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ABSTRACT

The relationship between heart rate and lactate is often used to measure
intensity and recovery but little is known if they yield the same information.
The purpose ol this study was to establish the relationship between heart rate
(HR) and blood Iactate (BLa) responses (peak and recovery) to a sporl specilic
field test (4-corner test) in elite male and female badminton players. 10 male
and 10 female members of the Canadian badminton team were lested, After
having perlormed the 4-corner test, two variables were measured:  first, a .5
minute HR recovery (HRREC) period, during which HR values were taken
[rom post 0 minute to post § minute every 30 seconds for the first 2 minutes and
then every minute; and second, a § minute BLa recovery (BLaREC) period,

rom post 1 minute to post 5§ minnte every minute,

No statistically significant difference (o = 0.05) between genders for any of the
variables was observed, thus the data was pooled. Among all the comparisons
of the 30 second intervals within the 5 minute HRREC data, only two time peri-
ods were not statistically significant (o = 0.05). One was carly in recovery (0-30
sec.) and one was late in recovery (90-120 see. and 120-300 sec. inclusive).
Mcan Bla went down cvery minute from 6.91 mMol at post T minute to 6.51
mMol at post 5 minute but this difference was not statistically significant (v =
(.05). No statistically significant correlations were found 1o exist between
HRREC and BLaREC. However, PEAKBLa following the test was correlat-

cd with HRREC measurements such that the following two trends were found.



First, the correlation between PEAKBLa and the absolute HR values obtained
at dilferent time intervals during recovery became stronger with increasing time
up to the 2nd minute of recovery at which point it plateaued (from r= - 0,24,
p<0.30 at post 0 min. to r= 0.66, p<0.002 at post 2 min.) and second, PIEAKB-
La was negatively correlated with 5 minute HRREC (r= - 0.80, p<0.0001).
When total heart rate recovery was broken down into the two smaller time
intervals, reflecting the Tast and slow components, PIEAKBLa was negatively
correlated with the HRREC obtained in the first two minutes of recovery (r =

- 0.77, p<0.0001) Lut this relation then became a positive one with the HRREC
obtained between the 2nd and 5th minute of recovery (r= 0.46, p<0.04). These
results suggest that o higher Bla concentration at the end of exercise reflects a
body state which is related 10 a slower HRREC, It cannot be said if the effect
of BLa concentration on HR is of direct or indirect nature. 'The results support
the recommendation that il one is to use HRRIEC measurements to assess the

liiness level of an athlete, it wonld be relevant to also have PEAKBLa values.

- il -



INTRODUCTION

Badminton 15 known as an intermittent sport in the sense that the athlete has
repeated brief pauses between short bouts of exercise. For this type of cvent
the excercise physiologist must be able to measure both the intensity of effort
and the recovery from work. Two of the relevant trainable physiological
paramelers that are often utilized in elite athlete testing are heart rate (FIR)
and blood lactate (BLa). Also, these two parameters are lrequently employed
in a complementary fashion in order to monitor both intensity of, and recovery

from, work. Both are clevated during exercise and decrease during recovery.

A relationship betweeen HR and lactate has been found to exist (Thimm et
al., 1984; Saltin ¢t al., 1981; Tibes et al., 1976) during exercise where HR
increased with increased lactate. However, the relationship between 1R and
lactate during recovery is not as clear. Saltin et al. (1981) found that the con-
centration of lactic acid in the interstitial space remains elevated for several
minutes and yet during this time HR was alrcady decreasing. Conversely,
Thimm ¢t al. (1984) found that the increase in HR lasted for several minutes
although the lactate concentration in perfusion outfllow decreased during that
time. The authors hypothesized that this prolonged cffect on HR may occur
because the lactate concentration in interstitial space remains relatively high
duc to slow back-diffusion from the interstitial space to the capillaries. Iow-
ever, it is also possible, as mentionned by Thimm et al. (1984), that the mecha-
nisms which control the increase in HR arc different from those which control
its return to base-line. Measuring BLa during recovery, immediately following
a sport-specific test, through the fairly new and fast lingertip blood sampling

technique may give some insight into the relation between HR and lactate



recovery in elite athletes, ‘The purpose of this study was thus to establish the
relationship between HR and Bla responses (peak and recovery) to a sport

specilic field test (4-corner test) in elite male and female badminton players.

METIHODS

The subjects in this study were all members of the Canadian National Badmin-
ton team, These included 10 male and 10 female players, all between the ages
of 19 and 31 years of age. They performed the 4-corner badminton fitness test
(Reed, 1981) which reflects the demands of their sport.  All players had been
previously required to give their informed consent upon accepting national team
status through the respective sport-governing association.  Following this, two
physivlogical recovery variables were measured: first a 5 minute HR recovery
(HIRRLC) period, during which HR values were taken from post 0 min. (o post
5 min. every 30 sec. for the first 2 minutes and then every minute; and second a
5 min. BLa recovery (BLaREC) period, from post 1 min. to post § min. every
minute. 5 minute is the rest period allowed between the 2nd and 3rd game in a
singles badminton match. HRREC was monitored with a Sport Tester™
PIE-3000 (Polar Electro Co.) and lactate samples were drawn using the finger-
lip blood sampling technique. BLa concentration was determined using a Kon-
tron Medical 640 Lactate Analyzer™ (Roche Bio-Electronics). A two way
analysis of variance (ANOVA) was used to analyze the collected data where
the gender and time of recovery were the two independent variables and HR
and Bla concentration served as the dependent variables. In order to deter-
mine the relationship between HR and BLa (peak and recovery values), a cor-

relational matrix was used. An index was also gencrated which looked at the

ratto HRREC/peak BLa.



RESULTS

Table 1 gives some descriptive results of the players vsed in this study.
Table 1

Means and Standard Deviation of Some Descriptive Results.

Variable N Mecan  S.D. Minimum Maximum
Value Value
Gender=I"
AGE 10 24.10 4,22 19.31 31.52
HEIGHT (cm) 10 165 4 161 173
WEIGHT (kg) 10 61.8 7.2 51.9 78.0
Sum Of 5 Skinfolds 10 49.0 21.4 23.6 102.0
(CSTF protocol)
Gender=M
AGE 10 23.48 3.34 19.55 28.65
HEIGHT (cm) 10 181 4 173 190
WEIGHT (kg) 10 76.7 3.0 73.0 31.0
Sum Of 5 Skinfolds 10 38.0 9.41 25.5 60.3

(CSTT protocol)

The badminton players in this study finished the 4-corner badminton test with a
mean peak HR (HRO) that equals 90% of their predicted maximal HR. This
corresponds 1o the values obtained during an international singles match (Agne-
vik, 1970; in Aslrahd, 1986). They recovered 83 4 12 bpm in the 5 minutes
following the test (HIRRECS) and 83% of that recovery occured within the first
2 minutes (HRREC2) while 17% occured between the 2nd and 5th minute of
recovery (HRREC25), a peak BLa (PEAKBLz) of 7.24 + 1.49 mMol was

obtained and this value droped 6% between the 1st and 5th minute of recovery



(BLaREC1S5) (Table 2). A listing of all the raw data can be found in Appendix
A.

The ANOVA yielded no statistically significant difference (o = 0.05)
between genders for any of the variables observed (Table 3), thus the gender
data was pooled. HRREC mcasurements were significantly different (o = 0.05)
among all 30 sec. intervals except between post § sec. and 30 sec., 90 scc. and
120 sec., and from 120 see. to 300 sec. inclusive (Table 4). Bla went down
cevery minute from 6.91 mMol at post 1 min. to 6.51 mMol at post 5 min. but
this difference was not statistically significant (o = 0.05). Figure 1 shows the

heart rate and lactate recovery curves.

Table 5 shows the correlations among the variables. TFull correlational
matrices can be found in Appendix B. No statistically significant correlations
were Tound to exist between HRREC and BLaREC (see Figure 1 for HR and
BlLa recovery curves).  However, PEAKBLa following the test was correlated
with IIRREC measurements. The following two trends were found: first, the
correlations between PEAKBLa and the absolute HR values obtained at differ-
ent time intervals during recovery become stronger with increasing time up to
the 2nd minute of recovery at which point it plateaus (from r= - 0.24, p<0.30 a1
HRO to r= 0.66, p<0.002 at HR120) and sccond, PEAKBL2 was ncgatively
correlated with HRRECS (r= - 0.80, p<0.0001). However, when total heart
rale recovery was broken down into the two smaller time intervals, reflecting
l.hc fast and and slow components, PEAKBLa was negatively correlated with
HRREC2 (r= - 0.77, p<0.0001) but this relation then became a positive one
with HRREC25 (r= 0.46, p<0.04).



The index HRREC/PEAKBLa was calculated using three time intervals for
HRREC; these were HRREC2, HRRECS and HRREC25 (sce Table 2 for
means and definitions). Table 6 shows the correlations among these three indi-
ces. The INDEXO2 strongly correlated with the INDEXO05 (r= (.97, p<0.0001).
‘The INDEX02 and the INDEX2S5 correlated negatively (r= - 0.44, p<0.05); the
INDEXO5 and INDEX2S5 did not correlate significantly (r= - 0.21, p<0.37).
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Table 2

. Means and Standard Deviation (n = 20).

Vanable Mean S.D. Minimum Maximum
Value Value
HRO (bpm) 176 7 163 185
ITR30 (bpm) 164 10 147 184
HR60 (bpm) 139 16 109 166
HR90 (bpm) 118 17 94 145
HR120 (bpm) 107 18 79 137
HR130 (bpm) 100 15 75 130
HR240 (bpm) 96 15 71 124
HR300 (bpm) 93 14 73 120
HRRECS (bpm) 83 12 58 108
HRREC2 (bpm) 69 17 41 104
HRREC15 (bpm) 46 12 32 79
HRRECY05 (bpm) 24 9 4 44
HRREC25 (bpm) 14 8 4 29
HRREC35 (bpm) 7 6 -1 19
HRRIEC45 (bpm) 2 4 -8 i
LACTATE1 (mMol) 6.91 1.61 4.82 10,98
LACTATE2 (mMol) 6.81 1.42 4.72 10.26
LACTATI3 {mMol) 6.77 1.52 4.50 10.58
LACTATE4 (mMol) 6.68 1.57 4.20 10.30
LACTATES (mMol) 6.51 1.72 4.08 10.60
PEAKBLa (mMol) 7.24 1.49 4.82 10,98
LACRECI1S (mMol) (.40 0.91 -1.58 1.92
LACRECPLE (mMol) 1.02 0.44 0.44 1.92
INDEX02 10.2 4,27 3.73 21.58
INDEX05 12.15 3.93 5.28 22.41
INDEX25 1.89 1.03 (.53 4.80

HRO to HR300 = Heart rate at given recovery time in scconds, HRRIC2 =
HRREC in the first 2 minutes, HRRECS = HRREC in 5 minutes, HRRECI15 =
HRREC between the 1st and Sth min. of recovery, HRREC905 = IIRREC
between 90sce. and the 5th min. of recovery, HRREC25 = HRREC between
the 2nd and 5th min. of recovery, HRREC35 = HRREC between the 3rd and
5th min. of recovery, HRREC45 = HRREC between the 4th and Sth min. of
rccovery, LACTATE] to LACTATES = Bl.a at given rccovery time in min-
utes, PEAKBLa = Peak BLa, LACREC1S = LACTATLE1 - LACTATIS,
LACRECYE = BLaREC from Peak BLa, INDEX02 = HRREC2/PEEAKBLa,
INDIEX05 = HRRECS/PEAKBLa, INDIEX25 = HRREC25/PEAKBLa.



‘T'able 3

Analysis of Variance for gender,

Source Sum of Degrees of Mcan I valuc
Squares Freedom Square

PLEAKBLa 42.29 19 2.24 0.88

LACREC1S 15.68 19 0.83 0.87

HRO 824.55 19 45.80 0.00

HRRIEC2 5788.95 19 312.58 0.52

HRRIECS 2915.80 19 160.39 0.18

*I value for p<0.05 is 3.18

Tablc 4

Tukey post-hoc tlest on heart rate recovery valucs (n=20).

| s1;'1:; Méz;—nrﬂll-lR Significance

0 176 Sig. dif. {rom > 60

30 164 Sig. dif. from > 60

60 139 Sig. dif. from all others
%) 118 Sig. dil. from 0-60, > 180
120 107 Sig. dif. from 0-90

180 100 "

240 96 s

300 93 "




Table 5

Pearson correlation coelficients and levels of significance
for the variables investigated (n = 20).

PEAKBLa LACRECI5
HRO (bpm) r=-0.24, n.s,
HR30 (bpm) r= 0.11, n.s.
HR6G0 (bpm) r= 0.23, n.s.
HR90 (bpm) r=0.53, p<0.02
HR120 (bpm) r= 0.66, p<0.002
HR180 (bpm) r= (.53, p<0.02
HR240 {bpm) r= (.55, p<0.01
HR300 (bpm) r= 0.60, p<0.005
HRREC2 (bpm) r=-0.77, p<0.0001 =-0.01, n.s.
HRRECS (bpm) r=-0.80, p<0.0001 r=-(0.02, n.s.
HRREC15 (bpm) r=-0.38, n.s
HRREC905  (bpm) r= 0.08, n.s.
HRREC25 (bpm) r= 045, p<0.04 r=-0.01, n.s.
HRREC35 (bpm) r=-0.03, n.s.
HRREC45 (bpm) r= 0.04, n.s.
Table 6

Pearson correlation coelficicnts and levels of significance

for the three indices gencraicd (n = 20).

INDEXO02
INDEX?25
INDEXO05

INDEX02

X

r=-0.44, p<0.05

= (.97, p<0.0001

INDIIX25

X

r=-0.21, n.s.

-9-



DISCUSSION

A Tast HRREC phase was found (o occur up to 2 minutes in recovery fol-
lowing which HR kept decreasing but not in a statistically significant way (slow
phasc)(Figure 1). These two phases concur in time with those found in previous
studies (Pilardean et al., 1982; Morand et al., 1978). BLa decrcased from the
lirst minute to the fifth minute of recovery but the difference was not statistical-
Iy significant. Some rescarch has been done in relation to lactate removal rates
bul most studies have looked at lactate removal over a relatively long period of
time (20 minutes or more) (Bonen and Beleastro, 1976; Hermansen and Stens-
vold, 1972). The results obtained in this study support the mention by Evans
and Cureton (1983) that a study measuring the effects of conditionning on the
peak rate of blood lactate removal is needed. Since the rest period between the
second and third games of a badminton malch is 5 minutes, it was important 10
examine the lactate and heart rate recoveries of badminton players within this

time period.

Gender had no significant effect (@=0.05) on either HR (peak and recov-
ery) or Bla (peak and recovery) values. Though not significantly, PEAKBLa
was higher in men than in women. The homogencity of this group, the similari-
ty of fiber type distribution between genders and the fact that this was not a test
for maximal lzlcl;llc response may all join to explain why men, with generally
larger mustle mass and higher power output, did not produce significantly more
lactate than women. In the pooled data, BLaREC did not significantly corre-
late with TIRREC. This may be explained by the different nature of the

mechanisms involved since HRREC control mechanisms are more of a neural

-10 -



nature while BLaREC mechanisms are relatively more of a vascular and meta-

bolic nature.

Unlike BLaREC, PEAKBLa did correlate with HRREC. ‘The correlations
between PEAKBLa and HR measurements taken every 30 scconds during
recovery show that in the first minwte there is no signilicant relationship
between heart rate and PEAKBLa but {rom 90 scconds to 5 minutes, higher
PEAKBLa had a statistically significant tendency (a=0.05) to be related to
higher heart rates at any given time whith this tendency becoming strongest at 2
minutes (r= 0.66, p<0.002). PEAKBLa also correlated negatively with
HRRECS (r= - 0.80, p<0.0001) but the relation changed to a positive one when
correlating PEAKBLa to HRREC25 (r= 0.46, p<0.04). Thus, the conclusion
that higher PEAKBLa following the 4-corner test is significantly related to over-
all lower heart rate recovery in 5§ minutes seems justified. Morceover, higher
PEAKBLa is significantly related to that part of the 5 minute recovery which

oceurs from 2 to 5 minutes.

HR during exercise is affected by many physiological factors: 1) central
command (Rowell, 1980), 2) humoral drives (Ruddel et al., 1986; Niclsen et
al., 1984), 3) ncurogenic reflexes from the muscle that may be initiated by the
following different factors: mechanical (Kniffki et al., 1981; Kumazawa and
Mizumura, 1977), [K*] (Rybicki et al., 1984; Tibes et al., 1978), |[H*| (Thimm
et al., 1984; Thimm and Meier zu Verl, 1984), osmolality (Tibes ¢t al, 1978;
Tibes and Groth, 1977), lactate concentration (Thimm et al., 1984; Thimm and
Meier zu Verl, 1984), Pi concentration (Tibes et al., 1978; Tibes and Groth,
1977), thermal stimuli (Kniffki et al., 1981; Kumazawa and Mizumura, 1977),

or a combination of thesc parameters.

