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Abstract
Ageing leads to a progressive loss of muscle function (MF) and quality (MQ: muscle strength (MS)/lean muscle mass (LM)). Power training and
protein (PROT) supplementation have been proposed as efficient interventions to improveMF andMQ.Discrepancies between results appear to
be mainly related to the type and/or dose of proteins used. The present study aimed at determining whether or not mixed power training (MPT)
combined with fast-digested PROT (F-PROT) leads to greater improvements in MF and MQ in elderly men than MPT combined with slow-
digested PROT (S-PROT) or MPT alone. Sixty elderly men (age 69 (SD 7) years; BMI 18–30 kg/m2) were randomised into three groups: (1)
placeboþMPT (PLA; n 19); (2) F-PROTþMPT (n 21) and (3) S-PROTþMPT (n 20) completed the intervention. LM, handgrip and knee exten-
sor MS and MQ, functional capacity, serummetabolic markers, skeletal muscle characteristics, dietary intake and total energy expenditure were
measured. The interventions consisted in 12 weeks of MPT (3 times/week; 1 h/session) combined with a supplement (30 g:10 g per meal) of
F-PROT (whey) or S-PROT (casein) or a placebo. No difference was observed among groups for age, BMI, number of steps and dietary intake
pre- and post-intervention. All groups improved significantly their LM, lower limbMS/MQ, functional capacity, muscle characteristics and serum
parameters following the MPT. Importantly, no difference between groups was observed following the MPT. Altogether, adding 30 g PROT/d to
MPT, regardless of the type, does not provide additional benefits to MPT alone in older men ingesting an adequate (i.e. above RDA) amount of
protein per d.
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Normal ageing is associated with physiological declines inmuscle
mass(1–3), strength (MS)(1–3) and quality (MQ) (MS/muscle
mass(4)). Ageing skeletal muscles display insulin resistance,
increased adipose tissue and lipid infiltration(5), altered architec-
ture(6) and reduced muscle fibre size and altered fibre-type
composition(7). These ageing-related muscle alterations and dys-
function dramatically reduce the quality of life of afflicted individ-
uals and increase the risks of falls, fractures and functional
incapacities(1–4) which in turn results in considerable healthcare
costs(8,9). Developing non-pharmacological approaches to

prevent functional declines associated with ageing therefore rep-
resents a pressing need for ageing societies to reduce the eco-
nomic burden.

Several interventions are known to reduce the aforemen-
tioned declines such as practicing physical activity(10–12), con-
suming a sufficient amount of protein and receiving nutritional
supplements(13–15). There are different types of physical activ-
ities, including resistance training, which is the most widely used
to prevent loss of muscle mass(11,16,17). However, power training
appears to be more efficient than resistance training for

Abbreviations: BM, body mass; FM, fat mass; F-PROT, fast protein supplementation; IGF-1, insulin-like growth factor-1; IGFBP3, insulin-like growth factor-bind-
ing protein 3; LL, lower limb; LM, lean mass; MF, muscle function; MHC, myosin heavy chain; MPT, mixed power training; MQ, muscle quality; MR, maximal
repetition; MS, muscle strength; S-PROT, slow protein supplementation; VL, vastus lateralis.
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improving MS(18). Indeed, power training, which is characterised
by high-velocity resistance training, confers greater benefits on
MS and overall quality than the traditional resistance
training(11,16). Hence, daily tasks require not only strength pro-
vided by resistance training but also a combination of strength
and power provided by power training(18–20). Furthermore, the
development of muscle power associated with this training is
highly related to functional task performance, for example,
improving the ability to rise from a chair, climb stairs and pos-
sibly protect from falling(21). Finally, the greater gain in MS
andMQ generated by power training is relevant considering that
these two variables are of major interest to prevent the onset of
functional disabilities(22).

The amount of proteins ingested also appears to play an
important role in maintaining muscle mass, MS and
MQ(14,17,23–27). Some studies(28,29), but not all, showed that a daily
protein intake above the actual RDA of 0·8 g/kg BM per d (BM,
body mass)(30) could attenuate muscle atrophy in older adults
and, therefore, prevent physical disabilities. More specifically,
it has been suggested that people aged over 60 years old should
increase their protein intake to approximately reach 1·2 g/kg BM
per d to prevent the loss of muscle mass andMS(31–34). Moreover,
1·6 g/kg BMper d represent a breaking point wheremusclemass
is unlikely to be further increased by resistance training(35). In
addition, a recent study showed that contrary to the current rec-
ommendation, equivalent to 20 g of protein permeal (for an indi-
vidual of 75 kg)(30), a protein ingestion of at least 25–30 g per
meal would be required to reach maximal muscle protein syn-
thesis in older men(14).

This phenomenon can be explained by numerous
ageing-related changes, including anabolic resistance, altered
hormonal responses, impaired intestinal absorption, reduced
perfusion(14,32,34,36–38), etc. caused, in part, by a decrease in pro-
tein absorption in elderly individuals. Therefore, elderly people
should consumemore protein than their younger counterparts to
counteract reduced protein absorption and synthesis(14,39).
Furthermore, some interventional studies demonstrated that
the type of protein, namely slow- or fast-digested proteins, which
is classified according to the speed of intestinal absorption of
dietary amino acids(40), could differently modulate protein
accretion(25–27,41). However, a recent meta-analysis has shown
that there is currently no evidence to advise that supplementa-
tion of protein or amino acids alone increases muscle mass or
MS in healthy elderly people(42).

When combined, protein supplementation (fast milk-based
protein; 10 g/d) and resistance training (4 months) can induce
greater improvement in leg fat-free mass and time to muscle fail-
ure than each of these interventions alone in sedentary older
men(43). These observations concur with those of Haub
et al.(44) who reported positive results when resistance training
was combined with protein supplementation independently of
the type of protein (beef v. soya) in elderly men. These results
are also in line with the meta-analysis by Liao et al.(45) showing
that protein supplementation combined with resistance training
leads, in comparison with these interventions performed alone,
to greater improvement in leg fat-free mass, fat mass (FM) and
MS but not functional capacities. However, Tieland et al.(46) con-
cluded that, in frail elderly individuals, MS and functional

capacities improved following 24 weeks of resistance training
but that protein supplementation (2 × 15 g/d of milk protein)
did not provide any additional benefit, except for increasing
muscle mass. Morton et al. showed additional benefits of protein
supplementation in meta-regression but concluded that this
effect is attenuated at older age. This conclusion has also been
supported in a recent meta-analysis performed by Finger
et al.(47). These apparent discrepancies could arise from
differences in the age of participants (60 years and over), sample
size, sex, obesity status, type of protein supplementation
(source, amount and timing of ingestion) or duration of the
intervention.

Thus, the potential effects of protein supplementation com-
bined with physical activity intervention on MQ in older adults
remain controversial, especially regarding the type and dose
of proteins that are required. Moreover, protein supplementation
has most often been tested in combination with resistance train-
ing, but its impact on MQ should be investigated in combination
with power training since the latter is particularly effective in
increasing MS.

Objective and hypotheses

The aim of the present study was to assess whether combining
fast protein supplementation with mixed power training (MPT;
power training mixed with functional exercises) would result
in greater improvement in muscle function (MF) and functional
capacity than either when MPT is combined with slow protein
supplementation or a placebo (see Methods) in older men over
60 years old. Our main hypotheses were that MPT would pro-
duce positive effects on MF and functional capacity in all groups
and that its effect would be potentiated when combined with
protein supplementation, especially fast proteins.

