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Objectives: The objective was to test the hypothesis that antihypertensive drugs have a differential effect
on cognition in carriers and noncarriers of the apolipoprotein ε4 (APOE4) polymorphism.
Design: Prospective population-based cohort, France.
Setting and participants: A total of 3359 persons using antihypertensive drugs (median age 74 years, 62%
women) were serially assessed up to 10 years follow-up.
Measures: Exposure to antihypertensive drug use was established in the first 2 years. Cognitive function
was assessed at baseline, 2, 4, 7, and 10 years with a validated test battery covering global cognition,
verbal fluency, immediate visual recognition memory, processing speed, and executive function. Clini-
cally significant change in cognitive function was determined using reliable change indices represented
as z scores and analyzed with linear mixed-models.
Results: From 3359 persons exposed to antihypertensive drugs, 653 were APOE4 carriers (5.1% homo-
zygous, 94.9% heterozygous) and median follow-up was 5.2 years (interquartile range 3.7e8.0). In APOE4
carriers, improved general cognitive function over time was associated with exposure to angiotensin
converting enzyme inhibitors [b ¼ .14; 95% confidence interval (CI) .06e.23, P ¼ .001] and angiotensin
receptor blockers (b ¼ .11; 95% CI .02e.21, P ¼ .019). Improved verbal fluency was associated with
angiotensin converting enzyme inhibitors (b ¼ .11; 95% CI .03e.20, P ¼ .012).
Conclusions: Renin-angiotensin-system blockade was associated with improved general cognitive func-
tion in APOE4 carriers. Findings did not support renin-angiotensin-system drugs’ lipophilicity or ability
to cross the blood-brain barrier as potential mechanisms. The findings have implications for selecting the
optimal antihypertensive drug in older populations at risk of cognitive decline and dementia.
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The apolipoprotein E ε4 (APOE4) allele is an established genetic
risk factor for Alzheimer’s disease1 and cognitive decline.2 The de-
mentia risk attributable to APOE4 is modified by gene-environment
interactions, especially vascular risk factors.3,4 Systolic blood pres-
sure reduction with antihypertensive drugs may ameliorate cognitive
decline.5,6 However, the cognitive-sparing effects of antihypertensive
drugs among APOE4 carriers are inconsistent. Prior studies indicate
that exposure to diuretic and calcium channel blockers may mitigate
dementia risk or cognitive decline among APOE4 carriers.7e10 Yet
recent studies suggest renin-angiotensin-system blockade may be
detrimental to cognitive function in APOE4 carriers11,12 among a
precarious group of patients already genetically predisposed to Alz-
heimer’s disease. Identifying whether certain antihypertensive drug
nder the CC BY NC user license
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Fig. 1. Flow chart of participants through the study. A flow chart of participants
through the study showing reasons for exclusion at baseline and follow-up.
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classes are beneficial or detrimental to cognitive function would
facilitate the possibility for personalized hypertension treatment
based on APOE4 carrier status. Indeed, clinical trials suggest that
personalized medicine based on genotypes are beneficial to predict
differential response to chemotherapy in cancer patients13 and
controlled warfarin14 or vitamin K antagonist15 administration.

A major limitation of previous studies is a failure to adjust for low-
density lipoproteins or use of lipid-lowering drugs. This is an
important confound because APOE directly regulates cholesterol ho-
meostasis by mediating the uptake and metabolism of low-density
lipoproteins.16 through APOE receptors and proteins associated with
lipid transfer and lipolysis.17 Specifically, peripheral lipid metabolism
is affected by APOE isoform-specific associations with lipoprotein
complexes in the plasma and uptake of APOE-containing lipoprotein
complexes by low-density lipoprotein receptors.17 Indeed, APOE low-
density lipoprotein receptor-related protein genes are implicated in
late-onset Alzheimer’s disease.18 Moreover, the use of HMG-CoA
reductase inhibitors (statins) for dyslipidemia may protect against
dementia.19 This is an important limitation to reconcile given the high
comorbidity of vascular risk factors requiring primary care manage-
ment that may potentially reduce Alzheimer’s disease risk.20

The present study reports findings from a multisite prospective
cohort study in antihypertensive drug users aged �65 years. Our aim
was to test the hypothesis that antihypertensive drugs have a differ-
ential effect on cognition in carriers and noncarriers of the APOE4
polymorphism. Very recent revisions to blood pressure treatment
targets in international guidelines21 make this a critical time to
investigate antihypertensive drug use, as uncertainty still surrounds
the optimal blood pressure for brain health22 and the comparative
effectiveness of antihypertensive drugs.23
Methods

