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Background & aims: Resistance training and a sufﬁcient amount of dietary protein have been suggested
to build up and maintain muscle mass, strength and function into old age. As there is still no consensus
on the optimum amount of protein intake in older people, this study aims to evaluate ﬁrst whether it is
achievable to double the recommended amount, which is 1 g/kg BW/d in German speaking countries, via
food administration and secondly whether this would lead to stronger improvements when subsequently combined with resistance training.
Methods: In total, 136 community-dwelling older adults (54% females, 72.9 ± 4.8 yrs) were randomly
assigned to one of the three study groups: observational control (CON), recommended protein (RP þ T)
and high protein (HP þ T) intake groups. After six weeks of observation or nutritional counselling to
achieve the respective protein target levels, eight weeks of resistance training (2x/week) were applied in
RP þ T and HP þ T groups. Parameters indicative for muscle mass, strength and function were measured
at baseline (t1), before (t2) and after the training period (t3).
Results: Baseline protein intake for the different groups were 0.83 (CON), 0.97 (RP þ T) and 0.78 (HP þ T)
g/kg BW/d and increased by 0.18 ± 0.31 (RP þ T, p ¼ 0.003) and 0.83 ± 0.33 (HP þ T, p > 0.001) g/kg BW/
d between t1 and t3 while CON remained unchanged. Most of the physical performance parameters
improved over time, but no interaction effects between group and time could be observed. While body
fat mass initially increased from t1 to t2 (0.8 ± 2.3 kg, p ¼ 0.001), skeletal muscle mass decreased
(0.5 ± 1.9 kg, p ¼ 0.025), a trend which was reversed from t2 to t3 only in HP þ T group (body fat
mass: 0.47 ± 2.12 kg, p ¼ 0.041; muscle mass: 0.51 ± 1.57 kg, p ¼ 0.021).
Conclusion: The ﬁndings suggest that a substantial increase of habitual protein intake above the
currently recommended levels is achievable within 17 weeks in community-dwelling older adults,
whereby the extra amount of protein led to minor changes in body composition but not physical performance or muscle quality (NCT04023513).
© 2022 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
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The United Nations predict the proportion of people over 60 years
of age to be doubled by 2050 [1] and both society and individuals are
interested in spending the concomitant general increase in life expectancy in the best physical condition [2]. Ageing is related to a
decrease in fat-free mass, which results in reduced power, strength,
skeletal muscle mass (SM) and accordingly decreased muscle quality
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2.2. Participants

(MQ, muscle strength or power relative to muscle mass) [3e5]. This
is of particular importance as these factors are key components for
mobility and daily living activities (ADLs) [6]. Resistance training and
food protein intake are non-pharmacological strategies that can
potentially reverse or mitigate especially musculoskeletal declines
[7,8], yet, older individuals show a reduced muscle protein synthesis
response not only to resistance training but also to administered
amino acids, a situation known as anabolic resistance [9,10]. Hence,
there is growing interest in developing effective strategies to counteract these age-associated changes and to overcome the accompanied gradual decline in physical capabilities [11]. Besides total
protein intake supplied per day [12,13], also protein quality [14,15],
protein dose per meal [16], and its timing [17] are important factors
to be considered.
The PROT-AGE study group and the ESPEN Expert group
recommend an average daily intake in the range of 1.0 to 1.2 g/kg
body weight (BW)/d for healthy adults, whereas most older adults
who have acute or chronic diseases would need even more dietary
protein (1.2 to 1.5 g/kg BW/d) [18,19]. Recommendations for protein
intake in Austria and other German speaking countries amount to
1.0 g/kg BW/d for older adults [20]. However, these and even lower
recommendations of 0.8 g/kg BW/d in U.S [21] are not met by many
older adults through their regular diet due to reduced appetite
coupled with a decline in biological and physiological functions
such as changes in ﬂuid electrolyte regulation, delayed gastric
emptying and diminished senses of smell and taste [22e27]. Diets
enriched with common protein-rich foods may be an effective
strategy to increase total protein intake and hence to maintain SM,
function and MQ [28]. Thereby, long-term consumption of 2 g/kg
BW/d has been shown to be safe for healthy adults with little evidence of intestinal, hepatic, renal or cardiovascular dysfunction in
healthy people [29,30].
Protein supplementation alone or in combination with resistance training has been shown to improve SM, MQ, physical function, and strength in some studies [15,31,32], but numerous welldesigned trials reported opposing results [33e35]. Thus, it is still
uncertain whether increasing protein intake, especially when
achieved mainly via habitual food supply and combined with
resistance training, can be seen as an effective strategy to maintain
or increase physical performance of older individuals.
The aim of the present study was to investigate whether adjusting
the habitual protein intake to either the Austrian recommended dose
of 1.0 g/kg BW/day for this age group or to a double dose of about
2.0 g/kg BW/day, either alone (6 weeks) or in combination with 8
weeks of resistance training would affect body composition, functional performance or MQ of people aged 65 to 85 years.

Participants were recruited via local media advertisements as
well as during information events at local senior citizens meeting
centres. Inclusion was possible for community-dwelling males and
females aged between 65 and 85 years who did not perform any
regular resistance training during the last six months. Cognitive
impairment (Mini Mental State Examination Score <23), acute and
chronic diseases that would contraindicate resistance training,
serious cardiovascular diseases, diabetic retinopathy, manifest
osteoporosis, anticoagulant or cortisone medication, a frailty index
3 or the need for walking aids comprised the exclusion criteria.
Pre-existing diseases such as hyperlipidaemia, diabetes mellitus
type 2, osteoporosis, heart disease and history of cancer were
evaluated during the medical examination at t0. These diseases did
not represent a cause for exclusion as long as they did not directly
interact with the physical performance tests. Obesity (BMI 30 kg/
m2) and hypertension (blood pressure above 140/90 mm Hg) were
deﬁned according to World Health Organization criteria [36].
A written informed consent form was signed by all participants
before participation in the study. The study was performed in
accordance with the Declaration of Helsinki, approved by the Ethics
Committee of the University of Vienna (Reference Number: 00322)
and registered at https://clinicaltrials.gov (NCT04023513).
2.3. Interventions
2.3.1. Nutritional intervention
While participants of CON did not receive any nutritional
intervention, the food-based interventions of RP þ T and HP þ T
were personalised based on regular individual dietary assessments
(see 2.4.1 for details). For RP þ T a target protein intake of 1.0 g/kg
BW/d should be achieved based on the recommendation of the DA-CH reference values [20]. For HP þ T the target protein intake was
set to 2.0 g/kg BW/d. The additional protein intake in the HP þ T
group should not be reached by supplements but via nutritional
counselling and commercially available protein-rich foods (e.g.
protein-rich milk products, bars, puddings, protein-rich bread, bacon crisps, protein rich soups, pea protein sticks as well as recipes
for self-prepared foods). To support the participants of the HP þ T
group in increasing their habitual protein intake, a selection of
different protein-rich food products was provided by the study
team, but the participants were free to use them. The RP þ T group
received food alternatives with moderate protein content (e.g., milk
products, bars, bread, puddings, self-made vegetable mufﬁns). The
protein intake was personalised and calculated on the respective
BW and monitored over the whole study period. The subjects
received every fortnight the food for the calculated additional
protein intake for 2 weeks via special delivery service. From week 9
to week 17 (training phase) HP þ T and RP þ T continued their
dietary regimen and in addition HP þ T received 40 g of veganeo
hazelnut-chocolate drink (AnovonA®, Laufen, Germany: 146 kcal,
1.5 g fat, 1.4 g carbohydrates, 32 g protein (leucine 3.1 g, isoleucine
1.6 g, valine 2.0 g) or 40 g veganeo vanilla (AnovonA®, Laufen,
Germany: 146 kcal, 1.1 g fat, 1.2 g carbohydrates, 32 g protein
(leucine 3.2 g, isoleucine 1.7 g, valine 2.1 g)) dissolved in 300 ml
water twice a week directly after each training session. To balance
the additional caloric supply, RP þ T received an equivalent isocaloric, carbohydrate-containing drink (40 g bulkpowders.com, pure
series, (Colchester, UK): 152 kcal per serving; 0 g fat, 38 g carbohydrates (1:1, cyclical dextrin:dextrose & maltodextrin), 0 g protein
with 300 ml water) after the training sessions. For CON, the
habitual dietary intake was observed but not adapted during the
whole study period. The sex-speciﬁc target range for total energy
intake for HP þ T and RP þ T was based on the D-A-CH reference

