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Evaluation of the Concurrent Trajectories of Cardiometabolic
Risk Factors in the 14 Years Before Dementia
Maude Wagner, MPH; Catherine Helmer, MD, PhD; Christophe Tzourio, MD, PhD; Claudine Berr, MD, PhD; Cécile Proust-Lima, PhD; Cécilia Samieri, PhD

IMPORTANCE Cardiometabolic risk factors have been associated with an increased risk of
dementia; yet, the optimal targets and time window for the management of cardiometabolic
health to prevent dementia remain unknown.

OBJECTIVES To model concurrently and compare the trajectories of cardiometabolic risk
factors up to 14 years preceding diagnosis in individuals with dementia and matched controls
free of dementia.

DESIGN, SETTING, AND PARTICIPANTS A case-control study nested within the Three-City study,
a French population-based cohort of older persons (�65 years), included 6 home visits with
neuropsychological testing between 1999 and 2014. Data analysis was performed in
September 2017. A total of 785 incident dementia cases and 3140 controls matched by sex,
age, educational level, and cohort center at the time of diagnosis were evaluated.

EXPOSURES Repeated measures of body mass index (BMI) and systolic (SBP) and diastolic
(DBP) blood pressure, high-density lipoprotein (HDL-C) and low-density lipoprotein
cholesterol (LDL-C), triglycerides, and glycemia levels between 1999 and 2014.

MAIN OUTCOMES AND MEASURES Incidence of dementia based on systematic detection and
validated diagnosis.

RESULTS A total of 785 cases and 3140 controls (2530 [65%] women; mean [SD] age, 76 [5]
years) were included in the study. Cases presented a faster decline in BMI, slower increase of
SBP and constantly lower DBP. Mean values (95% CI) 14 years before diagnosis (−14 years)
and at diagnosis (year 0) for the most common profile were BMI, 26.1 (25.6-26.5) and 24.8
(24.5-25.1) for a case, and 25.7 (25.4-26.1) and 25.3 (25.0-25.5) for a control; for SBP, 135.2
(131.8-138.7) and 142.1 (140.3-143.9) mm Hg for a case, and 135.8 (132.9-138.6) and 144.9
(143.7-146.1) mm Hg for a control; for DBP, 76.5 (74.7-78.5) and 74.0 (73.1-74.9) mm Hg for a
case, and 76.7 (75.1-78.3) and 75.0 (74.2-75.7) mm Hg for a control. In contrast, glycemia was
higher among cases (mean fasting glucose values [95% CI] at −14 years and year 0: 89.4
[86.9-92.1] and 96.4 [93.7-99.3] mg/dL for a case, and 87.1 [85.1-89.2] and 95.3 [93.5-97.1]
mg/dL for a control), with a significant case-control difference from −1.6 to −14 years prior to
diagnosis. There were no significant case-control differences in trajectories of blood lipid
levels (mean values [95% CI] at −14 years and year 0: for HDL-C, 70.6 [67.6-73.9] and 61.3
[58.9-63.8] mg/dL for a case, and 70.4 [67.5-73.3] and 62.3 [60.2-64.3] mg/dL for a control;
for LDL-C: 147.2 [140.5-154.5] and 141.6 [136.6-146.7] mg/dL for a case, and 144.3
[138.7-150.4] and 141.2 [137.5-145.2] mg/dL for a control; for triglycerides: 115.5 [103.6-149.1]
and 112.6 [104.8-120.9] mg/dL for a case, and 112.5 [103.8-144.4] and 109.7 [105.0-114.8]
mg/dL for a control).

CONCLUSIONS AND RELEVANCE In this large cohort of older persons, BMI declined in
prodromal dementia, possibly reflecting early preclinical changes. Lower BP prior to
dementia may reflect both a consequence and a contributing factor for the disease, whereas
higher blood glucose levels may constitute a risk factor for dementia in the older age range.
Overall, these findings suggest that elevated glycemia, low BP, and weight loss may be
primary targets for the management of cardiometabolic health for primary and secondary
prevention of dementia in the older age range.

JAMA Psychiatry. 2018;75(10):1033-1042. doi:10.1001/jamapsychiatry.2018.2004
Published online July 24, 2018.
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A ppropriate control of cardiometabolic risk factors could
be a primary strategy to reduce the incidence of de-
mentia and its most common form, Alzheimer

disease (AD).1-4 Epidemiologic studies found associations
between overweight/obesity, hypertension, hypercholester-
olemia, and diabetes in midlife and increased risk of
dementia,3,5-12 although some inconsistent findings were also
reported.13,14 When measured in late life, cardiometabolic risk
factors have been inconsistently associated with dementia,
with both increased and decreased risks reported in epide-
miologic research15-20; notable exceptions are high glucose lev-
els and diabetes, which have been consistently associated with
a greater cognitive decline and a higher risk of dementia.14,21-23

Limited research has examined trajectories of risk factors
in the long period preceding dementia diagnosis. A few lon-
gitudinal studies have reported a decline in blood pressure (BP)
and total cholesterol levels several years prior to dementia.9,18,19

Likewise, a decline in both body mass index (BMI) and physi-
cal activity a few years before dementia diagnosis was re-
ported in the Cardiovascular Risk Factors, Aging and Dementia5

and Whitehall II24,25 studies. To our knowledge, no large co-
hort study has concurrently examined the trajectories of all
main cardiovascular risk factors in the years preceding de-
mentia diagnosis, and the optimal targets and time windows
in older ages for the management of cardiometabolic health
for dementia prevention have remained unclear.

The present study aimed to concurrently describe trajec-
tories of major cardiometabolic risk factors up to 14 years pre-
ceding dementia diagnosis in a large, population-based co-
hort: the Three-City (3C) study. We used a case-control
approach to contrast trajectories between individuals who de-
veloped dementia and dementia-free controls and identify time
lags when their trajectories significantly differed. Based on pre-
vious studies on trajectories of cognition26 and depressive
symptoms27 that showed acceleration of impairments in pro-
dromal dementia, we established a priori that a stronger change
of risk factors among dementia cases at the approach of diag-
nosis might reflect reverse causation. By contrast, different,
yet parallel, evolutions between cases and controls may re-
flect causal association. For BP, the biological rationale was that
both high values (mediated by cerebral vascular disease) and
low values (mediated by hypoperfusion) may cause brain
injury28; thus, we set that a lower trajectory among cases may
indicate either reverse causation or causal association.

Methods
Population
The 3C study is an ongoing, prospective cohort that started in
1999 including 9294 noninstitutionalized participants aged 65
years or older from 3 French cities (Bordeaux, 2104; Dijon, 4931;
and Montpellier, 2259).29 At baseline (hereafter labeled T0) and
at follow-up visits attended every 2 to 3 years until 2014, trained
psychologists conducted an in-person interview including as-
sessment of sociodemographic, lifestyle, and medical infor-
mation (including recording of current medication use30),
neuropsychological testing, and anthropometric and BP mea-

surements. In Bordeaux and Montpellier, 6 follow-up visits
were carried out 2, 4, 7, 10, 12, and 14 years after inclusion (here-
after labeled T2, T4, T7, T10, T12, and T14 respectively). In
Dijon, 5 follow-up visits were conducted at T2, T4, T7, T10, and
T12. Moreover, a blood sample was collected on 3 occasions in
Bordeaux (T0, T4, T10) and 2 occasions in Montpellier (T0, T10)
and Dijon (T0, T4). All participants provided written consent,
and the study protocol was approved by the ethics commit-
tee of the Kremlin-Bicêtre University-Hospital, Paris, France.
Participants do not receive financial compensation.

Diagnosis of Dementia
At each visit, diagnosis of dementia was based on a 2-step
procedure.29 Neurologists examined participants with sus-
pected dementia based on their neuropsychological perfor-
mances. Diagnosis and cause of dementia were then re-
viewed and validated by an independent expert committee of
neurologists and geriatricians with expertise in dementia fol-
lowing the criteria of the DSM-IV. Alzheimer disease cases were
classified as possible or probable using the National Institute
of Neurological and Communicative Disorders and Stroke–
Alzheimer Disease and Related Disorders Association criteria.31

Nested Case-Control Sample
Among the initial 9294 potential participants evaluated at base-
line, we excluded 651 individuals for whom no blood sample
was available (n = 576) or who were not fasting (n = 75), 173
prevalent cases of dementia, and 551 persons with at least 1
missing value among the cardiometabolic measures of inter-
est. Moreover, we excluded 576 individuals without at least 1
follow-up visit after inclusion and 3 with a missing educa-
tional level. To avoid a large incertitude on the date of demen-
tia onset, we also excluded 36 incident cases for whom no nega-
tive diagnosis was established in the last 2 visits preceding the
positive diagnosis. Among the 7304 remaining individuals, 841
developed dementia during the follow-up period.

Each dementia case was matched to 4 controls at the
diagnosis visit. To ensure independence of control samples
across every risk set,32 we used random sampling with replace-
ment between visits (and without replacement within a same

Key Points
Question What are the trajectories of the established
cardiometabolic risk factors in the 14 years before incidence
of dementia?

Findings In this nested case-control study of 3925 participants,
both body mass index and blood pressure trajectories of future
dementia cases deviated from those of dementia-free controls,
leading to lower levels at the approach of diagnosis, whereas
trajectories of blood lipid levels remained roughly similar between
incident dementia cases and matched controls. Elevated glycemia
was the only cardiometabolic risk factor with constantly higher
values among dementia cases up to 14 years before diagnosis.

Meaning Appropriate control of elevated glycemia levels and
screening of both low blood pressure and weight loss may be key
components of cardiovascular health management for the primary
and secondary prevention of dementia in older persons.
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follow-up visit). To be included in the control sample, indi-
viduals had to be (1) both examined and free of dementia at
the matching visit, (2) from the same cohort center as the case,
and (3) of similar sex, age (±3 years), and educational level
(coded in 3 classes: less than high school, high school, and more
than high school). Among the 841 incident cases identified in
the initial study sample, 785 (93.3%) were successfully matched
to 4 controls, leading to a nested case-control study sample of
3925 individuals.

Ascertainment of Cardiometabolic Risk Factors
We investigated the trajectories of cardiometabolic variables
through repeated measures of BMI, systolic BP (SBP), dia-
stolic BP (DPB), high-density lipoprotein cholesterol
(HDL-C), low-density lipoprotein cholesterol (LDL-C), triglyc-
erides, and blood glucose levels. The BMI was computed as
weight in kilograms divided by height in meters squared, using
height measured (or self-reported for 25.4% of cases and 26.3%
of controls) at baseline and weight measured (or self-
reported for 43.7% of cases and 44.2% of controls) at T0 and
T2 and self-reported thereafter. Blood pressure was mea-
sured twice on the right arm with the participant in a sitting
position.29 We used the mean of the 2 measures or the single
measure for 2.0% over all repeated measures when 1 mea-
sure was missing. Fasting total cholesterol, HDL-C, triglycer-
ides, and blood glucose levels were measured using standard
enzymatic methods. The LDL-C level was computed accord-
ing to the Friedwald equation.33

Statistical Analysis
Mean trajectories of each cardiometabolic risk factor were es-
timated using latent-process mixed models (ie, mixed mod-
els that handle non-Gaussian longitudinal markers as re-
ported in the eMethods in the Supplement).34 We used
retrospective time since the matching visit as the timescale (in
years); thus, for each quintet (1 case, 4 matched controls), year
0 was the diagnosis visit of the case.

Models included a quadratic function of retrospective time
and were adjusted for case-control status, matching vari-
ables (age, sex, educational level, and cohort center), and their
interactions with both time and time squared. The within-
participant correlation was captured by correlated random in-
tercept and slopes on time and time squared. For BP, models
included 2 additional indicators to control for potential white-
coat effect (eMethods and eFigure 1 in the Supplement).

We tested the differences in trajectories between cases and
controls using Wald tests. Two comparisons were made. First,
we compared risk factor trajectories during the entire time
through a global evaluation of group-by-time interactions. Sec-
ond, we compared mean predicted risk factor values at differ-
ent time points. For the latter measures, we primarily used the
nominal 5% significance level and secondarily used a cor-
rected threshold to account for the multiple testing (eMethods
in the Supplement). Significance was determined using
2-tailed, unpaired testing. The primary significance level con-
sidered overall was 5%; the thresholds then corrected for test
multiplicity were 1.9% for BMI, 1.3% for BP, and 1.2% for blood
lipid and glucose levels.

We used SAS, version 9.4 (SAS Institute Inc) and macro
%match35 for the selection of controls, and R, version 3.3.1
(R Foundation) and lcmm function of lcmm package, version
1.7.836 for latent process mixed models. eAppendix in the
Supplement provides the R code to reproduce the analyses.
Data analysis was performed in September 2017.

Supplementary Analyses
Several additional analyses were performed. We investigated
trajectories of each cardiometabolic risk factor among 2
dementia subtypes: possible or probable AD and mixed
dementia or vascular dementia (VD). For biological factors,
we also explored whether differences in trajectories between
cases and controls were modified by the total number of
medications at baseline and by factor-specific medication
use during follow-up (eMethods and eTable 1 in the Supple-
ment). Finally, we conducted sensitivity analyses to evaluate
(1) the association between diabetes status and glycemia tra-
jectories (excluding participants with diabetes during the
study period) and (2) the robustness of our findings to statis-
tical assumptions (eMethods in the Supplement).

Results
The nested case-control sample was composed of 785 inci-
dent cases of dementia (including 537 [68.4%] AD and 162
[20.6%] VD) and 3140 controls (2530 [65%] women; mean [SD]
age, 76 [5] years). The mean (SD) duration of follow-up until
the matching visit was 7.8 (3.8) years. At baseline, incident cases
were more often carriers of the ε4 allele of the APOE gene, had
slightly lower Mini-Mental State Examination scores, and had
similar smoking status compared with controls (Table). More-
over, cardiometabolic risk factors and medication use at base-
line were similar between the groups except that cases in-
cluded more participants with diabetes (glucose levels
≥125 mg/dL [to convert to millimoles per liter, multiply by
0.0555] or treatment for diabetes).

Trajectories of Cardiometabolic Risk Factors
Preceding Dementia
For each cardiometabolic risk factor, trajectories were repre-
sented retrospectively from the matching visit among cases
and controls for the most common profile of covariates
(Figure 1, Figure 2, Figure 3, and Figure 4; see eFigure 2 in the
Supplement for trajectories from a nonadjusted model and
eFigure 3 in the Supplement for observed mean cardiometa-
bolic values).

