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Abstract
Ha n á k J . , P. J a h n , R. Ka b e ‰, M. S ed l i n sk á, Z . Î er t , J. Mezer o v á, O . C h v át al :
A Field Study of Oxygen Consumption and Estimated Energy Expenditure in the Exercising Horse.
Acta Vet. Brno 2001, 70: 133-139.
The major goal of this study was to estimate the aerobic and anaerobic contribution to energy
expenditure in the running warmblood horse under field conditions. The oxygen consumption
(VO2) in 12 saddle horses was determined at rest, walk, trot, and canter and in 6 horses at gallop.
In the 10 min immediately following exercise the relative oxygen debt (RD-VO2) was measured.
The horses were exercised by riders in the various gaits at speeds representing 15, 30, 50 and 70%
of the their individual maximum speed (Vmax). The distances covered were 3000 m in each walk,
trot and canter and 1500 m in gallop. VO2 and RD-VO2 m and energy expenditure (J.kg.min-1)
using the oxygen caloric equivalent of the measured respiratory quotient (RQ) were studied for
possible relations to the speed. The proportion of anaerobic energy expenditure (%E anaer.) to the
total energy production was also investigated. A linear relation between speed and aerobic energy
expenditure (E) and a quadratic relation between speed and anaerobic energy expenditure (RD-E)
and total energy expenditure (TE) was found. The %E anaer. was 1.21 ± 0.40 at a speed of 15%
Vmax, 3.40 ± 0.38 at 30% Vmax, 18.58 ± 2.05 at 50% Vmax, and 29.47 ± 1.17 at 70% Vmax.
Post-exercise oxygen uptake appears a suitable measure for the major part of the oxygen debt
(relative oxygen debt) and could be considered as an indicator of anaerobically released energy.
For this reason it may also be an indicator of the anaerobic capacity of the horse at a standard or
maximal exercise.
Horse, exercise, oxygen uptake, oxygen debt, energy consumption, anaerobic energy