-11 -



As previously mentionned, a relationship between HR and lactate (muscle
and arterial) had been found to exist during exercise (Thimm et al., 1984; Sal-
tin et al,, 1981) where HR increased with increased lactate. However, as men-
tionned by Thimm et al. (1984), the mechanisms which control the increase in
HR may be different from those which control it's return to baseline. The
results obtained in this study would support the conclusion that Bla concentra-
tion is related to HRREC. In 1942, Johnson et al. (in Degre and Denolin,
1965} examined the first three minutes of HRREC and lound that a linear rela-
tionship existed between the average HRREC during those three minutes and
the total of the HRs added from the whole effort. Thus, the more intense the
Iwork, the higher the average recovery HR. Further these findings support the
conclusion that the nature of the relationship between BLa and HRRIEC is such
that the higher the PEAKBLa (more intense work), the higher the average
recovery HR with the correlation becoming statistically significant at 90 seconds

(r=0.53, p<0.02).

Again these results seem to justify the conclusion that a higher BLa concen-
tration at the end of exercise is related to a slower HRREC. It cannot be said
il the relationship between BLa concentration and HR is of direct or indirect
naturc. However, it may be recommended that if one is to use FIRREC meas-
urements to assess (he fitness level of an athlete, it would be relevant for a
more accurate interpretation of these results to also have PEAKBLa values.
More studies, however, are needed to examine the effect of exercise specilicity
on the relationship between HRREC and PEAKBLa and to see il the relation-
ship found in this study may be generalised to other athletes. Also, some stud-
ies are needed Lo examine the effects of different types of training on heart rate

and blood lactate recoveries and to examine the effeet of test specilicity on

-12-



heart rate and blood lactate recoveries. The relationship found in this study is
specific to lactate rang;es obtained from this test and don't necessarely reflect
relationships obtained from other ranges of lactate. If the relationships found
in this study between HRREC and PIEAKBLa does show to be true for other
intermittent sports then the INDEX02, which correlates very strongly with the
INDEXO5 (r= 0.97, p<0.0001), may be of use to monitor training. If lor a giv-
en intermittent sport, both a good alactic capacity (monitored through low
PEAKBLa) and acrobic fitness for recovery {as monitored through HRRIEC)
are needed, then an improvement of any one or both of these parameters fol-
lowing a sport-specific test would increase the INDEXO02 and thus show an

improvement in the level of specific litness required lor these athletes.

-13-
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Appendix A
Descriptive Results

Gender=Female

Subjects

Variables 1 2 3 4 5

AGE(years) 21.3. 285 233 193 253
HEIGIIT(em)  166.0 163.0 161.6 165.0 171.5
WEIGHT(kg)  61.4 549 61.4 632 57.9
SUMSKIN(mm) 48.9 23.6 38.1 60.7 42.5
VERTIUMP(cm) 43.5 41.0 47.0 39.5 41.0
AVSPEED(scc) 7.62 8.75 828 8.60 8.19
DROPOFF(scc) 0.18 0.18 0.51 050 0.43

HRO(bpm) 166 168 185 179 134
HR30(bpm) 158 153 173 158 134
HRG60(bpm) 137 113 145 127 166
HRY0(bpm) 123 94 108 99 127

HRI20(bpm) 116 85 100 99 119
HRI80(bpm) 106 75 101 101 106
HR240(bpm) 9 71 96 102 100
HR300(bpm) 93 73 94 95" 102
HRREC30(Gpm) 8 15 12 21 0
HRREC60(bpm) 29 55 40 52 18
HRREC9(bpm) 43 74 77 80 57
HRREC2(bpm) 50 8 85 80 65
HRRECS(bpm) 73 95 91 84 8
HRREC15(bpm) 44 40 51 32 ¢4

HRREC905(bpm) 30 21 14 4 25
HRREC25(bpm) 23 12 6 4 17
HRREC35(bpm) 13 2 7 6 4
HRREC45(bpm) 1 2 2 7 2
HRRECSP 580 663 47.1 650 21.7
LACTATEI* 642 6.14 510 596 6.88
LACTATE2* 776 6.50 6.54 4.76 6.12
LACTATE3*  7.48 622 6.60 4.600 6.13
LACTATE4*  7.64 636 6.60 4.48 6.50
LACTATES*  8.00 6.06 6.36 4.42 6.10
PEAKBLa* 800 6.50 6.60 5.96 6.88
LACRECI5*  -1.58 0.08 -1.26 1.54 0.78
INDEX02** 6.25 12.77 12.88 13.42 9.45

INDEX25%* 2.8 1.84 091 0.67 247
INDEX05** 9.12 14.61 13.79 14.09 11.92

* mMol
**Lpm/mMol
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Appendix A (continued)
Descriptive Results

Gender=Male
Subjects

Variables 1 2 3 4 5 6 7 8 9

AGE(years) 267 23.0 195 28.6 279 21.9 20.8 21.8 19.8
HEIGIH T (em) 182.0 173.0 179.0 181.0 179.2 182.0 179.0 185.5 190.0
WEIGH T (kg) 8.7 739 768 752 711 80.1 731 73.0 79.2
SUMSKIN(mm) 43.7 35.6 340 25.5 340 39.1 328 424 329
VERTIUMP(cm) 49.0 64.5 525 51.0 53.0 525 63.0 58.0 61.0
AVSPELED(sec) 822 841 824 728 898 8.15 875 7.9 829

DROPOFF(sec) 0.63 044 0.69 055 0.5 051 046 029 0.76
HRO(bpm) 181 180 181 170 181 181 175 172 168

HR30(bpm) 174 169 165 147 166 170 161 166 147

HR60(bpm) 153 150 139 109 144 144 135 139 112

HR90(bpm) 133 133 124 95 113 129 112 124 95

HR120(bpm) 123 126 121 8 95 122 92 119 83
HRI180(bpm) 112 115 113 76 89 115 8 108 81
HR240(bpm) 105 106 111 74 90 109 79 110 8l
HR300(bpm) 94 103 104 74 85 110 87 105 1
HRREC30(bpm) 7 11 16 23 15 11 14 6 2
HRREC&(bpm) 28 30 42 61 37 37 40 33 56
IIRRECYO(bpm) 43 47 57 75 68 52 63 48 73
IIRREC2(bpm) 58 54 60 81 8 5 8 53 85
HRRECS(bpm) 87 77 77 9 96 71 8 6 89
HRRECIS(bpm) 9 47 35 35 59 34 48 34 33
HRREC905(bpm) 44 30 20 21 28 19 25 19 16
HRREC25(bpm) 29 23 17 15 10 12 5 14 4
HRREC35(bpm) 13 12 9 2 4 5 1 3 2
HRREC45(bpm) i 3 7 0 5 .1 8 5 2

HRRECSP 483 556 70.0 753 43.0 62.7 482 623 65.9
LACTATEI* 6.04 870 6.84 542 6.12 844 6.60 822 7.28
LACTATIE2* 5.68 880 6.40 6.34 526 7.28 7.14 830 7.48
LACTATE3* 5.56 838 5.72 632 5.14 818 7.60 8.04 7.46
LACTATE4* 52 890 570 6.06 4.78 7.80 7.42 7.82 17.16
LACTATIES* 32 8.86 492 574 448 8.04 7.28 6.86 6.90
PEAKBLa* 04 890 6.84 634 6.12 844 7.60 830 7.48

2 016 192 032 1.64 -0.68 1.36 0.38

INDEX25** 258 248 237 1.63

0 2. 0.66 1.69 0.53
INDEXQS5** 4.40 8.65 11.25 15.14 15.69

5
5
6
LACREC1S* 0.
9
4 .
1 11.57 8.07 11.90

3

0.40 .
INDEX(2** 60 607 8.77 1278 14.05 6.99 1092 6.39 11.36

1.42

8.41

* mMol
**bpm/mMotl

SUMSKIN=8um of § skinfolds (CSTF), VERTIUMP=Vertical jump height,
AVSPEED=Average time o complete the 4-corner (cst pattern,
DROPOFT=Slowest pattern - fastest pattern, HRRECSP=

(HRREC60/HRREC2)X100, (sce Table 2 for definitions of the other vari-

ables).
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APPENDIX B
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APPENDIX B

CORRELATIONS AHONG THE VARIABLES
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THE PROBLEM
INTRODUCTION

Kinanthropology can generally be defined as the study of man in motion. One
of its applications is to aid athletes in their endeavour 1o improve their performance.
In the more specific arca of exercise physiology, kinanthropologists examine the
physiological components relative 1o the sport, and through sport specific testing, help
athletes improve their performance with efficient training programs.

One type of sports activity that the exercise physiologist is often confronted
with is intermittent in nature.  Badminton is one such intermittent sport in the sense
that the athlete has repeated brief pauses between short bouts of exercise. “This is in
contrast to endurance or continuous sports. Mikkelsen (1979) found that clite
badminton players rest for an average of 9 seconds and work for an average of 9
sccands. Reed (1981), from the analysis of the 1979 and 1981 Badminton World
Championships, found that the players in men’s singles rested for an average of 10
sceconds and worked for an average of 10 seconds. Both studies concur in their
obtained work:rest ratio of 1:1.

For this type of event the exercise physiologist must be able to measure both the
intensity of effort and the recovery from work. Two of the relevant trainable
physiological parameters that are often utilized in clite athlete lesting are heart rate
and blood lactate.  Also, these two parameters are frequently employed in a
complementary fashion in order to monitor both intensity of, and recovery from, work.
Both are elevated during exercise and decrease during recovery.

Some research has been done in relation to lactate removal rates (Jorfeldt et

al., 1978; Bonen and Beleastro, 1976; Hermansen and Stensvold, 1972) but most



2
studies have looked at lactate removal over a long period (20 minutes or more) (Bonen
and Beleastro, 1976; Hermansen and Stensvold, 1972) and as mentionned by Lvans
and Cureton (1983), a study of the effects of conditionning on the peak rate of blood
lactate removal is clearly needed. Measuring blood lactate during recovery,
immediately lollowing a sport-specilic test, through the fairly new and fast fingertip
blood sampling technique may give some insight into the relation between hearl rate
and laclate recovery in clite athletes.

A relationship betweeen hearl rate and lactate has been found to exist (1Thimm
et al., 1984; Saltin et al., 1981; Tibes et al., 1976) during exercise. However, the
relationship between heart rate and lactate during recovery is not as clear. Saltin et
al. (1981} found that the concentration of lactic acid in the il‘llcrstitial space remains
clevated for several minutes and yet during this time heart rate was already decreasing,
Conversely, ‘Thimm ct al. (1984) found that the increase in heart rate lasted for several
minutes although the lactale concentration in perfusion outflow decreased during that
time. The authors hypothesized that this prolonged cffect on heart rate may oceur
because the lactate concentration in interstitial space remains relatively high duoe to
slow back-diflusion from the interstitial space to the capillaries. However, it is also
possible, as mentionned by ‘Thimm ¢t al. (1984), that the mechanisms which control the
increasce in heart rate are different from those which control its return to base-line.
Some authors (Degre et Denolin, 1965; Margaria et al., 1933; Hill, 1925) also related
the hearl rate recovery with the O3 recovery considering that the fast heart rate
recovery phase (first two minutes of recovery) corresponds to the alactic Q2 debt and
that the stower phase (2nd to the Sth minute) corresponds to the lactic O2 debt. It
thus scems important 1o look at the relationship between .hcart rale and blood laciate

during the early phase of recovery (first 5 minutes).



STATEMENT OF THE PROBLEM

‘The purpose of the study is to establish the relationship between heart rate and
lactate responses (peak and recovery) to a sport specific field test (d-corner test) in

clite male and female badminton players.

LIMITATIONS

The subjects tested were badminton players of an elite level. ‘Thus, they were
not randomly selected and caution is advised if the results are to be applied to other
groups. Again, because of this specificity of subjects, the number of subjects available
for testing was a limiting factor. The observed heart rate and lactate responses were
produced in relation to a very badminton-specific test (4-corner test). These responses
may be different following a different test protocol so discretion is again advised in this
respeet. Laclate recovery may be different at other intcnsily.lcvcls 50 the relation
between lactate and heart rate recovery may also be different. The whole blood
technique for assessing lactate concentration may not correspond exactly to other

lactate assessing methods,

ABBREVIATIONS

A Actin

AITTR Alactic half-time recovery
crP Creatine phosphate

CS Citrate synthase

1,3 DPG 1,3 diphosphoglycerate

1EMD Time interval between the onset of clectrical activity and that



of force production

FAD Flavine-adenine-dinucleotide

Fpr Fructose diphosphate

I'0G Fast twitch oxidative glycolytic muscle fibre (15a)
' Flavin prosthetic group
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REVIEW OF LITERATURE
INTRODUCTION

The purpose of this chapter was 1o review the literature in relation to: 1)
intensity of exercise responses, 2) regulation of heart rate during exercise and
recovery, 3) heart rate as an indicator of exercise intensily and recovery, 4) regulation
of blood lactic acid during exercise and recovery, §) lactic acid as an indicator of
exereise intensity and recovery, 6) relationship between lactic acid and heart rate,

7) the inflluence of excercise specificity on heart rate and lactic acid responses,

8) physiology of badminton performance.

INTENSITY OF EXERCISE RESPCNSES

"I'he main objective of most organ lunctions is to maintain the internal
equilibrium of the single cell in spite of primary changes or disturbances in the animal’s
internal or external environment, in accordance with the 'one for all and all for one’
concepl. A continuous exchange of materials between interstitial {luid and blood
plasma is necessary for the normal function of the cell” (Astrand and Rodahl, 1986).

Skeletal muscle is unique in that it can vary its metabolic rate to a greater
degree than any other tissue. In fact the working skeletal muscles may increase their
oxidative processes to more than 50 times their resting levels. This situation may
create serious problems for the working musele cell, for while the consumption of fuel
and 02 increases S0-fold, the rate of removal of heat, carbon dioxide, waler, and
waste products must be increased similarly. The cells must continually be ‘Tlushed’ by
fresh (uid in order to maintain their chemical and physical equilibrium. When muscles

are required lor vigorous excreise, the ability to maintain their internal equilibrium
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necessary to continue the work is entirely dependent on those organs which service the
muscle. ‘The circulatory and respiratory organ functions basically strive 1o keep the
muscle cell in indirect instantancous contact with the surrounding air at all times
{Astrand and Rodahl, 1986).

When a person goes from a resting state 1o a physically active state, many
physiological changes occur: increases in heart rate, cardiac output, ventilation, oxygen
consumption, systolic blood pressure and blood lactate concentration are some ol these
changes. All of these will vary in relation to the intensity of exercise. The more
intense the exercise, the stronger the response. ‘To understand these varying responses
it is important to understand the interplay between the energy systems that furnish A'TT
which is the basic chemical energy source for contracting muscle. Al thie onset of
exercise an increased need for AP is created. If the muscle had to rely completely
on the limited amount of ATP within its fibres, it would fatigue very quickly. For this
reason the ATP must be resynthesized as quickly as it is broken down (Vander et al.,
1985). The chemical pathways for regeneration of A'TP represent three distinel
processes: 1) Creatine Phosphate Splitting; 2) Anacrobic Glyeolysis; and 3) Acrobic
(Oxidative) Metabolism (Green, 1982).

Depending on the cnergy demands of the exercise, these three sources will
contribute in different proportions to the resynthesis of A'TP. For example, when
someone walks or jogs, the ATP will be mostly resynthesized through the oxidative
cnergy system whereas if the person runs a 100m sprint, the energy will be mostly
derived from the ATP-CP system (Hirvonen ct al., 1987). As the immediate end-
products from the dilferent energy producing pathways vary (CO2 and 1120 for
aerobic, lactic acid for anacrobic glycolysis), measuring these cnd-‘prmlucls during and
following exercise informs the physiologist about the intensity of the work and the

energy systems being utilized. 10 the work load is relatively light, the acrobic energy
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system will support most of the A'TP requirements and lactate concentration will
remain relatively low since anacrobic glycolysis is not used at a high rate. If, however,
the intensity of the workload goes up, the acrobic energy system may not have a fast
enough turnover rate for ATP to resynthesize the ATP at the needed rate. Anacrobic
glycolysis will then have 1o assist the acrobic system in furnishing the rcquifcd A'TP to
enable the working muscles o sustain the increased workload. Lactate, being the
inevitable end-product of anaerobic glycolysis, will be increased in its muscle
concentration and subsequently its blood concentration. Thus, blood lactate
concentration is a physiological parameter that is often used to monitor intensity of
exercise, The more intense the exercise, the higher the production of lactate and the
higher its blood concentration. ‘The relation between blood lactate concentration and
work intensity is curvilinear (Astrand and Rodahl, 1986).

