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Simple Summary: Macaca spp are widely used as animal model in neurophysiological study
requiring general anaesthesia. In patients submitted to neurosurgery total intravenous anaesthesia
(TIVA) o partial intravenous anaesthesia (PIVA) are preferred over inhalation anaesthesia because
they provide greater hemodynamic stability and less impairment of cerebral blood flow. A
combination of fentanyl/propofol is a commonly used TIVA protocol for non-human primates.
However, studies in humans and in veterinary medicine describe that remifentanil, because of its
favorable pharmacokinetic profile, provides several advantages over fentanyl in terms of anesthetic
and hemodynamic effects. On contrary, reports concerning the administration of remifentanil in non-
human primates are lacking. Therefore, we compared retrospectively a new remifentanil/propofol
TIVA protocol in seven macaques undergoing neurosurgery or neurophysiological procedures to the
traditional propofol/fentanyl-anesthesia. The results of the present study highlighted that
remifentanil-based TIVA for macaques is characterized by a more favorable clinical quality, more
hemodynamic stability, decreased incidence of cardiovascular complications and a more
practicability by allowing a rapid modulation of the anaesthetic plane based on patient’s needs
compared to fentanyl/propofol TIVA.

Abstract: Remifentanil is routinely administered in human neurosurgery whilst its use in non-human
primates is not described. Here we described a new remifentanil-propofol total intravenous
anesthesia (TIVA) for macaque neurosurgery and we compared it retrospectively to fentanyl-
propofol anesthesia. Twelve anesthesias were performed (F=6; R=6). After premedication, anesthesia
was induced with 3 mcg/kg fentanyl (F) or 3 mcg/kg remifentanil (R) intravenously (IV) and
maintained through propofol and fentanyl [0.17 + 0.01 mcg/kg/min after induction and 0.13 + 0.01
mcg/kg/min during maintenance] or remifentanil [0.1 + 0.02 mcg/kg/min after induction and 0.16 +
0.05 mcg/kg/min during maintenance] constant-rate-infusion (CRI), respectively. Tracheal intubation
in R was characterized by apnea, absence of laryngeal reaction, and cough compared to F. The mean
propofol rate administered in F [0.3 + 0.1 at start to 0.2+ 0.1 mg/kg/min for maintenance] was
significantly higher than in R [0.17 = 0.1 at start to 0.16 + 0.01 mg/kg/min for maintenance].The
cardiovascular and respiratory parameters did not differ significantly between the two groups.
Extubation time was shorter in R compared to F [8 (6— 10) and 18 (14— 22) minutes respectively].
Finally, the new remifentanil-propofol TIVA proved to be a beneficial refinement for macaque

© 2024 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202412.2058.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 24 December 2024 d0i:10.20944/preprints202412.2058.v1

neurosurgery, providing smoother intubation, cardiovascular stability, lower propofol requirements
and faster recovery.

Keywords: macaques; neurosurgery; fentanyl; remifentanil; anesthesia

1. Introduction

Non-human primates (NHPs), in particular Macaca mulatta and fascicularis, are frequently used
in translational medicine for their anatomical and physiological proximity to humans. For
neurosurgery in both humans and animals, total (TIVA) or partial intravenous anesthesia (PIVA)
might be preferred to inhalation anesthesia, for its minor interference with the cerebral
autoregulation mechanisms|[1]. Also in macaques, isoflurane or sevoflurane anesthesia might lead to
dose-dependent hypotension and impairment of cerebral autoregulation [2], increasing peri-
anesthetic morbidity[3]. Further advantages of TIVA anesthesia in humans consists of the lower
incidence of postoperative nausea and vomiting (PONV)[4]. Moreover, TIVA improves the safety for
the operator bypassing halogenates toxicity and reducing the environmental pollution [5]. A
combination of propofol and fentanyl is a commonly used TIVA protocol for NHPs [6] [7] for a variety
of experimental procedures. In the authors’ experience, induction with fentanyl-propofol do not
provide ideal intubation conditions — namely absence of cough reflex and apnea time. Furthermore,
during maintenance, MAP values would lower under 60 mmHg, so that vasopressors are required.
In human neurosurgery, remifentanil maintains hemodynamic stability, decreasing cardiovascular
hyperdynamic status that in patients with increased intracranial pressure (ICP) can cause severe
cardiac and/or cerebral complications during extubating phase [8]. Moreover, remifentanil in people
decreases movements during craniotomy in lack of muscle relaxants[9]. Finally, regarding pain
management, this opioid has, in comparison to fentanyl, a faster onset and metabolization, leading
consequently to a more rapid recovery.

