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Abstract

Background Precision nutrition is highly topical. However, no studies have explored the interindividual variability in
response to nutrition interventions for sarcopenia. The purpose of this study was to determine the magnitude of inter-
individual variability in response to two nutrition supplementation interventions for sarcopenia and metabolic health,
after accounting for sources of variability not attributable to supplementation.
Methods A 24 week, randomized, double-blind, placebo-controlled trial tested the impact of leucine-enriched protein
(LEU-PRO), LEU-PRO plus long-chain n-3 PUFA (LEU-PRO+n-3) or control (CON) supplementation in older adults
(n = 83, 71 ± 6 years) at risk of sarcopenia. To estimate the true interindividual variability in response to
supplementation (free of the variability due to measurement error and within-subject variation), the standard
deviation of individual responses (SDR) was computed and compared with the minimally clinically important
difference (MCID) for appendicular lean mass (ALM), leg strength, timed up-and-go (TUG), and serum triacylglycerol
(TG) concentration. Clinically meaningful interindividual variability in response to supplementation was deemed to be
present when the SDR positively exceeded the MCID. The probability that individual responses were clinically meaning-
ful, and the phenotypic, dietary, and behavioural determinants of response to supplementation were examined.
Results The SDR was below the MCID for ALM (LEU-PRO: �0.12 kg [90% CI: �0.38, 0.35], LEU-PRO+n-3: �0.32 kg
[�0.45, 0.03], MCID: 0.21 kg), TUG (LEU-PRO: 0.58 s [0.18, 0.80], LEU-PRO+n-3: 0.73 s [0.41, 0.95], MCID: 0.9 s)
and TG (LEU-PRO: �0.38 mmol/L [�0.80, 0.25], LEU-PRO+n-3: �0.44 mmol/L [�0.63, 0.06], MCID: 0.1 mmol/L),
indicating no meaningful interindividual variability in response to either supplement. The SDR exceeded the MCID
(19 Nm) for strength in response to LEU-PRO (25 Nm [�29, 45]) and LEU-PRO+n-3 (23 Nm [�29, 43])
supplementation but the effect was uncertain, evidenced by wide confidence intervals. In the next stage of analysis,
similar proportions of participant responses were identified as very likely, likely, possibly, unlikely, and very unlikely
to represent clinically meaningful improvements across the LEU-PRO, LEU-PRO+n-3, and CON groups (P > 0.05).
Baseline LC n-3 PUFA status, habitual protein intake, and numerous other phenotypic and behavioural factors were
not determinants of response to LEU-PRO or LEU-PRO+n-3 supplementation.
Conclusions Applying a novel, robust methodological approach to precision nutrition, we show that there was minimal
interindividual variability in changes in ALM, muscle function, and TG in response to LEU-PRO and LEU-PRO+n-3 sup-
plementation in older adults at risk of sarcopenia.
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Introduction

Precision nutrition is at the forefront of the NIHs Strategic
Plan for Nutrition Research, designed to address the chal-
lenge wherein interindividual variability in responses to stan-
dardized nutrition and exercise interventions have been
documented for decades.1–3 A multitude of inherited and ac-
quired characteristics, including an individual’s baseline phe-
notype, genotype, habitual diet, and behaviours may modify
the effect of an intervention, making it more or less benefi-
cial, detrimental or ineffective in different people.4 For this
reason, conventional group-based studies that focus on mean
responses are limited. In an endeavour to develop personal-
ized, more effective interventions, an increasing number of
studies attempt to characterize the interindividual variability
in responsiveness and/or the determinants of response to
nutrition or exercise-based interventions.

Recently, biostatisticians in the exercise science field have
challenged the validity of previous approaches used to dem-
onstrate the existence of interindividual variability in re-
sponse to exercise training interventions.4,5 These previous
approaches assume that the interindividual variability in the
observed responses in the intervention group is a conse-
quence of interindividual variability resulting from the exer-
cise training alone, erroneously ignoring differences in
response due to measurement error and/or within-subject
variability. Within-subject variability is the variability attribut-
able to changes in the outcome due to chronic biological, be-
havioural, or environmental changes unrelated to the
intervention including, but not limited to, sleep, dietary in-
take, physical activity patterns, and stress.4,5Importantly, in
longer-term interventions lasting several months or more,
within-subject random variation can be so large it may ex-
plain most or all of the apparent interindividual variability
in response to the intervention.5 Although these criticisms
have, thus far, been directed at exercise intervention studies,
it is probable that they are applicable to many nutrition inter-
ventions that propose to demonstrate interindividual variabil-
ity in response to dietary interventions but neglect to account
for the substantial influence of random within-subject varia-
tion and, in some cases, also measurement error.3,6–9 Exercise
science biostatisticians have proposed a new analytical ap-
proach for parallel-group randomized controlled trials
whereby the standard deviation of individual responses
(SDR) can be used to isolate and quantify the magnitude of
the interindividual variability in responses due to the exercise
intervention per se through comparisons of the response var-
iability in the intervention group and the control group.4,5,10

