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Purpose: It has previously been reported that repeated exposure to hypoxia

increases spleen size and haemoglobin (HGB) level and recent reports on the

effect apnoea has on spleen size and haematological parameters are

contradictory. Therefore, this study aims to evaluate the effect apnoea

training has on spleen size and haematological parameters.

Methods: The breath-holding (BH) group was comprised of 12 local student-

athletes with no BH exercise experience who performed BH jogging and BH

jumping rope dynamic apnoea protocols, five times weekly for 8 weeks. The BH

event duration was progressively increased as the apnoea tolerance of the

athletes improved (20 to 35 s). The same training task was performed by the

control group (n = 10) without BH. Spleen sizes were measured with an

ultrasound system and a complete blood cell analysis was performed on the

median cubital venous blood.

Results: Spleen volume in the BH group increased from 109 ± 13 ml to 136 ±

13 ml (p < 0.001), and bulky platelets decreased from 70.50 ± 5.83 to 65.17 ±

5.87 (p = 0.034), but no changes were recorded for erythrocytes (p = 0.914),

HGB (p = 0.637), PLTs (p = 0.346) and WBC (p = 0.532). No changes were

recorded for the control group regarding spleen size or haematological

parameters.

Conclusion: Eight weeks of dry dynamic apnoea training increased spleen size

and decreased the number of circulating bulky platelets in the athletes who

were assessed in this study. However, the baseline RBC counts and HGB levels

of the athletes were not altered by the training programme.
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1 Introduction

Mammalian oxygen conservation mechanisms are activated

rapidly during apnoea or diving (Kooyman et al., 1981; Schagatay

et al., 2007), inducing a cardiovascular diving reflex that is

characterised by heart rate deceleration, vasoconstriction and

blood redistribution (Elsner and Gooden. 1983; Qvist et al.,

1986), effectively slowing oxygen consumption and extending

apnoea duration (Gooden 1994; Schagatay et al., 2001).

Another effective mechanism through which mammals

respond to hypoxia is splenic contraction (Hurford et al.,

1996; Cabanac et al., 1997). The spleen is a major blood

reservoir in mammals (Anderson and Rogers., 1957;

Guntheroth and Mullins., 1963; Espersen et al., 2002) and

during strenuous exercise or apnoea, splenic contraction

pumps stored concentrated red blood cells (RBCs) into

circulation (Koga, 1979; Laub et al., 1993; Stewart and

McKenzie. 2002; Bakovic et al., 2005; Richardson et al., 2009;

Bakovic et al., 2013). This increases blood oxygen storage and

oxygen-uptake kinetics (Thomas and Fregin, 1981; Longhurst

et al., 1986; Wagneft et al., 1995; Schagatay et al., 2001; Brijs et al.,

2020; Holmström et al., 2021). For example, hooded seals release

oxygenated haemoglobin (HGB) from the spleen into circulation,

which can increase dive duration by approximately 105 s, and

harp seals can increase drive duration by 80 s (Cabanac et al.,

1997). Splenectomy results in the loss of this ability (Persson

et al., 1973; Thomas and Fregin, 1981; Baković et al., 2005;

Bakovic et al., 2013; Brijs et al., 2020; Joyce and Axelsson. 2021).

Researchers have discovered that repeated low-oxygen

exposure and long-term hypoxia cause splenic expansion

(Bouten et al., 2019; Holmström et al., 2019; Lodin-Sundström

et al., 2021). Under hypoxia, hypoxia-inducible factor (HIF-2)

activates the erythropoietin (EPO) transcription gene while

promoting renal cortex EPO-expressing cells as a means of

producing EPO, thereby stimulating the production of

erythrocytes and HGB (Tsuchiya et al., 1997; Warnecke et al.,

2004; Jelkmann 2011).

Extensive studies of splenic and haematological reactions

after apnoea have already been performed in the literature

(Shephard et al., 2016; Elia et al., 2021; Pernett et al., 2021;

Nordine et al., 2022). It has been proven that long-term static

apnoea training increases both spleen volume and HGB (Bouten

et al., 2019). As far as we are aware, no previous studies have

reported the longitudinal effects of dry dynamic apnoea training

on splenic size and haematological parameters. Dry dynamic

apnoea has physiological demands that are significantly different

to static apnoea (Bergman et al., 1972; Elia et al., 2021c; Nordine

et al., 2022). Under dry dynamic apnoea conditions, myocardial

and skeletal muscle oxygen consumption increases, heart rate

becomes faster and acute conflict occurs between the oxygen

conservation mechanism of the body and skeletal muscle oxygen

demand (Elia et al., 2019; Elia et al., 2021c; Nordine et al., 2022).

It can be reasonably assumed that dry dynamic apnoea training

protocols provide greater hypoxic stimulation than static apnoea

(Elia et al., 2019; Elia et al., 2021c; Nordine et al., 2022), but

further research is required to confirm this.

Therefore, the aim of this study is to investigate the effect

8 weeks of dry dynamic breath-holding (BH) training has on

spleen size and haematological parameters among student-

athletes. As the spleen is a significant reservoir for immune

cells, relevant parameters are included as indicators for

assessing whether BH training induces immune function

changes that have not been previously performed. It is

hypothesised that 8 weeks of dry dynamic BH training

increases spleen volume, RBC counts and HGB levels, but has

no impact on immune function.

2 Materials and methods

2.1 Ethical aspect

This study is in full compliance with the World Medical

Association Declaration of Helsinki and received ethical approval

from the Guizhou University subcommittee of Human Medicine

Experimental Ethics (No: HMEE-GZU-2022-T002). All

volunteers were fully informed of any potential risks

presented by this study and all provided written informed

consent before their participation. The parents or guardians of

subjects under 18 years of age signed informed consent forms on

the behalf of their children.

2.2 Study design

The study was performed using a 2-arm randomised

controlled experimental design for 8 weeks and involved five

consecutive training sessions each week. The training consisted

of two phases and lasted a total time of approximately 60 min.

The first phase involved a 15-min warm-up, including a 10-min

run and 5 minutes of stretching exercises. The second phase was

dynamic apnoea training that lasted for approximately 45 min.

Participants were subjected to baseline spleen volume

measurement and venous blood sampling prior to the study.

This was followed by a familiarisation session. The spleen size

and venous blood samples of all volunteers were collected within

48 h of completion of the training. The same researchers were

responsible for the management of the entire study. The

experimental procedure can be seen in Figure 1.

2.3 Participants

Twenty six local student-athletes from Guizhou University

were recruited to participate in this study. The volunteers were

stratified according to gender prior to commencement of the
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study and then completely randomised into groups within each

stratum using a computer-generated random number sequence.

They were assigned to either the BH group or the control (Con)

group.

Four volunteers (BH group, two men; Con group, one man

and one woman) were excluded from the study as a result of

withdrawal or low attendance. Other volunteers fully completed

the training plans.

Inclusion criteria included members of the local population,

aged 17–24 years, physically and mentally healthy and a

willingness to attend long-term training sessions. Exclusion

criteria included suffering from recent sports injuries, regular

drug-taking, genetic disease or family disease history, having

donated blood or smoked in the last 3 months, participation in

BH-related sports (including free diving or synchronised

swimming) and suffering from obstructive sleep apnoea

syndrome. All volunteers were asked to maintain the same

training level as before the study and not to donate blood,

travel at high altitude or participate in any other studies. They

were also advised to strictly adhere to the prescribed routine and

informed that they could withdraw from the study at any time.

3 Experimental procedures

3.1 Preliminary measures

Anthropometrics, spleen quantification and blood sampling

were conducted at Guiyang Huaxi District People’s Hospital.

Weight and height measurements were taken using the X-Scan

Plus II (JAWON, South Korea). Blood pressure and heart rate

were measured using an electronic blood pressure monitor (YE-

680, Yuwell, Suzhou, China). It was requested that all subjects

avoid any vigorous activity and refrain from the consumption of

caffeinated and alcoholic beverages 24 h prior to the test. In

addition, they were required to abstain from food and water for

8 h before the measurement.

