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ABSTRACT
This study investigated the effects of 24 weeks of morning vs. evening same-session combined
strength (S) and endurance (E) training on physical performance, muscle hypertrophy and resting
serum testosterone and cortisol diurnal concentrations. Forty-two young men were matched and
assigned to a morning (m) or evening (e) E+S or S+E group (mE+S n=9, mS+E n=9, eE+S n=12
and eS+E n=12). Participants were tested for dynamic leg press 1 repetition maximum (1RM)
and time to exhaustion (Texh) during an incremental cycle ergometer test both in the morning and
evening, cross-sectional area (CSA) of vastus lateralis and diurnal serum testosterone and
cortisol concentrations (7:30h; 9:30h; 16:30h; 18:30h). All groups similarly increased 1RM in
the morning (14-19%; p<0.001) and evening (18-24%; p<0.001). CSA increased in all groups by
week 24 (12-20%, p<0.01), however, during the training weeks 13-24 the evening groups gained
more muscle mass (time-of-day main effect; p<0.05). Texh increased in all groups in the morning
(16-28%; p<0.01) and evening (18-27%; p<0.001), however, a main effect for the exercise order,
in favor of E+S, was observed on both testing times (p<0.051). Diurnal rhythms in testosterone
and cortisol remained statistically unaltered by the training order or time. The present results
indicate that combined strength and endurance training in the evening may lead to larger gains in
muscle mass, while the E+S training order might be more beneficial for endurance performance
development. However, training order and time seem to influence the magnitude of adaptations
only when the training period exceeded 12 weeks.

Keywords: time-of-day, testosterone, cortisol, concurrent training, order effect, muscle crosssectional area
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INTRODUCTION
Previous studies have shown that when performed simultaneously, adaptations to strength and
endurance training might be compromised (Cadore et al. 2013, Chtara et al. 2005, Gravelle and
Blessing 2000, Hickson 1980). However, both training types are necessary for general health and
fitness and for time saving purposes these training modes are sometimes performed during the
same training session. When combined into the same session, the intra-session sequence of
strength and endurance training may be one factor influencing the training adaptations (Cadore et
al. 2013; Chtara et al. 2005; Gravelle & Blessing 2000). It has been proposed that the first mode
of exercise may cause fatigue and, thereby, negatively influence the quality and quantity of the
second mode of exercise (Leveritt & Abernethy 1999), and/or hamper the acute molecular
responses (Fyfe et al. 2014). It has been demonstrated that strength performance (Cadore et al.
2013) or neural adaptations (Eklund et al. 2015) might be interfered, when endurance training
constantly precedes strength training, especially when the training period is prolonged. Others
have observed compromised gains in endurance performance due to the intra-session sequence of
strength and endurance training (Chtara et al. 2005; Gravelle & Blessing 2000). However, a
number of studies have suggested that the intra-session sequences of strength and endurance
training may not influence the training adaptations in strength and endurance performance or in
muscle mass gains (Chtara et al. 2008; Schumann et al. 2014).
In addition to the training mode specificity, adaptations in strength and endurance performance
may also be dependent on the time-of-day when the training is performed. Previous studies have
shown that greater improvements in maximal strength performance occur at the time-of-day at
which resistance training was regularly performed (Chtourou et al. 2012, Sedliak et al. 2008,
Souissi et al. 2002). The time-of-day-effect on training-induced hypertrophic adaptations has
3
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received less attention. Although Sedliak et al. (2009) found no statistically significant
differences in the magnitude of muscular hypertrophy after strength training between morning
and evening training, a tendency for smaller gains in muscle size were reported when repeatedly
performing strength training in the morning. The literature about endurance performance, on the
other hand, has led to inconclusive results. Although some studies have suggested that the
adaptations to endurance performance are time-of-day-specific (Hill et al. 1998; Torii et al.
1992), others disagree (Hill et al. 1989).
Testosterone (T) and cortisol (C) are considered as important biomarkers in exercise science.
One of the main functions of T is to maintain anabolism, in addition to other tissues, also within
the muscular system by promoting protein synthesis. C, however, has been shown to have
catabolic function that promotes protein breakdown (Kraemer and Ratamess 2005). Therefore,
some studies have suggested T and C to be potent hormones contributing to long-term changes in
performance and muscle growth (Ahtiainen et al. 2003; Häkkinen et al. 1985), while others may
disagree (West and Phillips 2012). The effects of both prolonged strength as well as endurance
training on basal T and C concentrations, however, have shown to be inconsistent or non-existent
(Hackney et al. 2003; Kraemer et al. 1995; Kraemer & Ratamess 2005), whereas the data about
the effects of combined strength and endurance training are limited. In addition, both T and C
exhibit circadian rhythmicity with morning peaks and evening nadirs (Kraemer et al. 2001).
Greater T and C responses have been observed in afternoon compared with morning strength
training sessions (Chtourou et al. 2013). Nevertheless, the influence of short term strength
training protocols have shown to be insufficient to alter the circadian profile of T and C
(Häkkinen et al. 1988, Kraemer et al. 2001). Sedliak et al. (2007) have observed decreased serum
C concentrations after prolonged time-of-day-specific strength training in the morning. However,
4
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they suggested that decreased anticipatory psychological stress before the morning test sessions
rather than adaptations in the adrenal cortex induced by regular training in the morning caused
these adaptations. Neither morning nor evening training time showed any influence on the
rhythms in T concentrations (Sedliak et al. 2007). Therefore, further examination is needed to
confirm whether exercise training can exert a strong enough influence to alter the circadian
rhythms of T and C (Teo et al. 2011).
The purpose of the present study was to examine how the strength and endurance training
sequence and time-of-day (i.e. morning vs. evening) affect the adaptations in muscle strength and
hypertrophy as well as endurance performance after 24 weeks of time-of-day-specific samesession combined strength and endurance training. In addition, we wanted to determine whether
such training regimens performed in the morning or evening have an effect on diurnal patterns of
resting serum T and C concentrations. Since strength and endurance training are often performed
concurrently, it was important to understand whether the morning or evening training time or
specific strength and endurance training order can optimize the adaptations to combined training.

