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Abstract 

Background. Experimental studies in adult horses have shown that general anaesthesia 

maintained with isoflurane is associated with less depression of cardiovascular function 

compared with halothane anaesthesia. Adverse effects of intermittent positive-pressure 

ventilation (IPPV) have also been demonstrated. Nevertheless, the haemodynamic effects of 

these agents and the effects of differing modes of ventilation have not been assessed during 

clinical anaesthesia in horses undergoing surgery. 

Methods. The haemodynamic effects of isoflurane or halothane anaesthesia during 

spontaneous or IPPV were studied non-invasively in 32 laterally recumbent horses 

undergoing elective surgery. Indices of cardiac function and measurements of femoral arterial 

blood flow and resistance were recorded using transoesophageal and transcutaneous Doppler 

echocardiography, respectively. Arterial pressure was measured directly using a facial artery 

catheter. 

Results. Cardiac index (CI) was significantly higher during isoflurane anaesthesia than 

during halothane anaesthesia and was also higher during spontaneous ventilation with 

isoflurane. CI decreased significantly over time and an inverse relationship was observed 

between CI and mean arterial pressure (MAP). Horses with higher MAP had a significantly 

lower CI. During isoflurane anaesthesia, femoral arterial blood flow was significantly higher 

in both pelvic limbs compared with halothane anaesthesia, and flow in the lower limb was 

significantly higher during spontaneous ventilation than during IPPV. No significant change 

in femoral blood flow was observed over time. 

Conclusion. The effects of anaesthetics and mode of ventilation on cardiovascular function 

recorded under surgical conditions in horses are similar to those reported under experimental 

conditions. However, in contrast with previous experimental studies, CI progressively 

decreased over time regardless of agent used or mode of ventilation employed. 



Introduction 

Recent data using prospective cohort studies have confirmed much higher perioperative 

mortality and morbidity associated with anaesthesia in horses
1
 compared with humans

2
 and 

with dogs and cats.
3
 Johnston and colleagues

1
 reported that after emergency laparotomy cases 

were excluded from their dataset, the mortality rate associated with general anaesthesia in 

horses was 0.9%. As a result, there has been extensive research into the effects of different 

anaesthetics on equine cardiovascular function and their contribution to perioperative deaths. 

The effects of halothane and isoflurane anaesthesia on central and peripheral haemodynamics 

have been extensively studied in the laboratory, where both agents are observed to produce 

dose dependent decreases in cardiac function.
4,5

 However, at constant arterial carbon dioxide 

tension ( ) halothane produces a greater depression of cardiac function than occurs 

during isoflurane anaesthesia.
4
 This was thought to result from greater depression of 

myocardial contractility by halothane than by isoflurane.
6
 Femoral arterial blood flow is 

higher during isoflurane anaesthesia than during halothane anaesthesia in horses not 

undergoing surgery,
7
 a finding consistent with indirect evidence that skeletal muscle blood 

flow is also higher during isoflurane anaesthesia. Significant temporal improvements in 

cardiac output and stroke volume have been observed during halothane and isoflurane 

anaesthesia.
8,9

 There is also experimental evidence that the effects of these agents differ 

during different modes of ventilation. During intermittent positive-pressure ventilation 

(IPPV) cardiovascular depression is significantly less during isoflurane anaesthesia than 

during halothane anaesthesia, although the effects of each agent on cardiovascular function 

did not differ significantly during spontaneous ventilation.
4
 It seems likely that depression of 

myocardial contractility by halothane is offset during spontaneous ventilation by increased 

sympathetic nervous system activity, secondary to increased . Alternatively, or 
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additionally, cardiac output during spontaneous ventilation is maintained because there is less 

reduction of venous return. 

The invasive nature of techniques used to measure cardiac function and skeletal muscle blood 

flow has prevented the study of the effects of different anaesthetics and mode of ventilation 

in clinical equine subjects undergoing surgical procedures; it is possible that the depressant 

effects of low inspired concentrations of halothane may be partially overcome by surgical 

stimulation.
5
 The recent development of non-invasive techniques, including 

transoesophageal
10

 and transcutaneous Doppler ultrasound,
11,12

 currently allows measurement 

of cardiac function and peripheral blood flow in clinical subjects. The purpose of this study 

was to use these techniques to determine the effects of different inhalational agents and mode 

of ventilation on cardiac function and femoral arterial blood flow in laterally recumbent 

horses undergoing anaesthesia for surgery. 

 

Methods 

Horses 

Laterally recumbent horses undergoing orthopaedic and soft tissue surgery were studied. 

