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ABSTRACT

Objectives: In Alzheimer’s Disease (AD) research, choosing appropriate method for measuring change
in cognitive function over time can be challenging. The aim for this study was to examine the sensitivity
of four neuropsychological tests used to measure cognition during the transition from mild cognitive
impairment (MCI) to AD, and the impacts of associated covariates.

Methods: We enrolled 223 patients with MCI who progressed to AD and had completed multiple
follow-up assessments in the Alzheimer’s Disease Neuroimaging Initiative (ADNI) database. We con-
structed nonlinear mixed model for multivariate longitudinal data assuming that multiple neuropsy-
chological tests would exhibit nonlinear transformation of a common factor in the latent cognitive
process underlying the progression from MCl to AD.

Results: The Clinical Dementia Rating-Sum of the Boxes (CDR-SB) and Alzheimer’s Disease Assessment
Scale (11 items; ADAS-11) were more sensitive to cognitive changes in individuals with higher cognitive
function, the Functional Activities Questionnaire (FAQ) was more sensitive to cognitive changes in
individuals with middle cognitive function, and the Mini-Mental State Examination (MMSE) was more
sensitive to cognitive changes in individuals with lower cognitive function. Gender (p=0.0139) and
educational level (p=0.0094) had varying effects on different tests, such that men performed better
on the FAQ and CDR-SB, and individuals with higher educational level tended to perform better on
the FAQ and MMSE.

Conclusions: When choosing appropriate neuropsychological tests in cognitive measurements, the
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cognitive functional level of the patient as well as the impacts of covariates should be considered.

Introduction

The rates of cognitive decline and dementia are increasing with
the age of the overall population in many countries worldwide.
Further, more than 60% of dementia cases are associated with
Alzheimer’s disease (AD) (Patterson, 2018). As the most com-
mon of the neurodegenerative diseases, AD is a progressive
disorder characterized by cognitive decline, functional prob-
lems, and behavioral dysfunction (Smith & Buckwalter, 2005).
Mild cognitive impairment (MCl) is a prodromal stage of
dementia in which patients exhibit cognitive decline greater
than that expected for their educational level and age, but
retains all or almost all of the activities of daily living (Flicker et
al., 1991; Petersen et al., 2001). Studies have shown that patients
with MCl convert to AD at a rate of 10%-15% per year, and that
up to 80% of MCl patients have converted to AD within 6 years
of MCl diagnosis (Golob et al., 2007). It is of great significance
to study the cognitive process from MCI to AD to prevent or
delay the occurrence of dementia.

Several prospective studies have indicated that neuropsy-
chological assessments can identify individuals with prodromal
AD (i.e. the symptomatic predementia phase of AD or‘MCl due
to AD’) (Dubois & Albert, 2004). One study stressed the impor-
tance of measuring cognitive change using’MCl due to AD'(i.e.

prodromal AD) as a diagnostic criterion, illustrating that it pro-
vides evidence of longitudinal decline in cognition (Albert et
al., 2011). Cognitive function can be evaluated using various
different neuropsychological tests covering different cognitive
domains (Dunson, 2003). Domains of cognitive weakness high-
light the goals of cognitive training and clinical intervention,
while domains of cognitive strength and preserved ability can
be used to modify the clinical course of the disease (Lu & Lee,
2017; Pasternak & Smith, 2019). A brief cognitive screening tool
can be used in the clinic to identify individuals with cognitive
and functional changes, and track the progression of symp-
toms and the effects of treatment over time (Pasternak & Smith,
2019). However, there are no clear guidelines regarding how
to choose specific neuropsychological tests for assessment.
Further, conducting a battery of tests is time consuming, and
lengthy tests can be difficult for individuals with cognitive
impairment to endure (Dartigues et al., 1997). Thus, it is essen-
tial to choose appropriate neuropsychological tests, and par-
ticularly tests that are sufficiently sensitive to identify small
changes in cognition (Morris et al., 1999).