We recently investigated the impact of a nutritional inter-
vention on indices of sarcopenia and metabolic health, in-
volving supplementation with leucine-enriched protein
(LEU-PRO) alone and in combination with long chain n-3 poly-
unsaturated fatty acids (LEU-PRO+n-3), in older men and
women at risk of sarcopenia.11 Based on the precision nutri-

tion paradigm, a follow-up, exploratory objective was to in-
vestigate the interindividual variability in response.
Notwithstanding the lack of beneficial effect of supplementa-
tion on appendicular lean mass (ALM), strength and physical
performance at the group level, and the small reduction in
serum triacylglycerol (TG) in the LEU-PRO+n-3 group,11 it is
possible that some individuals in the cohort may have
responded to a greater degree than reflected by the group
means, potentially due to their baseline protein intake, LC
n-3 PUFA status or other phenotypic or behavioural
characteristics.

Thus, the objectives of this secondary analysis were (i) to
apply the new statistical methods developed in the exercise
science field to determine the existence andmagnitude of true
interindividual variability in the ALM, strength, physical perfor-
mance, and serum TG responses to LEU-PRO and LEU-PRO+n-3
supplementation in older adults at risk of sarcopenia, after ac-
counting for differences in response due to measurement er-
ror and random within-subject variation; (ii) to categorize
the individual responses as very likely, likely, possibly, unlikely,
or very unlikely to represent a clinically meaningful improve-
ment or adverse change; (iii) to explore whether phenotypic,
dietary, and other behavioural factors are determinants of
the individual responses to LEU-PRO or LEU-PRO+n-3 supple-
mentation; and (iv) to characterize the metabolomic re-
sponses to the supplementation interventions.

Methods

Design and participants

Details of the ethical approval, design, and primary findings
of the trial (NCT03429491) have been published elsewhere.11

Briefly, we conducted a 24 week, randomized, double-blind,
3-arm parallel-group, placebo-controlled trial in community-
dwelling older adults. The principal objective of the original
investigation was to test the hypotheses that appendicular
lean mass (ALM), strength, physical performance, and myofi-
brillar protein synthesis would increase in older adults sup-
plemented with LEU-PRO and that the addition of LC n-3
PUFA supplementation would further enhance the positive
effects of LEU-PRO supplementation on these outcomes. Par-
ticipants were eligible if they were ≥65 years of age, were at
risk of sarcopenia as defined by being pre-sarcopenic,
sarcopenic, or dynapenic (low handgrip strength) according
to the European Working Group on Sarcopenia in Older Peo-
ple 2010 (EWGSOP1) criteria.12 In line with the EWGSOP1
criteria, low handgrip strength was defined as <20 kg in
women,<30 kg in men and low skeletal muscle mass was de-
termined by bioelectrical impedance analysis (BIA) and de-
fined using the Janssen cut-offs13 of ≤6.75 kg/m2 in women,
and ≤10.75 kg/m2 in men. Participant inclusion criteria were
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based on the EWGSOP1 criteria rather than the updated 2019
EWGSOP2 criteria as the latter were published after recruit-
ment and the majority of the data collection were complete.

Participants were randomized to receive either the control
(CON) supplement or one of the two intervention supple-
ments: LEU-PRO or LEU-PRO+n-3. The primary outcome was
appendicular lean mass (ALM) measured by dual-energy X-
ray absorptiometry (DXA). Secondary outcomes relevant to
the current analysis were lower extremity muscle strength,
physical performance, BMI, fat mass, daily step count, dietary
intake, erythrocyte phospholipid fatty acid composition, and
biochemical markers of metabolic health and renal function
[fasting concentrations of serum TG, total cholesterol,
high-density lipoprotein (HDL) cholesterol, creatinine, urea,
cystatin c, glucose, high sensitivity C-reactive protein (hsCRP),
insulin, insulin-like growth factor 1 (IGF-1), plasma total and
high molecular weight (HMW) adiponectin, and total 25
(OH)D), and estimated glomerular filtration rate (eGFR)].

Of those individuals originally randomized (n = 107), partic-
ipants were excluded from this secondary analysis if they did
not complete the 24 week trial (n = 23) or violated the study
protocol (n = 1). This resulted in a final sample of 83 partici-
pants in the current analysis (Supporting Information, Figure
S1). Sample size for the trial was determined based on the
primary analysis of group-based differences. As reported pre-
viously, we calculated that a sample size of 104 would be re-
quired for the analysis of group-based differences at alpha
level of 0.05 and beta level of 0.80, with the assumption that
there would be a ~20% dropout rate in all groups (G*Power
v3.1). As the current analysis of interindividual variability is
exploratory, no power calculations were performed.

Nutritional intervention

The supplements were taste-matched and energy-matched
and were manufactured by Smartfish (Norway). Per serving,
the LEU-PRO and LEU-PRO+n-3 supplements contained
10.6 g whey protein and 3.1 g total leucine, whereas the
LEU-PRO+n-3 supplement also contained 0.8 g EPA and
1.1 g DHA. Full compositional details of supplements
(CON, LEU-PRO, and LEU-PRO+n-3) are shown in Table S1.
To supplement lower protein meals, participants were
asked to consume two of their supplements per day:
one directly before breakfast and the other directly
before their second light meal of the day (lunch or evening
meal depending on the individual’s meal pattern).

