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Abstract To evaluate differences in total haemoglobin

mass (tHb mass) and in red blood cell profile between

elite endurance-trained (END) and non-endurance-trained

(nEND) male and female adolescent athletes, tHb mass

(CO rebreathing) and specific variables of red blood cell

profile (haemoglobin concentration, haematocrit, erythro-

cyte indices) were determined in 59 elite junior athletes (29

END, 30 nEND). We hypothesized that at the age of

15–17 years, regular endurance training might induce a

significant increase in tHb mass and changes in red blood

cell profile. Therefore, all parameters were again deter-

mined after 6, 12 and 18 months in a subset of 27 subjects

(17 END, 10 nEND). In END, tHb mass related to body

weight was *15% greater than in nEND (11.2 ± 1.6 vs.

9.7 ± 1.3 g kg-1, P \ 0.001), whereas no significant

differences were observed for the red blood cell profile.

In both groups, tHb mass related to body weight and the

variables of red blood cell profile had not changed signif-

icantly after 6, 12 and 18 months of regular training. In

conclusion, in elite junior athletes, differences in tHb mass

between END and nEND were similar, however, smaller

compared with previously in adult athletes reported values.

At the age of 15–17 years, 18 months of regular training

did not induce significant changes in tHb mass beyond

alterations explained by physical growth and also variables

of red blood cell profile did not change significantly.

Keywords Training � Oxygen transport capacity �
Haematological passport � Growth � Gender differences

Introduction

Total haemoglobin mass (tHb mass) is a key determinant

for aerobic capacity with strong positive correlations

between tHb mass and VO2max in adults (Brotherhood et al.

1975; Gore et al. 1997; Heinicke et al. 2001; Martino et al.

2002; Schmidt and Prommer 2008). Significantly greater

tHb mass has been observed in endurance-trained versus

non-endurance-trained athletes and versus untrained sub-

jects, respectively (Heinicke et al. 2001; Kjellberg et al.

1949; Schmidt and Prommer 2008). In endurance-trained

adult athletes with high aerobic performance capacity,

physiological variations in tHb mass during regular train-

ing are small (Garvican et al. 2010; Gore et al. 1997;

Prommer et al. 2008; Schmidt and Prommer 2008).

Increases in tHb mass, however, were reported as a phys-

iological response to the onset of regular endurance train-

ing in untrained subjects (Schmidt and Prommer 2008) as

well as to altitude training (reviewed by Schmidt and

Prommer 2008) or as the result of blood doping (Lundby

et al. 2007; Mørkeberg et al. 2009; Parisotto et al. 2000;

Pottgiesser et al. 2007). tHb mass in adolescent athletes has

only scarcely been investigated. Koch and Röcker (1977)

reported higher plasma volume and estimated higher tHb

masses in 14–15 years old well-trained boys when com-

pared with reference values from untrained boys. To our

knowledge, there is only one study which investigated
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longitudinal changes in tHb mass in young athletes. East-

wood et al. (2009) reported a significant increase in tHb

mass in twelve 11 to 15-year-old male and female cyclists

after 1 year of regular training, however, related to body

weight, this change was not significant. With regard to the

close relationship between aerobic capacity and tHb mass,

the development of tHb mass in adolescent athletes is of

great interest. It is well known that aerobic capacity in

young trained subjects is higher when compared with

untrained subjects at all ages, whilst the greatest difference

is found during adolescence (Armstrong and Welsman

2001). The greatest effects of regular endurance training on

aerobic capacity, beyond the effects explained by growth

and maturation, have so far been observed in male ado-

lescents during the late pubertal stage (Armstrong and

Welsman 2001; Eisenmann et al. 2001), however, not

much is known about the development of tHb mass and red

blood cell profile at this age.

The development of tHb mass as well as of erythro-

poietic markers in adolescent athletes is also important

concerning anti-doping regulations. Markers of red blood

cell profile have already been part of anti-doping controls

in junior athletes (Mayr et al. 2006). In the year 2010, the

World Anti-Doping Agency (WADA 2010) released

operational guidelines for implementing the athlete bio-

logical passport for anti-doping screenings and several

markers of the red blood cell profile were selected for the

haematological module. tHb mass has also been discussed

as a marker (Gore et al. 2006; Pottgiesser et al. 2007;

Prommer et al. 2008), but it has not been included in the

biological passport so far. It was recommended to start with

the blood pass several years before the athletes will par-

ticipate in international competitions (e.g. during adoles-

cence) (Berglund et al. 2007). Therefore, it is essential to

know if and to what extent markers of the red blood cell

system change during adolescence in elite junior athletes.

In a cross-sectional analysis, we evaluated differences in

tHb mass and variables of red blood cell profile between

endurance-trained and non-endurance-trained male and

female elite junior athletes. A subset of these athletes was

followed over an 18-month training period to test the

hypothesis that elite adolescent athletes show an enhance-

ment of tHb mass at the age of 15–17 years as a response to

ongoing endurance training. We also monitored selected

blood profile markers to test for alterations reflecting

developmental changes during the 18-month observation

period.