2. Material & methods
2.1. Study design
The study was designed as a randomized, controlled, observerblind trial with three groups: control group (CON, observation
only), recommended or high protein intake plus resistance
training groups (RP þ T, HP þ T). Inclusion and exclusion criteria
were screened at the medical visit before the beginning of the
study (t0). The study included two phases, a six-week period
focusing on the nutritional observation/counselling followed by an
eight-week lasting period where nutritional counselling was
accompanied by a progressive resistance exercise training programme in RP þ T and HP þ T. Data were collected at baseline (t1),
interim in week 8 (t2) and at the end of the intervention in week
17 (t3). All assessments were conducted at the Centre for Sport
Science and University Sports, University of Vienna, Austria between July and December 2018.
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the German food composition database (Bundeslebensmittelschlüssel) version 3.02 [40]. Total energy intake (kcal), carbohydrates
(g/kg BW/d), fat (g/kg BW/d) and protein (g/kg BW/d) were estimated. The consumption of provided foods was reported in a food
diary. These logs were collected and reviewed during every 24-h
recall. Furthermore, participants were trained and supported with
an info booklet to estimate protein content of various products. Two
days after the respective interview potentially necessary adjustments were communicated to the participants.

values for this age group for an estimated physical activity level
(PAL) between 1.4 and 1.6 (females: 1.700e1.900 kcal/d; males:
2.100e2.500 kcal/d).
2.3.2. Resistance training
Resistance training was performed between t2 and t3 for eight
weeks, twice a week on non-consecutive days following the
guidelines of the American College of Sport Medicine (ACSM) [37].
Both groups, RP þ T and HP þ T, completed the same training
sessions, which included 5e10 min of warm-up followed by 45e60
minutes of resistance exercise training for the major muscle groups.
The sessions ended with 5e10 min of cool-down. The training was
carried out in selected gyms, all equipped with the same training
devices (TECHNOGYM Selection 700 & 900, Italy). The resistance
training consisted of ﬁve machine-guided exercises (leg press/leg
curl/latissimus pulldown/rowing/chest press), two free weight exercises (goblet box squat/dumbbell shoulder press) and one body
weight exercise (front plank with alternating single leg raise). In the
training sessions, participants of RP þ T and HP þ T were mixed.
Subjects were instructed to spend 1e2 seconds on the concentric
and 3e4 seconds on the eccentric phase. Intensity was controlled
subjectively by using the OMNI Rate of Perceived Exertion scale
(RPE 0e10) [37,38]. During the ﬁrst two weeks, the participants
performed one to two sets of 15e20 repetitions at submaximal load
(RPE 3e4) for familiarisation. From week three, the subjects performed two sets, increased the weight and decreased the number of
repetitions to 10e15 trials with an RPE of 4e6. From week 6, the
intensity was further increased to an RPE of 6e7, whereby the
number of repetitions was decreased to 8e12 repetitions and the
number of sets was increased to three. The weight was individually
adjusted based on the self-reported RPE and load was increased if
RPE fell below 4 or if more than 12 repetitions could be completed.
The sessions were supervised by sport scientists who monitored
the correct and safe execution of the exercise tasks and adapted the
intensity if necessary.

2.4.2. Anthropometry and body composition
Anthropometric and body composition measurements were
carried out in the morning after an overnight fast. A stadiometer
attached to a digital scale (seca 217 þ 877, Seca GmbH & Co KG,
Hamburg, Germany) was used to measure body height (to 0.01 m)
and mass (to 0.1 kg). Participants were lightly clothed and barefoot.
Body mass index (BMI) was calculated from the ratio of body
weight (in kg) and height (in m) squared.
Body composition was determined by body impedance analysis
(BIA, Nutriguard-MS þ NutriPlus-Software, Version 5.1, Data-Input,
GmbH, Germany). Data output included resistance (R, U), reactance
(Xc, U), fat mass (kg and percentage) and phase angle ( ). Skeletal
muscle mass (SM) was calculated by: SM (kg) ¼ [(Ht2/R 
0.401) þ (sex  3.825) þ (age  0.071)] þ 5.102 where Ht is height
in cm, R is resistance in U; sex ¼ 1 for men and sex ¼ 0 for women,
and age is indicated in years [41]. Appendicular skeletal muscle mass
(ASMM) was calculated by: ASMM (kg) ¼ 3.964 þ (0.227  RI) þ
(0.095  weight) þ (1.384  sex) þ (0.064  Xc) where RI is resistance index (resistance/height2), sex ¼ 1 for men and sex ¼ 0 for
women, and Xc is reactance in U [42].
2.4.3. Physical function
Physical function was assessed with the Senior Fitness Test
Battery [43], the timed up and go test [44] and gait speed [1]. The
Senior Fitness Test Battery consists of the following subtests:

2.4. Outcomes

2.4.3.1. 30-Second chair stand test. Lower body strength (endurance) was assessed with the 30-s chair stand test. The reliability of
this test has been shown to be excellent (ICC ¼ 0.89) [43]. Subjects
were instructed to sit on a chair with both legs at 90 , feet ﬂat on the
ﬂoor and arms crossed in front of the chest. Participants were asked
to stand up and sit down as many times as possible within 30 s. A
repetition was completed when the person fulﬁlled a cycle of
standing up (knees and hips fully extended) and sitting down again.
In the last second, an effort was considered valid if more than 50% of
the range of motion had been achieved. To perform the technique
correctly, one to two repetitions were executed before the test [43].
From the number of repetitions after 20 s, power of the lower extremities was estimated by using the following formula:
[715.218 þ 13.915  body weight (kg) þ 33.425  repetitions from
20-s chair stand test] [45].

Assessment of outcomes followed a standardized procedure and
was carried out during weeks 1, 8 and 17 by trained research staff
blinded to the group allocation. Protein intake levels and 30-second
chair stand test were considered as primary outcomes. Secondary
outcomes were total energy, carbohydrates and fat intakes as well
as body composition, handgrip strength, 30-second arm curl test, 6min walk test, gait speed, timed up and go, chair sit-and-reach, back
scratch and MQ.
2.4.1. Dietary intake assessment
To estimate the habitual as well as the additional protein-rich
food intake, the participants completed 24-h dietary recalls every
7e10 days during the whole study period. Finally, 9 ± 1 interviews
per participant were conducted and evaluated within 2 days on
average. Baseline food intake data comprise two 24-h dietary recalls
with 10 days in between them. Seven out of nine interviews referred
to weekdays while two were based on weekend days. At least four
interviews were conducted in a face-to-face setting before participants could choose to switch to a telephone interview, since the
effort to meet for a face-to-face interview was very high for this age
group and the subjects were already trained in the ﬁrst four interviews. Dietary intake was conducted by Globodiet®, formerly
EPICSoft. GloboDiet was developed by the International Agency for
Research on Cancer and further adapted for Austria at the Department of Nutritional Sciences in Vienna [39]. Every participant
received a photo book to support the estimation of the portion size.
The reported foods collected during the interviews were linked to

2.4.3.2. 30-Second arm curl test. Strength (endurance) of the upper
extremities were measured with the 30-s arm curl test which has
been shown to have a good reliability (ICC ¼ 0.81) [43]. This test was
carried out in a sitting position, holding a 2.3 and 3.6 kg dumbbell in
the dominant hand, respectively for women and men. Participants
started with a full elbow extension and consequently bent the elbow
to full ﬂexion. After a brief demonstration and practice, the participant was asked to perform as many arm curls as fast as possible. The
total number of curls within 30 s were counted [43].
2.4.3.3. Six-Minute walk test. Aerobic endurance was measured
with the 6-min walk test. The reliability of this test was reported
as excellent (ICC ¼ 0.94) [43]. The participants walked up and
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2.5. Statistics

down for six minutes as fast as possible on a 30-meter corridor.
The covered distance was measured to the nearest cm and
expressed in m [46].

