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Abstract
Background  Resistance training (RT) is effective in counteracting the age- and menopause-related loss of muscle 
mass (MM) and strength in middle-aged women (40–60 years). Research on RT with free weights is limited in pre- 
and post-menopausal women. Based on this, a 20-week training intervention was conducted with this population to 
investigate the effects of systematic RT with free weights on strength capacity and body composition.

Method  Forty-one healthy women (52.0 ± 3.6 years) participated in this study. After 10-week control phase (no RT, 
T0-T1) followed by a 10-week intervention phase (T1-T2) with RT twice a week and 6–8 sets of each muscle per week. 
Subjects were randomly assigned to a low-intensity (50% 1-RM) or moderate-intensity (75% 1-RM) RT group and 
divided into pre-menopausal and post-menopausal according to their hormone profile. Fat-free mass (FFM), MM, fat 
mass (FM), muscle thickness (Vastus lateralis (VL), Rectus femoris (RF), Triceps brachii (TB)), grip strength, 1-RM squat 
and bench press were assessed before and after each phase. Statistical analysis was performed using a linear mixed 
model to account for fixed (time and group) and random (individual) effects.

Results  A total of 31 women successfully completed the study. No injuries occurred during the intervention. 
Significant increases in 1-RM squat and bench press were observed in all groups. No interaction effect was observed 
for the strength parameters. In pre-menopausal women, FFM, MM and RF muscle thickness increased significantly, 
while VL showed a trend. These effects were not present in post-menopausal women regardless of RT intensity.

Conclusion  RT with free weight is safe and effective for middle-aged women to increase 1-RM. Hypertrophy effects 
were found exclusively in pre-menopausal women. To achieve hypertrophy and/or body composition changes in 
post-menopausal women, larger training volumes (> 6–8 sets/muscle per week) are likely required.
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Introduction
Loss of muscle mass (MM) is part of the ageing process 
[1]. MM in men and women has been shown to decrease 
by 3 to 8% per decade after the age of 30, and by 5 to 
10% after age of 50 [2]. This reduction in MM and also 
strength during the ageing process may lead to physical 
disability [1], negatively affects the performance of every-
day life, and increases the risks of falls and fractures [1, 
3]. For context, post-menopausal women with reduced 
MM show a 2.1-fold higher risk of falling and a 2.7-fold 
higher risk of bone fracture than women with preserved 
MM [4]. Furthermore, since skeletal muscle is a highly 
metabolically active tissue, common metabolic disor-
ders associated with ageing, such as diabetes, may also be 
associated with the decline in MM [1]. Therefore, main-
taining MM during the ageing process is crucial for mus-
culoskeletal health [3, 5, 6].

Probably the most significant event for ageing women is 
menopause, which usually occurs approximately between 
the ages of 45 and 55 [7]. Menopause marks the end of 
menstruation and reproductive capacity and is associated 
with various physiological hormonal changes. In particu-
lar, the decline in estrogen levels has detrimental effects 
on body composition, such as an increase in fat mass 
(FM), a decrease in MM, strength, and bone mineral den-
sity (BMD) [1, 8–11]. Consequently, menopausal women 
are at higher risk of developing osteoporosis and other 
musculoskeletal disorders [11, 12]. Hormone replace-
ment therapy is feasible but is associated with side effects 
such as breast tenderness, enlargement, headaches, 
mood changes, or nausea. As an alternative or in addition 
to hormone replacement therapy, exercise interventions 
may be recommended [13]. Resistance training (RT) has 
been shown to be particularly effective in counteracting 
most of the negative effects of the menopause described 
above. There is very good evidence that progressive RT 
in older adults has positive effects on lean body mass 
[1, 14, 15], MM [16–18], strength [3, 16, 17], functional 
capacity [19, 20], bone mass and BMD [3, 14]. Moreover, 
it reduces risks of falls and fractures [21] and promotes 
physical and mental well-being [22], confidence and hap-
piness [23].

Therefore, it is not surprising that the World Health 
Organization recommends that all adults should do mus-
cle-strengthening activities that involve all major muscle 
groups at moderate or greater intensity and at least twice 
a week to provide health benefits [24, 25]. Recent reviews 
show that strength and muscle growth can be achieved at 
any intensity and number of repetitions [26, 27]. It seems 
that only 5–6 sets per muscle group per week are suf-
ficient for beginners to induce adaptations [26, 27]. But 
current recommendations are based on data from males. 
Only 2–14% of the articles in three major sports and 

exercise magazines included only women as participants 
[28].

Previous studies employing middle-aged and older 
women primarily made use of machine-based programs 
or a combination of machine and free weight exercises 
[29, 30]. In addition, research has tended to focus on 
the effects of low to moderate-intensity RT programs 
(around 60% 1-RM) and 8–12 repetitions [1, 30, 31] but 
this is not consistent with current recommendations. 
The National Strength and Conditioning Association’s 
(NSCA) position statement on RT for older adults (i.e., 
> 50 years of age) specifically recommends RT with 1–3 
sets per exercise per muscle group, two to three days per 
week with free weight or machine-based exercises using 
multi-joint movements at an intensity of 70–85% 1-RM 
including repetition ranges from 8 to 15 [32]. Usually, 
15 or more repetitions are completed at an intensity of 
60%, or an intensity of 70–80% is generally used for a rep-
etition range of 8–12 repetitions [26, 27]. Besides, only a 
few studies compared the effects of different intensities in 
machine-based RT programs [33, 34, 35, 36]. Moreover, 
“effort”, or the set endpoint and exercise velocity was 
rarely described [29].

However, to increase strength, free weight training 
might be superior to machine-based programs [29, 32, 
37]. In addition, movements of daily living can be ideally 
trained with free weights and are more akin to applied 
science [32]. It is therefore surprising that, to the best 
of our knowledge, no studies involving middle-aged or 
older women have been conducted exclusively with free 
weights. In summary, there is insufficient evidence to 
provide specific guidelines for older women, including 
pre-, peri-, and post-menopausal women, to optimize 
MM and strength gains [30]. Furthermore, participants’ 
hormonal status was not or insufficiently assessed prior 
to enrollment [38], and there is a lack of data on the 
effects of free weight RT in middle-aged women.

Therefore, this is the first study to investigate the effects 
of free weight RT on muscle strength and body compo-
sition in middle-aged women depending on hormonal 
status (pre- and post-menopausal) and two different 
intensities. This will include identifying potential differ-
ences in the development of fat-free mass (FFM), MM, 
and strength capacity, as well as FM reduction, according 
to pre- and post-menopausal status.

Methods
Participants
To determine the sample size, a power analysis (F-tests, 
Anova: Fixed effects, special, main effects and inter-
action) was performed a priori. For the calculation, 
a medium to strong effect (f ) (0.25–0.40), an α-error 
of 0.05, and a power of 0.8 (1-β error) were specified. 
Based on the three-arm model (df = 2), a total sample 
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size of 18–36 subjects was calculated. However, since 
the study will last for a total of 20 weeks and drop-outs 
were taken into account, the number of subjects was set 
at a minimum of 40. All volunteers had to be healthy, 
with no orthopedic or cardiovascular complaints and 
should be able to perform a squat with the tops of their 
thighs parallel to the floor. As a result, seven individu-
als were excluded before the start of the study. After 
being informed about the study procedures and inclu-
sion criteria, 41 healthy women were enrolled in the 
study (15/03/2021) after signing informed consent. The 
classification of the participants as pre-menopausal and 
post-menopausal was based on hormone concentra-
tions and the date of the last menstrual period [38]. Par-
ticipants were classified as post-menopausal if they had 
low estradiol (E2) and high follicle-stimulating hormone 
(FSH) and had not menstruated for at least 12 months 
[38]. Seventeen participants (n = 17) were classified as 
pre- (PreMeno) and 24 as post-menopausal (PostMeno). 
Subsequently, PostMeno women were allocated to two 
subgroups after stratified randomization (MM, age, 
weight and height): moderate-intensity (MI-RT; n = 12) 
and low-intensity (LI-RT; n = 12). PreMeno women were 
not subdivided due to the small sample size and per-
formed MI-RT.

