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Abstract

Leucine and perindopril to improve physical performance in
people over 70 years with sarcopenia: the LACE factorial RCT

Miles D Witham ,1,2* Simon Adamson ,3 Alison Avenell ,4

Margaret M Band ,3 Tufail Bashir ,5 Peter T Donnan ,3

Jacob George ,2 Adrian Hapca ,3 Cheryl Hume ,3 Paul Kemp ,5

Emma McKenzie ,3 Kristina Pilvinyte ,3 Christos Rossios ,5

Karen Smith ,3 Allan D Struthers 2 and Deepa Sumukadas 6

1AGE Research Group, NIHR Newcastle Biomedical Research Centre, Newcastle University and
Newcastle upon Tyne Hospitals Trust, Newcastle upon Tyne, UK

2Molecular and Clinical Medicine, University of Dundee, Dundee, UK
3Tayside Clinical Trials Unit, University of Dundee, Dundee, UK
4Health Services Research Unit, University of Aberdeen, Aberdeen, UK
5Cardiovascular and Respiratory Interface Section, National Heart and Lung Institute, Imperial College
London, London, UK

6Department of Medicine for the Elderly, NHS Tayside, Dundee, UK

*Corresponding author Miles.Witham@newcastle.ac.uk

Background: Angiotensin-converting enzyme inhibitors and leucine are promising potential treatments
for sarcopenia. Neither has yet been tested in adequately powered randomised trials in patients
with sarcopenia.

Objectives: To determine the efficacy of leucine and perindopril in improving physical function in older
people with sarcopenia, to evaluate the effect of leucine and perindopril on muscle mass and to
evaluate the predictive biomarkers of sarcopenia.

Design: A placebo-controlled, parallel group, double-blind, randomised 2 × 2 factorial trial.

Setting: Primary care and geriatric medicine secondary care departments in 14 UK centres.

Participants: Adults aged ≥ 70 years with low muscle strength and mass, without contraindications to
angiotensin-converting enzyme inhibitors and without known diagnosis-specific skeletal myopathy.

Interventions: Eligible participants were randomised 1 : 1 to receive 4 mg of oral perindopril or a
matching placebo and, separately, were randomised 1 : 1 to receive 2.5 g of oral leucine powder or
a matching placebo powder taken thrice daily with meals. Randomisation was performed using an
interactive web-based randomisation system run independently of the research team to preserve
allocation concealment.

Main outcome measures: The primary outcome was the between-group difference in the Short
Physical Performance Battery (SPPB) score over the 12-month follow-up period. Other outcome
measures included appendicular muscle mass, EQ-5D (EuroQol-5 Dimensions) quality-of-life score, grip
strength, quadriceps strength, 6-minute walk distance, activities of daily living, hip bone mineral density
and insulin resistance. All adverse events and falls were recorded. Protein-, DNA (deoxyribonucleic acid)-
and RNA (ribonucleic acid)-based biomarkers were collected at baseline and at 3 and 12 months.
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Results: We screened 320 people and randomised 145 participants. Participants had a mean age of 79
(standard deviation 6) years, 78 (54%) were women and the mean SPPB was 7.0 (standard deviation
2.4). The median adherence was lower for perindopril than for placebo (76% vs. 96%; p < 0.001).
Perindopril did not improve the primary outcome (adjusted treatment effect –0.1 points, 95%
confidence interval –1.2 to 1.0 points). Quality of life was worse in the perindopril group (treatment
effect –12 points, 95% confidence interval –21 to –3 points) and more adverse events occurred in
the perindopril group (n = 218 vs. n = 165). Falls rates between the groups were similar and other
secondary outcomes showed no significant treatment effect. For leucine compared with placebo,
median adherence was the same in both groups (76% vs. 76%; p = 0.99). Leucine did not improve
the primary outcome (adjusted treatment effect 0.1 point, 95% confidence interval –1.0 to 1.1 points).
No significant treatment effect was found for any secondary outcome. There were similar numbers of
adverse events and falls in both groups.

Limitations: The trial did not reach its original recruitment target; this trial alone cannot confidently
exclude clinically important effects of either perindopril or leucine.

Future work: Further exploration of biomarkers predicting response to sarcopenia interventions is
warranted.

Conclusions: Neither perindopril nor leucine improved physical performance or muscle mass in this
trial; meta-analysis confirmed the lack of efficacy of both treatments in improving physical
performance.

Study registration: This trial is registered as ISRCTN90094835 and EudraCT 2014-003455-61.
The systematic review is registered as PROSPERO CRD42014013398.

Funding: This project was funded by the Efficacy and Mechanism Evaluation (EME) programme, a MRC
and National Institute for Health and Care Research (NIHR) partnership. This will be published in full in
Efficacy and Mechanism Evaluation; Vol. 9, No. 8. See the NIHR Journals Library website for further
project information.
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Plain English summary

Sarcopenia (the loss of muscle size and strength that is common as we age) causes falls, results in
difficulty undertaking daily activities and can lead to longer hospital stays, a need for more care,

and earlier death than for people without sarcopenia. Resistance exercise (weight training) can help,
but no other medicines or nutritional supplements are proven to help prevent or treat sarcopenia.
Earlier research suggested that leucine (a building block for proteins, found in the diet) or perindopril
(a medicine used to treat high blood pressure and heart problems) might be able to improve muscle
function. The aim of this trial was to test whether or not leucine and perindopril can improve physical
performance and increase muscle size in older people with sarcopenia.

We recruited 145 people with sarcopenia aged 70 years or over from 14 hospitals across the UK.
Participants were allocated at random to receive perindopril or a matching dummy tablet once per day,
plus leucine powder or a matching dummy powder to be taken three times per day with meals. Both
treatments were given for 1 year.

Neither leucine nor perindopril improved physical performance, muscle size, quality of life or activities
of daily living. More patients taking perindopril had side effects than those taking the dummy tablet,
but there was no difference in side effects between those taking leucine and those taking the dummy
powder. The number of falls was not affected by perindopril or leucine. Although sarcopenia is
common, it was difficult to find participants with sarcopenia, as the condition is not often recorded in
hospitals or general practice. We created a more efficient way to find people with sarcopenia and
screen them for entry into future clinical trials.

Neither perindopril nor leucine was effective in improving physical performance or muscle size in older
people with sarcopenia and they are unlikely to be useful as treatments for this condition.
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Scientific summary

Background

Sarcopenia, defined as the age-related loss of muscle mass and strength, is a major health problem. The
condition is common, affecting between 5% and 10% of community-dwelling people aged > 65 years.
It is a major cause of multiple adverse outcomes for older people, including falls, fractures, hospital
admission, prolonged length of stay, need for care and reduced survival.

Objectives

The primary objective of the LACE (Leucine and Angiotensin-Converting Enzyme inhibitor) trial was
to determine the efficacy of leucine and perindopril in improving physical function in older people
diagnosed with sarcopenia.

The secondary objectives were to:

l evaluate the effect of leucine and perindopril on muscle mass
l evaluate the ability of biomarkers to predict response to therapy in patients with sarcopenia.

In addition, the LACE programme of work sought to improve the effectiveness of screening and
recruitment pathways for sarcopenia trials to facilitate the delivery of future trials in this disease area.

Methods

The LACE trial was a placebo-controlled, parallel-group, double-blind, randomised 2 × 2 factorial trial.
Participants were recruited from primary care and geriatric medicine secondary care departments in
14 UK hospitals. Participants were eligible for inclusion if they were aged ≥ 70 years and had low
muscle strength (handgrip of < 30 kg for men and < 20 kg for women, or a 4-metre walk speed of
< 0.8 m/second) and low muscle mass as determined by bioimpedance assessment. Exclusion criteria
included contraindications or existing indications to angiotensin-converting enzyme inhibitors (aortic
stenosis, chronic heart failure, hypotension or symptomatic postural hypotension, hyperkalemia,
hyponatraemia, serum creatinine level of > 170 µmol/l, current use of oral non-steroidal anti-
inflammatory drugs, potassium supplements, aliskiren, spironolactone or other potassium-sparing
diuretics); contraindications to undertaking study procedures (implantable cardioverter defibrillator
or pacemaker with atrial sensing lead, peripheral oedema present above knee level, inability to
mobilise without human assistance, inability to give written informed consent), other causes of
myopathy (severe chronic obstructive pulmonary disease, known myositis or other established
myopathy, self-reported weight loss of > 10% in the last 6 months, uncontrolled thyrotoxicosis,
use of ≥ 7.5 mg/day prednisolone or equivalent), currently enrolled in a time-limited exercise-based
rehabilitation programme, and presence of any progressive neurological or malignant condition
with a life expectancy of < 6 months.

Eligible participants were randomised 1 : 1 to receive perindopril or a matching placebo and, separately,
were randomised 1 : 1 to receive leucine or a matching placebo. A web-based randomisation system
was used to conceal treatment allocation. Perindopril was commenced orally at 2 mg once daily and
uptitrated to 4 mg once daily after 2 weeks if tolerated. Leucine was administered orally as 2.5 g of
leucine powder three times per day with meals.
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Outcomes were collected at baseline and at 6 and 12 months, with additional investigational
biomarkers collected at 3 months. The primary outcome was the between-group difference in the
Short Physical Performance Battery (SPPB) score by repeated measures over the 12-month follow-up
period, adjusted for baseline values. The initial sample size calculation estimated that 440 participants
were needed to detect a 0.5-point difference in the SPPB, assuming a power of 90%, alpha of 0.05,
standard deviation of 2.7, correlation of 0.7 between time points and dropout rate of 20% at 12 months.
Secondary outcome measures included appendicular muscle mass by dual X-ray absorptiometry; health-
related quality of life, measured using the EQ-5D-3L (EuroQol-5 Dimensions, three-level version)
measure; maximal handgrip strength; quadriceps strength; 6-minute walk distance; activities of daily
living, measured using the Nottingham Extended Activities of Daily Living score; hip bone mineral
density, measured by dual X-ray absorptiometry scanning; and insulin resistance, measured using
HOMA-IR (HOmeostatic Model Assessment – Insulin Resistance). All adverse events were recorded,
together with the number of falls. Protein-, DNA (deoxyribonucleic acid)- and RNA (ribonucleic acid)-
based biomarkers were collected at baseline and at 3 and 12 months.

Analyses were prespecified in a Statistical Analysis Plan and conducted according to intention-to-treat
principles. The primary outcome (the between-group difference in SPPB across the 12 months of
follow-up) was analysed using repeated measures mixed models, both unadjusted and adjusted for
baseline values of the variable under test, age, sex and minimisation variables. An initial test for
treatment interaction showed no evidence of interaction and, thus, the comparisons of perindopril
with placebo and leucine with placebo were conducted separately. Prespecified subgroup analyses for
the primary outcome were conducted for the following categories: age ≤ 80 years versus > 80 years,
male versus female, and above versus below the median total protein intake. Secondary outcomes
were also analysed using repeated measures mixed models. Correlations between baseline biomarkers
and baseline measures of physical performance and muscle mass, between baseline biomarkers and
change in physical performance and muscle mass, and between short-term change in biomarkers and
changes in physical performance and muscle mass were calculated.

Results

A total of 320 potential participants from 14 UK centres were screened between June 2016 and
December 2018, and 145 participants were randomised: 73 were allocated to perindopril and 72 to
the perindopril placebo; 72 were allocated to leucine and 73 to the leucine placebo. The mean age of
participants was 79 years and 78 out of the 145 (54%) were women. The mean SPPB was 7.0 points
(where best function is 12 points), denoting significantly impaired physical performance. A total of 96%
of participants fulfilled the current European Working Group criteria for probable sarcopenia, although
only 31% fulfilled the criteria for confirmed sarcopenia that includes low muscle mass. The median
adherence rate was lower for perindopril than for the perindopril placebo (76% vs. 96%; p = 0.99).
The median adherence rate was the same in the leucine and the leucine placebo groups (76% vs. 76%;
p < 0.001).

Perindopril had no significant effect on the primary outcome [adjusted treatment effect –0.1 points,
95% confidence interval (CI) –1.2 to 1.0 points]. Treatment effects across prespecified subgroups were
similar, and treatment effect did not correlate significantly with adherence. No significant treatment
effect was seen for any secondary outcome, except worse EQ-5D-3L thermometer scores for the
perindopril group than for the perindopril placebo (treatment effect –12 points, 95% CI –21 to –3
points). More adverse events were seen in the perindopril group (n = 218 vs. n = 165), but falls rates
were similar. Combining these results with those of previous trials of angiotensin-converting enzyme
inhibitor inhibitors (ACEi) and angiotensin receptor blockers in a meta-analysis excluded a minimally
clinically important benefit on SPPB, handgrip strength or leg strength.
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Leucine had no significant effect on the primary outcome (adjusted treatment effect 0.1 points,
95% CI –1.0 to 1.1 points). Treatment effects did not differ by age or sex, and treatment effect did not
correlate significantly with adherence. A greater increase in the SPPB was noted in participants with
protein intake below the median than in those with protein intake above the median (2.6, 95% CI
0.6 to 4.5, vs. –0.1, 95% CI –0.8 to 0.6), although this was not significant on formal interaction testing
(p = 0.70). A greater increase in the SPPB was also noted in those with confirmed sarcopenia (low
muscle mass and strength) than in those with low strength alone (1.7, 95% CI 0.7 to 2.7, vs. –0.5,
95% CI –1.4 to 0.3), although again this was not significant on formal interaction testing (p = 0.06).
No significant treatment effect was seen for any secondary outcome. There were similar numbers of
adverse events (187 in the leucine group, 196 in the placebo group) and similar rates of falls in both
groups. Combining these results with those of previous trials of leucine in a meta-analysis did not show
evidence of a clinically important benefit on measures of physical performance or lean body mass.

Analysis of screening and recruitment metrics showed higher response rates and higher overall
numbers randomised through primary care recruitment than through secondary care recruitment
[138/13,808 (1.0% of total invited) vs. 7/1202 (0.6% of total notes screened)]. At 10 sites where it was
possible to compare central and local prescreening strategies, the conversion rate from prescreening to
randomisation was 18 out of 588 (3.1%) for centralised calls compared with 73 out of 1814 (4.0%) for
local prescreening calls (p = 0.29). Only a weak relationship was seen between higher (worse) Strength
Assistance Rise Climb – Falls score at screening and lower likelihood of progression to randomisation
(r = –0.08; p = 0.03). Muscle mass estimates generated using the Sergi equation were systematically
biased, tending to underestimate dual-energy X-ray absorptiometry-measured muscle mass in people
with low muscle mass.

None of the biomarkers tested showed consistent or strong associations with either baseline muscle
mass or physical performance, either in cross-sectional analyses at baseline, using baseline biomarkers
to predict change in mass and performance over time, or using change in biomarkers to predict longer-
term change in mass and performance.

Conclusions: implications for health care

The results from this randomised controlled trial do not support the use of either 4 mg of perindopril
once daily or 2.5 g of leucine three times per day as standalone interventions to treat sarcopenia in
older people. We did not find any biomarker able to predict change in muscle mass or physical
performance in this study population.

Suggestions for further research

Further trials are needed to test whether leucine could benefit subgroups of patients with low
muscle mass and/or low protein intake. In addition, trials comparing the effect of leucine as an
adjunct to resistance training and trials comparing protein supplementation plus leucine with
protein supplementation alone would help to delineate the role (if any) of leucine as a treatment for
sarcopenia. It is unlikely that conducting further trials of ACEi will lead to clinically significant benefits,
and interventions exploiting alternative pathophysiological mechanisms should be prioritised. Further
exploration of the LACE trial data set will yield information on clusters of biomarkers that may predict
disease trajectory and identify mechanistic subgroups for future intervention studies. Blood-borne
biomarkers that can be used to easily confirm a diagnosis of sarcopenia should be sought, particularly
biomarkers that can replace the need to measure muscle mass, as this requirement remains an
impediment to the widespread diagnosis of sarcopenia in clinical practice.
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There is a need to develop novel approaches to sarcopenia trials’ platforms to accelerate progress in
this field. The development of these approaches should build on the knowledge gained in the LACE
trial on how to more efficiently find and recruit people with sarcopenia and can utilise the network of
UK centres that have gained experience recruiting patients with sarcopenia in the LACE trial.

Study registration

This trial is registered as ISRCTN90094835 and EudraCT 2014-003455-61. The systematic review is
registered as PROSPERO CRD42014013398.

Funding

This project was funded by the Efficacy and Mechanism Evaluation (EME) programme, a MRC and
National Institute for Health and Care Research (NIHR) partnership. This will be published in full in
Efficacy and Mechanism Evaluation; Vol. 9, No. 8. See the NIHR Journals Library website for further
project information.
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Chapter 1 Introduction

Background to and rationale for the trial

Sarcopenia, defined as the age-related loss of muscle mass and strength,1 is a major health problem.
The condition is common, affecting between 5% and 10% of community-dwelling people aged
> 65 years.2,3 It is a major cause of multiple adverse outcomes for older people, including falls, fractures,
hospital admission, prolonged length of stay, need for care and reduced survival.4 It has been estimated
to cost the UK NHS approximately £2.5B,5 and additional costs of formal and informal social care are
likely to be higher still.

Although the aetiology and pathogenesis of sarcopenia remain incompletely understood, there is a
growing understanding of the factors that contribute to the condition. These include mitochondrial
dysfunction, changes in hormone levels, anabolic resistance, vascular dysfunction, changes to the
neuromuscular junction, chronic inflammation, oxidative stress and cellular senescence.1,6,7 These
insights are starting to lay the groundwork for trials of novel therapeutic approaches, both for
prevention and to improve established sarcopenia.8,9

The best current evidence for the effective treatment of sarcopenia lies with resistance training.
Resistance training, either alone or as part of a mixed-modality exercise programme, has been shown
in systematic reviews to improve not only muscle strength and function, but also muscle mass.4,10,11

However, not all older people are either willing or able to undertake resistance training and alternative
interventions are, therefore, required to both treat established sarcopenia and prevent the condition.