2.5.1. Sample size
Sample size calculation was performed by using the statistical
power analyses tool G*Power [49] and was based on 30-s chair
stand test results from a previous study [50]. An a priori power
analysis showed that with an assumed a of 0.05, a power (1-b) of
0.85 and a moderate effect size (partial h2) of 0.13, a total sample
size of 93 subjects would be necessary to be included in the study.
Drop-out rate was estimated to be 40%. Therefore, a total of about
130 subjects were aimed to be included in the study.

2.4.3.4. Chair sit-and-reach. The chair sit-and-reach test was used
to measure lower limb ﬂexibility. The test has an excellent reliability (ICC ¼ 0.95) [43]. With one leg extended and the other bent
at an angle of 90 , participants sat on the edge of a chair. They were
asked to reach the toes of the extended leg with their ﬁngers,
keeping their back and leg straight. The ﬁnal point had to be held
for two seconds and the distance between ﬁngertips and toes was
measured in cm. Negative values denote trials where participants
did not reach the toes, whereas positive values mark trials where
ﬁngers extend the toes. The test was performed twice, and the best
result was noted [43].

2.5.2. Randomisation and stratiﬁcation
Participants who met the inclusion criteria were randomly
assigned to one of the three intervention groups (1:1:1) using an
academic randomisation tool and random permuted blocks (6, 3;
random number seed: 126277972, https://randomizer.at/, Institute
of Medical Informatics, Statistics and Documentation, Medical
University of Graz, Austria). Rejections were compensated. As
physical performance might be inﬂuenced by age and sex, subjects
were stratiﬁed by age groups (65e69.9; 70e74.9; 75e79.9; 80 to
<85 yrs) and sex (female; male) to achieve similar baseline conditions. This resulted in eight different strata. Block randomisation
was performed for each stratum. The random allocation sequence
and assignments to groups was done by an independent researcher.
The assessors of physical performance and anthropometric tests
were blinded to group allocations.

2.4.3.5. Back scratch. Shoulder ﬂexibility was measured by back
scratch test. Reliability for this test is considered as high (ICC ¼ 0.96)
[43]. In a standing position, participants placed the preferred hand
behind over the same shoulder, palms turned inwards, ﬁngers
pointing downwards and reach down the middle of the back as far as
possible. Then the other arm was placed behind the back, palms
facing outwards and ﬁngers pointing upwards. Participants were
asked to reach as far as possible, attempting to overlap the middle
ﬁngers of both hands. The distance between the ﬁngers was
measured as positive when the ﬁngers overlapped and as negative
when the ﬁngers did not overlap. Two trials were performed, the
better result was recorded [43].
2.4.3.6. Timed up and go test. To assess mobility, the timed up and
go test was used which has an excellent reliability (ICC ¼ 0.98) [43].
Participants were required to sit on a chair, then stand up as quickly
as possible, walk three metres, turn around a cone, return to the
chair and sit down again. Before the test was conducted, the subjects were allowed to take one practice run to familiarise themselves with the procedure. The required time was measured in
seconds and the faster one of two runs was reported [44].

2.5.3. Statistical analyses
Data acquisition and data analyses were performed using
commercial software with data ﬁles coded and anonymized. All
statistical analyses were carried out using SPSS (IBM Corp, New
York, NY, USA, version 26). One-way ANOVA (continuous variables)
and Chi-square (categorical variables) tests were used to compare
differences between groups at baseline. Main time and group effects as well as time*group interactions were determined using a
two-way-mixed ANOVA with Bonferroni-corrected post-hoc tests.
If sphericity (Mauchly's W) was violated, the Greenhouse Geisser
corrected values were used. All data are expressed as
mean ± standard deviation. Signiﬁcance was set to a ¼ 0.05. Effect
sizes were calculated using partial h2 and were deﬁned as small,
moderate or large based upon 0.02, 0.13, and 0.26, respectively [51].

2.4.3.7. Gait speed. Participants were instructed to walk ten metres, ﬁrst at a self-selected speed and then at their maximum speed.
Two rounds were carried out at each speed, with a break of one
minute in between. Light barriers (Brower Timing Systems, USA)
were attached to measure the time in seconds needed to cover the
distance between two and eight metres. The faster time of the two
trials was used for calculating gait speed expressed in m/s. The
reliability for gait speed for self-selected and maximal was reported
as being high (ICC ¼ 0.90e0.96) (26).

2.5.4. Missing data
At baseline some data are missing for dietary intake assessment as nine participants left the study already before their ﬁrst
24-hour recall. Additionally, one person could not be interviewed
within the ﬁrst two weeks. Therefore, dietary intake data are
available from 124 subjects at baseline. Furthermore, baseline
body composition data are missing from ﬁve participants due to
technical issues. At baseline, none of the physical performance
data are missing.
Finally, 116 subjects, who participated in at least one of the
physical performance tests at all three time points, were included
in the per-protocol analyses. From these, nine data sets are missing
for body composition (again due to technical issues) and two and
three persons respectively refused some particular tests due to a
certain discomfort in either the upper or the lower extremities.
Actual numbers are provided with the respective tables.

2.4.4. Handgrip strength
Handgrip strength represents the maximal isometric force
achieved on a handgrip dynamometer (SAEHAN Corporation, Korea). This test was administered in a sitting position by holding the
dynamometer at a 90 ﬂexion of the elbows in the dominant hand.
The higher result of two trails was used as a result [47].
2.4.5. Muscle quality
Muscle Quality (MQ) is deﬁned as muscle strength or power per
unit of SM [48]. MQ of the upper body (MQUBS) was calculated from
the ratio between handgrip strength (kg) and SM (kg). MQ of the
lower body (MQLBP) was revealed by dividing the estimated lower
body power (W) by SM (kg).
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0.85 g/kg BW/d (14 ± 4 E%) for the whole study population, 0.83 g/
kg BW/d (14 ± 4 E%), for CON, 0.97 g/kg BW/d (14 ± 4 E%) for RP þ T
and 0.78 g/kg BW/d (13 ± 3 E%) for the HP þ T group.

3. Results
3.1. Participants’ ﬂow
A total of 632 people were interested in the study. After prescreening of general inclusion and exclusion criteria 183 persons
underwent the medical pre-examination. Finally, 136 persons met
the eligibility criteria and were included in the study. These 136
participants were randomly allocated to CON (n ¼ 47), RP þ T
(n ¼ 48) and HP þ T (n ¼ 41). Two participants withdrew due to
medical reasons after randomization and before t1. Therefore, 134
individuals were included in the baseline assessments and represented the ﬁnal study population. In the nutritional intervention
phase, from t1 to t2, eight people dropped out of the study due to
medical reasons and seven due to loss of interest (CON: n ¼ 41,
87.2%; RP þ T: n ¼ 37, 92.5%; HP þ T: n ¼ 41, 87.2%). Finally, a total of
116 (86.5%) participants (CON: n ¼ 41, 87.2%; RP þ T: n ¼ 36, 90.0%;
HP þ T: n ¼ 39, 83.0%) completed the study after 17 weeks. None of
the dropouts left the study due to injury or adverse reactions to the
interventions and there was no difference between the groups (Х2
(4) ¼ 2.740, p ¼ 0.602). Details of the participant ﬂow are shown in
(Fig. 1).

