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Background: The purpose of this study was to investigate the short-term cardiovascular effects
of intravenous (IV) alfaxalone bolus injections in healthy pigs.

Materials and methods: Each pig was sedated with ketamine, azaperone, and atropine intra-
muscularly, mixed in one syringe. Anesthesia was induced and maintained intravenously with
alfaxalone. Then, three defined test bolus injections of alfaxalone were given intravenously.
Vascular ultrasonography and pulse-induced contour cardiac output thermodilution monitor-
ing were used to evaluate the direct cardiovascular effects after bolus injection. The follow-
ing vascular and hemodynamic variables were recorded at the right common carotid artery
(CCA) for 10 minutes after each alfaxalone injection by ultrasonography, pulse oximetry, and
capnometry: peak systolic, minimum diastolic, end-diastolic, and time-averaged blood flow
velocities; average volumetric flow; resistance index and vessel diameter; heart rate (HR); arterial
oxygen saturation; and end-tidal carbon dioxide (PETCO,). In addition, pulse contour-derived
cardiac output recorded cardiac output, contractility, and volumetric variables for preload and
afterload, as well as extravascular lung water, blood temperature, arterial blood pressure, and
central venous pressure.

Results: Alfaxalone bolus injections caused an initial short-lasting (0.25 minutes) decrease in
diameter at the CCA after each bolus. During this very acute reaction, peak systolic blood flow
velocity, thermodilutional cardiac output, and HR increased significantly. Average volumetric
flow decreased, but not significantly. Mean arterial blood pressure decreased significantly at
a time point of 0.25 minutes. Stroke volume, end-diastolic blood flow velocity, and resistance
index did not change significantly. No cumulative effect was seen when three bolus injections
of alfaxalone were given.

Conclusion: Alfaxalone bolus injections produced two-phased short-lasting vascular (vaso-
constriction at the CCA, vasodilation in the peripheral vessels) and hemodynamic changes (HR,
mean arterial pressure), which were easily compensated by young healthy pigs. Because of
those very short changes, alfaxalone is a safe hypnotic agent in healthy pigs; however, it may
be used carefully in patients with ventricular dysfunction.
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Introduction

Originally, alfaxalone was coformulated with the steroid analgesic alfadolone using
Cremophor® EL (BASF SE, Ludwigshafen, Germany) as an excipient (Althesin®,
GlaxoSmithKline, Brentford, UK; Saffan®, Merck Animal Health, Summit, NJ, USA).
The side effects of this formulation are well known: Cremophor® EL (BASF SE) induces
histamine release in cats, dogs, and humans, which leads to edema of the pinnae and
paws, hyperemia, or anaphylactoid reactions.'= Alfaxan® (Jurox Pty Limited, Rutherford,
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NSW, Australia) is formulated without alfadolone and is free
of Cremophor® EL (BASF SE). In addition, 2-hydroxypropyl-
beta cyclodextrin is the excipient in this new formulation,
which does not cause histamine liberation. It is a large oli-
gosaccharide molecule that embraces alfaxalone and has a
hydrophilic exterior, which consequently makes the complex
soluble in water.* Alfaxalone (Alfaxan®, Jurox Pty Limited)
is already licensed in Australia, New Zealand, South Africa,
the United Kingdom, and Thailand.

Since 2008, alfaxalone has also been licensed in Germany
for use in cats and dogs for the induction and maintenance
of anesthesia. Alfaxalone (30-hydroxy-5o.-pregnane-
11,20-dione) is a steroid hypnotic agent with a short duration
of action because of its fast redistribution and metabolism;’
therefore, it is well controllable. Anesthesia can be induced
with and without premedication and can be maintained
with alfaxalone, producing good hypnosis and good muscle
relaxation.®'2 The muscle tonus is reduced; therefore, intuba-
tion of the patient is easy.® In studies conducted with dogs,
apnea was more likely to occur when induction of anesthesia
was conducted with propofol than with alfaxalone.'?

To the best of our knowledge, sparse information exists
about the use of alfaxalone in pigs.!? Its analgesic properties
are very poor, so it is only classified as a hypnotic agent.
Consequently, surgical procedures should only be carried
out when alfaxalone is combined with an analgesic. The
cardiovascular effects of alfaxalone have been described
to produce a decrease in vascular resistance resulting in
hypotension, but it has no negative inotropic effect on the
heart.’ However, either for induction or to deepen anesthesia,
alfaxalone is given as a bolus injection.

The purpose of this study was to evaluate the direct
short-term effects of alfaxalone bolus injections on the
cardiovascular system using pulse-induced contour cardiac
output (PiCCO) and vascular ultrasound monitoring.

The PiCCO, an advanced method that is often used in
human intensive care medicine, was chosen in our study
to verify the short-term cardiovascular effects (especially
regarding the cardiac output [CO] and volumetric variables
for preload and afterload) of alfaxalone.

Two methods are combined in the PiCCO technique:
(1) a discontinuous method, which is based on transcar-
diopulmonal thermodilution; and (2) a continuous method,
which is based on pulse contour analysis.

With the PiCCO technique, the following hemodynamic
parameters can be measured: heart rate (HR), stroke volume
(SV), CO, SV variation (SVV), systemic vascular resistance
index (SVRI), global end-diastolic volume index (GEDI),

extravascular lung water index, maximum velocity of pres-
sure rise in the aorta (dPmax), global extraction fraction
(GEF), and cardiac function index (CFI).

Several studies have been conducted in pigs comparing
transcardiopulmonal thermodilution values (derived from the
PiCCO technique) with the pulmonary arterial thermodilu-
tion technique, which has been the gold standard in measuring
hemodynamic variables since its invention in 1970, resulting
in comparable data by both techniques.'* "’

Alfaxalone has already been investigated in dogs, cats,
rabbits, and sheep,”'#2° but to the best of our knowledge,
only one study has been conducted in pigs.'® In 2003, Keates'®
used alfaxalone as an induction agent after premedication
with azaperone and evaluated the necessary dose rate to pro-
duce satisfactory conditions for intubation. The objective of
our study was to evaluate the direct, short-term vascular and
hemodynamic changes of three intravenous (IV) bolus injec-
tions of alfaxalone during alfaxalone anesthesia in pigs.

