)30217-9/sref3
http://refhub.elsevier.com/S0197-4580(19)30217-9/sref3
http://refhub.elsevier.com/S0197-4580(19)30217-9/sref3
http://refhub.elsevier.com/S0197-4580(19)30217-9/sref4
http://refhub.elsevier.com/S0197-4580(19)30217-9/sref4
http://refhub.elsevier.com/S0197-4580(19)30217-9/sref4
http://refhub.elsevier.com/S0197-4580(19)30217-9/sref4
http://refhub.elsevier.com/S0197-4580(19)30217-9/sref5
http://refhub.elsevier.com/S0197-4580(19)30217-9/sref5
http://refhub.elsevier.com/S0197-4580(19)30217-9/sref5
http://refhub.elsevier.com/S0197-4580(19)30217-9/sref5
http://refhub.elsevier.com/S0197-4580(19)30217-9/sref5
http://refhub.elsevier.com/S0197-4580(19)30217-9/sref6
http://refhub.elsevier.com/S0197-4580(19)30217-9/sref6
http://refhub.elsevier.com/S0197-4580(19)30217-9/sref6
http://refhub.elsevier.com/S0197-4580(19)30217-9/sref6
http://refhub.elsevier.com/S0197-4580(19)30217-9/sref7
http://refhub.elsevier.com/S0197-4580(19)30217-9/sref7
http://refhub.elsevier.com/S0197-4580(19)30217-9/sref7
http://refhub.elsevier.com/S0197-4580(19)30217-9/sref7
http://refhub.elsevier.com/S0197-4580(19)30217-9/sref7
http://refhub.elsevier.com/S0197-4580(19)30217-9/sref7
http://refhub.elsevier.com/S0197-4580(19)30217-9/sref7
http://refhub.elsevier.com/S0197-4580(19)30217-9/sref7
http://refhub.elsevier.com/S0197-4580(19)30217-9/sref8
http://refhub.elsevier.com/S0197-4580(19)30217-9/sref8
http://refhub.elsevier.com/S0197-4580(19)30217-9/sref8
http://refhub.elsevier.com/S0197-4580(19)30217-9/sref8
http://refhub.elsevier.com/S0197-4580(19)30217-9/sref8
http://refhub.elsevier.com/S0197-4580(19)30217-9/sref9
http://refhub.elsevier.com/S0197-4580(19)30217-9/sref9
http://refhub.elsevier.com/S0197-4580(19)30217-9/sref9
http://refhub.elsevier.com/S0197-4580(19)30217-9/sref9
http://refhub.elsevier.com/S0197-4580(19)30217-9/sref9
http://refhub.elsevier.com/S0197-4580(19)30217-9/sref10
http://refhub.elsevier.com/S0197-4580(19)30217-9/sref10
http://refhub.elsevier.com/S0197-4580(19)30217-9/sref10
http://refhub.elsevier.com/S0197-4580(19)30217-9/sref10
http://refhub.elsevier.com/S0197-4580(19)30217-9/sref10
http://refhub.elsevier.com/S0197-4580(19)30217-9/sref10
http://refhub.elsevier.com/S0197-4580(19)30217-9/sref11
http://refhub.elsevier.com/S0197-4580(19)30217-9/sref11
http://refhub.elsevier.com/S0197-4580(19)30217-9/sref11
http://refhub.elsevier.com/S0197-4580(19)30217-9/sref11
http://refhub.elsevier.com/S0197-4580(19)30217-9/sref11
http://refhub.elsevier.com/S0197-4580(19)30217-9/sref12
http://refhub.elsevier.com/S0197-4580(19)30217-9/sref12
http://refhub.elsevier.com/S0197-4580(19)30217-9/sref13
http://refhub.elsevier.com/S0197-4580(19)30217-9/sref13
http://refhub.elsevier.com/S0197-4580(19)30217-9/sref13
http://refhub.elsevier.com/S0197-4580(19)30217-9/sref13
http://refhub.elsevier.com/S0197-4580(19)30217-9/sref13
http://refhub.elsevier.com/S0197-4580(19)30217-9/sref13
http://refhub.elsevier.com/S0197-4580(19)30217-9/sref13
http://refhub.elsevier.com/S0197-4580(19)30217-9/sref13