Materials and methods

Study design

The study consists of a cross-sectional analysis of tHb mass

and markers of red blood cell profile in 59 elite adolescent

athletes and of a longitudinal analysis of these variables in

a subset of 27 athletes. In the longitudinal analysis, tHb

mass, red blood cell profile, and performance at the

4 mmol l-1 lactate threshold (4 LT) were determined in

6-month intervals at four time points (T1–T4) resulting in a

monitoring phase of 18 months.

Subjects

Fifty-nine adolescent elite athletes volunteered to partici-

pate in the present study (anthropometric data in Table 1).

Written parental consent was obtained before any testing.

The study was approved by the Ethics Committee of the

Medical Faculty of the University of Heidelberg, Germany,

and conformed to the standards set by the Declaration of

Helsinki. All subjects were competing at top national levels

in their age class and were members of German youth elite

teams, including basketball (17 females), canoeing (8

males and 4 females), tennis (1 male and 1 female), weight

lifting (10 males and 1 female), swimming (5 males and 4

females), and distance running (5 males and 3 females).

Athletes from canoeing, swimming and distance running

were considered as one group (endurance-trained, END),

because endurance-type training is the major part of their

training regime ([60–70% of all training all year round), in

Table 1 Anthropometric characteristics of endurance-trained (END) and non-endurance-trained (nEND) male and female athletes

END nEND

Male (n = 18) Female (n = 11) Male (n = 11) Female (n = 19)

Age (years) 15 ± 1 15 ± 1 16 ± 1 16 ± 1

Height (cm) 177.3 ± 5.8## 169.2 ± 6.5* 175.4 ± 6.4 174.9 ± 9.1

Weight (kg) 66.9 ± 7.2## 56.9 ± 5.0** 68.6 ± 7.9 66.8 ± 10.4

FFM (kg) 61.0 ± 6.4## 47.6 ± 4.3 61.6 ± 5.7## 53.6 ± 7.3

Values are mean ± SD

Significantly different from corresponding female values (##P \ 0.01)

Significantly different from corresponding nEND values (*P \ 0.05, **P \ 0.01)
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contrast to athletes from basketball, tennis and weight

lifting (non-endurance-trained, nEND), where\10–20% of

all-year training is designed as endurance-type training. As

anthropometric characteristics, body height, body weight,

and fat free mass (FFM) were determined. FFM was cal-

culated from estimation of body fat by skinfold measure-

ments performed at three sites [triceps, subscapular, and

abdomen (thigh in female athletes)] with a skinfold caliper

(Holtain, Crymych, UK) as described by Lohman (1981)

and Wagner (1996). Overall, 14 athletes (10 females and 4

males, 6 END and 10 nEND) were iron depleted and in 2

nEND female athletes, mild iron-deficient anaemia occur-

red (serum ferritin 14 lg l-1, [Hb]: 11.8 g dl-1 and serum

ferritin: 4 lg l-1, [Hb]: 11.1 g dl-1, respectively).

Longitudinal observation

Longitudinal monitoring could be done in a subset of 27

out of the 59 athletes (14 males and 13 females, 17 END,

10 nEND, anthropometric data in Table 2). All the 27

athletes trained regularly and answered questions con-

cerning their training programme at all time points (T1–T4)

when they reported to our laboratory for the scheduled tests

(Table 3). None of the subjects participated in altitude or

hypoxia training during the observation phase. Generally,

we knew all the subjects and their coaches very well as

they regularly trained at the local Olympic Training Centre

and we can exclude the possibility of blood manipulations.

The subjects were non-smokers, except for one weight

lifter. To avoid acute interference with percent

carboxyhaemoglobin (%HbCO) measurements within car-

bon monoxide rebreathing (COR), this weight lifter was

asked not to smoke before the investigations at the testing

day.

Nine subjects (7 females and 2 males, 6 END and 3

nEND) from the longitudinal monitoring were iron deple-

ted (serum ferritin \20 lg l-1) at T1. These athletes

received oral iron supplementation (100 mg of ferrous

sulphate daily). No iron-deficient anaemia ([Hb]

\12 g dl-1) was detected in any of these athletes. As

changes in tHb mass in the iron-depleted, iron-treated

athletes were not significantly different from the tHb mass

changes observed in the athletes without iron deficiency

[similar to our observation in a previous study (Friedmann

et al. 2001)] the respective athletes were included into

further analysis.