Mean BMI declined significantly over time for both cases
and controls (Figure 1; P < .001 for time and time2 para-
meters; mean predicted values for the reference profile rep-
resented in the figure were 14 years before diagnosis [−14
years] and at diagnosis [year 0]: 26.1 [95% CI, 25.6-26.5]
and 24.8 [95% CI, 24.5-25.1] for a case and 25.7 [95% CI,
25.4-26.1] and 25.3 [95% CI, 25.0-25.5] for a control). None-
theless, BMI decline was more pronounced among cases
(P < .001 for group-by-time interaction). Starting slightly
above the predicted level of controls 14 years preceding the
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matching visit, the BMI of cases dropped below that of the
controls about 7 years before diagnosis, with significantly
different values 2.4 years before the matching visit (BMI,
25.1 for cases vs 25.5 for controls; P = .05).

The SBP increased significantly over time in both groups
(Figure 2A; P < .001 for time and time2 parameters; mean
values at −14 years and year 0: 135.2 mm Hg [95% CI,
131.8 mm Hg-138.7 mm Hg] and 142.1 mm Hg [95% CI,
140.3 mm Hg-143.9 mm Hg] for a case and 135.8 mm Hg
[95% CI, 132.9 mm Hg-138.6 mm Hg] and 144.9 mm Hg [95%
CI, 143.7 mm Hg-146.1 mm Hg] for a control). There was also
a significant group-by-time interaction (P = .049 for group-
by-time interaction): cases had a slower increase than con-
trols, with a significant divergence 3.4 years prior to diagno-
sis. In contrast to SBP, trajectories of DBP decreased for both
groups (Figure 2B; P = .02 for time and time2 parameters;
mean values [95% CI] at −14 years and year 0: 76.5 mm Hg
[74.7 mm Hg-78.5 mm Hg] and 74.0 mm Hg [73.1 mm Hg-
74.9 mm Hg] for a case and 76.7 mm Hg [75.1 mm Hg-
78.3 mm Hg] and 75.0 mm Hg [74.2 mm Hg-75.7 mm Hg] for
a control). Although the shape of DBP decline did not differ
significantly overall between groups (P = .58 for group-by-
time interaction), a significant difference between cases and
controls was found up to 8.7 years before diagnosis.

We observed a decreasing trend of HDL-C levels for both
cases and controls (Figure 3A; P < .001 for time and time2

parameters; mean predicted values at −14 years and year 0:
70.6 mg/dL [95% CI, 67.6 mg/dL-73.9 mg/dL] and 61.3 mg/dL
[95% CI, 58.9 mg/dL-63.8 mg/dL] for a case; 70.4 mg/dL
[95% CI, 67.5 mg/dL-73.3 mg/dL] and 62.3 mg/dL [95% CI,
60.2 mg/dL-64.3 mg/dL] for a control), while LDL-C and tri-
glycerides levels remained stable in both groups (Figure 3B
and C; P ≥ 0.15 for time and time2 parameters; mean pre-
dicted values at −14 years and year 0: for LDL-C, 147.2 mg/dL
[95% CI, 140.5 mg/dL-154.5 mg/dL] and 141.6 mg/dL [95%
CI, 136.6 mg/dL-146.7 mg/dL] for a case and 144.3 mg/dL
[95% CI, 138.7 mg/dL-150.4 mg/dL] and 141.2 mg/dL [95% CI,
137.5 mg/dL-145.2 mg/dL] for a control; for triglycerides,
115.5 mg/dL [95% CI, 103.6 mg/dL-149.1 mg/dL] and
112.6 mg/dL [95% CI, 104.8 mg/dL-120.9 mg/dL] for a case
and 112.5 mg/dL [95% CI, 103.8 mg/dL-144.4 mg/dL] and
109.7 mg/dL [95% CI, 105.0 mg/dL-114.8 mg/dL] for a con-
trol). We found no significant difference in mean levels and
in trajectories between cases and controls for any plasma
lipid of interest (all P ≥ .57 for group-by-time interaction).

Finally, glucose levels increased significantly in both
groups in the reference profile (Figure 4; P < .001 for time
and time2 parameters; mean predicted values at −14 years
and year 0: 89.4 mg/dL [95% CI, 86.9 mg/dL-92.1 mg/dL]
and 96.4 mg/dL [95% CI, 93.7 mg/dL-99.3 mg/dL] for a case
and 87.1 mg/dL [95% CI, 85.1 mg/dL-89.2 mg/dL] and
95.3 mg/dL [95% CI, 93.5 mg/dL-97.1 mg/dL] for a control),
with no significant difference in the overall change between
the 2 groups (P = .29 for group-by-time interaction). How-
ever, compared with controls, predicted glucose levels were
constantly higher among cases during the study period, with
significant differences in a large window spanning from 1.6
years to 14.0 years before the matching visit. The global

Table. Baseline Characteristics of Incident Dementia Cases
and Matched Controls

Characteristic
Cases
(n = 785)

Controls
(n = 3140)

Age, mean (SD), ya 75.9 (4.9) 75.8 (4.8)

Women, No. (%)a 506 (64.5) 2024 (64.5)

Highest educational level,
No. (%)a

<High school 328 (41.8) 1312 (41.8)

High school 189 (24.1) 756 (24.1)

>High school 268 (34.1) 1072 (34.1)

Study center, No. (%)a

Bordeaux 255 (32.5) 1020 (32.5)

Dijon 362 (46.1) 1448 (46.1)

Montpellier 168 (21.4) 672 (21.4)

APOE ε4 carrier, ≥1 allele,
No. (%)b

216 (27.7) 525 (16.8)

MMSE score, mean (SD)b 26.6 (2.1) 27.5 (1.8)

Smoking, No. (%)

Never 511 (65.1) 2054 (65.4)

Former 244 (31.1) 949 (30.2)

Current 30 (3.8) 137 (4.4)

BMI, mean (SD) 25.6 (4.0) 25.6 (3.9)

Arterial BP, mean (SD), mm Hgc

Systolic 145.8 (20.7) 146.8 (21.0)

Diastolic 80.8 (11.0) 81.8 (10.8)

Fasting plasma lipid levels, mg/dL

HDL-C, mean (SD) 61.8 (11.6) 61.8 (15.4)

LDL-C, mean (SD) 142.9 (34.8) 139.0 (34.8)

Triglycerides, mean (SD) 115.0 (53.1) 106.2 (53.1)

Triglycerides, median (IQR) 97.4 (79.7-141.6) 97.4 (79.7-132.7)

Fasting plasma glucose, mg/dL

Mean (SD) 95.5 (21.6) 91.9 (18.0)

Median (IQR) 90.1 (82.9-99.1) 88.3 (82.9-95.5)

Total No. of medications ≥4,
No. (%)

519 (66.1) 1825 (58.1)

Antihypertensive medication,
No. (%)

426 (54.3) 1650 (52.6)

Hypertension, No. (%)d 622 (79.2) 2513 (80.0)

Lipid-lowering medication,
No. (%)

238 (30.3) 932 (29.7)

Antidiabetic medication,
No. (%)

82 (10.4) 161 (5.1)

Diabetes, No. (%)e 100 (12.7) 211 (6.7)

Abbreviations: APOE ε4, ε4 allele of the apolipoprotein E gene; BMI, body mass
index (calculated as weight in kilograms divided by height in meters squared);
BP, blood pressure; DBP, diastolic BP; HDL-C, high-density lipoprotein
cholesterol; IQR, interquartile range; LDL-C, low-density lipoprotein cholesterol;
MMSE, Mini-Mental State Examination; SBP, systolic BP.

SI conversion factors: To convert HDL-C and LDL-C to millimoles per liter,
multiply by 0.0259; triglycerides to millimoles per liter, 0.0113; and glucose to
millimoles per liter, 0.0555.
a Matching variables (with age ±3 years).
b Summary measures computed among nonmissing values (data were missing

for 0.5% of cases and 0.2% of controls for MMSE and for 0.5% of both groups
for APOE).

c Mean of the 2 measures of BP (4.6% of cases and 2.6% of controls had a single
BP value at inclusion and were not included in this table).

d SBP of 140 mm Hg or greater, DBP of 90 mm Hg or greater, or use of
antihypertensive medication.

e Glucose level of 125 mg/dL or greater or use of antidiabetic medication.
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Figure 1. Predicted Mean Trajectories of Body Mass Index up to 14 Years Before Dementia Diagnosis Among Dementia Cases (n = 785)
and Matched Controls (n = 3140)
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Mean trajectories (solid lines) with 95% pointwise CIs (indicated with shading)
were predicted by a latent process linear mixed model in the retrospective time
since the matching visit. The model included a quadratic function of time (t, t2);
case-control status, matching variables (ie, sex, age, educational level, and
cohort center), and their interactions with the quadratic function of time; and
correlated random effects on the intercept, time and time2. Body mass index
(calculated as weight in kilograms divided by height in meters squared)

observations were normalized by I-splines with 2 internal knots. Trajectories
were plotted for the most common profile of the study sample: a woman from
an average study center, aged 76 years at inclusion and with educational level
lower than high school. Note that the choice of the profile affects only the level
of the trajectories; it does not affect the differences between cases and controls
or test significance.

Figure 2. Predicted Mean Trajectories of Systolic and Diastolic Blood Pressure (BP) up to 14 Years
Before Dementia Diagnosis Among Cases (n = 785) and Matched Controls (n = 3140)
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Mean trajectories (solid lines) of
systolic BP (A) and diastolic BP (B)
with 95% pointwise CIs (indicated
with shading) were predicted by a
latent process linear mixed model in
the retrospective time since the
matching visit. The models included a
quadratic function of time (t, t2);
case-control status, matching
parameters (ie, sex, age, educational
level, and cohort center), and their
interactions with the quadratic
function of time; 2 binary indicators
for white-coat effect (value measured
at baseline vs later, and value based
on mean of 2 measures vs 1 measure);
and correlated random effects on the
intercept, time, and time2. Blood
pressure observations were
normalized by I-splines with 2
internal knots. Trajectories were
plotted for the most common profile
of the study sample: a woman from
an average study center, aged 76
years at inclusion, and with
educational level lower than high
school. Note that the choice of the
profile affects only the level of the
trajectories; it does not affect the
differences between cases and
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evaluation of group-by-time interactions and time-specific
tests of difference in trajectories between groups are
presented in eTable 2 in the Supplement.

Supplementary Analyses
In the sub–case-control samples of AD and VD, cardiometa-
bolic trajectories were generally similar to those found in
the all-cause dementia sample (eFigure 4 in the Supple-
ment), although most differences did not reach statistical
significance (except for blood glucose levels). When consid-
ering medication use, neither polymedication at baseline

nor factor-specific medication during follow-up were differ-
ently associated with trajectories of biological factors (all
P values for global interaction tests ≥.07), suggesting that
medication had little association with the differential trajec-
tories between cases and controls. When excluding partici-
pants with diabetes, the shapes of the trajectory in both
groups were roughly the same as those found in the main
analysis (eFigure 5 in the Supplement), suggesting that glu-
cose levels were higher among dementia cases than controls,
even in the nondiabetic population. Results also remained
virtually unchanged when we log-transformed triglyceride

Figure 3. Predicted Mean Trajectories of High-Density Lipoprotein (HDL) Cholesterol, Low-Density Lipoprotein
(LDL) Cholesterol, and Triglyceride Levels up to 14 Years Before Dementia Diagnosis Among Cases (n = 785)
and Matched Controls (n = 3140)
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Mean trajectories (solid lines)
trajectories of HDL cholesterol (A),
LDL cholesterol (B), and triglyceride
(C) levels with 95% pointwise CIs
(indicated with shading) were
predicted by a latent process linear
mixed model in the retrospective
time since the matching visit. The
models included a quadratic function
of time (t, t2); case-control status,
matching variables (ie, sex, age,
educational level, and cohort center),
and their interactions with the
quadratic function of time; and
correlated random effects on the
intercept, time and time2. Plasma
lipid level observations were
normalized by I-splines with 3
internal knots. Trajectories were
plotted for the most common profile
of the study sample: a woman from
an average study center, aged 76
years at inclusion, and with
educational level lower than high
school. Note that the choice of the
profile affects only the level of the
trajectories; it does not affect the
differences between cases and
controls or test significance. To
convert HDL and LDL cholesterol to
millimoles per liter, multiply by
0.0259; triglycerides to millimoles
per liter, 0.0113.
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and glucose levels (eFigure 6 in the Supplement) or
re-estimated the models by allowing more flexible trajecto-
ries over time with natural cubic splines (eFigure 7 in the
Supplement).

Discussion
In this large prospective cohort spanning 14.0 years in older-
aged participants, we found (1) a general decline of BMI, DBP,
and HDL-C levels with aging, (2) an increase of SBP and blood
glucose levels, and (3) a stable evolution of non-HDL-C lipid
levels. Moreover, evolution of several risk factors diverged in
prodromal dementia. Compared with controls, dementia cases
had a steeper decline of BMI up to 7 years before diagnosis.
Cases also had a significantly slower SBP increase, consis-
tently lower DBP values, and higher glucose levels. Finally,
blood lipid trajectories did not significantly differ. Thus, over-
all in prodromal dementia compared with natural aging, BMI
and BP decreased and glucose was the only risk factor with con-
stantly higher levels. These trajectories were based on obser-
vational findings, and any conclusion regarding causal asso-
ciations should be made with caution. However, there is a
biological rationale supporting the interpretation of BMI and
BP trajectories in prodromal dementia toward reverse causa-
tion because of incipient evolution of neuropathologic changes
and subtle cognitive impairment (trajectories of cognition and
depressive symptoms show progressive prediagnosis accel-
eration in eFigure 8 in the Supplement). Yet, because low BP
may cause hypoperfusion and lead to brain damage, the lower
BP in prodromal dementia may also reflect a causal associa-
tion. Finally, these findings suggest that elevated glucose lev-
els may be a risk factor for dementia in the older age range.

The decline of BMI and HDL-C found with general aging
in this cohort and in previous studies37-43 may reflect weight
loss and malnutrition associated with the loss of muscle mass,
appetite, and olfactory function in older persons. Likewise, the
increase of SBP and decrease of DBP may be a consequence of
age-related development of large-artery stiffness and
atherosclerosis.44 Aging also affects glucose homeostasis,45

leading to glucose intolerance, insulin resistance, and conse-
quent elevation of blood glucose levels as observed in our study
and others.39,43

Beyond general age-related biological changes, our longi-
tudinal approach revealed specific risk factor evolutions in pro-
dromal dementia. A decrease in both BMI and BP in the years
preceding dementia has been found in previous cohorts,24,46-53

although some inconsistent results were also reported.51-55 Al-
terations of food behavior and appetite causing malnutrition
and weight loss may occur years before dementia diagnosis as
a result of a more acute loss of olfactory function and taste than
in general aging,56,57 depression,26 and early cognitive
impairment.58 Malnutrition may also lower plasma lipid lev-
els, and studies reported a decline of cholesterol levels in per-
sons who developed dementia,54,55 although this result was
not consistently found in all studies,59 including ours. As with
BMI, the drop in BP in prodromal dementia, specifically DBP
in our study, may be explained by systemic effects of under-
lying disease. In AD, early neurodegeneration may disturb brain
processes involved in BP regulation and eventually decrease
arterial pressure.60,61 Concurrently, atherosclerosis, fluctua-
tions of BP, and hypotension with aging may induce cerebral
hypoperfusion, ischemia, and hypoxia, thereby promoting neu-
rodegeneration and eventually cognitive decline and
dementia.44 Thus, overall lower BP in prodromal dementia may
reflect both underlying disease and true causal association.