Methods

Participants and study design

This study is a per-protocol, randomised, double-blind/
controlled trial. Seventy-five older men aged over 60 years old
(69 (SD 7) years) were recruited from the community via social
communication (flyers and meetings in community centres) in
the Greater Montreal area. This study included men exclusively
considering that they experience a greater loss of lean mass (LM)
(3 v. 1·7 % per year for women(48)) and a shorter life expectancy
than women(48). To be included in the study, participants had to
(1) have a BMI between 18 and 30 kg/m2; (2) be sedentary
(<120min of physical activity/week; (3) not be on protein sup-
plement; (4) have a stable weight over the last 6 months and (5)
have no physical activity restriction. Participants were excluded
from this study if they (1) had physical disability or orthopaedic
problem; (2) took medication or had condition known to affect
muscle metabolism (chronic obstructive pulmonary disease,
etc.); (3) had cognitive impairment (Montreal Cognitive
Assessment score< 26); (4) were smoker and heavy drinker
(>2 drinks/d) and (5) had protein allergy, lactose intolerance,
any acute health condition, known hepatic or renal diseases
and asthma. All procedures were approved by the Ethics
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Committee of the University of Quebec at Montreal (CIEREH –

UQAM; No.: A-120006). All participants were fully informed
about the nature, goal, procedures and risks of the study and
gave their written informed consent. Upon enrolment, menwere
invited to visit the Département des sciences de l’activité phy-
sique at UQAM, where their body composition, MS and func-
tional capacity were assessed. After the completion of
baseline measurements to ensure their eligibility, participants
(range of initial protein intake (0·7–2·5) g/kg BM per d) were
randomised by blocks into three groups: (1) placebo (n 25);
(2) fast protein supplementation (F-PROT; n 25) and (3) slow
protein supplementation (S-PROT; n 25) but all performing
the exercise protocol. All measurements were repeated after
12 weeks of intervention (24–72 h after the last MPT session).

Interventions

Protein supplementation. PROT consisted of a daily ingestion
of three doses of powder (10 g of proteins (322 kJ (77 kcal) per
single dose)) frommilk protein (casein orwhey proteins contain-
ing high leucine concentration) provided by Lactalis©. The pla-
cebo consisted of maltodextrin and had the same weight,
appearance, taste and number of energy content (322·168 kJ/
dose (77 kcal/dose)). The F-PROT was composed of the whey
protein, whereas the S-PROT consisted of the casein protein
as detailed in Table 1. Supplements were taken every day
(30 g) in three separate and equal drinks (powderþwater) dur-
ing meals (breakfast, lunch and dinner). More specifically, sub-
jects were instructed to take the supplement at the end of the
meals except during training days, where they were asked to
ingest their morning dose in the hour following the training ses-
sion, as recommended by Yang et al.(49). The dose and pattern of
protein supplement distribution were based on results from
Symons et al.(50) and from our laboratory(51). The treatment
was assigned (slow, fast or control) to each subject’s number,
based on a pattern that was kept blinded from the research per-
sonnel. The laboratory received the containers identified by the
subject number and accompanied by a sealed individual
envelope that contained the nature of the supplement.
Envelopes were kept in a locked container, and codes were bro-
ken at the end of the study. All investigators and participants
were kept blinded from the nature of the supplement until com-
pletion of data collection and analysis. Compliance was assessed
by giving supplementation each month and by randomly
assigning different quantity of powder (lower, equal or higher)
to participants independently of the supplementation. Based on

this amount, the staff knew when participant needed to come
back to renew the prescription and could therefore control sup-
plementation compliance.

Mixed power training. The physical activity intervention was a
power training programme mixed with functional exercises
hence the name MPT. It consisted of 12 weeks of three non-
consecutive sessions supervised by kinesiologists. All pre-
intervention measurements were repeated at no more than 7 d
following the last MPT session. The level of difficulty was con-
trolled and adjusted (augmenting instability or increasing load)
according to a modified Borg fatigue Scale (1–10)(42) and the
observations made by the kinesiologists. Each training session
began with a 10-min warm-up period (treadmill or ergocycle
(1–3 onBorg Scale)) and endedwith 10-min stretching exercises.
The core of the training session was divided into two distinctive
parts. The first part consisted of four high velocity loaded exer-
cises: (a) leg curl; (b) chest press; (c) lateral pull down and
(d) seated leg press. The participants were instructed to contract
as fast as possible for the concentric phase and to slowly control
the eccentric phase of each contraction under the supervision of
the kinesiologists. The tempo resembled a 1-0-2-1 (1-s concen-
tric, 0-s isometric, 2-s eccentric and 1-s rest between
contractions). A 1-min rest was given between each set, and a
maximum of 3 min was given between each exercise.
A 1-maximal repetition (MR) test was conducted at weeks 2
and 6 to ensure that training intensity reached 80 % of the 1-MR
(8–10 Borg Scale). The first 2 weeks were used as a habituation
period, and participants performed three sets of 10–12 repeti-
tions (intensity: first set at 3–5 Borg Scale and the two other sets
at 6–8 Borg Scale). The following weeks, the participants per-
formed the first set at 50 % of the 1-MR (3–6 on Borg Scale)
and the two last sets at 80 % of the 1-MR (8–10 Borg Scale).
From week 7, an additional set was added for each exercise.
During the 12-week intervention, if they were able to complete
all sets of twelve (not less) repetitions during three consecutive
sessions and with the kinesiologist approval, the load was
increased between 3 and 5 % of the previous load. The second
part consisted of performing three sets of ten repetitions of six
functional exercises that targeted posture and balance: (a) squats
against the wall with a Swiss ball, (b) pelvis rotation on a Swiss
ball, (c) shoulder external rotations, (d) stair (20 cm) climbing,
(e) biceps curls with dumbbells and (f) bird-dog exercise (from
a hands-and-knees position, one leg extends back, while the
opposite arm extends forward). All functional exercises were
performed at minimally 8 on the Borg Scale. In each part (power
and functional), the exercises were performed randomly. As per
protocol study design, subjects who accomplished <80 %
(twenty-nine out of thirty-six sessions) of the training sessions
were excluded from the study.

Anthropometric measurement and body composition

BM and standing height were determined using an electronic
scale (Tanita 558) and a stadiometer (Seca), respectively. BMI
was calculated as follow as: BM (kg)/height (m)2. Total body
composition (LM (excluding bones) and FM) was measured
by dual-energy X-ray absorptiometry (GE Prodigy Lunar).

Table 1. Composition of the supplementation*

F-PROT (per dose) S-PROT (per dose) Placebo (per dose)

322 kJ 322 kJ 322 kJ
10 g of protein

(milk (whey))
10·1 g of protein

(casein)
0 g of protein

8·4 g of maltodextrin
(carbohydrate)

8·5 g of maltodextrin
(carbohydrate)

19·4 g of maltodextrin
(carbohydrate)

0·4 g of lipid 0·3 g of lipid 0 g of lipid

* Protein (slow and fast) and control nutrient composition in details (kJ, protein, carbo-
hydrate and lipid) for fast protein (F-PROT), slow protein (S-PROT) and placebo
(PLA) groups, respectively.
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Participants were required to remove all jewels prior to being
positioned on the dual-energy X-ray absorptiometry table.
Scans were performed with subjects in fasting state (12 h) and
in supine position. The entire body was scanned beginning at
the top of the head and moving in a rectilinear pattern down
the body to the feet. The regions of the body were automatically
determined by the system region of interest(52). The CV of this
device, in vivo, is 0·8 % for fat percentage, 2·1 % for total FM
and 1·5 % for total LM(53). The dual-energy X-ray absorptiometry
was regularly calibrated throughout the study, and the same spe-
cialised technician carried out measurements.

Muscle function

Lower and upper limb muscle strength. Maximum voluntary
handgrip strength wasmeasuredwith a hand dynamometer with
adjustable grip (Smedley-Type) as previously described(54).
Participants were standing upright and were instructed to apply
asmuch handgrip pressure as possible for at least 4 s, performing
the test three times alternating the right and left hand with 1min
between each set. The maximum score was recorded and
used for analyses. Maximum isometric knee extension strength
was assessed using 1-MR with the leg press as previously
described(55).

Lower limb muscle power. Lower limb (LL) muscle power was
measured using the Nottingham Leg Extensor Power rig(56). The
subject was seated and asked to push the pedal down as hard
and fast as possible, accelerating a flywheel attached to an
A-D converter(57). Power was recorded for each push until a pla-
teau/decrease was reached. This method of evaluating power is
safe, sensitive and reliable in older adults(57). In addition, based
on the functional sit-to-stand test, a power index was also calcu-
lated using the Takai equation, which has been shown to be
reliable, accurate and validated in older adults (see the equation
below)(58).