3.2 Spleen imaging

Tests were conducted in the morning. All volunteers were

asked to rest on their backs for 20 min upon arrival at the

imaging centre (~25°C) and this was followed by a spleen

scan. Subjects were positioned in the right lateral recumbent

position, exposing the left lumbar and abdomen. At this time

point, they were able to breathe freely. Maximum spleen length

(L), maximum width (W) and maximum thickness (T) were all

measured by an experienced physician (Wang*) using a colour

ultrasound diagnostic system (Philips Affiniti 70W, Amsterdam

Dutch). The scan lasted for 8–10 min and the results were

documented and evaluated by another physician.

Figure 2A shows the maximum spleen length and thickness.

Length was measured as the greatest overall dimension and

thickness was measured as the shortest distance between the

hilum and the outer convex surface of the spleen. Measurements

were taken as perpendicular to each other as was possible.

Figure 2B shows the maximum spleen width. Maximum width

was measured as the greatest overall dimension. Spleen volume

was calculated using the long ellipsoid formula: Spleen volume

(ml) = 0.523 × (L × T × W).

3.3 Blood sample and analysis

A 2–3 ml blood sample was collected from themedian cubital

vein in an ethylenediaminetetraacetic acid (EDTA) vacuum

blood collection tube. It was stored at 2–8°C, protected from

FIGURE 1
Study design.
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shock and examined within 2 h of collection. The collected blood

samples were analysed using the Mindray BC-6800 Plus, BC-

5180 CRP (Shenzhen, China) fully automated haematology

analyser.

3.4 Familiarisation session

The researchers conducted a familiarisation session within

48 h of completion of the baseline measurements. All

volunteers were provided with a detailed guide to the

precautions during BH. They were informed to avoid

hyperventilation and excessive air inhalation before holding

their breath, concentrate on the BH task and not to swallow or

exhale any gas during the BH. They were also guided to

familiarise themselves with the entire experiment procedure

and practice it until they were able to complete all training

tasks correctly and successfully.

3.5 Apnoea training protocol

The training is conducted on a plastic track with cushioning

technology, which can effectively reduce the risk of injury caused

by falls. The dynamic apnoea training protocol involved 10 BH

sessions of jogging and 30 repeats with a jump rope. A fixed BH

duration and an escalating load model were used in the study.

Volunteers were asked to achieve the 20-s BH goal during the

first week. The average increase was 2.5 s per week and this

peaked at 35 s in week 8. Exercise intensity was 60%–70% of the

maximum heart rate load. Volunteers inhaled approximately

70%–85% of their maximum lung capacity before holding

their breath. During BH sessions, the volunteers wear nose

clips. In addition, finger clip pulse oximetry (Wellday

MD300C23; Jiang Xi, China) was used for monitoring the

heart rate and blood oxygen of participants during the

training period. The device dynamically generates real-time

SPO2 values within 8 s, which are read and recorded by the

researcher.

3.5.1 Warm-up
In order to minimise the impact warm-up would have on the

results, all volunteers performed the same warm-up routine in

this study, involving 10 min of jogging and 5 min of dynamic

stretching exercises. Exercise intensity was approximately 65%–

75% of maximum heart rate. The dynamic stretching protocol

was specifically designed to enable volunteers to adequately

activate critical regions, including shoulders, elbows and

knees. Injury potential was minimised as much as possible

during the training.

3.5.2 Apnoea protocol
3.5.2.1 Breath-holding run

A researcher drove a small electric vehicle with a fixed

speed function and asked participants to run anticlockwise

around a track at a constant speed of ~2.35 m/s. When all

volunteers were ready and wore nose clips, the researchers

signalled them to hold their breath using a verbal command

and timed them using a stopwatch. During the final 10 s of

apnoea duration, the researchers gave an oral countdown and

offered verbal encouragement. Once the apnoea was

completed, the researchers told the volunteers to stop

holding their breath and to continue their run. At this

point, volunteers were allowed to remove the nose clip

breathe freely and continue to the next training after 30 s.

This process was repeated a total of 10 times. The Con group

performed the same training task without BH and the

researchers monitored them during the training period.

After completing the training, volunteers were allowed a

relaxation break of 2 min.

FIGURE 2
Ultrasonographic assessment of spleen volume. (A) maximum spleen length (L) and thickness (T), (B) maximum spleen width (W).
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3.5.2.2 Breath-holding jump rope

When all volunteers were ready and wore nose clips, the

researchers signalled them to hold their breath using a verbal

command and timed them using a stopwatch. During the final

10 s of apnoea duration, the researchers gave an oral countdown

and offered verbal encouragement. At the end of the apnoea

duration, the volunteers were told to stop holding their breath

and were allowed to breathe freely and relax. After 30 s of rest, the

next session was performed immediately. This process was

repeated a total of 30 times. The control volunteers performed

the same training task without BH and researchers monitored

them during the training period.

3.5.3 Termination of experimental criteria
Training was terminated temporarily if any volunteer

experienced dizziness, blurred vision, tinnitus, or nausea or

had a pulse oximetry (SpO2) level of <60. In addition, an

emergency response team of two trained researchers was in

place to address any accidents that may occur during the

training. The training site was near a hospital, meaning that

volunteers could receive timely medical assistance in case of

accident.

3.6 Statistical analysis

All data analysis and graph construction were performed

using IBM SPSS Statistics 26 (Armonk, NY: IBM Corp,

United States) and Origin9.1 (OriginLab, Northampton

MA, United States) software. Shapiro-Wilk test was applied

for assessing the normal data distribution. Levene’s test was

employed to test for homogeneity of variances. Repeated two-

way ANOVA tests were applied as a means of assessing the

differences between the resting baseline measurements and

other data collection time points. Bonferroni was employed to

perform multiple comparisons. Pearson’s correlation

coefficients were applied for determining inter-variable

relationships. Mann-Whitney U-test and Wilcoxon signed-

rank test were used as non-parametric tests in cases where the

data variance was not homogeneous or non-normally

distributed. p < 0.05 was considered as an indicator of

statistical significance. All data is presented as the mean ±

standard error (SE) or 95% confidence interval (CI).

4 Results

4.1 Subjects

Table 1 shows there to be no significant differences between the

groups of volunteers regarding age, height, weight, heart rate or

blood pressure level. No blurred vision, tinnitus or nausea were

detected during training and relatively few volunteers exhibited signs

of mild dizziness at the start of the training period.

TABLE 1 Anthropometric characteristics of participants.

BH group (n = 12, M = 6) Control group (n = 10, M = 5) p

Mean ± SE Mean ± SE

Age (years) 21 ± 0 20 ± 0 0.327

Height (cm) 170 ± 3 174 ± 3 0.389

Body mass (kg) 59 ± 3 59 ± 3 0.999

BMI 20.3 ± 0.5 19.5 ± 0.5 0.254

BPM 63 ± 1 65 ± 1 0.215

sBP (mmHg) 109 ± 2 105 ± 3 0.418

dBP (mmHg) 66 ± 1 67 ± 2 0.582

Note: *denotes significance (p < 0.05).

FIGURE 3
Mean (±SE) spleen volume (ml) variation from baseline to
after 8 weeks in BH group and Con group.

Frontiers in Physiology frontiersin.org05

Yang et al. 10.3389/fphys.2022.925539

https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://doi.org/10.3389/fphys.2022.925539


4.2 Spleen volume

Figure 3 shows spleen size changes in both groups after

training. After 8 weeks interventional training, spleen size

increased from 109 ± 13 ml (95% CI: 81–136 ml) to 136 ±

13 ml (95% CI: 108–164 ml) in the BH group (+24.72%, p <
0.001). No difference was observed before (128 ± 11 ml, 95% CI:

102–154 ml) or after training (135 ± 12 ml, 95% CI: 108–161 ml)

in the Con group (p = 0.375).