Figure 4. Predicted Mean Trajectories of Glucose Levels up to 14 Years Before Dementia Diagnosis Among Cases (n = 785)
and Matched Controls (n = 3140)
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were predicted by a latent process linear mixed model in the retrospective time
since the matching visit. The model included a quadratic function of time (t, t2);
case-control status, matching variables (ie, sex, age, educational level, and cohort
center), and their interactions with the quadratic function of time; and correlated
random effects on the intercept, time, and time2. Glucose level observations were
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In our cohort, blood glucose level was the only cardiometa-
bolic factor with consistently higher mean levels among de-
mentia cases compared with controls up to 14.0 years prior
to diagnosis, even among participants who remained free of
diabetes during the study. An increased risk of dementia as-
sociated with higher blood glucose levels, even in the normo-
glycemic range, over the preceding 5 years was previously
demonstrated.21 Elevated glucose levels could damage the
brain through multiple mechanisms, including insulin resis-
tance, cerebral small vessel disease, and brain accumulation
of amyloid.62

Strengths and Limitations
This study has several strengths. Trajectories were based on
a large, community-based prospective study over a long
follow-up, with longitudinal assessment of cardiometabolic
health based mostly on objective measures, standardized
clinical assessment of dementia, and a consensus-based
clinical diagnosis. We applied a rigorous methodologic
approach using incidence density case-control sampling that
ensured formal statistical testing of differences between
groups, coupled with a flexible statistical model capable of
capturing nonlinear trajectories and handling non-Gaussian
markers. Finally, by concurrently exploring trajectories of
main cardiometabolic factors, our study helps to disentangle
the risk factors for dementia (ie, elevated glucose levels, low
BP) from risk factors potentially reflecting early preclinical
disease (eg, decreased BMI).

Our study also has limitations. The 3C study includes
French participants–mostly urban–and our findings may not
apply to populations from different sociogeographic origins.
Furthermore, although based on a long follow-up period, we
did not cover early windows of exposures (eg, since midlife);
thus, our results may not generalize to prevention in early
adulthood. Moreover, cardiometabolic health factors were as-
certained through a limited and somehow imperfect list of lon-
gitudinal risk factors. For instance, the waist to hip ratio may
be a more sensitive indicator of cardiovascular disease risk than

BMI.63 However, both BMI and waist to hip ratio demon-
strated similar associations with risk of cardiovascular dis-
eases in a previous study, suggesting that BMI appropriately
captures risk for adverse health.64 Finally, the number of re-
peated measures for biological variables was small. Although
using retrospective time since diagnosis as a timescale en-
abled biological data to be continuously observed over the
study period, differences remote from diagnosis should be in-
terpreted with caution because they are based on limited data.

Conclusions
Management of cardiometabolic health may be a key compo-
nent of dementia prevention. Yet, with metabolic changes ow-
ing to both aging and potential underlying chronic diseases,
including dementia, studies in older persons have been dis-
cordant, and there is no clear consensus on the strategy to use
for their management in late adulthood for the purpose of de-
laying or preventing dementia onset. Most previous studies
have examined risk factors individually and did not formally
model trajectories over a long time prior to dementia. By mod-
eling concurrently the trajectories of main cardiometabolic risk
factors in prodromal dementia in a large prospective cohort,
we provide evidence that BMI declines several years before de-
mentia diagnosis and might indicate preclinical disease,
whereas BP, specifically DBP, is consistently lower among fu-
ture dementia cases, which may reflect both underlying dis-
ease and a causal association between low BP and dementia.
Finally, elevated glucose levels over the course of older adult-
hood were higher among those who eventually developed de-
mentia and may thus represent a risk factor for dementia.

Whether confirmed and extended to other populations,
these findings emphasizing blood glucose control, low BP, and
weight loss as key components of cardiovascular health man-
agement for primary and secondary prevention of dementia
in older persons may have important implications for preven-
tive care practice in geriatric populations.
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## This code applies to a dataset named 3C_bmi, which contains the longitudinal data (one row 

per individual follow-up visit) and the following variables:  

# bmi: continuous body mass index 

# time: retrospective time since diagnosis visit of dementia of cases and matching visit of 

controls 

# status: 0=control, 1=case  

# gender: 0=women, 1=men 

# age0: age at inclusion given in decades and centered around 76 (mean age at study baseline) 

# education: 0=below high school, 1=high school diploma, 2=higher than high school diploma 

# center1/center2: two continuous variables (center1: 0=Bordeaux, 1=Dijon, -1=Montpellier; 

center2: 1=Bordeaux, 0=Dijon, -1=Montpellier) parameterized to consider mean cohort in 

reference 

# ID: unique subject ID  

 

R> library("lcmm","mvtnorm") 

## a. ESTIMATION OF MODELS USING DIFFERENT LINK FUNCTIONS  

# linear 

R> m0 <- lcmm(bmi ~ time + I(time^2) + status + status*time + status*I(time^2) + center1 + 

center1*time + center1*I(time^2) + center2 + center2*time + center2*I(time^2) + gender + 

gender*time + gender*I(time^2) + age0 + age0*time + age0*I(time^2) + education + education*time 

+ education*I(time^2), random=~ time + I(time ^2), subject="ID", data = 3C_bmi) 

# quadratic I-splines with 3 knots placed at the quantiles of the distribution 

R> m1 <- lcmm(bmi ~ time + … + education*I(time^2), link = c("3-quant-splines"), random=~ time 

+ I(time ^2), subject="ID", data = 3C_bmi) 

# with 4 knots placed at the quantiles 

R> m2 <- lcmm(bmi ~ time + … + education*I(time^2), link = c("4-quant-splines"), random=~ time 

+ I(time ^2), subject="ID", data = 3C_bmi) 

# with 5 knots placed at the quantiles 

R> m3 <- lcmm(bmi ~ time + … + education*I(time^2), link = c("5-quant-splines"), random=~ time 

+ I(time ^2), subject="ID", data = 3C_bmi) 

R> summary(m0) 

R> summary(m1) 

R> summary(m2) 

R> summary(m3) 

# selection of the model with the best Akaike Information Criterion: m2 

 

## b. ASSESSMENT OF THE MODEL GOODNESS-OF-FIT  

R> plot(m2) 

# All subjects 

R> plot(m2, which="fit", var.time="time", ylab="BMI, kg/m²") 

R> plot(m2, which="fit", var.time="time", ylab=" BMI, kg/m²", marg=F) 

# Among groups  

R> plot(m2, which="fit", var.time="time", subset=which(status==1), ylab="BMI, kg/m²", 

main=“Cases”) 

R> plot(m2, which="fit", var.time="time", subset=which(status==0), ylab="BMI, kg/m²", 

main=“Controls”, marg=F) 

 

## c. WALD-TESTS 

# pos: vector containing the position in m2$best of the parameters to test 



 

 
 

# contrasts: numeric vector of same length that pos (vector of 1 by default); the quantity to 

test is the dot product of pos and contrasts.  

# c.1. Global tests 

# overall difference in the evolution among groups (i.e., status*time = status*I(time^2) = 0)     

R> WaldMult(m2, pos=c(22,23))                   # P value <.0001 

# c.2. Tests for differences among groups at specific times  
# In the following, function corrected_P gives the corrected significance level for multiple 

testing in the comparison of trajectories among groups at different periods of time computed 

from the joint distribution of all the statistics. model corresponds to the estimated model, 

pos corresponds to the position of the parameters to test in model$best and tim corresponds to 

the predefined sequence of times. 
 

R> corrected_P <- function(model, pos, tim) 
{V <- VarCov(model) 
matv <- V[pos, pos]  

mat <- matrix(0, nrow=length(tim), ncol=length(pos)) 

for (i in 1:length(tim))  

       {mat[i,] <- c(1,tim[i],tim[i]*tim[i]) 

       } 

rho <- matrix(0, nrow=length(tim), ncol=length(tim)) 

for (j in 1:length(tim)) 

       {for (k in 1:length(tim))  

              {rho[j,k] <- (t(mat[j,]) %*% matv %*% mat[k,])/(sqrt(t(mat[j,]) %*% matv       

               %*% mat[j,])*sqrt(t(mat[k,]) %*% matv %*% mat[k,]) 

              } 

       } 

threshold <- pnorm(-qmvnorm(p=0.95, tail='both.tails', corr=rho)$quantile)*2 

return(threshold)} 

R> corrected_P(m2, pos=c(9,22,23), tim=c(0,-2,-4,-6,-8,-10,-12,-14))    

# The corrected significance threshold for bmi was 0.019 
# Time-specific Wald tests were: 

# at the matching visit (time=0) (i.e., status= 1)     

R> WaldMult(m2, pos=c(9))                        # P value = 0.001 
# 2 years before the matching visit (i.e., status= 1; status*time= -2; status*I(time^2)= 4)        

R> WaldMult(m2, pos=c(9,22,23), contrasts=c(1,-2,4))    # P value = 0.026 

# 4 years before the matching visit (i.e., status= 1; status*time= -4; status*I(time^2)= 16)        

R> WaldMult(m2, pos=c(9,22,23), contrasts=c(1,-4,16))   # P value = 0.237 

 

# d.  PLOT OF PREDICTED TRAJECTORIES  
# The mean trajectories (with 95% pointwise confidence intervals obtained by a Monte Carlo 

method with 2000 draws) were displayed for the most common profile of the study sample (woman, 

76 years-old at baseline, educational level lower than high school, and mean cohort). 

# d.1. Creation of the profile for which trajectories are to be displayed 
R> datnew <- data.frame(time = seq(-14, 0, length=100)) 

R> datnew$age0 <- 0 

R> datnew$gender <- 0 

R> datnew$center1 <- 0 
R> datnew$center2 <- 0 
R> datnew$education <- 0 

# d.2. Prediction of the trajectories for controls and cases 
R> datnew$status <- 0 

R> controls <- predictY(m2, newdata=datnew, var.time="time", draws=T) 

R> datnew$status <- 1 

R> cases <- predictY(m2, newdata=datnew, var.time="time", draws=T) 

# d.3. Plot of the trajectories 

R> plot(controls, ylim=c(22,27), lwd=c(4,1), bty="l", las=1, col=2, xlab="Time To Dementia 

Diagnosis, years”, ylab="Body Mass Index, kg/m²", legend=NULL) 

R> plot(cases, col=1, lwd=c(4, 1), add=T) 
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ABSTRACT 

Healthy lifestyle are promising targets for prevention of cognitive aging, yet the optimal time-

windows for interventions remain unclear. We selected a case-control sample nested within the 

Nurses’ Health Study (starting year 1976, mean age=51 years-old), including 14,956 women 

aged ≥70 years and free of both stroke and cognitive impairment at enrollment in a cognitive 

sub-study (1995-2001). Cases (n=1,496) were women with the 10% worst slopes of cognitive 

decline and controls (n=7,478) those with slopes better than the median. We compared the 

trajectories of body mass index, the alternate Mediterranean diet (A-MeDi) score, and physical 

activity between groups, from midlife through 1 year preceding the cognitive sub-study. In 

midlife, cases had higher body mass index (mean difference [MD] versus controls=0.59 [95% 

confidence interval [CI]:0.39,0.80] kg/m
2
), lower physical activity (MD=-1.41 [95%CI:-2.07,-

0.71] metabolic-equivalent hours/week) and worse A-MeDi scores (MD=-0.16 [95%CI:-0.26,-

0.06] point). From mid- through later-life, compared to controls, cases had consistently lower A-

MeDi scores, but a deceleration of weight gain and a faster decrease of physical activity. In 

conclusion, maintaining healthy lifestyle since midlife may help reduce cognitive decline in 

aging. At older ages, both deceleration of weight gain and decrease in physical activity may 

reflect early signs of cognitive impairment. 

 

KEY WORDS:  body mass index, cognitive decline, Mediterranean diet, physical activity, 

prospective cohort study 

 

 

Abbreviations: A-MeDi, Alternative Mediterranean Diet; BMI, Body Mass Index; MD, Mean 

Difference; MET, Metabolic Equivalent of Task; NHS, Nurses' Health Study; TICS, Telephone 

Interview for Cognitive Status. 

.

ORIG
IN

AL U
NEDIT

ED M
ANUSC

RIP
T

D
ow

nloaded from
 https://academ

ic.oup.com
/aje/advance-article-abstract/doi/10.1093/aje/kw

z262/5645465 by IN
SER

M
 330 user on 01 D

ecem
ber 2019
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Long-term exposures to lifestyle factors likely contribute to a large burden of cognitive aging 

and dementia risk (1,2). Epidemiological research has suggested that optimal body weight (3-5), 

healthy diets such as the Mediterranean diet (6-8), and higher levels of physical activity (9,10) 

are associated with lower cognitive decline and a reduced risk of dementia. However, there have 

been inconsistencies in the literature on the age range at which lifestyle factors critically impact 

cognitive aging and dementia. For example, obesity in midlife has been consistently associated 

with decreased cognitive performance, whereas studies have been less consistent when body 

mass index (BMI) was evaluated in late-life (11). In addition, healthy diets and regular exercise 

in late-life (6, 10, 12, 13) were generally inversely associated with cognitive decline or dementia 

risk, while research has been relatively limited with midlife assessment, and inconsistent (14-17). 

As aging progresses, subtle cognitive disorders may alter both physiology and behaviors (18), 

leading to modifications of lifestyle. For example, weight loss and decreases in the intake of 

healthy foods and in physical activity levels have been reported several years before the 

diagnosis of dementia (16, 19-22). By addressing temporality, the study of trajectories over a 

long time-period may provide important additional clues to studies at selected windows of time. 

Virtually no research has investigated the long-term trajectories of lifestyle exposures preceding 

cognitive decline. Our objective was thus to model the trajectories of 3 major lifestyle risk 

factors, BMI, adherence to a healthy diet (as represented by an alternate Mediterranean diet [A-

MeDi] score) and physical activity from midlife through older ages in relation to subsequent 

cognitive decline in a large observational cohort of women, the Nurses’ Health Study (NHS).
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METHODS 

Population 

The NHS began in 1976, when 121,700 women registered nurses, aged 30-55 years and residing 

in 11 US states, returned a mailed questionnaire about their lifestyle and health, including their 

weight and height (23). Thereafter, the participants continued to complete biennial 

questionnaires; a food frequency questionnaire and detailed items on physical activity were 

added from 1984 and 1986, respectively. To date, the follow-up rate is approximately 90%. The 

Institutional Review Board of Brigham and Women’s Hospital (Boston, MA) approved the 

study.  

