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Background: Intermittent hypoxic-hyperoxic exposure (IHHE) and aerobic training have been proposed as non-pharmacological interventions to reduce age-related risk factors. However, no study has yet examined the effects of IHHE before aerobic exercise on cardiovascular risk factors in the elderly. Therefore, the aim of this study was to investigate the acute and chronic effects of IHHE prior to aerobic cycling exercise on blood lipid and lipoprotein concentrations as well as blood pressure in geriatric patients.
Methods: In a randomized, controlled, and single-blinded trial, thirty geriatric patients (72–94 years) were assigned to two groups: intervention (IG; n = 16) and sham control group (CG; n = 14). Both groups completed 6 weeks of aerobic cycling training, 3 times a week for 20 min per day. The IG and CG were additionally exposed to IHHE or sham IHHE (i.e., normoxia) for 30 min prior to aerobic cycling. Blood samples were taken on three occasions: immediately before the first, ∼10 min after the first, and immediately before the last session. Blood samples were analyzed for total (tCh), high-density (HDL-C), and low-density lipoprotein cholesterol (LDL-C), and triglyceride (Tgl) serum concentration. Resting systolic (SBP) and diastolic blood pressure (DBP) was assessed within 1 week before, during (i.e., at week two and four), and after the interventions.
Results: The baseline-adjusted ANCOVA revealed a higher LDL-C concentration in the IG compared to the CG after the first intervention session (ηp2 = 0.12). For tCh, HDL-C, Tgl, and tCh/HDL-C ratio there were no differences in acute changes between the IG and the CG (ηp2 ≤ 0.01). With regard to the chronic effects on lipids and lipoproteins, data analysis indicated no differences between groups (ηp2 ≤ 0.03). The repeated measures ANOVA revealed an interaction effect for SBP (ηp2 = 0.06) but not for DBP (ηp2 ≤ 0.01). Within-group post-hoc analysis for the IG indicated a reduction in SBP at post-test (d = 0.05).
Conclusion: Applying IHHE prior to aerobic cycling seems to be effective to reduce SBP in geriatric patients after 6 weeks of training. The present study suggests that IHHE prior to aerobic cycling can influence the acute exercise-related responses in LDL-C concentration but did not induce chronic changes in basal lipid or lipoprotein concentrations.
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1 BACKGROUND
Aging impairs the state and function of almost all major organ systems including the nervous (Kalpouzos et al., 2012; Hoogendam et al., 2014), cardiovascular (Gude et al., 2018; Ungvari et al., 2018), and neuromuscular system (Hairi et al., 2010; Keller and Engelhardt, 2013; Mau-Moeller et al., 2013; Reuter et al., 2015). These alterations increase the risk of morbidity and mortality. Geriatric medicine is concerned with the structural, functional, and molecular changes as well as the diseases in elderly in order to prescribe medical care and treatment. In general, geriatric patients can be described as a subgroup of frail older people suffering from multiple comorbidities that usually have significant functional implications (Hilmer et al., 2007). In this regard, a cross-sectional study screening 3292 geriatric patients older than 65 years found that hypertension and dyslipidemia were the most common chronic comorbidities in this cohort (Barrio-Cortes et al., 2021).
High blood pressure is the leading risk factor for cardiovascular disease mortality and disease burden (The Global Burden of Metabolic Risk Factors for Chronic Diseases Collaboration, 2014; GBD 2017 Risk Factor Collaborators, 2018). Although the regulation of blood pressure is determined by a complex interaction of multiple organs and physiological mechanisms, cardiac output and systemic vascular resistance are thought to be the most important factors (Lionakis et al., 2012; Alshami et al., 2018). Among others, impaired endothelium-dependent nitric oxide (NO)-mediated vasodilatation (i.e., endothelial dysfunction) is one of the leading mechanism for increased vascular resistance and thus hypertension (Alvis and Hughes, 2015). During the aging process, an increased expression of vasoconstrictor factors and pro-inflammatory cytokines, oxidative stress, and cell senescence as well as a decrease in NO bioavailability and production contribute to endothelial dysfunction (Herrera et al., 2010; Ungvari et al., 2018). Furthermore, the current evidence indicate that older people have an increased sympathetic activity (Seals and Esler, 2000) likely due to, among others, a diminished sympathetic baroreflex sensitivity, which may predisposed them to an increased prevalence of hypertension (Okada et al., 2012).
Dyslipidemia is commonly characterized by changed lipid and lipoprotein levels, more particularly by reduced high-density lipoprotein cholesterol (HDL-C) and/or increased total cholesterol (tCh), low-density lipoprotein cholesterol (LDL-C) and/or triglyceride (Tgl) levels. Studies have shown that HDL-C levels decrease during the aging process, whereas tCh, LDL-C, and Tgl levels increase (Ericsson et al., 1991; Stevenson et al., 1993). In addition, reduced HDL-C levels and increased LDL-C and Tgl levels provide a predictive measure of cardiovascular disease, such as coronary heart disease and myocardial infarction (Sharrett et al., 2001; Hedayatnia et al., 2020). In this regard, a previous meta-analysis showed that lowering LDL-C concentration by about 1 mmol/L with pharmacological treatments (i.e., standard statin regimes) reduced the 5-year incidence of major coronary events, revascularisations, and ischaemic strokes by ∼20% (Cholesterol Treatment Trialsists' Collaboration, 2010). Despite these encouraging effects of pharmacological treatments, it is important to consider that geriatric patients have multiple chronic concomitant diseases (i.e., multiple comorbidities or multimorbidity), which is associated with polypharmacy (commonly defined as the daily intake of five or more medications by one person (Masnoon et al., 2017)). For instance, Barrio-Cortes et al. showed that the prevalence of polypharmacy was 9% in geriatric patients aged 65–75 years, whereas the prevalence increased up to 75% at older ages of 76–85 years (Barrio-Cortes et al., 2021). In this context, polypharmacy is associated with an increased risk of adverse effects due to drug-drug interactions, which are often complex and elusive (Pazan and Wehling, 2021). Accordingly, there is growing interest and urgent need for innovative non-pharmacological intervention strategies that are able to effectively prevent and treat common age-related risk factors and disease, respectively, in older, frail, comorbid individuals, such as geriatric patients.
