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Abstract: Nitrous oxide (N,0) was found responsible for genetic and reproductive toxicities,
whereas it is widely used in paediatric care units where most healthcare providers are women of
childbearing age. This motivated investigating occupational overexposure and overexposure factors
in several paediatric hospital units. A cross-sectional study was carried out in seven healthcare
units. On each of 34 healthcare providers, air samples were extracted (portable pumps and
Tedlar® bags) and N,O quantified (gas chromatography, pulsed discharge ionization detection, and
infrared spectrometry). The data allowed calculating mean instantaneous exposures. The mean
instantaneous exposure was: i) four times higher in closed vs. open treatment rooms; ii) two times
higher in case of use vs. non-use of N,Q; iii) significantly higher in junior vs. senior healthcare
providers (by 12%); and, iv) higher during presumably short vs. presumably long procedures
(by 20%). Overexposures to N,O were mainly seen in the emergency unit and in day hospitals for
thoracic/abdominal diseases and nephrology. Overexposures were frequent during short-duration
procedures; among 88 N,0O measurements, 77 (87.5%) exceeded the 200 ppm threshold over 15
minutes. The overexposures call for dedicated treatment rooms (with adequate equipment and
ventilation), more efficient anaesthetic practices, appropriate training, and regular checks.
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Introduction

Over the last decades, the need to alleviate care-related
pain increased progressively the use of nitrous oxide (N,O
or, precisely, EMONO, an equimolar mix of oxygen and
N,O) in care units, especially paediatric units. However,
N,O is potentially toxic"; the medical literature has report-
ed evidence of short- and long-term neurologic, haemato-
logic hepatic, renal, genetic, and reproductive toxicities® .

Among these toxicities, reproductive toxicity has been
very concerning because most healthcare providers (HCPs)
in paediatric units are women (up to 75% of paediatricians®
and up to 99.7% of paediatric nurses)”. In the early nine-
ties, Rowland et al.'® 'Y observed significant increases in
time-to-pregnancy and abortion risks among dental assis-
tants exposed to N,O for Sh/week. Shortly after, Ahlborg et
al."® found similar results among midwifes and Bodin et
al.™ reported increased risks of premature birth and low
birthweight. A decade ago, Shirangi et al.'*'> observed in-
creased risks of abortion and premature birth in female vet-
erinarians and, more recently, a French official report'®
considered that N,O is potentially responsible for impaired
fertility and first-trimester abortions.

Since 1977 in the USA and later in France, health author-
ities have recommended reducing air pollution by anaes-
thetic vapours and set exposure limits for all HCPs. In
France, one recommendation stipulated that treatment
rooms should be equipped with devices to remove anaes-
thetic vapours'”. During anaesthetics administration, these
devices should be able to reduce air concentration of N,O
to <25 ppm (parts per million) as average exposure value
(AEV) at close distance to patients and HCPs.

For the time being, there is still no international consen-
sus on the thresholds of exposure to N,O. Over the Europe-
an continent, AEVs differ between countries: 100 ppm in
Germany, UK, Norway, Denmark, Sweden, and Switzer-
land™. In the USA, the National Institute for Occupational
Safety and Health (NIOSH) has recommended a much low-
er exposure limit: 25 ppm as a time-weighted average
(TWA) during the period of anaesthetic administration'?.

Currently, not all countries have set short-term exposure
limits (STELs, 15 min). In some countries of the European
Union, the STELs range between 200 and 500 ppm!'® 29, In
France, no specific value was set, but the ANSES (Agence
Nationale de Sécurité Sanitaire de 1’ Alimentation, de I’En-
vironnement et du Travail) has recommended to keep this
value <5 times the AEV (i.e., <125 ppm) over 15 min?".

At present, in France, the exposure to anaesthetic va-

pours in operating rooms is decreasing; however, the levels
of N,O in other treatment rooms are not known; thus, prob-
ably inadequately controlled. In fact, most studies on the
subject are rather old and have mainly targeted delivery
rooms or dental care rooms??. The most recent studies in
the paediatric department of an old hospital and in various
units of a recent hospital have found levels that exceeded
the 8h-TWA limit in 4 out of 6 treatment rooms>.

