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ABSTRACT
Introduction Elevated low-density lipoprotein cholesterol
(LDL-C) is a strong independent risk predictor of
cardiovascular (CV) events, while interventions to reduce
it remain the only evidence-based approach to reduce
CV morbidity and mortality. Secondary prevention statin
trials in combination with ezetimibe and/or proprotein
convertase subtilisin/kexin type 9 (PCSK9) inhibitors
showed that there is no ‘J shaped curve’ in LDL-C levels
with regard to CV outcomes. The lowest threshold beyond
which reduction of LDL-C confers no further CV benefits
has not been identified.
The INTENSITY-HIGH study seeks to explore physiological
mechanisms mediating CV benefits of LDL-C lowering
by PCSK9 inhibition in patients with established
cardiovascular disease (CVD). The study examines the
changes in measures of endothelial function and vascular
inflammation imaging following intervention with PCSK9
and against standard of care.
Methods and analysis This is a single-centre,
randomised, open label, parallel group, mechanistic
physiological study. It will include approximately 60
subjects with established CVD, with LDL-C of <4.1 mmol/L
on high-intensity statins. All eligible participants will
undergo 18-fluorodeoxyglucose positron emission
tomography/CT (FDG-PET/CT) scanning of the aorta and
carotid arteries, as well as baseline endothelial function
assessment. Subsequently, they will be randomised on a
1:1 basis to either alirocumab 150 mg or ezetimibe 10 mg/
day. Repeat FDG-PET/CT scan and vascular assessments
will be undertaken after 8 weeks of treatment. Any
changes in these parameters will be correlated with
changes in lipid levels and systemic inflammation
biomarkers.

Strengths and limitations of this study
►► PCSK9-inhibitors are currently licensed in cardio-

vascular (CV) patients with uncontrolled low-density
lipoprotein cholesterol (LDL-C). Their benefits, however, may extend, in such high-risk patients, irrespective of target LDL-C levels. This study assesses
the physiological responses to aggressive LDL-C
lowering on vascular inflammation and endothelial
function in stable patients.
►► The use of 18-fluorodeoxyglucose positron emission
tomography/CT as a marker of vascular inflammation in an interventional study will provide a mechanistic understanding to explain potential benefits
in this population on top of existing evidence-based
therapies.
►► The relative short duration of the trial means the
study is not powered to assess clinical outcome
data, but provides a rationale for the extension of
current guidelines to treat CV patients more aggressively in terms of addressing the issue of residual
risk.

Ethics and dissemination The study received a
favourable opinion from the Wales Research Ethics
Committee 4, was registered on clinicaltrials.gov and
conformed to International Conference for Harmonisation
of Technical Requirements for Registration of
Pharmaceuticals for Human Use Good Clinical Practice.
The results of this study will be reported through peer-
reviewed journals and conference presentations.
Trial registration number NCT03355027.
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LDL-C lowering therapies
Statin trials have proven that CV benefits extend to LDL-C
levels below 1.8 mmol/L in patients with CVD.9 Recently,
even lower LDL-C levels have been shown to improve
outcomes in patients with acute coronary syndromes.10 11
This has prompted lower LDL-C target recommendations
in the 2019 European Society of Cardiology Dyslipidaemia
2