Materials and methods

Animals

Six 3-month-old female landrace pigs weighing 34.5 £ 1.9 kg
(mean * standard deviation [SD]) were used in this study. The
study protocol was authorized by the local animal care com-
mittee and was carried out in accordance with the German
Animal Welfare Act (Deutsches Tierschutzgesetz).

The pigs were obtained from an experimental breeding
colony (Versuchsstation Thalhausen, Germany) and were
group-housed (3 m? for two animals) under conventional
hygienic conditions. The air temperature was maintained
at 19°C £ 2°C, and relative humidity was 50%—60%. The
pigs were provided with commercial pelleted forage (deuka
Kornmast 130 gekornt, Alleinfuttermittel fiir Mastsch-
weine, Deutsche Tiernahrung Cremer GmbH and Co KG,
Regensburg, Germany) twice daily and received water ad
libitum. All animals were housed at least 7 days before the
day of the experiment to adapt to the new environment and
were kept on a 12-hour light/dark cycle. For enrichment,
plastic balls were provided. At 12 hours before induction
of anesthesia, the pigs were starved but still had free access
to water.

Anesthesia

On the day of the experiment, each pig was weighed and exam-
ined adspectorically. Experiments were conducted between
8 am and 12 pm. Sedation was induced by 10 mg/kg of ket-
amine (Narketan 10®; Vétoquinol, Ravensburg, Germany),
2 mg/kg of azaperone (Stresnil®; Janssen Animal Health,
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Neuss, Germany), and 0.029 mg/kg of atropine (Atropin®;
B Braun Medical Inc, Melsungen, Germany) intramuscularly
in one syringe. A 0.9 X 25 mm catheter (Vasofix; B Braun
Medical Inc) was placed into the right and left lateral
auricular veins. Anesthesia was induced intravenously (IV)
using 0.7 mg/kg of alfaxalone (Alfaxan®; Vétoquinol) after
the animals became recumbent. The trachea was intubated
(7-7.5 mm internal diameter of tube) after loss of the swal-
lowing reflex. Then, a single bolus of 40 mg/kg metamizole
(Novaminsulfon-ratiopharm 2.5%; Ratiopharm GmbH, Ulm,
Germany) was given intravenously for preemptive analgesia.
Each pig was mechanically ventilated (Cicero; Draeger
Medizintechnik, Luebeck, Germany) with 100% oxygen at
12—17 breaths per minute and a peak ventilation pressure of
8-10 cm of H,O. A pulse oximeter (8600V; Nonin Medical,
Inc, Plymouth, MN, USA) was used to observe HR and
peripheral arterial oxygen saturation (SpO,). End-tidal carbon
dioxide (PETCO,) and rectal body temperature were con-
trolled; in addition, the central venous pressure was measured
with a patient monitor (Datex Ohmeda S/5 Type F-CM1.00
pressure transducers, Hellige Type 4-327-1; Datex Ohmeda,
Helsinki, Finland).

The pigs were placed in the dorsal recumbent position to
allow ultrasonographic measurements of the right common
carotid artery (CCA). A continuous IV infusion of alfaxalone
(13.2+ 0.7 mg/kg/hour) was given to proceed with anesthesia.
With this dose, a stable and light plane of anesthesia was
maintained, producing good muscle relaxation and hypno-
sis with stable cardiovascular variables (HR, mean arterial
blood pressure [MAP], SpO,, PETCO,, and ultrasonographic
parameter).

Saline was infused at a maintenance rate of 10 mL/kg/hour.
All additional fluids for PiICCO measurements were sub-
tracted from the infusion rate not to exceed the maintenance
rate (10 mL/kg/hour).

Experimental protocol

Adequate analgesia during the insertion of vascular catheters
into the left external jugular vein (tube/X-ray line 50 cm
CHOS; Unomedical a/s, Birkered, Denmark) and into a
superficial branch of the left iliac artery (PiCCO® brachial
artery catheter 16 cm 4F; PVPK2014 L16-46 N, PULSION
Medical Systems AG, Munich, Germany) was achieved by
0.007 mg/kg/hour of remifentanil constant rate infusion (CRI)
(Ultiva® 5 mg; GlaxoSmithKline, Munich, Germany). After
the invasive procedures were completed, remifentanyl CRI
was stopped. To ensure that only the alfaxalone bolus injec-
tions were affecting the cardiovascular system, we waited for a

washing-out period of at least 10 minutes (15 = 7.16 minutes)
for remifentanyl.

Baseline measurements were determined only after a
stable anesthetic plane was apparent (ie, values for HR, MAP,
PETCO,, and ultrasonographic variables did not differ from
respective baseline values of more than 5%).

Every 25 minutes, a bolus injection of alfaxalone IV
(1.5 mg/kg) was administered. In total, three bolus injec-
tions were given. Each bolus was injected during a period
of 10 seconds. The end of each alfaxalone injection was
defined as Time 0. After each of the three alfaxalone bolus
injections, changes in vascular and hemodynamic variables
were recorded for 10 minutes using ultrasonography and
PiCCO thermodilution monitoring (recorded time points:
15 seconds and minutes 1-10).

During ultrasonographic ascertainment of the CCA,
the vessel images and velocity spectra were recorded for
determination of vessel diameter, peak systolic blood flow
velocity (psBFV), minimum diastolic blood flow velocity
(mdBFV), end-diastolic blood flow velocity (edBFV), and
time-averaged blood flow velocity (VF).

The resistance index (RI) of the blood vessels, which is
derived from the psBFV and edBFYV, reflects the vascular
resistance distal to the point of Doppler sampling. It was
defined according to the following calculation:

(psBFV — edBFV)/psBFV, (1)

where psBFV is the peak systolic BFV and edBFV is the
end-diastolic BFV. Mean volumetric flow in the right CCA
was calculated using the formula,

V  XmXr?, 2)

mean

where V- is the mean velocity and r is the vessel radius.

PiCCO thermodilution measurements

As mentioned above, the PiCCO technique uses two methods
to evaluate hemodynamic parameters: (1) a discontinuous
method, which is based on transcardiopulmonal thermodilu-
tion; and (2) the continuous method, which is based on pulse
contour analysis.