Given the latter facts and because of a substantial large
number of HCP complaints, it was decided to check previ-
ous preliminary results®® and carry out an accurate investi-
gation of on-the-job risks of exposure of HCPs to N,O in
various paediatric units of a large hospital that implement-
ed new procedures for N,O use. The investigation had to
confirm or disprove the existence of an occupational risk
for HCPs according to the current exposure limits set by the
French laws.

Subjects and Methods

In April 2015, this cross-sectional observational study
carried out N,O measurements in several units of a univer-
sity children’s hospital (117 beds, 82,000 visits, and 19,000
admissions per year) where 80% of HCPs (480/600) were
women of childbearing age.

The hospital’s procurement services helped identifying
the units that used the highest quantities of EMONO; i.e.,
Emergency (3,350 l/yr), Visceral & urologic surgery (750 1/
yr), Conventional hospital (CH) for thoracic & abdominal
diseases (655 1/yr), Day hospital (DH) for thoracic & ab-
dominal diseases (480 1/yr), DH for nephrology (365 1/yr),
and CH for endocrinology (270 1/yr). A seventh unit (CH
for neurology, nephrology, & rheumatology) was added to
this list despite a relatively low use of EMONO (65 1/yr)
because similar units are seldom mentioned in the special-
ized literature.

In the seven units under study and for minor interven-
tions, EMONO was administered with portable equipment
(bottles and masks). The paediatric mask (Ambu® UltraSeal
Paediatric, King Systems, Noblesville, IN, USA) had an
evacuation system to remove expired air and waste gas
(Int’Air Medical, Bourg-en-Bresse, Ain, France). EMONO
was administered in a continuous flow because the device
was devoid of an on-demand control valve.

The whole study was carried out over 12 successive days
of which four were dedicated to mere observation of HCPs’
environments, tasks, and practices (no measurements); this
‘on-the-job’ observation allowed identifying typical proce-
dures worthy of study and analysis. The investigators
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planned then data collection on 33 typical independent pro-
cedures carried out by 34 HCPs, all voluntary participants,
almost all women.

The data collected were the position of each HCP, the
type of procedure, its location, the time spent, the means
used to decrease HCP exposure to N, O, the factors likely to
limit air exchange, and accurate measurements of N,O on
each HCP.

In each of nearly 90 procedures monitored, EMONO
was collected only during anaesthetic release. Each collec-
tion used a portable auto-regulated GilAir™ air sampling
pump (Sensidyne, LP, St Petersburg, FL, USA) and the
samples were immediately stored in Tedlar® gas-sampling
bags (CEL Scientific Corporation, Cerritos, CA, USA).
Thus, the pump and the bag were carried by the HCP. The
admission valve of the pump was opened at the start and
closed at the end of each procedure and the flow could not
change with temperature or humidity. The flow rates were
set at 50 ml/min with 1-1 Tedlar bags for presumably short
procedures (roughly <15 min) and at 20 ml/min with 2-1
Tedlar bags for presumably long procedures (roughly >15
min). Most importantly, on each HCP, EMONO was col-
lected from the breathing zone; precisely, the inlet of the
sampling tube was fixed at the HCP’s shoulder to be
brought near the nose and mouth when the HCP would
bend over the patient.

