
Vol.:(0123456789)1 3

European Journal of Applied Physiology (2019) 119:1513–1523 
https://doi.org/10.1007/s00421-019-04138-1

ORIGINAL ARTICLE

Acute cardiopulmonary responses to strength training, high‑intensity 
interval training and moderate‑intensity continuous training

Roberto Falz1   · Sven Fikenzer2 · Roman Holzer1 · Ulrich Laufs2 · Kati Fikenzer2 · Martin Busse1

Received: 13 January 2019 / Accepted: 3 April 2019 / Published online: 8 April 2019 
© Springer-Verlag GmbH Germany, part of Springer Nature 2019

Abstract
Purpose  Long-term effects of exercise training are well studied. Acute hemodynamic responses to various training modali-
ties, in particularly strength training (ST), have only been described in a few studies. This study examines the acute responses 
to ST, high-intensity interval training (HIIT) and moderate-intensity continuous training (MCT).
Methods  Twelve young male subjects (age 23.4 ± 2.6 years; BMI 23.7 ± 1.5 kg/m2) performed an incremental exertion 
test and were randomized into HIIT (4 × 4-min intervals), MCT (continuous cycling) and ST (five body-weight exercises) 
which were matched for training duration. The cardiopulmonary (impedance cardiography, ergo-spirometry) and metabolic 
response were monitored.
Results  Similar peak blood lactate responses were observed after HIIT and ST (8.5 ± 2.6 and 8.1 ± 1.2 mmol/l, respectively; 
p = 0.83). The training impact time was 90.7 ± 8.5% for HIIT and 68.2 ± 8.5% for MCT (p < 0.0001). The mean cardiac output 
was significantly higher for HIIT compared to that of MCT and ST (23.2 ± 4.1 vs. 20.9 ± 2.9 vs. 12.9 ± 2.9 l/min, respectively; 
p < 0.0001). VO2max was twofold higher during HIIT compared to that observed during ST (2529 ± 310 vs. 1290 ± 156 ml; 
p = 0.0004). Among the components of ST, squats compared with push-ups resulted in different heart rate (111 ± 13.5 vs. 
125 ± 15.7 bpm, respectively; p < 0.05) and stroke volume (125 ± 23.3 vs. 104 ± 19.8 ml, respectively; p < 0.05).
Conclusions  Despite an equal training duration and a similar acute metabolic response, large differences with regard to 
the training impact time and the cardiopulmonary response give evident. HIIT and MCT, but less ST, induced a sufficient 
cardiopulmonary response, which is important for the preventive effects of training; however, large differences in intensity 
were apparent for ST.
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Introduction

The preventive and rehabilitative effects of physical exer-
cise are well studied, especially for endurance activi-
ties (Strasser et al. 2013; Haykowsky et al. 2013; Weston 
et al. 2014; Streckmann et al. 2014; Parmenter et al. 2015; 

Cornelis et al. 2016). The majority of the published interven-
tion studies compare moderate-intensity continuous training 
(MCT) with high-intensity interval training (HIIT) (Smart 
et al. 2013; Milanović et al. 2015; Liou et al. 2016; Bæk-
kerud et al. 2016; Cornelis et al. 2016; Green et al. 2017). 
These studies were mostly conducted as superiority trials 
with independent study groups to investigate long-term 
effects (VO2max). Cardiac parameters such as stroke volume 
(SV) or cardiac output (CO) were measured less frequently 
(Lepretre et al. 2004; Daussin et al. 2007, 2008; Cattadori 
et al. 2011; Gayda et al. 2012; Fu et al. 2013); therefore, the 
available information on different training modalities has 
been heterogeneous (Helgerud et al. 2007; Smart et al. 2013; 
Iellamo et al. 2013; Conraads et al. 2015; Fisher et al. 2015; 
Ramírez-Vélez et al. 2017). In addition to the methodologi-
cal differences in physiological and metabolic parameters, 
this heterogeneity is probably also caused by the different 
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intensities, durations and frequencies of the interventions. 
The current literature frequently does not describe the dura-
tion of the training in the given target range of intensity 
(training impact time).

Acute physiological reactions of the organism to various 
training modalities have been considered in several studies 
(Lepretre et al. 2004; Lamotte et al. 2010; Gayda et al. 2012; 
Chilton et al. 2014; Tschakert et al. 2015; Rozenek et al. 
2016; Cipryan et al. 2017; Green et al. 2017), whereby the 
recorded parameters were concentrated on basic parameters 
(Chilton et al. 2014; Tschakert et al. 2015; Cipryan et al. 
2017; Green et al. 2017). Hemodynamic parameters have 
so far only been analyzed during HIIT and MCT (Lepretre 
et al. 2004; Gayda et al. 2012), but not in comparison to ST.