Thence, we hypothesized that a propofol - remifentanil TIVA would allow for a more
manageable, qualitative, hemodynamically stable and safer anesthesia for macaques undergoing
neurosurgery.

2. Materials and Methods

This is a retrospective comparative clinical trial. All experimental procedures related to the
anesthesia in this study were approved by the cantonal veterinary authorities, following Swiss
Animal Welfare Act of 16 December 2005 (Animal Welfare Law — TSchG), Animal Protection
Ordinance of 23 April 2008 (Tierschutzverordung — TSchV) and the 3Rs principles.

2.1. Animals

The anesthetic records of macaques undergoing neurosurgical procedures between 2022 and
2023 were collected and reviewed (see Table 1).

Macaques were socially housed in compatible groups of the same sex (from 2 to 6 animals per
room) according to the Swiss Welfare Act and Swiss Ordinance on animal experimentation, in a
research facility approved by the cantonal authorities.

Physical examination, complete blood count and biochemical parameters were carried out
before surgery.

2.2. Anesthetics and Surgery

All anesthesias were performed by or under the supervision of a specialized veterinary
anesthesiologist and asenior human anesthesiologist.

Animals were weighted the day before surgery and were fasted overnight before the anesthesia.
On surgery day, premedication was done with ketamine 10 mg/kg (Narketan 100mg/ml, Vetoquinol,
Ismaning, Germany) and midazolam 0.3 mg/kg (Dormicum 5 mg/ml, Roche, Basel, Switzerland)
intramuscularly (IM), whilst NHPs were restrained in the chair. Animals in Group F also received
methadone 0.2 mg/kg (Methadon 10 mg/ml, Streuli Pharma AG, Uznach, Switzerland) IM.
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During the surgical preparation of the macaques, flow-by oxygen (4 to 6 L/min) was
administered by high flow nasal cannula (Sentri™ pediatric, Intersurgical, Wokingham, UK) and
temperature loss was prevented with a heating blanket (Mistral-Air® MA1200, The Surgical
Company, Amersfoort, The Netherlands), which was also used during surgery. Vascular access was
gained through 24 to 18 G size catheters and depending on the length of anesthesia, only 1 or both
saphenous veins were cannulated.

On the operating table, all animals were pre-oxygenated by face mask (ClearLite™, Intersurgical,
Wokingham, UK) with 100 % O2 (6 L/min) and heart rate (HR) through electrocardiogram, non-
invasive systolic (SAP), mean (MAP) and diastolic arterial pressure (DAP), RR and end-tidal carbon
dioxide (ETCOz), SpO, rectal temperature (T), tidal volume (TV) and peak inspiratory pressure (PIP)
(Aisys CS?, Anandic Medical System AG, Feuerthalen, Switzerland) were monitored every 5 minutes.
The urethra was catheterized (Mila Foley 5 Fr x 30 cm, 12 in, Provet AG, Lyssach, Switzerland), and
urine output measured. Cefazoline (Kefzol 1g, Teva Pharma AG, Basel, Switzerland) 20 mg/kg was
given IV and repeated every 6 hours. Eye drops (Lacryvisc SE 0.5 g, Alcon, Zug, Switzerland) were
repeatedly applied.

