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Abstract

Introduction

Hypoventilation (PaCO, > 45 mmHg) and large P(a.2O> gradients due to VV/Q mismatch and
shunt, are common during isoflurane anesthesia in horses. A fraction of inspired oxygen < 50%
has been shown to improve ventilation and decrease intra-operative atelectasis in humans and
some animals. The study compared the effects of two different fractions of inspired oxygen, 50%
versus > 95%, on ventilation, respiratory pattern, and P(a-4/O> gradient in isoflurane anesthetized
horses.

Materials and Methods

Eight mature horses were sedated with 1V xylazine (1.0 mg/kg) and anesthetized with diazepam
(0.05 mg/kg) and ketamine (2.2 mg/kg) twice. Anesthesia was maintained with isoflurane (E11.5
vol%) in either 50 or > 95% oxygen for 90 minutes. Both treatments were randomly assigned to
each horse with a one week interval in between treatments. Horses were positioned in dorsal
recumbency, connected to a preloaded circle breathing system and allowed to spontaneously
ventilate. Measurements included inspiratory and expiratory peak flow and time, tidal volume,

respiratory frequency, ExCO,, PsCO,, PO, PaO,, PaCO,, pH, SaO,, heart rate, and arterial

blood pressure. Calculated values included PAO;, P(a-4)O2, P(a-4)O2 rate of change, and
physiologic dead space.

Results

FiO, of 50% resulted in a lower PaO,, SaO,, PAO,, and P(a-5O.. No significant change in
PaCO,, ventilatory pattern, or any remaining measured variables was observed (p<0.05).
Discussion

The use of 50% oxygen and nitrogen as the carrier gas did not significantly change the
ventilatory characteristics or improve oxygenation in isoflurane anesthetized horses. Repeatable
respiratory rhythms characteristics were observed for horses while inspiring 50% and > 95%
oxygen. A high A-a oxygen gradient with an equal rate of change overtime was still observed

during both treatments.
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Chapter 1 - Introduction and Materials and Methods

Introduction

There are several anesthetic related complications that occur with greater
frequency or magnitude in horses than with other species. Among these complications are
hypoventilation and large alveolar to arterial oxygen gradients (Pa-2O2), which may result
in hypoxemia despite high inspired oxygen concentrations.

Hypoventilation, described as an increase in PaCO, to greater than 45 mmHg, is a
well-recognized problem and has been documented during equine inhalant anesthesia and,
to a lesser degree, during total intravenous anesthesia.’” The increased PaCO,, during
isoflurane anesthesia, is a result of a lower respiratory rate while tidal volume is
maintained or even increased. > Horses anesthetized with isoflurane in 100% oxygen
often show an irregular respiratory pattern, characterized by a low respiratory rate with
prolonged periods of apnea.** This irregular pattern and increased PaCO, may require
intermittent positive pressure ventilation, which may decrease cardiac output. ° Cuvelliez
et al. showed that horses anesthetized with halothane in 30% oxygen had a lower PaCO,
when compared to horses anesthetized with halothane in 85% oxygen.? Subsequently,
Marntell et al. reported that horses anesthetized with tiletamine-zolazepam hypoventilate
to a greater degree when maintained on an inspired oxygen concentration of > 95%
compared to 21% oxygen.®

Large P(a-4O2 is a common clinical finding in anesthetized horses and has been
well documented in spontaneously and mechanically ventilated horses.”® Many patients
become hypoxemic (PaO, < 60 mmHg) even while breathing 100% oxygen.”'® The large
Pa-2)O2 is usually the result of ventilation perfusion mismatch and intrapulmonary shunt
caused by atelectasis. Pulmonary shunt has been shown to increase to 21-51% (average
34%) while under anesthesia compared to the 4-7% shunt measured while the horses were
standing prior to anesthesia."*"*? Airway closure and atelectasis can be responsible for up
to 74% of gas exchange impairment.*® Administration of a high fraction of inspired
oxygen (> 95%) during equine anesthesia has been associated with an increase in
intrapulmonary shunt and a decrease in gas exchange.®

1



The use of a lower fraction of inspired oxygen (40-50%) is common in
anesthetized humans and has been shown to decrease atelectasis and intrapulmonary
shunt, resulting in improved gas exchange.™ Utilization of air-oxygen mixes in dogs and
cats demonstrated improvements in lung aeration and atelectasis when analyzed by
computed tomography.™° Atelectasis persists into the postoperative period and may
cause decreases in PaO; and increase the potential for bacterial accumulation and systemic
translocation.”*° Staffieri et al. demonstrated that by gradually increasing the fraction of
inspired oxygen to > 90% in anesthetized, mechanically ventilated horses, oxygenation
was improved compared to immediate use of 100% oxygen.*

Studies using a low fraction (30-50%) of inspired oxygen have been performed in
many species. % 1182021 These studies showed improvements in ventilation and
reductions of intrapulmonary shunt. When managing isoflurane anesthetized horses,
hypoventilation and large A-a oxygen gradients might be improved by using oxygen air
mixes. 2 ® Clinically, the reluctance to using gases other than 100% oxygen may be
attributed to occasional hypoxemia (PaO, < 60 mmHg) despite delivering 100% oxygen.
Additionally most large animal anesthetic machines are equipped with only an oxygen
flowmeter and are not equipped to deliver air oxygen mixes.

The objectives of the present study were to evaluate if the use of 50% inspired
oxygen compared to > 95% oxygen would, first, alter the respiratory pattern of
spontaneously ventilating isoflurane anesthetized horses, by increasing ventilation and
generating a more constant respiratory rhythm. A second objective was to examine if 50%
inspired oxygen would reduce Pa-2)O2 and improve gas exchange. It was hypothesized
that horses breathing 50% inspired oxygen would show an increase in minute ventilation,
a decrease in PaCO, , a less irregular breathing pattern, and a smaller P(a.5O- than when

breathing > 95% oxygen.