Horses undergoing procedures involving significant blood or fluid loss were excluded. First, 

the inhalational agent used for maintaining anaesthesia was randomly selected and then the 

mode of ventilation was randomly selected for each agent. Consequently, horses were 

randomly assigned to one of four groups: halothane and IPPV, halothane and spontaneous 

ventilation, isoflurane and IPPV or isoflurane and spontaneous ventilation (Table 1). 

 

Anaesthesia 

Food but not water was withheld for 12–18 h before anaesthesia. A jugular venous catheter 

was placed before induction of anaesthesia for i.v. drug administration. Horses were sedated 
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with romifidine 0.1 mg kg
−1

 i.v. and 5 min later anaesthesia was induced using ketamine 2.2 

mg kg
−1

 and diazepam 0.05 mg kg
−1

 i.v. After orotracheal intubation, the horses were hoisted 

and positioned in lateral recumbency on a padded operating table and the endotracheal tube 

was connected to a circle breathing system. The selected inhalational agent was delivered in 

50% nitrous oxide and 50% oxygen for the first 10 min and thereafter in 100% oxygen. The 

lungs of horses selected to receive IPPV were ventilated at 6–8 bpm with a tidal volume of 

10–15 ml kg
−1

 and an inspiratory:expiratory ratio of 1:3 using a large animal ventilator 

(Large Animal Anesthesia Control Centre, North American Drager, Telford, USA). 

Ventilation was adjusted to maintain normocapnia (  5.3–6.6 kPa). For horses assigned 

to spontaneous ventilation, IPPV was initiated if  exceeded 10.0 kPa during 

anaesthesia; the remaining data for these horses were excluded from subsequent analysis. 

Horses were positioned on the operating table with the upper and lower limbs parallel and the 

lower thoracic limb pulled cranial to the upper limb. Approximately 5 min after connection to 

the anaesthetic machine, flunixin 1.1 mg kg
−1

 and morphine 0.12 mg kg
−1

 were administered 

intravenously. Isotonic polyionic fluids were administered via the jugular catheter at 10 ml 

kg
−1

 h
−1

. 

 

Monitoring 

Heart rate was monitored using a base-apex electrocardiograph. Arterial pressure was 

measured using a fluid-filled transducer connected to a catheter in the facial artery. The 

transducer was calibrated at 0 and 100 mm Hg using a mercury manometer and zeroed at the 

level of the manubrium sternae. The electrocardiograph and arterial pressure trace were 

displayed continuously throughout anaesthesia on an oscilloscope (Datex, Shelton Technical, 

Milton Keynes, Buckinghamshire, UK). End-tidal concentration of the inhalational agent 

used to maintain anaesthesia was measured using a piezoelectric agent monitor (Lamtec 605 



pneu PAC Ltd, Luton, Bedfordshire, UK). Arterial blood was collected from the facial 

arterial catheter using a heparinized syringe for ,  and pH measurement. 

 

Cardiac function 

Indices of left ventricular systolic function; left ventricular pre-ejection period (PEP), ejection 

time (ET) and left ventricular velocity time integral (VTI), were measured from the aortic 

velocity waveforms recorded using transoesophageal echocardiography (TOE).
10,13

 These 

indices were measured during anaesthesia after each sample time using the methods 

described by Young and colleagues.
11

 Cardiac output (Qt) was calculated from the product of 

the aortic VTI, the cross-sectional area of the aorta and heart rate.
13

 The cross-sectional area 

of the aorta was calculated from its diameter measured above the sinus of Valsalva using the 

leading-edge method.
13

 The diameter was measured three times from each of three sequential 

cardiac systoles and the average taken. A sequence of five consecutive velocity waveforms 

was measured, timed to correspond to a single cycle of ventilation. CI was then calculated 

using the following formula: 

CI = Qt / BSA (litre min
-1

 m
-2

) 

Where BSA is the body surface area and is given by 
14 

BSA = 10.5 x (body mass [g]
2/3

 x 10
-4

 (m
2
) 

The corrected ejection time (ETc) was calculated according to the formula 
15 

ETc = ET / ( RR interval) (8) 

where RR interval was an average measurement made from the simultaneously derived base 

apex electrocardiograph. The RR intervals corresponding to the five cardiac cycles used to 

derive ET were measured. 
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Femoral blood flow and resistance 

Femoral blood flow and indices of femoral vascular resistance (pulsatility index [PI] and end-

diastolic deceleration slope [EDSS]) were measured using Doppler ultrasonography as 

previously described.
12

 The diameter of the femoral arteries was measured from the outer 

edge of the proximal vessel wall to the inner edge of the distal vessel wall. The time-averaged 

mean velocity for the entire cycle (TAV), the volumetric flow, EDDS and PI were calculated 

from the arterial velocity waveforms. Average measurements recorded from six consecutive 

cardiac cycles were calculated. 