Takai equation : P ¼ L� Að Þ � BM � g � 10
T

where P is the power (watts); L is the leg length (the distance
from the greater trochanter of the femur to the lateral malleolus)
(m); A is the height of the chair (m); g is the acceleration due to
gravity (9·8 m/s2); 10 is the number of repetitions and T is the
time to perform the test.

Muscle quality. LL MQ was calculated using the maximum
knee extensor strength(55) (1-MR in kg) divided by the LL LM
(kg) measured by dual-energy X-ray absorptiometry. This defi-
nition of MQ is commonly used in large-scale studies because
of its relation with functional impairments(54,59).

Functional capacities

Participantswere asked to perform the 4mwalking test, the chair
stand test and the balance test from the validated Short Physical
Performance Battery(60) and the Timed Up &Go test and the stair
climbing test from the Senior Fitness Tests battery(61), which are
assessments of physical and mobility functions for the elderly.

Blood metabolic profile

A 15-ml blood sample was collected following an overnight fast
to assess fasting serum levels of biochemical and hormonal
markers.

Glucose was measured using the glucose oxidase method(62);
insulin was measured using a human insulin ELISA kit (Mercodia
ELISA assay; detection limit: 6 pmol/l per tube; intra-assay CV:
3·7 %). The homoeostatic model assessment of insulin resistance
index was calculated using the formula: fasting serum insulin
(pmol/l) × 0·167 × glucose (mmol/l)/22·5. The insulin sensitivity
index was calculated with the quantitative insulin sensitivity
check index (1/(log fasting insulin (μU/ml)þ log glucose
(mg/dl))).

Levels of total insulin-like growth factor-1 (IGF-1) (intra-assay
CV: 5·9 (SD 0·6) %; detection limit: 0·03 ng/ml) and insulin-like
growth factor-binding protein 3 (IGFBP3) (intra-assay CV: 3·9
(SD 0·4) %; detection limit: 0·14 ng/ml) were measured in a single
assay using human ELISA kits (IGF-1 DG100; IGFBP3 DGB300)
from R&D Systems Inc. The IGF-1:IGFBP3 molar ratio was cal-
culated considering that 1 ng/ml IGF-1= 0·130 nmol IGF-1 and
1 ng/ml IGFBP3= 0·036 nmol IGFBP3.

Serum leptin (intra-assay CV: 5·5 (SD 0·5) %; detection limit:
0·5 ng/ml) and total adiponectin (intra-assay CV: 3·9 (SD 0·4) %;
detection limit: 0·78 ng/ml) were also measured in a single assay
using human ELISA kits (leptin EZHL-80SK; adiponectin
EZHADP-61 K) from EDS Millipore.

Skeletal muscle characteristics

Muscle composition (peripheral quantitative computed
tomography scan). Peripheral quantitative computed tomogra-
phy scan of the right leg was obtained using the Stratec XCT3000
(STRATEC Medizintechnik GmbH; Division of Orthometrix) at
the 33 % distance of the femur, starting from the lateral epicon-
dyle up to the greater trochanter. The total length was entered
into the software as well as other scanning parameters, such
as voxel size (0·5 mm) and speed (10 mm/s). All peripheral
quantitative computed tomography scans were done by the
same trained operators for peripheral quantitative computed
tomography data acquisition following guidelines provided by
Bone Diagnostics, Inc. Image quality was visually assessed fol-
lowing data acquisition by a second evaluator who analysed
the data. The visual inspection rating scale classified all images
as a rate up to 3, according to a previously reported visual scale
of movement artifact(63). For image analysis, the freely available
source code for the peripheral quantitative computed tomogra-
phy density distribution plugin for BoneJ (version 1.3.11) was
used(64). BoneJ’s soft tissue analysis uses a 7 × 7 median filter
to reduce noise. Soft tissue and bone area and density were
defined according to the tissue thresholds selected. Muscular,
bone, intramuscular adipose tissue and subcutaneous adipose
tissue thresholds were defined based on parameters of a pre-
vious study(64), and results were all provided automatically in
the BoneJ analysis output. For muscle area, density and subcuta-
neous fat area, precision error ranges are reported to be between
2·1 and 3·7 %, 0·7 and 1·9 %, and 2·4 and 6·4 %, respectively, and
for intramuscular adipose tissue area, the less accurate measure,
varying from 3 to 42 %(65).
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Muscle architecture (ultrasound). Muscle architecture was
measured by real-time ultrasound (Portable ultrasound –

Sonosite Inc.). To standardise measurements, the length of the
femur was measured and a mark was made at the lower third
of the femur with a hypoallergenic pen (the same place used
formuscle composition)(66). Participants were seatedwith a knee
angle of 90°, and the legs were relaxed. Three images were
obtained using a 38 mm, 7·5MHz probe. The probe was coated
with a water-soluble transmission gel to provide acoustic contact
without depressing the dermal surface and was positioned
perpendicular to the dermal surface of the vastus lateralis
(VL) muscle and oriented along with the median longitudinal
plane of the muscle. Pennation angle, thickness and fibre length
were measured in the VL. The sagittal plane sonographs of the
VL were analysed by ImageJ software(66).

Skeletal muscle biopsies (phenotype). Skeletal muscle sam-
ples were obtained from the VL using Bergstrom needle
biopsy(67). The biopsy was performed under local anaesthesia.
Muscle histology was performed on solid pieces (50 mg),
mounted on high-density plastic blocks in tragacanth gum and
frozen in liquid isopentane cooled in liquid N2. Eight micron
thick serial cross sections were cut in a cryostat at –18°C and
mounted on lysine coated slides (Superfrost) to determine fibre
type and mitochondrial content as previously described(68).
Histology blocks were stored at –80°C until further analyses.
The first two sections were immunolabelled for the different
myosin heavy chains (MHC) as previously described(67,68). The
first cross sections of eachmuscle sample were used to immuno-
label for MHC type I, IIA and IIX. These cross sections were first
allowed to reach room temperature and rehydrated with PBS
(pH 7·2). These sections were then blocked using goat serum
(10 % in PBS) and incubated for 1 h at room temperature with
the following primary antibody cocktail: mouse IgG2b mono-
clonal anti-MHC type I (BA-F8, 1:25), mouse IgG1 monoclonal
anti-MHC type IIA (SC-71, 1:200), mouse IgM monoclonal
anti-MHC type IIX (6H1, 1:200) and rabbit IgG polyclonal anti-
laminin (Sigma L9393, 1:750). Muscle cross sections were then
washed three times in PBS before being incubated for 1 h at
room temperature with the following secondary antibody cock-
tail: Alexa Fluor 350 IgG2b (y2b) goat anti-mouse (Invitrogen,
A-21140, 1:500), Alexa Fluor 594 IgG1 (y1) Goat anti-mouse
(Invitrogen, A-21125, 1:100), Alexa Fluor 488 IgM goat anti-
mouse (Invitrogen, A-21042, 1:500) and Alexa Fluor 488 IgG goat
anti-rabbit (A-11008, 1:500). Muscle cross sections were sub-
sequently washed three times in PBS, and slides were then cover
slipped using Prolong Gold (Invitrogen, P36930) as a mounting
medium. All primary antibodies targeting MHC were purchased
from the Developmental Studies Hybridoma Bank (University
of Iowa).

Confounding variables

Dietary intakes. As previously described and validated in the
elderly population, dietary intake was assessed before and after
the intervention using the 3-d food record method (two week-
days and one weekend day)(69) and participants were asked
not to change their dietary habits during the intervention.

Dietary analyses (total energy and protein intake (g/kg BM
per d)) were completed by a nutritionist using the CANDAT
SYSTEM version 5.1 software (CANDAT, USDA Food file
(USDA SR28) & Canadian Food file (CNF2015))(69).