Pearson’s correlational analysis found there to be a moderate

correlation between spleen size and height (Baseline: r = 0.530,

p = 0.011; Post r = 0.483; p = 0.023) and weight (Baseline: r =

0.467, p = 0.029; Post: r = 0.502; p = 0.017) among 22 volunteers

(Figure 4A). In this study, female spleen sizes were found to be

significantly smaller than male spleen sizes (Baseline: 100 ± 9 ml

vs. 135 ± 13 ml, p = 0.041; Post: 111 ± 9 ml vs. 15 ± 13 ml, p =

0.033; Interaction effect: gender * time, p = 0.762) (Figure 4B).

4.3 Erythrocytes and haemoglobin

Table 2 shows RBCs, HGB level and related derived index

changes following training. No changes in RBCs (p = 0.914),

HGB (p = 0.637), HCT (p = 0.511), MCH (p = 0.501) or RDW-

CV (p = 0.595) were recorded in the BH group following training.

MCV decreased from 91.93 ± 1.27 to 91.27 ± 1.48 (−0.72%, p =

0.048) and mean cell haemoglobin concentrations (MCHC)

increased from 329.92 ± 2.05 to 334.42 ± 2.76 (+1.36%, p =

0.026) in the BH group following training. No significant changes

were observed in the Con group.

4.4 Blood PLTs

Table 3 shows the changes in PLT-related indicators

following training. No changes in PLTs (p = 0.346), mean

FIGURE 4
(A) Correlation analysis of height and weight with spleen size; (B) Spleen volume (ml) comparison between male and female before and after
training (Mean ± SE).

TABLE 2 Variations in red blood cells, haemoglobin and related derivatives.

Item (unit) BH group p Con group p

Baseline 8 weeks post Baseline 8 weeks post

RBC 4.88 ± 0.14 4.87 ± 0.12 0.914 5.07 ± 0.12 5.06 ± 0.11 0.813

HGB 147.7 ± 4.3 148.4 ± 4.9 0.637 149.5 ± 5.3 149.7 ± 6.2 0.908

HCT 45 ± 1 44 ± 1 0.511 45 ± 1 45 ± 2 0.830

MCV 92 ± 1 91 ± 1* 0.048 89 ± 2 89 ± 2 0.629

MCH 30 ± 1 30 ± 1 0.501 30 ± 1 30 ± 1 0.832

MCHC 330 ± 2 333 ± 3* 0.026 330 ± 3 331 ± 3 0.392

RDW-CV 12.8 ± 0.2# 12.9 ± 0.2 0.595 13.8 ± 0.4# 13.4 ± 0.2 0.064

Notes: RBC denotes red blood cell count (1012/L); HGB denotes haemoglobin (g/L); HCT denotes haematocrit (%); MCV denotes mean corpuscular volume (fL); MCH denotes mean

corpuscular haemoglobin (pg); MCHC denotesmean corpuscular haemoglobin concentration (g/L); RDW-CV denotes coefficient variation of red blood cell volume distribution width (%).

*A significant difference in baseline values (p < 0.05); #a significant difference between groups (p < 0.05).
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PLT volume (MPV) (p = 0.052), platelet distribution width

(PDW) (p = 0.511) or plateletcrit (PCT) (p = 0.100) were

recorded in the BH group following training. The number of

bulky platelets (P-LCC) decreased from 70.50 ± 5.83 to 65.17 ±

5.87 (−7.57%, p = 0.034) in the BH group following training,

while no significant changes were observed in the Con group.

Pearson’s correlation analysis found the decrease in PLTs

(6.17) and P-LCC (6.60) to have a significant correlation in the

BH group following training (r = 0.721, p = 0.008).

4.5 Immune cells

Table 4 presents the changes in the immune-cell parameters

after training. No changes inWBC (p = 0.532), neutrophil counts

(NEU) (p = 0.933), monocyte counts (MON) (p = 0.097),

eosinophil counts (EOS) (p = 0.250), and basophile counts

(BAS) (p > 0.999) were recorded after training in the BH

group. Lymphocyte counts (LYM) increased from 1.89 ±

0.11 to 2.20 ± 0.13 (+16.40%, p = 0.014) in the BH group

after training. No significant changes were noted in the Con

group.

5 Discussion

This study evaluated the effects dry dynamic apnoea training

has on spleen size and haematological parameters among

athletes. The primary findings showed that 8 weeks of

dynamic apnoea training increased spleen size, reduced the

number of bulky PLTs in circulation and showed no

significant changes in HGB, RBC, PLT or WBC.

The spleen volumes of volunteers were evaluated using

sonography. The techniques and standards that are used for

the determination of spleen volume by ultrasonography have

been presented in previous studies (Koga and Morikawa. 1975;

Rezai et al., 2011). Sonography is a quick, easy, inexpensive and

relatively accurate examination method and it presents no risk of

radiation exposure (Yetter et al., 2003; Natsume et al., 2011). The

efficacy and reliability of sonography have been determined by

many studies that have compared measurements with CT scan

results or autopsy results (Koga and Morikawa, 1975; Schlesinger

et al., 1993; Loftuset al. 1999; Lamb et al., 2002; Yetter et al.,

2003). The standard clinical ellipsoid equation (L × T × W ×

0.523) was used in this study for evaluating spleen volume as it

has good efficacy and is regularly used for evaluating the volume

TABLE 3 Variation of platelet-related indicators.

Item (unit) BH group p Con group p

Baseline 8 weeks post Baseline 8 weeks post

PLT 252.83 ± 12.39 246.67 ± 12.18 0.346 245.40 ± 11.27 244.90 ± 15.36 0.944

MPV 10.4 ± 0.4 10.1 ± 0.4 0.052 9.9 ± 0.3 9.9 ± 0.2 0.441

PDW 16.3 ± 0.1 16.3 ± 0.1 0.999 16.1 ± 0.1 16.2 ± 0.1 0.310

PCT 0.26 ± 0.01 0.25 ± 0.01 0.100 0.24 ± 0.01 0.24 ± 0.01 0.999

P-LCC 70.50 ± 5.83 65.17 ± 5.87* 0.034 62.00 ± 4.70 62.50 ± 4.75 0.847

Notes: PLT denotes platelet count (109/L); MPV denotes mean platelet volume (fL); PDWdenotes platelet distribution width (%); PCT denotes plateletcrit (%); P-LCC denotes platelet large

cell counts (bulky platelets) (109/L). *A significant difference in baseline values (p < 0.05); #A significant difference between groups (p < 0.05).

TABLE 4 Variations of immune cell parameter.

Item (unit) BH group p Con group p

Baseline 8 weeks post Baseline 8 weeks post

WBC 5.55 ± 0.42 5.96 ± 0.37 0.532 6.09 ± 0.59 6.42 ± 0.77 0.649

NEU 3.21 ± 0.40 3.27 ± 0.34 0.933 3.69 ± 0.58 3.99 ± 0.90 0.708

LYM 1.89 ± 0.11 2.20 ± 0.13* 0.014 1.91 ± 0.67 1.95 ± 0.18 0.761

MON 0.34 ± 0.04 0.39 ± 0.02 0.097 0.33 ± 0.02 0.35 ± 0.02 0.627

EOS 0.09 ± 0.01 0.07 ± 0.01 0.250 0.14 ± 0.03 0.11 ± 0.03 0.294

BAS 0.02 ± 0.00 0.02 ± 0.00 0.999 0.03 ± 0.00 0.03 ± 0.00 0.999

Notes:WBC denotes white blood cell count (109/L); NEU denotes neutrophil counts (109/L); LYMdenotes lymphocyte counts (109/L); MON denotesmonocyte counts (109/L); EOS denotes

eosinophil counts (109/L); BAS denotes basophile counts (109/L). *A significant difference with baseline values (p < 0.05); #A significant difference between groups (p < 0.05).
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of irregularly-shaped organs including the spleen and uterus

(Sauerbrei et al., 1986; Sonmez et al., 2007).