Ieart rate is another physiological parameter that is often used to monitor
intensity of exereise. At rest the heart rate is kept down by parasympathetic aclion via
the vagal nerve. At the onset of exercise, or even before, there is an inhibition of the
parasympathetic zu:tjvily and an increased sympathetic impulse traffic. T'he heart's
inhibition is released and it starts o beat faster and with increased foree. ‘This
increased heart rate, joined with other circulatory changes, helps increase the blood
flow to the working muscles. The increased blood flow brings more oxygen to the
working muscle while at the same time removing unwanted end-products {Astrand and
Rodahl, 1986). In many types of submaximal work, a lincar relation is found between

increase in heart rate and increase in exercise intensity (Astrand and Rodahl, 1986).

REGULATION OF HEART RATE DURING EXERéISE AND RECOVERY

The sinoatrial (SA) node is a small mass of specialized myocardial cells

embedded on the right atrial wall near the entrance of the superior vena cava. The SA
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node is also the normal pacemaker for the entire heart. Its rhythmic discharge oceurs
spontaneously in the absence of nervous or hormonal inflluences. The inheremt
autonomous discharge rate of the SA node is approximately 100 beats per minute.
However, the SA node is under the constant influence of both nerves and hormones.
A large numbcr of parasympathetic and sympathetic fibres terminate on the SA node
as well as other arcas of the conducting system. The stimulation of the
parasympathetic (vagus) nerve causes the stowing down of the hearl through local
application of acetylcholine. The sympathetic nerves cause just the reverse; their
stimulation increases the heart rate through local application of norepinephrine. ‘The
sympathetic increases the slope of the pacemaker potential which causes the cell to
reach threshold more rapidly and is responsible for the increase in heart rate. The
parasympathetic stimulation has the opposite effect, it reduces the slope of the
pacemaker potential, threshold is reached more slowly and the heart rate is decreased
(Vander et al., 1985). Vander et al. (1985) also state other factors than cardiac nerves
that can alter heart rate: epinephrine (liberated by the adrenal medulla, speeds the
heart), temperature, plasma clectrolyte concentrations, and hormones other than
epinephrine. These, however, are generally of lesser importance, and the heart rate is
primarily regulated very precisely through the balancing ol the parasympathetic and
sympathetic autonomic systems, both operating on the SA node.  For example, it is
known that the heart rate acceleration at the initiation of a muscle contraction is
clicited predominantly through a withdrawal of vagal tone (Ireyschuss, 1970).
However, several sources of afferent information to the cardiovascular system that
makes its responses proportional to its {functional capacity have been identified.

Some evlidcncc shows that central command (Freyschuss, 1970; Goodwin et al.,
1971; Rowell, 1980) and humoral drives (Tibes, 1977; Ruddel et al., 1986; Niclsen et

al., 1984) may contribute to exercise response of the cardiovascular and respiratory
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systems.  [lowever, most of the recent studies point toward the importance of reflexes
originating in the muscle (Rowell, 1980). Many factors have been proposed as being

able to initiate the reflexes:

1) mechanical : (Kao et al., 1967; Kalia et al., 1972; Hodgson and Matthews, 1967;

Kumazawa and Mizumura, 1977; Knilfki et al., 1981),

2) K* coneentration : (Kumazawa and Mizumura, 1976;Kumazawa and Mizumura,
1977; 'Tibes et al., 1978; Tibes et al., 1976; Saltin et al., 1981; Hemmer and
Tibes, 1977; Tibes and Groth, 1977; Baum et al., 1988; Tibes et al., 1977;
Rybicki et al., 1984),

3) HY concentration : (Thimm and Meier zu Verl, 1984; Thimm ct al., 1984a;

Tibes and Groth, 1977; Tibes et al., 1976; ‘Tibes ¢t al., 1978),

4) osmolakhty : (Tibes and Groth, 1977; Laser et al., 1960; Tibes and Hemmer, 1973;

Tibes et al., 1978),

S5} lactate concentration @ (Tibes and Groth, 1977; Thimm and Meier zu Verl, 1984:

Thimny et al., 1984; ‘T'ibes et al., 1978; Tibes et al., 1976),
6) Pi concentration : (Tibes and Groth, 1977; Tibes et al., 1978; Tibes et al., 1976),

7) tirermal stimuli : (Kumazawa and Mizomura, 1976; Kimazawa and Mizumura,

1977; Kniffki ¢t al., 1981),

or a combination of these parameters. 'The majority of investigators favour chemical
rather than mechanical stimuli as the major sources for the cardiorespiratory drives.
However, some controversy still remains about the major candidate. Jose et al. (1970)

have shown that intrinsic rate of the normal human heart with sympathetic and
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parasympathetic blockade rises 7.1 beats/min per 1 C rise in right atrial temperature.
Thus, as cxplained by Rowell (1974), the much greater increases in HR observed
during prolonged moderate exercise cannot be attributed solely to the small rise in
body temperature noted by Ekelund et al. (1967). The muscle spindle also did not
produce any appreciable stimulation of respiration or HR in the decerebrate cat
(Hodgson and Matthews, 1968). Other work has also shown that the circulatory and
respiratory reflex responses of muscular origin are prelerentially or exclusively
mediated by group III (small myelinated fibres) and group 1V (unmyelinated fibres)
afferents (McCloskey and Mitchell, 1972; Kumazawa and Mizumura, 1976; Tibes,
1977; Hnik et al., 1969; Kniffki et al., 1981) and that their receptors are situated in
the interstitial space of the muscle (Baum et al., 1988; Rybicki ¢t al., 1984). Group I
and 11 aflerent fibres do not seem 1o respond to the above stimuli (MeCloskey and
Mitchell, 1972; Tibes, 1977; Kniffki et al., 1981; Tibes ct al., 1978). Liu et al. (1969)
found that the K*-evoked nerve impulses from the musele are transmitted through the
afferent fibres of the somatic nerve to the medulla, stimulating the respiratory and
vasomotor centers simultancously. The circulatory responses after intra-arterial
injection of KCI are mediated through the release of catecholamines at the sympathetic
nerve endings of the heart and blood vessels. ‘This scems to be supported by Mitchell
ct al. (1977) who found that the cardiovascular changes are mediated in part by the
activation of beta-adrenergic receptors in the heart. ‘They found that heart rate and
blood pressure seem to be correlated with catecholamine concentration during
submaximal exercise. Nielsen et al. (1984) found that during prolonged exercise, an
upward drift of the HR occurs after the first 10 minutes of exercise and this drift was
positively correlated to the measured increments in plasma catecholamine
concentration, which continucd to increase as excrcise progressed. Polymodal C-fibre

(i.c. group 1V [ibres) receptors were also found to exist (Rowell, 1980; Kumazawa and
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Mizumura, 1977; Kumazawa and Mizumura, 1976; Tibes et al., 1978; Kniffki et al.,
1981). The same receptor responds to many stimuli including chemical, mechanical and
thermal, though some of these receptors responded more strongly to one of these given
stimuli. Kniffki et al. (1981) classify the receptors into two groups: 1) the nociceptors
(responsible for the reception of noxious chemicals, mechanical, and thermal stimulis)
and 2) the ergoreceptors (responsive to light stretch, contractions, and light local
touching). A great specialization seems o exist in these group 111 and IV afferents,
Preliminary results obtained on the innervation of the Achilles tendon have already
revealed three characteristic terminal structures of group III afferents and another four
types of group [V ones, both in respect to their location and the ultrastructure of the
endings and their surrounding tissues (Andres et al., 1980). Some afferent receptors
also vary in relation to their activation threshold (low or high threshold). As
mentioned by Kniffki et al. (1981), it is difficult to imagine that unilorm receptive
properties go along with such amazingly great structural diversity.

The Vi (interstitial volume) will affeet the HR response especially at the
beginning of work (30-60 sec) since the shrinking of the Vip occurs mainly during that
period (Baker and Davis, 1974; Baum ct al., 1988). Even a small increase in the Vi
probably leads to a strong attenuation of the K¥ response. This concurs well with the
findings of ‘T'ibes et al. (1977) and Tibes and Hemmer (1973) which show K+
concentration being related to the initial cardiovascular and respiration functions when
passing [rom rest to exercise and that the appropriate K concentration for the
activation of these reflexes is that which was obscrved in the interstitial space of
working muscles.

Reflexes from working muscles are now known to affect the cardiovascular and
respiratory systems.  As mentioned previously, some evidence indicates that central

command may contribute to exercise response (Goodwin et al., 1971; Freyschuss,



14

1970; Rowell, 1980). Freyschuss’' (1970) data suggest a contribution that may be in the
order of one-half of the response whereas Goodwin et al. (1971), after showing a
possible effect from the central command in 1971, qualificd it to a much smaller
contribution in 1972.  Vagal tone has been shown to increase with dynamic endurance
training whereas sympathetic activity decreases at identical work loads (Lehmann and
Keul, 1986). Lehmann and Keul (1986) found that dynamically and statically trained
subjects exhibit a similar training-related control of sympathetic activity. An increased
vagal tone, however, occurred in conjunction with only dynamic endurance training,.

A training dependent adaptation of the autonomic system can be seen alter
approximately 4 weeks of intensive endurance training (Winder, 1978).  In 1981,
Lehmann et al. found that during a graduated exercise lactate and catecholamines
show a constant relationship to cach other which becomes less exact during higher
exercise intensitics.  An increase in lactate could also be seen during the recovery
phase up to the 3rd or 6th min whereas the catecholamines cxhibited an carlier
decrease; this points (o a correlation that is not as close as during the exercise stage.
The authors suggest that the differing changes in the lactate and catecholamines during
the recovery stage could have circulatory causes or could be the result of differing rates
of disappearance.

Tibes and Hemmer (1974) and Tibes (1977) have estimated that peripheral
drive from the muscle B- or C-fibres to the centers accounts lor the major part of the
whole drive on the heart, systemic circulation and ventilation at onset and during
steady state of work

Humoral drives also effcet cardiovascular responses (Tibes, 1977; Ruddel et
al., 1986; Nieclsen et al., 1984). Tibes (1977) estimated that the h'umoral drives
accounted for a minor portion of the total cardiovascular and respiratory responses

during onset as well as during steady state of work (less than 21%). Tlowever,
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humoral drives became more effective with increasing duration of work (up to 30% of
total drive).

The question asked by Rowell (1974) about the sources of afferent information
that make the cardiovascular system respond proportionaly to its functional capacity

was probably best answered by himsell in a 1980 paper when he states that;

“Multiple, redundant regulatory systems serve to modulate the circulatory system.
Acting through cortical and spinal cord motor systems, ‘central command’ could
serve to set basic patterns of effector activity, which in turn are modulated by
baroreceptors, muscle mechanoreceptors, and muscle chemoreceptors, as error
signals may develop. Under normal conditions of exercise, or perhaps during only
mild exercise, a muscle chemoreflex may not be activated. But circulatory delivery
ol oxygen to working muscle may be so closely matched 10 muscle oxygen
consumption that even a small decrease in musele blood flow might reduce
intramuscular PO7 below a critical level and caunse o reduction in oxygen uptake.
The resultant mismatch between oxygen delivery and utilization could then generate
a metabolic error sighal (i.c., build-up of metabolites in muscle) that is sensed by
chemoscensitive nerves in muscle. “This ‘chemoreflex’ would correet the imbalance
within the limits permitted by a normally sensitive baroreflex. As the severity of
exercise is increased toward maximal, the margin for any "flow error” is probably
extremely small and may even disappear so that a persistent metabolic error signal
acts in concert with the other regulatory systems. In short, the interaction of
multiple systems in the exercise response may so [ar have masked the important
role of any given system. We may only sce evidence for the participation of a
system when all others are inoperative or when extreme cenditions such as muscle

ischemia call forth a dominant contribution from one system.”



16
As concluded by Ruddel et al. (1986) the cardiovascular response, cven during
submaximal exercise, appears to be related to complex interactions of hormonal
changes and electrolytes but further investigation on the matter is needed.
More details are given later about the interrelation between lactate and HR

(see section ‘Interrelationship Between Heart Rate and Lactic Acid').

HEART RATE AS AN INDICATOR OF EXERCISE INTENSITY AND RECOVERY

Heart rate is often used in the testing of athletes to monitor the intensity of the
work as well as the recovery from this work (Koutedakis and Sharp, 1985; Pilardeau
et al., 1982; Degre and Denolin, 1965; Morand et al., 1978; Pilardeau ¢t al., 1983)
As mentioned carlier, the heart rate increases in a relatively linear fashion with work
intensity (VO2), thus making it often a good physiological parameter to monitor the
intensity ol work., Degre and Denolin (1965) stated that the HR recovery curve Mus
composcd of two parts, an initial rapid phase followed by a second slower and much
longer one. Johnson ct al. (1942, in “lq)'cgrc and Denolin) examined especially this Tast
phase of recovery (1, 2°, and 3'). "They (ound that a linear relation existed between
the average HR recovery during those three minutes and the total of the HRs added
from the whole cftort. Thus, the more intense the work, the higher the average
recovery HR. However, for a given workload, the fitter the individual, the lower the
average IIR. Another recovery assessing method using the rapid HR recovery phase is
called the alactic hall-time recovery. This method involves analysing the HR recovery
curve in a semi-logarithmic graph. After this, two lincar functions appcear from which
a 'half-time’ constant can be caleulated. ‘This hall-time constant is supposed to
represent the neccssz.lry time to recover hall of the oxygen debt developped through the
anaerobic energy utilization during the work (Margaria et al., 1933,and Hill, 1925, in

Degre and Denolin, 1965). These authors related the HR recovery with the O2
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recovery considering that the fast HR recovery phase corresponds to the alactic Oa
debit and that the slower phase corresponds to the lactic O3 debt.

Degre and Denolin (1965) compared the alactic hall-time recovery method with
the average HR method to see which of these two methods is better to estimate the
fitness of an individual. The average HR method was shown to be more precise than
the alactic half-time recovery method but the average HR method was shown to be
much less precise in the fitness evaluation than the HR measured during work (r =
<0.70) (this was in relation to normal subjects). The correlation between the alactic
hall-time recovery and the PWC 170 was cqual to -0.40.

Later, in an attempt to simplity the methods to monitor the training of an
athlete, Morand et al. (1978) studied I-[]‘{ responses during graded exercise on a bicycele
ergomeler and during recovery. ‘They used again the notion of the alactic hall-time
recovery. ‘They stated that the better an athlete's alactic half-time recovery is, the
better is his cardiovascular adaptation to work (no correlation is given). Also, in order
to simplify the long caleulation process of the AHTR (alactic hall-time recovery), they
correlated this method with the instamt HR alter 2 minutes of recovery (HRR2) divided
by peak HR (PHR), both less the resting HR (RHR) : (HRR2-RHR)/(PHR-RHR).
The correlation (r = 0.84) was statistically significant (p<0.001). They concluded that
the FIRR2 mecthod is a simple and correct way of monitoring the fitness level of an
athlete and the efficiency of the training (as opposed to measuring VO3 and VCO)
which necessilate relatively restrictive and expensive equipment).

Pilardcau et al. (1982) again used the idea of the alactic half-time recovery,
However, to simplily the calculations, they adopted another way of calculating the
rcco\.;cry. ‘They used the slope of the plot during the first minute of recovery and the
HR alter 5 min. of recovery. In this method, they found the intersection of the 1

minute recovery plot with the resting HR axis. The HR recovery is measured
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following a sport specilic test. Protocols for different sports were given. A table
comparing the fitness cvaluation of football players (soccer) in relation to the HR
recovery method and two other methods (the systolic tension time or S.I.1". and a
VO2 max test) is also shown. However no statistical correlation is given. In 1983,
Pilardeau et al. published results on county level swimmers where they used their
method of HR recovery to monitor training and fitness throughout a year. A guide la;
analysing the HR recovery curve 1o relate the results to the Kind of training needed was
given. The swimmers’ results showed that they improved throughout the year, I'he
HR recovery method seems good enough to classify athletes of this level into dilferent
categories of physical fitness : very poor, mcciiocrc, average, good, very good and
excellent. As mentioned by the authors, the interest of this testing method lies in its
repetition possibility and the ease with which it can be applied under effort conditions.
However, more work needs to be done in relation 1o its validity and its accuracy il it is
to be used with national or international level athletes since the accuracy of the alactic
half-time recovery, on which this method is based, has been shown by Degre and
Denolin (1965) not to be highly correlated to results from the PWC 170 test (<0.40). At
the present, it can be said that the HR recovery curve gives some information in
relation to the finess level of the lower level athlete and that it can help to monitor
litness and training.