Physical activity level and frequency. Participants wore a
tri-axial accelerometer (Sensewear armband by BodyMedia©)
on their arm (at the mid-humerus level) for seven consecutive
days as recommended(70–72). This is the ‘gold standard’ port-
able instrument to measure the number of steps per d, sleep-
ing hours, inactive hours (hours spent in sedentary position;
defined as an absence of motion and acceleration captured
by the two-axis micro-electro-mechanical sensors) and also
to indicate the intensity of physical activity (such as physical
activity periods over three metabolic equivalents). The
device captures data through a two-axis accelerometer and
heat flux, galvanic skin response, skin temperature and
near-body ambient temperature sensors. The data like sex,
age, body weight, height, handedness and smoking status
were entered into the software (Armband Sensewear Standard
Software 8.0).

Sample size and statistical analysis

Based on the literature and according to the studied population
and our intervention, a difference of 20 kg(73,74) for LL MS was
expected between groups after the intervention. Using
G*Power Software, it was determined that a total of sixty partic-
ipants divided equally into three groups was required to achieve
a power of 80 %, with an alpha error of 0·05, at the end of the
study. Based on our previous studies(75,76), it was predicted that
the dropout rate would be 20 %; hence, seventy-five participants
were enrolled.

We used the general linear model approach which corre-
sponds here to a two-factor repeated-measures ANOVA to test
the intervention effect (time effect) and the protein supplemen-
tation effect (group effect) and their interaction (time × group
effect). Fibre size was analysed using a similar general linear
model approach with three-factor (time, group and fibre type)
repeated-measures (subjects) ANOVA. Fibre-type proportion
was analysed using a two-way Repeated Ordinal Regression.
The main effect of each independent variable (time and group)
was tested, as well as the effect of the interaction. Bonferroni post
hoc analyses were performed on all significant effects (i.e. for
intervention, protein, fibre size, fibre-type proportion and inter-
actions). Finally, delta changes (i.e. ((post − pre)/pre) × 100,
expressed in %) are provided in each table for the clinical signifi-
cance of the intervention.

Results of the present per-protocol study are presented as
mean values and standard deviations, and a P< 0·05was consid-
ered statistically significant. Analyses were performed using
R 3.6.2 software (R Core Team) with Rstudio software 1.2.5033.

Results

Participant’s characteristics

The dropout rate of the study was around 20 %, as
expected(73,74,77,78) (i.e. mostly for personal reasons, including
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lack of time and personal family issues). None of the participants
dropped because of injuries, lack of enjoyment or perceived
level of difficulty (intensity) related to the MPT. At the end of
the study, groups were composed as follows: (1) placebo with
MPT (PLA; n 19, 70·7 (SD 8·6) years); (2) F-PROT with MPT
(n 21, 68·3 (SD 5·3) years) and (3) S-PROT with MPT (n 20,
69·0 (SD 6·1) years) (Fig. 1). There were no differences in age
amongst participants of the three groups (one-way ANOVA,
group effect: 0·53). As displayed in Table 2, there was a signifi-
cant time effect (P= 0·01) and a time × group effect (P= 0·006)
for BMI but not between groups, at pre- and post-intervention.
Furthermore, no difference in the daily number of steps, dietary
protein intake and energy intake were observed indicating that
all participants maintained their lifestyle habits (Table 2).

Anthropometric measurement and body composition

As shown in Table 3 and Fig. 2, a time effect was observed on
total and trunk FM (% or kg) as well as on total and LL LM (kg).
No group effect could be evidenced. A time × group effect was
observed only on trunk FM (in kg; P= 0·01). Interestingly, only
the control group displayed a significant and clinically meaning-
ful (>5 %) decrease in trunk FM (P< 0·001).

Muscle function

A time effect was observed for handgrip strength (kg) as well as
for LL strength and quality (Fig. 3 and Table 4). However, no
group or group × interaction differences could be evidenced
observed (P> 0·05) (Fig. 3 and Table 4). Importantly, all groups
displayed a clinicallymeaningful increase in their LL strength and
quality (delta> 15 %; see Table 4).

Functional capacities

With the exception of the balance test, all groups displayed sig-
nificant improvement on the functional evaluations including the
stair test, chair stand test, Timed Up & Go test as well as in their
gait speed during a 4-m walking test (time effect; see Fig. 4 and
Table 5). All of these improvements were clinically meaningful
(>5 %). However, no group or group × time effects were
observed (P> 0·05; Table 5).

Blood metabolic profile

As shown in Table 6, a time effect was observed on serum insulin
and total adiponectin levels and on the quantitative insulin sen-
sitivity check index and homoeostatic model assessment of

Fig. 1. Study design – this figure describes the design of the study including the recruitment, all pre- and post-intervention tests and the interventional attrition in each
group. PT, power training; F-PROT, fast proteins; S-PROT; slow proteins; PLA, placebo.
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Table 2. General characteristics*
(Mean values and standard deviations; numbers)

T0 T12
Δ(((post − pre)/
pre) × 100; %)

Mean SD n Mean SD n Mean SD n

BMI (kg/m2) Time effect: 0·01, group effect: 0·31, time × group effect: 0·006 Intra-group time effect
F-PROT 26·7 3·0 21 27·0 3·1 21 0·02 1·14 1·80 21
S-PROT 26·0 3·5 20 26·4 3·2 20 0·001 2·06 3·50 20
Placebo 25·4 3·4 19 25·2 3·1 19 0·22 –0·51 2·31 19

PA (steps/d) Time effect: 0·34, group effect: 0·27, time × group effect: 0·98 Intra-group time effect
F-PROT 8281 3401 13 8880 3663 14 – 17·2 48·2 10
S-PROT 7070 2664 19 7783 2950 15 – 22·7 50·4 14
Placebo 8442 3274 17 9169 3305 11 – 6·4 57·2 9

PI (kg/kg body mass) Time effect: 0·11, group effect: 0·28, time × group effect: 0·93 Intra-group time effect
F-PROT 1·40 0·31 18 1·24 0·40 16 – –4·0 40·3 16
S-PROT 1·34 0·45 19 1·22 0·40 14 – –1·3 36·3 13
Placebo 1·48 0·36 18 1·41 0·31 13 – –2·9 28·4 13

Energy intake (kcal/d)† Time effect: 0·09, group effect: 0·93, time × group effect: 0·11 Intra-group time effect
F-PROT 2483 685 18 2200 683 16 – –10·0 23·3 16
S-PROT 2292 385 19 2413 808 14 – 9·8 34·3 13
Placebo 2543 506 18 2177 462 13 – –11·8 21·1 13

* PA (physical activity in numbers of steps/dmeasuredwith a tri-axial accelerometer), PI (protein intake in kg/kg bodymassmeasuredwith a 3-d food dietary record) and energy intake
(per d in kcal measured with a 3-d food dietary record) of participants of fast protein (F-PROT), slow protein (S-PROT) and placebo groups (group effect) pre (T0) and post (T12)
intervention (time effect),Δ (differences between post and pre values divided by pre value and expressed in%). Two-factor repeated-measures ANOVA to test the intervention effect
(time effect) and the protein supplementation effect (group effect) and their interaction (time × group effect).

† To convert kcal to kJ, multiply by 4·184.

