Journal of Alzheimer’s Disease 26 (2011) 699-708 699
DOI 10.3233/JAD-2011-110347
10S Press

Associations of Anti-Hypertensive
Treatments with Alzheimer’s Disease,
Vascular Dementia, and Other Dementias

Neil M. Davies®", Patrick G Kehoe®*, Yoav Ben-Shlomo? and Richard M. Martin®°

4School of Social and Community Medicine, Faculty of Medicine and Dentistry, University of Bristol, Canynge
Hall, Bristol, UK

SMRC Centre for Causal Analysis in Translational Epidemiology (CAITE), University of Bristol, Oakfield House,
Bristol, UK

¢Dementia Research Group, School of Clinical Sciences, Faculty of Medicine and Dentistry, University of Bristol,
John James Laboratories, Frenchay Hospital, Bristol, UK

Handling Associate Editor: Francesco Panza

Accepted 9 May 2011

Abstract. We investigated whether angiotensin II receptor blockers (ARBs) and angiotensin converting enzyme inhibitors
(ACE-Is) are more strongly associated with Alzheimer’s disease (AD), vascular dementia (VaD), and other dementias, than
other anti-hypertensive drugs. We conducted a nested case-control analysis within the UK general practice research database,
with prospectively recorded anti-hypertensive prescribing data. We sampled cases aged >60 years and diagnosed between
1997-2008 (5,797 with AD, 2,186 with VaD, 1,214 with unspecified/other dementia) which were matched to up to four controls
by age, general practice and gender. We computed odds-ratios and dose response effects for AD, vascular and unspecified/other
dementia, comparing those prescribed ARBs or ACE-Is for at least six months with patients prescribed other anti-hypertensives.
We controlled for matching factors, co-morbidities, smoking status, an area measure of socioeconomic status, consultation rate
and blood pressure and accounted for reverse causality by introducing time-lags of up to eight years prior to diagnosis/index date.
Patients diagnosed with AD, vascular and unspecified/other dementia had fewer prescriptions for ARBs and ACE-Is. Inverse
associations with AD were strongest for ARBs (odds-ratio; 0.47, 95%CI: 0.37-0.58) compared with ACE-Is (odds-ratio; 0.76,
95%Cl: 0.69-0.84) (Pdifference < 0.001). Associations of ARBs with AD were stronger than for vascular dementia (piference = 0.01)
and unspecified/other dementia (pgigrerence = 0.23). There were inverse dose-response relationships between ARBs and ACE-Is
with AD (both pyeng <0.01). The inverse association of ACE-Is with AD diminished when using longer time lags but the ARB-
AD association persisted. Patients with AD were around half as likely to be prescribed ARBs. Further randomized controlled
trial evidence is required to rigorously test these findings.
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of amyloid-B (AB) peptides and intracellular neu-
rofibrillary tangles comprised of hyperphosphorylated
forms of microtubule-associated tau protein [1]. VaD
pathology is more heterogeneous and results from var-
ious forms of cerebral ischemic disease and damage
and diminished cerebral blood flow due to cardiac
function abnormalities [2]. AD and VaD often co-
exist as a mixed dementia [3], thereby complicating
diagnosis [2]. Hypertension is a risk factor for demen-
tia. While anti-hypertensive drugs reduce VaD risk
[4], the association between hypertension and AD
appears more complicated [5, 6]. Observed reduc-
tions in cerebral blood flow [7, 8] may be secondary
to AD [9], microvascular abnormalities may precede
neuropathology [1, 10], and intra-arterial infusion of
A raises blood pressure in normotensive or natu-
rally hypertensive rats [11]. Additionally, a number
of reported AP-degrading enzymes, also important in
vasoregulation, have altered behavior in postmortem
brain tissue [5, 12].

Angiotensin-1 converting enzyme-inhibitors (ACE-
Is) reduce blood pressure by reducing both the
formation of the vasoconstrictor angiotensin II and the
degradation of the vasodilator bradykinin. Reported
associations with dementia has been inconsistent;
some studies suggest modest cognitive benefits in mild
cognitive impairment [5, 12] or AD [5] while oth-
ers show an increased risk of dementia and disability
[5]. The latter adverse associations are consistent with
genetic, biochemical, and neuropathological evidence
that ACE-Is may contribute to Ap-related pathology
in AD because ACE reputedly degrades AR [5]. In
contrast, the newer angiotensin II receptor blockers
(ARBs), which block angiotensin II signaling rather
than its production, are therefore ‘ACE sparing’ and
theoretically preserve ACE’s proposed AB-degrading
function while still being anti-hypertensive. ARBs pro-
tect against both cognitive deficits and AR related
pathology in animal models of AD [5]. In one small
trial, elderly hypertensive patients treated with losartan
(an ARB) had better cognitive outcomes than atenolol-
treated patients [13], while more recent observational
data suggested ARBs were associated with lower rates
of dementia incidence and slower progression of AD
compared to lisinopril (an ACE-I) and other anti-
hypertensive treatments [14].