METHODS
Participants
Seventy-two men who had no history of previous strength or endurance training over the past
year were recruited for this study. The participants were considered healthy and had no medical
contraindications or musculoskeletal restrictions that could affect the results of this study. In
addition, a cardiologist checked each participant’s health questionnaire and ECG. According to
the Munich Chronotype Questionnaire (Roenneberg et al. 2003) none of the participants
5
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belonged to an extreme morning or evening chronotype. Shift and night workers were excluded.
After receiving a thorough explanation of the purpose and risks of the study, the participants
provided written consent before participation. This study complied with the Declaration of
Helsinki and was approved by the Ethics Committee in the University of Jyväskylä.
Some dropouts occurred during the 24-week intervention period due to medical issues,
motivation or personal reasons, i.e. change of residence. Thus, only the participants who
successfully completed at least 90% of the entire 24-week training intervention were included in
the analyses (n=52).
Study design and measurements
The summary graph with the study design and measurements are presented on Figure 1. The 24week combined strength (S) and endurance (E) training consisted of two 12-week periods which
were separated with the pre-, mid- and post-measurements performed during a non-training
week. Pre-measurements took place in September/October before the trainings had started, midmeasurements was conducted after 12 weeks of training in January/February and postmeasurements in May/June after completing 24 weeks of combined training. During the first part
of the intervention period (wk 1-12) participants trained two times per week [2x(1E+1S) or
2x(1S+1E)] and during the second part of the intervention (wk 13-24) an additional session was
added every two weeks so that all participants performed 5 training sessions in a 2-week period
[5x(1E+1S) or 5x (1S+1E)] to allow further progression in training adaptations. Following the
basal measurements for strength and endurance performance, participants were matched into four
training groups based on the anthropometrics (Table 1) and strength and endurance performance
at baseline (Table 2): (i) training in the morning (m) and performing endurance training always
before the strength training (mE+S, n=9), (ii) training in the morning with strength always
6
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preceding endurance training (mS+E, n=9), (iii) training in the evening (e) and performing
endurance before strength training (eE+S, n=12), (iv) training in the evening with strength
always preceding endurance training (eS+E, n=12). The controls (n=10) were asked to maintain
their pre-experimental physical activity level throughout the study. A nutritional information
lecture was held for the participants before the start of the study to instruct them to consume
nutrients according to the national guidelines. Participants were asked to keep their daily energy
intake and habitual physical activities constant throughout the intervention period and avoid any
additional strength and/or endurance training.
Strength and endurance measurements were conducted both in the morning (between 06:30 h ±
30 min and 9:30 h ± 30 min) and in the evening (between 16:30 h ± 30 min and 19:30 h ± 30
min) independent of the group assignment. The morning and evening tests were carried out in a
random order across all participants. Within individuals, the tests were always carried out in the
same order and at the same time-of-day (±1h) at all three measurement points. The time interval
between two consecutive strength or endurance performance tests was at least 36 hours and
participants were asked to avoid any unnecessary physical activity. The last training session and
the first measurement were always separated by a minimum of two and maximum of four days.
The participants received instructions to follow their usual sleeping habits with a minimum of 6
hours of sleep taken on the night preceding each testing session. They were asked to avoid
alcohol for 24 hours and caffeine for 12 hours before the endurance and strength performance
tests. A familiarization session was carried out for all participants before the start of the 24-week
intervention on a non-training-specific time-of-day. This session included familiarization to the
dynamic leg press testing procedures and measuring the starting knee angle for the dynamic leg
press (~60°). After the familiarization session the device settings were stored for further
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measurements to ensure the correct device set ups for each subject throughout the study. In
addition, a small mark was tattooed to the mid-point (between the greater trochanter of the femur
and lateral joint space) of the lateral side of the right thigh to ensure the repeatability of the
ultrasound measurements for muscle cross-sectional area throughout the study.
One repetition maximum (1 RM): Maximal bilateral concentric leg press strength was
measured by a horizontal leg press (knee angle ~60°) (David 210, David Health Solutions Ltd.,
Helsinki, Finland). Before commencing maximum efforts a short warm-up was performed
(5x70%; 3x80% and 2x90% of the predicted 1 RM). A minimum of three and maximum of five
trials of single repetitions (1 RM) were allowed. Each trial was separated with one minute of rest.
The testing continued until the participant was unable to extend legs to a full extension of 180̊.
Cross-sectional area of vastus lateralis (CSA) was assessed by a B-mode axial-plane
ultrasound (SSD-α10, Aloka Co Ltd, Tokyo, Japan) with the extended-field-of-view mode (23Hz sampling frequency) using a 10 MHz linear array probe (Ahtiainen et al. 2010). Three
panoramic images were taken at 50% of femur length (marked during the familiarization
session). During the measurements participants laid in the supine position, with lower limbs
extended and resting in a styrofoam knee support. A line, representing the mid-point, was drawn
across the thigh, perpendicular to the measurement table. The probe was manually moved in an
axial plane from the lateral to the medial side of the thigh along the drawn line. Images were
manually analyzed with the ImageJ software (National Institute of Health, USA, version 1.44) by
manually tracing along the border of the m. vastus lateralis. The mean of the two closest values
was used for further statistical analysis. The measurements always took place in the morning at
the same time of the day (±1h). All the measurements and analysis were done by the same