guidelines for very high risk and high risk patients to
<1.4 mmol/L and <1.8 mmol/L respectively.12 Despite
this, it is still unclear what the lowest threshold of total
and LDL-C should be to attain significant reductions in
CV risk in patients with established CVD.13 Additionally,
it is unclear if there is a true LDL-C level beyond which
there is no further improvement in endothelial function. Whether endothelial function continues to improve
towards very low levels of LDL-
C in correlation with
changes in systemic and vascular inflammation markers
remains to be elucidated.
Proprotein convertase subtilisin/kexin type 9 (PCSK9)
inhibitors have emerged as new therapies able to reduce
LDL-C to previously unattainable levels. Their main lipid
action is LDL-C reduction by blocking the degradation of
LDL receptors; a process found to be facilitated by statins.
Therefore, PCSK9 inhibition by alirocumab or evolocumab efficiently reduces LDL-C by up to approximately
60% even on top of pre-existing statin treatment.14 15 Post
hoc analysis of the Evaluation of Cardiovascular Outcomes
After an Acute Coronary Syndrome During Treatment
With Alirocumab (ODYSSEY OUTCOMES) trial suggested
that additional LDL-C reduction by alirocumab on top
of statin treatment is associated with further decreased
risk of CV events.15 Similarly, the Further Cardiovascular
Outcomes Research With PCSK9 Inhibition in Subjects
With Elevated Risk (FOURIER) trial showed that evolocumab significantly reduced CV events compared with
placebo in patients with established CVD and LDL-
C
≥1.8 mmol/L or non-
high-
density lipoprotein (HDL)
cholesterol≥2.6 mmol/L despite optimal statin treatment.14 Importantly, LDL-C reduction to 0.98 mmol/L in
ODYSSEY-OUTCOMES and 0.78 mmol/L in FOURIER
was found to be safe in both instances.
Measuring inflammation and endothelial function
Metabolically active inflammatory cells utilise more
glucose than non-activated cells, and the degree of metabolic activity can be measured using FDG-PET/CT.16 17
Cellular FDG uptake is largely irreversible and correlates
with glucose usage and macrophage numbers in both
tumour cells and atherosclerotic plaques.18 19 FDG-PET
imaging has been successfully used to determine culprit
plaques responsible for transient ischaemic attacks and
stroke, as well providing a potential independent prognostic marker for CV risk.20 21 The signal has also been
shown to be responsive to both anti-inflammatory and
statin therapy, with clear reductions in FDG uptake
noted in both human and animal models of atherosclerosis.22 23 Taken together, these findings suggest a role
for FDG PET/CT imaging in the assessment of the anti-
inflammatory potential of novel compounds such as
PCSK9 inhibition therapies.
Endothelial function can be measured in the peripheral vasculature in a number of different ways. Flow-
mediated dilatation (FMD) of the brachial artery can be
assessed non-invasively using ultrasound, to indicate nitric
oxide (NO) dependent endothelial function.24 Impaired
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BACKGROUND
Atherosclerotic cardiovascular disease (CVD) remains
a significant cause of morbidity and mortality, despite
major advances in its detection and treatment. The link
between inflammation and atherosclerosis is firmly established,1 and the role of cholesterol in its pathophysiology
is well described.2
Atherogenesis is a chronic, subclinical inflammatory
process in which apolipoprotein(apo)B-containing lipoproteins, inflammatory cells and other connective tissue