We conducted a case-control study nested with UK
primary care data to examine associations of ARBs
and ACE-Is with AD and VaD. Our study improves on
previous observational studies, by controlling for pos-
sible confounders including blood pressure, which may
determine the type of anti-hypertensive prescribed, and

protopathic bias [15]. We hypothesized a priori that
AD would be more strongly associated with ARBs
than ACE-Is, compared to other anti-hypertensives,
and the associations would be strongest for diag-
noses of AD compared to non-specific dementia or
VaD.

METHODS

We conducted a case-control study nested within
the United Kingdom (UK) General Practice Research
Database (GPRD), an anonymized database holding
longitudinal administrative, clinical and prescribing
records of 10.6 million patients, from 593 general
practices across the UK [16]. Data collected include
demography, general practitioner consultations (GP),
test results, diagnoses from primary and secondary
care, prescriptions issued and outpatient clinic refer-
rals. Participating GPs are required to meet specified
quality criteria for research purposes. Diagnoses were
recorded using the Oxford Medical Information Sys-
tem (OXMIS) or Read codes and prescriptions were
coded using multilex product codes. Previous studies
have confirmed the quality of GPRD data and recording
of clinical [17], prescribing, and dementia diagnoses
data [18].

Patient selection

Cases were defined as a patients aged over 60 years
with a diagnosis of AD, VaD, or unspecified/other
dementia based on OXMIS/Read codes in the referral
or clinical files, first diagnosed between 01/01/1997—
15/10/2008. We allocated cases to one of four catego-
ries of dementia: probable AD; possible AD; VaD;
combined unspecified or other dementia. The OXMIS/
Read codes defining dementia ranged from highly
specific codes (e.g., AD) to uncertain codes (e.g.,
unspecified dementia) (see Supplementary Table 1
code lists; available online: http://www.j-alz.com/
issues/26/vol26-4.html#supplementarydata04). Some
patients had more than one dementia diagnosis, so
we developed a decision hierarchy for allocating final
diagnosis. Possible AD was allocated to patients with
non-specific codes for AD and no records indicat-
ing either VaD or specific codes for AD or other
specific dementia diagnosis. We assumed that let-
ters between clinicians would provide more precise
diagnoses; hence for patients with records indicating
diagnoses of VaD and probable AD, we used refer-
ral diagnoses over the primary care diagnosis. If there
were multiple inconsistent diagnoses, the most recent
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Table 1
Characteristics of participants analyzed in study. Values are numbers (proportions) unless stated otherwise
Probable Possible Probable Unspecified Total with Controls
Alzheimer’s Alzheimer’s vascular or other dementia
disease disease dementia dementia

N 2,227 3,570 2,186 1,214 9,197 39,166
Mean age, years (SD) 81.5(6.8) 83.3(6.9) 81.4(6.9) 82.1(7.6) 82.2(7.0) 82.2 (6.8)
Male 617 (0.28) 1,082 (0.30) 898 (0.41) 436 (0.36) 3,033 (0.33) 13,015 (0.33)
Number of consultations (SD) 256.1 (136) 246.7 (137) 284.1 (148) 277.1 (150) 261.9 (142) 240.3 (135)
Comorbidities

Coronary heart disease 669 (0.30) 1,175 (0.33) 834 (0.38) 428 (0.35) 3,106 (0.34) 12,938 (0.33)

Diabetes 268 (0.12) 501 (0.14) 402 (0.18) 192 (0.16) 1,363 (0.15) 5,629 (0.14)

Stroke 315 (0.14) 918 (0.26) 882 (0.40) 300 (0.25) 2,415 (0.26) 7,091 (0.18)
Systolic blood pressure,* mmHg (SD) 149.3 (18.0) 150.8 (18.8) 149.4 (18.7) 147.5 (18.2) 149.7 (18.6) 150.9 (19.1)
Diastolic blood pressure,” mmHg (SD) 81.7 (9.4) 81.7 (10.3) 81.5(9.8) 80.3 (10.2) 81.5(10.0) 81.6 (10.4)
Ever on:

ACE-I° 734 (0.33) 1,225 (0.34) 841 (0.38) 451 (0.37) 3,251 (0.35) 14,794 (0.38)

ARB* 89 (0.04) 143 (0.04) 123 (0.06) 60 (0.05) 415 (0.05) 2,741 (0.07)

CC-blocker 885 (0.40) 1,446 (0.41) 1,007 (0.46) 505 (0.42) 3,843 (0.42) 17,451 (0.45)

Beta-blocker 921 (0.41) 1,365 (0.38) 956 (0.44) 501 (0.41) 3,743 (0.41) 16,263 (0.42)

Thiazide diuretic 1,117 (0.50) 1,812 (0.51) 1,067 (0.49) 614 (0.51) 4,610 (0.50) 20,792 (0.53)

Other 219 (0.10) 350 (0.10) 256 (0.12) 134 (0.11) 959 (0.10) 4,660 (0.12)

a0 =48,363; "n =48,328; “Exposures split into two groups: ever on ACE-Is or ever on ARBs. Patients exposed to both ACE-Is and ARBs were
excluded; however it is possible for patients to also have been prescribed other anti-hypertensive medication. The other anti-hypertensive groups
are not exclusive; hence it is possible, for example, for a patient to be both in the calcium channel (CC)-blocker group and the beta-blocker

group, and the total numbers ever on antihypertensive drugs can exceed the total N in row 1.

diagnosis was used and diagnoses date was defined
using the first record indicating any dementia.