Body composition, strength, physical performance,
and metabolic markers

Appendicular lean mass and fat mass were evaluated via
DXA (GE-LUNAR iDXA, Aymes Medical). Skeletal muscle bi-

opsies were performed in n = 33 participants on the non-
dominant vastus lateralis 72 h and ~1 h prior to DXA scan-
ning. This resulted in variable degree of local muscle oe-
dema which had the potential to impact ALM values.
Therefore, ‘adjusted’ ALM was calculated in all participants
(including those who underwent biopsies and those who
did not) by summing lean soft tissue in the arms plus the
dominant leg. Isometric knee extensor peak torque and iso-
metric knee flexor peak torque at 90° of knee flexion, and
isokinetic knee extensor peak torque at 60°/s and at
120°/s were measured on the dominant leg using a dyna-
mometer (Cybex NORM, Humac, USA), as described
previously.11 Composite leg strength was calculated as the
sum of the four peak torque measurements. TUG perfor-
mance was assessed twice, with the average used in the
analysis. Biochemical measurements were measured as de-
scribed previously.11

Diet, physical activity, and compliance

Participants wore a pedometer (Piezo SC-StepX™, StepsCount,
Canada) to measure their daily step count for 3 days immedi-
ately before their PRE-intervention and POST-intervention
visits. Dietary intake was assessed via a 24 h recall performed
by a research dietitian or nutritionist using the five-step mul-
tiple-pass method at PRE-intervention and POST-intervention
visits. Compliance was assessed via supplement logs.

Metabolomics

To gain further insight into the metabolic effects of the nutri-
tional supplements, metabolomics analyses of
PRE-intervention and POST-intervention serum samples were
performed using nuclear magnetic resonance (NMR)
spectroscopy and gas chromatography–mass spectrometry
(GC–MS). For GC–MS analysis, plasma amino acid concentra-
tions were determined using the Phenomenex EZfaast™

(Phenomenex, Cheshire, United Kingdom) amino acid analysis
kit, as per the manufacturer’s instructions. Details of NMR
analyses are provided in the Supporting Information.

Statistical analyses

Group responses among the participants included in this sec-
ondary analysis were summarized using a linear mixed model
with group (CON, LEU-PRO, and LEU-PRO+n-3) as a fixed fac-
tor, participants as a random factor, and PRE-intervention
value as a covariate. Contrasts were constructed to estimate
the differences between CON and the two intervention
groups POST-intervention, with PRE-intervention values as
covariate. For all analyses, significance was accepted at
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P < 0.05. Analyses were performed using SPSS except for the
NMR data (version 24.0, Chicago, IL, USA).

Analysis of variability in individual responses to LEU-PRO and
LEU-PRO+n-3 supplementation
To quantify interindividual variability in response to LEU-PRO
and LEU-PRO+n-3 supplementation, the variation due to ran-
dom measurement error and within-subject variability was
separated from the variation derived from LEU-PRO/LEU-
PRO+n-3 supplementation per se by using the following equa-
tion described by Atkinson and Batterham5: SDR = √((SDΔI)

2-

� (SDΔC)
2). In this equation, SDΔI and SDΔC represent the

SD values of the change (from PRE-intervention to POST-in-
tervention) in the intervention (LEU-PRO or LEU-PRO+n-3)
and CON groups, respectively. SDR (the standard deviation
of individual responses) estimates the true interindividual
variation in response to supplementation (LEU-PRO or LEU-
PRO+n-3) by removing the observed variability in the
time-matched CON arm (which provides an estimate of the
variability due to measurement error and within-subject var-
iation) from the intervention arms. If the SDR is positive and
greater than a pre-specified minimally clinically important dif-
ference (MCID), this indicates that there is clinically meaning-
ful interindividual variability in response to the intervention
(LEU-PRO/LEU-PRO+n-3 supplementation in this case). For
TUG performance, we used the MCID estimated previously
at 0.9 s.14 For TG concentrations, we set the MCID at
0.1 mmol/L based on evidence that a 0.1 mmol/L reduction
in TG concentrations is associated with a 5% decrease in cor-
onary events.15 In the absence of a universally accepted
MCID for adjusted ALM and composite leg strength, we con-
sidered the MCID to be equivalent to the expected
age-related decline over a 2 year period (e.g. ~1.6% for ad-
justed ALM,16 ~6% for composite strength16). Based on the
PRE-intervention cohort means, this translated to an MCID
0.21 kg for adjusted ALM and 19 Nm for composite strength.
Upper and lower 90% confidence intervals were calculated
for each SDR according to the equation recommended by
Hopkins.4

Classification of individual responses
The probability that true individual responses were greater
than the MCID after adjusting for the typical error of mea-
surement were calculated for each individual and categorized
as ‘very unlikely’ = <5% chance, ‘unlikely’ = 5–24% chance,
‘possibly’ = 25–74% chance, ‘likely’ = 75–94% chance, or ‘very
likely’ = 95–100% chance using an open access excel spread-
sheet developed by Hopkins.17 Typical error of the measure-
ment is due to technical error introduced by instrumentation
and/or tester reliability and the random day-to-day variability
in biological factors capable of altering the measured out-
come variable (e.g. the individual’s psychological and/or
physical state at the time of testing).18 Typical error of the
measurement was calculated as TE = (SDΔC)/√2.