 

Data collection 

Data collection began once the horse had been positioned, ∼20 min after connection to the 

breathing system. Aortic velocity waveforms, systolic, diastolic and mean arterial pressure, 

ventilatory frequency, tidal volume, inspiratory pressure and end-tidal concentration of 

inhalational agent were recorded every 10 min. Arterial blood gas and femoral arterial flow 

variables were recorded every 20 min. 

 

Data analysis 

The mean and standard deviation of cardiac function measurements and peripheral blood 

flow were calculated for each group. End-tidal concentrations of inhalation agent used to 

maintain anaesthesia were expressed as a percentage of MAC of each agent in horses (0.88 

and 1.31 for halothane and isoflurane, respectively
16

). Statistical analyses were conducted to 

assess the effects of anaesthetic agent and mode of ventilation on selected measurements of 

cardiovascular function including CI, PEP, ET, ETc, MAP, lower femoral arterial blood flow 

(LAF), upper femoral arterial blood flow (UAF), difference in flow (measured by LAF–UAF) 

http://bja.oxfordjournals.org/content/95/3/317.long#ref-12
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and indices of femoral vascular resistance (EDDS and PI). The measurements LAF and UAF 

were indexed to the mass of the horse with the formula used to calculate CI. 

Associations between the cardiovascular measures, the anaesthetic and the mode of 

ventilation were assessed using linear mixed-effects models fitted using the maximum 

likelihood estimation.
17

 Correlations between successive measurements on the same horse 

were modelled using parametric models for covariance structure in longitudinal 

data.
18

Akaike's Information Content (AIC) values
19

 were used to compare models with 

compound symmetry (random intercepts) and first-order autoregressive covariance structures. 

The mixed-effects models were built using a forward selection approach. Fixed effects were 

included in the models if they were significantly associated with outcome (Wald P<0.05). 

Adjustments were made for heart rate and arterial blood gas tensions (  and ) by 

including them as covariates in the mixed-effect models (when statistically significant). 

Biologically meaningful two-way interaction terms were tested between the main effect 

variables. Contrasts were used to conduct customized hypothesis tests on combinations of 

model parameters (e.g. effect of mode of ventilation for horses during halothane anaesthesia). 

Diagnostic plots were used to check the model fit against the raw data; fitted mean response 

profiles were superimposed on a time plot of the average observed response within each 

covariate–time combination, and the fitted variogram was superimposed on a plot of the 

empirical variogram.
18

 

To assess the effect of blood pressure on cardiac function and femoral blood flow, MAP was 

added as an explanatory variable to the mixed-effects models for CI, LAF and UAF. Other 

fixed effects in the model were then eliminated by backward selection. A similar procedure 

was used to assess the relationship between cardiac output and femoral blood flow. 
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Results 

The characteristics (mean [standard deviation]) of the horses in each group are presented 

in Table 1. Descriptive statistics (mean [standard deviation]) of the measurements of the 

central and peripheral cardiovascular function of the horses in each group recorded at 20, 40, 

60, 80, 100 and 120 min are presented in Tables 2–5. Each group consisted of eight horses. 

Incomplete data resulted from failure to position the TOE transducer, failure of the TOE 

probe temperature sensor, differences in the duration of anaesthesia as dictated by the surgery 

and the need to institute IPPV in horses developing hypercapnia (Tables 2–5). 

 

Effects of agent and mode of ventilation on cardiovascular function 

CI during isoflurane anaesthesia was significantly higher than that during halothane 

anaesthesia (P<0.001). Mode of ventilation also had a significant effect on CI. Spontaneous 

ventilation was associated with a higher CI than IPPV during isoflurane anaesthesia 

(P=0.01), but this effect was not observed during halothane anaesthesia (P=0.99). A model 

with linear and quadratic effects for time revealed a significant decrease in CI over time with 

the rate of decrease being steeper after 60 min (P=0.02 for quadratic effect). There was no 

association between CI and either  or  after adjustment for anaesthetic and 

ventilation (P=0.9 and P=0.6, respectively). The final multivariable mixed-effects model for 

CI is shown in Table 6. Diagnostic plots confirmed that the model provided a satisfactory fit 

to the data (see Fig. 1 for the fitted and observed mean response profiles). 

