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Abstract
Purpose Previous studies have shown an increase in erythrocyte lipid peroxidation and a decrease in red blood cell (RBC) 
count, hemoglobin, and hematocrit after only one recreational scuba diving session. The aim of this study was to examine 
the effect of repetitive scuba diving on RBC parameters and erythropoiesis.
Methods Divers (N = 14) conducted one dive per week over 5 weeks at a depth of 20–30 m for 30 min. For measuring RBC 
parameters, erythropoietin, iron, and ferritin, blood samples were collected before and after the first, third, and fifth dive.
Results Between pre- and post-dive results, a statistically significant increase in RBC count, hemoglobin, hematocrit, mean 
corpuscular volume (MCV), RBC distribution width (RDW), iron, and ferritin was observed. Analysis of the results between 
the first, third, and fifth dive showed that the erythropoietin increase at the third (pre-dive p = 0.009; post-dive p = 0.004) 
and fifth dive (pre-dive p < 0.001; post-dive p = 0.003) was not accompanied by changes in RBC count, hemoglobin, iron, 
and ferritin. In parallel, a continuous increase in hematocrit, MCV, and RDW was observed, whereas mean corpuscular 
hemoglobin (MCH) and mean corpuscular hemoglobin concentration (MCHC) decreased.
Conclusions Changes in RBC indices and EPO elevation indicate that the occasional switch from hyperoxia to normoxia or 
mechanisms for plasma volume regulation may be a step in the maintenance of erythropoiesis.

Keywords Scuba diving · Hyperoxia · Erythropoietin · Red blood cells · Erythropoiesis

Abbreviations
BMI  Body mass index
EPO  Erythropoietin
IQR  Interquartile range
MCH  Mean corpuscular hemoglobin
MCHC  Mean corpuscular hemoglobin concentration
MCV  Mean corpuscular volume
RBC  Red blood cell

RDW  RBC distribution width
SCUBA  Self-contained breathing apparatus

Introduction

Diving with a self-contained breathing apparatus (scuba) 
is a physical activity followed by hyperbaric exposure 
and oxygen availability under elevated pressure resulting 
in hyperbaric hyperoxia. Under atmospheric conditions, 
about 97% of total oxygen in blood is transported reversibly 
bound to hemoglobin in red blood cells (RBCs), whereas 
the remaining 3% of oxygen is dissolved in plasma. Hyper-
baric exposure, as well as, breathing 100% oxygen increases 
the amount of dissolved oxygen in the plasma and enhances 
tissue oxygenation by acting on hemoglobin-independent 
oxygen transport (Jain 2017a).

Several studies, investigating possible harmful effects 
of long-term hyperbaric exposure (saturation diving), have 
reported a decrease in reticulocyte and RBC count, eryth-
ropoietin (EPO), and hemoglobin levels during these dives 

Communicated by Guido Ferrett.

 * Antonija Perović 
 perovic.antonija@gmail.com

1 Department of Laboratory Diagnostics, Dubrovnik General 
Hospital, Dr. Roka Mišetića 2, 20000 Dubrovnik, Croatia

2 University Department of Laboratory Diagnostics, Dubrava 
University Hospital, Zagreb, Croatia

3 Faculty of Pharmacy and Biochemistry, Department 
of Biochemistry and Molecular Biology, University 
of Zagreb, Zagreb, Croatia

http://orcid.org/0000-0002-2633-3669
http://orcid.org/0000-0001-6768-9218
http://orcid.org/0000-0001-8629-3008
http://orcid.org/0000-0002-6822-134X
http://crossmark.crossref.org/dialog/?doi=10.1007/s00421-020-04395-5&domain=pdf


 European Journal of Applied Physiology

1 3

(Hofsø et al. 2005; Revelli et al. 2013; Thorsen et al. 2001). 
Furthermore, after saturation diving, downregulation of 
genes involved in oxygen transport, including reduced pro-
duction and activity of heme, hemoglobin, and RBCs, was 
observed (Kiboub et al. 2018a). It was also shown that the 
effect of hyperoxia on EPO production can be twofold. A 
phenomenon known as the “normobaric oxygen paradox” 
was first described in healthy subjects after breathing 100% 
oxygen at normal pressure (Balestra et al. 2006), but also 
later after saturation dives (Revelli et al. 2013; Kiboub et al. 
2018b). In fact, moving from hyperoxia to normoxia (breath-
ing normobaric atmospheric air) can cause a relative hypoxia 
and can be a trigger for EPO production and erythropoiesis.