The results of this study are in accordance with those from the

report by Bouten on increased spleen size in volunteers following

apnoea training (Bouten et al., 2019), which reports that repeated

exposure to hypoxia affects spleen size. However, no spleen volume

increase was observed by Elia or Engan in their respective studies

(Engan et al., 2013; Elia et al., 2021c). In comparison to the two-week

training programme of Engan, the training periods of both Bouten

and this study were significantly longer. Rodriguez et al. also

reported a spleen volume increase of 40% after 6 weeks of

travelling at high altitude (Rodríguez-Zamora et al., 2015).

Therefore, it was speculated that some time-dose response may

have potentially contributed to the result. More extended

intervention periods and more potent stimuli are required for

increasing spleen size. In a six-week study by Elia, no spleen

volume increase was observed. A possible reason is that although

the study extended the training periods, the training sessions

(24 sessions) were fewer than those in the study by Bouten et al.

(2019). Furthermore, the longer interval between weeks (3 days)

may also have attenuated the training effect. Similarly, Elia et al.

(2021c) noted that splenic expansion may require more prolonged

periods in their study. In addition, four volunteers (BH group, two

men; Con group, oneman and onewoman) were excluded from this

study due to withdrawal or low attendance. Therefore, the BH group

had a slightly smaller baseline spleen volume than the Con

group. Before this, the male spleen volume is generally larger

than the female spleen volume has been confirmed (Spielmann

et al., 2005; Chow et al., 2016). We corrected the baseline spleen

volume differences by employing baseline spleen volume as a

covariate and found a significant difference in the intervention

effect between the two groups (p = 0.023).

The mechanism for determining spleen size still remains

unknown (Elia et al., 2021b). Several studies have reported spleen

size to be affected by age, sex, height, weight, and ethnicity

(Kaneko et al., 2002; de Bruijn et al., 2008; Hiraiwa et al., 2022).

This study determined a correlation between spleen size and

height (r = 0.530; p = 0.011) and weight (r = 0.467; p = 0.029). In

contrast, Elia et al. reported there to be no direct correlation

between spleen size and height (r = −0.0001, p = 0.995) or weight

(r = −0.040, p = 0.863) in their study on a group of elite BH divers

and non-divers (Elia et al., 2019). Similar results were reported in

a study by Schagatay et al. (2012). This difference in results can

potentially be explained by spleen size being significantly

different between individuals (Elia et al., 2021b). In addition,

spleen size may be affected by acquired factors including hypoxia

or training (Rodríguez-Zamora et al., 2015; Bouten et al., 2019;

Kaiser et al., 2022). Therefore, the occupations of subjects and the

activities they perform must be adequately considered.

Ilardo et al. (2018) conducted a comparative genetic study on

the outstanding Bajau divers in Southeast Asia. They found

spleen size to be genetically determined without any

phenotypic plasticity (Ilardo et al., 2018). However, some

recent studies have suggested that spleen size may be

influenced by complex interaction between genetic

susceptibility and environmental exposure (Schagatay et al.,

2020; Holmström et al., 2020; Bouten et al., 2019; Rodríguez-

Zamora et al., 2015; Schagatay et al., 2015). For example, Sherpas

who live at high altitude tend to have larger spleen volumes than

those who live at lower altitude and the average spleen volume of

Sherpas is larger than that of Nepalese people who live at lower

altitudes (Holmström et al., 2020). In addition, it has been

confirmed that the spleen has regenerative abilities (Pabst

et al., 1984; Ando et al., 2004; Ibrahim et al., 2005; Petrovai

et al., 2013). Researchers found that among 207 athletes in the

Lanzhou region of China who engaged in different sports, 71.2%

of males and 66.7% of females had enlarged spleens, while 56% of

males and 34% of females had enlarged livers in comparison to

those of the local population. The authors of the paper suggested

that blood flow, oxygen consumption and metabolism due to

high-intensity exercise can result in the spleen making changes as

a means of adapting to the demands of the body. However, the

study made no further distinctions based on the sports that were

undertaken by the athletes (MingLi et al., 1992).

In this study, no significant changes were detected following

training in both RBC and HGB, which is in accordance with the

study results of Engan et al. (2013) and Elia et al. (2021c). EPO plays

a crucial role in the regulation of RBC and the production of HGB

(Adamson 1996; Jelkmann 2003). EPO production increases in the

context of systemic hypoxia or hypoxemia. In 2008, de Bruijn et al.

(2008) reported that circulating EPO concentrations increased by

16% over 3 h following a series of repeated BH events, which

indicates that the erythropoietic process is enhanced (Banfi

2008). Similar observations were reported by Kjeld et al. (2015)

and Elia et al. (2019). However, some researchers have conservative

opinions regarding whether the increase in EPO concentration

induced by BH is sufficient for stimulating an increase in

erythrocyte and HGB volume (Elia et al., 2021b). For example,

Engan et al. (2013) reported reticulocyte counts to increase by 15%

(p < 0.05) following BH training, while no significant change was

detected in the baseline HGB. Similar results were also reported by

Elia et al. (2021c). Conversely, Bouten et al. (2020) reported a 3.3%

increase in baseline HB following 8 weeks of BH training. However,

it was also noted that the effect of plasma and blood volume changes

in HB could not be ruled out completely. In this study, no HGB

changes could be attributed for the following reasons: 1) volunteers

lived at medium or high altitude for a long time (1,130 m above sea

level), making them resistant to low-oxygen level; 2) baseline

erythrocyte (male: 5.18, female: 4.58) and HGB levels (male:

159.33, female: 136.00) of the volunteers were already incredibly

close to the upper limit of the range of normal values prior to the

intervention. Therefore, the training may have been insufficient for

the generation of more powerful stimuli for erythrocytes and HGB

production in organisms.

It is believed that this is the first study that has noted a

decrease in baseline P-LCC following apnoea training. PLT levels
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were not altered and the spleen is a dynamic reservoir of bulky

PLTs (Bakovic et al., 2013). Exchangeable splenic PLT pool size

increases as spleen size increases (r = 0.76, p < 0.001) (Wadenvik

et al., 1987). When the spleen becomes enlarged, splenic blood

PLT density is higher than circulating PLT density (Aster 1966).

In addition, Ando et al. (2004) found there to be a distinctly

negative correlation between an increase in spleen volume and

circulating PLT count (r = −0.411, p = 0.045). Therefore, a

potential explanation for the decrease in bulky PLTs in this

study is that enlarged spleens increase the aggregation effect on

bulky PLTs. While the alteration in PLT count following training

was not statistically significant, it was observed that the decrease

in number (6.16) approximated the reduction in the number of

bulky PLTs (5.33). An association between reduced PLTs and

reduced bulky PLTs was also determined by correlation analysis

and a significant correlation was found (r = 0.721; p = 0.008). In

addition, Aster suggested a theory that the possibility of not

excluding splenomegaly (causing hypersplenism) inhibits the

bone marrow via humoral control. Splenomegaly results in an

increased aggregation of PLTs while the regenerative capacity of

PLTs is inhibited (Aster 1966).

This study found that lymphocytes proliferated in the BH group

after 8 weeks of dynamic training and the other immunological

parameters remained unaltered. Hypoxia is an environmental

stressor that causes the induction of neuroendocrine responses

and changes in specific components in the immune system

(Facco et al., 2005), including the redistribution of T

lymphocytes, a significant reduction in CD4+ T-cells and

impaired T-cell activation and proliferation (Meehan et al., 1988;

Klokker et al., 1993), thereby affecting the human immune function.

A combination of exercise and hypoxia results in the effects on

immune function being more pronounced than those of exercise or

hypoxia independently (Mazzeo, 2005). For example, the combined

effect of exercise and hypoxia has amore significant effect on natural

killer cells than those that are under normoxia (Klokker et al., 1993).