Transcardiopulmonal thermodilution uses cold saline
as an indicator. In our study, 10 mL of cold (~8°C) sodium
chloride was injected at 1 minute, 2 minutes, 4 minutes,
6 minutes, 8 minutes, and 10 minutes after a test bolus appli-
cation of alfaxalone into the left jugular vein via the PiICCO
injection pin. Then, the cold sodium chloride was distributed
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via blood flow to the right side of the heart, into the lungs,
and to the left side of the heart, and it passed the aorta and
the femoral and iliac arteries to arrive at the thermistor probe
placed in the superficial branch of the left iliac artery. PICCO
calculated CO, CFI, GEDI, extravascular lung water index,
and the GEF using the thermodilution curve.

With the second method — continuous pulse contour anal-
ysis — the following parameters were recorded at 15 seconds
and minutes 1-10 after alfaxalone bolus injection: HR,
arterial blood pressure (systolic and diastolic blood pressures
and MAP), CO, SVRI, SVYV, parameter for left ventricular
contractility (dPmax), and blood temperature.

Consequently, two different methods were used to mea-
sure CO with the PICCO technique included in our study:
thermodilution and pulse contour analysis.

SV and HR affect CO. Furthermore, SV is dependent
on three different parameters: contractility, preload, and
afterload. The contractility of the heart is defined via the
parameters dPmax, GEF, and CFI. The dPmax describes the
contractility of the left ventricle. The equation,

4 x SV/GEDV, 3)

calculates the GEF. The CFI is calculated by the
equation,

CO/GEDV, 4)

and reflects the fraction of preload volume, which is pumped
by the heart in 1 minute.

Using the PiCCO technique, the SVV determines whether
an increase in preload (for example, because of infusion) in a
controlled, ventilated patient leads to an increase in CO. The
GEDI is another important parameter that defines the preload
of the heart using the PiCCO technique. GEDI is the global
end-diastolic volume (GEDV) referred to body surface,
indicating the effect of external infusion on the circulation.
The SVRI is a parameter that defines the afterload. During
PiCCO measurements, HR, SpO,, PETCO,, and rectal body
temperature were recorded simultaneously.

Ultrasonography of the right CCA

Vascular imaging of the right CCA was conducted with an
ultrasonographic system (Vivid 7; GE Vingmed, Horten,
Norway) with a 10 MHz linear transducer (FLA 1-MHz 1A;
GE Vingmed). The probe was placed on the right side of the
ventral cervical region and was adjusted until distinct parallel

vessel walls were visible on the ultrasonic image of the CCA.
A clamp fixed the probe in that position. Adjustment of
instrument settings was done to delineate the vessel walls
from surrounding tissues.

Afterward, the Doppler sample volume was placed cen-
trally in the vessel. The sample volume cursor was adjusted
to align with the vessel walls and blood flow. An angle of
45° to 60° between the vessel and the ultrasound beam was
measured in the ultrasound image and was adhered to in
every experiment. This angle was used to correct velocity
calculations. Once the sample volume was positioned cor-
rectly, ultrasonic measurements were performed. Doppler
evaluations were implemented in pulsed-wave mode. Velocity
spectra were surveyed using the visual and audible signals
and then were saved for psBFV, mdBFV, edBFV, and VF. The
RI, pulsatility index, and mean volumetric flow were figured
up from these BFV data. Moreover, the luminal diameter
was calculated by cursor adjustment using two-dimensional
images of the vessel wall that were recorded and stored
previously. Averaged volumetric flow in the right CCA was
calculated using the equation,

V  XmXr} (5)

mean

where r is the vessel radius and V__  is the mean

velocity.?!

Statistical evaluation

Descriptive statistics (mean = SD) were reported for all
data. Statistical comparisons were made for an exploratory
data analysis; thus, no correction of a type 1 error was
considered. All statistical tests were conducted two-sided,
and a P-value of less than 0.05 was considered to indicate
statistical significance.

To evaluate the overall time trend of interesting response
variables, linear mixed regression models with monotonous
(linear), transient (quadratic), and cubic time effects were
fitted to the data. The linear mixed regression modeling
approach properly reflects the structure of repeated data and
accounts for correlation among measurements within the
same subject. A first-order autoregressive correlation struc-
ture, as well as random effects for each pig, was considered
in the regression analysis. Effects of time were first specified
by graphical assessment and then were verified by stepwise
model derivation. When a specific effect of time was detected
in the global trend analysis, a post hoc Student’s #-test for
paired samples was used to assess differences between each
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time point during the 10-minute examination period and
the baseline value. Furthermore, a Friedman’s test followed
by paired Student’s #-tests was used to separately compare
related samples given by equivalent time points after the
first, second, and third bolus for the variables HR, MAP,
SVRI, thermodilutional CO (TDCO) and pulse contour CO
(PCCO), and SV.

All statistical analyses were conducted with the com-
mercially available software SPSS® (Statistical Package for
the Social Sciences, version 19; IBM Corporation, Armonk,
NY, USA).

Results
Ultrasonography of the right CCA

The data (mean + SD) of the measurements at the CCA
after the first, second, and third alfaxalone test bolus injec-
tions are shown in Tables 1-3. A significant decrease in
the diameter of the CCA was obvious after every bolus
injection at a time point of 15 seconds. The luminal diam-
eter decreased by 3.2% after the first bolus, 3.9% after the
second bolus, and 4.6% after the third bolus compared
with baseline values, and the diameter increased again to
baseline values at a time point of 1 minute. In this acute
phase, psBFV increased significantly after every bolus

injection, whereas the other variables did not change sig-
nificantly. At a time point of 1 minute, psBFV decreased
again, but this was only significant after the second alfax-
alone bolus.

After this acute, transient phase, several significant
changes at different time points in averaged volumet-
ric flow were recorded. The averaged volumetric flow
increased at minute 4 and minute 6 after the first bolus
injection.

When all data were compared at equivalent time points
after the first, second, and third bolus injections, differences
in diameter and RI were visible (Table 1). Between the first
and second bolus injections, significant differences were
seen at minute 9 in RI. At minute 6 and minute 9, the vessel
diameter was significantly different between the first and
third bolus injections.

