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Introduction: Nitrous oxide has become over the last few years a public health
problem in many countries. France has a dedicated health monitoring system
dedicated to the surveillance of the abuse, dependence and consequences
associated with the use of psychoactive substances coordinated by the French
National Agency for the Safety of Medicines and Health Products.

We present the French national survey of nitrous oxide.

Materials and methods: We analyzed all the cases with nitrous oxide from 2012 to
2021: number of naotifications, characteristics of the subjects and consumption,
consequences reported and their evolutions over time. In addition, we have made
a special focus on the four main complications reported.

Results: A total of 525 cases were received with an exponential increase since
2019. We observed changes in the characteristics of the notifications with an
increase in the proportion of women [42.7% in 2021 vs. 30.8% in 2020 (p=0.02)];
an increase in the quantities consumed (use of cylinders); a negative evolution of
the contexts of use with a search for self-therapeutic effects and use in violent
contexts; an increasing trend of the severity of cases [78.1% in 2021 vs. 70.0% in
2020 (p=0.07)1.

The main effects were substance use disorders and/or associated criteria (82.5%),
neurological disorders (75.4%), psychiatric symptoms (15.4%) and cardiovascular
events (8.6%). In terms of evolution, we observed a significant increase in cases
with a use disorder and an increase in neurological complications. Moreover, new
serious effects, notably cardiovascular events were reported.

Discussion: The combination of high availability, varied effects from euphoria to
relief of discomfort in a stressful global pandemic context and the development of
dependence could explain the rapid growth of consumption and the seriousness
of the cases.

It must now be taken into account that (i) Substance use disorders are associated
with nitrous oxide consumption; (ii) clinicians must consider "nitrous oxide” in
young subjects presenting different types of manifestations; and (iii) stopping
consumption is imperative and is the first treatment. In this context, an
addictological assessment must also be carried out.
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Introduction

Nitrous oxide: a public health problem in
many countries

Nitrous oxide can be used as a medicine available in prescription
drugs or as a food additive that is freely accessible. In France, as in
many other countries, nonmedical nitrous oxide has rapidly become
established on the drug scene over the last 5years. There are few data
on the prevalence of consumption. At the international level, the
Global Drug Survey (GDS) data from 35 countries around the world
show a usage lifetime prevalence estimated at 23.5% in 2019, becoming
the 13th most consumed substance among the volunteer respondents
of the online survey, with variations between countries, reaching
38.6% in 2014 in the UK (1, 2). In France, at the national level, the
increasing consumption of nitrous oxide is mentioned in the French
Monitoring Centre for Drugs and drug Addiction (OFDT in French
Observatoire Francais des Drogues et des Tendances addictives)
report “drugs and addictions, essential data” of 2019 (3) and in the
report Emerging Trends and New drug (TREND in French Tendances
Récentes et Nouvelles Drogues) of 2019 and 2020 (4). In England and
Wales, in a sample of adults aged 16-59, the last-year consumption
prevalence was found to be 2.3% in 2019 and reached 8.7% in
individuals aged 16-24, positioning nitrous oxide as the second most
used substance after cannabis in the latter population (5). Studies
conducted in France found a high prevalence of consumption in
student populations (6). These data make it possible to highlight the
extent of consumption but do not make it possible to assess the
consequences associated with consumption. Literature case reports
allow the description of some complications but do not allow them to
be classified according to their frequency.

In France, a dedicated system globally for
assessing psychoactive substances: the
addictovigilance network

France is one of the only European countries with a dedicated
surveillance system for cases of abuse and dependence on
psychoactive substances. This surveillance relies on a network of 13
Centres for Evaluation and Information on Pharmacodependence—
Addictovigilance (CEIP-A) (7) coordinated by the French National
Agency for the Safety of Medicines and Health Products (ANSM).
The organization and missions of these centers are defined in the
Public Health Code (8). The main mission of this vigilance is to
identify substances that give rise to abuse or dependence, to assess
the risk and consequences in terms of public health and to provide
information on substances and risks. This system complements the
other monitoring systems (i) pharmacovigilance, which assesses the
adverse effects of medicines and (i) Toxicovigilance which monitors
effects in humans following exposure to consumer products, plants,
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fungi or animals, based on data from the network of Poison Control
Centres (PCs) from the telephone response to the emergency
provided by the PCs.