Table 3. Body composition of the participants*
(Mean values and standard deviations; numbers)

T0 T12
Δ (((post − pre)/pre)

× 100; %)

Mean SD n Mean SD n Mean SD n

Total FM (%) Time effect: 0·004, group effect: 0·87, time × group effect: 0·07 Intra-group time effect
F-PROT 26·6 4·5 21 26·1 4·5 21 0·14 –1·9 6·3 21
S-PROT 26·4 8·2 20 26·3 7·6 20 0·78 1·9 11·8 20
Placebo 26·1 8·4 19 24·7 7·6 19 0·0007 –4·0 8·5 19

Total FM (kg) Time effect: 0·02, group effect: 0·79, time × group effect: 0·06 Intra-group time effect
F-PROT 20·9 5·2 21 20·2 5·7 21 0·11 –3·3 11·5 21
S-PROT 21·0 8·7 20 21·2 8·3 20 0·74 4·3 15·9 20
Placebo 20·2 8·5 19 18·8 7·3 19 0·003 –4·4 9·7 19

Trunk FM (%) Time effect: 0·02, group effect: 0·82, time × group effect: 0·16 Intra-group time effect
F-PROT 32·9 7·1 21 32·1 7·0 21 – –2·0 7·3 21
S-PROT 31·7 10·7 20 31·7 8·3 20 – 3·63 17·4 20
Placebo 31·4 11·6 19 29·8 10·5 19 – –2·6 11·0 19

Trunk FM (kg) Time effect: 0·03, group effect: 0·84, time × group effect: 0·01 Intra-group time effect
F-PROT 13·0 4·0 21 12·9 4·1 21 0·71 –0·4 9·4 21
S-PROT 12·8 6·2 20 12·8 5·9 20 0·91 6·4 23·4 20
Placebo 12·6 6·3 19 11·4 5·3 19 0·0003 –4·9 13·6 19

Total LM (kg) Time effect: 0·0001, group effect: 0·41, time × group effect: 0·85 Intra-group time effect
F-PROT 53·6 4·4 21 54·6 4·6 21 – 2·0 2·4 21
S-PROT 52·7 4·3 20 53·9 4·7 20 – 2·3 2·9 20
Placebo 51·6 5·6 19 52·5 5·6 19 – 1·9 2·3 19

LL LM (kg) Time effect: 0·0001, group effect: 0·47, time × group effect: 0·24 Intra-group time effect
F-PROT 19·0 2·2 21 19·4 2·3 21 – 1·8 3·3 21
S-PROT 19·0 1·9 20 19·5 2·1 20 – 2·9 2·6 20
Placebo 18·1 2·3 19 18·8 2·6 19 – 3·7 4·8 19

F-PROT, fast protein, S-PROT, slowprotein; placebo groups, (group effect) pre (T0) and post (T12) intervention (time effect);Δ, differences between post and pre values divided by pre
value and expressed in %; FM, fat mass; LM, lean mass; LL, lower limb.
* Two-factor repeated-measures ANOVA to test the intervention effect (time effect) and the protein supplementation effect (group effect) and their interaction (time × group
effect).
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Fig. 2. Effect of 12 weeks of power training (with fast, slow or without protein) on body composition – results pre- and post-intervention for fast proteins (F-PROT), slow
proteins (S-PROT) and control for (a) total fat mass (FM); (b) trunk FM; (c) total lean mass (LM) and (d) lower limb LM. Data are mean values and standard deviations.
* Significant difference (P< 0·05) between pre and post tests within groups using general linear model (GLM) repeated measures (2 × 2) and post hoc Bonferroni.
** Significant difference (P< 0·01) between pre and post tests using GLM repeated measures (2 × 2) and post hoc Bonferroni. , F-PROT (pre); , S-PROT
(pre); , placebo (pre); , F-PROT (post); , S-PROT (post); , placebo (post).
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Fig. 3. Effects of 12 weeks of power training (with fast, slow or without protein) on muscle function – results pre- and post-intervention for fast proteins (F-PROT), slow
proteins (S-PROT) and control for (a) handgrip strength (Newtons: N); (b) lower limb (LL) strength (N); (c) LL muscle quality (N/leg lean mass (kg)) and (d) LL strength
index (N/bodymass (kg)). Data in the graphs aremean values and standard deviations. * Significant difference (P< 0·05) between pre and post tests within groups using
general linear model (GLM) repeated measures (2 × 2) and post hoc Bonferroni. ** Significant difference (P< 0·01) between pre and post tests using GLM repeated
measures (2 × 2) and post hoc Bonferroni. , F-PROT (pre); , S-PROT (pre); , placebo (pre); , F-PROT (post); , S-PROT (post); , placebo (post).
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insulin resistance indexes. No group effect was observed on serum
metabolic profiles except for total IGF-1 levels. A time× group
effect was observed only for the quantitative insulin sensitivity
check index. More specifically, only the placebo group displayed
an increase in an index of insulin sensitivity (quantitative insulin
sensitivity check index; þ7%; P= 0·0005) (Table 6).

Skeletal muscle characteristics

Composition (computed tomography scan). No differences
in muscle composition were observed (Table 7). A time × group
effect for total and subcutaneous fat area was observed. Post hoc
analyses revealed that the F-PROT group displayed increases in
total and subcutaneous fat area (Table 7).

Table 4. Muscle function of the participants*
(Mean values and standard deviations; numbers)

T0 T12
Δ (((post − pre)/
pre) × 100; %)

Mean SD n Mean SD n Mean SD n

Handgrip strength (kg) Time effect: 0·04, group effect: 0·38, time × group effect: 0·80 Intra-group time effect
F-PROT 41·1 8·6 21 41·3 7·8 21 – 1·6 11·3 21
S-PROT 41·1 5·7 20 42·5 5·3 20 – 3·8 7·5 20
Placebo 38·4 5·5 19 39·8 5·7 19 – 3·9 7·1 19

LL strength (kg) Time effect: 0·0001, group effect: 0·12, time× group effect: 0·26 Intra-group time effect
F-PROT 156 44 21 220 92 21 – 39·8 36·7 21
S-PROT 137 32 20 181 47 20 – 33·9 23·1 20
Placebo 132 58 19 176 70 19 – 35·8 35·8 19

LL strength index (kg/kg BM) Time effect: <0·0001, group effect: 0·19, time× group effect: 0·35 Intra-group time effect
F-PROT 2·00 0·41 21 2·78 1·01 21 – 38·4 36·2 21
S-PROT 1·80 0·42 20 2·35 0·66 20 – 31·0 20·7 20
Placebo 1·75 0·70 19 2·35 0·82 19 – 36·2 17·5 13

LL muscle quality (kg/kg leg LM) Time effect: <0·0001, group effect: 0·10, time× goup effect: 0·25 Intra-group time effect
F-PROT 4·05 0·89 21 5·62 2·16 21 – 37·7 37·4 21
S-PROT 3·61 0·82 20 4·62 0·98 20 – 30·0 21·3 20
Placebo 3·58 1·31 19 4·62 1·47 19 – 31·6 20·8 19

F-PROT, fast protein; S-PROT, slow protein; placebo groups, (group effect) pre (T0) and post (T12) intervention (time effect);Δ, differences between pre and post values divided by pre
value and expressed in %; BM, body mass; LM, lean mass; LL, lower limb.
* Two-factor repeated-measures ANOVA to test the intervention effect (time effect) and the protein supplementation effect (group effect) and their interaction (time × group effect).
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Fig. 4. Effect of 12 weeks of power training (with fast, slow or without protein) on functional capacity – results pre- and post-intervention for fast proteins (F-PROT), slow
proteins (S-PROT) and control for the (a) 4-m walking test, (b) stair test, (c) balance test, (d) Timed-up & Go test and (e) chair-stand test. Data in the graphs are mean
values and standard deviations. * Significant difference (P< 0·05) between pre and post tests within groups using general linear model (GLM) repeated
measures (2 × 2) and post hoc Bonferroni. ** Significant difference (P< 0·01) between pre and post tests using GLM repeated measures (2 × 2) and post hoc
Bonferroni. , F-PROT (pre); , S-PROT (pre); , placebo (pre); , F-PROT (post); , S-PROT (post); , placebo (post).
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Architecture (ultrasounds). Regarding muscle architecture,
only a time effect on VL thickness is observed (P= 0·04; see
Table 8).