However, there is a lack of studies on the effects of recre-
ational scuba diving on EPO production and erythropoiesis. 
It should be emphasized that saturation diving is, in many 
aspects, different from the recreational scuba diving, which 
is considered as non-saturation diving. In saturation diving, 
divers spend several days or week at hyperbaric conditions 
using pressure chambers for living, and the breathing gas 
used (most commonly heliox—a mixture of oxygen and 
helium) dissolves in the body tissues and reaches equilib-
rium with the ambient pressure at the diver’s depth (Brubakk 
et al. 2014). Recreational or sport scuba diving means diving 
to a depth of no more than 40 m, using only compressed air 
or nitrox (mixture of nitrogen and oxygen) and requires no 
mandatory decompression stop (CMAS, 2012). Recreational 
divers limit their time at depth to avoid becoming saturated, 
so they can make a direct ascent to the surface. A scuba 
diving beyond recreational limits (technical scuba diving) 
requires decompression stop to gradually release the dis-
solved gases from the tissue, and these stops can take days 
for saturation divers (DAN 2017).

In our previous studies, we observed an increase in 
erythrocytes lipid peroxidation (Perovic et al. 2018) and a 
decrease in RBC count, hemoglobin, and hematocrit after 
only one recreational scuba diving session (Perovic et al. 
2017). Therefore, the aim of the present work was to exam-
ine the adaptive response of erythropoiesis during five dives 
performed once a week by monitoring changes in RBC 
parameters, erythropoietin, ferritin, and iron concentration 
before and after dives.

Materials and methods

Participants

The study included 14 male recreational divers, median age 
(range) 42 (19–54) years with the diving experience between 
3 and 20 years, and the number of dives per year less than 
30.

All participants did not practice diving for at least 5 
months (during the winter) and were not professional ath-
letes. Their height, weight, and body mass index (BMI), 
expressed as median and interquartile range (IQR), were 
1.80 (1.76–1.86) m, 85 (77–93) kg, and 26.4 (23.5–28.5) 
kg/m2. Divers had a valid medical certificate for diving, and 
did not take any antioxidant supplements or other type of 
dietary supplements 2 months before the study and during 
the study. The study was designed in accordance with the 
Declaration of Helsinki and was approved by the Ethical 
Committee of the University of Zagreb Faculty of Pharmacy 
and Biochemistry, Croatia. Participants were informed of 
the study purpose and protocol and they all signed informed 
consent.

Dive protocol and blood collection

Experimental dives were conducted at the Adriatic seaside 
from March to April 2019. For the purpose of this study, all 
divers performed five dives (one dive per week); a first dive 
at a maximum depth of 20 m for a total time of 30 min (day 
1), and the remaining four dives at a maximum depth of 
30 m for a total time of 30 min (days 8, 15, 22, 29). All five 
dives were carried out at the same time in the morning, with 
gradual immersion up to maximum depth (the descent was 
about 10 m/min) and gradual return to the surface without 
decompression stops (the ascent was about 9 m/min). Diving 
equipment consisted of wetsuits, dive computers, and open-
circuit scuba diving apparatus with compressed air. Dive 
profiles were downloaded from dive computers for analysis 
of the dive depth and duration, and sea temperature. The sea 
temperature was between 12 and 15 °C, and the air tempera-
ture was between 16 and 20 °C.

Blood samples were collected immediately before and 
after the first (day 1), third (day 15), and fifth dive (day 29). 
Blood samples were drawn from the antecubital vein of sub-
jects, directly into vacuum tubes with  K2EDTA and vacuum 
tubes with clot activator and gel separator.

