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Abstract:

 Ventilatory equivalents for oxygen and carbon dioxide are physiological measures of breathing efficiency, and are known to be affected by the intensity and mode of exercise. We examined the effect of level running (gradient 0%) and muscle-damaging downhill running (−12%), matched for oxygen uptake, on the ventilatory equivalents for oxygen ([image: there is no content]) and carbon dioxide ([image: there is no content]). Nine men (27 ± 9 years, 179 ± 7 cm, 75 ± 12 kg, [image: there is no content]: 52.0 ± 7.7 mL·kg−1·min−1) completed two 40-min running bouts (5 × 8-min with 2-min inter-bout rest), one level and one downhill. Running intensity was matched at 60% of maximal metabolic equivalent. Maximal isometric force of m.quadriceps femoris was measured before and after the running bouts. Data was analyzed with 2-way ANOVA or paired samples t-tests. Running speed (downhill: 13.5 ± 3.2, level: 9.6 ± 2.2 km·h−1) and isometric force deficits (downhill: 17.2 ± 7.6%, level: 2.0 ± 6.9%) were higher for downhill running. Running bouts for level and downhill gradients had [image: there is no content], heart rates and respiratory exchange ratio values that were not different indicating matched intensity and metabolic demands. During downhill running, the [image: there is no content], (downhill: 29.7 ± 3.3, level: 27.2 ± 1.6) and [image: there is no content] (downhill: 33.3 ± 2.7, level: 30.4 ± 1.9) were 7.1% and 8.3% higher (p < 0.05) than level running. In conclusion, breathing efficiency appears lower during downhill running (i.e., muscle-damaging exercise) compared to level running at a similar moderate intensity.
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1. Introduction

During dynamic whole-body exercise, the main function of the respiratory system is to supply oxygen (O2) to the blood and eliminate the carbon dioxide (CO2) produced in the working skeletal muscles. Over a broad range of exercise intensities, a change in exercise intensity is associated with a change in breathing responses, e.g., a change in minute ventilation, i.e., the volume of exhaled air per minute, allowing increased oxygen consumption and carbon dioxide elimination. Measures of breathing efficiency are the ventilatory equivalents for oxygen (O2) and carbon dioxide (CO2) which are the ratios of minute ventilation to O2 consumption ([image: there is no content]), and minute ventilation to CO2 output ([image: there is no content]), respectively [1].

Breathing efficiency and exercise intensity are related [2]. Breathing efficiency decreases from low-intensity exercise reaching a plateau value at moderate to high intensities [2]. Breathing efficiency is also related to the exercise modality. For example, higher [image: there is no content] were reported for arm exercise compared to leg exercise [3]. Additionally, running had a higher [image: there is no content] ratio than simulated swimming [4], the [image: there is no content] during treadmill running was higher than cycle ergometry at submaximal intensity [5], but higher for cycle ergometry than uphill treadmill running at maximum intensity [6].

Running is a common exercise modality, with the gradient determining whether the exercise consists mainly of concentric or eccentric contractions. Running exercise at a negative gradient (i.e., downhill running) is an activity that requires primarily eccentric contractions of skeletal muscles (i.e., lengthening muscle actions). When running at similar speeds, the eccentric contractions of skeletal muscles will require a lower oxygen demand than level running with concentric contractions [7]. In addition, the physiological responses by the cardiovascular and respiratory systems during eccentric exercise are lower compared to concentric exercise. This lower response may be partly due to recruitment of motor units being less for eccentric compared to concentric contractions at any given force [8]. Eccentric contractions are also known to have higher force production, and the combination of high force and low fibre recruitment makes contractile proteins more susceptible to muscle damage because of increased mechanical stress applied per cross-bridge. When individuals are not accustomed to the eccentric exercise, muscle damage occurs. Muscle damage is observed by acute force loss during maximal voluntary contractions (MVC), and measurement of maximal voluntary force is considered the best method to establish muscle damage [9].

Because the exercise modality is related to breathing efficiency and downhill running known to be muscle-damaging exercise, it is possible that the ventilatory equivalents during level running and downhill running are different. Previous studies, using countermovement jumps [10] or squat exercise [11] to induce muscle damage, demonstrated increased ventilatory equivalents for O2 48 h later. These observations clearly demonstrate that the presence of muscle damage influences breathing efficiency. The exact mechanisms for the decrease in breathing efficiency are unknown, yet are postulated to relate to the process of muscle damage. It is not known whether there is an acute effect of muscle-damaging exercise with primarily eccentric contractions on breathing efficiency.