3.3. Macronutrient and energy intake
For protein intake, a time*group interaction was found
(p < 0.001), therefore simple main effects for time and group have
been calculated. Protein intake was increased by 0.18 ± 0.31 and
0.83 ± 0.33 g/kg BW/d (p ¼ 0.003; p < 0.001) between t1 and t3 in
RP þ T (t1: 14 ± 4 E%, t3: 15 ± 3 E%) and HP þ T (t1: 13 ± 3 E%, t3:
24 ± 4 E%), respectively, while CON remained unchanged
(0.02 ± 0.38, p > 0.050; t1: 14 ± 4 E%, t3: 13 ± 3 E%). At t2 and t3
HP þ T had higher protein intake levels in comparison to both,
RP þ T and CON (p < 0.001). At t3, also RP þ T was signiﬁcantly
higher than CON at t3 (p ¼ 0.004).
No time*group interaction was found for the secondary outcomes energy, carbohydrate and fat intake (p > 0.050). Energy
intake increased signiﬁcantly within the study period (p ¼ 0.002)
by 175 ± 551 kcal/d from t1 to t2 (p ¼ 0.003) and by
142 ± 619 kcal/d from t1 to t3 (p ¼ 0.046) but remained unchanged between t2 and t3. There were no differences in energy
intake between groups (p ¼ 0.273). No differences between groups
or changes over time were observed for carbohydrate or fat intake
(p > 0.050), (Table 3).

3.2. Baseline characteristics
Groups were comparable regarding age, anthropometric data,
body composition, and comorbidities. At least one comorbidity was
reported by 65.7% of the subjects. The main reported illnesses were
adiposity (14.7%), arterial hypertension (47.0%), hyperlipidemia
(8.2%), diabetes mellitus type 2 (6.0%), history of cardiac diseases
(3.0%), osteoporosis (6.7%) and history of cancer (11.2%).
Total energy, protein, carbohydrate and fat intake were comparable between groups at baseline (Table 1). Protein intake was

3.4. Physical function
Changes in physical function outcomes are reported in Table 4.
Muscle strength for the lower and upper extremities as assessed by
30-s chair stand and 30-s arm curl tests did not reveal any significant group*time interactions (p > 0.050), whereas general changes
over time were found for both tests (p < 0.001). Post hoc analyses

Fig. 1. Flow diagram.
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Table 1
Baseline characteristics of the participants.

Sex [f/m], (% females)]
Age [years], n ¼ 134
Body weight [kg], n ¼ 134
Height [m], n ¼ 134
BMI [kg/m2], n ¼ 134
Body fat [kg], n ¼ 129
Body fat [%], n ¼ 129
Skeletal muscle mass [kg], n ¼ 129
ASMM [kg], n ¼ 129
Phase angle [ ], n ¼ 129
Protein intake [g/kg BW/d], n ¼ 124
Fat intake [g/kg BW/d], n ¼ 124
Carbohydrate intake [g/kg BW/d], n ¼ 124
Energy intake [kcal/d], n ¼ 124
Comorbidities, n ¼ 134
Adiposity (30 kg/m2) [number (% of total)]
Hypertension [number (% of total)]
Hyperlipidemia [number (% of total)]
Diabetes mellitus type 2 [number (% of total)]
History of cardiac diseases [number (% of total)]
Osteoporosis [number (% of total)]
History of cancer [number (% of total)]

Total

CON

RP þ T

HP þ T

73/63 (54.4%)
72.9 ± 4.8
74.3 ± 13.6
1.68 ± 0.10
26.2 ± 3.9
18.0 ± 7.1
24.1 ± 7.6
25.5 ± 7.1
20.0 ± 4.5
5.1 ± 0.7
0.85 ± 0.43
1.07 ± 0.51
2.61 ± 1.24
1845 ± 714

24/23 (53.2%)
73.0 ± 4.9
74.3 ± 13.0
1.69 ± 0.10
26.0 ± 4.0
17.8 ± 6.8
24.0 ± 7.9
25.8 ± 7.3
20.2 ± 4.5
5.2 ± 0.6
0.83 ± 0.40
1.08 ± 0.56
2.68 ± 1.38
1838 ± 726

21/20 (51.2%)
72.4 ± 4.3
75.3 ± 15.5
1.69 ± 0.09
26.3 ± 4.3
18.1 ± 7.6
24.1 ± 7.3
25.6 ± 7.6
20.2 ± 4.9
5.2 ± 0.8
0.97 ± 0.55
1.12 ± 0.45
2.76 ± 1.09
2000 ± 693

28/20 (58.3%)
73.2 ± 5.2
73.4 ± 12.7
1.67 ± 0.09
26.2 ± 3.6
18.0 ± 7.0
24.3 ± 7.5
25.1 ± 6.8
19.7 ± 4.2
5.1 ± 0.6
0.78 ± 0.33
1.02 ± 0.53
2.43 ± 1.22
1719 ± 710

20 (14.7%)
63 (47.0%)
11 (8.2%)
8 (6.0%)
4 (3.0%)
9 (6.7%)
15 (11.2%)

8 (17.0%)
23 (48.9%)
4 (8.5%)
3 (6.4%)
3 (6.4%)
5 (10.6%)
7 (14.9%)

5 (12.5%)
21 (52.5)
2 (5.0%)
2 (5.0%)
0 (0.0%)
2 (5.0%)
3 (7.5%)

7 (12.5%)
19 (40.4%)
5 (10.6%)
3 (6.4%)
1 (2.1%)
2 (4.3%)
5 (10.6%)

Values are shown as mean ± standard deviation. CON (control group ¼ observation only); RP þ T (recommended protein group þ resistance training); HP þ T (high protein
group þ resistance training); BMI (body mass index); ASMM (appendicular skeletal muscle mass); BW (body weight).
In addition, no meaningful differences between groups were detected for physical performance and MQ parameters (Table 2).

irrespective of group allocation (p ¼ 0.002). Bonferroni-corrected
post hoc analyses revealed similar walking distance from t1 to t2
(p ¼ 0.622), but an improvement in phase 2 of the study from t2 to
t3 (8.8 ± 34.3 m, p ¼ 0.023) leading to an overall improvement from
t1 to t3 (14.1 ± 43.1 m, p ¼ 0.002).
No time*group interaction was detected for self-selected and
maximal gait speed (p > 0.050). However, gait speed changed over
time regardless of group assignment (self-selected: p < 0.001;
maximal: p ¼ 0.016). Bonferroni-corrected post-hoc analyses for
self-selected gait speed showed no difference from t1 to t2
(p < 0.050), while similarly to aerobic performance an increase was
found from t2 to t3 (0.1 ± 0.3 m/s, p < 0.001) and hence also from t1
to t3 (0.1 ± 0.4 m/s, p ¼ 0.007). Also, maximal gait speed did not
differ between t1 and t2 (p > 0.050) but increased in the training
phase from t2 to t3 (0.1 ± 0.2 m/s, p ¼ 0.026). However, no difference was detected from t1 to t3 (p > 0.050).
No interaction, time or group effect was found for handgrip
strength, ﬂexibility or mobility measured by sit-and-reach, back
scratch and timed up and go tests (p > 0.050).

Table 2
Physical function, handgrip strength and muscle quality at baseline.