cells accumulate in the subendothelial space resulting
in endothelial dysfunction, vascular inflammation and
arterial stiffness. Impaired endothelial function facilitates further accumulation of atherogenic lipoproteins
and attracts inflammatory cells (circulating monocytes)
in the subendothelial space. There is cross-talk between
vascular inflammation and endothelial dysfunction that
leads to atherosclerosis, and subsequently to symptomatic
CVD and atherothrombotic events secondary to rupture
of inflamed lipid-rich unstable plaques.
Low-
density lipoprotein (LDL) particles are highly
atherogenic. Elevated levels of low-
density lipoprotein
cholesterol (LDL-C) strongly and independently predict
cardiovascular (CV) events.2 Statins are first-line evidence-
based drugs to reduce CV morbidity and mortality in
parallel with their LDL-
C lowering capacity.3 Various
studies have suggested that statins exert additional pleiotropic benefits, including an improvement in endothelial
function, anti-
inflammatory and anti-
oxidant actions,
as well as reduced arterial stiffness and atheromatous
plaque stabilisation.4 5 It is still debated whether these
benefits could be explained solely by LDL-C lowering.
We have previously shown that comparable reductions
of LDL-C with either simvastatin or ezetimibe resulted in
similar improvements in endothelial function by significantly limiting inflammation in patients with rheumatoid
arthritis.6 This suggests that LDL-C lowering may be a key
mechanism by which vascular benefits of lipid modifying
treatment are exerted.
Despite aggressive LDL-C lowering with statins, a considerable CV risk remains both in the primary and secondary
prevention settings. This residual risk can be explained,
at least partly, by subclinical endothelial dysfunction
and concomitant subclinical vascular inflammation. The
independent prognostic value of endothelial dysfunction markers for CV events has been well established.7
Changes in endothelial function can be detected not only
at the site of coronary or carotid artery lesions, but also
in peripheral vessels remote from the site of structural
abnormalities or occlusive disease.8
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METHODS
This is a single-centre, randomised, open label, parallel
group, mechanistic physiological study. It will be run
at the Vascular Research Clinics, Division of Experimental Medicine and Immunotherapeutics, University
of Cambridge, Cambridge, UK. Patients will be recruited
from local clinics, as well as from co-opted participant
identification centres, and via study advertisements in the
general press. Overall study coordination will be provided
by the Cardiovascular Office of the Clinical Trials Unit,
Cambridge University Hospitals (CUH) National Health
Service (NHS) Foundation Trust. Data will be held in an
anonymised centrally maintained database, with external
quality control checks undertaken by rhe Clinical Trials
Unit.
The study is sponsored by CUH NHS Foundation Trust
and will adhere to the principles of the International
Conference for Harmonisation of Technical Requirements for Registration of Pharmaceuticals for Human
Use (ICH) Good Clinical Practice. The study received
a favourable outcome from the Wales Research Ethics
Committee 4 (REC reference: 17/WA/0285) and the
Administration of Radioactive Substances Advisory
Committee and was registered on clinicaltrials.gov prior
Cacciottolo PJ, et al. BMJ Open 2021;11:e037457. doi:10.1136/bmjopen-2020-037457