http://refhub.elsevier.com/S0197-4580(19)30217-9/sref14
http://refhub.elsevier.com/S0197-4580(19)30217-9/sref14
http://refhub.elsevier.com/S0197-4580(19)30217-9/sref14
http://refhub.elsevier.com/S0197-4580(19)30217-9/sref14
http://refhub.elsevier.com/S0197-4580(19)30217-9/sref15
http://refhub.elsevier.com/S0197-4580(19)30217-9/sref15
http://refhub.elsevier.com/S0197-4580(19)30217-9/sref15
http://refhub.elsevier.com/S0197-4580(19)30217-9/sref15
http://refhub.elsevier.com/S0197-4580(19)30217-9/sref15
http://refhub.elsevier.com/S0197-4580(19)30217-9/sref15
http://refhub.elsevier.com/S0197-4580(19)30217-9/sref15
http://refhub.elsevier.com/S0197-4580(19)30217-9/sref15
http://refhub.elsevier.com/S0197-4580(19)30217-9/sref15
http://refhub.elsevier.com/S0197-4580(19)30217-9/sref15
http://refhub.elsevier.com/S0197-4580(19)30217-9/sref16
http://refhub.elsevier.com/S0197-4580(19)30217-9/sref16
http://refhub.elsevier.com/S0197-4580(19)30217-9/sref16
http://refhub.elsevier.com/S0197-4580(19)30217-9/sref16
http://refhub.elsevier.com/S0197-4580(19)30217-9/sref16
http://refhub.elsevier.com/S0197-4580(19)30217-9/sref16
http://refhub.elsevier.com/S0197-4580(19)30217-9/sref16
http://refhub.elsevier.com/S0197-4580(19)30217-9/sref18
http://refhub.elsevier.com/S0197-4580(19)30217-9/sref18
http://refhub.elsevier.com/S0197-4580(19)30217-9/sref18
http://refhub.elsevier.com/S0197-4580(19)30217-9/sref18
http://refhub.elsevier.com/S0197-4580(19)30217-9/sref18
http://refhub.elsevier.com/S0197-4580(19)30217-9/sref18
http://refhub.elsevier.com/S0197-4580(19)30217-9/sref19
http://refhub.elsevier.com/S0197-4580(19)30217-9/sref19
http://refhub.elsevier.com/S0197-4580(19)30217-9/sref19
http://refhub.elsevier.com/S0197-4580(19)30217-9/sref19
http://refhub.elsevier.com/S0197-4580(19)30217-9/sref19
http://refhub.elsevier.com/S0197-4580(19)30217-9/sref19
http://refhub.elsevier.com/S0197-4580(19)30217-9/sref19
http://refhub.elsevier.com/S0197-4580(19)30217-9/sref19
http://refhub.elsevier.com/S0197-4580(19)30217-9/sref19
http://refhub.elsevier.com/S0197-4580(19)30217-9/sref19
http://refhub.elsevier.com/S0197-4580(19)30217-9/sref20
http://refhub.elsevier.com/S0197-4580(19)30217-9/sref20
http://refhub.elsevier.com/S0197-4580(19)30217-9/sref20
http://refhub.elsevier.com/S0197-4580(19)30217-9/sref21
http://refhub.elsevier.com/S0197-4580(19)30217-9/sref21
http://refhub.elsevier.com/S0197-4580(19)30217-9/sref21
http://refhub.elsevier.com/S0197-4580(19)30217-9/sref21
http://refhub.elsevier.com/S0197-4580(19)30217-9/sref21
http://refhub.elsevier.com/S0197-4580(19)30217-9/sref17
http://refhub.elsevier.com/S0197-4580(19)30217-9/sref17
http://refhub.elsevier.com/S0197-4580(19)30217-9/sref17
http://refhub.elsevier.com/S0197-4580(19)30217-9/sref17
http://refhub.elsevier.com/S0197-4580(19)30217-9/sref17
http://refhub.elsevier.com/S0197-4580(19)30217-9/sref17
http://refhub.elsevier.com/S0197-4580(19)30217-9/sref22
http://refhub.elsevier.com/S0197-4580(19)30217-9/sref22
