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INTRODUCTION
Muscle strength and mass can impact the course of the disease in patients with coronavirus disease-2019 (COVID-19) (Grigioni et al., 2023; Kara et al., 2021; Pucci et al., 2022). Kara et al. (2021) measured handgrip strength at hospital admission of 312 COVID-19 patients and reported that patients with low handgrip strength had three times higher risk for developing pneumonia compared to those with high handgrip strength. The study by Pucci et al. (2022), conducted on 118 hospitalised COVID-19 patients, found that handgrip strength at admission to the hospital was 26% lower in patients who later needed endotracheal intubation versus those who did not. Grigioni et al. (2023) used computed tomography to measure skeletal muscle mass at the thoracic level in 244 hospitalised COVID-19 patients within 48 h of their hospital admission and reported that those with low muscle mass had longer hospital stay (25 days vs. 13 days) than their counterparts with normal muscle mass. Collectively, the cited studies suggest that increasing muscle strength and mass via strength training during the COVID-19 pandemic could be an effective prophylactic strategy to strengthen resilience to severe forms of the disease in case a person gets infected by severe acute respiratory syndrome coronavirus 2. While guidelines for strength training during the COVID-19 pandemic have been published (Gentil et al., 2021; Gentil et al., 2022; Rodríguez et al., 2020; Sá Filho et al., 2020), they failed to provide alternative strategies for those unable or unwilling to exercise. Clearly, there is a need to introduce a non-exercise intervention aimed at increasing muscle strength and mass in the COVID-19 literature. The current paper provides evidence that passive heat exposure could be an alternative to strength training in increasing muscle strength and mass and proposes a home-based heating treatment.
Evidence that passive heating can increase muscle strength and mass
The ability of chronic passive heat exposure to increase muscle strength in humans has been demonstrated in several studies (Goto et al., 2011; Kim et al., 2020b; Racinais et al., 2017). Maximal isometric force during knee extension increased by 5.8% following repeated heating of the thigh with a heat pad, so that vastus lateralis muscle temperature reached 38.3°C, for 8 h per day, 4 days per week, for 10 weeks (Goto et al., 2011). Thigh heating via a water-perfused garment for 90 min, 5 days per week for 8 weeks increased knee extension maximal isokinetic torque at 180°/s−1 by 6 and 5% after 4 and 8 weeks, respectively (Kim et al., 2020b). In contrast to those two studies, Labidi et al. (2021) found no change in the contractile properties of the gastrocnemius muscle following a 6-week intervention consisting of a daily increase in gastrocnemius muscle temperature to 37.6°C by applying heat pads for 8 h, 5 days per week. It is likely that the muscle temperature attained during the intervention in Labidi’s study was not of sufficient magnitude to induce beneficial changes in skeletal muscle. Interestingly, Racinais et al. (2017) observed improved muscle contractility (evidenced by increased electrically evoked peak twitch force of the soleus by 9% and maximal voluntary torque during plantar flexion by 17%) after only eleven daily 1-h heat exposures in a 48°C–50°C heat chamber where the participants’ core temperature was maintained at ∼39°C. Muscle temperature was not measured, but elsewhere, the same whole-body heating treatment was reported to increase muscle temperature to 38.8°C (Ihsan et al., 2020).
There is also evidence that passive heat exposure can increase muscle mass. In rodents, hypertrophy has been observed following immersion of the lower body in 39°C water for 30 min each day for 3 weeks (Kim et al., 2019) and following a single heat exposure in a heat chamber at 41°C for 60 min (Ohno et al., 2015). In humans, repeated heating of the thigh with a heat pad, as described above, increased rectus femoris and vastus lateralis muscle cross-sectional areas by 6.1 and 2.7%, respectively (Goto et al., 2011). Sauna bathing, which comprised five sets of 10 min exposures to 100°C (20%–30% relative humidity) with 5 min recovery at 22°C between sets, performed 3 days per week for 4 weeks, had no effect on whole body muscle mass but increased muscle mass of the right leg when measured 2 weeks after the last sauna session (Toro et al., 2021). Heat exposure may also hasten muscle re-growth following a period of disuse. For example, in rats which were re-ambulated following 7 days of immobilization, soleus muscle regrowth was 20% greater in animals that had their rectal temperature raised to 41°C–41.5°C for 30 min every second day for 7 days compared to non-heated animals (Selsby et al., 2007). Given that severe forms of COVID-19 are associated with muscle wasting (Attaway et al., 2022), the findings of Selsby et al. (2007) are highly relevant in the context of rehabilitation of those COVID-19 survivors who cannot exercise.
Potential mechanisms behind increased muscle strength and mass with passive heating
Our current understanding of the molecular mechanisms underpinning the ergogenic effects of chronic passive heat exposure on muscle strength and mass is based only on a handful of mechanistic studies. In one of the earliest studies in this area, Kobayashi et al. (2005) analysed skeletal muscle tissue of rats that were exposed to environmental heat stress (41°C) in a heat chamber for 60 min and found increased expression of molecules (heat shock protein 72 and calcineurin) that are considered to participate in the process of muscle hypertrophy. The latter notion is based on observations that inhibition of calcineurin expression (Dunn et al., 1999) and absence of heat shock transcription factor 1 (Ohno et al., 2015) impairs muscle hypertrophy in response to hypertrophic stimuli. Another molecular mechanism by which heat exposure could induce hypertrophy is stimulating the mammalian target rapamycin (mTOR) signaling pathway, a key regulator of muscle protein synthesis (Yoon, 2017). Indeed, Yoshihara et al. (2013) demonstrated that a rise in the temperature of rat skeletal muscle to 41°C induced by hot water immersion increases phosphorylation of the mTOR signaling components protein kinase B and 70-kDa ribosomal protein S6, which is indicative of increased mTOR activity. The findings of Yoshihara et al. (2013) were subsequently confirmed by Tamura et al. (2014) in a study that had rats receiving whole-body heating treatment in a heat chamber (40°C) for 30 min. In a more recent study in a human model, Ihsan et al. (2020) also observed activation of the mTOR pathway in the vastus lateralis in response to heat stress applied by having the participants resting in a heat chamber at 44°C–50°C for 60 min where their core and muscle temperatures increased to 39.1°C and 38.8°C, respectively.
