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Abstract

An experiment was conducted with two non-lactating and non-pregnant ewes to evaluate a new
method of determining the energy expenditure of the head. The sheep were previously prepared with
skin-covered loops and with ultrasonic blood flow probes around the carotid artery, and they were fed
Italian ryegrass hay. After inserting the blood gas sensors into the carotid artery and jugular vein, the
blood oxvgen concentration, blood flow rate, and activity of the animals were continuously monitored.
Oxygen consumption of the head was determined by multiplying the carotid blood flow rate and the
difference in oxygen concentration between arterial and venous blood. The oxygen concentration of the
carotid artery and jugular vein were relatively constant throughout a 3-day period; however, a rapid rise
in the blood flow rate was observed. The rise in the blood flow rate was synchronized with the chewing
activity of the sheep. Thus, the changes in the oxygen consumption of the head were associated with
chewing. The calculated energy expenditure of the head was greater during eating and rumination than
during resting. The rise in energy expenditure was greater during eating than that during rumination.
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Introduction

Open circuit respiratory procedures have been
well established in indirect calorimetry”, and such
procedures have contributed to estimates made on
the whole body energy requirement of farm animals.
In recent years, in order to increase the productivity
of farm animals, it has become necessary to optimize
feeding management to reduce feeding costs and
environmental waste. To optimize feeding manage-
ment, the net nutrient requirement for the produc-
tion and activity of farm animals must be estimated.

It has been reported that ruminants spend a
large amount of time eating and ruminating, and
that the energy required for chewing (eating and
ruminating) accounts for a considerable proportion
of the animals’ total energy requirement'™"’. How-
ever, the changes in energy expenditure associated
with the animals’ activities can not be clearly distin-
guished from the changes in the whole body energy
expenditure; such changes are difficult to determine
due to the time lag response in the open circuit
respiratory procedure. Thus, further advances in
this procedure are required to determine the short-
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Fig. 1. A blood gas sensor (A) and a transit-lime ultrasound blood flow
probe (B). The yellow circle indicates the tip of the sensor.

term changes in energy metabolism in local tissues
or in specific organs.

Energy expenditure in local tissues or in organs
can be measured as oxygen consumption, as calcu-
lated from the blood flow and (multiplied by) the
difference in the oxygen content between arterial
and venous blood; such calculations are based on the
application of the Fick principle. An ultrasound
blood flow probe was developed for chronic measure-
ment of the blood flow rate in the blood vessels, and
an intra-vascular blood gas sensor for continuous
monitoring of blood gas concentrations, such as
those of oxygen and carbon dioxide, has been devel-
oped for the management of patients in intensive
care units.

The objective of the present study was to de-
velop a new method for continuously monitoring the
oxygen consumption of the organs in order to esti-

mate their energy expenditure. The oxygen con-
sumption of the sheep head was continuously moni-
tored using an ultrasound blood flow meter and in-
tra-vascular blood gas sensors. The energy expendi-
ture of the entire body was also measured using
indirect calorimetry in a respiration chamber.