Due to their metrological properties, some neuropsycho-
logical tests have ceiling or floor effects. Such tests generally
have different levels of sensitivity to changes in the range of
scores, which can be defined as differences in curvilinearity
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(Proust-Lima et al., 2007). Moreover, in a series of neuropsycho-
logical tests, each test generally measures only one or several
cognitive domains, even if the test is considered to be a global
test, such as the Minimum-Mental State Examination (MMSE)
(Folstein et al., 1975). Therefore, when analyzing the impacts of
covariates on test scores over time, it isimpossible to determine
whether the results reflect the relationship between the covari-
ate and global cognition, specific domains covered by the test,
or different test abilities (Proust-Lima et al., 2008). Some
researchers have hypothesized that a common factor among a
group of tests might represent a latent cognitive process asso-
ciated with the psychological phenomena that the tests are
measuring (Fabrigoule et al., 1998). It may be possible to address
this using the nonlinear mixed model for multivariate longitu-
dinal data, which can be used to estimate metrological proper-
ties and to separate the effects of covariates on changes in
common factors over time from specific effects on each test
over time.

Our modeling approach is different from popular methods
in many ways. First, the main interest of confirmatory factor
analysis lies in the relationship between observed indicator
variables and latent variables (Mueller & Hancock, 2015), while
we focus on the common latent process change over time.
Moreover, structural equation model generally assumes a
Poisson or a Gaussian distribution for the outcomes when deal-
ing with quantitative outcomes. In practice, the neuropsycho-
logical tests often have non-Gaussian distributions due to
different behaviors with aging and different metrological prop-
erties (Amieva et al., 2005; Hall et al., 2001). Our model defined
non-linear parameterized equations of observation to handle
non-Gaussian continuous outcomes and to eliminate the spu-
rious correlations when neglecting violation of the Gaussian
assumption. Furthermore, in longitudinal settings, the item
response theory tends to become very complicated and com-
putationally intensive with a large number of model parame-
ters. Our model estimated the nonlinear function linking the
latent cognitive process with the outcomes inside a family of
flexible continuous transformations. This remains computation-
ally easy and improves the goodness of fit in comparison with
the linear mixed model.

In this study, we selected longitudinal neuropsychological
tests and covariates (sociodemographic information and
genetic information) to construct a nonlinear mixed model for
multivariate longitudinal data. With this model, we explored
the sensitivity of a battery of neuropsychological tests generally
used in patients with MCl to measure cognitive changes, and
assessed the impacts of covariates on these tests.

Materials methods
Participants

Data used in the preparation of this article were obtained from
the Alzheimer’s Disease Neuroimaging Initiative (ADNI) data-
base (adni.loni.usc.edu). The ADNI was launched in 2003 as a
public-private partnership led by Principal Investigator Michael
W.Weiner, MD (Weiner et al., 2013). The primary goal of the ADNI
was to test whether serial magnetic resonance imaging (MRI),
positron emission tomography (PET), other biological markers,
and clinical and neuropsychological assessments could be com-
bined to measure the progression of MCl and early AD. All par-
ticipants provided written consent and the study protocol was

approved by the institutional review committee of each partic-
ipating center prior to implementing the specific protocol.

A total of 223 participants were enrolled in the study who
were diagnosed MCI at baseline and eventually converted to
AD during the follow-up period from 2006-2014.
Neuropsychological data from the participants who had con-
certed to AD were excluded in the analysis. Follow-up assess-
ments were performed semi-annually in the first 2 years and
then yearly for the next 6years. The inclusion and exclusion
criteria of subjects were as follows. Inclusion criteria: 1) Hachinski
Ischemic Score less than or equal to 4. 2) Age 65 years or above.
3) MMSE score greater than or equal to 24. 4) Geriatric
Depression Scale score less than 6. 5) Good general health. 6)
Medication stable for 4 weeks prior to screening. 7) No visual or
auditory impairment. Exclusion criteria: 1) Meet the DSM-IV
criteria for Dementia. 2) Contraindications for drug or MRI stud-
ies. 3) Mental disorders or substantial neurological diseases. The
criteria for the diagnosis of MCI subjects were MMSE scores
between 24 and 30 (inclusive), the Clinical Dementia Rating
(CDR) of 0.5, a memory complaint, the preservation of activities
of daily living, and no dementia. The diagnosis of AD was based
on the National Institute of Neurologic and Communicative
Disorders and Stroke-Alzheimer’s Disease and Related Disorders
Association (NINCDS/ADRDA) criteria.

Data collection

Neuropsychological evaluation: The Clinical Dementia Rating-
Sum of the Boxes (CDR-SB) (Lynch et al., 2006) enables the eval-
uation of dementia severity using six “boxes” or dimensions,
including Memory, Orientation, Judgment and Problem Solving,
Community Affairs, Home and Hobbies, and Personal Care. The
scores range from 0 to 18 (with higher scores indicating greater
impairment).

