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Abstract

Professional soccer players have a lengthy playing season, throughout which high levels of physical stress are maintained.
The following recuperation period, before starting the next pre-season training phase, is generally considered short but
sufficient to allow a decrease in these stress levels and therefore a reduction in the propensity for injury or musculoskeletal
tissue damage. We hypothesised that these physical extremes influence the body composition, blood flow, and endothelial/
immune function, but that the recuperation may be insufficient to allow a reduction of tissue stress damage. Ten
professional football players were examined at the end of the playing season, at the end of the season intermission, and
after the next pre-season endurance training. Peripheral blood flow and body composition were assessed using venous
occlusion plethysmography and DEXA scanning respectively. In addition, selected inflammatory and immune parameters
were analysed from blood samples. Following the recuperation period a significant decrease of lean body mass from
74.464.2 kg to 72.263.9 kg was observed, but an increase of fat mass from 10.365.6 kg to 11.165.4 kg, almost completely
reversed the changes seen in the pre-season training phase. Remarkably, both resting and post-ischemic blood flow
(7.363.4 and 26.066.3 ml/100 ml/min) respectively, were strongly reduced during the playing and training stress phases,
but both parameters increased to normal levels (9.062.7 and 33.967.6 ml/100 ml/min) during the season intermission.
Recovery was also characterized by rising levels of serum creatinine, granulocytes count, total IL-8, serum nitrate, ferritin,
and bilirubin. These data suggest a compensated hypo-perfusion of muscle during the playing season, followed by an
intramuscular ischemia/reperfusion syndrome during the recovery phase that is associated with muscle protein turnover
and inflammatory endothelial reaction, as demonstrated by iNOS and HO-1 activation, as well as IL-8 release. The data
provided from this study suggest that the immune system is not able to function fully during periods of high physical stress.
The implications of this study are that recuperation should be carefully monitored in athletes who undergo intensive
training over extended periods, but that these parameters may also prove useful for determining an individual’s risk of
tissue stress and possibly their susceptibility to progressive tissue damage or injury.
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Introduction

In modern sports medicine, little is known about the

relationship between functional capacity, such as oxygen

consumption or peripheral blood flow, physical stress, and the

parameters of immune activation. Many studies have focussed

on aerobic-anaerobic endurance [1,2], the aerobic-anaerobic

threshold [1,2,3] or muscular regeneration [4,5,6], resulting in

an important understanding for the enhancement of physical

performance after short or intermediate-term training [7].

Professional athletes, however, are generally exposed to

extended periods of high physical stress with only short phases

of recovery and recuperation. Such athletes seem to be prone to

injuries of the musculoskeletal system due to the imbalance of

physical strain to recuperation [8]. Professional soccer players

have a long competitive season, followed by a short break of

only three to four weeks, before commencing endurance

training prior to the start of the following season. This

recuperation period is considered short, and it is therefore

unknown whether the reduction of physical stress levels are

sufficient to reduce the propensity for injury or musculoskeletal

tissue damage. Indeed, many muscular and ligamentous injuries

occur without the influence of opponents or even a ball [9].

The high levels of injury in elite soccer players, might indicate

that thorough recovery is not actually achieved between playing

seasons.
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Physical stresses have additionally been shown to be activators

for many processes of the immune system [10,11], including the

up-regulating of e.g. leukocytes, neutrophiles, granulocytes and

monocytes, after acute physical stress such as high level training or

competitive performances [12,13]. In this context, the endotheli-

um plays a central role in the regulation of peripheral blood flow

and vascular resistance by generating nitric oxide (NO) [14].

Furthermore endothelial cells are activated during acute inflam-

mation to support repair mechanisms of injured tissue [15]. The

ability to detect an individual’s exposure to physical and/or

psychological stress would therefore appear to be an important

prerequisite for monitoring their propensity for injury.

In their role as mediators at critical points during acute and

chronic inflammation, endothelial cells can change their proper-

ties, amongst others, to enable:

i) the release of cytokines such as IL-8 to support the chemotaxis

of leukocytes to the inflamed tissue [16],

ii) the up-regulation of NO (via iNOS) regulating blood flow

[17,18],

iii) the up-regulation of adhesion molecules (ICAM, VACAM

etc.) to support leukocyte sticking and transmigration from

vessels to tissue [19],

iv) the up-regulation of the stress protein, hemoxygenase-1 (HO-

1) that metabolises the pro-inflammatory and toxic hem (e.g.

as product of muscle protein degradation) into regulatory

down-stream products biliverdin (converted into bilirubin),

free iron (inducing ferritin), and carbon monoxide (enhancing

blood flow and protecting endothelial cells) [20].

