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Summary

In order to evaluate metabolic heat generation and heat dissipation of strenuously exercising horses, thermal response in various body com-
partments was simultaneously and continuously monitored. Two horses were subjected to a long-term incremental exercise protocol with
progressive increase of treadmill speed, slope and draught load. The temperatures were determined in the following structures and cavities
using implanted thermocouple probes: middle gluteal, semitendinosus and masseter muscles, right cardiac ventricle, jugular vein, abdomen,
rectum and subcutaneous tissue. The kinetics of temperature increases were similar for locomotor muscles, right ventricle (body core), ab-
domen and subcutaneous tissue. At peak exercise the highest temperatures were measured in locomotor muscle (43.3°C). The blood tem-
perature in the jugular vein was =~1°C below body core temperature at rest and =~3°C below at peak exercise. During and after exercise the
rectal temperature never accurately assessed core and compartment temperatures, Maximal rectal temperatures peaked =~1°C below body
core temperature with a lag time of 10-15 minutes.
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Temperaturveranderungen in verschiedenen Koérperkompartimenten des Pferdes wéhrend intensiver Belastung

Um die metabolische Warmeproduktion und -abgabe von intensiv belasteten Pferden zu messen, wurde die thermale Reaktion in verschie-
denen Kérperkompartimenten gleichzeitig und kontinuierlich aufgezeichnet. Zwei Pferde absolvierten auf dem Laufband eine Langzeitbela-
stung mit einem progressiven Anstieg von Laufgeschwindigkeit, Steigung des Laufbandes und Zuglast. Mittles implantierter Thermosonden
wurde die Temperatur in den folgenden Strukturen und Kérpernéhlen gemessen: mittlerer M. glutaeus, M. semitendinosus, M. masseter,
rechte Herzkammer, vena jugularis, Abdomen, Rektum und subkutanes Gewebe. Die Kinetik des Temperaturantieges war fr die Bewe-
gungsmuskulatur, rechte Herzkammer (Kérperkern), Abdomen und subkutanes Gewebe ahnlich. Zu Zeiten der Spitzenbelastung wurde die
hochste Temperatur in der Bewegungsmuskulatur gemessen (43,3°C). Im Ruhezustand lag die Temperatur des Blutes, in der vena jugularis
gemessen, ~1°C unterhalb der Kérperkerntemperatur, zu Zeiten der Spitzenbelastung ~3°C unterhalb, Wahrend und nach Belastung konnte
die rektal gemessene Temperatur niemals genau AufschluB Uber die Temperatur im Kern und den Kompartimenten geben. Die héchste rek-
tal gemessene Temperatur lag ~1°C unterhalb der Kérperkerntemperatur. Diese Maximum wurde 10-15 min nach dem der Kerntemperatur
erreicht.

Schlisselwdrter: Thermoregulation, Uberhitzung bei Belastung, Warmeaustausch, Muskeltemperatur, Bluttemperatur, Rektaltemperatur

Introduction

The inefficient metabolic conversion of chemical energy into me-
chanical power leads, at the muscular level, to build up of a signi-
ficant amount of metabolic heat during intensive physical effort in
the horse. It is estimated that only 20% of the total stored energy
is available for contractile activity (Astrand and Rodahl, 1986). Un-
der adverse ambient conditions, such as high temperature and
humidity, the thermoregulatory system of the horse and coupled
mechanisms for heat dissipation are dramatically challenged, es-
pecially when associated with high intensity exercise. Performan-
ce limitation and life-threatening problems are potential sequelae
to heat accumulation. Careful monitoring during equine endu-
rance and three day event competitions is essential to prevent hy-
perthermia and ensure animal welfare.

Very little is known on heat accumulation and distribution in diffe-
rent tissue compartments of the equine athlete. This study was
therefore initiated to understand some of the patterns of heat flow
and heat dissipation from its site of generation — the locomotor

450

muscles, to the different compartments of the body. The thermal
response over time to endurance exercise was recorded conti-
nuously and simultaneously in several body compartments of hor-
ses exercising on a treadmill.

Materials and methods

Two Swiss Warmblood geldings (10 and 12 year old; body
weights 558 and 573 kg) were used in this study. They were a-
dapted to the treadmill (Mustang 2200, Kagra AG, Fahrwangen,
Switzerland), to the harness and the traction force installation and
were conditioned over a six week period with a daily 45 minute
treadmill exercise program at submaximal work intensities. This
exercise protocol included work loads with varying speeds, in-
clines and draught loads. One week prior to the experiments the
horses were capable to complete the experimental exercise pro-
tocol. This exercise protocol (Tab. 1) consisted of a 30 minute in-
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Tab. 1: Incremental exercise protocol.

