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The effect of a single hyperinflation using a sustained high-pressure manoeuvre (SHPM) during inhalation
anaesthesia was evaluated in horses. Twenty-eight client-owned male horses were recruited; 14 were

operated on in dorsal recumbency and 14 in lateral recumbency. For each category, horses were
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randomly allocated to either the ‘breathing spontaneously’ or ‘mechanically ventilated’ group. After
30 min of anaesthesia, baseline cardiorespiratory parameters were collected and a SHPM of 50 cmH,0
during 50 s was undertaken. In the group of horses breathing spontaneously and positioned in dorsal
recumbency, venous admixture developed significantly more than in other groups and a single SHPM
only partially and transiently improved arterial oxygenation. No benefit of the respiratory manoeuvre
was observed in the other groups.

© 2013 Elsevier Ltd. All rights reserved.

The main causes of hypoxaemia during anaesthesia in horses
are ventilation-perfusion (V/Q) mismatches due partly to inade-
quate distribution of alveolar ventilation, and the gravitational gra-
dient of the pulmonary blood circulation leading to venous
admixture (Nyman and Hedenstierna, 1989). Hypoxaemia is more
severe in dorsal recumbency and may limit oxygen delivery to the
tissues, contributing to the relatively high mortality rate in such
cases (Day et al., 1995).

The application of high inspiratory pressure to recruit collapsed
alveoli (so maintaining appropriate ventilation over time by pro-
viding sufficient end-expiratory pressure to enhance oxygen sup-
ply in well perfused lung areas) is well established in human
medicine (Papadakos and Lachmann, 2007). In equine anaesthesia,
intermittent increasing inspiratory and end-expiratory pressure
has been reported to improve arterial oxygenation in dorsal
recumbency (Levionnois et al., 2006; Wettstein et al., 2006; Iff
et al, 2007; Hopster et al.,, 2011). However, no trial has been
undertaken in lateral recumbency, even though it is recognised
that the positioning of horses influences pulmonary efficiency
(Steffey et al.,, 1977). Single hyperinflation using a sustained
high-pressure manoeuvre (SHPM) is easy to perform (with or with-
out mechanical ventilation) and could reduce venous admixture in
dorsal and lateral recumbency horses undergoing inhalant
anaesthesia.
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The study was approved by the Complutense University Animal
Care and Use Committee. Twenty-eight client-owned male horses
of various breeds, scheduled for orthopaedic and soft tissue proce-
dures, were recruited. Inclusion criteria included the approval of
informed owner consent and the horse was otherwise healthy.
The recruitment continued until 14 horses were operated on in
dorsal recumbency and 14 in lateral recumbency. Exclusion criteria
included history of pulmonary disease and over-weight.

The horses were premedicated with IV xylazine (Xilagesic,
Calier), butorphanol (Torbugesic, Fort Dodge) and either flunixin
(Finadyne, Intervet) (n=10) or phenylbutazone (Butasyl, Fort
Dodge) (n = 18), prior to anaesthesia induction using IV ketamine
(Imalgene, Merial). Anaesthesia was maintained in all animals
using isoflurane (Forane, Abbott) in oxygen. Following the induc-
tion of anaesthesia and endotracheal intubation, horses were con-
nected to the circle breathing system of a Matrx VML Anaesthesia
Machine, Matrx) equipped with a time-cycled ventilator (Mallard
Medical Rachel 2800 Anesthesia Ventilator, Mallard Medical).

For each category of recumbency (right lateral or dorsal), horses
were randomly allocated to one of two groups either breathing
spontaneously (SB) or mechanically ventilated (IPPV). IPPV was
initiated immediately the horses were connected to the anaes-
thetic machine and the initial ventilator settings were adjusted
to maintain an end-tidal CO, (ETCO,) of 45-50 mmHg, with a
tidal volume of 10-15mL/kg, a peak inspiratory pressure of
20-30 cmH,0, a respiratory frequency of 5-6 breaths per min,
and modifying the inspiratory time to obtain an inspiratory to
expiratory ratio of 1:3-1:4.
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Table 1

Respiratory parameters in dorsally (D) or laterally (L) recumbent anaesthetized horses breathing spontaneously (SB) or mechanically ventilated (IPPV) before and 2, 5, 10, 15 and

30 min after a single sustained high pressure manoeuvre.