 

Study Population 

From 1995-2001, all nurses who had reached age 70 or older with no history of stroke were 

invited to participate in a telephone-based study of cognitive function. Among eligible women, 

19,415 (92%) completed the initial validated Telephone Interview for Cognitive Status (TICS) 

conducted by trained nurses. The TICS (score range 0 to 41) is a modified version of the Mini-

Mental State Examination (24), with a score lower than 31 points indicating cognitive 

impairment (25). The high reliability of the NHS interviewers and the validity of telephone 

interviews compared with in-person examinations have been previously shown (26). Cognitive 

assessments were repeated at 3 occasions approximately every 2 years, with a high participation 

rate (>90% among those remaining alive at each follow-up point).  
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For the current analyses, among the 19,415 participants of the cognitive sub-study, we excluded 

2,185 women who had a cognitive impairment at the first cognitive interview and 1,831 women 

without any follow-up measure of cognition. We also excluded 443 participants who did not 

have at least 1 measure of each lifestyle factor during the follow-up, leading to a sample of 

14,956 women.  

Assessment of lifestyle risk factors since midlife  

To limit the risk of reverse causality, which occurs when behaviors are modified by underlying 

disease, we ended the modeling of trajectories at the assessment immediately preceding the 

initial cognitive interview (see Figure 1 for the timeline of data used in the analyses).  

Weight and height were collected at the baseline questionnaire in 1976, and weight was 

thereafter recorded every 2 years. Self-reported weight was highly correlated with measured 

weight in a validation study (27). BMI was computed as weight in kilograms divided by height 

in meters squared.  

Usual dietary intakes consumed during the past year were collected through a 131-item semi-

quantitative food frequency questionnaire (28) in 1984, 1986, 1990, 1994, and 1998. For each 

food item, 9 frequency categories were asked, ranging from never or less than once a month to 

more than 6 times a day; and a standardized portion size was specified to estimate the quantity 

consumed daily. Food intake estimations were converted into nutrient intakes by multiplying the 

consumption of each food by its nutrient content using the USDA database. From these repeated 

diet assessments, we computed at each time-point an A-MeDi 9-point score (29). All the 

repeated A-MeDi scores were defined using the median cut-offs calculated at the first dietary 

assessment in order to ensure a constant structure of the outcome over time (see Web Appendix 

ORIG
IN

AL U
NEDIT

ED M
ANUSC

RIP
T

D
ow

nloaded from
 https://academ

ic.oup.com
/aje/advance-article-abstract/doi/10.1093/aje/kw

z262/5645465 by IN
SER

M
 330 user on 01 D

ecem
ber 2019



 

6 

1). At each time-point, the item non-responses were imputed using the median (30) of available 

data at that time-point (see Web Table 1 for counts of missing values). 

Detailed information on leisure-time physical activity was collected in 1986, 1988, 1992, 1994, 

1996, 1998, and 2000 through a validated questionnaire (31). For the current analysis, total 

physical activity was the sum of all reported activities and low-intensity physical activity was the 

sum of walking and stair-climbing, expressed in metabolic equivalent of task (MET)-hours/week 

according to accepted standards (32), as described previously (33) (see Web Appendix 1). As 

with diet, at each time-point, the item non-responses were imputed using the median (30) of data 

at that time-point (see Web Table 2 for counts of missing values).  

Statistical analysis  

Definition of cases and controls according to the intensity of their cognitive decline. We 

described the trajectories of global cognition by modeling the 4 repeated TICS measures in a 

linear mixed model, according to the time since the first cognitive interview in 1995-2001. The 

model included correlated intercept and slope and was adjusted for age, educational level (on 

both the intercept and the slope) and an indicator for the first cognitive assessment (34).  From 

the individual slope of cognitive decline estimated by the model (a continuous metric), we 

defined cases of cognitive decline and controls with lower decline using a priori cutoffs. In our 

primary analysis, we defined cases as the women with the 10% worst cognitive slopes (n=1,496), 

and controls as those with a cognitive slope above the median (n=7,478). Alternative cutoffs 

were evaluated in supplementary analyses. 

Trajectories of lifestyle risk factors in cases and controls. We estimated trajectories of BMI, A-

MeDi score and physical activity in the years preceding the first cognitive interview (i.e., up to -
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23, -15, and -13 years for BMI, A-MeDi and physical activity, respectively) using latent process 

mixed models. Latent process mixed models extend linear mixed models to potentially non-

Gaussian continuous longitudinal outcomes – the observed measures are transformed into a 

Gaussian latent process using parameterized link functions (35). We used a quadratic function of 

time to capture potential non-linear evolutions of lifestyle exposures over time. The models 

included case-control status, age and educational level as a simple effect and in interaction with 

the function of time. The within-participant correlation was captured by correlated random 

intercept and slopes on the function of time (see Web Appendix 1). 

Trajectories were represented among cases and controls for the most common profile of 

covariates in the study sample (i.e., registered nurse aged 51 in 1976). This methodological 

choice only influences the mean levels of trajectories, not the differences between groups. We 

tested the differences in trajectories between cases and controls using two-sided Wald tests. First, 

we compared risk factor changes over the entire time period in the two groups through the test of 

group-by-time interactions. Second, we evaluated point-wise differences of mean risk factors 

between groups every 2 years, and accounted for the multiple comparisons by adjusting the 

threshold of statistical significance (36). Web Appendix 2 provides the R code to replicate the 

analyses. 

Supplementary analyses  

First, we assessed the robustness of the results to the case-control cutpoints. We applied a less 

stringent definition of controls, including in the control group all the non-cases (i.e., slope in the 

best 90%), as well as less stringent definitions of cases by considering the 20% or 30% worst 

cognitive slopes; we also tested a quadratic model for cognition instead of a linear model to 
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define case-controls. Second, we explored for each factor whether potential differences in 

trajectories between cases and controls were confounded by the 2 other factors (see Web 

Appendix 1). Third, we focused on trajectories of low intensity physical activity (e.g., walking) 

by excluding all the women who reported activities higher than 6 METs (at the exception of 

stair-climbing that is an important contributor of walking). Finally, we examined the robustness 

of findings to statistical assumptions. We allowed smoother trajectories over time approximated 

by natural cubic splines, and considered multiple imputation (by chained equations; M=5 

imputations) to handle missing items.  

We used SAS software package version 9.1. (SAS Institute, Inc., Cary, NC) for the selection of 

the case-control sample, lcmm function of lcmm R package version 1.7.8. (37) for latent process 

mixed models (R Foundation for Statistical Computing, Vienna, Austria) and mice function of 

mice R package version 2.46.0. (38) for the imputation by chained equation 

RESULTS  

Among the 14,956 women included in the study sample, the average TICS score was 34.4 points 

(standard deviation=2.0) at the first cognitive interview and 86.4% of women completed at least 

3 of the 4 interviews between 1995 and 2008 (average duration of follow-up of 5.7 years 

[standard deviation=1.9]). The average estimated individual slope of cognitive decline was -0.2 

point per year (standard deviation=0.2) (Figure 2).  

In 1986 (i.e., the mid-point time of the longest follow-up period for the risk factors examined; 

Figure 1), cases and controls were approximately 61 years-old on average, and most had an 

Associate’s degree (Table 1). Compared with controls, cases of cognitive decline were more 

likely to smoke and to report high blood pressure, high cholesterol and diabetes. In addition, 
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cases were more often overweight or obese and they reported slightly lower average A-MeDi 

score and physical activity, including low-intensity activity. The mean observed values of BMI, 

A-MeDi score and physical activity in the years preceding initial cognitive interview are 

presented in Web Figure 1. 

Estimated trajectories of lifestyle risk factors 

In midlife, cases had higher BMI (Figure 3A), lower levels of physical activity (Figure 3C-D) 

and lower adherence to the A-MeDi (Figure 3B). For example, the mean differences (MD) 

between groups (cases versus controls) were: 0.59 (95% confidence interval [CI]: 0.39,0.80) 

kg/m
2
 at -23 years for BMI; -1.41 (95%CI: -2.07,-0.71) and -0.76 (95%CI: -1.13,-0.41) MET-

hours/week at -13 years for total and low-intensity physical activity, respectively, and -0.16 

(95%CI: -0.26,-0.06) point at -15 years for the A-MeDi score.   

 From mid- through later-life, the trajectories of BMI and physical activity started to differ 

between groups (P<0.001 for group-by-time interactions of both BMI and physical activity). 

Although both groups gained weight over time, cases had a deceleration of weight gain starting 

at approximately -13 years followed by a weight stabilization at -3 years, leading to a progressive 

attenuation of BMI differences between groups (Figure 3A, MD=0.49 [95%CI: 0.27,0.72],  0.32 

[95%CI: 0.09,0.56],  0.09 [95%CI: -0.17,0.33] kg/m² at -11, -7 and -3 years, respectively). 

Physical activity levels started to decrease among cases around -9 years and the difference 

between cases and controls gradually increased from midlife to older ages (Figure 3C-D, MD=-

1.59 [95%CI: -2.21,-0.97], -2.08 [95%CI: -2.69,-1.46] and -2.56 [95%CI: -3.06,-2.03] MET-

hours/week for total physical activity and MD=-0.89 [95%CI: -1.22,-0.55], -1.15 [95%CI: -1.49,-

0.80] and -1.38 [95%CI: -1.67,-1.10] MET-hours/week for low-intensity physical activity at -11, 
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-7 and -3 years, respectively). For A-MeDi score, we found consistently lower diet quality for 

cases (Figure 3B, MD=-0.18 [95%CI: -0.27,-0.09], -0.19 [95%CI: -0.28,-0.10] and -0.19 

[95%CI: -0.28,-0.11] point at -11, -7 and -3, respectively) and a similar evolution over time for 

both groups (P=0.86 for group-by-time interaction), with increasing adherence to the A-MeDi 

from midlife to around -8 years, followed by a slight decrease of A-MeDi scores in both groups. 

One year before the ascertainment of cognitive decline in later life, the BMI levels of cases 

attained that of controls (Figure 3A, MD=-0.07 [95%CI: -0.33,0.19] kg/m²), while physical 

activity levels were markedly lower for cases compared to controls (Figure 3C-D, MD=-2.71 

[95%CI: -3.21,-2.21] and -1.34 [95%CI: -1.61,-1.06] MET-hours/week for total and low-

intensity physical activity, respectively). Diet quality appeared less influenced by time and 

cognitive aging; as found on the entire trajectory from mid- to late-life, A-MeDi score remained 

slightly lower for cases compared to controls at -1 year (Figure 3B, MD=-0.19 [95%CI: -0.29,-

0.09] point). For each risk factor, the mean differences between groups every two years with 

confidence intervals are presented in Web Figure 2. 

Supplementary analyses  

When considering different thresholds for the definition of cases or controls or defining cases 

and controls according to a quadratic cognitive change, all relative shapes of trajectories 

remained similar; although mean differences between groups were sometimes smaller (Web 

Figures 3 to 6). Overall, findings remained largely consistent across varying case and control 

cutpoints and models. Likewise, adjustment of each lifestyle factor trajectory for the 2 others did 

not modify the differences in BMI between groups but slightly attenuated those in physical 

activity and A-MeDi score (Web Figures 7 and 8). Finally, the results were not meaningfully 
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modified when excluding the women who reported activities higher than 6 MET-hours/week 

(Web Figure 9), when using natural cubic splines (Web Figure 10) and when using multiple 

imputations (results available upon request). 

DISCUSSION  

In this large prospective study of women, participants with greater cognitive decline after age 70 

had higher body weight, lower levels of physical activity and lower diet quality over up to more 

than 2 decades from midlife to late-life. However, while in all women, there was an average 

increase of weight and diet quality and a decrease in physical activity levels with aging, those 

with worse cognitive aging in older ages had a deceleration of weight gain and a steeper drop of 

physical activity starting several years before cognitive ascertainment. These findings support an 

association of healthy weight, diet and engaging in regular exercise since midlife with lower 

cognitive decline in older age. One likely explanation for the later deceleration of weight gain 

and decrease in physical activity levels is reverse causation (as early consequences of underlying 

cognitive changes and deteriorating health).  

Major strengths of the current study include a large sample size, high follow-up rate and long 

follow-up duration in the NHS, allowing the analysis of both long-term lifestyle habits prior to 

cognitive impairment (over up to 23 years) and subsequent cognitive decline (over up to 6 years). 

The use of non-concomitant time-periods for exposure and outcome assessments also reduces 

reverse causality; and the use of generally invariant questionnaires since 1984-1986 decreases 

noise in the modeling of trajectories. Additionally, we limited misclassification in the definition 

of cases and controls by using a validated test of global cognition (TICS) and by modeling 

cognitive decline with linear mixed-effect models. Finally, by modeling trajectories of lifestyle 
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factors prior to cognitive decline using a flexible latent process mixed-effect model combined 

with a case-control approach, our methodology enabled a direct comparison of trajectories 

among groups, with statistical testing of differences.  

However, several limitations warrant consideration. First, the generalization of our results is 

limited to primarily Caucasian women, and further research should be conducted in populations 

with different socio-demographic backgrounds. Moreover, because of the observational nature of 

the present study, a causal association between lifestyle factors and cognitive disorders cannot be 

formally established, and our findings should be interpreted with caution. Finally, although the 

homogeneity of our study population of nurses with respect to demographic characteristics and 

health knowledge reduces the possibilities for confounding, residual confounding may still 

persist.  

We are aware of only 2 large studies, the Whitehall II study in UK and the Three-City study in 

France, in which risk factor trajectories preceding dementia diagnosis were predicted by 

statistical modeling (17, 21, 22, 39). Comparability with this existing research is limited. Indeed 

our study focused on cognitive decline rather than dementia, and we ended follow-up for 

exposures at the questionnaire immediately preceding the cognitive sub-study to limit reverse 

causality. Nonetheless, BMI trajectories found in our cohort were generally in accordance with 

those previous studies. In Whitehall II, compared to controls, dementia cases had higher BMI 

from 28 to 16 years prior to diagnosis, and BMI dropped below that of controls 8 years (39). In 

the Three-City study, BMI was higher in dementia cases from 14 years before diagnosis and 

dropped below that of the controls about 7 years before diagnosis (22). In our American 

population with high BMI and substantial weight gain over the life-course, we did not observe 
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the weight loss reported in prodromal dementia in the 2 European cohorts, but a deceleration of 

weight gain among cases approximately a decade prior to ascertainment of cognitive decline. 