http://refhub.elsevier.com/S0197-4580(19)30217-9/sref22
http://refhub.elsevier.com/S0197-4580(19)30217-9/sref22
http://refhub.elsevier.com/S0197-4580(19)30217-9/sref22
http://refhub.elsevier.com/S0197-4580(19)30217-9/sref22
http://refhub.elsevier.com/S0197-4580(19)30217-9/sref22
http://refhub.elsevier.com/S0197-4580(19)30217-9/sref23
http://refhub.elsevier.com/S0197-4580(19)30217-9/sref23
http://refhub.elsevier.com/S0197-4580(19)30217-9/sref23
http://refhub.elsevier.com/S0197-4580(19)30217-9/sref23
http://refhub.elsevier.com/S0197-4580(19)30217-9/sref23
http://refhub.elsevier.com/S0197-4580(19)30217-9/sref23
http://refhub.elsevier.com/S0197-4580(19)30217-9/sref23
http://refhub.elsevier.com/S0197-4580(19)30217-9/sref24
http://refhub.elsevier.com/S0197-4580(19)30217-9/sref24
http://refhub.elsevier.com/S0197-4580(19)30217-9/sref24
http://refhub.elsevier.com/S0197-4580(19)30217-9/sref24
http://refhub.elsevier.com/S0197-4580(19)30217-9/sref24
http://refhub.elsevier.com/S0197-4580(19)30217-9/sref24
http://refhub.elsevier.com/S0197-4580(19)30217-9/sref25
http://refhub.elsevier.com/S0197-4580(19)30217-9/sref25
http://refhub.elsevier.com/S0197-4580(19)30217-9/sref25
http://refhub.elsevier.com/S0197-4580(19)30217-9/sref26
http://refhub.elsevier.com/S0197-4580(19)30217-9/sref26
http://refhub.elsevier.com/S0197-4580(19)30217-9/sref26
http://refhub.elsevier.com/S0197-4580(19)30217-9/sref26
http://refhub.elsevier.com/S0197-4580(19)30217-9/sref26
http://refhub.elsevier.com/S0197-4580(19)30217-9/sref27
http://refhub.elsevier.com/S0197-4580(19)30217-9/sref27
http://refhub.elsevier.com/S0197-4580(19)30217-9/sref27
http://refhub.elsevier.com/S0197-4580(19)30217-9/sref27
http://refhub.elsevier.com/S0197-4580(19)30217-9/sref28
http://refhub.elsevier.com/S0197-4580(19)30217-9/sref28
http://refhub.elsevier.com/S0197-4580(19)30217-9/sref28
http://refhub.elsevier.com/S0197-4580(19)30217-9/sref28
http://refhub.elsevier.com/S0197-4580(19)30217-9/sref28
http://refhub.elsevier.com/S0197-4580(19)30217-9/sref28
http://refhub.elsevier.com/S0197-4580(19)30217-9/sref28
http://refhub.elsevier.com/S0197-4580(19)30217-9/sref28
http://refhub.elsevier.com/S0197-4580(19)30217-9/sref29
http://refhub.elsevier.com/S0197-4580(19)30217-9/sref29
http://refhub.elsevier.com/S0197-4580(19)30217-9/sref29
http://refhub.elsevier.com/S0197-4580(19)30217-9/sref29
http://refhub.elsevier.com/S0197-4580(19)30217-9/sref30
http://refhub.elsevier.com/S0197-4580(19)30217-9/sref30
http://refhub.elsevier.com/S0197-4580(19)30217-9/sref30
http://refhub.elsevier.com/S0197-4580(19)30217-9/sref30
http://refhub.elsevier.com/S0197-4580(19)30217-9/sref31
http://refhub.elsevier.com/S0197-4580(19)30217-9/sref31
http://refhub.elsevier.com/S0197-4580(19)30217-9/sref31
http://refhub.elsevier.com/S0197-4580(19)30217-9/sref31
http://refhub.elsevier.com/S0197-4580(19)30217-9/sref31
http://refhub.elsevier.com/S0197-4580(19)30217-9/sref32
http://refhub.elsevier.com/S0197-4580(19)30217-9/sref32