Exercise testing

The elite junior athletes are regularly subjected to perfor-

mance tests in their different sports, i.e. basketball:

5–6 9 1,200 m field test on a 400-m track, canoeing:

4 9 1,000 m canoeing on a lake, weight lifting: stepwise

increasing test on a cycle ergometer (increments: 50 W,

step duration 3 min), swimming: stepwise increasing

swimming test in a pool (5–8 9 100–400 m), distance

running and tennis: stepwise increasing treadmill test

(increments: 2 km h-1, step duration 3 min). In all these

tests, lactate is determined in capillary blood drawn from

the earlobe at the end of each exercise step and

Table 2 Longitudinal analysis: anthropometric characteristics and performance at 4 mmol l-1 (4 LT) of endurance-trained (END) and non-

endurance-trained (nEND) male and female athletes

Male (n = 10) Female (n = 7)

T1 T2 T3 T4 T1 T2 T3 T4

END

Age (years) 15 ± 1 16 ± 1 16 ± 1 17 ± 1 15 ± 1 16 ± 1 16 ± 1 17 ± 1

Height (cm) 177.8 ± 4.9 178.4 ± 4.8 179.2 ± 4.3 179.6 ± 4.3 173.3 ± 3.9 173.1 ± 4.4 173.9 ± 4.0 173.3 ± 4.1

Weight (kg) 67.0 ± 5.4 70.3 ± 5.3 71.6 ± 4.9 73.3 ± 5.5 59.5 ± 3.7 61.2 ± 3.2 62.8 ± 3.1 63.6 ± 2.8

FFM (kg) 61.3 ± 4.8 64.6 ± 4.8 66.2 ± 5.4 67.2 ± 4.8 50.0 ± 3.3 51.5 ± 2.5 52.4 ± 2.2 52.9 ± 2.7

4 LT (%) 100 101 ± 4 102 ± 5 99 ± 9 100 98 ± 2 98 ± 2 97 ± 4

Male (n = 4) Female (n = 6)

T1 T2 T3 T4 T1 T2 T3 T4

nEND

Age (years) 16 ± 1 16 ± 1 17 ± 1 17 ± 1 16 ± 1 17 ± 1 18 ± 1.0 18 ± 1

Height (cm) 175.1 ± 10.1 175.9 ± 9.5 176.0 ± 10.1 175.6 ± 10.3 175.3 ± 9.8 175.0 ± 10.0 174.8 ± 10.0 174.8 ± 9.8

Weight (kg) 71.6 ± 9.3 73.4 ± 8.5 74.0 ± 7.4 73.8 ± 6.1 68.4 ± 11.2 69.9 ± 10.8 72.0 ± 9.7 71.5 ± 9.7

FFM (kg) 63.3 ± 5.1 64.9 ± 5.0 65.9 ± 5.3 65.6 ± 4.6 55.3 ± 7.6 56.2 ± 7.6 57.1 ± 7.2 55.5 ± 7.7

4 LT (%) 100 106 ± 2 97 ± 3 90 ± 6 100 102 ± 3 99 ± 4 96 ± 4

Values are mean ± SD; performance at 4 LT at T2–T4 is expressed as percent of T1
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performance at 4 mmol l-1 lactate concentration (4 LT) is

determined as a critical intensity. Although we are well aware

of the limitations of this method, many coaches still rely on 4

LT to monitor submaximal performance and for training

recommendations. In the present study, it was not possible to

measure VO2max in all the athletes from the different sports,

but the above-mentioned tests were performed at T1–T4 and 4

LT was determined (lactate measurement with an automated

device, Biosen S-line, EKF Diagnostic, Barleben Germany).

To monitor and compare the performance development at 4

LT, performance at 4 LT at the first test (T1) was set as 100%

and performance at 4 LT at T2, T3, and T4 was related to the

performance at 4 LT at T1.

tHb mass assessment

tHb mass was assessed using CO rebreathing (COR) as

described in detail by Schmidt and Prommer (2005) and

modified by Prommer and Schmidt (2007). In brief, after

15-min resting in a semi-upright position, the athletes were

connected to a specially designed closed spirometric

system allowing a CO-bolus application followed by 2 min

rebreathing of a small amount of oxygen. The administered

amount of CO in mL was individually calculated [mL

CO = 0.8 9 body weight (kg, males) and mL CO =

0.7 9 body weight (kg, females), respectively]. During CO

rebreathing, the whole apparatus was checked for CO

leakage with a portable CO-gas analyser (Fluke, CO-220,

Everett, WA, USA). This analyser was also used to cal-

culate the amount of CO which had not been taken up by

the body from the remaining CO in the spirometer and the

residual volume of the lung as well as from the CO exhaled

after disconnecting the athlete from the spirometer. Blood

samples were drawn from an antecubital vein via a cannula

(20GA, Beckton Dickinson VenflonTM Pro Safety) imme-

diately before, 6 and 8 min after the start of the rebreathing

period. For %HbCO measurement, a 2 mL Blood Gas

Monovette (Sarstedt, Nümbrecht, Germany) was taken.