List of abbreviations

Pa-2)O2 = Alveolar to arterial oxygen tension gradient
P_C0, = Arterial carbon dioxide tension

PzC0, = Mean expired carbon dioxide tension
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E.C0, = End tidal carbon dioxide tension

-2 = Physiologic dead space
T

P,0, = Inspired oxygen tension

F, 0,= Fractional inspired oxygen concentration
Pz0, = Mean expired oxygen tension

F 0, = Fractional expired oxygen concentration

P,0, = Alveolar oxygen tension

Materials and Methods

Animals
Eight healthy horses (6 geldings, 2 mares) were used in the study. The mean = SD

age was 11 £ 4.3 years (range 6-20 years) and the mean body weight was 537 + 48 kg.
Breeds included 5 Quarter horses, 2 Thoroughbreds and 1 Appaloosa. All horses were
ASA status | based on a complete blood count (CBC) and physical examination. Food
and water was available until the morning of the study. Horses were randomly assigned to
receive 2 treatments on separate occasions. Treatments consisted of maintenance of
isoflurane (ISO) ® anesthesia with an inspired oxygen concentration of either 50 % or >

95%. The study was approved by the Institutional Animal Care and Use Committee.

Anesthesia

Each horse was anesthetized twice with 7 days between treatments. A 14-gauge
7.5 cm catheter was placed in the right jugular vein for drug and fluid administration.
Xylazine hydrochloride ° (1.0 mg/kg, V) was administered 5 minutes prior to anesthetic
induction with diazepam © (0.05mg/kg 1V) and ketamine hydrochloride ¢ (2.2 mg/kg IV).
Horses were endotracheally intubated with a 26-mm internal diameter cuffed endotracheal
tube. Horses were hoisted and positioned in dorsal recumbency on a padded surgery table.
If necessary, horses were supplemented with ketamine hydrochloride (0.2 mg/kg V) prior
to hoisting. The endotracheal tube was connected to a large animal anesthesia breathing
circuit. ® The breathing circuit had been preloaded with 2.5% ISO in 100% oxygen or with

ISO in 60% oxygen depending on treatment. Preloading of the breathing circuit was done
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20 minutes prior to the beginning of anesthesia by circulating 2.5% ISO in 60% oxygen
with the balance nitrogen or 2.5% ISO in 100% oxygen until the desired breathing circuit
concentration was achieved. Oxygen and ISO concentrations were measured with a
previously calibrated multiparameter monitoring system. " The breathing system was then
sealed until horses were connected to the breathing circuit Y-piece. Horses ventilated
spontaneously throughout the study, with no intervention even during prolonged periods
of apnea. Anesthesia was maintained with ISO (end tidal concentration [E1I1SO] 1.5 %).
Inspired oxygen concentration was maintained at 50% or > 95% after the initial 5 minutes
necessary to attain the desired oxygen concentration and E+ISO. Preloading the breathing
circuit with 2.5% ISO was necessary to attain the desired E+ISO within the first 5 minutes
of study. Preloading the breathing circuit with 60% oxygen was necessary to allow for
partial denitrogenation of the horse’s lungs and to attain a stable inspired concentration of
oxygen of 50% for one treatment. Similarly filling the breathing circuit with ISO in 100%
oxygen was necessary for denitrogenation and to attain an inspired oxygen concentration
> 95% in the first 5 minutes. Carrier gas flow was 8 L/min for 90 minutes. Control of
inspired oxygen concentration was achieved by adjusting a calibrated air oxygen blender °.
Lactated Ringer’s Solution was administered IV at 5 ml/kg/hr. For recovery, horses
received 0.006 mg/kg of acepromazine maleate IV and were nasotracheally intubated.
During recovery, 15L/min oxygen was insufflated via a catheter inserted to the distal tip of
the nasotracheal tube. Horses were allowed to recover unassisted in a recovery stall
equipped with a rapidly inflating-deflating air pillow.

Instrumentation, Data Collection and Analysis

A multichannel recorder and data acquisition system was used to digitize and
record arterial pressure waveforms, ECG tracings, and respiratory flows." A
multiparameter monitor was used to display gas concentrations and pulse oximetry
readings. Information derived from these systems were observed frequently and gas
concentrations and saturation recorded at data acquisition periods.” Calibration was
accomplished with manufacturer recommended gases.

A 20-gauge, 5 cm Teflon catheter was inserted percutaneously into the mandibular
artery for direct arterial blood pressure recording and collection of blood samples. The
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blood pressure transducer was positioned at the level of the point of the shoulder.
Respiratory flow was acquired using a calibrated pneumotachograph ' attached to the air
inlet/outlet of a bag-in-a-barrel system. * The pneumotachograph was connected to a
differential pressure transducer interfaced to the data acquisition system. Calibration was
performed prior to each experiment and included flow through the pneumotachograph via
a precision rotameter. ' Integration of the flow signal for tidal volume determination was
checked using a 7L calibration syringe.

Avrterial pressure waveforms, ECG, and respiratory flows were monitored
continuously and recorded every 5 minutes for the first 30 minutes and every 10 minutes
for the following 60 minutes. Time zero (TO) represents the moment the horses were
connected to the preloaded breathing circuit. At T5 the target inspired oxygen
concentration and the E11SO of 1.5% had been attained. Analysis of within treatment
variables were referenced to TS5 measurements.

