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Abstract

Background: Cerebrospinal fluid (CSF) biomarkers can distinguish Alzheimer’s disease (AD)
patients from normal controls; however, their interpretation and potential for use in patients with
mild cognitive impairment (MCI) remains unclear.

Obijective: To examine whether biomarker levels allow for risk stratification among MCI patients
who are at increased risk to develop AD, thus allowing for improved targeting of early
interventions for those whose risk are higher.

Methods: We analyzed data from the Alzheimer’s Disease Neuroimaging Initiative on MCI
patients (1= 195) to estimate their risk of developing AD for up to 6 years on the basis of baseline
CSF biomarkers. We used time-dependent receiver operating characteristic analysis to identify the
best combination of biomarkers to discriminate those who converted to AD from those who
remained stable. We used these data to construct a multi-biomarker score and estimated the risk of
progression to AD for each quintile of the multi-biomarker score.

Results: We found that AB;_4» and P-tauyg;p were the best combination among CSF biomarkers
to predict the overall risk of developing AD among MCI patients (area under the curve = 0.77).

1Dpata used in preparation of this article were obtained from the Alzheimer’s Disease Neuroimaging Initiative (ADNI) database (http://
adni.loni.usc.edu). As such, the investigators within the ADNI contributed to the design and implementation of ADNI and/or provided
data but did not participate in analysis or writing of this report. A complete listing of ADNI investigators can be found at: http://
adni.loni.usc.edu/wp-content/uploads/how_to_apply/ADNI_Acknowledgement_List.pdf
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The hazard ratio of developing AD among MCI patients with high-risk (3rd-5th quintiles)
biomarker levels was about 4 times greater than MCI patients with low-risk (1st quintile) levels
(95% confidence interval, 1.93-7.26).

Conclusion: Our study identifies MCI patients at increased risk of developing AD by applying a
multi-biomarker score using CSF biomarker results. Our findings may be of value to MCI patients
and their clinicians for planning purposes and early intervention as well as for future clinical trials.

Keywords

Alzheimer’s disease; cerebrospinal fluid; discriminatory ability; mild cognitive impairment; risk
stratification

INTRODUCTION

Much of the focus of Alzheimer’s disease (AD) research has turned to the pre-dementia
stages of the disease. Patients in the prodromal stage of AD, referred to as mild cognitive
impairment (MCI) [1], are at increased risk of developing AD. Evidence has emerged
suggesting that such individuals [2] are most likely to benefit from disease-modifying
therapies once they become available [3, 4].

Blood pressure and cholesterol levels provide physicians and patients with a quantification
of the risk of experiencing heart disease, which can be used to inform treatment decisions.
Similarly, risk stratification of MCI patients using biomarker levels could be useful in
identifying higher-risk patients early in the disease course with the goal of providing early
intervention. While currently available pharmacological treatments for MCI patients provide
modest benefits in terms of preventing the onset of AD [4-7], knowledge of a patient’s risk
could also trigger care planning strategies for patients and their caregivers.

Several biomarkers have been proposed to facilitate an accurate diagnosis of AD during the
MCI stage, such as hippocampal atrophy on magnetic resonance imaging (MRI), amyloid
imaging using positron emission tomography (PET), and changes in cerebrospinal fluid
(CSF) [8, 9]. CSF concentration of AB1_4, (a biomarker of amyloid-p deposition in the
brain) and biomarkers of neurodegeneration, including the CSF concentrations of total tau
(T-tau) and phosphorylated tau (P-tauyg;p) proteins, are reflected in the currently proposed
diagnostic criteria [7] for AD and MCI [10].

A National Institute on Aging-Alzheimer’s Association (NIA-AA) workgroup proposed
criteria for the specific definition of MCldueto AD by combining clinical symptoms with
CSF biomarker evidence [7, 11], denoting the presence of a positive Ap biomarker and a
positive biomarker of neuronal injury (T-tau or P-tausg;p) as a high likelihood that the MCI
syndrome is due to AD. Also, the research criteria proposed at an International Working
Group (IWG) of dementia experts considered abnormalities in CSF biomarkers as one of
four supportive diagnostic features of AD [12-14]. Both of these groups acknowledge the
importance of CSF biomarkers in informing the likelihood of the progression of AD among
MCI patients [15].
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Decreased levels of AB1_4», and elevated levels of T-tau or P-tauig1p in CSF have been
established as useful indicators for early ADdiagnosis [16—-19]. Although there have been
several possible cut-off values proposed [5, 20-22], there is a lack of agreement on cut-off
thresholds due to the variability in CSF measurements between laboratories [23] and across
techniques [24].

