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Background: Medications that modify the renin–angiotensin system may reduce Alzheimer’s disease
pathology and reduce the rate of disease progression.

Objective: This study investigated whether taking the antihypertensive drug losartan, in addition to
normal care, would slow the progression of Alzheimer’s disease when compared with a placebo.

Design: A double-blind multicentre randomised controlled trial, after a 4-week open-label phase, with
follow-up at 14 days and at 3, 6, 9 and 12 months. The primary outcome was based on measured
imaging differences in brain volume between baseline and 12 months.

Setting: Twenty-three NHS hospital trusts across England, Scotland and Northern Ireland.

Participants: Patients diagnosed with mild-to-moderate Alzheimer’s disease were eligible to participate
if they met the following criteria: (1) aged ≥ 55 years; (2) a Mini Mental State Examination score of
15–28; (3) a modified Hachinski Ischaemic Score of ≤ 5; (4) a previous computerised tomography,
single-photon emission computed tomography or magnetic resonance imaging scan consistent with
a diagnosis of Alzheimer’s disease; (5) a study companion who was willing to participate in the study;
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and (6) capacity to consent for themselves. Patients were ineligible if they were (1) taking or intolerant
to renin–angiotensin system-related medications, (2) unlikely to undergo magnetic resonance imaging
or (3) unlikely to complete the trial protocol. People who had blood pressure outside the normal
ranges, defined cardiovascular issues, impaired liver or renal function, or a primary neurodegenerative
disease that was not Alzheimer’s disease were also excluded, as were women who had not reached
menopause and were unwilling to take relevant protocol-specific safety precautions.

Intervention: The intervention was either 100 mg of overencapsulated losartan (Teva Pharmaceuticals
Industries Ltd, Petah Tikva, Israel) daily or a matched placebo for 12 months.

Main outcome measures: Difference in brain atrophy, represented by measurement of whole-brain
volume before and following 12 months of treatment post randomisation, was measured using
volumetric MRI and determined by boundary shift interval analysis. Secondary outcomes included
changes in rates of Alzheimer’s disease progression (as assessed using the ADAS-Cog, Mini Mental
State Examination and Neuropsychiatric Inventory), the volume of white matter hyperintensities,
cerebral blood flow (assessed by magnetic resonance imaging), blood pressure, magnetic resonance
imaging measures of atrophy and association with measures of cognitive decline, and drug compliance
and tolerability.

Results: A total of 261 participants entered the open-label phase, of whom 211 were randomised to
the intervention (n = 105) or placebo (n = 106) arms. Of the 197 people (93%) who completed the
study, 81% (n = 171) had a valid primary outcome. The difference in brain volume between arms was
consistent with chance (–2.79 ml, 95% confidence interval –6.46 to 0.89 ml; p = 0.19), and there was no
evidence of benefit for any of the secondary outcome measures.

Limitations: Our study had 82% power to detect treatment-based changes and, as a result, may have
been underpowered or, more likely, the intervention, which may not have crossed the blood–brain
barrier as much as expected, may have been given too late or for an insufficient amount of time in the
disease process to influence the outcomes.

Conclusions: Losartan administered over 12 months did not alter brain atrophy in Alzheimer’s disease.

Future work: Other related ‘sartans’ could be tested in patient groups with mild cognitive impairment
and for longer to fully test this hypothesis.

Trial registration: Current Controlled Trials ISRCTN93682878 and EudraCT 2012-003641-15.

Funding: This project was funded by the Efficacy and Mechanism Evaluation (EME) programme,
a Medical Research Council and National Institute for Health Research (NIHR) partnership. This will
be published in full in Efficacy and Mechanism Evaluation; Vol. 8, No. 19. See the NIHR Journals Library
website for further project information.
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Glossary

Clinical Research and Imaging Centre An imaging department based at the University of Bristol that
measures all the Scheltens scores on MRI scans.

Computerised tomography An examination using radiography and a computer to create detailed
images of the inside of the body. Sometimes referred to as CAT or CT.

Dementia Research Centre A department based at University College London that conducts all of the
quality control on MRIs and the data for the primary outcome.

Efficacy and Mechanism Evaluation programme Part of the Medical Research Council and National
Institute for Health Research funding for clinical efficacy studies.

Green light The indication that a recruitment site can start recruiting.

Mini Mental State Examination A questionnaire-based tool that can be used to systematically and
thoroughly assess mental status. A lower score indicates greater impairment.

Montreal Cognitive Assessment A cognitive screening test designed to assist health professionals
in detecting mild cognitive impairment, including Alzheimer’s disease. A lower score indicates
greater impairment.

NiftyFit A software package for multiparametric model-fitting of 4D magnetic resonance imaging data.

Open label A type of trial, or segment of a trial period, in which participants are aware of which
treatment they are taking.

Single-photon emission computed tomography A type of nuclear imaging test that uses a radioactive
substance and a special camera to create 3D pictures.

XNAT The method of securely transferring anonymised scan data from sites to University College
London for analysis (www.xnat.org).
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Plain English summary

Alzheimer’s disease is a disorder of memory in older individuals. High blood pressure in mid-life
increases the risk of developing Alzheimer’s disease. We and others have found that a biochemical

pathway in the brain, which also influences blood pressure, may be more relevant in Alzheimer’s disease
than changes to blood pressure. This pathway, the renin–angiotensin system, includes a small molecule
called angiotensin II that is raised in brain tissue from people with Alzheimer’s disease. As well as raising
blood pressure, angiotensin II influences inflammation and chemical stress in brain cells and stops the
release of chemicals involved in memory. Angiotensin II also enhances the production of key proteins
(amyloid-β and tau) that damage brain tissue in Alzheimer’s disease. All of these damaging characteristics
point to angiotensin II being a detrimental factor in Alzheimer’s disease.

We conducted a multicentre randomised clinical trial to test whether or not losartan, the first drug
developed to reduce the function of angiotensin II, could slow the progression of Alzheimer’s disease
compared with placebo. We believed that reducing angiotensin II function would slow brain cell
damage, brain shrinkage and memory problems in Alzheimer’s disease while improving brain blood
flow. We recruited 211 participants and their study partners through 23 centres across Great Britain
and Northern Ireland. We used brain imaging techniques, 12 months apart, to measure changes in
brain volume and, in a subset of people, levels of brain-related vascular damage and brain blood flow
as indicators of disease. We also used established questionnaires to assess memory and thinking,
quality of life and activities of daily living to explore if losartan brought any benefits. Unfortunately,
we found no evidence that 12 months’ treatment with losartan slowed the progression of Alzheimer’s
disease according to our main study measures. Although losartan was unsuccessful in this study design,
other study designs testing related drugs may still be successful.
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Scientific summary

Background

Despite the predicted rise and the huge social impact of Alzheimer’s disease, there are still only limited
symptomatic treatments and no disease-modifying interventions. Clinical trials over the past 20 years,
which have focused almost exclusively on reducing the production of or clearing amyloid-β, have
unfortunately not met with any success. The hypothesis of these studies is that interventions against
amyloid-β will serve as means to slow or halt the progression of numerous pathological processes
that contribute to neurodegeneration and progressive cognitive decline. Improvements to health care
worldwide have contributed greatly to improved welfare and longevity in many countries. However,
this observed increased life expectancy globally has meant that the numbers of people who are
at increased risk of developing dementia has also increased. There is therefore an urgent need to
better understand and identify the disease processes that accelerate the disease pathology of and the
cognitive decline involved in dementia, and particularly so in Alzheimer’s disease, which represents the
largest cause of dementia. This should include consideration of other biochemical mechanisms, beyond,
but not to the exclusion of, what has been the traditional thinking of the importance of amyloid-β and
tau protein pathology in the development and progression of Alzheimer’s disease.

Mid-life hypertension is a modifiable risk factor for Alzheimer’s disease. Vascular dysfunction,
including reduced cerebral blood flow and blood–brain barrier breakdown, is a major but as yet less
well-researched facet of disease pathology associated with cognitive decline in Alzheimer’s disease.
Cerebrovascular damage is also present in the majority of patients with neuropathologically confirmed
Alzheimer’s disease. Disease progression modelling, based on clinical imaging and recent longitudinal
clinical observation studies, namely the Alzheimer’s Disease Neuroimaging Initiative, has more recently
indicated that vascular dysfunction is one of the earliest pathological features of Alzheimer’s disease.
Furthermore, vascular dysfunction maps to regional changes in disease pathology, while also serving as
a strong independent marker of cognitive decline in Alzheimer’s disease.

The conceptualisation of the renin–angiotensin system wherein this project is based has also evolved
in recent years, particularly in relation to its likely involvement in the development and pathogenesis
of Alzheimer’s disease. Currently, what is now more commonly called the classical renin–angiotensin
system, the main mechanism attributed to blood pressure regulation and vascular function through the
action of angiotensin II signalling, has repeatedly been shown to be relevant to the pathogenesis of
Alzheimer’s disease. Since our original research with human post-mortem brain tissue that showed
that the classical renin–angiotensin system was significantly overactive and is closely associated with
disease pathology and cognitive decline in Alzheimer’s disease, we have found that the regulatory
renin–angiotensin system, which works to counter angiotensin II signalling by enzyme-mediated
degradation of angiotensin II, is also significantly inhibited in Alzheimer’s disease. Several studies have
also now shown that antihypertensive medications that directly target the classical renin–angiotensin
system delay the onset and reduce the incidence of Alzheimer’s disease, as well as reducing disease
pathology, to a greater extent than other anti hypertensive treatments that do not act on this system.
Moreover, of the two common groups of renin–angiotensin system-acting medications, those that
inhibit the signalling of angiotensin II (via angiotensin II type 1 receptors) rather than its synthesis
(angiotensin I converting enzyme inhibitors) have consistently been shown to perform better.

These findings have also been supported in several in vivo studies involving murine models of
Alzheimer’s disease cognitive and neurodegenerative pathology, where various angiotensin II type 1
receptor antagonists, also known as sartans, have consistently improved cognitive impairment and
neuropathological hallmark outcomes. Indeed, the importance of the classical renin–angiotensin system
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and excessive angiotensin II signalling has also been supported indirectly by a recent number of
studies in murine models of Alzheimer’s disease and various forms of central nervous system injury.
These studies also show that the loss of the regulatory renin–angiotensin system, namely angiotensin I
converting enzyme 2 activity [which degrades angiotensin II and converts it to angiotensin (1–7)], or
angiotensin (1–7) signalling via the Mas receptor (that has functions that oppose those of angiotensin II
type 1 receptor), is associated with disease pathology and overactivity in the classical renin–angiotensin
system. Together, this growing body of evidence has continued to reinforce the need to investigate
the detrimental role of angiotensin II in the development and progression of Alzheimer’s disease.
This detrimental role, attributed to angiotensin II signalling, has been suggested to adversely affect
vascular function in Alzheimer’s disease and contribute unfavourably to numerous pathological
processes commonly reported in Alzheimer’s disease (e.g. inflammation, oxidative stress, reduced
cholinergic function, increased amyloid-β and tau-related pathologies). Furthermore, this study is
designed to explore the possibility of intervening in angiotensin II signalling through the use of
existing ‘repurposable’ sartans, whereof losartan is the prototype, that are more commonly used
to treat hypertension and some other peripheral forms of cardiovascular dysfunction.

Objectives

The Reducing Pathology in Alzheimer’s Disease through Angiotensin TaRgeting (RADAR) trial investigated
whether or not taking the antihypertensive drug angiotensin II type 1 receptor antagonist losartan, in
addition to normal care, would slow the progression of Alzheimer’s disease when compared with a placebo.
This study intended to investigate this in people with a diagnosis of mild-to-moderate Alzheimer’s disease
who, as per the National Institute of Neurological and Communicative Disorders and Stroke and the
Alzheimer’s Disease and Related Disorders Association criteria, either had hypertension and had
not been previously exposed to the intervention or were normotensive. Normotensive participants
were included to explore whether or not the inhibition of angiotensin II signalling might have effects
that were independent of any prior hypertension and hence widen the potential treatment benefits to
all Alzheimer’s disease patients.

Design

This was an individually randomised, multicentre randomised controlled trial with follow-up from
randomisation (baseline) at 14 days and at 3, 6, 9 and 12 months. Participants underwent a RADAR-specific
magnetic resonance imaging protocol at baseline and at 12 months, having successfully completed a
preceding open-label pre-randomisation phase of 4 weeks. Various secondary outcome data were also
collected from participants and their study companions at baseline and at 6 and 12 months, whereas
secondary outcome magnetic resonance imaging data were also collected on a subset of the study
population at baseline and 12-month follow-up.

Patient and public involvement

The original design of the study was explored with participants and carers, who provided feedback
that prompted the inclusion of the open-label phase. Similarly, feedback was sought on the study
information sheets to be shared with participants and study partners at the outset of the study.
In addition, later in the study, as part of a more defined qualitative study among a wider group of
representatives, feedback was sought on, and endorsement subsequently given of, further proposed
revisions to the study information sheets, which were made to aid final recruitment for the study.
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Setting

Twenty-three NHS hospital trusts in England, Scotland and Northern Ireland where people with
Alzheimer’s disease are routinely diagnosed and treated.

Participants and study criteria

Participants with a diagnosis of mild-to-moderate Alzheimer’s disease were required to meet all of the
following conditions to be eligible:

l aged ≥ 55 years
l have the capacity to consent for themselves as judged by a member of a recruiting research team

with appropriate training and experience
l have a Mini Mental State Examination score of 15–28 at the consented eligibility assessment
l have a modified Hachinski Ischaemic Score of ≤ 5
l have had a previous computerised tomography, single-photon emission computed tomography,

or magnetic resonance imaging scan that was consistent with a diagnosis of Alzheimer’s disease
l have a study companion who was willing to participate in the study.

Participants were ineligible if any of the following conditions were met:

l They were currently receiving angiotensin I converting enzyme 1 inhibitors; angiotensin II type 1
receptor antagonists (e.g. losartan), the renin inhibitor aliskiren or potassium-sparing diuretics; or
had a known intolerance or renal problems with angiotensin I converting enzyme 1 inhibitors or
sartans from previous use.

l They were medically unsuitable for, or unwilling to undergo magnetic resonance imaging or had a
primary neurodegenerative disease or potential cause of dementia other than Alzheimer’s disease.

l They had clinically significant low blood pressure (systolic < 115 and diastolic < 70 mmHg) or had
uncontrolled or untreated high blood pressure (systolic > 160 and diastolic > 110 mmHg), or
experienced at the eligibility assessment visit a fall in blood pressure on standing of > 20/10 mmHg
associated with clinically significant symptoms or a fall > 30/15 mmHg.

l They had a previous cerebrovascular accident and had resultant clinically significant residual impairment;
however, transient ischaemic attack was not an immediate basis for exclusion.

l In addition, pre-existing hypertrophic cardiomyopathy, clinically significant aortic valve stenosis,
impaired renal function (measured by estimated glomerular filtration rate of < 30ml/minute/1.73 m2),
and evidence of liver disease or significant liver function test derangement (aspartate transaminase/
alkaline phosphatase/bilirubin more than two times the upper limit of normal) were excluding
factors, as were levels of potassium > 6.0 mmol/l taken from a non-haemolysed sample at the
eligibility visit.

l Because of the known properties of the intervention, women who had not yet reached the menopause
(defined as not having had a menstrual period in the previous 12 months), tested positive for pregnancy
or were unwilling to take a pregnancy test prior to trial entry, or were unwilling to undertake adequate
precautions to prevent pregnancy for the duration of the trial, were not eligible.

l Furthermore, participants who had any severe coincident medical disease (e.g. a severe comorbidity
or terminal condition) or other factors that would inhibit their compliance with the study medication
or adherence to study follow-up schedule were ineligible. In addition, there needed to be a period
of 6 months before commencing RADAR if they had participated in a previous clinical trial of an
investigational medicinal product study.
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Intervention

Participants were randomised to either overencapsulated 100 mg of losartan (Teva Pharmaceuticals
Industries Ltd, Petah Tikva, Israel) daily or encapsulated placebo to match for 12 months. The
therapeutic dose was achieved in both the open-label and the randomised phase after a 1-week
upwards titration on 25 mg of losartan (Teva Pharmaceuticals Industries Ltd).

Main outcome measures

The primary outcome was based on assumption of therapeutic benefit being a clinically meaningful
attenuation of brain atrophy with an absolute difference between trial arms of at least 3.8 ml/year in
total brain volume between baseline and 12 months post randomisation, measured using volumetric
magnetic resonance imaging [T1-weighted magnetisation-prepared rapid-gradient echo (T1 MPRAGE)].
Secondary outcomes included (1) rates of Alzheimer’s disease progression as assessed by the Alzheimer’s
Disease Assessment Scale – Cognitive Subscale, Mini Mental State Examination and Neuropsychiatric
Inventory; where facilities allowed, additional magnetic resonance imaging sequences to allow the
measurement of (2) white matter hyperintensity volume [T2-weighted – fluid-attenuated inversion
recovery (T2-FLAIR MRI)] and (3) cerebral blood flow by arterial spin labelling; (4) change in blood
pressure; (5) association between magnetic resonance imaging measures of atrophy and measures of
cognitive decline; and (6) level of drug compliance and tolerability.

Results

A total of 261 participants entered the open-label study, of whom 211 (81% of those consented) were
entered into the main study and randomised to the intervention arm (n = 105) or the placebo (n = 106)
arm. The baseline characteristics were similar in both trial arms. A total of 197 participants completed
the study (93% retention) and primary outcomes were recovered from 171 participants (81% recovery
rate), resulting in a statistical power of 82%, which is a negligible difference from the 84% that the
original design of the study aiming to recruit 228 participants was intended to have. There was no
therapeutic benefit with respect to the primary outcome. The difference in brain volume was consistent
with chance (–2.79 ml, 95% confidence interval –6.46 to 0.89 ml; p = 0.19). There were no obvious
benefits recorded in the secondary outcome measures, including the Alzheimer’s Disease Assessment
Scale – Cognitive Subscale, the Neuropsychiatric Inventory and measures of quality of life (Dementia
Quality of Life Measure) and activities of daily living (Bristol Activities of Daily Living Scale). There
were no indications of intervention-based differences in the subsets of the participants from whom
it was possible to collect magnetic resonance imaging data on cerebral blood flow and white
matter hyperintensities.

Conclusions

Interest in the involvement and role of the renin–angiotensin system in Alzheimer’s disease continues
to grow. Yet, to our knowledge, the RADAR trial is the first randomised controlled intervention trial to
formally test the angiotensin hypothesis in a formalised population of clinically diagnosed Alzheimer’s
disease participants. This robustly designed study, which had demonstrably effective randomisation and
a favourable participant retention rate, unambiguously shows that the prototype angiotensin II type 1
receptor antagonist losartan did not alter brain atrophy by at least 3.8 ml/year in Alzheimer’s disease,
a finding that we deemed a priori to be clinically meaningful and indicative of progression. We also
found no significant evidence from any of the secondary outcome measures that losartan offered a
therapeutic benefit. Our study does not exclude the possibility that the duration of treatment, the
greater severity of disease among the participants, or the extent to which the drug penetrates the
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brain are factors in not detecting an effect on our primary and secondary outcomes. Future studies
that are undertaken could note these limitations, either using losartan once more or using another
related angiotensin II type 1 receptor antagonist about which there may be less doubt as to its
penetration of the blood–brain barrier. Similar consideration could be given to the suitability of
including milder diagnostic groups such as those with mild cognitive impairment, who may be
followed up for at least 18–24 months, as is now recommended by the regulatory bodies, to
investigate disease modification. These may help to ensure that the angiotensin hypothesis can
be tested more comprehensively and not prematurely discounted on the basis of this study.

Trial registration

This trial is registered as ISRCTN93682878 and EudraCT 2012-003641-15.