Generally described as polypill (Pareja-Galeano et al., 2015), physical training (e.g., aerobic training) has been recognized as a valuable intervention strategy for health promotion and disease prevention and/or treatment in older adults. Particularly for aerobic training, these recommendations proposed a duration of 20–60 min per session, a frequency of 3–7 days per week, and an intensity corresponding to 40–70% of the individual’s heart rate reserve (Izquierdo et al., 2021). Studies suggested a greater effect of aerobic training at higher intensities (i.e., ≥ 90% peak heart rate or peak oxygen consumption) to reduce cardiovascular risk factors (e.g., hypertension (Cornelissen and Smart, 2013; Pescatello et al., 2015)) and to increase cardiorespiratory fitness (e.g., peak oxygen consumption (Robinson et al., 2017; Hannan et al., 2018)). However, because high intensity exercises are associated with increased mechanical stress on the locomotor system, it might be challenging or even impossible for geriatric patients to achieve higher exercise intensities without substantial risk due to various physical limitations (Pramsohler et al., 2017; Izquierdo et al., 2021).
In this context, studies have shown that exposure to intermittent normobaric hypoxia can increase the effectiveness of physical training (Schega et al., 2013; Hayes et al., 2014; Muangritdech et al., 2020) and thereby reducing age-related risk factors and the development of diseases (Verges et al., 2015; Lizamore and Hamlin, 2017) without correspondingly elevating the mechanical stress on the musculoskeletal system. Intermittent hypoxic exposure describes a non-invasive and non-pharmacological method that refers to the repeated resting exposure to brief periods of hypoxia interspersed with normoxic periods (Serebrovskaya and Xi, 2016). It is known that intermittent exposure to hypoxia and normoxia is secondary responsible for the expression of several proteins including vascular endothelial growth factor (VEGF) (Forsythe et al., 1996), NO synthase (NOs) (Hu et al., 2002; Muangritdech et al., 2020), and peroxisome proliferator-activated receptor gamma coactivator-1α (PGC-1α) (Zoll et al., 2006). These proteins are involved in activating angiogenesis (Wahl et al., 2013), improving vascular endothelial function (i.e., vasodilation (Vedam et al., 2009)), and regulating mitochondrial biogenesis as well as muscle fatty acid oxidation (Scarpulla, 2011). In order to enhance the activity of transcription factors (e.g., nuclear factor kappa B, hypoxia induced factor 1α), which augments the expression of signalling proteins (e.g., VEGF, NOs, and PGC-1α) and thus the beneficial adaptive effects of the intermittent hypoxic stimulus, it is hypothesized that normoxic periods should be replaced by moderate hyperoxia (fraction of inspired oxygen [FiO2] = 0.30–0.40, termed intermittent hypoxic-hyperoxic exposure [IHHE]) (Sazontova et al., 2012; Mallet et al., 2020; Burtscher et al., 2022). Previous studies have shown that IHHE is safe and well-tolerated in various clinical populations such as patients with coronary artery disease (Glazachev et al., 2017), ischemic heart disease (Tuter et al., 2018), mild cognitive impairment (Serebrovska et al., 2022), prediabetes (Serebrovska et al., 2019), comorbidities (Dudnik et al., 2018), and in geriatric patients (Bayer et al., 2017b; Behrendt et al., 2022a). Hence, intermittent exposure to hypoxia and hyperoxia is expected to have beneficial effects on two of the most common age-related risk factors/comorbidities (i.e., hypertension and dyslipidemia) and is well applicable in geriatric patients. Recently, the effects of IHHE on health-related outcomes have been systematically reviewed, and it has been found that 3–6 weeks of IHHE can reduce cardiovascular risk factors, particularly blood glucose concentration as well as systolic and diastolic blood pressure (Behrendt et al., 2022b). However, the evidence concerning the effects of IHHE on blood lipid and lipoprotein concentrations are inconclusive (Behrendt et al., 2022b).
To date, no study has investigated the influence of IHHE conducted prior to aerobic exercise on major cardiovascular risk factors in geriatric patients. Therefore, the aim of the present study was to examine the acute effect of IHHE prior to aerobic cycling exercise on blood lipid and lipoprotein concentrations (i.e., tCh, HDL-C, LDL-C, Tgl) in geriatric patients. To obtain further insight into the chronic effects of IHHE in combination with aerobic cycling training on age-related cardiovascular risk factors, training induced changes (i.e., after 6 weeks of training) in lipid and lipoprotein concentrations as well as blood pressure (i.e., resting systolic [SBP] and diastolic blood pressure [DBP]) were also investigated in the present study.
2 MATERIALS AND METHODS
2.1 Study design
This study was a randomized, two-armed, placebo-controlled intervention trial conducted in two inpatient care facilities for geriatric patients in Magdeburg (Saxony-Anhalt, Germany) from April 12 to 17 August 2022. Due to a limited number of training devices and the different locations of the facilities, the study was divided into two blocks of 8 weeks each. The 8-week block in each facility included a 6-week intervention period as well as 1-week pre-diagnostic and 1-week post-diagnostic. Prior to the start of the study, all participants and, if acquired, their legal guardians were informed about the aims and the procedure of the study. Every patient or their legal guardian signed a written consent form. After agreeing to participate in the study, patients were screened regarding the inclusion and exclusion criteria (see Section 2.2). Afterwards, patients’ age, sex, anthropometric data (i.e., body height and weight), resting SBP and DBP, medication history, and previous diagnosed diseases were recorded. In addition, the Mini-Mental State Examination (MMSE) was used to determine patients’ level of cognitive impairment (Folstein et al., 1975). Furthermore, each patient underwent a 10 min lasting hypoxic test to assess individual sensitivity to hypoxia. During this test, patients had to sit on an armchair and continuously inhaled hypoxic air (FiO2 = 0.12) through a face mask. The hypoxic air mixture was automatically provided by an altitude breathing therapy device (ReOxy, Ai Mediq S.A., Luxemburg), while the patients’ peripheral oxygen saturation (SpO2) as well as pulse rate were steadily monitored and stored by the device. Furthermore, the patients were supervised by a physician and monitored using a 12-channel electrocardiogram (cardio 100, custo med GmbH, Germany) during the entire duration of the hypoxic test. Based on the temporal parameters recorded during the hypoxic test (i.e., time to reach the target reduction in SpO2 [i.e., 80%] and the time required for reoxygenation [i.e., baseline SpO2]), an individually tailored IHHE program (i.e., intensity and frequency of the hypoxic and hyperoxic periods) was suggested by the hypoxic device for each patient. The maximum duration of a single hypoxic period in the IHHE program was limited to 8 min (e.g., if patient’s SpO2 did not decrease to 80% during the hypoxic test). For the readjustment of the hypoxic dose during the IHHE training, the hypoxic test was repeated after 3 weeks of the intervention (i.e., immediately prior the 10th training session).
