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Summary. The effect of three weeks ergometer 
training (Tr) 5 times a week for 45 min at 70% 
VO2max by 6 subjects on erythrocyte turnover and 
haemoglobin 02 affinity has been studied. In- 
creased reticulocytosis could be observed from 
the second day after beginning Tr until a few days 
after its end, probably caused by increased ery- 
thropoietin release by the kidney. Erythrocyte de- 
struction was most pronounced in the first and 
markedly reduced in the third week of Tr. Ele- 
vated glutamate oxalacetate transaminase activity 
and creatine as well as lowered mean corpuscular 
haemoglobin indicate a younger erythrocyte pop- 
ulation in the first week of recovery. Total blood 
volume increased during the course of Tr by 
700 ml, mainly caused by a raised plasma volume 
(74%). Red cell volume increased later with maxi- 
mal values one week after Tr (+ 280 ml). In this 
week the standard oxygen dissociation curve was 
most shifted to the right (Pso increased from 
3.77 + 0.05 kPa to 3.99___0.07 kPa) and the Bohr 
coefficients had their lowest values. Both effects 
are completely explainable by the haemoglobin 
02 binding properties of young erythrocytes. 

After tra!ning, all parameters of physical per- 
formance (Vo ..... , maximal workload, heart rate 
during rest and exercise) were markedly im- 
proved, indicating fast adaptation mechanisms. 
The increased erythrocyte turnover, including 
higher erythropoiesis, seems to be one important 
part of these effects. 
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Introduction 

The endurance performance of working men de- 
pends primarily on the oxygen supply to the ac- 
tive muscle tissue. Well known adaptations lead- 
ing to the ability for high oxygen consumption in 
endurance trained athletes are an increased total 
blood volume (e.g. Brotherhood et al. 1975), 
higher heart stroke volume (Ekblom and Her- 
mansen 1968), improved conditions of oxygen dif- 
fusion from the blood to the working tissue, 
caused by an effectively developed close-meshed 
capillary system (Hudlicka 1982) and favourably 
changed haemoglobin oxygen dissociation prop- 
erties. Characteristic of O2 binding by haemoglo- 
bin in the blood of endurance trained athletes, 
when compared with normal untrained men, is a 
right shifted and steepened haemoglobin-oxygen 
dissociation curve (Braumann et al. 1979) espe- 
cially under acidotic conditions (high Bohr ef- 
fect), leading to improved oxygen delivery condi- 
tions from blood to tissue at rest and during 
heavy muscular work (BOning et al. 1975; B6ning 
et al. 1982; Braumann et al. 1982). 

During physical training, destruction of ery- 
throcytes occurs. This so called "sports anaemia" 
is indicated by a decreased haemoglobin concen- 
tration in blood and a lowered haematocrit value 
(e.g. Dressendorfer et al. 1980; Eichner 1985; Fal- 
setti et al. 1983; Poortmans and Haralambie 1979; 
Yoshimura et al. 1980). The reason for the de- 
struction is not yet fully clarified. One cause is 
mechanical damage to red cells in the foot capil- 
laries which occurs during running, but other rea- 
sons might exist because of the appearance of 
sports anaemia in other kinds of sport (e.g. cy- 
cling). 

On the other hand, the well known increased 
total blood volume, including red cell mass, in 
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highly endurance trained athletes (Brotherhood et 
al. 1975) suggests increased training dependent 
erythrocyte formation. This fact, as well as the ex- 
ercise destruction mainly of old erythrocytes 
(Reinhart et al. 1983), which are characterized by 
decreased mechanical and osmotic resistence (La 
Celle et al. 1973), should reduce the mean age of 
the erythrocytes in the blood of athletes (Mair- 
b~iurl et al. 1983). 

Young erythrocytes are characterized by a 
right shifted and steeper oxygen dissociation 
curve than that of  old cells or of the whole popu- 
lation (Edwards et al. 1967, Schmidt et al. 1987). 
Therefore the training-dependent increase in de- 
struction and formation rate of erythrocytes might 
be the cause for the improved haemoglobin oxy- 
gen ( H b - O 2 )  binding properties (Braumann et al. 
1982). 

The aim of this study was to investigate var- 
ious parameters of the training dependent ery- 
throcyte turnover and its correlation to variations 
in Hb-O2 binding properties. Since generally all 
training effects are most pronounced at the begin- 
ning of a training period, we observed untrained 
subjects before, during and after a three week 
training programme. 