In summary, a study comparing HIIT, MCT and ST with 
regard to acute cardiac parameters is lacking. Therefore, the 
aim of this randomized crossover study was to investigate 
acute cardiopulmonary and metabolic effects of HIIT, MCT 
and ST matched for exercise duration. Due to the known 
long-term effects of training interventions, the strongest car-
diopulmonary responses should be expected for HIIT and 
the weakest for ST.

Methods

Subjects

The study was conducted in accordance with the latest revi-
sion of the Declaration of Helsinki and was approved by 
the Ethical Committee of the Medical Faculty, University 
of Leipzig (reference number 088/18-ek). Written informed 
consent was obtained from all participants. The study group 
consisted of 12 active and healthy males (Table 1). The 
exclusion criteria included cardiac, pulmonary or inflam-
matory diseases, sports inactivity or any other medical con-
traindications at the time of the examinations. Furthermore, 
the subjects had to be able to perform the strength exercises 
technically and conditionally.

Study design

The participants were tested four times in a 2-week period 
(pre-examination and three exercise interventions). The 
pre-examination included a medical history, question-
naire (sports activity, smoking, and alcohol consumption), 
height and weight measurement, an electrocardiogram 
(Cardiax, Mesa Medizintechnik GmbH, Germany), pul-
monary function test (Easy on-PC, ndd Medizintechnik 
AG, Switzerland) and bioelectrical impedance analysis 
(bio-impedance analyzer STA/BIA, Akern, Italy). Subse-
quently, if all parameters were unremarkable, the partici-
pants performed an incremental exertion test (IET) until 

exhaustion to assess the maximal power output (Pmax) and 
cardiac and pulmonary maximum values.

Subsequently, all subjects had to perform the three exer-
cise interventions (MCT, HIIT and ST) in a randomized 
order (block randomization) at the same time of the day.

The intensities of the interventions were selected 
according to the standard protocols for prevention and 
rehabilitation sports in the literature. The workload was 
based on the results of the Pmax and HRmax during the 
IET and matched for the exercise duration (25 min; exclud-
ing warm up and cool down). IET, HIIT and MCT were 
performed on a semi-recumbent ergometer (ergometrics 
900, ergoline GmbH, Bitz, Germany) at a constant speed 
of 60–70 revolutions per minute. ST consisted of five dif-
ferent exercises that were executed on a sports mat on the 
floor.

Incremental exertion test (IET)

The test started at a workload of 50 W with an increment of 
15 W each minute until volitional exhaustion occurred. Each 
subject continued for an additional 5-min recovery period 
at a workload of 25% of Pmax. Maximum values for power 
output (IET-Pmax) and HR (IET-HRmax) were used for load 
control of the subsequent sessions.

Table 1   Baseline characteristics of the study participants (n = 12)

Values are presented as the means and standard deviation
BM body mass, BMI body mass index, LBM lean body mass, IET 
incremental exertion test, SBP systolic blood pressure, DBP diastolic 
blood pressure, HR heart rate, SV stroke volume, CO cardiac output, 
VE ventilation, VO2 oxygen uptake, Lac blood lactate concentration

Age and performance parameters
 Age (years) 23.4 ± 2.6
 Sports activity (h/week) 5.3 ± 2.7
 Aerobic/strength training (%) 75/25
 VO2max/BM in the IET (ml/min) 42.7 ± 5.6

Anthropometric parameters
 Height (cm) 182.7 ± 4.3
 Mass (kg) 79.1 ± 6.18
 BMI (kg/m2) 23.7 ± 1.5
 LBM (kg) 63.8 ± 5.1

Baseline parameters in the IET
 SBP (mmHg) 126 ± 7.1
 DBP (mmHg) 82 ± 9.9
 HR (bpm) 74 ± 11.5
 SV (ml) 107 ± 14.8
 CO (l/min) 7.9 ± 1.0
 VE (l/min) 15.0 ± 3.8
 VO2 (ml/min) 478 ± 165
 Lac (mmol/l) 0.8 ± 0.2
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Moderate‑intensity continuous training (MCT)

MCT was performed for 25 min at a continuous target work-
load equating to 70% IET-HRmax. This session started 
with a 5-min warm up at 50% IET-Pmax and finished with 
a 5-min cool-down phase at 25% IET-Pmax. In total, the 
MCT session lasted 35 min.