As soon as the monitoring was fully functional and SpO2 was above 96%, 0.1 mg/kg/min IV
propofol constant rate infusion (CRI) was started and 5 minutes later anesthesia was co-induced with
a bolus of 3 mcg/kg fentanyl (Fentanyl Sintetica 0.5 mg/10ml, Sintetica SA, Mendrisio, Switzerland)
IV or a bolus of 3 mcg/kg remifentanil (Ultiva®, Aspen Pharma Schweiz GmbH, Baar, Switzerland)
in groups F and R respectively. Intubation was performed with the animal in sternal decubitus, and
its head everted, and the larynx was sprayed with lidocaine (Xylocaine spray 10%, Aspen Pharma
Schweiz GmbH, Baar, Switzerland). The tracheas were intubated with a cuffed endotracheal (ET)
tube (Endotube, 2 — 4 mm cuffed with murphy eye, Covetrus, Lyssach, Switzerland), depending on
their size, and connected to a circular rebreathing system (Flextube™ pediatric breathing system,
Intersurgical, Wokingham, UK) or a F circuit (QTube™, Anandic Medical System AG, Feuerthalen,
Switzerland).

The following criteria were considered for scoring intubation: jaw relaxation, position of the
arytenoids, need for suction and first-pass success[10]. In case of failure of ET intubation at the first
attempt, an adjunctive bolus of propofol (0.5 mg/kg) was administered IV.

Volume-controlled ventilation (VCV) (Aespire 7100, GE HealthCare, Illinois, USA) was started
TV=6 mL/kg, 20-22 breaths per minute, ratio 1:2 ratio and pressure limit 20 cmH20 and adjusted later
to patient necessities. Flow was reduced to 0,5 L/min and air was added to achieve a FiO: of 0.6.

In all cases, anesthesia was titrated clinically to effect to maintain a stable anesthetic plane
characterized by autonomic stability, with HR and MAP ranging between 100 -130 min? and 60-
80 mmHg respectively, muscle relaxation evaluated by looking at the tonicity of the hand, palpebral
reflex and lack of purposeful movements. Physical access to the NHP under the surgical drapes was
very limited. Fentanyl was titrated at 0.08 — 0.16 mcg/kg/min, remifentanil at 0.05 — 0.5 mcg/kg/min
and propofol 0.1-0.6 mg/kg/min. To maintain adequate anesthetic depth, sevoflurane in oxygen and
air was delivered in addition to the described anaesthetic protocol was added or boli of 1 mg/kg
propofol IV were given in both groups to maintain proper level of hypnosis as deemed necessary
clinically. Intraoperative rescue analgesia was provided with fentanyl 1 mcg/kg or remifentanil 1 to
3 mcg/kg, when MAP and HR increased suddenly more than 20% compared to the values recorded
at the beginning of the surgery, as indicators of intraoperative nociception.

For the aim of the rurgeries, all animals were positioned in a stereotaxic frame. A 4-points scalp
block with 2 mg/kg bupivacaine 0.25% (Bupivacain Sintetica 2.5 mg/ml, Sintetica SA, Mendrisio,
Switzerland) was performed for 1 craniotomy, and 5 chamber implantations, . For 2 animals
undergoing laminectomies, bupivacaine was infiltrated SC  at the incision site.

Macaques received 6 mL/kg/h NaCl 0.9% and 10 mL/kg/h heated ringer lactate IV. Hypotension
was defined as a MAP lower than 60 mmHg, and in this case IV dopamine (Dopamin sintetica
50mg/5ml, Sintetica S.A., Mendrisio, Switzerland) 1-6 mcg/kg/min was administered.

For three surgeries of group R where the MAP values were not displayed on the anesthesia
monitor or recorded, they were calculated post-hoc with the formula MAP=DAP+1/3(SAP-DAP).

For immediate post-operative analgesia, 30 minutes before the end of the procedure, animals
received IV or SC 4 mg/kg carprofen (Rimadyl® 50 mg/ml, Zoetis, Schweiz GmbH, Delémont,
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Switzerland), group F received 0.03 mg/kg IV buprenorphine (Bupaq® 0.3 mg/ml, Richter Pharma
AG, Wels, Switzerland) and group R had 0.2 mg/kg IV methadone.