We matched up to four controls aged over 60 years
to each case by age (45 years), practice, and gender.
Each control was assigned an index date (equivalent to
the diagnosis date for cases) matched to their respec-
tive case. All cases and controls must have registered
with the practice at least five years before the diagno-
sis/index date.

Data analysis

We derived exposure to anti-hypertensive drugs
from GPRD therapy files. These included data on the
preparations prescribed, date of prescription, strength,
daily dose, and the total quantity of tablets prescribed.
We ascertained: i) whether patients were ever pre-
scribed an anti-hypertensive drug; and ii) the total
number of defined daily doses (DDD - as defined by the
World Health Organization (WHO)) of each of these
drugs prescribed prior to the index date [19]. We con-
verted each prescription into DDDs according to WHO
parameters: for example, atenolol’s DDD is 75 mg;
therefore a 30 day course of 75 mg has a total exposure
of 30 DDDs; each patient’s cumulative dose was then
defined as their total DDDs/365.25. Only prescription
records with over 80% treatment coverage in the fol-
lowing six months (to ensure patients had long-term

exposure) were included in the analyses. We defined
the exposure to be mutually exclusive: patients cate-
gorized as ever prescribed ‘ACE-Is’ must never have
been prescribed ARBs; patients categorized as ever
prescribed ‘ARBs’ patients must never have been pre-
scribed ACE-Is; to be in the ‘other anti-hypertensives’
category, a patient could never have been prescribed an
ARB or an ACE-I. Patients prescribed both ARBs and
ACE-Is were excluded (n=2,022) from all analyses.

We included the following confounding factors
defined prior to the index date: matching factors (age at
index date, gender, and geographical region); number
of consultations; co-morbidities (diabetes, stroke and
coronary heart disease); smoking (ever/never); and a
time weighted average of all available systolic blood
pressure measurements. A census-based measure of
area deprivation (Index of Multiple Deprivation), as a
proxy for individual socio-economic status or educa-
tional level, based on patients’ addresses, was available
for approximately 50% of GP practices.

We restricted all our analyses to the sub-group
of cases and controls ever treated with an anti-
hypertensive drug to confine the sample to patients with
similar indications for treatment, which may also be
risk factors for dementia [20, 21]. We examined associ-
ations of ever prescribed ACE-Is or ARBs versus other
anti-hypertensives with probable AD, possible AD,
VaD, and unspecified and other dementia using uncon-
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ditional logistic regression. We used unconditional
rather than conditional logistic regression to maximize
the power of the study, as restricting our analysis to
patients ever treated with an anti-hypertensive drug
considerably reduced the number of matched sam-
pled case-control pairs that could be included in a
conditional analysis. However, as a sensitivity analy-
sis we also investigated associations using conditional
logistic regression. Our basic model controlled for
the matching variables (age, gender, and region) and
our fully-adjusted model also controlled for number
of GP consultations, a weighted average of systolic
blood pressure measurements and a history of diabetes,
stroke or coronary heart disease. For each outcome
we tested for differences in the odds-ratios for ACE-
Is compared with ARBs [22]. We conducted a dose
response analysis by categorizing patients who had
ever received an ACE-I or ARB into quartiles of DDDs
of exposure and used the lowest DDD quartile as the
reference group. We tested for evidence of a linear
dose response using the Wald test on the quartiles of
exposure entered as a linear variable and tested the
assumption of linearity using the likelihood ratio test
(based on fully adjusted models, null hypothesis is no
difference between linear trend and quartile of expo-
sure entered as indicator variables).

The onset of neuropathology underling dementia
occurs many years before diagnosis [3, 23]. These
initial clinically undetectable changes may influ-
ence behavior, including treatment compliance and
attendance at consultations, leading to differences in
anti-hypertensive prescribing in cases versus controls
(protopathic bias) [15, 21]. To address this possibility,
we repeated our analyses introducing time lags of up
to eight years prior to the index date. A time lag of one
year ignored all prescriptions in the year prior to the
diagnosis/index data; a lag of two years ignores those
two years prior to the index date etc. Therefore, differ-
ences in exposure due to behavioral changes prior to
diagnosis should be reduced.

