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ABSTRACT AND KEYWORDS

Abstract

Background

For developing future clinical trials in Cerebralit@somal dominant arteriopathy with
subcortical infarcts and leukoencephalopathy (CARASt seems crucial to study the long
term changes of cognition.

Objective

We aimed to study the global trajectory of cogmtioneasured by the Mini-Mental State
Examination (MMSE) and the Mattis Dementia Ratir@al8 (MDRS), along the course of
CADASIL.

Methods

Follow-up data of 185 CADASIL patients, investigat the French National Referral center
CERVCO as from 2003, were considered for analysisetd on strict inclusion criteria.
Assuming that the MMSE and the MDRS provide immecmeasures of cognition, the
trajectory of a common cognitive latent processirduifollow-up was delineated using a
multivariate latent process mixed model. After athjoent of this model for sex and
education, the sensitivities of the two scalesoignitive change were compared.

Results

Analysis of the cognitive trajectory over a timarfre of 60 years of age showed a decrease
of performances with aging, especially after agé®fyears. This decline was not altered by
sex or education but patients who graduated fragh Bchool had a higher mean cognitive
level at baseline. The sensitivities of MMSE and R scales were similar and the two

scales suffered from a ceiling effect and curvagirity.



Conclusion
These data support that cognitive decline is ma&dr and mainly occurs after the age of 50
years during the course of CADASIL. They also shiweat MMSE and MDRS scales are

hampered by major limitations for longitudinal sesl
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Variable Modeling; Patient Outcome Assessment; §gBehavior; Alzheimer's disease



INTRODUCTION

Cerebral autosomal dominant arteriopathy with scimad infarcts and leukoencephalopathy
(CADASIL), caused by mutations of the NOTCH3 geme anromosome 19, is a unique
model of pure vascular dementia to investigatenidugiral history of severe ischemic small
vessel diseases [1]. The main symptoms of CADA&HIude attacks of migraine with aura,
stroke events, mood and behavior troubles, gatudtiances, and cognitive decline from
executive dysfunction up to severe dementia [2jculeulating data showed that disability,
particularly cognitive decline from the early stagan progress in CADASIL in the absence
of ischemic or hemorrhagic stroke events. Therefoognitive decline should be obviously
considered as a key outcome in future clinicalldrimm CADASIL in addition to the
occurrence of stroke events.

Yet, the selection of cognitive scales for evahgthe actual longitudinal changes of
cognitive performances in CADASIL is not trivial. dfly aspects should be considered for
selecting the most relevant tools. First, diseasgrpssion is observed over several decades
and may not be linear. Recent data support thairession of disability along aging can
differ at individual level according to the stadetlte disease. Second, factors such as sex or
mostly education may largely impact cognitive perfances. Previous data support that
females may have better performances than malesgiparly at early stage, in CADASIL
[3—6]. Also, more generally, highly educated sutgdtave better performances on a wide
range of cognitive tasks included in different glblscales [7-9]. Finally, measures of
cognitive changes in longitudinal studies also aeplargely on the neuropsychological test
itself. In order to capture cognitive changes vatitough accuracy, a neuropsychological test
should be able not only to explore the differergrdve domains specifically affected during
the progression of the disease but also to medbkese changes in the range of cognitive

levels observed in the targeted population. Thgacay might be strongly limited by several



metrological properties of tests such as the paeEseha ceiling effect as observed using the
Mini-Mental State Examination (MMSE) [10] in Alzhmeer's and Parkinson’s diseases [11—
13]. Potential curvilinearity may also representtaer major limitation when a fixed loss of
points does not correspond to the same intensitpghitive decline over the whole range of
the test values. In CADASIL, global cognitive perfances were previously assessed
longitudinally using various global cognitive sealsuch as the MMSE or the Mattis
Dementia Rating Scale (MDRS) [14]. The MMSE is viyjdeised to screen cognitive
impairment in daily clinical practice. The MDRSas alternative test for evaluating global
cognitive impairment in clinical settings includirdisorders affecting primarily executive
functions. In CADASIL, significant variations of éhcorresponding scores were previously
detected over 3 years [15]. However, the overalettory of cognitive decline during the
whole disease progression and the actual factatsnfay influence this evolution remain
poorly understood, even though this informatiorcrgcial for the timely use of cognitive
testing in longitudinal studies. Indeed, the pebf cognitive deficits in CADASIL has been
previously investigated in four major studies [18}-Imainly focused on variations of
performances in different specific cognitive donsaiklowever, the global cognitive level
during the course of the disease was not investilggtt.