18,19 The pro-

portion of participants with responses that were very likely,
likely, possibly, unlikely, and very unlikely to represent
clinically meaningful (i) improvement responses and
(ii) adverse responses were compared across groups using a
Kruskal–Wallis H-test.

Analysis of determinants of individual variability in responses
to LEU-PRO and LEU-PRO+n-3 supplementation
To assess potential determinants of interindividual variability
in the responses, we used the method recommended by
Hopkins4 and Atkinson and Batterham.5 We performed a lin-
ear mixed model with group (CON, LEU-PRO, and LEU-PRO+n-
3) as a fixed factor and entered additional binary-coded
‘dummy’ covariates as random factors (slope) to allow for ex-
tra variance in the change scores in each of the intervention
groups compared with the CON group. Each potential moder-
ator (age, sex, and PRE-intervention values for the outcome,
number of medical conditions, number of medications, BMI,
fat mass, daily step count, dietary intake [total protein, total
leucine, number of daily meals with ≥3 g leucine/meals, en-
ergy], relative erythrocyte fatty acid composition [% of EPA,
DHA, n-6 PUFA, and SFA], plasma vitamin D concentration,
metabolic and renal function markers [hsCRP, HOMA-IR, ath-
erogenic index of plasma (AIP), cystatin c, total and HMW ad-
iponectin, IGF-1 concentrations, and eGFR], ALM and
composite strength) and mediator (reported compliance,
and change from PRE-intervention to POST-intervention in
the aforementioned moderators except for age and sex) of
response was added separately to the model as a covariate
and interacted with group. Differences were considered sig-
nificant with a false discovery rate of 0.1 after a Benjamini–-
Hochberg procedure was performed to adjust for the
multiple comparisons.

Metabolomics
General linear models were constructed with
POST-intervention serum amino acid concentrations as a de-
pendent factor, PRE-intervention amino acid concentrations
as the covariate factor, and supplement group and sex as
fixed factors. Multivariate statistical analysis of NMR data
was carried out using SIMCA 13 (SIMCA Version 13.0.3.0
Umetrics, AB). Data sets were scaled using Pareto scaling.
Principal component analysis (PCA) was performed providing
an overview of the data. The data set was divided into three
groups, based on the three supplement codes and the time
point of the sample. Partial least squares discriminant analy-
sis (PLS-DA) was used to examine differences between
PRE-intervention and POST-intervention time points per
group. PLS-DA models were validated using permutation test-
ing. The PLS-DA model produced variable importance of pro-
jection (VIP) scores that indicate the most differential
spectral regions between the time points for each group,
with a cut-off of ≥1.5. Orthogonal projections to latent struc-
tures discriminant analysis (OPLS-DA) were performed to ob-
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serve differences between PRE-intervention and
POST-intervention samples for each group, from which
S-line plots were generated.

Results

No group-level effects of LEU-PRO or LEU-PRO+n-3
on ALM, strength, TUG, or serum TG

Characteristics of the participants included in this secondary
analysis (n = 83) are summarized in Table 1. Of these partici-
pants, 61 (73.5%) were pre-sarcopenic, 20 (24.1%) were

sarcopenic, and 2 (2.4%) were dynapenic with normal muscle
mass according to the EWGSOP1 criteria. There was no differ-
ence across the supplementation groups in the proportion of
participants within each of these categories (P = 0.27,
Table 1). In this cohort, the linear mixed model revealed no
significant group-level effects of 24 weeks of LEU-PRO or
LEU-PRO+n-3 supplementation on adjusted ALM (between-
group effect [95% CI] LEU-PRO: 0.04 kg [�0.18 kg, 0.26 kg],
P = 0.71, LEU-PRO+n-3: �0.05 kg [�0.27 kg, 0.17 kg],
P = 0.65), composite leg strength (LEU-PRO: 3 Nm
[�23 Nm, 28 Nm], P = 0.83, LEU-PRO+n-3: �18 Nm
[�43 Nm, 7 Nm], P = 0.16), TUG (LEU-PRO: 0.3 s [�0.1 s,
0.7 s], P = 0.20, LEU-PRO+n-3: 0.4 s [0.0 s, 0.8 s], P = 0.05),
or serum TG concentration (LEU-PRO: 0.02 mmol/L

Table 1 Baseline characteristics of participants

CON, n = 25 LEU-PRO, n = 28 LEU-PRO+n-3, n = 30

Sex
Female, n 11 13 15
Age, year 72 ± 7 70 ± 4 72 ± 6
BMI, kg/m2 25.3 ± 2.5 25.1 ± 3.5 27.1 ± 3.5
Fat mass, kg 22.9 ± 5.9 21.3 ± 7.5 25.4 ± 6.4
Number of medical conditions, n
0 8 12 11
1 7 4 8
2 4 9 6
3 or more 6 3 5

