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We wanted to demonstrate the relationship between blood volume, cardiac size, cardiac output and maximum oxygen uptake ([image: image]O2max) and to quantify blood volume shifts during exercise and their impact on oxygen transport. Twenty-four healthy, non-smoking, heterogeneously trained male participants (27 ± 4.6 years) performed incremental cycle ergometer tests to determine [image: image]O2max and changes in blood volume and cardiac output. Cardiac output was determined by an inert gas rebreathing procedure. Heart dimensions were determined by 3D echocardiography. Blood volume and hemoglobin mass were determined by using the optimized CO-rebreathing method. The [image: image]O2max ranged between 47.5 and 74.1 mL⋅kg–1⋅min–1. Heart volume ranged between 7.7 and 17.9 mL⋅kg–1 and maximum cardiac output ranged between 252 and 434 mL⋅kg–1⋅min–1. The mean blood volume decreased by 8% (567 ± 187 mL, p = 0.001) until maximum exercise, leading to an increase in [Hb] by 1.3 ± 0.4 g⋅dL–1 while peripheral oxygen saturation decreased by 6.1 ± 2.4%. There were close correlations between resting blood volume and heart volume (r = 0.73, p = 0.002), maximum blood volume and maximum cardiac output (r = 0.68, p = 0.001), and maximum cardiac output and [image: image]O2max (r = 0.76, p < 0.001). An increase in maximum blood volume by 1,000 mL was associated with an increase in maximum stroke volume by 25 mL and in maximum cardiac output by 3.5 L⋅min–1. In conclusion, blood volume markedly decreased until maximal exhaustion, potentially affecting the stroke volume response during exercise. Simultaneously, hemoconcentrations maintained the arterial oxygen content and compensated for the potential loss in maximum cardiac output. Therefore, a large blood volume at rest is an important factor for achieving a high cardiac output during exercise and blood volume shifts compensate for the decrease in peripheral oxygen saturation, thereby maintaining a high arteriovenous oxygen difference.
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INTRODUCTION

Over the years, it has been well established that cardiac output ([image: image]) is a major limiting factor for the maximum oxygen uptake ([image: image]O2max) during exercise (Bassett and Howley, 2000; Stöhr et al., 2011; Lundby et al., 2017). [image: image] equals the product of heart rate (HR) and stroke volume (SV), and is largely determined by a harmonic structural and functional adaption of the heart, where especially cardiac compliance is a prerequisite for large end-diastolic volumes (Levine, 2008; Magder, 2016). If these prerequisites are given, the heart, e.g., the athletic heart—which is characterized by greater dimensions, specifically harmonically increased left-ventricular dimensions (Baggish and Wood, 2011; La Sanz-de Garza et al., 2020)—has a greater ability to use the Frank-Starling-mechanism. This well described mechanism allows for an efficient realization of SV due to a preload mediated stretch of the myocardium (Woodiwiss and Norton, 1995). The preload largely depends on the circulating blood volume (BV), which therefore plays a key role for cardiac function. Unsurprisingly, previous studies revealed a strong positive relationship between BV and [image: image]O2max, which is mainly attributable to an increased venous filling resulting in a larger [image: image]max (Hellsten and Nyberg, 2015). This effect has been demonstrated in cross-sectional (González-Alonso et al., 2000; Warburton et al., 2002) and longitudinal, i.e., manipulative studies (Wilmore et al., 2001; Daussin et al., 2007; Bonne et al., 2014).