In the present study, we aimed to investigate tbkeaj trajectory of cognitive decline
during the course of CADASIL, a model of vasculanntia related to cerebral small vessel
disease, over several decades and compare thelogetab properties of MMSE and MDRS
scales for longitudinal studies. For this purpaseoriginal analytical approach was used to
take into account curvilinearity and ceiling effeat the two scales. Curvilinear mixed
models, which can be seen as extended linear rmatkls [20], were used to investigate
both the change over time of the latent cognitikecess in CADASIL and the sensitivity to

cognitive change of the two scales.



MATERIALSAND METHODS
Study population
Between 2003 and 2017, a total of 366 patients wameiited at the French National Referral
center CERVCO (https://www.cervco.fr/) in a largeogpective cohort of CADASIL
patients. Inclusion criteria in the cohort were ngeiat least 18 years of age, with a
documented mutation in the NOTCH3 gene, and willitag be regularly evaluated.
Neuropsychological assessment was obtained atsiodwand every 20 months of follow-up
in median. Reasons for dropout of patients durwipi-up were not recorded. Dedicated
methods were used for database verification, abegmind validation.

Informed consent was obtained from each subjedtoon a close relative when the
patient was too severely disabled to give writtensent. The study was approved by an

independent ethics committee.

Assessment of cognition

Cognitive performances were assessed at eachugisiy both the MMSE and the MDRS.
The MMSE is a global neuropsychological test evatgathe following dimensions of
cognition: orientation, memory, attention, languamed constructional praxis. The sum score
on the MMSE ranges from 0 (worse) to 30 (best). MRS consists of five subscale scores
related to attention, initiation-perseveration, stouction, conceptualization, and memory.
The MDRS total score ranges from O (worse) to Idkst). When a subtest could not be
applied because of too severe cognitive alteratithrespatient was considered to have altered
performance for this subtest. The lowest scoreHisr subtest was then used for this specific

performance. Raw total scores were analyzed.



Explanatory variables

The following parameters considered as potentia@diptors of clinical worsening in
CADASIL were available at baseline: age, sex, etiosasmoking, alcohol consumption,
hypertension, diabetes, systolic blood pressurastdlic blood pressure, homocysteine,
previous stroke events, gait disturbances, balgmablems, disability, and dementia.
Education was determined according to the FrenchiBat scale [21] and summarized into a
binary covariate as 1 when the subject passedaat the high school diploma (high level)
and 0 otherwise (low level). Alcohol consumptionswa qualitative variable with three
categories: never, < 2 glasses of wine for a maglgds or equivalent for a woman), and > 2
glasses of wine for a man (1 glass or equivalentafavtoman). Previous stoke events were
considered to be transient ischemic attacks if thsted less than 24 hours. Disability was
assessed using the modified Rankin Scale (mRS)wasdturned into a binary covariate
corresponding to 1 when the subject had a scoBanfmore (moderate or severe disability)
and to 0 otherwise (no disability). Dementia waseased according to DSM-1V criteria. Age
was available throughout the follow-up and con®deas the time variable. For computation
purposes, the time scale was the age minus 24 gead® years where 24 corresponds to the
age of the youngest patient observed at baselméhi$ way, the intercept represents the
cognitive level at 24 years of age and the changmgnitive level is measured for a decade.

Neuroimaging data were not available.

Statistical analysis

Descriptive statistics

Data were first summarized at baseline, with freqies and percentages for qualitative data

and means and standard deviations (SD) for quanéiteariables.



Modeling of the cognitive trajectory

We used mixed models for curvilinear outcomes [A0jey are divided in two parts: (i) a
linear mixed model which describes the change twe of the latent cognitive process and
evaluates the common effects of covariates ondhest cognitive trajectory; (ii) test-specific
nonlinear measurement models which relate eachopsychological assessment with the
latent cognitive process and allows determiningradegical properties of the different
neuropsychological tests and evaluating test-spee@s$sociations with covariates after
adjustment for their effect on the latent cognitprecess (contrasts). In the model involving
both the MMSE and the MDRS, the latent cognitivecgss captures the common cognitive
part measured by the neuropsychological tests. [@tent process constitutes the actual
unobserved cognitive level that generated the sconethe MMSE and the MDRS and does
not have a particular clinical meaning.

