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Update on Nitrous Oxide and Its Use in Anesthesaztite

Abstract.

Nitrous oxide is an anesthetic and analgesic gslamg history of medical applications. It acts
on multiple supraspinal and spinal targets, andutiis/ in a wide range of clinical situations.
The relative safety, low incidence and acuity ofeade effects of nitrous oxide, along with the
ability to be administered by trained medical pdars with varying clinical backgrounds, as

well as self-administered by patients, assuredtsiptent and expanding role in clinical practice.
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I ntroduction.

Nitrous oxide (NO) was first used in anesthesia in 1772 by theiEmghemist Joseph Priestly,
under the term phlogisticated nitrous’and has asserted itself as a mainstay of thetasiies

world, due to its rapid uptake and eliminationywaedl as its analgesic effects.

Phar macology of nitric oxide.

Nitrous oxide is the least potent of currentlyikalde inhalation agents, requiring a
concentration of 104% to achieve 1 MAC. However aihalgesic and anesthetic properties
render it an effective adjuvants to a balancedtaeés technique. Multiple targets have been
identified and investigated to contribute to theichl effects of nitrous oxide, including non-
competitive inhibition of N-Methyl-D-Aspartate (NME) and non-NMDA glutamate receptors,

nicotinic acetylcholine (nNACh) receptors, gammad+awbutyric acid receptors (GABA), as well



as activity on low voltage-activated (T-type) catoi channels and two pore domain potassium
channels (TREK-1¥° The analgesic effects of,® involve supraspinal NMDA receptor
antagonism, that mediates release of corticotrepensing factor from the hypothalamus,
stimulating opioidergic and noradrenergic supraalpieceptors, which in turn inhibit
GABAergic supraspinal interneurons, leading torthgition of spinal adrenergic and
GABAergic neurons, thus effecting the antinociceptiction of NO.* > Along with providing
anesthesia and analgesia, th®©Njas properties assist in the induction of anegtarough
both an additive effect on the total MAC and theosel gas effect. The rapid uptake efdNdue
to low solubility in blood (blood:gas ratio of 02)land tissue (blood:brain 0.437) along with an
inability to bind to hemoglobin leads to a concanirg effect of additional agents in the lung,
causing a more rapid rise in the FA/FI ratio ofasthalogenated agents (ie: the second gas
effectf®’ This effect is often underestimated due to irighid monitor arterial partial pressure
of volatile agents which more closely reflects plaetial pressure in central nervous tissue than
alveolar pressurésin portions of the lung that have a somewhatW® ratio the impact of the
second gas effect is more promirfent

Pharmacological effects of.® rise concerns regarding potential adverse clinica
consequences. The oxidation of coBati cobal®* cation by NO attenuates the function of
cobalamin as a coenzyme of the methionine synthiage reducing the enzyme activity, and
impacting multiple biochemical processes, includdMgA and RNA synthesis and homocysteine

metabolism, with potential for clinically signifinaoutcomes®®*°

Adver se effects of N»O.

Cardiovascular impact.



There has been debate regarding the proposed secreiak of perioperative vascular risk
including stroke and myocardial infarction whenngsN,O. It interferes with vitamin B12 and
folate metabolism. It inhibits methionine synthgseeventing the conversion of homocysteine
to methionine and resulting in increase of homaaipst levels. Hyperhomocyestinemia can
cause endothelial dysfunction and hypercoagulgbillthe Evaluation of Nitrous Oxide in the
Gas Mixture for Anesthesia (ENIGMA-I) trial randared 2,050 patients who underwent non
cardiac surgery with dD based or pD free anesthesia. The study showed increased
occurrence of myocardial infarction, venous throerhbolism, stroke and death within 2 days
of surgery. However the ENGIMA-II tridf**which randomized 7112 patients with known or
suspected coronary artery disease having majoccaatiac surgery to have a general anesthetic
with our without NO did not show an increase risk of death and casadicular complications.
Other support for the safety ob® include the General Anesthesia Compared with lLoca
Anesthesia for Carotid Surgery trial (GALA) and ferioperative Ischemic Evaluation (POISE)
trial which did not show increased risk of myocatdnfarction or stroke post op in patients who
received an anesthetic with®.** N,O has been also shown to increase pulmonary artery

pressure and should be avoided in pulmonary hyp&de.