Evidence from cross-sectional studies has shown that a group of

Olympic-level athletes noted a decrease in whole blood leukocyte

count following 21 days of altitude training (p < 0.05) (Pyne et al.,

2000). Kitaev and Tokhtabaev, (1981) reported B cells and active

immunoglobulin counts to increase following 25 days at high

altitude (3,200 m). In another study, no effect on B-cell counts

was noted at different altitudes (Facco et al., 2005). Conversely, no

change inWBCwas observed in this study (p = 0.532). However, an

increase in lymphocytes from1.89 ± 0.11 to 2.20 ± 0.13was observed

in the BH group. This parameter remained at the normal range and

had no significant effect on the immune function of the athlete,

unless the change crossed a critical threshold.

6 Conclusion

This is the first study that has investigated the efficacy of

8 weeks of dry dynamic apnoea training on splenic volumes and

haematological indices. The study results found dry dynamic

breath-hold training to increase spleen volume mong athletes

without any alteration to their RBC or HGB levels.

7 Limitations

The current study design has several limitations, which

should be acknowledged. First, The sample size of our study

was small, thus may make the Statistical results

underrepresentation. The second criticism concerns the

validity of the ultrasonographic assessment of spleen volume.

We observed larger spleen volume variation in the breath hold

group individuals and reduced spleen volume in control group

2 volunteers (9 ml and 16 ml). Although individual splenic

volume and contractility are highly variable in humans (Elia

et al., 2021b). It is significant to note that measurement errors

associated with ultrasound measurements could have affected

these variations (Holmström et al., 2021). Finally, limited by the

conditions, only 2-time points were measured, which failed to

further eliminate experimental errors.

Data availability statement

The original contributions presented in the study are

included in the article/Supplementary Material, further

inquiries can be directed to the corresponding authors.

Ethics statement

The studies involving human participants were reviewed and

approved by the Guizhou University subcommittee of human

medicine experimental ethics. Written informed consent to

participate in this study was provided by the participants’

legal guardian/next of kin.

Author contributions

KY, W-BW, Z-HY and X-LC made equal contributions to

this work. Z-BY contributed to study conception, laboratory

organisation and critical review. YJ, J-FG and M-MD

contributed to organisation and implementation. All authors

contributed to the article and have approved the submitted

version.

Funding

Financial support for this work was provided by the Guizhou

Provincial Science and Technology Department [(2017) 1035].

Frontiers in Physiology frontiersin.org09

Yang et al. 10.3389/fphys.2022.925539

https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://doi.org/10.3389/fphys.2022.925539


Acknowledgments

We would like to express our highest gratitude to all

volunteers and researchers who participated in this study,

in addition to Prof. Jun Gong and Dr. Ying Wang for their

invaluable assistance and support during the course of this

study.

Conflict of interest

The 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.

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 bemade by its

manufacturer, is not guaranteed or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found

online at: https://www.frontiersin.org/articles/10.3389/fphys.

2022.925539/full#supplementary-material

References

Adamson, J. (1996). Erythropoietin, iron metabolism, and red blood cell
production. Semin. Hematol. 33 (22), 5–7.

Anderson, R. S., and Rogers, E. B. (1957). Hematocrit and erythrocyte volume
determinations in the goat as related to spleen behavior. Am. J. Physiol. 188 (1),
178–188. doi:10.1152/ajplegacy.1956.188.1.178

Ando, H., Nagino, M., Arai, T., Nishio, H., and Nimura, Y. (2004). Changes in
splenic volume during liver regeneration. World J. Surg. 28 (10), 977–981. doi:10.
1007/s00268-004-7435-z

Aster, R. H. (1966). Pooling of platelets in the spleen: Role in the pathogenesis of
"hypersplenic" thrombocytopenia. J. Clin. Invest. 45 (5), 645–657. doi:10.1172/
JCI105380

Baković, D., Eterović, D., Saratlija-Novaković, Z., Palada, I., Valic, Z.,
Bilopavlović, N., et al. (2005). Effect of human splenic contraction on variation
in circulating blood cell counts. Clin. Exp. Pharmacol. Physiol. 32 (11), 944–951.
doi:10.1111/j.1440-1681.2005.04289.x

Bakovic, D., Pivac, N., Eterovic, D., Breskovic, T., Zubin, P., Obad, A., et al.
(2013). The effects of low-dose epinephrine infusion on spleen size, central and
hepatic circulation and circulating platelets. Clin. Physiol. Funct. Imaging 33 (1),
30–37. doi:10.1111/j.1475-097X.2012.01156.x

Banfi, G. (2008). Reticulocytes in sports medicine. Sports Med. 38 (3), 187–211.
doi:10.2165/00007256-200838030-00002

Bergman, S. A., Jr, Campbell, J. K., and Wildenthal, K. (1972). Diving reflex" in
man: Its relation to isometric and dynamic exercise. J. Appl. Physiol. 33 (1), 27–31.
doi:10.1152/jappl.1972.33.1.27

Bouten, J., Caen, K., Stautemas, J., Lefevere, F., Derave, W., Lootens, L., et al. (2019).
Eight weeks of static apnea training increases spleen volume but not acute spleen
contraction. Respir. Physiol. Neurobiol. 266, 144–149. doi:10.1016/j.resp.2019.04.002

Bouten, J., Colosio, A. L., Bourgois, G., Lootens, L., Van Eenoo, P., Bourgois, J. G.,
et al. (2020). Acute apnea does not improve 3-km cycling time trial performance.
Med. Sci. Sports Exerc. 52 (5), 1116–1125. doi:10.1249/MSS.0000000000002236

Brijs, J., Axelsson, M., Rosengren, M., Jutfelt, F., and Gräns, A. (2020). Extreme
blood-boosting capacity of an Antarctic fish represents an adaptation to life in a
sub-zero environment. J. Exp. Biol. 223 (2), jeb218164. doi:10.1242/jeb.218164

Cabanac, A., Folkow, L. P., and Blix, A. S. (1997). Volume capacity and
contraction control of the seal spleenJ. Appl. Physiol. 82 1989–1994. doi:10.
1152/jappl.1997.82.6.1989

Chow, K. U., Luxembourg, B., Seifried, E., and Bonig, H. (2016). Spleen size is
significantly influenced by body height and sex: Establishment of normal values for
spleen size at US with a cohort of 1200 healthy individuals. Radiology 279 (1),
306–313. doi:10.1148/radiol.2015150887

de Bruijn, R., Richardson, M., and Schagatay, E. (2008). Increased erythropoietin
concentration after repeated apneas in humans. Eur. J. Appl. Physiol. 102 (5),
609–613. doi:10.1007/s00421-007-0639-9

Elia, A., Barlow, M. J., Deighton, K., Wilson, O. J., and O’Hara, J. P. (2019).
Erythropoietic responses to a series of repeated maximal dynamic and static
apnoeas in elite and non-breath-hold divers. Eur. J. Appl. Physiol. 119 (11-12),
2557–2565. doi:10.1007/s00421-019-04235-1

Elia, A., Barlow, M. J., Wilson, O. J., and O’Hara, J. P. (2021c). Six weeks of
dynamic apnoeic training stimulates erythropoiesis but does not increase splenic
volume. Eur. J. Appl. Physiol. 121 (3), 827–838. doi:10.1007/s00421-020-04565-5

Elia, A., Barlow, M. J., Wilson, O. J., and O’Hara, J. P. (2021). Splenic responses to
a series of repeated maximal static and dynamic apnoeas with whole-body
immersion in water. Exp. Physiol. 106 (1), 338–349. doi:10.1113/EP088404

Elia, A., Gennser, M., Harlow, P. S., and Lees, M. J. (2021b). Physiology,
pathophysiology and (mal)adaptations to chronic apnoeic training: A state-of-
the-art review. Eur. J. Appl. Physiol. 121 (6), 1543–1566. doi:10.1007/s00421-021-
04664-x

Elsner, R., and Gooden, B. (1983). Diving and asphyxia. A comparative study of
animals and man. Monogr. Physiol. Soc. 40, 1–168.