The tubes were filled within approximately 3 s at the

standard time points. Immediately before the blood sam-

ples were drawn, some blood drops were discarded to avoid

measuring cannula’s dead space. After the blood drawing,

Table 3 Longitudinal analysis:

training data of endurance-

trained (END) and non-

endurance-trained (nEND) male

and female athletes

Sports T Sports-specific training per week Additional training (h/week)

Sessions Hours Endurance Strength

END

Canoeing 1 3.9 ± 1.4 4.0 ± 1.2 2.0 ± 0.8 3.8 ± 0.8

2 5.0 ± 1.8 5.8 ± 2.0 1.8 ± 0.8 4.3 ± 0.8

3 3.7 ± 0.9 4.3 ± 1.1 1.9 ± 0.9 3.8 ± 1.2

4 5.8 ± 1.3 6.3 ± 1.0 1.8 ± 0.8 3.8 ± 0.8

Swimming 1 6.5 ± 1.0 17.5 ± 3.2 0.2 ± 0.4 2.0 ± 0.9

2 7.0 ± 0.8 18.4 ± 3.6 1.6 ± 0.2 2.7 ± 0.7

3 6.9 ± 1.1 17.3 ± 1.7 0.6 ± 1.0 2.7 ± 0.7

4 7.2 ± 1.4 18.4 ± 4.8 1.3 ± 0.6 2.8 ± 0.9

Distance running 1 3.8 ± 1.1 5.5 ± 2.1 0.0 ± 0.0 1.0 ± 0.0

2 4.5 ± 0.0 7.8 ± 1.8 0.0 ± 0.0 1.0 ± 0.0

3 6.8 ± 1.8 10.1 ± 3.7 0.0 ± 0.0 1.0 ± 0.4

4 4.8 ± 1.1 6.4 ± 1.1 0.0 ± 0.0 2.0 ± 0.7

nEND

Basketball 1 6.5 ± 1.8 10.1 ± 3.1 0.9 ± 0.6 2.5 ± 0.7

2 6.1 ± 1.0 9.8 ± 1.2 0.5 ± 0.6 1.6 ± 0.5

3 4.0 ± 1.1 7.3 ± 0.6 0.5 ± 1.0 2.1 ± 0.6

4 5.8 ± 0.9 9,0 ± 0.8 0.6 ± 0.8 1.4 ± 0.5

Tennis 1 6.3 ± 4.6 11.0 ± 5.6 0.8 ± 0.4 1.5 ± 0.7

2 6.5 ± 3.5 12.3 ± 4.6 1.0 ± 1.4 1.8 ± 0.4

3 6.3 ± 3.9 11.4 ± 5.8 1.0 ± 0.7 2.3 ± 1.1

4 7.0 ± 6.4 9.2 ± 6.6 0.8 ± 1.1 2.0 ± 0.0

Weight lifting 1 4.0 ± 2.1 8.5 ± 5.7 0.0 ± 0.0 0.0 ± 0.0

2 3.9 ± 3.7 5.7 ± 4.9 0.0 ± 0.0 0.0 ± 0.0

3 4.1 ± 3.5 7.7 ± 7.0 0.5 ± 1.0 0.0 ± 0.0

4 4.3 ± 4.2 8.3 ± 6.9 0.3 ± 0.5 0.0 ± 0.0
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the tubes were vented, closed and then stored in a blood

rocker between each of the measurements. Every sample

was measured in triplicate with the help of a blood gas

analyser (RapidLab 1245, Siemens Healthcare Diagnostics,

Sudbury, UK). The average of the replicates was used for

further calculations. The RapidLab was at least daily cal-

ibrated (automatic calibration) to standard and the quality

of measurement was checked by means of three different

quality control solutions.

The tHb mass was calculated using the software SpiCo

(2005, by Schmidt and Prommer) based on the formula:

tHb mass gð Þ ¼ Kbaro� VCO mLð Þ � 100

� 1:39 mL g�1
� �

� D%HbCO�1

where Kbaro is ambient barometric pressure (mmHg) 9

760-1 (mmHg) 9 [1 ? (0.003661 9 ambient temperature �K)]

and VCO the volume of CO (mL) bound to haemoglobin

(Hb) at min 7 [CO volume (mL) applied to the system minus

the CO volume (mL) not bound to haemoglobin (=sum of CO

volume remaining in the spirometer and the volume that was

exhaled from minute 2–8)]. D%HbCO is the difference

between the initial %HbCO (mean %HbCO of 2 initial blood

samples) and maximal %HbCO (average %HbCO of blood

samples at minute 6 and 8 after starting the rebreathing). 1.39

(mL g-1) is Hüfners number as 1.39 mL CO bind to 1 g Hb.

The software program SpiCo corrects for the loss of CO from

haemoglobin to myoglobin according to the findings of

Schmidt and Prommer (2005) and by Prommer and Schmidt

(2007) by 0.3% of administered CO per minute. The reli-

ability of tHb mass measurement had been tested in a pilot

study with duplicate tests (n = 20) and was 2.6% (95%

confidence interval 1.9–3.8%), expressed as a typical per-

centage error (%TE, Hopkins 2000).

Red blood cell profile

Before the venous blood sampling within COR, venous blood

samples were drawn in a sitting position from an antecubital

vein into an EDTA tube (2.7 mL, Sarstedt Monovette,

Nümbrecht, Germany) via the cannula and were analysed for

haemoglobin concentration [Hb], haematocrit (Hct), mean

corpuscular volume (MCV), mean corpuscular haemoglobin

concentration (MCHC) and mean corpuscular haemoglobin

(MCH) using ADVIA 2120 (Siemens Healthcare, Eschborn,

Germany). To monitor for iron deficiency, ferritin was

determined in venous blood drawn from an antecubital vein by

immunoturbidimetry (ADVIA� 2400, Siemens Healthcare,

Eschborn, Germany).

