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Abstract

Background This trial aimed to determine the efficacy of leucine and/or perindopril in improving physical function in
older people with sarcopenia.
Methods Placebo-controlled, parallel group, double-blind, randomized two-by-two factorial trial. We recruited adults
aged ≥ 70 years with sarcopenia, defined as low gait speed (<0.8 m/s on 4 m walk) and/or low handgrip strength
(women < 20 kg, men < 30 kg) plus low muscle mass (using sex and body mass index category-specific thresholds de-
rived from normative UK BioBank data) from 14 UK centres. Eligible participants were randomized to perindopril 4 mg
or placebo, and to oral leucine powder 2.5 g or placebo thrice daily. The primary outcome was the between-group dif-
ference in the short physical performance battery (SPPB) score over 12-month follow-up by repeated-measures mixed
models. Results were combined with existing systematic reviews using random-effects meta-analysis to derive sum-
mary estimates of treatment efficacy.
Results We screened 320 people and randomized 145 participants compared with an original target of 440 partici-
pants. For perindopril [n = 73, mean age 79 (SD 6), female sex 39 (53%), mean SPPB 7.1 (SD 2.3)] versus no
perindopril [n = 72, mean age 79 (SD 6), female sex 39 (54%), mean SPPB 6.9 (SD 2.4)], median adherence to
perindopril was lower (76% vs. 96%; P< 0.001). Perindopril did not improve the primary outcome [adjusted treatment
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effect �0.1 points (95%CI �1.2 to 1.0), P = 0.89]. No significant treatment benefit was seen for any secondary out-
come including muscle mass [adjusted treatment effect �0.4 kg (95%CI �1.1 to 0.3), P = 0.27]. More adverse events
occurred in the perindopril group (218 vs. 165), but falls rates were similar. For leucine [n = 72, mean age 78 (SD 6),
female sex 38 (53%), mean SPPB 7.0 (SD 2.1)] versus no leucine [n = 72, mean age 79 (SD 6), female sex 40 (55%),
mean SPPB 7.0 (SD 2.5)], 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%CI �1.0 to 1.1), P = 0.90]. No significant
treatment benefit was seen for any secondary outcome including muscle mass [adjusted treatment effect �0.3 kg
(95%CI�1.0 to 0.4), P= 0.47]. Meta-analysis of angiotensin converting enzyme inhibitor/angiotensin receptor blocker
trials showed no clinically important treatment effect for the SPPB [between-group difference�0.1 points (95%CI�0.4
to 0.2)].
Conclusions Neither perindopril nor leucine improved physical performance or muscle mass in this trial; meta-analysis
did not find evidence of efficacy of either ACE inhibitors or leucine as treatments to improve physical performance.
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Introduction

Sarcopenia is associated with a broad range of important ad-
verse consequences for older people including falls, fractures,
increased risk of hospitalization, longer length of hospital
stay, an increased risk of needing care including institutional
care, and earlier death.1–4 Sarcopenia is common, affecting
5–10% of the population aged over 65, with rates exceeding
30% in settings such as care homes or in hospital.5,6 The cost
of sarcopenia to the UK health economy has been estimated
at approximately £2 billion each year.7

Resistance training is the intervention with the most evi-
dence to prevent or reverse sarcopenia6,8,9; however, not all
older people with sarcopenia are either willing or able to un-
dertake resistance training. Access to resistance training is in-
sufficient to meet demand given the burden of sarcopenia on
the older population.10 New ways to prevent and treat sarco-
penia are therefore required to alleviate the significant
health burden caused by this condition. It is now clear that
sarcopenia is a complex and multifactorial disorder involving
a range of fundamental biological processes including cellular
senescence, chronic inflammation, neurohormonal dysregula-
tion, vascular dysfunction, neuromuscular junction deficits,
oxidative stress and mitochondrial dysfunction, and deficits
in muscle protein uptake and utilization.11 The relative contri-
butions of these pathologies remain to be fully delineated.