Experimental design
The study was approved by the local ethics commit-
tee of the IST University of Applied Science, Dussel-
dorf (02/2021), according to the Declaration of Helsinki, 
and registered in the German Registry of Clinical Stud-
ies (05/03/2021; DRKS00023826). In addition, the 
hygiene concept to prevent the spread of COVID-19 was 
approved by the local regulatory authority. A total of 
41 women aged 40–60 years were recruited into a local 
gym. The study design encompassed two phases, and 
three measurement points (T0, T1, T2), and lasted for 20 
weeks (see Fig. 1).

Initially, ten weeks (T0-T1) served as a control period 
without any training or systematic physical activity to 
examine the effects of reduced physical activity (gym 
lockdown due to the COVID-19 pandemic) on strength 
capacity and body composition. This was followed by a 
10-week RT intervention period (T1-T2) using a two-
group matched pair parallel design. At T0, participants 
completed questionnaires about their health, menstrual 
status, and recent RT history. Subsequently, hormone sta-
tus (E2, progesterone (P), (FSH), testosterone (T), dehy-
droepiandrosterone (DHEA)), body composition (total 
body water (TBW), FFM, MM, FM), muscle thickness 
(vastus lateralis (VL), rectus femoris (RF), triceps brachii 
(TB)), grip strength (GS), and dynamic strength (1-RM 
squat (SQ), 1-RM bench press (BP)) were assessed. The 
same variables were also collected after the control and 
RT period except for hormone status. T2 testing was 
done 48–72 h after the last RT session.

Procedures
Forty-eight hours before testing, the subjects were not 
allowed to engage in RT or any other strenuous physical 
activity. The volunteers were also not allowed to drink 
alcohol or coffee before testing and had to appear in a 
fasted state. However, about 300-400ml of water had to 
be drunk in the morning to equalize the water balance. 
All measurements (T0–T2) were conducted single-blind 
in the morning (7.30–11.00 am) at the same time of the 
day by the same researcher.

Hormone parameters
The saliva and blood samples were collected immedi-
ately at the beginning of T0 (7.30-9.00am). In premeno-
pausal women, saliva and blood samples were collected 
during the luteal phase (second half of the cycle), when 
both E2 and P concentrations are high. Hormone con-
centrations were used only for identification and clas-
sification between pre- and post-menopausal states. For 
saliva samples, specific ELISA kits for E2, P, T, and DHEA 

Fig. 1  Schematic representation of study design. RT = resistance training; BIA = bioelectrical impedance analysis; PreMeno = pre-menopause; PostMe-
no = post-menopausal; MI-RT = moderate-intensity resistance training; LI-RT = low-intensity-resistance training
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concentrations were used (RE52281; RE62141; RE52651; 
RE30121046; Re62039). Dry blood concentration of 
FSH was analyzed by an external laboratory according 
to the CLIA method (Ayumetrix, 17,387 63rd Ave, Lake 
Oswego, OR 97,035, USA).

Body mass and body composition
Body weight (BW) and body composition were measured 
immediately after collecting salvia and blood samples. 
BW was assessed using a digital scale (Etekcity EB4074C, 
Anaheim, CA, United States of America), with partici-
pants wearing only underwear and no shoes or socks. 
TBW, FFM, MM, and FM were analyzed by bioelectri-
cal impedance analysis (BIA 101, Akern, Firenze, Italy). 
BIA 101 Akern is a valid and reliable alternative method 
to dual-energy X-ray absorptiometry (DXA) for verifica-
tion of body composition [39, 40]. BIA was performed 
using an alternating sinusoidal electric current of 400 
microampere at an operating frequency of 50  kHz. For 
the bioelectrical impedance measurement, each partici-
pant was supine with limbs slightly spread apart from the 
body for 10 min to allow for fluid shift [41]. Disposable 
tab electrodes (BIATRODES Akern Srl; Florence, Italy) 
were placed on the right side at metacarpal and metatar-
sal sites of the right wrist and ankle [39]. Subsequently, 
the measurement was performed, and the data were pro-
cessed using BodyGramPro software (Version 3.0, Akern, 
Firenze, Italy). Further information about the BIA 101 
can be obtained from the manufacturer’s manual [42].

Muscle thickness
For muscle thickness measurements, a B-mode ultra-
sound (Mindray DP-50, Mindray Medical International 
Ltd, Shenzhen, China) with an 8.5-MHz linear probe 
(Mindray 75L53EA, Mindray Medical International Ltd, 
Shenzhen, China) was used. Muscle thickness was mea-
sured at three sites in the muscles on the right side, in 
accordance with previous studies [41, 43].

M. vastus lateralis thickness was measured with the 
participants lying on their left side on an examination 
table at half the distance between the most prominent 
point of the greater trochanter and the lateral condyle of 
the tibia (gain 50 dB; image depth 3.7 cm). The thickness 
of the rectus femoris was measured at 50% between the 
anterior inferior supra iliac crest and the proximal border 
of the patella with participants lying supine (gain 50 dB; 
image depth 3.7 cm).

For measurement of the triceps brachii, the partici-
pants lay in the prone position while images were taken 
at 40% distal between the acromial process of the scapula 
and the lateral epicondyle of the humerus (gain 50 dB; 
image depth 5.5  cm). To ensure the identical position-
ing of the ultrasound probe, the measuring points were 
marked with a waterproof pen. Ultrasound transmission 

gel was applied to the probe head and the probe was 
positioned perpendicular to the long axis of the extrem-
ity without depression of the underlying tissue. Three 
images were recorded at each site and stored on a USB 
flash drive. Subsequently, muscle thickness was analyzed 
in the images using the caliper measurement of the ultra-
sound device. The mean values of the three images of 
each site were used for further analyses. The test–retest 
intraclass correlations coefficient for this analysis was 
reported from our laboratory as 0.998 (RF), 0.996 (VL), 
and 0.997 (TB) [41].