Population

The Three-City (3C) Study is a French multisite prospective cohort
study investigating the determinants of dementia, coronary heart
disease, and stroke,24 and is described further in the online supple-
ment. The current analyses were restricted to participants who were
using at least 1 antihypertensive drug for hypertension at baseline and
2 years. Participants with only 1 report of antihypertensive drugs were
excluded. Participants were further excluded for prevalent dementia
or Mini Mental State Examination (MMSE) score <24 at baseline
(n ¼ 133), prior stroke history (n ¼ 148), no genotyping of APOE4
(n ¼ 310), and lost to follow-up at 2 years (n ¼ 96) (flow chart in
Figure 1). The study protocol was approved by the Ethical Committee
of the University Hospital of Kremlin-Bicêtre, and all participants
provided signed and informed consent.
Primary Exposure to Antihypertensive and Lipid-Lowering Drugs

Exposure to antihypertensive drugs was defined as use at both
baseline and 2-year follow-up. Use of antihypertensives included
angiotensin converting enzyme inhibitors (ACEI), angiotensin-II re-
ceptor blockers (ARB), beta-blockers, calcium channel blockers, and
thiazide-like drugs, as previously described.21 Because the initial
results implicated renin-angiotensin-system blockade drugs in
cognitive function, we further divided use of ACEI as able to cross the
blood-brain barrier and centrally acting (captopril, fosinopril, lisino-
pril, perindopril, rampril, and trandolapril) or peripherally acting
(benazepril, enalapril, moexipril, and quinapril) for ancillary ana-
lyses.11,25 Likewise, we divided use of ARB based on higher lip-
ophilicity, that is, the ability of drugs to cross cell membranes. Because
telmisartan and candesartan have higher lipophilicity and effect
parenchymal neurons and glia in primates,26 we compared these
drugs vs other ARBs.

Primary Outcome: Cognitive Function

Participants underwent assessments with a battery of validated
cognitive tests administered by trained psychologists. The MMSE tests
global cognitive function.27 The Isaac Set Test evaluates verbal fluency
abilities and speed of verbal production.28 The Benton Visual Reten-
tion Test evaluates immediate visual recognition memory and atten-
tion.28 The Trail Making Test is a test of visual attention, processing
speed, and mental flexibility.29 The ratio of time to complete part B/A
is broadly representative of executive function independent of
speed.30 Appropriate modifications were made for the Trail Making
Test so that lower scores represented worse cognitive function, to
remain consistent with interpretation of the other cognitive tests.
Diagnoses of prevalent and incident dementia were made by local
neurologists according to Diagnostic and Statistical Manual of Mental
Disorders, Fourth Edition criteria and then adjudicated by a panel of
independent neurology experts.24 All potential cases of dementia
were reviewed and ascertained by an independent committee of
neurologists using Diagnostic and Statistical Manual of Mental Disor-
ders, Fourth Edition criteria31 based on clinical information including
magnetic resonance imaging when available.

Statistical Analyses

Continuous data are represented as mean and standard deviation
or median and interquartile range as appropriate, categorical data is
presented as N (%). Comparison of participants based on APOE4 status
was made for demographic and comorbidities with t tests and c2.
Because of the possibility for age-related decline, but also gain in
cognitive function over time because of practice effects and reduced
testing anxiety,32 we converted cognitive test scores to z scores, using
reliable change index methodology (online supplement).

The longer term cognitive outcomes (ie, 2e10 years) were exam-
ined with mixed models to estimate within and between subject ef-
fects and change over time. The models specified correlated residuals
within subjects and random effects with restricted maximum likeli-
hood function and robust covariance estimation. The data analysis
assessed the slope of cognitive function over time utilizing a random



P.J. Tully et al. / JAMDA 20 (2019) 188e194190
slope and random intercept. A positive b coefficient indicates that
exposure to a given drug is associated with an increase in cognitive
function over time (ie, slope of z score). Each analysis entered all
antihypertensive drugs simultaneously to provide a head-to-head
comparison of antihypertensive drugs.23 Models were adjusted for
covariates (described further in the online supplement); age, sex,
education, baseline systolic blood pressure, baseline diastolic blood
pressure, cardiovascular disease, atrial fibrillation arrhythmias, esti-
mated glomerular filtration rate, smoking status (no, former, current),
alcohol intake (g/day), body mass index >30 kg/m2, diabetes, mild to
severe depression symptoms, incident stroke, baseline low density
lipoproteins, baseline high density lipoproteins, and use of statins and
fibrates. Because the primary results implicated renin-angiotensin-
system blockade in cognitive function among APOE4 carriers, we
ran ancillary analyses for centrally acting and peripherally acting ACEI,
and also the ARBs telmisartan and candesartan vs other ARBs. A sec-
ond set of ancillary analyses assessed the use of 2, 1, vs no renin-
angiotensin-system blockade antihypertensive drugs on cognitive
function.
Results

