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The field of pediatric intensive care has come a long way, especially with the recogni-

tion that adequate sedation and analgesia form an imperative cornerstone of patient
management. With various drugs available for the same, the debate continues as to
which is the better: total intravenous anesthesia (TIVA) or inhalational agents. While
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Introduction

It became at once apparent to all the world that surgical
anesthesia had become a reality and that pain was no longer
the master but the servant of the body.

J. Collins Warren 1921

The modern-day anesthesia has indeed witnessed signifi-
cant pharmacological, scientific and practical advances over
the past 175 years, and the tenacity and enthusiasm with
which the modern-day technology is being woven into the
very texture of anaesthesia practice has brought us all a long
way in our practice and implementation of the pharmaco-
logical and technological armamentarium for the ultimate
benefit of our patients.

And appended to this armamentarium is the knowledge
that our pediatric population is just not a little adult, and
there are significant differences both physiologically and
psychologically from that of an adult, and so a research and
refinement in the technology, medicine, equipment, and
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each have their own advantages and disadvantages, in the present era of balance
toward the IV agents, we should not forget the edge our volatile agents (VAs) might
have in special scenarios. And ultimately as anesthesiologists, let us not forget that be
it knob and dial, or syringe and plunger, our aim is to put pain to sleep and awaken a

training in the field of pediatric anesthesia is part of a pro-
cess recording consistent progress.

Significant advancement has been made in pediatric car-
diac surgery too, owing to major advances in pediatric cardi-
ology, anesthesia, cardiopulmonary bypass (CPB) techniques,
and perioperative cardiac intensive care.!

Volatile agents (VA) have been the cornerstone of pediat-
ric anesthesia since 150 years. These agents satisfy the four
pillars of anesthesia, that is, amnesia, analgesia, akinesia and
sensory and autonomic blockade.*

With the discovery nitrous oxide by Priestly in 1772 and
demonstration of ether anesthesia in 1846 at ether dome, our
modern-day inhalational agents have come a long way.

The low solubility in blood facilitates rapid induction of
anesthesiaalongwithnonirritant,nonpungent,odorless,bron-
chodilatorandfewmetabolicsideeffects propertiesmakesevo-
flurane an ideal anesthetic agent for induction in children.>”’
This spares both the patient as well as the anesthetist the
pain, fear, and distress of an intravenous (IV) cannulation.
Precise control of end-tidal anesthetic concentrations during
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maintenance of anesthesia, and prompt recovery at the end
of anesthesia independent of the duration of administra-
tion. Once the patient is deep asleep, one can switch to 100%
oxygen for IV cannulation. The current ether anesthetics
have limited cardiorespiratory depression and minimal
risk for hepatorenal toxicity. These depress the circulation
in a dose-dependent manner which is easily reversible by
decreasing the anesthetic concentration. Spontaneous res-
piration is easy to maintain with VA; the decrease in tidal
volume is offset by an increase in respiratory rate.*° Adverse
events are rare and manageable. Mostly, if airway obstruc-
tion occurs, the anesthetist is at the advantageous head-end
position to catch and control the airway immediately. Many
anesthetists prefer to intubate patients once they are deeply
anaesthetized with a VA alone'® Also, the easy availability
of equipment of delivery, that is, vaporizers on the anesthe-
sia workstation, require no extra energy for their operation
and measurement of the depth of anesthesia by monitoring
end-tidal concentrations (ETC), leading to a hassle-free use of
VA with easy determination of the dose to attenuate adren-
ergic responses and awareness, sans any additional costs.
With an ETC of 0.7 minimum alveolar concentration (MAC),
awareness is extremely unlikely.!"'? Also, the responses at
particular concentration are highly predictable and can be
managed more effectively as compared to the IV agents that
have high-interindividual variability.”* Although gaseous
induction is considered to be associated with incidence of
movement, cough, breath holding, laryngospasm, emergence
agitation, nausea, and vomiting postoperatively,'*6 yet in a
systematic review by Porter et al comparing the respiratory
and hemodynamic perioperative adverse events in IV versus
VA induction in pediatric anaesthesia revealed no signifi-
cant differences between the two modalities. However, more
adverse respiratory events were found with VA in children
with respiratory illness. This, again, did not reach a level of
significance.” There are no significant concerns of drug toler-
ance or tachyphylaxis over a period of administration.!®