Preliminary data suggest that derangements of the renin
angiotensin aldosterone system may be important in the pa-
thology of sarcopenia. Observational data show that older
people taking angiotensin converting enzyme inhibitors
(ACEi) have better preserved walk speed over a 3-year period
than those not taking ACEi.12 Some randomized controlled
trials have suggested a beneficial effect of ACEi compared
with placebo on physical performance in older people
although other studies have failed to find such beneficial

effects, and a recent systematic review did not find an overall
benefit of either ACEi or angiotensin receptor blockers (ARBs)
in this age group.13 The conclusions of this review were lim-
ited by the lack of studies specifically enrolling older people
with sarcopenia. Similarly, some studies suggest that leucine
supplementation may have beneficial effects on muscle
protein synthesis, uptake of amino acids, and consequent im-
provement in muscle strength.14–16 However, very few stud-
ies have set out to examine the effect of leucine in older
people with sarcopenia as opposed to younger people or
healthy older people.17

Therefore, there is a clear need for randomized controlled
trials to test the efficacy of ACEi and of leucine in older peo-
ple with sarcopenia. In this trial, we aimed to test the effects
of 1 year of treatment with the ACEi perindopril versus pla-
cebo, and of leucine supplementations versus placebo, in a
population of older people with sarcopenia who were not un-
dergoing resistance training.

Methods

LACE (Leucine or Angiotensin Converting Enzyme inhibitors
for sarcopenia) was a parallel group, double-blind, placebo-
controlled, randomized 2 × 2 factorial trial. Participants were
eligible for inclusion if they were aged 70 years and over and
had sarcopenia according to the European Working Group on
Sarcopenia in Older People (EWGSOP) 2010 definition of sar-
copenia, which requires the presence of low muscle strength
or low physical performance, plus low muscle mass.18 Defini-
tions for low muscle strength and low physical performance
followed the EWGSOP 2010 sarcopenia guidelines, in which
the presence of either gait speed < 0.8 m/s on 4 m walk
(low physical performance) and/or low handgrip strength
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(<20 kg for women, <30 kg for men) was required for case
identification. Gait speed is strongly associated with survival,
and a value of 0.8 m/s is associated with the median
survival time in a pooled analysis of observational studies.19

The handgrip cut-offs used were derived from a
population-based observational study and were found to be
optimal to discriminate participants with mobility
limitation.20

For muscle mass, we used height-adjusted total skeletal
muscle mass measured by Bioimpedance Assay (BIA) using
the Akern BIA 101 device and the Sergi equation.21 Cut-offs
varied with body mass index and sex to ensure that partici-
pants with sarcopenic obesity could be recruited. Table S1
shows the body mass index and sex-specific muscle mass
cut-offs used at screening. These cut-offs were derived from
normative bioimpedance data from healthy middle aged
adults in the UK BioBank study22 Total body fat-free mass in-
dex cut-offs for the fifth percentile were used and converted
to equivalent appendicular skeletal muscle mass values using
values from Kyle et al.23

Trial exclusion criteria were selected to (a) avoid contrain-
dications to ACE inhibitors, (b) avoid contraindications to key
outcomes or inability to consent, and (c) exclude participants
with skeletal myopathy clearly due to an alternative cause
rather than sarcopenia. A full list of exclusion criteria is given
in Table S2. The trial protocol has been published
previously.24 The trial was approved by the East of Scotland
NHS research ethics committee (approval 14/ES/1099) and
the UK Medicines and Healthcare Regulatory Authority
(EudraCT number 2014-003455-61; Clinical Trial Authorisa-
tion number 36888/0001/001-0001); the trial was performed
in accordance with the ethical standards laid down in the
1964 Declaration of Helsinki and its later amendments.

Study interventions

The trial intervention consisted of either perindopril
erbumine (KRKA Polska, Warsaw, Poland and TEVA pharma-
ceuticals, 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, who undertook
quality testing, qualified person release, and distributed bot-
tles to participating sites. Study medications were held at site
pharmacies under temperature-controlled conditions prior to
dispensing to participants. For the first 2 weeks of participa-
tion, participants were given capsules containing perindopril
2 mg or placebo and instructed to take one capsule per
day. If uptitration occurred at 2 weeks, a fresh supply of cap-
sules was dispensed, containing 4 mg of perindopril or pla-
cebo; participants were again instructed to take one capsule

per day. A flowchart depicting the titration schedule is given
in Figure S1.