Maximum strength tests
Following a standardized warm-up procedure (5  min 
running), grip, upper and lower body strength tests were 
conducted. Grip strength of both hands was assessed 
using a digital hand-held dynamometer (digital Jamar+, 
Fabrication Enterprises, New York, United States). For 
testing, volunteers were seated upright on a chair with 
their elbows bent at 90° and in contact with the body. 
Then they were instructed to press the handle of the 
device as forcefully as possible for at least five seconds 
without changing their position. Three trials were car-
ried out for each side. Maximum strength was measured 
alternately. The rest period between repetitions on each 
side was 120 s. The best trial was documented for further 
analysis. For testing lower body strength, a “touch and 
go” barbell box squat (femur parallel to the floor, 90° knee 
angle) was used. The height of the box was individually 
adjusted for each subject and maintained throughout the 
RT period and during retesting. After a minimum of five 
minutes of rest, upper body strength was assessed using 
the free weight BP exercise. For this, grip widths were 
documented and stipulated throughout the study. For 
both tests, the participants first completed ten repeti-
tions with an empty bar, followed by a two-minute rest 
period. A second warm-up set of ten repetitions was then 
performed with at approximately 50% of the predicted 
ten-repetition maximum load. Following four-minute 
rest, a final set was performed to the point of momen-
tary concentric muscle failure or failure of proper exer-
cise technique. This was done by pre-setting a load that 
the research team estimated would allow one to ten rep-
etitions. Both exercises are well-established exercises for 
determining strength ability and upper and lower body 
performance [44]. From the load used and the number of 
repetitions completed, the 1-RM SQ and BP were calcu-
lated according to the formula proposed by Brzycki [45], 
which was considered sufficiently accurate for estimat-
ing 1-RM using fatiguing sets of less than ten repetitions 
[46].
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Resistance Training Protocol
A detailed description of the RT protocol (sets, repeti-
tions, intensity, tempo, and rest) throughout the study 
can be found in Table  1. The training program con-
sisted of two cycles of five weeks each. Weeks one to 
four of each cycle were “loading” weeks, followed by one 
“deload” week. Deload weeks were introduced to coun-
teract possible over reaching due to too rapid increases 
training weights. Training was performed twice weekly, 
48–72  h apart. All RT sessions were supervised by a 
qualified member of the research team (researcher-to-
participant ratio 1:1–4). Exercise selection was identical 
for all intervention groups. Session 1 consisted of “touch 
and go” barbell box squats (femur parallel to the floor), 
barbell bench press, seated neutral grip cable row, dumb-
bell side bend, and prone plank. In the second training 
session, the same exercises were repeated, except that the 
cable row was replaced by a lat pull-down with a wide 
pronated grip. Except for the box squats and the plank, 
all exercises were performed with the maximum range 
of motion possible and at identical tempo. Volume loads 
(repetitions x sets x % 1-RM) were approximately similar 
between the intervention groups, with the MI-RT group 
performing more sets per exercise to achieve a similar 
volume load compared to the LI-RT group. The adjusted 
weight of the box squat and bench press in the first cycle 
was based on the initial 1-RM test (T1), whereas the 
resistance of the remaining exercises was determined by 
trial and error. During the “loading” weeks, the last set 
of each exercise was performed to momentary concentric 
failure or failure of proper exercise technique. In the fol-
lowing weeks, the weight for each exercise was increased 
by 2.5-5%, depending on the number of repetitions to 
failure. From the last set of each exercise in week 4, a new 

1-RM was estimated using the Brzycki formula [45] and 
used from week six.

Nutrition
Dietary habits were maintained throughout the 20 weeks. 
Participants were unfamiliar with comprehensive nutri-
tion documentation and related tools, so it was not pos-
sible to establish it as standard practice from the outset. 
Further, due to the COVID-19 pandemic, it was not pos-
sible to provide more comprehensive and specific nutri-
tional recommendations. Only immediately after the 
RT sessions was the diet standardized. Participants con-
sumed a carbohydrate-protein source and could choose 
between three different carbohydrate and protein rich 
meals. Each meal has been used in previous investiga-
tions [47, 48]. Detailed meal information is provided in 
the supplementary material.

Statistical analyses
Data were analyzed by the R statistical language version 
4.0.4 (R Core Team, 2021). Only data from participants 
with an adherence of > 85% were included in the analy-
ses. The raw data of VL, RF, and TB were box-cox trans-
formed prior to analysis. The transformation was applied 
to obtain approximately Gaussian distributions of the raw 
data, which otherwise exhibited highly skewed distribu-
tions. Transformations were applied to the data at T0 and 
the box-cox estimates for λ were then employed to trans-
form the remaining data.

The values of FFM, MM, FM, GS, 1-RM SQ and BP 
were analyzed unchanged. Individual time intervals (∆t 
[h]) since the start of the study were introduced as an 
additional covariate. Data analysis was performed using 
linear mixed effects (LME) models with FFMλ, MMλ, 
FMλ, VLλ, RFλ, TBλ, GS, 1RM SQ and BP used as depen-
dent variables. Model building was performed indepen-
dently for each of these.

We were specifically interested in the effects of meno-
pause on the trends of strength capacity and muscle 
growth. Therefore, all models included the interaction 
term of menopause with PreMeno MI-RT (T0 to T2) as 
a fixed effect. Likewise, PreMeno MI-RT itself was axi-
omatically included as a fixed effect. As it represents an 
ordered factor with three levels, second-order orthogo-
nal polynomials were chosen as contrasts for PreMeno 
MI-RT.

Initially, random effects were merely assumed between 
the individual intercepts of each measure. Subsequently, 
∆t was included as a random effect, where linear indi-
vidual trends were assumed. The presence of potentially 
non-linear individual trends was then investigated by 
upgrading to 2nd or 3rd-order natural splines of ∆t. After 
developing appropriate random effect structures, it was 
tested whether ∆t also contributed to general trends in 

Table 1  Overview of the resistance training protocol
Cycle 1 Cycle 2
Week1–4
Loading

Week5
Deload

Week6–9
Loading

Week10
Deload

Session 1 and 2 (sets x reps)
MI-RT
Intensity (% 1-RM)

4sets
3 × 10
1x to failure
75 1)

3sets
3 × 10
53.31)

4sets
3 × 10
1x to 
failure
75²)

3sets
3 × 10
53.3 ²)

LI-RT
Intensity (% 1-RM)

3sets
2 × 20
1x to failure
501)

2sets
2 × 20
401)

3sets
2 × 20
1x to 
failure
50²)

2sets
2 × 20
40²)

Tempo (s)
Rest (s)

2:0:1 (eccentric : isometric : concentric)
120 s

MI-RT = moderate-intensity resistance training group; LI-RT = low-intensity resistance 
training; 1-RM = one-repetition maximum;1)based on pre intervention 1-RM; ²)based on 
estimated 1-RM using the Brzycki formula (35) (weight and repetitions from the last set of 
each exercise following week 4 session 2)
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the population, i.e., whether it represented a significant 
fixed effect. In either case, model comparisons were 
based on likelihood statistics and changes in Akaike’s 
information criterion. Significant differences were set at 
p ≤ .05.

Finally, effect sizes between discrete time levels were 
determined according to the approximation of Cohen’s d 
for mixed effects models (d = 2t/DF(1/2)) where t = t-value; 
DF = degrees of freedom. Classifications were stipu-
lated as follows: trivial < 0.2; small < 0.5; moderate < 0.8; 
strong > 0.8 [49]. All graphs were created using the latest 
version of GraphPad Prism.

Results
Five participants missed T1 testing and were therefore 
excluded from the second part of the study. Another five 
participants missed more than three RT sessions during 
the intervention period (T1–T2) and were therefore also 
excluded from the final analysis. The reasons for absence 
were non-study-related injury or illness (n = 4) and other 
personal reasons (n = 6). No injuries occurred during 
the RT intervention. In total, 31 subjects completed the 
study. The PreMeno women (n = 12) had an average age 
of 47.4 ± 5.3 years and a height of 167.5 ± 8.4  cm. The 
PostMeno MI-RT group (n = 10) had an average age of 
54.3 ± 4.7 years and a height of 166.0 ± 7.2 cm. The anthro-
pometric data for the PostMeno LI-RT group (n = 9) were 
55.6 ± 2.9 years and 166.6 ± 5.9 cm. The hormone concen-
trations of the three training groups at T0 are shown in 
Table 2.