Pre-ejection period during halothane anaesthesia was significantly higher than that during 

isoflurane anaesthesia after adjusting for heart rate (P<0.001) but was not significantly 

associated with mode of ventilation (P=0.2),  (P=0.2) or  (P=0.1). Pre-ejection 

period increased linearly with time (P<0.001). 

http://bja.oxfordjournals.org/content/95/3/317.long#T1
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Conversely, corrected ejection time during isoflurane anaesthesia was significantly higher 

than that during halothane anaesthesia (P<0.001) and was also significantly higher during 

spontaneous ventilation than during IPPV (P=0.03). ETc decreased during surgery (P=0.01 

for quadratic effect); however,  and  were not significant in this model (P=0.6 

andP=0.5, respectively). 

In contrast with other measurements of central cardiovascular function, there were no 

significant associations between MAP and anaesthetic (P=0.3) or mode of ventilation 

(P=0.4). The relationship between MAP and time was modelled using a quadratic function 

(linear effect −0.339,P=0.005, and quadratic effect 0.002, P=0.001). This demonstrated that 

MAP initially decreased with time, reaching a minimum at 80 min before increasing slightly 

during the latter part of surgery (but without returning to initial values). Mean arterial 

pressure was not significantly associated with  (P=0.2) or  (P=0.8). 

Femoral arterial blood flow recorded in the lower limb (LAF) was significantly higher during 

isoflurane anaesthesia than during halothane anaesthesia (P=0.003). Mode of ventilation was 

also observed to have a significant effect on LAF. Horses breathing spontaneously had a 

significantly higher LAF than horses receiving IPPV (P=0.03). This effect was no longer 

significant after adjustment for . (P=0.2). Femoral arterial blood flow recorded in the 

upper limb (UAF) during isoflurane anaesthesia was also significantly higher than that 

recorded during halothane anaesthesia (P<0.001), but UAF was not significantly associated 

with mode of ventilation (P=0.8). Femoral arterial flow in the lower and upper limb did not 

vary significantly over time (P=0.4 and P=0.8, respectively). 

Femoral flow in the lower limb and  were associated (P=0.001), but femoral flow in the 

upper limb was not associated with  (P=0.5). Adjustment for  in the model for lower 

limb femoral flow increased the magnitude of the effect for mode of ventilation. 



Neither measure of femoral resistance (lower arterial pulsatility index and upper arterial 

pulsatility index) was associated with agent (P=0.1 andP=0.06, respectively), mode of 

ventilation (P=0.8 and P=0.08, respectively) or time (P=0.4 and P=0.3, respectively) before 

and after adjustment for  or . 

Assessment of differences between femoral arterial blood flow in the lower and upper limbs 

revealed that, on average, horses had significantly higher levels of flow in the lower limb 

compared with the upper limb (P<0.001). Assessment of the effects of mode of ventilation on 

this difference revealed a significantly greater difference between flow in the lower and upper 

limbs in spontaneously breathing horses compared with horses receiving IPPV (P<0.001), 

although this effect was no longer significant after adjustment for  (P=0.2). No 

associations were found between differences in lower and upper femoral arterial blood flow 

with anaesthetic (P=0.2) or time (P=0.4). Arterial partial pressure of oxygen was associated 

with the differences in blood flow between the upper and lower femoral arteries (P=0.003) 

and adjustment for PaO2 in the mixed-effects model increased the estimated effect of the 

mode of ventilation. 

 

Relationship between indices of cardiovascular function 

When corrected ejection time was included in the model that explored the effects of agent 

and ventilation on CI, ETc was the only significant variable retained in the model (P<0.001). 

Similarly, when CI was included in the model that explored the effects of agent and 

ventilation on ETc, cardiac index (P<0.001) and agent (P=0.009) were the only significant 

variables retained in the model. 

After adjusting for agent, mode of ventilation, , , time and correlation between 

measurements on the same horse, it was observed that horses with higher MAP had lower Qt. 

A mean increase in MAP of 10 mm Hg was significantly associated with a mean drop in Qt 



of 1.8 litre min
−1

 (95% confidence interval [CI], −2.7 to −0.9). There was also a positive 

relationship between MAP and femoral arterial flow, although a stronger but negative 

relationship was found between femoral arterial flow and indices of femoral vascular 

resistance. Ignoring femoral resistance, a mean increase in MAP of 10 mm Hg was associated 

with a mean increase in LAF of 63 ml min
−1

 (95% CI, 14–111) and a mean increase in UAF 

of 51 ml min
−1

 (95% CI, 19–84) after adjustment for covariates. After inclusion of PI in 

models relating LAF and UAF to MAP, the effect of MAP became non-significant and a 

strong negative relationship between PI and femoral arterial flow became apparent. Mean 

increases of 1 unit in lower and upper limb PI were associated with mean decreases in lower 

and upper limb femoral flow of 23 ml min
−1

 (95% CI, 13–33) and 16 ml min
−1

 (95% CI, 11–

20), respectively. In contrast, no significant associations were observed between Qt and LAF, 

UAF, LAPI or UAPI (P-values of 0.8, 0.3, 0.08 and 0.07 respectively). 