Number of medications 2 ± 3 2 ± 2 2 ± 2
Sarcopenia status, n
Sarcopenic 6 5 9
Presarcopenic 19 23 19
Dynapenic with normal muscle mass 0 0 2

SMMI, kg/m2 (BIA)
Female 5.7 ± 0.5 5.7 ± 0.3 5.8 ± 0.7
Male 8.2 ± 0.7 8.7 ± 0.8 8.8 ± 0.9

ALM, kg (DXA)
Female 16.6 ± 1.3 16.1 ± 2.0 15.7 ± 1.5
Male 23.8 ± 2.9 25.2 ± 3.7 24.4 ± 2.6

Handgrip strength, kg
Female 22.6 ± 5.4 22.2 ± 5.3 19.3 ± 4.5
Male 39.6 ± .1 39.1 ± 6.6 37.0 ± 6.2

TUG, s 7.0 ± 1.4 6.8 ± 1.1 6.9 ± 1.2
Composite leg strength, Nm
Female 263 ± 55 241 ± 64 213 ± 59
Male 410 ± 108 422 ± 95 450 ± 94

TG, mmol/L 1.1 ± 0.4 1.0 ± 0.4 1.2 ± 0.6
HDL, mmol/L 1.6 ± 0.4 1.7 ± 0.4 1.7 ± 0.4
LDL, mmol/L 3.5 ± 0.8 3.6 ± 0.7 3.3 ± 0.8
Glucose, mmol/L 5.9 ± 0.7 5.5 ± 0.5 5.8 ± 0.5
Insulin, mU/L 4.4 ± 2.3 4.1 ± 3.0 6.3 ± 3.3
HOMA-IR 1.2 ± .7 1.0 ± 0.8 1.7 ± 1.0
hsCRP, mg/L 1.6 ± 1.4 1.3 ± 1.0 1.9 ± 1.6
Cystatin C, mg/L 0.9 ± 0.2 0.8 ± 0.1 0.9 ± 0.2
eGFR, mL/min/1.73 m2 84.6 ± 18.8 95.9 ± 10.5 81.8 ± 20.9
Physical activity, steps/day 8,303 ± 5,280 8,721 ± 4,415 8,505 ± 3,723
25(OH)D, nmol/L 65 ± 36 66 ± 25 64 ± 24
EPA + DHA (% of total measured erythrocyte phospholipids) 7.7 ± 1.9 8.9 ± 2.1 7.7 ± 1.9
Dietary protein intake (g/kg/day) 1.1 ± 0.5 1.2 ± 0.4 1.0 ± 0.3

ALM, appendicular lean mass; BIA, bioelectrical impedance analysis; CON, control; DXA, dual-energy X-ray absorptiometry; hsCRP, high
sensitivity C-reactive protein; LEU-PRO, leucine-enriched protein; LEU-PRO+n-3, leucine-enriched protein plus long chain n-3 polyunsatu-
rated fatty acids; SMMI; skeletal muscle mass index, TG; serum triacylglycerol, TUG; timed up-and-go.
Values are means ± SD unless otherwise specified.
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[�0.26 mmol/L, 0.30 mmol/L], P = 0.90, LEU-PRO+n-3:
�0.23 mmol/L [�0.50 mmol/L, 0.04 mmol/L], P = 0.10), rela-
tive to the CON group.

Minimal interindividual variation in ALM, strength,
TUG, and serum TG concentration in response to
LEU-PRO or LEU-PRO+n-3 supplementation

Figure 1 illustrates the changes in adjusted ALM, composite
leg strength, TUG performance, and serum TG concentration
in the individual participants, as well as the SDR values with
90% confidence intervals. The SDR value represents the inter-
individual variability in response to supplementation, after
the effect of random measurement error and within-subject
variation has been removed. For composite strength, the
SDR was above the MCID (19 Nm) for both LEU-PRO (SDR:
25 Nm [90% CI: �29, 45]) and LEU-PRO+n-3 (SDR: 23 Nm
[90% CI: �29, 43]) supplementation. As the SDR values
exceeded the MCID, this signifies meaningfully more interin-
dividual variation in the LEU-PRO and LEU-PRO+n-3 groups
relative to CON, and therefore the presence of true, clinically
meaningful interindividual variability in response to LEU-PRO
and LEU-PRO+n-3 supplementation. However, the confidence
intervals were very wide, indicating substantial uncertainty.

For TUG, the SDR was positive for LEU-PRO (SDR: 0.58 s
[90% CI: 0.18, 0.80]) and LEU-PRO+n-3 (SDR: 0.73 s [90% CI:
0.41, 0.95]). Although the positive SDR values demonstrate
more interindividual variability in the intervention groups rel-
ative to CON, the SDR values were below the MCID (0.9 s), in-
dicating that the additional variability was not clinically
meaningful. For adjusted ALM (LEU-PRO: SDR �0.12 kg
[90% CI: �0.38, 0.35], LEU-PRO+n-3: SDR �0.32 kg [90% CI:
�0.45, 0.03]) and serum TG concentrations (LEU-PRO: SDR

�0.38 mmol/L [90% CI: �0.80, 0.25], LEU-PRO+n-3: SDR

�0.44 mmol/L [90% CI �0.63, 0.06]), the SDR values were
negative for both supplements. This demonstrates less inter-
individual variability in the intervention groups compared
with the CON group and therefore an absence of true interin-
dividual variability in response to LEU-PRO and LEU-PRO+n-3
supplementation.