General Characteristics of Sample

The final sample included 3359 participants with a median age of
74 years, and 61.7% were female (Table 1). Median follow-up for
cognitive assessments was 5.2 years (interquartile range 3.7e8.0).
Exposure to blood pressure-lowering drugs for hypertension by drug
class was; ACEI (751/3359, 22.4%), ARB (533/3359, 15.9%), calcium
channel blockers (740/3359, 22.0%), beta-blockers (945/3359, 28.1%),
and thiazide diuretics (375/3359, 11.2%). Exposure to lipid-lowering
drugs was less than 20% for fibrates (549/3359, 16.3%) and statins
(500/3359, 14.9%). There were 653 APOE4 carriers, 33 (5.1%) were
Table 1
Descriptive Characteristics of the Sample of Antihypertensive Drug Users (N ¼ 3359)

Sample Characteristics No APOE4 n ¼
Age, y, median (IQR) 75.0 (71.0e79
Female sex, N (%) 1672 (61.8)
Education, primary school N (%) 1746 (64.5)
High school, N (%) 495 (18.3)
University, N (%) 465 (17.2)
SBP mm Hg, M (SD) 150.8 � 21.4
DBP mm Hg, M (SD) 83.3 � 11.4
Hypertension, SBP >140 or DBP BP > 90, N (%) 1892 (69.9)
Number of BP lowering medications, 1 N (%) 2199 (81.3)
2, N (%) 471 (17.4)
�3, N (%) 36 (1.3)
LDL mmol/L, M(SD) 3.50 � .82
HDL mmol/L, M(SD) 1.57 � .39
Statin, N (%) 367 (13.6)
Fibrate, N (%) 419 (15.5)
Cardiovascular disease, N (%) 213 (7.9)
Incident stroke, N (%) 97 (3.6)
Heart failure, N (%) 176 (6.5)
Chronic kidney disease, N (%) 650 (24.0)
Atrial fibrillation, N (%) 72 (2.7)
Diabetes, N (%) 294 (10.9)
Body mass index kg/m2 � 30, M (SD) 499 (18.4)
Smoking past, N (%) 913 (33.7)
Smoking current, N (%) 117 (4.3)
Depression, CES-D �16, N (%) 380 (14.0)
Follow-up, y, M (SD) 5.23 � 2.45
APOE4 allele
Heterozygous, N (%) -
Homozygous, N (%) -

BP, blood pressure; CES-D, Center for Epidemiological Studies-Depression Scale; DBP, di
low-density lipoprotein; M, mean; SBP, systolic blood pressure; SD, standard deviation.
homozygous and 620 (94.9%) were heterozygous. A comparison be-
tween participants based on APOE4 status indicated significant dif-
ferences in age, low density lipoprotein, exposure to statins, exposure
to fibrates, cardiovascular disease, and heart failure. Comparison be-
tween APOE4 carriers on blood pressure lowering drugs showed a
difference in number of blood pressure lowering drugs, but no dif-
ference in exposure to discrete drug classes (Supplementary Table A1).
Comparison between APOE4 carriers on cognitive function showed no
difference in level of baseline cognitive functioning (Supplementary
Table A2). There was no significant difference in median systolic
blood pressure reduction in the first 2 years by antihypertensive drug
class (Supplementary Table A3).
Cognitive Function Follow-Up to 10 Years

APOE4 allele carriers
In APOE4 carriers, higher MMSE scores were associated with

exposure to ACEI [b ¼ .14; 95% confidence interval (CI) .05e.22,
P ¼ .001] and exposure to ARB (b ¼ .11; 95% CI .02e.20, P ¼ .020), by
comparison to other antihypertensive drugs. The higher Isaac Set Test
was associated with ACEI (b ¼ .11; 95% CI .03e.20, P ¼ .012), by
comparison to other antihypertensive drugs (Figure 2, AeF). Use of
statin was also associated with better performance on the Trail Mak-
ing Test-A (b ¼ .16; 95% CI .04e.29, P ¼ .011), by comparison to no use
of statin drugs.

APOE4 allele noncarriers
In non-APOE4 carriers, only exposure to ARB was associated with

higher Isaac Set Test scores (b ¼ .06; 95% CI .01e12, P ¼ .030), by
comparison to other antihypertensive drugs. The effect for ARB and
Trail Making Test-B was not different from P< .05 (b¼ .07; 95% CI�01
to .14, P ¼ .060).
2706 APOE4 Carrier n ¼ 653 P

.0) 74.0 (70.0e78.0) .001
395 (60.5) .54
415 (63.6) .94
126 (19.3)
112 (17.2)
151.4 � 22.3 .57
83.3 � 11.9 .98
459 (70.3) .85
522 (79.9) .037
129 (19.8)

2 (0.3)
3.67 � .90 <.001
1.53 � .37 .056
133 (20.4) <.001
130 (19.9) .006
69 (10.6) .026
24 (3.7) .91
57 (8.7) .045