Rationale for the use of leucine

Muscle protein synthesis in older people in response to protein ingestion is attenuated compared
with that of younger people; in older people, there is anabolic resistance to protein supplementation.12

Increasing the amount of protein ingested is one way of overcoming this resistance, but older, frail
people typically already have suboptimal protein intakes and increasing their protein intake may be
challenging in practice.13 The benefits of protein supplementation for patients with sarcopenia remain
unclear. Recent systematic reviews14–16 have suggested a possible small benefit on muscle mass; there
is currently no convincing evidence of improvement in muscle strength, however, unless protein
supplementation is used in conjunction with resistance training.

Leucine, a branched-chain amino acid, is known to have important regulatory actions in addition to its
role as a component of proteins. These effects are thought to be mediated by the mammalian Target of
Rapamycin (mTOR) pathway and possibly other pathways.17 In vitro studies18 demonstrate that leucine
both reduces proteolysis and enhances protein synthesis. In healthy older people, adding leucine to a
protein meal enhances muscle protein synthesis, and a dose of 2.5 g of leucine per meal is sufficient to
produce this effect.19 Leucine also stimulates insulin release by pancreatic beta cells,20 which provides
a key anabolic signal for skeletal muscle as well as enabling glucose uptake. At the time the LACE
(Leucine and Angiotensin-Converting Enzyme inhibitor) trial was designed, the existing evidence
favoured investigating the effect of leucine in addition to usual care rather than as part of an enhanced
protein or mixed amino acid meal, and also favoured investigating the use of leucine in older people
who were not undergoing resistance training. Data extant at that time suggested that older people
with frailty who undertook resistance training did not gain additional benefit on muscle strength
(only on muscle mass) from protein supplementation, but those not who did not undertake resistance
training did benefit from protein supplementation.21,22
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Rationale for the use of angiotensin-converting enzyme inhibitor drugs

Renin–angiotensin–aldosterone system (RAAS) activity has been implicated in skeletal muscle
dysfunction via multiple biological pathways. Angiotensin II impairs endothelial function,23 a key
regulator of blood supply to the muscles. Angiotensin II also drives chronic inflammation, can reduce
insulin-like growth factor 1 (IGF-1) concentrations and has an impact on mitochondrial function.24,25

In addition, aldosterone has effects that may impair skeletal muscle function, including reducing serum
potassium concentrations, causing endothelial dysfunction and promoting fibrosis.26

Conversely, angiotensin-converting enzyme inhibitor (ACEi) drugs may exert benefits on skeletal
muscle function via multiple mechanisms. ACEi drugs improve endothelial dysfunction, promote
angiogenesis and have anti-inflammatory actions.27 They have been shown to improve mitochondrial
function, increase IGF-1 levels and suppress levels of proinflammatory cytokines, including interleukin
(IL)-6,28 thought to be a key inflammatory mediator of sarcopenia. ACEi drugs have also been shown to
promote skeletal muscle glucose uptake.29

There is some evidence that these multiple biological functions may indeed translate into clinical
benefit. We have previously shown that the ACEi perindopril produces a significant improvement
in physical function [31 m improvement in 6-minute walk distance; improvement in quality of life of
0.09 points on the EuroQol-5 Dimensions, three-level version (EQ-5D-3L), tool] in functionally impaired
older people (mean age of 79 years).30 This is comparable to the improvement achieved with 6 months
of exercise training. Observational studies report better muscle strength and larger lower extremity
mass among older people taking ACEi31 and with angiotensin receptor blockers (ARBs) than among
those who do not;32 centrally acting ACEi drugs are associated with a slower decline in activities of daily
living in people with dementia.33

Studies of ACEi drugs in fitter older people have not shown positive results, which suggests that the
effects of ACEi drugs may be more relevant to frailer people. Our previous work suggested that
addition of ACEi drugs to exercise training in older people did not appear to enhance the effects of
exercise training.34 When the LACE trial was designed (2013), those findings led us to choose to study
the use of ACEi drugs in older people who were not undertaking resistance training.

Imperative for the current trial

Trial objectives
As previously described,35 the primary objective of the LACE trial was to determine the efficacy of
leucine and perindopril in improving physical function in older people with sarcopenia diagnosed
using the EWGSOP (European Working Group on Sarcopenia in Older People) 2010 definition.
The secondary objectives were to evaluate the effect of leucine and perindopril on muscle mass in
older people and to evaluate the biomarkers that can predict the response to leucine and perindopril
among patients with sarcopenia. In addition, the LACE programme aimed to explore the most effective
and efficient ways to find, screen and recruit older people with sarcopenia into clinical trials and to
build capacity in the UK for delivering trials for people living with sarcopenia.

INTRODUCTION
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Chapter 2 Trial design

The trial was a placebo-controlled, parallel-group, double-blind, randomised trial, analysed
according to intention-to-treat principles. A 2 × 2 factorial design was employed to test the

efficacy of two treatments in a single trial; existing evidence did not suggest that there would be
interaction between the two test treatments. Treatment and follow-up were planned to last for
1 year for each participant.

Participants

Inclusion criteria
Participants were eligible for inclusion if they were aged ≥ 70 years and had sarcopenia in accordance
with the EWGSOP 2010 definition of low muscle strength and low muscle mass.36 This definition
of sarcopenia was chosen as the most commonly applied at the time the LACE trial was designed.
Low muscle strength was operationalised as either low gait speed (< 0.8 m/second on a 4 m walk)
and/or low handgrip strength (< 20 kg for women and < 30 kg for men). For muscle mass, we used
height-adjusted total skeletal muscle mass measured by bioimpedance assay (BIA) using the Akern
BIA 101 (Akern® Srl, Pontassieve, Italy) device and the Sergi equation.37 Cut-off values varied with
body mass index (BMI) and sex to ensure that participants with sarcopenic obesity could be recruited;
these values were derived from UK Biobank normative data38 as described in the LACE protocol paper.35

Table 1 shows the BMI- and sex-specific muscle mass cut-off values used at screening.

Exclusion criteria
The exclusion criteria, which have previously been published,35 were selected (1) to avoid
contraindications to ACEi, (2) to avoid contraindications to the collection of key outcomes or
inability to consent, and (3) to exclude participants with skeletal myopathy that was clearly from
a cause other than sarcopenia.

1. Contraindications or existing indications to therapies or placebo:

¢ known clinical diagnosis of chronic heart failure (in accordance with European Society of
Cardiology criteria)39

¢ confirmed left ventricular systolic dysfunction on any imaging modality
¢ known aortic stenosis (peak gradient of > 30 mmHg)
¢ systolic blood pressure of < 90 mmHg (supine)
¢ dizziness on standing associated with a postural drop of > 20/10 mmHg (asymptomatic

orthostatic hypotension was not a contraindication)
¢ serum creatinine of > 170 µmol/l or estimated glomerular filtration rate of < 30ml/minute/1.73 m2

by Modified Diet in Renal Disease 4 variable (MDRD4) calculation40

¢ serum potassium level of > 5.0 mmol/l or serum sodium level of < 130 mmol/l
¢ using ACEi, ARBs, aldosterone blocker or leucine already
¢ previous adverse reaction to ACEi or leucine
¢ current use of oral non-steroidal anti-inflammatory drugs (aspirin was permitted, as were topical

non-steroidal anti-inflammatory drugs)
¢ current use of potassium supplements, aliskiren, spironolactone or other potassium-

sparing diuretics
¢ hereditary or idiopathic angioedema
¢ lactose intolerance.
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2. Contraindications to consent or undertaking study outcomes:

¢ implantable cardioverter defibrillator or pacemaker with atrial sensing lead (a contraindication to
bioimpedance measurement; only pacemakers with ventricular sensing lead were allowed)

¢ peripheral oedema present above knee level (likely to render bioimpedance measurement inaccurate)
¢ unable to mobilise without human assistance (walking aids were allowed)
¢ unable to give written informed consent
¢ currently enrolled in another intervention research study, or participated in another intervention

research study less than 30 days previously. Concomitant enrolment in observational studies
was permitted.

3. Overlap with other myopathic conditions or important confounders:

¢ currently enrolled in a time-limited exercise-based rehabilitation programme
¢ any progressive neurological or malignant condition with a life expectancy of < 6 months
¢ severe chronic obstructive pulmonary disease (COPD) (GOLD stage IV)41

¢ known myositis or other established myopathy
¢ self-reported weight loss of > 10% in the last 6 months (to exclude significant cachexia)
¢ known uncontrolled thyrotoxicosis
¢ use of ≥ 7.5 mg/day of prednisolone (or equivalent).

Trial interventions and comparators

Perindopril
Participants were randomised to 2 mg of perindopril or a matching placebo. At 2 weeks, if blood
pressure, electrolytes and creatinine levels were satisfactory, the dose of perindopril or matching
placebo was increased to 4 mg. Perindopril was chosen because of its previous efficacy in improving
measures of physical function in older people,30 convenient once-daily dosing and simple uptitration
schedule to the working dose of 4 mg.

Leucine
Participants were randomised to 2.5 g of leucine powder three times per day or to a matching placebo,
to be taken with meals. This dose of leucine was selected in previous studies19 as it was sufficient to
generate improvement in older people.

Outcome measures

Primary outcome
The primary outcome was the between-group difference in the Short Physical Performance Battery
(SPPB) score during the follow-up period. The SPPB was measured at baseline and at 6 and 12 months.

TABLE 1 The BMI- and sex-specific screening cut-off values for bioimpedance-
measured muscle mass

BMI (kg/m2)

Cut-off value (kg/m2)

Men Women

< 18.5 ≤ 6.02 ≤ 5.25

18.5–24.9 ≤ 7.14 ≤ 5.70

25.0–29.9 ≤ 8.00 ≤ 6.19

≥ 30 ≤ 8.77 ≤ 6.72

TRIAL DESIGN
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The SPPB tests gait speed, lower limb strength and balance and is a good predictor of multiple adverse
outcomes in older people, including death, dependency and future disability.42,43 The test consists of a
balance test, a five times sit to stand from a chair and the measurement of walk speed over a 4-metre
course. The worst possible score is 0 and the best possible score is 12.

Secondary outcomes
Table 2 lists the secondary outcomes measured as part of the LACE trial. All secondary outcomes were
assessed as the between-group difference in each measure during the follow-up period.

Data on falls were collected using monthly prospective falls diaries, and diet at baseline was collected
using the Scottish Collaborative Group Food Frequency Questionnaire52 to allow an examination of
total protein intake and the sources (animal vs. plant) of dietary protein intake.

Selection of biomarkers for analysis
Circulating biomarkers were selected based on current areas of interest in muscle biology; markers of
interest differed in part from those specified at the design stage of the LACE programme as a result
of changes in knowledge of skeletal muscle biology in the 8 years since the original study design.
Markers were selected in the following domains.

Inflammation
Resistin, tumour necrosis factor-alpha (TNF-a), IL-6, lipocalin-2 (LCN2) and IL-18 binding protein
(IL-18BP) all reflect aspects of immune and inflammatory responses that have been associated with
skeletal muscle function. Resistin is an adipokine that has inflammatory and energy metabolism
functions; higher resistin concentrations have been associated with lower leg strength in observational
studies.53 Higher IL-6 and TNF-a concentrations are both associated with sarcopenia, but IL-6 also
plays an important role in the response to exercise training.54–56 Loss of LCN2 in animal models
impairs skeletal muscle regeneration after injury.57 IL-18BP regulates the activity of IL-18, a key
proinflammatory cytokine released by the NLRP3 inflammasome. Higher IL-18 concentrations have
been associated with age-related sarcopenia in bovine studies.58

TABLE 2 Secondary outcomes in the LACE trial

Outcome Measurement details
Measurement time
points (months)

Maximum grip strength Jamar® Hydraulic Hand Dynamometer
(Performance Health International Ltd, Sutton-in-
Ashfield, UK); best of three, dominant hand44

0, 6 and 12

Maximum quadriceps strength Lafayette Hand-Held Dynamometer (Lafayette
Instrument, Lafayette, IN, USA); best of three,
dominant leg45

0, 6 and 12

Six-minute walk distance 25m course with standardised encouragement46 0, 6 and 12

Four-metre walk speed Done as part of SPPB47 0, 6 and 12

Five times sit to stand test Done as part of SPPB48 0, 6 and 12

Instrumental Activities of Daily Living NEADL questionnaire49 0, 6 and 12

Health-related quality of life EQ-5D-3L questionnaire50 0, 6 and 12

Appendicular muscle mass/height squared DXA 0 and 12

Neck of femur bone mineral density DXA 0 and 12

Insulin resistance HOMA-IR51 0, 3 and 12

DXA, dual-energy X-ray absorptiometry; HOMA-IR, HOmeostatic Model Assessment – Insulin Resistance;
NEADL, Nottingham Extended Activities of Daily Living.

DOI: 10.3310/LLBX6901 Efficacy and Mechanism Evaluation 2022 Vol. 9 No. 8

Copyright © 2022 Witham et al. This work was produced by Witham et al. under the terms of a commissioning contract issued by the Secretary of State for Health and
Social Care. This is an Open Access publication distributed under the terms of the Creative Commons Attribution CC BY 4.0 licence, which permits unrestricted use,
distribution, reproduction and adaption in any medium and for any purpose provided that it is properly attributed. See: https://creativecommons.org/licenses/by/4.0/.
For attribution the title, original author(s), the publication source – NIHR Journals Library, and the DOI of the publication must be cited.

5



Growth factors and hormones
Insulin resistance is common with advancing age, and both insulin resistance and diabetes have
been associated with higher rates of sarcopenia.59 Higher IGF-1 concentrations (another key growth
factor for skeletal muscle) have been associated with preservation of muscle mass in multiple cohort
studies.53,60 Higher growth differentiating factor (GDF)-15 concentrations have been associated with
worse muscle function and more rapid deterioration in function in patients with COPD and in older
people.61,62 Renin and serum angiotensin-converting enzyme (ACE) (unlike markers such as angiotensin II)
are easily measured markers of activity of the renin–angiotensin–aldosterone system, elements of which
have been implicated in sarcopenia, as discussed above.24–26

Microribonucleic acid
Microribonucleic acid (miRNA) involved in complementary signalling systems relevant to skeletal
muscle were selected for study. Circulating miR-422a was inversely associated with strength in COPD,
and quadriceps miR-422a was associated with muscle loss in patients undergoing aortic surgery,63

probably due to action on the transforming growth factor (TGF)-beta pathway. We have previously
shown that imprinted miRNA is associated with muscle mass and function both in circulation and in
the muscle, with paternally expressed miRNAs (e.g. miR-483-5p) positively associated with muscle
mass and strength and maternally expressed miRNAs (e.g. miR-485-3p) inversely associated with
muscle strength.64,65

Genetic markers
Allelic variations in the ACE, ATVR1B (activin receptor involved in myostatin signalling) and ACTN3
(alpha-actinin-3, an actin binding protein found in type II muscle fibres) genes have all been associated
with differences in muscle mass and function in previous studies,66–68 and these genes lie on mechanistic
pathways expected to influence skeletal muscle mass and function.

Sample size calculation

The minimum clinically important difference (MCID) for the primary outcome (SPPB) has been
estimated at between 0.5 and 1 points.42,69 We took a deliberately conservative approach to sample
size calculation and used a MCID of 0.5 points. Assuming a standard deviation (SD) of 2.7, as seen in
similar previous studies, with a power of 90% at alpha 0.05, and assuming a correlation between time
points of 0.7 as seen in our previous work, we would require a total of 352 participants for each of the
four groups (i.e. 88 per group). Assuming a 20% dropout rate at 12 months (based on previous similar
studies),29,70 we aimed to recruit 440 patients. This sample size would also have 90% power to detect a
5% difference in muscle mass, assuming a baseline value of 19 kg (SD 2.8 kg).
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Chapter 3 Trial methods

Regulatory approval

The LACE trial was a Clinical Trial of an Investigational Medicinal Product (CTIMP). Regulatory approval
was obtained from the Medicines and Healthcare products Regulatory Agency (EudraCT number
2014-003455-61; Clinical Trial Authorisation number 36888/0001/001-0001). The East of Scotland
NHS Research Ethics Committee gave ethics approval (approval 14/ES/1099). The trial was co-sponsored
by the University of Dundee and NHS Tayside (Tayside Academic Health Sciences Collaboration) and
was registered at www.isrctn.com. The trial registration number was ISRCTN90094835.

Participants

Site identification
Potential sites were identified via the National Institute for Health and Care Research (NIHR) Ageing
Clinical Research Network and by personal contacts of the trial team and Trial Steering Committee
(TSC). The trial was advertised to potential sites in talks at national meetings and in e-mails to members
of the British Geriatrics Society. For sites to participate, research nurse time had to be available
alongside a principal investigator who had appropriate Good Clinical Practice training. The site also
had to have access to suitable clinical trials pharmacy support, medication storage, –80 °C freezer space
and dual-energy X-ray absorptiometry (DXA) scanning able to measure whole-body muscle mass.

Participant identification
Participants were identified through geriatric medicine secondary care services (inpatient and
outpatient) or through primary care. Local clinicians and research nurses reviewed inpatient and
outpatient medical notes and then approached potentially eligible patients face to face or by letter
if time was not available for an approach during clinic.

For primary care recruitment, general practices within easy reach of a hospital-based care centre
were approached via the NIHR Primary Care Clinical Research Network. Practices who agreed to
collaborate with participant identification reviewed their practice lists to identify patients who were
aged ≥ 70 years, were not taking ACEi drugs and did not have heart failure, COPD, aortic stenosis,
chronic kidney disease of stage 4 or 5, or thyrotoxicosis. Potentially eligible participants were sent a
brief (two-page) information sheet with a reply slip and a paid-for return envelope. Participants who
returned the reply slip indicating their interest in the trial were contacted by the local study team by
telephone to undergo prescreening.