Combining CSF biomarkers into a single score has been shown to better discriminate
between patients with an AD diagnosis compared with healthy controls than an individual
biomarker [16, 23, 25, 28]. Examples include the Innotest Amyloid-Tau Index (IATI)
defined by the ratio Ap1_42/(240+1.18x%tau) [25, 26], the AD-CSF-Index [4, 16, 27], and the
ratios T-tau/AB;_4p or P-tau;g1p/AB1_4. These proposed diagnostic algorithms, however,
were constructed initially to discriminate AD patients from cognitively normal controls but
not to distinguish between MCI patients who have developed AD over time and those who
remained stable. We have extended this logic to assess how well a combined prognostic
biomarker measured at baseline could distinguish between MCI patients who develop AD
over time and those who do not.

MATERIALS AND METHODS

Subjects

All data were obtained from the AD Neuroimaging Initiative (ADNI) database October 26,
2013 (https://ida.loni.usc.edu). The ADNI is a non-treatment, observational study aimed at
setting standards for brain imaging and chemical biomarkers for diagnosis and treatment
trials. The study was launched in 2003 and is supported by the National Institute on Aging,
the National Institute of Biomedical Imaging and Bioengineering, the Food and Drug
Administration, private pharmaceutical companies, and non-profit organizations. The study
(ADNI 1) enrolled 192 patients with mild AD, 398 with MCI, and 229 with no cognitive
impairment [29]. Six month or one year clinical, imaging, and biomarker assessments were
conducted over a study period.

The primary goal of the ADNI is 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. We included MCI subjects with complete data on CSF biomarkers at
study entry in our analysis (/7= 195). We extracted all assessments at baseline and the
disease status at each follow-up.

CSF measurement

The methods for CSF acquisition and biomarker measurement used in the ADNI study have
been reported previously [22]. The CSF concentration of ABy_4, T-tau, and P-tauyg;p were
measured in the baseline CSF samples using Innogenetics reagents (research use only
AlzBio3 immuno-assay kits, Ghent, Belgium) and the multiplex XMAP Luminex platform
(Lumnix Corporation, Austin, TX) at the Penn ADNI Biomarker Core Laboratory [30]. This
is not directly comparable with another commonly used analytical platform in European
countries, the Innotest (enzyme-linked immunosorbent assay [ELISA]) [18]. More details on
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data collection of the CSF samples can be found at on the ADNI website (http://www.adni-
info.org).

Statistical analysis

To examine the presence of selection bias between MCI patients with CSF information and
those without, we compared baseline demographic and clinical data between groups, using a
non-parametric Kruskal-Wallis test for continuous variables and Pearson’s x 2 test for
dichotomous variables.

Receiver operator characteristic (ROC) curves are standard summaries of diagnostic
accuracy for continuously valued test results [31, 32] and dichotomous disease status. In our
study, however, disease status is defined as the development of AD, which can change
during follow-up. Accordingly, we used time-dependent ROC analysis to characterize the
predictive accuracy of CSF biomarkers with continuous values and the time-dependent
outcome of interest [31, 33]. Hence, we sought to characterize the prognostic accuracy of
combinations of CSF biomarkers among MCI patients with potential for progression to AD
and further estimate the AD risk in terms of CSF biomarker values measured at study entry.
To our knowledge, this was the first study to examine the predictive accuracy of CSF
biomarkers on MCI patients using time-dependent ROC analysis.

We first fit Cox proportional hazards (PH) models using time to AD as the dependent
variable and ABy_42, T-tau, and P-tau;g1p as the primary independent variables to assess the
discriminatory ability of these biomarkers on the progression to AD. We summarized the
discrimination potential of the combinations of CSF biomarkers, measured at baseline (¢=
0), to distinguish between MCI patients who developed AD by a particular time t and those
who remained stable by calculating ROC curves for cumulative AD cases at each follow-up
time t [31].