Body composition
BW and body mass index (BMI) did not change sig-
nificantly in none of the three groups during the entire 
period (BW: p = .494; BMI: p = .559). No difference 
between the groups could be determined for the BW 
(PostMeno MI-RT: p = .992; PostMeno LI-RT: p = .131) 
and BMI (PostMeno MI-RT: p = .503; PostMeno LI-RT: 
p = .115).

For FFM, only a significant increase was observed in 
the PreMeno MI-RT group (p = .015) (first order). The 
effect between T1 and T2 in the PreMeno MI-RT group 

was small (d = 0.29). In addition, an interaction effect 
(first order) of both PostMeno and PreMeno MI-RT 
could be identified (PostMeno MI-RT: p = .032; PostMeno 
LI-RT: p = .022). Unlike the PreMeno MI-RT group, 
the two PostMeno groups showed no increase in FFM 
(Fig. 2a).

In MM, only a significant increase was observed in 
the PreMeno MI-RT group (p = .002) (second order). 
The effect between T1 and T2 in the PreMeno MI-RT 
group was strong (d = 1.25). Additionally, the group effect 
(second order) of both PostMeno and PreMeno MI-RT 
could be identified (PostMeno LI-RT: p = .030; PostMeno 
LI-RT: p = .024). Unlike the PreMeno MI-RT group, the 
two PostMeno groups did not have an increase in MM 
(Fig. 2b).

In FM, only a significant decrease was detected in the 
PreMeno MI-RT group (p = .039) (first order). The effect 
between T1 and T2 in the PreMeno MI-RT group was 
moderate (d = 0.57). A Time*group interaction was only 
between the PostMeno LI-RT to the PreMeno MI-RT 
group (p = .039) (second order). In contrast to the Pre-
Meno MI-RT group both PostMeno groups had no 
decrease in FM (Fig. 2C).

Muscle thickness
A significant difference over time was observed in the 
RF (p = .004) (first order). Different curve progression 
could not be detected (PostMeno MI-RT: p = .210; Post-
Meno LI-RT: p = .300) (first order). The effect between T1 
and T2 in all groups was moderate to strong (PreMeno 
MI-RT: d = 0.80; PostMeno MI-RT: d = 0.46; PostMeno 
LI-RT: d = 0.52) (Fig. 3a).

Trends over time could be identified in the VL (first 
order: p = .050; second order: p = .079). In the PreMeno 
MI-RT and PostMeno MI-RT groups, a small to mod-
erate effect was found between T1 and T2 (PreMeno 
MI-RT: d = 0.54; PostMeno MI-RT: d = 0.43). In addi-
tion, a trend in the curvature could be observed between 
the PreMeno MI-RT and the PostMeno LI-RT group 
(p = .058) (first order) (Fig. 3b).

In the TB, no significant difference over time could 
be detected (first order: p = .72; second order: p = .83). In 
addition, no group differences were observed (Fig. 3c).

Strength
All three groups increased their SQ performance signifi-
cantly over time (first order: p = .000 and second order: 
p = .002). No group differences were observed in SQ per-
formance (PostMeno MI-RT: p = .257; PostMeno LI-RT: 
p = .913 first order) (Fig. 4A). A strong effect was detected 
over time for all groups (PreMeno MI-RT: d = 1.51; Post-
Meno MI-RT: d = 1.52; PostMeno LI-RT: d = 1.64 s order). 
Each group improved significantly in BP performance 
(first order: p = .000 and second order: p = .000) (Fig. 4B). 

Table 2  Hormone concentration
PreMeno MI-RT PostMeno 

MI-RT
PostMeno 
LI-RT

E2 (pg/ml) 7.4 ± 17.1 1.1 ± 1.0 1.5 ± 1.2
P (pg/ml) 58.4 ± 40.2 51.2 ± 24.5 30.3 ± 11.8
FSH (mlU/ml) 16.7 ± 19.0 86.2 ± 33.9 96.5 ± 16.7
T (pg/ml) 14.4 ± 6.4 15.7 ± 7.9 16.0 ± 8.2
DHEA (pg/ml) 170.9 ± 72.0 195.6 ± 90.6 179.9 ± 77.9
PreMeno = pre-menopause; PostMeno = post-menopause; MI-RT = moderate-
intensity resistance training; LI-RT = low-intensity resistance 
training;DHEA = dehydroepiandrosterone; E2 = estradiol; FSH = follicle-stimulating 
hormone; n.a. = no analyses; P = progesterone; T = testosterone
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No significant difference in curve progressions could 
be observed between the groups. (PostMeno MI-RT: 
p = .712; PostMeno LI-RT: p = 795, first order). A mod-
erate to strong effect over time was detected for each 
group (PreMeno MI-RT: d = 0.66; PostMeno MI-RT: 
d = 0.98; PostMeno LI-RT: d = 0.84 second order). In grip 
strength, an identical development was found for the 
left and right hand and was summarized as one score. 
Both the first and second-order terms were significant 
(first order: p = .000 second order: p = .000) (Fig. 4C&D). 
No differences were detected between the three groups 

(PostMeno MI-RT: p = .548; PostMeno LI-RT: p = .675, 
first order).

All results are summarized in Table 3.

Discussion
This study investigated, the effectiveness of systematic 
RT using free weight on strength, and body composition 
in middle-aged women (40–60 years). For this purpose, a 
20-week intervention with a 10-week control-phase and a 
10-week training phase was conducted. The results show 
different effects on body composition for PreMeno and 
PostMeno women, but not on strength gains. PreMeno 

Fig. 4  Strength parameter: 1-RM squat, 1-RM bench press, grip strength. Significant time and time*group effects were set at p < .05. Time effects were 
marked with * and time*group effects with #

 

Fig. 3  Muscle thickness of m. rectus femoris, m. vastus lateralis, m. triceps brachii. Significant time and time*group effects were set p < .05. Time effects 
were marked with * and time*group effects with #

 

Fig. 2  Body composition: fat-free mass, muscle mass, fat mass. Significant time and time*group effects were set p < .05. Time effects were marked with 
* and group effects with #
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women with higher E2 concentrations and an active 
menstrual cycle significantly increased their FFM (small 
effect), MM (strong effect) and muscle thickness in VL 
(moderate effect) compared to PostMeno women regard-
less of training intensity. However, similar increases in 
lower and upper body strength as well as grip strength 
were achieved in all groups. In contrast to the hypertro-
phy effects, there appear to be no differences depending 
on hormone concentrations.