Recruitment and screening processes

Pre-screening
Pre-screening telephone calls were conducted with all potential participants who returned expressions
of interest. Telephone prescreening was performed by local research nurses for some centres; for
centres lacking the staff capacity to do this, it was conducted centrally by non-clinical staff in Tayside
Clinical Trials Unit. Patients in secondary care who were approached face to face underwent pre-
screening as part of that approach. Questions regarding potential exclusion criteria were asked, and
the 10-point Strength Assistance Rise Climb – Falls (SARC-F) questionnaire was administered,71 which
sums the results from five simple questions about everyday function and has been proposed as a
screening score to identify patients with sarcopenia. The optimal cut-off value for identifying patients
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with sarcopenia in a UK population was not known at the time of the trial was designed. The protocol
therefore allowed the threshold score for the SARC-F to be changed during the trial. At the start of
the trial, patients required a SARC-F score of ≥ 4 to proceed from prescreening to a screening visit.
This was adjusted after 6 months of recruitment to a threshold of 3 points to increase the number of
participants proceeding to a screening visit. Participants who were eligible at prescreening were sent
the full information sheet and then invited to attend a face-to-face screening visit.

Screening visit
At the screening visit, muscle mass was measured using the Akern BIA 101. Muscle strength was measured
using handgrip dynamometry (the maximum value of three attempts using the dominant hand was taken).
Gait speed was measured over a 4-metre course. To be eligible for entry to the trial, participants had to
have muscle mass below the sex- and BMI-specific threshold (see Table 1), and either a gait speed of
< 0.8m/second or a maximum handgrip strength of < 20 kg (for women) or < 30 kg (for men). Screening
blood tests for sodium, potassium and creatinine were obtained along with lying and standing blood
pressure. Participants eligible after the screening visit were invited to attend the baseline visit.

Randomisation and treatment allocation

Randomisation was performed at the end of the baseline visit. Randomisation and treatment allocation
were performed using an interactive web-based randomisation, drug assignment and inventory
management system (TRuST) run by the Health Informatics Centre, University of Dundee. The system
was run independently of the research team to preserve allocation concealment. Randomisation was
performed in a one-to-one ratio for both perindopril/placebo and leucine/placebo, stratified by site,
and employed a minimisation algorithm with a small random element using the following minimisation
factors: age (≤ 80 or > 80 years), sex, SPPB (≤ 8 or > 8 points), Charlson Comorbidity Index score
(≤ 3 or > 3 points), grip strength (≤ 25 or > 25 kg for men, and ≤ 15 or > 15 kg for women).

Participants were allocated study medication bottles containing either perindopril capsules or matching
placebo, and tubs containing either 400 g of leucine or matching placebo. Bottles and tubs were
allocated based on bottle and tub ID numbers generated by the TRuST randomisation system and
were not labelled with any indication of whether they contained the active or the placebo substance.

Unmasking
The treatment code was broken only when the clinical team treating the participant deemed
knowledge of treatment allocation to be essential for managing the participant. Unmasking was
performed using the web-based randomisation and medication management system for the trial.
After unmasking, the TRuST system automatically informed the trial team of the unmasking event
without disclosing treatment allocation. Participants who were unmasked were not removed from
the analysis. No tests of the success of masking (e.g. asking trial personnel to guess which group
participants were allocated to) were performed.

Interventions and comparators

Perindopril/placebo
The trial intervention consisted of either perindopril erbumine (KRKA Polska, Warsaw, Poland, and
TEVA Pharmaceuticals, Peta Tikva, Israel), overencapsulated with a gelatine capsule packed with
microcrystalline cellulose, or matching placebo capsules packed only with microcrystalline cellulose.
Active and placebo tablets were manufactured and bottled by Tayside Pharmaceuticals, Dundee, UK,
which undertook quality testing and Qualified Person release and distributed bottles to participating
sites. Study medications were held at site pharmacies under temperature-controlled conditions prior to
being dispensed to participants. For the first 2 weeks of participation, participants were given capsules
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containing 2 mg of perindopril or placebo and instructed to take one capsule per day. If uptitration
occurred at 2 weeks, a fresh supply of capsules was dispensed, containing 4 mg of perindopril or
placebo; participants were again instructed to take one capsule per day.

Perindopril 2 mg or matching placebo was commenced immediately after randomisation. The titration
and discontinuation criteria were based on current clinical practice among geriatricians and were
similar to those used in previous trials of perindopril targeting similar populations.30,34 At 2 weeks,
blood pressure, sodium, potassium and creatinine levels were checked. Uptitration to 4 mg or
matching placebo was performed if all parameters were within safety limits. Further safety checks
were performed at 5 weeks and at 3, 6 and 9 months, with dose adjustment contingent on the
results of these. The algorithm for dose titration is given in Figure 1. Uptitration from 2 mg to 4 mg
of perindopril was performed at 2 weeks only; if uptitration was not indicated at this point, participants
stayed on 2 mg of perindopril or matching placebo for the rest of the trial.

Safety blood tests and BP at 2 weeks

Randomised to start 2 mg of perindopril or matching placebo

Keep dose at 2 mg

Stop perindopril/placebo

Stop perindopril/placebo

Currently on 2 mg? Currently on 4 mg?

• Potassium 5.1–5.5 mmol/l
• Creatinine increase of 30–60 µmol/l
• Systolic BP < 90 mmHg

Any of
• Sodium < 130 mmol/l
• Potassium > 5.5 mmol/l
• Systolic BP < 90 mmHg
• Creatinine < 180 µmol/l
• Creatinine increase > 60 µmol/l

Any of
• Sodium < 130 mmol/l
• Potassium > 5.5 mmol/l
• Systolic BP < 90 mmHg
• Creatinine > 180 µmol/l
• Creatinine increase > 60 µmol/l

All of
• Sodium > 130 mmol/l
• Potassium < 5.5 mmol/l
• Systolic BP > 90 mmHg
• Creatinine < 180 µmol/l
• Creatinine increase < 30 µmol/l

All of
• Sodium > 130 mmol/l
• Systolic BP > 90 mmHg
• Creatinine < 180 µmol/l

And either of
• Potassium 5.1–5.5 mmol/l
• Creatinine increase of 30–60 µmol/l

All of
• Sodium > 130 mmol/l
• Potassium < 5.5 mmol/l
• Systolic BP > 90 mmHg
• Creatinine < 180 µmol/l
• Creatinine increase < 30 µmol/l

Downtitrate
to 2 mg

Continue current dose
(2 mg or 4 mg)

Safety blood tests and BP at
5 weeks and 3, 6 and 9 months

Uptitrate to 4 mg

FIGURE 1 Perindopril/placebo titration decision tree. BP, blood pressure.
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Leucine/placebo
Bulk leucine powder was obtained from Amino GmbH (Freilstedt, Germany). Study pots (one pot per
participant per month) were prepared by Tayside Pharmaceuticals, Dundee, UK, which undertook
quality testing and Qualified Person release and distributed pots to participating sites. Leucine/placebo
pots were held at site pharmacies under temperature-controlled conditions prior to being dispensed
to participants. Pots contained either 400 g of leucine powder or 400 g of lactose powder, the latter
selected for its similarity of appearance to the former. Participants were supplied with 1.5-ml scoops
and were asked to ingest three scoops of powder (2.5 g of leucine, total of 7.5 g per day, or the
equivalent lactose volume), three times per day, with meals. Participants were encouraged to mix the
powder with drinks and yoghurts or spread the powder on food; serving suggestions were shared with
participants at the start of their participation.

Returned medication and adherence measurement
Adherence to perindopril or placebo was ascertained by tablet counting, with adherence calculated as
the number of tablets taken ÷ the number of tablets scheduled to be taken between baseline and study
completion or dropout. Leucine/placebo adherence was checked by weighing container tubs at each
safety visit, with adherence calculated as the weight of powder used ÷ the weight expected to be used
between baseline and study completion or dropout.

Outcomes measurement

Outcomes were measured at baseline and at 3, 6 and 12 months. An additional visit for safety blood
tests and uptitration of perindopril/placebo took place at 2 weeks, with further safety blood tests at
5 weeks. Outcomes were collected at each site by research nurses who were masked to treatment
allocation. All research nurses were trained in measuring the study outcomes at the site initiation visit
and received regular refresher sessions throughout the trial; all study procedures were conducted in
accordance with trial-specific standard operating procedures. Figure 2 shows the original planned study
processes at each visit from screening to the end of trial participation and the numbers of participants
planned to be randomised to each intervention.

Data management

Trial data were collected on paper case report forms and then entered into a trial-specific database
built using OpenClinica software (OpenClinica LLC, Waltham, MA, USA). Participants were identified
using a unique study identifier and data were stored on a secure, backed-up University of Dundee
server system. Source data verification was conducted for all randomised participants for age, sex,
inclusion and exclusion criteria, safety blood tests and adverse events. Batch validation and database
audit procedures were run as outlined in the trial Data Management Plan. Target error rates were set
in the Data Management Plan at < 0.5% for the primary outcome and adverse events and at < 2% for
other audited fields. The error rates from all audited fields fell within these limits.

Safety reporting

Adverse event logs were used by each site to collect information on serious and non-serious adverse
events. All events were coded by Tayside Clinical Trials Unit according to the Medical Dictionary for
Regulatory Activities (MedDRA) coding dictionary version 21.0 (www.meddra.org), using the System
Organ Class and Preferred Term categories. We anticipated a high frequency of adverse events in
this study population as a result of the presence of frailty and multimorbidity. Serious adverse
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events were therefore collected, but they were not reported to the trial sponsor or to the regulatory
authority (the Medicines and Healthcare products Regulatory Agency) if they fell into one of the
following categories:

l any death or hospitalisation due to new cardiovascular event [with the exception of (1) angioedema,
and (2) symptomatic hypotension as a primary cause, which were reportable as serious
adverse events]

l any death or hospitalisation due to a new diagnosis or treatment of cancer
l any death or hospitalisation due to fall or fracture
l any death or hospitalisation due to infection
l any death or hospitalisation due to the exacerbation of an existing medical condition
l any admission for an elective or a planned investigation or treatment
l any death or hospitalisation for deteriorating renal function or high or low potassium levels
l any hospitalisation due to nausea, vomiting, constipation or diarrhoea.

All adverse events, including those in the above list, were presented to the independent Data
Monitoring Committee (DMC) classified by MedDRA System Organ Class. All adverse events were
included in the reported analysis.

Safety blood tests and perindopril/placebo uptitration at 2 weeks; safety blood tests at 5 weeks

Telephone
prescreening

Perindopril +
leucine

Perindopril +
leucine placebo

Perindopril placebo
+ leucine

Placebo +
placebo

Interested participants
from secondary care

Interested participants
from primary care letters

and advertisements

Screening visit

Baseline visit: physical function measures,
EQ-5D, NEADL, biomarkers, FFQ, DXA

and randomisation

6-month visit: physical function measures, EQ-5D, NEADL, safety blood tests

3-month visit: biomarkers, safety blood tests, adverse events

9-month visit: safety blood tests, adverse events

12-month visit: physical function measures, EQ-5D, NEADL, biomarkers, FFQ, DXA, safety blood tests

FIGURE 2 Original planned design for participant flow through the trial. EQ-5D, EuroQoL-5 Dimensions; FFQ, Food
Frequency Questionnaire; NEADL, Nottingham Extended Activities of Daily Living.
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Trial oversight committees

An independent DMC met every 6 months. The DMC was chaired by an experienced trials
biostatistician and included two other academic geriatricians who had trials expertise. The DMC had
access to unblinded data on baseline participant characteristics and adverse events, provided by an
unblinded statistician who operated independently of the rest of the trial management team. The DMC
reported to the chairperson of the independent TSC, was appointed by NIHR and operated under an
agreed charter.

The independent TSC was appointed by NIHR and was chaired by an experienced academic
geriatrician. Other independent members of the TSC were an academic with expertise in psychiatry
of old age, including dementia trials; another academic geriatrician; and three lay members, all
of whom were older people. The TSC met at least every 6 months over the course of the trial;
additional meetings were held as required for timely decision-making. The TSC operated under
an agreed charter. The TSC chairperson reported to the project manager at NIHR by letter and
minutes after each TSC meeting.

The Trial Management Group (TMG) comprised the lead applicant, co-applicants, and Tayside Clinical
Trials Unit staff and was responsible for the operational management of the trial. All local investigators
and research nurses at each site were invited to join all TMG meetings, which took place monthly until
the end of recruitment and then every 2 months until the end of the grant funding period. In addition,
monthly teleconferences took place between the trial manager and research nurses to share best
recruitment practice and troubleshoot trial processes.

Role of patient and public involvement

Patients and the public were involved in the design of the trial, development of trial information and
study processes, oversight of the LACE programme, and planning dissemination of the findings. The key
areas of involvement were as follows:

l The trial design was discussed with a panel of older people at the stage of grant development; their
views, together with feedback from processes in previous trials conducted by the trial team, played
a key role in selecting trial outcomes that were feasible, and in advising on the screening and
recruitment process.

l Participant information sheets and brief study information were developed and refined with input
from older people.

l Taste testing of the leucine in combination with different foods and drinks was conducted with a
panel of older people to develop advice sheets for participants who were taking the leucine or
placebo powder with meals.

l Three older people formed the lay members on the independent TSC, giving advice on recruitment,
retention and oversight of the programme.

l The TSC lay members also helped to develop the dissemination strategy for the LACE trial results,
including papers, conferences, blogs, presentations and public engagement events.

Important changes to the trial design and conduct after
trial commencement

Several changes were made to the design and conduct of the trial in response to low recruitment rates;
these are detailed below.
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Changes to screening criteria

l The prescreening SARC-F score threshold for progression to screening was changed from ≥ 4 to ≥ 3
after 6 months of recruitment. This was in line with the protocol, which allowed for variation in the
SARC-F prescreening threshold based on the response rate.

l The equation to calculate skeletal muscle mass at screening (via bioimpedance) and the thresholds
used for low muscle mass were changed after 6 months of recruitment. During that period, only 1
of 20 people screened had a total body skeletal muscle mass, measured by BIA using the Janssen
equation,72 below the original screening threshold (< 13 kg for women and < 20.5 kg for men).
New information on the likely accuracy of different BIA equations and on thresholds in the UK
population (derived from UK Biobank)38 became available; the Sergi equation37 was adopted as the
new method of BIA muscle mass calculation, as this equation was found to be more accurate in
older, white, European individuals, and BMI-based thresholds for height-adjusted low skeletal mass
were adopted, based on findings from UK Biobank and in line with some more recent definitions
of sarcopenia.73

Extensions to recruitment window and truncation of trial recruitment
Owing to slow recruitment, the recruitment period was extended from the originally planned 18 months to
30 months. Because of continued slow recruitment, the funder recommended termination of recruitment
after 30 months but with follow-up of all those recruited to that date for the planned 12 months of
follow-up.

Removal of secondary outcomes
A lack of pedometer step count data due to poor adherence and multiple technical issues led to the
collection of this outcome being suspended, and this secondary outcome was removed from the trial
prior to the end of recruitment and prior to finalisation of the Statistical Analysis Plan.

Statistical analysis

A prespecified Statistical Analysis Plan was finalised and signed off after review by the TMG and the
independent TSC and before the database was locked. The full Statistical Analysis Plan can be accessed
via the NIHR project web page (URL: www.journalslibrary.nihr.ac.uk/programmes/eme/135303/#/;
accessed 17 January 2022). A two-sided p-value of < 0.05 was taken as significant for all analyses, with
no adjustment for multiple testing. Analyses were performed using Statistical Analysis System (SAS)
v9.4 software (SAS Institute Inc, Cary, NC, USA). The unmasking of randomisation groups was
performed only after the statistical analysis was completed.

The primary outcome (between-group difference in the SPPB over 12 months) was analysed using
repeated measures mixed models, both unadjusted and adjusted for baseline values of the variable
under test, age, sex and minimisation variables. An initial test for treatment interaction was planned,
and if this interaction was not significant then the main analysis was to proceed using the full power of
the factorial design. Prespecified subgroup analyses for the primary outcome were conducted for the
following categories: age ≤ 80 years compared with > 80 years, male compared with female, and above
compared with below median total protein intake. In addition, post hoc exploratory analyses were
conducted comparing those meeting the EWGSOP 2019 criteria for confirmed sarcopenia with those
who did not meet the criteria and examining the effect of including adherence to perindopril or leucine
as a continuous variable in the mixed models.

Secondary outcomes were analysed using repeated measures models as above, adjusted for baseline
values, age, sex and minimisation variables as above.
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Review of existing trial evidence: systematic review methods

Angiotensin-converting enzyme inhibitor/angiotensin receptor blocker systematic
review methods
In preparation for this report, we conducted a systematic review74 of the effect of ACEi or ARBs on
physical function. The protocol for the systematic review was registered in the PROSPERO database
(www.crd.york.ac.uk/prospero/display_record.php?RecordID=13398). We included randomised
controlled trials comparing ACEi or ARBs with placebo or another intervention, with a minimum
duration of 4 weeks. Co-interventions were permitted as long as the same co-intervention was
delivered in both arms. Trials were excluded if they enrolled a trial population with a mean age of
< 60 years, were not performed in humans, or studied a specific disease known to affect muscle
function (e.g. heart failure or COPD). Studies of people with hypertension were included. No language
restrictions were applied.