Figure 1 also displays the probability that the individual
change values represent a clinically meaningful improvement
in the outcomes, after adjusting for the typical error of the
measurement. Table 2 shows the proportion of individuals
in each supplementation group whose changes were catego-
rized as very likely, likely, possibly, unlikely, and very unlikely
to represent clinically meaningful improvements (an increase
in ALM and composite leg strength, a decrease in time taken
to perform the TUG test and serum TG concentration). Table
3 displays the proportion of individuals in each supplementa-
tion group whose changes were categorized as very likely,
likely, possibly, unlikely, and very unlikely to represent clini-
cally meaningful adverse responses in the outcomes. The pro-

portion of individual responses categorized as very unlikely,
unlikely, possibly, likely, or very likely to represent meaning-
fully improvements, or meaningful adverse changes, did not
differ across the CON, LEU-PRO and LEU-PRO+n-3 groups for
any of the outcomes (P > 0.05, Tables 2 and 3).

A key element of precision nutrition is to identify or better
understand determinants (predictors) of dietary intervention
outcomes. However, none of the phenotypic, dietary, or life-
style determinants examined in the present study remained
significant after Benjamini–Hochberg correction for multiple
comparisons (further details of determinants that were sig-
nificant prior to correction are provided in the Supporting
Information).

Minor alterations in metabolomic profiles
following LEUPRO+n-3 supplementation

There was no major impact of either LEU-PRO or LEU-PRO+n-
3 supplementation on fasting serum amino acid concentra-
tion profiles, with only one amino acid changing across the
groups (Table S2). PCA analysis (Figure S2) did not reveal
any separation according to supplementation group in the
post intervention samples. A supervised PLS-DA model was
obtained for the LEU-PRO+n-3 group (Q2 value 0.608, R2

value 0.516, Figure 2A), but not for the CON or LEU-PRO
groups. Permutation tests determined that the model was ro-
bust (intercepts R2 = (0.0, 0.156), Q2 = (0.0, �0.151). An S-line
was generated from the OPLS-DA model which identified dis-
criminant regions of the spectra in the LEU-PRO+n-3 group
PRE-intervention and POST-intervention. The metabolomic
profile of the LEU-PRO+n-3 group demonstrated that lactate
and LDL/VLDL metabolites were higher PRE-intervention,
compared with POST-intervention. Also, metabolites directly
related to n-3 PUFA metabolism increased POST-supplemen-
tation, relative to PRE-supplementation (Figure 2B). There-
fore, the metabolomic profile alteration was probably due
to LC n-3 PUFA rather than amino acid supplementation.

Discussion

Using a novel approach, we report that there is little evidence
of clinically meaningful interindividual variability in ALM, leg
strength, physical performance, and TG responses to
24 weeks of LEU-PRO or LEU-PRO+n-3 supplementation in
older adults at risk of sarcopenia, after accounting for mea-
surement error and random within-subject variation. Further-
more, using individual probabilities of true response, we
extend the binary categorization of participants as ‘re-
sponders’ or ‘non-responders’ used in some,6,7,9 but not
all,20,21 studies and show that the proportion of individuals
whose ALM, leg strength, physical performance, and TG
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Figure 1 Change in adjusted ALM, composite leg strength, TUG performance and serum TG concentrations from PRE-intervention to
POST-intervention for each individual participant per group. Bars represent change in the outcome variable for each participant. SDR, SD of the inter-
individual variation in response due to supplementation (LEU-PRO/LEU-PRO+n-3) after accounting for measurement error and within-subject variation.
The colour of the bar indicates the likelihood that the participant’s observed response represents a clinically meaningful improvement (increase in ALM
and strength, decrease in TUG and TG). ALM, appendicular lean mass, LEU-PRO, leucine-enriched protein; LEU-PRO+n-3, leucine-enriched protein plus
long chain n-3 polyunsaturated fatty acids; TG, serum triacylglycerol concentration; TUG, timed up-and-go.
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changes were very likely, likely, possibly, unlikely, and very un-
likely to represent clinically meaningful improvements or
adverse changes were similar between the groups supple-
mented with LEU-PRO, LEU-PRO+n-3 and CON. The analytical
approaches presented here can be used in future nutrition in-
tervention studies to advance precision nutrition research.