 

Discussion 

The use of transoesophageal echocardiography and peripheral vascular ultrasonography 

allowed the cardiovascular effects of two commonly used inhalational agents, isoflurane and 

halothane, to be studied in equine clinical cases undergoing soft tissue and orthopaedic 

surgery. 

Comparison of the cardiovascular effects of the two inhalational agents revealed that 

isoflurane was associated with significantly greater CI and ETc and significantly reduced 

PEP compared with halothane. Ejection time and PEP are heart-rate-dependent indices of 

cardiac function influenced by preload, afterload and myocardial contractility.
20

 In humans, 

ETc has a clinically useful relationship with left ventricular filling pressure, as assessed by 

pulmonary arterial wedge pressure,
21,22

 and has been used as a non-invasive estimate of left 

ventricular preload.
23,24

 The fact that ETc was significantly higher in horses anaesthetized by 
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isoflurane, regardless of the mode of ventilation employed, suggests that differences in CI 

between the two agents are related to differing effects on cardiac preload. However, in 

common with other ejection phase indices of left ventricular function, ETc is also influenced 

by myocardial contractility and afterload when these influences are not 

controlled.
22

 Therefore, as has been suggested previously,
4,7

 higher CI in horses anaesthetized 

with isoflurane could also reflect better myocardial contractility and lower systemic vascular 

resistance compared with horses anaesthetized with halothane. 

In humans, changes in preload can also be estimated from changes in the volume of the left 

ventricle at end diastole measured from two-dimensional ultrasound images obtained from a 

transoesophageal transducer. These images could not be obtained in this study because of the 

large size of the horses and the different anatomical relationship between the oesophagus and 

cardiac axis in quadrupeds. At the maximum imaging depth of the equipment (24 cm), only 

the ascending aorta and pulmonary artery could be visualized to the level of the valve leaflets 

and unfortunately repeatable standardized images of the left atrium could not be obtained. 

Femoral arterial blood flow was also significantly higher during isoflurane anaesthesia in this 

and other studies.
7
 It has been suggested that beneficial effects of isoflurane on limb blood 

flow arise because it reduces systemic vascular resistance.
6
 However, the inhalational agent 

had no significant effect on PI, the Doppler index of femoral resistance used in the current 

study, and so this hypothesis fails to explain the improved femoral arterial flow during 

isoflurane anaesthesia under clinical conditions in horses. We were also unable to 

demonstrate any association between Qt and femoral arterial blood flow from our data. 

These data also showed that cardiac output and ETc tended to be higher during spontaneous 

ventilation than during IPPV, although the difference in CI only attained statistical 

significance in horses anaesthetized with isoflurane. VTI, an index closely related to stroke 

volume,
25,26

 was higher in this group. These findings are consistent with results of previous 
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experimental work in which reduced cardiac function during IPPV was attributed to the 

detrimental effect of positive intrathoracic pressure on venous return and cardiac preload.
4 

Femoral arterial blood flow in the lower limb was greater in horses that breathed 

spontaneously than in horses receiving IPPV, regardless of agent used. In contrast, there was 

no significant effect of mode of ventilation or inhalational agent on flow in the upper limb. 

Increased arterial flow in the lower limb compared with the upper limb has been reported 

previously in horses
7 27

 and was attributed to hydrostatic pressure effects reducing flow in the 

upper pelvic limb.
28,29

 The difference in blood flow between upper and lower limbs was 

greater in spontaneously breathing horses than in horses receiving IPPV, regardless of agent 

used. The higher LAF in horses breathing spontaneously was associated with 

.  was associated with differences in flow between the upper and lower pelvic limbs. 