First, we analyzed the MMSE and the MDRS separaiéig change over time of the
latent process underlying each score was descuisety a cubic function of time with
correlated random effects on the intercept, slapedratic slope, and cubic slope. The
objective was to select the best parameterizedtitamdinking each sum score to its
underlying latent process. For this purpose, wenaséd latent process mixed models for
univariate longitudinal data assuming a similajectory of the underlying latent process
with a different link function for each model. Werapared eight link functions according to
the Akaike information criterion (AIC): linear traformation, beta CDF, and quadratic I-
splines with three, five or seven nodes locateth@iguantiles of the neuropsychological test
distribution or equidistant.

Second, we used a latent process mixed model fdwvamiate longitudinal data to
analyze the cognitive trajectory. We assumed thsliS# and MDRS tests are measures with

error of the same underlying latent process coarding to global cognitive functioning. In



order to link the common latent process with eaelhropsychological test, we used the

transformations previously selected to link eadt wth its underlying latent process. We

then ascertained the shape of the cognitive ti@jgctTo test whether the addition of a

random effect improves the model fit, we comparested models using an approximation of
the distribution of the likelihood ratio statistxs proposed by Stram and Lee [22]. We used
the AIC to select the best variance-covariancecsira of the random effects between

unstructured and diagonal and to ascertain the fore@in autocorrelated Gaussian process.
To test whether an additional fixed effect wasatight from 0, nested models were compared
using the likelihood ratio test (LRT). The AIC wased to determine whether test-specific
random effects should be added.

The model was adjusted for sex and education stogmitive performances have
been previously related to these factors [3—9¢rhrttions between sex and time and between
education and time were tested using the LRT. Adegwf the model to data was checked
with plots, namely marginal residuals versus magipredictions and subject-specific
residuals versus subject-specific predictions. abgumption of normality of marginal and
subject-specific residuals was evaluated with QQsp(data not shown). All other potential
predictors of clinical worsening in CADASIL wereeth considered one by one using the
LRT.

Statistical tests were performed at the conventibma-tailed type | error of 0.05.
Data were analyzed using R version 3.4.0 [23]. Mealr mixed models for longitudinal data

were estimated using the package ‘lcmm’ [24].



RESULTS

Sample selection

Only individuals having at least three visits withmplete results for both MMSE and MDRS
tests were selected. A total of 841 observationseeveellected from 185 patients with a
median number of four observations available pdividual (interval quartile range (IQR):
3-6). The numbers of observations and patientsagerrange are given in Supplementary
Table 1 in the Supplementary Tables. The follondupation varied from 3 to 14 years with
a median follow-up interval of 20 months (IQR: 18}2These patients were younger and less
severe than those who were not included in theyaisabs they significantly suffered less
from hypertension, gait disturbance, balance probledisability, and dementia at inclusion
and had a significantly lower homocysteine levetl angnificantly higher scores on the
MMSE and the MDRS at inclusion (Table 1). They asoded to suffer less from diabetes

than the patients who were not included in theyamsl

Descriptive statistics

Among the 185 patients, 43.2% were men and 41.684qohased their high school diploma
(Table 1). At baseline, the mean scores of MMSE BIRRS tests were 27.8 and 137.8
respectively. The patients were aged 50.3 yeammverage (SD: 11.5; IQR: 42.3-59.3). The
distributions of the two neuropsychological tests#a] scores) were strongly skewed to the
left (Supplementary Figure 1 in Supplementary Feglir The maximum values of MMSE
and MDRS tests were reached respectively in abéUt 8nd 21% of the data, indicating a
strong ceiling effect for these two neuropsychatagitests. The observed mean evolutions

are given in the additional material (Supplementagure 2 in Supplementary Figures).
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Choice of thelink functions

For each total score, eight univariate latent pgeamixed models including each a different
link function were tested (Supplementary Table 2hHa Supplementary Tables), without

adjustment for covariates since we aimed to andlygeelationship between each score and
its underlying latent process. According to the Ale quadratic I-splines with three nodes
located at the quantiles of the MMSE distributioml &he quadratic I-splines with five nodes

located at the quantiles of the MDRS distributioovided the best fits.

