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In man, head-out immersion in water (with an upward directed hydrostatic pressure gradient) leads to a central shift of blood volume (approximately 700 ml). This results in several cardiorespiratory adjustments even at rest, including a 12 - 18 mmHg increase in central venous pressure, a 180 - 250 ml increase in cardiac blood volume (roentgenometric measurements), a 25% or more increase in stroke volume and cardiac output, no change or a very slight increase in blood pressures (systolic, diastolic, mean), no change or a small decrease in heart rate, a 30% decrease in systemic vascular resistance, and a 6 - 8% decrease in vital capacity (6). 


During immersion cycle exercise, a higher stroke volume and unchanged or higher cardiac output, lower heart rates at intense but not moderate work loads, unchanged systolic blood pressure and a higher breathing frequency but lower tidal volume  have been reported. Echocardiographic measurements also indicate greater left ventricular end-diastolic and end-systolic dimensions during exercise.


In recent years, supported running in deep water (with vest) has been employed more widely for rehabilitation exercise in patients with musculoskeletal ailments or in athletes with surgically, or otherwise, treated injuries. For the latter group, this low impact exercise tool may also be used as recuperative training after hard workouts and competitions. In this chapter, acute physiological effects of deep water running will be summarized and some training implications will be given. To exemplify this, findings from the study of Svedenhag & Seger (6) will be used (results compatible with other recent reports in the field). 


In that study, nine trained male middle- and long-distance runners and 1 male decathlete/short-distance runner, all competing on a district to national level, participated in the study. Their mean age, stature, and body mass were 26.4 years, 1.82 and 70.2 kg.


Wearing a specially designed buoyancy jacket (Wet vest) these subjects ran in a pool (deep-water part, 25o C) 4 min each at 4 progressive and specified submaximal exercise intensities (heart rates 115, 130, 145 and 155-160 beats.min-1) and at maximal load leading to exhaustion (Fig. 1). Oxygen uptake (�O2; Douglas bag technique), ventilation, heart rates (from ECG), ratings of perceived exertion (RPE, breathing and legs; Borg's 6-20 degree scale) and blood lactate concentration (from prewarmed earlobe) was determined at each work load. Two weeks later a standard treadmill test was performed but with submaximal running velocities chosen from the corresponding �O2 data in water and with earlobe blood samples. The relation between �O2 (l.min-1) and heart rate, oxygen pulse and RPE for each individual and for water and land tests separately was determined by linear regression. Thereby, intercepts, slopes and responses at given oxygen uptakes could be calculated. For the non-linear relation between �O2 and blood lactate level interpolation was used. 


The maximal oxygen uptake (�O2max) was significantly lower during running in deep water (87.8 ± 2.4%) than during running on the treadmill (4.03 ± 0.13 vs. 4.60 ± 0.14 l.min-1). For a given submaximal �O2 the heart rate was 8-11 beats.min-1 lower in water than on land (�O2 2.5 l.min-1: -7.6 ± 2.5; 3.5 l . min-1: -10.9 ± 2.1 beats.min-1; Fig. 2) with a relatively large intraindividual variation. The maximal heart rate was also lower (91%) during deep water than during treadmill running (172 ± 3 vs 188 ± 2 beats.min-1). The oxygen pulses at submaximal but not maximal exercise were concomitantly higher during running in the deep water. The rates of perceived exertion peripherally and centrally were very similar. However, RPE's were about 2 units higher for a given �O2 in a water. For a given heart rate for the RPE was almost 4 units higher in water. The blood lactate curve in water was clearly shifted to the left in all subjects. The interpolated blood lactate concentration at �O2 3.0 l.min-1 was thus 5.02 ± 0.30 mmol.l-1 in water but only 1.33 ± 0.22 mmol.l-1 on land (Fig. 3). Even related to %�O2max (different �O2 max in water and on land) the blood lactate curve was significantly shifted to the left during deep water running. Maximal blood lactate tended to be higher in water. Submaximal and maximal ventilation were similar during the two exercise conditions. The respiratory exchange ratio was higher during submaximal deep water running than during treadmill running. 


The heart rate at a given submaximal �O2 was 8-11 beats.min-1 lower during running in water than during treadmill running. At high exercise intensities this is in conformity with earlier cycle ergometer studies. Unsupported long-term deep water running has also been reported to lower submaximal heart rate relative to �O2 (4). This effect is thought to be due to an increased stroke volume secondarily to increases in central blood volume, central venous pressure and, therefore, preload. 


