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Introduction: Plasma volume (PV) changes in response to physical activity, possibly as a consequence of adrenergic activation. We estimated changes in PV in response to common exercise modalities; cycling and running as well as adrenaline infusion and control at rest.
Methods: On separate days, forty circulatory healthy subjects [aged 60 years (range: 42–75)] with knee osteoarthritis underwent moderate-high intensity cycling, running, and intravenous adrenaline infusion to mimic the circulatory response to exercise. Blood samples were obtained from peripheral veins taken at several pre-defined time points before, during, and after the interventions. PV changes were estimated using venous hemoglobin and the derived hematocrit. The temporal associations between PV and selected biomarkers were explored.
Results: Changes in PV were observed during all four interventions, and the response to cycling and running was similar. Compared to rest, PV decreased by -14.3% (95% CI: -10.0 to -18.7) after cycling, -13.9% (95% CI: -10.9 to -17.0) after running, and -7.8% (95% CI: -4.2 to -11.5) after adrenaline infusion.
Conclusion: PV decreased in response to moderate-high intensity running and cycling. Adrenaline infusion mimicked the PV change observed during exercise, suggesting a separate influence of autonomic control on blood volume homeostasis. In perspective, a temporal association between PV and biomarker dynamics suggests that consideration of PV changes could be relevant when reporting plasma/serum constituents measured during exercise, but more research is needed to confirm this.
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INTRODUCTION
Plasma volume (PV) changes in response to physical activity, and thus it is relevant to take PV changes into consideration when investigating changes in plasma constituents. Plasma constituents, such as extracellular matrix (ECM) fragments or neoepitopes, act as biomarkers for osteoarthritis (OA) (van Spil and Szilagyi, 2020). Obtaining blood-based biochemical markers is minimally invasive and could reflect disease severity, disease activity, prognosis, and pharmacological target engagement. Several factors influence analysis results for biochemical markers, which are often plasma constituents sensitive to physiological changes prior to sampling as well as sample handling (Bjerre-Bastos et al., 2020). An important physiological factor is changes in PV in response to physical activity including exercise, the activity of daily living, and changes in posture (Johansen et al., 1998). Thus, it seems reasonable to consider adjustment for potential PV fluctuations when investigating plasma constituents, e.g., during or shortly following exercise, as in studies of acute joint tissue turnover (Roberts et al., 2019; Bjerre-Bastos et al., 2020).
Changes in PV may be evaluated by different methods. Simple methods include the hemoglobin/hematocrit method (van Beaumont et al., 1973) or the calcium method (Alis et al., 2015). Alternatively, e.g., “Evans blue” is injected and its optical properties are utilized to determine PV changes using spectrophotometry (Gibson and Evans, 1937). In studies of acute PV change in response to exercise, the magnitude depended on the intensity, and changes were prompt and small to moderate (Kaltreider and Meneely, 1940; Novosadová, 1977; Bloomer and Farney, 2013). Although acute hemoconcentration is a well-described physiological response to exercise known from studies of predominantly young healthy males performing ergometer cycling, several questions remain undescribed including 1) is there an inherent effect of adrenergic circulatory stress on PV? 2) do PV changes depend on the weight-bearing element of exercise? and 3) to which degree does hemoconcentration occur in a population representing that of common joint disease studies? middle-aged to senior, predominantly females, and often obese patients with comorbidity.