FiO, PaO, (mmHg) Pa0,/FiO, (mmHg) PaCO, (mmHg)
D-SB(n=7)
Basal 0.76 £ 0.05 128 £35 168.7 £44.6 58.4+6.4
SHPM n.a. n.a. n.a. n.a.
2 min 0.79 £0.05" 204 +42° 2583 +46.1 57.6£6.5
5 min 0.81+0.04" 154 + 44" 190.5 +50.7" 55.9+8.7
10 min 0.83 +£0.03" 134+ 41 162.5+£47.2 60.3 £5.7
15 min 0.83+0.03" 131+43 158.1 £50.5 603 £6.4
30 min 0.84+0.04" 122 +41 145.0 £49.4 60.2 £8.7
D-IPPV (n=7)
Basal 0.84 +0.04" 232 +437 275.6 +50.0% 51.3+4.1
SHPM n.a. n.a. n.a. n.a.
2 min 0.87 £0.03" 252+23 290.5 +28.8 49.5+3.7
5 min 0.88 £0.03" 242 +49 274.6 £55.8 50.0+4.8
10 min 0.89+0.03" 232 +56 260.7 £61.5 498 +5.0
15 min 0.89 +0.02" 217 £51 243.8+55.9" 503 +4.4
30 min 0.91+0.02° 213+74 234.5+82.0° 495+3.8
L-SB(n=7)
Basal 0.72 £ 0.04 184 £ 51 254.9 +75.8%* 60.1£5.8
SHPM n.a. n.a. n.a. n.a.
2 min 0.75 +0.04" 208 41 276.7 £59.8 583+73
5 min 0.76 £0.04" 200+ 32 263.1+49.2 58.1+7.8
10 min 0.77 £0.05 196 +29 259.1 +45.7 60.1+6.7
15 min 0.78 +£0.04 193 £26 248.1 £38.9 62.3+8.5
30 min 0.79 £0.04 190+ 25 240.5+37.6 623+7.8
L-IPPV (n=7)
Basal 0.82 +0.03" 253 + 40" 308.0 £ 52.4* 51.2+6.8
SHPM n.a. n.a. n.a. n.a.
2 min 0.85+0.04" 269 +45 302.8 +50.8 484+59
5 min 0.86 +0.04" 273 +49 307.1+59.9 50.9+6.3
10 min 0.86 +0.04 269 £43 298.2 +43.7 50.7 £6.4
15 min 0.87 £0.04 268 +36 294.9 +35.0 504+7.8
30 min 0.88 +0.04 261+35 295.3 +56.7 49.7+9.4

FiO,, oxygen inspired fraction; PaO,, partial pressure of oxygen; Pa0O,/FiO,, partial pressure of oxygen/oxygen inspired fraction ratio; PaCO,, partial pressure of carbon
dioxide; SHPM, sustained high pressure manoeuvre; n.a., not available. Values are means + SD.

" Significantly (P < 0.05) different from baseline.
# Significantly (P < 0.05) different from basal values of D-SB group.
 Significantly (P < 0.05) different from SB.

Heart rate (HR) and systolic, diastolic and mean arterial blood
pressures (ABP) were continuously monitored during anaesthesia
via a catheter placed on the facial or transverse facial arteries
and connected to a calibrated pressure transducer (Propaq, Proto-
col Systems). Intravenous lactated Ringer’s solution and infusion
of dobutamine (Dobutrex, Eli Lilly) (0.5-5 pg/kg/min) were admin-
istered to effect to maintain mean ABP value at >70 mmHg. The
amount of dobutamine (pg/kg/min) administered over the entire
anaesthetic period was calculated. Inspired fraction of oxygen
(FiO,), ETCO, and end-tidal isoflurane concentrations (ETiso) were
monitored continuously at the end of the endotracheal tube using
a calibrated infrared-absorption gas analyzer (PM8050, Drager).