In a pediatric cardiac patient, induction anaesthetic tech-
nique is influenced by the original lesion and cardiac func-
tional status. The anesthetic considerations for these patients
differ considerably, depending on such factors as shunting,
myocardial contractility, ventricular dilation or hypertrophy,
outflow tract obstruction, dysrhythmias, and pulmonary
hypertension. The selection of technique is based on the
assessment of the potential risk and benefit in the individ-
ualized context, and clearly in these patients at a precarious
balance of hemodynamics, the aim is to minimize even minor
deviations in ventilation, pulmonary and systemic blood
flow ratio (Qp/Qs ratio), arterial pressure control, and blood
biochemistry. This includes knowledge about whether the
patient is on parallel or single-ventricle physiology and relies
deeply on relative resistance between systemic and pulmo-
nary circulation. Isoflurane has been shown to better pre-
serve contractility, heart rate (HR), and cardiac output (CO) in
patients with congenital heart disease (CHD) and has become
a common agent for maintenance of anesthesia in patients
undergoing CHD surgery. Sevoflurane, with its ability to be
used as an inhaled induction agent and its superiority over
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halothane in preserving CO and contractility, is an attractive
choice.'®?* In a study by Rivenes et al, sevoflurane and iso-
flurane maintained CO. Isoflurane was also noted to increase
HR and lower systemic vascular resistance (SVR). Fentanyl
and midazolam maintained myocardial contractility, but
depressed HR and thus CO.%

Left ventricular systolic function was mildly depressed
by isoflurane and sevoflurane at 1.5 MAC and depressed by
halothane at 1 and 1.5 MAC. Sevoflurane, halothane, isoflu-
rane, or fentanyl/midazolam in 1 or 1.5 MAC concentrations
or their equivalent do not change Qp:Qs in patients with iso-
lated atrial septal defect (ASD) or ventricular septal defect
(VSD).%6

Induction though is prolonged in patients with right to left
shunts. However, in a study by Malhotra et al, in 35 patients
presenting for Blalock-Taussig (BT) shunt, patients exposed
to desflurane had shorter extubation times and length of
ICU and hospital stay by nearly 3 days. Also, below 1 MAC,
there was no tachycardia and airway irritation with des-
flurane.?” Similarly, myocardial performance index (MPI)
showed that two commonly used anesthetic regimens,
sevoflurane and fentanyl-midazolam, along with pancuro-
nium, have no significant effect on myocardial function in
infants with a functional single ventricle, as demonstrated by
Ikemba et al.?®

But still, patients with poor cardiac function may not tol-
erate inhalational induction; hence, it is commonly used in
low doses in combination with IV agents to produce the ini-
tial hypnosis.

Maintenance of anesthesia: Despite concerns of
decreased cardiac contractility and SVR, hypoxic pulmonary
vasoconstriction, VAs such as isoflurane (0.5-1.2%) and sevo-
flurane have safe hemodynamic profiles. Although first used
in 1974 on CPB, a recent resurgence in use of VAs on bypass
is because of reports of anesthetic pre- and postcondition-
ing, and hence cardioprotective properties, and a reduction
in mortality in adult coronary bypass patients.?>3* Also, in
patients undergoing coronary artery surgery with CPB, the
cardioprotective effects of sevoflurane were clinically most
apparent when it was administered throughout the oper-
ation.*® Literature pertaining to such an effect in children,
especially those with cyanotic CHD, is scarce and conflict-
ing.>%-38 In a study by Singh et al, preconditioning with iso-
flurane, sevoflurane, and desflurane was associated with
significantly decreased postoperative release of CK-MB as
compared to placebo group at 6 and 24 hours after admis-
sion to ICU. No significant differences were observed in the
CK-MB levels among the three VAs.*®

There are issues with administration, measurement of
concentration at exhaust port, and problems of spillage,
damaging plastic parts, occupational exposure and scaveng-
ing, and these are being tackled with a vigilant and futuristic
approach, with a sound understanding of the pharmacoki-
netics and pharmacodynamics of CPB4041,