We tested for an interaction with age (dichotomized
as below or above 80 years as the median value) using
likelihood ratio tests. We also repeated the analyses
on patients only exposed to ARBs or ACE-Is as sole-
therapy, excluding patients ever treated with any other
anti-hypertensive drug. This post-hoc analysis tested
the possibility that our results were due to patients with
a reduced risk of developing AD being more likely to
report side effects with other anti-hypertensive medica-
tion and hence being switched to ARBs or ACE-Is. We
also repeated the analysis classifying exposure based
on the first prescription received (ARBs or ACE-Is

versus other antihypertensives as initial therapy regard-
less of future therapy) in order to investigate whether
immortal time bias could explain our findings [24].
Analyzes were conducted using STATA SE10.1.

Standard protocol approvals, registrations, and
patient consents.

The GPRD has obtained approval from the Trent
Multi-Centre Research Ethics Committee for the pro-
vision of anonymized data for use in observational
epidemiology. The study was approved by the Inde-
pendent Scientific Advisory Committee for Medicines
and Healthcare Products Regulatory Agency database
research.

RESULTS

There were a total of 20,021 cases and 77,475 con-
trols, of which 9,197 (46%) cases and 39,166 (51%)
controls were on anti-hypertensive treatment. Amongst
those on anti-hypertensive treatment, 2,227 patients
were categorized as probable AD; 3,570 possible AD;
2,186 probable VaD; and 1,214 as unspecified or other
dementia group (Table 1). Coronary heart disease,
stroke, and diabetes co-morbidity were more common
in patients with probable VaD compared to those with
probable AD or controls (all p values <0.001). There
was little difference in mean blood pressure across
the different groups. Treatment with ACE-Is was more
common in patients with probable VaD (38%) and con-
trols (38%) than probable AD (33%). Treatment with
ARBs was more common in controls (7%) than those
who developed probable AD (4%).

In fully-adjusted models, patients ever prescribed
either ARBs or ACE-Is were less likely to develop
probable AD, possible AD, VaD, and unspecified/other
dementia than patients ever prescribed other anti-
hypertensive drugs (Table 2). Fewer patients ever
prescribed ARBs developed AD (fully adjusted odds
ratio (OR); 0.47, 95%CI: 0.37-0.58) compared with
other anti-hypertensive drugs. The association was
weaker with ACE-Is (OR; 0.76, 95%CI: 0.69-0.84)
(test for difference between ARB and ACE-I asso-
ciations p<0.001) [22]. Associations of ARBs with
AD were stronger than for VaD (pgifference =0.01)
and unspecified/other dementia (pgifference =0.12); in
contrast there was little statistical evidence that asso-
ciations of ACE-Is with AD were stronger than for
unspecified/other dementia (pgitference = 0.15) and VaD
(pdifference = 0.22). The fully adjusted model hardly dif-
fered from the basic adjusted associations for probable
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Table 2
Association of ACE-Is and ARBs with dementia outcomes

Exposed Unexposed Basic adjusted® Fully adjusted®
Cases  Controls Cases  Controls OR (95% CI) P value OR (95% CI) P value
ACE-Inhibitors versus other anti-hypertensives

Probable Alzheimer’s disease 734 14,794 1,404 21,631 0.77 (0.71-0.85)  <0.001  0.76 (0.69-0.84)  <0.001
Possible Alzheimer’s disease 1,225 14,794 2,202 21,631 0.82(0.77-0.89)  <0.001 0.80 (0.75-0.87)  <0.001

Probable vascular dementia 841 14,794 1,222 21,631 0.98 (0.89-1.07) 0.64 0.82(0.75-0.91)  <0.001
Unspecified or other dementia 451 14,794 703 21,631 0.93 (0.82-1.05) 0.22 0.85 (0.75-0.96) 0.01

Any dementia 3,251 14,794 5,531 21,631 0.86 (0.82-0.90)  <0.001  0.80(0.76-0.84)  <0.001

Angiotensin II receptor blockers versus other anti-hypertensives

Probable Alzheimer’s disease 89 2,741 1,404 21,631 0.49 (0.39-0.61)  <0.001  0.47 (0.37-0.58)  <0.001
Possible Alzheimer’s disease 143 2,741 2,202 21,631 0.52 (0.44-0.62)  <0.001  0.51(0.43-0.61)  <0.001
Probable vascular dementia 123 2,741 1,222 21,631 0.80 (0.66-0.97) 0.02 0.70 (0.57-0.85)  <0.001
Unspecified or other dementia 60 2,741 703 21,631 0.67 (0.51-0.88) 0.004 0.62 (0.47-0.81) 0.001
Any dementia 415 2,741 5,531 21,631 0.59 (0.53-0.66)  <0.001  0.55(0.49-0.62)  <0.001

2 Adjusted for age at index date, gender and region; Padditionally adjusted for diabetes, stroke, coronary heart disease, number of consultations
with GP prior to index date and blood pressure prior to index date. Odds-ratio (OR).