Phenotype (skeletal muscle biopsies). To portraymuscle phe-
notype, VL cross sections obtained from all participants who
underwent a biopsy were immunolabelled for the three MHC
isoforms expressed in human muscles. Using a three-factor
(time, group and fibre type) repeated-measures ANOVA, a time
effect (P< 0·0001), no group effect (P= 0·44), a fibre-type effect
(P< 0·0001), a time × fibre-type effect (P< 0·0001), a group ×
fibre-type effect (P< 0·0001), a time × group effect (P< 0·0001)
and a time × group × fibre-type effect (P< 0·0001) were
observed. As can be seen in Table 9, no between-group differ-
ence in fibre sizewas observed and this, regardless of fibre types,
after the intervention. MPT significantly increased the overall
fibre size in all groups. All groups displayed an increase in type
I fibre size after the intervention. Type IIA fibre size only
increased in the S-PROT and placebo groups, while type IIX fibre
size only increased in the S-PROT group (Table 9).

In our ordinal regression model to assess the impact of our
intervention on fibre-type proportion (see Fig. 5), only a signifi-
cant time × group effect was observed (P< 0·0001). All groups
had a similar fibre-type proportion at T0. No effect of the inter-
vention on fibre-type proportion was observed in our
F-PROT (n 7; I 57 %, I/IIA 0 %, IIA 32 %, IIA/IIX 5 %, IIX 6 % at
T0 and I 58 %, I/IIA 0 %, IIA 34 %, IIA/IIX 3 %, IIX 4 % at T12)
and Control (n 3; I 61 %, I/IIA 0 %, IIA 29 %, IIA/IIX 7 %, IIX

3 % at T0 and I 60 %, I/IIA 3 %, IIA 32 %, IIA/IIX 1 %, IIX 3 %)
groups. However, there was a significant shift in the S-PROT
group (P< 0·0001; n 7; I 52 %, I/IIA 1 %, IIA 36 %, IIA/IIX 8 %,
IIX 3 % at T0 and I 48 %, I/IIA 0 %, IIA 42 %, IIA/IIX 5 %, IIX
4 % at T12). At the end of our intervention, a significant differ-
ence in fibre-type proportion between S-PROT and placebo
groups (P= 0·04) was observed. It is however important to note
that care should be taken in the interpretation of this result due to
our small sample size in our placebo group (n 3).

Discussion

The aim of this study was to investigate if combining fast protein
supplementation with MPT results in greater improvement in MF
and functional capacities than combining slow protein with MPT
or using MPT alone in older men. Surprisingly and contrary to
our initial hypothesis, results showed that adding either slow
or fast protein supplementation toMPT did not provide any extra
benefit as compared with MPT intervention alone in these
healthy older men. These results are in line with the review
by Kim et al.(23) that reported persisting controversies regarding
protein supplementation and strength training. The present
results are also supported by several studies showing that, for
older individuals who already had a sufficient initial protein
intake, taking protein supplementation for 12 weeks, while
doing strength training, does not affect the rate of change in
MS and lean BM(44,79). Furthermore, Godard et al.(80), Walrand

Table 5. Functional capacities of the participants*
(Mean values and standard deviations; numbers)

T0 T12
Δ (((post − pre)/
pre) × 100; %)

Mean SD n Mean SD n Mean SD n

4-m walking test (s) Time effect: 0·002, group effect: 0·19, time× group effect: 0·62 Intra-group time effect
F-PROT 2·94 0·58 2·71 0·50 – –6·2 16·0
S-PROT 2·68 0·39 2·56 0·39 – –3·8 8·1
Placebo 2·88 0·37 2·74 0·36 – –4·2 11·5

4-m walking test (m/s) Time effect: 0·001, group effect: 0·17, time× group effect: 0·73 Intra-group time effect
F-PROT 1·41 0·26 1·52 0·23 – 9·4 18·3
S-PROT 1·52 0·22 1·59 0·22 – 4·6 8·9
Placebo 1·41 0·18 1·48 0·17 – 6·0 13·9

Stair test (nb of rep) Time effect: <0·0001, group effect: 0·33, time× group effect: 0·19 Intra-group time effect
F-PROT 30·7 5·9 21 33·1 5·3 21 – 8·8 9·3 21
S-PROT 32·0 4·4 20 36·2 6·0 20 – 13·3 36·3 20
Placebo 32·2 6·4 19 36·2 5·5 19 – 12·8 14·1 19

Balance test (s) Time effect: 0·09, group effect: 0·37, time× group effect: 0·51 Intra-group time effect
F-PROT 46·3 18·1 21 46·6 19·0 21 – 0·5 6·1 19
S-PROT 49·1 16·6 20 53·7 12·4 20 – 0·3 5·6 17
Placebo 42·7 19·5 19 45·9 17·1 18 – 6·9 11·9 18

Timed Up & Go (s) Time effect: 0·0001, group effect: 0·25, time× group effect: 0·85 Intra-group time effect
F-PROT 9·85 1·93 21 9·16 1·61 21 – –5·5 16·1 21
S-PROT 9·33 1·20 20 8·55 1·07 20 – –7·9 9·1 20
Placebo 9·82 1·24 19 9·27 1·18 19 – –5·1 10·5 19

Chair-stand test (nb of rep) Time effect: 0·0001, group effect: 0·32, time× group effect: 0·06 Intra-group time effect
F-PROT 19·4 2·9 18 19·0 3·4 15 – –10·1 14·8 15
S-PROT 22·0 3·8 20 19·4 3·3 17 – –12·3 15·5 17
Placebo 21·7 3·8 18 18·6 3·6 14 – –12·2 13·3 14

F-PROT, fast protein; S-PROT, slow protein; placebo groups, (group effect) pre (T0) and post (T12) intervention (time effect);Δ, differences between pre and post values divided by pre
value and expressed in %; nb, number; rep, repetition.
* Two-factor repeated-measures ANOVA to test the intervention effect (time effect) and the protein supplementation effect (group effect) and their interaction (time × group effect).
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et al.(81) andWelle & Thornton(82) showed no beneficial effect of
protein supplementation during exercise training in cohorts of
elderly men and women. On the other hand, the present results
differ from the bulk of evidence showing that combining protein
supplementation and training is more efficient for increasing
muscle mass and MS in elderly people than training
alone(24,31,51,83–86). A meta-analysis conducted by Liao et al.(45)

also concluded that combining resistance training and protein
supplementation may have stronger effects in preventing the
ageing-related loss of muscle and strength in elderly individuals
than both interventions alone. These apparent discrepancies
might be explained by differences in participants’ characteristics
at baseline (age, health status, etc.) and protein intake (type,
amount, time of the day, etc.)(31,84). An important factor that
could contribute to the lack of additional effects of protein

supplementation reported in the present study is that partici-
pants already had a high protein intake at baseline (1·35 (SD
0·3) g/kg BM per d). This initial protein intake is well above
the RDA (0·8 g/kg BM per d) and is even above that of the
European consensus for elderly (1·2 g/kg BM per d)(37). The
present results suggest that when older individuals consume
enough protein in their diet, regardless of the type, adding more
does not potentiate the effect of training(83).

Moreover, recent studies have shown that an increase in the
anabolic threshold towards the stimulatory effect of amino acids
is part of the anabolic resistance of muscle protein anabolism to
food(87). In other words, even if an adequate amount of amino
acids is consumed, alterations in signalling pathways due to age-
ing can lead to anabolic resistance resulting in less muscle pro-
tein deposition(87). This suggests that the total amount of protein

Table 6. Blood characteristics of the participants*
(Mean values and standard deviations; numbers)

T0 T12
Δ (((post − pre)/
pre) × 100; %)

Mean SD n Mean SD n Mean SD n

Insulin (pmol/l) Time effect: 0·02, group effect: 0·18, time× group effect: 0·07 Intra-group time effect
F-PROT 42·04 31·46 21 36·69 18·78 21 – –2·30 31·97 21
S-PROT 36·89 18·97 20 35·12 18·27 18 – 1·24 32·86 18
Placebo 65·63 63·35 19 41·72 38·22 19 – –23·58 26·76 19

Glucose (mmol/l) Time effect: 0·95, group effect: 0·17, time× group effect: 0·11 Intra-group time effect
F-PROT 6·5 2·0 21 6·6 2·0 21 – 2·8 17·9 21
S-PROT 5·6 0·9 20 5·7 0·7 18 – 6·9 9·9 18
Placebo 6·4 1·6 19 5·9 1·0 19 – –4·8 11·2 19