Addictovigilance network operates through the notification by
health professionals of cases of addiction, abuse and/or consequences
related to the use of psychoactive substances. Indeed, in France, the
notification of cases of abuse or dependence to the addictovigilance
centers is a regulatory obligation for health professionals (9).
Physicians, in accordance with the regulation, make clinical
notifications of situations encountered in the context of their
professional practice, including the assessment of use disorders and
the diagnosis of the somatic or psychiatric consequences identified.
They will logically make notifications for situations that seem unusual
and/or serious to them. Thus the addictovigilance system fulfils an
alert mission, and the number of notifications reported is not a
reflection of consumption in our country but rather of the seriousness
and/or unusual nature of the situations encountered by physicians,
whatever their practice setting, hospital or private practice, specialist
or general practitioner. Therefore, the evolution of the notifications,
both quantitatively and qualitatively, is crucial in the analysis
of a given substance, because it indicates the evolution of the
number of serious situations and the evolution of the type of
consequences reported.

In order to centralize the data analysis, a designated center is
responsible for the national monitoring of a given substance. To assess
the risks and the abuse/addiction potential associated with the use of
a specific substance, all cases reported in France involving this
substance are analyzed by the center responsible for the monitoring of
this substance. This analysis allowed us to identify complications
associated with substance use reported by health professionals at the
national level.

The Nantes Addictovigilance Centre is responsible for the
monitoring of nitrous oxide in France. In this work, we present the
quantitative and qualitative analysis of all cases, including nitrous
oxide, for which notifications were sent to the French addictovigilance
network and their evolution over time.

Methods
Addictovigilance notifications

As previously mentioned, notifications are reported by health
professionals. Notifications reach the centers directly using the official
collection form (available on the ANSM website) or by using a
notification portal set up by the health authorities.

An addictovigilance notification includes sociodemographic data
(gender, age), data on the products consumed and the consumption
(quantity, duration, search, and felt effects). Items from the Diagnostic
and Statistical Manual of Mental Disorders (DSM) definition of
substance use disorders are reported (tolerance, withdrawal, substance
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intake in larger amounts or over a longer period than intended,
unsuccessful efforts to cut down or control substance use, great deal
of time spent in activities necessary to obtain use or recover from
substance effects, reduction of important social, occupational, or
recreational activities because of substance use, continuation despite
knowledge of having a persistent physical or psychological problem
that is likely to have been caused or exacerbated by the substance and
craving) (10, 11). Moreover, the psychiatric and somatic consequences
of the consumption are detailed.

The notifications are analyzed by medical pharmacologists
working in the addictovigilance centers. The analysis focuses on the
severity of reported use disorders for each substance and on the
consequences associated with use. The severity of the case is assessed
using pharmacovigilance and addictovigilance severity criteria:
hospitalization/extended hospitalization; life-threatening, death,
disability/incapacity, congenital anomaly or other serious
medical situation.

Then, reports are recorded in the French national database and
then the European national database, respecting the regulatory

deadlines for severe cases (13 and 15 days after receipt, respectively).

Nitrous oxide survey

For this work, we selected all cases concerning actual voluntary
consumption of nitrous oxide in the French national database, without
any time limitations.

In the severity classification, we considered in “other serious
medical situation,” any situation of daily and/or high dose use (>20
cartridges or cylinders equivalent per occasion or day) as justifying a
classification as a serious case (mentioned as substance use disorder-
associated criteria).

For the analysis of psychiatric and neurological injuries,
we asked for diagnosis classification by specialists in the field,
psychiatrist (EJL) and neurologist (AL), respectively. Psychiatric
symptoms were classified as anxiety, psychotic, cognitive,
behavioral, affective and vigilance disorders. Neurologic injuries
were classified as spinal cord syndromes (combined sclerosis,
myelopathies), neuropathies,

neurological symptoms and

potentially neurological aspecific symptoms.

Analysis

We provide information on the number of notifications, the
characteristics of the subjects and consumption, and the consequences
reported, with a special focus on the four severe most frequently
reported consequences (use disorders, neurological, psychiatric, and
cardiovascular consequences). For quantitative and qualitative
analysis of notifications characteristics, we used continuous data
expressed as the mean [+ standard deviation (SD)] and categorical
data as numbers and percentages (calculated on the total of the
filled data).