Funding

This project was funded by the Efficacy and Mechanism Evaluation (EME) programme, a Medical
Research Council and National Institute for Health Research (NIHR) partnership. This will be published
in full in Efficacy and Mechanism Evaluation; Vol. 8, No. 19. See the NIHR Journals Library website for
further project information.
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Chapter 1 Introduction (including scientific
background and explanation of rationale)

The health-care costs of Alzheimer’s disease (AD) have previously been estimated to be equivalent
to the combined costs of cancer, stroke and heart disease. These costs are also predicted to

increase further, with continued increases in life expectancy worldwide set against the current absence
of long-term effective therapies.1–3 Thus, there remains an ongoing and urgent need for the discovery
or development of better treatments for people with AD, particularly in the face of a number of
failed intervention trials in recent years.4,5 The aim of these treatments could be to delay the onset or
slow the progression of disease, which will extend participants’ quality of life and that of their families
and carers and, as a result, reduce the associated health-care burden. There is a striking benefit to be
had from a treatment that has even a modest improvement: any treatment that could delay the onset
of AD by 5 years could halve its prevalence.6

Scientific background

There is scientific literature spanning several decades that suggests that hypertension in mid-life7,8

and later life9 and stroke10 increase the risk of dementia. Prior to the commencement of the Reducing
pathology in Alzheimer’s Disease through Angiotensin taRgeting (RADAR) trial, we11 and others12

observed that angiotensin II (AngII)-targeting drugs [AngII type 1 receptor antagonists (AT1RAs) and
angiotensin I converting enzyme 1 inhibitors (ACE1-Is)] resulted in a lower incidence of AD than other
types of antihypertensive drugs. AT1RAs were also significantly more beneficial than ACE1-Is in slowing
the rates of progression, hospitalisation and mortality.11,12 Since the RADAR trial commenced, there has
been further observational evidence of the protective role of ACE1-Is and AT1RAs in clinical AD.13,14

Renin–angiotensin system (RAS)-acting drugs have been found to be associated with lower rates of
conversion of mild cognitive impairment (MCI) to AD, as well as less AD-related tau neuropathology in
both post-mortem brain tissue and cerebrospinal fluid (CSF) from living AD participants recruited to the
Alzheimer’s Disease Neuroimaging Initiative (ADNI),15–17 whereas another analysis of the ADNI cohort
showed that one of the earliest likely pathological events in the development of cognitive decline is
cerebrovascular dysfunction.18 However, not all observational studies agree.19

Although in the vast majority of people with AD the underlying cause remains unclear, there is now
acknowledgement of the likely role of vascular dysfunction in the development of AD and dementia;20

however, there remains a lack of understanding as to the possible mechanisms involved. In AD, the
loss of acetylcholine and neurons due to the deposition in the brain of amyloid-β (Aβ) peptide and tau
pathology is key.2 As mentioned, cerebrovascular dysfunction is likely to be the earliest pathological
event in the development of AD.18 Such dysfunction [a likely contributor to reduced cerebral blood flow
(CBF)], loss of cerebrovascular autoregulation, ischaemia and white matter hyperintensities (WMH)
are all pathologies associated with, and are predictive of, loss of cognitive function21–25 and similarly
common in AD.26–28 Previous studies have shown how hypertension is associated with plasma levels of
Aβ29 and AD risk.30 Thus, molecular pathways that can connect the traditional pathological hallmarks
of AD with mechanisms involved in blood pressure (BP) regulation and cerebrovascular dysfunction
are likely to be strong candidates for intervention in AD, where they may act in addition to or
independently of cerebrovascular-mediated pathology.

Angiotensin I converting enzyme 1 (ACE1) and neprilysin, which make AngII, are enzymes that are
important to the function of the RAS, and the activity of both enzymes is elevated in the brain of AD
patients.31,32 ACE1 activity is also elevated in the peripheral blood in patients with AD,33 whereas ACE1
and neprilysin degrade Aβ in vitro and in vivo;2 however, variation in the ACE1 gene (ACE1) is associated
with lower plasma levels of ACE1 and also with AD risk.34 The multifunctional peptide AngII is likely to
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be an important factor in AD, particularly when in excess in the brain,35 because AngII signalling
promotes the synthesis of the inflammatory mediator tumour necrosis factor alpha (TNFα),36,37 and has
anticholinergic38,39 and antiglutamatergic effects,40 all of which are major sequelae of AD pathology.

Furthermore, AngII has been shown to promote the production of Aβ and phosphorylation of tau at
the same amino acid residues that give rise to neurofibrillary tangles, which can be blocked by the
AT1RA losartan.41,42 More recently, we have obtained further evidence of the detrimental effects of
AngII in AD. We identified that there is reduced activity of the regulatory renin–angiotensin system
(rRAS) pathway that, through the action of the enzyme angiotensin I converting enzyme 2 (ACE2),
works to maintain levels of AngII [which is produced by ACE1 in what is now known as the classical
renin–angiotensin system (cRAS) pathway], which has been previously reviewed.20 In these recent
studies on post-mortem brain tissue, ACE2 activity was significantly reduced in brain tissue from
elderly patients without dementia. In contrast, in AD patients ACE2 reductions were associated
with increased Aβ and tau pathology and inversely correlated with ACE1 activity and AngII levels.35,43

These more recent rRAS findings show very positively that the balance between ACE1 and ACE2
activities, which has a significant bearing on levels of AngII, is highly relevant to the neuropathological
basis of AD.

Losartan, an AT1RA, is an effective antihypertensive drug over a wide range of ages. Losartan has been
reported to cross the blood–brain barrier (BBB)44 and is the prototype drug developed for the class of
AngII-blocking drugs that we, and others, have observed to be associated with reduced incidence of
AD.11,12 Losartan also improves CBF,22 a surrogate marker of cognitive performance in humans,45–47 and
limits neuronal damage following ischaemia in stroke rat models.23 Low-dose losartan (i.e. not reducing
BP) has also been shown to reduce pathology and improve cognitive performance in transgenic mouse
models of AD.48 Given its antihypertensive effect, it is also conceivable that it may have a beneficial
effect in reducing ischaemia-mediated WMH.24

The timeliness of the RADAR trial

Since the commencement of the RADAR trial, to the best of our knowledge no clinical trials studying
losartan or any related AT1RA drugs as an intervention in AD participants have been reported. The
studies that preceded RADAR used losartan (50 mg) and reported modest and non-significant benefits
on memory in non-demented hypertensive participants,49,50 which were thought to be independent
of BP-lowering effects.51 Yet, as a hypertension trial, cognition was not the primary outcome and
thus was probably underpowered for a more conventional study of cognition. There remain a limited
number of systematic reviews that predate the initiation of RADAR and that have assessed the impact of
BP-lowering treatments on cognitive decline.52 McGuinness et al.52 previously concluded, based on data
from four randomised controlled trials (RCTs), that BP reduction was insufficient to prevent dementia and
cognitive decline in hypertensive participants with no prior cerebrovascular disease. This was supported
by secondary analysis of The ONgoing Telmisartan Alone and in combination with Ramipril Global
Endpoint Trial (ONTARGET) and Telmisartan Randomised AssessmeNt Study in ACE iNtolerant subjects
with cardiovascular Disease (TRANSCEND) trials, in which neither the ACE1-I (ramipril; Altace®, Aventis,
Strasbourg, France) nor another AT1RA (telmisartan; Micardis®, Boerhinger Ingelheim, Ingelheim,
Germany) reduced the risk of cognitive decline or the development of any type of dementia in participants
with cardiovascular disease or diabetes.53 A small meta-analysis of hypertension treatment trials by
Staessen54 also reported that BP-lowering did not reduce the dementia risk in populations with high
cardiovascular morbidity. This finding was supported by a more recent systematic review of previous
trials55 and two more recent meta-analyses of several observational longitudinal studies that explored
whether or not different antihypertensive medications had any effect on cognitive decline or dementia.56,57

We previously thought that these studies had limited scope for translation to AD because the study
participants were generally younger and were usually recruited exclusively because they had higher
cardiovascular burden, and because cognitive outcome measures were not the primary objectives.
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In addition, the methods of cognitive assessment were less detailed or not as comprehensive as the typical
battery of assessments normally used in clinical trials of AD and also rarely used objective outcome
measures, such as imaging [e.g. change in various magnetic resonance imaging (MRI) measurements] or
other biomarkers.58,59 We were of the opinion, prior to the commencement of RADAR that these negative
findings made a larger-scale (e.g. Phase III) multicentre RCTs of an AT1RA in AD premature, and RADAR
was designed to try to further provide supportive evidence.60

In the intervening years since the commencement of the RADAR trial, no formal clinical trials have
tested as to whether or not losartan can change MRI-based measures of AD-related brain atrophy
either alone or in combination with a standardised questionnaire-based assessment of cognition in
AD participants. Indeed, the use of MRI-based approaches in AD trials has not been commonplace,
although there is now growing recognition of their usefulness in trials.61,62 The protocol of a related,
smaller (n = 100), Phase II three-arm US-based trial (NCT00605072), called the Antihypertensives and
Vascular, Endothelial and Cognitive function (AVEC) trial, was announced around the time that the
RADAR trial commenced. This smaller study recruited hypertensive participants with early (non-AD)
cognitive impairment only, and it piloted the comparison of 1-year treatment of participants with
candesartan (another AT1RA) with that of lisinopril (an ACE1-I) or hydrochlorothiazide (a diuretic)
for their effect on memory and executive function, CBF (measured by transcranial Doppler) and
central endothelial function (measured by changes in CBF in response to changes in end-tidal carbon
dioxide).63 This pilot trial later reported encouragingly that the AT1RA candesartan outperformed the
ACE1-I (lisinopril) and diuretic (hydrocholorthiazide) in preserving CBF and executive function in these
hypertensive participants who had executive dysfunction.64 In addition, encouraging data, although
again not specifically testing the impact that AngII targeting has in AD, were recently announced from
the Systolic blood PRessure INtervention Trial Memory and cognition IN Decreased hypertension
(SPRINT-MIND) substudy65 of the National Institutes of Health-funded Systolic blood Pressure
INtervention Trial (SPRINT).66 The main SPRINT (NCT01206062) study compared the effectiveness of
treating systolic BP, again in a population of hypertensive individuals (without diabetes or a history of
stroke or AD) aged > 50 years, to lower than 120 mmHg (compared with the current normotensive
threshold of 140 mmHg) on a primary outcome that was a composite of cardiovascular effects as a
measure of all-cause mortality. The objective of the SPRINT-MIND substudy was to investigate the
impact that the two BP-lowering approaches had on cognitive outcomes, which included the rates
of probable dementia (the primary cognitive outcome), or on secondary cognitive outcomes of
development of MCI or a composite outcome of the development of MCI and probable dementia.
Another objective was to use MRI scanning to measure the impact on levels of small vessel disease
in the brain, according to MRI-based measures.65 Although the main SPRINT trial was stopped early
because it was becoming clear that according to its primary outcome measures clinical benefit was
evident,66 there was evidence from SPRINT-MIND that lowering BP to below 120 mmHg could reduce
rates of MCI and improve the composite secondary cognitive outcome measure. However, there was
no significant evidence that the primary cognitive outcome, rate of probable dementia, was reduced.
It is very plausible that stopping the main SPRINT trial early, and the impact that this had on follow-up
periods in SPRINT-MIND, may have resulted in this aspect of the study being underpowered.65

It has been reassuring that these findings continue to show that the RADAR trial has been a timely
and necessary formal investigation of the therapeutic effect of an available antihypertensive drug in a
clinically defined population of AD participants. Meanwhile, the RADAR trial simultaneously allowed
for a focused gold-standard way of testing the role of the RAS, particularly that of AngII, in the
pathogenesis of AD. The results of RADAR will be the first to be announced in AD that test this
hypothesis, to our knowledge. As such, they will provide the first clinical trial data to stand alongside
what is still predominantly observational studies, testing the effects of various AT1RAs in reducing
rates of MCI and/or rates of progression of dementia, or the effects of AT1RAs on other outcomes
proposed to be indicative of age-related or dementia-associated cognitive decline (reviewed by Kehoe20).

Our selection of losartan as the intervention for the RADAR trial was based on several arguments.
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First, we chose losartan because of the multifactorial functions described for AngII in the brain.
These include being responsible for important physiological processes such as vasoconstriction, and
numerous organ- and cell-based functions such as reduction in the release of the neurochemical
acetylcholine, the promotion of inflammation and neuronal excitotoxicity,36–40,67 all of which are relevant
to the pathogenesis of AD.

Second, selective antagonism of the AngII type 1 receptor by losartan does not inhibit ACE1 activity,
which may be important because ACE1 is elevated in AD31,32 but has also been reported to degrade
Aβ.31,68–70 For this reason, we did not wish to interfere with any potentially protective effects that ACE1
activity may have on Aβ pathology.2 Thus, AT1RAs may be better than ACE1-Is, at least in AD, which has
been supported by various pharmacoepidemiological and pre-clinical studies,11–13,15,16,71–73 and they have
been demonstrated to have beneficial effects on AD-related pathology and cognitive impairment in
murine models of AD.48

Third, losartan, as the prototype AT1RA, had previously been found to be beneficial to cognitive function
(in a 50-mg dose), compared with atenolol, in a small randomised study of their effects on cognitive
function in very elderly hypertensive individuals (not in people with AD).49 It also had the longest use in
a clinical setting, thereby providing the most expansive safety data at the time the study commenced.
Losartan has been found to be well tolerated and has also been suggested, alongside ACE1-Is, to
provide advantages over other antihypertensive medications with respect to quality of life in older
people.74 This longevity in clinical use also offered additional economic advantages over most of the
other AT1RAs in that it was already available in a generic form that would, in the event of a successful
outcome, provide additional significant economic benefits in future large-scale studies and potential
eventual use in a clinical setting.

Finally, given that there was evidence supporting the role of the RAS in AD that may be mediated
through both cardiovascular and/or non-cardiovascular molecular mechanisms,49 we opted to test
losartan in an AD population that included people with hypertension and those who were normotensive.
This was intended to enhance the generalisability of any finding, while examining if any protective
mechanisms may be operating independently of or in addition to the BP-lowering effects of these drugs.
The decision was also a pragmatic one so that we could recruit from as typical an AD clinical population
as possible and hence it would be easier to achieve our sample size. This is an important issue because a
considerable proportion of AD participants would be otherwise excluded, depending on whether they
had prior exposure to the intervention or related drugs that would make them ineligible, or were
excluded because they had no prior hypertension. This intended approach, particularly the intention to
recruit people who were normotensive, necessitated important design features in response to initial
feedback on the study plan with key stakeholders, as is discussed in Patient and public involvement.

Hypothesis

The RADAR trial tested the hypothesis that blocking AngII signalling using losartan (100 mg) would
reduce brain volume loss and, therefore, slow the clinical progression of mild-to-moderate AD.

Study design

This was a two-arm, double-blind, placebo-controlled, multicentre, individually randomised trial comparing
the effects of 100 mg of losartan with placebo, preceded by a 1-month open-label phase. The main
randomised phase allowed the testing of whether or not 12 months of treatment made any difference
to structural brain changes, as measured using a comprehensive neuroimaging protocol involving MRI in
both hypertensive and normotensive AD participants.
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Duration of treatment and follow-up

We opted for a 12-month period of treatment and follow-up based on previous studies conducted by
the ADNI,75–77 which found, using MRI, measurable brain atrophy among AD participants, equivalent to
a mean 15.2 ml/year [standard deviation (SD) 8.6 ml/year]. We proposed that a relative between-group
difference in atrophy rate of 25% could be considered a clinically meaningful difference that we would
detect according to our sample size and power calculations. This relative difference is equivalent to an
absolute difference in an annual atrophy rate of at least 3.8 ml/year in total brain volume (TBV).

Patient and public involvement

The study gained helpful input from patient and public involvement (PPI) at several stages of the study.
The original design of the RADAR study was modified following consultation with some participants
and carers whereby an open-label phase (described below) was introduced to address possible
uncertainties that participants who were normotensive may have about taking a BP-lowering drug.
Similarly, we sought feedback on the earliest versions of the study information sheets that were to be
shared with participants and study partners and these were used at the outset of the study. However,
as part of a nested qualitative study that was later conducted to explore other possible obstacles to
recruitment,78 these information sheets were revisited and further revisions and simplifications made.

Open-label phase

An open-label phase was introduced as a way of reassuring all participants, particularly normotensive
participants, who may have been anxious about taking a BP-lowering drug, as highlighted by participants
and carers initially consulted about the intended study. This phase allowed all participants to explore their
ability to tolerate the intervention and suitability to be randomised, which would have involved a
baseline MRI scan. Participants commenced the open-label phase if they met all of the appropriate
criteria, as determined at the initial eligibility and consent visit, and subject to subsequent review of
results on bloods taken at the same visit, according to protocol specified ranges. The open-label phase
was therefore a 3- to 4-week pre-randomisation phase (Figure 1) that involved participants being on
open-label active medication for a maximum of 14 days prior to randomisation.

The open-label drug was titrated upwards in participants over a period of 2 weeks, with blood testing
carried out to ensure safety, consistent with clinical practice for anyone commencing AT1RAs. The
participants were initially prescribed 25 mg of generic losartan (according to brands available locally)
to be taken once per day for 7 days and asked to keep a diary of taking the medication and any
symptoms that they experienced. They were seen after 7 days, by the research team, had further
blood tests taken to ensure safety and asked questions regarding any contraindications up to that
point. At this point they were prescribed 100 mg of losartan for a further 7 days and similarly asked
to keep a diary of taking the medication and any symptoms that they experienced, which was again
reviewed at the end of this period and blood tests taken once more. All participants were given a
home use arm-cuff Omron blood pressure monitor (Omron Corporation, Kyoto, Japan) and asked
to measure and record their BP daily while they were taking active medication during the 14-day
open-label phase. This information was retrieved by the research team member at the visit to review
the 7 days on the 100 mg of losartan dose (called the 14-day visit). Each participant was also given an
information card with the details of their local research contact in case they needed these. Participants
who did not experience or report any contraindications during the 7 days on 100 mg of losartan were
prescribed the main study placebo to cover a further 4- to 14-day washout period.

The flexible washout period of 4–14 days was undertaken for several reasons. First, a minimum
of 4 days was needed for drug washout. As, according to its original manufacturer, losartan has
an estimated half-life of 2 hours and its metabolites have estimated half-lives of up to 8 hours

DOI: 10.3310/eme08190 Efficacy and Mechanism Evaluation 2021 Vol. 8 No. 19

© Queen’s Printer and Controller of HMSO 2021. This work was produced by Kehoe et al. under the terms of a commissioning contract issued by the Secretary of State for
Health and Social Care. This issue may be freely reproduced for the purposes of private research and study and extracts (or indeed, the full report) may be included in
professional journals provided that suitable acknowledgement is made and the reproduction is not associated with any form of advertising. Applications for commercial
reproduction should be addressed to: NIHR Journals Library, National Institute for Health Research, Evaluation, Trials and Studies Coordinating Centre, Alpha House,
University of Southampton Science Park, Southampton SO16 7NS, UK.

5



(www.rxlist.com/cozaar-drug.htm), this allowed a generous period of at least five half-lives for elimination
of the drug. Second, it allowed sufficient time to review the results of the blood tests taken to ensure
safety after participants had taken the maximum dose for 7 days. Third, if the results of these safety
bloods taken after the titration of losartan were as expected, there would be sufficient time to schedule
a baseline MRI. Fourth, it allowed the assessment of participants’ ability to successfully take the
overencapsulated intervention or placebo, which was larger than the normal tablet form, and ensure
that there were no tolerability issues with the overencapsulated formulation. Finally, the provision of
placebo during the washout period allowed participants to be inculcated into the trial dosage regimen
that would continue in the randomised phase.

Throughout the open-label phase, consideration was given to any potential deviations from the
BP levels and baseline blood biochemistry measurements taken at the eligibility visit [as assessed
by the principal investigator and, if necessary, in further consultation with the RADAR clinical lead
(Ian Wilkinson)]. Similarly, any concerns reported by participants or study companions to their local
research team were reviewed and discussed with participants.

Randomised phase

After successfully completing the open-label phase, participants were scheduled to undergo baseline
MRI (see Primary outcome) and a cognitive assessment battery before being randomised (see Secondary
outcomes). Following randomisation, participants underwent an identical upwards titration over
14 days, involving 7 days’ exposure to 25 mg of the intervention or placebo followed by 7 days
at the 100-mg dose. Blood tests carried out to ensure safety were again taken on day 14 and more

Men and women aged at least 55 years with
mild-to-moderate AD meeting protocol

eligibility criteria

Open-label phase

Baseline MRI after at least 4 days’ washout

Follow-up visits at 14 days and 3, 6, 9 and 12 months

Complete trial treatment at 12 months

Follow-up MRI after at least 4 days’ washout

Protocol criteria for withdrawal met?
(e.g. severe hippocampal atrophy,

intolerance of MRI or study medication)
Yes No

Withdraw

Group I
Placebo

Randomise
1 : 1 ratio

Group II
Losartan (100 mg once daily)

• 7 days of losartan (25 mg once daily)
• 7 days of losartan (100 mg once daily)
• 4–14 days of placebo

FIGURE 1 Open-label phase of the trial.
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intervention was prescribed to last to the next visit at 3 months post randomisation. Subsequent visits
that involved prescribing further allocations of intervention took place at approximately 3-month
intervals, at which time drug adherence was also monitored by pill counts, collection of any adverse
events (AEs) and conducting repeat assessments (Figure 2). No dose modifications were made after the
participant had entered the randomised phase. Participants who began to experience issues that they
felt or that were deemed to be related to the intervention were told to stop taking the medication but
remained in the study unless they expressed a desire to discontinue.

The randomised phase concluded 52 weeks after commencing the first dose of the intervention or
placebo. A repeat 4-day washout was initiated and a final MRI was scheduled as close as possible to
this as well as the final repeat assessments according to the assessment schedule (see Figure 2).

Time Data collection

Patients eligible and willing to enter study

Open-label phase
• 7 days on 25 mg losartan once per day
• 7 days on 100 mg losartan once per day
• At least 4 days’ washout on encapsulated
    placebo

Safety bloods after 7 and
14 days

Excluded if not able to
tolerate medication

Excluded if not able to 
undergo MRI

Medical history, MRI,
cognitive assessments, safety
and optional research bloods

Baseline MRI

Baseline assessments and randomisation

Safety bloods, BP and
optional research bloods

Compliance, bloods and BP

Cognitive measures,
compliance, bloods and BP

Compliance and BP

MRI measures, cognitive
assessments and safety and

optional research bloods, BP
and final pill count

Follow-up assessment

Follow-up assessment

Follow-up assessment

Follow-up assessment

Final assessment

Follow-up assessment and start drug washout

Day 1

Day 14

Month 3

Month 6

Month 9

Month 12

4–7 days
post end
of RCT

Placebo Losartan

FIGURE 2 Participant procedures and data collection after confirmation of eligibility and willingness to participate.
Safety bloods include measures of electrolytes, creatinine, and liver function tests according to protocol-defined ranges
for inclusion/exclusion. Cognitive assessment includes Alzheimer’s Disease Assessment Scale – Cognitive Subscale
(participant), Neuropsychiatric Inventory (companion), Bristol Activities of Daily Living Scale (companion), Dementia
Quality of Life (participant) and Dementia Quality of Life-Proxy (companion). Mini Mental State Examination (MMSE)
were also compared between eligibility assessment and end of study. Reproduced with permission from Kehoe et al.79

© 2021 The Author(s). Published by Elsevier Ltd. This is an Open Access article under the CC BY 4.0 license.
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Throughout the trial period, the trial design was flexible to allow participants’ normal clinical care to
continue under the supervision of primary or secondary care providers, as relevant. This included the
use of other dementia-related treatments: we aimed for all participants to be on a stable dose of
dementia treatments for approximately 3 months prior to study entry but also allowed any naturalistic
dose adjustment that may be deemed necessary after entry to the trial.