Time interval | Treadmill Treadmill Draught work
[minute] speed [mes]|incline [%] | kg (N)]
Rest 5 0 0 0
Warm up 5 1.6 0 10 (98)
5 1.6 6 10 (98)
5 1.6 9 10 (98)
Exercise 5 3.0 3 10 (98)
5 3.0 3 20 (196)
5 3.5 3 30 (294)
5 3.5 6 30 (294)
2 4.0 6 30 (294)
2 4.0 B 40 (392)
2 4.0 6 50 (490)
2 4.5 6 50 (490)
2 4.5 6 60 (588)

cremental exercise test, during which the speed was increased
from 3.0 to 4.5 mes', the treadmill slope from 0 to 6 % and the
added draught load from 98 to 589 N. Horses were trotting du-
ring the whole exercise test and were subseguently standing du-
ring the recovery phase quietly on the treadmill with the fan turned
off. The tests were conducted in a non-air-conditioned laboratory
in April (max. room temperature 16°C; max. air humidity 75 %).
The airflow velocity directed against the anterior and dorsal as-
pects of the exercising animal was adjusted according to
treadmill speed. Once fully instrumented with the implanted
temperature probes the horses were subjected to a single
exercise test.
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Local temperature changes over time were measured at the follo-
wing specific anatomical sites: M. gluteus medius at a depth of 80
mm, M. semitendinosus at a depth 680 mm, M. masseter at a
depth of 20 mm, right jugular vein, right cardiac ventricle, rectum,
abdominal cavity and in subcutaneous tissue lateral at the neck.
Tissue and jugular vein blood temperatures were measured conti-
nuously using gas sterilised Nickel-Chromium (Nickel thermocou-
ple wires Type K), 1.2 mm in diameter (Suprag AG, Zurich, Swit-
zerland), implanted immediately before exercise through a 13G te-
flon catheter placed under aseptic conditions and local anaesthe-
sia with a blunt stilet. Catheters were held in position with sutures.
Before sterilisation, thermocouples were threaded through Luer
fittings, which sealed the catheters and ensured the accurate po-
sitioning of the thermocouple tip. For the purpose of measuring
right ventricle blood temperature and pressure a 1.10 m long and
2 mm wide thermoplastic cardiac catheter with an integrated
Nickel-Chromium (Nickel thermocouple wire (@0.5 mm) was
used. The accurate positioning of the right cardiac ventricle probe
was verified by pressure curve recordings. During the entire expe-
riment ECG recordings were performed to monitor for ventricular
extra systoles. The rectal probe was mounted on a rubber bal-
loon, which was inflated slightly once placed in the rectum to en-
sure direct contact to the rectal mucosa. The thermocouple tip
was placed approximately 25-30 cm cranial from the anal sphinc-
ter. Abdominal temperature probes were placed through the left
paralumbar fossa, over a length of 25 cm along the lateral abdo-
minal wall. Temperature traces from the different sites were recor-
ded alphanumerically every minute using a printer with integrated
thermocouple amplifier and analogue-digital board (SE 490, ABB
Metrawatt, GmbH, NUrmberg, Germany). Linearity calibration of
each single thermocouple wire and calibration immediately after
the experiment were checked in a rotating heated water bath with
a calibration thermometer.

The heart rate was recorded continuously with a Hippocard heart
rate monitor (Isler Bicengineering AG, Zurich, Switzerland). Ve-
nous whole blood samples for plasma lactate determination were
collected in duplicates at each exercise level 15 seconds before
changing to the following step.

Tab. 2: Heart rate, plasma lactate concentration, and temperature changes of the horse ,Quai du Ma-

noir* during rest, warm up, exercise and recovery.

Rest |Warm up Exercise Recovery Maximal values
(time [min])

Time [min] 0 15 35 45 55 105
Heart rate [beatsemin-'] 41 116 165 213 102 54 213 (45)
Lactate [mmols-1] 1.22 0.64 1.94 125 8.62 1.74 [12.9 (46)
M. gluteus medius temperature [°C]|  37.6 38.5 40.8 43.3 - - 43.3 (45)
M. semitendinosus temperature [°C] | 37.1 37.9 39.8 42.0 - - 42.5 (46)
M. masseter temperature [°C]| 36.2 36.7 37.6 38.7 38.6 37.2 |38.9(46)
Right ventricle blood temperature [°C]|  36.3 375 39.2 411 39.0 37.1 |41.1(45)
Jugular vein blood temperature [°C]|  36.2 36.2 38.5 38.4 37.6 36.1 [38.4 (45)
Subcutis temperature [°C] 36.0 36.7 39.2 41.5 39.7 37.2 |41.5(45)
Abdominal temperature [°C] 37.4 37.9 39.5 40.6 415 38.1 [41.7 (50)
Rectal temperature [°C] 37.6 38.0 38.9 39.9 401 37.7 |40.2(57)

Thermocouple probes in locomotor muscles were removed after the end of exercise and therefore re-

covery values are missing.
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Results

Heart rate, plasma lactate and temperature data during rest,
warm up, exercise and recovery from the horse ,Quai du Manoir®
are summarised in Table 2.