Every morning 200 gl blood were sampled from the ear 
lobe of each subject for the determination of reticulocytes (ex- 
pressed as per thousand of 2000 counted red cells from a 
bloodsmear dyed with Brilliant-Cresyl-Blue). 

To determine the time-course of reticulocyte appearance 
in the peripheral blood after a single bout  of exercise we per- 
formed an additional experiment. In six subjects (not those of 
the main study) the reticulocyte count was measured immedi- 
ately before and for three days after a l/o ...... -test as described 
above. 

Each week blood samples were taken in the morning be- 
tween 8 and 9 o'clock from the cubital veins of both arms. 
After 25 min in the supine position 5 ml were collected from 
the left vein, then 3 ml Evans Blue solution (0.3% T 1824 in 
0.9% NaC1, for the determination of plasma volume) were in- 
jected into the same vein. The syringe was rinsed three times 
with the blood of the subject. Exactly 10 min later, 45 ml of 
blood were taken from the other arm, from which we deter- 
mined the following parameters in a whole blood sample: hae- 
moglobin (Hb) concentration (test kit, Merck, FRG), 2,3-di- 
phosphoglycerate (DPG) concentration (test kit, Sigma, FRG), 
and haematocrit  value (Hct, microhaematocri t  centrifugation 
at 20900 g). 

In plasma we determined plasma volume (PV) from the 
absorbance of both samples at 640 nm (according to yon Porat 
1951) and total plasma protein (Biuret method, test kit, Merck, 
FRG). In the erythrocytes, creatine concentration (according 
to Griffiths and Fitzpatrick 1967) and glutamate oxalacetate 
transaminase (GOT) activity (test kit, Boehringer, FRG) were 
measured as indicators of mean cell age. 

Using the following equations (1--3) mean corpuscular 
haemoglobin concentration (MCHC), total blood volume 
(TBV) and red cell volume (CV) were calculated: 

Methods 

9 young, healthy, nonsmoking untrained male volunteers --  6 
test subjects (age 23.6 • 2.4 years, weight 76.2 • 3.4 kg without 
change during the observation time) and three controls (age 
23.7 +_ 4.7 years, weight 74.6 • 2.4 kg) were investigated during 
seven weeks, which consisted of one week prephase, three 
weeks training and three weeks postphase. 

Since two subjects in the training group fell ill (common 
cold) after two weeks of training, their training programme 
was interrupted for one week and their values could not be 
used for time-linked comparisons of various results. 

Exercise lasting 45 min after 5 rain warming up at 100 W 
was performed on five consecutive days of the week by use of 
bicycle ergometers (Monark, Wilken and Ergotest, Jaeger, 
FRG) at heart rates between 165--175 beats �9 rain -1 in the last 
30 rain of exercise corresponding initially to about 70% 
l)o ..... . Because of the improvement in each subject's per- 
formance during the training programme, the mean daily work 
load increased from 193 • 40 W to 235 • 43 W from the first to 
the last day of training. The mean lactic acid concentration 
during work (samples were taken after two weeks of training) 
increased from 1.5 • 0.3 mmol-  l - 1 at rest to 5.0 • 1.6 mmol �9 1 - 1 
after 5 min exercise and 7.9• mmol �9 1-1 in the last minute 
of working. 

Maximal work load (W), maximal oxygen uptake ( [2o ..... ), 
(closed system, Meditron Magna Test 710) and the perform- 
ance at 4 mmol �9  1- ~ lactic acid in earlobe blood (according to 
Mader  et al. 1976; test kit No 124842, Boehringer, FRG) were 
determined immediately before and one day after the exercise 
period by a performance test on a bicycle ergometer (Meditron 
Type 799; vita maxima, beginning with 100 W, workload in- 
creased stepwise every 3 min by 50 W until exhaustion). 

M C H C = ( H b  x 100). H c t -  

T B V = ( P V x  100). ( 1 0 0 - H c t  x F tx  Fc) -1 

(1) 

(2) 

(G = 0.96, factor for t rapped plasma according to Convert• 
et al. 1980; Fc=0.91, cell factor for body haematocrit  accord- 
ing to Fricke 1965). 