143 (21.9) .19
20 (3.1) .42
72 (11.0) .91

117 (17.9) .50
233 (35.7) .54
24 (3.7)
91 (13.9) .29

5.17 � 2.49 .53
-

620 (94.9)
33 (5.1)

astolic blood pressure; HDL, high-density lipoprotein; IQR, interquartile range; LDL,



Fig. 2. Forest plot showing the adjusted b for cognitive function according to exposure to antihypertensive drug classes in APOE4 and non-APOE4 carriers; b values with 95% CI that
exceed 1 (vertical line) indicate better cognitive function (represented as a z score M ¼ 0, SD ¼ 1) as determined by reliable change indices. The results are stratified by APOE4
polymorphism and adjusted for age, sex, education, baseline systolic blood pressure, baseline diastolic blood pressure, cardiovascular disease, atrial fibrillation, chronic kidney
disease, smoking status, alcohol intake (g/d), body mass index >30 kg/m2, diabetes, depression symptoms, incident stroke, baseline low density lipoprotein, baseline high density
lipoprotein, use of statin, and use of fibrate. BB, beta-blockers; CCB, calcium channel blockers; Th-Diur, thiazide-like diuretic.(A) MMSE. (B) Boston Visual Retention Test. (C) Isaac Set
Test. (D) Trail Making Test-A. (E) Trail Making Test-B; (F) Trail Making Test B/A. CI, confidence interval; RCI, reliable change index; TMT, trail making test.
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Ancillary Analyses

Among the users of renin-angiotensin-system blockade drugs, 166
were classified as using centrally-acting ACEI, 452 were using
peripherally acting ACEI, and 133 were unclassified (and excluded).
For the ARB drugs, 91 were using telmisartan or candesartan. The
ancillary analysis of renin-angiotensin-system blockade in APOE4
carriers did not find any significant effects, though results were mar-
ginal for the higher lipophilicity drugs telmisartan and candesartan
and better visual memory on the Isaac Set Test (P ¼ .083). In ancillary
analyses for exposure to 2, 1 vs no renin-angiotensin-system drugs,
among APOE4 carriers it was found that MMSE was associated with
using 2 renin-angiotensin-system blockade drugs (b ¼ .53; 95% CI
.38e.68, P < .001) and 1 RAS drug (b ¼ .12; 95% CI .04e.19, P ¼ .002).
The effect for performance on the Isaac Set Test when exposed to 2
renin-angiotensin-system drugs (b ¼ .24; 95% CI �01 to .50, P ¼ .064)
or 1 renin-angiotensin-system drug was not different from P < .05
(b ¼ .07; 95% CI �.01 to .15, P ¼ .062).

Sensitivity and Survival Analyses

The main drug-class analyses were repeated in sensitivity analyses
excluding persons with comorbidities (Supplementary material).
There were significant associations between renin-angiotensin-
system drugs with better general cognitive function among persons
with systolic blood pressure reduction of >8 mm Hg, and ACEI were
marginally associated with improved verbal fluency consistent with
the main analyses by comparison to other antihypertensive drugs. The
sensitivity analyses also supported the main findings implicating RAS
blockade in better general cognitive function and ACEI exposure with
improved verbal fluency when excluding persons with chronic kidney
disease, heart failure, depression or incident stroke. The survival
model indicated that lower mortality risk was associated with expo-
sure to beta-blockers [hazard ratio (HR) .85; 95% CI .73e.99], exposure
to thiazides (HR .72; 95% CI .57e.91), and exposure to statins (HR .77;
95% CI .63e.93), whereas exposure to calcium channel blockers was
associated with higher mortality risk (HR 1.18; 95% CI 1.02e1.38).

Discussion

This study showed that exposure to ACEI and ARB over 2 years was
associated with better general cognitive function in APOE4 carriers,
compared with other antihypertensive drugs. Exposure to renin-
angiotensin-system blockade drugs was also associated with
improved verbal fluency in APOE4 carriers and noncarriers, compared
with other antihypertensive drugs. Exposure to statins was associated
with better Trail Making Test-A, compared with no use of statin. The
ancillary and sensitivity analyses suggested that cognitive function
was higher among persons with systolic blood pressure reduction of
8mmHg.We did not confirm higher lipophilicity or ability to cross the
blood-brain barrier as potential mechanisms of RAS blockade drugs.
However, exposure to 2 renin-angiotensin-system blockade drugs was
strongly associated with better MMSE scores, vs 1 or no renin-
angiotensin-system drug exposure.