8
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technician, who was aware of the subject’s ID but the ID did not reveal the group to which the
subject belonged to.
Time to exhaustion (Texh): The graded maximal aerobic cycling test to volitional exhaustion
was performed on a mechanically braked bicycle ergometer (Ergomedic 839E, Monark Exercise
AB, Sweden). The exercise intensity was increased by 25 W every two minutes starting with
50W. Pedaling frequency was required to be maintained at 70 rpm throughout the test. The
participants were verbally encouraged to continue cycling until exhaustion. The test was stopped
when the participant was unable to keep up the required pedaling frequency.
Serum hormone concentrations
Venous blood samples were collected during one day at 7:30 h ± 30 min, 9:30 h ± 30 min, 16:30
h ± 30 min and 18:30 h ± 30 min at pre-, mid- and post-measurements. Participants were asked
to keep two days of rest before the day when the blood samples were drawn. Physical activity
during that day was also asked to be kept as low as possible, however, the subjects were allowed
to leave the lab in between the blood samples drawn and have a normal working day.
Participants were asked to fast 12 hours before the first blood sample, after which a standardized
breakfast was provided. They were instructed to consume another light meal at around 12:00 13:00 h. Thereafter, participants were asked to avoid food until the last two blood samples (16:30
h ± 30 min and 18:30 h ± 30 min) were drawn.
Venous blood samples (~10 ml) for the determination of serum total T and C concentration were
collected by a qualified laboratory technician from an antecubital vein with a vacutainer and test
tubes (Vacuette, Greiner Bio-OneGmbH, Kremsmünster, Austria) containing appropriate
preservatives. Samples were centrifuged at 3500 rpm (Heraus Megafuge 1.0 R, Gendro
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Laboratory Products, Hanau, Germany) for 10 min, plasma harvested and all samples were
stored at −80°C until assayed. Analysis of total T and C was performed using chemical
luminescence techniques (Immunlite 2000, Simens Healthcare, Diagnostics Products Ltd.,
Llanberies, UK) and hormone specific immunoassay kits (Siemens, New York City, NY,, USA).
The sensitivities for serum T and C were: 0.5 nmol·L-1 and 5.5 nmol·L-1, respectively. The intraassay coefficients of variation were 8.3% and 5.3% for T and C, respectively. The inter-assay
coefficients of variation were 9.1% for T and 7.2% for C.
Exercise training programs
Training consisted of two 12-week progressive same-session combined strength and endurance
training periods either in the morning or in the evening. The morning training groups (mE+S and
mS+E) performed all training sessions between 6:30-10:00h, while the evening training groups
(eE+S and eS+E) performed their training sessions between 16:30-20:00h. The training
programs were identical for the E+S and S+E group independent of the training time, only the
sequence of strength and endurance training was reversed. Endurance and strength training were
combined into the one training session so that no more than a 5-10 minute break was allowed
during the two training sections. The duration of the combined endurance and strength training
sessions progressively increased from 60 to 120 minutes. All the training sessions were
supervised.
Strength training consisted of exercises aimed at improving both maximal strength and muscle
hypertrophy and was planned as a whole body periodized program with the main focus on knee
extensors and flexors as well as hip extensors. Each training session consisted of three lowerbody exercises: bilateral dynamic leg press, seated dynamic knee extension and flexion. Four to
five exercises were performed for other main muscle groups (lateral pull down, standing bilateral
10
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triceps push down, bilateral biceps curl, seated military press, or bilateral dumbbell fly, trunk
flexors and extensors). Strength training was designed to improve muscular endurance in the first
4 weeks, which was performed as circuit training (intensity 40-70% of 1 RM). The subsequent 4
weeks (weeks 5-8) were designed to produce muscle hypertrophy (intensity 70-85% of 1 RM)
and followed by 4 weeks (weeks 9-12) of mixed hypertrophic and maximal strength training
(intensity 75-95% of 1 RM) (Table 3). A similar strength training program with slightly higher
intensities was carried out also during the second 12 weeks of training.
Endurance training was carried out on cycle ergometers and the training intensity was based on
the maximum heart rate (HRmax) determined during the training-time-specific graded maximal
incremental cycling test. For the first 12 weeks of training the pre-training test results were used.
For training weeks 13-24 the training heart rate zones were readjusted according to the results
obtained from the mid-measurements. Endurance training sessions averaged from 30-50 minutes.
Interval (85-100% of HRmax) and continuous (65-80% of HRmax) training protocols were
performed weekly. Interval training consisted of 4x4 min high-intensity intervals (85-100% of
HRmax), which were separated by 4 min active resting periods (70% of HRmax). During the first
training period both interval and continuous training sessions were performed once a week,
whereas during the second training period, when the training frequency increased, one additional
high-intensity interval training session was added. Participants were instructed to maintain a
constant pedaling cadence (around 70 rpm) while the resistance on the cycle ergometer was
adjusted in accordance with heart rate (Polar FT7, Polar Electro Oy, Kempele, Finland).