Statistics

Data were analysed with PASW Statistics 17.0.2 for

Windows (SPSS, Chicago, IL). Statistical significance was

set at P \ 0.05. Values are presented as mean ± standard

deviation. Kolmogorov–Smirnov tests were performed to

test for normality distribution. A general linear model

(GLM) two-way ANOVA (2 9 2 design) was used to

evaluate effects of gender and group (END, nEND) and

interaction effects (group 9 gender) on tHb mass and

blood profile parameters in the cross-sectional analysis.

Changes in performance at 4 LT, body height, body weight,

and FFM over time were analysed with an one-way

ANOVA with repeated measures for each group (END,

nEND). To identify effects for gender, group (END,

nEND) and time (time points 1–4) on tHb mass and blood

profile variables, a GLM three-way ANOVA with repeated

measures (2 9 2 9 4 design) was conducted. Owing to the

small sample size, only main effects and two-way inter-

actions (group 9 time and gender 9 time) were studied.

To exclude an effect of iron-treated iron deficiency on

changes in tHb mass and blood profile variables, a GLM two-

way ANOVA with repeated measures (2 9 4 design) was

performed additionally. Between-group differences were

determined involving the Bonferroni’s post hoc test. In

ANOVAs, homogeneity of variances was checked with

Levene’s test and for repeated measurements, sphericity was

checked via Mauchly’s test. If necessary, a Greenhouse–

Geisser adjustment was made to the degrees of freedom.

Results

Cross-sectional analysis

tHb mass (Fig. 1)

Related to body weight, tHb mass was significantly

(P\ 0.001) greater in END compared with nEND (11.2 ±

1.6 vs. 9.7 ± 1.3 g kg-1), in male (P \ 0.01) as well as in

female (P \0.05) athletes. Related to FFM, tHb mass was

significantly (P\ 0.01) greater in END as compared to nEND

(12.8 ± 1.3 vs. 11.6 ± 1.0 g kg-1), however, there was no

significant difference between female END and nEND. A

significant group 9 gender effect was observed for absolute

tHb mass (P \0.05) with slightly (non-significantly) higher

values in male END when compared with male nEND and non-

significantly lower values in female END when compared with

female nEND. There was a gender difference with significantly

(P\ 0.001) greater absolute tHb mass, tHb mass related to

body weight, and tHb mass related to FFM in male when

compared with female athletes, in END as well as in nEND.

Red blood cell profile (Table 4)

There was a significant group 9 gender effect on [Hb]

(P \ 0.05) as well as on Hct (P \ 0.05), indicating
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slightly, but not significantly, higher values in male nEND

compared with male END and lower values in female

nEND when compared with female END. Average [Hb]

and Hct values were significantly (P \ 0.001) higher in

male (14.6 ± 0.8 g dl-1 and 41.9 ± 2.9%) compared with

female athletes (13.0 ± 0.7 g dl-1 and 36.8 ± 2.1%). No

significant differences between END and nEND were

detected for any variable of the red blood cell count.

Longitudinal observation

Anthropometric data (Table 2)

In END, body height (P \ 0.05), body weight (P \ 0.001),

and FFM (P \ 0.01) increased significantly during

18 months (T1–T4) from 176 ± 5 to 177 ± 5 cm,

64.0 ± 6.8 to 69.5 ± 6.5 kg and from 58.5 ± 7.6 to

59.1 ± 8.1 kg, respectively. In nEND, only body weight

(P \ 0.01) increased significantly (70.0 ± 10.0 to

72.5 ± 8.0 kg).

tHb mass (Fig. 2)

No significant time 9 group and time 9 gender interac-

tions were observed. Only in END, significant increases in

tHb mass occurred from time point 2 to time point 3

(P \ 0.05) and 4 (P \ 0.05), whereas tHb mass in nEND

remained unchanged. Related to body weight, no signifi-

cant changes in relative tHb mass over time were found.

Only for tHb mass related to body weight, significantly

(P \ 0.01) greater tHb mass was observed in END when

compared with nEND at all time points. For tHb mass

related to FFM, the differences between END and nEND

reached the level of significance only at T1. At all time

points, tHb mass was significantly greater in male com-

pared with female athletes in absolute as well as in relative

terms.