Cognitive evolution with age
We modeled the trajectory of the latent processtyithg the MMSE and the MDRS using
the two best link functions to link each score wilte common latent process. The shape of
the cognitive trajectory resulted in a quadratiection of time with correlated random effects
on the intercept, slope, and quadratic slope toowdc for inter-individual variability
(Supplementary Table 3 in the Supplementary Tabl€sg quadratic shape suggests an
acceleration of cognitive decline at older ageggyFé 1). The intercept represents the
cognitive level at 24 years of age in the refererategory, corresponding to women who did
not obtain the high school diploma, and the slamkthe quadratic slope measure the change
in cognitive level for a decade. The model was mepd by a Brownian motion accounting
for the within-subject variability{ AIC = -5.91 points) and the addition of test-sfieci
random effects A AIC = -41.74 points), which implies that for a samalue of latent
cognition, subjects score differently on the nesyapological tests. The model was then
adjusted for sex and education.

The estimates and standard errors (SE) relatetietdixed effects parameters are
shown in Table 2. Sex was not significantly asdedawith the mean cognitive level at

baseline |y = 0.136). In contrast, subjects who graduated finagh school had a significantly
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better mean cognitive level at baselife < 1.01+ 0.43 (SE) unit of the latent cognitive
process at baseline per decade of pge(.019) than subjects who did not. The effectsexf
and education did not differ from test to test (casts:p = 0.085;p = 0.283). The percentage
of variance explained by the common latent procassa given time for each
neuropsychological test was age-dependent andasedewith age (Supplementary Figure 3
in the Supplementary Figures). The latent procesdamed 37%, 44%, and 51% of the
variance of the MMSE at age 46 years, 54 years,68ngears respectively. For the MDRS,
the percentage of variance explained by the lgiestess was 65% at age 46 years, 71% at

age 54 years, and 77% at age 63 years.

I nfluence of baseline characteristics on cognitive evolution

The estimated interactions between age at inclygenl10 years increase) and the slope and
between age at inclusion and the quadratic slope vespectively 0.6& 0.23 (SE) and -
0.02+ 0.03 (SE) i < 0.001) (Table 3), which suggests that age dusmmn impacts the
change in cognitive functioning during follow-up.oNother significant interaction was
detected between the different covariates and timeparticular, the effects of sex and
education on the change of cognitive level relatedge were not significant (interactioms:

=0.104:p = 0.344).

Sensgitivity to cognitive change of the MM SE and the MDRS

The estimated link functions between each neurdpdggical test and the common
underlying latent process are displayed in Figuréh2 two neuropsychological tests showed
a nonlinear transformation: a one-point changehm natural scale of the MMSE and the
MDRS at high levels of cognition corresponds taeater decrease in cognitive level than a

one-point change in the natural scale of the MMB& tae MDRS at low levels of cognition,
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which highlights the curvilinearity of these twete The shape of the tests at high cognitive
levels was horizontal: the neuropsychological telstsiot allow identifying small cognitive
changes at high levels of cognition, which attastgheir ceiling effect. The confidence
intervals of both link functions largely overlappéBigure 2), suggesting that the two
transformations are very similar. However, the galin the latent process scale vary between
-5.46 and 2.34 for the MMSE and from -5.07 to 2f00the MDRS. In the latent process
scale, the range of values of the MDRS is incluidetthat of the MMSE and represents 91%

of the range of values of the MMSE.