The quantification of such processes or markers would therefore

seem to allow indirect access to the level of physical stress. Until

now, most studies in this area have examined the acute reaction of

the immune system and endothelium after sports activity.

However, the effect of periods of high physical stress followed by

only short phases of recovery has not been well documented.

Therefore we hypothesised that the physical extremes imposed

upon these athletes over prolonged periods of time influence the

body composition, blood flow, and endothelial/immune function,

but that the recuperation is maybe insufficient to allow a reduction

of tissue stress damage. The aim of this study was to examine how

extreme phases of physical strain influence body composition,

peripheral vascular blood flow and endothelial/immune function

by examining professional soccer players at the end of a season,

after the season intermission, and following the start-up training

for the new season.

Methods

Subjects and study protocol
10 first team soccer players (aged 20 to 36 years, 9 Caucasian, 1

non-Caucasian) from the German Bundesliga were studied. All

participants gave written informed consent and the study was

approved by the local Ethics Committee of the Charité –

Universitätsmedizin Berlin. Clinical evaluation included heart

rate, blood pressure, ECG, electrolytes, glucose concentration,

kidney function and liver function (Table 1).

The first assessment, representing the phase of maximal

exhaustion, was performed at the end of the regular season in May

2005. In this regular playing season of 2004/2005, the average

number of first team games per participant was 23.6 from a

maximum of 34 league games. After this playing season, and at the

end of the recovery holiday period of four weeks, a second series of

tests was performed in June 2005. During this period of recuperation,

the players were advised to avoid physical activity for at least three

weeks. In the last week of their holidays they had to perform aerobic

running training for not more than one hour per day.

The subjects were studied a final time after a pre-season training

of five weeks, which represented the preparation period for the

following season (August 2005). During this period, the players

attended a high intensity endurance and power training, as well as

training of different forms of football specific skills. The amount of

training ranged from two to three sessions per day.

At each measurement time point, we performed a dual energy

X-ray absorptiometry (DEXA) scan to examine body composition,

as well as venous occlusion plethysmography to determine the

peripheral blood flow and vascular capacity. Furthermore, we took

venous blood samples for the series of serum parameter tests.

Blood samples
On each test day, blood samples were taken in the morning

between 0800h and 1000h in a quiet room after a period of rest for

at least 15 minutes. Full blood count, clinical chemistry (including

ferritin, bilirubin & nitrates) and different parameters of immune

and endothelial function (e.g. interleukins, TNF, nitrate, leucocyte

cell count) were assessed. Full blood count and clinical chemistry

were measured in plasma and serum samples according to the

laboratory standard operating procedures.

Cytokines (TNF, IL-6, total IL-8, CRP) were measured in

plasma samples by using the semiautomatic system Immulite

(Siemens/DPC, Bad Nauheim, D), according to the recommen-

dations of the manufacturer.

Body composition
Dual energy X-ray absorptiometry (DEXA) was performed

using a lunar prodigy model (General Electric, Madison,

Wisconsin, USA) at two different x-ray energies of 38 keV and

70 keV. Total mass, lean mass, body fat, and bone mineral

content were assessed for the whole body, as well as for specific

regions of interest (e.g. upper and lower extremities). Each scan

took about seven minutes and scan data was analysed using Lunar

‘‘en Core 2002’’ software. The mean radiation dose per scan for

body composition is reported to be 0.4 mSv with a measurement

precision of 99% (Lunar Radiation Company).

Table 1. Baseline characterisation of subjects.