To prevent PONV, maropitant 1 mg/kg (Prevomax, Dr.E.Graeub AG, Bern, Switzerland) was
injected IV.

Once the operation ended, TIVA was discontinued, and animals removed from the stereotax.
Monitoring of HR, RR, BP and SpO: remained continuous whilst ventilatory support was gradually
decreased, allowing animals to regain spontaneous breathing. Oxygen was provided until the
animals were extubated and if they could not maintain a SpO:2 above 95% while spontaneously
breathing on air alone. Extubation took place when animals got cough reflex back; time from
discontinuation of anesthesia until extubation was recorded (recovery time). Animals were
consequently placed in a padded ICU cage covered by the heating blanket and checked until full
recovery. When sitting and coordinated, they were brought back to their animal room in the facility,
where they would spend the first post-operative night in an intermediate cage. Feed and water were
provided, and they were in direct sight, auditive and tactile contact with the roommates.

Postoperative pain was evaluated in the following 7 days 3 times a day through a self-developed
3 point scoresheet. Buprenorphine 0.03 mg/kg IM or morphine 0,2 mg/kg IM were administered to
treat moderate or severe pain respectively. Weight was also monitored before surgeries and daily
thereafter.

3.1. Statical Analyses

The statistical evaluation was performed by using a computer software (Stata/SE 17.0, StataCorp,
TX, USA). Data were evaluated for normality of distribution using Shapiro — Wilk test. Normally
distributed data were compared between the 2 groups by using Student’s T-test and reported as mean
+ standard deviation (SD). Not normally distributed data were compared with a Mann Whitney U
test and reported as median and interquartile range (IQR). Quantity of both fluids was summed for
each group and their mean extrapolated. Nominal data (number of animals receiving additional boli
of propofol or opioids and the incidence of complications) were compared by using a Chi-squared
test. A p value <0.05 was considered statistically significant.

The outliers were calculated by using Microsoft Excel Software (version 16.78).

4. Results

A total of 16 anesthetic procedures in 10 animals were performed between 2022 and 2023. Two
terminal procedures with remifentanil were then excluded, and 2 anesthesias, 1 with fentanyl and 1
with remifentanil, were ruled out because the mean duration of 572 minutes, was considerably longer
than the others, based on an outlier calculation. Therefore, 12 anesthetic procedures involving 7
macaques (4 M. mulatta and 3 M. fascicularis) were included for this study: 4 anesthesia with
fentanyl/propofol TIVA, 2 with fentanyl/propofol/0.4 (Minimun alveolar concentration) MACsevo
PIVA and 6 anesthesia with remifentanil/propofol TIVA. Number of procedures, anesthetics and
animals are presented in Table 1.

Table 1. Detailed demographic data and procedures of the 7 Macaques included in the study.

Weight Age Anesthesia’s
ID Species 8 Gender 8 Procedure = TIVA/PIVA duration
(kg) (years) )
(min)
spl‘nz.ﬂ cord  propofol - 350
injury fentanyl
Animal  Macaca 9 F 6 N tr'ficer propofol -
1 mulatta injection and
bilateral fentanyl- 195
. 0.4MA Csevo
craniotomy
Animal  Macaca 75 F 8 ECoG propofol - 20

2 mulatta implantation remifentanil
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Animal

3

Animal
4

Animal
5

Animal
6
Animal
7

Macaca

7

mulatta

Macaca 8.2

mulatta ’

Macaca ”
fascicularis

Macaca 35
fascicularis ’

Macaca 40
fascicularis '

F

headpost
implantation

chamber
implantation

headpost
implantation

chamber
implantation

stroke

RB-induced
stroke
Stroke + ANCE
biopsy +
Mapping and
Imaging
headpost
implantation
headpost
implantation

propofol -
fentanyl
propofol -
remifentanil
propofol —
fentanyl-
0.4MA Csevo
propofol -
remifentanil
propofol -
fentanyl
propofol -
remifentanil

propofol -
remifentanil

propofol -
remifentanil
propofol -
fentanyl

295

260

390

295

220

130

220

145

95

F: female; M: male. ECoG: Electrocorticography; RB: Rose Bengalee; ANCE: adult neural cell ecosystem.