11
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Statistical analyses
Data are presented as mean ± SD. Normality of the data was checked and subsequently
confirmed using the Shapiro-Wilk test. Effects of the time-of-day-specific training on strength
and endurance performance as well as on resting serum hormone concentrations and muscle
hypertrophy were examined by a two-factor general linear model (GLM) with univariate
ANOVA by using absolute changes. Time-of-day of the training and training order were set as
fixed factors when appropriate. Within-group changes over time in the morning and in the
evening were examined by using absolute values with repeated measures GLM, where Time,
with 3 levels (4 levels for hormonal data analysis) was the only factor. Morning and evening
differences at pre-, mid- and post-measurements in performance variables were checked by using
paired samples T-tests. In addition, to analyse associations between strength performance and
muscle mass Pearson correlation coefficients were calculated. Area under the curve (AUC) was
calculated for T and C concentrations by using the following equation:
AUC = [(y1+y2) /2) х (t1-t2)],
where y1 and y2 are the consecutive resting T or C concentrations and t the time separating the
two measurement time-points. AUC was calculated for the total period between 7:30 and 18:30.
Statistical significance was accepted at a criterion alpha level of p<0.05, whereas values p≤0.06
were accepted as a significant trend. Effect size (d) for pairwise comparisons is reported as
Cohen’s d with an effect size of ≥0.20 being considered as small, ≥0.50 as medium and ≥0.80 as
large.

12
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RESULTS
At baseline no between-group differences were found in strength and endurance performance or
in anthropometrics. Absolute values of strength or endurance performance variables did not
show significant morning to evening differences in any group at any measurement time point.
Dynamic strength performance
Morning measurements: 1 RM dynamic leg press force increased in the morning during the first
12 weeks and after completing 24 weeks of training the improvements were independent of the
training time and order (mE+S: 13.8±5.5%; mS+E: 16.9±6.2%; eE+S: 18.1±8.1%; eS+E:
19.3±11.6%, all p<0.001) (Table 2). The control group increased maximal dynamic strength
performance by 5.1±5.7% (p<0.05), however, all training groups, except mE+S, increased the
morning strength performance significantly more (p<0.05) than controls.
Evening measurements: 1 RM strength increased in the evening in all training groups during the
first 12 weeks and by the end of the study all training groups had similarly increased 1 RM
(mE+S: 17.5±7.7%; mS+E: 20.7±9.0%; eE+S: 20.5±8.9%; eS+E: 23.6±12.9%, all p<0.001)
(Table 2). Improvements in all training groups were larger than in the control group (p<0.05),
which showed no significant change in maximal dynamic strength performance in the evening.
Cross sectional area
All training groups similarly increased CSA of vastus lateralis during the first 12 weeks of
training (mE+S: 9.2±5.6%; mS+E: 9.9±8.3%; eE+S: 14.0±9.3%; eS+E: 10.0±6.4%; all p<0.05)
(Figure 2; Table 2). During the second training period (wks 13-24) only eE+S and eS+E groups
continued to increase CSA (eE+S: 5.1±4.5%; eS+E: 5.1±4.7%; p<0.01), which led to a