Once the pre-diagnostic period was completed, patients were randomly (stratified [MMSE-score] and counterbalanced, allocation ratio 1:1, software: DatInf Randlist v. 1.5, DatInf GmbH Tübingen, Germany) assigned to either the intervention group (IG) or a sham control group (CG). The patients were unaware of their group assignment (single blinded). During the intervention period, blood samples were collected immediately before and ∼10 min after the 1st training session as well as immediately before the last training session (see Section 2.4). Furthermore, patients’ resting SBP and DBP were assessed within 1 week before, after 2 (i.e., prior the 7th training session [2-weeks mid-training]), and 4 weeks (i.e., prior the 13th training session [4-weeks mid-training]), as well as within 1 week after the interventions. Blood pressure was manually measured (inflatable cuff: boso, Germany, 13 × 53 cm cuff size, 12 × 24 cm bladder size; stethoscope: Cordiology IV, 3M, Littmann Stethoscopes, Minnesota, United States) by a trained physician after 10 min of rest using the auscultatory method (Pickering et al., 2005). The arm of the patients was extended and supported by an arm rest at the heart level. An illustration of the study design is shown in Figure 1.
[image: Figure 1]FIGURE 1 | Study design and schematic overview of the interventions. FiO2, fraction of inspired oxygen; Fr, Friday; IHHE, intermittent hypoxic-hyperoxic exposure; Mo, Monday; We, Wednesday.
The experimental protocol was approved by the local Ethics Committee of the Otto-von-Guericke University Magdeburg (No. 202/20) confirming to the principles of the Declaration of Helsinki on human experimentation. The study was retrospectively registered at drks. de (DRKS-ID: DRKS00025130).
2.2 Participants
A total number of 33 geriatric patients were recruited to participate in the present study (IG: n = 16, CG: n = 17, Figure 2). Patients were part of a larger trial that investigated the effects of an IHHE application prior to aerobic cycling on cognitive and physical performance in geriatric patients (Behrendt et al., 2022a). The sample size for the whole trial was calculated for the primary outcome Dementia-Detection Test performance (Behrendt et al., 2022a) using the software program G*Power (version 3.1), which is not reported in the present study. Based on a medium effect size (f = 0.25), a significance level of 0.05, a power of 0.80, and an expected correlation between measures of 0.7, sample size calculation indicated that a total of 22 patients (11 patients per group) is required to detect potential effects. Patients were included if they were over 60 years of age, non-smoker, have voluntarily agreed to participate, and have given written consent. Exclusion criteria comprised cardiovascular disease (i.e., coronary disease with unstable angina pectoris [CCS 3–4], severe heart failure [NYHA III-IV], arrhythmia), untreated hypertension, untreated or uncontrolled diabetes mellitus, pulmonary fibrosis, cancer, acute inflammatory diseases, need for continuous or intermittent ventilation or oxygenation, resting SpO2 below 93%, and the simultaneous participation in other interventions.
[image: Figure 2]FIGURE 2 | Flow chart of the study. CG, sham control group; COPD, chronic obstructive pulmonary disease; DBP, diastolic blood pressure; HDL-C, high-density lipoprotein cholesterol; IG, intervention group; LDL-C, low-density lipoprotein cholesterol; tCh, total cholesterol; Tgl, triglyceride; SBP, systolic blood pressure.
2.3 Intervention
Before the start of the intervention period, patients took part in a familiarization session to get accustomed to the environment and to estimate the patients’ individual level of resistance for the aerobic cycling training. For this purpose, patients were asked to actively pedal on the motorized cycle ergometer starting with the lowest possible resistance level, which was gradually increased afterwards. At each resistance level increment, patients had to indicate whether they thought that the resistance level was appropriate (too easy, too high, and just right (Holthoff et al., 2015)). This approach was used to include patients with obvious cognitive impairment (e.g., dementia). In some patients, neither heart rate nor numerical scales commonly used to assess exercise intensity (e.g., CR-10 scale (Griep et al., 1998) or Borg-scale (Borg, 1982)) could be used. Hence, this alternative method, which was previously used in patients with Alzheimer’s dementia (Holthoff et al., 2015), was chosen.
The training was conducted on 3 days per week (Monday, Wednesday, and Friday) for 6 weeks resulting in 18 training sessions for each patient. The patients in each facility were divided into multiple encounter groups consisting of a maximum of four patients. It was ensured that each encounter group consisted of patients from the IG and CG (ratio 1:1). The training sessions took place in the morning and in the afternoon. Every training session was accompanied by at least one supervisor.
Each training session lasted approximately 60 min and consisted of two parts. In the first part, patients of both groups were connected to an altitude breathing therapy device (ReOxy, Ai Mediq S.A., Luxemburg) through a facemask and inhaled a gas mixture for 30 min while sitting on an armchair. While the IG intermittently inhaled a hypoxic and hyperoxic gas mixture, the CG received a sham mixture with a constant FiO2 of approximately 0.21 (i.e., normoxia). Afterwards, the face masks were removed and the patients performed 20 min of aerobic cycling exercise using a motorized cycle ergometer (MOTOmed viva two and viva 1, Reck, Germany) under normoxic conditions.