In recent years, a considerable amount of research has been performed in an attempt to
describe the physiological response of the horse to exercise and training. Mostly the changes in
cardiorespiratory functions during different intensities of exercise have been studied
extensively and reported for various breeds of horses. It has been suggested that heart rate and
oxygen consumption (VO2), measured at sub-maximal exercise, are useful in assessing
cardiovascular fitness in the horse. Calculated parameters such as the speed at a heart rate of 200
beats.min-1 (V-200) and oxygen consumption at a heart rate of 200 beats.min-1 (VO2-200) are
considered as highly useful (Persson 1983; Persson et al. 1983; Rose et al. 1990). Other
suitable indices of fitness have included the velocity (V) and heart rate (HR) at a blood lactate
concentration of 4 mmol.l-1 i.e. VLa4 and HR4, respectively (Rose et al. 1990; Harkins et al.
1993; Poso et al. 1993; Castejon et al. 1994; Misumi et al. 1994; Gotlieb-Vedi et al.
1995; Persson 1997; Munoz et al. 1997; Eaton et al. 1999 and others).
While sub-maximal indices have been commonly used to predict the maximum working
capacity, there are relatively few studies in which the cardiorespiratory measurements have
been performed during maximal exercise or in which energy expenditure and heat
production have been calculated from oxygen uptake and post exercise oxygen debt
(Karlsen and Nadaljak 1972; Rose et al. 1988; Eaton et al. 1995).
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The major goal of this study was to estimate the aerobic and anaerobic contribution to
energy expenditure in the running warmblood horse under field conditions as criteria for
performance and fitness. The workload of the horses at walk, trot, canter and gallop was
standardised and expressed as a percentage of the individual maximum generated speed over
400 m. The energy expenditure for each gait was calculated from oxygen uptake during and
after each bout of exercise.
Materials and Methods
Twelve healthy warmblood saddle horses ranging in age from 4 to 12 years and with a mean bodyweight of
477.5 ± 32.8 kg were used in the experiment. The horses were ridden by riders weighing 70 – 80 kg and all were
in the same stage of training.
On the first day of trial each horse’s maximum speed (Vmax) was determined by galloping the horses over
a distance of 400 m. Vmax averaged 750 ± 36 m.min-1 (range 705 – 810). On the following day all horses were
exercised at the walk, trot and canter, at each gait over a distance of 3000 m. The speeds set for the gaits were
such that they corresponded to 15, 30 and 50% of the horses individual Vmax. On completion of each level of
exertion, the horses were kept standing for 10 min for measurement of recovery oxygen consumption (relative
oxygen debt). On the third day, six of the horses were subjected to a gallop over 1500 m at a speed corresponding
to 70% Vmax. Immediately after this exercise session, the recovery oxygen consumption was determined as on
previous day. On all occasions each horse was exercised by its own rider. To ensure that the correct and constant
speed was maintained, the riders were equipped with a transmitter and earphones to enable them to receive
pacemaker signals from a magnetic tape that dictated the individual pace and headed them around an 800 m oval
track. Poles placed at the inside of the track at each 50 m enabled the determination of the standard speed of each
horse at each work load.
A radio-telemetric method (Ha n á k 1987) which utilised a two channel TELTEST Instrument (Chirana) was
used to monitor heart rate (HR) on the first channel and the breathing frequency (RR) and tidal volume (VT) on the
second one under resting, all exercise and recovery conditions. RR and VT were determined from recordings
obtained by a semiconductor pressure transducer located in one of the openings of an air tight respiratory mask
fitted to the horse. The response of this transducer was calibrated using an ETALON-NB 150 Instrument (Bergische
Gasmesserfabrik). A linear response was obtained for flow rates up to 1500 l.min-1, corresponding to 0.4 kPa.
Minute pulmonary ventilation (VE) was calculated as a product of RR and VT values and then corrected for BTPS
conditions (“body temperature pressure saturated”) using special tables. Rectal temperature was measured for this
purpose.
Expired air samples were collected as aliquots of a very small fraction of the expired air via a plastic tube (internal
diameter 5 mm) connected to the respiratory mask. The tube led to a five-port collector equipped with five plastic
bags, and controlled manually by the rider. Expired gas was collected from the horse with rider standing quietly for
10 min prior to exercise, throughout each exercise period and for 10 min after each exercise. One bag was used for
each collection period. To avoid erroneous results due to gas exchange through the plastic bag wall, the atmospheric
and expired gases were analysed on location, immediately following collection by the Scholander method and
equipment. Values were corrected to tabulated STPD conditions (“standard temperature and pressure dry”). The
oxygen consumption (VO2), carbon dioxide production (VCO2) and respiratory quotient (RQ) for each workload
were determined from the gas analyses (% at inspired minus % at expired gas) and pulmonary ventilation (VE).
Furthermore the relative oxygen debt was calculated (RD-VO2) for each workload. RD-VO2 was represented by
the mean oxygen consumption during the ten minutes after exercise minus the standing values obtained prior to
exercise. The reproducibility of this method had been determined previously by collecting a total of 20 expired air
samples into plastic bag from 5 horses that were exercised at sub-maximal steady state conditions.
The exercise energy expenditure (E) and the post exercise energy expenditure (RD-E) for each workload were
calculated from the determined RQ values and their tabulated oxygen caloric equivalent. Total energy expenditure
(TE) for each exercise was E plus RD-E. Percentage of energy generated by the anaerobic metabolism (%E anaer.)
was determined from the contribution of RD-E to TE.
The relationship between energy expenditure and speed was analysed in a linear and exponential regression
model using routine statistical procedures.

Results
The mean ± SD of values measured for respiratory and energy parameters at each
workload are shown in Table 1. The linear or exponential for aerobic energy expenditure
(E), anaerobic energy expenditure (RD-E), total energy expenditure (TE) and the
contribution of anaerobically released energy (%E anaer.) with the exercise speed (V) are
given in Table 2.
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Table 1
Respiratory and energy expenditure parameters at rest and at four workloads (mean ± S.E.M.)
Standing

Walk

%Vmax

0

15

n

12

12

-

3000

3000

Distance (m)

Trot

Canter

Gallop

30

50

70

12

12

6

3000

1500

Time (min)