Noteworthy, BV has been shown to decrease during incremental exercise to exhaustion, due to a reduction in plasma volume by approx. 10%, however, SV was not measured (Kawabata et al., 2004),. Consequently, this exercise mediated BV reduction might impair venous return during moderate and intensive exercise and exert a limiting effect on SV and, according to the Fick principle, [image: image]O2max. On the other hand, the concomitant increase in hemoglobin concentration [Hb] factually augments O2 transport capacity. This would allow to mitigate the exercise induced arterial O2 desaturation (Gaston et al., 2016; Goodrich et al., 2018) and thereby enabling a sufficient arterio-venous oxygen difference during exercise at high intensities. Moreover, there seems to be an interaction between [image: image]max and the arterial oxygen content (CaO2), as recent studies have demonstrated a regulatory effect of the CaO2 on the [image: image] response during dynamic exercise (Roach et al., 1999; Calbet, 2000).

Interestingly, percentage changes in BV during exercise have been evaluated before (Dill and Costill, 1974), but data on absolute changes are scarce. Therefore, the effects of temporary BV changes during exercise on oxygen transport and endurance performance have not yet been fully elucidated. The first aim of this study was to quantify absolute BV changes during moderate and maximal exercise and to calculate their possible influence on SV, [image: image], and [image: image]O2, while evaluating structural cardiac variables. Second, we wanted to quantify the scale of changes in CaO2 due to the combined effects of hemoconcentration and exercise-induced oxygen desaturation. Using these data, we aimed to calculate whether the potentially beneficial effects of hemoconcentration for oxygen transport might compensate or even exceed the detrimental effects of a diminished BV on the SV and the decreasing arterial oxygen desaturation during exercise.



MATERIALS AND METHODS


Participants

Twenty-four healthy, non-smoking and very heterogeneously trained males were included in the study (see Table 1 for subject characteristics). We explicitly focused on selecting participants with a wide range of performance status to compare the expected different structural and functional properties. The participants provided written consent after they were informed about the content of the study, the associated risks and the possibility to withdraw without indication of any reason. The study was approved by the ethics committee of the University of Bayreuth in Germany.


TABLE 1. Subject characteristics.
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Study Design

Participants performed two cycle ergometer tests on consecutive days. During the first ergometer test, the maximum oxygen uptake ([image: image]O2max) was determined. The second test followed a similar protocol and was performed to measure SV and [image: image] at 60% and near 100% of the first test’s maximum power (Pmax) using an inert gas rebreathing method. Simultaneously, hemoglobin concentration for the calculation of BV (see Equation 2) and peripheral hemoglobin-O2 saturation (SpO2) were determined. Prior to the performance tests, anthropometric measurements including body composition were conducted using bioelectrical impedance analysis. A cubital venous blood sample was drawn to determine basic hematological parameter and ferritin levels in order to exclude any iron deficiencies. The heart dimensions were determined by 3D echocardiography. BV and Hbmass were measured twice on consecutive days using the optimized CO-rebreathing method (Schmidt and Prommer, 2005; Prommer and Schmidt, 2007). All measurements took place within 7 days and, except for the echocardiography, were carried out under standardized environmental conditions in our laboratory (room temperature: 21.5°C, barometric pressure: ∼736 mmHg).



Analytical Procedures and Echocardiography

Lean body mass and fat mass were measured twice consecutively using bioelectrical impedance analysis (InBody 720, InBody Co., Seoul, South Korea). Cubital venous blood samples (8 mL) were taken after the participants rested for 15 min in a seated position. Heparinized blood samples were analyzed using a fully automated hematology system (Sysmex XN 1000-1-A, Sysmex, Norderstedt, Germany) for basic hematological parameters. In the serum, the ferritin concentration and C-reactive protein (CRP) level were determined by enzyme immunoassays [ferritin: LKFE1, ELISA, and Immulite 1000 (Siemens Healthcare Diagnostics GmbH, Germany); CRP: highly sensitive—LKCRP1, ELISA, and Immulite 1000 (Siemens Healthcare Diagnostics GmbH, Germany)]. Transthoracic echocardiography was conducted using a commercially available cardiology ultrasound system (Philips EPIC 7, Phillips Medical Systems, Andover, MA, United States) with a 1.0–5.0 MHz sector array transducer (Philips S5-1, Phillips Medical Systems, Andover, MA, United States) to measure both the end-systolic and end-diastolic volumes, left ventricular muscle mass (LVMM), left ventricular end-diastolic diameter (LVEDD) and SV at rest. Heart volume (HV) was determined according to the methods described by Dickhuth et al. (1990).