In the current study, we estimated changes in plasma volume in relation to common exercise modalities; cycling and running and included a control intervention; passive cardiovascular exercise simulation by means of adrenaline infusion.
METHODS
The data presented in this communication originate from the EFEX-OA-02 exploratory clinical study (Bjerre-Bastos J. J. et al., 2022) in which the acute effect of exercise on biochemical markers reflecting joint tissue turnover in knee OA is investigated. The trial was based on the pilot study, EFEX-OA-01, as previously reported (Bjerre-Bastos et al., 2021a; 2021b), and the design is outlined in Figure 1. In EFEX-OA-02, hemoglobin and derived hematocrit were measured to monitor changes as a reflection of rapid fluctuations in PV which could bias the joint biomarker results.
[image: Figure 1]FIGURE 1 | Study design.
Middle-aged and senior individuals with radiographic OA of the knee(s) with a cumulated Kellgren–Lawrence (KL) radiological grade of at least 2 and with no issues relating to the circulation were enrolled. Thus, the included patients had at least KL1 in both the knees or KL2 in one, were 20–75 years of age, weighed 50–100 kg, and had a BMI of 18.5–35 kg/m2. Exclusion criteria were knee OA KL grade 4 in one or both knees, cumulated osteoarthritis no higher than 1, history of arthroscopy or intra-articular injections in the knee within 6 months prior to screening, previous arthroplasty of knee or hip, intention to have major surgery during the timeframe of the study, secondary OA, e.g., related to trauma or inflammatory joint disease including chondrocalcinosis, treatment with beta-blockers, MAO inhibitors, systemic corticosteroid, vitamin K antagonists, new oral anticoagulants or heparin, systemic infection, systemic inflammatory immune, or autoimmune disease, and any sign of previous or current cardiovascular disease or being an active athlete or highly trained individual. The study was conducted in accordance with the standards of the Helsinki Declaration, approved by the Regional Ethical Committee (approval no. H-20026057), and registered at clinicaltrials.gov (reg. no. NCT04542668).
Participants underwent ergometer cycling (Ergomedic 874E, Monark Exercise AB, Varberg, Sweden) and treadmill running (Masterfit TP100, Abilica, Mylna Sport AS, Mjøndalen, Norway) in randomized order and then completed intravenous adrenaline infusion to mimic the circulatory load during exercise and finally a resting visit, with all interventions performed 1 week apart. Exercise and infusion bouts were multiphasic and included four progressive 5-min intervals. The maximal heart rate (HRmax) was calculated as HRmax = 206.3-(0.711*age) (Londeree and Moeschberger, 1982). The resting heart rate (RHR) was determined experimentally at the screening by pulse oximetry during a 5-min supine rest. The heart rate reserve (HRR) was then calculated by the formula: HRR = HRmax – RHR. The targeted peak intensity during exercise interventions was >80% of the HRR.
At each intervention, blood samples were obtained at pre-defined time points before, during, and after the intervention. Participants were instructed to be minimally active on the day before and on the days of interventions. Participants were also instructed to fast for at least 6 hours prior to visits and throughout the study day until all samples had been obtained. All visits were initiated with a 30-min resting period in order to reduce potential signals from pre-visit physical activity such as stair-climbing, walking, etc. The outline of the study design is shown in Figure 1.
HR during exercise was monitored with a Polar™ H10 chest sensor belt (Kempele, Finland). For exercise simulation, 0.06 mg/kg of adrenaline was prepared in a 50 ml saline solution and administered intravenously using an Infusomat® Space® pump (B. Braun, Melsungen, Germany) with the participants semi-recumbent under continuous electrocardiographic monitoring by the study physician, adjusting the flow rate to mimic exercise intervals evaluated by the HR, while only inducing tolerable, if any, discomfort. Hemoglobin was measured on an ABL 800 Flex blood gas analyzer (Radiometer, Copenhagen, Denmark). Hemoglobin (ctHb) was converted to hematocrit by the formula:
[image: image] (Kokholm, 1990).
The estimated change in PV (% ΔPV) was calculated as:
[image: image] (van Beaumont et al., 1973),
where ΔPV % = percentage change in plasma volume, Hctpre = hematocrit before exercise, and Hctpost = hematocrit after exercise.
On days of active intervention (exercise or infusion), blood was drawn at baseline (T0), once midway during exercise/infusion (T10), immediately after completion of the intervention (T20) and again at 30, 60, 120 and 240 min after T20 and on the next day approximately 24 h after the initiation of intervention. At rest, samples were collected at similar time points, except for the 24-h follow-up sample, which was omitted. Samples were collected from sitting participants during and after exercise and on the day of rest. During adrenaline infusion, the first three samples (during the interventions) were collected with the participant semi-recumbent, while the additional samples were collected from sitting participants.
Repeated measures of hemoglobin during running, cycling, infusion, and resting visits were tested for normality using Shapiro–Wilk’s test. A paired linear mixed-effects model with Dunnett’s multiple comparison test was used to assess changes in hemoglobin over time and compare interventions, and a multiple linear regression model with backward elimination was used to identify correlations between baseline subject characteristics and changes in hemoglobin from baseline, adjusting for age, sex, BMI, and knee pain.
The PV changes presented in the current report were subtracted from relative biomarker changes from the EFEX-OA-02 and compared to unadjusted changes in biomarkers in order to demonstrate the potential impact of adjustment for PV fluctuation.
Missing values were imputed with the average value of the previous and following values measured. Missing pre-intervention (baseline) values were imputed using an average of the pre-intervention values from the three other visits. Statistical analyses were carried out using GraphPad Prism 9.1.0 and MedCalc v. 20.009. p < 0.05 was considered significant.
RESULTS
Forty subjects met the inclusion criteria and none of the exclusion criteria of which 39 completed cycling, 37 completed running, 35 adrenaline infusion, and 39 rest. Sixteen (40%) were male, the mean age was 60.0 years (range: 42–75), BMI was 27.0 (standard deviation (SD): 3.5), baseline hemoglobin was 9.1 mmol/L (SD: 0.7), and hematocrit was 44.7% (SD: 2.9%). All subjects reached the minimum peak intensity or higher during exercise, while no participant reached the minimum peak intensity or higher during adrenaline infusion, with an average of 70.0% (SD: 8.7) of that during infusion. Twelve out of 1,151 sample values were imputed. None were baseline values, and all twelve were missing at random due to either loss of sample or sample error during ABL machine analysis.
Comparing PV changes immediately before (T0) and after interventions (T20), the mean PV reduction was -11.2% (95% CI: -7.2 to -15.6%) after cycling ranging from -17.0% increase to -24.0%. In one subject, PV did not change, and in five patients, PV increased by 2.0–4.0%. After running, the mean change was -10.8% (95% CI: 8.4 to -13.3%) ranging from 0.0 to -22.0% (Figure 2). In one subject, no change was observed. After the infusion of adrenaline, the mean change was -4.7% (95% CI: -2.1 to -7.2%) ranging from an 8.0% increase to a 17.8% decrease. In four subjects, there was no change, and in three subjects, an increase in PV was detected in response to cycling or running, but among these subjects, the response was not consequent across the active interventions. Among fourteen subjects with a substantial decrease in PV (>10%) after cycling or running, only three responded quantitatively consistently, although the other eleven also decreased.
[image: Figure 2]FIGURE 2 | Mean changes in plasma volume (PV) over time during and following interventions. Error bars represent a 95% confidence interval.