Animal 3 was anesthetized once with fentanyl-propofol TIVA and once with remifentanil-
propofol TIVA. Animal number 4 was anesthetized once with fentanyl-propofol PIVA (with
0.4MACsevo). Animal number 5 was anesthetized once with fentanyl-propofol and twice with
remifentanil-propofol TIVA. For the animals receiving both treatments, a washout period of at least
2 weeks occurred between each anesthesia.

The mean age of the animals was 6.5 + 1.2 years in group F and 7.1 + 1.1 years in group R. The
median weight of the animals was 7.6 (7 — 8.8) kg in group F and 7 kg (7 - 7.5) kg in group R. The age
and the weight of the animals (see Table 2) did not differ significantly between the 2 groups.

All animals were assigned to an ASA (American Society of Anesthesiologist) physical status
classification II. A moderate to deep sedation and loss of consciousness in both groups was reached
after a median time of 8.5 (4 — 12) minutes from injection, independently of the use of methadone in
the premedication mix. The mean anesthesia duration was 257.5 + 108.8 minutes in group F and 211.7
+ 64.1 minutes in group R and did not differ significantly between the 2 groups.

Table 2 - Comparison of variables in fentanyl versus remifentanil TIVA/PIVA.

. Remifentanil

Variables Fentanyl TIVA/PIVA TIVA

HR (beats/min) 118 +26 102 +11
RR (breaths/min) 22 +5 21+4
SAP (mmHg) 104 +14 93+8
MAP (mmHg) 67 +2 70+ 8
DAP (mmHg) 51 +20 54 +10
ETCO: (mmHg) 46+5 38+8
SpOz2 (%) 96 +2 9% +1
TV (ml/kg) 7+2 9+1
PIP (cm H20) 132 15+2

T (°C) 37+1 37+1
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4.1. Group F:

For induction, propofol 0.3 + 0.1 mg/kg/min CRI was started IV, followed by 3 mcg/kg fentanyl
bolus and then CRI commenced with mean rate of 0.17 mcg/kg/min IV.

After induction, no apnea was observed and adequate jaw relaxation was achieved. First-pass
success rate was 100% but moderate to severe cough was observed in all macaques and the arytenoids
were moving while introducing the ET tube. Suction was necessary for 2 animals out of 6. During
maintenance, average propofol CRI rate was decreased to 0.2 + 0.05 mg/kg/min and average fentanyl
was 0.13 £ 0.01 mcg/kg/min. In 2 animals (animals 1 and 4, see Table 1), aiming to stabilizing the
anesthetic plane, low dose sevoflurane was added at an average of 0.8% (+ 0.3 %) ETswo (corresponding
to 0.4 MACsevo) [11]. During 1 (out of 6) anesthetic procedure only 1 additional bolus of fentanyl was
administered to improve intraoperative pain management. During 3 (out of 6) anesthetic procedures
additional boli of propofol were administered with a median of 2 (1-2) boli. Fentanyl CRI had a stable
decreasing administered dosage tapering off when the most painful stage of the procedure was over,
and suturing was started. Hypotension (MAP < 60 mmHg) occurred in 5 anesthesias and, in 4 out of
5 mean 2.9 + 2.3 mcg/kg/min dopamine was administered IV (Table 3).

Total NaCl 0.9% and Ringer lactate administered were 14.7 + 4.4ml/kg/h.