Table 3
Association between years of defined daily doses of ACE-Is and ARBs and dementia

Years of DDD Basic adjusted? Fully adjusted® p-value trend®
ORs (95% CI) p-value ORs (95% CI) p-value
ACE-Is
Probable or 0.003 to 0.85 1.00 1.00
Possible 0.85 to 2.80 0.99 (0.87-1.13) 0.85 0.99 (0.87-1.13) 0.87
Alzheimer’s Disease 2.81to 7.44 0.86 (0.75-0.98) 0.02 0.85 (0.74-0.97) 0.02 <0.001
(n=16,753) 7.441061.78 0.77 (0.68-0.89) <0.001 0.75 (0.66-0.87) <0.001
Vascular 0.003 to 0.85 1.00 1.00
Dementia 0.85 to 2.80 0.82 (0.67-1.00) 0.05 0.80 (0.66-0.98) 0.03
(n=15,635) 2.81to 7.44 0.79 (0.65-0.97) 0.02 0.76 (0.62-0.92) 0.006 0.01
7.44 10 61.78 0.85 (0.70-1.03) 0.10 0.76 (0.63-0.93) 0.008
Unspecified 0.003 to 0.85 1.00 1.00
or other 0.85 to 2.80 0.94 (0.72-1.23) 0.65 0.92 (0.70-1.21) 0.55
dementia 2.81to 7.44 1.04 (0.80-1.35) 0.77 1.00 (0.76-1.30) 0.98 0.26
(n=15,245) 7.4410 61.78 0.88 (0.67-1.15) 0.34 0.82 (0.62-1.08) 0.16
Any 0.003 to 0.85 1.00 1.00
dementia 0.85 to 2.80 0.94 (0.84-1.04) 0.24 0.93 (0.84-1.04) 0.20
(n=18,045) 2.81to7.44 0.86 (0.77-0.96) 0.007 0.84 (0.75-0.94) 0.002 <0.001
7.44 10 61.78 0.81 (0.73-0.90) <0.001 0.76 (0.68-0.85) <0.001
ARBs
Probable or 0.009 to 0.73 1.00 1.00
Possible 0.73to 1.92 0.87 (0.60-1.24) 0.44 0.86 (0.60-1.23) 0.41
Alzheimer’s Disease 1.92t04.26 0.64 (0.43-0.93) 0.02 0.63 (0.43-0.93) 0.02 0.009
(n=2,973) 4.26 to 23.00 0.67 (0.46-0.98) 0.04 0.64 (0.44-0.94) 0.02
Vascular 0.009 to 0.73 1.00 1.00
Dementia 0.73 to 1.92 1.03 (0.60-1.78) 0.92 1.03 (0.59-1.80) 0.93
(n=2,864) 1.92t04.26 1.37 (0.82-2.29) 0.23 1.45 (0.85-2.45) 0.17 0.63
4.26 to 23.00 1.08 (0.63-1.85) 0.77 1.03 (0.59-1.78) 0.92
Unspecified 0.009 to 0.73 1.00 1.00
or other 0.73to 1.92 0.88 (0.42-1.86) 0.74 0.93 (0.44-1.97) 0.85
dementia 1.92t04.26 0.88 (0.42-1.85) 0.74 0.89 (0.42-1.88) 0.76 0.86
(n=2,801) 4.26 to 23.00 0.97 (0.48-1.98) 0.94 0.94 (0.46-1.93) 0.87
Any 0.009 to 0.73 1.00 1.00
dementia 0.73 to 1.92 0.91 (0.68-1.22) 0.53 0.90 (0.67-1.21) 0.50
(n=3,156) 1.92 t0 4.26 0.84 (0.63-1.13) 0.24 0.84 (0.63-1.13) 0.25 0.08
4.26 to 23.00 0.81 (0.60-1.08) 0.16 0.76 (0.57-1.03) 0.08

2 Adjusted for age at index date, gender and region; P Adjusted additionally for diabetes, stroke, or coronary heart disease, and number of
consultations with GP prior to index date and blood pressure prior to index date. © Wald test for linear trend in relation to exposure of quartiles
of defined daily dose (DDD) years; analysis restricted to patients exposed to ACE-I or ARBs, respectively. Exposures were measured in DDD
years. Odds-ratio (OR).
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Table 4

Associations of ACE-Is with dementia after sequentially excluding all prescriptions between one to eight years

prior to diagnosis (lags)