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, who undertook quality testing, qualified person
release, and distributed pots to participating sites. Leucine/
placebo pots were held at site pharmacies under
temperature-controlled conditions prior to dispensing to par-
ticipants. Pots contained either 400 g of leucine powder, or
400 g of lactose powder, selected for its similarity of appear-
ance. Participants were supplied with 1.5-mL scoops and
were asked to ingest three scoops of powder three times a
day, with meals, equivalent to 2.5 g of leucine three times a
day, a daily total of 7.5 g. Participants were encouraged to
mix the powder with drinks or yoghurts or spread the powder
on food; serving suggestions were shared with participants at
the start of their participation.

Randomization and treatment allocation were performed
remotely using an interactive web-based randomization, drug
assignment, and inventory management system (TRuST) run
by the Health Informatics Centre, University of Dundee. The
system was run independently from the research team to
preserve allocation concealment. Randomization was per-
formed in a 1:1 ratio for both perindopril/placebo and leu-
cine/placebo, stratified by site, and employed a
minimization algorithm with a small random element using
the following minimization factors: age, sex, short physical
performance battery (SPPB), Charlson score,25 and grip
strength. Participants were allocated study medication bot-
tles with either perindopril capsules or matching placebo,
and tubs containing 400 g of leucine or matching placebo.
Bottles and tubs were allocated based on bottle ID numbers
generated by the TRuST randomization system and were
not labelled with any indication of whether they contained
the active or placebo substance.

Adherence to perindopril or placebo was ascertained by
tablet counting, with adherence calculated as number of tab-
lets taken/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 weight of powder
used/weight expected to be used between baseline and
study completion or dropout.

Outcomes

Outcomes visits were conducted at baseline, 6 and
12 months, with additional visits for research bloods at
3 months and adverse event recording at 9 months. An addi-
tional visit for safety bloods and uptitration of perindopril/
placebo took place at 2 weeks, with further safety bloods at
5 weeks. Outcomes were collected by research nurses at each
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site who were masked to treatment allocation. The primary
outcome was the between-group difference in the SPPB
score across the follow-up period. The SPPB was measured
at baseline, 6 and 12 months. The SPPB tests lower limb
strength and balance26 and consists of three tests—a balance
test (side by side balance, semi-tandem balance, and tandem
balance), a timed sit to stand from a chair five times and walk
speed over a 4-m course. The test is scored from 0 (worst; in-
cludes those who cannot perform any component) to 12
(best score). The SPPB is a robust predictor of a range of ad-
verse outcomes in older people including death, dependency,
and future disability.26,27

Secondary outcomes

Table S3 lists the secondary outcomes measured as part of
the LACE trial. All secondary outcomes were assessed as the
between-group difference in each measure across the
follow-up period. Data were collected on falls using monthly
prospective falls diaries and on diet at baseline using the
Scottish Collaborative Group Food Frequency Questionnaire28

to examine total protein intake.

Sample size calculation

The minimum clinically important difference (MCID) for the
SPPB has been estimated at between 0.5 and 1 point.27,29

We took a deliberately conservative approach to sample size
calculation and used an MCID of 0.5 points difference be-
tween the treatment arms at 12 months. Assuming a stan-
dard deviation of 2.7 as seen in similar previous studies
with a power of 90% at alpha 0.05, and assuming a correla-
tion between time points of 0.7 as seen from our previous
work, we would require 88 participants in each of the four
groups (352 participants in total) to detect this MCID at
12 months. Assuming 20% dropout at 12 months (based on
previous similar studies30,31), we therefore aimed to recruit
440 patients. This sample size would also have 90% power
to detect a 5% difference in muscle mass, assuming a base-
line value of 19 kg (SD 2.8). Sample size calculations were
performed using NQuery Adviser software v7.0 (StatSols,
Cork, Ireland).