DISCUSSION

The results of this study allowed for the first ¢éino delineate a global trajectory of cognitive
decline during the course of CADASIL. This was af¢a with a dedicated analytical model
and with pooled individual evolutions from a largeount of cognitive data obtained from
185 patients of different age who were followedrapgularly for 3 to 14 years. Globally, a
decrease in MMSE and MDRS total scores was obsarvedlation to cognitive decline
developing with age, especially after 50 years.ierease of scores related to the latent
cognitive process was also detected on the iniagctory until approximately the age of 40
years. Such an increase may result from a firstseeffect as already described in studies of
normal aging [25]. Indeed, better scores can baiodd at the second visit due to stress-
induced effects on cognitive performances at thtelirvisit and to possible learning effects
between the first two visits. In our results, wd dot find such an effect and hypothesized
that this initial increase of the latent cognitiegel was rather related to the quadratic shape
of the modeled trajectory itself. The model wasuatfjd for sex and education although no
significant effect of sex or education was detecdrdhe cognitive decline. Only a difference

of cognitive level was observed at baseline foniigials with the highest level of education.
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These results are concordant with previous datairdd in healthy elderly subjects or in
patients with Alzheimer’s disease showing thatghér educational level is associated with a
higher latent cognitive level at baseline [20,26pntrasts for these two covariates on the
latent cognitive level derived from MMSE or MDRStg were also not found significant.

Our analysis also allowed investigating the po&ninpact of different covariates
obtained at baseline on the global cognitive ttajgc of the disease. Neither sex nor
education level was found to influence the globairse of cognition, which suggests that
these variables should not be necessarily conslderduture analysis of longitudinal data in
CADASIL. Only age at baseline had a significaneeffon the course of cognitive decline.
These results are in line with those obtained erldtent cognitive decline along aging in the
PAQUID study or in Alzheimer’'s disease patients,P&). In contrast with previous results
obtained in a 3-year follow-up study, we did natdfieither any effect of gait disturbances,
balance problems or dementia on the global cognitigcline trajectory. This discrepancy
might be related to our inclusion criteria in theegent study which may have caused a
survival bias. Herein, patients included in thelgsia had to complete both MMSE and
MDRS tests at three visits at least and were thezdess likely to have motor difficulties
occurring at the latest stage of the disease arefeselementia. Furthermore, all patients were
selected from a cohort of individuals originatimgrh multiple regions in France and who
had to travel to the referral center for their idat evaluation, which may have prevented the
inclusion of patients presenting with the most seveotor difficulties. Interestingly, no
significant effect of the traditional vascular rigkctors was found on the global cognitive
trajectory. However, we cannot exclude some aget#dgnt effects of cardiovascular risk
factors on cognitive performances as already regart large epidemiological studies with
aging [27] since our models were adjusted for lasetovariates instead of time-varying

covariates. Unfortunately, the results lack of m@uaging data which would complete the
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study. Furthermore, there was presumably limitedistical power to evaluate some of the
hypotheses tested with no more than 185 patiestadad in the analysis and a model that
estimates many parameters. In addition, the resuly be influenced by the type of
neuropsychological tests used in the analysis.

The selection of a limited number of measures dogitudinal studies of cognition is
crucial as previously investigated in healthy digeubjects [28] or in Alzheimer’s disease
patients [29].Major limitations were observed using the MMSE athe¢ MDRS for
evaluating cognitive decline in CADASIL. Both shaiven obvious problem of curvilinearity
which could have major consequences on the restitdinical trials. Indeed, due to the
varying sensitivity to cognitive change of the MM&Rkd the MDRS, it will be complicated
to assess the benefits of a treatment for cognithgairment in CADASIL patients with no
or mild cognitive impairment using these tests lgeaan identical decrease in scores on the
MMSE and the MDRS results in a more or less impridecrease in cognitive level
depending on the initial scores of the patientsttmse tests. The two neuropsychological
tests also have a problem of ceiling effect forgitudinal studies as already shown for the
MMSE when measuring the rate of cognitive changedementia with Lewy bodies [13].
The two estimated transformations were finally velyse although MDRS score changes
were explained by a larger percentage of the lategnitive variation.

The strength of this study relates to the methaglokdopted for longitudinal analysis
of MMSE and MDRS scores. Our analysis consideredctiaracteristic properties of these
tests which are often ignored such as their ceibffgct and curvilinearity. We initially
verified that non-linear transformations providedain better fitting for both MMSE and
MDRS scores than the use of a standard linearftianation (data not shown). The amount
of data collected in CADASIL patients aged fromt@482 years is also an exceptional source

for conducting such an analytical approach. Theesadso limitations for interpreting the
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present results because it is complicated to cterae the latent process which is defined
according to the pool of neuropsychological testduided in the analysis. The link functions

were selected from the univariate models (SuppléangrnTable 2 in the Supplementary

Tables) and used in the multivariate model withifeeent latent process than those of the
univariate models. However, since the MMSE andMi2RS are both a measure of global

cognition, it is reasonable to interpret the modelatent cognitive process as a global
cognitive factor. Finally, our analysis was basedloe sum scores using the MMSE and the
MDRS as often used in clinical practice [30,31]ff€nent results cannot be excluded using
subscores derived from these two global scales.