Rowell et al. (1966) found that the lactatc-oxygen debt relationship during
exercise is time dependent while oxygen debt is not. However, Brooks and Gacsser
(1980) obtained results indicating that the removal of laciate and the slow phase of the
postexcrcise VO3 are not related in time. This goes against the classical thinking of
the ‘O3 debt’ theory, where this slow phase of postexercise VO2 should be causally
related to the removal of lactic acid (i.e. the factacid debt’) (Margaria et al., 1933 in

Degre and Denolin, 1965; Rowell et al., 1966). Brooks and Gaesser (1980) reported a
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temporal relationship between the decline in VO3 and the tissue temperature in rats
after exhaustive exercise and concluded that a major portion of the postexercise VO3
is a consequence of the well known effect of temperature on the rates of biochemical
reactions. Brooks and Gaesser (1980) concluded from: their work that the previous
hypotheses regarding lactic acid metabolism after exercise were 100 simplistic and that
the term O3 debt is archaic and should not be used. This does scem to affect the
validity of the relation between the slow phase of HR recovery and lactate recovery
since this relationship is based upon the questioned relationship between lactate
removal and the slow phase of postexercise VO? recovery.,

‘Thus, it seems that HR recovery gives us some information in relation to the
litness level of the athlete but it may not be linked to lactate recovery since the relation
in time between lactate recovery and the slow phase of 02 recovery (previously linked

to the lactic Q2 debt) is in doubt.

REGULATION OF BLOOD LACTATE DURING EXERCISE AND RECOVERY

In this section, knowledge abouwt ATP production in the muscle, lactate
production, lactate in blood, relation between muscle fibre types and lactate, and

lactate removal will be presented.

ATP production in muscle.

As previously mentioned, ATP is the energy source for contracting muscles. As
explained by McGrail et al. (1977), without replenishment of the ATP used at the
contractile site, muscle is capable of only a few contractions (<1 sec). Intramuscular
stored creatine phosphate (CP) is the most immediate contributor to the resynthesis of
ATP. In the presence of the enzyme creatine kinase, CP and ADP yicld ATP and
creatine. [However CP is in limited supply and diminishes severely after 10-15 seconds

of activity. Continuing intense activity is then supported by a larger energy pool:



glycogen. 'This substrate is synthesised from glucose and is stored in the liver and
muscle. During exercise, glycolysis results in the release of A'TP from specific
reactions (i.c. 1,3 DPG+ADP —> 3 PGA+ATP and PEP+ADP —->Pyruvate+A'TP).
Glucose can be metabolised, via glycolysis, from glucose-6-phosphate without having
been stored as glycogen. The relative contribution of glycogen and glucose to the
support of muscular activity varies with the nature and duration of the work being
performed , and is considerably affected by the hormonal milicu during exercise.
Another major contributor to the ongoing supply of ATP is intramuscular triglycerides
and the triglycerides which are stored as body lat. In adipocyles, in the presence of
the enzyme lipase, triglycerides are "split’ and fatly acids are therefore liberated and
transporled, via the blood, to the muscle. The acetyl-CoA produced by the
degradation of the fatty acids combines with carnitine to form acyl-carnitine, which is
transported across the mitochondrial membrane via a carrier, carnitine-acyl-
transferase. Once inside the mitochondria acetyl Co-A is once more formed and then
oxidized in the Krebs cycle to ATP. Intramuscular triglycerides provide energy in much
the same manner.

It is from these sources (CP, glucose, glycogen, and {ree latty acids) that AP
is derived for muscular contraction. Protein catabolism is thought to be of minimal
significance when compared to the energy supply of the other fuels (MeGrail et al.,

1977).

Lactate Production.

Glycogen can be metabolized in two ways, acrobically (in the presence of Q)
or anacrobically (in the absence of O2). Regardless ol which route it follows, the
glycolitic pathway is common to both processes. In glycolysis, glucose is reduced 10 2
pyruvate molecules which results in the net production of 2 A'TP molecules. This

process, however, is dependent on the supply of NADY (nicotinamide-adenine
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dinucleotide). Once the supply is depleted, the conversion of G-3-P to 1,3-DPG would
be preveited thus inhibiting further chemical reactions. It is thercfore necessary for
NADIH to be oxidized to NAD* elsewhere in order to again become available to
support the conversion of G-3-P to 1,3-DPG (McGrail et al., 1977). It seems that in
the presence of oxygen (aerobic metabolism) pyruvate is transferred from the
cytoplasm into the mitochondria, converted into acetyl-CoA via the lipoic acid cycle,
and completely oxidized in the Krebs cycle. When metabolised in this way, and using
the malale-aspartate shuttle, pyruvate yields an additional 36 molecules of ATP
demonstrating the large energy potential of carbohydrates when metabolised
oxidatively (34 additional molecules ol ATP when the glycerol phosphate shuttle is
used instead of the malate-aspartate shuttle). At several points along this pathway,
the reformation of ATP from ADP oceurs, resulting in the transler of hydrogen ions (o
02, forming 1120, and oxidizing NAD to NADT. The operation of the Krebs cycle
and the electron transport chain facilitates the regeneration of NADY via the malate-
aspartate shuttle which operates across the mitochondrial membrane. Hence, the
NADY becomes available to support the G-3-P —> 1,3-DPG reaction in the
sarcoplasm. Undcer some circumstances, as in the onsel of exercise or during periods
ol strenuous exercise, the NAD* demands of glycolysis surpass the amount that can be
regencrated via the malate shuttle, thus necessitating the oxidation of NADH
clsewhere. In the presence of the enzyme lactic dehydrohenase (LDIT), additional
NADT is made by means ol the following reaction in which pyruvate is reduced to

lactic acid:

PYRUVATE + NADH —> LACTATL + NAD?

The production of lactate is thonght to be aceelerated during exercise by a

combination of increased concentrations of NADH and pyruvate, as well as an



increase in LDH activity (McGrail et &l., 1977). However, Hermansen (1971) found
that the two-fold increase of pyruvate shown by Karlsson (1971) seems to explain only
a fraction of the total lactate produced, even in submaximal exercise. ‘Thus the
concentration of NAD may be the single most important factor involved in regulating
the production of lactate (McGrail et al., 1977). Therefore it would seem important to
establish the effect of physical training on the enzyme levels of the NADH shuttle?
Schantz (1986) found that with endurance training, the malate-aspartate shuttie enzyme
levels can increase while no alteration is seen in the alpha-giycerophosphate shuttle
enzymes. Type I fibres are, compared to type 11 fibres, characterized by higher fevels
ol malate-aspartate shuttle enzymes but lower levels probably contribute to the shift
from anacrobic to acrobic glycolysis at submaximal exercise intensities. Increased
malate-aspartate shuttle enzyme levels can also facilitate oxidation of lactate into COa
and 1120, a pathway possibly utilized at low exercise rales following a burst of high
intensity exercise.

Numerous lactors influence glycolysis in skeletal muscle. ‘The conversion of
glycosyl residues to G-1-P catalyzed by the phosphorylase system is activated by the
contraction stimulus, possibly by liberation of Ca™*, by anoxia and by cyclic 3.5’
AMP, the intracellular messenger of increased sympathetic activity. Only small
amounts of extracellular glucose are translerred to G-6-P, since hexokinase activity in
skeletal muscle is smalt (Hirche et al., 1973) and because hexokinase is inhibited by
G-6-P which is synthesized very rapidly from glycogen. Another rate controlling step in
glycolysis is the conversion of FGP to FDP which is catalyzed by PFK. PIK is
activated by high concentrations of ADP, 5 AMP, Pi, I-6-P, FDP, and cyclic 3.5’
AMP. The majority of fa;:lors mentioned here are known to activate the Embden-
Meyerhofl pathway of glycogenolysis considerably in IFI' muscle {ibres during severe

exercise. PIK is strongly inhibited by high concentrations of CP, A'TP, 11t and
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citrate. Citrate casily leaves the mitochondria, thus adapting the rate of glycolysis to
the rate of respiration. As mentioned previously, during glycolysis pyruvate is reduced
lo lactic acid while NADIH is oxidized to NAD. This reaction is catalyzed by LDIH.
The balance within the cell is far 10 the side of the reduced partner, so that
LA/pyruvate ratios attain values of more than 10 in muscle cells (Hirche et al., 1973).

Although extramitochondrial NADH itself cannot penetrate the mitochondrial
membrane, electrons derived from it can enter the mitochondrial clectron-transport
chain by indireet routes called shuttles (Lehninger, 1982). In IFT muscle fibres the
most important is the glycerol phosphate shuttle (Hirche et al., 1973), in which the
cyloplasmic NADH first reacts with cytoplasmic dihydroxyacetone phosphate, an
intermediate of glycolysis, to form 1-glycerol 3-phosphate in a reaction catalyzed by

the cytoplasmic NAD-linked glycerol phosphate dehydrogenase:

Dihydroxyacetone phosphate + NADH + HY <—> L-glycerol
3-phosphate + NAD*
Glycerol 3-phosphate can penetrate mitochondrial membranes very rapidly.
Within the mitochondria another glycerol 3-phosphate dehydrogenase oxidizes glycerol
3-phosphate back to dihydroxyacctone phosphate, and its flavin prosthetic group (FP)

becomes reduced:

Glycerol 3-phosphate + I'P —~> Dihydroxyacetone phosphate + FPH2
Under acrobic conditions the eytoplasmic NADH formed by triosc oxidation is
reoxidized, not by pyruvate, but by the shattle system and the respiratory chain. Both
have a much higher affinity for NADH than LDH and therefore win in the compelition
for cylnplu:;'mic NADI. For this reason pyruvate is normaliy not reduced to LA
during respiration but is oxidized directly to acetyl-coenzyme-A and CO3. Sahlin et al.

(1976} found that even after exhaustive exercise of 5-10 min. which resulted in high
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muscle lactate content, pyruvate content was only slightly higher than at rest. During
recovery lactate content of muscle decreased exponentially in respect to time, whereas
pyruvate content increased.

Although FI' muscle fibres have a lower cellular content of mitochondria, these
mitochondria contain a specifically higher activity of glycerolphosphate dehydrogenase.
With regard to the function of this enzyme in the transter of extramitochondrial HY 1o
the respiratory chain, this higher glycerolphosphate dehydrogenase activity was
interpreted in terms of a 'compensation phenomena’ which may help to prevent muscle
metabolism from acrobic glycolysis. Sahlin et al. (1976) found that NADH/NAD was
highly increased after exercise and that it had not returned to the basal value after 20
minutes of recovery.

A hormonal mechanism also seems to play a role in lactate production. During
excreise, plasma epinephrine concentration rises. In the dog, plasma epinephrine is
the only hormone known to increase the rate of glycogenolysis in skeletal muscle. ‘The
effect could be described as beta2-stimulation, via beta2-receptors in the muscle, and
could be blocked by bela-blockers such as propranolol (Issckutz, 1984). Issckutz
(1984) found that beta-blockade had two striking cffects on carbohydrate metabolism in
excreising dogs: inhibition of lactate production and increase of glucose turnover. “The
inhibition of lactate production was much more profound when the blocker was infused
in the steadily running dog than when it was administered in a single injection prior to
exercise. The explanation given by the author for this dilference is that the course of
propranolol concentration in the plasma and in the lact that there is a competitive
antagonism between epinephrine and the beta-blocker. Issckutz (1984), concluded that
the rate ol glycogenolysis is under a dual control. There is an intracellular metabolic
control (Pi accumulation and increased Ca™ concentration which was shown to

activate phosphorylase b) and therc is a hormonal control that involves epinephrine



and the beta2-receplors in the muscle. Beta-blockade inhibits the exercise-induced
muscle glycogenolysis.

The relatively large ATP potential of pyruvate, when oxidized acrobically, is
nol lost as a resull of its anaerobic conversion to lactate. The pyruvate-lactate
reaction is reversible in the presence of LDH-H, and thus, under some conditions,

lactate may serve as a significant source of energy (McGrail et al., 1977).

Lactate in blood.

Lactic acid has a pK value of 3.86 and is therefore almost completely ionized in
the body. Undissociated lactate is lipid insoluble. Lactic acid therefore can permeate
across cell membranes only in an jonized form (lactate) and thus the permeation rate
of the lactate anion as well as the HY fon can become rate limiting (Hirche et al.,
1973). "T'he lactate produced during anacrobic glycolysis diffuses from the muscle and
accumulates in the blood, where, il measured |, it can serve as an indicator of the
extent to which anacrobic processes are activated during a workout, Blood lactate
concentrations can exceed 180 mg/100 ml as a result of supramaximal continuous
exercise, and 270 mg/100 ml after supramaximal, intermittent exercise {(McGrail et al.,
1977). Jorfeldt et al. (1978) measured the release of laclale in relation to the muscle
lactate concentration. The release of lactate rose approximately lincarly with the
muscle lactate concentration up to about 4-5 mmol/min but then the relationship clearly
levelled off. ‘Their results indicate a maximal level for the lactate release from the
exercising muscles with a translocation hindrance for lactate within the muscle. Peak
blood lactate levels may become evident anywhere from 1-10 minutes after the
cessation of activity (McGrail ¢t al., 1977).

It has been demonstrated that lactate is produced during acrobic submaximal
exercise. 1t has been reported that exercise greater than 82% of VO2 max, which

lasts 30 min. in duration, elicits a continuous accumulation of lactate in the blood



(Nagle et al., 1970). During moderate exercise (60-80% VO2 max), lactate
concentrations in the blood usually rise for 10-15 minutes, depending on the severity ol
the work, to a value of approximately 18-50 mg/100 mi, ‘Thereafter, lactate
concentration reaches a plateau or begin 1o decrease slowly. It is at this time thal the
oxidative contribution may be thought ol as having caught up to the total encrgy
demand and lactate removal surpasses lactate production. Light to moderate work
(less than 60% VO2 max), is considered to be acrobic in nature as it can be supported
almost cntirely by oxidative processes, and thus little or no lactate accumulation oceurs
(McGrail et al., 1977). Hermansen and Stensvold (1972) stated from their results that
u/prodv.clion ol factate is possible even with no increase in blood lactate since human
skeletal muscle possesses a pronounced capacity to oxidize lactate.

Al equivalent, absolute levels of Q2 uptake (1./min), blood lactate
concentrations are greater during arm work when compared to leg work. Similarly,
blood lactate concentration are higher during bicyele ergometer exercise than during
treadmill running. This can be explained by the notion that, for a given work load, as
the muscle mass decreases the anaerobic contribution to the total work output must
increase,

In 1971, Hermansen (in McGrail, 1977) had reported that during work periods
of varying duration (20 sec - 10 mins), similar blood lactate levels (X=149 mg/100ml)
were seen at exhaustion. Lactate levels were considerably lower (X=73 mg/100ml) at
the point of exhaustion during exercise bouts of extended duration (16 mins). ‘Ihis led
to the suggestion that, if lactate levels limited short-duration exercise (<10 mins), then
other factors limited extended exercise.

An increase in the muscle and blood lactate concentration leads 1o a decrease
in pH, which may interfere with the enzymatic activity of several glycolytic enzymes

and subscequently decrease the glycolytically derived supply of AT within the musele



(Karlsson ¢t al. 1974; Keul ¢t al. 1972). There is also a possibility that an increased
hydrogen ion concentration within the muscle directly affects the actin-myosin
interaction with the contractile process (Katz , 1970) Therefore, while lowered blood
pl1 hus been shown 1o be well tolerated during maximal exercise , the more severe
decrease in intramuscular pH may serve as a limiting function in exercise. In 1985,
Spriet ¢t al. examined the metabolism and performance of a perfused rat hindquarter
preparation during heavy exercise in three conditions: control (C), metabolic acidosis
(MA, decreased HCO3 concentration), and respiratory acidosis (RA, increased CO2
tension). Initial isometric (ensions were similar in all conditions, but the rate of
tension decay was largest in acidosis, Lactate release was greatest in C, least in MA,
imtermediate in RA. ‘This was in accordance with the linding of Hirche et al. (1973)
that showed that during metabolic alkalosis, induced by inlusion of bicarbonate, I.A
output was much higher than during metabolic acidosis, caused by the infusion of
hydrochloric acid. During alkalosis permeation rates between 3-4 umoles/g/min were
reached while during acidosis values of 1 umole/g/min were not exceeded. T'his
observation supports the view that muscle cell membrane is the main barrier 10 LA
diffusion out of muscle tissue (Ilirche et al, 1973). Similar results were obtained by
Mainwood et al. (1972) who found that lactate cfffux from f rog sartorius muscles
stimulated to fatigue was impaired at low external bicarbonate concentration (1
mmol/l). Sahlin et al. (1978) lound that alter exhaustion, the intracellular pH and
bicarbonate concentration of human muscle had decreased. Intracellular pll
decreased from the normal value at rest of 7.00 to about 6.4 after exercise. HCO3"
concentration decreased from 10.2 + 1.2 mmol/i at rest 1o about 3 mmol/l after
exercise.  Later, Sahlin and Henriksson (1984) obtained résults that indicated that
skeletal musele buffer capacity can be increased in man by anacrobic training. Sprict

et al. (1985) also found that acidosis resulted in less muscle glycogen utilization and



28
lactate accumulation than during control. Muscle CI* utilization and A'l'P levels were
unaffected by acidosis. Acidosis decreased the muscle’s ability to generate isometric
tension and depressed both acrobic and anacrobic metabolism. During stimulation in
this model, lactate left the muscle mainly as a function of the production rate, although
a low plasma bicarbonate concentration at pH 7.15 depressed muscle lactate release.