Table 3. Incidence (number of animals out of total) of hepisodes of bradycardia and hypotension in Macaques

receving fentnayl-propofol (grou or remifentanil-propofol (grou .
ing fi yl-propofol (group F) if il-propofol (group R) TIVA

Complication Group F Group R
Hypotension 5/6 1/6
Bradycardia 0/6 1/6

4.2. Group R:

For induction, propofol CRI was commenced at 0.17 = 0.1 mg/kg/min followed by 3 mcg/kg
remifentanil bolus and CRI commenced at mean 0.1 + 0.02 mcg/kg/min. The quality of intubation in
all animals was excellent, with 100%,first-pass success rate, apneic time, adequate jaw relaxation, still
arytenoids and no signs of laryngospasm or cough, making the visibility of the larynx optimal
without need of suction. Propofol was decreased up to 0.16 + 0.03 mg/kg/min for maintenance.
During 3 (out of 6) anesthetic procedures additional boli of propofol were administered with a
median of 0.5 (0-1) boli.

Remifentanil rate was increased to 0.2 mcg/kg/min at skin incision and, when intense surgical
stimulation was taking place, a 1-3 mcg/kg bolus was administered via the pump. The mean rate of
remifentanil used during anesthesia was 0.16 + 0.05 mcg/kg/min.

During 4 (out of 6) anesthetic procedures a median of 4 (3-4) additional boli of remifentanil were
administered to improve intraoperative pain management.

Overall, the mean fluids rate was 13.9 + 6.3 ml/kg/h.

No episodes of bradycardia or hypotension were detected, and therefore no vasoactive support
was given to 5 out of 6 animals (Table 3). Animal 4 experienced arrhythmias during rose Bengale
induced cortical photothrombotic stroke, and its HR in 25 minutes decreased from 120 to 90 to 65
beats/min. Concurrently the oscillometric device failed detecting the blood pressure and the
metatarsal pulse was no more assessable, therefore hypotension was suspected. Ephedrine 0.1 mg/kg
was administered, fluids increased to 27 ml/kg for 15 minutes and atropine 0.01 mg/kg was also
administered IV to contrast bradycardia.

The mean dose of fluids administered intraoperatively did not differ significantly between the 2
groups.

Anesthesia with remifentanil had a more dynamic course of action and remifentanil was titrated
during anesthesia depending on patient’s requirements (Figure 1 and Figure Al).

Overall, the rate of propofol administered in group F was significantly higher than in group R
during both induction and maintenance phase (p=0.008 and p=0.02 respectively) (Figure 2 and Figure
A2).
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Figure 1. Remifentanil and fentanyl infusion rates (mcg/kg/min) in Macaca anaesthetized with
remifentanil/propofol TIVA (n=6) or fentanyl/propofol TIVA (n=6) and undergoing neurosurgical procedures.

The arrow indicates the shift from the induction phase to the maintenance phase of anaesthesia. .
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Figure 2. Propofol infusion rate (mg/kg/min) administered for maintenance of general anaesthesia in Macaca
undergoing nuerosurgeries and anaesthetized with remifentanil/propofol TIVA (n=6) or fentanyl/propofol TIVA
(n=6). in remifentanil or fentanyl based TIVA/PIVA. The arrow indicates the shift from the induction phase to
the maintenance phase of anesthesia.

The number of animals receiving additional boli of propofol or the median number of boli did
not differ significantly between the 2 groups. Intraoperatively, the cardiovascular and respiratory
parameters did not differ significantly between the 2 groups (Table 2). However, the incidence of
hypotension was significantly higher in group F (Table 3).

Intraoperatively, the macroscopic appearance of the dura and the brain were normal and none
of the animals developed cerebral edema.

Recoveries were significantly faster (p<0.001) from discontinuation of the CRI in group R — with
8 (6— 10) minutes — compared to group F, with 18 (14— 22) minutes (Figure 3). All the recoveries were
uneventful in both groups and no morbidity nor signs of distress and neurologic impairment were
recorded. No animals developed PONV.
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Figure 3. Box and whiskers plots representing the recovery time in Macaca in Macaca anaesthetized with (F)
fentanyl /propofol (n=6) or (R) remifentanil /propofol (n=6) TIVA/PIVA infusion intraoperatively. p<0.05

statistically significant.

5. Discussion

This is the first description of a remifentanil-based TIVA for macaques undergoing neurosurgery
demonstrating its favourable clinical quality, hemodynamic stability, decreased incidence of
cardiovascular complications and practicability by allowing a rapid modulation of the anaesthetic
plan based on patient’s needs compared to fentanyl-propofol TIVA.