Red blood cell profile (Table 5)

No significant differences between END and nEND were

found for [Hb] and [Hct] and these variables did not change

significantly over time. [Hb] and Hct were significantly

(P \ 0.001) higher in male when compared with female

athletes at all time points ([Hb]: P \ 0.01; Hct: T1–T3,

P \ 0.01; T4, P \ 0.05). There was a significant time 9

gender interaction effect for MCV (P \ 0.01) with slightly

reduced MCV values in male athletes over time when

compared with stable values in female athletes; no other

significant time 9 gender interactions were located on

Fig. 1 Cross-sectional analysis: total haemoglobin mass (tHb mass)

in absolute values, related to body weight, and related to fat free mass

(FFM) in male and female endurance-trained (END, male n = 18,

female n = 11) and non-endurance-trained (nEND, male n = 11,

female n = 19) athletes [mean (SD)]. #,##Significantly (#P \ 0.05,
##P \ 0.01) different between male and female athletes; *;**signif-

icantly (*P \ 0.05, **P \ 0.01) different between END and nEND

Table 4 Cross-sectional analysis: red blood cell profile and ferritin

of endurance-trained (END) and non-endurance-trained (nEND) male

and female athletes

END nEND

Male Female Male Female

(n = 18) (n = 11) (n = 11) (n = 19)

[Hb] (g dl-1) 14.5 ± 0.7## 13.3 ± 0.7 14.8 ± 1.0## 12.8 ± 0.7

Hct (%) 41 ± 2## 38 ± 2 43 ± 4## 36 ± 2

MCV (fl) 86 ± 5 86 ± 3 85 ± 3 84 ± 3

MCH (pg) 30 ± 2 30 ± 1 29 ± 1 30 ± 1

MCHC

(g dl-1)

35 ± 1 35 ± 1 34 ± 1 35 ± 1

Ferritin

(lg l-1)

33 ± 14* 24 ± 10 65 ± 36## 23 ± 11

Values are mean ± SD

Significantly different from corresponding female values (##P \ 0.01)

Significantly different from corresponding nEND values (*P \ 0.05)
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MCH and MCHC. No significant gender or group differ-

ences were observed for MCV and MCH; MCHC was

slightly, but significantly higher in male when compared

with female athletes at T4 (P \ 0.05).

Performance at 4 LT (Table 2)

In END, performance at 4 LT did not change significantly

during the 18 months of regular training (T1 100%, T2

100 ± 4%, T3 101 ± 5%, T4 98 ± 7%). In nEND, per-

formance at 4 LT decreased significantly (P \ 0.05) from

T1 to T4 (100 vs. 93 ± 5% P \ 0.05) and T2 to T4

(103 ± 3 vs. 93 ± 5%; P \ 0.05), respectively.

Discussion

To our knowledge, this is the first study that evaluated

differences in tHb mass and markers of red blood cell

profile in elite endurance-trained and non-endurance-

trained male and female adolescent athletes. Beyond the

cross-sectional analysis, tHb mass development and chan-

ges in red blood cell profile were investigated in a subset of

the elite junior athletes during 18 months of regular train-

ing in the late pubertal phase. tHb mass related to body

weight was found to be significantly greater in END when

compared with nEND and in male when compared with

female adolescent athletes. There were no significant

Fig. 2 Longitudinal analysis:

total haemoglobin mass (tHb

mass) in absolute values, related

to body weight, and related to

fat free mass (FFM). The left
panels show tHb mass over four

time points (T1–T4) separated

by 6-month intervals in

endurance-trained (END,

n = 17) and non-endurance-

trained (nEND, n = 10) athletes

[mean (SD)], #;##significantly

(P \ 0.05; P \ 0.01) different

between END and nEND at the

respective time points,

*significant (P \ 0.05)

difference between the

respective time points in END.

The right panels show the

parameters in male (male,

n = 14) and female athletes

(female, n = 13) [mean (SD)].
##P \ 0.01 significantly

different male and female

athletes at the respective time

points
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differences between END and nEND for [Hb] and [Hct]

whilst the well-known gender differences with significantly

higher values for male compared with female athletes were

evident. No significant changes in tHb mass beyond the

alterations explained by growth and maturation were found

during ongoing regular training at the age of 15–17 years.

In line with the findings for tHb mass, markers of red blood

cell profile also did not change significantly during the

observation period.

Cross-sectional analysis

In the endurance-trained group of adolescent athletes, tHb

mass related to body weight was significantly, about 15%,

greater than in the non-endurance-trained group. This dif-

ference is smaller than the differences observed in adult

athletes. About 35–40% higher relative tHb mass values in

endurance-trained compared with non-endurance-trained

athletes (*15 vs. 11 g kg-1) were found by Heinicke et al.

(2001). Prommer and Schmidt (2009) reported a difference

of up to *50% (15 and 12 g kg-1 for adult male and

female elite endurance athletes versus 10 and 9 g kg-1 for

male and female untrained individuals). The male

(12.0 ± 1.3 g kg-1) and female (9.9 ± 0.9 g kg-1) ado-

lescent endurance athletes of the present study had lower

tHb masses than the above-mentioned elite adult endurance

athletes, however, their tHb masses were similar to the

values reported for adolescent endurance athletes in other

studies (Eastwood et al. 2009; Koch and Röcker 1977).