Methods

Within 1 h after blood sampling, using Cell Dyn Ruby hema-
tology analyzer (Abbott, Illinois, USA), the following RBC 
parameters were measured: RBC count, hemoglobin, mean 
corpuscular volume (MCV), and RBC distribution width 
(RDW), while hematocrit, mean corpuscular hemoglobin 
(MCH), and mean corpuscular hemoglobin concentration 
(MCHC) were calculated from the measured parameters.

Blood samples in test tubes with clot activator and gel 
separator were centrifuged at 2200 g for 10 min, and col-
lected serum samples were stored at  − 80 °C for deter-
mination of EPO, ferritin, and iron. Iron was measured 
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spectrophotometrically, and ferritin was measured by immu-
noturbidimetric assay on the DxC 700 analyzer (Beckman 
Coulter, Brea, USA) according to the manufacturer’s speci-
fications and using proprietary reagents. Level of EPO was 
determined by solid-phase enzyme-labeled chemilumines-
cent immunometric assay on Immulite 2000 XPi analyzer 
(Siemens Healthcare Diagnostics, NJ, USA).

Statistical analysis

Normality of data distribution was tested using the Sha-
piro–Wilk test. According to the data distribution, only 
non-parametric tests were used, and the data are presented 
as the median and interquartile range (IQR). The differ-
ence between pre- and post-dive results was tested using 
the Wilcoxon signed-rank test, while differences between 
all pre-dive results, as well as all post-dive results, was 
assessed using the Friedman test. When the Friedman test 
was positive (p < 0.05), post hoc analysis using Wilcoxon 
signed-rank tests was conducted with a Bonferroni correc-
tion applied, resulting in a significance level set at p < 0.017 
(0.05/3 = 0.017). Additionally, for parameters that showed 
a statistically significant difference between the first, third, 
and fifth dive, the relative difference was determined for 
each subject, and mean difference with the 95% confidence 
interval was calculated between subjects. The mean differ-
ence (%) was also estimated according to the intra-subject 
biological variation derived from Westgard database (Ricos 
et al. 1999). The effect sizes were determined by Kendall’s 
coefficient of concordance (W) for the Friedman test (Tom-
czak and Tomczak 2014), and by point-biserial correlation 
(rpb) for the Wilcoxon signed-rank test (Fritz et al. 2012), 
and were estimated as: small effect 0.1–0.29; medium effect 
0.3–0.49; large effect 0.5–1 (Cohen 1992). Statistical anal-
yses were conducted using the Statistical Package for the 
Social Sciences (SPSS) (IBM SPSS Statistics 22.0.0, SPSS 
Inc., USA).

Results

Table 1 shows the results of the RBC parameters, iron 
and ferritin, including the results of the statistical analysis 
between the values immediately before and after the dive 
(Wilcoxon test), and pre- and post-dive values between the 
first, third, and fifth dive (Friedman test). All three diving 
sessions caused a statistically significant increase in RBC 
count, hemoglobin, hematocrit, MCV, and RDW immedi-
ately after the dive. A significant increase in ferritin level 
was found after the third and fifth dive, while iron level 
increased after the fifth dive only.

A Friedman analysis of pre- and post-dive results 
showed statistically significant changes in RBC indices 

and hematocrit, whereas no statistically significant changes 
in RBC count, hemoglobin, iron, and ferritin levels were 
noticed. Post hoc analysis (Table 2) showed an increase in 
MCV and a decrease in MCHC at the third dive. At the 
fifth dive, an increase in hematocrit, MCV, and RDW, and 
a decrease in MCH and MCHC were found. Comparisons 
of the results between the third and fifth dive showed an 
increase in RDW, whereas MCH and MCHC decreased.