Using time-dependent ROC methods we derived combinations of sensitivity and specificity
by comparing the predicted probabilities of developing AD (estimated from the fitted Cox
PH model of CSF biomarkers mentioned above) and the actual outcomes at each follow-up
time (#= 1-6 years). More importantly, censored observations were included in the
calculation of sensitivity and specificity. For each time t, we calculated the area under the
ROC curve (AUC (t)), which can be interpreted as the probability that a randomly selected
MCI patient who developed AD at time t has a larger predicted risk than a randomly selected
MCI patient who remained stable. We used AUC(t) to examine the best combination of CSF
biomarkers for longitudinal predictive ability for the progression of AD for MCI patients.
After the most optimal combination was chosen, we used the coefficients from the fitted Cox
PH model to construct a multi-biomarker score (S) for MCI patients using the following
equation: S = Z(B; x biomarker Aj), where B; denotes the estimated beta coefficients for
biomarkers A;.

We then divided MCI patients into quintiles based on their multi-biomarker scores, and
computed the cumulative risk of progression to AD for each group using Kaplan-Meier
methods. We compared the observed risk functions estimated from the Kaplan Meier
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methods graphically to those estimated from Cox PH regression methods using the same five
groups of patients to assess model fit.

We then illustrated the longitudinal risk of developing AD for each quintile or risk group
using Kaplan-Meier methods to establish a prediction model for MCI patients and calculate
the probabilities of progression to AD by each group at each time point. We also calculated
covariate-adjusted hazard ratios by incorporating potential confounding variables into the
Cox PH model. The analyses were done with and without adjustment for potential
confounding of age, gender, marital status, education level, apoliopoprotein (APOE) e4
alleles carrier status, baseline clinical dementia rating sum of boxes (CDR-SB), baseline
Mini-Mental State Exam (MMSE) score, baseline Alzheimer’s Disease Assessment Scale
(ADAS 13) score, baseline hippocampus volume, baseline ventricles volume, and the anti-
dementia medication history. We further used a multivariate backward selection Cox
regression model to estimate the impact of the potential confounders (p-values for removal
from the model was defined as 0.05).

We used log-rank test to compare the risk of progression to AD among quintiles. The
proportional hazards assumption was assessed using the log (-log) plots of the survival
function using Schoenfeld residuals [34]. The Wilcoxon (Breslow—Gehan) test was
performed when hazard functions were thought to vary in ways other than proportionally.
Risk groups were collapsed if no significantly different risk was presented between quintiles.

We compared the prognostic power of the multi-biomarker score to that of each individual
CSF biomarker alone and to other diagnostic indices that are commonly used such as the
ratio tau/AB1_42 (T-tau or P-tausgyp), the index described by Hulstaert et al.[25] computed as
AB142/(240+1.18 x tau) (T-tau or P-tauyg;p), and the AD-CSF-index developed by
Molinuevo et al. [16] by applying these indices on the MCI sample in our study and then
computing the AUC at each time point separately by time-dependent ROC analyses
described earlier. The latter two indices were constructed using AD patients and cognitively
normal controls.

All the analyses were done by using Stata version 12 (StataCorp, College Station, TX) and R
software (version 3.0.3; R Foundation for Statistical Computing, Vienna, Austria) with the
survivalROC and riskset ROC libraries.

Descriptive statistics

In total, 195 of 398 MCI patients with complete CSF information at baseline were included
(Table 1). Among those with complete CSF data, the mean age was 74 years (range: 67-81
years old), the majority of the sample was men (67%), about 70% received no anti-dementia
medication at study entry, 2.5% received either cholinesterase inhibitors or menantine, and
the rest had no information available. The median follow-up period was 30 months (range,
9-58 months). With the mean conversion time of 24.5 months, 102 out of 195 MCI patients
have converted to AD. The cumulative risk of developing AD by 6 years was 66%, which is
similar to previous studies where 80% of MCI patients developed AD within 8 years [35].
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No significant differences were found between MCI patients with and without complete CSF
biomarker information at baseline (Table 1). (Supplementary Table 1 presents demographic
characteristics of MCI patients with CSF information between those who have converted to
AD and those who remained stable within 6 years).