Pulmonary effects.

N2O has a low blood: gas partition coefficient andigplaces nitrogen and oxygen from hollow
compartments in the body including the lungs. Eiation of NO leads to diffusion hypoxia
during emergence from anesthesia. Lampe et abipeed a large randomized controlled trial to
study postoperative hypoxia and its relationshipl20."> They observed that patients in thgON

group had lower intraoperative, ®aturation but this did not affect their postopieeaO,



saturation, incidence of postoperative hypoxiagtoor sputum productiolf. ENIGMA-|
showed an increase in pneumonia, pneumothoraxp@nubnary embolisit but there was not a
statistically significant increase in respiratoxests in patients’ receivingJ® in the ENIGMA-

I trial.*3

Surgical Wound Infections.

Several studies have demonstrated effects,0f dh the immune cell structure and function, in
part through DNA alterations, rising concern facrigase in wound infections and impaired
wound healing®!’ The ENIGMA-I trial demonstrated an increased n§kvound infections in
the NO based group, however the follow up study ENIGMA-II, as well ather trials, have

not demonstrated an increased risk of surgicairsiéetions or sepsis” "8

Neuropsychological effects.

N>O does not appear to have a strong associationavithiterm adverse neurologic outcomes
even in patients having neurosurgical procedures avh at risk for developing neurologic
complications post operativel§Neurological side effects are a result of vitamitRleficiency
and include myelinopathies, neurotoxicity/hypoxschiemic injury, neurodevelopment
disturbances, postoperative cognitive dysfunctioth @terations in intracranial dynamics.
Subacute combined degeneration of the cord iseamgelinopathy’’ Patients with acquired
vitamin B12 or folate deficiency are at increasis#,rincluding those with nutritional deficits,
gastrointestinal diseases, infections and surgesactions, as well as those with genetic

metabolic abnormalities. Patients who have ab€ilhave described neurological complaints



such as peripheral neuropathy, myeloneuropathynpakopathy and myelopathy. Numbness,
paresthesia and weakness are the most common dnsit? In head injured neurosurgical
patient, nitrous oxide may convert a pneumocephatosa tension pneumocephalus. There is

also a risk that nitrous oxide might expand a veraituembolisnf?

Mutagenicity and teratotoxicity.

N,O can affect DNA production via its inhibition dfe production of the essential amino acid
methionine. Studies on occupational exposure iaerdified evidence of genomic alterations
and instability, as well as cytotoxicity and prefiétive change€?° The clinical significance of
these changes in regards to risk for developmeaiiratal disease remain in debate,
particularly, as investigations have indicated shath risk is ameliorated by appropriate
occupational exposure control.

Many animal studies have demonstrated teratogéigicte of NO 2"?% However, the
heterogeneity of the data, including the much higixposure dose in animal studies, do not
render these conclusions applicable to human sigbj€kere is little evidence to show any

teratogenic complications in pregnant patiefits.

Earlier studies have shown increased risk of spmutas abortions in female dental professionals
with N,O exposur&; however, other studies that could not find a lekween exposure to,8
and miscarriage or congenital malformations andrnibeeased risk appears to have been relevant

in the pre-scavenging era:*? An American Society of Anesthesiologists Task Earoncluded



that there is no data suggesting that waste aresgfases are a danger to those women who are

contemplating pregnancy or who are already pregnant

Hematologic effects.
N2O can cause bone marrow suppression, cobalamicietefy and folate deficiency resulting in
megaloblastic anemia. It irreversibly binds, ozédi, inactivates and eventually depletes

Vitamin B12. But there is little evidence of clai significance*

Postoperative Nausea and Vomiting.

The most common side effect 0f@lis nausea and vomiting.® tends to cause bowel
extension and may act on dopamine and opioid recept the brain which is a possible
mechanism by which )D causes post operative nausea and vomiting.el&valuation of
Nitrous oxide in the gas mixture for Anesthesitill, 7,112 noncardiac patients were randomly
assigned to nitrous oxide or nitrous oxide-freestimetic. The results showed that avoiding
nitrous oxide reduced the risk of severe post ays@a and vomiting but that risk was near
eliminated by antiemetic prophylax$ Other studies have also indicated that omitip@ has
either modest or no significant impact on the ieaice of PONV, except in cases of high risk of
PONV, and that use of prophylaxis can amelioraedbncert* 3¢ A meta-analysis looked at
whether duration of exposure increased risk of PQW nitrous oxide use. Patients that
received nitrous oxide for less than an hour didhave an increased risk of postoperative

nausea and vomiting’



Gas Filled Spaces.