Incremental Ergometer Tests

Aerobic performance was determined using an incremental protocol on a cycle ergometer (Excalibur, Lode, Groningen, Netherlands). After a 3-min warm-up phase of 100 Watts, the mechanical power output was continuously increased by 50 Watts every 3 min (stepwise by 17, 17, and 16 Watts per minute) until subjective exhaustion was reached. [image: image]O2 was determined via breath-by-breath technology (Innocor system, Innovision, Glamsbjerg, Denmark) and calculated as the mean value across the last 30 s before exhaustion. Capillary blood samples were taken from a hyperemized earlobe to quantify the lactic acid concentrations before exercise, every 3 min during exercise, immediately at exhaustion and 1, 3, 5, and 7 min after exhaustion (Biosen S-Line, EKF-Diagnostic, Barleben, Germany). During the second test, capillary blood samples were taken for the measurement of [Hb] (HemoCue 201, Hemocue AB, Ängelholm, Sweden) at 60% and near 100% of the first test’s Pmax to calculate changes in BV during the exercise period. Peripheral oxygen saturation (SpO2) was continuously determined by finger pulse oximetry (9590 oximeter, Nonin Medical Inc., Plymouth, United States) and arterial oxygen content (CaO2) was calculated according to formula 1:
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Measurement of Cardiac Output, Stroke Volume, and Arteriovenous Oxygen Difference During Exercise

SV, [image: image], and avDO2 were determined by inhaling a mixture of oxygen and two inert gases, i.e., nitrogen oxide (N2O, 0.5%) and sulfur hexafluoride (SF6, 0.1%) with a photoacoustic gas analyzer (Innocor system, Innovision, Glamsbjerg, Denmark). Because this rebreathing maneuver might impair test performance, two tests were performed: one for the determination of [image: image]O2max and one for the determination of [image: image]. The starting points for the rebreathing measurements during the second test were at 60% Pmax and the last fully completed 1-min increment from the first ergometer test, respectively. Both rebreathing procedures took place after 10 s in the respective stages. Each rebreathing process lasted approximately 10 s and consisted of five respiratory cycles. [image: image] was then derived from the changes in the concentrations of the inert gases in the expiratory volumes. SV was calculated on the basis of [image: image] and heart rate (HR), and avDO2 was calculated by applying the Fick equation. The typical error of this method in our lab was 4.9% at 200 Watts, which is in line with earlier research (Fontana et al., 2009).



Determination of Hemoglobin Mass and Total Blood Volume

At least 2 h after the incremental test, when the plasma volumes had returned to pre-exercise values (Schmidt et al., 1990), Hbmass, total blood (BV), plasma (PV) and erythrocyte (RCV) volumes were determined using the optimized CO-rebreathing method according to the methods reported by Schmidt and Prommer (2005), Gore et al. (2006), and Prommer and Schmidt (2007). In brief, an individual dose of carbon monoxide (CO; 0.8–1.0 mL⋅kg–1) was administered and rebreathed along with 3 L of pure oxygen for 2 min. Capillary blood samples were taken before and 6 and 8 min post-administration of the CO dose. The blood samples were analyzed for the determination of %HbCO using an OSM III hemoximeter (Radiometer, Copenhagen, Denmark). Hbmass was calculated on the basis of the mean change in %HbCO before and after the CO was rebreathed. BV was then calculated according to formula 2:
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where [Hb]ven = venous hemoglobin concentration and F = cell factor at sea level (Fricke, 1965). For the calculations of BV during exercise, capillary [Hb] was measured during the second cycle ergometer test and modified for the venous conditions (Patel et al., 2013). Since the Hbmass does not change over short periods of time (Eastwood et al., 2008), the temporally offset determination of the [Hb] for the calculation of the BV is possible without compromising accuracy. For a detailed description and the accuracy of the methods see Schmidt and Prommer (2005), Gore et al. (2006), and Prommer and Schmidt (2007). In our laboratory, the typical error for Hbmass is 1.5%, which is comparable to previous investigations (Hütler et al., 2000; Robertson et al., 2010), while the typical error for BV is 2.5%.