Therefore, the aim of the present study was to examine the effects of muscle-damaging downhill treadmill running and non-damaging level treadmill running, matched for intensity on the ventilatory equivalents for O2 and CO2. It was hypothesized that the ventilator equivalents for O2 and CO2 would be higher for downhill treadmill running compared to level running at similar intensity.



2. Subjects and Methods


2.1. Participants

Nine healthy men (age 27 ± 9 years, height 179 ± 7 cm, body mass 75.3 ± 12.0 kg, [image: there is no content] 52.0 ± 7.7 mL·kg−1·min−1) volunteered for the study and provided written informed consent. Participants were physically active, had within the last two months no activities with unaccustomed eccentric contractions of knee extensor muscles, and were free from musculoskeletal injury. The study was approved by the University of Chichester Research Ethics Committee with all procedures performed in accordance with the 1964 World Medical Association Declaration of Helsinki.



2.2. Study Design

Participants attended the laboratory for five visits, all completed at a similar time of the morning (<2 h difference). In brief, in the first visit, participants were familiarized for the performance of an isometric voluntary maximal contraction (iMVC) of the m.quadriceps femoris of both legs. In the same session, participants also completed an incremental submaximal treadmill (0% gradient) test for determination of level running speed and metabolic equivalent (MET) and a maximal oxygen uptake test ([image: there is no content]. In the second visit, participants arrived at the laboratory following a 12 h fast and sat resting for 10 min before a 10-min collection of expired gas for determination of the oxygen cost during quiet sitting (i.e., resting metabolic equivalent, 1-MET, 3.1 ± 0.8 mL·kg−1·min−1, resting heart rate 57 ± 8 beats·min−1). In the third visit, participants completed an incremental submaximal treadmill tests (−12% gradient) for determination of the relationship between downhill running speed and MET. In the fourth and fifth visit, performed at least 2 weeks later with at least 1 week between the 4th and 5th visit, participants performed 40 min level (0% gradient) and downhill (−12% gradient) running at 60% maximal MET, respectively. The same treadmill was used for all testing.



2.3. Maximal Voluntary Contraction

Force with isometric maximal voluntary contractions of the m.quadriceps femoris was assessed on a custom built chair (University of Chichester, Chichester, UK) with 90° hip and knee flexion. Participants were instructed to maintain upper body position during contractions of the m.quadriceps femoris which was facilitated with Velcro straps secured around the chest and waist. A cuff was positioned around the ankle of the participants (proximal to the fibular notch and medial malleolus) and attached via a steel chain to a s-beam load cell (RS 250 kg, Tedea-Huntleigh, Cardiff, UK). Participants received standard instructions in preparation of a maximal voluntary isometric contraction including strong verbal encouragement during the task [12]. Force was recorded on a computer with a sampling frequency of 1000 Hz using Chart 4 V4.1.2 (ADInstruments, Oxford, UK) and displayed at 1.5 m in front of the participants. Prior to performing the iMVC, participants performed three 5-second sub-maximal contractions (~200 N) to become accustomed to the experimental set up. Participants performed three voluntary maximal isometric contractions with the maximal isometric force quantified as the highest mean over a time period of 0.5 s. The highest force values were taken for analysis. Participants rested for 2 min between each maximal contraction. The measurement of iMVC was practiced in Visit 1 and performed immediately before and following the running bouts in Visits 4 and 5. Coefficient of variation of repeated maximal isometric force measurements was 4.6%.



2.4. Maximal Oxygen Consumption

Maximal oxygen uptake was established using an incremental exercise test on a motorized treadmill (HP Cosmos Pulsar, Bodycare Direct, Southam, UK). Expired gas samples were collected using Douglas Bags (Cranlea Human Performance Ltd., Birmingham, UK). Starting speed was 9 km·h−1 with a gradient of 1% [13]; the gradient was increased by 1%·min−1 during for the first five min after which speed was increased by 0.1 km·h−1 every five seconds until the participant reached volitional exhaustion. Expired gas was collected in separate bags for the last 3-min of the test. The last collection bag was only analyzed when collection time and expired volume was greater than 30 s and 65 L, respectively. Expired and inspired fractions of oxygen and carbon dioxide were measured using a gas analyzer (Series 1400 gas analyzer, Servomex, Crowborough, UK), calibrated using three- and two-point calibration for oxygen and carbon dioxide, respectively (Linde Gas UK Ltd., West Bromwich, UK) and volumes measured with a calibrated Harvard dry gas meter (Harvard Apparatus Ltd., Edenbridge, UK). Volumes were standardized to STPD conditions and Haldane transformation used for calculation of gas volumes. Participants [image: there is no content] was converted in MET (i.e., maximal MET, 16.7 ± 5.8) to allow intensity matching of running for experimental Visits 4 and 5.