Study setting

The RADAR trial was designed as a pragmatic multicentre RCT that recruited participants with mild-
to-moderate AD from 23 NHS hospital trusts in the UK that routinely diagnose and treat participants
with AD. Table 1 lists all the recruitment sites and Figure 3 illustrates their geographical distribution.

TABLE 1 List of recruitment sites and scanner locations

Name Scan site, if different

10 North Bristol NHS Trust

11 Sheffield Teaching Hospital Trust

12 2gether NHS Foundation Trust

13 Oxford Health NHS Foundation Trust

15 NHS Tayside

16 NHS Lothian

17 NHS Borders 16 NHS Lothian, Edinburgh

18 NHS Grampian

19 NHS Greater Glasgow and Clyde

20 North Staffordshire Combined Healthcare NHS Trust

21 Torbay and South Devon NHS Foundation Trust

22 Salford Royal NHS Foundation Trust

23 Norfolk and Suffolk NHS Foundation Trust

24 Royal Devon and Exeter NHS Foundation Trust

25 NHS Ayrshire and Arran 19 NHS Greater Glasgow and Clyde

26 NHS Lanarkshire 19 NHS Greater Glasgow and Clyde

27 Leeds & York Partnership NHS Trust

28 NHS Forth Valley 15 NHS Tayside, Dundee, and
19 NHS Greater Glasgow and Clyde

29 NHS Fife 15 NHS Tayside, Dundee

30 Newcastle upon Tyne NHS Foundation Trust

31 Kent and Medway NHS and Social Care Partnership Trust

32 Midlands Partnership NHS Foundation Trust Own and 20 North Staffordshire
Combined Healthcare NHS Trust

33 Belfast Health and Social Care Trust
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As some recruitment sites lacked their own MRI facilities, or could not meet the specifications needed
for the facilities, patients from these sites underwent MRI at another location (see Table 1). Sites’
eligibility to participate in RADAR was based on whether or not they had prior expertise in recruiting
to clinical trials of AD and the capacity to provide MRI facilities to fulfil our neuroimaging protocol.

Intervention

We used a maximum dose of overencapsulated losartan of 100 mg, which was titrated directly from
25 mg of overencapsulated losartan that was initially given for 7 days and reflected standard clinical

15 Tayside, Dundee
16 Lothian, Edinburgh
17 Borders
18 Grampian, Aberdeen
19 Greater Glasgow
25 Ayrshire and Arran
26 Lanarkshire
28 Forth Valley
29 Fife
30 Newcastle upon Tyne
33 Belfast

10 North Bristol
11 Sheff ield
12 2gether
13 Oxford
20 Combined Healthcare
21 Torbay
22 Salford
23 Norfolk
24 Exeter
27 Leeds
31 Kent and Medway
32 Midlands Partnership

33

18

15

2928

19

25

26 16

17

30

27

1122

20

32
23

13
12

10

24

21

31

FIGURE 3 Geographical location of RADAR sites.
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practice. This titration approach was undertaken in both the randomised study and the preceding
open-label phase already described. The placebo used in this study was similarly overencapsulated
and made to match both doses and sourced from St Mary’s Pharmaceutical Unit (SMPU), Cardiff, UK.
The maximum dose was chosen with the intention of achieving maximum exposure to the intervention
and to ensure the strongest target (AngII type 1 receptor) engagement possible. There were no dose
modifications after the participant had entered the randomised phase.

Given the age range of the participant population, we also made provision for the appropriate monitoring
of BP. In the open-label phase, the participants themselves took daily measurements of their BP for the
duration of the 14-day titration period on generic losartan. BP was also taken at almost every face-to-face
meeting between participants and research teams (see Figure 2).

The intervention dose we used was higher than that reported in other studies. These studies used a
dose of 50mg of losartan and observed improvements to cognitive function in very elderly individuals
with hypertension and in a secondary analysis in a hypertension study a modest benefit was reported.
However, where non-significant benefits on memory were found in hypertensive participants who did
not have AD49,50 were thought to be independent of BP-lowering effects.

Ethics approval and research governance

Ethics approval for the study, and approval for all subsequent amendments to the study and study
protocol, was given by South East Wales Research Ethics Committee C (MREC, later renamed Wales
Research Ethics Committee 2 Cardiff) in February 2013 (reference number 12/WA/033). The clinical
trial authorisation was given by the Medicines and Healthcare products Regulatory Agency (MHRA) in
July 2013 (reference number 18524/0223/001/0001). The trial was registered with the International
Standard Randomised Controlled Trial Number (ISRCTN) ISRCTN93682878 and with the European
Union Drug Regulating Authorities Clinical Trials Database (EudraCT) under the reference number
2012-003641-15. Following the introduction of the new Health Regulation Authority the study was
adopted on 16 June 2016. The trial was sponsored by North Bristol NHS Trust Research & Innovation
(NBT R&I; reference 2625). There were no major changes to the original protocol or the statistical
analysis plan during the study and a summary of changes made to the original protocol is given in Table 2.

TABLE 2 Summary of changes to the original RADAR protocol approved by the MREC

Changes to protocol Date

Revisions for clarity, consistency with SOPs and MREC recommendations 3 June 2013

Addition of information pertaining to pilot imaging procedures 18 July 2013

Minor clarifications added after review by TSC, DMEC and TMG 23 July 2013

Change to minimisation details and eligibility criteria 28 November 2013

Minor corrections to ensure consistency with other documentation 9 April 2014

Removal of severe hippocampal atrophy as exclusion criterion 7 October 2014

Removal of residual references to severe hippocampal atrophy as exclusion criterion 14 November 2014

Change to MMSE inclusion criterion 3 December 2015

Inclusion of an embedded qualitative component 3 March 2016

Inclusion of additional prescreening tools, and clarification to consent wording 27 July 2017

Amendment to the BP range exclusion criterion 11 October 2017

DMEC, Data Monitoring and Ethics Committee; SOP, standard operating procedure; TMG, Trial Management Group;
TSC, Trial Steering Committee.
Reproduced with permission from Kehoe et al.79 © 2021 The Author(s). Published by Elsevier Ltd. This is an Open
Access article under the CC BY 4.0 license.
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The RADAR trial was overseen by a Trial Steering Committee (TSC) that comprised an independent
chairperson and methodologist, external independent experts and lay members, as well as the study
sponsor (NBT R&I). The TSC ordinarily met twice per year and more frequently for extraordinary
meetings if deemed necessary. The safety and conduct of the study were overseen by an independently
chaired Data Monitoring and Ethics Committee (DMEC) that convened every 6 months once data
collection commenced and reported to the TSC ahead of each scheduled TSC meeting. The general
operations of the trial were overseen by a Trial Management Group (TMG) that convened regularly
during the study. The TMG was composed of all chief investigators and all co-applicants of the RADAR
study and included the trial manager (TM), other co-opted members of the Dementia Research Centre
University College London (DRC-UCL) team or members of the Bristol Randomised Trials Collaboration
(BRTC) trials unit at the University of Bristol. The day-to-day administration of the study was conducted
by the chief investigator, the TM and the trial administrator, with the support of the sponsor and funder
as and when appropriate.

Participants

The trial sought to recruit people aged ≥ 55 years with mild-to-moderate AD diagnosed according
to original National Institute of Neurological and Communicative Disorders and Stroke and the Alzheimer’s
Disease and Related Disorders Association (NINCDS-ADRDA) criteria from NHS hospital trusts across
England, Scotland and Northern Ireland where participants with AD are routinely diagnosed and treated.
Participants could be male or female, hypertensive or normotensive and could already be taking licensed
antidementia treatments.

Inclusion criteria

Women and men diagnosed with mild-to-moderate AD according to original NINCDS-ADRDA criteria80

and who met all of the following criteria were considered eligible:

l aged ≥ 55 years (to maximise generalisability of the study and avoid exclusion of younger yet
otherwise eligible potential participants)

l had capacity to consent for themselves as judged by a member of the research team with
appropriate training and experience

l had a MMSE score of 15–28 at the consented eligibility assessment
l scored ≤ 5 on a modified Hachinski Ischaemic Score81

l had a previous computerised tomography (CT), single-photon emission computed tomography
(SPECT) or MRI scan consistent with a diagnosis of AD

l had a study companion who was willing to participate in the study.

Exclusion criteria

Participants were deemed ineligible if they met any of the following criteria:

l were already receiving ACE1-Is, AT1RAs, the renin inhibitor aliskiren or potassium-sparing diuretics
l had known intolerance to, or had experienced renal problems while taking, ACE1-Is or AT1RAs
l were medically unsuitable for, or unwilling to undergo, MRI
l had a primary neurodegenerative disease or potential cause of dementia other than AD
l had a consistent BP (at eligibility visit) of < 115 mmHg systolic and < 70 mmHg diastolic or

> 160 mmHg systolic and > 110 mmHg diastolic
l experienced a fall in BP at the eligibility visit on standing from a seated position of > 20/10 mmHg

associated with clinically significant symptoms or a fall > 30/15 mmHg
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l had previously had a cerebrovascular accident and significant residual impairment remained
(note that transient ischaemic attack was not automatically a basis for exclusion)

l had hypertrophic cardiomyopathy or clinically significant aortic valve stenosis
l had an estimated glomerular filtration rate of < 30 ml/minute/1.73 m2

l demonstrated evidence of liver disease or significant liver function test (LFT) derangement
(aspartate transaminase/alkaline phosphatase/bilirubin more than two times the upper limit of
normal) at the eligibility/consent visit

l had blood levels of potassium > 6.0 mmol/l in a non-haemolysed blood sample
l had primary neurodegenerative diseases or potential alternative cause of dementia other than AD
l were female and had not yet reached the menopause (defined as having a period in the previous

12 months) and tested positive for pregnancy, were unwilling to take a pregnancy test prior to trial
entry or were unwilling to undertake adequate precautions to prevent pregnancy for the duration
of the trial

l had any severe coincident medical disease, or other factor inhibiting compliance with the study
medication or follow-up schedule (e.g. participant unlikely to survive the trial follow-up period
because they had a terminal comorbid condition)

l had participated in a previous Clinical Trial of an Investigational Medicinal Product (CTIMP) within
6 months of RADAR trial entry.

Recruitment procedure

Potential participants were identified at recruitment sites or associated patient identification centres
(PICs) from pre-existing lists of patients interested in research or newly referred patients who were
receptive to research participation. All sites had scope to recruit from primary care (if sites wanted to
use primary care and appropriate arrangements were in place) and from the National Institute for Health
Research (NIHR)-funded Join Dementia Research research register portal (see www.joindementiaresearch.
nihr.ac.uk/), which was launched after RADAR commenced. Engagement with Join Dementia Research
was either by research staff identifying registered potential participants or by registered potential
participants contacting local RADAR recruitment centres. Some potential participants contacted the
RADAR co-ordinating office or local sites after articles in the national or local press and media. We used
social media channels [Twitter (Twitter, Inc., San Francisco, CA, USA) (www.twitter.com/@RadarTrialAD)
and Facebook (Facebook, Inc., Menlo Park, CA, USA) (www.facebook.com/RADARTrialAD/)] in concert
with various recruitment sites and patient interest channels to reinforce these messages and opportunities
to participate, as well as providing information on the RADAR trial website (www.radar-trial.org.uk).

People who made contact directly with recruitment sites, or were referred from the co-ordinating centre,
or were identified as a potentially eligible and interested participant on Join Dementia Research were
sent a letter of invitation, the initial participant information sheet, the initial companion information
sheet, a reply slip and a prepaid envelope. Those with whom the study was discussed face to face were
provided with the information packs to read and consider. The reply slip gave options for permission for
the potential participant to be contacted by the research team with more information, permission for the
research team to access medical records to confirm eligibility to the trial and permission to be contacted
by the research team to take part in a telephone eligibility interview. Alternatively, the potential
participant could indicate that they did not wish to participate in the trial.

Depending on the response given on the reply slips, further information was sent (for the participant
and their companion with details about the MRI procedure) and general practitioners were contacted
to find out which medications were currently being taken (to identify if the potential participant was
being prescribed medications that would make them ineligible). Researchers telephoned all potential
participants to introduce the study formally, to make initial eligibility checks and to arrange the first
clinic appointment for consent and screening.
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Enhancing site recruitment

During the course of RADAR recruitment, we embedded a qualitative component (before we had
recruited 50% of the participants) to further explore the nature of trial site recruitment. This was
intended to enhance recruitment and explore the impact of the design and conduct of the trial, and
what organisation or training could possibly lead to improvements in recruitment in RADAR or in
dementia trials in general. This would not have been possible without effective PPI.

Qualitative interviews were undertaken with a purposeful sample of research nurses and doctors
responsible for screening and consent, and trial participants from a range of high- and low-recruiting
trial sites to gain insights into barriers to and facilitators of recruitment. With informed consent, interviews
were audio-recorded, transcribed and imported into NVivo 10 (QSR International, Warrington, UK) and
analysed thematically.82 Data collection and analysis were conducted in parallel until data saturation
was reached.83 Some of the findings of this nested study resulted in helpful revisions to our participant
information packs that were considered to be overly complex and, therefore, were simplified.78 There
were other, more generic, findings identified that were of note and will be discussed later in the overall
discussion of findings as they are of relevance not only to the conduct of RADAR but also to clinical trial
conduct in general.

Informed consent

Informed, written consent was obtained from every participant and their study companion during the
screening visit to confirm their eligibility and before any other data collection took place. As per the
study protocol, study participants had to have capacity to consent for themselves. Potential participants
were also asked if they wished to consent to donating additional research bloods for future research that
may further inform the results of the trial or AD-related research. At this time study participants were
asked to identify a legal representative for the purposes of their involvement in the RADAR trial only.
This representative was intended to be responsible for deciding whether or not it was in the participant’s
best interests to continue in the trial should the participant lose capacity. The legal representative was
usually the study companion who had consented to take part. All original signed and dated consent forms
were held securely as part of the investigator site file at each of the recruitment sites, with a copy given
to the participant, a copy put in the participant’s medical notes and a copy sent to the co-ordinating
office for the purpose of central monitoring procedures by the sponsor. The eligibility criteria for the
trial included consideration of the results of safety blood samples taken at the screening visit and
subject to satisfying inclusion/exclusion criteria. Participants deemed to be ineligible for the study
were informed of this and the reasons for it by site staff.

Randomisation

Participants who successfully completed the open-label phase were entered into the main part of the
study. A baseline MRI (see Primary outcome and Table 4) was then scheduled and undertaken approximately
4–14 days after completion of taking the active open-label generic losartan. Randomisation was contingent
on successful baseline MRI for the primary outcome. Success was adjudicated by our pipeline quality
assurance (QA) process provided by our collaborators at the DRC-UCL. Participants in whom a MRI scan
was successfully undertaken were then randomised, via an online procedure or pin-access service by
telephone hosted by Sealed Envelope (www.sealedenvelope.com), to receive either losartan or placebo
in a ratio of 1 : 1 minimised by age and a baseline medial temporal lobe atrophy (MTA) score that
encompasses the hippocampus and which was assessed for all sites by team members at the Clinical
Research and Imaging Centre (CRIC), University of Bristol (www.bristol.ac.uk/cricbristol/). To expedite the
randomisation process, so that it coincided as close as possible with the baseline MRI visit, and alongside
the need to commence treatment as soon as possible, we used a subjective rating scale called the Scheltens

DOI: 10.3310/eme08190 Efficacy and Mechanism Evaluation 2021 Vol. 8 No. 19

© Queen’s Printer and Controller of HMSO 2021. This work was produced by Kehoe et al. under the terms of a commissioning contract issued by the Secretary of State for
Health and Social Care. This issue may be freely reproduced for the purposes of private research and study and extracts (or indeed, the full report) may be included in
professional journals provided that suitable acknowledgement is made and the reproduction is not associated with any form of advertising. Applications for commercial
reproduction should be addressed to: NIHR Journals Library, National Institute for Health Research, Evaluation, Trials and Studies Coordinating Centre, Alpha House,
University of Southampton Science Park, Southampton SO16 7NS, UK.

13

https://www.sealedenvelope.com
https://www.bristol.ac.uk/cricbristol/


scale84 of MTA score to gain some assessment of likely disease-associated atrophy and that has good
inter-rater reliability.84 This allowed a rapid provision of some assessment of baseline atrophy, to serve as a
minimisation variable to facilitate randomisation. Following randomisation, participants followed the same
titration pattern as in the open-label phase, of 25mg for 7 days and then 100mg as a maintenance dosage
with a 14-day monitoring and dispensing follow-up visit during the randomised phase. If the quality of the
scan was insufficient, participants were asked to undergo another scan. If they declined, or the repeat scan(s)
were still of insufficient quality (e.g. because the participant did not fully adhere to the MRI protocol), they
were deemed to be ineligible for continued inclusion in the study and were informed of this outcome.

Blinding

The study was double blinded, meaning that all participants and study companions, as well as all study
personnel (except pharmacists at each site), were blinded to allocation at randomisation. There was
scope within the protocol, in the interests of participant safety, for emergency unblinding to occur
if a clinician believed that a treatment decision for a participant in certain circumstances could be
influenced by the participant receiving losartan. With this in mind, a 24-hour emergency unblinding
service was available to all research sites either through each local pharmacy service during working
hours and out of hours or through a pharmacy nominated by the RADAR co-ordination team, in which
case requests for emergency unblinding were documented by pharmacy staff and logged centrally
by the TM. The procedure for any participant for whom emergency unblinding was undertaken was
that they would discontinue taking the trial medication but remain part of the study unless they chose
to withdraw. Furthermore, in the event of any emergency unblinding being required, the intention was
that, where possible, all members of the research team (excluding trial pharmacists) would remain
blinded, subject always to clinical need, and reasons for any instances of emergency unblinding would
be determined by the TM. Any unblinding that occurred because of a serious adverse event (SAE)
was appropriately documented in accordance with the sponsor’s procedures. All participants were
given the relevant emergency contact details on their trial participation card when they consented
to take part.

Outcome measures and assessments

The full schedule of visits and assessment is summarised in Figure 2. All main assessments (baseline,
6-month and 12-month MRI and face-to-face assessments) were completed by both the participant
and their study companion. If consent had been originally given to donate additional research bloods,
then these were collected at baseline, 14 days post randomisation and at the end of the study.
Wherever possible the researcher arranged to meet the participant for face-to-face assessments
and to have follow-up assessments where they felt most comfortable (e.g. at home or at the clinical
research centre). Every attempt was made to achieve, as much as possible, consistency of location and
time of assessments.

In the case of imaging-related primary and secondary outcome measures, each participant underwent
the RADAR scanning protocol, which lasted approximately 30 minutes if all sequences were undertaken
(see Primary outcome and Secondary outcomes). Scans and anonymised scan data from all sites were
uploaded to a bespoke XNAT platform, and then transferred securely to the DRC-UCL team for QA.
Where 12-month MRI differed from baseline in the protocol or positioning sufficiently to adversely affect
primary outcomes, a rescan was requested. As previously mentioned, all scans were also independently
awarded a visual MTA score, derived from what is more widely known as the Scheltens scale,84 by
research staff at the CRIC. This score was intended to inform and expedite the randomisation process.
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Primary outcome

The primary outcome was change in brain atrophy, determined by volumetric MRI (vMRI), between
baseline and the 12-month follow-up after treatment with losartan. This outcome was measured at a
pre-arranged NHS or clinical academic imaging centre. Brain atrophy as measured by vMRI is recognised
as a surrogate marker of cognitive decline and AD pathology.75,76,85–88 Brain atrophy was defined as the
absolute difference in TBV between baseline and after 12 months of treatment post randomisation
measured using vMRI [T1-weighted magnetisation-prepared rapid-gradient echo (T1-MPRAGE)]. It was
chosen as the primary outcome on the assumption that a difference between trial arms of at least
3.8 ml/year would be clinically meaningful.