For diet and physical activity, while extensive epidemiological data support an association of 

higher adherence to the MeDi (12, 40) and greater levels of physical activity (10) with lower 

cognitive decline or dementia, most of previous studies assessed late-life exposures; research on 

midlife has been limited and inconsistent. In Whitehall II, adherence to the Alternate Healthy 

Eating Index in midlife was not associated with dementia risk (41). In the NHS, long-term 

adherence to the A-MeDi since midlife was associated with better average cognitive status, but 

not cognitive decline, after age 70 (14). The present study extended our previous report, using a 

powerful and flexible approach of A-MeDi trajectories since midlife. We recognize that average 

differences between cases and controls were of modest magnitude (0.2 point score over a 

maximum of 9 points). However, the objective here was to compare average trajectories of diet 

quality among cases and controls and not to evaluate the full range of diet exposure levels in 

relation to cognitive decline; thus, modest differences were expected. Regular physical activity in 

midlife has been related to lower risk of cognitive decline or dementia (42-44), including the 

NHS (33), but this association was not consistently reported (15-17). As with BMI, Whitehall II 

found a decrease of physical activity 9 years before dementia while levels of physical activity a 

decade or more prior dementia were not different from those of participants free of dementia 

(17). We also found a decrease of physical activity among cases 9 years before ascertainment of 

cognitive decline. However, physical activity levels were consistently lower among cases in 

NHS. This persistent difference of physical activity levels between cases and controls before the 

drop of physical activity attributed to the evolution of incipient deterioration of cognitive/general 

health with aging suggests that low physical activity may be both a risk factor for cognitive 
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decline (in midlife) and a potential prodrome of underlying age-related alterations when getting 

older. 

Overweight may alter cognitive health through various mechanisms including elevated leptin and 

inflammation, leading to impaired cerebral metabolism and neuronal degradation (45). In 

contrast, healthy diets and physical activity may protect the aging brain through a beneficial 

effect on cardiovascular risk factors (including overweight/obesity) and their ability to reduce 

inflammation (7, 10), thereby improving brain plasticity (7, 46) and lowering age-related brain 

atrophy (47). Overall, the preclinical and clinical literature supporting a beneficial effect of
 

healthy weight, physical activity and diet on the multiple pathways associated with cognitive 

aging is substantial.   

At the same time, the aging process involves multiple psychosocial, behavioral and physiological 

changes, which may explain part of the decrease in weight gain and of physical activity found in 

our cases of cognitive decline. For example, the loss of appetite and taste associated with aging 

may lead to a general decline of dietary intakes, malnutrition and weight loss (48), and the 

slowed performance and decrease of muscular strength may decrease engagement in regular 

exercise with aging (49). Life-altering experiences (e.g., caregiving or death of a parent or 

spouse) that increase with age can also induce both cognitive decline (50) and behavioral 

modifications (e.g., a reduction of physical activity or worse diet). In addition to mechanisms 

associated with general aging, there is suggestion that the physiology and behaviors may be 

altered years before diagnosis in dementia. The neuropathological changes underlying cognitive 

aging start decades before dementia onset (51), with a progressive evolution of cognitive deficits 

(18), alterations in activities of daily living (52) and loss of olfactory function and taste (53), 
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potentially leading to loss of initiative, a decrease of physical activity and dietary intakes, and 

eventually to weight loss or less weight gain.  

In summary, our longitudinal study indicates dynamic relationships between lifestyle factors and 

cognitive health. In this large cohort of women, those with cognitive decline after 70 years-old 

had poorer body weight, diet and physical activity levels in midlife. Approximately a decade 

before ascertainment of cognitive decline, body weight gain decelerated and physical activity 

decreased among cases, as likely prodromes of accelerated aging in those who later developed 

cognitive decline. These results emphasize the importance of lifestyle from midlife to maintain 

optimal brain aging, while suggesting that associations of risk factors in late-life with cognitive 

aging may be subject to bias in studies focused on late-life. These findings may be key both for 

understanding risk factors for cognitive aging, and for designing and analyzing cognitive 

research. 
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Table 1. Characteristics of Cases of Cognitive Decline (≤First Decile of Slope) and Controls 

(>Median Slope) in 1986
a
 in the Nurses’ Health Study, United States. 

Characteristic 

Cases  

(n = 1,496) 

Controls 

(n = 7,478) 

Mean (SD) % Mean (SD) % 

With 1986 questionnaire
a 
  95.9  95.8 

Age, years 61.3 (2.5)  60.9 (2.4)  

Educational level     

    Registered nurse  78.3  77.0 

    Bachelor’s degree  16.1  16.9 

    Master or doctorate  5.6  6.1 

Current smoker
b
  19.7  15.8 

History of high blood pressure  38.7  31.3 

History of high cholesterol  19.5  17.2 

History of diabetes  4.9  2.8 

Body mass index
b,c

  25.9 (4.8)  25.3 (4.2)  

Body mass index
b,c

       

    Underweight  <18.5  1.4  0.9 

    Normal          [18.5-24.9]   48.9  54.7 

    Overweight   [25.0-29.9]  32.8  31.7 

    Obese             ≥30.0  16.9  12.8 

Total physical activity, MET-hours/week 13.1 (25.2)  13.6 (18.3)  

Low-intensity physical activity,  MET-

hours/week 

6.7 (9.2)  7.4 (9.6)  

A-MeDi score
b
 4.3 (1.8)  4.4 (1.9)  

A-MeDi food components
b
, servings/day       

    Vegetables 3.3 (1.9)  3.3 (1.9)  

    Legumes 0.4 (0.3)  0.4 (0.3)  

    Fruits 2.6 (1.5)  2.6 (1.5)  

    Nuts 0.4 (0.5)  0.4 (0.5)  
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    Whole grains 1.6 (1.2)  1.6 (1.2)  

    Fish  0.4 (0.3)  0.4 (0.3)  

    Red/processed meat 0.8 (0.5)  0.8 (0.5)  

    Alcohol, grams/day 6.3 (11.3)  6.5 (10.7)  

    MUFA:SFA ratio 1.1 (0.2)  1.1 (0.2)  

Abbreviations: A-MeDi, alternate Mediterranean diet score; MET, metabolic equivalent of 

task; MUFA, monounsaturated fatty acid; SD, standard deviation; SFA, saturated fatty acid. 

a 
The mid-point time of the longest study period for exposures (i.e., in 1986 for BMI) 

b 
Values given among non-missing values. Data were missing for 0.3% of cases and 0.1% of 

controls for smoking; 15.8% of cases and 12.0% of controls for BMI; 20.7% of cases and 

18.3% of controls for A-MeDi.   

c 
Weight (kg)/height (m)²
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FIGURE LEGEND 

Figure 1. Nurses’ Health Study Data Used in the Analysis, United States, 1976-2008. TICS, 

Telephone Interview for Cognitive Status. 

Figure 2. Distribution of Individual Slopes of Cognitive Decline in the Nurses’ Health Study 

(n=14,956), United Stated, 1995-2008. Cases (n=1,496) Were Defined as the Women With the 

10% Worst Cognitive Slopes (Cutoff Value≤-0.461), and Controls (n=7,478) as Those With a 

Cognitive Slope Above the Median (Cutoff Value>-0.156). 

Figure 3. Trajectories of Body Mass Index (BMI) [Panel A], Alternate Mediterranean Diet (A-

MeDi) Score [Panel B], and Total and Low-Intensity Physical Activity [Panels C And D], in the 

23, 15, and 13 Years Preceding the Ascertainment of Cognitive Decline Among Cases of 

Cognitive Decline (n=1,496) and Controls (n=7,478) in the Nurses’ Health Study, United States, 

1976-2000. Kg/m²: Weight (kg)/height (m)² ; MET: metabolic equivalent of task. 

Mean predicted trajectories (solid lines for cases, dotted lines for controls) with 95% pointwise confidence 

intervals (95%CI) (indicated with shading) were predicted by a latent process linear mixed model 

according to the years preceding cognitive decline ascertainment. The model included a quadratic function 

of time (time, time²) and was adjusted for case-control status, age and educational level and their 

interaction with the function of time; correlated random effects were considered on both the intercept and 

the time function. Trajectories were plotted for the most common profile of covariates in the study sample 

(registered nurse, aged 51 years in 1976). Outcomes were normalized by I-splines and the corrected 

threshold for multiple testing were α=0.03 for BMI, α=0.02 for A-MeDi and low-intensity physical 

activity, and α=0.01 for total physical activity. 
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## This code applies to a dataset named NHS_bmi, which contains the longitudinal data 

(one row per nurse follow-up visit) and the following variables:  

 

# bmi: continuous body mass index 

# time: retrospective time preceding the ascertainment of cognitive decline (years) 

# status: 0=control, 1=case of cognitive decline  

# age0: age at inclusion given in decades and centered around 51 (mean age at study 

baseline) 

# education: 0=registered nurse, 1=Bachelor’s degree, 2=Master or doctorate 

# ID: unique subject ID  

 

R> library("lcmm","mvtnorm") 

 

## a. ESTIMATION OF MODELS USING DIFFERENT LINK FUNCTIONS  

# linear 

R> m0 <- lcmm(bmi ~ time + I(time^2) + status + status*time + status*I(time^2) + age0 

+ age0*time + age0*I(time^2) + education + education*time + education*I(time^2), 

random=~ time + I(time ^2), subject="ID", data = NHS_bmi) 

# quadratic I-splines with 3 knots placed at the quantiles of the distribution 

R> m1 <- lcmm(bmi ~ time + … + education*I(time^2), link = c("3-quant-splines"), 

random=~ time + I(time ^2), subject="ID", data = NHS_bmi) 

# with 4 knots placed at the quantiles 

R> m2 <- lcmm(bmi ~ time + … + education*I(time^2), link = c("4-quant-splines"), 

random=~ time + I(time ^2), subject="ID", data = NHS_bmi) 

# with 5 knots placed at the quantiles 

R> m3 <- lcmm(bmi ~ time + … + education*I(time^2), link = c("5-quant-splines"), 

random=~ time + I(time ^2), subject="ID", data = NHS_bmi) 

 

R> summary(m0) 

R> summary(m1) 

R> summary(m2) 

R> summary(m3) 

# selection of the model with the best Akaike Information Criterion: m2 

 

## b. ASSESSMENT OF THE MODEL GOODNESS-OF-FIT  

R> plot(m2) 

# All subjects 

R> plot(m2, which="fit", var.time="time", ylab="BMI, kg/m²") 

R> plot(m2, which="fit", var.time="time", ylab="BMI, kg/m²", marg=F) 

# Among groups  

R> plot(m2, which="fit", var.time="time", subset=which(status==1), ylab="BMI, kg/m²", 

main=“Cases”) 



 

 

R> plot(m2, which="fit", var.time="time", subset=which(status==0), ylab="BMI, kg/m²", 

main=“Controls”, marg=F) 

 

## c. WALD-TESTS 

# pos: vector containing the position in m2$best of the parameters to test 

# contrasts: numeric vector of same length that pos (vector of 1 by default); the 

quantity to test is the dot product of pos and contrasts.  

 

# c.1. Global tests 

# overall difference in the evolution among groups (i.e., status*time = status*I(time^2) 

= 0)     

R> WaldMult(m2, pos=c(4,5))  # P value <.0001 

# c.2. Tests for differences among groups at specific times  

# In the following, function corrected_P gives the corrected significance level for 

multiple testing in the comparison of trajectories among groups at different periods 

of time computed from the joint distribution of all the statistics. model corresponds 

to the estimated model, pos corresponds to the position of the parameters to test in 

model$best and tim corresponds to the predefined sequence of times. 

 

R> corrected_P <- function(model, pos, tim) 

{V <- VarCov(model) 

matv <- V[pos, pos]  

mat <- matrix(0, nrow=length(tim), ncol=length(pos)) 

for (i in 1:length(tim))  

       {mat[i,] <- c(1,tim[i],tim[i]*tim[i]) 

       } 

rho <- matrix(0, nrow=length(tim), ncol=length(tim)) 

for (j in 1:length(tim)) 

       {for (k in 1:length(tim))  

              {rho[j,k] <- (t(mat[j,]) %*% matv %*% mat[k,])/(sqrt(t(mat[j,]) %*% 

matv %*% mat[j,])*sqrt(t(mat[k,]) %*% matv %*% mat[k,]) 

              } 

       } 

threshold <- pnorm(-qmvnorm(p=0.95, tail='both.tails', corr=rho)$quantile)*2 

return(threshold)} 

 

R> corrected_P(m2, pos=c(3,4,5), tim=c(-24,-22,-20,-18,-16,-14,-12,-10,-8,-6,-4,-2,0))    

# The corrected significance threshold for bmi was 0.03 

# Time-specific Wald tests were: 

# 23 years before cognition (i.e., status= 1; status*time= -23y.; status*I(time^2)= (-

23y)²)        

R> WaldMult(m2, pos=c(3,4,5), contrasts=c(1,-23,529))    # P value <.0001 

# 21 years before cognition (i.e., status= 1; status*time= -21y; status*I(time^2)= (-

21y)²)             

R> WaldMult(m2, pos=c(3,4,5), contrasts=c(1,-21,441))    # P value <.0001 

# d.  PLOT OF PREDICTED TRAJECTORIES  



 

 

# The mean trajectories (with 95% pointwise confidence intervals obtained by a Monte 

Carlo method with 2000 draws) were displayed for the most common profile of the study 

sample (registered nurses, aged 51 years-old in 1976). 

# d.1. Creation of the profile for which trajectories are to be displayed 

R> datnew <- data.frame(time = seq(-23, 0, length=100)) 

R> datnew$age0 <- 0 

R> datnew$education <- 0 

# d.2. Prediction of the trajectories for controls and cases of cognitive decline 

R> datnew$status <- 0 

R> controls <- predictY(m2, newdata=datnew, var.time="time", draws=T) 

R> datnew$status <- 1 

R> cases <- predictY(m2, newdata=datnew, var.time="time", draws=T) 

# d.3. Plot of the trajectories 

R> plot(controls, ylim=c(22,27), lwd=c(4,1), bty="l", las=1, col=2, xlab="Years 

preceding the ascertainment of cognitive decline”, ylab="BMI, kg/m²", legend=NULL) 

R> plot(cases, col=1, lwd=c(4, 1), add=T) 
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Abstract 

 

Modeling risk factor trajectories is critical to understanding the natural history of diseases, yet 

the measurement tools used to assess risk factors often evolve during follow-up in cohorts, and 

such change prevents longitudinal analyses using standard models. We addressed this issue 

with a latent process model. Trajectories of average intakes of 5 food families (fish, meat, fruits, 

vegetables, carbohydrate-rich foods) were described in prodromal dementia during the 10 years 

prior to diagnosis of cases and compared with those of controls, using a case-control sample 

nested within the Three-City Study, Bordeaux, France (1999-2012). Food intakes were 

measured by 2 to 3 different subquestionnaires across 5 repeated food frequency questionnaires. 