to study commencement. The Medicines & Healthcare
products Regulatory Agency indicated that this study did
not require a Clinical Trial Authorisation from the regulatory body. The results of this study will be reported through
peer-reviewed journals and conference presentations.
Study population
The study will include 60 participants aged over 40 years
with an established clinical diagnosis of stable CVD (ascertained by having either a previous diagnosis of myocardial
infarction (MI), ischaemic stroke, peripheral vascular
disease, evidence of occlusive coronary heart disease or
a history of coronary, carotid or peripheral revascularisation). The inclusion and exclusion criteria are detailed in
box 1. In summary, patients with a significant CV event
within the prior 6 months to enrolment; uncontrolled
type 2 diabetes mellitus; active malignancy; renal, hepatic
thyroid or haematological dysfunction; and intolerance
to statin therapy will be excluded from the study.
Study protocol
All potential participants will be given a patient information sheet and will have at least 24 hours to review prior
to providing informed consent to the study team (see
attached online supplemental file). Study procedures
will only be conducted following formal written informed
consent at the screening visit (V1). Baseline blood tests will
include lipid profile (including LDL, HDL, triglycerides,
lipoprotein(a), apolipoprotein A-I, and apolipoprotein
B); electrolytes; renal, liver and thyroid functions; full
blood count; glycated haemoglobin and a urinary pregnancy screen (where appropriate). Baseline vital signs,
ECG, ascertainment of prior medical history and concomitant medications, as well as physical examination will be
undertaken. Participants not already on a predefined
high-intensity statin (as per protocol) will be prescribed
as such and enter a run-in phase of 1 month (see box 2),
after which their lipid profile will be rechecked to ensure
eligibility (V1b). A run-in phase will not be required for
participants already on suitable therapy, who will proceed
directly to FDG-PET scanning.
The study schedule is detailed in figure 1. In brief,
patients will undergo FDG-PET scanning of their aorta
and carotid arteries at V2 prior to their randomisation to
study treatment. At V3, all participants will be randomly
allocated on a 1:1 basis by the study team using a centrally
generated randomisation list, to either alirocumab
150 mg subcutaneously every 2 weeks, or ezetimibe 10 mg
orally daily on top of their pre-
existing high-
intensity
statin treatment. At the same visit, predose assessments of
baseline endothelial function measurements by FMD and
other vascular indices will be undertaken. Subsequently,
study participants will attend every 2 weeks (V4–V6) for
safety blood tests (renal, liver function, creatine kinase
(CK)) and dosing. A tablet check will be undertaken
where appropriate. A repeat FDG-PET/CT scan will be
undertaken at V7, and endothelial function and vascular
index measurements will be repeated at V8. Lipid profile,
3
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brachial artery FMD predicts CV events independently
of established CV risk factors in patients with established
atherosclerotic vascular disease. The degree of endothelial
dysfunction is related to the extent of vascular oxidative
stress and inflammation.25 Additionally, arterial stiffening
is related to atherosclerotic and arteriosclerotic processes
in the vessel wall. Increased stiffness of the central arteries
is an independent predictor of CV outcomes in various
patient groups as well as in general population,26 and can
directly accelerate atherogenesis.27 28 It is regulated by
numerous factors with mean arterial pressure and structural changes in the arterial wall components (ie, elastin
and collagen), as well as ageing, considered as the main
determinants. Pulse-wave velocity (PWV) and the aortic
Augmentation Index (AIx) are measurable markers of
arterial stiffness and related arterial properties.24
In the clinical setting, endothelial dysfunction is detected
as an attenuated vasodilatory response to mechanical or
pharmacological interventions that promote release of
NO.29 Oxidation of LDL (oxLDL) is a key event in the
reduction of NO production via its adverse effects on
endothelial nitric oxide synthase (eNOS) production and
on the destabilisation of eNOS mRNA.30 Elevations in C
reactive protein, a common sequelae of the inflammatory
cascade, is seen as a bystander biomarker of increased
production of superoxide from nicotinamide adenosine
dinucleotide phosphate oxidase via p38 kinase activation.31 Amplification of this circuit can further decrease
the levels of active NO. In this context, it was suggested
that both lipid-lowering (particularly with statins) and
anti-inflammatory treatment have short-term and long-
term benefits on endothelial function.6 32 33
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Box 1