Cardiovascular and respiratory data analyzed included systolic, diastolic, and mean
arterial pressures, heart rate, inspiratory and expiratory peak flow, inspiratory and
expiratory time, tidal volume, respiratory frequency and respiratory rhythm. Tidal volume
was automatically integrated from the expiratory flow signal. Respiratory and anesthetic

gas measurements included ErCO,, PzCO,, F|O2, Pz0,, E7ISO and FISO. A sampling

catheter extending through the lumen of the endotracheal tube to the distal end was used

for end tidal and inspiratory gas sampling. Mean expired gas (PO, PzCO;) samples were

collected through a multiport sampling catheter extending the entire length of the
breathing circuit expiratory corrugated breathing hose. The multi-orifice sampler was
constructed of small-bore tubing (2.35 mm OD, 1.25 mm ID) .! The distal end of the
tubing was sealed. Nine small orifices at 15cm intervals were created along its length (145
cm). Mixed expired gas samples were collected continuously during expiratory flow.
Three 20 ml aliquots were aspirated over 3 consecutive respiratory cycles into a 60-ml
sampling syringe. All gas analysis was performed using a calibrated gas analyzer.'

Arterial blood samples were aspirated from the arterial catheter into heparinized
syringes. Sampling occurred during three consecutive respiratory cycles, at 15, 30, 60, and
90 minutes. Samples were immediately sealed and analyzed. Measurements included
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PaO,, PaCO,, pH, hemoglobin oxygen saturation (SaO,), packed cell volume, and total
protein. All gas values were corrected to concurrent body temperature. Body temperature
was measured with a calibrated thermistor placed rectally.™

Minute ventilation, physiologic dead space, PAO>, P(a.O>, and rate of change in
P-aO2 overtime were calculated. Minute ventilation was calculated by multiplying tidal
volume X respiratory rate and correcting to BTPS. Respiratory rate and tidal volume were
measured over a five minute period to avoid biased reading. Physiologic dead space was
calculated based on the following equation:

Vo (.0, — PgC0;)

Vr F.CO,

Partial pressure of alveolar oxygen (PAO,) was calculated based on the alveolar gas

equation: %

P,0, = P,0, — P,CO, (
A*1Z I~z @ & PECU:

The partial pressure difference between alveolar and arterial oxygen [Pa-2O2] was

calculated using the following formula:

P(A—a)0, = P,0,—P.0,

Statistical Analysis

General linear mixed models were used to test the effectiveness of the treatment
between the two treatment groups. Methodology from Putt and Chinchilli was utilized to
determine the effectiveness of the treatment between the two treatment groups for all
response variables.?® An overall F-test p-value was obtained to test if there was a

difference in the average responses between the treatment groups. The changes in the
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responses over time were also compared between the two treatment groups using an
effects-level contrast. Multiple tests were performed to compare the responses at each time
point with the response at the T5 within each treatment. A Tukey adjustment was used to
adjust the resulting p-values to account for multiple comparisons. Individual t-tests were
also performed at each time point to test if there was a difference in average values of the
response between the treatments at those specific time points. Significance was declared at
P <0.05.

Chapter 2 - Results and Discussion

Results

There were no statistical differences between the two treatments for cardiovascular
variables at any measured time. Heart rate averaged 39.2 + 4.2 bpm and 38.9 + 3.6 bpm
for horses breathing 50% and > 95% oxygen respectively. Mean arterial blood pressure
showed a steady decrease between T5 and T40 followed by a steady increase between T40
and T90 for both treatments. Hypotension (MAP < 60 mmHg) was observed with both
groups between T20 and T70, with no significant difference between the two groups.

No change in minute ventilation was observed between the two treatments.
Hypoventilation was identified with both treatments with no significant difference
between them. PaCO, for horses averaged 51.9 + 9.5 and 57.5 + 10.8mmHg for horses
breathing 50% and > 95% oxygen respectively. There were no significant differences
between tidal volume and respiratory rate between the two treatments. No statistical
differences were observed in the inspiratory and expiratory time or inspiratory and
expiratory peak flow between treatments at any measured time (Table 1). There were no
statistical differences between the two treatments for any of the other respiratory variables
at any measurement time (Table 1). A higher expiratory flow was seen within both groups
at all measured times when compared to T5. A shorter inspiratory time was seen in horses
breathing 50% at all measured times when compared to T5. No difference in inspiratory
time was seen with horses breathing > 95% oxygen. Respiratory rhythm incorporated
respiratory rate and duration of apnea for each specific animal during both treatments.
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Respiratory rhythm for each individual animal was observed and recorded during the
entire anesthetic episode. A specific pattern observed during both treatments can be seen
in (Fig 2.1). Each horses maintained a repeatable pattern during both treatments from T10
until T90. Apneic periods were horse dependent and ranged from 2 seconds up to 4
minutes.

PaO, and Sa0O, were significantly higher in horses anesthetized with Isoflurane in
> 95% oxygen than in horses anesthetized with Isoflurane in 50% oxygen at all
measurement times (Table 2.2). The average PaO, was 203 + 113.3 mmHg and 77.8 =
19.7 mmHg respectively. The average SaO, was 98.7 + 1.4% and 92.9 £ 3.6%
respectively. A greater A-a oxygen gradient was seen with the use of > 95% oxygen than
when 50% oxygen was used. Calculated average P..O, was 380.5 + 113.9 and 194.8 +
31.6 mmHg respectively. No difference was seen in the rate of change in Pa..O> between
the two treatments. No significant difference was seen in the physiologic dead space
between the two treatments.

There were no significant difference for PCV, TP, pH, and body temperature between the

two treatments.