We searched MEDLINE, EMBASE, CINAHL (Cumulative Index to Nursing and Allied Health Literature),
NHS eLibrary, Cochrane Library and ISRCTN.com from inception to the end of February 2020. The
search was performed on 2 March 2020. Two individuals separately screened all titles, retrieving
any abstract that either screener deemed relevant. The same process was then applied to selected
abstracts to identify full papers for scrutiny. Both screeners read the selected full papers and agreed
inclusion. Data were extracted into data pro formas by two individuals separately, with any differences
resolved by consensus. Data on all outcomes relevant to physical performance (strength, functional
measures and aerobic or endurance measures) were extracted, along with baseline details of study
size, population, duration, intervention dose and comparator.

Data were entered into RevMan v5.3 (The Cochrane Collaboration, The Nordic Cochrane Centre,
Copenhagen, Denmark) for meta-analysis, and quality assessment was conducted using the Cochrane Risk
of Bias tool. Where SDs of change were not available, SDs were interpolated as the mean of baseline and
follow-up SDs. The results are presented as mean differences with random-effects meta-analysis.

Leucine meta-analysis methods

A recent systematic review75 examined the impact of leucine on physical function. Given how recently
this review was published (2019), we did not conduct a separate systematic review for leucine.
This review75 included 13 randomised controlled trials, covering a range of interventions related to
leucine; supplementation with bulk protein, essential amino acid mixtures or leucine were all studied.
Co-interventions (carnitine, vitamin D, long-chain triglycerides, exercise) were included in some studies.

To place the results from the LACE trial in context, data were extracted from the three studies that
examined the effect of leucine alone as an intervention (without additional protein, amino acids or
other nutritional components). Data were analysed in RevMan v5.3 as described above.

Analysis of biomarker blood samples and data

Blood for biomarker studies was collected at the baseline and 3- and 12-month visits as described above.

Protein biomarkers (GDF-15, renin, IGF-1, TNF-a, IL-6, resistin, LCN-2 and IL-18 BP) were quantified in
serum using appropriate DuoSet® ELISA kits from R&D Systems (Minneapolis, MN, USA) and analysed
on a Tecan Spark® microplate reader (Tecan Trading AG, Männedorf, Switzerland). ACE activity was
measured in serum using a fluorescent assay (Abcam ab239703) at room temperature and analysed
on a Molecular Devices SpectraMax® iD3 Multi-Mode Microplate Reader (Molecular Devices, LLC,
San Jose, CA, USA).
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For genotyping, deoxyribonucleic acid (DNA) was isolated from blood samples using the QIAamp®

DNA Mini Kit (QIAGEN, Manchester, UK). ACE I/D (insertion/deletion) genotyping was performed as
described by Ragat et al.76 Genotyping for polymorphisms in the activin 1B receptor (rs2854464 and
rs10783486), as well as in the ACTN3 gene (R577X), was performed using the appropriate TaqMan®

probes (Life Technologies, Thermo Fisher Scientific, Waltham, MA, USA).

MicroRNA analysis was performed using whole blood collected in PAXgene® Blood RNA Tubes
(QIAGEN, Manchester, UK). The RNA was extracted using the PAXgene RNA Blood Kit (QIAGEN).
50 ng of RNA was reverse transcribed from multiplex reverse transcriptase primers (human pool A
v2.1; Life Technologies), as previously described.64 The reverse transcriptase product was preamplified
for 12 cycles using the MegaplexTM pool A preamplification primers, as previously described,64 and
individual microRNAs were measured using the appropriate TaqMan probe and primer set (Life
Technologies). Each reaction was performed in duplicate, and the average threshold cycle value was
normalised to the corresponding geometric mean of U6 and RNU44 using the delta-delta threshold
cycle method.

Calculation of variables and statistical analyses
Baseline measures of physical performance and muscle mass measured by both bioimpedance and DXA
were determined as described in Table 2 and earlier in Chapter 3; a more detailed description has been
published previously.77 Changes in quadriceps strength, grip strength and 6-minute walk distance were
calculated at 6 and 12 months as proportionate to the baseline value [i.e. (mean value at follow-up)/
(mean value at baseline)]. Change in SPPB was calculated as the difference between the score at
baseline and the score at month 6 or month 12. Correlations were performed using the Pearson
correlation in the R package WGCNA and potentially significant values were confirmed in AabelTM 3.0
(Gigawiz Software; www.gigawiz.com), and p-values were calculated using a two-sided test.

DOI: 10.3310/LLBX6901 Efficacy and Mechanism Evaluation 2022 Vol. 9 No. 8

Copyright © 2022 Witham et al. This work was produced by Witham et al. under the terms of a commissioning contract issued by the Secretary of State for Health and
Social Care. This is an Open Access publication distributed under the terms of the Creative Commons Attribution CC BY 4.0 licence, which permits unrestricted use,
distribution, reproduction and adaption in any medium and for any purpose provided that it is properly attributed. See: https://creativecommons.org/licenses/by/4.0/.
For attribution the title, original author(s), the publication source – NIHR Journals Library, and the DOI of the publication must be cited.

15

https://www.gigawiz.com




Chapter 4 Screening and recruitment
methods results

Parts of this chapter have been reproduced with permission from Witham et al.77 © 2021 The
Authors. JCSM Rapid Communications published by John Wiley & Sons Ltd on behalf of Society on

Sarcopenia, Cachexia and Wasting Disorders. This is an open access article under the terms of the
Creative Commons Attribution License, which permits use, distribution and reproduction in any
medium, provided the original work is properly cited.

Focus of chapter

Recruitment to trials for older people, including trials for sarcopenia, is challenging. Sarcopenia is rarely
sought in clinical practice; muscle strength and muscle mass are not measured or recorded in clinical
notes. Finding participants with sarcopenia may, therefore, require muscle mass and strength to be
measured on large numbers of potential participants at the screening stage with high screen failure
rates. The screening and recruitment process developed in the LACE trial sought to use a diverse range
of recruitment pathways (primary and secondary care), sought to use a simple questionnaire at the
prescreening stage to enrich the potentially eligible population invited to screening visits, and sought
to use a rapid, portable and simple measure of muscle mass (bioimpedance) at screening to reduce
the need to conduct DXA scans on large numbers of potential participants. This chapter presents an
analysis of four different aspects of the screening and recruitment process outlined in Chapters 2 and 3
to assess the performance of the recruitment process and hence to improve the recruitment process
for future sarcopenia trials.77 The four areas examined were:

1. a comparison of the efficiency and effectiveness of primary care and hospital-based care
recruitment pathways

2. a comparison of central trial unit and local research team telephone prescreening
3. the performance of a simple telephone physical function questionnaire (SARC-F) as part of the

prescreening process
4. an analysis of the ability of bioimpedance measurements at the screening visit to identify a study

population with low muscle mass measured by DXA.

Recruitment

A total of 320 participants attended a screening visit and 145 participants were randomised into the
trial between June 2016 and December 2018, at which time the funder closed entry to the trial owing
to slow recruitment. Appendix 1, Table 20, shows recruitment by site, and Appendix 2, Figure 23, shows
cumulative recruitment per month throughout the trial recruitment phase.

Results

Primary compared with secondary care screening yield
Figure 3 shows a comparison of participant flow through the primary care and hospital-based screening
pathways. The proportion of participants randomised of those approached was not significantly higher
in primary care than in hospital-based care [138/13,808 (1.0%) vs. 7/1202 (0.6%); p = 0.16], but the
number of participants that could be approached and randomised through the primary care pathway
was much larger.
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Central compared with local prescreening
A total of 633 out of 2897 primary care respondents were prescreened centrally; the mean number of
calls per respondent was 2.3. The conversion rate from prescreening to randomisation was 18 out of
633 (2.8%) for centralised calls compared with 120 out of 2264 (5.3%) for local prescreening calls
(p = 0.01). At 10 sites, prescreening was conducted partly by the local study team and partly by the
central prescreening team to augment the local study team’s capacity to respond to expressions
of interest in the study in a timely manner. When the analysis was confined to these 10 sites, the
conversion rate from prescreening to randomisation was 18 out of 588 (3.1%) for centralised calls
compared with 73 out of 1814 (4.0%) for local prescreening calls (p = 0.29).

Relationship between Strength Assistance Rise Climb – Falls score and progression to
screening and randomisation
A weak relationship was seen between higher (worse) SARC-F score at prescreening and lower
likelihood of progression to randomisation (r = –0.08; p = 0.03); the association was stronger in men
(r = –0.13; p = 0.04) than in women (r = –0.05; p = 0.29). The details of the conversion rates by SARC-F
score are given in Figure 4. Participants with a SARC-F score of < 3 did not progress to screening and
thus we were unable to assess the relationship between a SARC-F score of 0–2 and the likelihood of
progressing to randomisation.

The SARC-F score at prescreening showed a modest association with handgrip strength for both men
(r = –0.29; p < 0.001) and women (r = –0.17; p = 0.03). A similar correlation (r = –0.28; p < 0.001) was
seen between SARC-F score and 4-metre gait speed at screening. A significant correlation was found
between SARC-F and appendicular skeletal muscle mass (ASMM) index measured by bioimpedance for
men (r = –0.19; p = 0.04) but not for women (r = 0.05; p = 0.47).

Sent information through
primary care
(n = 13,808)

Positive replies
(n = 2955; 21.4%)

Telephone prescreen
(n = 2987; 21.0%)

Unable to be
contacted

(n = 58) Hospital-based notes
screened
(n = 1202)

Did not attend
screening visit

(n = 261)

Failed
screening visit

(n = 158)

Suitable for
screening visit
(n = 557; 4.0%)

Attended screening
visit

(n = 296; 2.1%)

Randomised participants
(n = 138; 1.0%)

Suitable for screening visit;
offered information

(n = 160; 13.3%)

Attended screening
visit

(n = 24; 2.0%)

Randomised participants
(n = 7; 0.6%)

Did not attend
screening visit

(n = 134)

Failed screening visit
(n = 15)

Did not progress to 
randomisation 

(n = 2)

Primary care Hospital-based care

FIGURE 3 Primary vs. secondary care screening yield.
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Relationship between muscle mass measured by bioimpedance and dual-energy
X-ray absorptiometry
The Sergi equation was used in the LACE trial to screen participants for low muscle mass. Resistance
and reactance measures from BIA are converted using the Sergi equation to predict ASMM index
(ASMM/height2). The Sergi equation was derived from bioimpedance measures using the same system
that was used for screening in the LACE trial (the Akern BIA 101), which was compared with DXA
appendicular muscle mass measures (the reference standard)”. The Sergi equation was derived in an
older, white, European (but non-UK) population, and data are lacking on how well the equation can
predict DXA-measured muscle mass, and hence on its utility as a screening tool in sarcopenia trials.

Estimates of ASMM index derived via the Sergi equation at the screening visit were compared with
ASMM index measured by DXA at the baseline visit. A total of 144 participants underwent DXA at the
baseline visit and had usable data; data were not acquired for one participant due to scanner technical
failure. Baseline details for these 144 participants are shown in Table 3.

Figure 5 shows the correlation (r = 0.79; p < 0.001) between DXA-measured baseline ASMM index
and ASMM index estimated using the Sergi equation from screening BIA data. Figure 6 shows the
Bland–Altman plot; although overall agreement was good, with BIA underestimating ASMM index by
only 0.17 kg (SD 1.11 kg), estimates were systematically biased, with a greater underestimation of
ASMM index by BIA at lower ASMM index by DXA, and an overestimation at higher ASMM indices by
DXA as demonstrated by the regression line included in the figure. The overall bias amounted to 0.5 kg
of underestimation by BIA for every 1 kg lower ASMM index by DXA.

Derivation of an alternative equation to estimate muscle mass
from bioimpedance

To address the systematic bias seen when using the Sergi equation in the LACE study population, we
derived an alternative equation to fit data from the LACE trial using the results of a linear regression
analysis (see Appendix 3, Table 21) with further adjustment to calibrate the new equation with the observed
DXA results. The final equation to predict ASMM index as measured by DXA from bioimpedance was:

1:15 × (10:251 – ½age in years × 0:011� + ½sex = 1 for male, 0 for female� – ½Rz × 0:003�
+ ½Xc × 0:011� – ½height in cm × 0:031� + ½weight in kg × 0:044�) – 1:275,

(1)

where Rz is resistance and Xc is reactance.
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TABLE 3 Characteristics of participants attending screening visit and baseline visit for muscle mass measurement

Characteristic
Attended screening visit
(N= 320)

Randomised with valid
baseline DXA data (N= 144)

Mean age (years) (SD) 77.7 (5.6) 78.8 (6.0)

Female sex (%) 190 (59) 78 (54)

Mean handgrip strength (kg) (SD) Men (n = 123): 24.8 (7.0) Men (n = 66): 23.1 (5.9)

Women (n = 151): 14.3 (4.4) Women (n = 78): 13.7 (3.9)

Mean BIA muscle massa (kg/m2) (SD) Men (n = 130): 7.49 (1.37) Men (n = 66): 7.64 (1.34)

Women (n = 188): 5.79 (1.82) Women (n = 78): 5.17 (1.17)

Mean SPPB (SD) (n = 282) 6.8 (2.7) 7.0 (2.3)

Mean gait speed (m/second) (SD) (n = 271) 0.76 (0.25) 0.75 (0.23)

Median chair stand time (seconds) [IQR] 21 [16–28] 22 [17–28]

Proportion (%) with low grip strength (< 30 kg male,
< 20 kg female)

231/274 (84) 135/144 (94)

Proportion (%) with low grip strength (< 27 kg male,
< 16 kg female)

174/274 (64) 104/144 (72)

Proportion (%) with low muscle mass index (BIA)
(< 7.26 kg/m2 male, < 5.45 kg/m2 female)

143/318 (45) 73/144 (51)

Low BIA muscle mass on BMI stratum (%)

< 18.5 kg/m2 7/7 (100) 4/4 (100)

18.5–24.9 kg/m2 68/81 (84) 29/34 (85)

25.0–29.9 kg/m2 100/132 (76) 58/74 (78)

≥ 30 kg/m2 49/98 (50) 18/32 (56)

Total 224/318 (70) 109/144 (76)

IQR, interquartile range.
a ASMM/height2 estimated using Sergi equation.
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Appendix 3, Figure 24, shows the Bland–Altman plot comparing this cohort-specific estimate with the
measured DXA ASMM index; the mean difference between estimated (by BIA) and measured (by DXA)
ASMM index was 0 kg/m2 (SD 0.5 kg/m2) and no systematic bias was evident.

Ability of recruitment process to deliver a study population meeting the
definition of sarcopenia

A challenge in recruiting populations with sarcopenia remains the fluidity of definitions of sarcopenia.
At the time of designing the LACE trial, the EWGSOP 2010 definition was extant and was used as the
trial definition.36 Following this guideline, we had defined sarcopenia as low muscle strength (handgrip
of < 30 kg for men and < 20 kg for women, or walk speed of < 0.8 m/second for both sexes) and low
muscle mass (ASMM index < 7.26 kg/m2 for men and < 5.45 kg/m2 for women). A further challenge
is that mean muscle mass differs between populations and, thus, cut-off values should ideally be
population specific.

New EWGSOP definitions were published in 2019, which form the current standard of diagnosis.78

Probable sarcopenia (a definition designed for widespread use in clinical practice) requires a handgrip
strength of < 27 kg for men and < 16 kg for women. Walk speed does not form part of the new
definition for sarcopenia, but a walk speed of < 0.8 m/second denotes severe sarcopenia. A definite
diagnosis of sarcopenia requires a low grip strength together with a low muscle mass (now defined as
ASMM index of < 7.0 kg/m2 for men and < 5.5 kg/m2 for women).

A competing definition was proposed by the US-based Foundation for the National Institutes of Health
(FNIH) group in 2014.73 This FNIH definition again required low grip strength (< 26 kg for men and
< 16 kg for women) and low muscle mass, but, using this definition, muscle mass was adjusted for BMI
on the grounds that larger bodies require greater muscle mass to enable function. Appendicular lean
mass (in kg) divided by BMI (in kg/m2) is required to be < 0.789 for men and < 0.512 for women.
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FIGURE 6 Bland–Altman plot of agreement between appendicular skeletal muscle mass indices estimated by BIA and
measured by DXA at baseline (n = 144). Graph shows fit line with 95% CI (sloping lines), together with mean difference
(bold horizontal line) and 95% CI of difference (dotted horizontal lines). CI, confidence interval.
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Table 4 shows the percentage of randomised participants in the LACE trial with DXA-measured
baseline muscle mass who met these different definitions of sarcopenia.

Summary of results

The analysis of the recruitment pathway from the LACE trial yielded important insights that will
improve the efficiency and effectiveness of recruitment to future sarcopenia trials. Recruitment
through general practices delivered many more participants with sarcopenia than did recruitment
through hospital inpatient or outpatient routes. This was because of the much larger number of
potential participants who could be reached, rather than because of a large difference in the
proportion of those screened who were eligible to participate. Conducting prescreening telephone
calls using a central team rather than the local site teams performing telephone prescreening did not
lead to a higher rate of conversion to in-person screening visits.

We found that the SARC-F tool had limited utility in differentiating those at prescreening who would
progress to randomisation. We also found that screening for low muscle mass using BIA and the
Sergi equation underestimated muscle mass in those with low muscle mass. This is likely to lead to
the inclusion of participants who do not fulfil the muscle mass criteria for sarcopenia using the more
accurate measure of appendicular muscle mass measured by DXA scanning. We derived an alternative
equation that more accurately predicted DXA muscle mass from BIA readings in this population; this
equation requires validation in other populations of older people in the UK at risk of sarcopenia before
it can be used as part of a recruitment pathway.