13
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significant time-of-day main effect (p<0.05; d=0.685). During weeks 1-24 all training groups had
increased CSA (mE+S: 11.9±9.2%; mS+E: 12.1±7.9%; eE+S: 19.8±10.8%; eS+E: 15.7±9.1%;
all p<0.01) (Table 2), however a statistical trend for time-of-day main effect was observed in
favor of the evening training time (p=0.059; d=0.623). In the control group CSA remained
unchanged.
Only in the eS+E group the individual changes in CSA of vastus lateralis and evening 1 RM
dynamic leg press force correlated significantly throughout the 24 weeks of training (week 1-24:
r=0.638, p<0.05; weeks 1-12: r=0.657, p<0.05; weeks 13-24: r=0.579, p<0.05).
Endurance performance
Morning measurements: All training groups increased Texh (mE+S: 16.2±5.4%; mS+E:
16.1±12.9%; eE+S: 18.9±7.5%; eS+E: 11.5±7.0%; all p<0.01) in the morning during the first 12
weeks of training independent of the training time and order (Figure 3; Table 2). Only mE+S and
eE+S continued to significantly increase during weeks 13-24 (5.5±3.9% and 8.1±5.1%,
respectively; p<0.001). By the end of the study, Texh had increased in all of training groups
(mE+S: 22.5±6.4%, mS+E 21.1±13.7%, eE+S 28.3±7.2% and eS+E 15.7±7.5%; p<0.01) and the
increases were larger than that observed in the control group (p<0.01). A statistical main effect
for the exercise order (p<0.05; d=0.860) was found in changes in the morning Texh with mE+S
(p=0.051; d=0.982) and eE+S (p<0.001; d=1.711) increasing more than eS+E.
Evening measurements: All training groups increased Texh similarly and significantly (mE+S:
11.2±7.4%; mS+E: 15.7±7.6%; eE+S: 15.8±10.5%; eS+E: 10.7±9.1%, all p<0.05) in the evening
during the first 12 weeks of training (Figure 3; Table 2). During the second 12 weeks the mS+E
group did not statistically improve Texh, while the significant increases in other training groups
14
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were larger (p<0.05) than in mS+E during weeks 13-24. A significant main effect for exercise
order (p<0.05; 0.722) and time-of-day (p<0.05; d=0.493) was observed during the second 12
weeks of training in favor of the evening training time and the E+S order. After completing 24
weeks of training all four training groups significantly increased Texh in the evening (mE+S:
19.7±6.7%; mS+E: 19.4±8.5%; eE+S: 26.9±13.0%; eS+E: 18.2±8.4%, all p<0.001), while the
increases were statistically larger than in the control group (p<0.01). A statistical trend for a
main effect for exercise order was observed (p=0.051; d=0.617) in favor of the E+S groups.
Hormonal concentrations
Both serum T and C concentrations exhibited significant decreases (p<0.05) from the morning
(at 7:30 h ± 30 min) to evening (18:30 h ± 30 min) measurements in the beginning (T: 10.826.5%; C:57.8-73.9%), after 12 (T: 19.1-359%; C:64.8-77.4%) and after 24 weeks of training (T:
24.7-33.9%; C: 64.5-71.7%). No major changes in T or C concentrations were observed in the
training groups when analyzing each group separately. However, when the morning training
groups were combined (mE+S and mS+E), a 17.4±20.6% increase was observed in the basal
morning T levels (p<0.05) and a 16.1±13.0% increase in AUC of T (p<0.05) after the second
training period (wk 13-24) (Figure 4). The combined evening training groups (eE+S and eS+E)
showed an increase of 22.7±29.6% in basal morning T values (p<0.01) after the second 12 weeks
of training and AUC of T increased after the second 12 weeks of training (14.1±17.0%; p<0.05)
as well as after the whole 24 weeks (15.0±16.7%; p<0.01). When the training groups were
combined according to the strength and endurance training order, the combined E+S group
(mE+S and eE+S) increased AUC of T by 18.0±19.0% after the second training period (p<0.01)
and 12.6±15.7% after completing the whole 24-week training (p<0.05). The combined S+E
group (mS+E and eS+E) increased AUC of T by 11.0±11.9% after the second training period
15
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(p<0.05). Basal morning T concentrations increased similarly in the combined E+S and S+E
groups after the weeks 13-24 (E+S: 17.4±26.7%; S+E: 23.5±26.6%; p<0.01) and weeks 1-24
(E+S: 22.9±27.9; S+E 14.4±22.4%; p<0.05). AUC of C remained statistically unchanged by the
training time and order interaction (Figure 4). In the combined morning group a statistical trend
for the increased basal morning (11.9±17.7%; p<0.06) cortisol levels during the weeks 13-24
was observed. Basal morning C concentrations increased by 14.7±26.0% (p<0.01) in the evening
combined group when the changes over the entire 24 weeks of training were analyzed. In the
combined E+S and S+E groups basal morning C concentrations similarly increased during the
weeks 1-24 (E+S: 19.1±32.2%; S+E: 13.0±22.3%; p<0.05).

DISCUSSION
The main results of the present study were that whereas the S and E training order and time-ofday of the training did not influence the magnitude of adaptations in maximal dynamic strength
performance, the present combined training intervention induced larger gains in muscle crosssectional area in the evening training groups compared to the morning groups, irrespective of the
exercise order. Endurance performance development seemed to be related to the sequence of S
and E training, favoring the E+S order both in the morning and in the evening. Furthermore,
prolonged combined training may cause training-time-specific adaptations as training in the
evening seemed to lead to greater evening endurance performance adaptations compared to the
morning training. Diurnal rhythms in testosterone and cortisol remained statistically unaltered by
the training order or time.