Time-dependent ROC analysis

We assessed the discriminatory ability of CSF biomarkers by generating ROC curves at
annual time points. The results of fitting a Cox PH model with the three biomarkers showed
that AB;_42 and P-tauyg;p were significantly associated with the risk of developing AD
(Supplementary Table 2). Furthermore, the time-dependent ROC analyses showed no
difference between the AUC(t) values using the combination of all three CSF biomarkers
compared with the combination of AB;_4, and P-tau;g;, only (the AUCs were 0.65 and 0.77
for year 3 and year 6, respectively, regardless of whether T-tau was included or not). The
combination of AB;_4, and P-tausg;, discriminated reasonably well among those MCI
patients who developed AD during follow-up and those who remained stable (Fig. 1). The
AUC(t) values ranged from 0.61 at 2 years to 0.77 at 6 years. Accordingly, we chose AP
and P-tauyg1 to construct the multi-biomarker score in patients with MCI.

Predictive discrimination of CSF multi-biomarker score

We calculated a multi-biomarker score for each MCI patient using the coefficients derived
from the Cox PH model. The score was calculated as (— 0.006) x Ap;_4» +0.012 x P-
tauyg;p. The mean multi-biomarker score was —0.56 + 0.49, and the distribution of the scores
appeared to be bimodal (Supplementary Figure 1). We divided MCI patients into quintiles
according to their multi-biomarker score and then estimated the hazard ratio of the
progression to AD for each quintile relative to the first quintile group (Table 2), controlling
for the baseline risk factors listed in Table 1 (the result of fitting initial three CSF biomarkers
and other baseline risk factors is presented in Supplementary Table 3). Among the covariates
considered, only ADAS 13 score and hippocampus volume showed significant impact on the
progression to AD.

The univariate Cox PH model showed a significant difference in the probability of
progression from MCI to AD between quintiles of the multi-biomarker score (Table 3). We
found that MCI patients with a biomarker score in the third quintile had the highest risk of
developing AD when adjusting for demographic or MRI imaging variables but not cognitive
tests. In unadjusted analyses, those with a biomarker score in the fifth quin-tile appeared to
have the highest risk.

We compared the observed risk of progression to AD by quintiles of the multi-biomarker
score using Kaplan-Meier survival methods (i.e., the cumulative risk of developing AD is 1
minus the Kaplan-Meier estimate for the proportion of MCI patients remaining stable at time
t). The cumulative risk of developing AD by 6 years associated with multi-biomarker scores
in the 1st through 5th quintile were 33%, 50%, 71%, 81%, and 90%, respectively (the log-
rank test, p-value <0.0002; the Wilcoxon test, p-value <0.0004). We compared the observed
Kaplan-Meier survival curves graphically with those predicted by the Cox PH model when
using the same quintile groups of biomarker scores in order to assess model fit (not shown).
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The model exhibited good fit with the 6-year risk of developing AD- risk increasing
monotonically as the multi-biomarker score increased, and the proportional hazard
assumption was not violated (p-value = 0.24).

We found a clear gap between the group of the third, fourth, and fifth quintiles and the first
and second quin-tiles (Fig. 2A), and we found no significantly different risk among the top
three quintiles by either the log-rank tests or the Wilcoxon (Breslow—Gehan) test. Thus, we
further collapsed the top three quintiles and labeled this group as high risk, we labeled the
second quin-tile as intermediate risk and the first quintile as low risk. We then estimated the
longitudinal variation of cumulative risk on the progression to AD (Fig. 2B), which showed
the clear classification of AD risk by multi-biomarker scores categorized as three risk levels
(high, intermediate, and low) with a follow-up of up to 6 years. The univariate Cox PH
model using these three risk groups showed a significant difference in the probability of
progression from MCI to AD (Table 4). The unadjusted hazard ratio of developing AD
among MCI patients with high-risk biomarkers levels was about 4 times greater than MCI
patients with low-risk levels (95% confidence interval [Cl], 1.93-7.26), whereas the hazard
ratios were 3.5, 2.8, and 2.5 respectively when controlling for demographic, cognitive test,
and MRI imaging covariates.

The multivariate backward selection model results indicated that CDR-SB, ADAS13, and
hippocampus volume were significantly associated with the progression to AD in patients
with MCI, considering all baseline covariates simultaneously. Other risk factors, such as
APOE &4 carrier status and MMSE score did not contribute to the explanatory power of the
model. However, the hazard ratio for high-risk biomarker levels was only about 2 times
greater than low-risk levels and was only borderline significant (95% CI, 0.97-4.38) when
we adjusted for three significant covariates selected from the multivariate backward
selection analysis (Table 4).