Parameters mean6SD

age 25.365.1

height (cm) 184.265.9

weight (kg) 90.165.6

body mass index 26.161.0

total lean mass (kg) 74.464.2

total fat mass (kg) 10.365.6

body fat (%) 11.966.2

VO2-max (ml/min/kg) 51.264.6

haemoglobin (g/dl) 14.561.0

haematocrite (%) 42.562.8

potassium (mmol/l) 3.960.2

sodium (mmol/l) 141.161.8

serum creatinine concentration (mmol/l) 100.1610.8

leucocytes count (/nl) 4.961.5

doi:10.1371/journal.pone.0004910.t001
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Peripheral blood flow and vascular capacity
Peripheral blood flow and vascular capacity was investigated

using venous occlusion plethysmography performed with an EC 6

plethysmograph (Hokanson Inc., Bellevue, USA) system. The

subjects rested in a supine position for at least 15 minutes, and

forearm blood flow was then determined using a mercury-in-

silastic strain gauge (Hokanson Inc., Bellevue, USA). A cuff around

the right upper arm was connected to a rapid inflation pump with

an air source and solenoid valves, used to inflate and deflate the

occlusion cuff rapidly to the required pressure of 40 mmHg. To

measure the peak forearm blood flow, the cuff was inflated to

suprasystolic pressure (30 mm HG above systolic blood pressure)

for 3 minutes. The blood flow was measured after release of the

cuff in ten second intervals for at least two minutes. The highest

flow results were considered to represent peak forearm blood flow.

Flow dependent flow (FDF), a non-invasive method to estimate

endothelium dependent vasodilatation, was assessed at the forearm

as an estimate of endothelium dependent vasodilator capacity [21].

A second sphygomanometer cuff was placed distal to the strain-

gauge and inflated to suprasystolic levels for 2 minutes. After

sudden deflation of this cuff, the increase of shear stress due to

increased flow in the brachial artery causes endothelium dependent

NO release. Blood flow was then measured every 10 seconds for a

period of 90 seconds. All results for plethysmography are given in

millilitres per 100 ml tissue per minute (ml/100 ml/min).

All the above tests were performed in a dedicated quiet room

between 0900h and 1200h to prevent data bias from noise and

circadian rhythms.

For characterisation of the subjects’ metabolic performance, a

single cardiopulmonary exercise test was performed using an

InnocorTM system (Innovision, Odense, Denmark) and a treadmill

HP cosmosH (HP Cosmos sports & medical GmbH, Nussdorf-

Traunstein, Germany). The exercise protocol used for cardiopul-

monary exercise testing involved running on a treadmill whilst

oxygen consumption and anaerobic threshold were investigated

(Table 2). The highest value measured for oxygen consumption was

taken as the maximum cardiopulmonary capacity and anaerobic

threshold was assessed using the v-slope method [22,23].

Statistical analysis
All results are presented as a mean value6SD. The Wilcoxon

signed rank test was applied to scan the variables between each

measurement and the spearman rank correlation was used for

non-parametric correlation analyses between different parameters.

The statistical analyses were performed using StatView 4.5

(Abacus Concepts Inc., Berkeley, USA). Statistical significance

was indicated at P,0.05.

Results

We studied the effect of training and recovery on parameters of

body composition, endothelial function and markers of the

immune system in 10 professional first team soccer players (aged

20 to 36 years) of the German Bundesliga. All clinical parameters:

heart rate, blood pressure, serum electrolytes, glucose concentra-

tion, kidney function and others showed normal values (Table 1).

The values for a single player were not available in the final

measurement session due to a stomach virus.

Changes in body composition
At the end of the regular playing season, players showed a mean

body weight of 90.165.6 kg, with a body fat content of

11.966.2% and lean body mass of 74.464.2 kg.

Significant changes in body composition were observed during

the test stages (Figure 1). A significant reduction in body mass was

found at the end of the recovery phase, followed by a slight

increase after pre-season training (end of regular season:

90.165.6 kg vs. after 4 weeks recuperation: 88.365.9 kg vs. after

pre-season training: 88.564.0 kg). This could be accounted for in

the reduction of lean body mass (74.464.2 kg vs. 72.263.2 kg vs.

73.963.7 kg). Fat mass increased during the recovery phase and

decreased during the pre-season training (10.365.6 kg vs.

11.165.4 kg vs. 9.464.6 kg).

In parallel to changes in the body composition, enhanced serum

creatinine levels were observed at the end of the recovery phase.