The Alzheimer’s Disease Assessment Scale (11 items; ADAS-11)
(Mohs et al,, 1997) is generally used to evaluate cognitive dys-
function in clinical settings, including clinical trials for drugs and
other interventions. The ADAS-11 primarily measures language
and memory, and includes the Word Recall Task, Naming Objects
and Fingers, Following Commands, Constructional Praxis,
Ideational Praxis, Orientation, the Word Recognition Task,
RememberingTest Directions, Spoken Language, Comprehension,
and Word-Finding Difficulty. Higher scores on the ADAS-11 (0-70
point score) indicate greater cognitive dysfunction.

The MMSE measures 10 items including orientation, mem-
ory, calculation, language, and visuospatial performance. The
scores range from 0 to 30, with high scores illustrating better
cognitive function.

The Functional Activities Questionnaire (FAQ) (Pfeffer et al.,
1982) measures the degree of independence in terms of instru-
mental activities of daily living. It has 10 items, with the total
score ranging from 0 to 30 points.

With the exception of the MMSE, higher scores represented
poorer cognitive or behavioral function among all of the tests
used of this study. Therefore, to make the evaluation criteria
consistent with respect to the other tests, we subtracted the
total MMSE scores from the actual measurement scores during
modeling, and termed this value the transformed MMSE
(t-MMSE). Because both the MMSE and FAQ scores range from
0 to 30 points, we multiplied the actual measurement scores of
the other two scales by 30 and then divided these values by the
total test scores to make the score range consistent among
the tests.



Social demographic details and genetic information as
covariates, including gender, age, family status (married, single),
educational level (less than or equal to 12, 13-15, or more than
or equal to 16years), and ApoEe4 status (carrier, non carrier)
were also collected.

Statistical analysis

To analyze the cognitive trajectory of participants from MCl to
AD over the follow-up period, we used a nonlinear mixed model
for multivariate longitudinal data. The statistical model assumed
that the correlation between the four neuropsychological tests
was induced by a latent common cognitive factor. The model
consisted of two parts. The first was a linear mixed model that
described the change over time in latent cognitive processes
and evaluated the common effects of covariates on this latent
trajectory (Laird & Ware, 1982). This linear mixed modelincluded
a random intercept and a slope for the time after inclusion in
the study, as well as the following covariates: gender, age, family
status, educational level, ApoEe4, and the interactions between
these variables and time. To define individual deviations from
a quadratic trend, we added a Brownian motion to relax the
parametric form of the model (Mazur, 1959).

The second part of the model comprised test-specific mea-
surement models that were flexible transformations linking the
latent process and the neuropsychological tests. This part of the
model also assessed the common effect of the covariates on each
testand the specific effect of the covariates on it after adjustment
for the latent cognitive process. These test-specific effects, called
contrasts, were used to evaluate whether the covariates had a
different and quantitative specificimpact on each test aside from
its global effect on latent cognitive processes. The nonlinear
test-specific transformations were used to account for the global
metrological properties of the tests (Proust-Lima et al., 2007). We
selected Beta cumulative distribution functions as transforma-
tions because they are flexible and parsimonious. These functions
provided a large variety of shapes (convex, concave, simply linear,
or sigmoid) to account for the curvilinearity of the tests. The com-
plete methodology details were described elsewhere (Proust et
al., 2006; Proust-Lima et al., 2008).

We used SAS 9.4 for our preliminary analyses and the “Lcmm”
package in R 3.6.1 for the nonlinear mixed model for multivar-
iate longitudinal data. A value of p<0.05 was considered
significant.

Results
Participant characteristics

In this study, we enrolled 223 elderly people over the age of 65
who had converted to AD from MCI (Figure 1). Follow-up assess-
ments were performed semi-annually in the first 2years and
then yearly for the next 6years, with a median follow-up time
of 18.33 months (interquartile range: 11.97-25.34 months). The
participant characteristics are detailed in Table 1.