Many researchers have tried to explain muscle fatigue and, what is more
relevant to this study, tried to link it at least in part to lactic acid accumulation in
muscle (Sahlin et al., 1981; Bolitho-1Donaldson and Hermansen, 1978; T'esch, 1980;
Donaldson in Knuttgen, 1983; Sahlin in Knuttgen, 1983; Beleastro et al. in Knutigen,
1983; Renaud and Mainwood, 1985; ‘Taylor et al., 1986).

Capillary and blood pH decreased during maximal work of short duration,
mainly due to laclic acid formation (Hermansen and Qsnes, 1972; Karlsson and Saltin,
1970). Resting values Tor capiliary blood and muscle pll were 7.42 and 6.93,
respectively.  Capillary blood pH decreased to 7,11 and 6.94 alter continuous and after
intermittent maximal exercise, respectively. The muscle pH decreased to about 6.40 in
both intermittent and continuous exercise. T'he authors suggested that the pH of the
muscle might be a limiting lactor during maximal exercise of short duration. Sahlin et
al. (1976) found similar results in relation to muscle pH (7.08 at rest to 6.60 at
exhaustion). The difference in absolute values with the results of IHermansen and
Osnes (1972), as explained by Sahlin et al. (1976), is most probably due to the
dilferences in analytical technique. Hermansen and Osnes (1972), based on work from
Katz (1970) with cardiac muscle, suggested that an increased hydrogen ion
concentration reduces the binding capacity for Cat™ through an inactivation of the
fibrillar protein, troponin, which as previously explained would inhibit muscle
contraction. In another study, Nakamura and Schwarlz (1972) found that a decerease

in pH increases the Cat* binding capacity of the sarcoplacmic reticulum. In 1976,
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Iitts and Holloszy examined the relationship between lactic acid concentration and
twitch tension in clectrically stimulated [rog sartorius muscle. In muscles stimulated
under anacrobic conditions, contractile force decreased to 36% of the initial value in
15 minutes. The correlation between the increase in laclalé and the decrease in
contractile force was significant (r=- 0.99, P < 0.000001). The recovery occurred in
two phases. A rapid increase in contractile force, which represented 20% of the total
recovery, ook place during the first 15 seconds and oceurred concomitantly with an
increase in ATP from 3.9 to 4.6 umol/g. Lactate concentration did not change
significantly during this period. The second phase of recovery of the contractile force
was complete in 50 min. Lactate concentration and contractile force were significantly
corretated during recovery (r = - (0.92, P < 0.00001). However, the recovery of
contractile force lagged behind the decrease in lactate. Their conclusion is that,
through the interference of Catt binding to troponin, increased Ca** binding 1o the
sarcoplasmic reticulum and, as shown by T'rivedi and Danforth (1966) and as
mentioned previously, an inhibition of phosphefructokinase aclivity, the lowered
muscle pH interfered with contractile funclion.  However, they strongly indicate that
the relationship is not a simple one in which a given concentration of lactate is
associated with a fixed reduction in contractile lorce and that more work is needed to
understand the different mechanisms with which lactate can inlluence muscle
contraction. FFabiato and Fabiato (1978) obtained results supporting the results of
Nakamaru and Schwartz (1970). ‘I'hey found that a decrease of pH decreased the
frequency of the eyclic contractions and that acidosis decreases the rate of Catt
release by the sarcoplasmic reticulum in the cardiac muscle. Gonzalez-Serratos et al.
(1974) pmvidcﬂ evidence that a decrease of .70 units of the intracellular pH in frog
skeletal muscle resulted in a depression of the Ca*™ transport by the sarcoplasmic

r ticulum. Bolitho-Donaldson and Hermansen (1978) found a depressed maximum
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tension in soleus, cardiac, and adductor magnus muscles of rabbits at a pH of 6.5 in
relation 1o a starting pH of 7.0. Nassar-Gentina et al. (1978) examined fatigue in
single fibres of the frog simitendinosus muscle. Two kinds of latigue were produced in
relation to stimulus duration. A rapidly reversed fatigue occurred with stimulation for
under 40 s and was evidenced by a decline in tetanic tension that could be overcome by
1 s of rest. A prolonged latigue was caused by stimulation for 100-150 s. Fiber
phosphocreatine (PCr) fell from a mean of 121 +/- 8 nmol/mg protein to 10% of this
value after 150 s of stimulation. Stimulation for 150 s did not significantly affect libre
glycogen and reduced fibre ATP by at most 15%. It is suggested that the prolonged
latigue was due to an accumulation of H* in fatigued fibres so as to interlere with the
action of Ca*™* in the coupling process. Sahlin et al. (1981) found that in the rat
extensor digitorum longus muscle, tension decline is closely related to the decrease in
muscle pH and increase in ADP but not to ATP content per se and that slowing of
relaxation rate is closely related to decrease in muscle pH but not to musele content of
A'TP or creatine phosphate. Fitts and Holloszy (1976) reported a correlation
coeflicient of (.82 between contractile force and A'TP concentration. It was sugpested
that the decrement in force production with fatigue may be due to a limited availability
of ATP to myofibrillar ATPase enzyme. It was found that the Ca®™ transport ability
of fast-twitch muscle from exhausted animals is altered (Beleastro et al., 1983).
Belcastro et al. (1983) later found that exhaustive exercise actually results in an
clevated myolibril A'TPase activity which is related to an enhanced Ca** sensitivity
and no alteration in the potential for rate of cross-bridge cycling,

In his 1983 paper Sahlin focuses on the effect of acidosis on production of ATP
and on the generation of force. Both ATP and ADP will have their ionic composition
changed by Htion accumulation. ‘The protonated form of ATP (l-l/\'l'l’3') is known 1o

be a very potent inhibitor of PFK. The large relative increase in HATP3- during
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acidosis will form the basis of the extreme pli sensitivity of PFK. Inorganic phosphate
and glycogen are substrates for phosphorylase. It has been shown by Kavinski and
Meyer (1977) Tor rabbit muscle and by Chasiotis for human muscle (personal
communication with Sahlin, 1983) that HPO22" is the true substrate for phosphorylase.
A deerease in pll from 7.0 to 6.5 transfers about 50% of the available substrate
(lll'()zz') to the unreactive form (HaPQ47).  In contracting muscle, where lactic acid
is formed, the store of creatine phosphate is utilized and Pi is liberated. Tt has been
shown that the activity of phosphorylase is critically dependent upon the concentration
ol Pi (Sahlin, 1983). 'The liberation of Pi from creatine phosphate and the effect of
H* accumulation on the active form will thus be important [or the regulation of
glycogenolytic activity (Sohlin, 1983). As mentioned previously the PFK reaction.
which seems to be the main regulatory step for glycolysis, shows a marked pH
dependence and is almost completely inactive at a pH of 6.4. This would prevent a
continuous high rate of glycolysis which would eventually result in whole-body acidosis
and could affect the homeostasis and the Tunction ol acid-labile components in muscle
aud other more sensitive and critical tissues (i.e. heart and brain). The above shows
why prevention ol excessive lactic acid production is therefore necessary (Sahlin,
1983).  Accumulation of fructose 6-P which is a substrate for PFK can overcome the
pll inhibition of PFK and necessitates a control point higher up in glycolysis. It had
been demonstrated in vitro that the transformation of phosphorylase b 10 a is slowed
during acidosis. Later it was shown by Chasiotis et al. (unpul)lishc;d data, in Sahlin,
1983) that in vivo during acidosis cAMP formation is inhibited and transformation of
phosphorylase b to a in response to adrenaline is slowed down. The latter effect is at
least partly due to the lower cAMP content in muscle but phosphorylase b kinase also
seems 10 be affected by acidosis.  As mentioned previously, ATP content as such does

not scem to be limiting for the contractile machinery.
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However, as shown, accumulation of ADP, Pi, and II.*' which occurs in fatigned
muscle will decrease the energy yield for the ATP splitting process and a (oo low
energy yield in some critical step utilizing ATP might occur (Sahlin, 1983). In 1983
» Donaldson also found that acidotic depression of contractile force generation should
contribute to skeletal fibre fatiue even if it is not a primary causative lactor.
Donaldson also showed that mammalian skeletal fibres display type-specific acidotic
depression of maximum foree generation that correlates with their variable
latiguability. Slow-twitch fibres lost only 12% of maximum force, fast-twitch oxidative
fibres lost 25% of their maximum force and last-twitch glycolytic fibres declined 44%
in maximum force with the same decrease in pH (from pH 7.0 1o pll 6.5). Another
interesting finding was that FI' fibres are the least sensitive to Catt at pll 7.0 and
their force generation at subsaturating Ca* levels is greatly depressed by acidosis.
However for the FOG fibres, their foree generation at both plls was intermediate
relative to the other fibre types and all effects ol acidosis were completely reversible
(Donaldson, 1983). This is in agreement with findings from ‘Uesch (1980) that found a
positive correlation between %11 and decline in peak torque. Yates et al. (1983) also
found that intense dynamic leg excreise which elevated blood lactate caused a 25%
reduction in static arm endurance. ‘The authors explained this reduction by the
decreased blood pI1 and HCO3™ which slowed the rate of lactic acid or H jon efflux
from the arm during the static holding task. A decreased rate of HY ion efflux from
the arm could result in a more rapid decrease in intramuscular pIl during the holding
task and thereby a shorter endurance time.

Renaud and Mainwood (1985) found that the ionic conductance ol the
sarcolemmal membrane (a delicate sheath surrounding the muscle fibre) of Trog
sartorius muscle in situ at the resting potential and during an action potential are

modificd by [atigue and that these changes are modulated by extracellular pil. When
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muscles were exposed to an extracellular pH ol 8.0 the membrane conductance at the
resting polential increased during fatigue by about 20% and returned to prefatigue level
in about 20 minutes. The membrane conductance of fibres exposed 1o a pH of 6.4 was
about three times less than that of pH 8.0 and decreased further during fatigue.  Also,
the recovery of a normal membrane conductance was slow at pli 6.4,

In 1987, Horita and Ishiko lound that the changes in the frequency components
of the EMG and in the contractile property of the muscle during shorl term intense
exercise correlated with lactate accumulation in the muscle, and that the decrease in
efficiency of the electrical activity in the muscle suggested peripheral latigue. Komi
and Tesch (1979) found that the higher percentage of IFT fibres in the working muscle
displayed the greater decline in the mean power frequency of MG during contraction.
Rapid decrease in firing frequency and number of active FI' motor units during
maximum voluntary ¢ffort has been shown clsewhere (Gydikov and Kosarov, 1974;
Girimby et al., 1981). Tesch (1980) again showed that a general decrease in mean
power [requency was observed during repeated muscle contractions. ‘This shift was due
to a decrease in the high frequency bandwith (associated with FI' motor units). In
individuals characterized by a high percentage of 171 fibres, mean power § requency
decreased to a higher extent as compared to individuals with a high percentage of ST
fibres. The increase in the lower frequency components of the EMG during latigue has
been considered to be duce to a decrease in the action potential conduction velocity
along the muscle fibre as a result of lowered intramuscular pl associated with muscle
lactate accumulation due to ischemia during contraction (Horita and Ishiko, 1987).
The authors also found that the EMD (time interval between the onset of clectrical
activity and that of force production) correlated with the metabolic .s;lalc of the muscle.
‘The fatigue seems to be of peripheral nature as opposed to central nature, It also

scems to involve the impairment of neuromuscular transmission, failure of muscle
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action potentials and impaired excitation-contraction (E-C') coupling (Lidwards, 1981).
Duchateau et al. (1987) also found that muscles containing proportionally more 1T
fibres do not resist as well as the ones containing proportionally more ST fibres. This
concurs well with the Fact that T produce a greater amount ol lactate than ST. 'The
authors found the recovery in tetanic tension, rate of tension development and time to
half relaxation correlated well with the reduction in venous lactate concentration (r =
-0.95, -0.93, and 0.96 respectively). Again the resuits of this study suggest that the
reduction in muscle plH resulting from the accumulation of lactate essentially controls
mechanical failure by changing the intracellular processes associated with tension

development and subsequent relaxation (Duchateau et al., 1987).

Muscle fibre types and lactate.

Al least two distinet fibre types have been found 1o exist within human skeletal
muscle. These are referred to as last-twitch (1717, which is glycolytic in nature, and
slow-twitch (8T, which has a high oxidative capacity (McGrail et al., 1977; Lisscn-
Gustavsson and Henriksson, 1983). Edgerton et al. in 1975 had identificd a third fibre
type, fast-twitch oxidative glycolytic (1FOG). Human muscle is heterogencous with
respect to fibre type distribution. Within an individual, varying proportions of It and
ST fibres exist between single muscles and muscle groups (MeGrail et al., 1977). 1t
seems, thercfore, that individual muscles and muscle groups are predisposed to
function optimally cither acrobically or anacrobically, Baldwin ¢t al. found in 1977
that the elevations in blood lactate of rodents primarily result from lactate production
in the I°T fibre type. At a speed of 48 m/min lactate concentration was 7.19, 7.92, and
24.2 umol/g in soleus, I'OG vastus, and 171 vastus, respectively.

Among many other dilferentiating characteristics between 17T and ST muscle
fibres they are rather distinel with regard to the enzyme LDIL. LDIT exists in live

isoenzyme forms , ranging in lunction from M-LDH (1.DFH-4, 1.DI1-5), which strongly
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favours the formation of lactate from pyruvate, to H-LDH (LDH-1, LIDH-2), which
conversely resists the formation of lactate and facilitates the reformation of pyruvate
from lactate. In normal conditions, the M-1.DH isozymes are mainly associated with
membranes, such as the sarcoplasmic reticulum (near the Z band of the myofibril).
[However, H-LDH fractions have been found in the inner membrane of the
mitochondria (Sjodin, 1976). Although a considerable portion of the LDH spectrum is
present in all muscle fibres, M-LDIL is relatively more abundant in FT while ST has a
predominance of IT-LDH (Sjodin, 1976; Tesch et al., 1978). Total LDH activity was
also found to be higher in I libres than in ST fibres. Endurance athletes have a
higher activity of LIDH-1 and LDH-2 compared to normal subjects (Sjodin et al.,
1976). Anacrobic training did not change the LDH profile of the muscle and Sjodin et
al. suggested that the improvement with the training may be due to better lactate
release. This would be in accordance with an increased buffering capacity. Long
distance running (a1 70%-80% of max HR), however, increased the H-LDH/M-LDH
ratio. Sjodin et al. (1976) theorized that the LDH cnzymes may be involved in a
transport mechanism because of where they are attached. Essen and Haggmark (1975)
found a higher concentration of laciate in FI' as compared to ST muscle fibres. ‘T'esch
ct al. (1978) also found a positive correlation between the percentage of FT fibres in
the musele and the lactate concentration in the muscle (r=0.74, p<0.01) while Sahlin
and Henriksson (1984) found a correlation of r=0.65 (p<0.01) between the same
parameters. ‘Fesch et al. (1978) found positive correlations between lactate
concentration in muscle and total LDH and LDH-M activity (r=0.66, 1<0.05, and
r=(0.70, p<0.02 respectively). M-LIDH activity and muscle fibre type distribution were
positively correlated (r;().98, p<0.001) and so was the relation between lactate
concentration in F1' fibres and muscle fibre distribution (r=0.91, p<0.001). Lactate

concentration in §T fibres was not corretated with muscle fibre type distribution



36

*

(r=-0.04, n.s.). As concluded by Tesch et al, (1978), a high proportion of M-LDH and
a greater total LDH make T fibres better at forming lactate than ST fibres. ‘This is in
accordance with Edgerton et al. (1983) who reported that FI' and FOG fibres are used
when high level of force and power is needed lor a given work bout. ‘I'esch in 1978
found a correlation between %ST and VO2 max (r=0.80, p < 0.05) in subjects having
just performed a bicycle exercise leading to exhaustion after 1.67 min in average. FI'
muscle fibres again had a significantly higher concentration of lactate when compared
to ST fibres. This is in accordance with the different metabolic profile of the two
muscle [ibre types (Tesch, 1978). Lactate concentration in the whole muscle was
related to the %FT fibres (r=0.85, p<0.05). A relationship between lactate
concentration and perfermance time was demonstrated (r=0.76, p<0.05). In addition,
‘T'esch noted that the subjects with muscles rich in F1' fibres had higher performance
capacity in the anacrobic bicycle test. ‘These findings, as mentioned by Tesch, seem to
indicate higher anacrobic power and capacity in subjects rich in IF1' fibres.