16
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Strength performance
After 24 weeks of time-of-day-specific same-session combined S and E training all training
groups similarly increased dynamic 1 RM strength performance. The increases in 1 RM were
independent of the training time (morning vs. evening) and order. Some of the previous not-timeof-day-specific combined training studies have suggested that endurance exercise at the
beginning of an exercise session may interfere with neural adaptations in young (Eklund et al.
2015) and strength development in old men (Cadore et al. 2013). However, in line with the
present results, others have found that gains in maximal strength performance were not related to
the sequence of S and E training sessions (Chtara et al. 2008; Schumann et al. 2014). The present
results might be specific to the type of endurance training, because the eccentric component of
endurance running has been proposed to cause muscle damage (Wilson et al. 2012), whereas
cycling has been shown to consist of primarily concentric activity which is biomechanically
similar to strength training (Gregor et al. 1991). Consequently, endurance cycling has shown to
cause small but statistically significant increases in leg muscle strength in previously untrained
men (Häkkinen et al. 2003; Mikkola et al. 2012). It is possible that the cycling activity in the
present training program led to synergistic adaptations with strength training, as suggested also
by Schumann et al. (2014).
Previous strength training studies have demonstrated that after regular strength training at a
particular time-of-day, strength performance increased at the training specific time-of-day
(Chtourou et al. 2012, Sedliak et al. 2008). However, similar to our results with combined
strength and endurance training, Blonc et al. (2010) showed that strength training displayed no
temporal specificity and that training adaptations were not influenced by the time-of-day. The
assumption that adaptations to resistance training may vary between different training times is
17
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based on the fact that various factors influencing maximal strength performance (e.g. body
temperature, contractile state of the muscle and/or neural input to the muscle) are highest at a
certain time-of-day (Chtourou and Souissi 2012). Therefore, it is possible that lack of diurnal
variation in the present maximal dynamic strength performance may have possibly hidden also
the diurnal rhythms in maximal strength adaptations. Therefore, future research, where
statistically significant diurnal rhythms (morning to evening differences) in maximal dynamic
strength performance can be observed, should verify the present results.
Hypertrophy
In agreement with previous reports, the increase in cross-sectional area of vastus lateralis in the
present study was not related to the S and E training order (Cadore et al. 2013; Schumann et al.
2014). It is possible that moderate but repeated force production during cycling action provided
an additional stimulus to promote hypertrophy (Mikkola et al. 2012), rather than counteracted
with the adaptations elicited by hypertrophic and maximal strength training program. Although
some studies have reported the interference with muscle hypertrophy development when the
combined S and E training is performed at a high frequency or high intensity (Hickson 1980;
Kraemer et al. 1995), no interference by endurance training have been reported when the training
frequency remains moderate or low (Häkkinen et al. 2003; McCarthy et al. 2002). Thereby, our
study is in agreement that S and E training (as cycling) order does not influence the magnitude of
adaptations in muscle CSA, especially when the combined training frequency does not exceed 23/week.
In the present study all training groups similarly and significantly increased CSA of vastus
lateralis during the first 12 weeks. However, a significant main effect for the training time-of-day
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was found for the changes in CSA of vastus lateralis after the second 12 weeks of combined
training, showing that groups training in the evening hours increased CSA significantly more
compared to groups training in the morning. Sedliak et al. (2009) have shown that time-of-dayspecific strength training for 2-3 months in the morning and afternoon hours is similarly effective
when aiming for muscle hypertrophy. However, the increase in mid-thigh muscle volume,
although minor and statistically insignificant, favored the afternoon strength training group
(Sedliak et al. 2009). Our results are similar with those of Sedliak et al. (2009) for the first
training period (3 months), demonstrating that training time of combined strength and endurance
training did not significantly influence the magnitude of adaptations in muscle mass. However,
when the training period is prolonged (6 months), the evening training time of combined strength
and endurance training may be more beneficial for muscle hypertrophy development. In the
present study, training programs were carefully matched for all training groups for training
frequencies, intensities and duration and therefore, differences in muscle mass gains might be
explained by the training time. In addition, Sedliak et al. (2013) have suggested that strength
training in the morning may not provide optimal stimulus for some individuals because of large
inter-individual variability in protein signaling after morning compared to the evening strength
training. In addition, the significant correlations observed between individual changes in CSA of
vastus lateralis and strength of the lower extremities demonstrated that only in the eS+E group
the individuals who experienced larger gains in muscle mass also increased more their trainingtime-specific (evening) strength performance. However, it is possible that the present study was
underpowered when all four training groups were analyzed separately. Consequently, it is
possible that small sample size may have led to insufficient power and type 2 error. Although the
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present study suggests that regular combined S and E training in the evening hours may be more
optimal for muscle hypertrophy, further research is needed to confirm our results.
Endurance performance
Time to exhaustion improved in all training groups over the 24-week training period. After the
first 12 weeks the increases were similar in all training groups, however, a significant order main
effect was observed in favor of the E+S order after the second training period both in the
morning and in the evening. Several studies have shown that the S and E training order does not
influence the magnitude of adaptations in endurance performance (Cadore et al. 2013; Chtara et
al. 2008; Schumann et al. 2014) or that combined training limited the increase in VO2max when
women performed E before S training (Gravelle and Blessing 2000). However, similar to our