Thirty minutes after the connection to the anaesthetic circuit, a
single SHPM was applied, initiated by interrupting mechanical
ventilation and closing the relief valve of the circle system (Moens
et al,, 1998). Airway pressure was elevated to 50 cmH,0 within
approximately 30 s by increasing the fresh gas flow up to 15L/
min, and measured using an anaeroid manometer at the end of
the endotracheal tube. The SHPM was maintained for 50 s. If mean
ABP (over 15 s period) fell below 40 mmHg, the manoeuvre was
interrupted and dobutamine infusion increased.

Heart rate and ABP (mean over 15s) were recorded before
SHPM, immediately afterwards and 2, 5, 10, 15 and 30 min later.
Arterial blood samples were withdrawn anaerobically from the
arterial catheter at the same time points, and immediately ana-
lyzed for partial pressures of oxygen (PaO,) and carbon dioxide
(PaC0O,) and haemoglobin oxygen saturation (Sa0,) (IL-1306 pH/

Blood Gas Analyzer, Allied Instrumentation). The ratio between
Pa0, and FiO, (Pa0,/FiO,) was calculated at each time point.

Statistical analysis was performed using the SPSS 15.0 *SPSS).
Results were analyzed using a two way ANOVA for repeated mea-
sures followed by Tukey’s multiple comparison test and paired t
test.

The study included horses with a mean age (+ standard devia-
tion) of 12 +4years, weighing 498.5 +72.9 kg and undergoing
selective soft tissue (n=10) and orthopaedic procedures (n=18).
Basal FiO, and PaO, were significantly higher in horses with IPPV
than those in the SB group (Table 1). Basal PaO,/FiO, was lower
in SB horses in dorsal recumbency than in other groups
(P=0.001). SHPM increased PaO,/FiO, in dorsal-SB horses at 2
(P=0.006) and 5 min (P=0.017) after SHPM compared to prior to
SHPM. No significant effect of SHPM on PaO,/FiO, was found in
the other groups (Table 1; Fig. 1).

All horses required dobutamine infusion during the study, and
there was no difference between groups in the amount used
(P=0.72). ETiso were similar across all groups (P =0.66) (Table 2).
During SHPM, a significant decrease in ABP was observed only in
horses in dorsal recumbency (Table 3). In no case did mean ABP fall
below 40 mmHg, and ABP returned to pre-SHPM values immedi-
ately after finishing the manoeuvre.

The application of three consecutive lung insufflations at 60, 80
and 60 cmH,0 for 10-12 s each improved arterial oxygenation in
horses in dorsal recumbency ventilated with IPPV and constant
PEEP (Hopster et al., 2011). However this mode of ventilation
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Fig. 1. Partial pressure of oxygen/oxygen inspired fraction ratio (PaO,/FiO,), in
dorsally (D) or laterally (L) recumbent anaesthetized horses breathing spontane-
ously (SB) or mechanically ventilated (IPPV) before and 2, 5, 10, 15 and 30 min after
a single sustained high pressure manoeuvre. Values are means + SEM. “significantly
different from baseline (P < 0.05); *significantly different from basal values of D-SB
group (P < 0.05).

Table 2

Total amount of dobutamine administered and end-tidal isoflurane concentration
over the anaesthetic period in dorsally (D) or laterally (L) recumbent horses breathing
spontaneously (SB) or mechanically ventilated (IPPV).