Statistical analysis

Analyses were performed using Statistical Analysis System
(SAS) v9.4 software (SAS Institute Inc, Cary, NC, USA) using
modified intention-to-treat methods. Unmasking of ran-
domization groups was performed only after completion
of the statistical analysis. A two-sided P value of <0.05
was taken as significant for all analyses, with no adjustment
for multiple testing. A mixed effect linear model was used

to analyse the primary analysis response variable (SPPB
score data from 6 and 12 months) with variables treatment
(treatment vs. no treatment), SPPB at baseline, age, sex,
baseline handgrip strength, baseline Charlson comorbidity
score, visit and site as fixed factors, and subjects as an in-
tercept only random factor. An initial test for treatment in-
teraction was planned, and if no evidence of a significant
interaction was found, the main analyses were prespecified
to be conducted as two separate comparisons (perindopril
vs. perindopril placebo and leucine vs. leucine placebo).
The primary outcome (SPPB) was normally distributed as
expected. 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 median total protein intake, together
with an exploratory post hoc analysis comparing those
who did and did not meet the EWGSOP2 2019 definition
for confirmed sarcopenia.18 Although the 2010 EWGSOP
criteria were used when designing the LACE trial, the
2019 criteria are the ones currently used in clinical practice
and a subgroup analysis based on these updated criteria is
likely to be more relevant to current clinical practice. A
pre-planned sensitivity analysis was conducted imputing
the worst possible value (zero) for missing SPPB data to
test the robustness of the main result. Secondary outcomes
were analysed using repeated-measures models as above,
adjusted for baseline value of the variable under test, age,
sex, and minimization variables.

Meta-analysis

To place the results of the perindopril analysis in context, we
added the results of the LACE trial to our recent
meta-analysis of the effects of ACEi and ARBs on physical
performance in older people.13 Data were analysed in
RevMan v5.3 (Cochrane Collaboration). Where standard de-
viations (SD) of change were not available, SDs were interpo-
lated as the mean of baseline and follow-up SDs. Results are
presented as mean differences with random-effects meta-
analysis. To place the results of the leucine analysis in
context, we used data from a recently published systematic
review examining the impact of leucine on physical
function.17 Of the 13 randomized controlled trials included
in this review, three examined the effect of leucine alone
as an intervention (without additional protein, amino acids,
or other nutritional components). We extracted data from
these three trials together with one additional trial published
since32 and combined these data with results from the LACE
trial. Data were analysed in RevMan v5.3 as described above;
changes in muscle mass were presented as standardized
mean differences given the heterogeneity in how results
were reported.
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Results
A total of 320 participants attended a screening visit, and 145
participants were randomized into the trial between June
2016 and December 2018. The original target for recruitment
was 440 participants; the trial was stopped by the funder due
to slow recruitment. Figure 1 shows the flow of participants
through the trial. Discontinuation of follow up was higher in
the perindopril groups than in those not receiving
perindopril, particularly in the first 6 months of the trial.
Perindopril versus no perindopril groups and leucine versus
no leucine groups were well matched at baseline for key
measurements; details are given in Table 1. Adherence to in-
tervention was lower in the group allocated to perindopril
[median 76.2%, interquartile (IQR) 15.6–95.4%] than in the
group not allocated to perindopril (95.9%, IQR 78.2–99.7%)
(P < 0.001). For leucine, adherence to intervention was the
same in the group allocated to leucine (median 76.2%, IQR
38.5–97.3%) as in the group not allocated to leucine (75.6%,
IQR 50.5–92.3%) (P = 0.99).

Primary outcome

An initial test for interaction did not find evidence for an in-
teraction between the two treatments (P = 0.59), and the
analyses of perindopril versus no perindopril and leucine
versus no leucine were therefore conducted separately as