Local effects of carbon dioxide and oxygen on vascular tone may have contributed to 

increased flow in the lower limb, whilst similar effects on vascular tone in the upper pelvic 

limb might have been modulated by the opposing influence of hydrostatic pressure. However, 

no association was found between PI and ventilation to support this hypothesis. Increased 

intrathoracic pressure reduces Qt by reducing venous return and augments intrathoracic 

arterial pressure, thereby increasing perfusion pressure.
30

 As a result, the net effect of IPPV 

on MAP and peripheral blood flow depends on the balance between these opposing effects.
30

 

Changes in cardiovascular function over time also occurred. CI and ETc decreased 

progressively over the course of anaesthesia, and within each group there was an initial 

decrease in MAP followed by a slight increase after 80 min. The initial decrease in MAP may 

have resulted from the additive depressant effects of the sedative and induction agents on 

cardiovascular function, which are likely to diminish over time. The subsequent increases in 

MAP are consistent with other experimental studies,
5,8

 although previous workers have 

reported simultaneous increases in cardiac output.
8,31

 The decrease in CI over time in the 

http://bja.oxfordjournals.org/content/95/3/317.long#ref-4
http://bja.oxfordjournals.org/content/95/3/317.long#ref-28
http://bja.oxfordjournals.org/content/95/3/317.long#ref-29
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present study may have resulted from the cardiovascular effects of sympathetic nervous 

system activation in response to surgery, leading to peripheral vasoconstriction and increased 

left ventricular afterload.
32,33

This possibility is supported by the presence of an inverse 

relationship between MAP and CI in all groups. However, the latter findings may also have 

resulted from progressive decreases in contractility and preload, a hypothesis that is 

supported by concurrent reductions in ETc and increases in left ventricular PEP over time in 

the current study, regardless of agent used. 

In horses anaesthetized with halothane, there were marked decreases in ETc and reciprocal 

increases in PEP. In some horses PEP exceeded ET in the latter stages of anaesthesia. This 

finding could reflect greater depression of ventricular contractility with halothane and the 

inability of compromised ventricles to overcome increased afterload caused by sympathetic 

nervous system activation. Alternatively, or additionally, halothane administration to these 

horses may have been associated with greater pooling or redistribution of blood volume 

resulting in failure to maintain normal cardiac preload and thence cardiac output. Progressive 

decreases in cardiac output over time during surgical anaesthesia may contribute to the 

increased risk of perioperative morbidity and mortality associated with increasing duration of 

anaesthesia.1 No significant association was observed between femoral arterial blood flow 

and CI, although there was a significant positive relationship with MAP and a strong negative 

relationship between PI and femoral arterial flow. This finding supports our previous 

experimental study in which marked decreases in femoral arterial blood flow and concurrent 

increases in femoral vascular resistance occurred in anaesthetized horses after vasoconstrictor 

drugs were given.
11 

We have demonstrated differences in central and peripheral haemodynamic function in 

laterally recumbent horses, dependent upon mode of ventilation, ,  and inhalational 

agent used. Despite this, none of the horses developed postoperative complications, such as 

http://bja.oxfordjournals.org/content/95/3/317.long#ref-32
http://bja.oxfordjournals.org/content/95/3/317.long#ref-33
http://bja.oxfordjournals.org/content/95/3/317.long#ref-1
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postanaesthetic myopathy. As a result, the study cannot be used to support the use of one 

anaesthetic over another. Further clinical studies are required in larger numbers of horses 

undergoing longer operations to ascertain whether clinically relevant differences in the 

effects of these agents become apparent. 

This study was limited by the loss of data resulting when surgery ended before 120 min 

(dropouts) and intermittent missing values that resulted from technical problems with the 

transoesophageal transducer. It may be reasonable to assume, as was done in these analyses, 

that the mechanism generating intermittent missing values was completely random, but the 

mechanism responsible for dropouts may have been ‘informative’.
34

 This is potentially 

important, as treating informative dropouts as random may introduce bias into the parameter 

estimates. 

In conclusion, this study showed that many of the differences in cardiovascular function 

between halothane and isoflurane anaesthesia under controlled experimental conditions also 

occur during surgical anaesthesia in horses. However, in contrast with previous experimental 

studies, CI and Qt declined progressively with time regardless of agent used or mode of 

ventilation employed. Furthermore, this study provides further evidence that IPPV has 

detrimental effects on cardiac function in laterally recumbent anaesthetized horses. 
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Legends 

Tab.1 

Characteristics of the horses and surgical procedures. Data are presented as mean (range) for 

age, or mean (SD) 

 

Tab.2 

Descriptive statistics [mean (SD)] for measurements of central cardiovascular function 

recorded in horses anaesthetized with halothane. *Data missing due to transoesophageal 

echocardiography probe temperature 

sensor fault.  Data missing due to failure to position transoesophageal echocardiography 

probe.  Data missing due to completion of surgical procedure 

 

Tab.3 

Descriptive statistics [mean (SD)] for measurements of peripheral cardiovascular function 

recorded in horses anaesthetized with halothane. *Data missing because of completion of 

surgical procedure. 