In general, there is a lack of studies on RT in middle-
aged women using free weights only. However, flexion 
and extension movements in the hip joint, as well as 
traction and compression stresses on the shoulder joint, 
are everyday strains for active individuals. Free weight 
exercises such as squats and bench presses, which can 
simulate movements of daily living, may be ideal for 
increasing strength at a high level of specificity [29, 37, 
50]. There are currently no studies comparing the effects 
of free-weight RT alone with machine-based interven-
tions in PreMeno or PostMeno women. However, the 
present study has shown that free weight RT can be used 
safely and effectively in middle-aged women. In addi-
tion, our results demonstrate that low and moderate-
intensity RT using free weights is effective for increasing 
strength in PreMeno and PostMeno women, both in 
the upper and lower body. These findings corroborated 
observations from previous studies based on younger 
participants [37, 51, 52]. For example, Botero and col-
leagues showed that three RT sessions per week over 12 
months could increase BP and leg press performance 
[53]. The strength increases in our study are comparable 
to the effects reported in previous research [54, 55]. In 
comparison, Karaslaan and colleagues showed a stron-
ger effect with 4 training sessions/week for 12 weeks 
with machine-assisted training [56]. Similar to the male 
participants, the studies on middle-aged women show a 
comparable dose-response relationship in the adaptation 
processes of muscular strength [57]. Interestingly, this 
study did not find any differences between PreMeno and 
PostMeno women. The change in endocrine homeostasis 
probably has no significant effect on strength capacity in 
untrained healthy middle-aged women. In this popula-
tion, other factors such as neuronal activation presum-
ably could play an important role in the first few weeks 
of RT. At present, however, there is no indication of how 
many training experiences are needed to rule out strong 
neural adaptations and rather attribute the effects to 
endocrine homeostasis for strength adaptations. There-
fore, the influence of endocrine homeostasis in trained 
women cannot be answered at this time, as no studies are 
available.

Compared to dynamic strength, there was no increase 
in isometric grip strength in any group after the training 
intervention. On the contrary, a significant increase was 

observed in all groups at the end of the first phase, despite 
this phase being a control period without RT. The adap-
tation effects were more likely due to learning effects, 
as no RT was performed at this time. Surprisingly, grip 
strength did not improve during the subsequent inter-
vention period, although most of the exercises under-
taken require a strong grip, e.g. lateral flexion, barbell 
row and lat pull, which could have yielded improvements 
in grip strength. Similar to the data presented here, RT 
on machines for 12 weeks and three training sessions per 
week had no effect on grip strength [58]. Interestingly, 
grip strength is an important predictor of muscle status 
[59] and it is regularly employed to estimate the risk of 
all-cause mortality in the elderly [60]. However, if total 
body strength, but not grip strength, can be improved 
by RT with free weights, the relationship between grip 
strength, muscle status and therefore mortality may need 
re-examination.

Unlike muscular strength, significant differences 
between PreMeno and PostMeno women could be iden-
tified for FFM and MM. Significant curve progression 
was only observed in the PreMeno MI-RT group. A 
negative trend was also observed in the PostMeno LI-RT 
group. Compared to the PostMeno MI-RT group, MM 
decreased by -1.8 ± 2.0 kg between T0 and T2 (Table 3). 
Although there is no significant difference between 
PostMeno MI-RT and PostMeno LI-RT, the first indi-
ces suggest that this trend could not be observed in the 
PostMeno MI-RT group (-0.4 ± 2.4 kg). These results are 
in line with the observations of Karaaslan et al., who 
observed a significant decrease in lean body mass despite 
a 12-week intervention with 4 low intensity (40–50% 
1-RM) training sessions per week. This result was not 
observed in the higher-intensity training group (70–80%) 
[56].

Training volume may also influence muscle growth in 
PostMeno women. Several attempts have been made to 
compare low-volume and high-volume training in RT 
research with elderly women [52, 55, 61–66]. For exam-
ple, the results of Oliveira et al. showed that a higher 
training volume per week induced greater muscle growth 
in PostMeno women than low-volume training [61]. Both 
intervention groups performed machine-based training 
at an intensity of 80% 1-RM over 12 weeks with 3 train-
ing sessions each. The high-volume group had a total of 
15 sets per exercise per week from week 3, whereas the 
low-volume group had only nine sets per week per exer-
cise [61]. Radaelli et al. reported significantly greater 
quadriceps growth after 20 weeks of high-volume resis-
tance training (6 sets per exercise per week) compared 
to low-volume resistance training (2 sets per exercise 
per week) [63]. Interestingly, similar to other studies [62, 
64, 65], the authors reported training volume in terms of 
sets per exercise per week. However, very often the actual 
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training volume per muscle group is higher than reported 
because training protocols include, for example, leg press 
exercises as well as leg extension or leg curl exercises. In 
Radaelli et al. [63], for instance, the high-volume group 
actually performed 12 sets of direct quadriceps train-
ing whereas the low-volume group performed 4 sets of 
direct quadriceps training, giving a more accurate pic-
ture of training volume distribution. Consequently, in 
both studies [61, 63], the high-volume groups performed 
more training sets per week per muscle group than the 
PostMeno LI-RT (six sets per week) and the PostMeno 
MI-RT (eight sets per week).

Importantly, not all studies found significant differ-
ences in favor of high-volume interventions compared to 
low-volume interventions for muscle growth [62, 64, 65]. 
However, in another study by Radaelli et al., the authors 
reported larger effect sizes after 6 weeks of training in 
high-volume protocols (12 sets of quadriceps training per 
week) compared to low-volume protocols (4 sets of quad-
riceps training per week) in the VL (effect size (ES) = 0. 33 
vs. ES = 0.21), RF (ES = 0.28 vs. ES = 0.13), vastus medialis 
(ES = 0.37 vs. ES = 0.11), vastus intermedius (ES = 0.20 vs. 
ES = 0.14) and total quadriceps (ES = 0.45 vs. ES = 0.21) 
[64]. Similarly, Cunha and colleagues reported compa-
rable significant increases in lean soft tissue between 
high-volume training (9 sets per exercise per week) and 
lower-volume training (3 sets per exercise per week), 
although slightly higher percentage changes (calculated 
by the authors of the present study) are observed in favor 
of high-volume training (appendicular lean soft tissue: 
6.2% vs. 6.9%; upper limb lean soft tissue: 7.8% vs., 8.8%; 
lower limb lean soft tissue: 5.6% vs., 6.3%) [65]. Both 
groups performed exercises such as chess press, leg press, 
knee extension and leg curl. In common with previous 
studies, training volume was not reported for each mus-
cle group, leading to the assumption that more volume 
was executed per muscle group than reported. There-
fore, it can be speculated that PostMeno women require 
higher training volumes to induce greater muscle hyper-
trophic adaptations. Future studies should aim at longer 
intervention studies comparing higher training volumes 
with free weights (> 10 sets per muscle group per week) 
and lower training volumes (< 10 sets per muscle group 
per week).

Kang and colleagues also observed significant mus-
cle growth with RT after 12 weeks [58]. Similar to de 
Oliveira, three training sessions with three sets per exer-
cise were performed. In contrast to de Oliveria and the 
conducted intervention, a total of seven exercises were 
performed. The intensity of the exercises ranged from 55 
to 65% 1-RM [58]. Consequently, it can be assumed that 
hypertrophy can be also induced with a higher training 
volume with moderate-intensity. In contrast to the BIA 
results as an indirect method of measuring MM, muscle 

thickness measurements showed a significant increase in 
RF over time, but no group differences. Moreover, in VL 
a trend over time (p = .050) and different curve progres-
sions (p = .058) could be detected between the PreMeno 
MI-RT and PostMeno LI-RT groups. These results sug-
gest that MI-RT results in superior adaptations in terms 
of muscle thickness compared to LI-RT. This is in line 
with the BIA results. However, there are no comparable 
data from previous studies.