Clinical hemodynamic parameters
recorded with PiCCO

Tables 4-6 show data recorded after injection of the first,
second, and third alfaxalone bolus injections. HR increased
transiently at a time point of 15 seconds after every bolus
injection, but this increase was only significant after the third
bolus injection. MAP significantly and transiently decreased

Table | Ultrasonographic evaluation of the right common carotid artery after the first alfaxalone bolus injection (mean £ SD)

Time D (mm) psBFV edBFV RI (-) VFave
(minutes) (cm/second) (cm/second) (mL/second)
LMM

Intercept 4.323 116.765 19.796 0.821 5.642

Time X coef, 0.045 —18.065 0.082 —0.045 0.370

Time? X coef, -0.003* 3.492 o 0.010 -0.032%

Time® X coef, sk -0.187* ok —0.001* ok
Baseline 4.38£0.20 103.20 £ 51.73 19.94+10.28 0.80+0.11 6.08 £ 1.98
0.25 4.24 £ 0.26* 144.41 + 50.59* 18.86 + 7.82 0.86 £ 0.07 4.68 £2.58
| 430£0.17 102.25 + 54.34 18.33 £ 8.81 0.80+0.11 6.08 £ 2.35
2 440 £0.23 101.74 + 50.75 20.50 £ 9.57 0.78 £0.10 6.39 + 1.81
3 442 £0.16 100.87 + 47.24 2234+ 6.77 0.75+0.10 6.53 £ 1.64
4 443 £0.19 97.73 £52.33 20.88 £7.91 0.77 £0.11 6.50  1.86*
5 440 £0.11 103.72 £ 51.71 20.77 £7.43 0.77 £0.11 6.17 £ 1.58
6 4.47 £ 0.18° 103.33 £ 43.99 20.44 £7.45 0.78 £0.10 6.68 £ 1.62*
7 4.45£0.20 105.09 + 46.75 20.26 £7.52 0.78 £0.10 6.49 £ 1.60
8 446 £0.16 104.77 £ 47.74 18.77 £ 7.94 0.80+0.11 6.53 £ 1.65
9 443 £0.17° 103.26 + 42.14 19.67 £ 9.56 0.79+0.11* 638+ 1.18
10 442 £0.18 103.58 + 46.18 20.79 £9.08 0.77 £0.13 6.12+£1.27

Notes: *Significant differences from baseline (P < 0.05); **no quadratic time trend obvious by data assessment; ***no cubic time trend obvious by data assessment. LMM with
individual random effects and autoregressive correlation structure: predicted = intercept + time coef, + time” coef, + time® coef,, where coef, = slope of predicted value per
I-minute increment of time; coef, = additive change of predicted value in dependence on squared time (minute?); coef, = additive change of predicted value in dependence
on cubed time (minute®); *significant difference between bolus | and 2; *significant difference between bolus | and 3.

Abbreviations: SD, standard deviation; D, luminal diameter; psBFV, peak systolic blood flow velocity; edBFV, end-diastolic blood flow velocity; Rl, resistance index;
VFave, average volumetric flow; LMM, linear mixed model.
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Table 2 Ultrasonographic evaluation of the right common carotid artery after the second alfaxalone bolus injection (mean + SD)

Time D (mm) psBFV edBFV RI () VFave
(minutes) (cm/second) (cm/second) (mL/second)
LMM

Intercept 4.280 119.562 23.877 0.782 6.418

Time x coef, 0.046 —17.389 —-0.033 -0.013 0.021

Time? X coef, —0.004* 3.237 ok 0.001* ok

Time® X coef, Forok —0.167* ok Sk #okk
Baseline 433+0.13 105.76 + 47.88 24.30 + 12.68 0.76 £ 0.11 626 £ 1.15
0.25 4.16 £0.16* 148.73 + 40.99* 2392 + 13.87 0.83+0.10 6.51 £1.59
| 4.33+0.21 101.26 + 46.25* 23.50 +9.92 0.75+0.13 6.48 + 1.56
2 437+0.18 100.78 + 40.77 22.28 +9.23 0.76 +0.12 6.64+ 1.66
3 436+0.16 102.36 + 45.64 23.90 +£9.30 0.74+0.13 6.75+1.03
4 439+0.18 104.29 + 40.86 26.27 + 13.25 0.74+0.12 6.96 + 1.37
5 440+ 0.23 102.74 £ 37.76 23.77 £ 9.60 0.75+0.12 6.68% 1.15
6 437+0.18 104.12 £ 39.35 22.66 +7.97 0.77 £ 0.11 673 1.17
7 435+0.14 86.69 + 4.03 22.58 +9.04 0.77 £ 0.10 650+ 1.14
8 4.38+0.15 104.93 + 37.86 21.94 +9.87 0.70+0.16 686+ 1.15
9 437 +0.19 100.94 + 31.40 23.63+9.51 0.76 £ 0.11 683+ 1.14
10 434+0.18 104.93 £ 35.25 24.11 £9.52 0.76 £ 0.12 6.58 £0.73

Notes: *Significant differences from baseline (P < 0.05). LMM with individual random effects and autoregressive correlation structure: predicted = intercept + time coef| +
time? coef, + time® coef,, where coef, = slope of predicted value per |-minute increment of time; coef, = additive change of predicted value in dependence on squared time
(minute?); coef, = additive change of predicted value in dependence on cubed time (minute®); **no quadratic time trend obvious by data assessment; ***no cubic time trend
obvious by data assessment.