30-s chair stand [reps],
n ¼ 134
30-s arm curl [reps],
n ¼ 134
6-min walk test [m],
n ¼ 134
Self-selected gait speed
[m/s], n ¼ 134
Maximal gait speed [m/
s], n ¼ 134
Timed up and go [s],
n ¼ 134
Chair sit-and-reach
[cm], n ¼ 134
Back scratch [cm],
N ¼ 134
Handgrip strength dom
[kg], n ¼ 134
MQUBS [kg/kg], n ¼ 129
MQLBP [W/kg], n ¼ 129

Total

CON

RP þ T

HP þ T

13.2 ± 3.4

13.0 ± 3.6

13.7 ± 3.0

13.1 ± 3.6

15.9 ± 3.6

15.4 ± 3.5

16.6 ± 3.9

15.9 ± 3.5

581 ± 85

581 ± 74

599 ± 91

567 ± 90

1.5 ± 0.3

1.5 ± 0.3

1.5 ± 0.3

1.5 ± 0.2

2.1 ± 0.4

2.1 ± 0.3

2.3 ± 0.4

2.0 ± 0.3

5.9 ± 1.1

5.8 ± 1.0

5.8 ± 1.1

6.0 ± 1.2

2.1 ± 11.1 2.8 ± 10.6 1.2 ± 13.1 2.2 ± 10.0
8.1 ± 11.0 7.2 ± 10.9 8.3 ± 11.4 8.7 ± 11.0
32.3 ± 9.3

32.6 ± 10.0

33.8 ± 9.6

30.8 ± 8.4

1.3 ± 0.3
24.2 ± 5.2

1.3 ± 0.3
23.9 ± 5.2

1.3 ± 0.2
24.6 ± 5.0

1.2 ± 0.3
24.1 ± 5.4

Values are shown as mean ± standard deviation. CON (control group ¼ observation
only); RP þ T (recommended protein group þ resistance training); HP þ T (high
protein group þ resistance training); dom (dominant hand); MQUBS (muscle quality
upper body strength); MQLBP (muscle quality lower body power).

3.5. Muscle quality
Neither in the upper nor in the lower extremity a time*group
interaction or group effect was detected for MQ as assessed by
dividing strength or power by SM (p > 0.050). However, MQLBP
changed over time, irrespective of group allocation (p < 0.001),
while MQUBS remained unchanged (p ¼ 0.500). Bonferronicorrected post hoc analyses for MQLBP revealed that there was
a signiﬁcant increase for all groups from t1 to t2 (1.5 ± 2.7 W/kg,
p < 0.001) and from t2 to t3 (1.2 ± 2.6 W/kg, p < 0.001), as well as
from t1 to t3 (2.6 ± 3.2 W/kg, p < 0.001) (Table 4).

revealed an improvement in 30-s chair stand test from t1 to t2
(0.8 ± 1.9 reps, p < 0.001) and from t2 to t3 (1.0 ± 2.0 reps,
p < 0.001) and hence from t1 to t3 (1.9 ± 2.0 reps, p < 0.001). An
increased performance was also detected for 30-s arm curl test
which improved from t1 to t2 (1.4 ± 2.7 reps, p < 0.001) and within
the overall period from t1 to t3 (1.5 ± 3.1 reps, p < 0.001), but not
from t2 to t3 (p > 0.050). A main effect for groups was not found in
30-s chair stand (p ¼ 0.297) but for 30-s arm curl (p ¼ 0.037),
however, Bonferroni-corrected post hoc analyses showed no differences between groups (p > 0.050).
Aerobic endurance was assessed by 6-min walk test, where
neither time*group interaction nor group effects have been
observed (p > 0.050). Again, a main effect of time was detected

3.6. Anthropometry and body composition
Changes in anthropometry and body composition parameters
are shown in Table 5. For body weight and BMI a time*group
interaction was detected (body weight: p ¼ 0.001; BMI: p ¼ 0.002).
While body weight did not change over time in CON and HP þ T
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Table 3
Intervention effects on macronutrient and energy intake.
Parameter

Protein [g/kg BW/d],
n ¼ 115
Carbohydrates [g/kg
BW/d], n ¼ 115
Fat [g/kg BW/d],
n ¼ 115
Energy intake [kcal/d],
n ¼ 115

Group

CON
RP þ T
HP þ T
CON
RP þ T
HP þ T
CON
RP þ T
HP þ T
CON
RP þ T
HP þ T

Mean (95% conﬁdence interval)
Baseline (t1)

8 weeks (t2)

17 weeks (t3)

0.83 ± 0.40
0.89 ± 0.28
0.80 ± 0.32
2.68 ± 1.38
2.71 ± 1.12
2.50 ± 1.21
1.08 ± 0.56
1.08 ± 0.40
1.04 ± 0.53
1838 ± 726
1962 ± 691
1752 ± 704

0.91 ± 0.40
1.09 ± 0.33**
1.54 ± 0.36***
2.70 ± 1.09
2.84 ± 0.96
2.52 ± 0.88
1.18 ± 0.44
1.13 ± 0.37
1.11 ± 0.38
1961 ± 578
2115 ± 639
2002 ± 510*

0.85 ± 0.26
1.06 ± 0.26**
1.63 ± 0.37***
2.82 ± 1.06
2.74 ± 0.76
2.41 ± 0.89
1.06 ± 0.39
1.05 ± 0.34
1.07 ± 0.35
1898 ± 528
2107 ± 566
1975 ± 498*

Time
p-value
(partial ƞ2)

Group
p-value
(partial ƞ2)

Time x group
p-value
(partial ƞ2)

Phase differences

D (t2 e t1)

D (t3 e t2)

< 0.001 (0.426)

< 0.001 (0.347)

< 0.001 (0.409)

0.740 (0.002)

0.338 (0.019)

0.664 (0.010)

0.138 (0.018)

0.901 (0.002)

0.878 (0.004)

0.002 (0.057)

0.334 (0.019)

0.693 (0.009)

0.08 ± 0.32
0.20 ± 0.35
0.74 ± 0.36
0.02 ± 0.88
0.14 ± 0.93
0.02 ± 0.90
0.10 ± 0.47
0.05 ± 0.38
0.07 ± 0.47
123.3 ± 559.1
153.1 ± 582.2
249.4 ± 517.6

0.05 ± 0.30
0.02 ± 0.27#
0.09 ± 0.31###
0.11 ± 0.75
0.10 ± 0.69
0.11 ± 0.61
0.12 ± 0.38#
0.07 ± 0.32
0.03 ± 0.26
63.2 ± 500.8
7.9 ± 440.4
26.8 ± 368.1#

Values are shown as mean ± standard deviation. p-values refer to main effects of time and group as well as time*group interactions (two-way mixed ANOVA). Signiﬁcant
effects (p < 0.05) are shown in bold. Effect size is given as partial h2, whereby 0.02, 0.13, and 0.26 represent small, moderate, or large effects. CON (control group ¼ observation
only); RP þ T (recommended protein group þ resistance training); HP þ T (high protein group þ resistance training). In case of signiﬁcant overall time effects, Bonferronicorrected post hoc analyses were performed individually for groups, whereby asterisks indicate signiﬁcant differences to t1. Additionally, signiﬁcant differences between
phase 1 and phase 2 as calculated by paired t-tests are marked by hashes. ***,###(p < 0.001); **(p < 0.01); *,#(p < 0.05).

p < 0.001) and hence from t1 to t3 (þ0.38 ± 0.46 kg/m2, p ¼ 0.002).
BMI slightly increased also in CON from t1 to t2 (þ0.2 ± 0.51 kg/m2,
p ¼ 0.047), but not in HP þ T (p > 0.050). There was no overall
difference in body weight and BMI between groups at any of the
time points (p > 0.050) (Table 4).