In conclusion, this study strongly supports thaigras aged around 50 years of age
should be selected preferentially for future thetdj clinical trials that aim to reduce
cognitive decline in CADASIL. It also indicates thaoth the MMSE and the MDRS have
important limitations including curvilinearity andeiling effect which limit their use in
patients with a large range of cognitive deficitsrothe healthier or highly educated subjects.
The results obtained with such scales should lepréted with caution. Additional studies
are needed to improve the available armamentariomevaluating cognitive decline in

longitudinal studies of progressive ischemic smafisel disease as CADASIL.
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Table 1. Baseline characteristics of the patients and cosgarof patients included and not

included in the analysis.

Baseline characteristic Included (n = 185) Not included (n =181) P-value
Age (years)
Mean (SD *) 50.32 (11.54) 54.33 (12.12)
0.001
N (NA 1) 185 (0) 180 (1)
Sex
Male 80 (43.2%) 89 (49.4%)
0.235
NA 0 1
Education
> high school diploma 77 (41.6%) 37 (46.8%)
0.434
NA 0 102
Smoking
Never 70 (43.5%) 60 (42.3%)
Former 54 (33.5%) 51 (35.9%)
0.908
Current 37 (23.0%) 31 (21.8%)
NA 24 39
Alcohol consumption
Never 62 (38.8%) 48 (34.3%)
< 2 glasses of wine for a man 80 (50.0%) 79 (56.4%)
0.531
> 2 glasses of wine for a man 18 (11.3%) 13 (9.3%)
NA 25 41
Hypertension
Yes 33 (20.4%) 45 (31.7%) 0.024
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Baseline characteristic Included (n = 185) Not included (n =181) P-value
NA 23 39
Diabetes
Yes 6 (3.7%) 13 (9.1%)
0.050
NA 22 38
Systolic blood pressure (mmHQ)
Mean (SD) 127.21 (15.88) 130.65 (18.69)
0.063
N (NA) 179 (6) 175 (6)
Diastolic blood pressure (mmHQ)
Mean (SD) 74.15 (10.48) 75.83 (11.86)
0.158
N (NA) 179 (6) 175 (6)
Homocysteine (umol/L)
Mean (SD) 11.38 (3.74) 13.01 (6.43)
0.011
N (NA) 161 (24) 131 (50)
Previous stroke events
Yes 96 (51.9%) 99 (55.6%)
0.477
NA 0 3
Gait disturbance
Yes 25 (13.5%) 78 (43.8%)
<0.001
NA 0 3
Balance problems
Yes 38 (20.5%) 67 (37.6%)
<0.001
NA 0 3
Disability
Moderate or severe 8 (4.3%) 51 (29.1%) < 0.001

24



Baseline characteristic Included (n = 185) Not included (n =181) P-value

NA 0 6
Dementia
Yes 7 (3.8%) 30 (16.9%)
< 0.001
NA 0 4
MMSE
Mean (SD) 27.8 (2.4) 25.04 (5.96)
< 0.001
N (NA) 184 (1) 159 (22)
MDRS
Mean (SD) 137.81 (8.86) 127.51 (23.25)
< 0.001
N (NA) 183 (2) 154 (27)

* SD: standard deviation
T NA: number of missing data
The groups were compared using Pearson's Chi-stjtese when the variables were qualitative

and Student's t-test when the variables were gaag.
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Table 2. Estimated fixed effects of the multivariate latpnbcess mixed model in the latent

process scale.