Comparison of discrimination power

Table 5 presents the AUC values at year 1 through year 6 of the time-dependent ROC
analyses applying several combinations of biomarkers as well as several published indices
[16, 25] on the MCI sample in our study. We found no difference in AUC values at year 3,
whereas AUC values ranged from 0.69 to 0.77 at year 6 (although these results were
similar). We found that the multi-biomarker score estimated in our study on MCI patients
and the AD-CSF-index (P-tau) developed by Molinuevo et al. [16] that compared AD
patients to healthy controls were associated with the best AUC value at year 6 among all
tested diagnostic indices that predicted the longitudinal progression to AD. Specifically,
their discriminative power between MCI patients who converted to AD and those who
remained stable were 0.77 at year 6. With regards to the remainder of the indices, combined
biomarkers presented better discriminative ability (higher AUC) than individual CSF
indices.

DISCUSSION

Our study sought to enhance the estimation of probability of progression from MCI to AD
by creating a biomarker-based prognostic index. We found that a combined multi-CSF
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biomarker score, as categorized using quintiles or risk levels, provides a good estimate of the
risk of developing AD up to 6 years. The hazard ratio of developing AD among MCI
patients with high-risk biomarker levels was about 4 times greater than MCI patients with
low-risk levels (95% CI, 1.93-7.26). Furthermore, the result of applying our index on AD
patients and healthy controls from ADNI 1 (7= 216) showed the similar cut-off values of
quintiles of multi-biomarker scores as those from MCI patients (Supplementary Table 4).

In our case, the combination of AB;_4, and P-tau;g;p showed predictive results similar to the
combination of all three CSF biomarkers together, which may due to P-tau;g;, and T-tau
status as neurodegeneration markers. We estimated the AUCs of published diagnostic
indices developed from AD patients and healthy controls by applying those indices to our
MCI sample and compared them with the AUC estimated with our index. The multi-
biomarker score of combing AB1_4, and P-tauyg;p, together showed better and comparable
discriminative abilities than those relying on single CSF biomarker and published indices [4,
16, 25, 36], respectively (Table 5). However, diagnostic indices developed in the previous
studies [4, 16, 25, 36, 37] may not be applicable to the current study since our index was
designed based on the MCI population, whereas the former indices were based on
comparisons between AD patients and healthy controls. The interpretation of any
comparative results should be made with caution due to the heterogeneity of the study
populations used in each study.

We demonstrated that the multi-biomarker score using the ADNI dataset with the Luminex-
XMAP analytical platform resulted in AUCs and discriminative ability similar to those
diagnostic indices developed using CSF biomarkers analyzed from different platforms or
assays (ELISA or mesoscale) applied on AD patients versus healthy controls [4, 16, 25].
Moreover, our study used a time-dependent ROC method, which is able to capture censored
observations in the calculation of sensitivity and specificity better than a logistic regression
model used in other studies. This approach allowed us to accurately evaluate the
discriminative capacity of CSF biomarkers measured at baseline over time.

It is well known that decreased Ap1_4p and elevated tau levels predict progression from MCI
to AD [18, 38-41], but there is a lack of the agreement regarding potential cut-off thresholds
[24]. In other words, individuals with MCI who exhibit low levels of Ap1_42 and high levels
of T-tau or P-tau;g1p have higher risk of developing AD compared to those with higher
levels of ARy or lower levels of T-tau or P-tau;gyp, but the relationship between quintiles of
our index derived from CSF biomarker concentration level and the progression of AD on
MCI patients might not be ordinal. While the unadjusted data for quintiles showed that MCI
patients with the composite biomarker score at the top quintile had a highest risk, we found
that MCI patients with the score at the middle quintile tended to have a higher risk of
developing AD after adjusting for MRI imaging (hippocampus volume and ventricles
volume), which was shown to be a good predictor of MCI to AD conversion [42, 43]. This
might be attributable to the heterogeneity of the study population as well as the discrepant
continuum between the pathophysiological process of AD and its clinical symptomatology,
as studies have shown that altered AB metabolism precedes tau-related pathology, neuronal
degeneration, and clinical symptoms [44, 45]. It is also unclear if the APOE genotype
influences the CSF biomarkers-based risk classification of AD in some studies [4, 46];
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however we found no significant difference of APOE e4 carrier status by quintile/risk level
groups and no significant interaction between APOE e4 carrier status and quin-tiles of
multi-biomarker scores using Cox PH model. Validation in a larger sample would be
informative in this regard.