A. Moscoso et al. / Neurobiology of Aging 84 (2019) 1e88
Petersen, R.C., Gill, D.P., Phillips, L.E., Aisen, P., 2010. Early MCI as an imaging target:
data from the national Alzheimer’s coordinating center. Alzheimers Dement. 6,
S58.

Prestia, A., Caroli, A., Wade, S.K., van der Flier, W.M., Ossenkoppele, R., Van
Berckel, B., Barkhof, F., Teunissen, C.E., Wall, A., Carter, S.F., Schöll, M., Choo, I.H.,
Nordberg, A., Scheltens, P., Frisoni, G.B., 2015. Prediction of AD dementia by
biomarkers following the NIA-AA and IWG diagnostic criteria in MCI patients
from three European memory clinics. Alzheimers Dement. 11, 1191e1201.

Prestia, A., Caroli, A., Herholz, K., Reiman, E., Chen, K., Jagust, W.J., Frisoni, G.B.,
Translational Outpatient memory clinic working group; Alzheimer's disease
Neuroimaging Initiative, 2013. Diagnostic accuracy of markers for prodromal
Alzheimer’s disease in independent clinical series. Alzheimers Dement. 9,
677e686.

Risacher, S.L., Kim, S., Shen, L., Nho, K., Foroud, T., Green, R.C., Petersen, R.C.,
Jack Jr., C.R., Aisen, P.S., Koeppe, R.A., Jagust, W.J., Shaw, L.M., Trojanowski, J.Q.,
Weiner, M.W., Saykin, A.J., Alzheimer's Disease Neuroimaging Initiative (ADNI),
2013. The role of apolipoprotein E (APOE) genotype in early mild cognitive
impairment (E-MCI). Front Aging Neurosci. 5, 11.

Schindler, S.E., Gray, J.D., Gordon, B.A., Xiong, C., Batrla-Utermann, R., Quan, M.,
Wahl, S., Benzinger, T.L.S., Holtzman, D.M., Morris, J.C., Fagan, A.M., 2018. Ce-
rebrospinal fluid biomarkers measured by Elecsys assays compared to amyloid
imaging. Alzheimers Dement. 14, 1460e1469.

Shaw, L.M., Waligorska, T., Fields, L., Korecka, M., Figurski, M., Trojanowski, J.Q.,
Eichenlaub, U., Wahl, S., Quan, M., Pontecorvo, M.J., Lachno, D.R., Talbot, J.A.,
Andersen, S.W., Siemers, E.R., Dean, R.A., 2018. Derivation of cutoffs for the
Elecsys� amyloid b (1e42) assay in Alzheimer's disease. Alzheimers Dement.
(Amst) 11, 698e705.

Stern, Y., 2012. Cognitive reserve in ageing and Alzheimer's disease. Lancet Neurol.
11, 1006e1012.

Stern, Y., 2006. Cognitive reserve and Alzheimer disease. Alzheimer Dis. Assoc.
Disord. 20, 112e117.

Thomas, K.R., Eppig, J.S., Weigand, A.J., Edmonds, E.C., Wong, C.G., Jak, A.J., Delano-
Wood, L., Galasko, D.R., Salmon, D.P., Edland, S.D., Bondi, M.W., Alzheimer's
Disease Neuroimaging Initiative, 2019. Artificially low mild cognitive impair-
ment to normal reversion rate in the Alzheimer's Disease Neuroimaging
Initiative. Alzheimers Dement. 15, 561e569.

Weschler, D., 2008. Wechsler Memory ScaleeRevised Manual. Psychological Cor-
poration, San Antonio, TX.

Wolfsgruber, S., Wagner, M., Jessen, F., Peters, O., Wiltfang, J., Maier, W.,
Kornhuber, J., 2013. CSF beta-amyloid 42, CSF tau, hippocampal volume and
verbal episodic memory performance in early versus late mild cognitive
impairment. Alzheimers Dement. 9, S218.

Wu, L., Rowley, J., Mohades, S., Leuzy, A., Dauar, M.T., Shin, M., Fonov, V., Jia, J.,
Gauthier, S., Rosa-Neto, P., the Alzheimer’s Disease Neuroimaging Initiative,
2012. Dissociation between brain amyloid deposition and metabolism in early
mild cognitive impairment. PLoS One 7, e47905.

Ye, B.S., Seo, S.W., Yang, J.J., Kim, H.J., Kim, Y.J., Yoon, C.W., Cho, H., Noh, Y., Kim, G.H.,
Chin, J., Kim, J.H., Jeon, S., Lee, J.M., Na, D.L., 2014. Comparison of cortical
thickness in patients with early-stage versus late-stage amnestic mild cognitive
impairment. Eur. J. Neurol. 21, 86e92.