Thirty minutes after exercise (T50), the mean PV had returned to the baseline level, and the day after both cycling and running, PV remained at the baseline level. PV returned to baseline value at 30–60 (T50-80) minutes after infusion but decreased further at T140 by -3.9% (95% CI: -0.7 to -7.1%), at T260 by -5.3% (95% CI: -2.1 to -8.6%), and on the next day by -5.9% (95% CI: -2.0 to -9.9%) compared to baseline. During seated rest, PV increased (3.1%, 95% CI: 0.7–5.4%) but returned to baseline and then slightly decreased (-2.0%, 95% CI: 0.0 to -4.1%) at T260. Thus, when comparing PV changes immediately after active interventions (cycling, running, adrenaline) to the corresponding resting sample, significant reductions in PV were detected as the difference was cycling -14.3% (95% CI: -10.0 to -18.7), running -13.9% (95% CI: -10.9 to -17.0), and adrenaline -7.8% (95% CI: -4.2 to -11.5) with the changes following exercise being significantly higher compared to those manifesting during the infusion (p < 0.001; Figure 2). There was no difference in the changes observed after cycling vs. running (p = 0.99) (Figure 2).
Considering unadjusted changes, the biomarker of type II collagen degradation, C2M, was stable to the impact of exercise, while the biomarker of type II collagen formation, PRO-C2, increased during and immediately after exercise to return to baseline 30 min after. Adjusting for concurrent plasma volume fluctuation resulted in a significant decrease in C2M during and immediately following exercise, while adjustment in PRO-C2 eliminated all significant changes. (Figure 3).
[image: Figure 3]FIGURE 3 | Adjustment in biochemical markers. Serum markers of type II collagen degradation (C2M) and repair (PRO-C2) are displayed. Error bars represent a 95% confidence interval.
Results of linear multiple regression adjusted for age, sex, BMI, and pain score demonstrated a borderline significant correlation between age (r = 0.32, p = 0.06), and the change in PV after running, suggesting that higher age was associated with less reduction in PV. Sex (r = -0.41, p = 0.01) correlated negatively with the change in PV after running, suggesting that male sex was associated with a higher reduction in PV.
DISCUSSION
This study investigated acute and subacute changes in plasma volume in relation to moderate-high intensity running, cycling, and intravenous adrenaline infusion as well as rest in circulatory healthy middle-aged and elderly subjects with knee osteoarthritis. The adrenaline intervention allowed for exploration of the inherent effects of circulatory stress without joint and muscle use or postural effects. Two major findings are reported: 1) cycling and running lead to similar reductions in PV and 2) infusion of adrenaline mimicked the PV change observed in response to exercise.
Thus, PV fluctuations were evaluated during multiple interventions in a middle-aged to senior and mixed-gender population. The aimed intensity was set to a realistic minimum of 80% of the HRR considering the potential limited exercise performance of the subjects due to OA and age. The intensity was reached for all participants and the achievements and magnitude of the associated PV change seem logical considering the population characteristics, and the results are even in line with PV changes reported for young, healthy males (Kaltreider and Meneely, 1940). The similar changes following cycling and running suggest that hemoconcentration appears to depend on the circulatory load rather than on the weight-bearing load. This is supported by the observation that the PV changed following adrenaline infusion. The circulatory load, reflected in HR, reached by means of adrenaline infusion was somewhat lower than that reached during exercise likely explaining the reduced impact on plasma volume of adrenaline infusion compared to exercise. In addition, as the infusion was performed when the subjects were semi-recumbent, there was likely a postural bias, counteracting