All MRI was performed at clinical or clinical-academic imaging centres using either 1.5-T or 3-T MRI
systems with high-resolution (1-mm isotropic) three-dimensional T1-MPRAGE. The analyses of the
magnetisation-prepared rapid-gradient echo (MPRAGE) images were conducted in collaboration with
the DRC-UCL. All trial sites piloted the validation of the RADAR MRI protocol under the guidance
and support of our DRC-UCL colleagues. The UCL team have developed semiautomated computerised
methods to derive brain structure volumes from single-time point MRI and rates of atrophy from serial
MRI,89–92 similar to those previously reported for multicentre trials.93 QA of all scans, and the QA and
editing of segmentations, was carried out using Medical Image Display and Analysis Software (MIDAS)
version 6.6 (University College London, London, UK).90 Automated segmentations were performed
using brain multi-atlas propagation and segmentation91 for whole brain areas and Similarity and Truth
Estimation for Propagated Segmentations (STEPS)94 for hippocampal regions, prior to manual checks
and edits if needed. All of the image analysts at DRC-UCL undergo training and regular validation on
structure segmentation. Longitudinal change following registration was measured using a DRC-UCL
implementation of K-means normalised boundary shift integral (KN-BSI)95 for brains or double-window
KN-BSI for the hippocampus.92,95

Secondary outcomes

A number of secondary outcomes were included in this study (see Table 4):

1. Rates of AD progression as assessed by changes in cognitive assessments, including the 11-item
Alzheimer’s Disease Assessment Scale-cognitive subscale (ADAS-Cog),96 the Neuropsychiatry
Inventoric97 and the MMSE,98 as well as an examination of change to quality of life [measured using
the Dementia Quality of Life Measure (DEMQOL) or the Dementia Quality of Life Measure by
proxy (DEMQOL-Proxy)99] and in ability to perform activities of daily living, assessed using the
Bristol Activities of Daily Living Scale (BADLS).100 These secondary outcomes were obtained
during a face-to-face assessment by a researcher, who was blinded to the participant’s allocation.
The assessments were conducted first at baseline, after successful baseline MRI, and subsequently
at the 6-month follow-up visit, and again within 10 days of the 12-month MRI.

2. Change in WMH volume as determined by MRI using T2-weighted fluid-attenuated inversion
recovery (T2-FLAIR), possible in only a subset of sites, to explore the effect of the intervention
on white matter damage in participants, which exacerbates AD symptoms101 and has been
reported to predict 1-year cognitive decline.24 The WMH volumes were automatically identified
and quantified using the longitudinal extension102 of a cross-sectional automated framework103 that
performs the analysis on T1- and T2-FLAIR images rigidly aligned to the T1 space, acquired during
the same MRI session at baseline and at 1-year follow-up. This framework automatically derives the
number of components required to appropriately model the data in a Gaussian mixture model103 that
simultaneously accounts for normal and unexpected observations. After convergence of the model,
the same model structure is used across time points and candidate lesion voxels are identified based
on intensity and anatomical location information. Clusters of selected voxels are then automatically
classified as lesion or artefact.
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3. In a small subset of sites where MRI facilities were suitable, and data of sufficient quality were
available, we also explored the level of change in CBF by arterial spin labelling (ASL) methods.
ASL data of sufficient quality were processed using MATLAB® version 2019 (The MathWorks, Inc.,
Natick, MA, USA) and SPM12 [version 7219 (Statistical Parametric Mapping 12, The Wellcome Centre
for Human Neuroimaging, University College London, London, UK)]-based pipeline ExploreASL software
verion 1.0.0 (Amsterdam UMC, Amsterdam, the Netherlands)104,105 to generate CBF maps as well as the
grey matter spatial coefficient of variation (CoV). Although CBF is proposed to serve as a surrogate
marker of cognitive performance,45–47 ASL spatial CoV has been recently proposed as a surrogate
global marker of cerebrovascular health.106,107 These data were acquired at the same time as the
baseline and follow-up MRI at 12 months.

4. Change in BP over time is an important indicator (1) that the intervention was biologically active
(i.e. observable reductions in BP in the intervention arm would be proof that the medication was
active) and (2) of lowered BP, which may also alter the volume of WMH and improve CBF. As such,
change to BP over time (visit-to-visit variation) may be a contributing factor to any observed change
in cognitive function and thus could serve as an important confounding variable, even though previous
studies have suggested that losartan may improve cognitive decline independent of lowered BP.49–51,74

These data were collected at every visit in the study as described in Tables 3 and 4.
5. Measure of association between the primary MRI measures of atrophy and rate of cognitive decline.

Given that atrophy, CBF and WMH volume are all considered proxies in various ways of cognitive
decline, as summarised, it will be important to explore levels of association between the various
assessment measures of cognitive function, activities of daily living and quality of life described.
Examination of these will be important to explore which of the primary and secondary outcomes
may be most relevant to use in any future large-scale clinical trials of AD involving losartan or
related AT1RAs.

6. Examination of levels of drug compliance and tolerability across the main randomised phase and
comparing rates across the active and placebo arms, as well as some examination of any potential
differences between participants with hypertension and those who were normotensive. Data to
inform this investigation, including AE data and safety bloods taken (with the exception of the
9-month visit, when no safety bloods were taken), were collected throughout the study at each
follow-up visit and at the final 12-month face-to-face assessment.

TABLE 3 Summary of visits and assessments: before randomisation

Visit Researcher role Participant role

Pre-screening phase

Early eligibility
assessment

Gather medication records to verify no
potential drug conflicts

Consent on initial reply slip that medical
records can be assessed to make sure that
there are no conflicts with the study
medication

Brief telephone assessment Answer a few brief questions to ensure that
eligibility is likely before a face-to-face visit

Screening visit

Eligibility assessment MMSEa take baseline bloods for
electrolytes, creatinine and LFTs

Give consent of their intention to enter study
subject to interview to ascertain eligibility,
including blood levels check. Await
confirmation to enter open-label phase
(within 7 days of blood test)

Follow-up telephone
call (within 7 days of
eligibility assessment)

Feedback blood test results and confirm
whether or not participant can proceed.
If suitable, arrange for collection of study
medication and BP machine

Collection of study medication by participant
or companion
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TABLE 3 Summary of visits and assessments: before randomisation (continued )

Visit Researcher role Participant role

Open-label phase

N/A N/A Take 25-mg of drug for 7 days, maintain diary
of BP check, drug taking and any side effects

7-day visit Measure sitting and standing BP, take
bloods for safety tests,b do pill count,
provide next trial drug, record AEs

Take 100-mg dose of drug for 7 days, maintain
diary of BP check, drug taking and any side
effects

14-day visit Measure sitting and standing BP, take
bloods for safety tests,b do pill count,
provide next trial drug, record AEs

Start taking placebo drug for at least 4 days
until called for baseline MRI visit

AE, adverse event; N/A, not applicable.
a MMSE compared between eligibility screening visit and end of study.
b Blood safety tests included measures of electrolytes, creatinine and LFTs according to protocol defined ranges for

inclusion/exclusion.

TABLE 4 Summary of visits and assessments: after randomisation

Visit Researcher role Participant role

Baseline visit (18–28 days
after open-label medication
commenced)

MRI to inform randomisation and collect primary outcome
measure. At same visit or within 10 days of conducting
cognitive assessment;a measure sitting and standing BP, take
bloods for safety testsb and optional research samples, provide
allocated drug (week 1, 25 mg; week 2, 100 mg), record AEs

Take allocated drug

14 days after randomisation Measure sitting and standing BP, take bloods for safety tests,b

optional research samples, do pill count, provide next trial drug,
record AEs

Take allocated drug

3 months after randomisation Measure sitting and standing BP; take bloods for safety tests,b

do pill count, provide next trial drug, record AEs
Take allocated drug

6 months after randomisation Cognitive assessment,a measure sitting and standing BP, take
bloods for safety tests,b do pill count, provide next trial drug,
record AEs

Take allocated drug

9 months after randomisation Measure sitting and standing BP; do pill count, provide next
trial drug (no bloods taken at this time), record AEs

Take allocated drug

12 months after
randomisation

Contact participant to stop taking trial drug to provide at least
4 study drug-free days (no dose reduction is required)

Stop taking allocated
drug

End of study (12 months+
4 days after randomisation)

MRI and MMSE.c At same visit or within 10 working days of
conducting cognitive assessment,a measure sitting and standing
BP, take bloods for safety tests,b record AEs, optional research
samples, do final pill count

AE, adverse event; NPI, Neuropsychiatric Inventory.
a Cognitive assessment will include ADAS-Cog (participant), NPI (companion), BADLS (companion), DEMQOL

(participant) and DEMQOL-Proxy (companion).
b Blood safety tests will include measures of electrolytes, creatinine and LFTs according to protocol-defined ranges

for inclusion/exclusion.
c MMSE will be compared between eligibility screening visit and end of study.
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Sample size

Our proposed sample size for RADAR was based on previous studies conducted by the ADNI. These
studies aim to optimise levels of recruitment to clinical trials of AD that involved MRI as an outcome
measure.75–77 Previous studies have suggested that the 12-month atrophy that is measurable using MRI
among AD patients is 15.2 ml/year (SD 8.6 ml/year) and that a relative between-group difference in
atrophy rate of 25% is considered a clinically meaningful difference. This is equivalent to an absolute
difference in TBV between the trial arms after 12 months of exposure to the intervention of 3.8 ml,108

equivalent to a standardised effect size of 0.44 SDs. We aimed to recruit and randomise a total of
228 participants, which would be sufficient to provide satisfactory primary outcome data on 182 participants
for analysis, assuming 20% loss in primary outcome data. This was intended to provide us with 84%
power to detect our target difference of at least 3.8 ml/year in 12-month atrophy (therapeutic benefit)
with two-sided α = 0.05.

Adherence to intervention

We had defined compliance in the study to be based on participants having taken 80–120% of the
intervention, as has been adopted in other studies.109 Instances of non-compliance by participants were
reviewed at each follow-up visit and, where necessary, discussed with the principal investigator or
delegated clinician to determine if it was appropriate for the participants in question to discontinue
medication. In reality, compliance issues were noted when participants did not meet the lower
threshold to be viewed as compliant, rather than the upper limit, because prudent prescribing and
the frequency of follow-up visits ensured that participants were prescribed only up to the 100%
amount needed between follow-up visits.

Statistical analysis

The analysis and reporting of this trial were undertaken in accordance with Consolidated Standards of
Reporting in Trials (CONSORT) guidelines and followed a predefined statistical analysis plan that was
agreed with the TSC prior to the completion of data collection. The primary comparative analyses
between randomisation arms were conducted on an intention-to-treat basis, without the imputation of
missing data, with due emphasis placed on confidence intervals (CIs) for the between-arm comparisons.

Preliminary analyses

Descriptive statistics of demographic and clinical measures were used to summarise the trial
population and to compare the randomisation arms at baseline.

Primary analysis

The primary analysis employed linear regression to compare brain volume at 12-month follow-up
between arms as randomised, adjusted for baseline brain volume, minimisation variables (age and
Scheltens rating score) and recruitment site, to investigate differences in brain atrophy between the
intervention and the control arms. The result of the linear regression model is presented as an adjusted
difference in means between the intervention and control arms alongside the associated 95% CI and
p-value for the comparison.

INTRODUCTION (INCLUDING SCIENTIFIC BACKGROUND AND EXPLANATION OF RATIONALE)

NIHR Journals Library www.journalslibrary.nihr.ac.uk

18



Secondary analyses

The effect of the intervention on secondary outcomes was investigated using appropriate regression
models adjusted for baseline value of the outcome being examined, minimisation variables and
recruitment site.

Sensitivity analyses

The sensitivity of the primary analysis to the impact of missing data was explored. Multiple imputation
by chained equations (MICE) was used to impute missing primary outcome data. The imputation model
included all variables that were part of the primary intention-to-treat analysis, secondary outcomes
(from each time point) and baseline variables that were associated with missingness of the primary
outcome. Twenty imputed data sets were generated and combined using Rubin’s rules and the primary
analysis model was then repeated using the imputed data.

The impact that treatment compliance had on the data was investigated using the allocation-respecting
method of complier average causal effects (CACE) via instrumental variable two-stage least squares
regression, whereby outcomes of those who ‘complied’ with the intervention are compared with a
group of ‘would-be compliers’ in the control arm. Treatment compliance was defined as (self-report of)
taking 80–120% of study medication.

The impact that potential outliers had on the data was investigated by repeating the primary analysis
model after excluding any participants whose brain volume measurement was > 3 SDs from the mean.
The primary analysis was also repeated additionally adjusting for duration of follow-up.

Exploratory analyses

To investigate potential treatment effect modification, the primary analysis model was repeated with
the inclusion of a treatment allocation by potential modifier interaction term. The potential treatment
effect modifiers investigated were baseline hypertensive status, baseline MMSE, baseline age, duration
of AD diagnosis, baseline brain volume and change in systolic BP. The trial was not designed to test
interaction effects and, therefore, these analyses should be considered as exploratory in nature and
the findings interpreted with due caution.
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Chapter 2 Results

In total, 261 participants, plus 261 study companions, were recruited to the open-label phase of
the RADAR trial. Of these, 211 were randomised, with 105 allocated to the intervention group and

106 to the placebo group. Figure 4 presents the CONSORT flow diagram for the trial and summarises
participant throughput from eligibility screening, through the open-label phase and randomisation and
on to completion of the 3-, 6-, 9- and 12-month follow-ups, as appropriate. The diagram also shows
the numbers of participants who did not meet the inclusion criteria.

Consented and assessed

Started open label

Randomised

n = 317

n = 261

n = 211

n = 105

n = 104

n = 101

n = 98

n = 96

n = 92

n = 84 n = 87

n = 99

n = 101

n = 101

n = 102

n = 105

n = 106Baseline

3 months

6 months

9 months

12 months

12-month MRI

Primary outcome

Intervention Placebo

Loss to follow-up, n = 1 Loss to follow-up, n = 1

Loss to follow-up, n = 3 Loss to follow-up, n = 3

Loss to follow-up, n = 3 Loss to follow-up, n = 1

Loss to follow-up, n = 2

Declined 12-month MRI, n = 4 Declined 12-month MRI, n = 2

12-month MRI incomplete or
insuff icient quality, n = 8

12-month MRI incomplete or
insuff icient quality, n = 12

Ineligible at screening
(n = 56)

Discontinued during open label
(n = 50)

• Discontinued days 0–7, n = 27
• Discontinued days 8–14, n = 15
• Discontinued at MRI, n = 8

FIGURE 4 The RADAR CONSORT flow chart. Reproduced with permission from Kehoe et al.79 © 2021 The Author(s).
Published by Elsevier Ltd. This is an Open Access article under the CC BY 4.0 license.
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Baseline characteristics and comparisons

The baseline demographic characteristics of the study sample are summarised in Table 5. This table shows
that the randomisation process was very effective in achieving balance between the intervention and
placebo groups in standard characteristics of age (including different age strata), gender, ethnicity and the
number of years of education. Similarly, there was excellent balance between the intervention and placebo
arms in the distribution of people who were hypertensive or normotensive. The same could be said for
various readings of their sitting and standing systolic and diastolic BP in the case of both participants
who were in the mean normotensive ranges of BP specified in the protocol and those who had
hypertension and well-controlled BP.

A summary of the baseline characteristics of the study population according to dementia-related
outcomes is presented in Table 6. As was evident with the distribution of the general demographic
characteristics and general health information, including BP and hypertension status, the randomisation
process similarly performed very well in achieving balance between the intervention and placebo arms
for the number of years since diagnosis and the status of participants with respect to taking dementia
treatments. There was parity between the intervention and placebo arms for various baseline MRI
measurements serving as the basis of the primary outcome measure and related to whole-brain
structure and volume, as well as measures related to hippocampal volume. Although there was a slight
suggestion of imbalance between the trial arms with respect to Scheltens scores of baseline atrophy,
our analysis had already included adjustment for this because Scheltens scores were a minimisation
variable in our randomisation.

It is also evident from Tables 5 and 6 that there appeared to be excellent balance between trial arms
for the various variables needed for the secondary outcomes of the study, including the baseline scores
for cognitive assessments, as well as assessments of function and quality of life. These are in addition

TABLE 5 Baseline characteristics of the study sample

Variable Placebo (N= 106) Intervention (N= 105)

Categorical N n % N n %

Gender (n =male) 106 67 64 105 60 57

Ethnicity (n=white) 106 106 100 105 104 99

Aged < 70 years 39 37 39 37

Aged 70–79 years 42 40 39 37

Aged > 79 years 25 24 27 26

Hypertensive 106 50 47 105 47 45

Continuous N Mean/median SD/[IQR] N Mean/median SD/[IQR]

Sitting systolic BP (mmHg) 85 138 15 85 138 14

Standing systolic BP (mmHg) 84 134 17 83 137 17

Mean systolic BP (mmHg) 84 136 15 83 138 13

Sitting diastolic BP (mmHg) 85 78 9 85 77 9

Standing diastolic BP (mmHg) 84 79 9 83 80 12

Mean diastolic BP (mmHg) 84 78 8 83 79 9

Formal education (years) 106 12 [11–16] 100 12 [10–16]

IQR, interquartile range.
Reproduced with permission from Kehoe et al.79 © 2021 The Author(s). Published by Elsevier Ltd. This is an Open
Access article under the CC BY 4.0 license.
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to the data already mentioned on BP and hypertension status. The imaging data related to subgroups
of participants that were used to undertake exploratory analyses of intervention-based change in
WMH volume and CBF will be presented and discussed in Secondary outcomes.

Losses to follow-up

We successfully enrolled 211 participants and an equivalent number of study companions (93% of
the original recruitment target of 228). Of the 211 subjects recruited, 197 (93% of those enrolled)
successfully completed the study, and complete primary outcome data were available for 173 (88% of
those randomised). The 7% discontinuation rate was favourable and the total loss of primary outcomes
(12%) was just below the 20% we assumed as part of the original power calculations. The impact that
recruitment below the original target of 228 participants had on the statistical power of the study
was mitigated to some extent by the lower than expected dropout rate and the fact that we secured
slightly more primary outcomes than we had assumed. This allowed the study to retain 82% statistical
power for our analyses rather than the 84% power that our original assumptions and power calculations
for the study were based on.

TABLE 6 Summary of the baseline characteristics of the study population according to AD-relevant variables

Characteristic

Placebo (N= 106) Intervention (N= 105)

n
Mean/median/
percentage SD/[IQR] n

Mean/median/
percentage SD/[IQR]

Taking antidementia drug 106 105

Yes 102 96% 100 95%

No 4 4% 5 5%

Diagnosis (years) 106 1.1 [0.69–2.43] 105 3.38 [0.64–2.29]

TBV (ml) 106 1036 111 105 1022 99

Total intracranial volume (ml) 106 1459 146 105 1440 140

LVV (ml) 106 47 [35–64] 105 48 [35–69]

THV (ml) 106 5.0 1.0 105 5.2 0.9

LHV (ml) 106 2.5 0.5 106 2.5 0.5

RHV (ml) 106 2.6 0.5 105 2.6 0.5

Scheltens score 106 105

Absent/low (0–1) 62 58% 62 59%

Moderate/severe (2–4) 44 42% 43 41%

ADAS-Cog score 104 19 7 103 20 8

MMSE score 106 22 3 103 22 4

NPI score 106 6 [2–15] 105 8 [3–18]

BADLS score 106 5 [2–9] 105 7 [2–13]

DEMQOL score 106 96 [85–102] 105 96 [87–102]

DEMQOL-PROXY score 106 92 [83–99] 105 91 [82–100]

IQR, interquartile range; NPI, Neuropsychiatric Inventory; TIV, total intracranial volume.
Reproduced with permission from Kehoe et al.79 © 2021 The Author(s). Published by Elsevier Ltd. This is an Open
Access article under the CC BY 4.0 license.
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Adherence to intervention

The study benefited from high levels of adherence to the intervention. This was reflected by a total
median adherence for all participants of 96% [interquartile range (IQR) 92–98%], which was almost
identical between the two arms of the study [median compliance of 96% (IQR 93–98%) in the control
arm, median compliance of 96% (IQR 91–98%) in the intervention arm]. In accordance with our
predefined criteria for compliance we determined that 88% of study participants were ‘compliers’.
This reflected small differences in the numbers of ‘compliers’ in the control arm (90%) and in the
intervention arm (86%).

Primary outcome

The baseline and 12-month vMRI follow-up data for the primary outcome are presented in Table 7.
Both the intervention arm and the placebo arm showed some brain atrophy between baseline and the
12-month follow-up. Mean TBV fell from 1022 ml (SD 99 ml) to 1002 ml (SD 98 ml) in the intervention
arm and from 1036 ml (SD 111 ml) to 1018 ml (SD 113 ml) in the placebo arm. However, overall the
levels of atrophy appeared comparable across both trial arms. When the 12-month cross-sectional
brain volumes were analysed, the adjusted mean difference between arms for the total study
population (n = 171) with adequate follow-up data amenable to analysis [adjusted for minimisation
variables (age and Scheltens score) and baseline brain volume and recruitment centre] was –2.29 ml
(95% CI –6.46 ml to 0.89 ml; p = 0.136). This was not significant.

Further analysis of TBV according to boundary shift interval (BSI), which is more sensitive for
the measurement of brain atrophy,89 shows that the mean change in TBV-BSI in the placebo arm
(19.1 ml, SD 10.3 ml) was almost identical to that in the intervention arm (20.0 ml, SD 10.8 ml).
The adjusted mean difference for TBV-BSI between arms of 1.23 ml (95% CI –1.72 to 4.19 ml)
was also non-significant (p = 0.41).