planned. Tables 2 and 3 show the analyses for the primary
outcome (between-group difference in SPPB) for perindopril
versus no perindopril and for leucine versus no leucine, re-
spectively. No significant treatment effect was seen in unad-
justed or adjusted analyses; the point estimate of effect in
adjusted analyses was close to zero although the confidence
intervals do not exclude an effect size consistent with a clin-
ically important difference of 1.0 point. Sensitivity analyses
examining the difference at the 12-month timepoint, and
imputing values of zero as a worst-case scenario showed
similar results. Subgroup analyses are shown in Figure 2.
For the leucine comparison, participants with protein intake
below the median level of 1.01 g/kg/day showed a treat-
ment effect of 2.6 points (95%CI 0.6 to 4.5) compared with
�0.1 points (95%CI �0.8 to 0.6) for those with a protein in-
take above the median; however, the subgroup interaction
was not significant on formal analysis (P = 0.70). Similarly,
participants meeting the full EWGSOP 2019 criteria for sar-
copenia (n = 44) showed a greater leucine treatment effect
(1.7 points, 95%CI 0.7 to 2.7) compared with those not
meeting the criteria (�0.5 points, 95%CI �1.4 to 0.3); P
for interaction = 0.06; those aged over 80 also showed a
slightly greater leucine treatment effect (1.3 points, 95%CI
0.4 to 2.3 vs. �0.7 points, 95%CI �1.3 to 0.2 points; P for
interaction = 0.76). Adherence did not have a significant in-
teraction with the primary outcome when included in the
adjusted models as a continuous variable (perindopril model
interaction: P = 0.75; leucine model interaction: P = 0.85).

Figure 1 CONSORT flow diagram. AE, adverse event; HCP, health care professional; OH, orthostatic hypotension; Pt, participant.
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Secondary outcomes

Adjusted treatment effects for the secondary outcomes are
shown in Table 4. Perindopril treatment was associated with
a worse health status than placebo on the EQ 5D thermome-
ter tool [�12 points (95% CI �21 to �3); P = 0.01], and leu-
cine treatment was associated with worse scores on the main
EQ 5D health status tool [�0.06 points (95% CI �0.11 to
�0.01); P = 0.03]. No other significant treatment effects were
found.

Adverse events

Table 5 shows key prespecified adverse events of interest.
Hyperkalaemia (two cases in perindopril group and no cases
in no perindopril group) and important rises in serum
creatinine (one case in perindopril group and no cases in no
perindopril group) were infrequent. Seven participants
in the groups allocated to perindopril experienced
hyponatremia on at least one test during the trial, compared
with two in the no perindopril group. One death (due to
acute leukaemia and unrelated to treatment) was noted in
the perindopril and leucine placebo arm. There was no signif-
icant difference in the falls rate between those allocated to
perindopril and perindopril placebo, or between those allo-
cated to leucine and leucine placebo; rates of fragility frac-
tures were low in all groups. Figure S2 shows changes in
supine blood pressure and orthostatic reduction in blood

pressure for those allocated to perindopril versus no
perindopril; supine blood pressure fell in the perindopril
group relative to no perindopril as expected, but little differ-
ence in the magnitude of the postural fall in blood pressure
was observed between groups. Table S4 shows the full cate-
gorization of adverse events in each arm. The overall number
of adverse events was higher in those receiving perindopril,
driven by higher rates of injuries, nervous system disorders,
and gastrointestinal disorders. Overall numbers of adverse
events were similar in those allocated to leucine or leucine
placebo.

Updated meta-analyses

Table 6 shows the results of incorporating the LACE trial re-
sults into meta-analyses with other trials of either ACEi/ARB
or leucine to improve muscle function in older people; forest
plots are shown in Figure S3 and included study details are
shown in Table S5. Heterogeneity for most analyses was
low. For the SPPB, the meta-analysis results excluded the
MCID of 0.5 points suggested by previous work.29 The results
for handgrip strength and quadriceps strength similarly ex-
cluded the MCIDs for these measures33,34; for the 6-min walk,
the 95% confidence intervals did not exclude the MCID of
20 m for older people,29 although the summary point
estimate did not support a clinically important effect. For
leucine, the wider confidence intervals did not exclude a
clinically important treatment effect, but summary point

Table 2 Primary outcome in those randomized to perindopril versus perindopril placebo

Perindopril (n = 73) No perindopril (n = 72)

Unadjusted
treatment

effect [95% CI] P

Adjusted
treatment

effect [95% CI] P

Baseline SPPB (N, SD) 7.1 (73, 2.3) 6.9 (72, 2.4) 0.0 [�0.7, 0.8] 0.91 �0.1 [�1.2, 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, 0.2] 0.12 0.5 [�2.6, 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, 0.2] 0.10 0.2 [�2.4, 2.8] 0.87

SPPB, short physical performance battery.
Adjusted analyses adjusted for age, sex, SPPB, Charlson comorbidity score, and baseline handgrip strength.
aImputing SPPB = 0 for all missing data.