hemoconcentration (Hinghofer-Szalkay and Moser, 1986). Our finding is in line with previous studies, where plasma volume was found to decrease by 7.6% (Hilsted et al., 1989) and hemoglobin was found to increase (Rokamp et al., 2017) in response to adrenaline infusion. The slight initial decrease in hemoglobin at rest corresponds to the recruitment of fluid from the legs (Hagan et al., 1978; Matzen et al., 1991) in previously upright humans. In a few subjects, we observed a negative or no change in hemoglobin in response to exercise, suggesting euvolemia and hemodilution, respectively. The regression analysis suggests that factors such as sex and age affect the PV change after running but not cycling and adrenaline infusion. Our regression analysis findings may therefore be explained by a difference in the response to weight-bearing work as compared to non-weight-bearing work. However, considering the limited sample size and power loss due to multiple covariates, this finding should be interpreted with caution.
Rapid PV changes were seen in an intensity dose-response manner following brief ergometer cycling (Kaltreider and Meneely, 1940). Hour-long aerobic ergometer cycling induced an 11% reduction in PV, while 15 s sprints induced a 19% reduction in young males (Bloomer and Farney, 2013). In young healthy females, 30 s of all-out pedaling induced a 10–15% reduction in PV (Rotstein et al., 1982). Novasodova (1977) tested the effect of three intensities of cycling in young healthy males: prolonged exercise at 40 and 67% as well as a session at 100% intensity. PV decreased 13% after maximal exercise, while hemoglobin increased 8.9%. A slightly smaller (5.9%) reduction was observed after the 67% intensity session, and no changes were observed after exercise at 40% intensity. Further, a linear relationship between hematocrit and hemoglobin was reported (Novosadová, 1977), supporting the methods chosen in the current report. In sedentary young males, a 5.3% increase in hemoglobin was observed after four 30-s Wingate tests (Belviranli et al., 2017). Older individuals may have altered function compared to young individuals such as increased leakage of fluid into the interstitial space or reduced hemoconcentration due to reduced homeostatic capacity. We investigated middle-aged to senior males and females with knee OA and no known or observed cardiovascular comorbidities. This population is different from previous studies and is similar to studies evaluating novel OA drugs. Thus, our findings indicate that the PV described for healthy young subjects in response to exercise also applies to middle-aged and elderly OA patients.
Perspectives
In studies evaluating biochemical markers, it is important to know factors that may affect biomarker levels. Our results indicate slight to moderate hemoconcentration during and immediately after exercise that normalizes within 30 min. This study confirms Bloomer and Farney’s conclusion that plasma constituents measured in relation to exercise should be adjusted (Bloomer and Farney, 2013), and PV changes are taken into consideration when evaluating changes in plasma constituents in immediate response to exercise. Lack of adjustment for PV changes is also relevant for probably many, if not all, plasma constituents in response to exercise (Teixeira et al., 2014). Some plasma constituents may be redistributed from the bloodstream into the interstitial space during exercise, while other plasma constituents may stay in the concentrated circulation, and thus it may be necessary to be familiar with the kinetics of the relevant biomarker.
In Figure 3, the potential impact of adjustment for PV changes is illustrated using biomarker data from the EFEX-OA-02 study (Bjerre-Bastos J. et al., 2022; Bjerre-Bastos et al., 2022 J. J.). Two serum biomarkers are displayed: C2M, reflecting type II collagen degradation, and PRO-C2, reflecting type II collagen repair. As illustrated, the observed dynamics of biomarker PRO-C2 are temporally compatible with the observed reduction in PV in the acute phase where PV is reduced. Assuming concentration of the biomarker analyte in plasma as a result of PV reduction, adjustment for the reduced PV results in PRO-C2 levels which are not significantly different from baseline levels during this phase. Conversely, the observed changes in C2M are augmented by adjustment for reduced PV.