At 4.5 mes, 8 % incline and 589 N draught load both horses
exercised at near maximal intensities as represented by heart
rates over 200 bpm (213 resp. 201 bpm). Maximal plasma lactate
concentrations peaked 1 minute after completion of the exercise
test at 12.9 and 12.1 mmolel" respectively.

Initial temperatures at rest were comparable between locomotor
muscles, rectum and abdominal cavity and ranged between 36.9
and 37.8°C. Interestingly the initial temperatures of the right ven-
tricle and jugular vein were on the average 1.0 degree lower
(36.3°C) compared to the other sites. The subcutaneous tempe-
ratures at rest were 36.0°C respectively 34.0°C. The lowest initial
temperature was measured in the masseter muscle of one horse
with 31.8°C.

At the onset of exercise, as the fan started to blow against the
horse, subcutaneous temperatures showed a sharp decline of
approximately 1 degree due to increased convection.

During exercise the temperature rose exponentially in all measu-
red compartments of both horses (Fig. 1-3). The mean tempera-
ture increases during exercise time were 0.14°Csmin-! in locomo-
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Fig. 1: Muscle temperatures of the horse ,Quai du Manoir* during
warm up, exercise and recovery.

tor muscles and subcutaneous tissues, 0.12°Cemin-' in the right
ventricle and the masseter muscle, 0.10°Cemin-' in the abdomen,
0.09°Csmin" in the jugular vein and 0.06°C-min-' in the rectum.

At the end of the exercise period, the highest temperatures
(40.6-43.3°C) were measured in the major locomotor muscles
(Fig. 1). Temperatures peaked within 1 minute after conclusion of
the test and temperature differences to resting values were on
average 5.5°C. The core temperature (Fig. 2) showed proportional
temperature kinetics but slightly lower maximum values compared
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Fig. 2: Blood temperatures changes of the horse ,Quai du Ma-

noir* during warm up, exercise and recovery.
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Fig. 3: Abdominal, rectal and subcutaneous tissue temperatures
of the horse ,Quai du Manoir® during warm up, exercise

and recovery.

to temperatures measured in locomotor muscles (41.1 and 40.8°C
for the two horses respectively). The temperature difference to
resting values was 4.8 respectively 4.3°C. The smallest tempera-
ture increases (2.2 resp. 2.5°C) and lowest peak temperatures
post exercise (38.4 resp. 38.5°C) were recorded in the jugular
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vein (Fig. 2). Interestingly, during the first 20 minutes of exercise,
where the intervals lasted 5 minutes, a striking and consistent
temperature difference of 2.0 to 2.2°C between blood tempera-
ture of the jugular vein and the right cardiac ventricle was obser-
ved in both horses. This difference increased during the second
phase of exercise, where intervals lasted 2 minutes and was con-
sistently 2.7 to 2.9 °C. Temperatures of the subcutaneous tis-
sues (Fig. 3) peaked within the first 3 minutes post exercise at
41.5 and 40.4°C respectively. The temperature difference to
resting values was 5.5 respectively 6.4°C. In the abdominal cavity
(Fig. 3) the temperature gradients rose similarly and reached com-
parable peak temperatures as measured at the body core (41.7
resp 40.9°C) with the difference, that peak values were attained
later, at 5 minutes post exercise. The rectal temperatures (Fig. 3)
showed the typical delayed rise which peaked with maximal va-
lues of 40.2 respectively 39.3°C only 10-15 minutes after exer-
cise. The temperature difference to resting values was 2.6 res-
pectively 2.3 degrees. In one horse air aspiration into the rectum
at the start and end of the exercise phase provoked temperature
drops of 1.5 degrees. The masseter (Fig. 1), as non-locomotor
muscle was heated passively with increasing heat dissipation
through blood flow. Maximal temperatures stayed at the lower
range of measured peak temperatures.

One hour post exercise, the compartment temperatures — with
exception of the jugular blood temperature — stayed to a variable
extent (0.4-3.3°C) elevated. Jugular blood temperatures equalled
consistently in both horses initial resting temperatures and in one
horse the rectal temperature returned to the pre exercise level.

Discussion

This study demonstrates the temperature/time distribution pat-
terns and their kinetics in the exercising horse from the heat gene-
rating muscles through the cardiovascular system by heat con-
duction to the skin for heat convection and evaporation, and ex-
pounds blood flow shifts during and after exercise to and from
exercise relevant organs such as locomotor muscles.