Blood urea remained unchanged at this time. Moreover, a change

of lean mass showed a close inverse relationship to serum

creatinine concentrations in the different phases (playing season

to recovery: r = 20.59; p,0.09 and recovery to pre-season:

r = 20.75; p = 0.04) (Figure 2). At the end of the pre-season

training, both parameters reached baseline (assumed to be end of

playing season) levels again. Although no statistical significance

was observed between the time points, the levels of creatine kinase

(293.76163.7 U/L at the end of the season, 348.86182.9 U/L

after recuperation, and 332.16148.3 U/L during pre-season

training) demonstrated that the largest muscle turnover did

coincide with the period of recuperation when the players lost

most lean body mass.

Changes in blood flow
Examination of the peripheral venous blood flow showed

significant differences between the phases of physical stress and

recovery. Both the resting and post-ischemic blood flows were

subnormal in the athletes at the end of the playing season,

reaching levels comparable with mild chronic cardiac failure

patients [21,24] suggesting compensated hypo-perfusion. Remark-

ably, we found an increase of resting blood flow by 23% to the

measured baseline level (Baseline: 7.363.4 vs. end of recovery

9.062.7 ml/100 ml/min) after the recuperation phase. After pre-

season training for the following season, resting blood flow showed

even lower levels when compared with baseline values (baseline

7.363.4 vs. end of pre-season training: 5.061.9 ml/100 ml/min).

Furthermore, post-ischemic blood flow was elevated by 32% after

the recovery period compared with season end (baseline: 25.966.3

vs. end of recovery 34.067.6 ml/100 ml/min), but reached

baseline levels once again after pre-season training (Figure 3).

Changes in endothelial and immune function
A significant increase of nitrate was observed at the end of the

recovery phase (2.3 mg/l61.2 vs. 4.2 mg/l61.0; p,0.005) when

compared with levels at the end of the previous season. In parallel

to enhanced levels of NO, total IL-8 and leukocytes were also

Table 2. Protocol of exercise test.

Stage Gradient (u) Speed (m/s) Time (min)

0 3 0.0 0–2

1 3 3.0 2–4

2 3 3.4 4–6

3 3 3.8 6–8

4 3 4.2 8–10

5 3 4.6 10–12

6 3 5.0 12–14

7 3 5.4 14–max. exhaustion

doi:10.1371/journal.pone.0004910.t002
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upregulated after the recovery phase. This leukocytosis was due to

an increase of granulocyte and monocyte counts, while lympho-

cytes were decreased during the recovery phase (Table 3). No

increases in serum TNF, IL-6 or CRP were observed. Thereafter,

a significant correlation between the change in IL-8 levels and

changes in leukocyte count was observed from recuperation to pre-

season training (Figure 4). Furthermore, a significant up-regulation

of both bilirubin and ferritin (Figures 5a & 5b) from normal to

enhanced serum levels was observed after the recovery phase,

suggesting HO-1 activity. These levels returned to post-season

levels after pre-season training.

Discussion

There is a lack of data on the influence of chronic stress on the

physiology of elite athletes. For the first time in this study, we have

Figure 2. A significant inverse correlation was found between
the total lean mass and increased/decreased levels of creati-
nine over the time period from the end of playing season to
the end of recovery, as well as from recovery to the end of pre-
season training.
doi:10.1371/journal.pone.0004910.g002

Figure 3. Enhanced resting and postischemic blood flow
during the recovery period.
doi:10.1371/journal.pone.0004910.g003

Figure 1. Changes in body weight (a) and lean mass (b) during
different phases of physical strain.
doi:10.1371/journal.pone.0004910.g001

Recuperation Soccer Players

PLoS ONE | www.plosone.org 4 March 2009 | Volume 4 | Issue 3 | e4910



examined how a cycle of season-long stress, followed by a short

recuperation phase and then intensive pre-season training,

influences body composition, blood flow and endothelial/immune

function in professional soccer players. Following a 4 week

recuperation period, a significant decrease of lean body mass but a

not unexpected increase in fat mass has been observed. During this

recuperation period, raised serum creatinine levels suggest an

increase in muscle turnover. These changes were almost

completely reversed after pre-season training for the new season.

Remarkably, both resting and post-ischemic blood flow were

greatly reduced after the playing season’s stress, but both

parameters increased to normal levels during rest and recupera-

tion. Recovery was also characterized by rising levels of

granulocytes, total IL-8, serum nitrate, ferritin, and bilirubin.