We studied the evolution over time of the number of notifications
in addition to the characteristics of the subjects and the reported
consequences. Comparisons are used to assess evolution over time
between 2020 and 2021 using standard tests, Chi2 for proportions and
t tests for means.
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Results

Number of notifications and evolution
according to time

In total, 525 notifications of effects linked to the consumption of
nitrous oxide were received by the French addictovigilance network.
The first reports of nitrous oxide misuse (the misuse of cartridges by
young people) were received in 2012. The number of notifications
increased exponentially from 2018 to 338 notifications in 2021
(Figure 1 and Table 1). In our results, we compared the years 2021
with 2020, as the previous years correspond to the beginning of the
exponential increase in the number of notifications (Figure 1). In
absolute value, this number has increased almost tenfold between
2019 and 2021 (37 vs. 338), and the proportion has also increased to
reach more than 6% of all notifications in the French addictovigilance
network by 2021 (p<0.001) (Table 1).

Characteristics of the notifications and
evolution according to time

A description of the patients and use characteristics is presented
in Table 1 together with the evolution over time.

Men account for the majority of cases in the notifications,
however, we observed an increase in the proportion of women (42.7%
in 2021 vs. 30.8% in 2020 (p=0.02)).

Concerning the form used, cartridges and cylinders of various
sizes (including “tank” or “obus”) are reported, sometimes several
forms per subject. There is little precision on the quantity contained
in the containers which seem to vary in volume from 75mL to 5L and
in weight from 580g to 4kg. The most commonly mentioned
containers appear to be cylinders of about 600g. The quantities
consumed range from 1 cartridge to 48 cylinders per occasion and
from 1 cartridge to 2 “tanks” or 24 cylinders per day. In 2021, the
consumption of one or more cylinders per day or per week was
reported in 35.9% of cases (1 =84/234). In 2021, the notion of using
cylinders is reported in 73% of the notifications vs. 31.8% in 2020
(p<0.001) and daily or more consumption increased from 36% in
2020 to 52.4% in 2021 (Table 1).

Concerning searched effects contexts of use, we have gone from a
festive use with a search for euphoria to a search today for

400
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300 /
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FIGURE 1
Number of nitrous oxide notifications reported to the
addictovigilance network by year.
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TABLE 1 Patient characteristics.

Total 2012-2021

10.3389/fpubh.2023.1167746

Comparisons

2020/2021

Nitrous oxide (NO) notifications 525 120 338
Percentage of NO notifications 1.6% (120/7275") 6.6% (338/5159%) p<0.001
Patients characteristics for NO notifications
- Sex (men) 60.7% (n =318/524)* 69.2% (n =83/120)* 57.3% (n =193/337)* p=0.02
- Age
Mean 21.9years (SD 4.7)* 22.2years (SD=5.2)* 21.6years (SD=4.4)* p=023
Median 21years (13-53)* 21years (21-53)* 21years (13-41)*
< 18years 11.3% (58/515)* 12.6% (n =15/119)* 11.2% (n =37/330)* p=0.68
NO consumption characteristics
- Forms and dose used
Cylinders 54,6% (n =191/350)* 31.8% (n =28/88)* 73.0% (n =162/222)* p<0.001
- Frequency of use daily or more 48,5% (n =157/324)* 36.0% (n =27/75)* 52.4% (n =110/210)* p=0.01
- Anteriority of use (mean in months) 16.5 months (SD 16.7)* 19.3 months (SD =18.3)* 15.5months (SD=16.2)* p=0.17
- Associated consumption
At least one, other than tobacco 36.4% (n=191/525) 40.8% (n =49/120) 36.7% (n =124/338) p=042
Alcohol 23.4% (n =123/525) 20.8% (n =25/120) 22.8% (n=77/338)
Cannabis 23.8% (n =125/525) 27.5% (n =33/120) 23.1% (n =78/338)
Other 12.8% (n =67/525) 14.2% (n =17/120) 10.9% (n =37/338)
- Presence of severity criteria 74.5% (n =391/525) 70.0% (n =84/120) 78.1% (n =264/338) p=0.07
- Effects sought Euphoria, anxiolytic, relaxation/ Emergence of uses for self-treatment effects with daily

well-being, “high”/“stoned” or consumption and uses in violent context of aggression or

amnesia prostitution

The “*” means “missing data”.

self-therapeutic effects as amnesia or better being; moreover,
we observed a negative evolution of the contexts of use with a use in
violent contexts like prostitution or before aggression.