Incremental exercise test including draught work produced a sub-
stantial thermal load in the two horses tested. Local temperature
changes (absolute temperatures and temperature/lag time asso-
ciation) observed during the present study at the highest exercise
level are similar to those reported by Hodgson et al. (1993) at 65
% of VO, with mean heart rate of 170 bpm. However the a-
bove values in our study with the horses working at near maximal
intensities (heart rates >200 bpm and plasma lactate concentra-
tions >12 mmokl') were lower than the respective data by
Hodgson et al. (1993) at 90% VO,,... and similar heart rates. Va-
rious conditions and circumstances may influence metabolic heat
generation and dissipation, such as the type of horse, the indivi-
dual state of training, heat adaptation and hydration (Naylor et al.,
1993), the warm up and exercise protocol as well as environ-
mental conditions and temperature monitoring techniques. All
these variables are usually not identical between different experi-
mental protocols and comparisons of results of absolute tempe-
rature values between experiments have therefore to be interpre-
ted with caution.

Metabolic heat load is produced proporticnally to the intensity of
exercise and tends to plateau near maximal exercise intensities
(Hodgson et al., 1993). Interestingly during this specific incremen-
tal exercise test, temperatures of all compartments rose exponen-
tially with time and each work load level. A linear response of the
heart rate to increasing workload was expected; however in this
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experiment we observed an exponential increase, reflecting the
nature of the exercise protocol, where we combined treadmill ve-
locity, slope and draught load to augment work intensity.

Rectal temperatures did not adequately represent core and com-
partment temperatures and should not be used as the sole mea-
suring site to assess heatload of strenuously exercising horses.
This has been observed by others as well (Hodgson et al., 1993).
The rectal temperature increase over time was obviously slower
compared to any other body compartment. The rectal temperatures
never reached maximal core temperature and peaked after exer-
cise with a substantial lag time of 10-15 minutes, likely due to
blood flow redistribution. This aspect of time lag should be care-
fully taken into consideration when correcting blood gas measure-
ments to temperature (Jones et al., 1989). The rectal temperature
neither reflected the thermal situation in the abdominal cavity, as
abdominal temperatures peaked earlier and at 1.5°C higher. The
lower rectal temperatures recorded may be the result of the diffe-
rent vascular supply (Arteria mesenterica caudalis) and/or the re-
troperitoneal location (insulation) of the rectum. The slow and in-
complete equilibration of stored metabolic heat to the rectum af-
ter exercise, resulted in an underestimation of the body core tem-
perature. This is an important point to consider by veterinarians
monitoring heat stress in horses during equestrian events. Guide-
lines for endurance events indicate that rectal temperature of
>103°F (>39.4°C) should not be exceeded.

Muscle temperature differences of 1-1.5°C were consistently
measured between the middle gluteal and semitendinosus mus-
cle. These differences are not only entirely attributed to different
functional activity of different locomotor muscle groups, but might
also be a reflection of temperature sampling depth. In preliminary
tests, where left and right corresponding muscles of the same
horse were simultaneously measured and the thermocouple tips
were not precisely placed at the same depth, temperature curves
with same kinetics but variable offsets were recorded. Insulation
may contribute to this temperature difference but also local meta-
bolic activity within a whole muscle could explain the higher meta-
bolic heat generation. Armstrong et al. (1992) demonstrated in
their blood flow microsphere studies, that within the same anato-
mically defined muscle, deep muscle fiber portion showed higher
structural and biochemical oxidative capacity, higher blood flow
and earlier recruitment of oxidative fibres (type | and I1A) during
exercise and therefore higher metabolic tumover compared to su-
perficial portions.

Moderate elevations of muscle tissue temperature up to 40°C du-
ring short term exercise benefit muscular performance by accele-
rating muscle cell energy metabolisms (Astrand and Rohdahi,
1986) and increasing oxygen diffusion from red blood cells into
tissue by shifting the oxyhaemoglohin dissociation curve to the
right (Reeves, 1980). However a number of tissues, particularly
the central nervous system are extremely susceptible to the no-
xious effects of hyperthermia (>42°C). In our study the highest
muscle temperature was 43.3°C and peak core body temperature
was 41.1°C. Even higher muscle temperatures with maximal va-
lues of 45°C were reported by Lindholm and Saltin (1974). Maxi-
mal body core temperature (pulmonary artery) of 42.8°C is repor-
ted by Hodgson et al. (1993). The same study demonstrates an
insignificant lower blood temperature (0.4°C) in the carotid artery
draining to the brain. Compared to these observations, our study
demonstrated a consistent significant temperature difference be-
tween body core and jugular vein blood, thus indicating the likely
presence of an efficient cocling mechanism protecting from cere-
bral hyperthermia. As the horse does not have a counter-current
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heat exchange mechanism related to the Rete mirabile epidurale
rostrale as in ruminants, it is speculated, that in the horse the ar-
terial blood gets cooled down over a heat exchange mechanism
related to the venous plexus of the nasal cavity before draining to
the brain (Hodgson et al., 1994).
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