Lag years® Exposed Unexposed ORs (95% CI) p-value
Cases Controls Cases Controls
Probable or possible Alzheimer’s disease
0 1,959 14,794 3,606 21,631 0.79 (0.74-0.83) <0.001
1 1,826 13,229 3,614 21,781 0.83 (0.78-0.88) <0.001
2 1,624 11,730 3,514 21,571 0.85 (0.79-0.91) <0.001
3 1,428 10,265 3,437 21,080 0.86 (0.80-0.92) <0.001
4 1,239 8,832 3,288 20,366 0.88 (0.82-0.94) <0.001
5 1,068 7,392 3,105 19,530 0.92 (0.85-0.99) 0.03
6 883 6,071 2,897 18,114 0.92 (0.84-1.00) 0.04
7 723 4,881 2,638 16,585 0.94 (0.86-1.03) 0.17
8 586 3,942 2,360 14,791 0.94 (0.85-1.04) 0.22
Probable vascular dementia
0 841 14,794 1,222 21,631 0.82 (0.75-0.91) <0.001
1 800 13,229 1,227 21,781 0.89 (0.81-0.98) 0.02
2 711 11,730 1,215 21,571 0.90 (0.82-1.00) 0.05
3 619 10,265 1,198 21,080 0.90 (0.81-1.00) 0.05
4 536 8,832 1,183 20,366 0.90 (0.81-1.01) 0.06
5 445 7,392 1,145 19,530 0.89 (0.79-1.00) 0.06
6 373 6,071 1,055 18,114 0.92 (0.81-1.04) 0.20
7 312 4,881 974 16,585 0.95 (0.83-1.09) 0.50
8 254 3,942 897 14,791 0.94 (0.81-1.09) 0.45

2A time lag of one year ignores all prescriptions in the year prior to the diagnosis/index date; a lag of two years
ignores prescriptions in the two years prior to the index date; and so on up to 8 years- All models are adjusted for
age at index date, gender region, diabetes, stroke, or coronary heart disease, number of consultations with GP prior
to index date and blood pressure prior to index date. Odds-ratio (OR).

and possible AD. However, after adjustment for con-
founders, inverse associations of ARBs and ACE-Is
with VaD and unspecified/other dementia increased
in magnitude beyond that observable by chance. Fur-
ther adjustment for the index of multiple deprivation
or smoking status had negligible impact on observed
associations (Supplementary Tables 2 and 3). As there
was little evidence of differences in associations for
probable and possible AD outcomes (p=0.28), we
combined probable and possible AD into a single cate-
gory in subsequent tables to enhance statistical power.
We found evidence of a dose response relationship
between DDDs of ACE-I and probable/possible AD
(»p<0.001) (Table 3). Similarly, we found evidence
of a dose response relationship between ARBs and
probable/possible AD (p =0.009) (Table 3); there was
little evidence that these associations were non-linear
(both p>0.26). We also found evidence of a dose
response relationship between DDDs of ACE-Is and
VaD (p=0.01), but this was not evident for ARBs
(p=0.63). We found no evidence of any interactions
between exposure to either ARBs or ACE-Is and age
and probable or possible AD (both LR-tests p>0.10).

Tables 4 and 5 show the fully adjusted associations
of ARBs and ACE-Is with probable or possible AD and
VaD after the introduction of sequentially increasing

time lag periods. The inverse association of ACE-Is
with probable AD was increasingly attenuated with
increased lags. In contrast, even after the introduction
of lag times of eight years, the 50% reduction in risk
of probable and possible AD associated with ARBs
with remained (Table 5). There was little evidence of
an association of ACE-Is or ARBs with VaD after the
introduction of a lag time of at least two years.

Analyses using conditional logistic regression gave
similar results. When we restricted the analyses to
patients exposed either to ARBs or ACE-Is as sole-
therapy (Supplementary Table 4), there was little
evidence of an association of ACE-I sole-therapy (OR;
1.01, 95%CI, 0.91-1.12), but there was an inverse
association of ARB sole-therapy (OR; 0.63, 95%CI,
0.45-0.88), with probable or possible AD. Results
were similar when we classified exposure based on
initial therapy received (OR for ACE-I as initial ther-
apy = 1.04; 95%CI: 0.96-1.12; OR for ARB as initial
therapy = 0.66; 95%CI: 0.50, 0.86).

DISCUSSION

This is the first large UK-based investigation of
the association of anti-hypertensive medication expo-
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Associations of ARBs with dementia after sequentially excluding all prescriptions between one to eight
years prior to diagnosis (lags)

Lag years® Exposed Unexposed ORs (95% CI) p-value
Cases Controls Cases Controls
Probable or possible Alzheimer’s disease
0 232 2,741 3,606 21,631 0.49 (0.43-0.56) <0.001
1 209 2,271 3,614 21,781 0.54 (0.47-0.63) <0.001
2 176 1,789 3,514 21,571 0.59 (0.50-0.69) <0.001
3 132 1,378 3,437 21,080 0.57 (0.48-0.69) <0.001
4 90 979 3,288 20,366 0.56 (0.45-0.70) <0.001
5 58 657 3,105 19,530 0.54 (0.41-0.71) <0.001
6 34 418 2,897 18,114 0.50 (0.35-0.71) <0.001
7 18 240 2,638 16,585 0.46 (0.28-0.75) 0.002
8 9 128 2,360 14,791 0.43 (0.22-0.84) 0.01
Probable vascular dementia
0 123 2,741 1,222 21,631 0.70 (0.57-0.85) <0.001
1 114 2,271 1,227 21,781 0.79 (0.65-0.97) 0.02
2 100 1,789 1,215 21,571 0.88 (0.71-1.09) 0.25
3 83 1,378 1,198 21,080 0.93 (0.74-1.18) 0.57
4 64 979 1,183 20,366 1.00 (0.77-1.31) 0.98
5 42 657 1,145 19,530 0.96 (0.69-1.33) 0.81
6 25 418 1,055 18,114 0.92 (0.61-1.39) 0.70
7 11 240 974 16,585 0.69 (0.37-1.27) 0.23
8 6 128 897 14,791 0.63 (0.28-1.46) 0.28