The sample comprised 205 incident cases and 410 controls matched for age, sex, education, 

and number of repeated food frequency questionnaires. Intakes of fish, fruits and vegetables 

decreased at the approach of diagnosis among cases, suggesting reverse causation. This study 

demonstrated that the latent process model approach constitutes a powerful framework for 

modeling risk factor trajectories, even when measurement tools change sequentially over time. 

Coupled with a case-control approach to contrast trajectories in prodromal disease versus 

healthy status, it can help us to understand the dynamic, causal relationships between risk 

factors and diseases.   

 

Keywords: dementia; epidemiologic methods; latent variable models; longitudinal studies; 

nonlinear dynamics; nutrition; risk reduction behavior. 



 

 
 

Chronic diseases may result from a complex interplay between genetic predisposition and 

cumulative exposures to environmental risk factors over the life course (1). Understanding 

long-term risk-factor trajectories has thus become key to improving the estimation of disease 

risk in epidemiological studies. However, modeling risk factor trajectories has often been 

limited by methodological difficulties – in particular, the fact that the tools used to measure 

them in cohort studies often change during the follow-up. While the key quantity of interest 

remains the same, the nature of the observations changes, and this modification prevents any 

formal longitudinal analysis using standard approaches  (2). Such change may affect different 

types of markers and/or risk factors, and it has various causes. It can be due to an enrichment 

of questionnaires with new research hypotheses (e.g., introduction of novel cognitive tests in a 

cognitive battery or additional foods in a food frequency questionnaire [FFQ]), or  a 

simplification of questionnaires to reduce response burden for cohort participants; other 

frequent reasons include technological developments (e.g., introduction of a new machine with 

better resolution for imaging) or the emergence of new analytical methods (e.g., mass 

spectrometry for biological factors).  

The longitudinal analysis of risk factors in the presence of a change in the measurement tools 

can be handled by latent variable models or their dynamic extension, latent process models 

(LPMs). These methods focus on the key quantity of interest, which is not directly observed, 

rather than on a type of observations of this quantity. As such, these methods can include 

observations from different measurement tools, provided the tools measure the same quantity 

of interest (e.g., fish intake estimated from both a food frequency questionnaire and a 24-hour 

dietary recall). Latent variable models (3) and LPMs (4, 5) have already been applied to 

trajectories of cognitive performances in older persons when the cognitive battery differed from 

one visit to another. However, the change in the battery of cognitive tests was intermittent (1 

missing test at some visits), while the change in measurement tools may be definitive in 



 

 
 

situations described above. In that case, the sequentiality of the change of measurement tools 

over time must be carefully handled to prevent any confusion with the change (over time) of 

the underlying quantity of interest.  

In the present study, we examined how LPMs can be used to analyze change over time in risk 

factors when their measurement tools sequentially change during cohort follow-up. We applied 

our approach to diet trajectories in prodromal dementia, a good model for chronic diseases with 

a long preclinical phase likely modulated by long-term environmental exposures, including diet 

(6). We used prospective data collected over more than a decade from a large population-based 

cohort of older persons, the Three-City Study (3C). Our aim was to describe trajectories of 

dietary intakes in the prediagnostic phase of dementia and to formally compare these 

trajectories with those of individuals who did not develop dementia. To allow easy and 

quantitative comparison of both groups, we adopted a case-control approach. We described 

trajectories of intake of 5 broad food categories hypothesized to influence dementia risk (fish, 

meat, fruits, vegetables, and carbohydrate-rich foods) in the 10 years preceding diagnosis 

among participants with incident dementia, and we compared these trajectories with those 

observed among matched controls who were free of dementia.  

 

 

MATERIALS AND METHODS 

 

Population 

3C is an ongoing prospective study on dementia that started in 1999-2000 in 3 French cities 

(Bordeaux, Dijon, and Montpellier), including non-institutionalized individuals aged 65 years 

or older, and randomly recruited from electoral rolls (7). All participants signed an informed 



 

 
 

consent, and the study protocol was approved by the committee of the University Hospital of 

Kremlin-Bicêtre of Paris, France.  

After inclusion, 5 follow-up visits were performed at 2, 4, 7, 10, and 12 years (hereafter labeled 

T2, T4, T7, T10, T12). At each visit, a battery of neuropsychological tests was performed during in-

person interviews conducted by trained psychologists, and incident cases of dementia were 

recorded. Ascertainment of incident dementia was based on a 3-step procedure, including 

validation by an independent expert committee of neurologists to obtain a consensus on 

diagnosis and etiology (7). 

The present study is based on the Bordeaux 3C sample (n=2,104), the only cohort center where 

a comprehensive dietary survey including FFQs, was conducted at T2. Modified versions of the 

FFQ were subsequently administered at each follow-up visit. In this study, T2 is the study 

baseline.  

 

Nested case-control sample  

We built a case-control sample (2 controls per case) nested within the Bordeaux 3C cohort. 

Among the 1,730 participants of Bordeaux 3C seen at T2, we excluded 75 individuals diagnosed 

with dementia at inclusion (n=43) or at T2 (n=32), 223 individuals without information beyond 

T2, and 7 individuals for whom at least 2 consecutive follow-up visits were missed before a 

positive dementia diagnosis. Among the 1,425 remaining participants, 212 were diagnosed with 

dementia between T4 and T12. For each case, 2 control subjects were individually matched by 

random sampling with replacement (as recommended for nested-case control studies (8–11)); 

but with replacement not allowed within the same diagnostic visit). To be selected as a control, 

a participant had to meet these criteria: 1) at risk of dementia at the diagnosis-visit date of the 

case (9,12); 2) of similar age (within 3 years), educational level (lower than high school versus 



 

 
 

high school or higher), and sex; and 3) with a similar number of FFQ replies (number of replies 

within 1) up to the matching diagnostic visit. Among the 212 incident cases, 205 were 

successfully matched, leading to a total case-control sample of 615 individuals.  

 

Assessment of dietary habits 

Repeated FFQs. Dietary habits were assessed from T2 to T12 using 5 repeated FFQs. At T2 – 

the visit with the most comprehensive dietary survey – the frequency of consumption of 45 

categories of foods and beverages at 3 main meals and/or 3 between-meal snacks was recorded 

in 11 levels (never or less than once a month, once a month, twice a month, 3 times a month, 

and 7 levels for 1-7 times a week), including a total number of 148 food items. At subsequent 

follow-up visits, FFQs were less detailed. At T4 and T7, the FFQs had the same general form as 

at T2, but recorded a more limited number of food items (42 items at T4, 49 items at T7). At T10 

and T12, meal occasions were not detailed and frequency of consumption of 11 food items was 

recorded in 6 classes (never, less than once a week, about once a week, 2 to 3 times a week, 4 

to 6 times a week, and once a day or more – with number of servings per day manually 

specifiable).  

For each food item (detailed in Web Table 1, available at https://academic.oup.com/aje), intake 

frequencies were recoded as average number of weekly servings. At each follow-up visit, 

average intake of each food family (fish, meat, fruits, vegetables, and carbohydrate-rich foods) 

was then obtained by summing the average number of weekly servings of all corresponding 

items.  

Sequential structure of diet measurement tool. Because of the variations in the structure of 

repeated FFQs during follow-up, intakes of each family were assessed through different 

https://academic.oup.com/aje


 

 
 

combinations of food items across visits – such visit-specific combinations are referred to here 

as subquestionnaires. Table 1 summarizes the K different subquestionnaires available for each 

food family across the repeated FFQs (FFQ1 to FFQ5), and Figure 1 gives an illustration of our 

method for computation of vegetable intake. For the example of vegetables (V), intakes were 

assessed through K=3 subquestionnaires during the follow-up: V1 including 8 items at T2 and 

T4, V2 including 10 items at T7, and V3 including a single item at T10 and T12 (Figure 1). 

Furthermore, by construction, the range of weekly servings depended on the subquestionnaire. 

For example, the upper value for vegetable intake was 42 weekly servings with V1 and 28 

weekly servings with V3. Hence, for a similar latent consumption of a food family, different 

subquestionnaires provided different observed levels of consumption, thus preventing any 

direct comparison between visits. 

 

Statistical approach  

Latent process modeling. We used LPM to analyze trajectories of risk factors when their 

measurement tools evolved sequentially during follow-up. The latent process mixed model for 

multivariate longitudinal outcomes (4, 13) relies on a latent process, which represents the 

unmeasured common factor underlying the observed individual responses obtained through K 

different tools across consecutive visits. In Web Figure 1, the latent process (noted Ʌ) trajectory 

is described in a linear mixed model (equation [1] in the Web Figure 1) according to time, 

covariates (main grouping of interest C and potential confounding factor(s) X), and their 

interactions. The correlation between the repeated measurements of each individual is captured 

by correlated random effects. Differences between groups can be tested both at study baseline 

and globally during the entire trajectory using standard Wald-tests (applied to parameter β1 and 

vector of parameters γ2, respectively, in equation [1]). In addition, Wald-tests can be applied at 



 

 
 

pre-specified time points (with appropriate correction for multiple testing (14)) to test 

differences at key stages of the trajectories (equation [1*]). 

The latent process was linked to the repeated individual observations of the K measurement 

tools using tool-specific parameterized link functions (equation [2], Web Figure 1). Formally, 

each observation, normalized by the link function, is a noisy measure of the underlying latent 

process. LPM can be fitted with R package lcmm, function multlcmm (15). 

Time scale issue. When measurement tools evolve with time in cohort studies, describing 

trajectories of risk factors over a time scale that is too close to (and partly confounded with) the 

time in the cohort may induce a bias in the estimated trajectory. Indeed, the presence of changes 

in the type of observations according to a time close to the time scale used to model the latent 

process trajectory raises a confounding issue between the shape of this trajectory over time and 

the relationship between the latent process and the observations. This may be prevented by 

using a 2-step approach: first a metric partly disconnected with the time driving the sequential 

changes of measurement tools is used to assess the relationships between the observations and 

the latent process of interest; age in our application. Then the trajectory of the latent process is 

estimated according to the time scale of interest by using the estimated relationships obtained 

in step 1.  

 

Application to nutritional trajectories in prodromal dementia 

We applied our methodology to analyze trajectories of intakes of 5 food families. We defined 

five latent processes (ΛFi, ΛM, ΛFr, ΛV, and ΛC for Fish, Meat, Fruits, Vegetables and 

Carbohydrate-rich foods, respectively), each representing the latent nutritional quantity 

underlying its intake measures assessed with 2 to 3 different subquestionnaires across visits 

(Table 1). Because food families were studied separately, correlation between the 5 latent 



 

 
 

processes was not considered. To compare nutritional trajectories between cases and controls 

in the prodromal phase of dementia, trajectories had to be defined retrospectively from the 

diagnosis visit (year 0), and thus the time scale was the retrospective time since diagnosis. 

Covariates included case-control status as grouping indicator C; matching variables age, sex, 

and education level (as confounding factors X  (16)); and their interaction with the functions of 

time. The link functions that related the latent nutritional process to its observed responses were 

selected among quadratic I-splines with 3 to 5 knots, and linear and threshold link functions 

when appropriate. The optimal link function was selected using the Akaike information 

criterion.  

Although different from the time since entry into the cohort, the use of retrospective time since 

diagnostic visit may not prevent confusion between the sequential changes of the FFQs during 

follow-up and the shape of the nutritional trajectories; indeed, in our application long-term 

trajectories were driven by only the first subquestionnaire, while short-term trajectories were 

driven by all subquestionnaires (Figure 2). As a remedy, we applied the 2-step strategy 

mentioned previously. We first estimated the link functions between the observed measures and 

the underlying latent process for each of the five food families, using age as the time scale in 

the linear mixed model (Web Figure 2). In a second step, we compared nutrition trajectories 

among cases and controls in a latent process mixed model according to retrospective time since 

diagnosis and using the link function parameters obtained in the first step. Adjusted quadratic 

nutrition trajectories were considered with correlated random intercept and slope. Web 

Appendix 1 provides the R code to replicate the analyses. 

 

 

 



 

 
 

RESULTS  

 

The nested case-control sample comprised 205 incident cases of dementia (77.6% diagnosed 

with Alzheimer’s disease) and 410 matched controls not identified as demented at the 

diagnostic visit of the case. Only 3 cases missed the visit preceding their visit of diagnosis. In 

both groups, at study baseline the mean age was approximately 78 years, 70.2% were women, 

and 64.9% had an educational level below high school; the median number of repeated FFQs 

was 3 among cases and 4 among controls (Table 2). Cases were more often carriers of the ε4 

allele of the apolipoprotein E gene and had diabetes (P≤0.02 for all), and they had a lower a 

cognitive level as measured by the Mini-Mental State Examination (P<0.001). In contrast, cases 

and controls had a similar prevalence of hypertension, similar average body mass index, similar 

average food intakes at the first FFQ (FFQ1, Table 1), and a similar average follow-up time 

(P≥0.09 for all).  

 

Average intakes observed through subquestionnaires in prodromal dementia 

Corresponding to the most remote follow-up visit from the visit of diagnosis, the first 

subquestionnaire (k=1) captured dietary habits for a longer time period in the retrospective time 

since diagnosis, in contrast to the second or third subquestionnaires (k=2 or 3), whatever the 

food family (Figure 2). Hence, for instance, vegetable intakes were ascertained only through 

the first subquestionnaire from 10 years to 6 years preceding diagnosis, while 2 different 

subquestionnaires coexisted between -6 years and -4 years, and all subquestionnaires were 

available in the 4 years preceding diagnosis. We also observed evident differences in the 

average intakes measured across subquestionnaires. For example, for vegetables among 

controls, between the diagnosis visit (year 0) and 2 years prior to diagnosis, the first and second 



 

 
 

subquestionnaires provided an average intake of 19.1 (95% confidence interval: 18.4, 19.8) and 

19.3 (95% confidence interval: 18.5, 20.1) servings per week, respectively, while the third 

subquestionnaire provided a smaller average intake of 8.6 servings per week (95%CI: 8.1, 9.1).  