2.3.1 Intermittent hypoxic-hyperoxic exposure
During the IHHE, patients SpO2 and pulse rate was continuously monitored via a fingertip pulse oximeter (Masimo SET, Switzerland) and stored by the device. When the individual minimum SpO2 value determined during the hypoxic tests was reached in the course of a hypoxic period, the device automatically switched to hyperoxia until the pre-hypoxia SpO2 level was achieved. Subsequently, the next hypoxic-hyperoxic cycle started. Depending on the individual tolerance to hypoxia and patients’ acute responses (i.e., SpO2 and pulse rate), the IG inhaled hypoxia (FiO2 = 0.10–0.14) for 1–5 min, interspersed by the exposure to hyperoxia (FiO2 = 0.30–0.40) for 1–3 min. Each program lasted 30 min and consisted of 4–8 hypoxic-hyperoxic cycles. In the course of the IHHE program, the patients from the IG reached an average minimum and maximum SpO2 of 84 ± 3.4% and 97 ± 1.9%, respectively (Table 1).
TABLE 1 | Characteristics of the patients at baseline as well as training-related variables.
[image: Table 1]2.3.2 Aerobic cycling exercise
The aerobic cycling exercise was similar to that used previously (Yang et al., 2014; Holthoff et al., 2015) and included active as well as passive phases. The patients sat on an armchair with their feet fixed to the pedals of the cycle ergometer via Velcro straps. Before the exercise session, pulse rate was measured via a fingertip pulse oximeter (Pulox PO-300, Novidion GmbH, Germany). Thereafter, the patients’ legs were passively moved by the cycle ergometer for 2.5 min at 20 rpm, followed by active pedaling for 15 min at 30–60 rpm. The patients’ pulse rate was again measured after active pedaling via a fingertip pulse oximeter. During the last 2.5 min, the patients performed a passive cool down at 20 rpm. The work (kJ) done by each patient was recorded for every training session. The level of resistance was adjusted by an experienced trainer if necessary.
2.4 Blood sample collection and analysis
Blood sample collection was performed at three time points: 1) immediately before the 1st training session (t1), 2) ∼10 min after the 1st training session (t2), and 3) immediately before the last (18th) training session (t3). This approach was utilized to investigate the acute (changes from t1 to t2) and chronic (changes from t1 to t3) effects of IHHE or sham-IHHE prior to aerobic cycling exercise on lipid and lipoprotein blood concentrations. In order to keep the conditions as similar as possible for the first (t1) and last (t3) blood collection (i.e., time of day, day of the week, previous activities throughout the day), the third blood sample was taken immediately before the last (18th) training session.
An 8.5 ml venous blood sample was taken from a superficial forearm vein under stasis conditions from a physician with the patients seated at quiet rest. The blood samples were collected in a vacutainer with separating gel and coagulation activator (BD Vacutainer® II Advance) to determine lipid and lipoprotein serum levels. Immediately after the blood samples were collected, the vacutainer were swirled head down for ten times. Subsequently, the samples were stored for 30 min at room temperature before the serum was separated by centrifugation at 2000 G for 15 min. For each blood collection, 600 μL of serum aliquoted in two tubes were extracted and stored at −80°C for later analysis. Blood serum concentrations of tCh, HDL-C, LDL-C, and Tgl were analyzed by commercial colorimetric kits (Roche Diagnostics, Mannheim, Germany) using Cobas 8000 chemistry analyzer (Roche Diagnostics, Mannheim, Germany).
2.5 Statistical analysis
The Shapiro-Wilk test and Levene’s test were used to check the data for normal distribution and homogeneity of variance, respectively. The descriptive statistics were presented as means and standard deviations. Independent sample Student’s t-test was used to compare patients’ characteristics at baseline and training variables between the IG and the CG. To check for differences between groups regarding the acute (exercise-induced) and chronic (training-induced) changes in lipid and lipoprotein blood serum concentrations, univariate analyses of covariance (ANCOVA) with baseline values entered as a covariate (baseline-adjusted) were performed. Furthermore, regarding the analysis of acute exercise-induced changes, the average work performed during the aerobic cycling session was entered as a second covariate because studies indicated that the magnitude of acute exercise-induced effects on lipid and lipoprotein concentrations appears to increase with energy expenditure (Thompson et al., 2001). Differences between groups are presented as mean differences together with the 95% confidence intervals to provide information about the magnitude and direction of an effect. Differences in SBP and DBP were tested using 4 (time: pre-training, 2-weeks mid-training, 4-weeks mid-training, post-training) x 2 (group: IG, CG) analyses of variance (ANOVA) with repeated measurements. Furthermore, the classification of blood pressure level (five subdivisions: optimal or normal, high normal, grade 1, 2, and 3 hypertension) at baseline was added as a covariate (Mancia et al., 2013). If the assumption of sphericity was violated, Greenhouse-Geisser correction was applied. In case of significant interaction or main effects, post-hoc tests with Bonferroni correction were performed. Some data did not show variance homogeneity or normal distribution. However, since it was shown that the ANOVA (Schmider et al., 2010; Blanca et al., 2017) and Student’s t-Test (Havlicek and Peterson, 1974; Pagano, 2009) are robust to moderate violation of homogeneity and normality assumption, no alternative nonparametric tests were used.
Moreover, the effects sizes partial eta squares (ηp2) and Cohen’s (d) were calculated. A ηp2 between 0.01–0.06, 0.06–0.14 and ≥ 0.14 was considered as a small, medium, and large effect size, respectively (Cohen, 2013; Lakens, 2013). The effect size d was used to interpret the results of the Student’s t-Tests with 0.20–0.49, 0.50–0.79, and ≥ 0.80 indicating a small, medium, and large effect, respectively (Cohen, 1992). Due to the small sample size, the results of the present study were interpreted based on the effect sizes with a medium effect considered as meaningful (ηp2 ≥ 0.06, d ≥ 0.50). Effect sizes are used to determine the practical relevance and generalizability of effects (Lakens, 2013). Data analysis was conducted using JASP Statistics version 0.16 (University of Amsterdam, Amsterdam, Netherlands).