Figure 2.1 Graphical representation of respiratory rhythm. Inspiratory and
expiratory flow measurements for one horse over a 12 minute period while breathig
50% oxygen (top box) and > 95% oxygen (bottom box).
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Table 2.1 Mean * s.d of respiratory variables of 8 horses anesthetized with Isoflurane in 50% and > 95% oxygen during

spontaneous ventilation.

time (min)
treatment 0 5 10 15 20 25 30 40 50 60 70 80 90
PIF (L/s) 50 41+17 42+19 5.1+1.4 5.7+2.17 5.7+25 5.9+2.6 5.8+2.4 6.1+3.2 6.0+2.7 6.6+4.0" 6.7+3.9" 6.8+3.5" 6.9+3.7"
PIF (L/s) 100 39+18 40+1.0 55+2.6" 48+09 55+1.38 55+1.9 6.4+3.9" 54+15 6.1+3.3" 6.2+3.1" 6.3+3.3" 6.4+2.9" 6.5+3.3"
IT (s) 50 22+07 3.0+15 2.7+15" 2.7+1.2" 25+1.27 24+11" 2.3+08" 2.1+05" 2.0+05" 2.0+05" 2.1+04" 2.0+05" 2.0+05"
IT (s) 100 25+0.8 3.0+1.0 28+1.1 27+1.2 26+1.1 27+13 26+12 2.4+0.9 2.5+1.0 2.5+0.8 2.4+0.6 2.4+06 2.5+0.6
PEF (L/s) 50 57+1.1 6.8+1.4 7.8+1.2" 8.4+1.4" 8.4+1.4" 8.6+1.4" 87+1.4" 8.9+1.9" 89+16" 9.2+2.0" 9.6+2.2" 9.5+2.0" 95+2.1"
PEF (L/s) 100 52+06 6.4+0.6 7.8+1.7" 76+1.2" 82+13" 8.4+1.1" 9.0+1.8" 8.6+0.9 9.1+1.6" 9.2+15" 9.2+15" 9.2+15" 9.5+1.8"
ET (s) 50 0.9+0.3 1.2+0.3 1.4+05 1.4+0.3 1.4+0.3 1.4+0.2 1.3£0.2 1.3+0.2 1.3£0.2 1.3+0.3 1.4+0.3 1.4+03 1.4+0.3
ET (s) 100 0.9+0.2 12403 1.6+0.2" 1.4+0.4 1.4+0.2 14403 1.5+0.4 1.3+0.2 1.4+0.3 14403 1.4+0.3 1.4+03 1.4+ 0.3
TV (L) 50 52+2.4 7.8+3.1 9.3+3.6 10.5 £ 2.5 9.9+2.1 10.1+1.8 10.0+ 1.8 9.6+2.5 9.4+2.1 10.0£3.0 10.4+3.2 10.3+2.7 10.3+2.8
V(L) 100 52422 7.5+2.2 10.2 +2.47 9.1+2.4 9.8+1.7 9.6+1.4 10.4 +2.8 9.1+1.0 10.0+2.1 10.2+2.1 10.1+2.3 10.3+2.2 10.5+2.5
RR (bpm) 50 5.4+3.0 3.1+16 27+18 2.2+0.8 2512 25+1.2 2.7+1.0 29+10 3.0£0.9 3.0£0.9 3.1+09 2.8+1.0 3.0£1.0
RR (bpm) 100 3.4+16 25+13 1.8+1.1 21+1.1 2.0+1.0 23+13 21+13 23+10 22407 2.4+0.8 2.5+0.8 23+08 22408
MV (L/min) 50 23.0+7.4 21.4+93 21.2+8.0 222+82  239+124  254+130 258+102  26.1%93 27.3+8.7 28.17.3 30.8+11.5  27.7+7.8  30.1£11.0
MV (L/min) 100 14.9+4.0 16.0+ 4.4 17.9+9.2 16.9+ 7.4 18.8+8.6 203+9.4 20.6 +8.9 20.0+7.1 21566 23.4+7.6 243+7.4 233:83 216638

PIF= peak inspiratory flow; IT= inspiratory time; PEF= peak expiratory flow; ET= expiratory time; TV= tidal volume; RR= respiratory rate; MV= minute

ventilation. *Significant difference between the two treatments (p < 0.05). *Significant difference between measured time Tn and T5 within each treatment

(p <0.05)




Table 2.2 Mean £ s.d. of measured arterial blood gas values and calculated values of 8

horses anesthetized with Isoflurane in 50% and > 95% oxygen during spontaneous

ventilation.
time (min)

variable treatment 15 30 60 90
pH 50 7.34+0.1 7.33+0.1 7.35+0.1 7.37+0.1
pH 100 7.32+0.1 7.31+0.1 7.33+0.1 7.32+ .01
Sp0, (%) 50 90.9 +2.2* 90.4+2.1* 88.8+6.1 85.8+14.3
Sp0, (%) 100 93.3+2.2* 93.3+2.8* 92.8+2.6 92.6+2.3
Sa0, (%) 50 92.3+3.0* 93.5 +3.2% 93.9 +4.0* 92.0+4.2*
Sa0, (%) 100 98.8 +1.5* 99.1 +1.0* 98.9+1.2* 97.9+2.1*
PaCO, (mmHg) 50 51.1+8.5 54,5+ 8.8 51.4+8.1 50.8+12.5
PaCO, (mmHg) 100 54.7+8.4 57.5%+10.6 57.6+11.7 60.2+12.7
PaO, (mmHg) 50 75.2 £12.9* 80.4 + 15.5* 85.1 +32.5* 70.45 + 17.9*
Pa0, (mmHg) 100 212.7 £103.7* 219.6 £+117.9* 201.8 +116.5%* 178.5+115.3*
PAO, (mmHg) 50 251.2 +19.8* 260.9 + 23.4* 290.9 + 10.9* 287 +18.2*
PAO, (mmHg) 100 552.5+42.1* 583.9+17.8* 598.9 + 8.8* 599.1 +9.4*
P(a-2)02 (mmHg) 50 176.0 + 28.7* 180.8 + 25.7* 205.9 + 39.6* 216.6 + 32.4*
P(a-2)02 (mmHg) 100 339.9+107.0* 364.3+112.4* 397.1+120.1* 420.7 £ 116.2%*
A Pp-2)02 (%) 50 N/A 3.2+6.3 13.9+18.5 6.5+9.1
A Pip2)02 (%) 100 N/A 8.9+14.0 9.7+ 13.8 7.247.9
VD/VT 50 0.29 £0.09 0.31+£0.06 0.35+0.12 0.35+0.13
VD/VT 100 0.30+0.10 0.26 £0.10 0.29 £0.07 0.32+0.12

SpO,= hemoglobin oxygen saturation measured with pulse oximeter; SaO, = arterial hemoglobin oxygen saturation;
PaCO, = partial pressure of arterial carbon dioxide; PaO,= partial pressure of arterial oxygen; PAO, = partial pressure
of alveolar oxygen; P.5O,= Alveolar-arterial tension gradient; VD/VT = physiologic dead space. *Significant difference

between the two treatments (p < 0.05).