TABLE 7 Baseline and 12-month follow-up vMRI measures for the primary outcome

Primary
outcome
variable

Placebo Intervention

Adjusted mean
difference (ml)a

for n= 171 95% CI p-value

Baseline (ml)
12 months
(ml) Baseline (ml)

12 months
(ml)

n
Mean
(SD) n

Mean
(SD) n

Mean
(SD) n

Mean
(SD)

Brain
volume (ml)

106 1036
(111)

87 1018
(113)

105 1022
(99)

84 1002
(98)

–2.29 –6.46 to
0.89

0.136

Brain
BSI (ml)

106 – 87 19.1
(10.3)

105 – 84 20.0
(10.8)

1.23 –1.72 to
4.19

0.411

BSI, boundary shift interval.
a Adjusted for minimisation variables (age and Scheltens score categories), baseline brain volume and centre.
Reproduced with permission from Kehoe et al.79 © 2021 The Author(s). Published by Elsevier Ltd. This is an Open
Access article under the CC BY 4.0 license.
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Secondary outcomes

A number of secondary outcomes were investigated:

i. We first investigated rates of AD progression as assessed by changes in cognitive assessments
[i.e. the 11-item ADAS-Cog,96 the Neuropsychiatric Inventory (NPI)97 and the MMSE98], as well as
an examination of change to quality of life (DEMQOL, DEMQOL-proxy)99 and ability to carry out
activities of daily living (BADLS100)]. The associated data for baseline and 6- and 12-month follow-up
are presented in Table 8.

From Table 8 it appears that, with each successive follow-up visit, all scores worsened in both the
intervention and the placebo arms.

It was, therefore, important to examine change over time and so we compared the 12-month assessment
scores, conditioned on baseline, for each of the secondary outcome measures. In Table 9 comparisons
of the adjusted mean differences between baseline and end of study between the trial arms are
summarised. There was little evidence to suggest that losartan afforded any clinical benefit according to
the various secondary outcome measures assessed.

ii. We also sought to investigate change in the volume of WMH that was measured in our MRI
protocol using T2-FLAIR, given that it may predict a 1-year cognitive decline.24 This was possible
in only a subgroup of the study sample (15 of the 23 sites), which equated to a total of 105
participants split almost equally between the placebo (n = 51) and intervention (n = 54) arms.
The data on WMH volume are presented in Table 10 for baseline and 12-month follow-up, and
regression analysis shows that there was no evidence of difference longitudinally in the WMH
volumes after 12 months of treatment (p = 0.697).

iii. In a small subset of sites (9 of the 24 sites) there was scope to undertake the additional MRI
protocol sequences to explore the level of change in CBF using ASL. Given that ASL has not been
used widely in dementia trials to date and thus far mainly in single-centre formats, the multicentre
format in RADAR was also highly exploratory to gain insights to similar approaches in future
studies. A summary of all of the scanner and ASL sequences implemented is given in Table 11.

The retrieved ASL data underwent QA assessment and were processed using the ExploreASL software
package104,105 to generate quantitative CBF maps. ASL quality control-checked ASL CBF images
were then grouped according to the spatial CoV values. Spatial CoV is a ratio of the SD of CBF to
the mean of CBF and has been identified as an additional new approach that allow estimates (proxy)
measurements of CBF.106,107

The initial groups were assigned to groups using the following differentiating criteria and stringency
towards CBF measurement:

1. predominant CBF contrast: CoV values ≤ 1
2. predominant vascular contrast: 1 < CoV values < 1.5
3. predominantly artefacts CoV ≥ 1.5.

Group 1 data were the most stringent and accurate for the measurement of CBF. Group 2 data,
although not as stringent as those in group 1, could serve as a proxy measure for CBF and thus could
be used to increase the sample size in addition to group 1 measurements. Group 3 data, because of
their largely artefactual nature, were excluded from analyses. All images were then inspected visually
by a trained researcher and their categorisation was corrected if needed before further analyses
were undertaken.
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TABLE 8 Secondary outcome cognitive, behavioural and functional data for the baseline and 6- and 12-month follow-up

Secondary
outcome
measure

Placebo Intervention

Baseline 6 months 12 months Baseline 6 months 12 months

n
Mean (SD)/
Median [IQR] n

Mean (SD)/
Median [IQR] n

Mean (SD)/
Median [IQR] n

Mean (SD)/
Median [IQR] n

Mean (SD)/
Median [IQR] n

Mean (SD)/
Median [IQR]

ADAS-Cog 104 19 (7) 98 21 (9) 92 24 (12) 103 20 (8) 96 22 (11) 90 23 (12)

MMSE 106 22 (3) – – 97 19 (6) 105 22 (4) – – 95 19 (6)

NPI 106 6 [2–15] 102 6 [3–14] 99 8 [3–17] 105 8 [3–18] 100 6 [2–15] 92 8 [3–18]

BADLS 106 5 [2–9] 102 6 [3–11] 100 7 [3–14] 105 7 [2–13] 101 8 [3–14] 94 10 [3–17]

DEMQOL 106 96 [85–102] 101 95 [83–101] 95 94 [85–101] 105 96 [87–102] 101 96 [89–104] 91 96 [87–105]

DEMQOL-proxy 106 92 [83–99] 101 92 [80–98] 98 93 [82–100] 105 91 [82–100] 99 91 [83–99] 92 93 [83–99]

The ADAS-Cog scores range from 0 to 70, with increasing scores representing worsening disease. MMSE could have a maximum score of 30, with reducing scores reflecting worsening.
The NPI can have a range of scores from 0 to 144, with increasing scores capturing increasing worsening psychiatric symptoms. BADLS scores range from 0 to 60, with increasing
scores moving from complete independence to worsening disease and lack of independence. DEMQOL scores range from 28 to 114, with decreasing scores representing participants’
views of worsening quality of life. DEMQOL-proxy scores range from 31 to 124, with decreasing scores representing study partners’ views of the participants’ worsening quality of life.
Reproduced with permission from Kehoe et al.79 © 2021 The Author(s). Published by Elsevier Ltd. This is an Open Access article under the CC BY 4.0 license.
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Owing to the nature of the study design and the intention to measure change over time, we excluded
not only data from participants with at least one data set in group 3 (i.e. mainly artefactual), but also
data from participants with at least one scan in group 2 (i.e. predominantly vascular contrast) – this
participant’s data (even if the other scan was group 1) were assigned to the vascular group.

This approach yielded two data sets:

1. one suitable for CBF perfusion analysis (images with predominant CBF contrast only)
2. one suitable for spatial CoV analysis (images with combinations of predominant CBF contrast and

predominant vascular contrast images).

A summary of the distribution of the number of participants per site is presented in Figure 5.

An initial look at the data acquired showed large variation in the interpretation of initial ASL protocols;
this varied not only between sites with different MRI scanners, but also between sites with comparable
scanners. Following the application of our QA approach, we found that this also had a significant effect
on the final numbers of available scans that would be amenable to analysis. These involved group 1
scans (which would provide the greatest specificity for CBF) and group 2 scans (which would provide
less specificity for CBF but would allow proxy estimations of arterial transit time).

TABLE 9 Comparison of change in cognitive, behavioural and functional outcomes after 12 months’ exposure to
intervention or placebo

Secondary outcome measure n Adjusted mean differencea 95% CI p-value

ADAS-Cog 179 –0.52 –2.71 to 1.66 0.64

MMSE 192 –0.33 –1.43 to 0.78 0.56

NPI 191 0.88b 0.68 to 1.13 0.30

BADLS 194 1.00b 0.83 to 1.21 0.98

DEMQOL 186 0.98b 0.89 to 1.09 0.74

DEMQOL-proxy 190 1.43 –1.43 to 4.28 0.33

a Adjusted for minimisation variables (age and Scheltens score categories), baseline value of the outcome and centre.
b Ratio of geometric means, as such can be interpreted as a percentage difference.
Reproduced with permission from Kehoe et al.79 © 2021 The Author(s). Published by Elsevier Ltd. This is an Open
Access article under the CC BY 4.0 license.

TABLE 10 Comparison between intervention and placebo on WMH volumes after 12 months of treatment

MRI
measure

Placebo Intervention

Regression analysis,a

ratio of geometric
means (95% CI) p-value

Baseline 12 months Baseline 12 months

n Mean (SD) n Mean (SD) n Mean (SD) n Mean (SD)

WMH 51 7354
(3418–20,019)

51 9793
(4788–20,263)

54 10,910
(2361–24,129)

54 11,992
(2548–24,039)

0.99b (0.93 to 1.05) 0.697

a Adjusted for minimisation variables (age and Scheltens score categories) and baseline value of the outcome measure
that was subject to Bayesian Model Selection, which was applied to the white matter in scans during the
segmentation steps.102

b Ratio of geometric means, as such can be interpreted as a percentage difference.
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TABLE 11 Details of RADAR ASL scanners and sequences implemented

ASL sequence type

3D GRASE 3D spiral 2D EPI 2D EPI 3D GRASE 3D GRASE 2D EPI 2D EPI 2D EPI

Labelling strategy pCASL pCASL pCASL pCASL PASL
(FAIR QII)

PASL
(FAIR QII)

PASL
(PICORE Q2 T)

PASL
(EPISTAR)

PASL
(EPISTAR)

Acquisition site 12.2a 23 11 22 10 31 19 12.1a 30

Scanner
manufacturer
(model name)

Philips Medical
Systems (Koninklijke
Philips NV,
Amsterdam, the
Netherlands)
(Ingenia)

GE Healthcare
(Chicago,
IL, USA)
(Discovery™
MR 750)

Philips Healthcare
(Koninklijke Philips
NV, Amsterdam,
the Netherlands)
(Ingenia)

Philips Medical
Systems (Koninklijke
Philips NV,
Amsterdam, the
Netherlands)
(Achieva)

Siemens
Healthcare
GmbH
(Erlangen,
Germany)
(3T Skyra)

Siemens
Healthcare
GmbH
(Erlangen,
Germany)
(3T Skyra)

Siemens
Healthcare
GmbH
(Erlangen,
Germany)
(3T Prisma)

Philips Medical
Systems
(Koninklijke
Philips NV,
Amsterdam, the
Netherlands)
(Achieva)

Philips Medical
Systems (Koninklijke
Philips NV,
Amsterdam, the
Netherlands)
(Achieva)

Labelling duration
(milliseconds)

1800 1450 1650 1650 700 700 700 440 440

Initial PLD
(milliseconds)

2000 2025 1525 1200 1320 1320 1100 1360 1360

Echo time TE
(milliseconds)

11.5 9.9 12.4 20 12 12 11 15 15

Repetition time TR
(milliseconds)

6500 4739 4000 4000 3500 3500 3500 2619 2619

Flip angle 90° 111° 40° 40° 130° 130° 90° 90° 90°
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ASL sequence type

3D GRASE 3D spiral 2D EPI 2D EPI 3D GRASE 3D GRASE 2D EPI 2D EPI 2D EPI

Readout module 3D GRASE, CLEAR
(uniformity)

3D FSE
interleaved
stack-of-spirals

2D EPI SENSE 2.5,
CLEAR (uniformity)

2D EPI SENSE 2.2,
CLEAR (uniformity)

3D GRASE 3D GRASE 2D FID-EPI 2D EPI SENSE 2,
CLEAR

2D EPI SENSE 2.3,
CLEAR (uniformity)

Number of slices 20 30 20 20 20 20 20 20 20

Slice thickness (mm) 6 6.0 5.25 6 5.25 5.25 6.0 5 5

Acquisition voxel
size (mm)

4.06 × 4.33
× 6.00

4.00 × 4.00
× 6.00

3.75 × 3.90
× 5.25

4.06 × 4.20
× 6.00

1.875 × 1.875
× 5.25

3.75 × 3.75
× 5.25

4.0 × 4.0
× 6.0

3.75 × 3.75
× 5.00

3.75 × 3.89
× 5.00

Slice gap (mm) 0 0 1 0.6 N/A N/A N/A 1 1

Background
suppression
(n pulses)

Yes, n = 4 Yes, n= 5 Yes, n = 2 No Yes, n = 2 Yes, n = 2 No No No

Acquisition duration
(minutes)

5:10 5:37 5:28 4:08 3:51 4:47 6:06 4:37 4:37

2D, two-dimensional; 3D, three-dimensional; CLEAR, constant level appearance; EPI, echo–planar imaging; EPISTAR, echo–planar Imaging-based signal targeting by alternating
radiofrequency pulse; FAIR, flow-sensitive alternating inversion recovery; FID, free induction decay; FSE, fast-spin echo; GRASE, gradient and spin echo; N/A, not applicable;
PASL pulsed arterial spin labelling; pCASL, pseudocontinuous arterial spin labeling; PICORE, proximal inversion with control of off-resonance effects; PLD, post-labeling delay;
SENSE, sensitivity-encoding parallel imaging.
a Site 12 had two scanners in use throughout the study; however, with different specifications.
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Given the variability of data, we opted to explore the feasibility of a larger combined analysis for the
study by first piloting analysis on data from the subset of sites with the largest number of collected
viable ASL scans: these sites were 19 and 10.

Scanning site 19 yielded data from 31 participants (as it served more than one recruitment site). The
distribution of scans across treatment arms was relatively equal. Based on the QA, data from only
10 of these 31 participants were amenable to CBF analysis (data set 1), whereas data from 23 individuals
fulfilled data set 2 criteria and could be analysed as a proxy estimate for arterial transit time. From
this site, data from eight participants were excluded because they were deemed to be predominantly
artefactual and thus not amenable to analysis. Similarly, at site 10, which had the second largest
number of scans available (n = 17 participants), data from only seven participants were amenable to
CBF analysis (data set 1), but data from 15 participants were amenable to the arterial transit time
analysis by proxy (data set 2) using the CoV approach.

We were then in a position to explore the differences between treatment arms on an individual
site basis both at baseline and at 12-month follow-up. Figure 6 presents the data for site 19 and
site 10 (in descending order of the number of scans suitable for CoV analysis). We opted to use the
validated106,107 CoV analysis approach on data set 2 scans in each case for these exploratory analyses
because it provided more data points and thus greater power than the use of data set 1 scans (Table 12).

The information in Figure 6 is presented according to treatment arm and based on data collected during
each of the baseline and follow-up visits. Using spatial CoV analyses it would appear that there are no
obvious patterns of change between baseline and follow-up in either treatment arm or in either site.

A multiple regression was carried out to test if spatial CoV baseline values and treatment (placebo or
intervention) predicted spatial CoV follow-up values for site 19, where the largest number of data
survived QA. The results of the regression indicated that the model explained 63.0% of the variance
and that the model was significant [F(2,19) = 16.159; p < 0.0005]. It was found that spatial CoV
baseline values significantly predicted spatial CoV follow-up values (β1 = 1.085; p < 0.0005), whereas
the assignment of treatment did not add statistically significantly to the prediction (β2 = 0.163; p = 0.363).

Similar exploratory comparisons were examined (data not shown) for both sites using the more
underpowered data set 1. This showed similar patterns but similarly there were no evident changes
between baseline and the 12-month follow-up for either treatment arm but there were fewer participants
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FIGURE 5 Distribution of ASL data according to RADAR site. Site 12 had two scanners in use throughout the study;
however, with different specifications and hence was treated separately.
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in each (n = 10 for site 19, five in each arm, and n = 7 for site 10, three in the intervention arm and four in
the placebo arm.

The change in BP over time was deemed an important consideration in our study given the normal
prescribed purpose of the intervention (i.e. to lower BP in the treatment of hypertension). It was also
deemed an important positive control for the intervention to demonstrate (1) that the intervention
was biologically active (i.e. observable reductions in BP in the intervention arm would be proof the
medication was active) and (2) that variations in BP might be associated with the volume of WMH and
cerebrovascular health in general and, thus, CBF. Thus, we were interested in the difference in change
in BP over 12 months between trial arms and whether or not this had any influence on the primary
and secondary outcomes.

Mean systolic and diastolic BP at baseline and 12-month follow-up are presented in Table 13. As
described, the mean BP appeared comparable at baseline between the intervention and placebo arms.
A slight reduction in mean systolic BP, but not in diastolic BP, was evident in the intervention arm.

Yet on comparison of change in BP over the course of the follow-up period, it is evident that there
are statistically significant differences in both systolic and diastolic BP between the intervention
and placebo arms (p < 0.001) such that participants in the intervention arm had lower BP over the
follow-up period (Table 14).

Site 19

3

(a)

2

1

Sp
at

ia
l C

oV

Placebo Intervention

Site 10(b)

Sp
at

ia
l C

oV

Placebo Intervention

1.2

1.0

0.6

0.8

0.4

FIGURE 6 Exploratory comparisons of CBF using spatial CoV analysis. (a) Site 19: grey matter spatial CoV distribution
from the baseline and 12-month follow-up ASL scans acquired using a 3-T Siemens Prisma with 2D EPI PASL PICORE
Q2T; and (b) site 10: grey matter spatial CoV distribution in the baseline and 12-month follow-up ASL scans acquired
using a 3-T Siemens Skyra with 3D GRASE pulsed ASL FAIR QII. 2D, two-dimensional; 3D, three-dimensional; EPI, echo-
planar imaging; GRASE, gradient and spin echo; FAIR, flow-sensitive alternating inversion recovery; PASL, pulsed arterial
spin labelling; PICORE, proximal inversion with control of off-resonance effects.

TABLE 12 Cerebral blood flow and the spatial CoV data from site 19 in grey matter

MRI measure

Placebo Intervention

Baseline 12 months Baseline 12 months

n Mean (SD) n Mean (SD) n Mean (SD) n Mean (SD)

CBF (ml/100 g/minute) 5 31.05 (5.47) 5 28.62 (5.41) 5 34.74 (8.64) 5 32.55 (5.29)

Spatial CoV 9 0.98 (0.37) 9 1.49 (1.26) 13 1.30 (0.46) 13 1.39 (0.62)
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Given that there were no apparent differences between the intervention and placebo arms of the study at
baseline and 12-month follow-up, it was also important to investigate, in line with previous studies,49–51,74

whether or not differences in BP may account for any variation in the primary and secondary outcomes.
Correlation analyses showed that there was no strong correlation between systolic or diastolic BP and the
primary outcomes, nor was there any evidence of association for any of the assessment-based cognitive,
functional or behavioural outcome measures. Although data on the volume of WMH intensities were
available for only a subgroup of RADAR participants (45% of randomised participants), we still explored
the association with systolic and diastolic BP. Similarly, there was no evidence of any association between
volume of WMH and change in systolic and diastolic CBF.

We had also intended to measure the levels of association between the primary outcome of brain
atrophy and cognitive decline. This was because brain atrophy has been reported to serve as an
objective proxy for cognitive decline in dementia, as previously described. Similarly, it was important
to examine the possible association between the rate of brain atrophy and rate of change in our other
secondary functional and behavioural outcome measures, predominantly to help inform any future
studies where the use of cognitive, functional and behavioural measures would be preferable to using
MRI-based outcomes, which, as has been described, can introduce additional complexity and may be
more limiting to the identification of recruitment centres.

Table 15 presents the correlations between the primary outcome and the number of secondary
cognitive, behavioural and functional outcomes that were assessed. There were variable levels of
correlation between the variables presented. The strongest (negative) correlation (–0.56) was between
ADAS-Cog scores and MMSE scores. There was also evidence of weak negative correlations between
brain volume and ADAS-Cog score (–0.39) and between the functional outcomes DEMQOL-proxy
and BADLS (–0.34). By contrast, NPI and BADLS were weakly positively correlated (0.41), as were
ADAS-Cog and BADLS (0.36).

One of our secondary outcome measures was an examination of levels of drug compliance and
tolerability across the main randomised phase. As already reported, there were high levels of
compliance (88%) across all participants, with compliance only slightly lower in the intervention arm
(86%) than in the placebo arm (90%) – a difference that was consistent with chance variability.

TABLE 13 Mean (SD) systolic and diastolic BP (mmHg) over the course of the trial

BP

Baseline, mean (SD) 12 months, mean (SD)

Intervention (n= 83) Placebo (n= 84) Intervention (n= 95) Placebo (n= 98)

Systolic 138 (13) 136 (15) 133 (21) 139 (17)

Diastolic 79 (9) 79 (8) 78 (13) 81 (9)

TABLE 14 Effect of the intervention on BP (mmHg) over the course of follow-up

BP n Adjusted difference in means (95% CI)a p-value

Systolic 165 –6.96 (–10.15 to –3.78) < 0.001

Diastolic 165 –3.59 (–5.29 to –1.89) < 0.001

a Adjusted for baseline score, Scheltens score, age, centre and time, and with a random effect to account for
clustering by participant due to repeated measures analysis.
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We also sought to examine the effect of the intervention with respect to SAEs and AEs reported
during the study. There was no significant difference between the number of SAEs reported in the
intervention arm (n = 22) and the placebo arm (n = 20). A summary of the recorded SAEs is provided
in Appendix 2, Table 24. One SAE was reported in the open-label phase and is also summarised in
Appendix 2, Table 24.

A summary of the reported AEs over several follow-up visits from the baseline visit is provided in Table 16.
As is apparent from Table 16, there were no obvious or statistically significant differences between
the intervention and placebo arms in the numbers of AEs. Indeed, the proportion of participants reporting
any AE at 12 months was 6% lower in the intervention arm than in the control arm, although this
difference was not significant.

Finally, we also explored the results of the primary analysis according to baseline brain volume and
according to whether or not participants were taking antidementia drugs. Regarding the analysis to
explore the possible interaction between treatment and baseline brain volume, there was no evidence
of an interaction (interaction coefficient –0.002, 95% CI 0.039 to 0.036; p = 0.921). Similarly, exploratory
analysis of a possible interaction between the primary analysis and taking antidementia drugs revealed
no evidence of an interaction (interaction coefficient 8.21, 95% CI –10.18 to 26.59; p = 0.379).