FM decreased significantly only in the PreMeno MI-RT 
group. The results of both PostMeno groups do not con-
firm the observations of previous studies. Both Kang 
et al. [58] and Delshad et al. [67] observed a significant 
decrease in body fat after 12 weeks of RT. Similar to the 
effects on MM, training frequency and volume also play 
a decisive role in FM. This assumption can be supported 
by the results of Rodrigues et al., who found that FM did 
not decrease in a 12-week intervention study with two 
training sessions per week, including RT and endurance 
exercises [68]. The intensity of the training was con-
trolled by a subjective Effort Perception Scale, which kept 
the intensity between 13 and 15 [68]. Therefore, both the 
intensities and frequencies of the resistance training and 
endurance parts were presumably too weak to activate fat 
metabolism.

Limitations
Besides the important new findings, this study also has 
some limitations. One important factor is the small 
sample size of the individual training groups, so the 
observations must be regarded as preliminary evidence. 
Although there was a high level of interest in this study 
among women in this age group, almost 15% of those 
interested had to be excluded before the study started 
because of lack of mobility. In addition, training sessions 
were quickly cancelled for family reasons. Nevertheless, 
all participants reported that they enjoyed free weight 
training and were able to manage their daily lives better.

Another limitation of this study is the documenta-
tion of diet during the intervention. It was not possible 
to monitor the diet of all participants with a food diary 
over the entire duration. Therefore, only the protein 
and carbohydrate intakes immediately after exercise 
were ensured in order to stimulate protein biosynthesis 
as quickly as possible and to promote recovery in the 
best possible way. Even though the participants were 
instructed not to change their diet, this could also 
affect the results. Furthermore, it is not possible to say 
whether the participants had a sufficient protein intake 
to promote muscular adaptation in the best possible way. 
Therefore, future studies in this population should con-
sider the effects of diet, and especially protein intake. 
Due to the hormonal changes and body composition in 
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post-menopausal women, protein intake should be calcu-
lated based on FFM to ensure the best possible feasibility.

We additionally collected saliva and blood samples 
from premenopausal women once at T0. Although E2 
and P are highest during the luteal phase when we col-
lected our samples, its rather speculative whether the 
highest concentrations of E2 and P were obtained given 
that E2 and P vary during the menstrual cycle and the 
luteal phase itself. [69].

Conclusion
In conclusion, the results of this study show that free 
weight RT is generally safe and effective for middle-
aged women. Free weight, moderate-intensity RT twice 
a week leads to an increase in 1-RM squat and bench 
press performance, as well as an increase in muscle mass 
and a decrease in fat mass in pre-menopausal middle-
aged women. In post-menopausal women, RT induces 
an increase in dynamic strength but not in muscle mass, 
which can be induced by RT irrespective of intensity. 
However, there is some evidence that a higher intensity 
led to better effects on muscle mass. It seems that the 
general recommendations for anaerobic exercises, such 
as resistance training, do not lead to increases in mus-
cle mass and decreases in fat mass in post-menopausal 
women [24, 70]. It appears that post-menopausal women 
require more than two training sessions and more than 
six to eight sets per muscle group/week, as well an inten-
sities of more than 50% 1-RM elicit changes in body 
composition. These hypotheses are supported by two 
meta-analyses of dose-response relationships in elderly 
[71, 72].

Supplementary Information
The online version contains supplementary material available at https://doi.
org/10.1186/s12905-023-02671-y.

Supplementary Material 1

Acknowledgements
The authors would like to thank all subjects for their voluntary participation 
and ensure that all participants consented to the acknowledgement.

Authors’ contributions
All authors contributed to the study conception and design. Material 
preparation, data collection and analysis were performed by DK, TH, AE, and 
UF. The first draft of the manuscript was written by EI, KH, and SG and all 
authors commented on previous versions of the manuscript. All authors read 
and approved the final manuscript.

Funding
This research has not been externally funded by any third party or has any 
influence on the data evaluation and interpretation.
Open Access funding enabled and organized by Projekt DEAL.

Data Availability
The raw data of the participants can be requested from the corresponding 
authors if required. All data was encrypted so that it cannot be traced back to 
individual persons.

Declarations

Competing interests
The authors declare no competing interests.

Consent publication
All authors and participants agree to publish the collected data anonymously. 
Furthermore, the graphics and tables were created by the authors themselves 
and no third party has a claim to the illustrations. All methods used (analyses 
and training protocol) comply with the ethical and scientific standard of the 
Declaration of Helsinki and were reviewed and declared safe by the IST Ethics 
Committee. Furthermore, all methods used have been applied in previous 
research of our working group [41, 73, 74].

Ethical approval and informed consent
This study has been reviewed by the Local Ethics Committee of the IST 
University of Applied Sciences, Düsseldorf, Germany and has a positive ethical 
vote (02/2021). In addition, it would be registered in the German registry for 
clinical studies. All participants had to sign a written informed consent form 
before the start of the study (05/03/2021; DRKS00023826).

Received: 21 April 2023 / Accepted: 21 September 2023

References
1.	 Thomas E, et al. The effect of resistance training programs on lean body mass 

in postmenopausal and elderly women: a meta-analysis of observational 
studies. Aging Clin Exp Res. 2021;33:2941–52.

2.	 Volpi E, Nazemi R, Fujita S. Muscle tissue changes with aging. Curr Opin Clin 
Nutr Metab Care. 2004;7:405–10.

3.	 O’Bryan SJ, et al. Progressive Resistance Training for Concomitant increases 
in muscle strength and bone Mineral density in older adults: a systematic 
review and Meta-analysis. Sports Med (Auckland N Z). 2022;52:1939–60.

4.	 Sjöblom S, et al. Relationship between postmenopausal osteoporosis and the 
components of clinical sarcopenia. Maturitas. 2013;75:175–80.

5.	 Roberts CK, Hevener AL, Barnard RJ. Metabolic syndrome and insulin 
resistance: underlying causes and modification by exercise training. Compr 
Physiol. 2013;3:1–58.

6.	 Koeppel M, Mathis K, Schmitz KH, Wiskemann J. Muscle hypertrophy in 
cancer patients and survivors via strength training. A meta-analysis and 
meta-regression. Critical reviews in oncology/hematology 163, 103371 (2021).

7.	 Hale GE, Robertson DM, Burger HG. The perimenopausal woman: endocrinol-
ogy and management. J Steroid Biochem Mol Biol. 2014;142:121–31.

8.	 Messier V, et al. Menopause and sarcopenia: a potential role for sex hor-
mones. Maturitas. 2011;68:331–6.

9.	 Mohammad Rahimi GR, et al. The impact of different modes of Exercise Train-
ing on Bone Mineral density in older Postmenopausal Women: a systematic 
review and Meta-analysis research. Calcif Tissue Int. 2020;106:577–90.

10.	 Janssen I, Powell LH, Kazlauskaite R, Dugan SA. Testosterone and visceral fat 
in midlife women: the study of women’s Health across the Nation (SWAN) fat 
patterning study. Obes (Silver Spring Md). 2010;18:604–10.

11.	 Finkelstein JS, et al. Bone mineral density changes during the menopause 
transition in a multiethnic cohort of women. J Clin Endocrinol Metab. 
2008;93:861–8.