Regarding EPO level (Fig. 1), no statistically significant 
changes were found between pre- and post-dive results (the 
first dive: p = 0.572, rpb 0.11; the third dive: p = 0.593, rpb 
0.10; the fifth dive: p = 0.576, rpb 0.11). However, as shown 
in Table 2, a statistically significant increase with a medium 
and large effect size was observed before and after the third 
dive compared to the level before and after the first dive 
(pre-dive: p = 0.009, rpb 0.49; post-dive: p = 0.004, rpb 0.54). 
Also, a statistically significant increase with a large effect 
size was found before and after the fifth dive compared to the 
first dive (pre-dive: p ˂ 0.001, rpb 0.62; post-dive: p = 0.003, 
rpb 0.56).

Mean values of percentage difference for the parameters 
that showed statistically significant changes during the five 
dives are presented in Fig. 2. Intra-subject biological vari-
ation derived from the Westgard database was exceeded 
for all RBC parameters (hematocrit, MCV, MCH, MCHC, 
and RDW). The differences for EPO between the first and 
third dives were 29% pre-dive and 31% post-dive, and those 
between the first and fifth dives were 28% pre-dive and 31% 
post-dive (Table 2).

Discussion

This study had two main objectives, to examine the effect 
of five consecutive dives performed once a week on RBC 
parameters, and to assess whether continuous diving prac-
tice had an impact on EPO production. Our results showed 
changes in some of RBC parameters during 4 weeks, but no 
changes in RBC count and hemoglobin level were observed. 
On the other hand, an increase in serum EPO level before 
and after the third and fifth dive as compared to the lev-
els before and after the first dive indicated stimulation of 
erythropoiesis.

The effects of scuba diving on human (pato)physiological 
processes are reflected through numerous factors, includ-
ing exercise in a hyperbaric environment, breathing com-
pressed air at elevated pressure, the effect of immersion, and 
exposure to coldness, resulting in additional factors such as 
hyperoxia, oxidative stress, and the formation of intravascu-
lar bubbles (Perovic et al. 2014). Although intensive stud-
ies in the recent years have provided many answers about 
the effects of extreme environments on human physiology 
(Balestra et al. 2018), there are still a lot of open questions 
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Table 1  Results of red blood 
cell parameters, iron, and 
ferritin before and after the first, 
third, and fifth dive

Dive 1 (day 1) Dive 3 (day 15) Dive 5 (day 29) Friedman test

p W

Erythrocytes  (1012/L)
 Pre-dive 5.19 (4.91–5.24) 5.18 (4.95–5.21) 5.19 (5.04–5.32) 0.257 0.10
 Post-dive 5.28 (5.05–5.36)a 5.28 (5.10–5.34)a 5.30 (5.10–5.71)a 0.931 0.01

Wilcoxon test 
 p 0.011 0.002 0.049
 rpb 0.46 0.55 0.37

Hemoglobin (g/L)
 Pre-dive 151 (148–157) 150 (146–155) 151 (146–157) 0.494 0.05
 Post-dive 155 (152–159)a 153 (150–157)a 159 (149–162)a 0.981 0.00

Wilcoxon test 
 p 0.009 0.001 0.007
 rpb 0.49 0.61 0.51

Hematocrit (L/L)
 Pre-dive 0.449 (0.431–0.458) 0.456 (0.442–0.460) 0.456 (0.450–0.479)b 0.007 0.36
 Post-dive 0.460 (0.447–0.467)a 0.465 (0.455–0.478)a 0.480 (0.459–0.515)a,b 0.003 0.40

Wilcoxon test
 p 0.006 < 0.001 0.007
 rpb 0.52 0.60 0.49

MCV (fL)
 Pre-dive 87.1 (85.8–88.3) 88.3 (87.5–89.6) 88.4 (87.1–89.8)b < 0.001 0.59
 Post-dive 87.9 (86.3–88.8)a 89.4 (88.3–90.1)a 89.9 (87.6–90.6)a,b < 0.001 0.74

Wilcoxon test 
 p 0.004 < 0.001 0.001
 rpb 0.52 0.62 0.59

MCH (pg)
 Pre-dive 29.7 (28.9–30.4) 29.5 (28.5–30.2) 29.0 (28.2–29.7)b < 0.001 0.77
 Post-dive 29.6 (28.8–30.5) 29.6 (28.4–30.1) 28.9 (28.4–29.6)b 0.011 0.32