High‑intensity interval training (HIIT)

The HIIT session started with a 5-min warm up at 50% IET-
Pmax. Subsequently, four intervals of 4 min each (4 × 4 min) 
at 85–95% IET-HRmax were performed and separated by 
3-min active resting periods at 25% IET-Pmax. The training 
session terminated with a 5-min cool down at 25% IET-
Pmax. The total HIIT exercise time was 35 min.

Strength training (ST)

ST combined five different exercises that were performed 
using each subject’s own body weight. Each exercise con-
sisted of five sets of 40 s of loading and a 20-s resting phase. 
Intensity was standardized over time per repetition of 3 s 
(time under tension). To support the subject, a clock was set 
at a frequency of 60 beats per minute (bpm). ST included 
squats (knee bends), push-ups, isometric back extension, 
isometric leg raise and inverted rows in that specific order. 
An individual warm-up was performed during ST before the 
attachment of the measuring electrodes. After the last set, 
subjects were requested to sit up slowly and sit on a chair 
until circulatory parameters returned to baseline.

Measurements

Cardiac output (CO), stroke volume (SV) (measured by 
impedance cardiography; Physioflow, Manatec Biomedical, 
Macheren, France), heart rate (HR) (Cardiax, MESA Mediz-
intechnik GmbH, Benediktbeuern, Germany), maximum 
oxygen consumption (VO2max) and minute ventilation (VE) 
(K4b2, COSMED, Rome, Italy) were monitored continu-
ously at rest, during training and after the training sessions. 
These values were collected continuously and averaged at 
10-s intervals. Mean and peak values of HIIT, MCT and ST 
during the exercise (25 min excluding warm up and cool 
down) were calculated. Furthermore, all 10-s intervals of 
HR, CO, VE, VO2 and VCO2 were accumulated to compare 
absolute values of the whole sessions, including resting and 
loading periods.

The arteriovenous oxygen difference was computed using 
Fick’s principle with avDO2 = VO2/CO. Cardiac work (CW) 
was measured in Joules (J) and calculated according to the 
formula CW = SV × SBP. For better comparability of the pul-
monary parameters, the VO2 of each training session was set 

in relation to the VO2max of IET and depicted as a percentage 
(%VO2max).

Blood lactate concentration (LAC), blood pressure (BP) 
and rating of perceived exertion (RPE; from 1 to 10, if 10 
was total exhaustion) were observed at rest, at the end of 
each interval (HIIT), every 5 min during MCT and after 
each exercise (ST) as well as at 1, 3, and 5 min of recov-
ery. During ST, the blood pressure measured during the rest 
periods (not under tension). Blood samples of 20 µl were 
taken from the earlobe and analyzed immediately via the 
enzymatic–amperometric method (Super GL, Dr. Müller 
Gerätebau GmbH, Freital, Germany).

Statistical analysis

All values are expressed as the means and standard devia-
tion unless otherwise stated, and the significance level was 
defined as p < 0.05. Data were analyzed using Microsoft 
Office Excel® 2007 for Windows (Microsoft Corporation, 
Redmond, Washington, USA) and GraphPad Prism 7 for 
Windows, Version 7.04 (GraphPad Software Inc., Califor-
nia, USA). For distribution analysis, the D’Agostino–Pear-
son normality test was used. If normality distribution was 
evident, statistical comparisons were made using one-way 
repeated measures ANOVA with Turkey’s post hoc test for 
multiple comparisons. Otherwise, the Friedman non-para-
metric test and Dunn’s post hoc test were used for the com-
parison of the different training methods.

Results

Incremental exertion test

Maximum values of IET are shown in Table 2. The aver-
age duration of IET was 16.0 ± 2.8 min, and the subjects 
achieved an average Pmax of 276 ± 41.7 W, which corre-
sponds to a relative power of 3.5 ± 0.4 W/kg.

Comparison of training interventions

The presentation of the three interventions in this study 
focused on the peak and cumulated values. For IIT and ST, 
a mean value does not reflect the adaptation-relevant stimuli.

Training impact time

The HR during MCT and HIIT increased over time or in 
each interval, respectively (Fig. 1a). During MCT, the HR 
reached the target range (70% HRmax) after 139 ± 127 s and 
was maintained 90.7 ± 8.5% of the time (training impact 
time). During HIIT, the HR increased from interval to 
interval and was maintained for the following proportions 



1516	 European Journal of Applied Physiology (2019) 119:1513–1523

1 3

of time: (first: 46.3 ± 22.6%; second: 68.9 ± 11.6%; third: 
75.4 ± 8.5%; fourth: 82.2 ± 4.7%). During HIIT, within the 
4 × 4-min intervals, the HR was maintained within the target 
range (85–95% HRmax) 68.2 ± 8.5% of the time. During ST, 
there was no defined HR target range.