To our knowledge, this is the first study that examined the
individual responses to a nutrition intervention for sarcope-
nia. Sarcopenia is a disease characterized by diminished skel-
etal muscle strength and mass that contributes substantially
to physical disability, falls, dependency, and reduced quality
of life among older people.22 Intervention studies often yield
inconsistent results with respect to the impact of various nu-
tritional strategies, such as protein,23–27 amino acid,23 and LC
n-3 PUFA28–30 supplementation, on muscle mass and function
in older adults. One of the reasons for this could be that the
use of mean outcomes masks or conflates higher responder
and lower responder populations, thus underestimating ben-
efit in a responsive population.31 On this basis, despite previ-
ously observing no beneficial effects of 24 weeks of LEU-PRO
and LEU-PRO+n-3 supplementation on ALM, strength and
TUG, and a small reduction in serum TG following LEU-PRO
+n-3, at the group mean level,11 we hypothesized that there
would be considerable interindividual variation in response
to the LEU-PRO and LEU-PRO+n-3 supplementation. Counter
to our hypothesis, the SDR (a measure of the amount by
which the true effect of the intervention differs between
individuals4) and associated confidence intervals were not
consistent with there being clinically meaningful interindivid-
ual variability in the ALM, strength, TUG and TG responses to
LEU-PRO or LEU-PRO+n-3 supplementation. Moreover, simi-
lar proportions of participant responses were categorized as
very likely, likely, possibly, unlikely, and very unlikely to repre-
sent clinically meaningful improvements and adverse changes
across the LEU-PRO, LEU-PRO+n-3, and CON groups, after ac-
counting for typical error of the measurement. This suggests
that the previously reported group mean results11 were not
masking higher responder populations specifically in the
LEU-PRO and LEU-PRO+n-3 supplementation groups.

Variable baseline nutritional and/or metabolic status is a
plausible and commonly cited explanation for the inconsis-
tency between studies in the reported impact of protein
and LC n-3 PUFA supplementation in older adults.23,32

Counter to this notion however, despite a wide
between-participant range in PRE-intervention protein intake
(0.4 to 2.2 g/kg/day, 37% of the cohort had a dietary protein
intake <1 g/kg/day) and LC n-3 PUFA status (erythrocyte
EPA + DHA content 4.4% to 17.0% of total membrane fatty
acids), we observed no association between these nutritional
status measures, or numerous other dietary, phenotypic, or
behavioural variables, and the responses to LEU-PRO and
LEU-PRO+n-3 supplementation. Thus, our analyses imply that
the phenotype and nutritional status of our participants are
unlikely to explain the lack of observed group-level effect of

Table 2 Proportion (%) of individuals in each category of beneficial
response likelihood

CON (%) LEU-PRO (%) LEU-PRO+n-3 (%)

Δ Appendicular lean mass
Very unlikely 0 7.4 3.3
Unlikely 37.5 22.2 26.7
Possible 54.2 55.6 66.7
Likely 0 11.1 3.3
Very likely 8.3 3.7 0

Δ Composite leg strength
Very unlikely 4.5 7.7 10.3
Unlikely 27.3 26.9 31.0
Possible 54.6 42.3 51.7
Likely 9.1 19.2 7.0
Very likely 4.5 3.9 0.0

Δ TUG
Very unlikely 40.9 56.0 55.2
Unlikely 36.4 32.0 34.5
Possible 22.7 12.0 10.3
Likely 0 0 0
Very likely 0 0 0

Δ TG
Very unlikely 9.5 7.7 0
Unlikely 4.8 23.1 13.8
Possible 76.2 65.4 69.0
Likely 9.5 3.8 17.2
Very likely 0 0 0

LEU-PRO, leucine-enriched protein; LEU-PRO+n-3, leucine-enriched
protein plus long chain n-3 polyunsaturated fatty acids; TG, serum
triacylglycerol concentration; TUG, timed up-and-go.

Table 3 Proportion (%) of individuals in each category of adverse
response likelihood

CON (%) LEU-PRO (%) LEU-PRO+n-3 (%)

Δ Appendicular lean mass
Very unlikely 8.4 11.2 3.3
Unlikely 33.3 40.7 40.0
Possible 58.3 40.7 50.0
Likely 0 7.4 6.7
Very likely 0 0 0

Δ Composite leg strength
Very unlikely 4.5 19.3 6.9
Unlikely 36.4 26.9 31.0
Possible 50.0 46.2 51.7
Likely 9.1 3.8 6.9
Very likely 0 3.8 3.5

Δ TUG
Very unlikely 77.3 48.0 48.3
Unlikely 9.1 28.0 24.2
Possible 13.6 16.0 17.2
Likely 0 0 0
Very likely 0 8.0 10.3

Δ TG
Very unlikely 0 0 3.4
Unlikely 14.3 15.4 24.2
Possible 76.1 69.2 69.0
Likely 4.8 11.6 3.4
Very likely 4.8 3.8 0

LEU-PRO, leucine-enriched protein; LEU-PRO+n-3, leucine-enriched
protein plus long chain n-3 polyunsaturated fatty acids; TG, serum
triacylglycerol concentration; TUG, timed up-and-go.
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the LEU-PRO and LEU-PRO+n-3 supplementation interven-
tions, and further research will be required to untangle the
reasons for the inconsistency regarding the impact of LEU-
PRO and LC n-3 PUFA reported in the literature.11,24–26,28–30