Medbo and Scjersted (1985) later found that sprint trained athletes obtained a
more pronounced lactic acidosis and a lower pli as compared to endurance trained
athletes. Tesch again Tound in 1980 a correlation between lactate concentration and
%K fibre. For cycling exercise, isokinetic exercise and downhill skiing, the
correlations were respectively: r=0.85, P<0.01; r=0.74, P<0.01; r=0.93, ’<0.001.
Corrclation coclTicients between LDHtot as well as M-LIDH activity and individual
muscle fibre type distribution (% FT) were 0.96 (p<0.0001) and 0.98 (p<0.001),
respectively. Individual dilferences in muscle lactate accumulation after exercise were
found to be related to individual variations in LDHtot (r=0.66, p<0.05) and M-LIDH
(r=0.70, P<0.05) activity (Tesch, 1980). An cffective anacrobic A'TP production
(helped by an elfective anacrobic glycolysis) would permit the muscle fibre to produce

and maintain this clevaled force and power output. Tesch and Karlsson (1984) also
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measured higher lactale concentrations in F1' muscle libres than in ST muscle fibres
following leg presses at 50% isometric contraction and al maximal isometric
contraction. They also noticed that the difference tended to increase with exhaustive,
isometric training. Skeletal muscle then, with three fibre types and the full range of
LDH isoenzymes, is capable of simultancous production and utilization of lactate
(McGrail et al., 1977; ‘Fesch et al., 1978). Consequently, blood lactate concentrations
during submaximal exercise is thus dependent upon the intensity of the work and
perhaps the ratio of FI:§T muscle libres (McGrail et al., 1977).

The II:ST ratio, for most muscle, varies among individuals and in parl may
explain the frequently reported differences in lactate production and removal rates
between musele groups and individuals.  An increased wtilization of ST fibres, as
compared to FT fibres, may not only minimize the production of lactate, but may also
accommodate the oxidative metabolism of lactate alter its conversion to pyruvale
(McGrail et al., 1977).

During exercise, the formation, and possibly the removal of lactate, are also
influenced by the state of lraining; of an individual. I'raining does not affect the ST:I°T
ratios within muscle, however the enzymatic profile of rat and human muscle can be
significantly altered by training (McGrail ¢t al., 1977). The incrzases reported in the
oxidative enzyme activitics, in particular citrate synthase and succinate dehydrogenase
(Vissen-Gustavsson and Henriksson, 1983; Holloszy et al., 1971), which accompany
acrobic training, greatly facilitate the acrobic metabolism of substrates (i.c. glycogen,
glucose, fally acids), hence reducing the dependence upon the contribution made by
the formation of lactate. As a possible result of these enzymatic adaptations, it has
oficn been observed that less lactate is produced al a standardized submaximal
workload as a result of aerobic training (MeGrail et al., 1977). This is in contradiction

with the findings of Donovan and Brooks (1983) which showed that in rats, training
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improved the lactate removal but did not cffeet the lactate production. Young and
Maughan (1983) found that the improvements from acrobic training seem to suggest
that the increase in physical exercise capacity is brought about primarily by changes
oceurring within the trained muscles. “The changes in cardiovascular dimensions which
take place during the training period did not appear to cause an increase in VO2 max
or in exercise performance if the exercise involves muscle groups other than those
involved in the training program. Rowell (1974) outlines in his paper that 50% of the
increase in VO2 max with physical conditioning in very sedentary or normally active
young men is due to the rise in stroke volume. It accounts for all of the increase in
VO2 max in subjects who are already trained and all of the decrease in VO3 max
during total bed rest (Rowell, 1974). This is in agreement with the results obtained by
Henriksson and Reitman (1977) which lfound that, in healthy men, alter 8-10 weeks of
endurance training, VO3 mayx increased 19%, S activity 32%, and cytochrome
oxidase activity 35%. However, at 6 weeks post-training VO2 max Was still 16%
above pre-training level, and not signilicantly different from the level at the end of
training. But SDH and cytochrome oxidase had returned 1o pre-training levels
(cytochrome oxidase within 2 wecks). Thus, the enhancement of the oxidative
potential in skeletal muscle is not a necessity for a high VO2 max. [n relation to
Rowell's paper, an improved stroke volume would be a necessity, However, as
mentioned by Vander ct al. (1985), how much of the increase in maximal stroke
volume is due to changes in the heart itsell, as opposed to changes in skeletal muscle
vasculature (which would facilitate venous return), remains unclear. Golinick et al.
(1973) also found that after an intensive S-month training program (75% VO2 max at
the beginning to 85% of VO32 jmax at the end) VO2 max increased 13%. This small
increase in VO?2 max contrasted with the large change in oxidative potential of the

skeletal muscle (SDH activity increased 95%, PFK increased 117%) supports the
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theory that the acrobic capacity of muscie does not limit total body VO?2 max.
Holloszy et al. (1970) suggested that these changes in oxidative capacitly are probably
more important during submaximal than maximal work. ‘They may contribute to a
greater oxidation of fat and the lower lactate production seen during excrcise alter
training. Sjodin et al. (1982) then found that a steady state training intensity which
approximates VORBI,A (running intensity that clicits 4 mmol/l blood lactate) will
increase VORILA- and will result in measurable local metabolic adaptations in the
active skeletal muscles of well-trained runners without a signilicant change in maximal
acrobic power. The PIFK/CS ratio was decreased and the H-LDI isozyme increased.
‘This would support the idea of a relatively slower rate of glycogenolysis and an
increased potential 1o oxidize pyruvate and/or Tactate,  Skilleter (1972) previously
demonstrated that 11-1.D11 bound to the inner membrane of the mitochondrion will
facilitate an oxidative translocation reaction of lactate in the presence of NAD. The
net resuit should be lower musele and/or blood lactate accumulation at a given
absolute and relative exercise intensity, as has been previously demonstrated (Karlsson
el al., 1972), and consequently an increase in VOB, A- Daniels et al. (1978) suggest
that lactors representing local muscular metabolic characteristies should be considered
when attempling to evaluate the adaptation to training in trained athletes. ‘This is in
the light of their findings that, after training well-trained runners at an intensity higher
than their normal training program, performance improvements were noted without any
significant alteration in the runners’ VO2 max. This, as explained by Sjodin et al,
(1982), may be due in part to the inverse relationship existing between initial physical
training status and the increase observed in maximal acrobic power following a training
program. |

An individual’s capacity to produce lactate on short duration maximal exercise

has been demonstrated to be increased as a result of anacrobic training. ‘This could



40
probably be attributed ..o the increased activity of PFK (McGrail et al., 1977). A
similar increase on LDH-M activity has not been demonstrated (Sjodin et al., 1976:
McGrail et al., 1977). However, one must not overlook the psychological adaptation

to training, which may enhance one's capacity for extended maximal exertion.

Lactate removal.

The process of lactate removal, and the relative contributions, made by the
different removal sites of the body have been the topic of much study and appear (o be
dependent upon many factors. Lactale which accumulates as a result of exercise may
be removed al Iwo major sites: skeletal musele and liver (MceGrail et al., 1977;
Donovan and Brooks, 1983). The heart is responsible for about 10% of the lactate
removed during exercise (Newman et al., 1937, in McGrail et al., 1977), whereas the
contributions made by the kidneys and the brain are gencrally accepted 1o be negligible
when compared to skeletal muscle and the liver.

In the past, the liver had been considered to be the primary site of lactate
removal during both rest and exercise (Rowell et al., 1966). Cori and Cori (1929, in
MceGrail et al., 1977), were the first 10 describe the reconversion of lactate (o glucose
in the liver (Cori cycle). This also occurs, although 1o a much lower extent, in the
kidney, for both organs possess the key pluconcogenic enzymes (phosphoenol pyruvate
carboxylase, pyruvate carboxylase, fructose-1,6-diphosphatase and
glucese-6-phosphatase) which are necessary to reverse the glyeolytic pathway.
Himwich et al. (1939) proposed that hepatic glyconeogenesis from lactate could also
occur, and later this was experimentally demonstrated in animals (Drury and Wick,
1956). Further animal rescarch, however, has found this to be negligible (Brooks et
al., 1973). ln spite of this, human hepatic glyconcogenesis has recently been presumed
to oceur (Ahlborg ¢t al., 1975). The amount of lactate removed by the liver has been

shown to increasc with exercise (Rowell et al., 1966), but not necessarily
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proportionally with exercise intensity.  Splanchnic lactate removal has been calculated
to dispose of as much as 50% of the total body lactate, primarily via gluconeogenesis
(Rowell et al., 1966). Turnover studies have revealed that 12-20% and about 25% of
Blood factate is converted to glucose during rest and exercise respectively. This
process may account for 10-13% ol the total blood glucose during exercise (McGrail et
al., 1977). Brooks and Gaesser (1980) also found that lactate plays a role in the
postexercise gluconeogenic processes but their results show that the majority of lactate
is oxidized directly and not converted to glucose prior to oxidation.

During resting recovery after exercise, lactate is taken up in both exercised and
non-exercised skeletal muscle. When exercise is performed after blood lactate has
been elevated, the working (McGrail et al., 1977) and non-working muscles (Ahlborg
ct al., 1975) show an increased lactate uptake. By monitoring the lformation of 14(‘()3
[rom infused '4(‘-iuclzllc, il has been concluded that lactate is metabolised in skeletal
muscle (Brooks and Spurgeon, 1983) even during exercise (MceGrail et al., 1977).
Listimations predict that during exercise as much as 74-75% of the lactate is
metabolised in muscle, while this is estimated to be 50-58% at rest in dogs (McGrail ¢t
al., 1977). ILiven though the enzymes necessary for gluconeogenesis have been found to
have a higher activity in FT' than in §1° (Bass ¢t al., 1969) this activity is relatively low
and lactate must have been metabolised via the Krebs eyele. Dircet supporl has been
shown for this in man, since it was found that lactate removal oceurred more rapidly
during continuous exercise than during intermittent exercise (MceGrail et al., 1977).
The results of Hermansen and Stensvold (1973) in relation to lactate recovery during
exercise indicated that skeletal musele, rather than the liver, may be regarded as the
main site for lactate removal during exercise. During rest, approximately 40 10 50% of
the factate produced is removed through oxidation (Brooks, 1986).  With the use of

tracer studies, Brooks et al. (1986) were able to lind that during sustained exercise,
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muscle glycogen is the source of most carbohydrate derived fucls combusted.  Again,
during sustained exercise, the turnover rates of lactate exceed those of glucose.

Brooks (1986) also states that lactate production during both rest and excereise is not
necessarily associated with muscle anaerobiosis. ‘This statement has however been
questionned by Katz and Sahlin (1988) who feel that data underlying the conclusion
that lactate production during exercise is not Oz dependent were found to be 1)
questionable, or 2) interpretable in an alternative manner.

In 1978, McGrail et al. found a high correlation between VO2 cost and lactate
recovery (r = 0.92) and concluded that, in man, lactate removal from the blood during
recovery exercise oceurs primarily in skeletal muscle.

In 1980, Brooks and Gacsser found (using |U-]4('|1aclnlc) that a quantitatively
signilicant amount of glucose and lactate was incorporated into a aumber of amino
acid pools, including alanine, glutamine, glutamate, and aspartate after 15 minutes of
recovery from exhaustive exercise. This represented a previously unrecognized and
quantitavely important pathway for lactate metabolism. Why lactate and glucose are
converted into amino acids in muscle or other tissues is not entirely clear at present. It
may provide a means for reducing the concentration ol free ammonia produced in
skeletal muscle during exercise and provide a nontoxic means for the transport of
ammonia from muscle to liver (Brooks and Gaesser, 1980).

Brooks and Gaesser (1980) were also the first to demonstrate incorporation of
|U-14C lactate into glycogen after exercise.  Although exercise does stimulale glycogen
synthesis, analyses of all major glycogen-containing tissues indicated that less than 20%
of (he Tactate present at the end of exercise is reconverted to glycogen in the
postexcercise period. Lactate is also buffered by HCO3™. Sharp et al. (1986) found
that muscle buller capacity is increased with highly intense sprint training but they

found no evidence to suggest that muscle buffer capacity is affecied by endurance
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training. This supports the findings of Sahlin and Henriksson (1984) described
previously. Oxydation was found to be the primary postexercise fate of lactate by
Brooks and Gaesser (1980).  After 4 hours, synthesis of glycogen could account for
only minor fractions of the metabolism of [U-14C|lactate after exhaustive exercise of
continuots or intermitlent nature (the studies were performed on female Wistar rats),
‘This however comes in contradiction with the findings of Hermansen and Vaage (1977)
who concluded that after exercise, synthesis o glycogen in muscle is the primary fate
of lactate produced in muscle during exercise. Brooks and Gaesser (1980) explained
this discrepency in the results by the guestionable method utilised by Hermansen and
Vaage (1977) in their measurement of blood flow and the absence of direct (14(.‘
tracer) determinations of lactate removal.  Also, Brooks and Gaesser criticized the
anthors [or lack of consideration of the total body lactate pool. ‘The calenlations of
lactate-glycogen conversions presented by Hermansen and Vaage pertain only to the
feg muscles. The larger remainder in the lactate space was unaccounted for (Brooks
and Gacesser, 1980). Hermansen and Vaage (1979) had found that less than 15% ol
the lactate disappearing in muscle during recovery apeared 1o be oxidized to carbon
dioxide and water.

Brooks (1986) summarized in his paper that carbon flux through the lactate
pool appears (o be an important means by which the anabolic functions in some tissues
(e.g., liver gluconcogenesis and glycogenesis) are coordinated to catabolic processes in
ather tissues (e.g., glycogenolysis, glycolysis, and carbohydrate oxidation) to produce
an overall integrated metabolic response to stress.

Although it has become apparent that skeletal muscle possesses gluconeogenic
enzymes, especially in FI' muscle fibres (Bass et al., 1969), Brooks and Gaesser (1980)
found that gluconcogenesis from lactate in skeletal muscle alter exhausting exercise did

not appear to e a major pathway of lactate removal. ‘Their results suggest that a
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majority of the glycogen repleted in skeletal muscle resulted from gluconcogenesis in
liver and kidney. However, during exercise, lactate removal during giuconcogenesis is
reduced to approximately 20% since the relative blood flow to the gluconcogenic arcas
of the gut is decreased in favor of the working muscle (Donovan and Brooks, 19383).
Brooks and Gaesser (1980) also found that a large and rapid incorporation of label
from 14C-lactate into glucose oceured in the liver and kidney. Muscle
radiochromatograms revealed that incorporation of label into muscle glycopen was
more rapid following 14(,'-glucosc injection than following 14¢daciate injection.
Restoration of muscle glycogen paralleled restoration ol blood glucose levels,
However, their results do not rule out some direct conversion of lactate 1o glycogen
within the muscle, especially in the FI' muscle fibres (Bass et al., 1969), but indicate
that the direct conversion of lactate to glycogen in muscle is not of greal importance.