Abbreviations: SD, standard deviation; D, luminal diameter; psBFV, peak systolic blood flow velocity; edBFV, end-diastolic blood flow velocity; Rl, resistance index; VFave,
average volumetric flow; LMM, linear mixed model.

at 15 seconds after the first and second alfaxalone injections.  decreased significantly after each bolus injection at a time
After this rapid decrease, MAP immediately started to  point of 0.25 minutes, then increased continuously after each
increase again (not significantly) to reach baseline values at ~ bolus injection (significantly after the first bolus injection).
a time point of 1 minute and increased further (significantly =~ TDCO significantly and transiently increased after the second
after the first and second bolus injections). Furthermore, SVRI  bolus injection at a time point of 0.25 minutes; after the first

Table 3 Ultrasonographic evaluation of the right common carotid artery after the third alfaxalone bolus injection (mean * SD)

Time D (mm) psBFV edBFV RI (-) VFave
(minutes) (cm/second) (cm/second) (mL/second)
LMM

Intercept 4.293 107.983 21.492 0.769 6.229

Time X coef, 0.027 —15.076 1.220 -0.021 —-0.001

Time? X coef, —0.002* 2.790 -0.126 0.002* ok

Time® X coef, ok —0.145* -0.001* ok ok
Baseline 4.36 +£0.20 97.79 £ 41.61 21.28 +8.95 0.74+0.13 6.44 + 1.04
0.25 4.16 £ 0.14* 129.22 £+ 50.46* 18.85 £ 7.95 0.83+0.12 5.62 % 1.31
| 431 £0.15 94.47 £ 39.42 23.40 +8.77 0.74+0.13 6.07 + 1.04
2 430+0.17 94.14 + 36.32 25.65 + 12.50 0.70+0.14 6.13+0.99
3 433+0.15 92.26 + 40.56 22.61 + 850 0.73+0.14 6.14+ 1.01
4 438+ 0.14 95.50 + 32.46 22.37 + 8.40 0.75+0.13 6.47 + 1.01
5 439+ 0.19 94.58 + 33.90 23.51 +8.04 0.73+0.13 659+ 1.16
6 433+0.14 92.98 +28.77 22.30 +8.29 0.74+0.13 6.25+0.93
7 441 £0.16 104.38 £ 33.10 29.00 + 11.47 0.71 £0.13 7.40 £ 0.69
8 439+0.17 96.59 +29.21 21.99 + 877 0.75+0.14 651 +1.07
9 435+0.18 94.34 +28.11 23.05+09.14 0.64 +0.21 6.28 +0.90
10 437 £0.17 96.49 +26.87 18.88 + 6.83 0.77 £ 0.12 6.36 +0.74

Notes: *Significant differences from baseline (P < 0.05). LMM with individual random effects and autoregressive correlation structure: predicted = intercept + time coef, +
time? coef, + time® coef,, where coef, = slope of predicted value per I-minute increment of time; coef, = additive change of predicted value in dependence on squared time
(minute?); coef, = additive change of predicted value in dependence on cubed time (minute®); **no quadratic time trend obvious by data assessment; ***no cubic time trend
obvious by data assessment.

Abbreviations: SD, standard deviation; D, luminal diameter; psBFV, peak systolic blood flow velocity; edBFV, end-diastolic blood flow velocity; Rl, resistance index; VFave,
average volumetric flow; LMM, linear mixed model.
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Table 4 Clinical hemodynamic parameters recorded after the first alfaxalone bolus injection (mean + SD)

Time HR MAP SVRI TDCO PCCO SV
(minutes) (bpm) (mmHg) (dyn*s*cm) (L/minute) (L/minute) (mL)
LMM

Intercept 102.369 86.843 1258916 5.469 5.449 51.657

Time X coef, 0.191 3.136 117.183 —0.068 0.028 0.267

Time? X coef, oK -0.634 —26.562 o o o

Time® X coef, Fokok 0.035% | .490% ok sokx sokx
Baseline 103 + 20 87t 11 1246 + 358 544+ 1.26 554+ 1.12 53.17 £ 4.07
0.25 107 + 21 74 + 10* 894 +212* 6.56 + 0.64 536+ 1.33 50.83 + 6.37
| 104 + 22 90 + 14 1388+ 513 5.18 £ 1.48 534+ 1.39 50.67 £ 5.43
2 103 + 21 91 + 14 1412 + 457* 520+ 1.30 523+ 1.38 49.83 £3.19
3 100 + 25 91+ 13 1456 + 528* 520+ 1.52 49.50 £ 4.42
4 104 + 21 89+ 16 1359 + 404* 551 £1.36 543 £ 1.48 52.00 +2.74
5 99 +23 91 £ 13* 1351 +423* 539+ .42 52.17 + 556
6 103 £ 20 90+ 12 1320 + 380* 529+ 1.01 544+ 1.23 52.00 +2.97
7 100 £ 22 90 £ 12 1315+ 377 549+ 1.18 53.00 £ 2.97
8 104+ 19 89+ 12 1269 + 390 531+ 1.16 558+ 1.21 53.50 +3.78
9 101 £22 90+ 12 1286 + 370 563+ 1.18 53.83+5.19
10 104 + 19 90 £ 12 1280 + 423 469 +2.19 563+ 1.22 53.80 + 5.72

Notes: *Significant differences from baseline (P < 0.05). LMM with individual random effects and autoregressive correlation structure, which yielded the following equation:
predicted value = intercept + (time X coef|) + (time? X coef,) + (time® x coef,), where coef, = slope of predicted value per I-minute increment of time; coef, = additive change
of predicted value in dependence on squared time (minute?); coef, = additive change of predicted value in dependence on cubed time (minute’); **no quadratic time trend
obvious by data assessment; ***no cubic time trend obvious by data assessment.

Abbreviations: SD, standard deviation; HR, heart rate; bpm, beats per minute; MAP, mean arterial pressure; SVRI, systemic vascular resistance index; TDCO, thermodilutional
cardiac output; PCCO, pulse contour cardiac output; SV, stroke volume; LMM, linear mixed model.

and third bolus injections, an increase was visible but was  significant differences were observed among the three
not significant. PCCO and SV did not change significantly ~ bolus injections. Values for GEDI, dPmax, SpO, PETCO,,
after each bolus injection. blood temperature, and rectal body temperature were

When data were compared at equivalent time points recorded but did not change significantly (data not
after the first, second, and third bolus injections, no  shown).