Discussion

Air-oxygen mixtures are used routinely as a delivery gas during anesthesia for humans.
Air-oxygen mixtures are not often used during inhalation anesthesia for horses. Experimentally,
a lower fraction of inspired oxygen has been used during canine, feline, ovine, and equine
anesthesia. # % 1°16- 2021 Adyantages demonstrated clinically and experimentally include

improved minute ventilation and decreased atelectasis resulting in better gas exchange % >%6: %

and improvement in oxygenation during the post operative recovery period. **®

In this study, ventilatory characteristics, oxygenation, and A-a oxygen gradient were
analyzed in Isoflurane anesthetized spontaneously ventilating horses inspiring two different
oxygen concentrations. Minute ventilation was different during the initial five minutes horses
were connected to the breathing circuit, with higher minute ventilation observed when the lower
fraction of inspired oxygen was administered. Decreased ventilation following immediate
inspiration of a high fraction of inspired oxygen in horses has never been analyzed or
documented. Breath holding was not observed during the first five minutes and respiratory rate
was actually higher during this period than any other measured time for both treatments.
Previous studies using inhalant anesthesia, have not described a difference in minute ventilation
shortly after induction when comparing different fractions of inspired oxygen. Previous research
in horses that reported a change in ventilation based on measurement of PaCO5, did not sample
arterial blood for blood gas analysis until 15 minutes post connection to the breathing circle,
therefore any potential difference would had been missed due to timing. 2 Marntell et al.
observed a higher minute ventilation, respiratory rate, and a decrease in PaCO, in horses
breathing 21% oxygen vs > 95% oxygen five minutes after induction while using total
intravenous anesthesia. ® This increase in minute ventilation was maintained until animals were
placed on > 95% oxygen (15 minutes post induction). In our study, no significant difference
between treatments was observed after the initial five minutes.

Ventilatory character showed marked variability between horses. This study used each
horse as it’s own control allowing for observance of individual breathing patterns twice.
Ventilatory rhythm for each individual horse, identified by respiratory rate and duration of
apnea, was similar for both treatments. Isoflurane anesthetized horses often show a characteristic
breathing pattern associated with a low respiratory rate and an irregular rhythm. * The study
confirmed that the irregular respiratory pattern is not different when a lower fraction of inspired

oxygen is used. The individual horse’s respiratory pattern was continuous, starting at T10 until
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the end of the anesthetic period, and repeatable while breathing 1.2 MAC Isoflurane in either
50% or > 95% oxygen. Four minute periods of apnea were consistent in one horse. Animals that
develop such prolonged periods of apnea present the anesthetist with challenges, including
difficulty in maintaining proper plane of anesthesia, hypercarbia, and hypoxemia. Prolonged
periods of apnea were accompanied by a steady decrease in SpO; until ventilation resumed.
Stimulation to breathe likely results from hypercarbia and hypoxemia. An additional arterial
blood sample was collected for blood gas analysis from one of the animals to identify the degree
of hypercarbia and/or hypoxemia. Arterial blood gas results revealed moderate to severe
hypercarbia (PaCO, 71.7 mmHg) but not hypoxemia (PaO, 80.0 mmHg), despite a period of
apnea greater than 2 minutes. This arterial blood gas was collected as the animal was breathing >
95% oxygen. Unfortunately we did not repeat the arterial blood gas during an apneic period
while the same animal was breathing 50% oxygen. It is possible that the same apneic period
while breathing the lower oxygen concentration would have resulted in hypoxemia. The irregular
respiratory rate and long periods of apnea in some horses emphasizes the need for the availability
of a mechanical ventilator when Iso is used as the inhalant anesthetic gas, not only to avoid
hypercarbia and hemoglobin desaturation, but to assist in maintaining an appropriate plane of
anesthesia.

Administration of a high fraction of inspired oxygen (> 95%) has been associated with a
greater degree of atelectasis than when a lower fraction of inspired oxygen (< 50%) is used. & 4
16.20 Anesthetized horses develop severe intrapulmonary shunt as a result of collapsed alveoli
(atelectasis) leading to large A-a oxygen gradients. ® * 2* Atelectasis results from loss of
surfactant, airway compression, and absorption of gas distal to closed airways.?® Absorption
atelectasis occurs due to the presence of intermittent airway closure (low V/Q zones) followed by
absorption of alveolar gas into the capillary blood resulting in collapse of the alveoli. The use of
30-50% inspired oxygen has been described to decrease absorption atelectasis by avoiding the
complete collapse of the intermittently closed alveoli by use of an accompanying inert or poorly
absorbed gas such as nitrogen.? A large A-a oxygen gradient was observed with all horses
during both treatments. A significantly lower A-a oxygen gradient resulted from the
administration of 50% oxygen. A decrease in A-a oxygen gradient can be a reflection of a
decrease in intrapulmonary shunt, but it is not an accurate measurement as it is affected by many
physiological factors such as administered fraction of inspired oxygen, hemoglobin

concentration, and arterial-venous oxygen content difference.?® Other measurements have been

3



proposed to quantify oxygen transfer, and therefore intrapulmonary shunt, including PaO,/FiO5,
Pa0,/PAO, and P(A-a)0,/Pa0, with all of them presenting limitations resulting in inaccuracy. * The
most accurate method to measure oxygen transfer and pulmonary function is through calculating
the intrapulmonary shunt by collection of mixed venous as well as arterial blood.?” A pulmonary
arterial catheter was not used in this study, therefore true intrapulmonary shunt could not be
calculated and we cannot conclude that the use of 50% inspired oxygen actually resulted in a
decrease in intrapulmonary shunt.