Our findings support previous cohort studies demonstrating de-
mentia or cognitive impairment reduction by antihypertensive drug
use in APOE4 carriers.9 The use of diuretics in particular was associ-
ated with reduced dementia and Alzheimer’s disease risk in carriers of
the APOE4 polymorphism at 3-years in the Kungsholmen Project.7

Their 6-year follow-up of the same cohort corroborated that antihy-
pertensive drug treatment (81% diuretic use) moderated the risk of
Alzheimer’s disease in carriers of the APOE4 polymorphism, however,
all drugs were grouped together.8 Our findings directly contrast to 2
recent antihypertensive drug studies stratifying by APOE4. A longi-
tudinal study showed that renin-angiotensin-system blockade with
peripherally acting ACEI was associated with reduced Alzheimer’s
disease risk11 among persons without the APOE4 genotype. In a cross-
sectional study, higher dementia prevalence was found among ACEI
users with the APOE4 genotype.12 Our methodology here differs from
these reports11,12 by adjusting for lipid-lowering drug exposure, and
comparing renin-angiotensin-system blockade to other drug classes
rather than nonusers of antihypertensive drugs. Collectively, our
findings implicate renin-angiotensin-system drugs and systolic blood
pressure reduction with better general cognitive function in APOE4
carriers, compared with other antihypertensive drugs.

Recent studies have reported that the use of ACEI and ARB is asso-
ciated with lower rate of cognitive decline33 and incident dementia.34

The potential benefits of renin-angiotensin-system blockade are also
demonstrated in a recent meta-analysis which reported that ACEI and
ARBs significantly lower incident dementia rates by 11% and 21%,
respectively.35 It is possible that renin-angiotensin-system inhibiting
drugsaffect cognitive function indifferentways. Forexample, in ahead-
to-head comparison of renin-angiotensin-system drugs, the combina-
tionofARBandACEIwas associatedwith lowerAlzheimer’s disease risk
bycomparisonwithARBmonotherapy.36 A similarly designed head-to-
head comparison showed a small reduction in dementia risk with ARB
vs ACEI, with the greatest dementia risk reduction observed in early
follow-up.34 This is partly supported by secondary analysis of the
Ongoing Telmisartan Alone and in Combination with Ramipril Global
Endpoint Trial (ONTARGET) double-blind RCT, which found lower
cognitive impairment or stroke with standard dose of the ARB
telmisartan vs the ACEI Ramipril.5 However, in an analysis of The
Telmisartan Randomised AssessmeNt Study in ACE iNtolerant subjects
with cardiovascular Disease (TRANSCEND) RCT, telmisartan had no
beneficial effects on cognition versus placebo,5 suggesting inconsistent
cognitive-sparing effects of renin-angiotensin-system drugs.

The findings here indicate that exposure to ACEI and ARB drugs
was only beneficial to general cognitive function among APOE4 car-
riers using antihypertensive drugs. Our findings point to the likelihood
of renin-angiotensin-system and gene-environment interactions in
cognitive function among persons exposed to antihypertensive drugs.
Indeed, genetic variants of the renin-angiotensin-system are associ-
ated with memory decline37 and accelerated hippocampal loss.38

In vivo studies also corroborate that ACEI administration in rats
leads to an increase of antioxidant enzymes and decreased levels of
lipid peroxidation in the hippocampus.39 Moreover, ACEI may alter
cerebral extracellular acetylcholine levels,40 inhibiting extracellular
accumulation of b-amyloid protein, deposition, and fibril formation
in vitro.41 Treatment with centrally acting ACEI25 and brain-
penetrating ACEI42 was shown to slow cognitive decline in Alz-
heimer’s disease samples. Like the ACEI, ARBs are associated with
brain renin-angiotensin-system inhibiting activity, potentially
delaying the onset of Alzheimer’s disease.43 ARBs have also been
demonstrated to attenuate oligomerization of amyloid-b protein into
high-molecular weight oligomeric Ab aggregates.41

The strengths of this study include the representative older
sample, the longitudinal follow-up of cognitive function, and the
delineation of clinically meaningful cognitive decline with reliable
change indices. Several limitations temper the conclusions drawn
here, including that we limited our sample to persons exposed to
antihypertensive drugs. Though we tested for mono-therapy and
exposure to 2 renin-angiotensin-system drugs in sensitivity and
ancillary analyses, antihypertensive drugs may interact with other
drugs to preserve cognitive function.44 The study design is prone to
protopathic biases and reverse causality cannot be ruled out. In lon-
gitudinal studies, selection biases cannot be discounted and it was
found that exposure to beta-blockers, thiazides, and statins was
associated with lower mortality risk, whereas calcium channel
blockers were associated with higher mortality risk. Another limita-
tion regarding the drug exposure was that the dosage, total duration,
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and adherence to taking antihypertensive or lipid-lowering drugs was
not recorded and, thus, dose-response relationships were not quan-
tified. This might be particularly important for cognitive decline as
higher drug doses may reduce dementia6,45 and poorer adherence is
associated with cognitive function.46 Likewise, the durations of hy-
pertension and dyslipidemia were unknown. Our study controlled for
lipid-lowering drugs and French national prescribing guidelines are
less stringent with regards to low density lipoprotein thresholds,
especially for patients without cardiovascular risk factors by com-
parison with European guidelines.47 Moreover, it is possible that
vascular drugs are prescribed differently to persons showing signs of
cognitive impairment, or that vascular factors are treated less
aggressively in these patients. The role of blood pressuremanagement
in preserving cognitive function throughout the life-course is unclear,
and U-shaped associations have been proposed among older adults.48
Conclusions