Cumulative values during the matched intervention 
periods

To compare the three training modalities, the parameters 
HR, CO, VE, VO2 and VCO2 were accumulated over the 
training duration (Table 3). Compared to ST, HIIT showed a 
significantly higher O2 consumption, cardiac output, breath-
ing volume and heart rate. During the training sessions, 
MCT showed an intermediate response. Only for VCO2, no 
significant difference was observed between HIIT and MCT, 
although the VCO2 value for HIIT was highest.

Peak and mean values of the cardiopulmonary 
response

Baseline values were measured prior to each session (values 
are not shown), and there were no significant differences in 
hemodynamics. Figure 1 shows the time course of HR, CO, 
SV and CW across the three training types (HIIT, MCT and 

ST). The three training interventions showed large differ-
ences with regard to the peak cardiopulmonary response 
with the exception of DBP, HR and SV (Figs. 1, 2 and 
Table 2). There was no significant difference in peak SV 
between HIIT and MCT, and the ST value was significantly 
lower (Table 2). The mean SV during HIIT vs. MCT vs. ST 
was 155 ± 31 ml vs. 157 ± 22 ml vs. 109 ± 24 ml, respec-
tively (p < 0.0001; �2

p
 = 0.45). The mean CO during the inter-

ventions was significantly different for HIIT, MCT and ST 
(23.2 ± 4.1 l/min vs. 20.9 ± 2.9 l/min vs. 12.9 ± 2.9 l/min, 
respectively; p < 0.0001; �2

p
 = 0.65). The mean and peak HR 

were highest for HIIT. The peak HR was not different 
between MCT and ST (Table 2). On average, the HR in ST 
was 66.6% of HRmax (120 ± 13.7 bpm), in HIIT 83.3% 
(150 ± 9.8  bpm) and in MCT 73.8% (133 ± 8.3  bpm; 
p < 0.0001; �2

p
 = 0.59). The mean SBP was different (HIIT, 

MCT and ST: 185 ± 12.6 mmHg vs. 170 ± 16.5 mmHg vs. 
150 ± 12.2 mmHg, respectively; p < 0.0001; �2

p
 = 0.53) and 

the mean DBP showed no differences (HIIT, MCT and ST: 
73 ± 9.9 mmHg vs. 70 ± 9.3 mmHg vs. 74 ± 8.3 mmHg, 
respectively; p = 0.298; �2

p
 = 0.03) during the exercise 

interventions.
The course of VE and VO2 is shown in Fig. 2, and the 

peak values are presented in Table  2. As with the 

Table 2   Peak values in training 
interventions (n = 12; excluding 
warm-up and recovery phases)

The values are presented as the means and standard deviation
HIIT high-intensity interval training, MCT moderate continuous training, ST strength training, IET incre-
mental exertion test, �2

p
 partial eta-squared of the one-way repeated measures ANOVA (HIIT, MCT, ST), d 

Cohens d, SBP systolic blood pressure, DBP diastolic blood pressure, HR heart rate, SV stroke volume, CO 
cardiac output, CW cardiac work, VE ventilation, VO2 oxygen uptake, %VO2max percentage of maximum 
oxygen uptake of IET, VCO2 carbon dioxide output, avDO2 arteriovenous difference of oxygen, LAC blood 
lactate concentration, RPE rating of perceived exertion
*(p < 0.05) different from MCT; †(p < 0.05) different from ST; §(p < 0.05) different from HIIT

HIIT MCT ST Effect size �2
p

IET

Hemodynamic parameters
 SBP (mmHg) 204 ± 13.3*† 175 ± 17.0§† 166 ± 15.8§* 0.55 205 ± 12.8
 DBP (mmHg) 80 ± 9.2* 75 ± 9.9§ 79 ± 8.8 0.07 82 ± 9.9
 HR (bpm) 174 ± 11.0*† 139 ± 9.1§ 148 ± 18.6§ 0.57 180 ± 9.8
 SV (ml) 164 ± 33.4 165 ± 26.9† 141 ± 27.2* 0.13 146 ± 28.0
 CO (l/min) 27.5 ± 5.2*† 22.3 ± 3.7§† 16.2 ± 3.0§* 0.58 25.5 ± 4.8
 CW (J) 4.6 ± 0.8*† 3.9 ± 0.8§† 2.9 ± 0.8§* 0.44 3.9 ± 0.7