Table 5 Clinical hemodynamic parameters recorded after the second alfaxalone bolus injection (mean * SD)

Time HR MAP SVRI TDCO PCCO SV
(minutes) (bpm) (mmHg) (dyn*s*cm) (L/minute) (L/minute) (mL)
LMM

Intercept 102518 89.787 1298.971 5.555 5.458 52.353

Time X coef, 0.011 2.768 68.869 —0.145 —0.031 —0.322

Time? X coef, ek -0.573 —4.984* 0.031 ek ok

Time® X coef, ok 0.031* oK —0.002* ek E
Baseline 104+ 18 91+ 13 1314+ 41647 5.54+1.30 552+ 1.19 52.83+4.17
0.25 108 + 17 75+ 10% 907 +250 6.16 £1.02*% 5.34+1.21 51.83+3.7I
| 103+ 18 92+ 15 1362 + 455.56 547 +1.27 544+ 1.35 52.00 + 4.56
2 98 +24 93+ 15 1366 + 456.87 542+ 1.15 549+ 1.32 53.00 +4.98
3 99 £20 94 + | 5% 1354 + 459.64 5.52+1.30 53.83+4.79
4 102+ 17 93+ 15 1646 + 760.09 531 £1.13 495+ 1.84 47.50 + 13.19
5 100 £ 19 91+ 14 1588 +701.75 499+ 1.76 48.00 + 12.35
6 103x 16 92+ 15 1529 £ 612.59 5.46 +0.97 5.08 + 1.65 4883+ |1.37
7 102 +20 92+ 17 1394 + 602.31 529+ 1.74 50.20 + 12.60
8 103+ 15 90+ 13 1472 + 580.21 5.52 +1.03 5.16 + 1.60 49.50+ 11.41
9 100+ 18 90+ 12 1466 + 574.70 5.19+1.58 49.83 £ 11.20
10 103+ 15 9l £ 12 1484 + 584.62 549+ 1.21 5.13+1.55 49.33£10.93

Notes: *Significant differences from baseline (P < 0.05). LMM with individual random effects and autoregressive correlation structure, which yielded the following equation:
predicted value = intercept + (time X coef|) + (time? x coef,) + (time® X coef,), where coef, = slope of predicted value per one minute increment of time; coef, = additive
change of predicted value in dependence on squared time (minute?), coef, = additive change of predicted value in dependence on cubed time (minute’); **no quadratic time
trend obvious by data assessment; ***no cubic time trend obvious by data assessment.

Abbreviations: SD, standard deviation; HR, heart rate; bpm, beats per minute; MAP, mean arterial pressure; SVRI, systemic vascular resistance index; TDCO, thermodilutional
cardiac output; PCCO, pulse contour cardiac output; SV, stroke volume; LMM, linear mixed model.
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Table 6 Clinical hemodynamic parameters recorded after the third alfaxalone bolus injection (mean % SD)
Time (minutes) HR (bpm) MAP (mmHg) SVRI (dyn*s*cm) TDCO (L/minute) PCCO (L/minute) SV (mL)
LMM

Intercept 98.439 91.141 1304.977 5.485 5.550 54.180

Time X coef, 1.259 0.669 23.542% 0.015 ~0.035 0364

Time? x coef, —0.524 o wE ok ok o

Time3 x coefz 0040* sk skekek skekek skekek skekek
Baseline 101 + 14 92+ 13 1310 + 409 555+ 1.02 559+ 1.13 54.67 + 6.71
0.25 105 + 4* 78+ 12 956 + 265* 6.19 £0.89 552+ .11 54.17 + 6.37
| 102 + 14 92+ 13 1318 £ 409 557+ 1.15 560+ 1.12 54.50 £ 543
2 102 + 14 93+ 13 1343 + 409 532+ 1.09 551 +1.08 53.83+5.19
3 93+ 11 92+ 13 1326 + 413 551 +1.09 54.00 + 5.14
4 101 £ 13 93+ 13 1341 £ 411 554+ 1.07 551+ 1.14 53.83 + 546
5 93+ 11 94+ 14 1511 £ 642 524+ 1.50 51.00 £ 10.92
6 100+ 13 96 + 17 1738 + 949 5.58+0.99 497 + 1.81 48.50 + 14.15
7 93+ 10 9% + 17 1604 + 796 5.16 + 1.57 50.67 + 12.06
8 100+ 13 97 £ 18 1460 + 706 549 + 1.06 4.77 £2.03 46.50 £ 16.74
9 92+ 10 97 £ 17 1601 £732 5.1 % 1.51 50.17 £ 10.78
10 100+ 12 97 £ 17 1509 + 537 557+0.92 524+ 1.22 51.50+7.23

Notes: *Significant differences from baseline (P < 0.05). LMM with individual random effects and autoregressive correlation structure, which yielded the following equation:
predicted value = intercept + (time X coef|) + (time? X coef,) + (time® x coef,), where coef, = slope of predicted value per I-minute increment of time; coef, = additive change
of predicted value in dependence on squared time (minute?), coef, = additive change of predicted value in dependence on cubed time (minute’); **no quadratic time trend

obvious by data assessment; ***no cubic time trend obvious by data assessment.

Abbreviations: SD, standard deviation; HR, heart rate; bpm, beats per minute; MAP, mean arterial pressure; SVRI, systemic vascular resistance index; TDCO, thermodilutional
cardiac output; PCCO, pulse contour cardiac output; SV, stroke volume; LMM, linear mixed model.

Discussion

Alfaxalone is a synthetic water-insoluble steroid anesthetic.
It has already been used in humans, dogs, and cats in formu-
lations combined with alfadolone using Cremophor® EL as
an excipient. Because Cremophor® EL produced histamine
release with often intense allergic reactions, the use of

®

Cremophor® EL was stopped. A new excipient for alfaxalone
was found with 2-hydroxypropyl-beta cyclodextrin. This for-
mulation is registered for the use in dogs and cats, but it has
also been used in studies on rabbits, sheep, and pigs.1%1820

Whereas the study by Keates!® previously investigated
the induction dose rate of alfaxalone needed for intubation
tolerance in pigs, our study investigated the acute short-term
hemodynamic and cardiovascular effects of alfaxalone bolus
injections in pigs using the PICCO technique as well as Dop-
pler ultrasonography.

The PiCCO technique uses two different methods of
analysis to record, for example, HR, MAP, PCCO, TDCO,
SV, and SVRI: pulse contour analysis and transcardiopul-
monal thermodilution. The PiCCO technique has been
used in many studies and is a well-accepted method in the
evaluation of cardiovascular hemodynamic and volumetric
parameters.'+ "’

Furthermore, Doppler ultrasound determines vascular
diameters,”>* as well as changes in blood flow (psBFYV,
edBFV, mdBFV, and V__ )** at the CCA as a noninvasive,

accurate method. Volumetric flow can be calculated using
these parameters. The CCA is an elastic-type artery much like
the truncus brachiocephalicus and the aorta.?>?¢ It can easily be
examined by percutaneous ultrasonography, which has already
been studied for its suitability to investigate vascular effects of
drugs in several studies using goats and rabbits.?’ 3!