In conclusion, exposure toACEI andARBover 2 yearswas associated
with general cognitive function in APOE4 carriers. Renin-angiotensin-
system blockade was associated with verbal fluency, but this was not
contingent onAPOE4 carrier status. Collectively, the results support the
use of renin-angiotensin-system blockade for hypertension in APOE4
carriers with respect to longer-term cognitive function. Further pro-
spective studies should explore lipophilicity and the ability to cross the
blood-brain barrier as potential mechanisms in larger samples.
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Supplementary Methods

Population

A total of 9294 noninstitutionalized community dwelling adults
aged �65 years were recruited from the metropolitan cities of
Bordeaux, Dijon, and Montpellier during the period 1999-2001. Par-
ticipants underwent extensive baseline examinations. Serial clinic
visits were scheduled at approximately 2-, 4-, 7-, and 10-year follow-
up to assess cognitive function, incident neurologic and vascular dis-
eases and comorbidities. Participants lost to follow-up were more
oftenmen (P¼ .042), had less education (P¼ .036), and hadmore often
smoked (P ¼ .046) than persons assessed at the first follow-up visit.

Ascertainment of Genotypes

DNA samples were transferred to the French Center National de
Génotypage for genotyping (Lille, France, http://www.genopole.fr/).
DNA samples that passed DNA quality control were genotyped using the
fluorogenic 50-nuclease assay with TaqMan chemistry (Applied Bio-
systems, Foster City, CA).1 The sequences of the primers and probe oli-
gonucleotides were designed as previously described.2 Amplification
was performed in a final volume of 5 mL containing 20 ng l�1 of DNA
solution, 900 nM of each primer, 200 nM of each probe, and 2 TaqMan
Universal polymerase chain reaction master mix (Applied Biosystems).

Assessment of Primary Exposure

Drug use for hypertension was explicitly differentiated from other
uses as previously reported.3 At baseline and each follow-up, drug use
during the preceding month was determined by interview, and the
medications themselves were seen by the interviewer. The name of the
medication was recorded, and all drugs were subsequently coded ac-
cording to the Anatomic Therapeutic Chemical classification of the
World Health Organization.4 For approximately one- half of the 3C
Study cohort, it was also possible to obtain additional data on medica-
tion use via database linkage with the French National Health Insurance
System. Antihypertensive and lipid-lowering drugs were administered
by primary care physicians outside the study. Participants’ exposure to
more than 1 blood pressure lowering drug was permitted because
elderly patients often require combination therapy for hypertension.

Exposure to lipid-lowering drugs was defined as a report of lipid-
lowering drugs at baseline and 2-year follow-up. The most
commonly used lipid-lowering drugs in this population were statins
and fibrates as previously defined.5 Use of bile acid sequestrants or
nicotinic acid derivatives were not analyzed due to low exposure rates
in this sample.

Assessment of Covariates

All participants were in a fasting status when blood was drawn.
Centralized measurements of baseline serum low-density lipoprotein
and high-density lipoprotein cholesterol were performed using
enzymatic methods. Low-density lipoprotein cholesterol was calcu-
lated with the Friedewald formula. Diabetes was defined as medica-
tion use for diabetes or fasting plasma glucose �7.0 mmol/L.

Clinic blood pressure was measured according to a standardized
protocol as previously reported. 3 Clinic blood pressure was measured
with an appropriately sized cuff placed on the right arm using a vali-
dated digital electronic tensiometer OMRON M4 (OMRON Corpora-
tion, Kyoto, Japan). Blood pressure was recorded at each clinic visit
after the participant rested at least 5 minutes in a seated position. A
total of 3 measurements were recorded separated by 2 minutes. Hy-
pertensionwas defined as medication use for blood pressure or having
blood pressure �140/90 mm Hg.