The findings of Ihsan et al. (2020), Kobayashi et al. (2005), Tamura et al. (2014), and Yoshihara et al. (2013) point out the possible molecular mechanisms behind heat-induced hypertrophy in the studies (Goto et al., 2011; Kim et al., 2019) cited in the previous section. Furthermore, in the latter two studies, increased hypertrophy helps to explain the reported increase in muscle strength (Folland and Williams., 2007). However, the fact that the heating treatment in the study by Kim et al. (2020b) led to increased muscle strength despite no significant change in muscle mass suggests that adaptations other than hypertrophy could also contribute to enhanced force development following chronic heat exposure. Increased muscle contractility following a single heat exposure has been attributed to increased calcium kinetics and increased intramuscular fluid (Rodrigues et al., 2022), but whether these physiological events played a role in the increased muscle strength in Kim’s study remains unknown.
Home-based heating treatment
While researchers have access to various heating methods in laboratory settings, the application of heating treatment in home conditions for many potential users would only be possible via hot baths (Kjertakov and Petersen, 2022). Head-out submersion in ∼40°C water is the most described hot water immersion method in the passive heating literature (Gerrett et al., 2021; Greenfield et al., 2021; Hashiguchi et al., 2002; Lee et al., 2012; Lovell et al., 2008; Naumann et al., 2017), which typically induces a magnitude of hyperthermia (≥39°C) similar to that in the studies by Ihsan et al. (2020) and Racinais et al. (2017) previously cited. However, the 40°C water immersion treatment may not be the best alternative to the heating methods used in the latter two studies mainly because it usually causes unbearable discomfort after only 30–40 min from the onset of immersion with a resultant termination of the treatment (Greenfield et al., 2021 ; Naumann et al., 2017). Recall that the heating treatments used by Ihsan et al. (2020) and Racinais et al. (2017) lasted 60 min. Immersion in 39°C water extends the length of the treatment to 60 min but the thermal response (end-treatment core temperature of 38.6°C) to this water temperature (Leicht et al., 2019) is lower than that reported by Ihsan et al. (2020) and Racinais et al. (2017). Since it is currently unknown what the minimal “dose” of heat stress is to induce the desired adaptations in human skeletal muscle (Kim et al., 2020a), we use the studies of Ihsan et al. (2020) and Racinais et al. (2017) as references to recommend a hot water immersion treatment aimed at potentially increasing both muscle strength and mass. Accordingly, we propose a 60 min hot water treatment where the temperature of the water for the first 20 min will be maintained at 40°C, and then it will be reduced to 39°C for the rest of the treatment. This idea is based on the observation that it takes 20 min for the core temperature to get close to 39°C in response to head-out immersion in 40°C water (Lovell et al., 2008), and on the assumption that the core temperature will equilibrate with the water temperature during the next 40 min of the treatment. Effective implementation of this treatment calls for continuous monitoring of the water temperature throughout the treatment so one knows when to allow some water to drain and add the same volume of hot water into the bath in order to maintain the correct immersion temperature and depth. The hot water immersion protocol we are proposing is less aggressive compared to the existing 40°C water immersion protocol, and as such it is expected to allow one to remain submerged for 60 min while experiencing thermal stress similar to that reported by Ihsan et al. (2020) and Racinais et al. (2017). Furthermore, the risk of heat stroke associated with immersion in 40°C water (Lee et al., 2010) is reduced with the proposed protocol because this protocol is expected to limit the increase in core temperature to ∼39°C. This value of core temperature is lower than that (>40°C) observed after the onset of heat stroke (Epstein and Yanovich, 2019; Kjertakov and Epstein, 2013). Nevertheless, the treatment should be terminated in the case of an onset of nausea, dizziness, or unbearable discomfort. It also needs to be mentioned that the risk of transient symptomatic hypotension associated with the 40°C water immersion treatment (Naumann et al., 2017) also applies to our protocol. Therefore, the potential users of our treatment should not hurry to stand after completing it and should sit for a few minutes after getting out of the bath to allow blood pressure to return to normal and avoid the potential risk of falling due to syncope (James et al., 2021).
CONCLUSION
The hot water immersion treatment proposed in this paper is expected to replicate the characteristics of the heating treatments used by Ihsan et al. (2020) and Racinais et al. (2017) in relation to their duration and the increase in core and muscle temperatures they induce, and as a result to stimulate similar beneficial responses in skeletal muscle as in those two studies. The proposed treatment is also expected to be beneficial in the context of rehabilitation of COVID-19 patients who have experienced significant muscle wasting over the course of the disease. Based on the human studies demonstrating the positive effects of passive heating on muscle strength and mass, using the proposed treatment for 5–7 days a week should induce the desired adaptations in skeletal muscle.
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