Pulmonary parameters
 VE (l/min) 105.1 ± 18.1*† 59.3 ± 8.8§ 66.9 ± 13.6§ 0.69 121.6 ± 28.9
 VO2 (ml/min) 3282 ± 384*† 2334 ± 546§ 1900 ± 429§ 0.63 3380 ± 532
 %VO2max (%) 98.0 ± 10.0*† 68.7 ± 9.4§† 56.5 ± 11.8§* 0.75 100 ± 0
 VCO2 (ml/min) 3218 ± 464*† 2163 ± 449§ 1954 ± 475§ 0.61 3848 ± 610
 avDO2 (ml/dl) 13.3 ± 2.4 12.0 ± 2.1† 15.2 ± 3.7* 0.19 13.6 ± 2.8
 LAC (mmol/l) 8.5 ± 2.6* 2.9 ± 1.4§† 8.1 ± 1.2* 0.68 9.3 1.2
 RPE (1–10) 8.8 ± 0.8*† 5.6 ± 1.5§† 7.0 ± 1.5§* 0.52 9.8 ± 0.4
 Peak power output (W) 228 ± 32.9* 148 ± 27.2§ – d = 2.65 278 ± 41.7
 Mean power output (W) 169 ± 25.3* 144 ± 26.6§ – d = 0.94 –
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hemodynamic parameters, the pulmonary values for HIIT 
were significantly highest for both the peak and mean val-
ues. With regard for only the mean value of VCO2 for HIIT 
compared to MCT, no significant difference could be 
found (mean VCO2: HIIT 2451 ± 361  ml vs. MCT 
2002 ± 292  ml vs. ST 1330 ± 179  ml, respectively; 
p < 0.0001; �2

p
 = 0.74). MCT and ST differed in the mean 

values of the following parameters: mean VE: HIIT 

76.2 ± 11.3  l/min vs. MCT 55.6 ± 8.1  l/min vs. ST 
43.4 ± 5.9 l/min (p = 0.0001; �2

p
 = 0.72); mean VO2: HIIT 

2529 ± 310  ml vs. MCT 2189 ± 338  ml vs. ST 
1290 ± 156 ml (p < 0.0001; �2

p
 = 0.79) but not in the peak 

values (Table 2).
While the peak value of  %VO2max for MCT (68.7 ± 9.4%) 

is only slightly above the mean (65.0 ± 5.4%), during HIIT 
the subjects averaged 98.0 ± 10.0% of the peak value and 

Fig. 1   Graphs show the mean cardiac responses (n = 12) to high-
intensity interval training (HIIT), moderate-intensity continuous 
training (MCT) and strength training (ST) with warm-up and recov-
ery periods. HR, heart rate (a); SV, stroke volume (b); CO, cardiac 

output (c); SBP and DBP, systolic and diastolic blood pressure (d). 
In ST the blood pressure measurements were taken during the 20-s 
resting phase. The values were surely higher during the time under 
tension

Table 3   Cumulated values 
during the intervention periods 
(n = 12; excluding warm-up and 
recovery phases)

The values are presented as the means and standard deviation
HIIT high-intensity interval training, MCT moderate-intensity continuous training, ST strength training, �2

p
 

partial eta-squared of the one-way repeated measures ANOVA, HR heart rate, CO cardiac output, VE venti-
lation, VO2 oxygen uptake, VCO2 carbon dioxide output
*(p < 0.05) different from MCT; †(p < 0.05) different from ST; §(p < 0.05) different from HIIT

HIIT MCT ST Effect size �2
p

HR (beats) 3754 ± 253*† 3332 ± 356§† 3001 ± 340§* 0.50
CO (l) 581 ± 102*† 519 ± 70§† 322 ± 72§* 0.66
VE (l) 1902 ± 282*† 1389 ± 203§† 1084 ± 148§* 0.72
VO2 (l) 63.2 ± 7.7*† 54.7 ± 8.5§† 32.2 ± 3.9§* 0.79
VCO2 (l) 61.3 ± 9.0† 50.0 ± 7.3† 33.2 ± 4.5§* 0.74
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75.4 ± 7.3% of the mean value for the entire session. For ST, 
both the mean (38.5 ± 3.9%) and peak values (56.5 ± 11.8%) 
were the lowest.