3 RESULTS
3.1 Patient and training characteristics
Five out of 38 enrolled patients were excluded before randomization due to various reasons (i.e., presence of a disease leading to exclusion or severe cognitive impairment that made participation in the training not possible). Out of these remaining 33 patients that were randomized and assigned to the IG or CG, three had to be excluded from the final analysis due to a low attendance rate (< 80%). Thus, 30 patients (IG = 16, CG = 14) have finished the whole intervention period and had a sufficient training attendance rate (IG = 98 ± 3%, CG = 95 ± 7%). In addition to the eight patients who dropped out, there were irreversible data losses due to measurement errors during the post-test (Figure 2). All components of the intervention (i.e., IHHE and aerobic cycling) were well tolerated by the patients. There were no injuries or adverse side effects except some reports of mild dizziness. Furthermore, some patients mentioned that wearing the face mask was uncomfortable.
The participants’ characteristics (age, height, weight, body mass index), and cognitive ability (operationalized by the MMSE score) of the patients were similar between groups (p ≥ .298, d ≤ 0.35). The minimum SpO2 was lower (T28 = 12.322, p < .001, d = 4.51) and the maximum SpO2 was higher (T28 = 1.498, p = .145, d = 0.55) in the IG during IHHE than in the CG during sham IHHE. There were no differences between the IG and CG with respect to the average work (measured in kJ) generated during the 20 min aerobic cycling sessions and the average pulse rate prior as well immediately after these sessions (p ≥ .516, d ≤ 0.24). Table 1 shows the means (± standard deviations) of the age, the anthropometric and clinical characteristics of the patients as well as the training-related variables.
3.2 Blood serum lipid and lipoprotein concentration
At baseline, there were no differences between groups in tCh, HDL-C, and LDL-C (p ≥ .235, d ≤ 0.45), while Tgl was higher in CG compared to IG (T28 = 1.464, p = .155, d = 0.55; Table 2).
TABLE 2 | Acute effects of IHHE (IG) and sham-IHHE (CG) prior to aerobic cycling exercise on lipid and lipoprotein concentrations in blood serum at the first and the last (18th) training session. Data are depicted as pre-exercise and baseline-adjusted post-exercise values (means ± standard deviations) as well as mean differences (MD) (95% confidence intervals [CI]).
[image: Table 2]With regard to the acute effects, the univariate ANCOVA with baseline-adjustment showed differences between groups for acute exercise-related changes in LDL-C (F1,25 = 3.385; p = .078; ηp2 = 0.12). Data analysis revealed a higher LDL-C blood serum concentration with a medium effect size in the IG compared to the CG after an acute exercise session. For tCh, HDL-C, Tgl, and tCh/HDL-C ratio there were no differences in acute exercise-related changes between the IG and the CG. Table 2 shows the lipid and lipoprotein concentrations in blood serum before (t1, pre-exercise) and the baseline-adjusted means and standard deviations after (t2, post-exercise) a single exercise session together with the mean differences (95% confidence interval) between the IG and the CG as well as the results of the univariate ANCOVA (F-value, dfeffect, dferror, p-value, and effect size ηp2).
With regard to the chronic effects on lipid and lipoprotein blood serum concentrations, there were no differences between groups for tCh, HDL-C, LDL-C, Tgl, and tCh/HDL-C ratio, indicating that the IHHE had no effect on basal lipid or lipoprotein blood serum concentration. Table 3 shows the baseline-adjusted means and standard deviations after the training period (t3) as well as the adjusted mean differences (95% confidence intervals) between the IG and the CG together with the results of the univariate ANCOVA (F-value, dfeffect, dferror, p-value, and effect size ηp2).
TABLE 3 | Chronic effects of IHHE (IG) and sham IHHE (CG) prior to aerobic cycling training on lipid and lipoprotein concentrations in blood serum. Data are depicted as baseline-adjusted post-training values as well as mean differences (MD) (95% confidence intervals [CI]).
[image: Table 3]3.3 Systolic and diastolic blood pressure
There were no differences between the IG and the CG in SBP and DBP (p ≥ .586, d ≤ 0.21) at baseline. With regard to SBP, the 4 × 2 ANOVA with repeated measures revealed an interaction effect (F3,78 = 1.579, p = .201, ηp2 = 0.06) as well as a main effect of time (F3,78 = 8.995, p < .001, ηp2 = 0.26) but no main effect of group (F1,26 = 0.002, p = .926, ηp2 ≤ 0.01). Within-group post-hoc analysis for the IG revealed a reduction in SBP by 7.67 mmHg (95% confidence interval: 20.49 to 5.15 mmHg, p = .867; d = 0.05) at post-test compared to 4-weeks mid-training. No interaction effect or main effect of group (F1,26 = 0.009, p = .926, ηp2 ≤ 0.01) but a main effect of time (F3,78 = 6.680, p < .001, ηp2 = 0.20) was found for DBP. However, post-hoc analysis indicated no within-group differences (p = 1.000, d < 0.50). Figure 3 displays the mean values and standard deviations of SBP and DBP for the IG and the CG at pre- and post-test as well as after 2 and 4 weeks of intervention together with the results of the 2 × 4 repeated measures ANOVA (interaction effect: F-value, dfeffect, dferror, p-value, and effect size ηp2). Means and standard deviations of these variables as well as the mean differences (95% confidence intervals) between pre- and post-training are also shown in Table 4, together with the statistical parameters for the main effects of group and time (F-value, dfeffect, dferror, p-value, and effect size ηp2).
[image: Figure 3]FIGURE 3 | Means and standard deviations for resting (A) systolic and (B) diastolic blood pressure before (pre-training) as well as after 2 weeks (2-weeks mid-training), 4 weeks (4-weeks mid-training), and 6 weeks of training (post-training) for the intervention group (IG) and sham control group (CG).
TABLE 4 | Systolic blood pressure (SBP) and diastolic blood pressure (DBP) prior (pre-training) and 2 (2-weeks mid-training), 4 (4-weeks mid-training) as well as 6 (post-training) weeks after the intervention. Data are depicted as means ± standard deviations as well as mean differences (MD) (95% confidence intervals [CI]).
[image: Table 4]4 DISCUSSION
The present study was designed to determine the acute (i.e., exercise-related) and chronic (i.e., training-related) effects of IHHE prior to aerobic cycling exercise on blood lipid and lipoprotein serum concentrations as well as the resting blood pressure in geriatric patients. The novel finding of this study was that IHHE increased LDL-C concentration in blood serum in response to aerobic cycling exercise. Furthermore, the results demonstrated that an additional IHHE prior to aerobic cycling exercise performed over 6 weeks had no influence on basal lipid and lipoprotein concentrations in blood serum but seemed to be effective to reduce resting SBP.