 

Tab.4 

Descriptive statistics [mean (SD)] for measurements of central cardiovascular function 

recorded in horses anaesthetized with isoflurane. *Data missing 

because of a temperature sensor fault in the TOE probe. Data missing because of 

completion of surgical procedure.  Data missing because of exclusion of horses with 

PaCO2 > 75 mm Hg, and thence given IPPV 

 

Tab.5 

Descriptive statistics [mean (SD)] for measurements of peripheral cardiovascular function 

recorded in horses anaesthetized with isoflurane. *Data missing 

because of completion of surgical procedure.  Data missing because of exclusion of horses 

with PaCO2 >75 mm Hg, and hence given IPPV 

 

 

 



Tab.6 

Final multivariable mixed-effects model for cardiac index. *Wald P-values.  A first-order 

autoregressive process was chosen for the covariance structure reflecting a constant 

correlation between successive CI measurements on the same horse and an exponential 

decrease in correlation as the time interval between measurements increased. (The lower 

AIC=1830 for the autoregressive model suggests a better fit to the data compared with the 

value of 1916 for a model with compound symmetry covariance) 

 

Fig.1 

Cardiac index (CI) of horses undergoing surgery split by anaesthetic agent and mode of 

ventilation: observed and fitted mean response profiles. The drop in the mean CI profile for 

the spontaneous isoflurane group at times >70 min is due to the termination of surgery for all 

but one horse in this group. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Tab.1 

 

Group Age (yr) Body mass (kg)  Gender Type of surgery Duration (min) 

Halothane: 

IPPV 

10.5 (5–16) 566 (51.9) Geldings n=6 

Females n=2 

Soft tissue n=5 

Orthopaedic n=3 

120 (75.0) 

Halothane: 

spontaneous 

8.75 (5–14) 563 (54.6) Geldings n=8 

 

Females n=0 

Soft tissue n=5 

Orthopaedic n=3 

92.5 (41.0) 

Isoflurane: 

IPPV 

8.38 (6–12) 561 (68.5) Geldings n=5 

Females n=3 

Soft tissue n=3 

Orthopaedic n=5 

155 (97.2) 

Isoflurane: 

spontaneous 

6.75 (4–11) 574 (151.7) Geldings n=6 

Females n=2 

Soft tissue n=5 

Orthopaedic n=3 

77.5 (21.9) 

IPPV, intermittent positive-pressure ventilation. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Tab.2 

          Mechanically ventilated 

Time 

(min) 

20 40 60 80 100 120 

Horses 

(n) 

3*  6* 6* 4*  4*  1*  

MAC 

(%) 

1.10 

(0.13) 

1.10 

(0.15) 

1.13 

(0.14) 

1.26 

(0.21) 

1.23 

(0.10) 

1.30 

(–) 

MAP 

(mm 

Hg) 

83 

(10) 

84 (9) 82 

(11) 

76 

(12) 

72 

(12) 

68 (8) 

SAP 

(mm 

Hg) 

115 

(9) 

113 

(9) 

114 

(23) 

98 

(13) 

98 

(12) 

93 

(10) 

DAP 

(mm 

Hg) 

71 

(10) 

72 

(12) 

70 

(12) 

65 

(12) 

60 

(10) 

53 (3) 

CI (litre 

min
-1  

m
-2) 

4.6 

(1.4) 

3.9 

(0.9) 

3.4 

(0.9) 

3.0 

(0.6) 

2.8 

(1.0) 

2.2 (–) 

VTI 

(m s
_1) 

21 (2) 18 (4) 16 (5) 13 (4) 12 (5) 7 (–) 

HR 

(beats 

min
_1) 

 

35 (6) 

 

34 (5) 

 

35 (3) 

 

 

36 (4) 

 

36 (3) 

 

 

38 (–) 

PEP 

(s) 

0.22 

(0.03) 

0.23 

(0.03) 

0.26 

(0.02) 

0.29 

(0.04) 

0.30 

(0.06) 

0.30 

(–) 

ETc 0.36 

(0.03) 

0.31 

(0.04) 

0.29 

(0.06) 

0.24 

(0.07) 

0.27 

(0.07) 

0.21 

(–) 

PaCO2 

(mm 

Hg) 

47 (7) 47 (6) 46 (6) 44 (2) 42 (2) 47 (-) 

PaO2 

(mm 

Hg) 