A standardized questionnaire was administered covering de-
mographic characteristics, daily life habits, and medical history.
Assessment of the number of alcoholic drinks (g/per d) and tobacco
consumptionwas collected by a designated survey. Comorbidities were
determined from medical records and classified according to interna-
tional classification of disease criteria and included cardiovascular
disease (myocardial infarction, coronary artery bypass or percutaneous
intervention, peripheral vascular disease). Atrial fibrillation arrhyth-
mias were established from a 12-lead ECG. Heart failure was ascer-
tained from self-report of a previous heart failure diagnosis or hospital
admission for heart failure. Stage of chronic kidney disease was
calculated from estimated glomerular filtration rate (mL/min/1.73 m2)
according to the Guidelines of the National Kidney Foundation 6; stage
1 (�90), stage 2 (60e89), stage 3 (30e59), stage 4 (15e29), stage 5
(<15 or dialysis), as validated in a French population cohort.7 Data
about depression symptoms were collected during face-to-face in-
terviews with the Center for Epidemiologic StudieseDepression scale.8

Center for Epidemiologic StudieseDepression scores�16 are indicative
of mild to severe depressive symptoms and was used as the cut-off
here.

The protocol and criteria used to define prevalent and incident
stroke have been previously defined. 9 Stroke was confirmed if the
participant had a new focal neurologic deficit of sudden onset
attributable to a cerebrovascular event that persisted for more than
24 hours. The diagnosis and classification of strokes were made by a
blinded experts panel that reviewed all existing medical information
including, where available, cerebral imaging.

Reliable Change Index

The reliable change index (RCI) estimates clinically significant
change in cognitive function at each follow-up corrected for mea-
surement error and practice effects.10 The RCI was calculated for each
cognitive measure at each follow-up period, using the mean (M1) and
follow-up (M2) data. First, the standard error of the difference (SEdiff)
between measurements was calculated; SEdiff ¼ O [SE12 þ SE22]. The
SEdiff describes the spread of distribution of change scores that would
be expected if no actual change had occurred. The RCI is then calcu-
lated as [(X2 e X1) e (M2 e M1)]/SEdiff, where M1 is the group mean
pretest score, M2 is the group mean posttest score, and X2 e X1 are an
individual participants scores at follow-up and baseline, respectively.
Appropriate modifications were made for TMT so that lower scores
represented worse cognitive function to remain consistent with
interpretation of the other cognitive tests.

Statistical Analyses

Mixed models permit the longitudinal analysis of cognitive func-
tion by including persons lost to follow-up after the 2-year assess-
ment. In the first instance, we tested individual drug by APOE4
interaction terms, which indicated significant interactions between
APOE4 and the ACEI and ARB drug classes for Mini-Mental State Ex-
amination and the Boston Visual Retention Test. Thereafter, analyses
were stratified by the presence of at least 1 APOE4 allele and this
rationale was based on (1) past inconclusive findings showing both a
benefit11e14 and detriment to cognitive function in APOE4 carriers
from antihypertensive drug use,15,16 and (2) the recommendations of
Behrens et al17 that opposing effect directions can only be detected by
stratum-specific genetic analyses.

Sensitivity analyses were also run among the APOE4 carriers
stratified by the median systolic blood pressure reduction between
baseline and 2 years (>8 mm Hg), hypertension monotherapy, more
than 4 years of follow-up, and also excluding persons with chronic
kidney disease, heart failure, depression, and incident stroke. For a
more complete overview of the effect of blood pressure on cognitive
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change, we also report the effect of baseline systolic and diastolic
blood pressures on cognitive function here.

We also performed a hazard model to determine survival biases.
The survival model used age as the time-scale and assessed whether
antihypertensive or lipid-lowering drug use was associated with
mortality. All analyses were performed with PASW for Windows v
24.0 (IBM Corp, Armonk, NY), a P value of < .05 was considered as
statistically significant.

Sensitivity Analyses in APOE4 Carriers

Systolic blood pressure reduction at 2 years of >8 mm Hg:
Improved MMSE was associated with exposure to ACEI drugs (b ¼ .13;
95% CI .02 �.24, P ¼ .022) and exposure to ARB drugs (b ¼ .18; 95% CI
.05e.31, P ¼ .008). The improved Isaac Set Test was marginal for
exposure to ACEI drugs (b ¼ .12; 95% CI .00e.23, P ¼ .050).

Monotherapy for blood pressure: Improved MMSE was associated
with exposure to ACEI drugs (b ¼ .13; 95% CI .02e.24, P ¼ .022).

More than 4 years of follow-up: Exposure to ACEI drugs was
associated with improvedMMSE (b¼ .10; 95% CI .02e.18, P¼ .012) and
improved the Isaac Set Test (b ¼ .15; 95% CI .05e.26, P ¼ .004).

Without chronic kidney disease: Improved MMSE was associated
with exposure to ACEI drugs (b ¼ .11; 95% CI .02e.21, P ¼ .023) but
exposure to ARB drugs was not different from P < .05 (b ¼ .10; 95% CI
e.01 to .22, P ¼ .076). Exposure to ACEI drugs was associated with
improving the Isaac Set Test (b ¼ .14; 95% CI .05e.24, P ¼ .004).