Engan, H., Richardson, M., Lodin-Sundström, A., van Beekvelt, M., Schagatay, E.,
and Lodin-Sundstrom, A. (2013). Effects of two weeks of daily apnea training on
diving response, spleen contraction, and erythropoiesis in novel subjects. Scand.
J. Med. Sci. Sports 23 (3), 340–348. doi:10.1111/j.1600-0838.2011.01391.x

Espersen, K., Frandsen, H., Lorentzen, T., Kanstrup, I. L., and Christensen, N. J.
(2002). The human spleen as an erythrocyte reservoir in diving-related
interventions. J. Appl. Physiol. 92, 2071–2079. doi:10.1152/japplphysiol.00055.2001

Facco, M., Zilli, C., Siviero, M., Ermolao, A., Travain, G., Baesso, I., et al. (2005).
Modulation of immune response by the acute and chronic exposure to high altitude.
Med. Sci. Sports Exerc. 37 (5), 768–774. doi:10.1249/01.mss.0000162688.54089.ce

Guntheroth, W. G., and Mullins, G. L. (1963). Liver and spleen as venous
reservoirs. Am. J. Physiol. 204, 35–41. doi:10.1152/ajplegacy.1963.204.1.35

Gooden, B. A. (1994). Mechanism of the human diving response. Integr. Physiol.
Behav. Sci. 29 (1), 6–16. doi:10.1007/BF02691277

Hiraiwa, H., Okumura, T., Sawamura, A., Araki, T., Mizutani, T., Kazama, S., et al.
(2022). Splenic size as an indicator of hemodynamics and prognosis in patients with
heart failure. Heart vessels 37, 1344–1355. doi:10.1007/s00380-022-02030-1

Holmström, P. K., Karlsson, Ö., Lindblom, H., McGawley, K., and Schagatay, E.
K. (2021). Enhanced splenic volume and contraction in elite endurance athletes.
J. Appl. Physiol. 131, 474–486. doi:10.1152/japplphysiol.01066.2020

Holmström, P., Mulder, E., Starfelt, V., Lodin-Sundström, A., and Schagatay, E.
(2020). Spleen size and function in sherpa living high, sherpa living low and
Nepalese lowlanders. Front. Physiol. 11, 647. doi:10.3389/fphys.2020.00647

Holmström, P., Mulder, E., Sundström, A. L., Limbu, P., and Schagatay, E.
(2019). The magnitude of diving bradycardia during apnea at low-altitude
reveals tolerance to high altitude hypoxia. Front. Physiol. 10, 1075. doi:10.
3389/fphys.2019.01075

Hurford, W. E., Hochachka, P. W., Schneider, R. C., Guyton, G. P., Stanek, K. S.,
Zapol, D. G., et al. (1996). Splenic contraction, catecholamine release, and blood
volume redistribution during diving in the Weddell seal. J. Appl. Physiol. 80,
298–306. doi:10.1152/jappl.1996.80.1.298

Ibrahim, S., Chen, C. L., Wang, C. C., Wang, S. H., Lin, C. C., Liu, Y. W., et al.
(2005). Liver regeneration and splenic enlargement in donors after living-donor
liver transplantation. World J. Surg. 29 (12), 1658–1666. doi:10.1007/s00268-005-
0101-2

Frontiers in Physiology frontiersin.org10

Yang et al. 10.3389/fphys.2022.925539

https://www.frontiersin.org/articles/10.3389/fphys.2022.925539/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fphys.2022.925539/full#supplementary-material
https://doi.org/10.1152/ajplegacy.1956.188.1.178
https://doi.org/10.1007/s00268-004-7435-z
https://doi.org/10.1007/s00268-004-7435-z
https://doi.org/10.1172/JCI105380
https://doi.org/10.1172/JCI105380
https://doi.org/10.1111/j.1440-1681.2005.04289.x
https://doi.org/10.1111/j.1475-097X.2012.01156.x
https://doi.org/10.2165/00007256-200838030-00002
https://doi.org/10.1152/jappl.1972.33.1.27
https://doi.org/10.1016/j.resp.2019.04.002
https://doi.org/10.1249/MSS.0000000000002236
https://doi.org/10.1242/jeb.218164
https://doi.org/10.1152/jappl.1997.82.6.1989
https://doi.org/10.1152/jappl.1997.82.6.1989
https://doi.org/10.1148/radiol.2015150887
https://doi.org/10.1007/s00421-007-0639-9
https://doi.org/10.1007/s00421-019-04235-1
https://doi.org/10.1007/s00421-020-04565-5
https://doi.org/10.1113/EP088404
https://doi.org/10.1007/s00421-021-04664-x
https://doi.org/10.1007/s00421-021-04664-x
https://doi.org/10.1111/j.1600-0838.2011.01391.x
https://doi.org/10.1152/japplphysiol.00055.2001
https://doi.org/10.1249/01.mss.0000162688.54089.ce
https://doi.org/10.1152/ajplegacy.1963.204.1.35
https://doi.org/10.1007/BF02691277
https://doi.org/10.1007/s00380-022-02030-1
https://doi.org/10.1152/japplphysiol.01066.2020
https://doi.org/10.3389/fphys.2020.00647
https://doi.org/10.3389/fphys.2019.01075
https://doi.org/10.3389/fphys.2019.01075
https://doi.org/10.1152/jappl.1996.80.1.298
https://doi.org/10.1007/s00268-005-0101-2
https://doi.org/10.1007/s00268-005-0101-2
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://doi.org/10.3389/fphys.2022.925539


Ilardo, M. A., Moltke, I., Korneliussen, T. S., Cheng, J., Stern, A. J., Racimo, F.,
et al. (2018). Physiological and genetic adaptations to diving in sea nomads. Cell 173
(3), 569–580. e15. doi:10.1016/j.cell.2018.03.054

Jelkmann, W. (2003). Erythropoietin. J. Endocrinol. Invest. 26 (9), 832–837.
doi:10.1007/BF03345232

Jelkmann, W. (2011). Regulation of erythropoietin production. J. Physiol. 589 (6),
1251–1258. doi:10.1113/jphysiol.2010.195057

Joyce, W., and Axelsson, M. (2021). Regulation of splenic contraction persists as a
vestigial trait in white-blooded Antarctic fishes. J. Fish. Biol. 98 (1), 287–291. doi:10.
1111/jfb.14579

Kaiser, Y., Dzobo, K. E., Ravesloot, M., Nurmohamed, N. S., Collard, D.,
Hoogeveen, R. M., et al. (2022). Reduced baroreflex sensitivity and increased
splenic activity in patients with severe obstructive sleep apnea. Atherosclerosis
344, 7–12. doi:10.1016/j.atherosclerosis.2022.01.004

Kaneko, J., Sugawara, Y., Matsui, Y., Ohkubo, T., and Makuuchi, M. (2002).
Normal splenic volume in adults by computed tomography.
Hepatogastroenterology. 49 (48), 1726–1727.

Kitaev, M. I., and Tokhtabaev, A. G. (1981). [T-and B-lymphocytes in adaptation
to high altitude]. Kosm. Biol. Aviakosm. Med. 15 (3), 87–89.