Comparison of the metrological properties of the four
neuropsychological tests

Figure 2 displays the estimation of Beta transformations for the
four cognitive tests. The shapes of the score distributions for all
four tests showed nonlinear transformation. The transformations
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varied among the four cognitive tests. The shape of the CDR-SB
was convex, showing that a decline of CDR-SB did not correspond
to the same intensity of decline of the latent cognitive process in
allrange of the test. Indeed, aloss of 1 pointin the latent cognitive
process scale between —1 and 0 represented a loss of 1 CDR-SB
point, whereas the same loss between 6 and 7 corresponded to
a loss of 3 CDR-SB points. This indicated that changes in CDR-SB
cannot be explained without accounting for the initial value, and
that CDR-SB test was more sensitive to cognitive changes when
participants had higher vs. lower levels of cognitive function.The
situation of ADAS-11 was the same as above. The curve for
t-MMSE was convex, which meant that the shape of the MMSE
was concave. The MMSE dataset had a concave shape, indicating
that the MMSE was more sensitive to cognitive changes in indi-
viduals with lower vs. higher levels of cognitive function. The FAQ
dataset had a sigmoid shape, showing that it was sensitive to
change in the middle range of cognitive function with respect to
the latent cognitive process.

The minimum values of the FAQ and CDR-SB were higher than
the minimum values assigned to the latent cognitive process (-2
and -3, respectively), which indicated that these tests were not
suitable for estimating cognitive changes in individuals with low
levels of cognitive function. Thus, this finding illustrated the floor
effect of these two tests. The t-MMSE had a floor effect indicated
that the MMSE had a ceiling effect. In contrast, the minimum and
maximum values of the ADAS-11 were close to the values of the
common factors —10 and 10, respectively, indicating that this test
was not affected by ceiling or floor effects.

Association between covariates and cognitive
trajectories

Table 2 (part (a)) presents the model, including a quadratic func-
tion of time and four covariates (gender, ApoEe4 status, educa-
tional level, and family status) for the latent process using Beta
transformations. The latent process also included interactions
between ApoEe4 and time variables. The latent cognitive pro-
cess was positively associated with follow-up time (p <0.0001),
and was also associated with the interaction between ApoEe4
and time (p=0.0277). The interactions between gender and
time, between family status and time, and between educational
level and time were not found to be significant. ApoEe4 gene
status was not related to the mean level of the common factor,
while ApoEe4 gene status was strongly associated with change
in the common factor over time. Cognitive function decreased
more rapidly over time in ApoEe4 carriers compared with
ApoEe4 non-carriers, as shown in Figure 3.

Table 3 (part (b) contrasts) summarizes the test-specific
effects of covariates on each neuropsychological test. The con-
trasts between the tests and gender suggested that gender did
not have the same impact on each neuropsychological test:
men tended to perform better on the FAQ and CDR-SB than
women. The contrasts between the tests and educational level
illustrated that educational level did not have the same impact
on each neuropsychological test: individuals with higher edu-
cational level tended to perform better on the FAQ and t-MMSE
than lower educational level. Contrasts between tests and
ApoEe4 or family status were not statistically significant, indi-
cating that the effects of ApoEe4 and family status did not differ
among the tests.

Figure 4 summarizes the normal quantile plots of the stan-
dardized marginal residuals for the four neuropsychological
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| 223 MCI subjects at baseline were included in the study |
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14 AD convertors at4 year
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1 AD convertor at 7 year
1 AD convertor at 8 year

Figure 1. Diagram mapping the occurrence of Alzheimer’s disease during the
8-year follow-up of the study.

Table 1. Baseline characteristics of demographic and cognitive performances.
Mean £SD or n (%)

Characteristics

Age at baseline 75.51+£5.44
Gender

Male 140 (62.8%)
Female 83 (37.2%)

Education (years)

12 39(17.5%)

13~15 102 (45.7%)
16 82 (36.8%)

Family status

Married 182 (81.6%)
Single 41 (18.4%)

ApoEe4

Carries 151 (67.7%)
Non carries 72 (32.3%)

MMSE score 26.83+1.74
FAQ score 5.53+4.92

CDR-SB score 1.90+£0.95

ADAS-11 score 13.17+£4.31

Note: SD: standard deviation; t-MMSE: transformed Mini-Mental State
Examination; FAQ: Functional Activities Questionnaire; CDR-SB: Clinical
Dementia Rating-Sum of the Boxes; ADAS-11: Alzheimer’s Disease Assessment
Scale (11 items).

tests. The normality assumption of the residuals seemed to be
well satisfied for each of the four tests, illustrating that the
model was a good fit. The latent process accounted for 16.42%—
55.04% of the total variation in test scores at baseline and
accounted for 71.31%-93.94% of the total variation in scores at
8years after the initial assessment. As the follow-up duration
increased, the proportion of change that could be interpreted
to be associated with the latent process also gradually increased
(Table 4). These data showed that the model was a good fit.