N2O will enter gas filled spaces over 30 times fagtan nitrogen can exit, thus, producing
increased pressure in the compartment to potgntalhgerously high. This can result in bowel
distension, penumothorax, rupture of tympanic meméy and serous otitis or eye damage due

to expanding gas bubbles.

Clinical use of Nitrous Oxide.

Usein obstetric anesthesia.

The popular use of inhaled anesthetics for labatgasia can be traced back to Queen Victoria
accepting chloroform sedation in 1853 for the batther eighth chiléf. The growing concerns
regarding chloroform’s cardiac side effects leathtwease in the use ok for labor pain in
1881 with a roughly 20% success rate, along withafs80% nitrous oxide and 20% oxygen
mixtures for treatment of hyperemesis gravidatfurfihe application of nitrous oxide remained a
difficult and equipment-intensive task until 1968mthe development of a self-contained
canister with 50% nitrous oxide and 50% oxygenmieed, later named Entonx Since its
introduction, as a labor analgesic, nitrous oxide femained as an alternative to neuraxial
analgesid>*2 The analgesic and anxiolytic properties e©iNalong with the ability for self-
administration by the patient and the avoidancanoivasive procedure render it an attractive
agent in the peripartum period; however, its effectess as an analgesic agent remains debated.
A review by Klomp and associates comparing nitroxisle against placebo, different
concentrations of nitrous oxide, and a combinatibnitrous oxide with a fluorane agent, has
demonstrated improved analgesic effect comparetatebo’® Additionally, increasing the

concentration of nitrous oxide to 70% did not immg@dhe analgesic effect. However, the



analysis was affected by significant heterogenaitstudy design, leading to low quality
evidence. Side effects identified were increasesbsraf nausea, vomiting, and dizzinéssikis
and colleagues have analyzed 58 studies lookittieagffects of nitrous oxide on pain control
and satisfaction with the birthing experient%A pattern of better analgesia with an epidural
appears common; A in some studies was better or comparable tovetraus pain
medications?* Some results showed a greater level of satisfagtith the birthing experience
when using nitrous oxid®.Researchers have raised the idea that perhapsginl is not the
sole appropriate determinant of success for labalggsic modalities, including®,

considering that the analgesic effects are typiatisociative in nature, and some women are
willing to accept less analgesic effect in ordeatoid more invasive procedures. Furthermore,
the results vary depending on the postpartum tirofrtge study evaluatiofi® This concept was
investigated by Richardson and colleagues, whowetied a review of the literature with a focus
on overall patient satisfaction with the birthingerience rather than on pain contfoWhile

the analgesia effectiveness of nitrous oxide wasddo be more variable than neuraxial
analgesia, the satisfaction rates of the roughty 60 patients who used nitrous oxide alone were
equivalent to the neuraxial grouphe risks of periparturil,O use in the general population are
relatively low, provided that it is avoided in gait populations at increased risk of significadesi
effects; those are addressed in the aforementisegttbn on adverse effects. Systematic reviews have
indicated o difference in negative neonatal efféts well as a difference in Apgar scores or
negative neonatal effects were repoftes study from 1996 demonstrated that the maternalferal
central vascular resistance were decreased by &g concern for potential increase in the ask
fetal cerebral hemorrhage, particularly in pretémnfants; however, no evidence in the literature loan
found regarding the clinical relevance of this mition.*® Therefore, MO remains a viable option for

attenuation of labor discomfort and pain for a stilod patients, determined by the balance between t



desired level of pain control and the avoidancmedsive procedures; with the option of convergmn
neuraxial analgesia during labor remaining an opfibA study has demonstrated a significant but still
lower conversion rate to neuraxial analgesia duabgr with NO compared to no-4D group - 63.2%

vs. 85.1%; the factors contributing to the comarsiere labor induction and labor augmentation.

General anesthesia (GA).