Samples were analysed in a single laboratory by gas
chromatography coupled to pulsed discharge helium ioni-
zation detection (GC-PDHID). The chromatograph (Perkin
Elmer® Clarus® 500, Shelton, CT, USA) was equipped with
a Carboxen® 1010 Plot 30 m x 0.53 mm capillary column
(Sigma-Aldrich, Allentown, PA, USA) at an oven tempera-
ture of 130°C. The injector and detector were at 250°C and
the carrier-gas flow rate was 3 ml/min. GC-analysis was
calibrated by gas standards analysed in the same condi-
tions. The retention time of N,O was 5 minutes. The limit
of quantification was estimated at 2 ppm. Over ten repro-
ducibility tests with gas standards at 3.2, 40, and 500 ppm
N,O, the coefficients of variation were 2.94, 1.74, and
0.3%, respectively. All Tedlar bag samples were analysed
within 24 h of collection. According to a previous kinetic
work, the stability of N,O in those bags is excellent. In a
study by California Air Resources Board, “N,O concentra-
tion dropped by less than 0.2% after 7 hours in the first ex-
periment, and by less than 2% after 96 hours in the second
experiment” and the authors added: “Unlike other oxides of
nitrogen, nitrous oxide is stable (...) for at least 4 days™*.
A later report confirmed: “The stability of the nitrous oxide
in the Tedlar™ bags was found to be at least four days.”>
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and a third more recent report demonstrated that “after ten
days in a Tedlar bag, an initial concentration of 300 + 15
nmol mol-1 N,O was still 300.69 (Standard deviation/%:
1.01)*. In our own tests, gas losses from Tedlar bags did
not exceed 2% over a 24-hour storage period but at very
low contents (H, contents: 770, 250, and 0 ppm vs. H,,
contents: 764, 246, and 46 ppm, respectively).

Before data analyses, a calculated variable was added to
the dataset: the mean instantaneous exposure to N,O (in
ppm), assuming there was no additional ‘passive’ exposure
(no HCP followed over a full shift). The mean instantane-
ous exposure (MIE) is the time-averaged concentration
over a relatively short period of time.

To investigate potential overexposures, the MIEs in the
hospital units under study were compared with a threshold
of 200 ppm over short periods®®.

N,O measurements were stratified according to various
criteria and compared between strata. Precisely, exposures
to N,O were compared between HCPs (senior vs. junior or
trainee), treatment rooms (open vs. closed; i.e., with open-
able windows vs. absence of or hard-to-open windows),
presumed durations of procedure (long vs. short, according
to the authors’ consensual opinion), real durations of proce-
dure (<10 vs. >10 min and <15 vs. >15 min), and need for
EMONO (Yes vs. No).

Poisson regression models adjusted on real exposure
times were used to compare differences in MIEs to N,O
between the above-cited categories.

The variables submitted for analysis had no missing
data. The analyses used Stata 13 programs (StataCorp.
2013. Stata Statistical Software: Release 13. College Sta-
tion, TX, USA: StataCorp LP). In all comparisons, statisti-
cal significance was set at p<0.05.

The study was conducted during usual HCPs’ activities
without any interference with or change in patient care. It
did not need then a previous approval from the competent
institutional ethics committee. Informed consent on the ob-
jectives and interests of the study was obtained from each
included participant.

Results

Table 1 shows an overview of the raw measurements car-
ried out in the seven paediatric units. Its unprocessed data
give an idea of HCP relative degrees of exposure between
units but do not indicate under- or overexposure (for the
latter, see Table 2).

HCPs were the most exposed in Emergency and DH for
thoracic & abdominal diseases. However, in some units, the
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Table 1. Overview of N,O measurements (raw data) in various paediatric units

Paediatric unit N N20 level (ppm) Exposure time (min)
Emergency 38 234 (1; 1,352)® 13 (5;50)®

DH thoracic & abdominal diseases 31¢ 249 (2; 1,242) 10 (3; 32)

Unit of visceral & urologic surgery 8 80 (8.4; 767) 16 (10; 88)

DH nephrology 5 165 (102; 656) 9 (3; 10)

CH endocrinology 2 503 (325; 682) 6 (6; 6)

CH neurol., nephrol., & rheumatol. 2 322 (304; 340) 10 (10; 10)

CH thoracic & abdominal diseases 2 605 (304; 907) 10 (10; 10)

 of which 21 short exposures; ® Median (min; max); ¢ of which 22 short exposures; N, number of measurements; CH, conventional

hospital; DH, Day hospital; HCPs, Health care providers.