The present study showed that a single bout of IHHE applied before aerobic cycling increased LDL-C concentration compared to sham IHHE prior to the same exercise. However, no differences were found for the acute changes in tCh, HDL-C, and Tgl concentrations, as well as tCh/HDL-C ratio between the groups. To the best of the authors’ knowledge, there is currently no study available that has examined the acute effects of IHHE prior to aerobic exercise on blood lipid and lipoprotein concentrations. Nevertheless, one previously published study has examined the acute effect of intermittent hypoxia on serum lipids and lipoproteins in humans (Costalat et al., 2018). The results of this study indicated that the relative changes in HDL-C, LDL-C, and Tgl blood concentrations were not different between the hypoxia (i.e., 90 min intermittent hypoxic exposure, FiO2 = 0.10, average SpO2 = 80%) and the sham hypoxia (i.e., 90 min normoxia, FiO2 = 20.9) conditions in overweight/obese subjects. However, the participants did not perform any exercise after the intermittent hypoxia and sham interventions. Studies examining the acute effects of aerobic exercise only on lipid and lipoprotein concentrations showed inconsistent results, reporting both changed (Hicks et al., 1987; Pay et al., 1992; Ferguson et al., 1998; Fittipaldi et al., 2020) and unchanged blood concentrations (Hughes et al., 1991; Imamura et al., 2000; Greene et al., 2012). In particular, studies have found a decrease (Ferguson et al., 1998), no change (Bounds et al., 2000; Antunes et al., 2020), and an increase (Fittipaldi et al., 2020) in LDL-C concentration after acute aerobic exercise. Furthermore, some studies have shown an increase in blood HDL-C (Pay et al., 1992; Fittipaldi et al., 2020) concentrations after prolonged (i.e., 2 h walking) or exhaustive (i.e., maximal exercise test) acute aerobic exercise, while others have reported unchanged concentrations (Hughes et al., 1991; Imamura et al., 2000; Antunes et al., 2020) after low to high intensity continuous aerobic exercise. Considering these conflicting results, it was assumed that the acute effects of exercise (e.g., aerobic exercise) on blood lipid and lipoprotein concentrations are influenced by different factors (Thompson et al., 2001). The key factors include the subjects’ physical fitness level and pre-exercise lipid level as well as the intensity, duration, and mode of exercise (Hicks et al., 1987; Ferguson et al., 1998; Antunes et al., 2020). Although the exact mechanisms remain elusive, it has been suggested that the changes in lipid and lipoprotein concentrations induced by acute aerobic exercise are largely related to increased lipoprotein lipase activity and to a high rate of lipolysis (Pronk, 1993; Thompson et al., 2001). Interestingly, it was shown that lipid oxidation rate (measured via indirect calorimetry) was increased 5 min after acute prolonged hypoxic exposure (180 min passive exposure, SpO2 ∼80%) in sedentary overweight/obese males (Workman and Basset, 2012). Moreover, the acute exposure to continuous hypoxia (6 h, FiO2 = 0.12) has previously been shown to result in a 95% greater increase in circulating non-esterified fatty acids than under normoxia in fasting healthy males (Mahat et al., 2018), suggesting an increase in adipose tissue lipolysis (Hodson et al., 2008). However, the increase in non-esterified fatty-acids had no effect on fatty acid oxidation throughout the 6 h of hypoxic exposure, as indicated by indirect calorimetry measurements (Mahat et al., 2018). This is in line with the results of a previous study showing that continuous hypoxic training (60 min cycling at 50% of individual peak power output, FiO2 = 0.15) led to an increased lipid oxidation rate in active healthy males 40 min post-exercise measured under normoxic conditions, whereas it remained unchanged during the exercise session under hypoxia (Kelly and Basset, 2017). Indeed, a review suggests that fatty acid oxidation is attenuated, while glucose uptake is maintained or increased in mammalian skeletal muscle during hypoxic exposure, perhaps to optimize adenosine triphosphate synthesis in the light of a downregulation of the oxidative metabolism (e.g., β-oxidation, oxidative phosphorylation) (Horscroft and Murray, 2014). Noteworthy, studies examining the acute effect of hypoxia on glucose homeostasis point in two directions. On the one hand, studies using intermittent hypoxia protocols with a more severe intensity (FiO2 = 0.05) and high intra-session frequency (∼25 cycles∙h−1) reported reduced insulin sensitivity and increased blood glucose levels in healthy adults (Louis and Punjabi, 2009; Newhouse et al., 2017). Further, animal studies suggest that “high-dose” hypoxia protocols (FiO2 ≤ 0.07, intra-session frequency ≥ 60 cycles∙h−1 (Jun et al., 2014)) stimulate hepatic glycogenolysis, thereby leading to an increase in blood glucose concentration (Rafacho et al., 2013). On the other hand, exposures to intermittent hypoxia protocols with a rather “moderate dose” (FiO2 = 0.10–0.13, intra-session frequency ∼5–10 cycle∙h−1) have been reported to acutely reduce blood glucose concentration in overweight/obese subjects (Costalat et al., 2018) and patients with type II diabetes (Duennwald et al., 2013). This was potentially mediated by, among others, an increased glucose utilization as a result of enhanced activation of hypoxia-induced factor-1α stimulated pathways, adenosine monophosphate-activated protein kinase, and calmodulin-dependent protein kinase (van Hulten et al., 2021). Overall, these results indicate that the acute metabolic response to a hypoxic stimulus depends, among other factors, on several variables that determine the hypoxia dose such as intensity and intra-session frequency. In addition, it appears that acute hypoxia may cause a shift in substrate oxidation from carbohydrate to fatty acid oxidation after hypoxic exposure, which could influence the acute exercise-induced response of lipids and lipoproteins. (Workman and Basset, 2012; Kelly and Basset, 2017; Mahat et al., 2018). Unfortunately, there is currently no adequate explanation for the acute effects of IHHE on LDL-C concentration observed in the present study. Thus, further studies are needed to verify the results of the present study and to unravel the potential underlying mechanisms.