N>O continues to offer multiple benefits as an adjuo®ther anesthetics for GA. The lack of
pungent odor and airway irritation makes it a usafient in inhalation induction, particularly in
children. Due to low solubility in blood and tissi&O accelerates induction and recovery from
anesthesia; the second gas effect remains releaaart,if less so with the modern low-solubility
volatile agents>*3 Furthermore, in some studieslhas attenuated emergence agitation,
although this effect is not consistent in othead#t>> The use of MO reduces the required
amount of other anesthetic agents for adequatehesis®; thus it aids in hemodynamic
stabilization due to reduction of the vasodilatang cardiodepressant impact of other
anesthetics, as well as the inherent increase R &\ sympathetic activation of® itself.>">°
Association between addition ob® and decrease in intraoperative awareness isatedidy
some studie®’, although Cochrane review that analyzed accidentareness as a secondary
outcome did not reach a definite conclusion duesafficient dat&® and further investigations
are needed. The effects ofMlon EEG and bispectral index (BIS) further commbaar
understanding of the impact on awareness and newitoning. Under MO, EEG and
somatosensory evoked potentials (SSEP) resporféesfidm those due to other anesthetic and
sedative agenf®®2 with EEG waves demonstrating evidence of paratxrousal. While

Hans et al found reduction of BIS during spine suyginder sevoflurane and epidural morphine

with addition of NO®, Mishra et al demonstrated that during spine syrgéth sevoflurane or



deslfurane at equi-MAC levels .0 raised the BIS index for both volatile agentsyeno
pronounced for the sevoflurdite

The benefits of the use o as adjunct to GA must be balanced against treziagsd risks.
An analysis of the studies from the Cochrane giygs well as the ENIGMA-II tridf, have
concluded that risks of cardiovascular morbidityhospital mortality and hospital length of stay
are not significantly impacted by the use of the. gmilar findings were demonstrated
regarding PONY?™’. The concern for PONV should not contraindicateuke of the agent,
expect in patients with significantly elevated riplrticularly as it can be ameliorated by
preventative measures. Pulmonary complications aagineumonia and atelectasis remain a
potential concern with use of8. In the Cochrane revié while a trend for increase in the
incidence of pneumonia with,® was suggested, the lower quality of evidenceesrttllack of
statistical significance; however, association vpienioperative atelectasis was significant.
Therefore, it may be prudent to avoigNin patients at high risk for perioperative pulrapn

complications.

Analgesia.

The analgesic properties of® have been demonstrated in several studies, ingwadute and
chronic pain reduction, and amelioration of opididuced hyperalgesia®®. A randomized trial
of patients with long bone fracture or main joirgldcation in the emergency department, who
had moderate to severe pain, foun®DNo be comparable to analgesic dose of fentanyl in
relieving pain’®. Evidence in animal and human studies indicatasttte analgesic effect is
attenuated by interaction betweegNand GABAergic agents, such as benzodiazepines and

volatile anestheti¢$’% however, as subanesthetic doses of agents wedeiisome studies,



clear understanding of the impact remains to beiddited. The analgesic benefits may not be
realized in multi-agent GA regimen, and may be natirécally relevant in sedation settings
with use of NO without other agents. Naloxone in a study of tigalolunteers did not appear
to attenuate the analgesic effects @®Nor its effects on mood or psychomotor perfornedfic
Investigations into the role of ® in chronic pain point to reduction in chronic ssgical pain,
as well as cancer. A study of patients with chrguam, who underwent D sedation for one or
several dental procedures, demonstrated improveafi¢he chronic pain after the sedafign
however, the duration of the relief was not assksBee ENIGMA investigators found
improvement in chronic surgical pain in the nitrdagsed group of patients (7%) vs. the nitrous-
free group (14.8%), however, no impact on earlytquerative pain (within 3 days) was séen
A double-blind placebo-controlled randomized to&tancer patients with breakthrough pain
demonstrated a significant reduction in the paoresan the group treated with morphine and
N,O/oxygen mixture (2.0+1.1) compared with the mampfoxygen group (5.6+1.3p,< 0.01

. A recent Cochrane review on prevention of chrqumistsurgical paifl, as well as study of the
utility of N,O for therapy of chronic low back pafhhave failed to demonstrate benefits. The
analgesic properties of.® are evident in many clinical situations; furtirerestigation into its

role for chronic surgical pain is needed.