Statistical Analysis

The data are presented as the arithmetic means and standard deviations. Statistical analysis was conducted using IBM SPSS Statistics 26 (IBM, Armonk, United States). A one-way ANOVA with repeated measures followed by post hoc tests with Bonferroni correction were performed to find significant differences between the resting, submaximal exercise and maximal exercise conditions. Simple linear regression and correlation analysis was performed to assess the relationships between two variables. The level of significance was set to p ≤ 0.05 (∗).



RESULTS

As a result of the intended heterogeneity of the participants, absolute and relative performance as well as hematological and cardiac characteristics showed large interindividual variability (Table 2). Relative values for [image: image]O2max ranged between 47.5 and 74.1 mL⋅kg–1⋅min–1. BV and Hbmass ranged between 75 and 101 mL⋅kg–1 and 10.6 and 14.2 g⋅kg–1, respectively. HV ranged between 7.7 and 17.9 mL⋅kg–1. Left ventricular end diastolic diameter (LVEDD) and muscle mass (LVMM) ranged between 45 and 63 mm and 116 and 303 g, respectively.


TABLE 2. Performance and cardiological data and hemoglobin mass.
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Exercise Study

BV decreased until maximum exercise by 8% (567 ± 187 mL, p < 0.001, Figure 1). There was a moderate correlation between the BV at rest (BVrest) and the amount of intravasal fluid lost until maximum exercise (r = 0.47, p = 0.04); however, when percentage changes were calculated, no such relationship exists. Mean SV significantly increased from resting to submaximal exercise by 54 ± 20 mL (p < 0.001) with no significant difference in the further course until maximum exercise. However, large variability in the SV response was detected, especially from submaximal to maximal exercise with athletes demonstrating a progressive increase, plateau formation or a drop in SV. There was no correlation between the SV response from submaximal to maximal conditions and relative VO2max, BVmax and the amount of BV shifted in the same time interval. HR continuously increased until maximal exercise, as did submaximal and maximal avDO2 and [image: image] (Table 3). [Hb] significantly increased until maximum exercise by 8.5% (1.3 ± 0.4 g⋅dL–1, p < 0.001), while the SpO2 level in the capillary blood decreased by approximately 6.1% (p = 0.001, Table 3). Arterial oxygen content (CaO2) remained unchanged between resting, submaximal and maximal exercise conditions (Table 3).


[image: image]

FIGURE 1. Changes in BV from resting to submaximal (60% Pmax) and maximal exercise (100% Pmax) conditions. Data are presented as the mean with standard deviations.



TABLE 3. Cardio-circulatory data at rest, 60% of Pmax and Pmax (n = 24).
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Regression Analysis


Maximum Oxygen Uptake

A strong linear correlation was found between absolute (p < 0.001) and relative (p < 0.001) values for [image: image]O2max and [image: image]max (Figure 2A). The slope of the respective regression line indicates that an increase in [image: image]max by 1 L between different individuals was associated with an increase in [image: image]O2max by 84 mL⋅min–1. [image: image]O2max was also strongly correlated to BVrest and BVmax, while the correlation to BVmax tended to be slightly stronger than that to BVrest (r = 0.69 vs. r = 0.65, both p < 0.001, Table 4). The correlation between [image: image]O2max and avDO2 was not significant, while the anatomical parameters HV, LVMM and Hbmass also significantly correlated with [image: image]O2max (all p < 0.05, see Table 4). When the abovementioned variables were normalized to both body mass and lean body mass, the correlations were still significant (see Table 4).