Koch and Röcker (1977) estimated tHb mass from the

measurement of plasma volume and reported tHb mass of

12.6 ± 1.9 g kg-1 in eight 14–15-year-old trained boys as

compared to 14.4 ± 2.0 g kg-1 in six endurance-trained

men. Although the difference between the trained boys and

men did not reach the level of significance, this result

supports the findings of the present study. We can only

speculate about the reasons for the lower tHb masses in our

elite endurance-trained adolescent athletes as compared to

the values reported for elite adult endurance athletes. First

of all, the main increase in tHb mass due to regular

endurance stimuli might occur during the late adolescent

phase at the age of 17–20 years. To our knowledge, this

phase has not been investigated so far. When considering

the lack of performance increase at 4 LT, intensity and

extent of endurance training might have been too low for

further development of endurance performance, however,

all the included athletes competed successfully in the

monitored 18-month period and stayed in the German elite

youth teams. Furthermore, we wonder if it should be taken

into consideration that the high tHb masses reported for

some of the world class adult endurance athletes might

have been flawed by blood doping.

With regard to gender differences, we observed *20%

higher values for tHb mass related to body weight for male

when compared with female athletes in END as well as in

nEND. Related to FFM, this gender difference was

Table 5 Longitudinal analysis: red blood cell profile and ferritin of endurance-trained (END) and non-endurance-trained (nEND) male and

female athletes

Male (n = 10) Female (n = 7)

T1 T2 T3 T4 T1 T2 T3 T4

END

[Hb] (g dl-1) 14.4 ± 0.7 14.3 ± 0.8 14.3 ± 0.6 14.3 ± 0.8 13.2 ± 0.8 12.7 ± 0.8 12.9 ± 0.9 13.0 ± 0.9

Hct (%) 41 ± 2 41 ± 2 40 ± 2 39 ± 2 38 ± 2 37 ± 3 37 ± 2 37 ± 3

MCV (fl) 87 ± 6 87 ± 5 86 ± 4 85 ± 4 85 ± 3 85 ± 2 86 ± 2 85 ± 2

MCH (pg) 31 ± 2 30 ± 2 31 ± 2 31 ± 2 30 ± 1 29 ± 1 30 ± 1 30 ± 1

MCHC (g dl-1) 35 ± 1 35 ± 1 36 ± 1 36 ± 1 35 ± 1 35 ± 1 35 ± 1 35 ± 1

Ferritin (lg l-1) 34 ± 16 38 ± 14 45 ± 18 49 ± 17 22 ± 11 28 ± 28 24 ± 11 25 ± 11

Male (n = 4) Female (n = 6)

T1 T2 T3 T4 T1 T2 T3 T4

nEND

[Hb] (g dl-1) 14.9 ± 0.3 14.8 ± 0.5 14.7 ± 0.5 14.8 ± 0.5 12.8 ± 0.5 13.0 ± 0.4 12.8 ± 0.9 13.1 ± 0.9

Hct (%) 43 ± 3 42 ± 3 40 ± 2 42 ± 3 37 ± 2 37 ± 1 36 ± 2 38 ± 3

MCV (fl) 86 ± 3 85 ± 3 84 ± 3 83 ± 3 85 ± 2 84 ± 2 84 ± 2 85 ± 3

MCH (pg) 30 ± 1 31 ± 2 31 ± 2 30 ± 2 29 ± 1 30 ± 1 30 ± 1 30 ± 1

MCHC (g dl-1) 35 ± 2 36 ± 1 36 ± 1 36 ± 2 35 ± 1 35 ± 1 35 ± 1 35 ± 1

Ferritin (lg l-1) 83 ± 29 76 ± 39 79 ± 32 107 ± 39 23 ± 7 20 ± 9 33 ± 16 29 ± 13

Values are mean ± SD
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diminished to *10%, but it still was significant. Studies

focussing on gender differences in tHb mass in athletes are

rare. Prommer and Schmidt (2009) reported *25% higher

tHb mass related to body weight in elite male when com-

pared with elite female endurance athletes. In untrained

adolescents of the same age group as in the present study,

Åstrand (1952) found *24 to 32% higher tHb mass in male

when compared with female sedentary subjects. The gender

difference in tHb mass, emerging during adolescence, is

most likely due to the rapid increase in testosterone levels

observed during puberty. Besides the well-known effects on

FFM, testosterone has a strong stimulating effect on

erythropoiesis that has previously been reported (Hero et al.

2005). Accordingly, we found significant gender differ-

ences in [Hb] and Hct in the cross-sectional analysis, with

higher values in male adolescent athletes. Higher values of

[Hb] and Hct in boys compared with girls from puberty

onwards through adolescence have been well documented

(e.g. Flegar-Mestric et al. 2000).

Longitudinal observation

During the 18-month observation period, a significant

increase in tHb mass occurred in END only; however,

related to body weight, the change was not significant. As

also only END showed a significant increase in body height

and FFM the augmentation of tHb mass most likely is

explained by physical growth. This observation is in line

with the results of two investigations performed with

younger athletes than in the present study. Eastwood et al.