The tissue distribution kinetics of these two biomarkers in response to exercise-induced plasma redistribution is unknown, and thus the figures exemplify how considering PV changes may be relevant when measuring biochemical markers in direct relation to exercise, meaning during and immediately after. Lack of adjustment in samples obtained during or immediately after exercise may introduce a bias due to the shift in plasma volume, which could be misinterpreted as actual changes in the biochemical markers. In the current example, the adjustment in C2M turns the 10- and 20-min results into a significant change in the biomarker, while the initially observed PRO-C2 changes are virtually negated. The observed exercise-induced PV changes normalize and stabilize within 30 min after the bout, indicating that PV adjustment may have less relevance outside the acute window of exercise and on the long-term chronic effects of exercise on such markers. Past studies evaluating biochemical markers in an acute exercise setting generally did not adjust for acute plasma volume changes and observed prompt, transient increases in joint biochemical markers could therefore be biased (Andersson et al., 2006; Bjerre-Bastos et al., 2021a; Maren et al., 2022).
Measurement of changes in hemoglobin and hematocrit is a practically simple, cheap, and accessible way to evaluate plasma changes but is not considered as exact as more comprehensive methods (Johansen et al., 1998). The method of choice may depend on the expected magnitude of the changes in biochemical markers so that markers for which a substantial change may be expected are less relevant for PV adjustment and vice versa. Although methods based on hemoglobin/hematocrit may not be completely exact (Johansen et al., 1998), changes in hemoglobin have been shown to be in accord with PV changes (Kaltreider and Meneely, 1940) and are considered reliable. Another limitation is that intensity was not based on maximal oxygen uptake, but as this was a study of OA patients, pulse reserve was chosen based on the consensus recommendations for knee OA patients by the American Geriatric Society (Lundebjerg, 2001). Finally, subjects were fasted 6 hours prior to intervention/sample taking and throughout the 260-min sample periods, reducing nutritional bias. However, hydration status was not controlled, and this may limit the accuracy of our estimates.
CONCLUSION
In middle-aged and elderly subjects, PV reduced ∼11% in response to moderate-high intensity running and cycling, suggesting that the circulatory stress is crucial and not the mechanical load. Moderate cardiovascular stress by means of intravenous adrenaline infusion mimicked PV reduction by ∼ 5%, suggesting a separate influence of autonomic control on blood volume homeostasis. In this perspective, the temporal associations with PV should probably be taken into account when addressing biochemical marker dynamics during exercise.
DATA AVAILABILITY STATEMENT
The original contributions presented in the study are included in the article; further inquiries can be directed to the corresponding author.
ETHICS STATEMENT
The studies involving human participants were reviewed and approved by the Capital Region Scientific Ethics Committee B, reference number H-20026057. The patients/participants provided their written informed consent to participate in this study.
AUTHOR CONTRIBUTIONS
JB-B, AB, and HN designed the study. JB-B, CS, and C-CK performed the practical trial procedures and data collection under the supervision of NS. All authors contributed to the data analysis. CT facilitated biomarker analysis and interpretation. C-CK and JB-B drafted the first manuscript, and all other authors participated in critical review and provided final approval of the manuscript.