CV = T B V -  PV (3) 

In the weekly collected blood samples we also measured 
the Hb-O2 binding properties under  various conditions (A--  
D); A: Equilibration gas consisting of 5% CO2 in air, 37 ~ B: 
10% CO2, 37~ C: 5% CO2, 10 mmol-  1-1 lactic acid, 37~ 
D: 5% C02, 41~ 

Measurements of oxygen partial pressure (Po2) and of pH 
were made with the blood micro system BMS 3 MK 2 and 
pr iM 73 and of oxygen saturation (So2) with the haemoximeter  
OSM 2 (all Radiometer, Copenhagen,  Denmark) in order to 
determine the oxygen dissociation curves (ODC) (using the 
mixing technique of Braumann et al. 1982). In additional ex- 
periments comparing blood samples treated with and without 
T-1824 we could not detect any effect of T-1824 on So2. At 
every mixing step the pH of the intracellular milieu (pHi) was 
also measured (freeze - -  thaw method). 

The Bohr coefficients for CO2 (BCco2) and lactic acid 
(BCcac) as well as the temperature coefficient (TC) were calcu- 
lated at constant So2 with the following formulae: 

B C =  Alog Po2 x ApH -1 

TC = A l o g  P% x AT-1  

(4) 

(5) 
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Table 1. Haematological data and haemoglobin-oxygen bind- 
ing parameters of the control subjects during the observa- 
tions 

Observation week 1 4 7 

[Hb] 15.4 15.3 14.8 
(g.  100 m1-1) +0.5 _+0.8 +0.5 

Hct 43.7 43.4 42.8 
(%) • 0.3 _+ 1.9 • 1.0 

Plasma prot. 7.46 7.35 7.55 
(g - 100 m1-1) _+0.22 +0.21 •  

PV 38.3 40.6 41.0 
(ml.  kg -1) +0.5 +3.1 •  

MCHC 35.2 35.3 34.6 
(g. 100m1-1) • 1.1 •  + 1.7 

GOT 3.13 3.25 3.43 
(U .  g l ib  -1) •  _+0.08 _+0.11 

[Creatine] 1.10 1.15 1.11 
(Ixmol �9 g l ib -1 )  •  •  +0.13 

[DPG] 0.79 0.81 0.77 
(mol �9 molHb - 1) _+ 0.06 _+ 0.05 • 0.08 

Ps0 3.72 3.72 3.76 
(kPa) •  • • 

Hill "n"  2.76 2.72 2.73 
(at 50% So~) +0.11 _+0.25 _+0.22 

Values are means _+ SD; n = 3. Abbreviations see text 

(indices e and i indicate extra- and intracellular space, respec- 
tively). 

For statistical calculations we used the Student t test (for 
two means), as well as analysis of variance (Anova, for multi- 
ple means) and of regression, all according to Winer (1971). 

The oxygen dissociation curve was then calculated to standard 
conditions (pH 7.4, 37 ~ C) with the individual BCLac. 

Since the position of the ODC and the Bohr coefficients 
could be influenced by variations in intraerythroeytic proper- 
ties during the training period, the Bohr coefficients were cal- 
culated for intraerythrocytic conditions according to formula 
6: 

BCi X BCF 1 = A pile • A pH F ' (6) 

Results 

All measured quantities of the control group, 
which should indicate the possible influence of 
the weekly blood loss on haematological paramet- 
ers, did not change during the observation time 
(Table 1). Therefore their values are not consid- 
ered in the following text. 

As shown in Table 2 the parameters of physi- 
cal performance, tested immediately before and 
after the training programme, indicate significant 
improvements after training. 

Haematological data from the 4 subjects in- 
vestigated during 7 weeks without interruption 
are given in Table 3. [Hb] and Hct showed the ex- 
pected fall during the training period. In contrast, 
the total haemoglobin mass calculated by use of 
the red cell volume (see below) increased; this is 
especially clear, if all 6 subjects are considered 
(+  39 g or 5.0% from the initial value to the first 
week after training, 2p < 0.01). 