[image: image]

FIGURE 2. (A–F) Linear regressions analysis between absolute and relative values for maximum oxygen uptake and maximum cardiac output (A,D), heart volume and blood volume at rest (B,E) and maximum cardiac output and blood volume at maximum exercise (C,F).



TABLE 4. Pearson’s product-moment correlations (r) and level of significance (p) between the absolute and (lean) body mass normalized [image: image]O2max and cardio-circulatory variables.
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Cardiac Output and Stroke Volume in Relation to Blood Volume and Cardiac Size

The cross-sectional data show that [image: image]max was strongly correlated with SVmax but was also negatively correlated with HRmax (see Table 4). SVmax was similarly correlated to HV and BVmax (Table 4). According to the slope of the regression line, an increase in BVmax by 1,000 mL was associated with an increase in SVmax by 25.1 mL, and an increase in HV by 100 mL increased SVmax by 6 mL. BVrest was significantly correlated with HV (p = 0.002, Figure 2B), indicating that an increase in BVrest by 1,000 mL was associated with an increase in HV by 179 mL. Concerning the significant correlation between BVmax and [image: image]max (p < 0.001, Figure 2C), an increase in BVmax by 1,000 mL was associated with an increase in [image: image]max by 3.5 L⋅min–1.

Applying these cross-sectional data to the intra-individual changes in BV during exercise, the 8% reduction found in this study would lead to a decrease in [image: image]max by 1.6 L⋅min–1 and thus 133 mL⋅min–1 in [image: image]O2max.

LVEDD and LVMM were significantly correlated with BVmax, SVmax and Qmax. SpO2 was not correlated to the absolute values of [image: image]max; however, there were, however, significant correlations to [image: image]max when normalized to body mass and lean body mass (see Table 4).



DISCUSSION

The main goals of this study were (i) to determine the correlations between BV, HV, [image: image]max and [image: image]O2max, (ii) to quantify the BV shifts occurring during submaximal and maximal exercise and (iii) to evaluate the effects of these volume shifts on [image: image]max and arterial oxygen transport capacity in healthy heterogeneously trained males. The major findings of the cross-sectional study showed that an elevated BVmax by 1,000 mL was associated with an increase in SVmax by approximately 25 mL, leading to an increase in [image: image]max by approximately 3.5 L⋅min–1. As BV significantly decreased from rest to maximal exercise by 567 mL (8%), we calculate a possible limitation in [image: image]max by 1.6 L⋅min–1, but we also demonstrate a consistent oxygen transport capacity due to the increase in hemoconcentration.


Stroke Volume and Heart Rate

SV is the most important, strongly blood volume-dependent component of the cardio-circulatory response during exercise (Munch et al., 2014). In our study, SV increased by 60% from resting to submaximal exercise conditions. These values are higher than those that were reported during progressive exercise in healthy, untrained subjects (Higginbotham et al., 1986; Rowland, 2005, 2009) and lower than those reported in highly trained endurance athletes (Ekblom and Hermansen, 1968). According to Vella and Robergs (2005) there are four main types of SV responses with increasing exercise intensity. While the mean values for SV in this study showed no significant changes from submaximal to maximal exercise, substantial variability was found among subjects, indicating a progressive increase, plateau formation or a decrease in SV on the individual level. These variations in the SV response from 60 to 100% Pmax were not correlated to VO2max.

HRmax was negatively related to [image: image]O2max and [image: image]max (Table 4), which corresponds with previous results (Rowell, 1986). With regard to the strong correlation between [image: image]max and SVmax, these findings demonstrate that, at least near maximal performance, inter-individual differences in [image: image] result primarily from variations in SV in both trained and untrained subjects.