Volatile Agents (VAs) In Pediatric ICU: Sedation depresses
the patients' awareness of the environment as to prevent
pain and anxiety, permit invasive procedures reduce stress,
and improve compliance with mechanical ventilation.
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Undersedation increases the sympathetic stress response,
while oversedation is associated with longer time on mechan-
ical ventilation, prolonged stay in the intensive care unit, and
increased brain dysfunction (delirium and coma).*?4

Sedation practices with the IV agents need a revision due
to problems of hemodynamic instability, accumulation and
affected metabolism due to reliance on adequate hepatic
and renal function, tolerance, withdrawal reactions, and
long-term consequences of neuropsychiatric disorders'®#4;
evidence is increasing that VAs are potential feasible alter-
natives to IV agents as sedative in ICU, associated with faster
extubation times, and improved cardiovascular stability
with no end-organ toxicity.!® An additional feature of muscle
relaxation too is beneficial in adult respiratory distress syn-
drome (ARDS) cases.*>46

However, their use requires specialized delivery and scav-
enging system and rigorous staff training.

One of the first reported cases of sedation with isoflurane
in ICU dates back to 1986 when Beirman et al<sup>*’ utilized
it in a case of refractory status asthamaticus unresponsive to
usual IV sedative agents, followed by Kong et al,*® who com-
pared isoflurane and midazolam for sedation and reported
significant shorter extubation times and mean time to stop-
ping sedation and writing home address with isoflurane.

These agents act on macroscopic, synaptic, and molecular
levels. They decrease afferent noxious transmission at spi-
nal cord level, while hypnosis and amnesia are mediated at
supraspinal levels. They also inhibit excitatory presynaptic
channel activity, which is mediated by neuronal nicotinic,
serotonergic, and glutaminergic receptors, while also aug-
menting the inhibitory chloride current postsynaptic channel
activity, which is mediated by GABAA and glycine receptors;
inhibition at N-methyl-D-aspartate (NMDA) receptors by the
anaesthetic gases are likely to be important mechanisms of
action.™

Their use as an ICU sedative appears attractive, given they
are simple to titrate, produce no active metabolites, and are
predominantly cleared unchanged by pulmonary exhalation.
They very selectively suppress consciousness but leave many
autonomic functions intact.*® Volatile-based sedation demon-
strates a reduction in time to extubation, with no increase
in short-term adverse outcomes. In a comparative study
between desflurane and propofol, Meiser et al found signifi-
cantly shorter times to emergence, opening eyes, time to first
response, extubation, recall of date of birth and five words
with desflurane. There was also no adverse effect observed
and cost benefits too were noted with desflurane as com-
pared to propofol.>® As observed by Jerath et al, 141 patients
who underwent coronary artery bypass grafting (CABG) were
sedated using inhaled VA and displayed faster readiness to
extubation time at 135 minutes (95-200 min) compared with
those receiving IV propofol at 215 minutes (150-280 min)
(p < 0.001). Extubation times were faster within the volatile
group at 182 minutes (140-255 min) in comparison with
propofol group at 291 minutes (210-420 min) (p < 0.001).
However, the volatile group showed a higher prevalence of
vasodilatation, necessitating greater use of vasoconstrictors.
There was no difference in postoperative pain scores, opioid

consumption, sedation score, ICU or hospital length of stay,
or patient mortality.>! Hellstrom et al, in their 100 patients
randomized study following CABG, found median time from
drug stop to extubation was shorter after sevoflurane com-
pared to propofol sedation; 10 (10/100) minutes versus 25
(21/240) minutes (p < 0.001). Time from extubation to ade-
quate verbal response was shorter (p =0.036). No differences
were seen in ICU stay, adverse memories or recovery events
occurred in this short-term sedation.>? Similarly, VA-based
sedation offered better sedation profile, resulting in faster
extubation time when compared to short-acting IV agent
propofol. The study analyzed relatively short-term sedation
after major surgical procedure (CABG).>>