Blood lactate concentration, arteriovenous 
difference of oxygen, rating of perceived exertion

The LAC steady state was reached for MCT but not for HIIT 
and ST (Fig. 3a). The comparison of the three training ses-
sions showed a significant difference across all mean values 
(mean LAC: HIIT 7.4 ± 2.3  mmol/l  vs.  MCT 
2.5 ± 1.2  mmol/l vs. ST 5.7 ± 0.7  mmol/l, respectively; 
p < 0.0001; �2

p
 = 0.65). The peak values of HIIT and ST were 

almost equal and significantly higher than that for MCT 
(Table 2).

No significant difference in avDO2 could be found, except 
at the peak values for ST and MCT (avDO2 for ST was 

significantly higher than that for MCT; Table 2). The mean 
for avDO2 was 11.1 ± 1.8 ml/dl for HIIT, 10.5 ± 1.2 ml/dl 
for MCT and 10.3 ± 2.2 ml/dl for ST (p = 0.3387: �2

p
 = 0.03) 

for ST. While the peak values of RPE are significantly dif-
ferent from each other, the mean values only differ between 
HIIT and MCT/ST (mean RPE: HIIT 6.1 ± 0.9 vs. MCT 
4.8 ± 1.2 vs. ST 5.1 ± 1.1, respectively; p = 0.0068; 
�
2
p
 = 0.23). Figure 3b shows the course of the RPE.

Comparison of the strength training exercises

The cardiopulmonary and metabolic parameters are shown 
in Fig. 4. Overall, large differences become apparent. The 
highest SV was reached during squats; however, the lowest 
HR and LAC were measured during this exercise. The CO 
showed less differences (squats: 13.8 ± 2.5 l/min; push-ups: 
12.9 ± 2.7 l/min; isometric back extension: 12.6 ± 4.1 l/min; 

Fig. 2   Graphs show the mean pulmonary responses (n = 12) in high-intensity interval training (HIIT), moderate-intensity continuous training 
(MCT) and strength training (ST) with warm-up and recovery periods. VE ventilation (a); VO2, oxygen uptake (b)

Fig. 3   Mean performance curves (n = 12) for lactic acid, and rating 
of perceived exertion during high-intensity interval training (HIIT), 
moderate-intensity continuous training (MCT) and strength training 

(ST) with warm-up and recovery periods. LAC blood lactate concen-
tration (a); RPE rating of perceived exertion (b)



1519European Journal of Applied Physiology (2019) 119:1513–1523	

1 3

isometric leg raise: 11.7 ± 3.2  l/min; inverted rows: 
13.4 ± 2.9 l/min, respectively; p = 0.007; �2

p
 = 0.05). The cal-

culated avDO2 was highest during IR and lowest for isomet-
ric exercises (squats: 10.3 ± 2.4  ml/dl; push-ups: 
11.3 ± 2.3 ml/dl; isometric back extension: 8.6 ± 2.1 ml/dl; 
isometric leg raise: 9.7 ± 2.5  ml/dl; inverted rows: 
12.1 ± 2.5 ml/dl, respectively; p = 0.007; �2

p
 = 0.22).

Discussion

The main finding of this randomized crossover study was 
that high-intensity interval training and moderate-intensity 
continuous training exert greater acute cardiopulmonary 
effects compared to that of ST. In addition, the specific 
hemodynamic responses to various body-weight ST exer-
cises are described for the first time. Despite the same 
training time, the mean intensity factors, such as the mean 
power output (Table 2), show differences between the 
interventions. The different physiological response is, of 
course, also due to this.

Training impact time (proportion of time 
at the target intensity)

Comparing the results of training studies is difficult, because 
the intensity, intervals and duration of the training sessions 
often differ significantly (Haykowsky et al. 2013; Cornelis 
et al. 2016). Furthermore, there is usually no information 
about how long the subjects actually stayed in the targeted 
HR range (training impact time), which is key information, 
since training effects change with duration and intensity of 
an exercise (Wenger and Bell 1986). In this study, subjects 
needed approximately 140 s to adjust the cardiac load during 
HIIT and MCT. For MCT, subjects spent approximately 90% 
of the exercise duration in the training impact zone; whereas 
for HIIT, they spent 68% of the exercise duration in the train-
ing impact zone. It can be assumed that a high value of the 
training impact time also results in an improved realization 
of the desired training target. Also in ST there could be the 
possibility to determine the training impact time. Here, 
the training impact time corresponds to the accumulated 
time under tension in the defined intensity (percentage of 
the maximum repetition of 1 repetition). Further research 
is needed to assess the training impact time as a factor of 

Fig. 4   Graphs show the mean values of strength training exercises 
(n = 12; loading and resting phases). Squats (S), Push-ups (PU), Iso-
metric back extension (IBE), Isometric leg raise (ILR) and Inverted 
rows (IR). HR, heart rate (a; p < 0.0001; �2

p
 = 0.26); SV stroke vol-

ume (b; p < 0.0001; �2
p
 = 0.11); VO2 oxygen uptake (c; p < 0.0001; 

�
2
p
 = 0.82); LAC blood lactate concentration (d; p < 0.0001; �2

p
 = 0.11). 