Table 3 Primary outcome in those randomized to leucine versus leucine placebo

Leucine (n = 72) No leucine (n = 73)
Unadjusted treatment

effect [95% CI] P
Adjusted treatment

effect [95% CI] P

Baseline SPPB (N, SD) 7.0 (72, 2.1) 7.0 (73, 2.5) 0.1 [�0.7, 0.8] 0.83 0.1 [�1.0, 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, 0.8] 0.98 �0.5 [�3.1, 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, 0.6] 0.34 0.6 [�1.9, 3.1] 0.60

SPPB, short physical performance battery.
Adjusted analyses adjusted for age, sex, SPPB, Charlson comorbidity score and baseline handgrip strength.
aImputing SPPB = 0 for all missing data.
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estimates for all measures studied (including muscle mass)
did not support a clinically important treatment effect.

Discussion

We found no evidence that perindopril or leucine improved
physical performance, muscle mass, or quality of life in older
people with sarcopenia and the evidence from meta-analysis
of the LACE trial and other trials of ACEi/ARBs or leucine does

not support a clinically meaningful improvement in physical
performance with these agents. This was despite adequate ad-
herence 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 pla-
cebo as would be expected from the known side effects of
ACEi, and participants allocated to perindopril reported a
poorer quality of life than those not allocated to perindopril al-
though this could be a chance finding due to multiple testing.

When the LACE trial was designed, preclinical and mecha-
nistic clinical data supported potential beneficial modes of

Figure 2 Subgroup analyses for primary outcome. (A) Perindopril versus placebo. (B) Leucine versus placebo. Positive values of short physical perfor-
mance battery (SPPB) denote improvement relative to control group.
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action for these agents, and for both interventions, some
clinical trial data suggesting efficacy also existed.15,16,31 There
are several reasons for the lack of efficacy seen in the LACE
trial, which merit consideration. Firstly, it is possible that
the intervention dose or duration were not adequate to pro-
vide a clinically important response. However, the perindopril
dose used has previously demonstrated improvement in
6-min walk distance and quality of life in older people with
functional impairment.31 Recent observational data suggest
that ARB use, but not ACEi use, is associated with better mus-
cle strength and muscle mass,35 but ARBs have not improved
muscle function in trials to date.36,37 The leucine dose used
was sufficient to improve muscle protein synthesis in healthy
older people.15,16 It is still possible, however, that a higher
dose is required to overcome anabolic resistance in older
people with sarcopenia. No relationship was evident be-
tween adherence and treatment effect for the primary out-
come for either perindopril or leucine.

Secondly, it is possible that ACEi or leucine is efficacious
only when used in combination with resistance training for
sarcopenia. However, at the time of designing the LACE trial,
the existing evidence suggested that the opposite might be
true for ACEi/ARB38,39; a similar lack of efficacy was seen
when adding the ARB losartan to resistance training in older
people.37 The case for or against leucine as an adjunct to resis-
tance training is less clear-cut. Thirdly, it is possible that for
leucine, efficacy is achievable only as part of a more complex
nutritional intervention, or only in those with low baseline
protein intake as suggested by our subgroup analysis. Some
previous interventions have combined leucine with additional
protein or amino acid supplements and with other nutrients
such as vitamin D.17,40 Some, but not all, of these trials have
suggested improvements to muscle mass, although the effect
on muscle strength has been less convincing. Current evi-
dence is insufficient to indicate whether leucine is an effective
intervention when given in addition to generic protein or
amino acid supplementation; further trials are also required
examining efficacy in those with low baseline protein intake.