12.	 Ji M-X, Yu Q. Primary osteoporosis in postmenopausal women. Chronic Dis 
Translational Med. 2015;1:9–13.

13.	 Skrzypulec V, Dabrowska J, Drosdzol A. The influence of physical activity level 
on climacteric symptoms in menopausal women. Climacteric: The Journal of 
the International Menopause Society. 2010;13:355–61.

14.	 Marín-Cascales E, Alcaraz PE, Ramos-Campo DJ, Rubio-Arias JA. Effects 
of multicomponent training on lean and bone mass in postmenopausal 
and older women: a systematic review. Menopause (New York N Y). 
2018;25:346–56.

15.	 Lim C, et al. An evidence-based Narrative Review of Mechanisms of Resis-
tance Exercise-Induced Human skeletal muscle hypertrophy. Med Sci Sports 
Exerc. 2022;54:1546–59.

16.	 Jones MD, Wewege MA, Hackett DA, Keogh JWL, Hagstrom AD. Sex dif-
ferences in adaptations in muscle strength and size following resistance 

https://doi.org/10.1186/s12905-023-02671-y
https://doi.org/10.1186/s12905-023-02671-y


Page 12 of 13Isenmann et al. BMC Women's Health          (2023) 23:526 

training in older adults: a systematic review and Meta-analysis. Sports Med 
(Auckland N Z). 2021;51:503–17.

17.	 Grgic J, et al. Effects of Resistance Training on muscle size and strength in 
very Elderly adults: a systematic review and Meta-analysis of Randomized 
controlled trials. Sports Med (Auckland N Z). 2020;50:1983–99.

18.	 McKendry J, Stokes T, Mcleod JC, Phillips SM. Resistance Exercise, Aging, 
Disuse, and muscle protein metabolism. Compr Physiol. 2021;11:2249–78.

19.	 Steib S, Schoene D, Pfeifer K. Dose-response relationship of resistance train-
ing in older adults: a meta-analysis. Med Sci Sports Exerc. 2010;42:902–14.

20.	 Varahra A, Rodrigues IB, MacDermid JC, Bryant D, Birmingham T. Exercise to 
improve functional outcomes in persons with osteoporosis: a systematic 
review and meta-analysis. Osteoporos International: J Established as Result 
Cooperation Between Eur Foundation Osteoporos Natl Osteoporos Founda-
tion USA. 2018;29:265–86.

21.	 García-Hermoso A, et al. Safety and Effectiveness of Long-Term Exercise 
Interventions in older adults: a systematic review and Meta-analysis of Ran-
domized controlled trials. Sports Med (Auckland N Z). 2020;50:1095–106.

22.	 Viljoen JE, Christie CJ-A. The change in motivating factors influencing com-
mencement, adherence and retention to a supervised resistance training 
programme in previously sedentary post-menopausal women: a prospective 
cohort study. BMC Public Health. 2015;15:236.

23.	 Vasudevan A, Ford E. Motivational factors and barriers towards initiating and 
maintaining strength training in women: a systematic review and Meta-
synthesis. Prev Science: Official J Soc Prev Res. 2022;23:674–95.

24.	 WHO guidelines on physical activity and sedentary behaviour (World Health 
Organization, 2020).

25.	 ACSM. American College of Sports Medicine position stand. Progression 
models in resistance training for healthy adults. Med Sci Sports Exerc. 
2009;41:687–708.

26.	 Viecelli C, Aguayo D. May the Force and Mass be with you-evidence-based 
contribution of Mechano-Biological Descriptors of Resistance Exercise. Front 
Physiol. 2021;12:686119.

27.	 Gavanda S, Isenmann E. Evidenz von Trainingsempfehlungen für ein 
Hypertrophietraining. B&G Bewegungstherapie und Gesundheitssport. 
2021;37:77–82.

28.	 Costello JT, Bieuzen F, Bleakley CM. Where are all the female participants in 
Sports and Exercise Medicine research? Eur J Sport Sci. 2014;14:847–51.

29.	 Shojaa M, von Stengel S, Kohl M, Schoene D, Kemmler W. Effects of dynamic 
resistance exercise on bone mineral density in postmenopausal women: 
a systematic review and meta-analysis with special emphasis on exercise 
parameters. Osteoporos International: J Established as Result Cooperation 
Between Eur Foundation Osteoporos Natl Osteoporos Foundation USA. 
2020;31:1427–44.

30.	 Ransdell LB, et al. The impact of resistance training on body composition, 
muscle strength, and functional fitness in older women (45–80 years): a 
systematic review (2010–2020). Women (Basel Switzerland). 2021;1:143–68.

31.	 Balachandran AT, et al. Comparison of power training vs traditional strength 
training on physical function in older adults: a systematic review and Meta-
analysis. JAMA Netw open. 2022;5:e2211623.

32.	 Fragala MS, et al. Resistance training for older adults: position Statement from 
the National Strength and Conditioning Association. J Strength Conditioning 
Res. 2019;33:2019–52.

33.	 Bergamasco JGA, et al. Low-load resistance training performed to muscle 
failure or Near muscle failure does not promote additional gains on muscle 
strength, hypertrophy, and functional performance of older adults. J Strength 
Conditioning Res. 2022;36:1209–15.

34.	 Taaffe DR, Pruitt L, Pyka G, Guido D, Marcus R. Comparative effects of high- 
and low-intensity resistance training on thigh muscle strength, fiber area, 
and tissue composition in elderly women. Clin Physiol (Oxford England). 
1996;16:381–92.

35.	 Carneiro MAS, et al. Effect of whole-body resistance training at different 
load intensities on circulating inflammatory biomarkers, body fat, muscular 
strength, and physical performance in postmenopausal women. Appl Physiol 
Nutr Metabolism = Physiologie Appliquee Nutr et Metab. 2021;46:925–33.

36.	 Bemben DA, Fetters NL, Bemben MG, Nabavi N, Koh ET. Musculoskeletal 
responses to high- and low-intensity resistance training in early postmeno-
pausal women. Med Sci Sports Exerc. 2000;32:1949–57.

37.	 Heidel KA, Novak ZJ, Dankel SJ. Machines and free weight exercises: a system-
atic review and meta-analysis comparing changes in muscle size, strength, 
and power. J Sports Med Phys Fit. 2022;62:1061–70.

38.	 Elliott-Sale KJ, et al. Methodological considerations for studies in Sport 
and Exercise Science with Women as participants: a Working Guide for 

Standards of Practice for Research on Women. Sports Med (Auckland N Z). 
2021;51:843–61.

39.	 Lukaski HC, Bolonchuk WW, Hall CB, Siders WA. Validation of tetrapolar 
bioelectrical impedance method to assess human body composition. J Appl 
Physiol (Bethesda Md : 1985). 1986;60:1327–32.

40.	 Savastano S, et al. Validity of bioelectrical impedance analysis to estimate 
body composition changes after bariatric surgery in premenopausal mor-
bidly women. Obes Surg. 2010;20:332–9.

41.	 Gavanda S, Geisler S, Quittmann OJ, Schiffer T. The Effect of Block Versus 
Daily Undulating Periodization on Strength and Performance in Adolescent 
Football Players. Int J Sports Physiol Perform. 2019;14:814–21.

42.	 Talluri A. BIA 101 ANNIVERSARY ASE Operating Instructions Manual (2015).
43.	 Mangine GT et al. The effect of training volume and intensity on improve-

ments in muscular strength and size in resistance-trained men. Physiological 
Rep 3 (2015).