FUNDING
The study was co-funded by NBCD A/S and The Danish Research Foundation.
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors, and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
REFERENCES
 Alis R., Sanchis-Gomar F., Primo-Carrau C., Lozano-Calve S., Dipalo M. Aloe R., et al. (2015). Hemoconcentration Induced by Exercise: Revisiting the Dill and Costill Equation. Scand. J. Med. Sci. Sports 25, e630–e637. doi:10.1111/sms.12393
 Andersson M. L., Thorstensson C. A., Roos E. M., Petersson I. F., Heinegård D., Saxne T. (2006). Serum Levels of Cartilage Oligomeric Matrix Protein (COMP) Increase Temporarily after Physical Exercise in Patients with Knee Osteoarthritis. BMC Musculoskelet. Disord. 7, 98. doi:10.1186/1471-2474-7-98
 Belviranli M., Okudan N., Kabak B. (2017). The Effects of Acute High-Intensity Interval Training on Hematological Parameters in Sedentary Subjects. Med. Sci. 5, 15. doi:10.3390/medsci5030015
 Bjerre-Bastos J. J., Nielsen H. B., Andersen J. R., Karsdal M., Bay-Jensen A.-C. Boesen M., et al. (2021a). Does Moderate Intensity Impact Exercise and Non-impact Exercise Induce Acute Changes in Collagen Biochemical Markers Related to Osteoarthritis? - an Exploratory Randomized Cross-Over Trial. Osteoarthr. Cartil. 29, 986–994. doi:10.1016/j.joca.2021.02.569
 Bjerre-Bastos J. J., Nielsen H. B., Andersen J. R., Karsdal M., Boesen M. Mackey A. L., et al. (2021b). A Biomarker Perspective on the Acute Effect of Exercise with and without Impact on Joint Tissue Turnover: an Exploratory Randomized Cross-Over Study. Eur. J. Appl. Physiol. 121, 2799–2809. doi:10.1007/s00421-021-04751-z
 Bjerre-Bastos J. J., Sejersen C., Nielsen H. B., Boesen M., Secher N. H. Distajo G., et al. (2022a). A RANDOMIZED, CROSS-OVER STUDY TO INVESTIGATE THE EFFECT OF WEIGHT-BEARING VS NON-WEIGHT-BEARING EXERCISE AND CARDIOVASCULAR STRESS ON TYPE II COLLAGEN TURNOVER IN PATIENTS WITH KNEE OSTEOARTHRITIS - SERUM BIOMARKER DATA FROM THE EFEX-OA-02 STUDY. Osteoarthr. Cartil. 30, S102–S103. doi:10.1016/j.joca.2022.02.129
 Bjerre-Bastos J., Sejersen C., Nielsen H. B., Secher N. H., Kitchen C.-C. Miller C. P., et al. (2022b). CHANGES IN PLASMA VOLUME WHEN MEASURING BIOCHEMICAL MARKERS IN RELATION TO ACUTE PHYSICAL ACTIVITY IN OSTEOARTHRITIS. Osteoarthr. Cartil. 30, S96. doi:10.1016/j.joca.2022.02.121
 Bjerre‐Bastos J. J., Karsdal M. A., Boesen M., Bliddal H., Bay‐Jensen A. C. Andersen J. R., et al. (2020). The Acute and Long‐term Impact of Physical Activity on Biochemical Markers and MRI Measures in Osteoarthritis-Perspectives for Clinical Osteoarthritis Research. Transl. Sports Med. 3, 384–394. doi:10.1002/tsm2.155
 Bloomer R. J., Farney T. M. (2013). Acute Plasma Volume Change with High-Intensity Sprint Exercise. J. Strength Cond. Res. 27, 2874–2878. doi:10.1519/JSC.0b013e318282d416
 Dreiner M., Munk T., Zaucke F., Liphardt A.-M., Niehoff A. (2022). Relationship between Different Serum Cartilage Biomarkers in the Acute Response to Running and Jumping in Healthy Male Individuals. Sci. Rep. 12, 1–10. doi:10.1038/s41598-022-10310-z
 Gibson J. G., Evans W. A. (1937). CLINICAL STUDIES OF THE BLOOD VOLUME. I. CLINICAL APPLICATION OF A METHOD EMPLOYING THE AZO DYE “EVANS BLUE” AND THE SPECTROPHOTOMETER. J. Clin. Invest. 16, 301–316. doi:10.1172/jci100859
 Hagan R. D., Diaz F. J., Horvath S. M. (1978). Plasma Volume Changes with Movement to Supine and Standing Positions. J. Appl. Physiology 45, 414–417. doi:10.1152/jappl.1978.45.3.414
 Hilsted J., Christensen N. J., Larsen S. (1989). Effect of Catecholamines and Insulin on Plasma Volume and Intravascular Mass of Albumin in Man. Clin. Sci. 77, 149–155. doi:10.1042/cs0770149
 Hinghofer-Szalkay H., Moser M. (1986). Fluid and Protein Shifts after Postural Changes in Humans. Am. J. Physiology-Heart Circulatory Physiology 250, H68–H75. doi:10.1152/ajpheart.1986.250.1.h68
 Johansen L. B., Videbæk R., Hammerum M., Norsk P. (1998). Underestimation of Plasma Volume Changes in Humans by Hematocrit/hemoglobin Method. Am. J. Physiology-Regulatory, Integr. Comp. Physiology 274, R126–R130. doi:10.1152/ajpregu.1998.274.1.r126