Plasma protein concentration temporarily rose 
during the second week of training (Table 3). PV 
and TBV increased continuously until the end of 
the training programme and decreased thereafter. 
In contrast, CV increased later and had a maxi- 
mum in the first week of recovery. All changes in 
relative volume (ml �9 k g - '  body weight, were sig- 
nificant (Anova: p < 0.025). For all 6 subjects also 
absolute volume increases could be statistically 
confirmed (changes in PV and TBV from the ini- 
tial values to the end of training: PV from 
3469+572ml to 3982_+640ml; TBV from 

Table 2. Spiroergometric data of the test subjects before and after the training period 

HRrest HRwork 17o . . . .  An Thr Lac max Work max 
(beats .  m i n -  ') (ml- k g -  1) (Watt) (mmol �9 1-1) (Watt) 

Before 75 158 46.1 211 12.3 286 
Training _+ 7 ___ 19 +6.6 +27  + 1.2 _+37 

After 66** 148' 51.8"** 248*** 13.6 329*** 
Training _+ 10 • 16 + 5.0 _+ 26 _+ 1.6 + 34 

Values are means _ SD, n = 6. HRrest = heart rate immediately before the test; HRwork = heart rate during the test at 200 W (work- 
load, which could be performed for three minutes by all test subjects during both tests); 12o ..... = oxygen uptake in the last minute 
before exhaustion; An Thr =anae rob ic  threshold according to Mader  et al. 1976; Lac max lactic acid concentration three minutes 
after the test; Work m a x = m a x i m a l  workload in the last minute before exhaustion. Degree of significance in t-test (paired sam- 
ples): 
* 2p<0.05;  ** 2p<0.01;  *** 2p<0.001 
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Table 3. Haematological data and parameters of mean erythrocyte age in the test subjects 
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Observation week 1 2 3 4 5 6 7 1 Anova 
Before Training After I 

[Hb] 15.8 14.7" 14.4" 14.5" 15.1 15.0 1417 p<0.01 
(g. 100 m1-1) +0.5 +0.4 +0.6 +0.8 +0.4 +0.5 +0.4 

Hct 44.0 41.9" 41.4" 41.8 43.8 43.7 42.5 p < 0.05 
(%) + 1.2 +- 1.8 +- 1.9 +2.5 +0.8 +_ 1.8 +0.8 

[Plasma prot.] 7.46 7.58 7.85* 7.49 7.09 7.56 7.58 
(g. 100 ml -~) +0.29 +0.31 +0.51 +0.26 +0.53 +0.41 +0.33 

TBV 72.3 72.8 75.9 79.7* 77.8* --  72.1 p<0.025 
(ml - kg -E) +9.1 _+8.0 +6.2 +8.1 +9.2 - -  +9.7 

PV 44.6 46.3 48.5* 50.6** 48.0 - -  45.1 p<0.025 
(ml �9 kg -1) +6.1 +5.5 +3.8 +5.9 +5.3 - -  +5.2 

CV 27.7 26.5 27.4 29.1 29.8* --  26.7 p < 0.025 
(ml �9 kg 1) +3.1 +2.9 +2.8 +2.8 +3.8 - -  __+4.0 

MCHC 35.9 35.0 34.7 34.8 34.5* 34.5* 34.7 
(g. 100 m1-1) +1.3 _+0.6 +_0.8 +_0.5 +0.4 +0.7 +0.8 

GOT 2.92 3.19 3.50*** 3.69** 3.77*** 3.70* 3.59* p<0.01 
(U.  glib -~) +-0.13 +0.15 +0.08 +_0.24 +0.13 +0.24 +-0.39 

[Creatine] 1.11 1.11 1.26 1.19" 1.23' 1.11 1.15 
(~tmol - glib - 1) +- 0.16 +_ 0.21 _+ 0.20 __. 0.20 +_ 0.22 ___ 0.21 + 0.27 

Values are means _+ SD; n = 4. Abbreviations, see text. Anova = significance of changes during the observation time. t-tests (paired 
samples) were performed between the initial and all following values 
* 2p<0.05; ** 2p<0.01; *** 2p<0.001 

5585_+872ml t o  6280+725ml;  changes in CV 
from the initial value to the first week of recovery: 
2116_+307ml to 2298_+306ml; in all cases 
2p<0.01). 

The indicators of mean red cell age (GOT ac- 
tivity, MCHC, [creatine]) clearly demonstrate a 
younger erythrocyte population after the training 
programme (Table 3). Most pronounced was the 
increase in GOT activity during training (from 
3.01+0.18 U . g H b  -1 to 3.82+0.16 U . g H b - 1 ;  
n = 6, 2p < 0.001), which remained at a high level 
in the following three weeks. 