Without heart failure: Improved MMSE was associated with expo-
sure to ACEI drugs (b ¼ .15; 95% CI .06e.24, P ¼ .001) and ARB drugs
(b ¼ .10; 95% CI .01e.21, P ¼ .047). Exposure to ACEI drugs was associ-
ated with the improved Isaac Set Test (b¼ .16; 95% CI .07e.25, P¼ .001).

Without depression: ImprovedMMSEwas associatedwith exposure
to ACEI drugs (b¼ .15; 95% CI .06e.24, P¼ .002) and ARB drugs (b¼ .14;
95% CI .04e.24, P ¼ .005). Exposure to ACEI drugs was associated with
the improved Isaac Set Test (b ¼ .13; 95% CI .04e.22, P ¼ .004).

Without any incident stroke: Improved MMSEwas associated with
exposure to ACEI drugs (b ¼ .14; 95% CI .05e.22, P ¼ .002) and expo-
sure to ARB drugs (b ¼ .11; 95% CI .01e.20, P ¼ .030). Exposure to ACEI
was associated with improving the Isaac Set Test (b ¼ .10; 95% CI
.01e.19, P ¼ .004). Exposure to statins was associated with improved
Trail Making Test-A (b ¼ .16; 95% CI .03e .28, P ¼ .018).
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Supplementary Table A1
Blood Pressure Lowering Drug Use by APOE4 Status

Blood Pressure Drug Use Non-APOE4
n ¼ 2706

APOE4 Carrier
n ¼ 653

P

ACEI 593 (21.9) 158 (24.2) .21
ARB 418 (15.4) 115 (17.6) .17
CCB 598 (22.1) 142 (21.7) .85
Beta-blocker 769 (28.4) 176 (27.0) .46
Thiazide diuretic 313 (11.6) 62 (9.5) .13

CCB, calcium channel blocker.

Supplementary Table A2
Baseline Cognitive Scores by APOE4 status

Cognitive Test Non-APOE4
n ¼ 2706

APOE4 Carrier
n ¼ 653

P

MMSE 27.35 � 1.91 27.33 � 1.93 .86
Boston Visual Retention Test 11.38 � 2.08 11.42 � 1.98 .67
Isaac Set Test 47.28 � 10.15 47.69 � 10.38 .36
Trail Making Test A 29.18 � 17.53 28.28 � 17.09 .78
Trail Making Test B 35.19 � 17.03 35.00 � 17.19 .25
Trail Making Test B/A* 2.10 � 0.91 2.11 � .84 .79

*Ratio of time to complete Trail Making Test B/A.

Supplementary Table A3
Median Systolic Blood Pressure Reduction over 2 Years by Antihypertensive Drug
Class

Blood Pressure Drug Nonuse of Drug
Median (IQR)

Use of Drug Median (IQR) P

ACEI e8.0 (�22.5 to 4.5) �7.5 (�23.5 to 6.0) .76
ARB �8.0 (�22.5 to 5.0) �7.8 (�22.5 to 3.5) .54
CCB �8.5 (�22.5 to 4.5) �6.8 (�21.6 to 6.0) .057
Beta-blocker �7.5 (�22.5 to 5.5) �9.0 (�23.0 to 3.0) .066
Thiazide diuretic �8.0 (�23.0 to 4.5) �6.5 (�20.5 to 5.3) .13

CCB, calcium channel blocker; IQR, interquartile range.

P.J. Tully et al. / JAMDA 20 (2019) 188e194194.e3



Supplementary Table A4
Table Showing the Effect of Baseline Systolic Blood Pressure and Diastolic Blood Pressure on Cognitive Change

Cognitive Domain APOE4 Carriers Non-APOE4 Carriers

b 95% CI 95% CI P b 95% CI 95% CI P

Systolic blood pressure
MMSE �.001 �.004 .001 .284 .000 �.001 .001 .924
Boston Visual Retention Test .001 �.001 .003 .515 .002 .000 .003 .005*
Isaac Set Test 0.00 �.002 .003 .838 �.001 �.002 .000 .090
Trail Making Test A �.000 �.003 .003 .814 .000 �.001 .002 .588
Trail Making Test B .002 �.001 .005 .123 �.000 �.002 .001 .866
Trail Making Test B/A .000 �.152 .112 .765 .001 �.001 .003 .231

Diastolic Blood Pressure
MMSE �.002 �.006 .002 .280 �.000 �.002 0.002 .989
Boston Visual Retention Test �.004 �.008 .001 .099 �.002 �.004 �.000 .018y

Isaac Set Test �.001 �.005 .003 .618 .000 �.002 .002 .967
Trail Making Test A .003 �.003 .008 .327 �.000 �.003 .002 .801
Trail Making Test B �.008 �.013 �.003 .003* .001 �.002 .004 .590
Trail Making Test B/Az �.001 �.006 .004 .684 �.002 �.005 .002 .327

*P < .001.
yP < .01.
zRatio of time to complete Trail Making Test B/A.
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