The vast majority of cases were classified as “severe” But we note
an increasing trend of the severity of cases [78.1% in 2021 vs. 70.0%
in 2020 (p=0.07)].

Moreover, a major impact of consumption on care was reported in
2021: refusal of treatment, discharge against medical advice,
noncompliance in 43 notes (12.7%), the recurrence of several
hospitalizations for different effects in 12 notifications and a new
phenomenon, the self-administration of vitamin BI12 for
preventive purposes.

Various consequences have been reported; sometimes the same
subject presented more than one effect. The main effects, substance use
disorders and/or associated criteria (82.5%), neurological disorders
(75.4%), psychiatric symptoms (15.4%) and cardiovascular events
(8.6%), are described in Table 2. For the “others” category, the following
are reported: digestive effects (nausea, vomiting, abdominal/epigastric
pain, transit disorders ... n=58, 11.0%), asthenia (n=35, 6.7%); cold
burns mainly on the hands, thighs (use of cylinders) and orobuccal
area (n=16, 3.0%); and falls causing potential trauma, including head
injuries with coma (n=11, 2.1%). Road traffic accidents related to
nitrous oxide use were reported in 11 notifications (2.1%). The vast
majority of accident notifications mention driving under the influence
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of nitrous oxide. Nitrous oxide was directly implicated in one death,
following massive pulmonary oedema after inhalation of the gas, in a
second death indirectly (in a road accident in which the passenger of
the car whose driver was under the influence of nitrous oxide died) and
is one of the substances described in the deaths of two other poly-
consumers. Regarding the evolution of reported effects, there is an
increase in cases with a use disorder (89.3% in 2021 vs. 73.3% in 2020;
p<0.001) and an increase in neurological complications (79.9% in 2021
vs. 69.2% in 2020; p=0.02). Moreover, new serious effects, notably
cardiovascular events were reported.

Focus on substance use disorders (SUD)

Of the 433 notifications reporting a use disorder or associated
criteria, in 94 cases, the only criterion reported was daily consumption
and/or high dose (more than 20 cartridges/occasion or equivalent in
a cylinder) (Table 2). The 339 other notifications were classified as
substance use disorders. In 111 cases, DSM substance use disorder
items were evaluated. All items of the DSM definition of substance
use disorders are described through the reported cases: tolerance
(n=31), signs of withdrawal including hospitalization if necessary
(n=13), dose consumed or length of consumption (n=67), desire to
stop or previous unsuccessful attempts (1 =34), time spent obtaining/
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TABLE 2 Reported consequences.

10.3389/fpubh.2023.1167746

Consequences 2012-2021N=525 notifications 2020N=120 2021N=338 Comparisons
(Potentially more than notifications notifications 2020/2021
one per subject)
Substance use disorders (SUD) 82.5% (n =433) 73.3% (n =88) 89.3% (n =302) p<0.001
and/or associated criteria (daly o Use disorders, abuse, drug dependence or 58.0% (51/88) 85.8% (259/302)
use and/or dose 220 cartridges/ addiction (with or without associated criteria)
occasion or cylinders equivalent) 78.3% (339/433)

« Only associated criteria 21.7% (94/433) 42.0% (37/88) 14.2% (43/302) p<0.001
Neurological complications 75.4% (n =396) 69.2% (n =83) 79.9% (n =270) p=0.02

« Myelopathy 59/396 (14.9%)

« Neuropathy 41/396 (10.3%)

o Myelopathy and neuropathy 47/396 (11.9%)

« Neurological symptoms only 136/396 (34.3%)

o Aspecific symptoms only 69/396 (17.4%)

« Neurological and aspecific symptoms

44/396 (11.1%)

Psychiatric symptoms (Potentially | 15.4% (n=81) 24.2% (n =29) 11.2% (n =38) p<0.001
more than one per subject)