44.	 NSCA’s guide to tests and assessments (Human Kinetics, 2012).
45.	 Brzycki M. A practical Approach to Strength Training. 4th ed. Blue River Press; 

2012.
46.	 LeSuer DA, McCormick JH, Mayhew LL, Wasserstein RL, Arnold, Michael D. The 

accuracy of prediction equations for estimating 1-RM performance in the 
Bench Press, Squat, and Deadlift. J Strength Conditioning Res. 1997;11:211–3.

47.	 Isenmann E et al. Comparison of Pro-Regenerative Effects of Carbohydrates 
and protein administrated by Shake and Non-Macro-Nutrient Matched Food 
items on the skeletal muscle after Acute endurance Exercise. Nutrients 11 
(2019).

48.	 Isenmann E, Deuker A, Geisler S, Schiffer T, Diel P. The effects of protein and 
carbohydrate supplementation on muscular regeneration after intense resis-
tance training in soccer players (Abstract). Current Development of Nutrition 
2020, 1756 (2020).

49.	 Cohen J. Statistical power analysis for the behavioral sciences. 2nd ed. 
Erlbaum; 1988.

50.	 Haff GG. Roundtable discussion: Machines Versus Free weights. Strength and 
Conditioning Journal (2000).

51.	 McQuilliam SJ, Clark DR, Erskine RM, Brownlee TE. Free-weight resistance 
training in youth athletes: a narrative review. Sports Med (Auckland N Z). 
2020;50:1567–80.

52.	 Iversen VM, Norum M, Schoenfeld BJ, Fimland MS. No time to lift? Designing 
Time-Efficient training programs for strength and hypertrophy: a narrative 
review. Sports Med (Auckland N Z). 2021;51:2079–95.

53.	 Botero JP, et al. Effects of long-term periodized resistance training on body 
composition, leptin, resistin and muscle strength in elderly post-menopausal 
women. J Sports Med Phys Fit. 2013;53:289–94.

54.	 Prestes J, et al. Effects of resistance training on resistin, leptin, cytokines, 
and muscle force in elderly post-menopausal women. J Sports Sci. 
2009;27:1607–15.

55.	 Pereira A, et al. The effects of combined training on bone metabolic markers 
in postmenopausal women. Sci Sports. 2016;31:152–7.

56.	 Karaaslan S, et al. Effects of different intensity resistance Exercise Programs 
on bone turnover markers, osteoprotegerin and receptor activator of nuclear 
factor Kappa Β ligand in Post-Menopausal Women. Turkiye Klinikleri J Med 
Sci. 2010;30:123–34.

57.	 Schoenfeld BJ, Ogborn D, Krieger JW. Dose-response relationship between 
weekly resistance training volume and increases in muscle mass: a systematic 
review and meta-analysis. J Sports Sci. 2017;35:1073–82.

58.	 Kang S, Park IB, Lim S-T. Changing levels of Myokines after aerobic training 
and resistance training in post-menopausal obese females: a Randomized 
Controlled Trial. Sustainability. 2020;12:8413.

59.	 Bohannon RW. Muscle strength: clinical and prognostic value of hand-grip 
dynamometry. Curr Opin Clin Nutr Metab Care. 2015;18:465–70.

60.	 García-Hermoso A, et al. Muscular strength as a predictor of all-cause mortal-
ity in an apparently healthy Population: a systematic review and Meta-anal-
ysis of data from approximately 2 million men and women. Arch Phys Med 
Rehabil. 2018;99:2100–2113e5.

61.	 Oliveira Júnior GN, de, et al. Resistance training-induced improvement in 
exercise tolerance is not dependent on muscle mass gain in post-meno-
pausal women. Eur J Sport Sci. 2021;21:958–66.

62.	 Oliveira-Júnior GN, d., et al. Resistance training volume enhances muscle 
hypertrophy, but not strength in Postmenopausal Women: a Randomized 
Controlled Trial. J Strength Conditioning Res. 2022;36:1216–21.

63.	 Radaelli R, et al. Time course of low- and high-volume strength training on 
neuromuscular adaptations and muscle quality in older women. Age (Dor-
drecht Netherlands). 2014;36:881–92.



Page 13 of 13Isenmann et al. BMC Women's Health          (2023) 23:526 

64.	 Radaelli R, et al. Effects of single vs. multiple-set short-term strength training 
in elderly women. Age (Dordrecht Netherlands). 2014;36:9720.

65.	 Cunha PM, et al. Resistance training performed with single and multiple sets 
induces similar improvements in muscular strength, muscle Mass, muscle 
quality, and IGF-1 in older women: a Randomized Controlled Trial. J Strength 
Conditioning Res. 2020;34:1008–16.

66.	 Correa CS, et al. High-volume resistance training reduces postprandial lipae-
mia in postmenopausal women. J Sports Sci. 2015;33:1890–901.

67.	 Delshad M, Ghanbarian A, Mehrabi Y, Sarvghadi F, Ebrahim K. Effect of 
Strength Training and short-term detraining on muscle Mass in Women aged 
over 50 Years Old. Int J Prev Med. 2013;4:1386–94.

68.	 Rodrigues JAL, Cunha THA, Ferezin LP. Bueno-JÚnior, C. R. fasted condition 
in multicomponent training does not affect health parameters in physically 
active post-menopausal women. Anais da Academia Brasileira de Ciencias. 
2020;92:e20200988.

69.	 Anckaert E, et al. Extensive monitoring of the natural menstrual cycle using 
the serum biomarkers estradiol, luteinizing hormone and progesterone. 
Practical Lab Med. 2021;25:e00211.

70.	 Garber CE, et al. American College of Sports Medicine position stand. Quan-
tity and quality of exercise for developing and maintaining cardiorespiratory, 

musculoskeletal, and neuromotor fitness in apparently healthy adults: guid-
ance for prescribing exercise. Med Sci Sports Exerc. 2011;43:1334–59.

71.	 Borde R, Hortobágyi T, Granacher U. Dose-response Relationships of Resis-
tance Training in Healthy Old adults: a systematic review and Meta-analysis. 
Sports Med (Auckland N Z). 2015;45:1693–720.

72.	 Peterson MD, Sen A, Gordon PM. Influence of resistance exercise on 
lean body mass in aging adults: a meta-analysis. Med Sci Sports Exerc. 
2011;43:249–58.

73.	 Isenmann E, et al. Ecdysteroids as non-conventional anabolic agent: per-
formance enhancement by ecdysterone supplementation in humans. Arch 
Toxicol. 2019;93:1807–16.

74.	 Isenmann E, Schumann M, Notbohm HL, Flenker U, Zimmer P. Hormonal 
response after masturbation in young healthy men - a randomized con-
trolled cross-over pilot study. Basic and Clinical Andrology. 2021;31:32.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in 
published maps and institutional affiliations. 


	﻿Resistance training alters body composition in middle-aged women depending on menopause - A 20-week control trial
	﻿Abstract
	﻿Introduction
	﻿Methods
	﻿Participants
	﻿Experimental design
	﻿Procedures
	﻿Hormone parameters
	﻿Body mass and body composition
	﻿Muscle thickness
	﻿Maximum strength tests
	﻿Resistance Training Protocol
	﻿Nutrition
	﻿Statistical analyses

	﻿Results
	﻿Body composition
	﻿Strength

	﻿Discussion
	﻿Limitations

	﻿Conclusion
	﻿References