The lipid and lipoprotein profile, especially LDL-C and Tgl blood concentrations, is an important index for the assessment of the overall risk for atherosclerotic cardiovascular disease at any age (Grundy et al., 2019). However, the results of the present study indicate that an IHHE program applied prior to aerobic cycling exercise did not promote additional effects compared to the same exercise program without IHHE on basal blood lipid and lipoprotein concentrations in geriatric patients. This is consistent with a previous study examining the effect of adding an IHHE program to a multimodal training intervention (5–7 weeks, 2-3 sessions week−1) in geriatric patients (Bayer et al., 2017a). The authors found no differences in blood concentrations of tCh, HDL-C, LDL-C, and Tgl between patients who completed an IHHE program (30–40 min, FiO2 = 0.10–0.14 for 4–7 min, FiO2 = 0.30–0.40 for 2–4 min) in addition to a multimodal training and those who completed a multimodal training only. In contrast, studies in patients with metabolic syndrome (Bestavashvili et al., 2021; Bestavashvili et al., 2022), prediabetes (Serebrovska et al., 2019), and coronary arteria disease (Glazachev et al., 2017) found that IHHE promotes beneficial effects on patients’ lipid and lipoprotein profile. For instance, Bestavashvili et al. showed higher absolute changes in tCh (-0.8 vs. 0.3 mmol/L), LDL-C (-0.8 vs. 0.3 mmol/L), and Tgl (-0.3 vs. 0.1 mmol/L) concentrations after 3 weeks (5 sessions∙week−1) of IHHE (40–45 min, FiO2 = 0.11–0.12 for 4–7 min, FiO2 = 0.30–0.35 for 2–4 min) compared to a control group (sham IHHE: FiO2 ∼ 0.21 for 40–45 min) in patients with metabolic syndrome (Bestavashvili et al., 2021). Similar results were found by Bestavashvili et al. in another study for tCh (-0.8 vs. 0.3) and LDL-C levels (-0.8 vs. 0.3) using a similar IHHE program in patients with metabolic syndrome (Bestavashvili et al., 2022). However, in both studies, the baseline lipid and lipoprotein concentrations (i.e., tCh, LDL-C and Tgl concentration) were statistically higher in patients who completed the IHHE program than in those who underwent sham IHHE. Therefore, it might be possible that these differences at the pre-test influenced the results and that these should be interpreted with caution. In addition, Serebrovska et al. demonstrated decreased blood tCh and LDL-C concentrations after 3 weeks (5 sessions∙week−1) of IHHE (∼32 min, FiO2 = 0.12 for 5 min, FiO2 = 0.33 for 3 min) in patients with prediabetes (Serebrovska et al., 2019). However, the authors found no differences compared to a control group receiving sham IHHE. Another study reported decreased within-group tCh and LDL-C levels as well as a reduced atherogenic index (i.e., [tCh–HDL-C] ÷ HDL-C) after 5 weeks (3 session∙week−1) of IHHE (FiO2 = 0.10–0.12 for 4–6 min, FiO2 = 0.30–0.35 for 3 min, 5-7 cycles∙session−1) in patients with coronary artery disease (Glazachev et al., 2017). Furthermore, the authors have found that tCh and LDL-C blood concentrations as well as the atherogenic index was lower in patients who received the IHHE program than in those patients who completed a standard rehabilitation program lasting 8 weeks (16 sessions in total). Nevertheless, it should be noted that the patients who underwent the standard rehabilitation program were enrolled after its completion and their baseline values (i.e., before completing the standard rehabilitation program) were not considered in the analysis and interpretation of the results. Hence, there is currently no robust evidence supporting a beneficial effect of IHHE on blood lipid and lipoprotein profile, at least over a duration of 3–7 weeks. In this regard, a systematic review suggested that interventions using active hypoxic methods (e.g., continuous hypoxic training) require an intervention duration of more than 4 and up to 8 weeks to elicit further improvements in blood lipid and lipoprotein concentrations (Hobbins et al., 2017). In theory, hypoxia could induce positive effects on body weight and composition potentially due to increased energy expenditure and lipid metabolism (Workman and Basset, 2012) and/or decreased energy intake mediated by the regulation of appetite mechanisms (Bailey et al., 2015; Debevec, 2017). Over a longer duration, this could lead to improvements in metabolic markers and a reduction in overall risk for atherosclerotic cardiovascular disease (Poobalan et al., 2004). Importantly, when intermittent hypoxia is applied over a long duration, it has been suggested that the hypoxic dose must be progressively adjusted throughout the intervention period to avoid a possible plateau in adaptations such as body composition (Gatterer et al., 2015; Hobbins et al., 2017). To date, however, such a protocol has not been performed using IHHE.
Beside blood lipid and lipoprotein concentrations, blood pressure also represents an important modifiable risk factor for cardiovascular disease with an extensive global impact (Yusuf et al., 2020). There is rather solid evidence supporting the assumption that hypoxic exposure at rest (e.g., intermittent hypoxic exposure) or in combination with exercise (e.g., aerobic exercise [continuous or intermittent hypoxic training]) elicits beneficial hypotensive effects (Verges et al., 2015; Wee and Climstein, 2015) and improves vascular health (Montero and Lundby, 2016). A previous review reported decreases of 10–30 mmHg and 10–15 mmHg in SBP and DBP, respectively, in patients with type I to II hypertension after intermittent or prolonged hypoxic exposure (Serebrovskaya et al., 2008). Considering that every 10 mmHg reduction in SBP or 5 mmHg reduction in DBP is associated with a 20% reduction in the risk of major cardiovascular events (Ettehad et al., 2016), the hypotensive effects of well-dosed hypoxic interventions are practically relevant for the prevention and treatment of cardiovascular disease. This is in accordance with the results of the present study, indicating that the addition of IHHE prior to aerobic cycling exercise induced a more pronounced decrease in SBP than aerobic cycling alone (8.9 mmHg vs. 1.4 mmHg). However, a significant reduction in SBP could only be detected between the 4th week (4-weeks mid-training) and the end (post-training) of the intervention. This could be explained by a relatively high standard deviation in pre-training values as well as a delayed onset of hypotensive effects due to the IHHE (Verges et al., 2015; Montero and Lundby, 2016). In addition, no effect on DBP was observed, which could be further explained by the fact that DBP averaged < 80 mmHg in both groups at baseline. Due to the higher reduction of the SBP in patients who performed the IHHE program prior to aerobic cycling, it could be assumed that the additional exposure to intermittent hypoxia and hyperoxia elicited further mechanisms associated with hypotensive effects such as increased vascularisation (Semenza, 2014) and/or vasodilatation (Muangritdech et al., 2020) and/or reduced sympathetic activation (Serebrovskaya et al., 2008; Lizamore et al., 2016). In contrast, Bayer et al. reported no improvement in SBP among geriatric patients after a 5–7 weeks IHHE program conducted at 2–3 days per week in addition to a multimodal training intervention (Bayer et al., 2017b). However, the authors did not include multiple time points to assess the short-term effect on blood pressure.