Sedation and analgesia outside of the operating room.

N0 is suitable for sedation in variety of proceduatside of the operating room, due to its
analgesic and anxiolytic properties, as well asaffety profile, rapid reversal and unique ability
to be self-administered by patients. The agenticoas to be widely used, particularly in the

pediatric population and in adults.



Prehospital use.

An investigation of use of 50:50,8:0xygen in 1243 patients over a period of 18 merith self-
administered patient analgesia in prehospitalreettemonstrated no major adverse evérithe side
effects ranged included numbness 0.3%, nauseafngngit7%, drowsiness 7.6%; no impairment of
cough or airway protection was noted. Another ranided double-blind tri8f compared 50/50 50:50
N,O:o0xygen with medical air for in-ambulance treatinefrmoderate acute trauma-related pain in 60
adults found that at 15 minutes median pain soeege lower in the bO group - 2 (interquartile range,
IQR, 1to 4), versus 5 (IQB-6). The only adverse effect was nausea 3% iNt@egroup vs 10% in the
control group.

Hospital and clinic utilization.

The use of MO has been extensively studied, predominantly chgtec populations for various
procedures and settings. A suteyf 1019 patients aged-08 found that NO/oxygen was used
in lumbar punctures, bone marrow aspirations, &asr repairs, minor procedures (surgical
dressing, burn dressing, gauze removal of open dgywenous cannulation, clip removal, cast
remodeling, pin removal or section, bladder catiie#tion, and nasal packing), minor surgery
(nail surgery, foreign body exploration and exti@tt laceration exploration, and abscess
drainage), punctures (lymph nodes, renal biopsy,lematoma), fractures, dental care, and
pulmonary endoscopy. The investigators demonsttaedafety and efficacy of2®: no
significant adverse events were noted; the sideceff(absent in 62.8%) resolved in 5 minutes
after discontinuation, and included euphoria (20,Msual/auditory perception change (7%),
dreams (5.7%), nausea/vomiting (3.7%), deep seuélid %), paresthesia (1.7%), dizziness
(1.6%), restlessness (1.5%), and miscellaneou%o)l % of the administrations were done by

non-physicians. A randomized double-blind sfifdgvestigated 50:50 #D:0xygen vs placebo



(50:50 nitrogen:oxygen) in patients aged 1-18 fdaneous, muscle, or bone/joint procedures:
the study group had significantly lower pain scaed required less rescue with propofol and
sevoflurane; rare minor side effects were notecetPospective analysis of 16340
administrations outside the operating room by watege of practitioners (only 1.3%
anesthesiologists), including highesiconcentrations, revealed absence of side efiects
93.5% and very low incidence of serious adversatsv@ 2% (airway obstruction, oxygen
desaturatiorf}; similar results were confirmed in other stuftés

An investigation of self-administration of 50:50®toxygen in 210 children aged 2.7-16.5, for
minor procedures, found that 80.5% of all patiemtse pain free, and 81.9% were relaxed and
calnt®. The incidence of mild side effects was <2%, anly one case of lack of compliance
with administration was noted.

Investigation into the use of,:0xygen in colonoscopy have suggested that itidesvsimilar
patient comfort scores, cecal intubation ratesgolgp detection rates, compared to intravenous
sedation with midazolam and opi8idA Cochrane review was not unable to perform a
meaningful meta-analysis of the studies in regaya®mparison of to placebo or other sedation
for colonoscopy, due to study variabiffyHowever they identified several studies, indiati
equal effectiveness and faster recovery time femitrous oxide groups.

Randomized, double-blinded trial comparegDhoxygen inhalation through a self-
administration valve with control group of oxygeralation for transrectal ultrasound-guided
prostate biopsy; both groups received topical &esg in the anal caffal The mean pain scores
of the study group were 2.52 vs. 5.95 in the comroup (two-tailed p value of 0.0001.); the

satisfaction indexes in the;®:0xygen group were mean of 8.14 vs. 4.69 in throb



A systematic review of minor dermatologic procedunas suggested that®| alone or as
adjunct anesthesia, provides pain reducfion

Overall, NO is safe and effective sedative analgesic for wéahge of procedures, it can be
administered by diverse group of trained practegisnas well as self-administered by adult and
pediatric patients. It has low rate of side effettie significant adverse events are very rare and
frequently associated with prolonged exposure,egadte monitoring or administration of

additional sedatives and opiate analgesics.