As with all the secondary analyses, the study was powered principally for the primary analyses and so
all of these observations should be viewed with appropriate caution.

TABLE 16 Summary of reported cumulative AEs over the study period

Adverse event

Follow-up visit

14 days 3 months 6 months 9 months 12 months

n % n % n % n % n %

Control

Number entered 106 106 101 100 100

Participants reporting any AE 32 30 43 41 46 46 41 41 45 45

Intervention

Number entered 104 104 101 99 96

Participants reporting any AE 30 29 51 49 46 46 45 45 37 39

TABLE 15 Correlations between change in primary outcome and secondary cognitive, behavioural and functional outcomes

Outcome measure TBV TBV-BSI ADAS-Cog MMSE NPI BADLS DEMQOL

TBV 1

TBV-BSI –0.72 1

ADAS-Cog –0.39 0.48 1

MMSE 0.21 –0.39 –0.56 1

NPI 0 0.02 0.17 –0.14 1

BADLS –0.2 0.23 0.36 –0.24 0.41 1

DEMQOL –0.1 0.09 –0.09 0.01 –0.09 –0.06 1
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Chapter 3 Sensitivity analyses

Adherence to intervention

As part of a sensitivity analysis, investigation CACE was undertaken using instrumental variable
two-stage least squares regression. In this analysis, outcomes among those who ‘complied’ with the
intervention were compared with outcomes among a group of ‘would-be compliers’ in the control arm.
As described, treatment compliance was defined as (self-report of) taking 80–120% of study medication.
As is evident in Table 17, the CACE analysis showed no differences with the conclusions drawn from the
primary analysis.

Missing data

A thorough investigation of the data showed that approximately 19% of the data or data sets were
missing or incomplete, the majority of which related to the data collected from the various assessment
tools used to collect some of the secondary outcomes. Reassuringly, there was no evidence that the
extent of missingness differed by trial arm (p = 0.70), with 18% missingness in the placebo arm compared
with 20% in the intervention arm.

A further exploration of the potential association between baseline characteristics and data missingness
was also undertaken. There was no evidence of an association between baseline brain volume (p = 0.76),
MMSE (p = 0.12), duration of diagnosis of AD (p = 0.13) and whether or not participants were taking
dementia drugs (0.54) with respect to data missingness of the primary outcome. Similarly, there was no
evidence of an association between the level of primary outcome data missingness and gender (p = 0.14),
whether participants were hypertensive or normotensive (p = 0.63), or their number of years of prior
education (p = 0.11). By contrast, we did find evidence of association between participant age and data
missingness (p = 0.01) in that older participants were more likely to have missing data.

Multiple imputation using chained equations was used to impute missing data (Table 18). Variables
included in the imputation model included all variables in the primary analysis model, baseline variables

TABLE 17 Sensitivity analysis of RADAR participant compliance to the intervention

Analysis n Adjusted difference in means 95% CI p-value

Primary 171 –2.79 –6.46 to 0.89 0.136

CACE 166 –3.23 –7.14 to 0.69 0.106

TABLE 18 Sensitivity analysis of the predictiveness of missing primary outcome data

Analysis n Adjusted difference in means 95% CI p-value

Primary 171 –2.79 –6.46 to 0.89 0.136

MICE 211 –1.26 –5.77 to 3.25 0.580
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predictive of missingness and variables associated with the primary outcome. The findings from the
analysis on imputed data are consistent with those from the primary analysis model: there was no
evidence of a difference in brain volume at 12-month follow-up between the treatment arms.

Post hoc exploratory analyses

In addition to the primary and secondary outcome analyses that have been described in the protocol, and
given the overall lack of evidence in support of the role of losartan as a potential intervention for AD, we
considered the potential value of three additional exploratory analyses. These were intended to make use
of data gathered to inform the design of future studies of these types of BP-lowering medications in this
participant group and in relation to the selection of other alternative outcome measures.

Did pre-existing hypertension affect primary and secondary outcomes?
We first sought to explore further what impact, if any, a prior diagnosis of hypertension may have on the
primary outcome and secondary outcomes, given the long-standing recognition of association between
mid-life hypertension and increased risk of AD.20,58 It was therefore considered that participants with
pre-existing hypertension, for which they would be receiving treatment at the time of entry to the study,
may plausibly have different associations with various outcomes not only at baseline, but also in how
they responded over time to the intervention.

The full data are presented in Tables 19 and 20. Table 19 presents the data and regression analyses
related to the presence or absence of hypertension on the various imaging data. Table 20 similarly
presents the data and regression analyses related to the presence or absence of hypertension on the
various cognitive, behavioural and functional outcomes. The regression analyses of these data according
to the presence or absence of hypertension at baseline and 12-month follow-up, and according to
intervention or placebo, showed that there was no association with any of the MRI-based data on brain
volume or hippocampal volume. Similarly, but with the exception of DEMQOL-proxy, there were no
significant differences for any of the cognitive (ADAS-Cog and MMSE), behavioural (NPI) or functional
(BADLS, DEMQOL) outcome measures. The association with DEMQOL-proxy (interaction coefficient
6.31, 95% CI 0.42 to 12.20; p = 0.04) was unexpected and, given that DEMQOL-proxy is a companion-
reported outcome, we cannot discern a reasonable explanation for this association and it most likely
represents a type 1 false-positive error.

Exploring the characteristics of non-randomised participants of the open-label phase
In addition to providing all participants with some reassurance and the opportunity to try the intervention,
we used an open-label phase to aid the selection of participants who were most likely to complete the
main study. The effectiveness of this is supported by favourable study retention rates in the randomised
phase. With this in mind, we wanted to better understand the characteristics of participants who entered
the open-label phase but did not go on to the randomised phase, in which, as previously described, there
was an excellent balance between the intervention and placebo arms in baseline participant demographics
and outcome measures.

Table 21 details the reasons why open-label participants were not randomised. A number of important
observations are evident.

First, over half of participants who withdrew from this phase of the study were in the first 7 days of
treatment (at the lower dose of the active medication).

Second, and notable with respect to the relevance of hypertension in this group of participants, was that
86% of the discontinued participants were normotensive; two-thirds of those who withdrew within the
first 7 days of treatment and all who withdrew for reasons related to MRI were normotensive.
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TABLE 19 Data and regression analyses related to the presence or absence of hypertension on imaging data

Atrophy
measure

Placebo, mean (SD) [IQR] Intervention, mean (SD) [IQR] Regression analysis

Baseline 12 months Baseline 12 months
Interaction
coefficient 95% CI p-valueNorm Hyper Norm Hyper Norm Hyper Norm Hyper

TBV (ml) 1048 (109) 1023 (115) 1029 (112) 1009 (114) 1023 (106) 1022 (106) 1044 (97) 998 (101) –2.62 –10.43 to 5.19 0.509

LVV (ml) 44 [34–62] 50 [38–67] 49 [38–66] 54 [42–70] 48 [38–59] 50 [31–76] 51 [40–67] 55 [38–86] 1.00 + 0.97 to 1.04 0.795

THV (ml) 5.1 (1.0) 5.0 (0.9) 5.1 (1.0) 4.7 (0.9) 5.2 (0.9) 5.2 (0.9) 5.0 (0.9) 5.1 (0.9) –0.02 –0.08 to 0.04 0.482

LHV (ml) 2.5 (0.5) 2.4 (0.5) 2.5 (0.5) 2.3 (0.4) 2.5 (0.5) 2.5 (0.5) 2.5 (0.5) 2.5 (0.5) –0.02 –0.05 to 0.02 0.397

RHV (ml) 2.6 (0.5) 2.5 (0.5) 2.6 (0.5) 2.4 (0.5) 2.6 (0.5) 2.7 (0.5) 2.5 (0.5) 2.6 (0.5) –0.01 –0.04 to 0.03 0.748

TBV-BSI
(ml)

– – 19.9 (10.8) 18.3 (9.8) – – 20.1 (10.9) 19.8 (10.7) 1.81 –4.43 to 8.05 0.567

LVV-BSI
(ml)

– – 5 [3–7] 5 [3–7] – – 5 [2–8] 5 [3–7] 0.24 –1.87 to 2.36 0.819

LHV-BSI
(ml)

– – 0.11 (0.07) 0.12 (0.06) – – 0.10 (0.08) 0.12 (0.08) 0.01 –0.03 to 0.06 0.604

RHV-BSI
(ml)

– – 0.11 (0.06) 0.12 (0.06) – – 0.10 (0.07) 0.11 (0.08) < 0.0001 –0.05 to 0.05 0.998

Scheltens score, n (%)

0 13 (23) 7 (14) 7 (13) 2 (4) 13 (22) 6 (13) 9 (18) 5 (13) 1.31 0.28 to 6.25 0.732

1 19 (34) 23 (46) 15 (29) 13 (28) 23 (40) 20 (43) 21 (41) 15 (38)

2 17 (30) 15 (30) 19 (37) 24 (52) 8 (14) 12 (26) 9 (18) 12 (30)

3 7 (13) 5 (10) 11 (21) 7 (15) 14 (24) 9 (19) 12 (24) 7 (18)

4 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 1 (3)

WMH 6917
[2791–13,778]

12,551
[3640–21,071]

8176
[3029–16,097]

13,929
[5152–24,833]

8802
[2805–22,589]

12,387
[1981–25,837]

11,036
[3023–23,763]

13,903
[2126–28,034]

0.96 + 0.85 to 1.09 0.545

Hyper, hypertensive; Norm, normotensive.
+ denotes a positive correlation.
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TABLE 20 Data and regression analyses related to the presence or absence of hypertension on assessments

Secondary
outcome
measure

Placebo, mean (SD) [IQR] Intervention, mean (SD) [IQR] Regression analysis

Baseline 12 months Baseline 12 months
Interaction
coefficent 95% CI p-valueNorm Hyper Norm Hyper Norm Hyper Norm Hyper

ADAS-Cog 20 (7) 18 (6) 25 (12) 23 (11) 19 (8) 21 (8) 22 (12) 24 (13) –1.98 –6.58 to 2.61 0.395

MMSE 22 (3) 23 (4) 19 (6) 20 (5) 22 (4) 22 (4) 19 (6) 19 (6) 0.58 –1.65 to 2.81 0.609

NPI 8 [3–14] 4 [2–15] 8 [4–15] 7 [3–21] 8 [4–18] 8 [3–18] 9 [3–19] 7 [2–16] 0.86 + 0.51 to 1.45 0.567

NPI-proxy 5 [2–10] 5 [1–9] 6 [2–9] 6 [2–14] 5 [2–10] 6 [1–9] 6 [2–10] 4 [2–7] 0.78 + 0.47 to 1.27 0.307

BADLS 5 [3–9] 5 [2–9] 7 [3–15] 7 [4–14] 4 [1–11] 9 [3–18] 9 [3–16] 12 [3–19] 0.71 + 0.48 to 1.04 0.075

DEMQOL 94 [85–103] 96 [87–101] 93 [86–100] 94 [85–102] 96 [89–102] 93 [86–102] 95 [87–105] 99 [88–107] 1.12 + 0.96 to 1.30 0.146

DEMQOL-proxy 90 [82–98] 95 [84–100] 92 [82–98] 95 [85–101] 93 [86–100] 90 [75–99] 93 [83–99] 94 [83–100] 6.31 0.42 to 12.20 0.036

Hyper, hypertensive; Norm, normotensive.
+ denotes a positive correlation.
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Third, only 22% of the participants were thought to have discontinued for reasons that were unrelated
to losartan. By contrast, the majority of the participants (78%) withdrew for reasons that were
considered to be related to the intervention. Among these, there was less certainty that losartan was
responsible for discontinuation of six participants, three of whom reported dizziness, confusion and
fatigue; one participant reported nausea, one participant had a fall and one participant reported
lethargy that continued during and after wash out.

Fourth, of the 50 participants who entered the open-label phase who were not randomised, just over
50% discontinued owing to BP changes that were deemed out of range or clinically significant, and
another 20% (n = 8) were not randomised because of either unsuitable or incomplete baseline MRIs;
a further 20% discontinued because of reported AEs. Of the eight participants who reported AEs, six
are the same six participants whose reasons for discontinuation were less certain to be related to the
open-label losartan. Of the remaining two participants, one developed a rash on their lower back and
arm that coincided with a drop in their BP and the other developed bradycardia around the same time
as their BP dropped. Two participants reported that they wished to discontinue because they viewed
the trial to be too problematic (n = 1) or too time-consuming (n = 1), and the remaining participant
reported that they felt that the drug was reducing their cognitive function.

Fifth, and finally, 82% of discontinuations were for protocol reasons, and only eight discontinuations
were deemed non-protocol related.

Exploration of MRI-based measures of hippocampal atrophy as an alternative
outcome measure
Although we used whole-brain atrophy as the primary outcome measure in this study, we were
fortunate to be able to extract data on hippocampal atrophy from the relevant scan sequences.

TABLE 21 Summary of reasons for non-randomised open-label participants

Recorded characteristic

Discontinuation

MRI failure Total≤ 7 days 8–14 days

Number of participants 27 15 8 50

Hypertensive (i.e. taking BP medications) 5 2 0 7

Normotensive 22 13 8 43

Discontinuation in relation to intervention

Considered unrelated 3 0 8 11

Considered related or possibly related 24 15 – 39

Recorded reasons for discontinuation

BP 17 9 – 26

Bloods 2 2 – 4

Compliance 1 0 – 1

AEs 5 3 – 8

Other reasons 2 1 – 3

MRI – – 8 8

Protocol reason 23 11 8 42

Non-protocol reason 4 4 – 8

Reproduced with permission from Kehoe et al.79 © 2021 The Author(s). Published by Elsevier Ltd. This is an Open
Access article under the CC BY 4.0 license.
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Given the potential utility of hippocampal atrophy as an outcome measure for dementia progression in
its own right, and that it is measurable with scanning intervals of > 6 months, this study provided a
welcome opportunity to explore it in the study population and also explore the relationship between
other atrophy-related measures. Indeed, the original development of the visual Scheltens rating scale84

we used in this study as a minimisation variable to expedite randomisation was created because
MRI-based methods for measuring hippocampal atrophy were not available at that time.

Table 22 presents a summary of additional measures of hippocampal and ventricular atrophy. We
examined total hippocampal volume (THV), as well as left and right hippocampal volumes (LHV and
RHV, respectively), at both baseline and 12-month follow-up. We also present change in volume using
the BSI method92 applied to the individual hippocampi (LHV-BSI and RHV-BSI). We also explored data
regarding lateral ventricle volume (LVV), which we examined at each time point, as well as change over
time according to intervention arm (LVV-BSI). We also present these MRI-derived data alongside an
exploratory examination of the subjective assessor-derived Scheltens ratings that were captured at
baseline to inform randomisation and where these were also captured at 12-month follow-up.

From Table 22 it is evident that there were no differences according to trial arm for LVV, LHV or
RHV at baseline and 12-month follow-up (p = 0.529, p = 0.360 and p = 0.099, respectively). Similarly,
the mean change in each of these variables between 12-month follow-up and baseline was also
non-significant (LVV-BSI, p = 0.641; LHV-BSI, p = 0.388; and RHV-BSI, p = 0.233). Similarly, there
were no significant differences in THV (p = 0.143). These data, therefore, are entirely consistent with
the absence of any significant differences recorded for the primary outcome of whole-brain atrophy.

Scheltens scores84 collected during the study are also presented in Table 22. There was a suggestion
of a difference between arms whereby the odds of being in a higher (more severe) Scheltens score
category at 12 months are lower for participants in the intervention arm than for those in the control
arm (p = 0.004). Although this observation, based on the Scheltens rating scale, could be viewed as a
possible treatment benefit, it is very important that this subjective rating scale is not overinterpreted
when compared with the objective MRI-based measures that we found no effects from. Furthermore,
the Scheltens scale rates atrophy of the MTA, which includes the hippocampus, and Scheltens scores
not directly comparable with the MRI-based rating of the hippocampus.

Finally, given that both MRI-based measures and Scheltens ratings were focused on assessing levels
of atrophy in participants, we thought that it may be helpful to present the correlations between the
variables across the entire study population as there were no treatment-based differences. Table 23
summarises the levels of correlation between the MRI-based measures of atrophy and the observer-
rated levels of atrophy by Scheltens scale. There was evidence of a strong correlation between THV
and both LHV and RHV, whereas there was a weak negative correlation between LVVs and THVs,
LHVs and RHVs. Of particular note was the observation that there was negligible correlation between
subjective observer-based Scheltens scores and any of the MRI-based measures.
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TABLE 22 Examination of MRI- and assessor-based measures of hippocampal atrophy

Placebo Intervention

Regression analysis,
adjusted mean
difference (95% CI)a p-value

Baseline 12 months Baseline 12 months

n
Mean (SD)/
median [IQR] n

Mean (SD)/
median [IQR] n

Mean (SD)/
median [IQR] n

Mean (SD)/
median [IQR]

LVV (ml) 106 47 [35–64] 86 50 [40–67] 105 48 [35–69] 83 51 [40–78] 0.99b (0.98 to 1.01) 0.443

LVV-BSI (ml) – – 86 5 [3–7] – – 83 5 [3–8] –0.45 (–1.45 to 0.56) 0.380

LHV (ml) 106 2.5 (0.5) 87 2.4 (0.5) 105 2.5 (0.5) 84 2.5 (0.5) 0.01 (–0.01 to 0.03) 0.337

LHV-BSI (ml) – – 87 0.11 (0.06) – – 84 0.11 (0.08) –0.01 (–0.03 to 0.01) 0.385

RHV (ml) 106 2.6 (0.5) 87 2.5 (0.5) 105 2.6 (0.5) 84 2.6 (0.5) 0.01 (–0.003 to 0.03) 0.112

RHV-BSI (ml) – – 87 0.12 (0.06) – – 84 0.11 (0.08) –0.01 (–0.03 to 0.01) 0.231

THV (ml) 106 5.0 (1.0) 87 4.9 (0.9) 105 5.2 (0.9) 84 5.0 (0.9) 0.02 (–0.01 to 0.05) 0.144

Scheltens score

0 20 19% 9 9% 19 18% 14 15% 0.31c (0.14 to 0.68) 0.004

1 42 40% 28 29% 43 41% 36 40%

2 32 30% 43 44% 20 19% 21 23%

3 12 11% 18 18% 23 22% 19 21%

4 0 0% 0 0% 0 0% 1 1%

LHV, left hippocampus volume; LVV, lateral ventricle volume; RHV, right hippocampus volume; THV, total hippocampal volume.
a Adjusted for minimisation variables (age and Scheltens score categories), baseline value of the outcome and centre.
b Ratio of geometric means, as such can be interpreted as a percentage difference.
c Proportional odds ratio.
Reproduced with permission from Kehoe et al.79 © 2021 The Author(s). Published by Elsevier Ltd. This is an Open Access article under the CC BY 4.0 license.
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TABLE 23 Correlations between MRI- and rater-based measures of hippocampal atrophy

Atrophy measure LVV THV LHV RHV TBV-BSI LVV-BSI LHV-BSI RHV-BSI S_S

LVV (ml) 1

THV (ml) –0.40 1

LHV (ml) –0.36 0.87 1

RHV (ml) –0.31 0.86 0.50 1

TBV-BSI (ml) 0.79 –0.47 –0.45 –0.37 1

LVV-BSI (ml) 0.98 –0.40 –0.35 –0.32 0.80 1

LHV-BSI (ml) 0.42 –0.65 –0.71 –0.42 0.51 0.42 1

RHV-BSI (ml) 0.46 –0.64 –0.45 –0.67 0.46 0.46 0.62 1

S_S 0.11 0.05 0.02 0.07 0.12 0.12 –0.06 –0.03 1

S_S, Scheltens score.
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Chapter 4 Discussion

The RADAR trial was designed to be the first RCT to formally test the angiotensin hypothesis in
AD.20 Central to this hypothesis is the role of AngII, a potent vasoconstrictor known for decades to

be implicated in hypertension, acting through the AngII type 1 receptor.110 AngII levels are in excess
in AD,35 as a direct result of excess levels of ACE131,32 or reductions in the activity of ACE235 that
have been found in post-mortem brain tissue and compared with brain tissue from non-demented
individuals. The relevance of these findings to the pathogenesis of AD is that AngII is a multifunctional
peptide with known functions in the synthesis of the inflammatory mediator TNFα,36,37 reduction of
acetylcholine release,38,39 promotion of glutamatergic effects,40 and promotion of oxidative stress and
mitochondrial dysfunction,111 all of which are major sequelae of AD pathology. Furthermore, AngII has
been shown in rodents to promote the production of Aβ and alter the levels of phosphorylation of tau
protein, analogous to AD-related changes that give rise to neurofibrillary tangles.41,42 This has been
supported by our own findings of reduced ACE2 activity in post-mortem AD brain tissue that coincided
with elevated levels of AngII, was highly correlated with Aβ and tau pathology and was inversely
related to ACE1 activity.35,43

These largely preclinical and ex vivo data have gone some way towards providing a possible
mechanistic explanation for findings, spanning several decades, suggesting that hypertension in
mid-life7,8 and later life9 and stroke10 all increase risk of dementia. In other words, the association
between hypertension and dementia could be related to excess RAS activity in mid-life that contributes
to hypertension, whereas the occurrence of dementia later in life derives from what would have been
the coincident chronic exposure of the brain to elevated levels of AngII. Alternatively, it may relate
to the fact that, although a number of hypertension treatments lower BP effectively, they do not all
necessarily lower levels of AngII. Moreover, the more recent finding that cerebrovascular pathology
and dysfunction are likely to be the earliest pathological event in the development of AD18 also
reinforces this possibility. Similarly, several studies both prior to and since the commencement of the
RADAR trial have reported that AngII-targeting drugs [AngII type 1 receptor antagonists (AT1RAs) and
ACE1-Is] are associated with a lower incidence of AD than other types of antihypertensive drugs and
AT1RAs tend to be more beneficial than ACE1-Is in slowing the rates of progression, hospitalisation
and mortality,11–14 although not all studies have found such effects.19 Similarly, these RAS-acting drugs
have also been found to be associated with lower rates of conversion of MCI to AD, as well as less
AD-related tau neuropathology in both post-mortem brain tissue and CSF from living AD participants
recruited to the ADNI.15–17

In summary, AngII signalling is a plausible mechanism that can connect the traditional pathological
hallmarks of AD with mechanisms involved in BP regulation and cerebrovascular dysfunction, which
have been widely reported but poorly understood for decades. As a result, there is now a strong
rationale for the use of AngII-targeting drugs as an intervention in AD. The RADAR trial therefore
tested the use of the AT1RA losartan, the prototype drug in the AT1RA class, for which there are
considerable data on its use as an effective antihypertensive drug for a wide range of ages. Losartan
has also been reported to cross the BBB,44 a characteristic that is important in potential treatments
for AD. It has also been reported to improve CBF,22 a surrogate marker of cognitive performance in
humans.45–47 Losartan has also been reported to reduce neuronal damage following ischaemia in rat
stroke models,23 to inhibit the production of Aβ and AD-related modifications of tau protein in aged
rodents41,42 and, in low doses (i.e. having no effect on BP), to reduce AD-related pathology and
cognitive decline in transgenic mouse models of AD.48 It has also been suggested that, given its role
in reducing hypertension, losartan may provide a benefit by reducing ischaemia-mediated WMH.24
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General comments on RADAR design and study population

The RADAR trial recruited to 93% of its intended target. However, the use of an open-label phase,
preferential participant retention rates and the ability to secure a high proportion of primary outcomes
for all completed participants meant that the power of the study to detect our target difference in
brain atrophy at 12 months (assumed therapeutic benefit) of at least 3.8 ml/year with a two-sided
α = 0.05 was reduced only slightly, by 2% (from 84% to 82%).