329 

(76) 

388 

(77) 

405 

(110) 

444 

(49) 

427 

(52) 

410 (–

) 

pH 7.40 

(0.04) 

7.42 

(0.04) 

7.43 

(0.03) 

7.44 

(0.04) 

7.45 

(0.05) 

7.41 

(–) 

 

 

 

 

 

 

 



Spontneously ventilated 

Time 

(min) 

20 40 60 80 100 120 

Horses 

(n) 

6*  7* 4* 3*  2*  2*  

MAC 

(%) 

1.30 

(0.20) 

1.10 

(0.11) 

1.20 

(0.12) 

1.10 

(0.17) 

1.40 

(0) 

1.40 

(0) 

MAP 

(mm 

Hg) 

87 

(15) 

82 (9) 78 

(11) 

76 (6) 74 

(11) 

70 (6) 

SAP 

(mm 

Hg) 

116 

(14) 

107 

(10) 

101 

(12) 

103 

(4) 

98 

(13) 

94 

(14) 

DAP 

(mm 

Hg) 

70 

(14) 

67 (9) 64 

(10) 

65 (9) 73 (2) 61 (7) 

CI (litre 

min
-1 

m
-2) 

3.6 

(0.3) 

4.2 

(0.8) 

3.3 

(1.1) 

2.5 

(0.5) 

2.0 

(0.7) 

1.8 

(0.5) 

VTI 

(m s
_1) 

20 (2) 22 (4) 19 (6) 16 (5) 11 (3) 9 (2) 

HR 

(beats 

min
_1) 

 

32 (5) 

 

32 (3) 

 

32 (6) 

 

31 (2) 

 

32 (2) 

 

32 (3) 

PEP 

(s) 

0.23 

(0.03) 

0.22 

(0.04) 

0.26 

(0.09) 

0.32 

(0.07) 

0.37 

(0.06) 

0.37 

(0.04) 

ETc 0.32 

(0.02) 

0.34 

(0.03) 

0.31 

(0.06) 

0.25 

(0.02) 

0.23 

(0.02) 

0.22 

(0.02) 

PaCO2 

(mm 

Hg) 

66 (5) 63 (6) 63 (9) 70 (6) 62 (1) 62 (7) 

PaO2 

(mm 

Hg) 

235 

(116) 

279 

(112) 

282 

(125) 

167 

(63) 

157 

(87) 

148 

(87) 

pH 7.31 

(0.03) 

7.33 

(0.03) 

7.34 

(0.04) 

7.29 

(0.03) 

7.33 

(0.01) 

7.34 

(0.04) 

 

MAC, minimum alveolar concentration; MAP, mean arterial pressure; SAP, systolic arterial pressure; DAP, 

diastolic arterial pressure; CI, cardiac index; VTI, velocity time integral; HR, heart rate; PEP, pre-ejection 

period; ETc, corrected ejection time. 

 

 

 



Tab.3 

Mechanically ventilated 

 

Spontaneously ventilated 

 

UAF, upper hindlimb blood flow indexed to body surface area; LAF, lower hindlimb blood 

flow indexed to body surface area; EDDS, early diastolic deceleration slope; PI, pulsatility 

index; TAV, temporal averaged velocity. 

 

 

 

 

 

 

 

 

 

 

 

 



Tab.4 

Mechanically ventilated 

 

Spontaneously ventilated 

 

MAC, minimum alveolar concentration; MAP, mean arterial pressure; SAP, systolic arterial 

pressure; DAP, diastolic arterial pressure; CI, cardiac index; VTI, velocity time integral; HR, 

heart rate; PEP, pre-ejection period; ETc, corrected ejection time. 

 

 

 

 

 



Tab.5 

Mechanically ventilated 

 

Spontaneously ventilated 

 

UAF, upper hindlimb blood flow indexed to body surface area; LAF, lower hindlimb blood 

flow indexed to body surface area; EDDS, early diastolic deceleration slope; PI, pulsatility 

index; TAV, temporal averaged velocity. 

 

 

 

 

 

 

 

 

 



Tab.6 

 

IPPV, intermittent positive-pressure ventilation. 

 

 

 

 

 

 

 

 

 

 

 



Fig.1 

 

 



 

 

 

Cardiac index (CI) of horses undergoing surgery split by anaesthetic agent and mode of 

ventilation: observed and fitted mean response profiles. The drop in the mean CI profile for 

the spontaneous isoflurane group at times >70 min is due to the termination of surgery for all 

but one horse in this group. 

 

 



 

 

 

 

 

 

 

 

 

 

 