« Behavioral 36/81 (44.4%)

« Psychotic 34/81 (42.0%)

« Anxious 29/81 (35.8%)

o Affective 19/81 (23.5%)

« Cognitive 19/81 (23.5%)

« Vigilance disorders 15/81 (18.5%)
Digestive disorders (mainly 11% (n =58) 11.7% (n=14) 10.4% (n =35) p=0.69
nausea vomiting)
Cardiovascular events 8.6% (n =45) 5.8% (n=7) 7.7% (n =26) p=0.50

Novel effects including
thrombotic effects associated with
hyperhomocysteinemia and risk
factors in 2021

Others 16.8% (1 =88) 29.2% (1 =35) 12.4% (n =42) p<0.001

consuming/recovering from the effects (n=45), harmful to social/
relational aspects, including family, employment, financial or legal
impact (n=26), or health consequences including persistence of
consumption after initial hospital treatment for somatic consequences
related to nitrous oxide consumption (n=39). Craving is reported in
17 notifications. Risky behavior is reported in three cases
(consumption while driving). The occurrence of addiction care or
referral for addiction care is reported in 66 cases, the first time in
2017 and the other cases from 2020. In 51 cases (77.27%), the care
was provided; in 15 other cases, the care was refused by the patient
(or the patient ran away).

In terms of evolution, there was an increase in the severity of cases
with a greater proportion of SUDs notified (Table 2).

Focus on neurological complications
Among the 396 reports with neurological disorders that occurred

after nitrous oxide consumption, the effects reported are divided into
the following (see Table 2):
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- Myelopathy, with or without neuropathy, in 26.8% of cases
(n=106), including subacute combined degeneration of the spinal
cord (n=74).

- Neuropathy or polyneuropathy, with or without myelopathy, in
22.2% of cases (n=388).

In total, 47 cases combined the two types of disease (central and
peripheral). In 28.6% of the cases of central and/or peripheral injuries
(n=42/147), an associated consumption (other than tobacco) was
reported [cannabis (n=28), alcohol (n=23), cocaine (n=6),
benzodiazepine (n=2), poppers (n=1), or tramadol (n=1)].

- Neurological effects, not sufficient for the diagnosis of
myelopathy and/or neuropathy, in 62.8% of cases (1 =249), including
the following: (i) neurological symptoms (1 =180, 45.4%), mainly
paraesthesia, hypoesthesia, sensory-motor deficits, gait disorders and
ataxia; and (ii) aspecific neurological symptoms (n=113, 28.5%),
mainly headache, malaise/vertigo and cognitive disorders. Loss of
consciousness/coma was reported in 19 cases. In 32.1% of these cases
of neurological effects (1 =80/249), an associated consumption (other
than tobacco) was reported [alcohol (n=48), cannabis (n=44),

cocaine (n=13), ecstasy/ MDMA (n=6), poppers (n=4),
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benzodiazepine (n=3), codeine (n=2), and pregabalin (n=2); the
other substances were reported once (methamphetamine,
cyproheptadine, deodorant, heroine, ketamine, synthetic cannabinoid,
neuroleptic)].

Overall, the proportion of cases with associated substances is
30.8% (n=122/396) for notifications reporting neurological
complications vs. 53.5% (n=69/129) (p <0.001) for other notifications.

Among severe neurological cases, 40.2% were women in 2021
(n=90/224) vs. 24.2% in 2020 (n=16/66) (p=0.02).

In 160 cases, a vitamin B12 dosage was reported; a deficiency
was reported in 91 cases (56.9%), a normal level with a low limit in
13 cases (9.1%) and a normal level but with prior supplementation
in 5 cases (3.1%). A homocysteine assay was reported in 81
notifications, of which 78 cases (96.3%) with hyperhomocysteinemia
were found. Methylmalonic acid dosage was reported in 27 cases,
with elevated levels found in 21 cases (77.8%). Blood count data
were available in 68 cases: anemia was reported in 17 cases (25.0%)
[macrocytic (n=6), are generative (n=2)] and macrocytosis in five
Other

neutropenia in one case, and it should be noted that in another case,

cases. haematologic abnormalities were reported:

without neurological disorders mentioned, pancytopenia
was reported.
Treatment with vitamin B12 supplementation (mainly IM) was

mentioned in 149 reports, and rehabilitation was reported in 61 cases.