Parameter Estimate SE * P-value
Intercept t 0.00

Linear slope 0.76 0.33 0.019

Quadratic slope -0.23 0.09 0.012

Sex: male -0.30 0.20 0.136

Education: > high school diploma 1.01 0.43 0.019

Contrasts for sex
On the MMSE 0.14 0.08 0.085
On the MDRS # -0.14 0.08 0.085
Contrasts for education
On the MMSE 0.09 0.09 0.283

On the MDRS % -0.09 0.09 0.283

* SE: standard error

T The intercept was not estimated. Indeed, twotcaings are required to obtain an
identified multivariate latent process mixed modie€ intercept is equal to 0 and
the variance of the random intercept is equal to 1.

¥ The contrasts for sex and education on the MDRS$ewot estimated but

obtained from the estimations of the contrastséx and education on the MMSE
because the sum of the contrasts for a given cteas equal to 0.

In the first part of the table (above the dashed)lithe estimates relate to the first
part of the multivariate latent process mixed mddat is the structural model. In

the second part of the table (below the dashed, lthe estimates relate to the
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second part of the multivariate latent process thix@del that is the measurement
models. The estimates of the parameters of thentmainear transformations that

relate the scores on each neuropsychological télstthe common latent process

are not provided.
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Table 3. Estimated interactions between the slopes andhtéacteristics at baseline.

Interaction with the Interaction with the

Baseline characteristic P-value t
linear slope (SE *) quadratic slope (SE

Age at inclusion

0.60 (0.23) -0.02 (0.03) <0.001
(per 10 years increase)
Sex: male 0.65 (0.52) -0.15 (0.10) 0.104
Education: > high school diplom: 0.52 (0.48) -0.07 (0.09) 0.344
Smoking
Never 0.00 0.00
Former -0.66 (0.67) 0.14 (0.13) 0.283
Current -1.01 (0.74) 0.15 (0.14)
Alcohol consumption
Never 0.00 0.00
< 2 glasses of wine for a man 0.51 (0.43) -0.12 (0.08) 0.095
> 2 glasses of wine for a man -0.52 (0.82) 0.15 (0.16)
Hypertension -0.04 (0.82) -0.01 (0.14) 0.905
Diabetes 1.62 (1.99) -0.31 (0.33) 0.463
Systolic blood pressure

0.25 (0.16) -0.03 (0.03) 0.131
(per 10 mmHg increase)
Diastolic blood pressure

0.09 (0.12) -0.02 (0.03) 0.883
(per 10 mmHg increase)
Homocysteine (umol/L) 0.17 (0.09) -0.03 (0.02) 0.058
Previous stroke events 0.50 (0.56) -0.09 (0.10) 0.586
Gait disturbances 0.90 (1.25) -0.19 (0.19) 0.258
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Interaction with the Interaction with the
Baseline characteristic P-value T

linear slope (SE *) quadratic slope (SE

Balance problems 0.16 (0.70) -0.05 (0.12) 0.736
Disability: moderate or severe 5.62 (3.82) -0.79 (0.54) 0.193
Dementia 6.54 (3.71) -0.94 (0.54) 0.055

* SE: standard error

t For each covariate, the p-value is derived frbalikelihood ratio test involving the model
that includes this covariate at baseline and théainihat includes this covariate at baseline as
well as the interaction between this covariate @nedslope and the interaction between this

covariate and the quadratic slope.
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Figure 1. Predicted trajectories in the scale of the lafgntess underlying the MMSE and

the MDRS according to the educational level.
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The structural model was= 0.78 — 0.23% + 1.01 for subjects with at least the high school

diploma andy = 0.7@ — 0.23? for subjects who did not have the high schoolafip.
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Figure 2. Estimated link functions between each test andcthramon underlying latent

process with 95% confidence bands.
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SUPPLEMENTARY MATERIAL
Supplementary Tables

Supplementary Table 1. Numbers of observations and patients per age range

Age range Number of observations Number of patients

[24,29) 14 6
[29,34) 36 17
[34,39) 47 26
[39,44) 71 39
[44,49) 116 63
[49,54) 132 68
[54,59) 126 73
[59,64) 126 62
[64,69) 95 49
[69,74) 59 32
[74,79) 18 12
[79,84) 1 1
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Supplementary Table 2. Selection of the best univariate models.