Post hoc tests: * (p < 0.05)
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training effectiveness. Nevertheless, the reporting of the 
training impact time could be facilitated the comparison of 
training effects from different studies in addition to common 
intensity parameters.

Hemodynamic response in HIIT and MCT

There was no difference in the acute response of SV between 
HIIT and MCT with significantly higher blood pressure 
in HIIT, which resulted in a higher cardiac work load. In 
addition, a higher intensity with correspondingly higher 
HR causes a higher CO in HIIT compared to that in MCT. 
Therefore, studies suggest that in particular, HIIT signifi-
cantly improved left ventricular ejection fraction and left 
ventricular end-diastolic diameter (Wisløff et al. 2007; Daus-
sin et al. 2007; Weston et al. 2014; Bækkerud et al. 2016; 
Cornelis et al. 2016) which, in turn, leads to an improved 
pumping function of the heart. These improvements seemed 
to occur less with MCT than HIIT. (Weston et al. 2014; 
Cornelis et al. 2016; Karlsen et al. 2017). Nevertheless, the 
training‐induced increase in VO2max is not exclusively due 
to improved contractility of the heart muscle, but seems to 
be significantly supported by an enlargement of the blood 
volume, which is associated with a higher venous return 
(Montero et al. 2015; Lundby et al. 2017). The increase 
in exercise-induced hypervolemia and CO due to exercise 
seems to depend on the baseline level of the aerobic capacity 
(Astorino et al. 2017).

Hemodynamic response in ST

During ST, lower values of SV and SBP were shown com-
pared to that of the endurance methods. It should be noted 
that the blood pressure measurements were taken during 
the 20-s resting phase. The blood pressure would have been 
considerably higher during the exercise phase (Taylor et al. 
2017). In summary, the intensity of the strength training 
exercises performed in this study does not seem to be suf-
ficient to achieve chronic left ventricular adaptions (Wenger 
and Bell 1986; Fagard 1997; Spence et al. 2011). A recently 
published study investigating acute and long-term responses 
to HIIT, MCT and ST demonstrated that the endurance 
methods, but not ST, are important for cellular aging pro-
cesses (Werner et al. 2018). Nevertheless, resistance train-
ing can lead to improved clinical outcomes in heart failure 
patients (Jewiss et al. 2016), and the combination of endur-
ance training and ST seems to cause higher modifications 
(Vincent et al. 2002; Currie et al. 2015; Jewiss et al. 2016).

Furthermore, large differences in the SV and HR values 
were observed for the different strength exercises (Fig. 3). 
In particular, the SV for squats (knee bends) reached com-
parable values to that for HIIT. Dynamic exercise with 
large muscle groups generated significantly higher SV by 

an increased venous return (Laughlin 1999) in comparison 
to that generated during exercises with high isometric com-
ponents. Due to ST based on the HIIT principle of Tabata 
et al. (1996), an intensity of 86% of maximum HR could be 
achieved (Emberts et al. 2013). Isometric exercise seems to 
be associated with a reduction in SV (Taylor et al. 2017) due 
to an increased acute left ventricular afterload and intratho-
racic pressure (Weiner et al. 2012), which is also reflected 
in these results. Therefore, dynamic strength exercises of 
high intensity (additional load, large muscle groups) could 
probably cause cardiopulmonary adaptations.