Inclusion criteria

†Very high risk is defined as recurrent CV events or CV events in more
than one vascular bed (ie, polyvascular disease).

►► Patients with high-
risk cardiovascular disease (CVD) with low-

density lipoprotein cholesterol (LDL-C) of ≤4.0 mmol* OR patients
with very high-risk CVD with LDL-C ≤3.5 mmol/L.†
►► Male or female patients over 40 years of age inclusive at screening,
with a body weight ≥45 kg and BMI of ≥18 to ≤40 kg/m2.
►► History of stable CVD, defined as previous myocardial infarction (MI) (STEMI or NSTEMI), angioplasty, documented Coronary
Artery Disease (stress echo, CT coronary angiography or invasive angiography), stroke, transient ischaemic attack or peripheral vascular disease without a recent event in the last 6 months
(ie, acute coronary syndrome, unstable angina, coronary artery
bypass grafting (CABG), Percutaneous Coronary Intervention
(PCI), stroke, MI and carotid endarterectomy).

Exclusion criteria
►► Uncontrolled hypertension blood pressure of >180/110 mm Hg on

repeated measurements.
hypertriglyceridaemia with fasting triglyceride of
>10 mmol/L at screening.
►► Pregnancy or combined contraceptive pill or hormone replacement
therapy or childbearing potential.
►► Any concomitant condition that, at the discretion of the investigator,
may affect the participant’s ability to complete the study.
►► Any known sensitivity to alirocumab or monoclonal antibodies.
►► Patients with history of hypersensitivity reactions to any of the study
drugs.
►► History of significant LFTs (3×upper limit of normal (ULN) alanine
transaminase or aspartate transaminase elevation) by previous statin treatment.
►► History of previous myositis associated with statin treatment (ie,
myalgias or asymptomatic creatine kinase elevation>5×ULN).
►► Type 1 or type 2 diabetes, which is insulin dependent or on oral
hypoglycaemics/diet with glycated haemoglobin (HbA1c) >8% (OR
HbA1c >64 mmol/mol).
►► History of any acute cardiovascular (CV) event within 6 months prior
to the screening period.
►► Rheumatoid arthritis, connective tissue disorders and other conditions known to be associated with active chronic inflammation (eg,
inflammatory bowel disease).
►► Untreated hypothyroidism, known autoimmune myositis.
►► Patients with chronic kidney disease (defined as eGFR <30 mL/
min/1.73 m2) at baseline will be excluded from the study.
►► Participant in a previous research study in the last 3 years
which involved exposure to significant ionising radiation (ie, cumulative research radiation dose >5 mSv).
►► History of malignancy within the past 5 years (with the exception
of localised carcinoma of the skin that has been resected for cure).
►► History of alcohol/drug abuse or dependence within 6 months of
the study.
►► Use of systemic corticosteroids at the time of scanning.
►► Lack of ability to provide informed consent.
Treatment with medications that result in significant drug–drug interactions with study medications.
►► Fasting

*High risk is defined as a history of any of the following: acute
coronary syndrome, coronary or other arterial revascularisation
procedures, chronic heart disease, ischaemic stroke and peripheral
arterial disease.
Continued
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Continued

oxLDL and high-sensitivity CRP (hsCRP) will be assessed
at V3, V4 and V8. The total duration of therapy from V3
to V8 will be 8 weeks.
Withdrawal criteria have been included to maintain
the safety/risk benefit of the study, such as liver function derangement (eg, rise in alanine transaminase or
aspartate transaminase to three times the upper limit of
normal (ULN)) and evidence of myopathy (detected by a
rise in CK to five times the ULN). Serious adverse events
will be reported to the sponsor as per ICH Good Clinical
Practice guidelines.
Vascular assessments
FMD and glyceryl trinitrate (GTN)-mediated dilatation
FMD will be measured using using a high-
resolution
ultrasound scanner with a 10 MHz linear-array transducer
(MyLab25 Gold Ultrasound Machine, Esaote, Italy), with
the volunteer resting in the supine position for at least
5 min. The brachial artery in the right arm will be identified 5–10 cm above the antecubital fossa using ultrasound.
FMD will be measured as described previously, using
Cardiovascular Suite software (Quipu srl, Pisa, Italy).34
GTN-
mediated dilation will be measured using the
same equipment, in the same artery. GTN (25 mcg) will
be administered sublingually, with the brachial artery
diameter measured at baseline and 5 min after GTN, as
described.34
Arterial stiffness and central haemodynamics
Central haemodynamics as well as arterial stiffness,
assessed by determination of the AIx and the carotid-to-
femoral PWV, will be determined using a commercially
available SphygmoCor system (AtCor Medical, Sydney,
Australia), as previously described.35
Carotid Intima-Media Thickness (IMT)
Carotid IMT will be measured by using a high-resolution
ultrasound scanner with a 10 MHz linear-array transducer
(MyLab25 Gold Ultrasound Machine, Esaote, Italy), with
the volunteer resting in the supine position for at least
5 minutes. The common carotid artery will be identified
and scanned, 2 cm below its bifurcation. Measurements
will be repeated three times, and the average of the values
will be recorded.