(p > 0.050), an increase of body weight was observed for RP þ T
during the training phase from t2 to t3 (þ0.92 ± 1.35 kg, p < 0.001)
resulting in an overall increase during the study period from t1 to t3
(þ1.29 ± 1.31 kg, p < 0.001). For RP þ T this gain in body weight was
paralleled by an increase in BMI from t2 to t3 (þ0.26 ± 0.43 kg/m2,

Table 4
Intervention effects on physical function, handgrip strength and muscle quality parameters.
Parameter

30-s chair stand [reps],
n ¼ 113
30-s arm curl [reps],
n ¼ 113
6-min walk test [m],
n ¼ 113
Self-selected gait speed
[m/s], n ¼ 113
Maximal gait speed [m/
s], n ¼ 113
Timed up and go [s],
n ¼ 112
Chair sit-and-reach
[cm], n ¼ 114
Back scratch [cm],
n ¼ 114
Dom handgrip strength
[kg], n ¼ 114
MQUBS [kg/kg], n ¼ 107

MQLBP [W/kg], n ¼ 106

Group

CON
RP þ T
HP þ T
CON
RP þ T
HP þ T
CON
RP þ T
HP þ T
CON
RP þ T
HP þ T
CON
RP þ T
HP þ T
CON
RP þ T
HP þ T
CON
RP þ T
HP þ T
CON
RP þ T
HP þ T
CON
RP þ T
HP þ T
CON
RP þ T
HP þ T
CON
RP þ T
HP þ T

Mean (95% conﬁdence interval)
Baseline (t1)

8 weeks (t2)

17 weeks (t3)

12.6 ± 3.6
13.6 ± 3.2
13.2 ± 3.8
14.9 ± 3.5
16.6 ± 4.0
16.5 ± 3.2
580 ± 76
600 ± 97
582 ± 81
1.5 ± 0.3
1.5 ± 0.3
1.5 ± 0.2
2.1 ± 0.3
2.3 ± 0.5
2.1 ± 0.3
5.8 ± 1.0
5.8 ± 1.1
5.8 ± 0.8
2.3 ± 9.6
1.7 ± 12.7
1.8 ± 9.2
7.4 ± 10.5
8.6 ± 11.9
10.0 ± 11.0
31.9 ± 9.6
34.4 ± 9.2
31.4 ± 8.9
1.3 ± 0.3
1.3 ± 0.2
1.2 ± 0.3
23.7 ± 5.4
24.8 ± 4.7
23.4 ± 5.1

13.7 ± 3.8***
14.2 ± 3.7
14.2 ± 4.3*
16.3 ± 3.3*
18.1 ± 4.5*
18.0 ± 3.2**
570 ± 80
617 ± 90
592 ± 66
1.5 ± 0.3
1.5 ± 0.2
1.4 ± 0.2
2.1 ± 0.3
2.2 ± 0.4
2.1 ± 0.3
5.7 ± 1.0
5.6 ± 1.2
5.6 ± 0.8
2.0 ± 10.2
1.4 ± 12.8
1.2 ± 9.1
7.4 ± 11.1
8.1 ± 12.4
8.4 ± 10.8*
31.8 ± 10.3
34.5 ± 8.5
30.9 ± 9.4
1.3 ± 0.3
1.3 ± 0.2
1.2 ± 0.3
25.6 ± 5.8***
25.7 ± 4.6
25.0 ± 5.0*

14.2 ± 3.6***,º
15.6 ± 4.4***,ººº
15.3 ± 4.1***,º
16.5 ± 3.6**
17.7 ± 3.7
18.3 ± 3.5**
583 ± 77º
622 ± 96**
601 ± 65*
1.6 ± 0.3º
1.6 ± 0.4
1.6 ± 0.3ºº
2.1 ± 0.4
2.3 ± 0.4
2.1 ± 0.4
5.7 ± 1.0
5.7 ± 1.3
5.6 ± 0.8
2.2 ± 10.6
0.3 ± 12.1
0.5 ± 9.2
7.8 ± 11.2
9.5 ± 12.7
9.1 ± 10.5
31.9 ± 10.4
33.8 ± 8.5
31.2 ± 9.6
1.3 ± 0.3
1.3 ± 0.2
1.2 ± 0.2
26.5 ± 5.6***,º
27.7 ± 5.3***,ººº
25.7 ± 4.8**

Time
p-value
(partial ƞ2)

group
p-value
(partial ƞ2)

time x group
p-value
(partial ƞ2)

Phase differences

D (t2 e t1)

D (t3 e t2)

< 0.001 (0.295)

0.489 (0.013)

0.410 (0.018)

< 0.001 (0.151)

0.037 (0.058)

0.840 (0.006)

0.002 (0.059)

0.157 (0.033)

0.063 (0.041)

< 0.001 (0.087)

0.843 (0.003)

0.633 (0.011)

0.016 (0.037)

0.070 (0.047)

0.487 (0.015)

0.061 (0.025)

0.996 (0.000)

0.927 (0.004)

0.118 (0.019)

0.887 (0.002)

0.635 (0.011)

0.073 (0.023)

0.806 (0.004)

0.266 (0.023)

0.675 (0.004)

0.329 (0.020)

0.704 (0.010)

0.500 (0.007)

0.350 (0.020)

0.637 (0.012)

< 0.001 (0.303)

0.517 (0.013)

0.268 (0.025)

1.05 ± 1.63
0.53 ± 1.94
0.95 2.13
1.35 ± 2.80
1.41 ± 2.87
1.49 ± 2.61
10.1 ± 44.6
16.2 ± 50.2
9.5 ± 35.8
0.02 ± 0.30
0.02 ± 0.35
0.07 ± 0.26
0.02 ± 0.27
0.09 ± 0.28
0.02 ± 0.16
0.10 ± 0.66
0.17 ± 0.59
0.14 ± 0.73
0.29 ± 3.66
0.24 ± 5.34
0.65 ± 4.12
0.04 ± 3.21
0.53 ± 5.00
0.92 ± 6.38
0.10 ± 3.37
0.09 ± 2.93
0.46 ± 2.49
0.01 ± 0.16
0.03 ± 0.15
0.01 ± 0.14
1.92 ± 2.51
0.83 ± 2.12
1.62 ± 3.24

0.55 ± 1.32
1.44 ± 1.65#
1.13 ± 2.60
0.23 ± 2.39
0.32 ± 3.14
0.28 ± 2.44
12.9 ± 31.4#
5.0 ± 38.4
8.6 ± 33.8
0.09 ± 0.24
0.12 ± 0.34
0.17 ± 0.25##
0.07 ± 0.22
0.05 ± 0.23
0.08 ± 0.21#
0.01 ± 0.59
0.11 ± 0.52
0.01 ± 0.69
0.24 ± 5.20
1.11 ± 5.36
0.67 ± 4.76
0.40 ± 3.21
1.37 ± 4.31
0.71 ± 3.53
0.13 ± 3.29
0.66 ± 2.87
0.26 ± 3.23
0.02 ± 0.17
0.04 ± 0.15
0.02 ± 0.16
0.85 ± 2.04
2.03 ± 2.10#
0.65 ± 3.28

Values are shown as mean ± standard deviation. p-values refer to main effects of time and group as well as time*group interactions (two-way mixed ANOVA). Signiﬁcant
effects (p < 0.05) are shown in bold. Effect size is given as partial h2, whereby 0.02, 0.13, and 0.26 represent small, moderate, or large effects. CON (control group ¼ observation
only); RP þ T (recommended protein group þ resistance training); HP þ T (high protein group þ resistance training). MQUBS (muscle quality upper body strength); MQLBP
(muscle quality lower body power) In case of signiﬁcant overall time effects, Bonferroni-corrected post hoc analyses were performed individually for groups, whereby asterisks indicate signiﬁcant differences to t1 and circles to t2. Additionally, signiﬁcant differences between phase 1 and phase 2 as calculated by paired t-tests are marked by
hashes. ***,ººº (p < 0.001); **,ºº,## (p < 0.01); *,º,# (p < 0.05).
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Table 5
Intervention effects on anthropometry and body composition parameters.
Parameter