10

29.8 ± 1.4

11.8 ± 0.7

8.4 ± 0.6

2.8 ± 0.1

Speed (m·min-1)

0

103.3 ± 4.4

253.8 ± 11.8

358.3 ± 14.9

532.0 ± 35.1

4.0 ± 0.7

22.3 ± 1.6

49.1 ± 4.5

83.2 ± 9.2

116.5 ± 9.1

0.95 ± 0.01

0.78 ± 0.01

0.79 ± 0.01

0.90 ± 0.01

1.01 ± 0.01

0

0.23 ± 0.06

1.73 ± 0.21

18.73 ± 1.77

48.69 ± 4.73

-

0.85 ± 0.01

0.94 ± 0.03

0.98 ± 0.01

1.02 ± 0.01

87.6 ± 6.4

438.4 ± 31.7

982.8 ± 91.7

1712.8 ± 188.9

2447.3 ± 191.5

0

4.7 ± 1.2

36.2 ± 4.5

393.4 ± 37.4

1022.7 ± 99.5

87.6 ± 6.4

443.3 ± 32.4

1018.4 ± 94.7

2106.2 ± 198.7

3470.0 ± 278.6

0

1.21 ± 0.49

3.40 ± 0.38

18.58 ± 2.05

29.47 ± 1.17

VO2
(ml.kg-1·min-1)
RQ
RD- VO2
(ml.kg-1·min-1)
RD-RQ
E
(J.kg-1·min-1)
RD-E
(J.kg-1·min-1)
TE
(J.kg-1·min-1)
%E anaer.

Table 2
The Dependence of aerobic energy expenditure (E), anaerobic energy expenditure (RD-E), total energy
expenditure (TE) and the contribution of anaerobically released energy (%E anaer.) to the exercise speed (V).
Equation

a

b

R

R2 (%)

Y=a+bV

12.3533

4.4709

0.98

95.47

Y=exp(a+bV)

0.3050

0.0137

0.96

92.00

Y=exp(a+bV)

4.9620

7.0065

0.95

90.27

Y=exp(a+bV)

-0.6685

8.4490

0.94

88.08

E
(J.kg-1·min-1)
RD-E
(J.kg-1·min-1)
TE
(J.kg-1·min-1)
%E anaer.
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Fig. 1. The oxygen consumption (VO2) and relative
osygen debt (RD-VO2) at rest and four workloads.

The oxygen consumption and relative
oxygen debt at each workload is
demonstrated in Fig. 1. The linear
relationship between aerobic energy
consumption and speed is shown in Fig. 2.
The relationship between speed and
anaerobic energy expenditure, total energy
consumption and percentage of anaerobic
energy contribution are expressed by
exponential functions (Fig. 3, 4, 5).
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Fig. 3. The relationship between anaerobic energy expenditure (RD-E) and speed (V) or % Vmax.
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Fig. 2. The relationship between aerobic energy consumption (E) and speed (V) or % Vmax⋅
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Fig. 4. The relationship between total energy consumption (TE) and speed (V) or % Vmax⋅

Fig. 5. The relationship between percentage of anaerobic
energy contribution (% E anaer.) and speed (V) or % Vmax⋅