During and some days after the training pro- 
gramme there was a highly significant elevation of 
the reticulocyte count in the peripheral blood 
(Fig. 1). But it must be noted that because of the 
increase in CV during the training period the ab- 
solute number of produced red cells was higher at 
the end of the training programme than indicated 
by the relative reticulocyte count. In the last week 
of observation the reticulocyte number fell below 
the average values observed during the week be- 
fore training (p <0.01). 

The behaviour of reticulocyte release from the 
bone marrow could be demonstrated in the addi- 
tional experiments after a single bout of  exercise. 
As shown in Fig. 2 the appearance of reticulo- 
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Fig. 1. Reticulocytes in the peripheral blood of test subjects 
(n = 4) and controls (n = 3) during the seven week observation 
time. Each symbol represents one day. Significance of the time 
courses (Anova): test subjects p < 0.001, controls ns, difference 
between both groups p < 0.01 
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Table 4. Haemoglobin-oxygen binding characteristics in the blood of the test subjects 

Observation week 1 / 2 3 4 5 6 7 / Anova 
Before t Training After t 

[DPG] 0.73 0.87* 0.85** 0.84* 0.80** 0.79 ** 0.81 p <0.01 
(mol �9 molHb - 1) + 0.05 _+ 0.10 _+ 0.06 + 0.07 _+ 0.05 _+ 0.05 4- 0.04 

Ps0 3.77<*) 3.68(*) 3.80(*) 3.85 3.99* 3.80 3.87 p<0.01 
(kPa) _+ 0.05 __. 0.08 _+ 0.07 + 0.05 4- 0.07 4- 0.08 • 0.08 

Hill "n" 2.85 2.88(*) 2.96 3.06 3.09 2.88 2.91 
(at 50% So2) 4- 0.11 _+ 0.07 _+ 0.09 + 0.10 4- 0.17 4- 0.07 4- 0.16 

BCco2e 0.51 0.49 0.48 0.58 0.40 0.42 0.51 
(at 50% So) 4-0.05 _.0.04 +0.06 4-0.19 4-0.09 4-0.13 _+0.05 

BC~ .... 0.43 0.49(**) 0.50(**) 0.39 0.34 0.38 0.38 
(at 50% So2) 4-0.05 _+0.07 _+0.02 _+0.13 4-0.06 4-0.13 _+0.18 

BCco2i 0.64 0.61(*) 0.70(*) 0.95 0.51 0.54 0.62 
(at 50% So2) 4- 0.05 4- 0.07 _+ 0.08 _+ 0.44 _+ 0.09 _+ 0.21 + 0.08 

BCl~c,i 0.56(*) 0.63 0.68<**) 0.63 0.43* 0.44 0.46 p<0.05 
(at 50% So2) +0.03 _+0.13 _+0.12 _+0.24 4-0.07 _+0.19 4-0.15 

TC 0.020 0.025 0.025* 0.019 0.015 0.022 0.025 p<0.001 
(at 50% So_,) _+0.002 _+0.004 _+0.002 _+0.004 4-0.004 _+0.005 4-0.003 

Values are means +SD; n=4. Abbreviations see text. t-tests were performed as decribed in Table 2, as well as for the Bohr 
coefficients, Ps0, and Hill's "n" between the values of the fifth week (youngest state of the erythrocyte population) and all other 
values. In these cases: (*) 2p<0.05; (**) 2p<0.01 

cytes  in the  pe r iphe ra l  b l o o d  was  m o s t  p ro -  
n o u n c e d  two days  af ter  h e a v y  exercise.  