End-tidal isoflurane
concentration (%)

Dobutamine infusion
(pg/kg/min)

D-SB (n=7) 0.33+0.11 1.69 +0.21
D-IPPV (n=7) 028 +0.11 1.78+0.16
L-SB (n=7) 0.25+0.13 1.62+0.26
L-IPPV (n=7) 0.29+0.13 1.71£0.12

was not able to expand the lungs completely and to keep the lungs
open without repeated recruitment (Hopster et al., 2011). In our
study a single SHPM probably re-expand collapsed portions of
the lung and decrease the severity of the V/Q mismatching,
improving hypoxaemia for a short duration. When the respiratory
system is subjected to AP, time is needed until AV occurs, and the
time necessary to inflate 63% of its volume is called the ‘time con-
stant’. For recruitment of lung areas the variation in time constants
between alveoli and lung regions precludes a single inflation pres-
sure being suitable for all lung regions (Soni and Williams, 2008),
influencing the effectiveness of the manoeuvre. Due to the severity
of the V/Q mismatching in horses in dorsal recumbency, a wide
variation in time constants was anticipated.

Hypotension observed during SHPM was similar to that de-
scribed during alveolar recruitment manoeuvres in horses placed
in dorsal recumbency (Levionnois et al., 2006; Wettstein et al.,
2006; Iff et al., 2007; Hopster et al., 2011), and is thought to have
been caused by increased intrathoracic pressure causing a dimin-
ished end-diastolic left ventricular volume (Wettstein et al.,
2006). The lack of effect of SHPM on hypotension in horses in
lateral recumbency is probably because the intrathoracic pressure
is not so high in such horses so the pre-load is less committed.

Table 3

Cardiovascular parameters in dorsally (D) or laterally (L) recumbent anaesthetized
horses breathing spontaneously (SB) or mechanically ventilated (IPPV) before and 2,
5, 10, 15 and 30 min after a single sustained high pressure manoeuvre.

HR (bpm) SABP(mmHg) DABP(mmHg) MABP (mmHg)
D-SB (n=7)
Basal 37+9 100 £11 58+9 729
SHPM 4112 71£17° 45+5 54+7"
2 min 35+8 92+12 51+14 64+12
5 min 36+8 97 £15 52+19 6717
10 min 37+8 99 17 53+18 69+16
15 min 41+8 99 15 55+ 16 69+15
30 min 44+9 94 +12 60+ 16 72+14
D-IPPV (n=7)
Basal 45+12 106 + 14 6711 80+12
SHPM 4410 84+14" 58+ 13 67+13"
2 min 42+7 9919 6017 73+17
5 min 40+6 104 +13 69 +21 80+18
10 min 39+6 104 +13 73+ 16 83+14
15 min 38+5 103 £ 14 67 £15 79+ 14
30 min 39+4 98 £15 60+13 73+13
L-SB (n=7)
Basal 43+10 112£15 66+ 10 8111
SHPM 39+5 97 £17 6113 73+14
2 min 4316 10214 59+9 73£11
5 min 43+6 96 + 14 54+7 68+7
10 min 43+7 100£12 58+5 727
15 min 44+6 103 +£13 607 74+8
30 min 41+5 107 £15 66+ 12 80+13
L-IPPV (n=7)
Basal 40+10 107 £17 58 +13 74+13
SHPM 43£10 1009 55+13 7012
2 min 39+8 101+13 54+7 70+8
5 min 39+7 99 12 55+7 707
10 min 41+8 1029 56+ 11 719
15 min 41+6 104 +10 58+6 74+10
30 min 45+7 116 £15 6115 86+ 14

HR, heart rate; bpm, beats per min; SABP, systolic arterial blood pressure; DABP,
diastolic arterial blood pressure; MABP, mean arterial blood pressure; SHPM, sus-
tained high pressure manoeuvre. Values are means * SD.

" Significantly different from baseline (P < 0.05).

In the group of horses breathing spontaneously and positioned
in dorsal recumbency during inhalant anaesthesia, venous admix-
ture developed significantly more than in other groups and a single
SHPM improved partially and only transiently arterial oxygena-
tion. No benefit of the respiratory manoeuvre was observed in
the other groups.
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