Discussion

We used a nonlinear mixed model for multivariate longitudinal
data from the ADNI cohort. We estimated changes using a com-
prehensive indicator of cognition and studied the impacts of
covariates on change in latent cognitive processes. At the same

time, we found characteristics of the neuropsychological tests
and provided theoretical support for the rational use of the tests.

A main result of this study is that the examined neuropsy-
chological tests appear to be sensitive to the cognitive change
associated with prodromal AD. The distribution of the dataset
for each test emphasizes sensitivity to a different pattern of
cognitive change over time. O'Bryant et al. (2008) reported that
each point increase in CDR-SB scores were associated with a
three-fold increase in the risk of a diagnosis of some form of
dementia, supporting CDR-SB as an important tool for distin-
guishing between MCl and early dementia. Nicola Coley et al.
(2011) announced that the CDR-SB can be used to effectively
evaluate cognitive function with little floor or ceiling effects in
people with mild to moderate AD. However, we found that the
CDR-SB was affected by floor effect when assessing cognitive
changes in individuals with low cognitive function. Cedarbaum
JMetal. (2013) reported that there was a floor effect in the score
of “Personal Care” box, indicating that it was often rated 0 in
subjects with early cognitive changes. In addition, the CDR-SB
scores were based on semi-structured interviews with patients
and informants, which can lead to an additional level of subjec-
tivity and hamper accurate assessment (Samtani et al., 2014).

Doraiswamy et al. (2001) concluded that the ADAS-11 was
unlikely to be used for monitoring high functioning individuals
or patients with MCl in short-term studies. This was due to the
lack of appropriate sensitivity of certain items in early clinical
AD studies. Specifically, a number of the ADAS-11 components
showed ceiling effects in individuals with mild or moderate AD
(Cano et al., 2010). However, our data suggested that ADAS-11
was suitable for assessing cognitive changes in individuals with
high cognitive function in prodromal AD and it had no ceiling
or floor effect. The heterogeneity of subjects and sample size
may account for the different results observed in different
cohorts.

In contrast, the MMSE should be chosen to evaluate cogni-
tive changes in individuals with low cognitive function. The
ceiling effect of MMSE indicated that it was not suitable for
people with high cognitive level. Tombaugh and Mcintyre
(1992) illustrated that the sensitivity of MMSE was higher in
moderate to severe cognitive impairment and lower in mild
impairment. The ceiling effect had the strongest relationship
with concentration (sequence-seven), direction, and memory
(Franco-Marina et al., 2010), indicating that these items did not
correctly reflect the cognitive level of patients with mild impair-
ment. This pointed out the research direction for improving the
sensitivity of MMSE.

Many studies have used FAQ for cognitive screening or to
assess the incidence of dementia (Laks et al., 2005; Tekin et al.,
2001), because it can determine an individual’s neuropsychi-
atric symptoms, such as delusions and aberrant motor function.
Teng et al. (2010) reported that the FAQ as a standardized
assessment of instrumental activities of daily living (ADL) was
sufficiently sensitive and specific in the diagnosis of AD and
MCI, and that tracking current events, bill paying, and trans-
portation were the greatest diagnostic utility in the FAQ items.
We found that the FAQ was very sensitive to cognitive change
at middle cognitive level, while it had floor effect on cognitive
change at low cognitive level. Considering that the FAQ mainly
measures functional changes, the floor effect may originate
from items that are not sensitive to cognitive changes. In this
study, the majority of the neuropsychological tests had curvi-
linear performance. This curvilinearity signals the difficulty in
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Estimated link functions

tMMSE
== EAQ
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ADAS11
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Figure 2. Estimated beta transformations for each test.Note: t-MMSE: transformed Mini-Mental State Examination; FAQ: Functional Activities Questionnaire;
CDR-SB: Clinical Dementia Rating-Sum of the Boxes; ADAS-11: Alzheimer’s Disease Assessment Scale (11 items).

Table 2. Common effect of the covariates on latent cognitive process (a).