TABLE 4 Proportion of randomised participants in LACE meeting the criteria for diagnosis of sarcopenia using different
definitions/thresholds

EWGSOP 2010a
EWGSOP 2019
probable sarcopeniab

EWGSOP 2019
confirmed sarcopeniac FNIHd

Men (%) 30/66 (45) 64/66 (97) 19/66 (29) 27/66 (41)

Women (%) 29/78 (37) 74/78 (95) 25/78 (32) 22/78 (28)

All (%) 59/144 (41) 138/144 (96) 44/144 (31) 49/144 (34)

a Low grip strength (< 30 kg for men and < 20 kg for women) OR gait speed ≤ 0.8 m/second AND low ASMM index
(< 7.26 kg/m2 for men and < 5.45 kg/m2 for women).

b Low grip strength (< 27 kg for men and < 16 kg for women) OR five times sit to stand test > 15 seconds/unable
to perform.

c As for (b) AND low ASMM index (< 7.0 kg/m2 for men and < 5.5 kg/m2 for women).
d Low grip strength (< 26 kg for men and < 16 kg for women) AND low appendicular lean mass (lean mass in kg

divided by BMI in kg/m2 of < 0.789 for men and < 0.512 for women).
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Chapter 5 Main trial results: perindopril
versus placebo

As described in the protocol paper and the Statistical Analysis Plan, an initial test for interaction
between the two interventions on the primary outcome was performed. No evidence of an

interaction effect was seen, and so an analysis of each trial (perindopril vs. placebo, and leucine vs.
placebo) was conducted separately using all available data from randomised participants. Figure 7
shows the CONSORT (Consolidated Standards of Reporting Trials) flow diagram for the analysis
of perindopril compared with placebo. Dropout was higher in the perindopril arm than in the placebo
arm, particularly in the first 6 months of the trial. Both arms were well matched at baseline; details are
given in Table 5.

Adherence

Adherence was lower in the group receiving perindopril [median 76.2%, interquartile range (IQR)
15.6–95.4%] than in the group receiving placebo (median 95.9%, IQR 78.2–99.7%) (p < 0.001).
More participants chose to drop out in the early months of the trial in the perindopril arm than in
the placebo arm.

Perindopril
(n = 73)

3-month visit
(n = 63) (86%)

6-month visit
(n = 56) (77%)

12-month visit
(n = 52) (71%)

Placebo
(n = 72)

Randomised
(n = 145)

• Primary care, n = 296
• Secondary care, n = 24

Screening visit
(n = 320)

Dropout
• HCP advice, n = 0
• Adverse event, n = 0
• Patient choice, n = 4
• Other, n = 1

Dropout
• HCP advice, n = 1
• Adverse event, n = 0
• Patient choice, n = 1
• Other, n = 0

Dropout
• HCP advice, n = 0
• Adverse event, n = 1
• Patient choice, n = 7
• Other, n = 0

Dropout
• HCP advice, n = 2
• Adverse event, n = 1
• Patient choice, n = 6
• Other, n = 1

Dropout
• HCP advice, n = 0
• Adverse event, n = 0
• Patient choice, n = 6
• Other, n = 1

Dropout
• HCP advice, n = 2
• Adverse event, n = 0
• Patient choice, n = 1
• Other, n = 1

3-month visit
(n = 67) (93%)

6-month visit
(n = 65) (90%)

12-month visit
(n = 57) (79%)

• Not met sarcopenia criteria, n = 129
• Symptomatic OH, n = 13
• High potassium, n = 6
• Excluded medication, n = 4
• Excluded medical condition, n = 10
• Other, n = 16

Dropout
(n = 175)a

FIGURE 7 The CONSORT diagram for perindopril vs. placebo analysis. HCP, health-care professional; OH, orthostatic
hypotension. a, More than one reason for failing the screening was recorded for some participants.
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TABLE 5 Baseline details for perindopril vs. placebo analysis

Detail Perindopril (N= 73) Placebo (N= 72)

Mean age (years) (SD) 78.7 (6.0) 78.8 (6.1)

Female sex, n (%) 39 (53) 39 (54)

Mean Charlson Comorbidity Index score (SD) 0.7 (1.1) 0.7 (0.9)

Mean SARC-F score (SD) 4.07 (1.29) 4.38 (1.54)

Comorbid disease, n (%)

Hypertension 23 (32) 20 (28)

Ischaemic heart disease 9 (12) 5 (7)

Osteoarthritis 39 (53) 38 (53)

Rheumatoid arthritis 3 (4) 7 (10)

Cataracts 34 (47) 28 (39)

Retinopathy 3 (4) 2 (3)

Registered blind 2 (3) 0 (0)

Anaemia 15 (21) 8 (11)

Peripheral neuropathy 7 (10) 5 (7)

Fragility fracture 23 (32) 18 (25)

Median number of medications (IQR) 5 (3–7) 5 (3–7)

Mean weight (kg) (SD)

Men 106.5 (151.5) 80.9 (16.0)

Women 65.1 (13.1) 64.9 (10.0)

Mean BMI (kg/m2) (SD) 26.7 (3.7) 27.0 (4.3)

Mean estimated GFR (ml/minute/1.73 m2) (SD) 80 (20) 81 (21)

Mean serum albumin (g/l) (SD) 40 (4) 40 (4)

Mean systolic blood pressure (mmHg) (SD) 145 (20) 144 (17)

Mean diastolic blood pressure (mmHg) (SD) 79 (10) 77 (10)

Mean systolic blood pressure drop (mmHg) (SD) 7 (12) 10 (12)

Mean diastolic blood pressure drop (mmHg) (SD) 0 (7) 2 (7)

Mean SPPB (SD) 7.1 (2.3) 6.9 (2.4)

Mean appendicular muscle mass by DXA (kg/m2) (SD)

Men 7.26 (0.75) 7.21 (1.61)

Women 5.77 (0.68) 5.69 (0.66)

Mean maximal handgrip strength (kg) (SD)

Men 23.0 (6.3) 23.2 (5.6)

Women 14.3 (3.9) 13.1 (3.8)

Mean maximal quadriceps strength (kg) (SD)

Men 15.2 (6.9) 17.2 (7.4)

Women 10.5 (5.1) 10.6 (4.7)

Mean 6-minute walk distance (m) (SD) 298 (109) 313 (111)

Mean 4-metre walk speed (m/second) (SD) 0.73 (0.21) 0.76 (0.25)
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Primary outcome analysis

Table 6 shows the analyses for the primary outcome (between-group difference in SPPB) for perindopril
versus placebo. No significant treatment effect was seen in unadjusted or adjusted analyses; the point
estimate of effect in adjusted analyses was close to zero, although the confidence intervals (CIs) do
not exclude an effect size consistent with the minimum clinically important difference of 0.5 points.
Sensitivity analyses examining the difference at the 12-month time point, and imputing values of zero
as a worst-case scenario, show similar results, albeit with wide CIs. Prespecified subgroup analyses
are shown in Table 7; no subgroup showed a significantly greater effect in these analyses. Adherence
did not have a significant impact on the primary outcome when included in the adjusted model as a
continuous variable (p = 0.75).

Secondary outcomes

Details of the secondary outcome analyses of perindopril compared with placebo are shown in Table 8.
No significant treatment effects were seen for any outcome except self-reported health status using
the EQ-5D (EuroQol-5 Dimensions) thermometer; perindopril treatment was associated with a worse

TABLE 5 Baseline details for perindopril vs. placebo analysis (continued )

Detail Perindopril (N= 73) Placebo (N= 72)

Median chair rise time (seconds) (IQR) 22.0 (18.0–27.4) 21.9 (16.9–27.9)

Mean EQ-5D-3L (SD) 0.77 (0.11) 0.77 (0.10)

Mean EQ-5D thermometer (SD) 69 (17) 74 (13)

Mean NEADL (SD) 55.3 (9.0) 54.3 (11.1)

Mean T-score at hip (SD) –1.3 (1.4) –1.4 (1.1)

Mean total protein intake per day (g/kg body weight) (SD) 1.22 (1.02) 1.07 (0.33)

EQ-5D, EuroQoL-5 Dimensions; GFR, glomerular filtration rate; IQR, interquartile range; NEADL, Nottingham Extended
Activities of Daily Living.

TABLE 6 Primary outcome for perindopril vs. placebo analysis

Outcome Perindopril Placebo

Unadjusted
treatment
effect (95% CI) p-value

Adjusted
treatment
effect (95% CI) p-value

Baseline SPPB
(n, SD)

7.1 (73, 2.3) 6.9 (72, 2.4) 0.0 (–0.7 to 0.8) 0.91 –0.1 (–1.2 to 1.0) 0.89

6-month SPPB
(n, SD)

7.3 (56, 2.5) 7.0 (65, 2.7)

12-month SPPB
(n, SD)

7.2 (52, 2.9) 7.6 (57, 2.6)

Sensitivity analyses (12 months only)

12-month SPPB
(n, SD)

7.2 (52, 2.9) 7.6 (57, 2.6) –0.6 (–1.4 to 0.2) 0.12 0.5 (–2.6 to 3.6) 0.73

12-month SPPB,
worst casea (n, SD)

5.1 (73, 4.1) 6.0 (72, 3.9) –1.0 (–2.2 to 0.2) 0.10 0.2 (–2.4 to 2.8) 0.87

a Imputing SPPB = 0 for all missing data.
Adjusted analyses adjusted for age, sex, SPPB, Charlson Comorbidity Index score and baseline handgrip strength.
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TABLE 7 Subgroup analyses for primary outcome: perindopril vs. placebo

Subgroup analysis
Adjusted treatment
effect (95% CI)

p-value for
interaction

Age > 80 years –0.5 (–1.5 to 0.5) 0.25

Age ≤ 80 years –1.4 (–2.7 to –0.0)

Men 0.4 (–0.3 to 1.0) 0.22

Women –0.4 (–1.8 to 1.0)

Protein intake ≥ 1.01 g/kg/day –0.1 (–0.8 to 0.6) 0.84

Protein intake < 1.01 g/kg/day –0.7 (–5.7 to 4.3)

Confirmed sarcopenia according to EWGSOP 2019 criteriaa 0.0 (–1.1 to 1.0) 0.09

Not confirmed sarcopenia according to EWGSOP 2019 criteriaa 0.0 (–0.8 to 0.9)

a EWGSOP 2019 definition: low grip strength (< 27 kg for men or < 16 kg for women) OR five times sit to stand test
> 15 seconds/unable to perform, AND low ASMM index (< 7.0 kg/m2 for men and < 5.5 kg/m2 for women).

Mixed-effects models. Analyses adjusted for age, sex, SPPB, Charlson Comorbidity Index score and baseline
handgrip strength.

TABLE 8 Secondary outcomes for perindopril vs. placebo analysis

Outcome Time point Perindopril Placebo

Unadjusted
treatment
effect (95% CI) p-value

Adjusted
treatment
effect (95% CI) p-value

Muscle mass Baseline
(n, SD)

6.47 (73, 1.03) 6.38 (72, 1.41) 0.0
(–0.5 to 0.5)

0.89 –0.4
(–1.1 to 0.3)

0.27

12 months
(n, SD)

6.09 (54, 2.18) 6.22 (58, 1.89)

Grip strength Baseline
(n, SD)

18.3 (73, 6.7) 17.8 (72, 6.9) 0.8
(–1.5 to 3.0)

0.50 0.2
(–0.9 to 1.2)

0.74

6 months
(n, SD)

19.9 (56, 7.0) 18.0 (65, 7.5)

12 months
(n, SD)

20.4 (50, 6.7) 19.0 (55, 6.9)

Quadriceps
strength (kg)

Baseline
(n, SD)

12.7 (67, 6.4) 13.53 (68, 6.8) –0.1
(–2.1 to 1.9)

0.91 0.6
(–3.0 to 4.1)

0.75

6 months
(n, SD)

14.5 (53, 8.3) 12.40 (58, 5.4)

12 months
(n, SD)

13.6 (40, 6.2) 14.36 (48, 7.3)

Six-minute
walk (m)

Baseline
(n, SD)

298 (73, 109) 313 (71, 111) –7
(–40 to 26)

0.66 –32
(–75 to 12)

0.15

6 months
(n, SD)

328 (54, 103) 321 (60, 111)

12 months
(n, SD)

338 (46, 97) 324 (54, 115)
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TABLE 8 Secondary outcomes for perindopril vs. placebo analysis (continued )

Outcome Time point Perindopril Placebo

Unadjusted
treatment
effect (95% CI) p-value

Adjusted
treatment
effect (95% CI) p-value

Gait speed
(m/second)

Baseline
(n, SD)

0.73 (73, 0.21) 0.76 (72, 0.25) –0.06
(–0.19 to 0.07)

0.35 0.01
(–0.18 to 0.19)

0.96

6 months
(n, SD)

0.85 (55, 0.28) 0.86 (61, 0.43)

12 months
(n, SD)

0.84 (49, 0.25) 1.00 (56, 1.11)

Chair stand
time (seconds)

Baseline
(n, SD)

24.1 (58, 9.3) 24.2 (53, 11.8) –1.1
(–4.6 to 2.5)

0.55 –1.7
(–8.7 to 5.3)

0.64

6 months
(n, SD)

22.1 (44, 9.0) 22.5 (51, 10.3)

12 months
(n, SD)

21.3 (38, 12.9) 22.4 (47, 10.9)

NEADL Baseline
(n, SD)

55.3 (73, 9.0) 54.3 (72, 11.1) 0.8
(–2.3 to 3.9)

0.61 –1.6
(–7.4 to 4.2)

0.58

6 months
(n, SD)

56.6 (56, 8.0) 54.3 (65, 11.2)

12 months
(n, SD)

56.2 (51, 10.6) 55.3 (55, 10.5)

EQ-5D main Baseline
(n, SD)

0.77 (70, 0.11) 0.77 (70, 0.10) –0.02
(–0.05 to 0.01)

0.24 –0.04
(–0.10 to 0.02)

0.23

6 months
(n, SD)

0.79 (53, 0.11) 0.82 (64, 0.13)

12 months
(n, SD)

0.77 (50, 0.10) 0.81 (56, 0.13)

EQ-5D
thermometer

Baseline
(n, SD)

69 (71, 17) 74 (71, 13) –6 (–10 to –1) 0.01 –12
(–21 to –3)

0.01

6 months
(n, SD)

67 (55, 18) 74 (65, 15)

12 months
(n, SD)

69 (51, 18) 75 (56, 14)

Hip T-score Baseline
(n, SD)

–1.29 (64, 1.41) –1.36 (64, 1.06) 0.04
(–0.39 to 0.46)

0.87 0.03
(–0.74 to 0.81)

0.93

12 months
(n, SD)

–1.00 (42, 1.31) –1.40 (50, 1.05)

Median
HOMA-IR

Baseline
(n, IQR)

2.9 (65, 2.2–4.1) 2.8 (62, 2.0–4.8) –1.1
(–2.7 to 0.5)

0.18 –1.8
(–5.1 to 1.4)

0.26

3 months
(n, IQR)

2.9 (54, 1.9–4.9) 3.4 (53, 1.7–7.0)

12 months
(IQR)

3.0 (49, 2.0–4.9) 2.6 (52, 1.6–5.0)

HOMA-IR, HOmeostatic Model Assessment – Insulin Resistance; NEADL, Nottingham Extended Activities of Daily Living.
Adjusted analyses adjusted for age, sex, SPPB, Charlson Comorbidity Index score and baseline handgrip strength.
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health status than placebo on the thermometer tool, although the difference in health status was not
significantly worse on analyses of the main EQ-5D health status tool. Only seven participants had a
diagnosis of diabetes mellitus; therefore, this diagnosis or changes in diabetes medication are unlikely
to have affected the HOMA-IR (HOmeostatic Model Assessment – Insulin Resistance) results to any
significant extent.

Safety measures and adverse events

Table 9 shows the key prespecified adverse events for the analysis of perindopril compared with
placebo. One death (due to acute leukaemia) was noted in the perindopril arm. Figure 8 shows changes
in serum sodium, potassium and creatinine levels in the perindopril and placebo groups. A fall in
sodium and a rise in potassium were noted in the first 3 months of treatment, consistent with the
known effects of ACEi, but serum creatinine remained stable. Hyperkalemia and important rises in
serum creatinine were infrequent, but seven participants in the perindopril group experienced
hyponatremia on at least one test during the trial.

Lying blood pressure fell in the perindopril group relative to placebo over the first few weeks of
therapy, but from 3 months onwards no difference in blood pressure was noted between the groups.
Figure 9 shows the postural fall in blood pressure on standing, which was not significantly different in
the groups; no excess of falls was noted in the perindopril arm and fragility fracture rates were low in
both groups. Table 10 shows the full categorisation of adverse events in each arm; the overall number
of adverse events was larger in the perindopril arm, driven by higher rates of injuries, nervous system
disorders and gastrointestinal disorders.