2A time lag of one year ignores all prescriptions in the year prior to the diagnosis/index data; a lag of two years
ignores prescriptions in the two years prior to the index date; and so on up to 8 years. All models are adjusted for
age at index date, gender region, diabetes, stroke, or coronary heart disease, number of consultations with GP prior
to index date and blood pressure prior to index date. Odds-ratio (OR).

sure with risk of AD and other dementias in primary
care. We tested whether ARBs had a stronger associa-
tion with AD than ACE-Is or other anti-hypertensives
and whether the association was specific to AD rather
than VaD. This hypothesis was generated because of
ARBs influence on two biological pathways. While
both ARBs and ACE-Is reduce angiotensin II signal-
ing, now believed to be involved in the pathobiology of
AD [5], ARBs are unlikely to interrupt ACE-mediated
AP degradation (unlike ACE-Is) [5]. These mecha-
nisms of action suggest that ARBs may have benefits
over ACE-Is in the etiology of AD [5].

We found that fewer patients prescribed ARBs and
ACE-Is went on to develop probable AD. Patients
taking ARBs and ACE-Is had 53% and 24% lower
risks of AD respectively, compared to patients taking
other anti-hypertensive medications in basic adjusted
analyses. These associations did not differ by age,
co-morbidities, and blood pressure, suggesting little
confounding by observed co-morbidities. The inverse
association was not specific, as those ever prescribed
ACE-Is or ARBs were also less likely to develop VaD
and adjustment for confounders strengthened these
associations. However, associations of ARBs (but not
ACE-Is) with AD were stronger than for VaD and
unspecified/other dementia; this finding was supported

by our time-lag models, where associations of ACE-Is
with AD and VaD and ARBs with VaD, substan-
tially reduced with longer lags while ARBs remained
inversely associated with AD.

Our findings that ACE-Is are inversely associated
with dementia are consistent with some but not all pre-
vious studies [5]. Some studies suggest that ACE-Is or
specific types of ACE-Is may be positively associated
with risk of dementia [5]. Very recently, in a largely
male study population from the United States, patients
prescribed ARBs were reported to have lower inci-
dence and rate of progression of AD [14], and stronger
associations were found for ARBs than either ACE-Is
or other non-ACE-I/ARB anti-hypertensives, which is
consistent with our results and other publications [4,
5, 13, 25-29]. Our results are consistent with some
randomized controlled trial (RCT) evidence where
patients treated with losartan for six months had bet-
ter word recall than those prescribed the beta-blocker,
atenolol [13]. Another RCT showed that valsartan
improved word recall from baseline assessments, while
there was no benefit for enalapril-treated patients [29].

That specific angiotensin II targeting drugs demon-
strate protective effects on AD risk [13,29] and general
cognition supports the ‘angiotensin II’ hypothesis
of AD [5] whereby ARBs and ACE-Is are protec-
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tive by reducing angiotensin II-mediated inhibition of
acetylcholine release [30-32]. However, recent pub-
lication of secondary outcome measures on cognitive
impairment and cognitive decline in the much larger
ONTARGET and TRANSCEND trials provide less
convincing evidence [33]. For ONTARGET, there was
weak evidence that the ARB telmisartan outperformed
the ACE-I ramipril (OR of cognitive impairment 0.90,
95%CI: 0.80-1.01, p=0.06). However, this was not
replicated in the TRANSCEND study, a placebo-
controlled RCT of telmisartan in ACE-I intolerant
subjects (OR of cognitive impairment 0.97, 95%CI:
0.81-1.17, p=0.76); a greater benefit might have been
expected as the comparator was placebo. An accom-
panying commentary [34], highlighted that neither
trial differentiated type of pathology; hence specific
benefits for AD pathology would be attenuated, espe-
cially given that patient populations were selected for
high cardiovascular disease risk which would increase
the ratio of vascular to AD pathology. In addition,
the mean age of patients in these trials was around
16 years younger than patients in our study, and the
trials had a shorter follow-up period. AD pathology
increases with age; hence our population should have
lower cognitive reserve and greater AD pathology.
Similar arguments apply to meta-analyses which sug-
gest that ACEI/ARB regimes do not reduce dementia
risk [35, 36]. Whether these methodological differ-
ences are sufficient to explain our discrepant findings
and/or whether the results from the observational stud-
ies reflect uncontrolled confounding or other types of
bias is uncertain (see below).