Materials and Methods

Two non-lactating and non-pregnant ewes (one
Corriedale, 28 kg; and one Suffolk, 31 kg) were kept in
metabolic cages. Each of the two sheep had been
surgically prepared with skin-covered loops estab-
lished around the left carotid artery, and with chr-
onic implantation of an ultrasonic flow probe (diame-
ter, 8mm; Transonic Systems Inc,, Ithaca, New York,
USA; Fig. 1) placed around the right carotid artery.
Anaesthesia was induced with intravenous admini-
stration of 30mg of ketamine hydrochloride and
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0.6 g xylazine. Surgical anaesthesia was maintained
with halothane and oxygen in a closed circuit during
the surgical operation. The sheep were fed Italian
ryegrass hay (884 g dry matter (DM)/kg, 87 g crude
protein/kg DM and 18.0 MJ gross energy/kg DM) at a
near-maintenance requirement level" of total di-
gestible nutrients once daily at 10:00h, and the
sheep also had free access to water. After a seven-
day preliminary period, whole feces and urine were
collected for 6 days (experimental period). On the
first days of the experimental period, intravascular
blood gas sensors (Paratrend 7, Biomedical Sensors
Ltd., High Wycombe, UK; Fig. 1) were calibrated and
inserted into the sheep to a length of 10cm in order to
measure the blood oxygen concentration via the ca-
rotid cannulae and the jugular cannulae on the left
side. The blood gas sensors were secured by an
adhesive to the skin adjacent to the skin-covered
loops of the carotid artery and jugular vein, and the
sensors were connected to Paratrend 7 monitors. All
cannulae were flushed continuously with a solution
of normal saline containing heparin (2 units/m/)
from a pressurized flush bag maintained at 300
mmHg through a side-port of the sensor. The ultra-
sound flow probe was connected with a Medical Flo-
wmeter (T106, Transonic Systems Inc., Ithaca, New
York, USA). The blood oxygen concentration and
the blood flow rate were continuously measured thr-
oughout the first 3 days of the experimental period.
Data were collected from the monitors at 10-sec inter-
vals for the blood gasses, and at 1-min intervals for
the blood flow, respectively. The data were trans-
ferred into personal computers via RS-232C serial
ports and were then averaged every minute, and
were then recorded as an ASCII file. The oxygen
consumption was calculated using the following equ-
ation: OC=(0concA-OconcV) X BF, where OC=the
oxygen consumption (m//min), OconcA = the oxygen
concentration of the carotid artery (m{/100 m{), Oco-
ncV=the oxygen concentration of the jugular vein
(mi/100 ml), and BF=the blood flow rate of the ca-
rotid artery (m{/min). The oxygen consumption of
the head was calculated as being equal to twice the
OC, because there are two pairs of carotid arteries
and jugular veins in the neck. The oxygen concen-
tration was calculated using the following equation:
Oconc=p0,/760 X 100 X0.024+1.34 X Hb X0, sat/100,
where Oconc=the oxygen concentration (m{/100 m/),
pO.=the partial pressure of the oxygen, Hb=the
hemoglobin concentration (g/100 m/), and O, sat=the
oxygen saturation (%). The hemoglobin concentra-
tion of the blood was determined by a fully auto-
mated blood gas analyzer (CHIRON 840, Bayer Medi-
cal Ltd., Tokyo, Japan) at the beginning of the ex-
perimental period. Chewing behavior was monitored
using a video camera, and was recorded manually

every minute. Data regarding the blood oxygen
concentration and the blood flow rate were classified
and averaged every minute according to the chewing
activity of the animal during resting, eating, and
ruminating. During the last 3 days of the experimen-
tal period, the sheep were tested to determine the
heat production by their entire bodies using an open-
circuit respiration apparatus®. Heat production was
calculated from the gaseous exchange and urinary
excretion of nitrogen using the equation of
Brouwer”: Heat (kdJ/day)=0; X 16.18 + CO, X 5.02 —
CH; X 2.17—N x5.99, where O,=the oxygen consump-
tion (L/day); CO, and CH;=the emission of carbon
dioxide and methane (L/day), respectively; and N =
the urinary nitrogen excretion (g/day). Heat produc-
tion of the head was calculated using the following
equation: Heat (kJ/min)=EW/OW X0OC, where EW
=the whole body heat production (kJ/day), OW =
the whole body oxygen consumption (L/day), and
OC=the oxygen consumption (L/day). The methods
used for the energy and chemical analyses of the
feed, feces, and urine were the same as those de-
scribed in our previous report”.

Results

The total measuring times for the blood oxygen
concentration during the first 3 days of the experi-
mental period are shown in Table 1. The monitoring
of the blood oxygen concentration was successful for
more than 60% of the total experimental period (60
min X 24 h X3 days=4320 min). The blood gas sensors
sometimes failed at monitoring, because the tip of
the sensor was bent in the blood vessel due to the
movement of the sheep. However, we were able to
continuously monitor the blood oxygen concentra-
tion, using these sensors, for at least 24 hours in both
sheep.

The oxygen concentrations in the carotid artery
and jugular vein, the blood flow rate of the carotid
artery, and the calculated oxygen consumption, and
energy expenditure of the sheeps’ heads are shown in
Table 2, and these data are categorized and averaged
according to the activity of the animal, such as rest-
ing, eating, and ruminating, throughout the 3-day
period. The oxygen concentration of the carotid
artery and jugular vein were almost constant in
sheep 1, and were about 8.0 and 5.2 m{/100 m/, respec-
tively. The oxygen concentration in the carotid
artery and jugular vein in sheep 2 were about 8.0 and
56ml/100ml, respectively, but these values were
lower during eating.