The consensus from the Alzheimer’s Biomarkers Standardization Initiative (ABSI) is to
consider CSF biomarker analysis as a routine clinical test in patients with early-onset
dementia, either at the prodromal stage or with atypical AD [4]. With a low frequency of
complications for lumbar puncture [47], especially in the elderly population [48, 49], routine
analysis of CSF as part of the clinical workup for patients with possible AD has been
advocated [6, 50, 51]. In addition to pharmacological treatments, other interventions, such as
cognitive rehabilitation or participation in social activities, are also recommended for MCI
patients [52]. Several cognitive interventions, such as cognitive stimulation, cognitive
training, and cognitive rehabilitation have shown some effect on improving learning abilities
and cognition among MCI patients [53]. Thus, properly selecting candidates for earlier
treatment is necessary. Our results showed that MCI patients in the 3rd, 4th, and 5th
quintiles of multi-biomarker score (the high-risk group) were most likely to convert to AD,
which should qualify them as the primary target population if initiating a treatment program
MCI patients was applicable. The multi-biomarker score developed in our study using an
MCI population constitutes a reasonable measure with regard to the risk stratification of
MCI patients for targeted interventions, such as potentially effective treatments or life
management strategies. Furthermore, cost-effectiveness analysis for CSF biomarkers and
subsequent interventions could be performed to show the utility of our risk stratification
approach to payers as suggested by the ABSI [4] by targeting different intervention
strategies based on the risk level determined by the multi-biomarker score here (with
accurate diagnosis of MCI as the premise).

There are limitations to our study. First, neither the baseline biomarker level when
cognitively normal persons develop MCI nor the disease history of MCI patients was known.
This might resulted in the non-ordinal risk pattern by quintiles of multi-biomarker score. It is
also possible that the MCI subjects (late MCI) [54, 55] recruited in the first phase of the
ADNI were nearing progression to AD, and their biomarker levels were close to the
threshold of AD. Further validation studies should be applied on a population with relatively
early stage of MCI, such as early MCI defined in the second phase of ADNI (i.e., objective
memory loss documented with scores approximately 0.5-1.5 SD below the mean of healthy
controls on delayed paragraph recall performance from the Wechsler Memory Scale Logical
Memory 1) [56], to fully describe the continuum of CSF biomarker levels and the disease
progression of MCI for better discriminatory performance if possible. Second, changes in
the concentrations of CSF tau and AP,_4» are early events in the pathogenesis of AD and
levels of AB1_4 are already fully decreased at least 5 to 10 years before conversion to AD,
whereas T-tau and P-tausg;p seem to act as later markers [45, 57]. This means that patients
with MCI may not be an optimal target population to apply the CSF analysis since CSF
biomarkers (especially Ap1_42) convert to pathologic values several years before the first
appearance of clinical signs [6]. Finally, the current results demonstrate that the
discriminatory accuracy of the composite biomarker model is not yet clinically satisfactory
with an insufficient sample size and the heterogeneity of study samples.
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In summary, our study examined the feasibility of distinguishing MCI patients with higher
risk of developing AD from those at lower-risk through the creation of a multi-biomarker
score. We did not attempt to define a universal cut-off value on CSF biomarker
concentration levels, which would be difficult due to assay platforms generating different
absolute values [24] and intra-center or inter-center variability of CSF concentration level
[50]. However, we did find similar cut-off results of our index, derived from MCI patients,
applying on AD patients and healthy control. Our findings demonstrate that MCI patients
could be effectively categorized into different risk groups of developing AD through the use
of multiple CSF biomarkers, thus potentially identifying persons with MCI who are best
suited for pharmacological or non-pharmacological treatment.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Time-dependent ROC curves by follow-up period and the combinations of CSF biomarkers

(AB1-42 + P-tauyg;p) estimated from a Cox proportional hazards model. TP: true positive =
sensitivity; FP: false positive = 1-specificity.
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Fig. 2.
Cumulative probability of AD, according to quintile of multi-biomarker scores (Panel A)

and risk levels (Panel B). Multi-biomarker scores were classified as low (1st quintile),
intermediate (2nd quintile), or high (3rd, 4th, and 5th quintiles). The parenthesis presented
the range the multi-biomarker scores by risk levels.

J Alzheimers Dis. Author manuscript; available in PMC 2019 January 22.