 

Nutritional trajectories in prodromal dementia predicted by LPM 

Figure 3 displays the intake trajectories for the 5 food families predicted by the latent process 

approach (with values expressed in the scale of the first subquestionnaire [FFQ1, Table 1]). For 

Meat and Carbohydrate-rich foods, we found relatively stable intakes in both groups, with no 

significant difference of overall trajectories among cases and controls (P=0.115 and P=0.343 

for Meat and Carbohydrate-rich foods, respectively). Intakes appeared slightly lower for cases 

at diagnosis, although the difference was only borderline significant (P=0.053 for both 

families). In contrast, fish intake decreased steadily in both groups (from 3.1 to 2.3 servings per 

week among cases and from 2.9 to 1.8 serving per week among controls), and the decline was 

stronger among cases (P<0.001 for difference in overall trajectories), leading to a slightly lower 

average intake for cases at diagnosis (P=0.002 for difference with controls). However, when 

testing the differences of intake every 2 years prior to diagnosis (significance level accounting 

for multiple testing of α=0.02, for 5 tests performed 2-years apart prior to diagnosis), no time-

specific differences were found (P≥0.195 for all).  

For Fruits and Vegetables, trajectories of cases appeared to be far less linear than those observed 

for Fish, with bell-shaped curves. This translated into significantly different evolutions between 

groups over time (P<0.001) and led to lower mean intakes at diagnosis for cases (with average 

differences reaching 2.2 weekly servings for Fruits and 3.1 weekly servings for Vegetables, 

both P≤0.01). Still, as with Fish, differences did not reach statistical significance when 



 

 
 

comparing intake values at specific time-points, 2 years-apart, prior to diagnosis (α=0.02; 

P≥0.03 for all).  

 

DISCUSSION  

 

The present study highlights how latent process mixed models can flexibly model trajectories 

of risk factors even when their measurement tools change in cohorts. We illustrated this 

approach with respect to dietary habits in prodromal dementia using nutritional data collected 

through different subquestionnaires during follow-up in the Bordeaux 3C cohort, and we found 

that dietary intakes tended to decrease with aging for several foods (Fish, Fruits, and 

Vegetables), especially at the approach of dementia diagnosis.  

Previous research on risk factor trajectories with aging and their relationships with chronic 

diseases has been limited to relatively simple approaches, largely ignoring the dynamic nature 

of risk factors. Most commonly, only their measure at a specific time point, usually baseline, 

or the observed change between 2 time periods have been considered (17). Yet, these 

approaches do not provide a clear understanding of the risk factor trajectory and its dynamic 

relationship with the disease. The few studies that described the dynamics of risk factors in 

links with a disease, and explored the causal relationships, used statistical models for 

longitudinal data and focused on risk factor trajectories prior to a preclinical stage of the disease, 

using a strategy close to the one adopted in our application (see Færch et al. (18) for trajectories 

of cardiometabolic markers before diagnosis of diabetes, Chiu et al. (19) for  trajectories of 

body mass index before self-reported diagnosis of diabetes, and Darweesh et al. (20) for 

functioning trajectories in preclinical Parkinson’s disease). In prodromal dementia, trajectories 



 

 
 

of cognitive and structural changes were evaluated before diagnosis of autosomal dominant (21, 

22) or sporadic Alzheimer’s disease (23–25).  

These standard approaches do not handle changes in measurement tools over time – a limitation 

that clearly impairs their utility to the scientific community. The Latent Variable Models and 

LPM provide powerful solutions to model trajectories of any risk factor, even when assessed 

repeatedly by multiple tools. For instance, we (4, 5) and Gross et al. (3) previously used these 

models to describe trajectories of the global cognitive level underlying all the cognitive tests 

available in a cohort, even those that were not systematically performed at each follow-up visit. 

In the present study, we went a step further by showing how LPM could also model risk factor 

trajectories when the measurement tools changed sequentially over time and the analytical 

timescale was close to the time defining the sequential change in the cohort. This was achieved 

by a 2-step analysis that separated the modeling of the relationship between the underlying 

quantity of interest and the measurement tools from the modeling of the trajectories of the 

underlying quantity of interest. While the latter can be done according to a timescale that is 

exactly (or close to) the time in the cohort, the former is done according to a very different 

timescale. In our illustration, the timescale used to describe nutritional factors (retrospective 

time since diagnosis) was only partially linked to the time in the cohort but still, only one of the 

subquestionnaires defined the long-term trajectory. Thus, the shape of the long-term nutritional 

trajectory and the shape of the relationship between this measurement tool and the underlying 

nutritional process could not be correctly untangled without estimating the two parts of the 

model separately and using age in the sub-model defining the relationship between the 

measurement tools and the underlying nutritional process. In many epidemiological studies, the 

situation is even more critical because the timescale of interest for the trajectories is exactly the 

time since entry in the cohort. In all these situations, we strongly advise the two-step strategy 

we have proposed above to correctly estimate the risk factor trajectories.  



 

 
 

In our application, the general decline of dietary intakes observed with increasing age is 

consistent with previous knowledge on the physiologic changes (e.g., loss of appetite) observed 

with aging (26). However, the steeper drop in the intakes of fish, fruits and vegetables only at 

the approach of the dementia diagnosis was less expected. Indeed, there is a strong biological 

rationale for a protective role of the nutrients found in fish (e.g., omega-3 fatty acids) and in 

fruits and vegetables (antioxidant nutrients) for brain health, confirmed by prospective 

epidemiological studies (27–29). When longitudinally modeling dietary intakes in the 

prodromal phase of dementia, as done here, one may have expected such a causal association 

to be reflected by lower intakes among those who eventually developed the disease, over the 

entire follow-up period. In contrast, we found intakes of fish, fruits and vegetables lower among 

cases only close to the diagnosis visit, which may be more suggestive of reverse causation 

among those with higher neurodegeneration and/or more impaired cognition. This was 

confirmed by a sensitivity analysis (Web Figure 3) limited to a subsample with mini mental 

state examination of ≥28 at study baseline, which showed attenuated drops in intakes (likely 

due to attenuated reverse causation in this sample with higher cognition). Reverse causation is 

plausible in studies on diet and dementia. The progression of neurodegenerative process is 

accompanied with loss of taste and reduced olfactory functions (26, 30, 31) which may 

contribute to decreased food intakes. Furthermore, subtle cognitive deficits in prodromal 

dementia may be associated with difficulties in organizing regular shopping and meal 

preparation (32), which may also contribute to changes in the diet. Still, differences of intakes 

between dementia cases and controls appeared overall modest in this cohort for the five studied 

foods, and although significant differences were limited to the months preceding diagnosis and 

may partly reflect reverse causation, these findings do not preclude a causal relationship 

between trajectories of dietary patterns since midlife and dementia, which deserve further 

investigation. In this application, the five food families were studied independently although 



 

 
 

foods consumed during meals are correlated. Studying the overall diet would necessitate 

statistical developments within our latent process framework to incorporate the simultaneous 

modeling of correlated latent processes. This is ongoing research.  

The LPM method has several strengths. First, it makes a distinction between the quantity of 

interest and its observations, which permits the investigator to include different measurement 

tools even when not available at all follow-up visits. Second, in this work, LPM combined with 

a case-control approach provided a direct comparison of trajectories in the prediagnostic phase 

of dementia, ascertained with global tests for differences as well as tests for differences at 

specific predefined timings. If the investigator is more interested in prospective trajectories with 

aging and/or exploration of heterogeneous trajectories, the method can be combined with joint 

models or latent class models (33). LPMs also have limitations. First, the LPM assumes that all 

the tools measure a unique latent quantity, their common factor. In some cases, such an 

assumption seems reasonable (as in our application where exposure assessment was based on 

slightly varying FFQs). In other cases (e.g., with a mixture of biomarkers and questionnaire 

data), this assumption might deserve specific evaluation. Second, to approximate complex 

trajectories and enable formal testing of the difference in risk factor levels between groups, we 

used flexible parametric LPM – an approach that which might lead to overfitting (34). We 

considered (i) I-splines transformation to relate the non-Gaussian FFQs and the underlying 

nutritional process, which provided a similar fit to that of non-parametric transformations 

(results not shown) while remaining parsimonious; and (ii) nonlinear trajectories over time with 

quadratic trajectories that fitted the data better compared with linear trajectories and similarly 

compared with trajectories approximated by a small number of regression splines. Despite such 

flexibility, the models remained parsimonious enough compared with the amount of 

information available to prevent overfitting (34) and did not alter the widths of the 95% 

pointwise confidence intervals (Web Figure 4). Finally, in our application here, there might be 



 

 
 

measurement errors in dietary exposure assessments. However, such error is likely to have been 

non-differential with respect to case-control status, and to have contributed to underestimation 

of the magnitude of the differences between cases and controls.   

In conclusion, the LPM approach proposed here provides a general framework for modeling 

risk factor trajectories in the natural history of chronic diseases. By separating the risk factor of 

interest from its possibly heterogeneous longitudinal observations, we believe it constitutes an 

original and powerful dynamic solution to the change of measurement tools for risk factors in 

cohorts. In our application, coupled with a case-control approach to contrast trajectories in 

prodromal dementia with trajectories in normal aging, this statistical method gave precious 

information on dynamic and causal relationships between nutrition and dementia. 
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FIGURES AND TABLES 

 

Figure 1. Illustration, using the example of Vegetables food family, of the method applied to 

obtain the average number of weekly servings at each follow-up visit from a combination of 

items of the 5 food frequency questionnaires (FFQ1 to FFQ5), Three-City Study, Bordeaux, 

France, 2001-2012.  

Lunch and dinner meal occasions were detailed only at 2, 4, and 7 years of follow-up. Intake of 

Vegetables was assessed through 3 different subquestionnaires (V1 including 8 food items, V2 

including 10 food items, and V3 including a single item). Ykj corresponds to the weekly servings 

of vegetables for the subquestionnaire k at the follow-up visit j.  



 

 
 

Figure 2. Mean values and 95% confidence intervals of the average observed intakes (servings 

per week) in periods of 2 years of the 5 food families ((A, B) Fish, (C, D) Meat, (E, F) Fruits, 

(G, H) Vegetables, and (I, J) Carbohydrate-rich foods) over the 10 years preceding the diagnosis 

of dementia among incident cases (n=205) (A, C, E, G, and I) and control subjects (n=410) (B, 

D, F, H, and J), obtained through the 2-3 different subquestionnaires (k=1, 2 or 3), Three-City 

Study, Bordeaux, France, 2001-2012. Note that for a given food family, k indicated a 

subquestionnaire and not a particular food frequency questionnaire (e.g., k=2 for Fish and k=3 

for Meat were derived from the same food frequency questionnaire).  

 

 

 



 

 
 

Figure 2 (Suite).  

 



 

 
 

Figure 3. Mean intake trajectories (with 95% pointwise confidence intervals (pCIs)) of the 5 

food families ((A) Fish, (B) Meat, (C) Fruits, (D) Vegetables, and (E) Carbohydrate-rich foods) 

over the 10 years preceding the diagnosis of dementia of cases predicted by latent process mixed 

models among incident dementia cases (n=205) and control subjects (n=410), Three-City 

Study, Bordeaux, France, 2001-2012. 

Models included link functions approximated by I-splines with 3 to 5 knots, a quadratic 

trajectory over time adjusted for case-control status, covariates (age, sex, education level, i.e., 

confounding factors used as matching variables) and their interactions with the functions of 

time, and they correlated random effects on intercept, slope, and slope squared. For each food 

family, trajectories were plotted in the scale of the first subquestionnaire for 2 women (a case 

and a control), both aged 78 years at study baseline, and with an educational level lower than 

high school.  

 



 

 
 

Figure 3 (Suite).  

 

 

 

 

 



 

 
 

Table 1. Number of Food Items for the Families of Fish, Meat, Fruits, Vegetables, and 

Carbohydrate-rich Foods, Collected Through the 5 Repeated Food Frequency Questionnairesa 

During Follow-up in the Three-City Study, Bordeaux, France, 2001-2012.  

 

 

Abbreviations: FFQ, food frequency questionnaire 

a Because of the slight variations in the FFQs during follow-up, intakes of each family were 

assessed through different combinations of food items (i.e., subquestionnaires) across visits. 

For example, for Fish, a first subquestionnaire made of 4 food items was identified at 2, 4 and 

7 years of follow-up and a second subquestionnaire made up of 1 food item was identified at 

10 and 12 years of follow-up. Total number of subquestionnaires ranged from 2 to 3. 

 

 

 

 

Food Family 

No. of Food Items According to FFQ No. of 

Combinations 

of Food Items 

(K Value) 

FFQ1 in 

Year 2  

(2001-2002) 

FFQ2 in 

Year 4 

(2003-2004) 

FFQ3 in 

Year 7 

(2006-2007) 

FFQ4 in 

Year 10 

(2009-2010) 

FFQ5 in 

Year 12 

(2011-2012) 

Fish 4 4 4 1 1 2 

Meat 10 4 4 1 1 3 

Fruits 18 18 18 1 1 2 

Vegetables 8 8 10 1 1 3 

Carbohydrate-rich foods 22 8 8 3 3 3 



 

 

Table 2. Baseline Characteristics of the Case-Control Sample (n=615) Nested Within the Three-

City Study at Study Baseline, Bordeaux, France, 2001-2002. 