Blood Volume and Cardiac Output

As demonstrated by Bonne et al., early increases in [image: image]O2max following 6 weeks of endurance training are reverted to pretraining levels when the training-induced gains in BV are eliminated by means of phlebotomy, which indicates that total BV is the most important factor of the SV response in early adaptations (Bonne et al., 2014). However, in a recent study it was demonstrated that the increase in [image: image]O2peak following 10 weeks of endurance training was preserved even after Hbmass and BV were reversed to pretraining levels by phlebotomy, thereby contradicting the assumption that improvements in [image: image]O2peak and [image: image]peak are exclusively attributed to BV expansion (Skattebo et al., 2020). In their comprehensive review, Lundby et al. (2017) revealed the underlying mechanisms of improvements in [image: image]O2max. Increases in SV at rest and during exercise are mainly dependent on increased venous return as a result of a high BV leading to higher end-diastolic volumes via the Frank-Starling mechanism. As we found significant correlations between [image: image]max and BVmax (Figures 2C,F), we hereby confirmed these mechanisms for our heterogeneously trained population included in this study. Moreover, we demonstrated the quantitative effect of an expanded BV: Male subjects with a BV of ∼5 L are able to achieve a [image: image]max of ∼20 L⋅min–1. A change in BV by 1 L was related to a change in [image: image]max by ∼3.5 L⋅min–1. This indicates that when the BV is increased, e.g., by 2.5 L as a result of a higher training status (Heinicke et al., 2001), [image: image]max is increased considerably to 28.8 L⋅min–1. As an increase in [image: image]max by 1 L is associated with an increase in [image: image]O2max by ∼84 mL⋅min–1, information on increases in BV is particularly important. All these considerations are also valid for the relative values and prove a mechanism that is independent of the anthropometric conditions (see Figures 2D–F and Table 4). From a practical point of view, the question remains whether changes in BV caused by environmental conditions influence [image: image]max and therefore [image: image]O2max. At high altitude, a lower [image: image]max also refers to a plasma volume reduction (Siebenmann et al., 2013), while during heat adaptation plasma volume expansion may increase [image: image]max. This view is supported by Kanstrup and Ekblom (1982), who demonstrated that an increase in PV by a 700 mL dextran infusion augments SV at rest and throughout exercise and therefore [image: image]. In terms of favorable changes in [image: image]O2max following heat training, there is still a lack of evidence in the literature (Travers et al., 2020; Baranauskas et al., 2021).

Concerning the regulation of SV and thus [image: image]max, our results support the hypothesis that total BV seems to be the major determinant of the SV response during exercise. BV expansion occurring during long-term training periods (Schmidt et al., 1988) may therefore represent an important part of cardio-circulatory adaptation to physical training. On the other hand, it is also important to consider that absolute BV may sometimes be of limited value to determine its impact on hemodynamics during exercise. Even more important is the hemodynamically active blood volume, i.e., the proportion of the total BV that affects pressure, flow, and cardiac function. This hemodynamically active BV would allow a high SVmax and thus [image: image]max despite a relatively small absolute BV (Martino et al., 2002). In any case, however, we assume that a large resting BV provides a beneficial precondition for a high hemodynamically active BV.



Blood Volume and Heart Volume

When untrained subjects were matched to trained endurance athletes in terms of BV via dextran infusion, an increase in SV during exercise in the untrained group was observed, but these values were still lower than those in the trained athletes (Hopper et al., 1988). This finding indicates that BV alone cannot explain the differences in SV, suggesting that a larger HV has to accompany a larger BV (Bonne et al., 2014) which is clearly demonstrated by the strong relationship between BV and HV in this study (Figure 2B). To date, very few studies have investigated the relationship between BV and cardiac size in healthy adults. It is widely accepted that increased end-diastolic dimensions of the right and left ventricles, increased LVMM, and increased volume of the left atrium are now well-established hallmarks of what has been defined as the athlete’s heart (Hellsten and Nyberg, 2015). However, these structural parameters have rarely been correlated with the prevailing BV, and there do not exist any data on the relationship between HV and BV. The magnitude of the HV is approximately 15% of the BV, and in our study, too, a change in the BV was associated with an approx. 15% change in the HV, which indicates a similar adjustment in both structures. In addition, we found LVMM to be significantly correlated with resting BV. Since the hemodynamic changes that occur during exercise constitute the primary stimulus for cardiac remodeling (Hellsten and Nyberg, 2015), it is reasonable to assume that high BV again plays a major role in these adaptations. As already mentioned above and regarding BVmax and [image: image]max, the correlation between BV and HV applies regardless of the anthropometric conditions and thus represents the likely coupled adaptation processes to long-term training stimuli (see Figures 2B,E).