Parameter Estimate SE Wald P

Gender —-0.0978 0.1977 —-0.4940 0.6210
ApoEe4 0.3420 0.1825 1.8740 0.0609
Education —0.0635 0.1214 -0.5230 0.6009
2 —-0.0273 0.0153 -1.7880 0.0738
t 1.2183 0.1077 11.3120 <0.0001
Family status —-0.2256 0.2428 -0.9290 0.3529
t?*ApoEe4 0.0314 0.0143 2.2010 0.0277

Note: Log likelihood =-11875.62; Number of parameters = 46; AIC = 23843.24;
BIC =23999.97.
Reference: female; €4 gene noncarriers; 12 years and under; married.

choosing a cut-off value of cognitive decline for diagnosing
prodromal AD (Mura et al., 2014). A decrease of 1 point on the
test scale does not have the same meaning in the all range of
the test, and it is decided by the initial level of test. It may be
interesting to select several possible cut-off values to provide
the predictions of the probability of developing AD according
to the metrological properties of the neuropsychological tests.
Regarding the impacts of covariates on neuropsychological
tests, our results showed that gender and educational level had
different effects on different tests. Gender had a significant
impact on both the FAQ and CDR-SB such that men performed
better than women on both scales. Men had an advantageina
number of cognitive domains, including visuospatial and epi-
sodic memory, language, and semantic ability (Irvine et al.,
2012). The reasons for this advantage include estrogen reduc-
tion in postmenopausal women, higher cognitive reserve in
men, and sex differences in AD pathology (Laws et al., 2016).
Some studies have shown that a low level of education was
a risk factor for cognitive decline (Sachdev et al., 2012).
However, others have found that educational level was not
related to cognitive decline, which was consistent with our
results (Kryscio et al., 2006). We found that MMSE and FAQ
scores significantly varied by educational level, indicating that
these scales were sensitive to different levels of education.
Tappen et al. (2010) used hierarchical regression and demon-
strated that education had significant effects on the FAQ and
MMSE, suggesting that education correction was necessary. A
higher level of cognitive reserve may translate to improved

Class-specific mean predicted trajectory

10

non apoe4
— apoe4

Latent Cognitive Process

T T T T T
0 2 4 6 8

age in year

Figure 3. Predicted mean evolution for the latent cognitive process in €4 gene
carriers and €4 gene non-carriers.

mental efficiency and flexibility in terms of dealing with tasks
(Lenehan et al., 2015), thus enabling individuals to better cope
or compensate for the subtle brain changes imposed by aging
(Foverskov et al., 2018), and thus delay the onset of impairment
and AD symptoms (Soldan et al., 2017).

The statistical methodology we used has several advan-
tages. First, it handles unbalanced and non-Gaussian repeated
measurements of bounded quantitative outcomes, and takes
into account the metrological properties of neuropsychological
tests (Mura et al,, 2014). It is worth noting that the latent cog-
nitive process was defined by a series of neuropsychological
tests. Therefore, the connection between neuropsychological
test scores and latent cognitive processes enabled us to esti-
mate the sensitivity of each test in detecting cognitive changes.
Another advantage of this model is the way of explaining
covariate effects. Using fixed contrasts, this model is able to
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Table 3. Test-specific effects on each of the neuropsychological tests through
contrasts (b).

Table 4. Interpreting variance percentage in the common latent process
model for the four tests at given time.

Parameter Estimate SE Wald P
Contrasts on gender

(p=0.0139)
t-MMSE —0.2622 0.2000 -1.3110 0.1900
FAQ 04134 0.1575 2.6250 0.0087
CDR-SB 0.2790 0.1226 2.2760 0.0229
ADAS-11 —0.4301 0.2270 -1.8950 0.0581
Contrasts on ApoEe4

(p=0.9035)
t-MMSE -0.1210 0.1825 —-0.6630 0.5072
FAQ 0.0396 0.1431 0.2770 0.7821
CDR-SB 0.0560 0.1112 0.5040 0.6145
ADAS-11 0.0254 0.2078 0.1220 0.9026
Contrasts on

education

(p=0.0094)
t-MMSE —0.3532 0.1256 -2.8130 0.0049
FAQ 0.2549 0.0972 2.6240 0.0087
CDR-SB 0.1150 0.0750 1.5340 0.1250
ADAS-11 -0.0167 0.1385 -0.1210 0.9040
Contrasts on family

status

(p=0.5627)
t-MMSE —-0.1837 0.2456 —-0.7480 0.4544
FAQ 0.0207 0.1931 0.1070 0.9147
CDR-SB 0.2026 0.1499 1.3520 0.1765
ADAS-11 —0.0396 0.2782 —-0.1420 0.8868

Note: t-MMSE: transformed Mini-Mental State Examination; FAQ: Functional
Activities Questionnaire; CDR-SB: Clinical Dementia Rating-Sum of the Boxes;
ADAS-11: Alzheimer’s Disease Assessment Scale (11 items).