The LACE trial had a number of strengths; it is one of the
few trials to have been designed specifically to recruit older
people with sarcopenia and is one of very few multicentre
randomized controlled sarcopenia trials. Almost all partici-
pants fulfilled the EWGSOP2 2019 definition for probable
sarcopenia—a definition increasingly used in clinical practice.
The trial participants had high levels of comorbidity and poor

physical performance and were thus representative of pa-
tients typically seen in primary care and in secondary care
Older Peoples Medicine services—both 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 comprehen-
sive set of outcome measures including both measures of
physical performance and measures such as quality of life
that are of importance to patients.41

The key limitation of the trial was that we were unable to
recruit the original target population size of 440 participants
as previously discussed.42 Although sarcopenia is common in
the older population, it is commonly accompanied by multiple
comorbidities that may prevent individuals from being eligible
for trials. It is particularly common in care home residents (the
majority of whom have dementia in the United Kingdom) and
is often accompanied by mobility limitation that may prevent
participation in research. In addition, we found that many po-
tential participants had low muscle strength but still had pre-
served muscle mass, making them ineligible for the trial. The
reduced sample size raises the possibility that the null result
was due to insufficient statistical power. 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.
Nevertheless, the sample size and consequently the 95% con-
fidence intervals were not sufficiently narrow to exclude the
MCID of 0.5 points in the SPPB. Meta-analysis of trials combin-
ing the LACE results with other trials did however exclude this
MCID. We did not undertake adjustment for multiple testing,
and had we done so, it is likely that the worsening in quality of
life scores we observed with both perindopril and leucine
would have not reached significance.

Adherence to perindopril was lower than adherence to
placebo, in part because of side effects prompting discontin-
uation of treatment. Although this is likely to have diluted the
treatment effect, the 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% or more.43 Our
results are likely therefore to give a realistic estimate of what
might be achievable in routine clinical practice if ACEi were to
be used as agents to treat sarcopenia. Similarly, although leu-
cine adherence was not optimal, it is unlikely that perfect ad-

Table 5 Key adverse outcomes of interest

Perindopril (n = 73) No perindopril (n = 72) Leucine (n = 72) No Leucine (n = 73)

Deaths (%) 1 (1) 0 (0) 0 (0) 1 (1)
Number of participants with fragility fracturesa (%) 3 (4) 1 (1) 1 (1) 3 (4)
Number of participants with at least one fall (%) 30 (41) 37 (51) 34 (47) 30 (41)
Number of falls 121 132 121 132
Falls per year (95% CI) 2.0 (1.1, 3.0) 2.8 (0.6, 5.1) 1.9 (0.9, 2.9) 2.9 (0.8, 5.0)
aDistal radius, symptomatic vertebra, or neck of femur.

10 The LACE study group et al.
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herence could be achieved in clinical practice. Although we
selected a dose of 2.5 g three times a day for leucine, this
was based on muscle protein synthesis studies in healthy
older people, and it is also possible that higher doses of leu-
cine are required in people with sarcopenia to overcome an-
abolic resistance effectively in this group.

The generalizability of our results is limited by the fact that
participants were overwhelmingly of white ethnicity, and thus,
the results cannot be assumed to apply to 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 the 2010 guidelines.
This was in large part due to our use of bioimpedance mea-
sures for muscle mass screening and confirmation of eligibility
to enter the trial. Some individuals with low muscle mass on
bioimpedance testing had preserved muscle mass on the dual
energy X-ray absorptiometry measurement that was used
to categorize participants as meeting the full EWGSOP
sarcopenia definition. Measuring muscle mass at scale re-
mains a challenge for sarcopenia trials, and the bioimpedance
measurement process we used was not able to identify those
muscle mass below the sarcopenia diagnostic threshold with
high accuracy. However, the guidelines have changed since
the trial was designed, and almost all participants met the
criteria for probable sarcopenia under the EWGSOP2 2019
guidelines. It is still possible as discussed above that the treat-
ment effect in patients with lower muscle mass (confirmed
sarcopenia) may be greater than those seen in patients who
do not fulfil the criteria for confirmed sarcopenia.

In conclusion, our results do not suggest sufficient evi-
dence to support the use of either perindopril or leucine as
standalone interventions to improve physical performance
or muscle mass in older people with sarcopenia. Although
current evidence does not support further trials of ACE inhib-
itors as standalone or adjuncts to exercise for people with
sarcopenia, further trials are needed to test whether leucine
could benefit patient subgroups with low muscle mass and/or
low protein intake.
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