Our decision to investigate a 12-month period of treatment and follow-up was based on previous
studies conducted by ADNI in which MRI has revealed measurable brain atrophy in this period among
AD patients, equivalent to 15.2 ml/year (SD 8.6 ml/year). We had proposed that a relative difference
in atrophy between groups of 25%, equivalent to an absolute difference in an annual atrophy rate
of 3.8 ml in TBV, would be a clinically meaningful outcome that was measurable. However, it is now
worth acknowledging that, since the design and commencement of the RADAR trial in 2012, follow-up
periods of 18–24 months have been recommended for investigations where disease modification is
being explored and this, therefore, serves as a potential limitation of this study.

Examination of the baseline characteristics of the RADAR study shows very clearly that our
randomisation process, which included minimisation variables of age and Scheltens score to attempt
good balance in trial arms related to baseline atrophy, was very successful. There were no significant
differences in the baseline characteristics of study population in terms of any of the traditional
demographic variables or in the baseline primary and secondary outcome measures when examined
cross-sectionally.

It was also evident that the level of data missingness was similar in both arms following review at the
end of the study. On closer examination it was clear that there were no predictors of the factors that
may contribute, such as baseline brain volume, MMSE, duration of diagnosis of AD or whether or not
participants were taking dementia drugs (0.539). There were also no differences in data missingness
based on the gender or number of years of education of participants, and whether or not they had
hypertension did not have any effect. The only variable that was found to be associated with data
missingness was participant age (p = 0.01), in that data were more likely to be missing in older
participants, arguably not unexpectedly, and the majority of these missing data were related to the
assessment-based secondary outcome measures. There may also have been a slight contribution to
data missingness from MRI-based outcome measures, because the duration of scans may have been
too short, when shortened at the participant’s request, to secure the primary outcome that was taken
in the initial MRI sequences. Furthermore, more recruitment sites than anticipated were unable to
support the collection of the secondary MRI-based outcome measures related to WMH volume and
CBF. However, unless these sites recruited participants who on average were slightly older than those
recruited by sites that could support the retrieval of these outcomes, this could have made a small
contribution to the levels of data missingness associated with older participants. Our recorded levels of
88% data completeness are comparable to those of another study, NILVAD,112 that recently reported
no significant therapeutic benefit of the calcium receptor antagonist nilvadipine in patients with AD.
This study also included a single-centre substudy that examined MRI outcome measures similar to
those used in the RADAR trial; that study reported 89% data completeness, compared with 88% in the
RADAR trial, and, as was found in the RADAR trial, the distribution of missing data was random.113

It was reassuring to see that there were no significant differences between the intervention and
placebo arms of the study in terms of either SAEs or AEs, highlighting the safety of the RADAR trial.
This is further supported by comparable retention rates throughout the main study in both treatment
arms. These favourable rates are believed to be largely the result of the carefully designed open-label
phase; following stakeholder feedback and suggestions, this was undertaken before the randomisation
phase. This showed that, in the absence of such an open-label phase, approximately 20% of participants
may have entered the RADAR trial and undergone baseline MRI scans only to withdraw within weeks
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of commencing medication. The open-label phase, therefore, contributed significantly to improving the
overall welfare of participants and is likely to have reduced unnecessary participant and study partner
burden for a proportion of participants, as well as helping those participants who proceeded to the
main study to feel less anxious and more reassured about the possible implications of taking part.

Finally, on a related point regarding safety, only one unblinding request was made during the entire
trial, for a participant attending hospital with a chest infection. Few other questions were raised
about the need for or possibility of emergency unblinding during the study. This is most likely because
the intervention, losartan, is a repurposed drug that is already used, as with a number of related drugs,
in clinical practice to treat hypertension and some other cardiac conditions. Thus, in the case of any
event necessitating emergency unblinding, it would be reasonable to assume that the patient had been
taking losartan and to use existing knowledge about the drug to manage treatment accordingly. Thus,
an obvious advantage of using repurposed drugs rather than experimental interventions in a trial is
that important safety data can be collected in a relevant patient population, while simultaneously
determining the drug’s therapeutic efficacy.

Primary outcome

The primary outcome of the RADAR trial was the measurement, using vMRI, of change in brain
atrophy between baseline and the 12-month follow-up after treatment with losartan. The RADAR
trial60 was originally designed to provide 84% power, requiring a sample size of 228 participants. The
final power was 82% because the number of participants recruited was slightly smaller than originally
hoped, but the effects of which were mitigated somewhat by more favourable retention rates, possibly
because of the effectiveness of the open-label phase in ensuring the identification of participants who
were most likely to tolerate the intervention. The primary outcome, brain atrophy after 12 months’
treatment post randomisation, was chosen on the assumption that an absolute difference in TBV between
groups of at least 3.8 ml/year would constitute a clinically meaningful difference. TBV measured using
vMRI (T1-MPRAGE) is now widely validated as a surrogate marker of cognitive decline and AD
pathology.75,76,85–88

The analysis showed that there was some progression of brain atrophy in participants with AD in
both treatment arms in the RADAR trial. However, there were no significant differences between
treatment arms when TBV was analysed using either the 12-month volume cross-sectionally adjusted
for baseline or the more sensitive BSI method, showing that losartan afforded no therapeutic benefit
following 12 months of treatment. Given the variety of mechanisms reported to be associated with
AngII, a number of which are regularly described as significant in the pathogenesis of AD, one may have
expected that interference with a target that is a significant contributor to all of these mechanisms may
have had a more appreciable effect. These results are therefore surprising and somewhat disappointing
and provide yet another example of promising preclinical research and supportive population-based
studies failing to translate into RCT evidence of effectiveness.114 Although loss of original study power
was negligble, it remains possible that our powering of the study at 82–84% was on the low side;
however, we are reasonably confident that this is unlikely, given the consistently similarly null findings
from the secondary analyses.

The RADAR trial is a seminal study from the perspective of formally testing the AT1RA losartan in
a formally diagnosed group of people with AD as well as the first use, in a non-commercial study,
of vMRI to objectively determine the primary outcome measure. To the best of our knowledge, no
other studies with which to compare these results have been conducted to date. Yet these data
will provide a sobering benchmark for other small-scale trials that are ongoing. A similarly designed
and sized Phase II trial in hypertensive AD patients, SARTAN-AD, which is being undertaken in
Canada, commenced after the RADAR trial. It was designed to compare perindopril with telmisartan
(https://clinicaltrials.gov/ct2/show/NCT02085265). However, unlike the RADAR trial, this study
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has failed to recruit even a fraction of the number of participants required because of high rates of
prior exposure to drugs related to the intervention, a reliance on the recruitment of only participants
with hypertension, and also issues with identifying sufficient numbers of recruitment centres to aid
recruitment (Professor Sandra Black, SARTAN-AD chief investigator, University of Toronto, personal
communication, 2019). The SARTAN-AD trial is the only study that is close enough to the RADAR
trial to allow the results to be compared, particularly given the intention to use vMRI to measure
the primary outcome. However, beyond the ongoing concerns of whether or not the study will be
successfully completed, its original design will have asked a different research question from the
RADAR trial. It was designed to compare the effects of ACE1-Is (perindopril) and AT1RAs (telmisartan)
on brain atrophy; however, the restriction of recruitment to people with pre-existing hypertension
(unlike the RADAR trial) will limit the generalisability of the SARTAN-AD study. Furthermore, the
participants recruited to the SARTAN-AD study include those with prior exposure to related medications
and the design of the trial is such that participants could be randomised onto a related drug (ACE1-I or
AT1RA). This means that participants in the SARTAN-AD study could have had a prior exposure to the
intervention, whereas the RADAR trial was more conservative and recruited only individuals with no
previous exposure to the intervention.

The continuation and success of the SARTAN-AD study has important consequences, not only as it will
be an additional study to help test the angiotensin hypothesis in AD, but also because it will serve as
an important basis of comparison for the RADAR trial. Furthermore, among the other ongoing studies
that are exploring the role of other RAS-acting drugs in relation to cognitive impairment, and will be
discussed in further detail later, none currently includes investigations of people with AD, thus
reinforcing the uniqueness of the RADAR trial.

Only one other study lends itself to some consideration as a comparator with the RADAR trial findings.
The RCT NILVAD112 tested the efficacy of the BP-lowering drug nilvadipine in mild-to-moderate AD.
Because nilvadipine is a calcium channel blocker and not an AT1RA, the comparison of the studies
is imperfect because the drugs work by different mechanisms; however, as both drugs work to lower
BP, comparisons in that regard may be worthy of consideration. NILVAD found no any evidence
that nilvadipine confers therapeutic value in mild-to-moderate AD. However, NILVAD also included a
small substudy, undertaken at a single centre, that included MRI measures of brain (and hippocampal)
volume, WMH volume and CBF using similar but not identical approaches to those used in the
RADAR trial. It is notable that these data were generated after a follow-up of just 6 months post
randomisation and from a group of 44 participants allocated equally to the intervention and placebo
arms.113 Despite the participant group being approximately 20% of that presented in the RADAR trial,
the data from NILVAD showed the absence of any therapeutic benefit from BP-lowering with respect
to whole-brain volume. In agreement with the RADAR trial findings, this substudy found no evidence
to support any benefit from BP-lowering treatment with nilvadipine in relation to either brain volume
or the volume of WMH.113 By contrast, the authors did report that nilvadipine increased hippocampal
blood flow, although they did not identify differences in global CBF or CBF in the posterior cingulate
cortex, an area they chose to investigate regional differences alongside the hippocampus.113

Secondary outcomes

A number of secondary outcomes were investigated in the RADAR trial.

We first investigated rates of AD progression, as assessed by changes in various cognitive and
behavioural assessments, including the ADAS-Cog,96 the NPI97 and the MMSE.98 We also explored
participant function and quality of life using the BADLS100 as well as examining change in quality of life
(DEMQOL, DEMQOL-proxy99). These data were collected at the same time points as the primary
outcomes, with an additional collection between these points to explore the short-term benefits.
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A cursory examination of all of the assessment scores at each of the three time points (baseline, and
6 and 12 months) showed a worsening of all scores among participants in both the intervention and
the placebo arms. However, a comparison of change in scores from baseline to follow-up, similar
to the exposure period to the intervention for the primary outcome, showed that there were no
significant differences in the secondary outcomes between the intervention arm and the placebo
arm that would suggest a therapeutic benefit.

The study also sought to investigate the change in the volume of WMH, which was measured in
our MRI protocol using T2-FLAIR, given that it may predict 1-year cognitive decline,24 as well as to
explore CBF, using ASL MRI methods in these participants. For ease of discussion and because of their
relatedness these will be discussed together. These imaging outcomes and the specific measurement of
BP as an additional outcome measure were important, as BP is a key outcome in assessing the efficacy
of hypertension treatments and thus may have provided insight into the associations between BP and
the secondary MRI measures of cerebrovascular damage and dysfunction.

The levels of data collection for these outcome measures were lower than anticipated across all
of the recruitment centres. Indeed, it was known from the outset of the trial that data on WMH and
CBF, even if collected at the same level as the primary outcome, would be underpowered to provide
any definitive findings and, therefore, these variables were proposed as secondary outcomes.

Data on WMH volume could be collected from only approximately half of the RADAR participants
(i.e. from 15 of the 24 sites), reinforcing that these analyses were predominantly exploratory and
required appropriate cautious interpretation. The number of participants for whom data were collected
was approximately the same in the placebo (n = 51) and intervention arms (n = 54). Comparison of
WMH volume at both baseline and 12-month follow-up showed no statistical differences between
treatment arms, and regression analysis to measure the change in WMH volume showed that there
were no statistically significant differences that may indicate that losartan had any beneficial effect in
lowering WMH volume (p = 0.697).

The intended similarly exploratory analysis of CBF was slightly more limited by the number of
recruitment sites that could support it. However, the analysis of CBF was also subject to additional
limitations posed by the complexities of retrieving data from nine different centres that each used
different MRI facilities, different hardware and, as was identified, sometimes adopted different
interpretations of the MRI protocols. Although data were collected from a total of 94 participants with
similar distribution in the trial arms, it became apparent that there was significant variation in the
numbers of scans that could be retrieved that were suitable for analysis once we had applied our QA
approaches, both to get indicative results on the potential effect of the intervention and to pilot how
data from several centres may be harmonised for analysis.

With these two objectives in mind, we selected data from sites 19 and 10, which between them
accounted for almost half of participants from whom data were collected. Our QA of the data from
these two centres involved exploration of two approaches. We used either the application of stringent
criteria to the data, which were deemed to be of sufficient quality to allow accurate measurement of
CBF from the T2-FLAIR scan, or a relatively newer option that uses a spatial CoV approach, which used
data to calculate the ratio of the SD of CBF to the mean of CBF in scans. The dual approach was used
because the latter is being proposed as a novel robust, but arguably more forgiving, approach when
working with data from multicentre studies to allow estimates (proxy) measurements of CBF.106,107 As is
evident from the data generated from pilot studies in the two largest sites in the RADAR trial, the
number of scans that were able to be analysed was slightly higher using the CoV approach than when
using the more restrictive focus on purely CBF scans; in this study, there were too few CBF scans to
allow any meaningful analysis. Moreover, owing to differences in the parameters with which the ASL
sequences were run at these two sites, it was not possible to readily combine these data to provide a
larger data set that would enable a comparison.
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Because of the exploratory nature of CBF as an outcome measure and the complexities of this set of
data, exploration of the influence of losartan on CBF following the treatment period was restricted to
the CoV data from sites 19 and 10. Unfortunately, all efforts to retrieve data in a usable format from
the remaining sites have been unsuccessful at the time of writing. From the CoV data available from
sites 19 and 10 there were no obvious differences between treatment arms at either baseline or
12-month follow-up; nor was there any evidence of a difference in mean change in CBF analysed
using spatial CoV analysis.

The exploratory data suggest that losartan has no effect on either WMH or CBF in patients with AD
following 12 months of treatment, although, given the complexities of the latter data, noted previously,
some of these conclusions need to be interpreted cautiously because the study was not designed
around the secondary analyses. As mentioned, the recently completed NILVAD trial112 provides some
limited basis of comparison for the RADAR trial findings. The NILVAD trial found no evidence to suggest
that lowering BP with nilvadipine has any beneficial effect on brain volume; however, it also found
no evidence of a nilvadipine-associated change in the volume of WMH.113 By contrast, the authors
reported that nilvadipine had a beneficial effect on increasing hippocampal blood flow, but not on
differences in global CBF or CBF in the posterior cingulate cortex, an area that was preselected for
investigation of regional blood flow differences, alongside the hippocampus.113 Again, the fact that this
substudy included the measurement of these variables after only 6 months of treatment, compared
with 12 months of treatment in the RADAR trial, may have been a limiting factor. Alternatively, it is
possible that observations of increased hippocampal blood flow were a true and early but transient
phenomenon after participants were randomised to the intervention. However, the fact that there
were no similar changes in global or posterior cingulate cortex CBF, and no differences were found in
either total brain or hippocampal volume, raises some questions about the impact of the observed
increase in hippocampal blood flow on the brain overall. Similarly, the limited numbers of participants
for whom data were available and the short follow-up period meant that further analysis of the
relationship with cognitive decline, which may have been slightly informative, was not possible.

On balance, it is important to note that the findings of the NILVAD trial are interesting but, given the
number of participants, need to be considered with the appropriate levels of caution. The findings of
the RADAR trial largely agree with those of the NILVAD substudy and the various MRI outcome
measures examined, with the exception of the observed differences in hippocampal blood flow,
something that our study did not set out to investigate.

i. It was important to pay due consideration to change in BP over time in the RADAR trial given the
normal prescribed purpose of losartan. Interestingly, by virtue of this function, the measurement of BP
provided the opportunity to have an important positive control that the intervention was biologically
active (i.e. observable reductions in BP in the intervention arm would be proof that the medication
was active). The other reason why examination of BP was valuable is that previous research has
suggested that variations in BP might be associated with the volume of WMH and CBF, which in
turn may affect cognitive performance.45–47 Yet there have also been some inconsistent findings.49,50

The findings clearly showed that there was a significant reduction in BP in participants who were
randomised to losartan. This equated to a modest drop of approximately 5 mmHg in systolic BP and of
3 mmHg in diastolic BP, although these values are lower than in the NILVAD imaging substudy, which
found a drop of in BP of closer to 10 mmHg.113 Although the RADAR trial has longer follow-up data
(12 months vs. 6 months) and a larger study population (193 vs. 44) than the NILVAD trial, in contrast
to the main NILVAD trial112 and imaging substudy,113 we found no evidence of an association between
reduced BP and change in the primary or secondary outcome measures.

The results of the RADAR and NILVAD trials, being intervention studies in patients with mild-to-moderate
AD, can be compared with the findings of the SPRINT-MIND study65 of the main SPRINT (NCT01206062)
intervention trial.66 SPRINT compared the effectiveness of treating systolic BP in a population of
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hypertensive individuals aged > 50 years (without diabetes or a history of stroke or AD) with the intention
of lowering systolic BP to below 120mmHg, compared with the normal normotensive threshold of
140mmHg. The sample size in the SPRINT study was an order of magnitude greater (n= 9361 participants
randomised) than that of the NILVAD trial (n= 511 randomised) and the RADAR trial (n= 211 randomised).
The SPRINT-MIND substudy was similarly larger (n = 2636) and investigated the impact of the two
BP-lowering approaches (evenly distributed in the study population) with respect to cognitive outcomes,
namely the rate of new cases of probable dementia (the primary cognitive outcome) and the rate of
development of MCI, which was investigated along with, or as a composite outcome measure with,
the rate of probable dementia.

First, SPRINT-MIND investigated of small-vessel disease in the brain using MRI65 and its association
with cognitive outcomes. No such association was observed, although it must be acknowledged that
the early stoppage of the main SPRINT trial, because of the earlier than expected observed therapeutic
benefit from more aggressive BP-lowering, meant that the planned follow-ups in SPRINT-MIND were
curtailed, resulting in fewer data than was originally planned.65 Yet the lack of observed findings is
consistent with the limited findings of both the RADAR trial and the NILVAD trial. The observation
from the main SPRINT trial that lowering BP to below 120 mmHg reduced rates of MCI and their
composite secondary cognitive outcome measure is not consistent with the findings of the RADAR
trial. Yet there are a few notable differences between the studies. First, participants recruited to
SPRINT (and SPRINT-MIND), although of comparable lower age to participants in the RADAR trial
(50 years in SPRINT and 55 years in the RADAR trial), were hypertensive with no apparent cognitive
impairment whereas those in the RADAR trial had mild-to-moderate AD. A similar difference exists
between the NILVAD trial and SPRINT. Second, the outcome measures in SPRINTwere measures of
disease prevention, whereas those in the RADAR trial and the NILVAD trial were measures of reduction
in disease progression. Third, the benefits observed in SPRINT were accompanied by a reduction in
systolic BP to below the target of 120 mmHg, whereas neither the RADAR trial nor the NILVAD trial
achieved such a reduction after 12 months’ treatment [RADAR: mean 133 (SD 21) mmHg; NILVAD:
mean 132 (SD 16) mmHg]. This poses the possibility that the reductions in systolic BP achieved in both
the RADAR trial and the NILVAD trial may be insufficient to achieve any benefit that may have translated
into the chosen primary and secondary outcomes. However, it is also possible that the advanced stage of
disease among participants in both the RADAR trial and the NILVAD trial could have negated any potential
benefit that may be gained in persons without dementia with no obvious neurodegenerative disease.