A high A-a oxygen gradient was observed shortly after induction in both treatment
groups, which supports previous reports detailing the early appearance of atelectasis in
anesthetized horses. ©® % A progressive increase in A-a oxygen gradient was noticed for both
groups, but the rate of increase between treatments was not different during the 90 minutes of
anesthesia. Laterally recumbent horses anesthetized with halothane in 30% or 85% oxygen,
showed a significant increase in A-a oxygen gradient while breathing the higher oxygen
concentration when compared to the lower oxygen concentration, but the increase was only
detected after 120 minutes of anesthesia.” Steffey et al. showed no change in A-a oxygen
gradient over time in halothane anesthetized laterally recumbent horses, despite 5 hours of
anesthesia.?

Post-anesthetic atelectasis may persist in human patients for up to 4 days and it can result
in an increased frequency of post operative hypoxemia and possibly pulmonary infection.”*8
The use of air oxygen mixtures reduces atelectasis, improves gas exchange, and decreases
postoperative hypoxia.'® Studies have demonstrated hypoxemia in horses during postoperative
recovery while in lateral recumbency even with administration of supplemental oxygen.*® %%
Use of a lower fraction of inspired oxygen with a decrease in atelectasis and improvement in gas
exchange ® may prove to be beneficial in horses during anesthetic recovery by decreasing
hypoxemia. This study did not measure postoperative PaO,, therefore we do not know the effects
of a lower fraction of inspired oxygen during anesthetic recovery in horses.

Use of > 95% oxygen resulted in a significantly higher SaO, and PaO,, The majority of
horses breathing 50% oxygen had a hemoglobin saturation > 90%. Hypoxemia was noticed in
12.5% of all measurements taken with half of the hypoxemic events resulting from one horse in
particular. No hypoxemia was observed when > 95% oxygen was used. The previously reported

decrease in intrapulmonary shunt ® with the use of a lower fraction of inspired oxygen is an



advantage to the patient, unfortunately the risk of hypoxemia can be greater and should be
closely monitored.

Other ventilatory modalities have been attempted in order to decrease atelectasis, increase
gas exchange, and improve PaO; in horses. The use of recruitment maneuvers and PEEP have
been extensively described in the literature for humans as well as animals. Recruitment
maneuvers, though effective in horses, require the repetitive use of high pressures (60-80
cmH-0) and PEEP needs to be instituted in order to maintain the recruited alveoli open. ** Use of
recruitment maneuvers using 100% oxygen without PEEP results in closing of the alveoli shortly
after the maneuver followed by gas resorption and the return of atelectasis.** Disadvantages
associated with repeated recruitment maneuvers and PEEP are barotrauma and possible decrease
in cardiac output.>*** In humans, use of a lower fraction of inspired oxygen (40%) after
recruitment maneuvers results in a diminished and slower reappearance of atelectasis.** Use of
recruitment maneuver in horses while inspiring a lower fraction of oxygen has not been
investigated. Opening and maintenance of collapsed alveoli using 40-50% oxygen may show
some of the benefits seen with PEEP without the decrease in cardiac output.

Horses in this study were hypotensive (MAP < 60 mmHg) for an extended period of
time. Administration of drugs for treatment of hypotension, such as ephedrine and dobutamine,
can increase cardiac output>>*® An increase in cardiac output increases oxygen delivery resulting
in an increase PvO,. The increase in PvO, consequently decreases venous admixture ultimately
increasing Pa0,. ¥’ In this study we elected not to treat any hemodynamic variables to avoid
increases in PaO; originating from changes in cardiac output instead of improvement in gas
exchange.

The use of 50% oxygen and nitrogen as the carrier gas did not significantly change the
ventilatory characteristics in isoflurane anesthetized horses. Horses maintained a low respiratory
rate with an irregular respiratory pattern with both inspired oxygen concentrations. This study
did demonstrate that the irregular respiratory pattern is continuous and can be repeated at the
selected end tidal isoflurane concentration (1.2 MAC). A high A-a oxygen gradient with an
equal rate of change overtime was still observed during both treatments. Administration of a
lower fraction of inspired oxygen may have resulted in decreased intrapulmonary shunt and
increased minute ventilation,?® but based on this study, the risk of moderate to severe

hypercarbia and hypoxemia is still present and should not be overlooked.



Footnotes

a.

b.

Isoflo® - Abbott Animal Health, Abbott Park, IL

AnaSed® - Lloyd Incorporated, Shenandoah, 1A

Diazepam - Hospira, Inc., Lake Forest, IL

Ketaset® - Fort Dodge Animal Health, Fort Dodge, 1A

North American Drager, Telford, PA

Datex-Ohmeda Cardiocap/5 gas monitor — General Electric Company — Datex-Ohmeda,
Madison, W1

BIRD air oxygen blender - VIASY'S Respiratory Care Inc., Palm Springs, CA
Biopac - Biopac Systems, Inc. - Goleta, CA

Fleisch No. 4 - Instrumentation Associates Inc, New York, NY.

Rotameter — Fisher Porter, Warminster, PA

7L calibration syringe — Hans Rudolph, inc., Kansas City, MO

Gas sampler — United States Catheter and Instrument Corp., Glens Falls, NY

m. YSI 4600 Series Precision Thermometer — YSI, Yellow Springs, OH

Reference

1. Steffey EP, Howland D Jr. Comparison of circulatory and respiratory effects of isoflurane

and halothane anesthesia in horses. Am J Vet Res. 1980; 41:821-825.