present results, Chtara et al. (2005) also found larger improvements in endurance performance
when E training preceded S training. Although Dolezal and Potteiger (1998) and Nelson et al.
(1990) did not compare different exercise order groups, they did indicate that their combined
group that always performed S training first showed disrupted aerobic development. In
concordance with our current findings, Nelson et al. (1990) also noted suppressed adaptation in
endurance performance only during the second half of a 20-week training program. Given that
the strength loading has been shown to impair muscle force generation capacity (Schumann et al.
2013), S training in close proximity with E training may cause difficulty in optimizing
physiological adaptations to E training (Chtara et al. 2005). The E training intensity might be one
factor to explain why some studies have not found any order effect in endurance performance
adaptations. In the previous study by our team (Schumann et al. 2014) a similar E training
program as in the present study was used, however, a smaller amount of high intensity interval
training sessions were included in the earlier intervention. In addition, the main effect for
20
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exercise order was observed after completing the second training period during which both
training intensity and frequency were increased. Possibly the increased training intensity, the
larger amount of interval training sessions as well as increased training frequency during the
second training period may have led to suppressed endurance performance adaptations in the
groups who started with S training.
In general, the literature concerning time-of-day effects on endurance performance yields to
somewhat inconclusive results (Bessot et al. 2006; Deschenes et al. 1998). Similar to the present
study, Deschenes et al. (1998) have suggested that maximal aerobic performance remains
constant throughout the day, despite the fact that certain important physiological parameters are
subject to diurnal variation. The present results of time-of-day-specific adaptations from the
morning measurements are in accordance with Hill et al. (1989) suggesting that the magnitude of
the endurance training induced increases in maximal endurance performance were not related to
the training time. However, the endurance performance improvements in the evening seemed to
be influenced by training time during the latter 12 weeks of training, as evening training seemed
to lead to greater increases in time to exhaustion compared to morning training. This suggests
that a prolonged training period might be necessary to be able to observe training-time-specific
adaptations during combined S and E training.
Diurnal variation in serum testosterone and cortisol
In the present study both total serum T and C exhibited significant diurnal rhythms in all five
groups well in line with previous studies (e.g. Kraemer et al. 2001). Neither the morning nor the
evening combined training programs led to any systematic changes in typical diurnal variations
in resting serum total T and C concentrations. Limited results of acute hormonal response studies
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have shown temporary phase shifting effects of strength (Nindl et al. 2001) and endurance
(Buxton et al. 2003) exercise. However, others have suggested that heavy resistance exercise has
no significant effect on the circadian rhythm of salivary testosterone in previously strengthtrained men (Häkkinen et al. 1988; Kraemer et al. 2001). Therefore, the influences of short-term
training protocols seem to be insufficient to alter the circadian profile of T and C (Teo et al.
2011). Sedliak et al. (2007) showed that several weeks of strength training in the morning hours
may decrease the resting C concentrations, whereas the evening training did not have that effect.
In the same study, no significant changes were observed in resting T concentrations (Sedliak et
al. 2007). The authors also proposed that the changes in C concentrations may have occurred due
to the decreased anticipatory psychological stress prior to the morning testing (Sedliak et al.
2007). No previous studies appear to have dealt with possible phase shifting properties of
prolonged combined S and E training on hormonal rhythms. However, the low sampling
frequency may have precluded our ability to evaluate the possible training-induced phase shifts
properly (Sedliak et al. 2007). In addition, although the overall training volume was large (2-3 E
sessions and 2-3 S sessions per week) for previously untrained men, the training frequency of 2-3
double sessions (2-3 E+S or S+E sessions) allowed for at least 48 hours of recovery which may
have provided sufficient time for photic and social contact factors (Duffy et al. 1996) to reset any
possible phase-shifting effect caused by the exercise training. Although, increased morning basal
serum T and C concentrations were observed after regular combined S and E training for 24
weeks, these changes did not seem to be related to the training order or the training time. It is
possible that increases in T and C concentrations were caused by the seasonal variation due to
sampling at different times of the year (Andersson et al. 2003; Persson et al. 2008). Therefore, it
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remains to be examined whether exercise can exert a sufficiently strong influence to alter the
circadian rhythm of T and C.
Conclusions
This study showed that whereas no major between-group differences were observed over the first
12 weeks, the strength and endurance training order and time-of-day of the training may be
important factors to optimize the magnitude of adaptations to combined strength and endurance
training, when the training period is extended beyond 12 weeks. The present combined training
program in the evening led to larger gains in muscle mass compared to the same training
program in the morning hours. The mechanisms for these dissimilar gains after morning and
evening combined training, however, are unclear. The improvements in strength performance did
not seem to be related to the strength and endurance training time or order, while performing
strength training regularly before an endurance session may interfere with the quality of the
endurance training adaptations. Therefore, when improvements in endurance performance are
sought, it is advisable to perform an endurance session before a strength training session
preferably at the time-of-day when the improvements are desired, if the training period is
prolonged. To improve strength performance, strength and endurance training sessions can be
performed in the desired order in the morning or evening based on the personal preferences.
However, gains in muscle mass might be larger, when regularly performing combined strength
and endurance training in the evening.
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Tables
Table 1. Basal anthropometric characteristics ± SD of the participants.
Age (yrs) ± SD