In our study, ultrasonography of the CCA was always
performed by the same person (CB) to avoid variations in
the technique of examination. The audible and visible sig-
nals as well as the Doppler angle of 45° to 60° were always
comparable among the single measurements. Consequently,
using these two methods, the short-term hemodynamic and
volumetric effects of alfaxalone bolus injections in pigs could
be investigated in detail.

In our current study, a significant decrease in diameter at
the CCA was obvious after every bolus injection at a time
point of 15 seconds. The luminal diameter decreased by 3.2%
after the first bolus, 3.9% after the second bolus, and 4.6%
after the third bolus compared with baseline values, and the
diameter increased again to baseline values at a time point
of 1 minute. This transient decrease at the vessel could be
caused by a direct vasoconstrictoric effect of alfaxalone or a
reaction induced by the acute reduction in MAP, as measured
at this acute time point.

In this very acute phase, psBFV increased significantly
after every bolus injection according to the decrease in
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vessel diameter. Corresponding to this trend, the increase in
diameter to normal values at a time point of 1 minute was
associated with a decrease in psBFV to baseline values. The
averaged volumetric flow in the CCA decreased only slightly
in this acute phase (not significantly).

According to the decrease in diameter at the ACC and
the increase in psBFV, edBFV decreased (not significantly)
and Rl increased (not significantly) at 15 seconds after bolus
injection.

In contrast to these findings, SVRI decreased significantly
at 15 seconds after each bolus, showing a decrease in resistance
of the peripheral vessels, possibly caused by vasodilation. Muir
et al*? also reported a decrease in SVR after bolus injection of
alfaxalone in overdose in cats, explaining their findings with a
possible decrease in SV and negative inotropic effects as well
as vasodilation. In our study, SV did not change significantly
(slightly decreased); consequently, a direct negative inotropic
effect of alfaxalone may not be the cause for a decrease in
SVRI. Vasodilation has been an often-reported adverse effect
of anesthetics such as alfaxalone, which modulate the gamma-
aminobutyric acid receptors.®*2 Ambros et al° reported a decrease
of SVR when alfaxalone was used for induction and mainte-
nance of anesthesia in dogs. Since in Ambros et al’s study CFI
and SV index remained unchanged during the experiment, the
authors ruled out a negative inotropic effect of alfaxalone, and
explained the decrease in SVR with possible vasodilation.®

The already-mentioned decrease in MAP was significant
after the first and second bolus injections of alfaxalone at a
time point of 15 seconds. After this rapid decrease, MAP
immediately started to increase again (not significantly) to
reach baseline values at a time point of 1 minute. This reac-
tion could have been caused by a direct vasodilatory effect
of alfaxalone at the peripheral vessels. Muir et al*? also
reported a significant decrease in MAP in cats after a clinical
dose of alfaxalone at minute 15 after bolus administration.
Directly after bolus injection, a decrease in MAP was visible
but was not significant. When they used supraclinical doses,
this effect was significant directly after the bolus injection
for 30 minutes. As HR and CO decreased too, Muir et al*
explained their results with a possible direct negative inotro-
pic effect of alfaxalone.

Muir et al® also conducted a study with dogs, recording no
significant changes in MAP when clinical doses were used.
Using three or ten times the recommended dose of alfaxalone,
these authors observed that MAP significantly decreased at
5 minutes and 1 minute, respectively. After this decrease,
MAP remained decreased for 30 minutes and 60 minutes,
respectively. Muir et al® assumed that this hypotension could

be caused by peripheral vasodilation and a decrease in cardiac
contractile force.

In our study, we used clinical doses of alfaxalone, but
the decrease in MAP only lasted for 1 minute. This finding
indicates a well-preserved hemodynamic reserve.

Whittem et al’ conducted a study with alfaxalone in cats
and administered multiple intravenous bolus injections at
clinical doses. At 5 minutes after induction with an alfax-
alone bolus injection, MAP decreased but HR decreased
(not significantly). After this transient decrease, values
for MAP and HR remained stable or began to increase to
baseline values again, even when four bolus injections at
maintenance doses were administered. These changes were
stated to be in acceptable ranges, with only a minor adverse
effect of alfaxalone anesthesia.

Ambros et al® studied the effects of alfaxalone as a con-
tinuous infusion in dogs. They found a decrease in MAP
at a time point of 5 minutes after induction of anesthesia,
whereas HR increased at this time point. They explained
these findings with a reflectory increase in HR because of
hypotension. As the values of CFI and SV index remained
stable during anesthesia, Ambros et al® stated that alfaxalone
has no or only limited negative inotropic effects.

At the same time point as MAP decreased, HR increased
transiently and was clinically obvious after every bolus
injection in our current study, but this finding was signifi-
cant only after the third bolus injection. This increase could
be a reflectory reaction to the decreased MAP. In a study
conducted with sheep,”® HR increased immediately after
administration of alfaxalone and returned to baseline values
after 20 minutes, whereas arterial blood pressure remained
unchanged. Bosing et al** found similar results in their study
in cats: after administration of alfaxalone as a bolus injec-
tion, HR increased and lasted up to 10 minutes. Both studies
evaluated the increase in HR as a minor adverse effect of
alfaxalone.

Muir et al’ studied the effect of clinical and supraclinical
doses of alfaxalone in dogs. They also reported an increase
in HR, but only at supraclinical doses of alfaxalone bolus
injections (three times and ten times higher). Muir et al® also
noticed that MAP and SVR decreased, but HR increased, and
the authors assumed that vasodilation of peripheral vessels
had caused these effects.

In contrast to their abovementioned findings, Muir et al*?
in 2009 reported decreased HRs at supraclinical doses of
alfaxalone in cats. In their later study, they noted that HR
significantly decreased at 1 minute after bolus administration,
when the dose was ten times higher than the clinical dose,
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and at 5 minutes after bolus administration, when the dose
was three times higher than the clinical dose. HR remained
decreased until 30 minutes. In clinical doses, there was no sig-
nificant decrease in HR. Therefore, one might conclude that
the decrease in HR depends on the dose of alfaxalone. Muir
et al*? explained their findings with direct cardiac depression
and vasodilation and stated that more detailed investigation
is necessary to arrive at this assumption.