Remifentanil is a selective p-opioid agonist, with potency similar to fentanyl [12] but with faster
analgesic efficacy and shorter elimination half — life, thanks to its pharmacokinetic profile. In fact,
unlike fentanyl, remifentanil is hydrolysed by plasmatic esterases, and therefore its duration of effect
is independent from liver or kidney function[13].

In humans, its recommended dosage for multimodal anaesthesia in both adult and paediatric
patients ranges from 0.05 to 0.5 mcg/kg/min [14-16], with an estimated half-life of 8 minutes [17]and
is reportedly very similar in different species: 0.4 mcg/kg/min remifentanil was used for cats
undergoing ovariohysterectomy, with good level of anesthesia [18] whereas, in healthy adult female
dogs 0.25 — 0.5 mcg/kg/min during surgery was considered effective [19]. Also, in rabbits undergoing
a tracheomalacia model (personal communication of the senior anesthesiologists) the remifentanil
(0.2-0.4 mcg/kg/min) -propofol TIVA dosing correlated to the quantity required in humans. We could
prove that the rate of remifentanil required to provide effective multimodal anesthesia in NHPs was
within the interval described for human patients. The dosage of remifentanil was continuously
titrated based on individual sympathetic and cardiovascular reactions, aiming to rapidly achieve
adequate anesthetic depth and analgesia. On contrary, the pharmacokinetic of fentanyl with its longer
onset time and half-life, did not allow for such a fine tuning. Therefore, the remifentanil protocol
proved to be a more dynamic and customized anesthesia. The rates of fentanyl used here are within
published ranges for macaques of 0.16 to 0.42 mcg/kg/min[20]. The only study on remifentanil
administration in Macaques describes higher dosages (0.58 mcg/kg/min) compared with those
reported in our article [21]. However, only the sedative effects were investigated, leaving out
remifentanyl cardiovascular and respiratory drug effects.

The average cardiovascular values were within desired physiological range for anesthetized
macaques [22][23] and did not differ significantly in both treatment groups. This differs from human
literature findings [24], where HR in remifentanil-based TIVA was significantly lower than with
fentanyl. We can’t exclude that the inclusion of a larger population would highlight significant
differences between the two treatments.

A clinically relevant achievement with the presented remifentanil TIVA is the physiologically
stable maintenance of blood pressure without administration of dopamine or other vasopressors. On
the contrary, in group F, 4 out of 5 animals needed support with dopamine. In fact, fentanyl itself, at
incremental doses in Rhesus Monkeys, might induce a significant decrease in MAP which is plasma
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concentration dependent [6]. Moreover, the addition of inhalant anesthesia in 2 animals in group F
might have been a confounding factor even if it is unlikely that 0.4 MAC sevoflurane contributed to
hypotension for those animals receiving PIVA[25]. An important difference between the two groups
consists in the addition of methadone for premedication in group F. Since this is a retrospective study,
the lack of standardization of the premedication protocol is a limit of the study. In group R, only one
animal experienced hypotension associated with bradycardia, but this was likely secondary to the
intracranial manipulation and not related to the anesthetic itself.

As in humans [26] a lower quantity of propofol was administered to the macaques during the
remifentanil-TIVA, presumably due to the synergism with propofol contributing to hypnosis. This
sparing effect of remifentanil over propofol had already been describe also in Macaques, in which the
administration of remifentanil 0.58 mcg/kg/min lead to a decrease of 61% of the sedative dose of
propofol in comparison to a sedation regimen obtained without the opioid [21]. Both anesthetic
regimens described here used lower rates of propofol compared with rates previously described for
NHPs [27], being within 0.16 and 0.6 mg/kg/min[27] [28] likely due to the multimodal anesthesia
implemented, with the systematic addition of loco-regional anesthesia. Reducing the propofol rate
might have played a role to the complete absence of hypotension during anesthesia with
remifentanil.[26]

Nonetheless, decreasing the rate of propofol might increase the risk of intraoperative awareness
and spontaneous movements, which mandates a tight monitoring of anesthetic depth. To improve
anesthetic depth monitoring during maintenance, Bisprectral index (BIS) monitor is currently used
in humans [29-31] [32]and laboratory animals [33]; however, this [33] remains to be developed in
NHPs both for the technical feasibility and the correlation with the anesthetic depth within different
anesthetic protocols.