Height (m) ± SD

Weight (kg) ± SD

BMI (kg/m2) ± SD

mE+S (n=9)

36.1 ± 6.5

1.80 ± 0.04

86.1 ± 8.9

26.5 ± 2.1

mS+E (n=9)

30.8 ± 5.0

1.82 ± 0.08

82.0 ± 14.0

24.8 ± 3.8

eE+S (n=12)

31.4 ± 4.6

1.80 ± 0.07

78.0 ± 8.5

24.1 ± 2.5

eS+E (n=12)

31.4 ± 6.5

1.81 ± 0.06

80.0 ± 10.6

24.5 ± 2.7

Controls (n=10)

32.4 ± 4.9

1.81 ± 0.08

79.0 ± 12.8

23.9 ± 2.7

m=training in the morning; e=training in the evening; E+S=endurance before strength training; S+E=strength before endurance.
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Table 2. Absolute values ± SD of 1 repetition maximal (1RM) strength in leg press, time to exhaustion
and muscle cross-sectional area of m. vastus lateralis at pre-, mid- and post measurements in the
morning and in the evening.
Pre-measurements
Morning

Evening

Mid-measurements
Morning

Post-measurements

Evening

Morning

Evening

1 RM (kg) ± SD
mE+S (n=9)

161.8 ± 20.4

158.3 ± 21.4

178.3 ± 20.5

180.6 ± 17.8

183.5 ± 18.7

185.0 ± 19.7

mS+E (n=9)

149.1 ± 22.3

146.6 ± 24.6

170.0 ± 27.5

170.5 ± 29.3

174.2 ± 26.8

176.7 ± 30.8

eE+S (n=12)

142.6 ± 24.7

140.4 ± 25.6

163.0 ± 21.7

161.6 ± 21.6

166.8 ± 19.5

167.4 ± 20.0

eS+E (n=12)

141.4 ± 26.0

136.9 ± 26.2

160.1 ± 25.1

161.7 ± 24.8

166.6 ± 21.3

166.8 ± 21.5

Controls (n=10)

142.1 ± 25.9

144.2 ± 23.2

149.4 ± 25.1

151.0 ± 26.3

148.6 ± 23.7

148.5 ± 23.6

Time to exhaustion (min:sec) ± SD
mE+S (n=9)

18:20 ± 02:17

18:47 ± 02:50

21:16 ± 03:25

20:49 ± 02:55

22:23 ± 03:21

22:25 ± 03:21

mS+E (n=9)

17:20 ± 03:20

17:28 ± 02:59

19:47 ± 02:18

20:02 ± 02:51

20:39 ± 02:09

20:37 ± 02:26

eE+S (n=12)

16:44 ± 02:23

16:57 ± 02:35

19:48 ± 02:23

19:38 ± 02:51

21:20 ± 02:25

21:36 ± 02:24

eS+E (n=12)

18:22 ± 03:39

18:32 ± 03:45

20:13 ± 03:01

20:08 ± 02:51

21:03 ± 03:36

21:34 ± 03:00

Controls (n=10)

19:19 ± 02:48

19:37 ± 03:14

19:53 ± 02:34

19:50 ± 02:45

19:47 ± 02:43

20:08 ± 02:31

2

Cross-sectional area (cm ) ± SD
mE+S (n=9)

24.56 ± 3.16

-

26.77 ± 3.25

-

27.38 ± 3.34

-

mS+E (n=9)

20.79 ± 2.51

-

22.80 ± 2.56

-

23.24 ± 2.33

-

eE+S (n=12)

21.22 ± 4.94

-

23.94 ± 4.76

-

25.15 ± 4.86

-

eS+E (n=12)

21.75 ± 3.43

-

23.88 ± 3.76

-

25.05 ± 3.76

-

Controls (n=10)

21.38 ± 3.32

-

21.82 ± 3.81

-

21.79 ± 3.46

-
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Table 3. Summary of the strength training program for lower extremities.
Training weeks 1-12
Week

Training weeks 13-24

1-4

5-8

9-12

13-14

15-20

21-24

Training type

Circuit

Hypertrophic

Maximal

Circuit

Hypertrophic

Maximal

Intensity (% of 1 RM)

40-70

70-85

75-95

50-75

75-85

80-95

2-3

3-4

3-5

3-4

3-4

3-5

Repetitions

10-20

10-15

3-8

10-15

10-15

3-8

Rest (min)

no

1.5-2

2-3

no

1.5-2

2-3

Sets
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Figure legend

Figure 1. Study design and measurements. 1 RM = one repetition maximum in the dynamic leg
press; Texh = time to exhaustion during the incremental cycling test; CSA = cross sectional
area; m = morning; e = evening

Figure 2. Changes in vastus lateralis cross-sectional area after 12 and 24 weeks of combined
training; *sign. (p<0.05) within-group increase; # sign. different from controls; & sign.
time-of-day main (TOD) effect. Detailed levels of significance are presented in the results
section. m = morning; e = evening; E+S = endurance before strength; S+E = strength before
endurance

Figure 3. Changes in time to exhaustion (Texh) in the morning (A) and in the evening (B) after 12
and 24 weeks of combined training; *sign. (p<0.05) within-group increase; ¤ sign. betweengroup differences as indicated; # sign. different from controls; $ sign. order main effect; &
sign. time-of-day (TOD) main effect. Detailed levels of significance are presented in the
results section; m = morning; e = evening; E+S = endurance before strength; S+E = strength
before endurance

Figure 4. Diurnal variations in serum testosterone and cortisol concentrations at pre-, mid- and
post-measurements in the combined morning group (A) and combined evening group (B).
*sign. (p<0.05) within-group change from wk 0 to wk 12; $ sign. within-group change from
wk 12 to wk 24; ¤ sign. within-group change from wk 0 to wk 24. Detailed levels of
significance are presented in the results section
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B) Texh in the evening
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