Page 16

Michaud et al.

"3]e[1eAR 10U ‘YN ‘UOIRIASD pJepuels :dS ‘J0NgIyul 8seIalsauljoyd ‘13yD ‘Buibew

30UBUO0SAI 91BUBRW ‘[HIAl (3]BasqNS aAINIUB0I—3]edS JUBWSSassY AV ‘B02-SyaV ‘a1easqns sexoq Jo wins—Buney enuswaq [ed1ul]D ‘gS-4dD ‘uoleuIwex3 a1els [elusA-1ulAl ‘'ISININ 3 uialoldodijode
‘30dV “uswredwi 8AIUBOD plIW ‘IO "UOHEWLIOUI J8XIeWOI] 4SD 818]dW0D INOYIM pue Yim siusired [DIA UsaMIaq aA0QER Pals!| SBIRLIBACD JO SWIS) Ul PUNO) Sem 80UaJajip aouealiubis oN

¥

090 9/8'vC ¥992'vy  v.S'WC FISL'EV (Jw) BwinjoA sa[oLIUBA
98'0 LL0'T ¥ 8Y¥'9 G80'T ¥ 65€'9 (sww) swnjoa sndwesoddiH

S9INsesW J11BWNIOA |Y |\ Buljpseg

6TV (k4 VN
0C ST AJuo aunuewsy
ST 0T Ao 13yd
L'vS €0L 3UON
S9'0 % ‘AI0IS1Y SUOITEOIPBLU B UBWBP-UY
0 €9 F 68T €2'9FG8'8T €T Ssvav
060 68°0F V9T 68'0F9G'T $9X0Q J0 Wns ¥Yaod
€€0 9QLTFVTLe 6L TF16'9¢ 8103s ISININ

as ¥ Uesuw ‘1591 9A111UBOD BulESseg

280 L'2S 8'¢g % '181Led ¥3 304V
v1'0 0 9 % ‘BnuBWap Jo A10isty Ajiues Y
4 S0 paLLew JansN
79 29 paasong
8T 2’6 PamopIpn
v'9L Tv8 paLeN
¢T0 % ‘SNels [eye|\
€70 £FGT €FOT A‘ds + ueaw ‘uoieanp3
6€°0 929 199 % ‘o[eN
9T'0 LF8GL LFVL A‘Qs + ueaw ‘aby

sJojoey a1yde Bowaq

(e0z =) (s6T = U)
anfeAd  erep 45D INOYIM  Brep 4SO UNM arelrenod

,.8u1[aseq Je uonewJoul
Jayrewolq 4S9 a191dwod 1noynm pue yum s19algns 101N (T INAWY) aAeniul BuibewioinaN aseasip s Jawlayz)y ayl Jo sansLisioeseyd alydeibowaq

T alqeL

Author Manuscript Author Manuscript Author Manuscript Author Manuscript

J Alzheimers Dis. Author manuscript; available in PMC 2019 January 22.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Michaud et al.

Hazard ratio of each covariate using the Cox proportional hazards model *

Table 2

Covariate HR SE  p-value
Multi-bio marker score in the?

2nd quintile 1.82 0.86  0.206

3rd quintile 2.24 1.03  0.078

4th quintile 1.79 0.80 0.194

5th quintile 1.63 081  0.327
Age 0.97 0.02 0.125
Male 1.02 0.34  0.949
Education 0.99 0.04  0.850
Married (reference)

Widowed 0.81 0.39  0.664

Divorced 1.63 0.94 0.3%4
Never married 3.82 421 0.224
Having family history of dementia 0.76 039 0.591
APOE &4 carrier 121 0.33 0491
Baseline MMSE score 0.95 0.08  0.501
Baseline CDR sum of boxes 1.29 0.19  0.085
Baseline ADAS 13 1.09 0.03  0.001
Baseline hippocampus volume (mm3)  0.999566 0.00  0.005
Baseline ventricles volume (ml) 1.000003 0.00 0.628

n=148.

Page 17

aQuintiIes were defined by the equation: (-0.006)x AB1-42 + 0.012xP-tau181p. HR, hazard ratio; APOE, apolipoprotein E; MMSE, Mini-Mental

State Examination; CDR-SB, Clinical Dementia Rating—sum of boxes subscale; ADAS 13, AD Assessment Scale; SE: standard error.
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