QUICKI Time effect: 0·02, group effect: 0·64, time× group effect: 0·03 Intra-group time effect
F-PROT 0·37 0·04 21 0·38 0·04 19 0·65 0·5 6·1 19
S-PROT 0·38 0·03 20 0·38 0·03 17 0·85 0·3 5·6 17
Placebo 0·35 0·05 19 0·38 0·04 18 0·0005 6·9 11·9 18

HOMA-IR Time effect: 0·04, group effect: 0·15, time× group effect: 0·12 Intra-group time effect
F-PROT 1·95 2·18 21 1·47 1·18 19 – 8·0 60·6 19
S-PROT 1·36 0·86 20 1·19 0·64 17 – 3·5 34·8 17
Placebo 3·01 3·39 19 1·67 1·85 18 – –24·5 26·9 18

Total adiponectin (ug/ml) Time effect: 0·05, group effect: 0·61, time× group effect: 0·81 Intra-group time effect
F-PROT 9·57 6·41 18 7·98 5·90 17 – –14·1 15·4 17
S-PROT 10·50 4·73 20 10·24 4·57 18 – 1·6 54·7 18
Placebo 11·53 7·47 18 10·03 7·77 18 – –71 30·0 18

Leptin (ng/ml) Time effect: 0·12, group effect: 0·95, time× group effect: 0·09 Intra-group time effect
F-PROT 2·67 1·57 18 2·36 1·50 17 – –4·5 45·2 17
S-PROT 2·45 1·62 19 2·66 1·74 18 – 20·4 48·4 18
Placebo 2·76 2·10 18 2·03 1·63 18 – –13·0 51·7 18

Total IGF-1 (ng/ml) Time effect: 0·45, group effect: 0·03, time× group effect: 0·78 Intra-group time effect
F-PROT 77·4 21·5 18 78·0 23·3 17 – 1·0 14·1 17
S-PROT 80·3 25·8 20 80·8 33·0 18 – 0·9 18·5 18
Placebo 99·7 36·7 18 103·1 36·9 18 – 4·7 15·2 18

IGFBP3 (ug/ml) Time effect: 0·98, group effect: 0·40, time× group effect: 0·46 Intra-group time effect
F-PROT 2·02 0·72 18 1·98 6·2 17 – –1·8 9·2 17
S-PROT 1·96 0·38 20 1·99 31·0 18 – 2·4 8·3 18
Placebo 2·20 0·60 18 2·20 31·6 18 – 2·1 21·1 18

IGF-1:IGFBP3 molar ratio (%) Time effect: 0·73, group effect: 0·46, time× group effect: 0·39 Intra-group time effect
F-PROT 15·3 6·4 18 15·2 5·5 17 – 3·4 15·6 17
S-PROT 15·2 4·6 20 14·8 4·9 18 – –1·3 18·2 18
Placebo 16·6 5·3 18 17·4 6·4 18 – 4·8 18·2 18

QUICKI, quantitative insulin sensitivity check index; HOMA-IR, homoeostasis model assessment-insulin resistance; IGF-1, insulin-like growth factor-1; IGFBP3, insulin-like growth
factor binding protein-3; Δ, differences between post and pre values divided by pre value and expressed in %.
*Fifteenmillilitre blood sample was collected following an overnight fast. Serum levels of insulin and glucose were measured, using ELISA© and glucose oxidase assay, respectively.
These values were used to calculate the QUICKI and HOMA-IR indexes (with the formulas: (1) fasting serum insulin (pmol/l) × blood × blood sample was collected following an
overni(log fasting insulin (μU/ml) þ log glucose (mg/dl)), respectively). Serum total adiponectin, leptin, total IGF-1 and IGFBP3 were measured by ELISA and were used to measure
IGF-1:IGFBP3 molar ratio. Data were obtained from participants of fast- (F-PROT) and slow-digested protein (S-PROT) and placebo groups (group effect) pre (T0) and post (T12)
intervention (time effect). Two-factor repeated-measures ANOVA to test the intervention effect (time effect) and the protein supplementation effect (group effect) and their interaction
(time × group effect).
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ingested at each meal may not have reached that anabolic
threshold in the present studied population. Alternatively, the
necessary amount of protein may have been already reached
with dietary protein alone, and supplementation could not
add any further stimulation for protein anabolism.

The present study showed that total FM decreased signifi-
cantly in the No-PROT group following MPT intervention.
Similar results were observed by O’Leary et al.(88) in sixteen
men and women participating in a 12-week supervised exercise

programme (5 d/week, 60 min/d, treadmill/cycle ergometer at
85 % of heart rate maximum). LM, MS, MQ and general fibre size
of the LL were significantly improved in all groups which is
analogous to the results of Miszko et al.(20) obtained from
thirty-nine elderly men and women following a 16-week MPT
programme (three sessions/week). Of note, among the muscle
characteristics measurements, no significant changes were
observed, except for the VL thickness by ultrasound. It is likely
that we did not have enough power to find differences at that

Table 7. Skeletal muscle composition characteristics of the participants*
(Mean values and standard deviations; numbers)

T0 T12
Δ (((post − pre)/
pre) × 100; %)

Mean SD n Mean SD n Mean SD n

Thigh area (cm2) Time effect: 0·10, group effect: 0·36, time× group effect: 0·29 Intra-group time effect
F-PROT 162 21 12 165 21 21 – 5·2 6·3 12
S-PROT 163 27 9 162 22 18 – 1·5 6·0 9
Placebo 157 24 8 154 21 15 – 4·2 6·1 8

Lean mass area (cm2) Time effect: 0·23, group effect: 0·45, time× group effect: 0·47 Intra-group time effect
F-PROT 110 15 12 105 18 21 – 4·8 12·0 12
S-PROT 107 17 9 102 16 18 – 1·5 10·4 9
Placebo 100 19 8 101 14 15 – 7·9 10·7 8

Intramuscular fat area (cm2) Time effect: 0·32, group effect: 0·87, time× group effect: 0·71 Intra-group time effect
F-PROT 5·54 2·42 12 5·79 3·78 21 – 6·1 40·3 12
S-PROT 5·47 3·26 9 6·70 3·42 18 – 91·0 221·1 9
Placebo 4·27 2·24 8 6·36 5·06 15 – 28·7 62·7 8

Total fat area (cm2) Time effect: 0·24, group effect: 0·47, time× group effect: 0·01 Intra-group time effect
F-PROT 37·4 12·8 12 42·9 13·7 21 0·003 7·4 7·2 12
S-PROT 40·4 18·0 9 43·3 16·5 18 0·61 0·1 10·9 9
Placebo 43·8 18·4 8 36·9 14·6 15 0·28 –1·1 6·5 8

Subcutaneous fat area (cm2) Time effect: 0·30, group effect: 0·50, time× group effect: 0·02 Intra-group time effect
F-PROT 33·3 0·31 12 39·4 0·40 21 0·005 9·8 10·0 12
S-PROT 36·2 0·45 9 39·6 0·40 18 0·69 0·1 13·7 9
Placebo 40·2 0·36 8 33·4 0·31 15 0·24 –1·4 9·8 8

* Measured with peripheral quantitative computed tomography (pQCT). Data were obtained from participants of fast protein (F-PROT), slow protein (S-PROT) and placebo groups
(group effect) pre (T0) and post (T12) intervention (time effect).Δ: differences between post and pre values divided by pre value and expressed in%. Two-factor repeated-measures
ANOVA to test the intervention effect (time effect) and the protein supplementation effect (group effect) and their interaction (time × group effect).