http://refhub.elsevier.com/S0197-4580(19)30217-9/sref33
http://refhub.elsevier.com/S0197-4580(19)30217-9/sref33
http://refhub.elsevier.com/S0197-4580(19)30217-9/sref33
http://refhub.elsevier.com/S0197-4580(19)30217-9/sref34
http://refhub.elsevier.com/S0197-4580(19)30217-9/sref34
http://refhub.elsevier.com/S0197-4580(19)30217-9/sref34
http://refhub.elsevier.com/S0197-4580(19)30217-9/sref34
http://refhub.elsevier.com/S0197-4580(19)30217-9/sref34
http://refhub.elsevier.com/S0197-4580(19)30217-9/sref34
http://refhub.elsevier.com/S0197-4580(19)30217-9/sref35
http://refhub.elsevier.com/S0197-4580(19)30217-9/sref35
http://refhub.elsevier.com/S0197-4580(19)30217-9/sref35
http://refhub.elsevier.com/S0197-4580(19)30217-9/sref35
http://refhub.elsevier.com/S0197-4580(19)30217-9/sref35
http://refhub.elsevier.com/S0197-4580(19)30217-9/sref35
http://refhub.elsevier.com/S0197-4580(19)30217-9/sref36
http://refhub.elsevier.com/S0197-4580(19)30217-9/sref36
http://refhub.elsevier.com/S0197-4580(19)30217-9/sref36
http://refhub.elsevier.com/S0197-4580(19)30217-9/sref36
http://refhub.elsevier.com/S0197-4580(19)30217-9/sref36
http://refhub.elsevier.com/S0197-4580(19)30217-9/sref37
http://refhub.elsevier.com/S0197-4580(19)30217-9/sref37
http://refhub.elsevier.com/S0197-4580(19)30217-9/sref37
http://refhub.elsevier.com/S0197-4580(19)30217-9/sref37
http://refhub.elsevier.com/S0197-4580(19)30217-9/sref37
http://refhub.elsevier.com/S0197-4580(19)30217-9/sref38
http://refhub.elsevier.com/S0197-4580(19)30217-9/sref38
http://refhub.elsevier.com/S0197-4580(19)30217-9/sref38
http://refhub.elsevier.com/S0197-4580(19)30217-9/sref38
http://refhub.elsevier.com/S0197-4580(19)30217-9/sref38
http://refhub.elsevier.com/S0197-4580(19)30217-9/sref38
http://refhub.elsevier.com/S0197-4580(19)30217-9/sref38
http://refhub.elsevier.com/S0197-4580(19)30217-9/sref38
http://refhub.elsevier.com/S0197-4580(19)30217-9/sref39
http://refhub.elsevier.com/S0197-4580(19)30217-9/sref39
http://refhub.elsevier.com/S0197-4580(19)30217-9/sref39
http://refhub.elsevier.com/S0197-4580(19)30217-9/sref40
http://refhub.elsevier.com/S0197-4580(19)30217-9/sref40
http://refhub.elsevier.com/S0197-4580(19)30217-9/sref40
http://refhub.elsevier.com/S0197-4580(19)30217-9/sref41
http://refhub.elsevier.com/S0197-4580(19)30217-9/sref41
http://refhub.elsevier.com/S0197-4580(19)30217-9/sref41
http://refhub.elsevier.com/S0197-4580(19)30217-9/sref41
http://refhub.elsevier.com/S0197-4580(19)30217-9/sref41
http://refhub.elsevier.com/S0197-4580(19)30217-9/sref41
http://refhub.elsevier.com/S0197-4580(19)30217-9/sref42
http://refhub.elsevier.com/S0197-4580(19)30217-9/sref42
http://refhub.elsevier.com/S0197-4580(19)30217-9/sref42
http://refhub.elsevier.com/S0197-4580(19)30217-9/sref43
http://refhub.elsevier.com/S0197-4580(19)30217-9/sref43
http://refhub.elsevier.com/S0197-4580(19)30217-9/sref43
http://refhub.elsevier.com/S0197-4580(19)30217-9/sref43
http://refhub.elsevier.com/S0197-4580(19)30217-9/sref44
http://refhub.elsevier.com/S0197-4580(19)30217-9/sref44
http://refhub.elsevier.com/S0197-4580(19)30217-9/sref44
http://refhub.elsevier.com/S0197-4580(19)30217-9/sref44
http://refhub.elsevier.com/S0197-4580(19)30217-9/sref45
http://refhub.elsevier.com/S0197-4580(19)30217-9/sref45
http://refhub.elsevier.com/S0197-4580(19)30217-9/sref45
http://refhub.elsevier.com/S0197-4580(19)30217-9/sref45
http://refhub.elsevier.com/S0197-4580(19)30217-9/sref45

	Staging the cognitive continuum in prodromal Alzheimer's disease with episodic memory
	1. Introduction
	2. Methods
	2.1. Study design
	2.2. Participants
	2.3. Cerebrospinal fluid
	2.4. Magnetic resonance imaging
	2.5. Neuropsychology
	2.6. Implementation of the AT(N) framework
	2.7. NC staging
	2.8. Statistical analysis

	3. Results
	3.1. Cohort characteristics
	3.2. AT(N) profiles across NC stages
	3.3. Longitudinal progression of stage 1 and 2 patients
	3.4. Cognitive decline
	3.5. Progression to AD dementia

	4. Discussion
	Disclosure
	Acknowledgements
	Appendix A. Supplementary data
	References