(2009) also found a significant increase in tHb mass in

11–15-year-old cyclists after 12 months of regular endur-

ance training, but unchanged values when tHb mass was

related to body weight. In a study with previously untrained

11–13-year-old boys, an increase in tHb mass was

observed after these boys had been subjected to 34 training

sessions (39/week) designed to improve aerobic capacity

and this increase in tHb mass was also explained by growth

processes taking place in the observation period (von

Döbeln and Eriksson 1972). However, a significant dif-

ference in tHb mass between END and nEND was

observed in the cross-sectional analysis. This difference in

adolescent athletes indicates a strong role of heredity for

determining tHb mass as already suggested by other

investigators (Eastwood et al. 2009; Martino et al. 2002).

[Hb] and Hct were also found to be stable in the ado-

lescent athletes of the present study. However, there was a

significant time 9 gender interaction for MCV with a

decrease in male athletes from 86 ± 5 to 84 ± 3 fl,

whereas in female athletes MCV no such development was

observed (85 ± 2 to 85 ± 2 fl). Because MCH values were

stable, a significant gender difference in MCHC at time

point 4 is a logic consequence. To our knowledge, there are

no longitudinal studies on the development of MCV, MCH

and MCHC in young athletes and we do not know if this

phenomenon is of importance. In previously untrained

adults, however, a significant increase in MCV along with

a significant decrease in MCHC was observed after several

weeks of training (reviewed by El-Sayed et al. 2005). In

contrast, Rietjens et al. (2002) did not find significant

alterations in elite Olympic distance triathletes in [Hb],

Hct, MCV, MCH and MCHC over a period of 3 years.

Haemodilution with a decrease in [Hb] and Hct is a well-

known phenomenon occurring with regular endurance

training in adults (El-Sayed et al. 2005). In accordance with

the results reported by Koch and Röcker (1977), plasma

volumes in END have to be significantly larger than in

nEND with regard to the significantly increased tHb mass

in END. However, in contrast to the findings in adult

athletes, [Hb] and Hct did not differ significantly between

END and nEND in the cross-sectional analysis indicating

that, unlike in adult endurance athletes, the increase in

plasma volume did not exceed the increase in tHb mass. To

our knowledge, there are only two studies which compared

parameters of red blood cell profile in adolescent athletes

with age-matched controls and the results were inconsis-

tent. Whilst Mayr et al. (2006) did not observe significant

differences in [Hb] and Hct between 14 and 18-year-old

elite speed skaters and age-matched non-athletes [Hb] and

Hct were shown to be significantly lower in *14-year-old

highly trained athletes when compared with untrained

individuals in a study of Boyadjiev and Taralov (2000).

Limitations of the study

Unfortunately, VO2max could not be determined in the dif-

ferent tests. However, having in mind the results reported by

Eastwood et al. (2009) with a significant increase in relative

VO2max without corresponding augmentation of tHb mass

after 1 year of endurance training in young cyclists, the

lacking VO2max measurement might not be a major drawback.

As performance at 4 LT was the only method of performance

measurement, we could apply in the adolescent athletes from

different sports and as performance at 4 LT did not increase

during 18 months of endurance training, we cannot judge

whether endurance training was successful or not. As another

limitation, some of the non-significant findings might be due

to small sample size.

Conclusions

In elite adolescent athletes, the same differences in relative

tHb mass between endurance-trained and non-endurance-

trained male and female athletes can be observed as in adult

elite athletes, however, to a smaller extent. Apparently,
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ongoing regular endurance training at the age of

15–17 years does not induce a significant increase in tHb

mass in already endurance-trained young athletes beyond

the changes due to growth and maturation and relative tHb

mass remains unchanged as well as markers of red blood

cell profile. The critical age and determining factors for the

development of the reported large differences between adult

elite endurance-trained and non-endurance-trained male

and female athletes remain unknown.
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repletion on blood volume and performance capacity in young

athletes. Med Sci Sports Exerc 33:741–746

Garvican LA, Martin DT, McDonald W, Gore CJ (2010) Seasonal

variation of haemoglobin mass in internationally competitive

female road cyclists. Eur J Appl Physiol 109:221–231

Gore CJ, Hahn AG, Burge CM, Telford RD (1997) VO2max and

haemoglobin mass of trained athletes during high intensity

training. Int J Sports Med 18:477–482

Gore CJ, Bourdon PC, Woolford SM, Ostler LM, Eastwood A,

Scroop GC (2006) Time and sample site dependency of the

optimized co-rebreathing method. Med Sci Sports Exerc

38:1187–1193

Heinicke K, Wolfarth B, Winchenbach P, Biermann B, Schmid A,

Huber G, Friedmann B, Schmidt W (2001) Blood volume and

hemoglobin mass in elite athletes of different disciplines. Int J

Sports Med 22:504–512

Hero M, Wickman S, Hanhijarvi R, Siimes MA, Dunkel L (2005)

Pubertal upregulation of erythropoiesis in boys is determined

primarily by androgen. J Pediatr 146:245–252

Hopkins WG (2000) Measures of reliability in sports medicine and

science. Sports Med 30:1–15
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