Characteristic 

Diagnosed with 

dementia 

(n = 205) 

Healthy Control Groupa 

(n = 410) P Valueb 

mean (SD) % mean (SD) % 

Age, years  78.4 (4.5)  78.3 (4.5)   

Female sex  70.2  70.2  

Educational level lower than high school  64.9  64.9   

Median number of repeated FFQs (with interquartile 

range) 

3 (3;4)  4 (4;4)   

APOE ε4 carrier (at least one allele)c   23.9  16.4 0.022 

Diabetesc,d  15.5  8.3 0.011 

Hypertensione  78.5  73.5 0.143 

BMIc,f 26.1 (4.2)  26.3 (4.0)  0.552 

MMSE scorec 26.9 (2.2)  27.6 (1.9)  <0.001 

Food intakes (first FFQ), weekly servings      

      Fish  2.7 (1.6)  2.8 (1.7)  0.088 

      Meat 8.1 (3.9)  8.1 (3.6)  0.324 

      Fruits 14.1 (7.6)  13.7 (6.9)  0.686 

      Vegetables 18.3 (6.8)  18.5 (7.2)  0.395 

      Carbohydrate-rich foods 24.1 (7.6)  25.0 (7.1)  0.449 

Follow-up, years  6.4 (2.5)  6.3 (2.5)  0.352 

 

Abbreviations: APOE ε4, ε4 allele of the apolipoprotein E gene; BMI, body mass index; FFQ, 

food frequency questionnaire; MMSE, mini mental state examination; SD, standard deviation.  

a Controls were matched to cases on age (within 3 years), sex, educational level (lower than 

high school versus high school or higher) and total number of FFQ replies (number of replises 

within 1).  

b Paired t-test was used for continuous variables and conditional logistic regression was used 

for categorical variables. 

c Percentages or averages from among non-missing values. Data was missing for 12.2% of cases 

and 9.5% of controls for APOE ε4, for 2.9% in both groups for BMI, for 11.7% of cases and 

9.0% of controls for diabetes status and for 1.0% among cases for MMSE. 

d Diabetes was defined as fasting glucose level of ≥ 7 mmol/L, non-fasting level of ≥ 11.1 

mmol/L (cases n=11; controls n=12), or antidiabetic therapy. 

e Hypertension was defined as systolic blood pressure ≥ 140 mmHg, or diastolic blood pressure 

≥ 90 mmHg or antihypertensive therapy. 

f Weight (kg) / height (m)² 

 



 

 



 

 

Food family 
FFQ1 

(Year 2)  

FFQ2 

(Year 4)  

FFQ3 

(Year 7)  

FFQ4 

(Year 10) 

FFQ5 

(Year 12) 

Fish   Fish (2, 3) 

 Shellfish (2, 3) 

 Fish (2, 3) 

 Shellfish (2, 3) 

 Fish (2, 3) 

 Shellfish (2, 3) 

 Fish and shellfish 

 

 Fish and shellfish 

 

 

Meat 

 

 Red meat (2, 3) 

 Poultry (2, 3) 

 Ham (1, 4, 5, 6) 

 Delicatessen (2, 3) 

 

 Red meat (2, 3) 

 Poultry (2, 3) 

 

 

 

 Red meat (2, 3) 

 Poultry (2, 3) 

 Giblets (2*, 3*) 

 

 

 Red meat or poultry 

 

 

 

 

 Red meat or poultry 

 

 

 

 
Fruits 

 

 Raw fruits (1 à 6) 

 Juices (1 à 6) 

 Compote (1 à 6) 

 

 Raw fruits (1 à 6) 

 Juices (1 à 6) 

 Compote (1 à 6) 

 

 Raw fruits (1 à 6) 

 Juices (1 à 6) 

 Compote (1 à 6) 

 

 Fruits (raw, cooked, juice) 

 

 Fruits (raw, cooked, juice) 

 

Vegetables 

 

 Soup (2, 3, 4*, 5*, 6*) 

 Salad (2, 3) 

 Raw (2, 3) 

 Cooked (2, 3) 

 

 Soup (2, 3) 

 Salad (2, 3) 

 Raw (2, 3) 

 Cooked (2, 3) 

 

 

 Soup (2, 3) 

 Salad (2, 3) 

 Raw (2, 3) 

 Green cooked (2, 3) 

 Other cooked (2,3) 

 

 Raw or cooked (no potatoes) 

 

 

 

 

 Raw or cooked (no potatoes) 

 

 

 

 

Carbohydrate-rich foods 

 

 Potatoes (2, 3) 

 Pasta (2, 3) 

 Rice (2, 3) 

 Bread (1 à 6) 

 Crackers (1, 4, 5 ,6) 

 Cereals (1, 4, 5, 6) 

 Dried vegetables (2, 3) 

 

 Potatoes (2, 3) 

 Other starchy food (2, 3) 

 White bread  

 Other bread (cereals, rye) 

 Dried vegetables (2, 3) 

 

 Potatoes (2, 3) 

 Other starchy food (2, 3) 

 White bread  

 Other bread (cereals, rye) 

 Dried vegetables (2, 3) 

 

 Potatoes, pasta, rice  

 Bread, crackers or cereals 

 Dried vegetables  

 

 Potatoes, pasta, rice  

 Bread, crackers or cereals 

 Dried vegetables  

Note:  1: food consumed at breakfast; 2: at lunch; 3: at dinner; 4: between breakfast and lunch; 5: between lunch and dinner; 6: after the dinner or at night; otherwise corresponded 

to the usual consumption of food. 



 

 

Ʌ

Ʌ



 

 



 

 



 

 



 

 

 

## This code applies to a dataset named data_ct, which contains the longitudinal 

data (one row per individual follow-up visit) and the following variables:  

 

# vegetable_k1, _k2, _k3: subquestionnaire k=1, k=2, k=3 for Vegetables, respectively 

# age: age at the time of measurement (centered on 68 years and divided by 10 to 

avoid numerical problems) 

# delay: time since the diagnosis of dementia of cases 

# c: case-control status 

# gender: 0=women, 1=men 

# age0: age at study baseline given in decades and centered around 78, the mean age 

at study baseline 

# education: 0=below high school, 1=high school diploma or higher 

# ID: unique ID for the 615 subjects composing the study sample  

# int: a vector of 1 required to add an intercept in the model veg_end  

 

R> library("lcmm","mvtnorm") 

 

## STEP 1: TRAJECTORIES ACCORDING TO AGE 

# a. Estimation of univariate models to select the type of link functions for each 

of the 3 measurement tools. 

R> veg_k11 <- lcmm(vegetable_k1 ~ age0 + age + I(age^2), random=~ age, subject="ID”, 

link=c("3-quant-splines"), data=data_ct) 

R> veg_k12 <- lcmm(vegetable_k1 ~ age0 + age + I(age^2), random=~ age, subject="ID", 

link=c("5-quant-splines"), data=data_ct) 

R> summary(veg_k11) 

R> summary(veg_k12) 

# selection of the model with the best AIC: veg_k11  

 

R> veg_k21 <- lcmm(vegetable_k2 ~ age0 + age + I(age^2), random=~ age, subject="ID", 

link=c("3-quant-splines"), data=data_ct) 

R> veg_k22 <- lcmm(vegetable_k2 ~ age0 + age + I(age^2), random=~ age, subject="ID", 

link=c("5-quant-splines"), data=data_ct) 

R> summary(veg_k21) 

R> summary(veg_k22) 

# selection of the model with the best AIC: veg_k22 

 

R> veg_k31 <- lcmm(vegetable_k3 ~ age0 + age + I(age^2), random=~ age, subject="ID", 

link=c("3-quant-splines"), data=data_ct) 

R> veg_k32 <- lcmm(vegetable_k3 ~ age0 + age + I(age^2), random=~ age, subject="ID", 

link=c("5-quant-splines"), data=data_ct) 

R> summary(veg_k31) 

R> summary(veg_k32) 

# selection of the model with the best AIC: veg_k32 

 



 

 

# b. Estimation of the multivariate model according to age to obtain the link function 

parameters to use in the second step analysis 

R> veg_transfo <- multlcmm(vegetable_k1 + vegetable_k2 + vegetable_k3 ~ age0 + age 

+ I(age^2), random=~ age, subject="ID", link=c("3-quant-splines", "5-quant-splines", 

"5-quant-splines"), data=data_ct) 

 

 

## STEP 2: TRAJECTORIES ACCORDING TO DELAY (MAIN ANALYSIS) 

# a. Initialization of the parameters: 

# all the parameters are set to 0, except the transformation parameters which are 

set to the estimates of veg_transfo. 

R> binit <- rep(0,39) 

R> binit[21:39] <- veg_transfo$best[9:27] 

 

# b. Estimation of the main model according to delay 

# In the following call, the parameters of the link function are fixed (parameters 

21 to 39 in postfix argument). Moreover, because of these fixed link functions, we 

do not need the default identification constraints on the fixed intercept and random 

intercept anymore. We thus added a fixed intercept (int) and a random intercept (with 

non-fixed unit variance). Due to the program specification, the addition of the 

random intercept was done by duplicating the random intercept and ensuring that the 

default one (with unit variance) was uncorrelated to the other random effects 

(parameters 13 and 15 in posfix argument). The use of such a trick was validated 

internally. 

 

R> veg_end <- multlcmm(vegetable_k1 + vegetable_k2 + vegetable_k3 ~ int + delay + 

I(delay^2) + c + c*delay + c*I(delay^2) + gender + gender*delay + gender*I(delay^2) 

+ age0 + age0*delay + age0*I(delay^2) + education + education*delay + 

education*I(delay^2), random=~ int + delay, subject="ID", link=c("3-quant-splines", 

"5-quant-splines", "5-quant-splines"), B=binit, posfix=c(13,15,21:39), data=data_ct) 

 

 

## POST ESTIMATION ANALYSES 

# a. ASSESSMENT OF THE GOOGNESS-OF-FIT OF THE MODEL  

R> plot(veg_end) 

R> plot(veg_end, which="fit", var.time="delay", ylab="Vegetables", xlab="delay") 

R> plot(veg_end, which="fit", var.time="delay", ylab="Vegetables", xlab="delay", 

marg=F) 

 

# b.  MULTIVARIABLE WALD-TESTS EXAMPLES 

## b.1. Global tests:  

# difference among groups at diagnosis visit of cases (year 0). P value: 0.0001 

R> WaldMult(veg_end, pos=c(6)) 

# difference in the evolution among groups. P value: 0.0002 

R> WaldMult(veg_end, pos=c(11,12)) 

 

## b.2. Tests for differences at specific times  

# In the following, function “correctedP” gives the corrected significance level for 

multiple testing in the comparison of trajectories among groups at different periods 

of time. model corresponds to the estimated model, pos corresponds to the position 

of parameters to test in model$best and tim corresponds to the predefined sequence 

of times. 



 

 

R> correctedP <- function(model, pos, tim) 

R> {V <- VarCov(model) 

R> matv <- V[pos, pos]  

R> mat <- matrix(0, nrow=length(tim), ncol=length(pos)) 

R> for (i in 1:length(tim))  

R> {mat[i,] <- c(1,tim[i],tim[i]*tim[i])} 

R> rho <- matrix(0, nrow=length(tim), ncol=length(tim)) 

R> for (j in 1:length(tim))  

R> {for (k in 1:length(tim))  

R> {rho[j,k] <- (t(mat[j,]) %*% matv %*% mat[k,])/ 

R> (sqrt(t(mat[j,]) %*% matv %*% mat[j,])*sqrt(t(mat[k,]) %*% matv %*% mat[k,])) }} 

R> threshold <- pnorm(-qmvnorm(p=0.95, tail='both.tails', corr=rho)$quantile)*2 

R> return(threshold)} 

R> correctedP(veg_end, pos=c(6,11,12), tim=c(-2,-4,-6,-8,-10)) 

# For Vegetables, corrected significance level is 0.0163 

# Multivariate Wald-test at specific times: 0.0298 at 2 years, 0.8322 at 4 years, 

0.5188 at 6 years, 0.8126 at 8 years and 0.4427 at 10 years.  

 

# c.  PLOT OF PREDICTED TRAJECTORIES  

# The mean trajectories (with 95% pointwise confidence intervals obtained by a Monte 

Carlo method) were displayed in the scale of vegetable_k1 for the most common profile 

of the study sample (women, 78 years-old at study baseline, educational level lower 

than high school). 

# c.1. Creation of the profile for which trajectories are to be displayed 

R> datnew <- data.frame(delay=seq(-10, 0, length=100)) 

R> datnew$int <- 1  

R> datnew$age0 <- 0 

R> datnew$gender <- 0 

R> datnew$education <- 0 

# c.2. Prediction of the trajectories in the scale of the outcomes for controls and 

cases 

R> datnew$c <- 0 

R> controls <- predictY(veg_end, newdata=datnew, var.time="delay", draws=T) 

R> datnew$c <- 1 

R> cases <- predictY(veg_end, newdata=datnew, var.time="delay", draws=T) 

# c.3. Plot of the trajectories 

R> plot(controls, ylim=c(8,22), lwd=c(2, 1), bty="l", las=1, col=2, xlab="Years 

Preceding Dementia Diagnosis", ylab="Vegetables, servings/week", legend=NULL) 

R> plot(cases, col=1, lwd=c(2, 1), add=T) 
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Trouble neurocognitif majeur  

A. Présence d’un déclin cognitif significatif à partir d’un niveau antérieur de performance dans un ou plusieurs 

domaines de la cognition (attention complexe, fonctions exécutives, apprentissage et mémoire, langage, cognition 

perceptivo-motrice ou sociale) basé sur :  

1. la perception par le patient, un informant fiable ou le clinicien, d’un déclin cognitif significatif.  

2. l’existence d’une diminution importante des performances cognitives, préférablement documentée par des 

examens neuropsychologiques standardisés ou, à défaut, par une autre évaluation clinique quantitative.  

B. Le déclin cognitif retentit sur l’autonomie dans les activités quotidiennes (c’est-à-dire nécessite au minimum une 

assistance dans les activités instrumentales complexes comme payer ses factures ou gérer ses médicaments).  

C. Les déficits cognitifs ne surviennent pas uniquement dans le contexte d’un delirium (syndrome confusionnel 

dans la terminologie française).  

D. Les déficits cognitifs ne sont pas mieux expliqués par une autre affection mentale (par exemple épisode 

dépressif majeur, schizophrénie). 

 

Trouble neurocognitif mineur  

A. Présence d’un déclin cognitif modéré à partir d’un niveau antérieur de performance dans un ou plusieurs 

domaines de la cognition (attention complexe, fonctions exécutives, apprentissage et mémoire, langage, cognition 

perceptivo-motrice ou sociale) basé sur :  

1. la perception par le patient, un informant fiable ou le clinicien, d’un léger déclin cognitif 

2. l’existence d’une diminution modérée des performances cognitives, préférablement documentée par des 

examens neuropsychologiques standardisés ou, à défaut, par une autre évaluation clinique quantitative.  

B. Les déficits cognitifs n’interfèrent pas avec l’autonomie dans la vie quotidienne (c’est-à-dire les IADL comme 

payer ses factures ou ses médicaments sont préservés, mais nécessitent un plus grand effort, des stratégies 

compensatrices ou un ajustement).  

C. Les déficits cognitifs ne surviennent pas uniquement dans le contexte d’un delirium (syndrome confusionnel 

dans la terminologie française). 

D. Les déficits cognitifs ne sont pas mieux expliqués par une autre affection mentale (par exemple, épisode 

dépressif majeur, schizophrénie). 



 

 
 



 

 
 



 

 
 



 

 
 



 

 
 



 

 
 



 

 
 



 

 
 



 

 
 



 

 
 



 

 
 



 

 
 



 

 
 



 

 
 



 

 
 



 

 
 



 

 
 



 

 
 



 

 
 



 

 
 



 

 
 



 

 
 



 

 
 



 

 
 



 

 
 



 

 
 



 

 
 



 

 
 



 

 
 



 

 
 



 

 
 



 

 
 



 

 
 



 

 
 



 

 
 



 

 
 



 

 
 



 

 
 



 

 
 



 

 
 



 

 
 



 

 
 



 

 
 



 

 
 



 

 
 



 

 
 



 

 
 



 

 
 



 

 
 



 

 
 



 

 
 



 

 
 



 

 
 



 

 
 



 

 
 



 

 
 



 

 
 



 

 
 



 

 
 

  



 

 
 



 

 
 

  



 

 
 



 

 
 