D a t a  c o n c e r n i n g  the  h a e m o g l o b i n - o x y g e n  
b i n d i n g  charac ter i s t ics  are s h o w n  in Tab le  4. 
[DPG]  i nc r ea sed  in the  first w e e k  o f  t ra in ing ,  s tay-  
ing at a h ighe r  level du r ing  the  fo l l owing  t ime. 
The  p o s i t i o n  o f  the  o x y g e n  d i s soc ia t ion  curve  
( O D C )  expressed  as h a l f  s a tu ra t i on  p ressu re  (Pso) 
does  no t  exac t ly  cor re la te  to [DPG].  Pso was  sig- 

35- 
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o_ 
% 
rr" 

15- U< 
5 _~ 2'3 4'7 h . . . .  7~ 
before after 

Exercise 

Fig. 2. Reticulocyte number in the peripheral blood immedi- 
ately before and up to three days after a single bout of exercise 
until exhaustion in 6 subjects. (Significance of the difference 
from the initial value 2p <0.001 two days after exercise) 

n i f i can t ly  inc reased  on ly  in the  first pos t - t r a in ing  
week.  The  a p p a r e n t  sys t ema t i c  increase  o f  Hi l l ' s  
" n "  u p  to  the first week  o f  r e c o v e r y  c o u l d  no t  be  
ful ly  c o n f i r m e d  by  A n o v a  ( p < 0 . 1 ) .  The  B o h r  
coef f ic ien ts  h a d  their  h ighes t  va lues  du r ing  the  
t r a in ing  p e r i o d  a n d  lowest  va lues  in the  first re- 
cove ry  w e e k ;  the  d i f fe rences  b e t w e e n  these  ex- 
t r e m e  va lues  are  pa r t l y  s igni f icant  (BCco2i ,  
BCL . . . . .  BCLac,0. The  t e m p e r a t u r e  coef f i c i en t  
(TC)  s h o w e d  a t ime cour se  s imi lar  to  BC, wi th  a 
s ign i f i can t  increase  du r ing  the  t ra in ing  p e r i o d  
(Table  4). 

Discussion 

Haematological status 

In  the  cour se  o f  the  t r a in ing  p r o g r a m m e  TBV in- 
c reased  by  a b o u t  700 ml (n = 6) o r  570 ml (n = 4 ) ,  
w h i c h  was  c a u s e d  by  an  e leva ted  PV (74% or  
81.5%) and  CV (26% or  18.5%). The  rise in PV is in 
the  s a m e  range  as tha t  r e p o r t e d  by  C o n v e r t i n o  et 
al. (1980). The  exac t  r e a son  is no t  yet  clear. S o m e  
fast  effects  on  PV migh t  be  the  e leva t ion  o f  ren in  
a n d  a l d o s t e r o n e  as well as A D H  c o n c e n t r a t i o n s  
af ter  a s ingle e n d u r a n c e  t ra in ing  bou t ,  w h i c h  



W. Schmidt et aI.: Blood volume, erythrocyte turnover and Hb-O2-affinity during training 495 

leads to increased PV for up to 48 hours after pro- 
longed exercise (Costill et al. 1976). 

For long term adaptation we suggest that the 
following sequence of steps during training is re- 
sponsible for the increase in plasma volume: 1. 
Production of plasma protein increases; each 1 g 
binds 14--15 ml of water (Convertino et al. 1980). 
A rise in plasma protein concentration has been 
observed as early as a few hours after exhausting 
exercise (B6ning et al. 1979). In our study protein 
concentration (Table 3) and protein mass ( +  37 g) 
increased until the second week of training. 2. In 
the following week PV continued to increase, 
whereas protein mass remained stable and protein 
concentration even tended to decrease. This must 
result from additional water preservation. Indeed, 
the usual reaction to increased filling of the ve- 
nous system --  namely diuresis resulting from 
high central venous pressure during immersion 
(Henry-Gauer reflex) --  is reduced in athletes 
(B/Sning and Skipka 1979). The underlying mech- 
anisms might be an enhanced aldosterone effect 
after training (Skipka et al. 1979) or changes in 
the long postulated and now established atrial na- 
triuretic factor (e.g. Weidmann et al. 1986). 

In contrast to PV, the increase in CV during 
training is delayed, obviouly resulting from a 
strong initial haemolysis. The relative share of 
daily red cell formation and destruction can be es- 
timated from our data as follows: we assume an 
average lifespan of 120 days for the erythrocytes 
in the prephase. Under this condition the daily 
turnover amounts to 0.83% of the total red cell 
population. By means of the reticulocyte number 
and the changes in CV, the daily formation (EF) 
and destruction (ED) of red cells (%, Fig. 3, or ml) 
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Fig. 3. Daily erythrocyte turnover in the blood of the test sub- 
jects before, during and after the training period (each symbol 
represents the mean of seven days). For conditions of calcula- 
tion see text 

can be calculated by formulae 7 and 8 (%) or 7a 
and 8a (ml), respectively: 