Wilcoxon test 
 p 0.773 0.566 0.750
 rpb 0.07 0.12 0.07

MCHC (g/L)
 Pre-dive 339 (335–343) 334 (327–337) 330 (322–333)b < 0.001 0.98
 Post-dive 336 (332–342) 332 (328–336) 326 (318–330)b < 0.001 0.63

Wilcoxon test 
 p 0.051 0.186 0.212
 rpb 0.30 0.26 0.24

RDW (%CV)
 Pre-dive 10.4 (9.99–10.7) 10.4 (10.1–10.8) 10.8 (10.3–11.0)b < 0.001 0.63
 Post-dive 10.4 (10.1–10.8)a 10.6 (10.0–10.9)a 11.1 (10.4–11.5)a,b < 0.001 0.55

Wilcoxon test 
 p 0.047 0.012 0.009
 rpb 0.38 0.48 0.49

Fe (µmol/L)
 Pre-dive 19.2 (15.3–21.2) 17.1 (12.4–18.0) 18.5 (13.7–21.7) 0.395 0.07
 Post-dive 19.7 (14.6–21.9) 17.7 (13.5–20.8) 19.4 (15.5–23.7)a 0.424 0.06

Wilcoxon test 
 p 0.363 0.056 0.009
 rpb 0.17 0.36 0.49
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and contradictions. It is worth mentioning that EPO is recog-
nized as a cytoprotective agent that has a protective effect on 
the neurological and cardiovascular systems (Rey et al. 2019; 
Santhanam et al. 2010). As suggested in the recent article 
(Balestra et al. 2019), the increase in EPO may have addi-
tional significance in the adaptive response to cardiovascular 

and neurological changes observed in scuba diving (Žarak 
et al. 2019; Bilopavlović et al. 2013).

It is well known that EPO production increases under 
hypoxic conditions in the kidneys and, in minor amounts, 
in distinct other organs such as the liver and the brain 
(Jelkmann 2011). Therefore, human adaptation to high 

MCV mean corpuscular volume, MCH mean corpuscular hemoglobin, MCHC mean corpuscular hemo-
globin concentration, RDW red blood cells distribution width
Data are presented as median and interquartile range. p < 0.05 was considered statistically significant. Ken-
dall’s coefficient of concordance (W) and point-biserial correlation (rpb) represent the effect size
a Statistically significant difference between pre- and post-dive (Wilcoxon test)
b Statistically significant difference between Dive 1, Dive 3, and Dive 5 (Friedman test)

Table 1  (continued) Dive 1 (day 1) Dive 3 (day 15) Dive 5 (day 29) Friedman test

p W

Ferritin (µg/L)
 Pre-dive 158.2 (58.8–218.0) 158.3 (56.3–206.7) 166.9 (52.3–209.8) 0.257 0.10
 Post-dive 162.7 (62.5–222.6) 163.2 (57.2–214.8)a 178.4 (55.1–217.1)a 0.708 0.03

Wilcoxon test
 p 0.263 0.006 0.004
 rpb 0.21 0.52 0.55

Table 2  Post hoc analysis for parameters that showed statistically significant difference between Dive 1, Dive 3, and Dive 5

MCV mean corpuscular volume, MCH mean corpuscular hemoglobin, MCHC mean corpuscular hemoglobin concentration, RDW red blood cells 
distribution width
The post hoc analysis was performed using Wilcoxon test with a Bonferroni correction applied
Point-biserial correlation (rpb) represents the effect size
a Statistically significant difference (p < 0.017)

Dive 3 vs. Dive 1 Dive 5 vs. Dive 1 Dive 5 vs. Dive 3

% Mean difference (95% 
Cl)

p rpb % Mean difference (95% 
Cl)

p rpb % Mean difference (95% 
Cl)

p rpb

Hematocrit (L/L)
 Pre-dive 1.23 (0.21 to 2.22) 0.045 0.38 3.79 (2.22 to 5.56)a < 0.001 0.61 2.56 (0.83 to 4.51) 0.048 0.37
 Post-dive 1.50 ( − 0.04 to 3.00) 0.064 0.35 5.91 (1.97 to 10.30)a 0.007 0.51 4.45 (0.45 to 9.70) 0.108 0.30