In our study, a clinical dose of alfaxalone was used. As HR
and TDCO increased but MAP decreased and SV remained
unchanged, we assumed no direct cardiac depression caused
by alfaxalone when used in clinical doses (as this would be
indicated by a decrease in HR, TDCO, MAP and SV). Also,
PCCO and SV did not change significantly.

TDCO transiently increased after every bolus injection ata
time point of 15 seconds, but this trend was only significant after
the second bolus injection. CO is calculated via the formula

HR x SV, (6)

Regarding the figures, CO increased because HR
increased and SV remained unchanged. Muir et al® reported
increased TDCO when using three times the recommended
dose of alfaxalone and a decrease in CO when using ten
times the recommended dose of alfaxalone in dogs. At both
dosages, HR increased at these time points, whereas SVR
slightly decreased and MAP decreased. Muir et al’ concluded
that CO reacts in this way because of peripheral vasodilation
and a negative inotropic effect of alfaxalone.

In a study conducted with cats receiving supraclinical
doses of alfaxalone bolus injections,> CO decreased at a
time point of 1 minute at a dose three times higher than

Table 7 Cited studies in comparison

the recommended dose of alfaxalone and at a time point of
S minutes at a dose ten times higher than the recommended
dose. Muir et al*? suggested a decrease in SV and negative
inotropic effects may have caused the decrease in CO.
When comparing the recorded data after each of the three
bolus injections, we saw no cumulative effect either statistically
or clinically. The elimination half-life of alfaxalone in dogs is
approximately 24 minutes,® but to our knowledge, the elimina-
tion half-life of alfaxalone in pigs has not yet been described.
As we did not see a cumulative effect, we assume the half-life
in pigs to be longer, but we cannot rule out a cumulative effect.
Table 7 shows an overview during the cited study protocols.

Study limitations

Limitations of the study could be seen. Multiple post hoc
Student’s ¢-tests for paired samples were used to assess dif-
ferences between the value for each time point during the
10-minute time frame after the alfaxalone bolus injection and
the baseline value. Adjustment of P-values for the number
of comparisons made would have increased the likelihood
of a type 2 error, and a larger sample size would have been
necessary to yield sufficient power for a detailed analysis
because the probability of detecting false significant dif-
ferences (differences by chance) increases with the number
of tests performed. Because of that, in our study we used
nonadjusted P-values as statistical measures of importance
and considered our results explorative.

To rule out any influence by the saline bolus injections,
we tested the effect of saline bolus injections with PiCCO and
vascular sonography without an alfaxalone bolus injection.
The saline bolus injection did not influence any parameter
measured.

Author Species Study protocol Alfaxalone dose Results
Muir et al*2 Cat Bolus injection clinical dose: 5 mg/kg Decrease of SVR; decrease of MAP in minute 15
Muir et al*2 Cat Bolus injection Supraclinical dose: 15 mg/kg Decrease of MAP minute 0-30; decrease of HR
(three times higher) in minute 5-30; decrease of CO in minute |
Muir et al*? Cat Bolus injection Supraclinical dose: 50 mg/kg Decrease of MAP minute 0-30; decrease of HR in
(ten times higher) minute 1-30; decrease of CO in minute 5
Ambros et al® Dog Induction, Clinical dose: 2 mg/kg induction, Decrease of SVR; decrease of MAP in minute 5;
maintenance (CRI) 0.07 mg/kg/min CRI increase of HR in minute 5
Muir et al’ Dog Bolus injection Supraclinical dose: 6 mg/kg Decrease of MAP in minute 5-30; increase of HR;
(three times higher) increase of TDCO
Muir et al’ Dog Bolus injection Supraclinical dose: 20 mg/kg Decrease of MAP in minute 1-60; increase of HR;
(ten times higher) decrease of TDCO
Whittem et al*? Cat Single and multiple Clinical dose: 5 mg/kg Decrease of MAP in minute 5 after bolus |;
bolus injections decrease of HR in minute 5 after bolus |
Andaluz et al® Sheep Bolus injection Clinical dose: 2 mg/kg Increase of HR minute 0-20

Abbreviations: SVR, systemic vascular resistance; MAP, mean arterial blood pressure; HR, heart rate; CO, cardiac output; CRI, constant rate infusion; TDCO,

thermodilutional cardiac output.
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The bolus injections of alfaxalone led to intense reactions
of the vessels in the first 60 seconds. Because of these reac-
tions, hemodynamic measurements by the thermodilution
method were technically possible at the earliest at 1 minute
after bolus injection. In between, the pulse contour analysis-
measured values for SVRI, CO, MAP, and HR were taken for
analysis of data. A study performed by Gruenewald et al**
demonstrated that intra-abdominal hypertension affects the
precise measurement of PCCO. Piehl et al** concluded that
rapid changes in blood pressure or intravascular volume
lead to imprecise values of PCCO. Both of these studies
recorded accurate PiCCO values after recalibration with
thermodilution.

Conclusion

Alfaxalone bolus injections caused a transient significant
decrease in vessel diameter at the CCA after each bolus
injection at a time point of 15 seconds.

Simultaneously, HR, psBFV, and TDCO signifi-
cantly increased, whereas MAP and SVRI significantly
decreased.

Vascular diameter reincreased toward baseline data after
these acute changes, and psBFV significantly decreased;
however MAP and SVRI significantly increased until the
time point of 10 minutes after bolus injection.

Bolus injections of alfaxalone produced biphasic vascular
and hemodynamic changes in pigs. Indeed, these alterations
were only associated with transient changes in CO and did
not lead to significant changes of volumetric flow, indicating
a well preserved function of the cardiovascular system. No
cumulative effects were clinically and statistically evident
when comparing the data among the three bolus injections.

Although the direct intense vascular and hemodynamic
effects of an alfaxalone bolus were quickly compensated in
young pigs, this bolus may be carefully used in patients with
ventricular dysfunction.
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