Link function Number of parameters AIC *

MMSE MDRS

Linear 15 3697.87 5547.76
Beta CDF t 17 - 4355.45
Quadratic I-splines with three nodes located antles 18 2934.85 4448.69
Quadratic I-splines with five nodes located at dilies § 20 - 4335.22
Quadratic I-splines with three equidistant nodes | 18 3264.70 4879.51
Quadratic I-splines with five equidistant nodes # 20 3167.55 4727.36
Quadratic I-splines with seven equidistant nodés * 22 3103.06 4661.58

* AIC: Akaike information criterion

T The maximum number of iteration was reached witltonvergence for the MMSE.

+ Three nodes located at th® 0", and 108 quantiles corresponding to MMSE scores 11.00,®%6d
30.00 and MDRS scores 55.00, 141.00, and 144.00.

§ Five nodes located at th& @5", 50", 75" and 108 quantiles corresponding to MMSE scores 11.00,
27.00, 29.00, 30.00, and 30.00 and MDRS scores053.85.00, 141.00, 143.00, and 144.00. The link
function could not be estimated for MMSE since somodes were equal.

| | Three equidistant nodes corresponding to MM&#es 11.00, 20.50, and 30.00 and MDRS scores 55.00
99.50, and 144.00.

# Five equidistant nodes corresponding to MMSE esdr1.00, 15.75, 20.50, 25.25, and 30.00 and MDRS
scores 55.00, 77.25, 99.50, 121.75, and 144.00.

* * Seven equidistant nodes corresponding to MM8&res 11.00, 14.17, 17.33, 20.50, 23.67, 26.83, and

30.00 and MDRS scores 55.00, 69.83, 84.67, 99038, 129.17, and 144.00.
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Supplementary Table 3. Selection of the best multivariate model.

Matrix of variance-

Autocorrelated

Test-specific

Model Fixed effects Random effects Covariates -2LL* AICT
covariance process random effects
Linear, quadratic, an: Linear, quadratic
1 Unstructured No No None 7044.22 7096.23
cubic slopes and cubic slopes
Linear, quadratic, ant  Linear and
2% Unstructured No No None 7057.56 7101.56
cubic slopes guadratic slopes
Linear, quadratic, ani
3 Linear slope Unstructured No No None 7097.98 7135.98
cubic slopes
Linear, quadratic, anit  Linear and
4 Diagonal No No None 7097.19 7135.19
cubic slopes guadratic slopes
Linear, quadratic, ant  Linear and
5 Unstructured Brownian motion No None 7049.65 7095.65
cubic slopes guadratic slopes
Linear, quadratic, an Linear and Autoregressive
68 Unstructured No None - -
cubic slopes guadratic slopes process
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Matrix of variance-

Autocorrelated

Test-specific

Model Fixed effects Random effects Covariates -2LL* AICT
covariance process random effects
Linear and Linear and
7% Unstructured Brownian motion No None 7053.38 7097.38
guadratic slopes quadratic slopes
Linear and Linear and
8 Unstructured Brownian motion Yes None 7007.64 7055.64
guadratic slopes  quadratic slopes
Linear and Linear and Sex and
9 Unstructured Brownian motion Yes 6960.24 7016.24
guadratic slopes quadratic slopes education

* LL: maximum log-likelihood.

T AIC: Akaike information criterion

¥ The p-value of the likelihood ratio test (LRTya@lving models 1 and 2 was 0.007 but the fixed cwffect of time was not significant, which led to

the selection of model 2. The p-value of the LRVoining models 2 and 3 was < 0.001, which led ®dklection of model 2. The p-value of the LRT

involving models 5 and 7 was 0.054, which led ® sklection of model 7.

8 The model with an autoregressive process didomterge.

To link the common latent process with each soeeeused quadratic I-splines with 3 nodes at thentijea of the MMSE distribution and quadratic I-

splines with 5 nodes at the quantiles of the MD&&itution.



Supplementary Figures
Supplementary Figure 1. Distribution of the repeated measures of MMSE BIRRS sum

scores among the 185 subjects included in the sisaly
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Supplementary Figure 2. Weighted marginal predictions versus observed uthol for

MMSE and MDRS tests.
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Pred: predictions obtained with the multivariatéetd process mixed model described in

Table 2, Obs: observed evolution, Cl: confidenceriral of observed evolution

37



Supplementary Figure 3. Percentage of variance explained by the latentga® for each

test according to age.
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