2.5. Level and Downhill Running

The level (0% gradient) and downhill (−12% gradient) running bouts in Visits 4 and 5 were performed following an overnight fast. For all participants, in Visits 1 and 3, the MET value for level and downhill running at speeds of 8, 9, 10 and 11 km·h−1 (each speed for 5 min) were measured. Subsequently, the relationship between running speed and MET was calculated with linear regression to allow matched-intensity exercise for level and downhill running. Exercise intensity for the 40 min level and downhill running (i.e., 5 stages of 8-min with 2-min rest between stages) was set at 60% maximal MET with heart rate recording. In the last minute of each 8-min stage, expired gas was collected using the Douglas Bag technique and similar techniques for analysis and calculations were used as for the expired air samples collected during the maximum oxygen uptake test. The heart rate at end of each expired air collection was recorded (FS1, Polar, Kempele, Finland).



2.6. Statistical Analysis

All statistical analyses were completed using SPSS 20.0 (SPSS, Chicago, IL, USA). Sample size was based on mean ± SD for ventilatory equivalent for oxygen at 60% Pmax [10] (alpha error level is 0.05 and statistical power is 0.8) to detect a 4% difference in the downhill running group. Data normality assumptions were assessed using Kolmogorov-Smirnov test. A two-way ANOVA (time and condition) was used to examine the difference in force of the iMVC, with differences located with pre-planned Bonferroni corrected paired samples t-tests. For the five expired air collections during each level and downhill running bout, oxygen consumption, respiratory exchange ratio, and ventilatory equivalents for oxygen and carbon dioxide were calculated, averaged and analyzed with a paired sample t-test. Heart rate measured during the expired air collections were averaged and analyzed with a paired sample t-test. All data are reported as mean ± SD and significance was set at alpha level of p < 0.05.




3. Results


3.1. Isometric Force of Knee Extensors

The force during iMVC at baseline for both conditions were not different (downhill: 571 ± 97, level: 568 ± 99 N, p > 0.05). The maximal isometric force was not different immediately following level running (Post: 554 ± 94 N, p > 0.05), but was reduced following downhill running (Post: 467 ± 200 N, p < 0.05). The decrease in force for the iMVC was 17.2 ± 7.6% after downhill running.



3.2. Level and Downhill Running Comparison

The running speed was higher for downhill running (downhill: 13.5 ± 3.2, level: 9.6 ± 2.2 km·h−1, p < 0.05). Downhill and level running bouts had [image: there is no content] (2.20 ± 0.33 vs. 2.28 ± 0.51 L·min−1, p > 0.05), [image: there is no content] (2.0 ± 0.3 vs. 2.0 ± 0.5 L·min−1, p > 0.05), respiratory exchange ratio (RER) (0.89 ± 0.05 vs. 0.89 ± 0.03, p > 0.05) and heart rates (147 ± 19 vs. 143 ± 16 beats·min−1, p > 0.05) that were not different indicating matched intensity and metabolic demands.

Figure 1a,b show the ventilatory equivalents for O2 and CO2 for downhill and level running, respectively. Ventilatory equivalents for O2 (downhill: 29.7 ± 3.3, level: 27.2 ± 1.6, p < 0.05) and CO2 (downhill: 33.2 ± 2.7, level: 30.4 ± 1.9, p < 0.05) were 7.1% and 8.3% higher for downhill running, respectively.