Table 8. Skeletal muscle architecture characteristics of the participants*
(Mean values and standard deviations; numbers)

T0 T12
Δ (((post − pre)/pre)

× 100; %)

Mean SD n Mean SD n Mean SD n

Fibre length (cm) Time effect: 0·99, group effect: 0·71, time × group effect: 0·58 Intra-group time effect
F-PROT 9·94 2·99 15 9·99 2·97 18 – 12·3 47·0 15
S-PROT 10·19 3·14 18 10·83 3·43 17 – 9·3 41·1 16
Placebo 10·01 4·13 17 9·41 2·72 15 – 3·2 38·8 14

VL thickness (cm) Time effect: 0·04, group effect: 0·61, time × group effect: 0·88 Intra-group time effect
F-PROT 1·62 0·49 15 1·78 0·42 18 – 25·4 88·9 15
S-PROT 1·62 0·44 18 1·78 0·60 17 – 7·5 29·7 16
Placebo 1·47 0·39 17 1·68 0·47 15 – 18·3 36·7 14

Pennation angle (°) Time effect: 0·13, group effect: 0·83, time × group effect: 0·75 Intra-group time effect
F-PROT 12·6 3·1 15 13·8 2·5 18 – 20·8 61·5 15
S-PROT 13·0 2·5 18 14·1 3·1 17 – 9·1 27·6 16
Placebo 13·4 3·1 17 13·6 2·0 15 – 12·7 35·6 14

VL, vastus lateralis.
* Measured by real-time ultrasound. Data were obtained from participants of fast protein (F-PROT), slow protein (S-PROT) and placebo groups (group effect) pre (T0) and post (T12)
intervention (time effect).Δ, differences between post and pre values divided by pre value and expressed in %. Two-factor repeated-measures ANOVA to test the intervention effect
(time effect) and the protein supplementation effect (group effect) and their interaction (time × group effect).
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Table 9. Skeletal muscle fibre size of the participants‡
(Mean values and standard deviations; numbers)

T0 T12

Mean SD n Mean SD n

Size general (μm) Time effect: <0·0001, group effect: 0·44, time × group effect: 0·003 Intra-group time effect
F-PROT 68·1 14·8 2671 69·1 20·9 1601 <0·0001
S-PROT 63·7 17·2 2690 68·7 17·2 2666 <0·0001
Placebo 64·5 14·8 983 68·8 17·2 1330 <0·0001

Size type I (μm) Time effect: <0·0001, group effect: 0·88, time × group effect: 0·02 Intra-group time effect
F-PROT 67·5 14·0 1523 74·7 18·5 934 <0·0001
S-PROT 67·7 17·2 1389 73·9 17·2 1278 <0·0001
Placebo 67·5 14·2 595 72·7 17·2 804 <0·0001

Size type I/IIA (μm) Time effect: 0·12, group effect: 0·89, time × group effect: 0·31 Intra-group time effect
F-PROT 55·9 17·4 5 48·4 33·7 7 –
S-PROT 51·7 14·9 25 62·7 42·7 3 –
Placebo 44·2 10·1 2 58·6 11·0 37 –

Size type IIA (μm) Time effect: <0·0001, group effect: 0·45, time × group effect: 0·004 Intra-group time effect
F-PROT 93·0 15·2 846 61·0 21·2 544 0·55
S-PROT 61·0 16·0 977 64·0 15·5 1127 <0·0001
Placebo 57·3 12·4 283 60·4 13·8 426 0·02

Size type IIA/IIX (μm) Time effect: <0·0001, group effect: 0·18, time × group effect: 0·47 Intra-group time effect
F-PROT 77·1 15·2 133 78·9 19·1 49 –
S-PROT 57·5 15·2 221 62·8 15·4 140 –
Placebo 61·9 15·7 70 82·4 15·9 19 –

Size type IIX (μm) Time effect: 0·0001, group effect: 0·003, time × group effect: 0·0001 Intra-group time effect
F-PROT 71·2 17·0* 164 51·6 15·7 67 0·12
S-PROT 48·3 13·5*† 78 64·0 16·7† 118 <0·0001
Placebo 79·3 12·9† 33 81·4 17·2† 44 0·17

* Significant difference between F-PROT and S-PROT
† Significant difference between placebo and S-PROT, P< 0·05.
‡Measured by vastus lateralis biopsies. Data were obtained from participants of fast protein (F-PROT, n 7), slow protein (S-PROT, n 7) and placebo (n 3) groups pre and post
intervention. Fibre size is represented as minimal Feret’s diameter (μm). Two-factor repeated-measures ANOVA to test the intervention effect (time effect) and the protein supple-
mentation effect (group effect) and their interaction (time × group effect).
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Fig. 5. Effects of 12 weeks of power training with fast (F-PROT), slow (S-PROT) or without (control) protein supplementation on muscle fibre-type proportion – Results
pre- and post-intervention for F-PROT, S-PROT and control in type I, type I/IIA, type IIA, type IIA/IIX and type IIX fibre from vastus lateralismuscle biopsies. Data in the
graphs are presented as percentages. Two-factor repeated-measures ordinal regression model to test the intervention effect (time effect) and the protein supplemen-
tation effect (group effect) and their interaction (time × group effect). * Significant difference (P< 0·05) between S-PROT and placebo groups. *** Significant difference
(P< 0·001) between pre- and post-intervention within groups. , Type/IIX; , type/IIA/IIX; , type/IIA; , type I/IIXA , type I.
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level. More importantly, we report here that functional capacities
improved significantly in all groups for the 4 m walking, chair
stand, Timed up & Go and stair-climbing tests. Considering that
gait speed is a strong predictor of mortality(89), this finding is of
great clinical relevance.

The present findings support the observations of Reid et al.(48)

that suggested that MPT seems to be efficient for improving func-
tional capacities and MQ. Moreover, Reid et al.(48) showed that
even if MPT and resistance training had comparable beneficial
impacts on absoluteMS and power in olderwomen,MPT elicited
greater improvement in the specific peak power during leg
press. These results suggest that MPT had a greater impact on
MQ, likely through neuromuscular adaptations(48). MPT there-
fore represents the best non-pharmacological intervention
that could reduce healthcare costs related to the risk of falls,
fractures and physical disabilities(3,4,90,91), which increase with
ageing(8,9).

Regarding our hormonal measurements, insulin decreased in
all groups suggesting a lesser insulin resistant state with MPT as
evidenced by the indices used. Such improvement carries health
benefits to older adults who are at increased risks of CVD as insu-
lin resistance is at the basis of this greater risk(92). Other hor-
mones (adiponectin, leptin, IGF-1 and binding proteins) were
not significantly affected by the intervention which may be
explained in part by an insufficient statistical power for these
specific outcomes.

An important strength of this study is that it was the first to
compare the type of protein supplementation (fast v. slow) in
addition to MPT in older men together with clinical and biologi-
cal measurements of MF. Moreover, the nature of the double-
blinded randomised controlled design of this study eliminated
several possible biases. Hopefully, our findings would stimulate
interest for further research about protein supplementation and
MPT in older adults. More research in older populations and
employing other types of proteins should be used to confirm
our results and help to investigate the mechanisms underlying
the potential effects of MPT with and without protein supple-
mentation. However, the present study has some limitations.
Firstly, the cohort was composed of healthy non-frail men aged
over 60 years, which means that our findings are applicable to
this population only and therefore may not be generalisable
to others. Secondly, there was a lack of statistical power for some
of the outcomes due to our sample size in each group. Lastly, the
baseline relatively high dietary protein intake of the participants
combined to the fact that theywere healthy could also have influ-
enced our findings. Thus, further randomised controlled trial
including older adults of differencing health states and adapted
to lower or normal initial protein intake (0·8–1·2 g/kg BM per d)
should be carried out to further validate our results.

Conclusions

Our results show that a 12-week MPT intervention is efficient in
improving body composition, MF (strength and quality) and
functional capacities in healthy older men. However, our results
also indicate that providing 3 × 10 g of protein supplement per d,
of either fast or slow digestibility, to participants already
ingesting a relatively high amount of proteins does not add

any extra benefit to MPT. Our findings indicate that MPT could
be an easy, affordable and practical tool for clinicians to improve
MF and overall physical health in older men already ingesting an
adequate amount of protein.
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