Box 2 List of high intensity statin regimens for the
INTENSITY-H
 IGH protocol
Simvastatin 80 mg once daily.
Atorvastatin 40–80 mg once daily.
Rosuvastatin 20–40 mg once daily.
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Outcome measures
The primary outcome will be the change in vascular
inflammation on FDG-PET /CT using derivatives of standard uptake value and tissue to background ratio (TBR)
in the aorta and carotid arteries of patients following
approximately 8 weeks of treatment.
A variety of secondary outcome measures include
comparison of the effects of adding alirocumab or ezetimibe on top of high-dose statin treatment on FMD and
sublingual GTN response, as surrogate measures of
endothelial-dependent and endothelial-independent
vasodilation, respectively, changes in Aix, PWV, cIMT,
lipid profile, hsCRP and other markers of systemic
inflammation. An assessment of safety and tolerability
will be undertaken as part of standard clinical practice,
including physical examination, blood pressure, heart
rate, 12-lead ECGs, clinical laboratory tests and adverse
event reporting.
Image analysis
FDG-PET/CT imaging of the aorta and carotid arteries
will be performed at V2 and V7. The images will be analysed using OsiriX imaging software (Pixmeo, Bernex,
Switzerland). The maximum standardised uptake value
of FDG within each axial PET/CT fused image of artery,
containing wall and lumen, will be divided by the average
blood FDG concentration in the superior vena cava (for
aorta) or jugular vein (for carotids) to yield an arterial
maximum TBR, as a quantitative measure of arterial
tracer uptake corrected for systemic uptake. Average
TBR for ascending, descending and abdominal aorta, as
Cacciottolo PJ, et al. BMJ Open 2021;11:e037457. doi:10.1136/bmjopen-2020-037457

well as average TBR for the right and left carotid arteries
combined, will be calculated. Additional analysis will
examine the proportion of aortic slices with a TBR of > 1.6,
which is used as a threshold to define highly inflamed
areas of aorta. Imaging data will be analysed blinded to
the allocated study treatment and visit number.
Statistical methods
For each cross-sectional slice of each vessel on the FDG-
PET/CT scans, mean and maximum SUV and TBR values
will be calculated. The vessel with the highest average
maximum TBR will be defined as the index vessel. The
change from baseline in average maximum TBR in the
index vessel will be analysed using analysis of covariance, estimating the treatment effect, and including the
baseline value as a covariate. Point estimates and corresponding 95% CIs will be reported.
The sample size estimation for this study assumes a
15% change in TBR of FDG uptake, in keeping with the
predicted change in LDL-C and effects on TBR seen in
previous cholesterol-lowering studies.23 To achieve 90%
power with a significance level of 5%, it is estimated that
30 subjects per group will be required.
Patient and public involvement
Lay members of the ethics committee reviewed this study
and made constructive comments, which have been
addressed. Patients were not involved in the recruitment to or conduct of the study. All patients provided
full informed consent, with at least 24 hours to consider
the information and discuss the trial in detail with the
5
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Figure 1 Synopsis of the study design. After a screening visit (V1), all eligible volunteers will attend V2 for an FDG PET/CT
scan. They will then attend V3, in which they will have predose blood tests and vascular studies, and then will be randomised to
either single subcutaneous dose of alirocumab 150 mg or ezetimibe 10 mg once per day. They will then attend three subsequent
dosing visits (V4–V6) and undergo a repeat FDG PET/CT scan after 8 weeks of therapy. A final set of vascular studies will be
undertaken at V8. FDG PET/CT, 18-fluorodeoxyglucose positron emission tomography/CT; V1, visit 1; V2, visit 2; V3, visit 3; V4,
visit 4; V5, visit 5; V6, visit 6; V7, visit 7; V8, visit 8.
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SUMMARY
The current mainstay of medical treatment of CVD
focusses on primary and secondary prevention. However,
it is still unclear what the lowest threshold of total and
LDL-C should be to attain significant reductions in CV risk
in patients with established CVD. The aim of this research
study was to better define the relationship between
inflammation and LDL-C modification, especially at lower
LDL-C levels in high-risk patients combining established
and novel LDL-lowering therapies. It is envisaged these
mechanistic data from INTENSITY-HIGH will be useful in
adding to the armamentarium of knowledge supporting
lipid lowering in patients with established CVD.
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