Blood Volume Shifts

This is one of the very few studies in which exercise-induced decreases in total BV were quantified during exercise. While the percentage changes in BV were calculated based on the changes in [Hb] and hematocrit in previous studies (Dill et al., 1974), our results showed an absolute mean reduction of 567 mL in this population. These findings are larger than those found by Wilkerson et al. (1977) who found a mean reduction of 363 mL at [image: image]O2max but comparable with the 532 mL reduction reported by Kawabata et al. (2004). The decrease in plasma volume, which becomes obvious by the accompanying hemoconcentration, is generally due to a greater filtration rate (caused by an increase in blood pressure), sweat loss (which is of minor importance during short lasting bouts of exercise as in this study), and especially lactate accumulation and the breakdown of creatine phosphate within the muscle cell (Craig et al., 2008). The latter of which cause an increased osmotic gradient, that, in turn, leads to an influx of water into the intracellular and interstitial space (Böning and Maassen, 1983; Maassen and Böning, 2008), thereby increasing the intracellular volume by as much as 15% (Sjogaard et al., 1985). While we can confirm earlier results regarding the relationship between the total PV at rest and the amount shifted until maximum exercise (Kawabata et al., 2004), it remains unclear whether endurance-trained athletes shift more water into the intracellular space during exercise than untrained subjects. After all, we found no significant correlation between the percentage changes in BV and [image: image]O2max and no correlation with the maximum lactate concentrations, which are thought to be the main cause of these volume shifts (Maassen and Böning, 1984, 2008). This suggests that training status does not affect the amount of water shifted to the intracellular space during exercise.

Although one must assume that any decrease in circulating BV affects the SV response during exercise, the mean SV in this population increased from rest to 60% Pmax and was not different between 60 and 100% Pmax. The dissociation between the SV and BV response from resting to submaximal values (Figure 2) can be explained by an increased venous return that by far outmatches the BV shifts (Berlin and Bakker, 2014). However, in regard to a lacking further increase in SV from submaximal to maximal exercise, we can only speculate if these volume shifts might have a potential negative effect. It would be of great interest if volume matched fluid compensation in the extent of the individual volume shifts, i.e., via plasma or dextran infusion during exercise would lead to a greater increase in SV and thus [image: image]max, hence increasing [image: image]O2max.



Fluid Shifts and Oxygen Transport

Last, not all physiological mechanisms during high-intensity exercise inevitably lead to the optimization of oxygen transport. In this study, the SpO2 decreased by approximately 6%, which corresponds to data from Gaston et al. (2016) who found heterogeneous decreases in SpO2 in trained and untrained subjects. Our data also indicate a significant decrease in SpO2 with increasing [image: image]O2max. This might be due to a larger [image: image]max in the trained subjects (see Table 4), resulting in higher pulmonary blood flow and impaired O2 diffusion in the lungs (Goodrich et al., 2018). This view is supported by the significant correlation between SpO2 and [image: image]max. Without considering the effects of hemoconcentration and the augmentation of CaO2 in addition to the known reduction in arterial O2 saturation, the reduction in BV may decrease [image: image]max and thus the maximum oxygen transport. Regarding the results from the cross-sectional part of this study, the reduction in BV by 567 mL might have reduced [image: image] by 1.6 L⋅min–1 and thereby [image: image]O2max by 133 mL⋅min–1 during the performance test. These considerations, however, assume that organ perfusion remains constant despite the reductions in BV, which needs further investigation that would require the inclusion of parameters such as mean arterial pressure or vascular resistance.