The rate of lactate uptake by the muscle is related to the blood lactate
concentration, the existing lactate concentration gradient between the muscle and
blood compartments, and the level of muscle glycogen stores.  When arterial lactate
concentrations are increased during exercise, blood llow and oxygen uptake are
increased in the non-working muscles, which may result in increased lactate
metabolism in these tissues (Ahlborg et al., 1975). This is supported by results rom
Poortmans ¢t al. (1978) and Harris et al. (1962). Significant removal of lactate from
the blood by non-exercising muscles stops soon (approximately 10 minutes) after the
cessation of exercise (Poortmans ct al., 1978). The probable increased uptake of
lactate in ST [ibre as it becomes recruited within the working muscle group may also
come into play. Considering the mass of muscle tissue, and in light of the results of
many studics (Hermansen and Stensvold, 1972; Hermansen et al., 1975; Issckutz et al.,
1976; Minaire and Forichon, 1975), it scems that skeletal muscle, rather than liver,

serves as the main site of factate removal during exercise. Donovan and Brooks
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(1983) obtained results on female Wistar rats showing that the effect of training is not
on production of lactale but on its clearance from the blood. Isotopically labeled
[?.-3['1 I- and IU-MC]lactutc was used to measure rates of lactate turnover. No
signilicant difference was observed between trained and untrained subjects in relation
to the factale turnover rates. It appears that lactate turnover is directly correlated with
metabolic rate (VO2) during exercise. ‘Trained animals had less lactate at a given
submaximal exercise due to higher lactate clearance rates compared 1o untrained
animals and not due to lower lactate production. Higher blood glucose levels in
trained animals during heavy exercise are due to a greater glucose flux that is
supported by a lesser loss of lactate carbon to oxidation and a greater conversion of
lactate to glucose,

It has been shown that the net rate of lactate removal rises, with increasing
exereise intensity up to some eritical workload (Beleastro and Bonen, 1975;
Hermansen and Stensvold, 19725 Davies et al., 1970). The optimal intensity of
recovery exercise for lactate removal would result when the lactate production rate is
minimal and the removal rate is maximal. ‘The identification of this optimal intensity
in humans has understandably resulted in somewhat discrepant results sinee
experimental designs and work tasks have varied among studies.

The findings of Gisolli et al. (1966) concurred with previous studies which have
shown that lactate removal during active recovery exercise oceurs more rapidly than at
rest. ‘They also found that removal rates varied with exercise intensity, being greater
at 52% and 53% than at 39% and 43% VO3 max. Subsequently, the possibility that
an oplimal specific exercise intensity may exist for the most rapid removal of lactate
from the blood was studicd by Hermansen and Stensvold (1972). In this Sll‘ldy, lactate
removal was monitored during treadmill recovery exercise at 30, 60, 70, and 80% VO,

max. The critical level for both increased production and decreased removal of
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lactate was found to lic between 60% and 70% VO?2 max. In 2 more recent study by
Bonen and Belcastro (1976), lactate removal rates at 61% V2 qax were similar to
those of Iermansen and Stensvold (1972).

In studics employing bicycle ergometer exercise, Davies et al. (1970) found that
following 6 minutes of exercise at 80% VO2 qax, lactate removal rates increased with
exercise intensity up to a workload corresponding to 40% VO?2 jmax beyond which the
removal rate began o decrease. Subsequently, Beleastro and Bonen (1975) reported
that the average optimal recovery exercise intensity for bicycle ergometer exercise was
32% VO2 max- In addition, these investigators lound that lactate removal could be
regulated quite well by the subjects, without any feedback, as long as they maintained
a constant workload. Bonen et al. (1978a) found that there was a moderate but
significant correlation between %ST fibres of the vastus lateralis and lactate removal
rates during moderately active exereise recovery (r= 0.544, P=0.05). "l'esch and Wright
(1983} also found that following 50 consceutive maximal voluntary knee extensions
(with a Cybex 1l isokinetic device), fatigue and recovery respectively were correlated
with capillary density (r= -0.71 and 0.69) but not fibre type distribution. ‘Their data
suggest that lactate elimination from the exercising muscle is partly dependent upon the
capillary supply and subsequently influences the rate of muscle foree recovery (‘Tesch
and Wright, 1983).

The apparent dilferences between the optinial recovery exercise intensities of
bicycle ergometer and treadmill exercise have been interpreted as possibly resulting
from differences in the physical condition of the subjects, the muscle mass iuvolved in
the exercise performed, or the muscle fibre type distribution of the individoals
(McGrail et al., 1977).

Brooks (1986) also proposed the idea of a ‘lactate shuttle’ within active muscle.

‘The author points out that as suggested from A-V diflference measurements of lactate
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and tracer across muscle, approximately only half of the lactate formed in a working
muscie bed is released into the venous circulation.  Approximately hall the lactate
lormed in such a muscle, together with a signiticant quantity of lactate removed rom
the arterial circulation, is combusted within the muscle and appears as CO2 in the
venous blood (Brooks, 1986). Based on results from Baldwin ct al. (1973, 1977) who
studied the metabolic characteristics of the various mammalian fibre types, Brooks
(1986) suggests that lactate produced as the result of recruitment of type 1 libres
(IT), or because ol the mechanies of the contractile process, diffuses toward and is
transporied into type 1 (§17) or type 1a fibres (FOG) where the lactate is oxidized., In
this way, the more glycolytic libres within a working muscle bed shuttle oxidizable
substrate (i.c. lactate) to the neighboring cells with higher respiratory rates,

LACTIC ACID AS AN INDICATOR OF EXERCISE INTENSITY AND RECOVERY

Lactic acid has often been used as an indicator of the intensity of exercise and
has also been investigated as an indicator of recovery from exercise (Astrand and
Rodabl, 1986; livans and Curceton, 1983; Weltman et al., 1979; Klausen et al., 1972;
irvonen et al., 1987; Jorfeldt et al., 1978; Bonen et al., 1978b; Arabas et al., 1987;
Thimm and Mcir zu Verl, 1984). ‘The relation between blood lactate concentration and
work intensily is curvilinear. Astrand and Rodahl (1986) mention that one of the
criteria for reaching VO2 max is a blood lactate concentration of at least 8mmol/l.
OBLA (onset of blood lactate accumulation) has also been used as an indicator of the
intensity of exercise (Sjodin et al., 1982). Lactate recovery, as detailed previously,
has also been the subject of much investigation. ‘The findings conclude that the rate of
blood lactate dissapearance ‘increascs il light acrobic exercise is performed during the
recovery period (Evans and Cureton, 1983; Koutedakis and Sharp, 1985; Bouen et al.,,

1978bs Weliman et al., 1979; Jorfeldt et al., 1978). ‘I'he lactate recovery was measured
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on average for 20 minutes. As mentioned previously, the removal of lactate during
exercise may be influenced by the state of training of an individual (McGrail et al.,
1977). Lindurance athletes have a higher activity of LDH-1 and LIDII-2 isoenzyme
compared to normal subjects (Sjodin et al., 1976). Long distance running (at 70-80%
of max HR) increased the H-LDH/M-LDH ratio. Sjodin et al. (1976) theorized that
because of its point of attachment (inner membrane of the mitochondrion), LI
chzymes may be involved in a transport mechanism. Also, an increase in VOBI.A was
partly explained by an increased potential to oxidize lactate due to an increased LIDH-
I activity that occurred following training (Sjodin et al., 1982). As mentionned
previously, Bonen et al. (1978a) found a moderate but significant correlation {r=().544,
P=0.05) between %S'T libres of the vastus lateralis and lactate removal rates during
moderately active exercise recovery, ‘This would support the theory of Sjodin et al,
(1978) since LDH-H is predominantly found in ST musele fibres (Sjodin et al., 1976;
Tesch et al., 1978). However, Tesch and Wright (1983) found that recovery from
fatigue following 50 consccutive maximal voluntary knee extensions was correlated with
capillary density (r=0.69) but not with fibre type distribution. ‘The authors suggested
that lactate elimination from the exercising muscle is partly dependent upon the
capillary supply and subsequently influences the rate of muscle force recovery. This
would partly explain why Evans and Curcton (1983) found that training improves
lactate recovery during exercise but not during rest. Since blood flow to the working
muscle is greatly diminished during the 30 minutes of rest when lactate measurements
were taken, lactate could not ther be as effectively transported to other organs capable
of removing laclate, such as the inactive skeletal muscles, heart and liver (Bvans and
Curcton, 1983), not to mention that the usage of lactate as a fuel may be increased.
However, no study that looked at improved lactate recovery speed has been done.

Theoretically, based on the results from Brooks (1986) showing that approximately
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oaly half of the lactate formed in a working muscle bed is released into the venous
circulation and also based on his proposal of a lactate shuttle where lactate would
diffuse from a type b fibre to a type I or la fibre, lactate could more quickly be
oxidized in those muscles if those muscles where trained and had a higher activity of
LDH-1 and LDIH-2 isozymes (which has been shown to be true for trained muscles
(Sjodin ¢t al., 1976). In this scenario, the lactate equilibrium between muscle and
blood may oceur more rapidly, especially if this would be joined with an improved
buffer capacity which can be obtained through anaerobic training. Lactate
measurements taken carly following exercise may then give interesting information to
the rescarcher and the athicte. However, this is only theory and as mentioned by
Evans and Cureton (1983), a study of the elfects of conditioning on the peak rate of

blood lactate removal is clearly needed.

RELATIONSHIP BETWEEN HEART RATE AND LACTIC ACID

The relationship between heart rate (HR) and lactic acid at work and during
recovery will be examined in this section.

Lactate concentration was one of the metabolic factors previously identilied as
being able (o affect the HR drive. In 1976, ‘Tibes et al. measured femoral venous
[K*], [H*].|Pi], osmolality, and PO3 on a bicycle ergometer at graded increasing work
rates. ‘They found that at a given VO2, the increase femoral venous [K*], [H*), [Pi],
osmolality (OSM), and the decrease of PO2 were significantly lower in trained than in
untrained subjects. In the same proportion the increases of tIR, ventilation (VE), and
respiratory quotient (Q) were diminished. Thus in trained and untrained subjects,
identical and highly significantly correlated regression lines of femoral venous |K*|,
[11¥], |Pi], osmolality, and PO2 with HR, VE, and Q were obtained. These

constituents changed in the same proportion as the relative V() in the trained and
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untrained. No relationship with [Na+], [Ca*™*], and [Mg**] was found. A regression

cquation in relation to HR was found:

HR = 61.7 [K*] + 19.0 [H*] + 1.14 OSM + 0.6 {Pi] - 0.5 PO - 602
r=0.912,2 P < 0.001

Since [H*] and OSM are greatly affected by [lactate], higher femoral venous [lactate|
may be linked according to this study to elevation of IR, Vi, and blood flow (libes et
al., 1976). In 1977, Tibes et al. showed that [lactate] (10-30 mmol), alone or in
combination with concentration of K¥, Pi, and OSM that is lound in the interstitium of
working muscles, could strongly activate the C-fibre units that are responsible for the
cardiovascular respiratory reflex from the dynamically working muscles. CO2 (10%)
and lack of Q2 were almost ineflective.  A-fibres did not respond to the chemical

" changes (McCloskey and Mitchell, 1972; ‘T'ibes and Groth, 1977; ‘libes, 1977). In
1978, Tibes et al. found that most group III and 1V nerve fibres showed a polymodal
sensitivity against increasing [K¥] (to 10 mmol), OSM (10 330mOSM/kg 1120),
[lactate] (to 15mmol), and [Pi] (to 5 mmol) (in post. rat ext. dig. long. muscle).
Thimm et al. (1984) and Thimm and Mecier zu Verl (1984) later studicd the response of
HR in relation to the perfusion of the rat’s hind leg with concentrations of K, OSM,
lactic acid, and Pi that reflected the changes oceurring during heavy exercise. Only
perfusion with a solution enriched with lactic acid elicited a significant increase in TIR.
Lactic acid concentration of 5 mmol/l up 10 25 mmol/l evoked significant increases in
HR (Thimm et al., 1984). After separating the cffects of pH and lactate, it was found
that the receptors were sensitive 1o lactate but especially at low pIT {6.8). In 1984,
Thimm and Mcier zu Verl found that HR increases when the limits of normal ranges of
pH and lactate in the resting muscle are exceeded. Thus it was concluded that

[lactate] and FIR increases are correlated not only under perfusion conditions but also
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when lactic acid is produced by the muscle itself. Morcover, their experiment tends to
show that there is a HR drive even when the physiological ranges of the resting muscle
are only slightly exceeded. The authors suggest that lactic acid possibly causes a HR
drive in light exercise also.

These studies indicate a relationship between HR and |Lac| during exercise but
the mechanism which controls its return to baseline is still unknown. Lactic acid has
been mentioned because ol its relation with HR during exercise buat, lollowing exervise,
the concentration of lactic acid in the interstitial space remains elevated for several
minutes and yet during this time Saltin ¢t al. (1981) found that HR was already
decreasing. Contrarily, Thimm et al. (1984) found that the increases in HR lasted for
several minutes although the lactate concentration in perfusion outflow decreased
during that time. "The authors hypothesized that this prolonged effect on HR may
oceur because the laclate coneentration in interstitial space remains relatively high due
to slow back-dilfusion from interstitial space to the capillarics. However, it is also
possible, as mentioned by Thimm et al. (1984), that the mechanisms which control the
increase in HR are different from those which control the return to base-line. ‘The
possibility of lactate concentration affecting HR recovery from exercise is not yet

clear,

THE INFLUENCE OF EXERCISE SPECIFICITY ON HEART RATE AND LACTIC
ACID RESPONSES

The specificity of different muscle fibres in relation to their acrobic or
anacrobic energy production has been described. The specificity of exercise also
seems Lo influence the responses of heart rate and lactic acid. Saltin et al. (.]976)
studied subjects who performed endurance training with one leg and sprint training with

the other. In other groups, one leg was trained and the other one served as a control.



In the group that had traised one leg by sprint and the other by endurance, the
increase in maximal oxygen uptake was, on the average, 0.32 and 0.54 liters/min
respectively. In the group that had trained one leg, a marked reduction in heart rate
during one-legged submaximal exercise was noted. When exercising the untrained leg
only, a much smaller reduction in the heart rate was observed compared to the
pretraining level. A decrease in lactate response and enhancement of SDH activity
were observed only in exercise with the untrained leg. Henriksson (1977) noted, after
two months of training, a 27% higher SDH activity in the trained leg than in the
untrained one. The maximal oxygen uptake increased 11% and 4% respectively in the
testing of the trained and the untrained leg. At a submaximal two-leg exercise at an
average of about 70% of VO2 max (for one hour) the subjects apparently worked
harder with the trained leg. However, the degree of utilization ol Iree fatty acids was
higher in the trained than in the untrained leg indicating a dilference in the oxidative
capacity. As mentioned by Astrand and Rodahl (1986), these studies seem o indicate
that irrespective of what factors trigger the adaptations at the cellular level, causing
effects mainly in those muscles which are being trained, there are no, or only modest,
cffects clicited in nontrained muscles. For this reason it is important that the testing of
the athletes be specific to their sport. The more specilic the test is to the sport
movement, the more vaud is the test (Sale and Norman, 1982).

Again in relation to lactic acid response 1o exercise, Sjodin et al. (1976)
measured the effect of physical training on LIDH activity and L.DIH isozyme pattern in
human skeletal muscle. The effects of three dilferent training protocols were
examined: 1) acrobic training performed as interval training, 2) acrobic training
performed as extreme distance running, and 3) anacrobic training for two months.

Alter anaerobic training no change in LD properties could be detected,

although the running performance improved. This improvement was attributed to a
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possibly Tuster lactate release from the muscle which may have directly or indirectly
stowed down the development of muscle fatigue. A possible explanation may be that,
as found by Sahlin and Henrikssonn (1984}, the bulfer capacity ol the trained muscles
was increased which may result in a laster lactate release from the muscle. These
lindings of unchanged 1LDIT activity after anacrobic training are identical with the
results oblained after endurance training using the interval training principle as well as
after strength training performed as weight lilting or sprint running (Thorstensson,
unpublished data, in Sjodin, 1976).

However, the extreme distance running (at 70-80% ol maximal HR) resulted in
a deerease in total LDH activity and an increase in relative activity of LDH-1 2nd
L.DI-2 heart specific isozymes. A relationship was also shown between the relative
activity of these isozymes and the training distance covered. From these results, it
scems that the lactic acid response may change in relation to the intensity specificity of

training.