Possible reasons for this inconsistency may include variations
the supplement dose, the intervention duration, the popula-
tion studied, the inclusion of a concomitant resistance exer-
cise intervention and the sample size. Yet, when comparing
studies that have reported favourable effects of supplementation
with LEU-PRO and/or LC n-3 PUFA25–28,33,34 in older adults to
those observing no effect,11,24,29,30 no clear pattern emergeswith
respect to the aforementioned factors. A further possibility is that
the provision of additional nutrients in the supplement, such as
vitamin D3, may serve to enhance the efficacy of the LEU-PRO
or LC n-3 PUFA. For example, in several trials that reported im-
provements in muscle mass and/or physical performance follow-

ing supplementation with LEU-PRO in older adults, vitamin D3

was co-ingested within the supplement.25–27,34 Vitamin D3 treat-
ment was previously shown to sensitize muscle cells to the stim-
ulatory effects of leucine and insulin on muscle protein synthesis
in culture35 and vitamin D supplementation may improve
strength in older adults.36

Our metabolomic data revealed that, interestingly, at the
group level, spectral regions related to LDL and VLDL were
higher PRE-supplementation in the LEU-PRO+n-3 group com-
pared with POST-supplementation, an observation that is
consistent with human kinetics studies showing reduced
VLDL production following LC n-3 PUFA supplementation.37

However, this did not translate into robust concomitant
alterations in either plasma cholesterol or TG concentrations,
highlighting the sensitivity of NMR-based approaches relative
to classical lipoprotein concentration measurements.

Figure 2 (A) PLS-DA score plot of
1
H-NMR serum data of PRE- compared with POST-intervention samples in the LEU-PRO+n-3 group (R

2
= 0.516;

Q2 = 0.608). t[1], PLS component 1; t[2], principal component. White squares represent PRE-intervention samples and black squares represent
POST-intervention samples for participants supplemented with LEU-PRO+n-3. (B) S-line plot from OPLS-DA model of 1H-NMR data from
PRE-intervention to POST-intervention in the LEU-PRO+n-3 group.

1
H-NMR, proton nuclear magnetic resonance; OPLS-DA, orthogonal projections to

latent structures discriminant analysis; PLS-DA, partial least squares discriminant analysis.
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This study has several limitations. Firstly, as it is a second-
ary analysis of a randomized controlled trial, the sample size
was derived from a power calculation for the expected mean
changes in the primary outcome (ALM) rather than for the
analysis of individual responses. Designing studies to interro-
gate individual response variability requires exceptionally
large sample sizes (e.g. four times the sample size needed
to observe a mean effect)38 and therefore represents a signif-
icant challenge. Secondly, except for TUG, our data are based
on a single assessment of each outcome PRE-intervention
and POST-intervention, as is common practice in randomized
controlled trials. Nonetheless, conducting several testing ses-
sions at each time point and computing the average would
have reduced the impact of measurement error and in-
creased the accuracy of the estimate of each individual’s true
value. Thirdly, as there are no universally accepted MCIDs for
changes in ALM and composite leg strength, we used a prag-
matic value based on mean biannual losses derived from a
longitudinal study of ageing.16 A common alternative in the
absence of established MCIDs is to use the PRE-intervention
between-subject SD to calculate the effect size (Cohen’s d)
equivalent to a small effect. In our study, the latter yields
larger MCIDs (0.64 kg for adjusted ALM, 25 Nm for composite
strength) compared with the pragmatic estimates (0.21 kg,
19 Nm), however this would not have changed our conclu-
sions. Rather, it would have strengthened our finding of a lack
of meaningful interindividual variability in response to the
LEU-PRO and LEU-PRO+n-3 interventions for those outcomes.
Finally, the fact that our intervention was ineffective at im-
proving any of the outcomes may have prevented us from ob-
serving interindividual variability in response to the
supplements.

Strengths of this study include that the individual data are
based on a well-conducted randomized, double-blind, pla-
cebo-controlled trial, which included objectively measured
LC n-3 PUFA status and physical activity. Furthermore, we
used robust statistical methods to isolate the individual vari-
ation attributable to LEU-PRO/LEU-PRO+n-3 supplementation
per se from the variation from sources not attributable to the
intervention, which has not been done before in nutrition in-
tervention studies.

In conclusion, applying a novel approach we demonstrate
that LEU-PRO and LEU-PRO+n-3 supplementation are mini-
mally responsible for the interindividual variability in ob-
served ALM, strength, physical performance, and serum
TG concentration changes over 24 weeks in older adults
at risk of sarcopenia. The proportion of individual observed
responses classified as very likely, likely, possibly, unlikely,
and very unlikely to represent clinical improvements or ad-
verse changes were similar between the groups supple-
mented with LEU-PRO, LEU-PRO+n-3 and CON. We
observed no associations between baseline protein intake,
LC n-3 PUFA status or any other measured phenotypic, die-
tary, or behavioural variable and responsiveness to the LEU-

PRO or LEU-PRO+n-3 supplementation. Our approach will
inform future research in the field of precision nutrition,
in terms of applying more robust statistical approaches to
analysing and understanding potential efficacy of dietary in-
terventions on individuals.
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