For long-term sedation, in a study by Tanigami et al,
40 patients undergoing mechanical ventilation after cardio-
vascular surgery receiving isoflurane (0.5-1.0 MAC) were
well sedated without significant adverse effects such as renal,
hepatic, or cardiovascular dysfunction. The highest serum
inorganic fluoride concentration recorded was 45 mumol/L
after 98 MAC h. Patients on isoflurane recovered more rap-
idly and were weaned from mechanical ventilation sooner
than those sedated with IV drugs including fentanyl/mid-
azolam.> Similarly, in an analysis of 47 patients by Mesnil
et al, long-term (> 24 hour) inhaled sevoflurane sedation
seems to be a safe and effective alternative to IV propofol
or midazolam. It decreases wakeup and extubation times
(18.6 £ 11.8 and 33.6 £ 13.1 min) in group sevoflurane than
in group propofol (91.3 + 35.2 and 326.11 + 360.2 min) or
group midazolam (260.2 + 150.2 and 599.6 + 586.6 min); and
postextubation morphine consumption, and increases awak-
ening quality. Mean plasma fluoride value was 82 pmol/l
(range 12-220 umol/l), and mean ambient sevoflurane con-
centration was 0.3 £ 0.1 ppm.>¢

In a systematic review and meta-analysis by Kim et al,
13 trials with a total of 1027 patients were included. VA seda-
tion administered through an AnaConDa (ACD), shortening
the awakening time (mean difference [MD], 80.0 minutes;
95% confidence intervals (95% Cls), 134.5 to 25.6; p =
0.004] and extubation time (MD, 196.0 minutes; 95% CIs,
305.2 to 86.8; p < 0.001) compared with IV sedation (mid-
azolam or propofol). No differences in the lengths of ICU and
hospital stay were noted between the two groups. Patients
who received VA sedation showed lower serum troponin
levels 6, 12 and 24 hours after ICU admission than patients
who received IV sedation (p < 0.05).”7

In a similar meta-analysis by Spence et al, in eight stud-
ies enrolling 610 patients, the times to extubation after ICU
admission and sedation discontinuation were, respectively,
76 and 74 minutes less in patients who were sedated using
VA. There was no difference in ICU or hospital length of stay.
Patients who received VA sedation had troponin concentra-
tions that were 0.71 ng/mL (95% CI 0.23-1.2) lower than con-
trol patients.>® Jerath et al performed a meta-analysis, where
reductions in extubation time were greater when comparing
VA with midazolam, however, there was no significant differ-
ence in time to obey verbal commands, proportion of time
spent in target sedation, adverse events, death, or length of
hospital stay.>®
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After sedation with isoflurane, the in-hospital mortality
and 365-day mortality were significantly lower than after
propofol/midazolam sedation: 40 versus 63% (p = 0.005) and
50 versus 70% (p = 0.013), respectively. These observations as
suggested could be rather the avoidance of deleterious side
effects of IV sedatives.5

However, in few other studies, the data on mortality is
equivocal in both in IV and VA groups.>!>461

Studies in the pediatric patient are limited and restricted,
mainly due to technical constraints of delivery of the agent
but the results are encouraging. In a series by Palacios et
al, in children with refractory bronchospasm, sevoflurane
resulted in statistically significant decreases of PaCO2, and
improvement in pH within 6 hours of administration. Only
one patient presented hypotension responsive to volume
administration at the beginning of the treatment. All patients
could be extubated within a median time of 120 hours®?

Thirty-one patients, with a mean age of 9.5 years
(range 0.4-23 years), were treated with isoflurane which
led to improvement in pH and p(CO(2)) within 4 hours
in this series of mechanically ventilated patients with
life-threatening bronchospasm. The majority of patients
in this series developed hypotension that was easily man-
ageable.%® In a prospective study by Arnold et al, isoflurane
could effectively provide sedation to pediatric patients (age
3 weeks to 19 years) for prolonged periods without signif-
icant adverse effects on cardiovascular, hepatic, or renal
function.®* Similar other case reports and series are there in
literature.5>-68

Rapid titratable effects, limited metabolism, and a reliable
mode of administration make isoflurane an appealing alter-
native to the use of IV sedatives and narcotics in critically ill
patients requiring prolonged mechanical ventilation.5®

Another indication of use of VA in ICU is refractory status
epilepticus both in adult and paediatric patients.”%”!

In 23 patients with a median age of 6 months (50 percent
of the patients had critical heart diseases), difficult to sedate
with conventional agents, were treated with sevoflurane
successfully with moderate hypotension and nonpurposeful
movement as the only side effects observed.” In a difficult to
sedate and wean 30-month-old burn female patient, Jung et
al used sevoflurane via AnaConDa device successfully with
minimal CO, retention.”