Discussion
For practical purposes, the workloads in this study were expressed as percentage of
maximum speed rather than in % of VO2 max or % of maximum heart rate. Training
programmes currently applied in Czech Republic all are designed such that the proportion
of maximum speed is used as benchmarks for intensity. It was therefore considered
important to quantify the energy expenditure and relative demands on the aerobic and
anaerobic components of metabolism under these circumstances.
The aerobic component of energy production can be readily calculated from the RQ
values and VO2 during the exercise bout (K n u t t i g e n 1970). However, the estimation
of the anaerobic component is more difficult. In equine exercise physiology, blood
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lactate accumulation is used as an indicator of released anaerobic energy (R o s e et al.
1990; H a r k i n s et al. 1993; P o s o et al. 1993; C a s t e j o n et al. 1994; M i s u m i et al.
1994; G o t l i e b - V e d i et al. 1995; P e r s s o n 1997; M u n o z et al. 1997; E a t o n et al.
1999 and others). Post-exercise oxygen uptake (RD-VO2), which measures the oxygen
debt, is considered to represent the anaerobic energy expenditure during exercise in
humans and also appears valuable in the assessment of anaerobic capacity (K n u t t i g e n
1970). For practical purposes, the contribution of anaerobically released energy during
exercise, calculated from the oxygen debt could be utilised in the assessment of the total
energy balance (VO2 plus RD-VO2, and E plus RD-E, respectively). The replenishment
of the real oxygen debt, however, takes longer than 10 min, possibly up to several hours
(A s t r a n d and R o d a h l 1977). Due to design constraints, the oxygen uptake could only
be measured for the first 10 min after each bout of exercise in the current study. Therefore
the real oxygen debt could not be determined. The absolute oxygen debt and
consequently the absolute energy expenditure therefore could be substantially higher
than our measured values. However, the calculated values for RD-VO2, RD-E and
%E aner. appear the best approximation of the true values under field conditions. These
parameters could be used in the practical evaluation of the horse’s working capacity and
the contribution of aerobic and anaerobic components to its performance or fitness. The
oxygen debt as an expression of anaerobic metabolic processes significantly influences
the total energy expenditure (TE), which is exponentially related to exercise intensity,
i.e. velocity or %Vmax.
The negligible contribution of anaerobic metabolism during continuous exercise at the
walk (1.2%) and trot (3.4%) to the total energy expenditure could be considered as
a pulmonary oxygen deficit. We suggest that this is the result of a slower adjustment of
cardiorespiratory functions to the instantaneous saturation of working tissues with oxygen
in the initial phase of each bout of exercise. Oxygen uptake is thus temporarily lower than
the real consumption in the tissues. After some time the oxygen uptake reaches steady state
level, depending on the intensity of exercise. At this point at exercise intensities of less than
30% Vmax (walk and trot), mainly aerobic metabolism is active.
At the exercise values above 30% Vmax (canter and gallop) the pulmonary oxygen deficit
attains more significance, however aerobic metabolism continues with increasing oxygen
uptake in a positive linear relationship to exercise intensity. At this stage the energy demands
of the working tissues exceed the energy provided by aerobic metabolism. A further tissue
oxygen deficit is added to the initial oxygen deficit when oxygen need in tissues is higher
than its input (Astrand and Rodahl 1977). Therefore in spite of the increasing oxygen
uptake the contribution of anaerobic energy replenishment and thus the total energy demand
of the exercise increases exponentially to exercise intensity. The contribution of anaerobic
metabolism (%E aner.) during exercise at 50% and 70% of Vmax is thus 18.6% and 29.5%
of the total exercise energy balance. It is possible to assume that during the exponential
dependence of %E anaer. on exercise intensity, the increasing contribution of anaerobic
energy at exercise levels above 70% Vmax should be even more dramatic in saddle horses.
Unfortunately, the construction of our respiratory mask, which is based on the registration
of tidal volume as a measure of the pressure changes inside the mask does not allow
measurement at higher exercise intensities.
It would be more interesting and objective to determine the contribution of anaerobic