In humans, orotracheal intubation — especially if eliciting cough reflex — might induce an increase
in HR and blood pressure due to catecholamine release [34,35], to be avoided in patients affected by
cardiovascular disease or at risk of developing intracranial hypertension. Remifentanil was more
effective than fentanyl to control the hemodynamic response to ET intubation in humans [24,36].
Similarly, in all macaques of this study, ET intubation with remifentanil was smooth, not eliciting
cough reflexes and providing a transient apnea which was not associated with hypoxemic events [37]
[38]. In the authors experience, NHPs are — when compared with other veterinary species — more
prone to develop hypoxia during intubation, and consequent bradycardia due to vagally mediated
reflex response[39]. With the aim of preventing complications, it is of practical importance that the
animals are pre-oxygenated with high flow oxygen by face mask and SpO:2 and ECG monitored
during induction. In fact, delivering passive oxygenation before induction might significantly reduce
but not prevent the incidence of desaturation [40,41]. In humans, the addition of a neuromuscular
blocking agent (NMBA) to remifentanil improved intubation conditions [42]. The results of the
present study highlighted that the induction with remifentanil better suppressed airways response
and allowed for a safer apneic time during intubation compared to fentanyl, even without the
addition of a NMBA. The administration of the latter was contraindicated in these models as an
intraoperative monitoring of the motor pathways was required.

The conditioning over the mechanical ventilation was more easily achieved in those animals’
receiving remifentanil if compared with those in which fentanyl was infused. In mechanically
ventilated patients in intensive care setting, remifentanil reduced time of weaning from mechanical
ventilation and extubation in comparison to other opioids [43][44]. Time to weaning from mechanical
ventilation was unfortunately note recorded systematically, but remifentanil contributed also to a
faster extubation time for all animals compared to fentanyl [43,44]. The reduced rate of propofol in
the R group and the effective maintenance of normothermia contributed to the fast and optimal
recovery, without tremors nor shivering. The quality of recovery was not scored systematically in the
present study. However, it was uneventful in all the animals included. Maropitant, given at the end
of every anesthesia, might contribute to reduce PONV and improve post-operative analgesia and is
recommended as an elective antiemetic for NHPs undergoing neurosurgeries [45].

As per limitations of our retrospective study, we worked with a relatively small group of animals
undergoing only neurosurgery, so the suitability of remifentanil — propofol TIVA for macaques
involved in other procedures should be explored. Moreover, since our retrospective study followed
planned experimental procedures, it was not possible to decide over the surgical procedures,
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including types of manipulation and duration. On the other hand, it is important to take advantage
of the number of animals and situations present in the research facility where we practice, so to
always be keen on refining animal care following available literatures and colleague experience.
Moreover, considering that animals in both protocols were all young healthy adults, further
precautions might be taken with higher risk patient population, such as older, juvenile and pregnant
macaques.

Another limit of the study concerns its retrospective design. A prospective study allows the
limitation of confounding factors and a higher standardization; however, this type of investigation
allows reducing the number of animals used and provides a refinement to the recently anaesthetized
animals with the treatment that is superior.

6. Conclusions

This retrospective assessment proved that remifentanil-propofol anesthesia improved the
quality of endotracheal intubation, maintained stable hemodynamic, without administration of
dopamine and excellent surgical conditions. Moreover, lower doses of propofol were infused and
granted a rapid offset and recovery, resulting in a refined anesthesia compared to traditional
fentanyl-propofol TIVA in macaques undergoing neurosurgery.
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Table 1. The arrow indicates the shift from the induction phase to the maintenance phase of anesthesia.
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