Kjeld, T., Jattu, T., Nielsen, H. B., Goetze, J. P., Secher, N. H., and Olsen, N. V.
(2015). Release of erythropoietin and neuron-specific enolase after breath holding
in competing free divers. Scand. J. Med. Sci. Sports 25 (3), e253–e257. doi:10.1111/
sms.12309

Klokker, M., Kharazmi, A., Galbo, H., Bygbjerg, I., and Pedersen, B. K. (1993).
Influence of in vivo hypobaric hypoxia on function of lymphocytes, neutrocytes,
natural killer cells, and cytokines. J. Appl. Physiol. 74, 1100–1106. doi:10.1152/jappl.
1993.74.3.1100

Koga, T. (1979). Correlation between sectional area of the spleen by ultrasonic
tomography and actual volume of the removed spleen. J. Clin. Ultrasound 7 (2),
119–120. doi:10.1002/jcu.1870070208

Koga, T., and Morikawa, Y. (1975). Ultrasonographic determination of the
splenic size and its clinical usefulness in various liver diseases. Radiology 115
(1), 157–161. doi:10.1148/115.1.157

Kooyman, G. L., Castellini, M. A., and Davis, R. W. (1981). Physiology of diving
in marine mammals. Annu. Rev. Physiol. 43, 343–356. doi:10.1146/annurev.ph.43.
030181.002015

Lamb, P. M., Lund, A., Kanagasabay, R. R., Martin, A.,Webb, J. A., and Reznek, R.
H. (2002). Spleen size: How well do linear ultrasound measurements correlate with
three-dimensional CT volume assessments? Br. J. Radiol. 75 (895), 573–577. doi:10.
1259/bjr.75.895.750573

Laub, M., Hvid-Jacobsen, K., Hovind, P., Kanstrup, I. L., Christensen, N. J., and
Nielsen, S. L. (1993). Spleen emptying and venous hematocrit in humans during
exercise. J. Appl. Physiol. 74, 1024–1026. doi:10.1152/jappl.1993.74.3.1024

Lodin-Sundström, A., Holmström, P., Ekstam, M., Söderberg, D., and
Schagatay, E. (2021). Splenic contraction is enhanced by exercise at
simulated high altitude. Eur. J. Appl. Physiol. 121 (6), 1725–1732. doi:10.
1007/s00421-021-04637-0

Loftus, W. K., Chow, L. T., and Metreweli, C. (1999). Sonographic measurement
of splenic length: Correlation with measurement at autopsy. J. Clin. Ultrasound 27
(2), 71–74. doi:10.1002/(sici)1097-0096(199902)27:2<71:aid-jcu4>3.0.co;2-u
Longhurst, J. C., Musch, T. I., and Ordway, G. A. (1986). O2 consumption during

exercise in dogs roles of splenic contraction and alpha-adrenergic vasoconstriction.
Am. J. Physiol. 251 (32), H502–H509. doi:10.1152/ajpheart.1986.251.3.H502

Mazzeo, R. S. (2005). Altitude, exercise and immune function. Exerc. Immunol.
Rev. 11, 6–16.

Meehan, R., Duncan, U., Neale, L., Taylor, G., Muchmore, H., Scott, N., et al.
(1988). Operation everest II: Alterations in the immune system at high altitudes.
J. Clin. Immunol. 8 (5), 397–406. doi:10.1007/BF00917156

MingLi, Zhang., CuiJia, An., and QiCi, Zhu. (1992). Ultrasound measurement of
liver and spleen of athletes in Lanzhou area(in Chinese). Chin. J. Ultrasound Med.
1992 (S1), 31.

Natsume, T., Shuto, K., Yanagawa, N., Akai, T., Kawahira, H., Hayashi, H., et al.
(2011). The classification of anatomic variations in the perigastric vessels by dual-
phase CT to reduce intraoperative bleeding during laparoscopic gastrectomy. Surg.
Endosc. 25 (5), 1420–1424. doi:10.1007/s00464-010-1407-1

Nordine, M., Schwarz, A., Bruckstein, R., Gunga, H. C., and Opatz, O. (2022). The
human dive reflex during consecutive apnoeas in dry and immersive environments:
Magnitude and synchronicity. Front. Physiol. 12, 725361. doi:10.3389/fphys.2021.
725361

Pabst, R., Kamran, D., and Creutzig, H. (1984). Splenic regeneration and blood
flow after ligation of the splenic artery or partial splenectomy. Am. J. Surg. 147 (3),
382–386. doi:10.1016/0002-9610(84)90172-7

Pernett, F., Schagatay, F., Vildevi, C., and Schagatay, E. (2021). Spleen contraction
during sudden eupneic hypoxia elevates hemoglobin concentration. Front. Physiol.
12, 729123. doi:10.3389/fphys.2021.729123

Persson, S. G., Ekman, L., Lydin, G., and Tufvesson, G. (1973). Circulatory effects
of splenectomy in the horse. II. Effect on plasma volume and total and circulating
red-cell volume. Zentralbl. Veterinarmed. A 20 (6), 456–468.

Petrovai, G., Truant, S., Langlois, C., Bouras, A. F., Lemaire, S., Buob, D., et al.
(2013). Mechanisms of splenic hypertrophy following hepatic resection. HPB
official J. Int. Hepato Pancreato Biliary Assoc. 15 (12), 919–927. doi:10.1111/
hpb.12056

Pyne, D. V., McDonald, W. A., Morton, D. S., Swigget, J. P., Foster, M.,
Sonnenfeld, G., et al. (2000). Inhibition of interferon, cytokine, and lymphocyte
proliferative responses in elite swimmers with altitude exposure. J. Interferon
Cytokine Res. 20 (4), 411–418. doi:10.1089/107999000312351

Qvist, J., Hill, R. D., Schneider, R. C., Falke, K. J., Liggins, G. C., Guppy, M., et al.
(1986). Hemoglobin concentrations and blood gas tensions of free-diving Weddell
sealsJ. Appl. Physiol. 61, 1560–1569. doi:10.1152/jappl.1986.61.4.1560

Rezai, P., Tochetto, S. M., Galizia, M. S., and Yaghmai, V. (2011). Splenic
volume model constructed from standardized one-dimensional MDCT
measurements. AJR. Am. J. Roentgenol. 196 (2), 367–372. doi:10.2214/AJR.
10.4453

Richardson, M. X., de Bruijn, R., and Schagatay, E. (2009). Hypoxia augments
apnea-induced increase in hemoglobin concentration and hematocrit. Eur. J. Appl.
Physiol. 105 (1), 63–68. doi:10.1007/s00421-008-0873-9

Rodríguez-Zamora, L., Lodin-Sundström, A., Engan, H. K., Höök, M., Patrician,
A., Degerström, E., et al. (2015). “Effects of altitude acclimatization on spleen
volume and contraction during submaximal and maximal work in lowlanders,” in
20th annual congress of the European college of sport science (ECSS) (Malmö:
European College of Sport Science).

Sauerbrei, E. E., Nguyen, K. T., and Nolan, R. L. (1986). A practical guide to
ultrasound in obstetrics and gynecology. Radiology 207, 438. doi:10.1148/radiology.
207.2.438

Schagatay, E., Andersson, J. P., Hallén, M., and Pålsson, B. (2001). Selected
contribution: Role of spleen emptying in prolonging apneas in humans. J. Appl.
Physiol. 90, 1623–1629. doi:10.1152/jappl.2001.90.4.1623

Schagatay, E., Andersson, J. P., and Nielsen, B. (2007). Hematological response
and diving response during apnea and apnea with face immersion. Eur. J. Appl.
Physiol. 101 (1), 125–132. doi:10.1007/s00421-007-0483-y

Schagatay, E., Holmström, P., Mulder, E., Limbu, P., Schagatay, F. S., Engan, H.,
et al. (2020). Spleen volume and contraction during apnea in Mt. Everest climbers
and everest base camp trekkers. High. Alt. Med. Biol. 21 (1), 84–91. doi:10.1089/
ham.2019.0028

Schagatay, E., Hubinette, A., Lodin-Sundström, A., Engan, H., and Stenfors, N.
(2015). Exercise induced hemoconcentration following spleen contraction in
subjects with COPD. COPD Res. Pract. 1 (1), 13–17. doi:10.1186/s40749-015-
0015-9