In these unprecedented pandemic COVID-19 times, VAs
prove to be a promising sedative alternative in ICU. With the
flooding of ICUs with Corona positive patients and reported
shortage of the IV medications along with positive plausible
role of the VAs in the ARDS setting, Flinspach et al observed
a reduced need for opioid sedation and an improved lung
function with regard to the Pao2/Fio2 ratio and a successful
resolution of multiple broncho-obstructive episodes by iso-
flurane in five patients with COVID-19 ARDS.”* With regard
to the proven impact of underlying respiratory diseases and
their attribution to a worse progression and outcome of
COVID-19, volatile sedation could be beneficial in improving
the COVID-19 associated lung injury.”>’¢

Rand et al in a retrospective analysis of patients receiv-
ing venovenous extracorporeal membrane oxygenation
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(vv-ECMO) support and VA sedation in the surgical ICU
showed that even with major impacts in lung mechanics
and function, targeted sedation with VA is feasible and a
dose-response relationship exists.”” Similarly, Laufenberg
observed that the combination with VA sedatives make it
possible to guide an ARDS patient to spontaneous breath-
ing with only a short weaning period on vv-ECMO.”® Mieser
et al observed in a case series of patients with severe ARDS
on vv-ECMO, a reduced need for vasopressor therapy and
improved lung function during isoflurane sedation. Opioid
consumption could also be reduced.” However, the uptake of
isoflurane into blood via poly-(4-methyl-1-pentene) (PMP)
oxygenators during CPB is severely limited. This should be
taken into consideration in cases using such devices.?°

But use of the VA as a sedative agent in ICU is limited for var-
ious technical reasons, especially administration, scavenging,
occupational exposure and unfamiliarity of the staff about
dosing and monitoring. The invention of AnaConDa (Sedana
Medical, Uppsala, Sweden) and the new MIRUS system (Pall
Medical, Dreieich, Germany) have made it possible to use VAs
on ICU ventilators. To date, over 2300,000 AnaConDa’s have
been used in hospitals globally. The AnaConDa device is cur-
rently available with two different internal volumes, 100 and
50 mL, each suiting patient over a different range of tidal vol-
umes. (The 50 mL AnaConDa is suitable for use with tidal vol-
umes as low as 200 mL).%! In fact, the utilization of AnaConDa
device is possible in children when placing it on the inspi-
ratory ending. With three parameters: minute volume in
liters (MV), sevoflurane concentration at the end of expira-
tion (ETs) and weight in kg (Kg), 84% of the variability of the
sevoflurane flow (F1) could be defined.?? Sackey et al placed
the AnaConDa on the inspiratory limb before the Y-piece in
paediatric patients, using it to simply deliver drug.838

Another important issue with use of VAs is associated envi-
ronmental pollution. The global-warming potentials of iso-
flurane, sevoflurane, and desflurane (using CO2 as reference)
are 1230, 1980, and 3714, respectively. Although VAs contrib-
ute to the ozone layer-depleting factors with less than 0.03%,
the cumulative effect matters, given these compounds have
a very long (4-21 years) elimination time.?>%¢ These agents
have also been implicated in various animal and human
studies, causing hepatotoxicity, renotoxicity, carcinogene-
sis, teratogenicity, mutagenesis, and infertility, but none has
been proven conclusively. An impairment in cognitive and
psychomotor function too has been reported, but when the
exposure was held under the recommended level by apply-
ing appropriate protective measures, this too can be averted.
However, a chronic exposure is assumed to affect the mental
performance and central balance.8”-°

Especially in the context of children, lie the concerns of
neurotoxicity. But even the best-controlled studies have
failed to demonstrate that anesthesia has a negative neuro-
developmental impact on infants, and an identification of
dose, duration adjuvants that prevent or reduce the potential
neurotoxicity of these agents is an area of active research.®!