All previous considerations have assumed that a change in hemoconcentration is accompanied by a change in arterial oxygen content. In this study, [Hb] increased by 1.3 g⋅dL–1 (8.5%) until maximum exercise, which, in theory would lead to an increase in CaO2 by 1.8 mL⋅dL1. However, SpO2 simultaneously decreased by 6.1% so that the arterial O2 content even tended to increase (see Table 3). When comparing the amount of O2 that is transported per minute either with or theoretically without the effects of the fluid shifts on [image: image]max and the corresponding hemoconcentrations, the result is 5,376 mL⋅min–1 (with hemoconcentration, see Table 3) and 5,208 mL⋅min–1 (without hemoconcentration), respectively. These findings indicate that the fluid shifts completely compensate for the decrease in SpO2 and the reduced [image: image]max. Similar to acute altitude effects, the hemoconcentration due to transient plasma volume shifts could, therefore, be interpreted as a physiological adjustment to maintain oxygen transport capacity, without compromising performance.



LIMITATIONS

Since we only conducted linear regression analysis, we cannot confirm cause and effect relationships; however, we can draw general conclusions. For the calculation of the possible effects of blood volume changes during exercise, we partly use data from the regression analyses obtained in the cross-sectional study which is based on a very heterogeneous group of test subjects. Therefore, the results must be considered with caution, even though they certainly show physiological trends. Direct manipulations of BV must be applied to compare the effects of volume shifts with fluid compensated conditions on hemodynamic mechanisms. To determine whether the increase in hemoconcentration and consequently maintained CaO2 really are fully compensatory for the reductions in [image: image] discussed here, additional data such as blood flow to working muscle, mean arterial pressure and vascular resistance (since blood pressure was not measured) should also be collected to draw a more holistic conclusion. Whether the compensated CaO2 due to hemoconcentration influences a regulatory feedback mechanism on the [image: image], as considered possible by Calbet (2000), cannot be explained by the results of the present study.

The determination of cardiac output with the Innocor system is relatively precise during exercise testing in our lab with a TE of 4.9%, which is comparable to previous investigations (Fontana et al., 2009). However, it only allows hemodynamic measurements at limited time intervals, making it somewhat difficult to draw a comprehensive conclusion on the precise time course of physiologic regulations. This is of special importance in interpreting the four types of SV responses according to Vella and Robergs (2005). Depending on the time of measurement at least three measurements during exercise are necessary to identify the individual responses. Other systems that allow continuous hemodynamic measurements should therefore be considered in future studies.



CONCLUSION

We found a strong correlation between BVmax and [image: image]max, suggesting that an increase in BVmax by 1 L is associated with an increase in [image: image]max by ∼3.5 L⋅min–1. Additionally, HV was closely correlated with BVrest, indicating that a change in BV by 1 L is correlated with a change in HV by 179 mL. Mean BV significantly decreased until maximum exercise by 567 mL. We hypothesize that the exercise-induced reductions in total BV may have detrimental effects on the [image: image]max response, as this value might have changed by as much as 1.6 L⋅min–1 in our study. On the other hand, [Hb] increased by 1.3 g⋅dL–1 due to fluid shifts, thereby maintaining CaO2, which completely compensates for the exercise induced arterial desaturation. Our results support the general conviction that a high BV at rest is needed in order to achieve a high [image: image]max. Blood volume shifts during intense exercise may have a detrimental effect on [image: image], but at the same time, they exert a beneficial effect on the oxygen transport system. This effect may maintain a reasonable avDO2, and thereby overcompensates for the negative effects on [image: image]max.
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