Pulmonary response

HIIT achieved the highest values in the pulmonary param-
eters. The peak values were even 98.0% of the VO2max 
achieved during IET, and thus significantly higher than that 
in MCT and ST. Thereby, compared to MCT, HIIT showed a 
higher improvement in inspiratory muscular strength (Dun-
ham and Harms 2012), which is similar to that observed 
from inspiratory muscle training (Karsten et al. 2018). In 
contrast, the expiratory lung function parameters (forced 
vital capacity, forced expiratory volume in 1 s) seem to 
be hardly influenced by endurance training (Dunham and 
Harms 2012; Chlif et al. 2017). Thus, the heterogeneous 
assessment of the increase in aerobic capacity observed in 
MCT and HIIT (Wisløff et al. 2007; Smart and Steele 2012; 
Freyssin et al. 2012; Fu et al. 2013; Iellamo et al. 2013; 
Bækkerud et al. 2016) seems to be only slightly affected 
by pulmonary adaptations. ST showed only minor or no 
improvements in lung function (Strasser et al. 2013; Liao 
et al. 2015). In the present study, the significantly lower 
acute response of ST compared to endurance training also 
suggests this outcome. Cardiopulmonary adaptations due 
to exercise are mainly determined by training intensity 
(Ismail et al. 2013; Scribbans et al. 2016; Ostman et al. 
2017). Therefore, different exercise intensities of the applied 
interventions might very likely be the cause of the varying 
outcomes.

Peripheral and metabolic responses

The avDO2 was calculated from the CO and VO2max using 
the Fick principle. The peak avDO2 tended to be high-
est in ST. Enhanced metabolism, represented by a high 
avDO2, is a physiological factor that is involved in exer-
cise-induced angiogenesis via VEGF in addition to the 
increased blood flow, shear stress and mechanical stretch 
(Gustafsson et al. 1999; Egginton 2009; Hoier and Hell-
sten 2014). Recent studies have also shown an increase 
in the capillary–fiber ratio as a result of angiogenesis and 
hypertrophy due to resistance training (Verdijk et al. 2016; 
Holloway et al. 2018). The high peak values of avDO2 and 
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LAC concentration during ST in this study are in agreement 
with these results. During endurance exercise, the mitochon-
drial biogenesis is also stimulated intracellularly via PGX-
1a (Olesen et al. 2010). LAC stimulates angiogenesis due 
to an increase in endothelial growth factor (Constant et al. 
2000; Ferguson et al. 2018) and endothelial cell migration 
(Beckert et al. 2006). Furthermore, an increase in vasculo-
genesis from the stimulation of vasculogenic stem cells and 
elevations in HIF 1 levels (Milovanova et al. 2008) has been 
proven. There are indications that anaerobic training pro-
vokes better adaptations (vascular and mitochondrial) due to 
a significantly higher stem cell concentration (CD34+) and 
higher PGX-1a values than aerobic training (Shalaby et al. 
2012; MacInnis et al. 2017; MacInnis and Gibala 2017). The 
higher LAC concentration in HIIT and ST could, therefore, 
be the trigger for stronger peripheral adaptations compared 
to that in MCT.

Limitations of the study

The sample size is small, and only male participants were 
enrolled; therefore, the interpretability and generalizability 
of the results are limited. However, this trial is the largest 
randomized crossover study performed to date regarding the 
acute hemodynamic responses in HIIT, MCT and ST. The 
difficulty of the investigation was the measurement of the 
hemodynamic parameters during strength training. Body 
movements and changes in position caused cable artifacts. 
We could reduce the artifacts using a compression shirt over 
the fixed electrodes and choosing only body-weight exer-
cises. Minor differences in the training intensity were pos-
sible, but they were inherent to the respective exercises. Car-
diac parameters obtained by impedance cardiography may 
be overestimated using absolute values (Siebenmann et al. 
2015). However, since the intra-individual differences were 
compared, changes in these parameters were crucial com-
pared to that achieved using the absolute values. In previ-
ous studies, thoracic impedance cardiography was also used 
to detect intra-individual changes in SV and CO (Lepretre 
et al. 2004; Daussin et al. 2007; Astorino et al. 2017). The 
different lactate values during the strength exercises may 
also be due to the order of the exercises and the associated 
accumulation effects.

Conclusions

This randomized crossover study examined for the first time 
the acute hemodynamic response of ST and two standard 
endurance training methods using equal training durations. 
HIIT and ST showed the same level of acute metabolic 
(blood lactate concentration) response. However, large 
differences with regard to the cardiopulmonary response 

between the training methods and the strength training exer-
cises were observed. Additionally, the proportion of time in 
the intensity range during the endurance training showed 
large differences. In future studies, the information of the 
training impact time could enable a better comparability of 
training studies.

The evidenced chronic central and peripheral adaptations 
of endurance training and ST seem predominantly associated 
with these acute physiological reactions. In particular, the 
hematological changes caused by endurance training, which 
are likely to trigger the increase in cardiac output and the 
role of an enhanced metabolic response to preventive effects 
through ST, warrant further investigation.
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