Reference: female; €4 gene noncarriers; 12 years and under; married.

FAQ

2 years 4 years 6 years 8 years
Tests Baseline  follow-up  follow-up follow-up follow-up
t-MMSE 19.40 41.22 56.94 67.78 75.28
FAQ 35.51 61.60 75.16 82.80 87.45
CDRSB 55.04 78.10 87.06 91.45 93.94
ADAST1 16.42 36.40 51.91 63.20 71.32

Note: t-MMSE: transformed Mini-Mental State Examination; FAQ: Functional
Activities Questionnaire; CDR-SB: Clinical Dementia Rating-Sum of the Boxes;
ADAS-11: Alzheimer’s Disease Assessment Scale (11 items).

distinguish connection between covariates and the latent pro-
cess and the connection between covariates and various neu-
ropsychological test. This gave us the opportunity to show that
covariates had different and quantitative specific impact on
each neuropsychological test. Finally, it can avoid the misspec-
ification of the linear mixed model in evaluating predictors of
cognitive decline (Proust-Lima et al., 2011). As a consequence,
the nonlinear mixed model for multivariate longitudinal data
was suitable with respect to the aim of our study.

It is well known that neuropsychological assessments play
a prominent role in the detection, evaluation, diagnosis and
treatment of neurodegenerative diseases (Boller & Barba, 2001).
We chose several neuropsychological tests which were com-
monly used to measure cognition (Baldwin & Farias, 2009), and
understood the characteristics of these neuropsychological

tMMSE

Figure 4. Normal quantile plot of the standardized marginal residuals for each test.Note: t-MMSE: transformed Mini-Mental State Examination; FAQ: Functional
Activities Questionnaire; CDR-SB: Clinical Dementia Rating-Sum of the Boxes; ADAS-11: Alzheimer’s Disease Assessment Scale (11 items).



tests through a nonlinear mixed model for multivariate longi-
tudinal data. We found that patients at different levels of cog-
nitive function showed different sensitivities to cognitive
changes for the neuropsychological tests, which highlighted
that we should chose appropriate neuropsychological tests
according to the level of functioning of each patient. This study
has clinical relevance and utility in that the individual test is
enough for clinical purpose. The clinical diagnosis from history
taking and reports on cognitive and functional changes can be
supported by test scores. Discrepancy between observation of
deterioration and tests scores can alert the clinicians to other
causes for deterioration, for example depression.

There were some limitations to this study. First, the ADNI
cohort comprised convenience samples as opposed to being
an epidemiological cohort. This likely led to the recruitment of
a high proportion of participants who were experiencing cog-
nitive decline and who were taking multiple medications to
treat AD, MCI, or other conditions that may affect the results.
Second, this study only chose neuropsychological tests as
indexes of cognition for analysis and it was necessary to com-
bine clinical information and other indicators in future research.
Third, as this study was not designed to compare different mea-
surements in specific cognitive domains, we cannot reasonably
highlight one measure in terms of its utility for assessing par-
ticular symptoms in dementia patients.

Conclusions

Our study provides reasonable explanations for the selection
of appropriate neuropsychological tests and measurements of
cognitive change among individuals with prodromal AD at dif-
ferent cognition levels. The CDR-SB and the ADAS-11 are appro-
priate to whom with high cognitive level. The FAQ could be a
good candidate to measure cognitive changes in individuals
with middle cognitive level. The MMSE is adapted for individuals
with low cognitive level. When conducting cognitive measure-
ment, the bias caused by covariates (such as gender and edu-
cation) on the results of tests should be considered. Clinicians
should select appropriate neuropsychological tests according
to specific cognitive stages and consider the impacts of covari-
ates when measuring patient cognition.
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