Body weight [kg], n ¼ 116

BMI [kg/m2], n ¼ 116

Body fat [%], n ¼ 109

Body fat [kg], n ¼ 109

SM [kg], n ¼ 109

ASMM [kg], n ¼ 109

Phase angle [º], n ¼ 109

Group

CON
RP þ T
HP þ T
CON
RP þ T
HP þ T
CON
RP þ T
HP þ T
CON
RP þ T
HP þ T
CON
RP þ T
HP þ T
CON
RP þ T
HP þ T
CON
RP þ T
HP þ T

Mean (95% conﬁdence interval)
Baseline (t1)

8 weeks (t2)

17 weeks (t3)

73.7 ± 12.4
75.9 ± 15.6
73.3 ± 13.4
26.0 ± 3.9
26.4 ± 4.3
25.9 ± 3.6
24.8 ± 7.7
24.7 ± 7.2
22.9 ± 7.2
18.3 ± 6.8
18.7 ± 7.7
17.0 ± 6.7
25.0 ± 6.8
25.6 ± 7.7
25.9 ± 7.1
19.8 ± 4.2
20.2 ± 5.0
20.1 ± 4.5
5.2 ± 0.6
5.2 ± 0.8
5.1 ± 0.6

74.2 ± 12.4
76.2 ± 15.3
73.2 ± 13.1
26.2 ± 3.9*
26.5 ± 4.2
25.8 ± 3.6
25.7 ± 7.5*
25.4 ± 6.4
24.3 ± 7.9
19.2 ± 6.8*
19.3 ± 7.1
18.0 ± 7.1
24.6 ± 6.6
25.4 ± 7.5
25.1 ± 7.0
19.6 ± 4.1
20.2 ± 5.0
19.8 ± 4.4
5.1 ± 0.6
5.2 ± 0.8
5.2 ± 0.7

74.2 ± 12.2
77.2 ± 15.9***,ºº
73.5 ± 13.1
26.2 ± 3.8
26.7 ± 4.4***,ºº
25.9 ± 3.6
26.1 ± 7.5**
25.8 ± 7.5
23.7 ± 7.9
19.4 ± 6.7*
19.9 ± 8.1*
17.5 ± 6.9
24.4 ± 6.7*
25.6 ± 7.8
25.6 ± 7.4
19.5 ± 4.1*
20.5 ± 5.1
20.0 ± 4.6
5.1 ± 0.6
5.3 ± 0.9
5.1 ± 0.7

time
p-value
(partial ƞ2)

group
p-value
(partial ƞ2)

time x group
p-value
(partial ƞ2)

Phase differences

D (t2 e t1)

D (t3 e t2)

< 0.001 (0.110)

0.598 (0.009)

0.001 (0.078)

0.001 (0.060)

0.764 (0.005)

0.002 (0.077)

< 0.001 (0.057)

0.476 (0.014)

0.592 (0.013)

< 0.001 (0.094)

0.495 (0.013)

0.379 (0.020)

0.018 (0.039)

0.829 (0.004)

0.333 (0.021)

0.124 (0.020)

0.826 (0.004)

0.217 (0.027)

0.716 (0.003)

0.730 (0.006)

0.311 (0.022)

0.47 ± 1.33
0.37 ± 1.24
0.15 ± 1.82
0.20 ± 0.51
0.12 ± 0.41
0.03 ± 0.73
1.00 ± 2.47
0.72 ± 2.51
1.37 ± 4.29
0.86 ± 2.06
0.58 ± 1.83
1.02 ± 2.85
0.45 ± 1.60
0.20 ± 1.65
0.80 ± 2.27
0.20 ± 0.87
0.06 ± 1.03
0.28 ± 1.16
0.03 ± 0.39
0.01 ± 0.67
0.12 ± 0.62

0.03 ± 1.07
0.92 ± 1.35
0.24 ± 1.29
0.02 ± 0.50
0.26 ± 0.43
0.03 ± 0.49
0.37 ± 2.25
0.35 ± 2.73
0.61 ± 2.79
0.24 ± 1.74
0.59 ± 2.21
0.47 ± 2.12#
0.13 ± 1.22
0.22 ± 1.59
0.51 ± 1.57#
0.08 ± 0.58
0.27 ± 0.84
0.23 ± 0.78
0.06 ± 0.34
0.11 ± 0.41
0.06 ± 0.34

Values are shown as mean ± standard deviation. p-values refer to main effects of time and group as well as time*group interactions (two-way mixed ANOVA). Signiﬁcant
effects (p < 0.05) are shown in bold. Effect size is given as partial h2, whereby 0.02, 0.13, and 0.26 represent small, moderate, or large effects. CON (control group ¼ observation
only); RP þ T (recommended protein group þ resistance training); HP þ T (high protein group þ resistance training). SM (skeletal muscle mass); ASMM (appendicular skeletal
muscle mass). In case of signiﬁcant overall time effects, Bonferroni-corrected post hoc analyses were performed individually for groups, whereby asterisks indicate signiﬁcant
differences to t1 and circles to t2. Additionally, signiﬁcant differences between phase 1 and phase 2 as calculated by paired t-tests are marked by hashes. *** (p < 0.001); **,ºº
(p < 0.01); *,# (p < 0.05).

(change in handgrip strength) ¼ 1.74 * x (protein intake) - 2.54.
Thereby, the daily amount of protein intake accounted for 6.8% of
the declared variability in handgrip strength changes (Fig. 2).

Body fat and SM revealed no time*group interaction or group
effect (p > 0.050). However, body fat and SM changed over time,
irrespective of group allocation (p < 0.050). Bonferroni-corrected
post hoc analyses for body fat percentage and mass revealed that
there was a signiﬁcant increase from t1 to t2 (1.0 ± 3.2%, p ¼ 0.004;
0.8 ± 2.3 kg, p ¼ 0.001), but not from t2 to t3 (p > 0.050). Over the
duration of the study (t1 to t3), body fat increased (1.1 ± 3.2%,
p ¼ 0.003; 0.9 ± 2.5 kg, p < 0.001). Post hoc analyses for SM showed
a decrease from t1 to t2 (0.5 ± 1.9 kg, p ¼ 0.025) but not for the
other time points. Phase angle and appendicular muscle mass did
not reveal any group*time interactions, main effects of group, nor
was there a main effect of time (p > 0.050).
Interestingly, when comparing changes during the nutritional
phase (D (t2 e t1)) to those elicited during the training phase (D (t3
e t2)), it seems to be noteworthy that the initial increases in body
fat and decreases in SM could be reversed only in the HP þ T which
showed a signiﬁcant difference to phase 1 with body fat mass being
decreased (0.47 ± 2.12 kg, p ¼ 0.041) while SM being increased
(þ0.51 ± 1.57 kg, p ¼ 0.021).