MCV (fL)
 Pre-dive 1.40 (0.80 to 1.85)a 0.003 0.57 1.52 (1.08 to 1.93)a < 0.001 0.61 0.13 (− 0.35 to 0.58) 0.345 0.18
 Post-dive 1.56 (1.12 to 1.97)a < 0.001 0.62 2.10 (1.46 to 2.62)a < 0.001 0.60 0.53 (– 0.19 to 1.09) 0.038 0.39

MCH (pg)
 Pre-dive  − 0.59 ( − 1.03 to  − 0.09) 0.029 0.41  − 1.86 ( − 2.28 to  − 1.41)a < 0.001 0.62  − 1.28 ( − 1.72 to  − 0.84)a < 0.001 0.62
 Post-dive  − 0.21 (− 0.92 to 0.70) 0.415 0.16  − 1.66 (− 2.43 to  − 0.73)a 0.007 0.48  − 1.43 ( − 2.62 to  − 0.23) 0.031 0.40

MCHC (g/L)
 Pre-dive  − 1.92 ( − 2.52 to  − 1.32)a < 0.001 0.60  − 3.31 ( − 3.73 to  − 2.91)a < 0.001 0.63  − 1.40 ( − 1.93 to  − 0.94)a < 0.001 0.63
 Post-dive  − 1.71 ( − 2.59 to  − 0.70)a 0.006 0.49  − 3.58 ( − 4.56 to  − 2.42)a ˂0.001 0.61  − 1.86 ( − 3.41 to  − 0.25) 0.056 0.36

RDW (%CV)
 Pre-dive 0.79 (0.59 to 1.42) 0.039 0.39 3.92 (2.63 to 5.32)a 0.002 0.61 3.12 (1.68 to 4.73)a 0.003 0.54
 Post-dive 1.22 (0.44 to 2.14) 0.021 0.47 4.59 (2.84 to 6.36)a 0.002 0.59 3.34 (1.61 to 5.11) 0.057 0.52

Erythropoietin (IU/L)
 Pre-dive 28.55 (12.46 to 46.82)a 0.009 0.49 27.72 (19.66 to 36.68)a < 0.001 0.62 5.40 (− 8.41 to 19.00) 0.730 0.07
 Post-dive 31.41 (15.75 to 48.29)a 0.004 0.54 30.54 (16.50 to 45.52)a 0.003 0.56 2.87 ( − 10.02 to 6.14) 0.875 0.03
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altitudes or hypobaric hypoxia exposure leads to an 
increase of EPO production and erythropoiesis stimula-
tion (Viscor et al. 2018). Furthermore, it was also shown 
that EPO production may increase even upon shorter 
exposure to normobaric hypoxia (180 min) (Törpel et al. 
2019). In opposite, a prolonged exposure to hyperbaric 

hyperoxia during saturation diving causes a decrease in 
EPO, RBC count, and hemoglobin levels, and can lead 
to anemia development (Hofsø et al. 2005; Revelli et al. 
2013; Thorsen et al. 2001). The mechanism of the hyper-
oxia effect on EPO suppression has not been fully eluci-
dated, but it has been hypothesized to be caused by an 
increase in free radical production (Mutzbauer et al. 2015; 
Momeni et al. 2011).