Nonprocedural use of N,O.

The NMDA receptor antagonism ob® has directed investigations into its potentiaréipeutic
role for treatment-resistant depresSiofi Further studies are needed to establish the iteiref

psychiatric disorders.

Additional considerations.

Abuse:

Recreational use of J for its euphoric properties is not a recent pinegioon. Laughing gas
parties were popular since the Victorian timese pbssession of J is not illegal and it is
readily available. It is typically inhaled commgritom bulbs or balloons. Bulbs or whippits
are commercially available and used in whippedrareharging bottles. The most common
method of inhalation is from a balloon followed &yvhipped cream dispenser. The effect

includes euphoria, heightened consciousness, digaisn and excitement all of which have a



quick onset and offset. Young adult clubbers cosepthe largest population to recreationally
use NO. In some countries (UK, Netherlands and Austjakcreational use of,® seems to
be an increasing trefitDental professionals have an increased incidehabusing NO. There
are occasional reports of people being asphyxiayachproper use, but on a whole it is
relatively safe. Heavy usage generally resultseimrological and hematologic effects due to

N,O induced Vitamin B12 deficiendy

Occupational exposure to Nitrous Oxide.

The occupational exposure te@is a concern, given its adverse effetté>The recommended
exposure limit (REL) from the National Institute ©@tcupational Safety and Health (NIOSH) is
N2O is 25 ppm as a time-weighted average (TWA) dutiiregperiod of anesthetic
administration, based on prevention of decreaseantal performance, audiovisual ability, and
manual dexterity’* A REL to prevent adverse reproductive effectsimsestablished. The
American Conference of Governmental Industrial lepggts (ACGIH) threshold limit value
(TLV) for N,O is 50 ppm as an 8-hour TWAIn Europe, the occupational exposure limit
(OEL) or maximum workplace concentration (MAK) i8aLmg/ni. A study comparing various
ventilation models with and without gas scavengiystem indicates that natural ventilation with
supplementary pressure ventilation with or withgasg scavenging unit is inadequate in
maintaining the BO concentrations bellow the OEL value, as are pressnd exhaust
ventilation or air-conditioning systems without gasvenging ability’® The study concludes
that maintenance of J® below the OEL limit requires an active scavenggstem along with
efficient ventilation such as air conditioning aepsure/exhaust ventilation. Various

organizations publish guidelines on the appropnatdilation design criteria, addressing



scavenging systems and their effectiveness. ThiditiF&&uidelines Institute publishes
guidelines for design and construction of healtie ¢acilities stipulates minimum ventilation
requirement of 6 air changes per hour (ACH) ofltegatilation (outdoor air plus recirculated
air) for treatment rooms, 15 ACH for operating/scagcystoscopic rooms with a minimum of 3

ACH of outdoor air.

Conclusion.

Nitrous oxide is one of the earliest anesthetiassi@. It has retained its role as a versatile agent
with anesthetic, analgesic and sedative role, duts efficacy and relative safety. Advances in
the understanding of its effects and administralbgnstics assure its safe use and potential for
novel and expanding clinical applications.

Practice points.

* Nitrous oxide is an effective anesthetic that carubed in versatile settings in and out of
the operating room to provide sedation, analgesibaajunct anesthesia for wide range
of procedures.

* Nitrous oxide is a viable alternative to more invagrocedures for labor analgesia.

* The agent can be safely administered by trainedamesthesiologists as well as self-
administered by patients with very few side effeeith low severity.

* The potential adverse impact with occupational sxpe can be mitigated by proper

scavenging systems.

Resear ch agenda.



» Further research is needed to more precisely igehg mutagenic effects of nitrous
oxide and their implications for the clinical priaet

* Biochemical and pharmacological mechanisms of thieras of nitrous oxide have been
identified, however, investigations will to furthelucidate discrete processes on
molecular level.

* The interactions between nitrous oxide and othesthretic and analgesic agents should
be further defined to clarify their impact on tHmical applications of the agents.

* The effects of the agent on neurophysiologic maimtpand implications for anesthesia

and awareness warrant further study
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