These data suggest a compensated hypo-perfusion (and hypoxia)

during the playing season, followed by an intramuscular ischemia/

reperfusion syndrome during the recovery phase that is associated

with muscle protein turnover [25] and inflammatory endothelial

reaction, as reflected by iNOS and HO-1 activation, as well as IL-

8 release.

Periods of intense training were clearly associated with chronic

stress and anabolic metabolism in the elite athletes investigated in

this study. This was demonstrated by a high lean/total body mass

ratio that changed over the observation period, possibly in

response to physical or psychological stress. Interestingly, we

found vasoconstriction with a reduced peripheral venous blood

flow (ave. 25.9 ml/100 ml/min) at the end of the season, levels

that are associated with mild cardiac failure patients (11–26 mL/

100 mL/min, [21,24]). In comparison, normal controls have

shown blood flow values of 34.262.2 mL/100 mL/min [26]. The

subjects’ response to physical and psychological stress was further

Figure 4. A significant correlation between IL-8 levels and
leukocyte count demonstrated a recovery from stress-related
leukopenia from the playing season to the recuperation phase,
as well as a return to lower leukocyte counts after the stressfull
phase of pre-season training.
doi:10.1371/journal.pone.0004910.g004

Figure 5. Increased (a) ferritin and (b) bilirubin concentrations
during recovery both demonstrate enhanced HO-1 activity.
doi:10.1371/journal.pone.0004910.g005

Table 3. Immunological and biochemical paramaters.

Parameters End of playing season p-values End of recovery p-values End of pre-season training

Leukocytes (/nl) 4.961.5 p = 0.009 7.664.0 p = 0.314 6.261.5

Lymphocytes (/nl) 1.660.4 p = 0.037 1.360.4 p = 0.008 1.860.4

Monocytes (/nl) 0.3760.1 p = 0.017 0.5560.3 p = 0.313 0.4460.2

Granulocytes (/nl) 2.961.1 p = 0.009 5.763.5 p = 0.173 3.961.3

IL-8 (pg/ml) 106.2630.1 p = 0.047 156.8671.5 p = 0.214 125.4654.2

Creatinine (mmol/l) 100.1610.8 p = 0.014 114.7614.8 p = 0.033 98.468.1

Bilirubin (mmol/l) 12.267.7 p = 0.021 18.169.4 p = 0.173 14.569.7

Ferritin (ng/ml) 36.6610.9 p = 0.038 46.0614.1 p = 0.044 37.5614.8

Nitrate (mg/l) 2.361.2 p = 0.005 4.261.0 p = 0.085 2.861.4

doi:10.1371/journal.pone.0004910.t003
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established by neutropenia and monocytopenia during the season,

resulting in partial insufficiency of innate immunity. The following

rest and recuperation period was then associated with a reduction

in the levels of stress, as demonstrated by catabolic metabolism

connected with vasodilatation as well as an improved venous blood

flow. The observed results were somewhat surprising, especially as

a higher body weight after recovery and a better blood flow during

training phase had been expected.

Nitric oxide (NO) is an endothelium-derived vasodilator that

inhibits muscular contraction and therefore produces relaxation in

the body. It seems likely that the aforementioned reduction in

physical and psychological stress during recovery improved the

peripheral blood flow by endothelial release of NO, which was

confirmed by the observed increase in nitrates. This is probably

the result of enhanced iNOS activity, the most powerful NO

releasing enzyme, which is up-regulated following endothelial

activation, such as by ischemia/reperfusion injury or inflammation

[27,28,29]. The parallel up-regulation of IL-8, which supports the

recruitment and survival of neutrophil (cells of the innate immune

system), was presumably a result of the activation of immune or

endothelial cells (since serum TNF, IL-6 and CRP were not

increased). This suggests that the athletes possessed a biochemical

signature seen typically in ischemia or reperfusion injury [30,31].

Professional soccer players likely possess a high ratio of fast

twitch muscle fibres, which exhibit rapid metabolic adaptation to

the mode of training [32,33]. We therefore speculate that these

conditions, together with their intense fitness training, may cause

the players to be particularly susceptible to changes in physical

strain, and that the loss of muscle mass during recovery might be

the physiological response. However, the levels of change of both

muscle mass and blood flow were surprising high. It seems

reasonable therefore that the reaction to stress results in

vasoconstriction and therefore in the adaptation of these fibres

to compensated hypoperfusion. Stress relief during recovery

seemed to initiate better perfusion, inducing an ischemia/

reperfusion reaction and which resulted in a higher muscle

turnover, haem release and finally in endothelial activation that

was amplified by immune reconstitution. The up-regulation of

HO-1 and its cytoprotective down-stream products might be

explained as a compensatory mechanism.