The blood flow rates of the carotid artery during
resting were 146 and 194 m//min in sheep 1 and 2,
respectively. In both sheep, the blood flow rates
during eating and ruminating were 2.3-2.6 and 1.6-1.7
times higher than during resting, respectively. A
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typical example of the changes in the blood flow rate
of the carotid artery is shown in Fig. 2. The values
were smoothed by calculating the 10-point moving
average, ranging from about 200 to 800 m//min.
Rapid rises in the blood flow rate associated with
eating and ruminating were clearly observed among
the changes in the blood flow rate.

The changes in oxygen consumption and the
energy expenditure of the head were accompanied
with changes in the blood flow rate, because the
difference in the blood oxygen concentration be-
tween the carotid artery and jugular vein were al-
most constant. The energy expenditure of the head
during eating and ruminating was about 2.5 and 1.6
times higher than during resting, respectively (Table
2).

The amount of time the sheep spent on each
behavior, and their oxygen consumption and energy
expenditure while exercising that behavior, are
shown on a per-day basis in Table 3. The time spent
eating was 166 and 136 min in sheep 1 and 2, respec-

Table 1. Total measuring times of the blood oxygen
concentration of the carotid artery and
jugular vein throughou the 3-day period.

tively. Both sheep ruminated for about 13 hours
(54% of the day). The oxygen consumption and
energy expenditure per day were calculated by mul-
tiplying the oxygen consumption (and energy expen-
diture) per minute in Table 2 by the time spent on
each behavior. Both sheep consumed about 75kdJ/
day (20% of the total energy consumption in the
head) during eating, and about 241 kJ/day (60%) dur-
ing rumination. The total energy consumption of the
head was about 419kJ/day in both sheep.

Table 4 shows the energy intake and expendi-
ture of the two sheep. The gross energy intakes (MdJ/
day) were 13.1 and 14.2, and the levels of heat produc-
tion (MdJ/day) were 5.1 and 6.0 for sheep 1 and 2,
respectively. The energy balance of sheep 2 was
slightly negative. The total energy expenditure of
the head, averaged for both sheep, was estimated to
be 0.4 MJ (Table 4), indicating that this compartment
accounted for about 8 and 6% of the entire body
energy expenditure in sheep 1 and 2, respectively.

Discussion

In this study, the oxygen consumption of the
sheep head was calculated by continuously monitor-
ing the blood gas concentration and blood flow rate.

The blood flow was monitored by an ultrasound

Sheep Items Time (mm) flow probe. Drost” introduced a blood flow measur-

l Carotid artery 3771 (87) ing system based on ultrasonic transit time princi-
Jugular vein 2456 (57) ples. The cuff-type blood flow probe implanted aro-
""""""""""""""" Carotldartery2809(65) und the vessel requires only acoustic contact with
2 Jugular vein 3191 (74) the vessel; thus, a loose fit is acceptable. The ultra-

The number in parentheses indicates % of total time
(4320 min).
Sheep no. 1, Corriedale; sheep no. 2, Suffolk.

sound flow probe has advantages over the other
commonly used methods, such as thermodilution,
dye-dilution, and the electromagnetic flow meter, in

Table 2. Oxygen concentrations in the carotid artery and jugular vein,
blood flow rate of the carotid artery, and calculated oxygen
consumption and energy expenditure of the sheep's heads during

resting, eating and ruminating throughout the 3-day period.

Items Sheep Resting Eating Ruminating

Oxygen concentration in 1 8.0%0.1 8.0E0.1 8.0%0.0
carotid artery (m/100 m{) 2 8.0%0.1 8.0%0.0 8.0£0.1
Oxygen concentration in 1 5.230.3 5.2%+0.0 5.14+0.5
jugular vein (m//100 m{) 2 5.8+0.7 5.24+0.6 5.7£0.5
Blood flow of the carotid 1 146 64 381+95 24074

artery (m{/min) 2 194498 438173 334+102
Oxygen consumption 1 9.1x3.8 19.7+4.8 14.6+3.9
(ml/min) 2 9.7*6.3 27.2+11:3 14.6x5.8
Energy expenditure 1 195+81 420102 31083

(J/min) 2 208+ 134 5821243 313+123
Energy expenditure 1 16.056.7 34.5*8.4 26..65+£6.9
(J/kg""™/min) 2 15.8+10.2 44.3*18.5 23.8+9.4

Values are means=+S.D.
Sheep no. 1, Corriedale; sheep no. 2, Suffolk.