Focus on psychiatric manifestations

Several types of psychiatric manifestations were reported (several
possible types of manifestations per patient), mainly behavioral
manifestations, psychotic manifestations and anxious manifestations
(Table 2).

Of the 81 notifications in which clinical psychiatric signs were
reported, an associated consumption was reported in 42 cases
(51.85%), as opposed to 33.6% (n=149/444) for other notifications
(p<0.001).

Focus on cardiovascular events

Of the 44 notifications in which clinical cardiac symptoms were
reported, these were mainly changes in heart rhythm clinically proven
or felt by the subject [tachycardia (n=11), bradycardia (n=6)]
palpitations (n=7) and chest pain sometimes with radiation (n=15).
Left ventricular dysfunction (in the context of polyintoxication and
coma) and a stroke with dissection of the left carotid artery without
thrombosis have also been reported.

At the vascular level, in 2019, the first case of thrombotic origin
was reported: a bilateral pulmonary embolism and unilateral deep
vein thrombosis (with other risk factors). In 2021, 7 other notifications
reported thrombotic effects in the context of hyperhomocysteinemia
and other risk factors in subjects consuming one to several nitrous
oxide cylinders per day or per occasion (when the information is
provided): pulmonary embolism (n=3); vein thrombosis (n=4),
including 2 cases of deep vein thrombosis with double involvement
and one case of cerebral vein involvement; and a case of acute
coronary syndrome with acute thrombotic occlusion of the right
coronary artery.
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Discussion

Our work highlights an exponential increase in reports of
complications related to nitrous oxide consumption in France, with a
diversification and aggravation of the complications reported. These
data represent the most important number of cases published to date.
From our results, several points should be highlighted.

Amplification of the phenomenon from
2018

The first reports in 2012 described the misuse of cartridges by
young people and the modalities of this misuse; from 2018, together
with the exponential increase in reports, notifications of serious
consequences appeared. This led health authorities in France to
conduct several communications (12-18). This increase in
complications is taking place at the same time that an increase in
consumption is observed in France and at the international level: the
Global Drug Survey (GDS) data show a sharp increase in the
prevalence of use over the last 12 months, from 6.3% in 2014 to 11.9%
in 2019 (1, 19).

There are several factors that have contributed to the spread of the
product and the increase in consumption (20-24): the low cost, the
ease of obtaining it through the home deliveries that began with the
COVID-19 lockdown in 2020 (24) and the parallel development of
cylinders corresponding to several tens or hundreds of cartridges,
sometimes with added flavors (22). These conditions are attractive for
young individuals (20, 21, 25) in a period of brain development with
vulnerability to risk-taking and health consequences (21, 26). This
combination of high availability, varied effects from euphoria to relief
of discomfort in a stressful global pandemic context and the
development of dependence explains the rapid expansion of
consumption and the seriousness of the cases (24). The misuse of
nitrous oxide among the young population is now considered a public
health problem in many countries (20, 25, 27). In France, the increase
in consumption and the seriousness of the cases led to the
promulgation of a law in June 2021 (28). This law now prohibits the
sale or offer of nitrous oxide to any minor, the sale or offer of this
product in bars, discotheques, student parties, etc., and tobacco shops.
Moreover, the problem identified concerns the consumption of very
large quantities of nitrous oxide. Therefore, a decree limiting the
maximum quantity authorized for sale to individuals to the equivalent
of 10 cartridges has been proposed. The impact of this regulation must
be monitored in the future.