Meta-analysis of angiotensin-converting enzyme inhibitor/angiotensin
receptor blocker trials

Results from systematic review
The deduplicated search found 510 titles; six of these were included in the systematic review, along
with two other studies found during hand-searching of references. The PRISMA (Preferred Reporting
Items for Systematic Review and Meta-Analysis) flow diagram is shown in Appendix 4, Figure 25.
Appendix 4, Table 22, provides the details of the included studies.30,34,79–84 Details of the systematic

TABLE 9 Selected key adverse outcomes of interest: perindopril vs. placebo analysis

Outcome
Perindopril
(n= 73)

Placebo
(n= 72)

Deaths (all) (%) 1 (1) 0 (0)

Participants with fragility fractures (distal radius, vertebra or neck of femur) (%) 3 (4) 1 (1)

Number of participants with at least one fall (%) 30 (41) 37 (51)

Number of falls 121 132

Falls rate (per year) (95% CI) 2.0 (1.1 to 3.0) 2.8 (0.6 to 5.1)

At least one potassium measurement of ≥ 5.5 mmol/l (%) 2 (3) 0 (0)

At least one potassium measurement of ≥ 6.0 mmol/l (%) 0 (0) 0 (0)

At least one sodium measurement of ≤ 130mmol/l (%) 7 (10) 2 (3)

Serum creatinine rise of ≥ 60 µmol/l from baseline at any point (%) 1 (1) 0 (0)

Serum creatinine of ≥ 180 µmol/l at any point (%) 1 (1) 0 (0)
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TABLE 10 Adverse events by System Order Class: perindopril vs. placebo

Adverse event data Perindopril (n= 73) Placebo (n= 72)

Number of participants with at least one adverse event (%) 69 62

Number of adverse events 218 165

Number of individual adverse events

Blood and lymphatic system disorders 2 2

Cardiac disorders 6 7

Eye disorders 3 5

Gastrointestinal disorders 37 26

General disorders and administration site conditions 9 6

Hepatobiliary disorders 0 1

Infections and infestations 40 38

Injury, poisoning and procedural complications 22 12

Investigations 2 2

Metabolism and nutrition disorders 8 3

Musculoskeletal and connective tissue disorders 21 19

Neoplasms benign, malignant and unspecified 5 4

Nervous system disorders 26 17

Psychiatric disorders 6 1

Renal and urinary disorders 5 1

Reproductive system and breast disorders 2 0

Respiratory, thoracic and mediastinal disorders 10 9

Skin and subcutaneous tissue disorders 9 8

Vascular disorders 5 4
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review have been published previously.74 Three trials included participants with functional impairment,
four trials included older people with hypertension or elevated cardiovascular risk, and one trial
included healthy older men. No trials specifically aimed to recruit participants with sarcopenia or frailty.
Trial size ranged from 36 to 294, with four trials enrolling > 100 participants. The agents studied varied:
ACEi in six studies and an ARB in only two studies. In two trials, an alternative antihypertensive was
used as a comparator; placebo was used in the other trials. The duration of treatment varied from 2 months
to 1 year. Appendix 4, Table 23, shows the risk-of-bias assessment of the included trials. The overall risk
of bias was low; trials were blinded and generally well balanced in baseline characteristics. Allocation
concealment and randomisation methods were unclear or insufficiently detailed in some trials.

To place the LACE trial results in context, we combined the results from this systematic review
conducted prior to the analysis of LACE with the results from LACE, focusing on four key measures of
physical performance for which data from other trials were available to allow comparison.

Effect on Short Physical Performance Battery
Figure 10 shows the pooled effect on the SPPB. No significant beneficial treatment effect was evident,
and the 95% CI excludes even the most conservative minimum clinically significant improvement of
0.5 points suggested by previous work.69

Effect on quadriceps strength
Figure 11 shows the pooled effect on quadriceps strength. Again, no significant beneficial treatment
effect was seen, and, although a MCID has not been defined for this measure in older people, the
upper bound of the 95% CI seems very unlikely to be consonant with a clinically important effect,
given that for other groups (e.g. COPD) the MCID has been estimated to be 5 kg.85

Effect on handgrip strength
Figure 12 shows the pooled effect on maximum handgrip strength. No significant beneficial treatment
effect was seen, and the upper bound of the 95% CI was lower than the most conservative estimate of
the MCID (0.84 kg) proposed in a recent meta-analysis86 of handgrip strength measurement properties.

Effect on 6-minute walk distance
Figure 13 shows the pooled effect on the 6-minute walk distance. No significant beneficial effect was
seen, but the 95% CI does not exclude the MCID of 20 m proposed for this measure in older people.69

It is important to note that, although some trials included in these analyses targeted older people with
impaired physical function, no other trials specifically targeted patients with sarcopenia, and muscle
mass was not measured in most trials; hence, we have not attempted to perform a meta-analysis for
this outcome. Some trials are unlikely to have included any participants with sarcopenia, whereas
others (based on an examination of baseline grip strength or SPPB) are likely to have included some
people with sarcopenia. In the absence of individual participant data, it is not possible to examine
whether ACEi or ARB therapy had a larger effect in those with sarcopenia than in those who did not
meet the criteria for sarcopenia.
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Chapter 6 Main trial results: leucine
versus placebo

F igure 14 shows the CONSORT flow diagram for the analysis of leucine compared with placebo. Dropout
was similar in both arms. Both groups were well matched at baseline; details are given in Table 11.

Adherence

Adherence was the same in the group receiving leucine (median 76.2%, IQR 38.5–97.3%) and in the
group receiving placebo (median 75.6%, IQR 50.5–92.3%) (p = 0.99).

Primary outcome analysis

Table 12 shows the analyses for the primary outcome (between-group difference in SPPB) for leucine
compared with placebo. Again, no significant treatment effect was seen in unadjusted or adjusted
analyses; the point estimate of effect in adjusted analyses was close to zero, although the CIs do not
exclude an effect size consistent with a clinically important difference of 1.0 point. Sensitivity analyses

Leucine
(n = 72)

3 month visit
(n = 65) (90%)

6 month visit
(n = 59) (82%)

12 month visit
(n = 52) (72%)

Placebo
(n = 73)

Randomised
(n = 145)

• Primary care, n = 296
• Secondary care, n = 24

Screening visit
(n = 320)

Dropout
• HCP advice, n = 1
• Adverse event, n = 0
• Patient choice, n = 7
• Other, n = 0

Dropout
• HCP advice, n = 0
• Adverse event, n = 0
• Patient choice, n = 3
• Other, n = 0

Dropout
• HCP advice, n = 0
• Adverse event, n = 0
• Patient choice, n = 4
• Other, n = 1

Dropout
• HCP advice, n = 1
• Adverse event, n = 1
• Patient choice, n = 3
• Other, n = 2

Dropout
• HCP advice, n = 1
• Adverse event, n = 0
• Patient choice, n = 4
• Other, n = 1

Dropout
• HCP advice, n = 2
• Adverse event, n = 1
• Patient choice, n = 4
• Other, n = 0

3 month visit
(n = 65) (89%)

6 month visit
(n = 62) (85%)

12 month visit
(n = 57) (78%)

• Not met sarcopenia criteria, n = 129
• Symptomatic OH, n = 13
• High potassium, n = 6
• Excluded medication, n = 4
• Excluded medical condition, n = 10
• Other, n = 16

Dropout
(n = 175)a

FIGURE 14 The CONSORT diagram for leucine vs. placebo analysis. HCP, health-care professional; OH, orthostatic
hypotension. a, More than one reason for failing the screening was recorded for some participants.
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TABLE 11 Baseline details for leucine vs. placebo analysis

Detail Leucine (N= 72) Placebo (N= 73)

Mean age (years) (SD) 78.3 (5.9) 79.3 (6.1)

Female sex, n (%) 38 (53) 40 (55)

Mean Charlson Comorbidity Index score (SD) 0.7 (1.0) 0.7 (1.0)

Mean SARC-F score (SD) 4.14 (1.26) 4.30 (1.58)

Comorbid disease, n (%)

Hypertension 25 (35) 18 (25)

Ischaemic heart disease 5 (7) 9 (12)

Osteoarthritis 36 (50) 41 (56)

Rheumatoid arthritis 6 (8) 4 (5)

Cataracts 33 (46) 29 (40)

Retinopathy 3 (4) 2 (3)

Registered blind 1 (1) 1 (1)

Anaemia 14 (19) 9 (12)

Peripheral neuropathy 7 (10) 5 (7)

Fragility fracture 17 (24) 24 (33)

Median number of medications (IQR) 5 (2–7) 5 (3–7)

Mean weight (kg) (SD)

Men 105.8 (151.6) 81.6 (16.1)

Women 66.3 (10.5) 63.8 (12.5)

Mean BMI (kg/m2) (SD) 27.1 (3.3) 26.5 (4.5)

Mean estimated GFR (ml/minute/1.73 m2) (SD) 80 (19) 82 (21)

Mean serum albumin (g/l) (SD) 40 (4) 40 (4)

Mean systolic blood pressure (mmHg) (SD) 145 (19) 144 (18)

Mean diastolic blood pressure (mmHg) (SD) 79 (10) 77 (10)

Mean systolic blood pressure drop (mmHg) (SD) 7 (12) 10 (12)

Mean diastolic blood pressure drop (mmHg) (SD) 1 (7) 2 (7)

Mean SPPB (SD) 7.0 (2.1) 7.0 (2.5)

Mean appendicular muscle mass by DXA (kg/m2) (SD)

Men 7.21 (1.53) 7.26 (0.87)

Women 5.75 (0.57) 5.72 (0.76)

Mean maximal handgrip strength (kg) (SD)

Men 22.3 (6.4) 23.9 (5.3)

Women 13.7 (3.9) 13.7 (3.9)

Mean maximal quadriceps strength (kg) (SD)

Men 16.8 (8.5) 15.5 (5.5)

Women 9.7 (4.4) 11.5 (5.2)

Mean 6-minute walk distance (m) (SD) 310 (111) 301 (110)

Mean 4-metre walk speed (m/second) (SD) 0.74 (0.23) 0.75 (0.24)
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examining the difference at the 12-month time point, and imputing values of zero as a worst-case
scenario, show similar results, again with wide CIs. Prespecified subgroup analyses are shown in
Table 13. Participants with protein intake below the median level of 1.01 g/kg/day showed a treatment
effect of 2.6 points compared with –0.1 points for those with a protein intake above the median;
however, the subgroup interaction was not significant on formal analysis. Adherence did not have
a significant impact on the primary outcome when included in the adjusted model as a continuous
variable (p = 0.85).

Secondary outcomes

The details of the secondary outcome analyses for leucine compared with placebo are shown in
Table 14. No significant treatment effects were seen for any outcome except self-reported health
status using the main EQ-5D tool; leucine treatment was associated with a worse health status than
placebo in adjusted, but not in unadjusted, analysis.

TABLE 11 Baseline details for leucine vs. placebo analysis (continued )

Detail Leucine (N= 72) Placebo (N= 73)

Median chair rise time (seconds) (IQR) 21.6 (17.5–26.9) 22.9 (16.3–27.9)

Mean EQ-5D-3L (SD) 0.77 (0.11) 0.78 (0.10)

Mean EQ-5D thermometer (SD) 73 (17) 70 (13)

Mean NEADL (SD) 55.3 (9.9) 54.4 (10.3)

Mean T-score at hip (SD) –1.2 (1.4) –1.4 (1.1)

Mean total protein intake per day (g/kg body weight) (SD) 1.05 (0.50) 1.24 (0.96)

GFR, glomerular filtration rate; NEADL, Nottingham Extended Activities of Daily Living.

TABLE 12 Primary outcome for leucine vs. placebo analysis

Outcome Leucine Placebo

Unadjusted
treatment effect
(95% CI) p-value

Adjusted
treatment effect
(95% CI) p-value

Baseline SPPB (n, SD) 7.0 (72, 2.1) 7.0 (73, 2.5) 0.1 (–0.7 to 0.8) 0.83 0.1 (–1.0 to 1.1) 0.90

6-month SPPB (n, SD) 7.2 (59, 2.6) 7.1 (62, 2.6)

12-month SPPB (n, SD) 7.3 (52, 2.7) 7.5 (57, 2.8)

Sensitivity analysis (12 months only)

12-month SPPB (n, SD) 7.3 (52, 2.7) 7.5 (57, 2.8) 0.0 (–0.8 to 0.8) 0.98 –0.5 (–3.1 to 2.0) 0.66

12-month SPPB,
worst-casea (n, SD)

5.3 (72, 4.0) 5.8 (73, 4.0) –0.6 (–1.8 to 0.6) 0.34 0.6 (–1.9 to 3.1) 0.60

a Imputing SPPB = 0 for missing data.
Adjusted analyses adjusted for age, sex, SPPB, Charlson Comorbidity Index score and baseline handgrip strength.
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TABLE 13 Subgroup analyses for primary outcome: leucine vs. placebo

Subgroup analysis
Adjusted treatment
effect (95% CI)

p-value for
interaction

Age > 80 years 1.3 (0.4 to 2.3) 0.76

Age ≤ 80 years –0.2 (–0.6 to 0.8)

Men 0.1 (–0.3 to 1.0) 0.18

Women –0.6 (–1.8 to 0.70)

Protein intake ≥ 1.01 g/kg/day –0.1 (–0.8 to 0.6) 0.70

Protein intake < 1.01 g/kg/day 2.6 (0.6 to 4.5)

Confirmed sarcopenia by EWGSOP 2019 criteriaa 1.7 (0.7 to 2.7) 0.06

Not confirmed sarcopenia by EWGSOP 2019 criteriaa –0.5 (–1.4 to 0.3)

a EWGSOP 2019 definition: low grip strength (< 27 kg for men and < 16 kg for women) OR five times sit to stand test
> 15 seconds/unable to perform, AND low ASMM index (< 7.0 kg/m2 for men and < 5.5 kg/m2 for women).

Mixed-effects models. Adjusted for age, sex, SPPB, Charlson Comorbidity Index score and baseline handgrip strength.

TABLE 14 Secondary outcomes for leucine vs. placebo analysis

Outcome Time point Leucine Placebo

Unadjusted
treatment
effect (95% CI) p-value

Adjusted
treatment
effect (95% CI) p-value

Muscle mass
(kg)

Baseline
(n, SD)

6.44 (72, 1.34) 6.42 (73, 1.12) –0.05
(–0.53 to 0.44)

0.86 –0.25
(–0.95 to 0.44)

0.47

12 months
(n, SD)

6.03 (54, 2.23) 6.28 (58, 1.83)

Grip strength
(kg)

Baseline
(n, SD)

17.8 (72, 6.8) 18.3 (73, 6.8) –0.6
(–2.7 to 1.6)

0.61 –0.3
(–1.2 to 0.7)

0.55

6 months
(n, SD)

18.8 (59, 7.3) 19.0 (62, 7.5)

12 months
(n, SD)

19.4 (50, 6.5) 19.9 (55, 7.1)

Quadriceps
strength (kg)

Baseline
(n, SD)

12.9 (68, 7.4) 13.3 (67, 5.7) –0.6
(–2.6 to 1.4)

0.53 –1.0
(–4.4 to 2.4)

0.55

6 months
(n, SD)

12.6 (56, 5.6) 14.2 (55, 8.2)

12 months
(n, SD)

13.9 (44, 7.0) 14.2 (44, 6.6)

Six-minute
walk (m)

Baseline
(n, SD)

311 (71, 110.74) 301 (73, 109.53) 6
(–27 to 39)

0.72 17
(–25 to 59)

0.43

6 months
(n, SD)

330 (57, 97.75) 318 (57, 115.88)

12 months
(n, SD)

328 (49, 102.27) 333 (51, 111.63)
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TABLE 14 Secondary outcomes for leucine vs. placebo analysis (continued )

Outcome Time point Leucine Placebo

Unadjusted
treatment
effect (95% CI) p-value

Adjusted
treatment
effect (95% CI) p-value

Gait speed
(m/second)

Baseline
(n, SD)

0.74 (72, 0.23) 0.75 (73, 0.24) –0.03
(–0.20 to 0.14)

0.74 0.01
(–0.18 to 0.19)

0.96

6 months
(n, SD)

0.81 (57, 0.30) 0.90 (59, 0.42)

12 months
(n, SD)

0.85 (50, 0.27) 1.00 (55, 1.12)

Chair stand
time (seconds)

Baseline
(n, SD)

24.4 (54, 9.3) 23.8 (54, 9.3) 0.7
(–2.9 to 4.2)

0.70 –3.1
(–9.5 to 3.3)

0.34

6 months
(n, SD)

21.7 (47, 11.0) 23.0 (48, 8.2)

12 months
(n, SD)

22.6 (40, 14.8) 21.3 (45, 8.4)

NEADL Baseline
(n, SD)

55.3 (72, 9.9) 54.4 (73, 10.3) 0.9
(–2.3 to 4.0)

0.57 –2.0
(–7.4 to 3.5)

0.48

6 months
(n, SD)

55.9 (59, 9.0) 54.9 (62, 10.7)

12 months
(n, SD)

56.0 (50, 9.2) 55.4 (56, 11.6)

EQ-5D main Baseline
(n, SD)

0.77 (67, 0.11) 0.78 (73, 0.10) 0.01
(–0.03 to 0.04)

0.77 –0.06
(–0.11 to –0.01)

0.03

6 months
(n, SD)

0.80 (56, 0.13) 0.81 (61, 0.11)

12 months
(n, SD)

0.81 (50, 0.13) 0.77 (56, 0.10)

EQ-5D
thermometer

Baseline
(n, SD)

73 (70, 17) 70 (72, 13) 2 (–2 to 7) 0.34 –3
(–12 to 6)

0.53

6 months
(n, SD)

72 (59, 18) 69 (61, 16)

12 months
(n, SD)

72 (51, 20) 72 (56, 13)

Hip T-score Baseline
(n, SD)

–1.22 (63, 1.35) –1.42 (65, 1.10) 0.22
(–0.20 to 0.65)

0.30 0.17
(–0.59 to 0.93)

0.66

12 months
(n, SD)

–1.14 (44, 1.35) –1.29 (48, 1.01)

Median
HOMA-IR

Baseline
(n, IQR)

2.8 (63, 2.0–4.2) 3.1 (64, 2.2–4.8) –0.1
(–1.7 to 1.5)

0.87 –1.3
(–4.5 to 1.9)

0.42

3 months
(n, IQR)

3.0 (55, 2.0–6.8) 2.7 (52, 1.6–5.8)

12 months
(n, IQR)

2.6 (49, 1.9–5.1) 3.1 (52, 1.8–4.8)

NEADL, Nottingham Extended Activities of Daily Living.
Adjusted analyses adjusted for age, sex, SPPB, Charlson Comorbidity Index score and baseline handgrip strength.
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Adverse events

Table 15 shows the key prespecified adverse events for the analysis of leucine compared with placebo.
One death (due to acute leukaemia) was noted in the placebo group. There was no significant
difference in the falls rate between the leucine and placebo groups; rates of fragility fractures were
low in both groups.