Figure 1. (a) Ventilatory equivalent for oxygen during intensity matched level and downhill running at 60% of maximal MET. Values are mean ± SD. * indicates the ventilatory equivalent is significantly elevated in the downhill compared to the level running condition (p < 0.05); (b) Ventilatory equivalent for carbon dioxide during intensity matched level and downhill running at 60% of maximal MET. Values are mean ± SD. * indicates the ventilatory equivalent is significantly elevated in the downhill compared to the level running condition (p < 0.05).
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4. Discussion

The major finding of the present study was that whole-body moderate intensity exercise (i.e., 60% of maximal MET) with primarily eccentric contractions of m.quadriceps femoris (i.e., downhill running) was performed with lower breathing efficiency than matched-intensity exercise with primarily concentric contractions (i.e., level running). Similarity in physiological ([image: there is no content], [image: there is no content], and heart rate) and metabolic responses (i.e., RER) confirmed that the level and downhill running bouts were performed with matched intensity and metabolic demands. The successful matching of exercise intensities resulted in a higher downhill running speed as the oxygen demand during downhill running is normally less than that for level running at the same speed [14]. Downhill running resulted in substantial isometric force deficits of the m.quadriceps femoris (17 ± 7.6%), which is comparable to other studies using downhill running [15,16,17]. For both running bouts, the ability of participants to produce maximal isometric force was measured immediately post-exercise suggesting that fatigue may have caused some of the force deficits. However, because the bout of level running did not affect the ability to produce maximal isometric force, this supports the suggestion that the force deficits following the downhill running bout were primarily the result of muscle damage.

Reduced breathing efficiency during moderate-intensity muscle-damaging downhill running exercise may be related to different mechanical and neural events compared to non-damaging level running. Interestingly, analysis of the ventilatory equivalents over time during the running bouts indicated a time effect for the ventilatory equivalent for CO2 for both level and downhill running (unpublished observations). In general, cardiovascular and ventilatory adaptations during exercise may result from responding to mechanical distortion or metabolic by-products from exercising skeletal muscle through thinly myelinated (group III) and unmyelinated (group IV) muscle afferents [18]. Because the exercise intensity was matched for level and downhill running bouts, greater mechanical distortion from the higher downhill running speed may have occurred, as eccentric contractions are also known to produce higher forces. Group III afferents are sensitive to mechanical distortion and have a large response to muscle stretch [19]. In addition, the ventilation rate during muscle activity is suggested to be related to activity of group III and IV afferents by distension of blood vessels [20]. This observation can be linked with potential disruption of the microcirculation during eccentric exercise induced muscle damage [21], and this could have resulted in an elevation of minute ventilation [22]. Finally, impairment of group III and IV muscle afferents by lumbar intrathecal fentanyl injections reduced the ventilatory equivalent for CO2 during steady state cycling [23], thus damage-inducing downhill running exercise may occur with elevated discharge of group III and IV afferents, in turn elevating the ventilatory equivalents for O2 and CO2. Therefore, it is possible in the present study that the type III and IV afferents had increased discharge during downhill running affecting the ventilatory response. This neurophysiological response is further supported by the observation that contraction type during fatiguing tasks can affect group III and IV afferent fibres after the activity, with eccentric contractions affecting afferent activity more than concentric contractions [24]. Additional support of increased afferent discharge may come from the perception of muscle discomfort experienced during the downhill running. All participants reported increased muscle discomfort during the downhill running, while no such reports were given during the level running. The muscle discomfort may provide a stimulus for the ventilatory response via mechanical stimulation of nociceptive muscle afferents [25,26] with a large number of group IV afferents also being nociceptors [27].

It needs to be acknowledged that no measurements of breathing frequency and tidal volume were taken. It cannot be excluded that higher breathing frequency values during downhill running may have resulted in reduced tidal volume, increased dead space volume and inefficient alveolar ventilation. Such respiratory events could explain the higher ventilatory equivalents for downhill running.



5. Conclusions

This is the first study to examine the breathing efficiency during intensity-matched whole-body dynamic exercise with primarily eccentric and concentric contractions at moderate intensity (i.e., 60% of maximal MET). Future work should examine the breathing efficiency at low and high exercise intensities of matched-intensity non muscle-damaging and muscle-damaging running protocols. It would also be of interest to examine the breathing efficiency of level and downhill running at similar speeds. In addition, it would be of interest to examine the discharge patterns of group III and IV afferents for matched-intensity whole-body dynamic exercise. It is concluded that breathing is less efficient during muscle damage-inducing downhill treadmill running at moderate intensity than intensity matched level treadmill running. These findings may have implications when using downhill treadmill exercise in clinical populations with respiratory diseases where breathing efficiency is already compromised.
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