It has been shown that the cardiovascular adjustments to water exercise are dependent on water temperature. For instance, in arm-leg cycle ergometer exercise at a water temp of 33°C no difference compared to the �O2- HR relationship in air was seen, while at 25 and 18°C the mean heart rates in water were respectively 10 and 15 beats.min-1 lower (3). Apart from the water hydrostatic pressure gradient effect, temperature-mediated vasoconstriction/dilatation may therefore also be important for the central hemodynamics during water exercise. In the present subjects we found a heart rate reduction at 25°C similar to that found by McArdle et al (3). 


In conformity with earlier studies, the maximal heart rate was lower in the present subjects during supported running in water. This may be due to an increase in heart volumes, preferentially at the atrial level. In contrast with cycle ergometer findings, but in accordance with unsupported deep water running (7), we also found a decrease in the maximal oxygen uptake with immersion. The exercise mode and/or higher aerobic capacity of the present subjects may be the most likely explanation of the difference. Regarding the former, a longer muscular contraction duration could limit muscle blood flow resulting in a lower cardiac output and thereby �O2 (as has been shown for swimming). 


The perceived exertion for breathing and legs during submaximal exercise was higher during running in water, both when related to VO2 and to HR. Furthermore, the blood lactate concentrations were consistently higher in water exercise, related to both �O2 and %�O2 max. This is also compatible with the higher RER during submaximal running in water than on the treadmill. This higher anaerobic (i.e. non-oxidative) metabolism during immersion is probably partly due to a lowered perfusion pressure in the legs during running in water with a resultant decrease in total muscle blood flow and/or maldistribution. Although the subjects were well familiarized water runners, they were less conditioned in water than on land. The altered running technique in water with an altered muscle activation pattern (due to the absence of a support phase) as well as longer absolute muscular contraction times (see above) may also have added to the higher anaerobic metabolism.


A circulatory training effect of deep water running may be of great interest for the more regular endurance-type activity of an athlete. With water cycle ergometer training, increases in land �O2max have been documented (1,5) and preliminary reports on deep water running training are in accordance with this. Theoretically, a greater rise in �O2max with water than with land training could be speculated upon (given the higher stroke volume in water). In the above mentioned water cycle training studies, which were performed on untrained subjects, similar increases in �O2max with water and land training were found. However, comparative studies with deep water running and/or with already trained subjects remain to be performed.





Recommendations


	


The lower heart rates in water must clearly be remembered when training/recuperative sessions are being planned. Thus, to have a comparable circulatory load at "distance" sessions, heart rates should be about 10 beats.min-1 lower when running in water than on land (less with high water temperatures). To adjust for a greater anaerobic metabolic stress in the leg/pelvic musculature, heart rates should be even lower. On the other hand, an adaptation to frequent deep water running training may include an increase in achievable exercise heart rates during water sessions.


The basis for controlling exercise intensity during deep water running is thus heart rate. With the development of small  and water-resistant monitors it is now also fairly easy to control heart rates during water running. When more intense/interval sessions are introduced, however, added ways of grading exercise intensity are especially needed. Both perceived exertion and, to some extent, cadence (with an auditory signal) might then be used. Still, a prerequisite for all of these means of exercise monitoring/prescription is a proper technique, including a slight lean forward of the trunk, a relaxed and even leg movement (strides not too short) and closed fists (no "paddling").


Given the usual exercise precautions, deep water running may become a recommended training mode not only for patients with musculoskeletal ailments but also for cardiac patients. The upright exercise with great involvement of the legs and less of the arms may all be contributing factors (2). A more thermoneutral water temperature for exercise (28-30°C) is, however, recommended.





Conclusion


	


Immersion-induced central redistribution of the blood volume leads to acute cardiac adjustments which extend to running exercises of both low and high intensity. Thus, submaximal and maximal heart rates and the maximal oxygen uptake are all lowered. Furthermore, both the external hydrostatic pressure and an altered running technique may add to an increased anaerobic metabolism during supported submaximal water running, with resultant changes in the respiratory exchange ratio and perceived exertion but not in total ventilation.
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Fig 1.	Schematic drawing of the test setup during supported running in water. From Svedenhag & Seger (1992), with permission. 





Fig 2.	Heart rate in relation to oxygen uptake (VO2) during submaximal and maximal running in water and on the treadmill (n = 10). The calculated heart rates at VO2 2.5 and 3.5 1.min-1 were lower (**, p < 0.01) in water. Also the maximal oxygen uptake (VO2 max) and maximal heart rate were lower (p < 0.01) for running in water. Values are means ± SE. From Svedenhag & Seger (1992), with permission. 





Fig 3.	Blood lactate in relation to oxygen uptake (VO2) during submaximal and maximal running in water and on the treadmill (n = 10). In water the blood lactate curve was shifted to the left in all subjects with higher (**, p < 0.01) interpolated lactate concentration at VO2 3.0 l.min-1. From Svedenhag & Seger (1992), with permission. 
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