4. Discussion
The main aim of our study was to investigate whether
increasing the protein intake to or above the recommended level
would ameliorate the muscular response to resistance training in
older adults. We were able to reach the recommended daily level of
1.0 g protein per kg BW in RP þ T, whereas the high protein group
doubled their baseline intake levels to 1.6 g protein per kg BW.
However, protein intake did not modulate the response to resistance training with respect to physical performance parameters,
but showed a potential impact on body composition.
In many of the previously conducted randomized controlled
studies, an increase in protein intake was achieved by administering protein supplements [52e55]. This is in contrast to our study,
as we decided to provide the extra protein mainly through regular
food, which turned out to provide a big challenge compared to
supplementation with respect to protein intake calculation,
macronutrient distribution and energy intake calculation, particularly for subjects with a higher body weight [56]. Nevertheless, all
subjects from HP þ T without exception increased their individual
protein intakes, whereby the study target level of 2 g/kg BW/d was
reached by eight individuals (20.5%). Within 17 weeks, the average
protein intake in the HP þ T doubled and energy provided via
protein accounted for 24 E% being well above the general recommendations up to 15 E% [20]. The difﬁculty to reach a certain target
amount by regular food has also been shown in another study with
healthy older men and women (61 ± 1 yrs), where a protein intake
of 1.6 g/kg BW/d in the high protein group was intended, but after
10 weeks, protein intake could only be increased from initially 1.1 to
1.2 g/kg BW/d [34]. A meta-analysis revealed that the amount of
1.6 g/kg BW/d, which was achieved in the current study might be

3.7. Linear regression
In order to assess whether a higher protein intake in the training
phase would be associated with changes in strength, muscle mass
or MQ, differences between t2 and t3 in these parameters were
correlated to protein intake in phase 2 (only for participants allocated to RP þ T or HP þ T). Protein intake amounts were not
associated with changes in 30-s chair stand test (r ¼ 0.036,
p ¼ 0.760), 30-s arm curl test (r ¼ 0.182, p ¼ 0.123), muscle mass
(r ¼ 0.002, p ¼ 0.986), MQUBS (r ¼ 0.165, p ¼ 0.166), MQLBP
(r ¼ 0.036, p ¼ 0.769). However, a weak but positive association
between protein intake and changes in handgrip strength from t2
to t3 was observed (r ¼ 0.245, p ¼ 0.035). Irrespective of group
allocation, a linear regression established that daily protein intake
signiﬁcantly predicts an increase in relative handgrip strength: y
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Fig. 2. Association between protein intake and change in handgrip strength.
Different symbols represent the assignment to the intervention groups (C black dot, recommended protein group þ resistance training (RP þ T); B white dot, high protein
group þ resistance training (HP þ T)). Solid line, linear regression line; bold dashed line, prediction intervals; dashed line, lower and upper limits of the 95% conﬁdence interval.

volume directly after the exercise session [60]. Furthermore, a
comparison of different dietary protein sources such as skim milk,
soy milk, beefsteak, boiled egg, and a liquid meal supplement
revealed that area-under-the-curve values for total plasma amino
acids were similar between the different protein sources, but liquid
forms of protein achieved peak concentrations twice as quickly
after ingestion as solid protein-rich foods [61].
Strength training was performed only in phase 2 and only for
RP þ T and HP þ T. Nevertheless, many of the physical performance
parameters such as 30-s chair stand, 30-s arm curl, 6-min walk test,
self-selected and maximal gait speed, as well as in MQLBP increased
over time. While a high test-retest intraclass correlation was
conﬁrmed for all the applied tests for physical function in older
people [1,43,44], a learning effect was reported for repeated measurements [62]. To counteract the learning effect, we asked the
participants to perform all tests with the exception of the 6-min
walk test before the start of the measurement to familiarize
themselves with the correct exercise sequence in order to make a
possible familiarisation effect as small as possible. Despite the
general amelioration of functional performance, a steeper increase
in the second study phase was observed from t2 to t3 for 30-s chair
stand test, gait speed, and especially for muscle quality of the lower
extremities hinting to the fact that the applied resistance training
was able to overcome a potential learning effect in these parameters. Special care was taken to match the physical performance tests
and the movement patterns of the resistance training exercises. In
this respect it has been shown that chair stand performance correlates well with leg-press performance for both men and women
[43]. Although we used a very comprehensive test battery for the
functional tests, we cannot exclude the possibility that functional
changes may have occurred in other areas that we were unable to
detect.
With respect to efﬁcacy of the training programme, it seems
that the applied strength training was more effective to target
lower body performance than upper body performance. It is
already known that ageing affects power and strength of the
lower body to a higher extent than those of the upper body [63],
but it is unclear whether this could account for differences in
trainability between upper and lower body [64]. It has been
suggested that muscles being elicited more frequently would have

optimal to increase strength and lean mass, whereas higher doses
would not exert additional effects [12]. However, a regression analyses performed independently of group allocation in our study
revealed a weak but positive association between protein intake
and changes in handgrip strength during the training phase,
whereby no levelling off at 1.6 g/kg BW/d was observed. Therefore,
future studies might be needed to conﬁrm whether an increase
above this level would be associated with further beneﬁts on
physical performance.
It is noteworthy that the additional offer of high-protein
(HP þ T) or isocaloric, high-carbohydrate (RP þ T) foods initially
led to an increase in energy intake especially in phase 1, which was
most pronounced in the HP þ T group. This observation is paralleled by changes in body composition in all groups. However, only
the high-protein group was able to reverse the trend by decreasing
body fat and increasing muscle mass in phase 2 of the study. As
training load was equal in RP þ T and HP þ T, the additional amount
of protein could be the reason for this observation which might be
used more efﬁciently for muscle protein synthesis. An adequate
intake of protein is important to maintain skeletal muscle mass and
quality with aging and compensate for reduced muscle protein
synthesis [13,57,58]. For optimising muscle protein synthesis, it is
recommended to consume 20e40 g protein per meal [16], which is
however not easy to achieve in an old population due to ageassociated changes in appetite, difﬁculties in chewing ﬁbrous
foods, use of medication and polypharmacy, noticed food intolerances, the elevated cost of more nutrient-dense foods, and fear
of eating too much fat and cholesterol [59]. In order to facilitate
protein intake in close proximity to strength training, additional
protein drinks containing 32 g protein were provided twice a week
directly after the training session. This amount accounts only for
about 8% of the total protein intake per week in the HP þ T group,
we only can hypothesize whether this has exerted a special stimulus on muscle protein synthesis and hence body composition.
Although the ingestion of whole foods, which contain a food matrix
rich in dietary protein, vitamins, minerals, and other macronutrients may provide improvements in overall diet quality and have a
direct inﬂuence on changes of post-exercise muscle protein synthesis rates, obtaining dietary protein exclusively from whole foods
may not always be convenient with respect to availability and food
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Author contributions

a smaller potential to gain strength at older age [65]. With respect
to training progression, we have used the RPE method which
appear equally effective to other methods for increasing training
loads, such as using percentages of the one repetition maximum, a
target number of repetitions, or the repetitions in reserve.
Furthermore, the RPE method is considered optimal for older
adults as it is likely to be perceived as the most tolerable one [66].
In the current study progression of volume load was achieved by
143.9 ± 148.3% for leg press and 82.7 ± 73.7% for chest press which
could explain both the potential differences between upper and
lower body as well as the somewhat lower improvements in
physical performance in comparison to other studies [67]. However, compliance levels of the participants was very high as estimated from training session attendance (RP þ T ¼ 89.6 ± 8.6%;
HP þ T ¼ 90.7 ± 12.7%). Although this might have led to a somewhat lower absolute load it has been shown that hypertrophic
responses can be elicited with both low-loads and high-loads, yet
only when maximal effort is achieved [68e70]. Furthermore, intensity plays an important role in the effectiveness and safety of
resistance training programmes, especially in older adults. A
previous report suggested that moderate resistance training may
be related to not only to higher acceptance and compliance, but
also to lower injury rates in older adults [71]. As no injury in
response to the training programme was reported in our study, we
consider this programme to be safe which could be continued for
even longer periods similar to other studies applying resistance
training for 11 weeks or more [15,31,52,72].
The randomized controlled study design, the close nutritional
support for each participant which allowed the modulation of
overall protein intake in a ﬁeld setting, together with a supervised
strength training programme based on ACSM guidelines represent
the main strength of our study. Nevertheless, some limitations
such as the use of BIA for the assessment of body composition
need to be addressed as well. We believe that in the context of our
study BIA is a valid tool to assess changes in muscle mass and body
fat as we and others have observed strong correlations to DEXA
with respect to fat and lean mass [73,74]. However, we need to
keep in mind that different methods differ not only in accuracy or
precision but also in measuring different compartments making
comparisons difﬁcult [75]. Although the study was conducted in a
very controlled environment, we were not able to completely
assess every lifestyle aspect of the participants leaving the possibility of residual confounding.
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