Much more varied effects than previously
thought

Even if its mechanism of action is not fully elucidated, nitrous
oxide acts on the p-opioid receptor (29-31) and on the noradrenergic,
NMDA/glutamate and GABAergique systems (31-33). Furthermore,
nitrous oxide induces (i) oxidation of the active center of cobalt
contained in the chemical structure of vitamin B12 (34), leading to its
inactivity and making it impossible for the transformation of
methylmalonic acid and homocysteine (to methionine). Functional
deficiency leads to an increase and a decrease in methionine necessary
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for the synthesis of myelin sheaths (20, 35, 36). Nitrous oxide also
causes (ii) perturbation in the synthesis of nucleic acids, for which
vitamin B12 is a cofactor, and is responsible for hematological
anomalies (such as macrocytic anemia, leukopenia and even
pancytopenia) (36). Finally, because of its mode of consumption, i.e.,
inhaled pure without oxygen, its recreational administration is
generating hypoxia (20, 37). The central action explains the anxiolytic,
analgesic and euphoric effects of the “laughing gas” demonstrated in
the nineteenth century (38, 39), and the effects on vitamin B12 explain
other consequences. Some of these are reported in the nitrous oxide
mixed with oxygen (EMONO) approval used in medical settings (40),
i.e, vitamin B12 deficiency, psychiatric conditions including
pharmacodependence, paraesthesia and some neurological symptoms,
dizziness, neurological disorders and myeloneuropathies after
prolonged or repeated exposure. Indeed, EMONO approval refers to
clinical use; however, whether in clinical or recreational use it is the
same psychoactive substance. Neurological complications are well
described (34, 37, 41, 42), as well as their main biological mechanism
linked to vitamin B12 deficiency. These are the most frequently
reported in the declarations of addictovigilance and are present in 3/4
of the cases, with no associated consumption in more than 70% of
cases of myelopathy or neuropathy.

Use-related disorders and/or associated criteria are present in 433
notifications, i.e., in 8 cases out of 10.

These complications could have been expected, given the
pharmacological properties (action on opiate receptors and
GABA-A receptors). The nitrous oxide approval mentions
“pharmacodependence,” although abuse and dependence are
mentioned in a few published cases of somatic complications but
without detailing the different items of abuse and dependence (43,
44). Only for a very few cases were DSM items such as tolerance
and withdrawal reported (42, 45-47), and to our knowledge, only
one published case fulfilled the DSM-IV-TR criteria of substance
dependence (48). In a first article (49), we analyzed the nitrous
oxide cases reported to the whole addictovigilance network
without any time limit until 2016 and including the cases
concerning EMONO. At that time, we found 21 cases and the cases
reported mentioned mainly misuse; few DSM items were filled in.
Today, we highlight a worrying evolution of nitrous oxide misuse
and the occurrence, in addition to the known effects, of real
substance use disorders. We find in the notifications (i) the
description of the characteristic of positive conditioning at the
beginning (consumption with anxiolytic aim, well-being to relieve
a suffering), followed by negative conditioning (impossibility of
stopping because of signs of withdrawal); and (ii) Use disorders
were reported as such in the French national database in 339 cases.
Moreover, in 111 cases items of DSM 5 were described in
accordance with the data reported in the addictovigilance
notifications (11) and all the criteria were reported in the
different cases.

Although nitrous oxide has long been described as having a low
addictive potential (20, 50, 51), our data indicate that it is a
psychoactive substance with real dependence potential. Moreover,
repeated and chronic consumption and high doses are associated with
dependence and are therefore responsible for the various and serious
somatic consequences. It is thus essential to manage the use disorders
in patients using nitrous oxide, as we observed in our data proposals
for the management of addictive care implemented mainly from 2020
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onwards, and to set up protocols for health professionals that do not
exist today.

Other complications not mentioned in the EMONO approval
reported in recent years can be linked to pharmacological properties,
especially cardiovascular complications. Hypoxia caused by inhalation
of pure nitrous oxide without mixing with oxygen could explain the
tachycardia, arrhythmia, and chest tightness sensation, which can lead
to death by cardiac arrest (20, 37). Cardiovascular complications
related to thrombosis for which hyperhomocysteinemia is a risk factor
(52-55) have been reported more recently. The first case report was
published in 2018 (56), and 14 case reports were published at the end
0f 2021 (PubMed database). The first French notification was reported
in 2019, followed by 7 others life-threatening consequences
(pulmonary, cardiac, etc.). These complications will need to
be monitored, especially as our results show an increase in the
proportion of women who are likely to be taking contraceptives and
therefore to have more risk factors.

Hematological complications are rare but are found in French
clinical cases and in some cases reported in the literature (57-59).