Yet, according to the “normobaric oxygen paradox”, a 
theory proposed by Balestra and colleagues (2006), the shift 
from hyperoxia to normoxia, may represent a new adaptation 
for the organism, that is, false or relative hypoxia. As previ-
ously mentioned, a delayed increase in EPO production was 
found after breathing normobaric 100% oxygen (Balestra 
et al. 2004, 2006) as well as after saturation dives (Kiboub 
et al. 2018b; Hofsø et al. 2005; Revelli et al. 2013). On 
the other hand, several studies have shown that there is no 
change in EPO production after acute short-term and long-
term intermittent normobaric respiration of 100% oxygen 
(Keramidas et al. 2011, 2012; Debevec et al. 2012), which is 
contrary to the proposed “normobaric oxygen paradox” the-
ory. Therefore, it appears that different hyperoxia exposure 
protocols elicit different EPO responses (Balestra et al. 2006; 
Balestra and Germonpre 2011; Ciccarella et al. 2011). The 
“normobaric oxygen paradox” theory has proven successful 
in several protocols of 100 or 60% oxygen administration to 
the healthy subjects and postoperative patients, resulting in 
an increase in reticulocyte count and hemoglobin level (De 
Bels et al. 2012; Khalife et al. 2018; Lafere et al. 2013).

Fig. 1  Changes in erythropoietin level during the five dives. Data are 
presented as median and interquartile range. The difference between 
pre- and post-dive was tested using Wilcoxon test (p < 0.05). The dif-
ference between Dive 1, Dive 3, and Dive 5 was assessed using Fried-
man test (p < 0.05) and the post hoc analysis was performed using 
Wilcoxon test with a Bonferroni correction applied (p < 0.017). aSta-
tistically significant difference respect to Dive 1

Fig. 2  Mean value of percentage difference for parameters that 
showed statistically significant changes during the five dives. a Htc 
hematocrit, b MCV mean corpuscular volume, c RDW red blood cells 
distribution width, d MCH mean corpuscular hemoglobin, e MCHC 

mean corpuscular hemoglobin, and f EPO erythropoietin.  CVI intra-
subject biological variation from Westgard database (for EPO data 
not available)
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Furthermore, it has been shown that the use of antioxi-
dants may attenuate EPO decline during diving with closed-
circuit rebreathing apparatus using pure oxygen (Mutz-
bauer et al. 2015), but also in normobaric oxygen breathing 
(Momeni et al. 2011), suggesting, as previously mentioned, 
that EPO decrease caused by hyperoxia may be mediated by 
free radicals. Our results, in the case of recreational scuba 
diving, support the phenomenon of “normobaric oxygen 
paradox”, which means that relative hypoxia (recurrent 
exposure to normobaric oxygen breathing after hyperoxic 
conditions during diving) is a stronger trigger for EPO pro-
duction than discussed inhibition of EPO production due to 
hyperoxia or free radical production.

Another reason for the increased EPO production might 
be associated with the effect of immersion during diving and 
plasma volume change (Kirsch et al. 2005). Intrathoracic 
blood centralization during immersion results in a decreased 
release of antidiuretic hormone and an increased secretion of 
atrial natriuretic peptide, thus leading to diuresis, natriuresis, 
and decreased plasma volume (Jain 2017b; Mutzbauer et al. 
2015). A plasma volume reduction can be a trigger for EPO 
production through the activation of the renin–angiotensin 
system and the formation of angiotensin II (Ang II), which 
is recognized as a stimulator of EPO production (Gossmann 
et al. 2001). The role of Ang II in promoting erythropoie-
sis has two key actions: first, Ang II is a growth factor of 
erythroid progenitors and together with EPO increases red 
blood cell mass; second, it acts as an EPO secretagogue 
increasing the level of EPO even at hematocrit increase 
(Vlahakos et al. 2010). The hypothesized effect of plasma 
volume role in modulating serum EPO is consistent with 
data published by Roberts and colleagues (2000). In addi-
tion, in our study, an increase in RBC count, hemoglobin, 
hematocrit, MCV, RDW, iron, and ferritin observed immedi-
ately after diving probably lies in plasma volume reduction 
and hemoconcentration.