Previous studies have demonstrated that the physical perfor-

mance associated with a single soccer game induces muscle

damage and transient inflammation responses for as long as

72 hours post-exercise [13]. Although in this study all serum

parameters were taken at least 48 hours after any strenuous

exercise, it could be that inflammation was still present. However,

hsCRP and IL-6 showed no signs of inflammation at any time

point, but also the differences seen in the total levels of leukocytes,

particularly granulocytes and monocytes, as well as IL-8, were all

at their highest levels during the period of recuperation (Table 3),

and not, as expected, during either the playing season or pre-

season training. The higher levels of muscle turnover during the

recuperation period, therefore only enhance the idea that the

immune system is not able to function fully during periods of high

physical stress, possibly by down-regulating immune and endo-

thelial function. This could result in the reduced capacity to

metabolize any damaged muscle cells [8,34]. Since no direct proof

of muscle damage was available in any player throughout this

study, including medical records and the levels of creatine kinase,

the observed increase of creatinine did indicate an increased rate

of muscle turnover, which was consistent with the reduction of

muscle mass during recovery. Here, the immune and endothelial

systems might have been more active, allowing any damaged

muscle cells to be better metabolized. These results imply that

periods of rest can reduce tissue level stress, but suggest that the

short recuperation period allowed by top level soccer players

might be insufficient to allow complete regeneration. Whether this

leads to a more rapid burn out of soccer players, remains to be

investigated.

In conclusion, we believe there is vasoconstriction connected

with muscular hypoperfusion during intensive periods of training,

with reduced immunological repair function due to lower

endothelial activity. Whilst levels of stress, and demonstrated by

limited immune function and vascular capacity (e.g. peripheral

blood flow), appear to be greatly reduced at the end of playing

season, stress levels seem to rise again rather rapidly after training

recommences, and it therefore appears that longer periods of rest

may be required before full recovery is achieved. Although further

studies will be needed to validate these results in other sports,

particularly in those with similar periods of high physiological and

psychological pressure, the results from this study indicate that the

inter-individual differences between these parameters might be

suitable for assessing an individual’s risk of overloading or over

stressing at a tissue level.

Acknowledgments

The authors would like to thank the athletes that took part in this study for

their patients and cooperation.

Author Contributions

Conceived and designed the experiments: SR KH PR HDV SDA.

Performed the experiments: SR TK. Analyzed the data: SR TK WRT WD

SDA. Contributed reagents/materials/analysis tools: PR HDV SDA.

Wrote the paper: SR TK WRT WD GD PR HDV SDA.

References

1. Lind E, Joens-Matre RR, Ekkekakis P (2005) What intensity of physical activity

do previously sedentary middle-aged women select? Evidence of a coherent

pattern from physiological, perceptual, and affective markers. Prev Med
Apr;40(4): 407–19.

2. Hollmann W (2001) 42 years ago–development of the concepts of ventilatory

and lactate threshold. Sports Med ;31(5): 315–20.

3. Hale T (2008) History of developments in sport and exercise physiology: A. V.
Hill, maximal oxygen uptake, and oxygen debt. J Sports Sci Feb 15;26(4):

365–400.
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Martin-Luther Universität-Halle-Wittenberg, ULB Sachsen-Anhalt.
21. Doehner W, Schoene N, Rauchhaus M, Leyva-Leon F, Pavitt DV, et al. (2002)

Effects of Xanthine Oxidase Inhibition with Allopurinol on Endothelial Function

and Peripheral Blood Flow in Hyperuricemic Patients with Chronic Heart
Failure. Circulation 105: S. 2619–2624.

22. Wassermann K, Hansen JE, Sue DY, Stringer WW, Whipp BJ (2005) Principles
of Exercise Testing and Interpretation; Including Pathophysiology and Clinical

Applications. 4th edition, Lippincott, Williams & Wilkins.

23. Kroidl RF, Schwarz S, Lehnigk B (2007) Kursbuch Spiroergometrie – Technik
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