Psychiatric disorders are present, but fewer have been reported
(37, 60, 61). The 81 French cases with reported psychiatric
manifestations following nitrous oxide use may seem high in
relation to these international data. We found a large diversity of
the typology of psychiatric disorders observed in our results. The
central mechanism of action of nitrous oxide may certainly
be associated with some of these complications, including those
listed in the approval. However, it is sometimes very difficult to
link them to nitrous oxide because (i) the subjects sometimes have
psychiatric comorbidities and (ii) this is the category of
consequences where we found the most associations with other
substances. However, even if the exact pathology underlying the
psychiatric symptoms is unknown, some authors have hypothesized
a mechanism for psychiatric toxicity as symptoms of vitamin B12
deficiency (60, 62); the increase in nitric oxide, antagonism of the
N-methyl-D-aspartate (NMDA) receptor and induction of
dopamine release in the nucleus accumbens could also play a role
in the occurrence of disorders (60, 62). Health professionals should
be aware of patients presenting with psychiatric symptoms (60)
and include nitrous oxide in the drug history of patients who
present with unexplained psychiatric abnormalities (62).

Finally, deaths are rarely reported in French addictovigilance
notifications. Nevertheless, in 2016, Garakani et al. counted 11
publications corresponding to 29 cases reporting nitrous oxide-
related deaths in which nitrous oxide was presumed to be the
primary cause (37). The reported cause of death was acute
asphyxiation due to hypoxia, sudden cardiac arrhythmia or sudden
death (20, 37, 63). Due to the short half-life of nitrous oxide and
rapid clearance through the lung, it is difficult/impossible to detect
nitrous oxide in biological tests (20, 64, 65), and indirect deaths,
including cases of road accidents following nitrous oxide
inhalation, are regularly reported by the French media, but they
rarely constitute addictovigilance notifications.

Strengths and weakness

The main strength of this work is that it is based on data from an
official surveillance network, addictovigilance, coordinated by the
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French health authorities. The notifications come from all over the
country, are reported by health professionals and are thus rich in
clinical elements, enabling an analysis of complications. Nevertheless,
we analyze the data available to us and it must be kept in mind that the
consumption data reported by the physicians are declarative data from
the patients. We cannot exclude that some consumptions are not
mentioned by the patients and that there is a variability in the
transcription of these elements by the physicians. Moreover, in our
medical addictovigilance data, there is a lack of demographic
characteristics of the sample, like education level, income, ethnic
minority. Such information would be highly valuable to identify
subjects or subgroups at increased risk. Further studies incorporating
these data would be required.

The number of addictovigilance reports, like any other monitoring
system based on spontaneous reporting, is not a direct reflection of
consumption in a country. Rather, these reports are a reflection of the
severity of the consequences associated with a substance consumption.
Of course, one can imagine that the more users there are, the more
consequences will be reported. Nevertheless, one of the weaknesses of
vigilance systems based on notifications by health professionals is
underreporting, particularly of less severe consequences. Currently,
digestive effects (nausea/vomiting, abdominal/epigastric pain...), for
example, are far from being the most reported, although they are
mentioned as “frequent” (meaning >1/100 to <1/10) in the EMONO
approval (40). This is also the case for falls, which are rarely reported
to the French addictovigilance network (11 times in 10years), burns,
and asthenia. This could be explained by the main mission of the
French addictovigilance system, which is the alert. Cases are reported
by health professionals. Professionals report complications in nitrous
oxide users, causal relationship must be interpreted taking into
account the pharmacological analysis and the presence of other risk
factors. As a consequence, they concern subjects who have used the
care system and thus are serious clinical cases. With regard to nitrous
oxide, three-quarters of the reported cases were serious, and despite
underreporting, their number is increasing exponentially.

Conclusion—clinical implication

In the last decade, the recreational use of nitrous oxide has become
a public health problem in several countries, including France. The
French national follow-up data are unique and allow a hierarchization
and characterization of severe clinical consequences. It must now
be taken into account that (i) substance use disorders are associated
with nitrous oxide consumption and (ii) the consequences of
consumption are very varied and can be very severe. Thus, clinicians
must investigate nitrous oxide use in young subjects presenting
unexplained neurological signs, cardiovascular signs, psychiatric
manifestations and possibly more minor symptoms such as falls,
traumatisms (including traffic accidents) or even burns. Faced with a
biological assessment, it is necessary to keep in mind that the vitamin
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