PHYSIOLOGY OF BADMINTON PERFORMANCE

As mentioned by Astrand and Rodahi (1986), badminton is an intermittent
sport whnere bursts of work arc separated by rest periods. It can be a very demanding
physical sport, even for those who only practise it for the exercise. Compared to
volleyball, tennis, swimming, gymnastics and cross-country running, badminton is cither
as physically demanding or more when (he results are expressed in keal/min (Coad et
al., 1979). However, as mentioned by Docherty (1978), the higher the level of skill
(competition), the greater the stress placed upon the individual's cardiovascular system
(higher average heart rate). |

The amount of research in relation to the sport of badminton is not very

extensive; however, some interesting scientific studies have been performed. ‘I'wo



54

lime-motion analyses were conducted on the 1979 and the 1981 Badminton World
Championships (men's singie final) (Reed, 1981). 1t was then determined that the
average work period (ratly) lasted 10 seconds and the average rest period lasted also
10 seconds.  Agnevik (1970, in Astrand and Rodabl, 1986) studicd a group of top
Swedish badminton players and showed, [rom recordings of heart rates during
important international matches, that the players attained near maximal values
(90%-100% of max HR) in singles matches, He also found that the mean maximal
| oxygen intake was respectively 55.6 ml/kg/min and 46.9 ml/kg/min for men and
women. After this, Mikkelsen (1979) published the most extensive physiological study
10 date performed on elite badminton players. For his study, Mikkelsen had selected
subjects from the best male Danish badminton players (the ‘Thomas Cup ‘Team) as well
as the best female players (the Uber Cup ‘Team). This study found that, in relation 1o
mean fibre composition, male badminton players had 63% type 1 (ST) fibres in medial
vastus lateralis (m.V.1..}). The mean fibre composition for women was 56% S1. For
both groups, one third of the fibres were 1la (IF1%) fibres. Few 1B (1°1D) fibres were
found, 4% among males and 9% among lemales. Badminton plasers are also
characterised by a preferred leg which is the leg of the racquet hand. For example, for
a right handed player the right leg is the preferred one.  All players in this study were
right handed so the right leg was their preferred leg. Both sexes had more ST fibres in
the right m.V.L. than in the left m.V.L.. Fiber area measurements showed that, for
all subjects, the 8T libres were bigger than the FI' (8%) and FOG (18%). The ST
fibres were also 13% bigger in the right V.L. compared to the ones in the left V.L..
Thus they also oceupied a bigger cross-sectional part of the muscle (65% for males and
60% for females). FT fibres were also found to be 12% larger in the right V.1. than

in the left V.L..
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‘The capillary supply showed that there were more capillarics in the ST and FT'
fibres of the right V.1.. than in liu: left. The SDH activity also appears to be greater in
the right V.1, than in the lelt V.L. by 17%. ‘The circumlerence measurements of the
calves and the thighs also showed a significantly larger right leg. ‘The strength and the
holding time at 50% MV were both greater for the right leg.

Maximal oxygen uptake was higher than those reported by Agnevik (1970).
Results of 59.4 mi/kg/min and 52.9 mli/kg/min were respectively found for men and
women. Heart rates recorded telemetrically during open and national competitions
showed that the heart rates in singles were less than 10 beats from maximal heart rate.
Blood lactates however reached a highest concentration of only 5.73 mmol/l and the
mean value was 2.98 (+/- 0.80 mmol/l).

From these results, Mikkelsen (1979) theorized that nearly all of the energy
required by the elite bzldzm:mun player comes from a high central as well as a high
peripheral acrobic capacity. e also concludes that the myoglobin stores in the
muscles liberated enough oxygen to enable periods of work up to a length ol about 10
seconds 1w be performed almost totally acrobically. For this reason, the anacrobic
system does not come into play and very little lactate is formed through anacrobic
glycogenolysis.

However, some questions arise in relation to this conclusion. If the sport of
badminton is almost completely acrobic, it's not clear why the VO2 max of the elite
players are not higher. Also, studies done in 1979 from Jansson et al. (1983) and
Nemeth et al. (1983) have shown that myoglobin concentration in muscle does not
increase with training. Jansson et al. (1983) found an increased capillary density and
an increased C§ activity following training but a similar concentration of myoglobin
was found in trained and untrained subjects. Nemeth et al. (1983) found that FT libres

had 2/3 as much myoglobin as the ST muscle fibres. Myoglobin concentration was
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actually found to be higher in the control group than in the trained group. ‘They also
noted that the myoglobin content was not affected in cither fibre group by detraining
despite changes in glycogenolytic and oxidative enzymes. These lindings do not tend to
support the conclusion brought forward by Mikkelsen (1979).

Other studies (Gollnick and Hermansen, 1973; McCartney et al., 1986; Jacobs,
1983) show that the energy yiclded at the beginning ol exercise is in most part
produced from the splitting of high energy phosphates (A'TP and CP).  Glycolysis has
also been shown to be very low at the beginning of exercise. The combination of these
lactors (anacrobic metabolism) would support a low formation of lactale and this
added 10 a good lactate recovery (acrobic metabolism) could explain the low level of
blood lactate concentration found in clite badminton players. 1f this hypothesis holds
true however, the longer the rally, the higher the lactate concentration in blood. A
pilot study conlirmed this hypothesis. As mentioned by ‘Thoden et al. (1982), racquet
sports which require a series of brief (5-20 sec.) bursts ol highly intense energy
separated by periods ol lower inteasity recovery derive most of the energy directly from
non-oxidative sources. Also, in badminton, reaction speed is most important, but
basic speed and speed endurance also play a role. Moving as last as possible and
being able to maintain this speed during the whole match is what matters. Reed (1987)
proposed a training strategy for badminton players known as the ‘Double-A" training
strategy. It is based on the theory that badminton players need 1o train both
acrobically and anacrobicaily (alactic energy system). ‘The acrobic training would
improve lactate removal and the alaclic training would improve high encrgy phosphate
capacity and also possibly improve the buffer capacity of the trained muscle. The
specilic goal of this training strategy is lo keep lactate levels at a minimum since, as
has been presented previously, too large an increase in muscle lactate concentration

may result in muscular fatigue. Also, the results of several studies have suggested that

S
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high intensity activity of a few seconds or a few minutes in duration is impaired if

blood lactate levels are clevated past 4-6 mmol/LL, prior to exercise (Jacobs, 1986).

SUMMARY BY SECTIONS

Intensity of Exercise Response:.

Blood lactate concentration will increase in a curvilinear fashion with exercise
inlensity (VO2). Ileart rate will increase linearly with VO2. Blood lactate
concent tion will increase due to the formation of energy (laclate being the end-
product of anacrobic glycolysis). The increase in heart rale reflects the adaptation of
the circulatory system which strives to bring oxygen to the muscle while also, through
an increased blood flow to the working muscles, washing oul unwanted end-products.

‘This is to maintain the internal equilibrium of the muscle cell.

Regulation of Heart Rate During Exercise and Recovery.

The heart rate is regulated very precisely by the actions of the parasympathetic
and sympatheti- systems which act on the SA nede and the conducting system of the
heart. Epinephrine which is liberated by the adrenal medulla also increases the heart
rale.

The cardiovascular and respiratory responses are mediated through central
command, humoral drives and reflexes originating in the muscle. Factors being able to
initiate the reflexes are: 1) mechanical, 2) [K¥), 3) [H*], 4) osmolality, 5) [lactate], 6)
[Pi], and 7) thermal stimuli. However, some controversy remains about the major
candidates. The reflex responses are mediated by group III and 1V afferents. ‘The

mechanism that controls the return of heart rate to its baseline value is still unknown.

Heart Rate as an Indicator of Exercise Intensity and Recovery.
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As mentioned previously, heart rate increases linearly with VO3, thus making it
# good physiological parameter to monitor intensity of work. Also, the higher the
intensity of work, the higher the average recovery. For a given workload, the more (it
the individual, the lower the average submaximal heart rate.
Heart rate recovery curves pive some information in relation to the fitness level
of the athletes; however, the slow phase of the recovery may not be linked to lactate

recovery as previously theorized.

Regulation of Blood Lactate During Exercise and Recovery.

A'TP production

A'TP is the energy source for muscle contraction. A'TP can be replenished (rom
several sources:  CP (the lastest source), glycogen , glucose, and triglycerides
(intramuscular and in the adipocytes). Protein catabolism is of minimal significance

when compared Lo the energy supply ol the other lucls.

[actate Production

The concentration of NADT may be the single most important factor involved
in regulating the production of lactate. With oxygen, through the operation of the
Krebs Cycle and the electron transport chain NAD®Y is provided via the malate shuttle
(mostly in ST) and the glycerol phosphate shuttle (in 11%). "The activity of some of the
enzymes involved in theses shuttles can be increased with exercise.

If the exercise is oo intense, NAD™ is provided through a reaction in which
pyruvate is reduced to lactic acid. ‘e rate of glycolysis is under dual control:

Dintracellular metabolic control and 2)}hormonal control.

Lactate in blood
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Lactic acid is ionized in the body and permeates across the cell membrane in
the form of lactate and H*. Lactate accumulates in the muscle and diffuses into the
blood. The muscle membrane seems to be the main barrier to lactate diffusion out of
the muscle,  An increase in the muscle and blood lactate concentration leads (o a
decrease in pH which may result in mechanical failure by changing the intracellular
processes associated with tension development and subsequent relaxation (impaired
neuromuscular transmission, failure of muscle action potentials, and impaired E-C

coupling).

Muscle fibre types and lactate

Three muscle fibre types have been identified: 17T which is glycolytic in nature,
ST which has a high oxidative capacity, and FOG which is an intermediate between
theses two (see table 2).The enzyme LIDH exists under five isoenzyme forms: LDH-1
to LDI-5. LDH-T and LIDIE-2 (TELDII) resist the formation of lactate and facilitate
the reformation of pyruvate (rom lactate. LDII-4 and LDIH-S (M-LDII) strongly
favour the formation of lactate. M-LDII is relatively more abundant in IFI while ST
has a predominance of TI-LIMIL "Ihe IFT:ST ratio, for most muscle, varies genctically
among individuals. More lactate aceumulates in FI' than in ST. Linzyme capacity
increases with endurance training and is more highly correlated with long submaximal

work than with maximal acrobic power,

Lactlate removal

Laclate may be removed from blood by skeletal muscle, the liver, the heart, the
kidneys, and the brain (minimal in the brain and the kidneys). Oxidation in the
skeletal muscle is the main site of iaclalc removal during and following exercise. The
rate of lactate removal by muscle is increased up to about 60-70% VO» max- Only

half of the lactate formed in a working muscle bed is liberatzd in the venous
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circulation. Approximately half is combusted in the muscle bed and appears as COa
in the venous blood. A muscle lactate shuttle system has been suggested which consists

of the transport of lactate from the FI' fibres (o the more oxidative ST and FOG

fibres.

Lactic Acid as an Indicator of Exercise Intensity and Recovery.

Lactic acid which increases curvilinearly with exercise intensity (VO?) is used
to monitor exercise intensity. “I'raining has been found 10 improve actate recovery

during excreise but not at rest. Studies are needed that look at lactate recovery speed.

Relationship Between Heart Rate and Lactic Acid.

Lactate accumulation and a drop in pH increase the heart rate. However, the
recovery of lactate does not follow the heart rate recovery. ‘I'he possibility of |lac]

affecting heart rate recovery from exercise has not been ruled out.

The Influence of Exercise Specificity on Heart Rate and Lactic Acid Responses.

The responses of heart rate and lactate will vary in relation to the specificity of
the exercise movement to training and in relation 1o the specificity of exercise intensity

lo training intensity.

Physiology of Badminton Performance.

Badminton is an intermittent spert in which, at an international caliber, bursts
of work of 10 seconds on average are separated by rest periods fasting also 10 seconds
on average. International caliber badminton players attain near maximal vatues for
HR (90%-100% of max. HR). The mean VO3 max of international players was
rcsbcclivcly 59.4 ml/kg/min and 52.9 ml/kg/min for men and women. ‘The preferred
leg of badminton players had larger ST and FOG fibres and a better capillary supply

to these libres.
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Since myoglobin concentration in muscle does not increase with training and
since the longer the rally, the higher is the lactate concentration in blood, badminton is
both an anacrobic and acrobic sport.

Badminton is o sport requiring high heart rates due to repeated high speed
requirement. Low lactate accumulation is also required to prevent fatigue and a
reduction in speed. Thus, it scems important to know how heart rate and lactate
recovery are related, how the relation varies between men and women, and how the

relation varies in time.



METHODOLOGY
INTRODUCTION

This chapter will outline the subject population, exercise protocol, analysis and

assay of blood lactate and the statistical design used in this study.

SUBJECTS

The subjects in this study were all members of the Canadian National
badminton team. These included male and female players, all between the ages of 18
and 30 years of age. "The data for this study were accumulated over a period of two
years. ‘The players train year round and were tested three times a year. The results of
the first testing session for every player were used for this study. Al players had been
previously required to give their informed consent upon accepting national team status

through the respective sport-governing association.

GENERAL EXPERIMENTAL PROCEDURES

Exercise Protocol.

The procedur: followed was the 4-corner badminton fitness test (Reed, 1981).
Following cxplunalim\-ol‘ the testing procedures the subject was thoroughly warmed-up
through general exercises and hall-speed practice of the test pattern (see Figure |, p.
63). 'The subject then waited in the center of the court for the ‘go’ signal. At this
signal the subject started and went through the pattern as quickly as possible. The
time to completion of one pattern (one trial) was timed by stopwatch and was

approximatively 10 seconds.

-62 -
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FOREHAND

BACKHAND
DEEP DEER
CLEAR CLEAR
\ /

A @
FOREHAND
R sacxiao
AT NET

AT NET

Figure 1. 4 CORNER TEST PATTERN. From A manual on the training of

badminton players: Lavel IIT Provincial Coach, (- 30) by A. Reed, 1981, Cttawa:
Canadian Badminton Association.
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The subjects performed one repeat every 20 scconds and had to perform a total ol six
repeats. Following this, two physiological recovery variables were measured: o §
minule heart rate recovery period (HRR), from post 0 min. to post 5 min, every 30
sec. for the first 2 minutes and then every minute, and a 5 min. blood lactate recovery

period (LaR), from post 1 min. to post 5 min. every minute,

Monitoring of Heart Rate.

Before the beginning of the test, a Sport Tester™ P1:-3000 is fitted to the player in
order to monitor the heart rate recovery lollowing the test. "The Sport T'ester™
PIi-3000 (Polar Electro Co.) heart rate monitor is based on the detection of the ECG-
signal of the heart that is transmitted from an electrode belt to a microelectronic
receiver which gives a digital readout in bpm.  ‘The receiver was worn on the wrist of
the non-racquet hand.

Immediately following the tast trial, the test administrator started the recovery
clock and simultancously recorded the displayed heart rate ol the player. The heart
rate was then noted {rom the receiver display and recorded every 30 seconds for the

first two minutes and then every minute for three more minutes.

Analysis of Blood Laclate.

At the end of the 6th trial, the person taking the blood samples started a recovery
clock. The player walked over from the badminton court and stood beside the person
taking the blood samples. The fingertip was cleaned with an aleohol swab and allowed
to dry before lancing for each sampic 10 avoid contamination of the sample. A sample
of blood was then drawn by capillary action into a hciwrinizccl tube and cxac_lly 20
ol blood were then transferred from the capillary tube and immediately hacmolysed

with 380 yl of diluting solution which contains 1g/l sodium azide (Kontron Medical.
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1981). Thus the total volume per tube was 400 ul. The tubes were then closed with a
cap and parafilm to ensure an airtight seal. All samples were analyzed within a
48-hour time period which had been previousty shown (Kontron Medical, 1981) to be
stable for lactic acid determination. The samples were taken every minute for a period
of five minutes. This is the maximum amount of rest time that the players are allowed

between the Ind and 3rd games of a match.
Lactate Assay.

Blood lactate concentration was determined within 48 hours of sampling time using a

Kontron Medical 640 Lactate Analyzer™ (Roche Bio-Electronics).
This method involves:

a) the enzymatic oxidizatiou of lactate to pyruvate in the presence of cytochrome

b2:

€00 -3 cyt.b, Eoo' . -4
H-O-ggﬂ +2[Fe(CN)£ — (=0 +2H 42 FE(CN)J
H

3 CHy

and b) the electrochemical oxidation of the hexocyanoferrate I formed:

2 E-'e(cu)b] AT E—'e(cu)g'] -.3 + 2



66

The two clectrons released for cach lactate molecule oxidized cause an electrical
current to develop. ‘The linear relationship between the current developed and the
lactate concentration is achieved by first order kinetics of the enzymatic reaction.
Thus, a current proportional to the lactate concentration is measured and the lactate
concentration displayed in mmol/l on the readout.

The lactate analyzer is calibrated before cach subject with a 5.00 mmol/!
standard solution and the precision of the measurement (SD) is +/- 0.2 mmol/l or +/-

5% of the reading (whichever is greater) (Kontron Mcdical, 1981).

STATISTICAL ANALYSES

Descriptive.

Initially, descriptive analyses were performed to provide means and standard
deviations for all the heart rate and lactate values obtained during recovery, including
the peak values. The mean recovery curves for heart rate and lactate were also
plotted over time.  An index was gencrated which looked at the ratio HR:[lactate| for
peak and recovery values, In order to determine the reletionship between heart rate
recovery and lactate recovery, a correlational matrix of heart rate and lactate values
over time was used. This was performed on each of the rﬁulc, female and pooled

data.
ANOVA.

A two way analysis of variance (ANOVA) was uscd to analyze the collected data.
The gender and time of recovery were the two independent variables in the analysis
while heart rate, blood [lactate] and the HR/[lactate] ratio served as the dependent

variables,
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