2. Cuvelliez SG, Eicker SW, McLauchlan C, Brunson DB. Cardiovascular and respiratory

effects of inspired oxygen fraction in halothane-anesthetized horses. Am J Vet Res.

1990;51:1226-1231.


http://www.ncbi.nlm.nih.gov/pubmed/7406305
http://www.ncbi.nlm.nih.gov/pubmed/7406305
http://www.ncbi.nlm.nih.gov/pubmed/2201230
http://www.ncbi.nlm.nih.gov/pubmed/2201230

3. Steffey EP, Hodgson DS, Dunlop CI, Miller MF, Woliner MJ, Heath RB, Grandy J.
Cardiopulmonary function during 5 hours of constant-dose isoflurane in laterally
recumbent, spontaneously breathing horses. J Vet Pharmacol Ther. 1987; 10:290-297.

4. Steffey EP, Dunlop ClI, Farver TB, Woliner MJ, Schultz LJ. Cardiovascular and
respiratory measurements in awake and isoflurane-anesthetized horses. Am J Vet Res.
1987;48:7-12

5. Hodgson DS, Steffey EP, Grandy JL, Woliner MJ. Effects of spontaneous, assisted, and
controlled ventilatory modes in halothane-anesthetized geldings. Am J Vet Res.
1986;47:992-996.

6. Marntell S, Nyman G, Hedenstierna G. High inspired oxygen concentrations increase
intrapulmonary shunt in anaesthetized horses. Vet Anaesth Analg. 2005; 32:338-347.

7. Hall LW, Gillespie JR, Tyler WS. Alveolar-arterial oxygen tension differences in
anaesthetized horses. Br J Anaesth. 1968; 40:560-568.

8. Gillespie JR, Tyler WS, Hall LW. Cardiopulmonary dysfunction in anesthetized, laterally
recumbent horses. Am J Vet Res. 1969; 30:61-72.

9. Nyman G, Hedenstierna G. Ventilation-perfusion relationships in the anaesthetised horse.
Equine Vet J. 1989; 21:274-281.

10. De Moor A, Desmet P, Verschooten F. Influence of change of body position on arterial
oxygenation and acid-base status in the horse in lateral recumbency, anesthetized with
halothane and efficiency of postanesthetic oxygen administration. Zentralbl
Veterinarmed A. 1974; 21:525-531.

11. Weaver BM, Walley RV. Ventilation and cardiovascular studies during mechanical

control of ventilation in horses. Equine Vet J. 1975; 7:9-15.


http://www.ncbi.nlm.nih.gov/pubmed/3437493
http://www.ncbi.nlm.nih.gov/pubmed/3437493
http://www.ncbi.nlm.nih.gov/pubmed/3826845
http://www.ncbi.nlm.nih.gov/pubmed/3826845
http://www.ncbi.nlm.nih.gov/pubmed/3717746
http://www.ncbi.nlm.nih.gov/pubmed/3717746
http://www.ncbi.nlm.nih.gov/pubmed/16297043
http://www.ncbi.nlm.nih.gov/pubmed/16297043
http://www.ncbi.nlm.nih.gov/pubmed/4875426
http://www.ncbi.nlm.nih.gov/pubmed/4875426
http://www.ncbi.nlm.nih.gov/pubmed/5782568
http://www.ncbi.nlm.nih.gov/pubmed/5782568
http://www.ncbi.nlm.nih.gov/pubmed/2670542
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Weaver%20BM%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Walley%20RV%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=weaver%20walley

12.

13.

14.

15.

16.

17.

18.

19.

McDonell WN. The effects of anesthesia on pulmonary gas exchange and arterial
oxygenation in the horse [PhD dissertation]. Cambridge: University of Cambridge,
1974.

Hedenstierna G. Airway closure, atelectasis, and gas exchange during anesthesia.
Minerva Anesthesiol. 2002; 68:332-336.

Rothen HU, Sporre B, Engberg G, Wegenius G, Hogman M, Hedenstierna G. Influence
of gas composition on recurrence of atelectasis after a reexpansion maneuver during
general anesthesia. Anesthesiology. 1995; 82:832-842.

Staffieri F, De Monte V, De Marzo C, Grasso S, Crovace A. Effects of two fractions of
inspired oxygen on lung aeration and gas exchange in cats under inhalant anaesthesia.
Vet Anaesth Analg. 2010; 37:483-490.

Staffieri F, Franchini D, Carella GL, Montanaro MG, Valentini V, Driessen B, Grasso S,
Crovace. A Computed tomographic analysis of the effects of two inspired oxygen
concentrations on pulmonary aeration in anesthetized and mechanically ventilated dogs.
Am J Vet Res. 2007; 68:925-931.

Lindberg P, Gunnarsson L, Tokics L, Secher E, Lundquist H, Brismar B, Hedenstierna
G. Atelectasis and lung function in the postoperative period. Acta Anaesthesiol Scand
1992;36:546-553

Benoit Z, Wicky S, Fischer JF, Frascarolo P, Chapuis C, Spahn DR, Magnusson L. The
effect of increased FIO(2) before tracheal extubation on postoperative atelectasis. Anesth
Analg. 2002; 95:1777-1781.

van Kaam AH, Lachmann RA, Herting E, De Jaegere A, van Iwaarden F, Noorduyn LA,

Kok JH, Haitsma JJ, Lachmann B. Reducing atelectasis attenuates bacterial growth and


http://www.ncbi.nlm.nih.gov/pubmed/21040372
http://www.ncbi.nlm.nih.gov/pubmed/21040372
http://www.ncbi.nlm.nih.gov/pubmed/17764405
http://www.ncbi.nlm.nih.gov/pubmed/17764405
http://www.ncbi.nlm.nih.gov/pubmed/12456458
http://www.ncbi.nlm.nih.gov/pubmed/12456458
http://www.ncbi.nlm.nih.gov/pubmed/14977624

20.