In a study by Picksworth, the mean concentration of the
VA never reached more than 1 ppm.* Similarly as shown by
Marbini et al** and Sackey et al,*> the mean concentration in
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the ambient air was well between 0.5 to 2 ppm. Although
measured concentrations in atmosphere are below interna-
tional exposure limits in most studies, further reduction of
gas pollution must be of high priority. A minimum of 6 air
changes per hour without recirculation to dilute VA ade-
quately, the connection of a hose to the respirator’s exhala-
tion valve, from where gas is conducted to external air, the
use of centrally controlled gas or vacuum based scavenging
systems, and use of various adsorbers filled with charcoal.®®

Also, the frequency of the patient’s disconnection from
the respirator should be restricted to minimum. A closed tra-
cheal suctioning system is recommended.*®

Fluoride toxicity is an area of concern with the use of VAs
but various studies have pointed out that the rise in fluoride
concentration is well below the toxic range (50 micromol)
and the subtle parameters of the kidney function are within
normal range.>-¢

Animal studies suggest an important anti-inflammatory
and immunomodulatory role of VAs. Sevoflurane has recently
been shown to modulate the lung inflammatory response in a
model of lung injury more favorably than propofol. Isoflurane
and sevoflurane have been shown to impair the postischemic
adhesion of PMNs in the intact coronary system of isolated
reperfused guinea pig hearts and improved inflammatory
response in one lung ventilation, cecal ligation and laparo-
scopic bariatric surgery.”” There are various reports of mak-
ing use of VA sedation use in neurocritical care unit as well.%®

Limitations

The biggest disadvantage in the pediatric ICU for the wide-
spread applicability of the VAs as sedative is the poten-
tial deadspace created by the AnaConDa device itself and
so increased work of breathing and CO, retention. Hence,
currently it cannot be used in neonates and small children
requiring more than 200 mL of tidal volume. The staff also
needs a proper training and protocol for proper handling of
equipment and monitoring of the VA concentration in ICU. We
have very limited and conflicting data on cost-effectiveness
of VA application in ICU and more comprehensive analy-
sis that includes wakeup time and extubation times is still
awaited. They also require specialist medical licensing and
government health approval for use in ICU. They are abso-
lutely contraindicated in patients with malignant hyperther-
mia, although this condition is rare.

We have various IV agents that are in use in the ICU.
These classes of drugs can be used synergistically but cannot
replace each other, while our VAs are a complete analgesic
and sedative agent. Apart from difficult to sedate patients
with conventional drugs, a big reason for using volatiles in
ICU has been the side effects of the IV agents, which are more
pronounced in the pediatric age group, especially propofol
infusion syndrome, hypertriglyridemia, delirium, tachy-
phylaxis and long-term neuropsychiatric disorders.* The IV
drugs have pharmacokinetic and pharmacodynamic variabil-
ity in the pediatric age group. Also, oversedation that is an
often associated problem is independently associated with
posttraumatic stress syndrome and mortality.*? These agents
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also heavily rely on intact hepatic and renal function for drug
metabolism and clearance, hence a problem of accumulation
and toxicity is always there, as critically ill patients often have
deranged hepatic and renal function. Infusion of these drugs
require pumps, costly disposables and power, and associated
with wastage of drugs as these have very short shelf life. Also,
problem of excess volume infusion in the pediatric age group
can never be overemphasized.

Even these are associated with considerable amount of
water pollution directly due to extra drug being discarded
and indirectly through human excretion. Use of IV drugs is
associated with generation of considerable plastic waste;
also, the persistence, bioaccumulation and toxicity (PBT)
index of few drugs is considerably high, especially fentanyl
and propofol.*® Safety of some drugs is still not established in
neonates and their (propofol and dexmedetomidine) use in
this age group is issued with a warning.

Future Directions

Xenon is a noble gas which has many desirable properties
of that of an ideal analgesic and sedative agent. It has, in
fact, been successfully used for sedation in a small group of
patients who have undergone thoracic surgery without any
adverse effects.!® Marking a further advancement, Sedana’s
AnaConDa device is in phase III trials for assessment of seda-
tion in pediatric intensive care unit, and the invention of
the emulsified isoflurane has opened up more avenues for
regional anesthesia, organ protection, as well as anesthetic
pharmacological study.!°!102

The VAs have definitely expanded beyond the operating
room, owing to various technological advancements as well
as the safety profile of our ether anesthetics. The cathar-
sis is not far when every ICU will be equipped serving VAs
for sedation cause as Einstein said, “A theory is something
nobody believes, except the person who made it. An exper-
iment is something everybody believes, except the person
who made it.”
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