To avoid possible variations due to the influence of hemo-
concentration, acute phase reaction, or diurnal rhythm, a 
comparison of the studied parameters between the first, third, 
and fifth dive was performed in samples obtained before 
and after diving. The observed increase in EPO concentra-
tion was confirmed both in values before and after diving at 
the third and fifth dive as compared to the first dive values. 
Interestingly, despite the EPO elevation, no changes in RBC 
count and hemoglobin level were found during all 5 weeks. 
However, a continuous increase was observed in hematocrit 
level, MCV, and RDW. As the hematocrit was calculated 
from the RBC count and MCV, it is obvious that the hema-
tocrit increase was due to the larger erythrocyte volume. The 
observed continued increase in MCV and RDW indicates a 
possible reason of unchanged RBC count. Usually, RDW 
is elevated when there is intensified red cell destruction or 
increased red cell production (Sičaja et al. 2013). Together 

with mild macrocytosis, reflected by increased MCV, RDW 
increase is present when erythropoiesis is stimulated in cases 
such as hemolytic anemia (Salvagno et al. 2015). Therefore, 
it seems that despite the stimulation of erythropoiesis, RBC 
count remains unchanged due to the shortened lifespan of 
erythrocytes in the peripheral circulation. Namely, metabolic 
changes during exercise, such as lactic acidosis, hypoglyce-
mia, hemoconcentration, and catecholamines release, can 
increase erythrocyte osmotic fragility and/or impair their 
membrane structure, resulting in injury of older RBCs, 
which are less elastic and thus more susceptible to damage 
(Lippi and Sanchis-Gomar 2019). Furthermore, free radi-
cal production caused by leukocyte activation, but also by 
the increased availability of oxygen during scuba diving can 
cause erythrocyte damage. This conclusion is supported by 
our previous results that showed an increase in erythrocyte 
oxidative damage markers after one recreational scuba div-
ing session (Perovic et al. 2018), as well as a decrease in 
RBC count and hemoglobin for 3 and 6 h after diving (Per-
ovic et al. 2017).

Presuming that increased EPO, MCV, and RDW reflect 
the presence of newly produced RBCs in circulation (gener-
ally having bigger volume and higher hemoglobin content) 
(Bosman et al. 2005), it is interesting to observe that both, 
MCH (hemoglobin content per RBC) and MCHC (hemo-
globin content per hematocrit), were significantly decreased 
at the fifth dive. The unchanged levels of iron and ferritin 
during the five dives suggest no increased iron requirement 
for hemoglobin synthesis. Taken together, it is possible that 
hemoglobin synthesis was less intense compared to RBC 
production, which may be a consequence of continuous 
exposure to hyperoxia and decreased expression of genes 
involved in oxygen transport as reported after saturation 
diving (Kiboub et al. 2018a). To the best of our knowledge, 
there are no studies that examined the effect of recreational 
diving on RBC parameters and iron status. However, it was 
shown that standard hyperbaric oxygen treatment series and 
saturation diving decreased hemoglobin and increased iron 
storage (Thorsen et al. 2001; Zwart et al. 2009). Further-
more, lower hemoglobin and MCH levels with higher RBC 
count were observed in military scuba divers in relation to 
military non-divers (Adil et al. 2006). In our study, neither 
a decrease in hemoglobin concentration nor an increase in 
RBC count, iron, and ferritin was found. However, taking 
into account observed changes in other parameters (EPO, 
hematocrit, MCV, MCH, and MCHC), it is possible that 
changes in these parameters would be noticeable after more 
dives.

Study limitations

This study did not provide data for the reticulocyte count, 
which would undoubtedly additionally elucidate an increased 
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production of new cells. Furthermore, the oxidative damage 
markers were not measured, because an increase in eryth-
rocyte lipid peroxidation was observed in a previous study. 
In addition, our study examined the effect of only five dives 
conducted once a week on RBC parameters and EPO levels.

Conclusions

Scuba diving, performed once a week for 5 consecutive 
weeks, does not change RBC count and hemoglobin level, 
but can cause an increase in hematocrit, MCV, and RDW, as 
well as a decrease in MCH and MCHC. The increase in EPO 
observed in our study indicates that the occasional switch 
from hyperoxia to normoxia or mechanisms for plasma vol-
ume regulation may be a step in the maintenance of eryth-
ropoiesis. However, further studies should establish whether 
more frequent or long-term diving have the same effect on 
RBC parameters and the reasons for the increase in EPO 
concentration.
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