metabolism not only at higher exercise intensities, but also in relation to VO2 max. In this way
it should be possible to assess simultaneously the aerobic and the anaerobic capacity of the
horse and its fitness. This is only possible using stepped exercise tests on a treadmill. Rose
et al. (1988) determined maximal O2 uptake (VO2 max), maximal O2 deficit, and O2 debt in
the Thoroughbred racehorses exercising on an inclined treadmill and through 60 min of
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recovery in this way. The oxygen uptake vs. speed relationship was linear up to 10 m/s and
the oxygen debt was approximately two to three times more than that in humans.
Thoroughbred horses have a high aerobic capacity, approximately twice that of elite
human athletes. Whereas the aerobic capacity of horses can be accurately measured, there
have been no measurements of anaerobic capacity made. Medbo et al. (1988) presented
a method for quantifying the anaerobic capacity based on determination of the maximal
accumulated O2 deficit (MAOD) in human athletes. Eaton et al. (1995) tried to determine
whether maximal accumulated O2 deficit could be measured in horses and used as an
estimate of anaerobic capacity, as in human athletes. The MAOD test was performed with
a treadmill accelerated rapidly from 1.5 m/s to the calculated speed 11-14 m/s. The
proportion of energy derived from aerobic and anaerobic sources was similar as in our study.
The authors could not find a correlation between MAOD and maximal VO2.
The importance of assessing the contribution of anaerobic metabolism during exercise as
a criterion of estimated anaerobic capacity becomes also evident from Table 1 and Fig. 3. It
is apparent that increase of aerobic energy utilisation (E) at 70% Vmax in comparison to the
standing value was 27 times greater and in comparison to exercise at the walk (15% Vmax)
it was only 5.5 times greater. Compared to walking exercise, the anaerobic energy utilisation
(RD-E) increased 7 fold at 30% Vmax (trot), 80fold at 50% Vmax (canter), and finally more
than 200fold at 70% Vmax (gallop). This illustrates that the contribution of anaerobic
metabolism in increasing exercise intensities in the range 15 to 70% Vmax is roughly 40 times
larger than that of the aerobic metabolic processes. Moreover the anaerobic mechanisms
have a quicker response time. This state could be due to both a) the later adjustment of
cardiorespiratory functions to oxygen need of working tissues during the first moment of
increased workload, but also b) the varying velocities and complexities of the metabolic
processes during anaerobic metabolism or oxidative phosphorylation, i.e. the anaerobic
glycolysis is a simple and faster but less efficient process than oxidative phosphorylation.
Post-exercise oxygen uptake appears a suitable measure for the major part of the oxygen
debt (relative oxygen debt) and could be considered as an indicator of anaerobically released
energy. For this reason it may also be an indicator of the anaerobic capacity of the horse at
a standard or maximal exercise.
Odhad spotﬁeby kyslíku a v˘deje energie u koní pﬁi zátûÏi v terénních podmínkách
Hlavním cílem této studie bylo zhodnotit podíl aerobní a anaerobní úhrady energie na
celkovém energetickém v˘deji u teplokrevn˘ch koní pﬁi zátûÏi v terénních podmínkách.
Byla stanovena spotﬁeba kyslíku (VO2) u 12 jezdeck˘ch koní v klidu, kroku, klusu
a pomalém cvalu a u 6 koní v rychlém cvalu. Bûhem 10 min po kaÏdé zátûÏi byl mûﬁen
relativní kyslíkov˘ dluh (RD-VO2). Konû byli podrobeni pohybové zátûÏi s jezdci
v rychlostech odpovídajícím 15, 30, 50 a 70% jejich individuální maximální rychlosti
(Vmax) na distancích 3000 m v kroku, klusu a pomalém cvalu a 1500 m v rychlém cvalu.
Byl studován vztah rychlosti k VO2, RD-VO2 m a v˘deji energie (J.kg.min-1) stanovené
pomocí kalorického ekvivalentu pﬁi namûﬁeném respiraãním kvocientu (RQ), stejnû jako
podíl anaerobnû uvolnûné energie (%E anaer.) k celkovému energetickému v˘deji.
Byl nalezen lineární vztah mezi rychlostí a aerobnû energetick˘m v˘dejem (E)
a kvadratická závislost mezi rychlostí a anaerobnû uvolnûnou energií (RD-E) a celkov˘m
v˘dejem energie (TE). Podíl %E anaer. byl 1.21 ± 0.40 pﬁi rychlosti 15% Vmax, 3.40 ± 0.38
pﬁi 30% Vmax, 18.58 ± 2.05 pﬁi 50% Vmax, a 29.47 ± 1.17 pﬁi 70% Vmax.
PozátûÏov˘ pﬁíjem kyslíku se jeví jako vhodné mûﬁítko pro velkou ãást kyslíkového dluhu
(relativní kyslíkov˘ dluh) a mÛÏe b˘t povaÏován jako indikátor anaerobnû uvolnûné energie.
Z tohoto dÛvodu mÛÏe b˘t i indikátorem anaerobní kapacity konû pﬁi standardní nebo
maximální zátûÏi.
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