Table 16 shows the full categorisation of adverse events in each arm. The overall numbers of adverse
events were similar in both groups; there were lower rates of infections, neoplasms and skin disorders,
but higher rates of vascular disorders, in the leucine group.

TABLE 15 Selected key adverse outcomes of interest: leucine vs. placebo analysis

Outcome Leucine (N= 72) Placebo (N= 73)

Deaths (all), n (%) 0 (0) 1 (1)

Fragility fractures (distal radius, vertebra or neck of femur), n (%) 1 (1) 3 (1)

Number with at least one fall, n (%) 34 (47) 30 (41)

Number of falls 121 132

Falls rate (per year) (95% CI) 1.9 (0.9 to 2.9) 2.9 (0.8 to 5.0)

TABLE 16 Adverse events by System Order Class: leucine vs. placebo

Adverse event data Leucine (N= 72) Placebo (N= 73)

Number of participants with at least one adverse event (%) 67 64

Number of adverse events 187 196

Number of individual adverse events

Blood and lymphatic system disorders 2 2

Cardiac disorders 7 6

Eye disorders 4 4

Gastrointestinal disorders 32 31

General disorders and administration site conditions 5 10

Hepatobiliary disorders 1 0

Infections and infestations 34 44

Injury, poisoning and procedural complications 19 15

Investigations 3 1

Metabolism and nutrition disorders 8 3

Musculoskeletal and connective tissue disorders 20 20

Neoplasms benign, malignant and unspecified 1 8

Nervous system disorders 24 19

Psychiatric disorders 2 5

Renal and urinary disorders 2 4

Reproductive system and breast disorders 0 2

Respiratory, thoracic and mediastinal disorders 9 10

Skin and subcutaneous tissue disorders 6 11

Vascular disorders 8 1
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Meta-analysis of leucine trials

Only three trials87–89 included in the 2019 systematic review75 specifically examined the effect of leucine as
an intervention; the other trials examined the effect of protein supplementation, a mix of essential amino
acids, or a combination of leucine with other interventions (e.g. vitamin D and creatine). The mean age of
patients in these three trials ranged from 71 to 72 years. Two trials enrolled men only87,88 and one enrolled
approximately equal numbers of men and women.89 Sample sizes ranged from 25 to 60 and the mean
daily protein intake in the three trials ranged from 0.95 to 1.0 g/kg. Two trials administered 7.5 g per day
of additional leucine (with a wheat flour placebo);87,88 the other trial administered an extra 3 g per day of
leucine in one arm in addition to an essential amino acid mixture used in both arms.89 The duration of
treatment ranged from 12 to 24 weeks. All three trials were judged to be showing a high risk of bias in
at least one risk-of-bias domain, with multiple domains judged to show either high or unclear risk of bias.
One additional trial comparing 6 g per day of leucine with placebo (lactose) for 13 weeks has been published
since this systematic review was published;90 the results from this study are included in the meta-analyses
below, along with the results from the LACE trial.

Effect on walk speed
Only the LACE trial included data on the SPPB; therefore, short-course walk speed (a component
of the SPPB) was analysed instead. Figure 15 shows the pooled effect on short-course walk speed.
No significant beneficial treatment effect was evident, although the 95% CI does not exclude the
MCID of 0.05 to 0.1 m/second suggested in previous work.69

Effect on quadriceps strength
Figure 16 shows the pooled effect on quadriceps strength. Again, no significant beneficial treatment
effect was seen, and a clinically important effect is unlikely given the estimations of the MCID from
other conditions.85

Effect on handgrip strength
Figure 17 shows the pooled effect on maximum handgrip strength. No significant beneficial treatment
effect was seen, and the upper bound of the 95% CI excludes all but the most conservative
estimates of the MCID (range 0.84–6.5 kg) proposed in a recent meta-analysis86 of handgrip strength
measurement properties.

Effect on 6-minute walk distance
Figure 18 shows the pooled effect on the 6-minute walk distance. No significant beneficial effect was
seen, but, as with the perindopril analysis, the 95% CI does not exclude the MCID of 20 m proposed
for this measure in older people.69

Effect on skeletal muscle mass
Figure 19 shows the pooled effect on skeletal muscle mass. Standardised mean difference is presented,
as a number of different indices of lean mass (including total lean mass, bone-free lean mass and
appendicular skeletal muscle mass) were used in contributing studies. No significant effect of leucine
on lean mass was seen in this meta-analysis.

Similar to the results in Chapter 5, the included studies in these meta-analyses are heterogeneous,
encompassing healthy and functionally impaired populations. One trial90 specifically targeted patients with
sarcopenia; similar to the LACE trial population, this study enrolled patients with low muscle strength but
the majority did not have muscle mass below the cut-off value for a diagnosis of confirmed sarcopenia.
Average daily protein intake in all trials where this was reported was similar, and similar to that found in
the LACE trial. Despite the heterogeneity of study populations, little heterogeneity was evident for any
of the outcomes included in these meta-analyses. In the absence of individual participant data, it is not
possible to examine whether leucine had a larger effect in those with confirmed sarcopenia than in those
not meeting the criteria for sarcopenia.
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FIGURE 15 Meta-analysis of effect of leucine on walk speed (in m/second).
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FIGURE 16 Meta-analysis of effect of leucine on quadriceps strength (in kg).
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FIGURE 17 Meta-analysis of effect of leucine on handgrip strength (in kg).
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FIGURE 18 Meta-analysis of effect of leucine on 6-minute walk distance (in metres).
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FIGURE 19 Meta-analysis of effect of leucine on skeletal muscle mass (z-scores).
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Chapter 7 Biomarker studies

Focus of chapter

The pathophysiology of sarcopenia remains incompletely understood, and the mechanism
component of the LACE trial provided an opportunity to not only collect biomarkers to further
knowledge about the biology of sarcopenia, but also to potentially improve participant selection
and therapeutic targeting for future trials. A range of blood-based biomarkers, covering growth
factors, renin–angiotensin–aldosterone system activity, inflammation, genotypes relevant to skeletal
muscle function and miRNAs previously shown to play a role in muscle biology, were collected to
reflect the breadth of mechanisms implicated in sarcopenia. One originally planned analysis (using
biomarkers to identify responders to the trial interventions in a post hoc analysis) was not
performed for this report because of the lower than anticipated recruitment and the lack of
overall effect of the interventions.

A key use of circulating biomarkers in sarcopenia trials is to act as surrogates for changes in
physical performance and muscle mass. Successful circulating biomarkers could substitute for these
outcomes (for ease of measurement), can predict participants at risk of decline (enabling interventions
to be targeted to those at highest risk) or can be used as surrogates in short-term trials to predict
longer-term changes in muscle mass and strength.8 This chapter, therefore, presents analyses of the
relationship between baseline biomarker concentrations and baseline physical performance and muscle
mass, but it also presents analyses of whether or not baseline and short-term changes in biomarkers
can predict longer-term changes in physical performance and muscle mass. The methods used for these
analyses are outlined in Chapter 3.

Association between baseline biomarkers and baseline muscle measures

Table 17 shows the baseline associations between all biomarkers and measures of baseline physical
performance and muscle mass. Renin, GDF-15 and insulin showed the most consistent associations,
although for baseline muscle mass only the association with renin reached statistical significance;
this association was driven by the known differences between men and women in both renin
concentrations and muscle mass (men have higher muscle mass and higher renin concentrations
than women). Figure 20 shows baseline muscle mass and SPPB with different allelic variants; no
significant differences in either baseline muscle mass or SPPB between alleles was found, as shown in
Appendix 5, Tables 24–26.

Association between baseline biomarkers and change in muscle measures
over time

GDF-15, IGF-1 and serum ACE showed the most consistent associations with change in physical
performance over time (Table 18). The miRNA markers measured showed significant associations at
some time points, but these associations were not consistent either across time points or across
different measures of physical performance. Similarly, associations between genotype and changes in
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SPPB and muscle mass (Figures 21 and 22; analyses are detailed in Appendix 5, Tables 23–26) were
weak and inconsistent across time points, with only the presence of the ACE insertion allele reaching
significance for men and women for SPPB change at 12 months.

Association between short-term change in biomarkers and change in
muscle measures over time

No biomarker displayed consistent associations between short-term changes in the biomarker and
either short- or longer-term changes in physical performance and muscle mass (Table 19). Of those
measured, GDF-15, resistin and TNF-a showed more consistent associations than others.

In summary, none of the biomarkers tested showed consistent or strong associations with either
baseline muscle mass or physical performance, either in cross-sectional analyses at baseline, using
baseline biomarkers to predict change in mass and performance over time, or using change in
biomarkers to predict longer-term change in mass and performance.

TABLE 17 Association between baseline biomarkers and baseline measures of physical performance and muscle mass

Baseline
biomarker

Baseline
SPPB

Baseline
grip

Baseline leg
strength

Baseline
6-minute
walk distance

Baseline
muscle mass

GDF-15 –0.108 0.013 –0.072 –0.159 0.175

Renin –0.014 0.132 0.143 –0.116 0.340

IGF-1 0.201 –0.029 –0.043 0.032 –0.082

ACE 0.112 –0.093 –0.119 –0.004 0.039

TNF-a 0.145 0.033 0.011 –0.080 0.016

IL-6 0.132 –0.022 0.030 0.056 –0.019

Resistin 0.152 –0.056 –0.057 –0.066 –0.064

Insulin 0.041 0.132 0.178 0.064 0.107

LCN2 –0.053 0.036 –0.053 –0.145 0.060

IL-18BP 0.125 –0.166 –0.151 –0.083 –0.050

miR-422 0.141 –0.025 0.058 –0.085 0.068

miR-483-5p 0.140 0.000 0.062 –0.085 –0.023

miR-485-3p 0.021 –0.029 0.026 –0.018 0.066

Purple, r < 0.100; mid-blue, r = 0.100–0.199; lilac, r > 0.200; orange, direction of association opposite of that expected
(r ≥ 0.100).
All numbers are correlation coefficients.
Bold indicates a p-value of < 0.05.
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FIGURE 20 Association between genotype and baseline Short Physical Performance Battery and baseline limb muscle
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TABLE 18 Association between baseline biomarkers and changes over time in physical performance and muscle mass

Baseline
biomarker

Change in SPPB:
0 vs. 6 months

Change in SPPB:
0 vs. 12 months

Change in grip:
0 vs. 6 months

Change in grip:
0 vs. 12 months

Change leg
strength:
0 vs. 6 months

Change leg
strength:
0 vs. 12 months

Change in
6-minute walk:
0 vs. 6 months

Change in
6-minute walk:
0 vs. 12 months

Change in
muscle mass:
0 vs. 12 months

GDF-15 0.121 0.155 –0.111 0.077 0.261 0.013 0.031 0.034 –0.119

Renin 0.006 0.016 0.048 0.039 0.011 –0.076 0.054 0.088 –0.077

IGF-1 0.101 0.015 0.123 –0.126 –0.051 0.131 0.012 0.259 –0.017

ACE 0.007 0.172 0.062 0.163 0.132 0.366 –0.085 0.023 –0.165

TNF-a 0.008 –0.114 0.133 0.052 –0.157 0.072 –0.006 –0.061 –0.064

IL-6 –0.008 –0.177 0.139 0.057 –0.116 0.003 0.047 0.038 –0.067

Resistin 0.046 0.086 –0.117 0.036 0.203 –0.086 0.115 0.165 0.060

Insulin –0.060 –0.079 0.077 –0.135 –0.148 –0.035 –0.057 0.181 0.027

LCN2 0.048 –0.013 –0.228 –0.051 0.005 –0.045 0.032 0.164 –0.064

IL-18BP 0.025 0.114 0.166 0.019 –0.051 0.180 –0.025 0.117 0.061

miR-422 0.020 0.036 0.254 0.084 –0.139 0.047 0.163 0.234 –0.018

miR-483-5p 0.007 0.013 0.102 –0.061 –0.164 0.088 0.049 0.213 –0.163

miR-485-3p 0.071 –0.02 0.201 0.015 –0.126 0.043 0.085 –0.037 0.081

Purple, r < 0.100; mid-blue, r = 0.100 to 0.199; lilac, r > 0.200; orange, direction of association opposite of that expected (r ≥ 0.100).
All numbers are correlation coefficients.
Bold denotes a p-value of < 0.05.
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TABLE 19 Association between change in biomarkers between baseline and 3 months and changes over time in physical performance and muscle mass

Change in
biomarker
0 vs. 3 months

Change in SPPB
0 vs. 6 months

Change in SPPB
0 vs. 12 months

Change in grip
0 vs. 6 months

Change in grip
0 vs. 12 months

Change in
leg strength
0 vs. 6 months

Change in
leg strength
0 vs. 12 months

Change in
6-minute walk
0 vs. 6 months

Change in
6-minute walk
0 vs. 12 months

Change in
muscle mass
0 vs. 12 months

GDF-15 0.101 0.030 –0.024 0.034 –0.227 –0.119 –0.027 –0.076 –0.181

Renin 0.023 –0.001 –0.067 –0.031 –0.084 –0.133 0.034 –0.066 –0.093

IGF-1 –0.011 0.102 –0.041 0.000 0.047 –0.007 0.001 –0.012 –0.154

ACE 0.017 0.127 –0.048 –0.021 0.064 –0.199 –0.050 0.050 –0.082

TNF-a –0.281 –0.252 –0.054 0.100 0.018 –0.068 0.057 –0.131 0.045

IL-6 0.014 0.164 –0.162 0.081 –0.021 –0.047 –0.014 –0.017 0.109

Resistin 0.036 0.087 0.050 –0.159 –0.330 –0.148 0.092 –0.006 –0.185

Insulin 0.124 0.150 0.090 0.048 0.038 0.049 –0.072 –0.073 0.112

LCN2 0.035 0.087 0.097 –0.122 0.006 0.004 –0.099 –0.250 –0.011

IL-18BP 0.007 –0.002 –0.156 –0.042 0.084 0.092 0.159 0.039 0.054

Purple, r < 0.100; mid-blue, r = 0.100 to 0.199; lilac, r > 0.200; orange, direction of association opposite of that expected (r ≥ 0.100).
All numbers are correlation coefficients.
Bold denotes a p-value of < 0.05.
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Chapter 8 Discussion

Key findings

The LACE randomised controlled trial found no evidence that perindopril improved physical performance,
muscle mass or quality of life in older people with sarcopenia, and the evidence from a meta-analysis of
the LACE trial and other trials of ACEi/ARBs excludes a clinically meaningful improvement in physical
performance with these agents. Similarly, the trial found no evidence that leucine improved physical
performance, muscle mass or quality of life in older people with sarcopenia and, again, a meta-analysis
combining these results with previous trials did not support a clinically important beneficial effect of
leucine supplementation. This was despite adequate adherence to both perindopril and leucine. Although
no excess of adverse events was noted with leucine use, perindopril was associated with a higher rate
of adverse events than placebo, as would be expected given the known side effects of ACEi. Biomarker
studies showed no strong or consistent associations between baseline biomarkers or short-term change
in biomarkers and either baseline measures of physical performance and muscle mass or change in
these outcomes over time. Neither perindopril nor leucine significantly decreased insulin resistance
measured by HOMA-IR in this trial.

Results in context

The information available when the LACE trial was designed in response to a NIHR commissioning
call supported conducting an efficacy trial both for ACEi and for leucine. For both agents, preclinical
and mechanistic clinical data supported potential beneficial modes of action for these agents and, for
both interventions, some clinical trial data suggested that efficacy also existed. However, the evidence
base has developed further in the 8 years since the LACE trial was designed. Given that neither of
these agents showed efficacy in the LACE trial, there are a number of reasons to consider for why
this might be.

First, it is possible that the doses of the agents used were not adequate to provide a clinically
important response. The dose of perindopril selected was similar to that used in a previous trial
that showed a clinically important improvement in both 6-minute walk distance and quality of life.30

The 1-year treatment duration used in the LACE trial was longer than that used in previous trials and
it is, therefore, unlikely that the duration of therapy was too short to provide a clinically important
effect. Recent observational data suggest that ARB use, but not ACEi use, is associated with greater
muscle strength and muscle mass in older Singaporeans.32 It is therefore still possible that ARBs could
produce a beneficial effect on muscle mass and strength where ACEi have failed to do so. Although
only two trials have examined the effects of ARBs,80,84 both of these trials failed to show significant
improvements in muscle function with ARB compared with controls.

The dose of leucine selected was based on previous studies showing that 2.5 g per meal was sufficient
to improve muscle protein synthesis in healthy older people.19 It is still possible, however, that a
higher dose is required to overcome anabolic resistance in older people with sarcopenia. Again, the
1-year duration of treatment is longer than that used in most leucine trials to date and it is unlikely
that the duration of therapy can explain the lack of effect. Although adherence to treatment was less
than 100% with both agents, it was not low enough to explain the lack of efficacy; no relationship
was evident between adherence and treatment effect in terms of the primary outcome for either
perindopril or leucine.
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Second, it is possible that ACEi or leucine is efficacious only when used in combination with resistance
training for sarcopenia. At the time the LACE trial was designed, the existing evidence suggested that
the opposite might be true: that these agents were efficacious only in those not already undertaking
resistance training. Data from a previous trial34 comparing perindopril and placebo in patients already
undergoing exercise training showed no additional benefit of perindopril on top of the improvement in
physical function seen from exercise. A similar trial84 highlighted in our recent systematic review found
no effect of the ARB losartan when it was added to resistance training in older people. It is, therefore,
unlikely that the absence of exercise training was responsible for the null result with perindopril in the
current trial. The case for leucine as an adjunct to resistance training is less clear-cut.

Third, it is possible that, with leucine, efficacy is achievable only as part of a more complex nutritional
intervention. Some previous interventions have combined leucine with additional protein or amino
acid supplements and with other nutrients such as vitamin D.75,91 Some, but not all, of these trials have
suggested improvements in muscle mass, although the effect on muscle strength has been less convincing.
Current evidence is insufficient to indicate whether or not leucine is an effective intervention when given
in addition to generic protein or amino acid supplementation.