21.

22.

23.

24,

25.

26.

27.

28.

translocation in experimental pneumonia. Am J Respir Crit Care Med. 2004; 169:1046-
1053.

Staffieri F, Bauquier SH, Moate PJ, Driessen B. Pulmonary gas exchange in
anaesthetised horses mechanically ventilated with oxygen or a helium/oxygen mixture.
Equine Vet J. 2009; 41:747-752.

Hedenstierna G, Lundquist H, Lundh B, Tokics L, Strandberg A, Brismar B, Frostell C.
Pulmonary densities during anaesthesia. An experimental study on lung morphology and
gas exchange. Eur Respir J. 1989; 2:528-535.

Lumb AB. Distribution of pulmonary ventilation and perfusion. In: Fam P, Andjelkovic
N, eds. Nunn’s applied respiratory physiology. 6th ed. Philadelphia: Butterwoth-
Heinemann Elsevier, 2007; 110-124.

Putt M, Chinchilli VM. A mixed effects model for the analysis of repeated measures
cross-over studies. Statist Med. 1999; 18:3037-3058.

Nyman G, Funkquist B, Kvart C, Frostell C, Tokics L, Strandberg A, Lundquist H,
Lundh B, Brismar B, Hedenstierna G. Atelectasis causes gas exchange impairment in
the anaesthetised horse. Equine Vet J. 1990; 22:317-324.

Hedenstierna G. Alveolar collapse and closure of airways: regular effects of anaesthesia.
Clin Physiol Funct Imaging. 2003; 23:123-129.

Torda TA. Alveolar-arterial oxygen tension difference: a critical look. Anaesth Intensive

Care. 1981, 9:326-330.
Wandrup JH. Quantifying pulmonary oxygen transfer deficits in critically ill patients.
Acta Anaesthesiol Scand Suppl. 1995; 107:37-44.

McDonell WN, Hall LW, Jeffcott LB. Radiographic evidence of impaired pulmonary

function in laterally recumbent anaesthetised horses. Equine Vet J. 1979; 11:24-32.

9


http://www.ncbi.nlm.nih.gov/pubmed/20095221
http://www.ncbi.nlm.nih.gov/pubmed/20095221
http://www.ncbi.nlm.nih.gov/pubmed/2744136
http://www.ncbi.nlm.nih.gov/pubmed/2744136
http://www.ncbi.nlm.nih.gov/pubmed/2226395
http://www.ncbi.nlm.nih.gov/pubmed/2226395
http://www.ncbi.nlm.nih.gov/pubmed/12752552
http://www.ncbi.nlm.nih.gov/pubmed/7316136
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Wandrup%20JH%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed/8599295
http://www.ncbi.nlm.nih.gov/pubmed/428360
http://www.ncbi.nlm.nih.gov/pubmed/428360

29.

30.

31.

32.

33.

34.

35.

36.

37.

Steffey EP, Kelly AB, Woliner MJ. Time-related responses of spontaneously breathing,
laterally recumbent horses to prolonged anesthesia with halothane. Am J Vet Res. 1987;
48:952-957.

Mason DE, Muir WW, Wade A. Arterial blood gas tensions in the horse during recovery
from anesthesia. J Am Vet Med Assoc 1987; 190:989-994.

McMurphy RM, Cribb PH. Alleviation of postanesthetic hypoxemia in the horse. Can
Vet J. 1989; 30:37-41.

Hopster K, Kastner SB, Rohn K, Ohnesorge B. Intermittent positive pressure ventilation
with constant positive end-expiratory pressure and alveolar recruitment manoeuvre
during inhalation anaesthesia in horses undergoing surgery for colic, and its influence on
the early recovery period. Vet Anaesth Analg. 2011; 38:169-177.

Wilson DV, Soma LR. Cardiopulmonary effects of positive end-expiratory pressure in
anesthetized, mechanically ventilated ponies. Am J Vet Res. 1990; 51:734-7309.
Magnusson L, Tenling A, Lemoine R, Hégman M, Tydén H, Hedenstierna G. The safety
of one, or repeated, vital capacity maneuvers during general anesthesia. Anesth Analg
2000; 91:702-707.

Grandy JL, Hodgson DS, Dunlop CL, Chapman PL, Heath RB. Cardiopulmonary effects
of ephedrine in halothane-anesthetized horses. J Vet Pharmacol Ther1989; 12:389-396.
Swanson CR, Muir WW 3, Bednarski RM, Skarda RT, Hubbell JA. Hemodynamic
response in halothane-anesthetized horses given infusions of dopamine or dobutamine.
Am J Vet Res. 1985; 46:365-370.

Moens Y, Lagerweij E, Gootjes P, Poortman J. Influence of tidal volume and positive

end-expiratory pressure on inspiratory gas distribution and gas exchange during

10


http://www.ncbi.nlm.nih.gov/pubmed/3605811
http://www.ncbi.nlm.nih.gov/pubmed/3605811
http://www.ncbi.nlm.nih.gov/pubmed/21492381
http://www.ncbi.nlm.nih.gov/pubmed/21492381
http://www.ncbi.nlm.nih.gov/pubmed/21492381
http://www.ncbi.nlm.nih.gov/pubmed/21492381
http://www.ncbi.nlm.nih.gov/pubmed/2186677
http://www.ncbi.nlm.nih.gov/pubmed/2186677
http://www.ncbi.nlm.nih.gov/pubmed/9522950
http://www.ncbi.nlm.nih.gov/pubmed/9522950

mechanical ventilation in horses positioned in lateral recumbency. Am J Vet Res. 1998;

59:307-312.

11