EF (%)= R x f 

EF ( m l ) = R x  f x  (CVM 100 -1 ) x FI 

(7) 

(Ta) 

R=ret iculocyte  count (%0, mean of seven days); 
f =  factor to calculate the daily red cell formation: 
normal daily reproduction = 0.83% of the cell vol- 
ume, reticulocyte count in the prephase= 13.5%0 
corresponding to the daily production of 0.83% 
of the total red cell mass, f=0.83 X 13.5 -1 =0.061; 
CV = red cell volume (weekly estimated), F1 = cell 
age dependent volume factor (1.114 for young 
cells, if the whole population is set at 1.000, calcu- 
lated according to Piomelli et al. 1967). 

ED (%) = EF (%) + (CV1 - CV2) x (7 x F2)-1 
M (100 M CV 11) (8) 

ED (ml) = EF (ml) + (CV1 - CV2) x 7 - ~ (8a) 

(CV~-CV2) is the weekly difference in red cell 
volume, which must be divided by 7 in order to 
get the daily variation. If one assumes that main- 
ly old erythrocytes are destroyed, the factor 
F2 = 0.886 for old erythrocytes is valid (Piomelli et 
al. 1967). 

In the first week of training the daily cell de- 
struction amounts to about 2% of the whole popu- 
lation, exceeding the production of reticulocytes 
(1.1%), the latter being greater in the following 
three weeks (Fig. 3). 

The high destruction rate at the beginning of 
the training period may be caused especially by 
the elimination of old erythrocytes (Eichler 1985; 
Reinhart et al. 1983). These cells are characterized 
by reduced osmotic and mechanical resistance 
(La Celle 1973); they should especially be dam- 
aged by the training induced mechanical and bio- 
chemical stress and subsequently destroyed. An- 
other reason may be the early appearance of 
plasma factors released from the spleen impairing 
the mechanical properties of the erythrocyte 
membrane, as was demonstrated by Yoshimura et 
al. (1980). If in fact particularly old erythrocytes 
are haemolysed during exercise the progressive 
reduction of cell age during training must de- 
crease the destruction rate. This is demonstrated 
in Fig. 3. 

The mechanisms regulating the exercise in- 
duced erythropoesis have not been sufficiently in- 
vestigated. As demonstrated by Wichmann et al. 
(1983), a negative correlation between Hct and the 
erythropoietin titre in the blood exists. Thus the 
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good correlation between Hct and reticulocytes in 
this study ( r = -  0.71, Fig. 4) suggests the release 
of erythropoietin into the blood. One may hypo- 
thesize that the reduced renal blood flow during 
exercise (Poortmans 1984) causes a decreased ve- 
nous Po2 in the kidney leading to the formation 
and liberation of erythropoetin (Jelkmann 1986). 
The beginning of the reticulocytosis two days 
after the first training bout or, as demonstrated in 
the additional experiments, after a single short ex- 
ercise until exhaustion, correlates well with the 
time linked effect of erythropoetin (Papayanno- 
poulou and Finch 1972). Indeed it could be de- 
monstrated by Lindemann et al. (1978) that the 
erythropoetin titre in the blood of young soldiers 
was slightly increased after a four days training 
programme. But because of the relatively unspe- 
cific methods for determination of erythropoetin 
(Jelkmann 1986) at least nine years ago, one must 
confirm their results with newly developed meth- 
ods (radioimmunoassay, Cohen et al. 1985). 

Additionally to erythropoetin release of the 
kidney, other hormones released during exercise 
such as cortisol, growth-hormone, adrenaline and 
thyroxine, which are known as erythropoetic fac- 
tors, may contribute to the training dependent 
erythropoiesis. 

The high destruction rate especially of old ery- 
throcytes (Reinhart et al. 1983) and the reticulocy- 
tosis during and immediately after the training pe- 
riod lead to a shift to a younger erythrocyte popu- 
lation. This is confirmed by the marked increase 
in GOT activity, which is known to be one of the 
most sensitive indicators of red cell age (Fisher 
and Walter 1971). Additionally, the increase in 
red cell [creatine] and the decrease in MCHC ob- 
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Fig. 4. Correlation between weekly changes in haematocrit 
and reticulocyte number (mean values from seven days) com- 
pared to the initial values in the blood of the test subjects dur- 
ing the observation time. n=24;  Y = - 0 . 2 9 x  -0 .56 ;  
r =  -0.71 ; p <0.001 

served in this study and also reported by Eichner 
(1985) and Reinhart et al. (1983) after long dis- 
tance races are further proofs of a younger mean 
red cell population after training. 