It is noteworthy that the point estimate for the benefit of leucine in patients with a baseline protein
intake below the median (approximately 1 g/kg/day) was much higher than that in those with higher
baseline protein intakes. This finding requires further exploration; it is possible that it was a chance
finding due to multiple testing, but it is also plausible that older people with low protein intake might
benefit more from leucine to overcome anabolic resistance and improve the uptake of protein into
cells. Previous trials of leucine enrolled participants with a similar mean daily protein intake to
participants in the LACE trial, and so trial-level data are unable to shed further light on whether or
not older people with low protein intake are more likely to benefit from leucine supplementation.
Individual-participant meta-analyses may be able to resolve this question. Similarly, patients with low
baseline muscle mass (i.e. those fulfilling the EWGSOP 2019 criteria for confirmed sarcopenia) had
a greater response to leucine, suggesting that those with low muscle mass (and, thus, those more
likely to be in a catabolic state) might still benefit from leucine. Again, this finding requires further
exploration in future trials and analyses.

A criticism of previous trials testing interventions for sarcopenia has been that most trials have not in
fact enrolled patients with sarcopenia. Many trials have focused on either healthy older people or older
people who have impaired physical function but do not meet the formal criteria for a diagnosis of
sarcopenia. Even when trials have attempted to enrol patients with sarcopenia, only a minority of
participants have met the criteria for both impaired muscle function and low muscle mass set out in
previous guidelines.91 If patients have less severe pathology, it may be more difficult for interventions to
demonstrate a beneficial treatment effect. Only one-third of the final randomised sample in the LACE
trial met the full criteria for sarcopenia under different guideline definitions, but almost all met the
criteria for probable sarcopenia, a diagnostic category that is much easier to apply and is, therefore,
becoming increasingly used in clinical practice. Finding and recruiting participants with sarcopenia to the
LACE trial was very challenging and this raises the question of whether current research definitions of
sarcopenia (in which both muscle mass and muscle strength must be measured) are congruent with what
is feasible or practical in clinical practice. Definitions based on muscle strength alone may be easier to
translate into clinical practice and the findings would also be applicable to a wider range of patients.

Generalisability and limitations with regard to generalisability
The key limitation in terms of generalisability was that participants were overwhelmingly of white
ethnicity and, thus, the results cannot be assumed to apply to patients of other ethnicities. Despite
our efforts to enrol patients meeting the EWGSOP 2010 guidelines, fewer than half of participants
fully met the criteria for confirmed sarcopenia under these guidelines. However, the guidelines
have changed since the study was designed and almost all participants met the criteria for probable
sarcopenia under the EWGSOP 2019 guidelines. It is still possible, as discussed above, that the
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treatment effect in patients with lower muscle mass (confirmed sarcopenia) may be greater than in
those who do not fulfil the criteria for confirmed sarcopenia.

Other limitations
The key limitation of this trial was that we were unable to recruit the original target population size
of 440 participants. This sample size was calculated using a conservative 0.5-point difference in the
SPPB as the MCID. The original sample size calculation was also conservative in that it did not factor in
the increased statistical power inherent in the repeated measures analysis that was used. Nevertheless,
the sample size and, consequently, the 95% CIs were insufficiently narrow to confidently exclude the
MCID of 0.5 points in the SPPB, but the trial analysis and meta-analysis were more adequately powered
to exclude a larger difference of 1 point, which has been suggested as the MCID by other researchers.

Adherence to perindopril was lower than adherence to placebo, in part because of side effects of
perindropil prompting the discontinuation of treatment. Although this is likely to have diluted the
treatment effect, adherence to perindopril is higher than would be expected in clinical practice when
perindopril is used as an antihypertensive; adherence to antihypertensives is poor, with discontinuation
rates of ≥ 50%.92 Our results are likely, therefore, to give a realistic estimate of what might be achievable
in routine clinical practice were ACEi to be used as agents for treating sarcopenia. Similarly, although
leucine adherence was not optimal, it is unlikely that perfect adherence could be achieved in clinical
practice. Although we selected a dose of leucine of 2.5 g three times per day, this was based on muscle
protein synthesis studies in healthy older people, and it is also possible that higher doses of leucine are
required in people with sarcopenia to overcome anabolic resistance effectively in this group.

Analysis of the biomarkers analysis is also complicated by the presence of multiple subgroups in the
study acting as confounders. For example, because of the size of the trial, the current analysis looks at
both sexes together, even though the relative muscle mass and strength differ and different groups of
individuals received different treatments, which may increase variance in the data set. Related to this,
different measures of physical performance reflect different aspects of skeletal muscle function, and
it is likely that some of the differences in associations between biomarkers and measures of physical
performance may also reflect these differences in the aspects of muscle function that are assessed
using different measures of physical performance. A separate analysis of subgroups may therefore
still identify biomarkers of potential importance and will form part of the ongoing work. Furthermore,
this work will be augmented by further sequencing analyses that may also identify novel biomarkers
of muscle mass or susceptibility to loss. It should be emphasised that the biomarker analyses are
exploratory by nature, and that any findings would need to be subject to confirmatory analyses in
a different cohort of patients.

Strengths

To our knowledge, the LACE trial is one of the few trials to have been designed specifically to recruit
older people with sarcopenia and it is one of very few multicentre randomised controlled sarcopenia
trials. The LACE programme was able to deliver important learning on how to screen, identify
and recruit patients with sarcopenia for future trials; this methodology learning is crucial if academic
and commercial partners are to successfully deliver such trials in the future. The trial population
recruited had high levels of comorbidity and poor physical performance, and the population was
thus representative of patients typically seen in both primary care and secondary care older people’s
medicine services, both of which are key services for the detection and treatment of sarcopenia.
Other important strengths include the 1-year follow-up, which is longer than used in most sarcopenia
trials to date, and the comprehensive set of outcome measures, including both measures of physical
performance and measures such as quality of life that are important to patients.93 In addition, the
extensive set of biomarkers collected in the LACE trial provides an important bioresource for further
analysis when combined with the data on change in physical performance.
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Chapter 9 Conclusions

Implications for health care

Our findings do not support the use of ACEi, such as perindopril, as an intervention for treating
older people diagnosed with sarcopenia. ACEi are indicated for multiple cardiovascular conditions,
including hypertension and chronic heart failure, and our findings do not alter these indications;
the side-effect profile of perindopril in the LACE trial was consistent with previous findings in
very old people. Similarly, our findings do not support the use of leucine as a standalone intervention
for treating older people diagnosed with sarcopenia. It is not possible to draw conclusions from our
findings about whether leucine has a role as part of a complex nutritional intervention or as an
adjunct to resistance training. Current evidence supports resistance training as an efficacious
intervention for improving physical function in older people with sarcopenia,3 and our results
do not change these findings.

Suggestions for further research

Our programme of work has highlighted a number of avenues for further study in this rapidly
evolving field:

l Trials are needed to test whether leucine could benefit subgroups of patients with low muscle
mass and/or low protein intake. In addition, trials comparing the effect of leucine as an adjunct
to resistance training, and trials comparing protein supplementation plus leucine with protein
supplementation alone and no increase to protein intake, would help to delineate the role (if any)
of leucine as a treatment for sarcopenia. Individual-participant meta-analyses may also be able to
resolve this issue.

l Further exploration of the LACE trial data set to yield information on clusters of biomarkers
that may predict disease trajectory and identify possible responder subgroups for future
intervention studies.

l Blood-based biomarkers that can be used to easily confirm a diagnosis of sarcopenia should
continue to be sought, particularly those that can replace the need to measure muscle mass.
Muscle mass measurement is a major impediment to confirming a diagnosis of sarcopenia in clinical
practice, and the need to do this also makes trial recruitment more difficult. Although current
consensus has started to deprioritise muscle mass in diagnostic algorithms for sarcopenia,78,94

identifying patients with low muscle mass as well as low strength is likely to remain important
to identify subgroups likely to benefit from some candidate interventions, such as myostatin
pathway inhibitors.95

Finally, there is a need to develop novel approaches to sarcopenia trials, such as establishing platform
trials. The development of these approaches should build on the knowledge gained in the LACE trial
of how to more efficiently find and recruit people with sarcopenia and can utilise the network of UK
centres that have gained experience of recruiting patients with sarcopenia in the LACE trial. Such an
approach would provide a step-change in our ability to conduct experimental medicine and early-phase
clinical trials in sarcopenia, which is essential if advances in our understanding of skeletal muscle
pathophysiology are to be translated into human benefit. Work is already under way to develop
these approaches, led by the NIHR Newcastle Biomedical Centre via the development of SarcNet –
a UK-wide sarcopenia network and registry96 – and other initiatives.
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Appendix 1 Recruitment by site

TABLE 20 Recruitment by site

Site Number of months recruiting
Number of patients undergoing
screening visit

Number of participants
randomised

Bath 30 23 9

Fife 28 25 6

Grampian 30 53 28

King’s College 23 40 19

Leicester 29 21 9

Lothian 30 32 15

Newcastle 25 38 20

Birmingham 7 0 0

Bournemouth 18 0 0

Nottingham 28 19 10

Derby 14 13 7

Southampton 19 10 5

Aintree 5 1 0

Tayside 30 45 17

Total 316 320 145
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Appendix 2 Overall recruitment rates
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FIGURE 23 Recruitment rate vs. time.
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Appendix 3 Derivation of an alternative
prediction equation for muscle mass using
bioimpedance data

TABLE 21 Linear regression to predict DXA measured appendicular muscle mass from bioimpedance results (n = 144)

Variable B p-value

Constant 10.251 < 0.001

Age (per year) –0.011 0.22

Male sex 0.999 < 0.001

Rz –0.003 0.003

Xc 0.011 0.12

Height (per cm) –0.031 < 0.001

Weight (per kg) 0.044 < 0.001

Rz, resistance; Xc, reactance.
Adjusted R2 = 0.770.
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FIGURE 24 Bland–Altman plot of the agreement between ASMM estimated by bioimpedance (new LACE cohort equation)
and measured by DXA at baseline (n = 144). The graph shows the fit line with 95% CI.
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Appendix 4 Systematic review of
ACEi/ARB results

Deduplicated titles from search
(n = 510)

Abstracts
(n = 36)

Full texts retrieved
(n = 9)

Full texts included
(n = 6)

Included in review
(n = 8)

Added from hand-searching
(n = 2)

Omitted as not relevant on title
(n = 474)

Omitted
(n = 3)

• Not RCT, n = 1
• Not comparison of ACEi/ARB, n = 1
• In specif ic disease, n = 1

Omitted
(n = 27)

• Not RCT, n = 17
• In specif ic disease, n = 4
• Not comparison of ACEi/ARB, n = 2
• No performance outcomes, n = 2
• Too short a duration, n = 1
• Part of another trial, n = 1

FIGURE 25 The PRISMA flow diagram. RCT, randomised controlled trial.
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TABLE 22 Studies included in the ACEi/ARB systematic review (in addition to LACE)

First author,
year Country n

Mean
age
(years)

Women
(%) Inclusion criteria Baseline function Intervention Comparator Primary outcome

Secondary
outcomes

Duration of
treatment

Leonetti,
199179

Italy 36 66 72 Older people with
hypertension

Cycle endurance
time of 536 seconds

25–50mg of
captopril twice
daily

Placebo Bicycle endurance
exercise time

None 2 months

Gerdts,
200680

Norway 51 68 49 Aged 55–80 years
with hypertension
and LVH on ECG

Cycle ergometry
with maximal load of
120 W; VO2max of
23.7 ml/kg/minute

50–100mg of
losartan once
daily plus HCTZ
if required

50–100mg of
atenolol once
daily plus HCTZ
if required

VO2max Maximum
load (W)

1 year

Sumukadas,
200730

Scotland 130 79 71 Aged ≥ 65 years
with impairment
of activities of
daily living

Mean 6MWD of
299m

Median TUAG of
13 seconds

Median 10-rep STS
of 37 seconds

Perindopril
2–4mg once daily

Placebo 6MWD TUAG

10-rep STS

20 weeks

Bunout,
200981

Chile 120 75 76 Aged ≥ 70 years
with stage I
hypertension

Mean 12MWD of
916m

Mean grip strength
of 23.5 kg

Mean quadriceps
strength of 27.3 kg

Mean SPPB of 9.2

Mean TUAG of
11.3 seconds

10–20mg of
enalapril once
daily plus HCTZ
if required

Nifedipine slow-
release 20mg
once daily

12MWD Handgrip
strength

Quadriceps
strength

SPPB

TUAG

9 months

Cesari,
201082

USA 294 66 42 Aged ≥ 55 years
with elevated
cardiovascular
risk

Rescaled SPPB

Handgrip of 39.0 kg

20–40mg of
fosinopril once
daily

Placebo Rescaled SPPB Handgrip
strength

6 months
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First author,
year Country n

Mean
age
(years)

Women
(%) Inclusion criteria Baseline function Intervention Comparator Primary outcome

Secondary
outcomes

Duration of
treatment

Sumukadas,
201334

Scotland 170 76 42 Aged ≥ 65 years
with SPPB of ≤ 10

Mean 6MWD of
306m

Mean grip strength
of 20.1 kg

Mean quadriceps
strength of 18.4 kg

Mean SPPB of 7.6

2–4mg of
perindopril once
daily plus mixed-
modality exercise
training

Placebo plus
mixed-modality
exercise training

6MWD SPPB

Quadriceps
strength

Handgrip
strength

20 weeks

Sumukadas,
201883

Scotland 80 78 75 Aged ≥ 65 years
with > 1 self-
reported fall in
last 12 months

Mean 6MWD of
333m

Mean quadriceps
strength of 18.9 kg

2–4mg of
perindopril once
daily

Placebo Postural sway 6MWD

Quadriceps
strength

15 weeks

Heisterberg,
201884

Denmark 71 72 0 Healthy, untrained
males without
hypertension or
other disease

Mean 1-rep
maximum quadriceps
strength of 83 kg

50–100mg of
losartan once
daily plus
resistance training

Placebo plus
resistance training

Quadriceps mass Isometric
quadriceps
strength

Isokinetic
quadriceps
strength

16 weeks

6MWD, 6-minute walk distance; 12MWD, 12-minute walk distance; ECG, electrocardiogram; HCTZ, hydrochlorothiazide; LVH, left ventricular hypertrophy; rep, repetition;
STS, sit-to-stand test; TUAG, timed up and go; VO2max, maximal oxygen uptake.
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TABLE 23 Risk-of-bias assessment from the ACEi/ARB systematic review

First author,
year

Allocation
concealment

Withdrawals
and dropouts

Analysis by
intention
to treat

Participant
blinding

Health-care
blinding

Outcome
blinding

Treatment
groups
comparable

Leonetti,
199179

Gerdts,
200680

Sumukadas,
200730

Bunout,
200981

Cesari,
201082

Sumukadas,
201334

Sumukadas,
201883

Heisterberg,
201884

Purple, low risk of bias; mid-blue, unclear risk of bias.
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Appendix 5 Genotyping analyses

Genotyping was performed for four polymorphisms previously associated with muscle mass or physical
performance [ACE I/D and ACTN3 R577X and two from the activin type 1B receptor (ACVR1B),

rs2854464 in the 3’-UTR (untranslated region) and the intronic rs10783486]. All polymorphisms were in
Hardy–Weinberg equilibrium in comparison with normal UK populations from the 1000 genome project
and from Steeds et al.,97 and their frequencies are given in Table 24.

TABLE 24 Genotype frequencies

Gene Allele Frequency p-value

ACTN3 R577X TT 0.287 0.194

TC 0.417

CC 0.296

ACE I/D II 0.162 0.367

ID 0.500

DD 0.338

rs2854464 AA 0.495 0.441

AG 0.450

GG 0.055

rs10783486 AA 0.065 0.499

AG 0.472

GG 0.463

D, deletion; I, insertion.

TABLE 25 Associations of the ACTN3 alleles with muscle mass and physical performance (number = p-value)

ACTN3 presence of T allele ACTN3 presence of C allele

All Male Female All Male Female

Baseline muscle mass NS NS NS NS NS NS

Muscle mass change: 0 vs. 12 months NS NS NS NS NS NS

Baseline SPPB NS NS NS NS NS NS

SPPB change: 0 vs. 6 months NS NS 0.018 NS NS NS

SPPB change: 0 vs. 12 months NS NS NS NS NS NS

NS, not significant (p > 0.05).
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TABLE 26 Associations of the ACE alleles with muscle mass and physical performance (number = p-value)

ACE presence of insertion allele ACE presence of deletion allele

All Male Female All Male Female

Baseline muscle mass 0.132 NS NS NS NS NS

Muscle mass change: 0 vs. 12 months NS NS NS NS 0.102 NS

Baseline SPPB NS NS NS 0.057 NS NS

SPPB change: 0 vs. 6 months NS 0.185 NS NS NS NS

SPPB change: 0 vs. 12 months NS 0.042 0.030 NS NS NS

NS, not significant (p > 0.05).

TABLE 27 Associations of the ACVR1B alleles with muscle mass and physical performance (number = p-value)

rs2854464 ACVR1B (3’-UTR)
presence of G allele

rs10783486 ACVR1B (intron)
presence of A allele

All Male Female All Male Female

Baseline muscle mass NS NS NS NS NS NS

Muscle mass change: 0 vs. 12 months NS NS NS NS NS 0.052

Baseline SPPB NS NS NS NS NS NS

SPPB change: 0 vs. 6 months NS NS NS NS NS NS

SPPB change: 0 vs. 12 months NS NS NS NS 0.070 NS

NS, not significant (p > 0.05).
Note that in each case for ACVR1B, the data analysis is association with presence of the minor allele.
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