In addition, it should be considered that most of the patients participating in the present study have taken hypotensive drugs (e.g., β-blockers, ACE inhibitors, calcium channel blockers, diuretics), which could have led to an interaction with the aerobic training and/or IHHE (Kendrick et al., 1987). However, we did not observe any acute side effects. With regard to studies using intermittent hypoxia-normoxia, Burtscher et al. exposed normally physically active males with NYHA class I and II to 3 weeks of intermittent hypoxia (3–5 min of hypoxia [FiO2 = 0.10–0.14] interspersed by 3 min of normoxia, 3-5 cycles∙session−1, 5 sessions∙week−1) and found a decrease of 5.5% (∼9.0 mmHg) in SBP during submaximal exercise (i.e., cycling at a load corresponding to 1 W/kg body weight) (Burtscher et al., 2004). Furthermore, Lyamina et al. reported that the average SBP and DBP (i.e., obtained by 24-h monitoring) decreased by 15% (∼22.0 mmHg) and 17% (∼16.6 mmHg), respectively, after 20 consecutive days of intermittent hypoxic exposure (3 min of hypoxia [FiO2 = 0.10] interspersed by 3 min of normoxia, 4–10 cycles∙session−1) in young males with stage I hypertension (Lyamina et al., 2011). The greater hypotensive effects observed by Lyamina et al. compared to our findings could be explained by the higher inter-session frequency (i.e., 3 vs. 7 sessions∙week−1) and/or the differences in patients’ characteristics (e.g., geriatric patients vs. young males with stage I hypertension).
Although, it has been hypothesized that replacing normoxia with hyperoxia can increase the adaptive response to the intermittent hypoxic stimulus by upregulating reactive oxygen species and hypoxia-inducible genes (Sazontova et al., 2012; Mallet et al., 2020), there is currently no study available that has directly examined the effects of intermittent exposure to hypoxia-normoxia and hypoxia-hyperoxia on blood pressure and its underlying mechanisms (e.g., NO generation) in humans. In this regard, Serebrovska et al. investigated the effect of 3 weeks (5 sessions∙week−1) of IHHE (5 min of hypoxia [FiO2 = 0.12] interspersed by 3 min of hyperoxia [FiO2 = 0.33], 4 cycles∙session−1), intermittent hypoxic exposure (5 min of hypoxia [FiO2 = 0.12] interspersed by 5 min of normoxia, 4 cycles∙session−1), and sham hypoxia on carbohydrate and lipid metabolism in prediabetic patients (Serebrovska et al., 2019). The authors observed that both hypoxia protocols were similarly effective in reducing fasting and 2 h post oral glucose tolerance test glucose level as well as decreasing tCh and LDL-C blood concentration. The authors speculated that an advantage of IHHE over intermittent hypoxic exposure may be a faster reoxygenation resulting in a shorter session duration (Serebrovska et al., 2019). However, further studies are required to directly compare the effects of IHHE and intermittent hypoxic exposure on, for example, changes in cardiometabolic risk factors, physical performance, cognitive performance as well as changes at the molecular and cellular level (Behrendt et al., 2022b).
5 LIMITATIONS
The present study has a few limitations that need to be considered. First, the experimental design did not include a group that performed IHHE only to analyze its independent acute and chronic effects on blood lipid and lipoprotein concentration as well as resting blood pressure. Second, because nutrition intake may affect blood lipid and lipoprotein concentrations, it should be noted that patients’ diets were not monitored. Even though all patients received standardized meals within their facilities, some dietary habits may have changed during the duration of the intervention period. Third, blood samples were not analyzed regarding the potential changes in plasma volume. Acute exercise-induced changes in plasma volume are known to affect serum or plasma lipid and lipoprotein concentrations (Pronk, 1993). Therefore, it is recommended to correct the levels of lipids and lipoproteins whenever significant changes in plasma volume have affected the results (Kargotich et al., 1998). Although, a previous study showed that plasma volume did not change after 1 h and 2 h of low-intensity aerobic exercise (walking at a velocity equivalent to 30% of individuals’ maximal oxygen uptake) in trained and untrained young adults (Pay et al., 1992), it cannot be assumed with confidence that plasma volume did not change in the present study. Fourth, we did not investigate mechanisms that might underline the antihypertensive effect of IHHE, such as NO synthase.
6 CONCLUSION
The present study provides first hints that IHHE prior to aerobic cycling can influence the acute exercise-related responses in LDL-C concentration in geriatric patients. Furthermore, the present results suggest that 17 training sessions of IHHE prior to aerobic cycling or sole aerobic cycling did not induce changes in basal lipid or lipoprotein concentrations. Further investigations are warranted to identify the long-term effects of IHHE on lipid and lipoprotein concentrations as well as its synergistic effect with exercise or training. Beside blood lipids and lipoproteins, the current study showed that an additional IHHE prior to aerobic cycling seems to be more effective to reduce SBP in geriatric patients in comparison to aerobic cycling alone after 6 weeks of training. Based on the results obtained, individually tailored IHHE prior to aerobic cycling is well tolerated by geriatric patients and effective in eliciting hypotensive effects. Therefore, IHHE might be a promising non-pharmacological intervention strategy to reduce cardiovascular risk factors in vulnerable populations.
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