Thus the nearly constant low values of [Hb] 
and Hct during the training period are caused by 
totally different mechanisms: namely the in- 
creased haemolyis in the first week, and the rela- 
tive greater increase in PV than in CV in the sec- 
ond and third weeks. 

Haemoglobin-oxygen-binding properties 

The different time course of the Hb-O2 binding 
parameters (Pso, "n", BC) demonstrates that more 
than one cause is responsible for the observed 
changes. One of these causes is the training de- 
pendent increase in [DPG], which again is due to 
different mechanisms. Firstly, [DPG] is negatively 
correlated to haemoglobin concentration in whole 
blood, the cause of which is not fully elucidated. 
Secondly, there are many changes in blood during 
and after exercise (e. g. desaturation of haemoglo- 
bin, acid base changes, elevation of inorganic 
phosphate and pyruvate, secretion of hormones), 
which might influence DPG turnover. Thirdly, 
young erythrocytes possess high DPG concentra- 
tions resulting from higher enzyme activities (e. g. 
Schmidt et al. 1987). This effect should be most 
important at the end of the training period and at 
the beginning of the postperiod. 

In spite of increased [DPG], Pso shows no sig- 
nificant variations during the whole training peri- 
od, also observed in similar experiments by Shap- 
pel let  al. (1971). One week after the training pro- 
gramme, however, when the erythrocyte popula- 
tion is at its youngest mean age but the exercise 
stimulus is no longer present, Hb-O2 affinity is 
mostly reduced. In this week Hill's "n" seems to 
have the highest value. Young erythrocytes are 
characterized by a right shifted and steepened 
ODC (Schmidt et al. 1987). Therefore, the appear- 
ance of a young cell population could explain the 
variations in these Hb-O2 binding properties after 
the training period. Its effect is an improved oxy- 
gen unloading from the blood to the tissues, when 
compared to the initial values before training. 

A further property of young red cells is de- 
creased Bohr coefficients (Schmidt et al. 1987). 
Therefore one should expect a continuous de- 
crease in the BCs during the training period. 
However, low values are only observed when the 
training stimulus is withdrawn (first recovery 
week). During the training period, part of the BCs 
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were significantly higher than in the first recovery 
week, which is consistent with our earlier observa- 
tions of large BCs in highly trained active athletes 
(BOning et al. 1982; Braumann et al. 1982). There- 
fore, a younger cell population is not responsible 
for all changes in Hb-O2 binding parameters in 
endurance trained athletes, as was suggested by 
Braumann et al. (1982). Probably a special train- 
ing factor increasing the BC is partly antagonized 
by the decreasing cell age. 

The dependency of TC on training has never 
been investigated. Since the relatively small dif- 
ferences in [DPG], as found in this study, do not 
yet influence TC (Benesch et al. 1974) and since 
apparently no variations of other known TC in- 
fluencing factors exist (e.g. Pco2), the observed 
changes in TC cannot yet be explained. 

Physical performance 

It must be assumed that, besides the well known 
adaptation factors (e. g. higher enzyme activity in 
the working muscle and a more economic capil- 
lary blood flow), activation of the erythropoetic 
system is one cause for the observed improvement 
in endurance capacity of the test subjects (Table 
2). One week after training the increase in total 
haemoglobin mass by 5% improves the O2 trans- 
port capacity of the body. The right shift in the 
ODC, especially during heavy work (Bohr effect), 
compensates for the fall in haemoglobin concen- 
tration. Furthermore, because of the elimination 
of the oldest cells, which possess more useless 
haemoglobin molecules for oxygen transport (e. g. 
methHb, HbAic), the 02 transport capacity of a 
given blood volume should be augmented after 
training. 

Finally it should be noted that, in spite of in- 
creased red cell volume, the rheological proper- 
ties of blood might be improved because of lower 
haematocrit values and a younger mean erythro- 
cyte population, both characterized as factors 
which lower blood viscosity (Tannert et al. 
1977). 
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