In HYVET-COG (Hypertension in the Very Elderly Trial cognitive function assessment), which targeted
very elderly people with severe hypertension (systolic BP 160–200 mmHg), the use of indapamide with
an optional add-on of the ACE1-I perindopril was compared with placebo.115 The target BP level in
HYVET-COG was a systolic BP of 150 mmHg, higher than both the RADAR trial and the NILVAD trial
achieved, but the trial failed to demonstrate any reduction in the incidence of dementia. Like SPRINT-
MIND, the full scope of HYVET-COG was limited by the early termination of the main HYVET study
because of the observed therapeutic benefit.115 Yet it may be reasonable to think that the negative
findings in HYVET-COG, as in the RADAR trial and the NILVAD trial, may be attributable to insufficient
lowering of BP. In the case of the RADAR trial, this would imply that the insufficient BP lowering, rather
than the involvement of dysfunctional biochemical systems (i.e. cRAS), could explain the failure to detect
any therapeutic benefit of losartan, and the current results cannot exclude this possibility.

Finally, the results of the RADAR trial differ from those of Tedesco et al., and others, who reported
that losartan might confer a beneficial effect on cognitive function.49–51,74 There are again some notable
differences to consider. The Tedesco et al.50,51 study was smaller (n= 69), involved people with hypertension
but not dementia, and used a smaller maximum dose of losartan (50 mg) but for 26 months. We cannot
exclude the possibility that the RADAR trial treatment period was too short to demonstrate a similar
cognitive benefit in AD participants. The NILVAD study involved treatment for 78 weeks (compared
with 52 weeks in the RADAR trial) and, thus, if BP-lowering is an important factor, the longer exposure
periods may have benefited participants in both the RADAR trial and the NILVAD trial.
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Given that the RADAR trial is one of a few studies to use a combination of MRI measurements that
are reported to serve as a proxy for cognitive decline in a population with mild-to-moderate AD, it was
also important to explore the potential associations between the primary and secondary outcomes.
This examination may help elucidate which outcome measures may be more suitable in future studies.
However, as the data from the RADAR trial were null for the primary and secondary outcome measures,
it is not possible to determine which outcome measures would be the most informative for a similar
study. It was reassuring to see pertinent correlations between MRI-based measures of hippocampal
volume and other relevant measures. However, what may have been somewhat surprising is the lack of
any strong correlation between the observer-rated measures of hippocampal atrophy (Scheltens scores)
and the MRI-based measures of hippocampal atrophy. Any potential issues this may have caused would
have been mitigated in our analysis because we adjusted for Scheltens scores as one of our minimisations.

Levels of drug compliance and tolerability were also an important consideration for the RADAR trial.
As already described, there were high levels of compliance (88%) across all participants, with
compliance only slightly lower (86%) in the intervention arm than in the placebo arm (90%), which
sensitivity analyses confirmed was comparable across study arms. Similarly, the numbers of SAEs and
AEs were similar in both treatment arms, showing that the intervention was safe to use.

Post hoc exploratory analyses

We considered a small number of additional post hoc exploratory analyses intended to explore
questions that the current data may be able to answer to inform future studies.

The first question that could be explored, given that people with and without hypertension were
recruited to the RADAR trial, was whether pre-existing hypertension had an effect on the primary
and secondary outcomes. This would potentially shed some further light on whether or not any
differences may be apparent in the characteristics of people with AD (in a randomised study) in terms
of baseline characteristics or how they changed after 12 months of treatment with the BP-lowering
agent losartan. The comparability of all the baseline characteristics, as well as the baseline primary
and secondary outcomes, suggested that prior hypertension had no bearing on any of the outcome
measures in the RADAR trial. In the recent NILVAD substudy that explored similar MRI-based
outcomes to those used in the RADAR trial, about 30% of participants enrolled in the study had
prior hypertension. However, the authors of the NILVAD study did not comment on the potential
effects of prior existence of hypertension and their outcome measures. This is most likely because
the arms in the substudy were already relatively small (n = 22 in each arm) and, therefore, meaningful
comparisons of the effects with the various MRI-based outcome measures and assessments would
have been significantly underpowered. However, given the considerable evidence reported to date
that midlife hypertension is thought to increase risk of developing AD,20,58 which the recent findings
of the SPRINT-MIND study also support,66 the absence of obvious differences between the treatment
and intervention arms is curious. We did not have access to information regarding duration of prior
hypertension at the time of writing; the investigators of the SPRINT-MIND study reported on some
ongoing analyses of the medication types that participants were taking while trying to achieve the
different target BP levels. It was suggested that RAS-acting medications (e.g. ACE1-Is and AT1RAs)
appeared to have a greater benefit than other medications, with some indication that AT1RAs (e.g.
losartan) offer the most favourable outcome. As yet there has been no publication to support this
statement; however, if found to be true and the evidence significant, it would not only provide
renewed evidence in support of the legitimacy of investigating losartan in the RADAR trial but
also point to the fact that durations of follow-up longer than the 12 months used in the RADAR trial
(median follow-up of participants in SPRINT-MIND was 3.14 years) are likely to be needed.66
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Second, the favourable rates of retention of participants, leading to high rates of completion of the
primary outcomes and of data completion, were thought to be largely due to the inclusion of an
open-label phase as a preceding step to the main randomisation phase. This prompted an examination
of the characteristics of those participants who were not randomised, with a view to informing potential
revisions to a future study protocol.

There were a number of notable observations from the open-label study. Over half of the participants
withdrew within 1 week of entering the study while on the low titration dose for the intervention. Among
the 50 participants who withdrew, a surprisingly high proportion (86%) were normotensive. Furthermore,
a large number of those people discontinued at the commencement of the study were normotensive
participants within the first 7 days (i.e. at the lower dose of the active medication). Yet there was no
evidence of unevenness in the randomised phase, showing that our randomisation process worked
effectively. Another observation was that almost 20% of the enrolled participants did not proceed
to the randomised phase because of an unsuccessful, or lack of, completion of a baseline MRI.

Finally, an exploration of MRI-based measures of hippocampal atrophy was also undertaken as a
means to pilot this alternative outcome measure for future trials. As was observed for the primary
outcome, there was no evidence to suggest that losartan had a beneficial effect on THV or the volume
of individual hippocampi. It was also considered relevant to explore the possible correlation between
the MRI-based measures of hippocampal atrophy and rater-based ones (Scheltens score). It was
somewhat unexpected to note the poor levels of correlation between these two measures, given that
both are intended to measure the same pathological phenomenon.

Conclusions (implications for health care, recommendations for research)

The RADAR trial is the first RCT, to our knowledge, to investigate whether or not the AT1RA losartan
has any therapeutic benefit in mild-to-moderate AD and to formally test the angiotensin hypothesis in
AD, a hypothesis that is currently gathering increasing levels of support. Furthermore, the RADAR trial
is a long overdue study of a BP-lowering intervention in a clinically defined population that numerous
observational studies have suggested may benefit from a BP-lowering drug because of decades-old
observations of a link between mid-life hypertension and an increased risk of AD. The growing number
of preclinical studies that have demonstrated how various means of reducing the synthesis or signalling
of AngII reduce rates of cognitive decline and neuropathological hallmarks of AD have continued to
support this. Furthermore, there have continued to be some supportive findings, albeit inconsistently,
from more recent observational studies. However, the RADAR trial, which used a more objective MRI-
based measure as the primary outcomes rather than, as in many studies, assessment-based measures,
found no evidence that losartan may provide a therapeutic option for the treatment of AD in the
future. This robustly designed study, which had adequate randomisation between treatment arms and
favourable participant retention and primary outcome completion rates, showed that losartan did not
alter the assumed rate of clinically relevant brain atrophy and unambiguously excluded a reduction in
rate of at least 3.8 ml/year. Similarly, there was no significant evidence to support a therapeutic benefit
offered by losartan against any of the secondary outcome measures, although this needs to be stated
with some caution as the study was not designed around the analysis of these clinical secondary outcomes.

Our study does not exclude the possibility that the duration of treatment, the severity of disease in the
participants or the extent to which the drug penetrates the brain are factors that may have resulted
in a failure to detect an effect on our primary and secondary outcomes. As described, evidence from
the recent SPRINT-MIND study66 showed some reduction in dementia incidence after > 2 years of
BP-lowering treatment. However, SPRINT-MIND also examined the therapeutic benefit of aggressive
BP-lowering in general, rather than specifically investigating inhibitors of AngII function, or any other
individual class of BP-lowering medication. Further analyses of this would be very welcome. Thus, it is
not possible to exclude the possibility that more aggressive BP reduction, and for longer, might have
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had some therapeutic benefit; however, the uniformity of the null findings across all of the primary
and secondary outcomes may suggest that AngII inhibition by losartan has no further future as an
intervention to be tested.

The findings of the RADAR trial should not serve as a reason for premature termination of investigation
of the role of AngII in AD. The evidence in favour of conducting this study was already strong at the time
that the RADAR trial commenced, and supportive data have continued to be published in the intervening
years. This means that further studies are still required to properly interrogate this hypothesis, as has
happened in recent decades to test the therapeutic benefit of stopping or preventing Aβ synthesis,
despite several large negative studies.114 It must be stated that, since the RADAR trial concluded, there
has been some renewed interest in the Aβ-lowering intervention aducanumab following subsequent
analysis of additional data that became available, after the cut-off point used for a futility analysis
that triggered the discontinuation of these trials in early 2019. These data, on a subset of participants,
suggested that some participants receiving aducanumab at higher doses and for longer demonstrated
reductions in brain Aβ levels, as measured by imaging, and encouraged the commercial owners of
aducanumab to seek regulatory marketing approval. However, this development is not without some
controversy and scepticism as, despite observable reductions in brain Aβ levels, these reductions were
not found to be reflected in separate clinical outcomes also measured in the study, casting some further
doubt on the clinical efficacy of the drug.116,117 Therefore, some of the considerations that relate to the
failure of other drugs testing other mechanisms in AD trials may also apply to the RADAR trial, not least
the recruitment of participants with a level of disease that may be insurmountable by any intervention
by the time clinical symptoms manifest. Indeed, the design of the RADAR trial and its undertaking
coincided with growing debate and now acknowledgement that intervention trials may be more likely
to be successful in patient populations in the earliest detectable stages of AD, such as those with MCI;
longer follow-up periods of at least 18–24 months should be used to try to measure any form of disease
modification.4,5 The recent developments around aducanumab, and in particular the apparent disconnect
between evidence of Aβ clearance following longer periods of exposure to the intervention, and in a
dose-dependent manner, but in the absence of supportive data around clinical efficacy show once more
that there may yet further revisions to perceptions of what may be deemed appropriate follow-up
periods in future trials.

Although the findings of the RADAR trial are disappointing with regard to the angiotensin hypothesis
of AD, and to patients and their families everywhere hoping for a new treatment, it is possible that
the findings of other ongoing related trials will prove to be important in informing whether or not
an AngII-inhibiting intervention may have a future role in the treatment and/or lowering the risk of
developing AD. Indeed, the recent findings around aducanumab show the importance of having several
studies properly test a hypothesis. Aducanumab is still just one in a long succession of compounds that
have been tested or are being tested for therapeutic benefit of targeting Aβ. Yet, it is arguably only
the first, following a long line of several other failed attempts over several decades,114 to show some
promise in a relatively safe manner. With this in mind, it is notable and fortunate that most of the
ongoing studies are investigating populations of people who, unlike those in the RADAR trial, have no
cognitive impairment but either are at risk of developing dementia [i.e. the HEART study (NCT02471833)
and the rrAD study (NCT02913664)] or have MCI [i.e. the CEDAR study (NCT02646982) and the
CALIBREX study (NCT01984164)] and thus will provide information on populations of individuals at an
earlier stage in the natural history. Moreover, all of these studies use different sartan drugs [rrAD uses
losartan, whereas other studies use telmisartan (HEART) or candesartan (CEDAR and CALIBREX)]. Thus,
not only will these studies provide information on different outcome measures, but they will do so in
various less impaired populations, using a number of other interventions that had similar candidacy to
losartan, which was investigated in the RADAR trial. It is therefore conceivable that the contribution of
the RADAR trial to the development of any future AngII-inhibiting intervention may be not only in the
likely exclusion of losartan as a candidate intervention, but also in providing a robust study design with
which to test any other sartan that shows promise in the future.
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Data-sharing statement

All data requests should be submitted to the corresponding author for consideration. Access to
available anonymised data may be granted following review.

Patient data

This work uses data provided by patients and collected by the NHS as part of their care and support.
Using patient data is vital to improve health and care for everyone. There is huge potential to make
better use of information from people’s patient records, to understand more about disease, develop new
treatments, monitor safety, and plan NHS services. Patient data should be kept safe and secure, to
protect everyone’s privacy, and it’s important that there are safeguards to make sure that it is stored and
used responsibly. Everyone should be able to find out about how patient data are used. #datasaveslives
You can find out more about the background to this citation here: https://understandingpatientdata.org.uk/
data-citation.
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Appendix 1 Details of cognitive
assessments, measures of daily life and
quality of life

The Mini Mental State Examination (participant)

The MMSE is the most commonly used test for complaints of problems with memory or other mental
abilities. The MMSE test can be used by clinicians to help diagnose dementia and to help assess its
progression and severity. It consists of a series of questions and tests, each of which scores points if
answered correctly. The MMSE tests a number of different mental abilities, including a person’s
memory, attention and language. The MMSE is only one part of assessment for dementia. Clinicians will
consider a person’s MMSE score alongside their history, symptoms, a physical examination and the
results of other tests, possibly including brain scans. The MMSE can also be used to assess changes in a
person who has already been diagnosed with dementia. It can help to give an indication of how severe
a person’s symptoms are and how quickly their dementia is progressing. It is a 30-point questionnaire
that takes 5–10 minutes to be administered by a trained observer. It consists of eight items:

1. orientation to time
2. orientation to place
3. registration
4. attention and calculation
5. recall
6. language
7. repetition
8. complex commands.

The maximum score is 30, with a higher score indicating a lower impairment. Any score of ≥ 24 indicates
a normal cognition. Below this, scores can indicate severe (≤ 9 points), moderate (10–18 points) or mild
(19–23 points) cognitive impairment.

Alzheimer’s Disease Assessment Scale – Cognitive Subscale (participant)

The Alzheimer’s Disease Assessment Scale takes 30–45 minutes to be administered by a trained
observer; it is a standardised assessment of cognitive function and non-cognitive features. The cognitive
section of the scale (ADAS-Cog) is the gold standard for measuring change in cognitive function in drug
trials. Deterioration of about 10% per year in cognitive tests in participants with AD is regarded as average.
The cognitive domains include components of memory, language and praxis, and the non-cognitive features
include mood state and behavioural changes.There are 11 main sections testing cognitive function, primarily
measuring language and memory.The ADAS-Cog helps evaluate cognition and differentiates between normal
cognitive functioning and impaired cognitive functioning. It is especially useful for determining the extent of
cognitive decline and can help evaluate which stage of AD a person is in, based on their answers and score.
The ADAS-Cog is often used in clinical trials because it can determine incremental improvements or declines
in cognitive functioning.
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The ADAS-Cog consists of 11 items:

1. word recall task
2. naming objects and fingers
3. following commands
4. constructional praxis
5. ideational praxis
6. orientation
7. word recognition task
8. remembering test directions
9. spoken language

10. comprehension
11. word-finding difficulty.

The test administrator adds up points for each task of the ADAS-Cog for a total score. Total scores
range from 0 to 70, with higher scores (≥ 18) indicating greater cognitive impairment. A normal score
for someone who does not have AD or another type of dementia is 5.

Dementia Quality of Life (participant)

The DEMQOL assesses quality of life in persons with mild-to-moderate dementia. It is a 28-item
interviewer-administered questionnaire that is self-reported by the person with dementia. Responses
are on a four-point scale (‘a lot’, ‘quite a bit’, ‘a little’ and ‘not at all’) with a score range of 28–114;
a higher score indicates a better health-related quality of life. It takes approximately 10–20 minutes
to administer.

Neuropsychiatric Inventory (study companion)

The NPI is the behaviour instrument most widely used in clinical trials of antidementia agents. It may
help to distinguish between different causes of dementia; it records severity and frequency separately,
and it takes 10 minutes to administer. A screening strategy is used to reduce the length of time that
the instrument takes to administer, examining and scoring only those behavioural domains with
positive responses to screening questions. Both the frequency (range 1–4) and the severity (range 1–3)
of each behaviour are determined. Information for the NPI is obtained from a caregiver familiar with
the participant’s behaviour. The NPI assesses 12 behavioural domains common in dementia:

1. hallucinations
2. delusions
3. agitation/aggression
4. dysphoria/depression
5. anxiety
6. irritability
7. disinhibition
8. euphoria
9. apathy

10. aberrant motor behaviour
11. sleep and night-time behaviour change
12. appetite and eating change.
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There are two scores for each domain [frequency × severity and caregiver distress (0–5)]. The
frequency × severity score range is 12–144, and the caregiver distress score range is 0–60. The higher
the total score, the more severe the symptoms (a score of < 20, symptoms are mild; a score of
20–< 50, symptoms are moderate; and a score of ≥ 50, symptoms are severe).

Bristol Activities of Daily Living Scale (study companion)

The BADLS is a 20-item questionnaire designed to measure the ability of someone with dementia to
carry out daily activities such as dressing, preparing food and using transport. The scale assesses 20 daily
living abilities, each of which has four possible responses (scored 0–3). The score range is 0–60; the
higher the total score, the more severe the symptoms.

Dementia Quality of Life-proxy (study companion)

This is the informant version of the DEMQOL and assesses the quality of life in persons with mild-to-
moderate dementia. Completed by the main carer, it is a 31-item interviewer-administered questionnaire
that is a proxy report of the person with dementia’s DEMQOL report. Responses are on a four-point
scale (‘a lot’, ‘quite a bit’, ‘a little’ and ‘not at all’) with a score range of 31–124; a higher score indicates a
better health-related quality of life. It takes approximately 10–20 minutes to administer.
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Appendix 2 Supplementary adverse
event details

TABLE 24 Summary of SAEs

SAE number Brief summary Arm

Cancer

SAE002 Participant died of pancreatic cancer Placebo

Cardio-circulatory

SAE003 Prolonged syncopal episode Placebo

SAE018 Fainting and bradycardia Placebo

Dermatological

SAE030 Rash around armpits and right side of the abdomen Intervention

Endocrine and metabolic

SAE013 Development of diabetes Intervention

Gastrointestinal

SAE016 Constipation and prolapse Placebo

SAE033 Diverticulitis Placebo

SAE027 Stomach pain and breathing difficulty Placebo

SAE024 Urinary retention and diarrhoea and vomiting Intervention

Haematological/thrombosis

SAE040 Admission 3 days. Right-sided chest pain. Discharged with anticoagulant medication Placebo

Hepatic

SAE017 Collapse raised ALT 100 U/l (reference range 0–55 U/l) Intervention

SAE023 Grossly raised AST serum level Placebo

SAE043 Safety bloods results outside the safety range Intervention

Infection

SAE007 Hospital admission. Sepsis Intervention

SAE019 Cellulitis left leg Intervention

SAE020 Cellulitis left leg flare-up Intervention

SAE029 Recurrent bronchitis Intervention

SAE039 Dizzy spell, tremor and cold hands. Discharged with antibiotics Intervention

SAE041 Chest infection Placebo

SAE042 Lower respiratory tract infection Intervention

Mechanical injury

SAE006 Fall Placebo

SAE008 Fainting Placebo

SAE010 Participant died. Admitted with femur fracture, dehydration and anaemia. Unrelated to trial Intervention
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TABLE 24 Summary of SAEs (continued )

SAE number Brief summary Arm

SAE011 Fall Intervention

SAE014 Fainting Intervention

SAE021 Falls Intervention

SAE035 Fall Placebo

Neuropsychiatric

SAE012 Found slumped on sofa unable to sit up, had visual hallucinations Placebo

SAE004 Seizures Intervention

SAE026 Seizure Placebo

SAE032 Vivid delusions and aggressive outburst Placebo

SAE034 Temporary admission to dementia assessment unit Intervention

Other

SAE031 Ankle swelling (oedema) Placebo

SAE001 Brain pathology Intervention

SAE005 Persistent nausea, dizziness and headache Placebo

SAE009 Mobility problems and unable to get out of bath Intervention

SAE015 Overdose of dementia medication Intervention

SAE025 Food poisoning Intervention

SAE028 Collapse Intervention

SAE036 Elective surgery (throat biopsy) Placebo

SAE037 Hospital admission knee pain. Arthritis Placebo

SAE038 Collapse without loss of consciousness Placebo

Renal

SAE022 Increased creatinine Open label

ALT, alanine aminotransferase; AST, aspartate aminotransferase.
Reproduced with permission from Kehoe et al.79 © 2021 The Author(s). Published by Elsevier Ltd. This is an Open
Access article under the CC BY 4.0 license.
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