Our study has several strengths. It is the first large
nationally representative study of primary care sub-
jects with full prescribing histories and measurement
of co-morbidities such as blood pressure for both males
and females. We used patients’ long-term prospec-
tive prescription histories, defining exposures using
5.92 million eligible prescriptions over 24 years. We
included exposure time lags of up to eight years
prior to diagnosis. We tested whether the associations
between ACE-Is and ARBs were specific to AD, or
whether fewer patients exposed to ARBs or ACE-
Is also developed VaD. We were able to adjust for
blood pressure prior to index date, which may be a
strong determinant of prescribing decisions for type of
anti-hypertensive. We estimated dose response associ-
ations between exposures and outcomes and assessed
the specificity of the dose-response association with
AD. Validation exercises have shown 80-90% agree-
ment between a diagnosis of dementia in the GPRD
database and diagnoses confirmed by correspondence

with the GPs [37] or blinded medical record review
[18].

There are several possible alternative explanations
for our observed associations. Chance can be excluded
given the precision of the results and the consistency
with previous studies [14]. The prospective nature of
exposure recording excludes recall bias. Confounding
may explain discrepant findings between our observa-
tional results and the trial results. We controlled for
several potential confounding factors. Critically, we
adjusted for blood pressure history, but this adjustment
did not meaningfully change the associations for AD.
The sample was restricted to patients treated with anti-
hypertensives; hence all patients should have similar
indications for anti-hypertensive treatment. Adjusting
for IMD (a proxy measure of individual level educa-
tion and socioeconomic characteristics) and smoking
behavior made little difference to the results. However,
while GPRD has been shown to be relatively good in
the recording of current smoking behavior, past smok-
ing is less well recorded and so our results may be
subject to some residual confounding due to smoking
[38].

Our results may suffer from protopathic bias, in
which pre-clinical manifestation of disease may deter-
mine exposure. We used two strategies to address
this. First, examining time lags between exposure
and disease assumed that persistent associations with
incrementally larger lags were less likely to reflect
pre-morbid disease. Our lagged sensitivity analyses
suggested that the inverse association of ARBs with
AD was robust, in contrast to the associations with
VaD and between ACE-Is and AD. Second, we cal-
culated associations for patients exposed to ARB or
ACE-I sole-therapy to avoid any confounding due to
drug tolerance and switching. There was evidence of an
inverse association of ARB sole-therapy, but not ACE-
I sole-therapy. Prescribing habits may have changed
over time. If these changes are related to the likelihood
of diagnosis or type of dementia diagnosis then this
could bias the results. However, the robustness of the
time lag associations between ARBs and AD makes
this less likely.

Similarly, our other sensitivity analyses confirmed
the consistency of association for ARBs even when
we reclassified exposure based on sole or initial ther-
apy only suggesting that immortal-time bias is unlikely
to explain our findings. We are uncertain why associa-
tions between ACE-I and AD diminish with latency
period though one potential explanation could be
different prescribing patterns as regards centrally or
peripherally acting ACE-Is. One previous study failed



N.M. Davies et al. / Associations of Anti-Hypertensive Treatments with Alzheimer’s Disease 707

to find association between ACE-Is (as a ‘class’) with
incidence of AD but on sub-group analyses revealed
lower risk of cognitive decline for centrally-acting
ACE-Is while peripherally-acting ACE-Is were associ-
ated with increased risk of dementia and higher levels
of disability [39]. We did not conduct a similar post-hoc
analysis as we regard the classification of ACE-Is into
centrally and peripherally-acting compounds as con-
troversial. This is exemplified by current conflicting
evidence around the central action of lisinopril [40—42]
and ramipril [40, 43].

It is likely that there will be some under-diagnosis
and/or under-recording of AD and VaD in the GPRD
[44]. While the validity of a GPRD diagnosis of AD
and dementia is relatively good, we are unaware of
comparative data for a VaD diagnosis [37]. We believe
that these potential misclassifications of the demen-
tia outcomes would be non-differential in relation to
the type of antihypertensive prescribed and therefore
more likely to attenuate, rather than generate, observed
associations.

The observational and biological evidence in favor
of ARBs protecting against dementia, presented here
and by others [14], strengthens the need for them to
be studied more rigorously in the future. We show that
ARBs are associated with a reduced risk of AD which
could provide significant patient and socio-economic
benefits if these data reflect a true causal effect. Further
evidence from randomized trials with detailed phe-
notypic assessment of dementia type are required to
verify whether these associations are causal or reflect
some form of bias. Such studies should examine both
secondary prevention of mild cognitive impairment to
dementia as well as tertiary prevention for patients with
newly diagnosed AD.
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