Schagatay, E., Richardson, M. X., and Lodin-Sundström, A. (2012). Size matters:
Spleen and lung volumes predict performance in human apneic divers. Front.
Physiol. 3, 173. doi:10.3389/fphys.2012.00173

Schlesinger, A. E., Edgar, K. A., and Boxer, L. A. (1993). Volume of the spleen
in children as measured on CT scans: Normal standards as a function of body
weight. AJR. Am. J. Roentgenol. 160 (5), 1107–1109. doi:10.2214/ajr.160.5.
8470587

Shephard, R. J. (2016). Responses of the human spleen to exercise. J. Sports Sci. 34
(10), 929–936. doi:10.1080/02640414.2015.1078488

Sonmez, G., Ozturk, E., Basekim, C. C., Mutlu, H., Kilic, S., Onem, Y., et al. (2007).
Effects of altitude on spleen volume: Sonographic assessment. J. Clin. Ultrasound 35
(4), 182–185. doi:10.1002/jcu.20346

Spielmann, A. L., DeLong, D. M., and Kliewer, M. A. (2005). Sonographic
evaluation of spleen size in tall healthy athletes. AJR. Am. J. Roentgenol. 184 (1),
45–49. doi:10.2214/ajr.184.1.01840045

Stewart, I. B., and McKenzie, D. C. (2002). The human spleen during
physiological stress. Sports Med. 32 (6), 361–369. doi:10.2165/00007256-
200232060-00002

Thomas, D. P., and Fregin, G. F. (1981). Cardiorespiratory and metabolic
responses to treadmill exercise in the horse. J. Appl. Physiol. Respir. Environ.
Exerc. Physiol. 50 (4), 864–868. doi:10.1152/jappl.1981.50.4.864

Frontiers in Physiology frontiersin.org11

Yang et al. 10.3389/fphys.2022.925539

https://doi.org/10.1016/j.cell.2018.03.054
https://doi.org/10.1007/BF03345232
https://doi.org/10.1113/jphysiol.2010.195057
https://doi.org/10.1111/jfb.14579
https://doi.org/10.1111/jfb.14579
https://doi.org/10.1016/j.atherosclerosis.2022.01.004
https://doi.org/10.1111/sms.12309
https://doi.org/10.1111/sms.12309
https://doi.org/10.1152/jappl.1993.74.3.1100
https://doi.org/10.1152/jappl.1993.74.3.1100
https://doi.org/10.1002/jcu.1870070208
https://doi.org/10.1148/115.1.157
https://doi.org/10.1146/annurev.ph.43.030181.002015
https://doi.org/10.1146/annurev.ph.43.030181.002015
https://doi.org/10.1259/bjr.75.895.750573
https://doi.org/10.1259/bjr.75.895.750573
https://doi.org/10.1152/jappl.1993.74.3.1024
https://doi.org/10.1007/s00421-021-04637-0
https://doi.org/10.1007/s00421-021-04637-0
https://doi.org/10.1002/(sici)1097-0096(199902)27:2<71:aid-jcu4>3.0.co;2-u
https://doi.org/10.1152/ajpheart.1986.251.3.H502
https://doi.org/10.1007/BF00917156
https://doi.org/10.1007/s00464-010-1407-1
https://doi.org/10.3389/fphys.2021.725361
https://doi.org/10.3389/fphys.2021.725361
https://doi.org/10.1016/0002-9610(84)90172-7
https://doi.org/10.3389/fphys.2021.729123
https://doi.org/10.1111/hpb.12056
https://doi.org/10.1111/hpb.12056
https://doi.org/10.1089/107999000312351
https://doi.org/10.1152/jappl.1986.61.4.1560
https://doi.org/10.2214/AJR.10.4453
https://doi.org/10.2214/AJR.10.4453
https://doi.org/10.1007/s00421-008-0873-9
https://doi.org/10.1148/radiology.207.2.438
https://doi.org/10.1148/radiology.207.2.438
https://doi.org/10.1152/jappl.2001.90.4.1623
https://doi.org/10.1007/s00421-007-0483-y
https://doi.org/10.1089/ham.2019.0028
https://doi.org/10.1089/ham.2019.0028
https://doi.org/10.1186/s40749-015-0015-9
https://doi.org/10.1186/s40749-015-0015-9
https://doi.org/10.3389/fphys.2012.00173
https://doi.org/10.2214/ajr.160.5.8470587
https://doi.org/10.2214/ajr.160.5.8470587
https://doi.org/10.1080/02640414.2015.1078488
https://doi.org/10.1002/jcu.20346
https://doi.org/10.2214/ajr.184.1.01840045
https://doi.org/10.2165/00007256-200232060-00002
https://doi.org/10.2165/00007256-200232060-00002
https://doi.org/10.1152/jappl.1981.50.4.864
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://doi.org/10.3389/fphys.2022.925539


Tsuchiya, T., Okada, M., Ueda, M., and Yasukochi, Y. (1997). Activation of the
erythropoietin promoter by a point mutation from GATA to TATA in the
-30 region. J. Biochem. 121 (2), 193–196.

Wadenvik, H., Denfors, I., and Kutti, J. (1987). Splenic blood flow and
intrasplenic platelet kinetics in relation to spleen volume. Br. J. Haematol. 67
(2), 181–185. doi:10.1111/j.1365-2141.1987.tb02324.x

Wagneft, P., Erickson, B. K., Kubo, K., Hiraga, A., Kai, M., Yamaya, Y., et al.
(1995). Maximum oxygen transport and utilisation before and after
splenectomy. Equine Veterinary J. 27 (S18), 82–89. doi:10.1111/j.2042-3306.
1995.tb04895.x

Warnecke, C., Zaborowska, Z., Kurreck, J., Erdmann, V. A., Frei, U.,
Wiesener, M., et al. (2004). Differentiating the functional role of hypoxia-
inducible factor (HIF)-1alpha and HIF-2alpha (EPAS-1) by the use of RNA
interference: Erythropoietin is a HIF-2alpha target gene in Hep3B and kelly
cells. FASEB J. official Publ. Fed. Am. Soc. Exp. Biol. 18 (12), 1462–1464. doi:10.
1096/fj.04-1640fje

Yetter, E. M., Acosta, K. B., Olson, M. C., and Blundell, K. (2003). Estimating
splenic volume: Sonographic measurements correlated with helical CT
determination. AJR. Am. J. Roentgenol. 181 (6), 1615–1620. doi:10.2214/ajr.181.
6.1811615

Frontiers in Physiology frontiersin.org12

Yang et al. 10.3389/fphys.2022.925539

https://doi.org/10.1111/j.1365-2141.1987.tb02324.x
https://doi.org/10.1111/j.2042-3306.1995.tb04895.x
https://doi.org/10.1111/j.2042-3306.1995.tb04895.x
https://doi.org/10.1096/fj.04-1640fje
https://doi.org/10.1096/fj.04-1640fje
https://doi.org/10.2214/ajr.181.6.1811615
https://doi.org/10.2214/ajr.181.6.1811615
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://doi.org/10.3389/fphys.2022.925539

	Eight weeks of dry dynamic breath-hold training results in larger spleen volume but does not increase haemoglobin concentration
	1 Introduction
	2 Materials and methods
	2.1 Ethical aspect
	2.2 Study design
	2.3 Participants

	3 Experimental procedures
	3.1 Preliminary measures
	3.2 Spleen imaging
	3.3 Blood sample and analysis
	3.4 Familiarisation session
	3.5 Apnoea training protocol
	3.5.2 Apnoea protocol
	3.5.2.1 Breath-holding run
	3.5.2.2 Breath-holding jump rope
	3.5.3 Termination of experimental criteria

	3.6 Statistical analysis

	4 Results
	4.1 Subjects
	4.2 Spleen volume
	4.3 Erythrocytes and haemoglobin
	4.4 Blood PLTs
	4.5 Immune cells

	5 Discussion
	6 Conclusion
	7 Limitations
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher’s note
	Supplementary material
	References