 Kaltreider N. L., Meneely G. R. (1940). THE EFFECT OF EXERCISE ON THE VOLUME OF THE BLOOD. J. Clin. Invest. 19, 627–634. doi:10.1172/jci101165
 Kokholm G. (1990). Simultaneous Measurements of Blood pH,pCO2,pO2and Concentrations of Hemoglobin and its Derivates-A Multicenter Study. Scand. J. Clin. Laboratory Investigation 50, 75–86. doi:10.3109/00365519009087494
 Londeree B. R., Moeschberger M. L. (1982). Effect of Age and Other Factors on Maximal Heart Rate. Res. Q. Exerc. Sport 53, 297–304. doi:10.1080/02701367.1982.10605252
 Lundebjerg N. (2001). Exercise Prescription for Older Adults with Osteoarthritis Pain: Consensus Practice Recommendations. J. Am. Geriatr. Soc. 49, 808–823. doi:10.1046/j.1532-5415.2001.00496.x
 Matzen S., Perko G., Groth S., Friedman D. B., Secher N. H. (1991). Blood Volume Distribution during Head-Up Tilt Induced Central Hypovolaemia in Man. Clin. Physiol. 11, 411–422. doi:10.1111/j.1475-097X.1991.tb00813.x
 Novosadov J. (1977). The Changes in Hematocrit, Hemoglobin, Plasma Volume and Proteins during and after Different Types of Exercise. Eur. J. Appl. Physiol. 36, 223–230. doi:10.1007/BF00421753
 Roberts H. M., Law R.-J., Thom J. M. (2019). The Time Course and Mechanisms of Change in Biomarkers of Joint Metabolism in Response to Acute Exercise and Chronic Training in Physiologic and Pathological Conditions. Eur. J. Appl. Physiol. 119, 2401–2420. doi:10.1007/s00421-019-04232-4
 Rokamp K. Z., Staalsø J. M., Zaar M., Rasmussen P., Petersen L. G. Nielsen R. V., et al. (2017). The Gly16 Allele of the G16R Single Nucleotide Polymorphism in the β2-Adrenergic Receptor Gene Augments the Glycemic Response to Adrenaline in Humans. Front. Physiol. 8. doi:10.3389/fphys.2017.00661
 Rotstein A., Bar-Or O., Dlin R. (1982). Hemoglobin, Hematocrit, and Calculated Plasma Volume Changes Induced by a Short, Supramaximal Task. Int. J. Sports Med. 03, 230–233. doi:10.1055/s-2008-1026093
 Teixeira A. de O., Franco O. S., Borges M. M., Martins C. N., Guerreiro L. F. da Rosa C. E., et al. (2014). The Importance of Adjustments for Changes in Plasma Volume in the Interpretation of Hematological and Inflammatory Responses after Resistance Exercise. J. Exerc. Physiol. Online 17, 72–83. 
 van Beaumont W., Strand J. C., Petrofsky J. S., Hipskind S. G., Greenleaf J. E. (1973). Changes in Total Plasma Content of Electrolytes and Proteins with Maximal Exercise. J. Appl. Physiology 34, 102–106. doi:10.1152/jappl.1973.34.1.102
 van Spil W. E., Szilagyi I. A. (2020). Osteoarthritis Year in Review 2019: Biomarkers (Biochemical Markers). Osteoarthr. Cartil. 28, 296–315. doi:10.1016/j.joca.2019.11.007
Conflict of Interest: JB-B and AB were employed by the company NBCD A/S.
PD and CT were employed by the company Nordic Bioscience A/S.
The remaining authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2022 Bjerre-Bastos, Sejersen, Bihlet, Secher, Mackey, Kitchen, Drobinski, Thudium and Nielsen. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/inline_2.gif
%APV = [100/ (100 — Hcty,e ) x| 100 (Hety,re — Hetyos )/ Heto |





OPS/images/fphys-13-948087-g003.gif
8

[

cam

o % w0 150 20 260

T (i)
PRO-C2
AN

o s w0 150 20 20

e (mbdatank





OPS/images/inline_1.gif





OPS/xhtml/nav.xhtml
Contents

		Cover

		An Estimate of Plasma Volume Changes Following Moderate-High Intensity Running and Cycling Exercise and Adrenaline Infusion		Introduction

		Methods

		Results

		Discussion		Perspectives





		Conclusion

		Data Availability Statement

		Ethics Statement

		Author Contributions

		Funding

		Publisher’s Note

		References









OPS/images/cover.jpg
’frontiers | Frontiers in Physiology






OPS/images/fphys-13-948087-g001.gif
oy

foreas]

[ hstis

Randomtzation

1 week

Tweek






OPS/images/fphys-13-948087-g002.gif
-yeling. Running

I

Ay

o (minuts) Time rinctes)

Adrenaline Resting










OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
,frontiers ‘ Frontiers in Physiology