number of measurements was not sufficient to provide very
accurate comparisons. HCPs were the least exposed in the
Unit of visceral & urologic surgery despite long procedures
(up to 88 min). In Emergency, HCPs seemed equally ex-
posed whatever the duration of the procedure (median 234
ppm for all 38 procedures vs. 257 ppm for 21 short proce-
dures). On the contrary, in the DH for thoracic & abdomi-
nal diseases, the HCPs were unevenly exposed despite
practically equivalent procedure durations (median 249
ppm for all 31 procedures vs. 80 ppm for 21 short proce-
dures; duration range: 3 to 32 min in both sets).

In all seven units, some exposures could exceed the 200
ppm short-time exposure limit as defined by the Deutsche
Forschungsgemeinschaft?®.

Table 2 shows the results of univariate analyses; i.e., the
main indicators of exposure according to various circum-
stances of gas use.

Regarding HCP position, on average, the exposure was
lower in senior than in junior HPCs (nurses vs. trainees).
The average exposure time was lower in nurses than in
trainees (14.9 vs. 17.3 min) but the difference was not sta-
tistically significant. There was a moderate but statistically
significant difference in MIE (284 vs. 320 ppm; p<0.001).

Regarding treatment rooms, the average exposure time
was nearly the double in open than in closed rooms but the
difference was not statistically significant (27.8 vs 14.4
min; p=0.22). Interestingly, the MIE was nearly five times
higher in closed than in open rooms (354 vs. 77 ppm;
p<0.001).

Regarding presumed procedure duration, the average ex-
posure time was lower in presumably short than in presum-
ably long procedures (13.6 vs. 19.3) though the difference

was not statistically significant. However, the MIE was sig-
nificantly higher in presumably short than in presumably
long procedures (327 vs. 271 ppm; p<0.001).

Regarding real procedure duration, the MIE was not
much different between short and long procedures (295 vs
301 ppm).

Suspecting that the above definition of short procedure
(<10 min) might not be universal and knowing that a num-
ber of studies have considered procedures shorter vs. longer
than 15 minutes, the same above-mentioned analysis was
rerun with threshold 15 minutes. The latter analysis showed
a significantly higher MIE in <I5-min vs. >15-min proce-
dures.

In various instances, HCPs performed procedures in
treatment rooms equipped with EMONO delivery units but
without using the gas. The time spent on the procedures
was shorter in case of EMONO use than without the need
for EMONO (13.2 vs 19.4 min), but this difference was not
statistically significant. However, the MIE to N,O was two
times higher in case of EMONO use than in case of no use
(419 vs. 190 ppm), which is a statistically significant differ-
ence.

Among 88 N,O measurements, 77 (87.5%) exceeded the
200 ppm threshold over 15 minutes. In Emergency, this ex-
cess was seen in 29 over 38 procedures (76.3%). More fre-
quent excesses were seen in DHs (34 out of 36 measure-
ments: 94.4%) and in the other units (100%). The latter
alarming result should be taken with caution and not gener-
alized to all procedures of these units because the number
of monitored procedures was very small (only 6). These
exceeding measurements did not seem to depend on the sta-
tus of the HCP (senior vs. junior), on the room (open vs.
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Table 2. Exposure to N,O according to HCP position, space, and procedure duration

Average exposure time

Exposure circumstances .
(min)

Mean instantaneous exposure
(ppm)

Health care provider
Senior 14.91 (13.66) *

Junior 17.33 (22.21)

Treatment room

Open 27.8 (31.9)
Closed 14.4 (14.5)
Procedure duration

Presumably short 13.58 (16.20)

Presumably long 19.28 (19.09)
Procedure real duration

<15 min 9373327 ¢

>15 min 33.54(26.51) ¢
Need for N>O

Yes 13.24 (15.6)

No 19.45 (19.76)

283.8 [282.6; 285.0]° *

319.9[318.4; 321.3]

77.4[76.4; 78.4] *

354.1[353.0; 355.2]

327.4[326.1; 328.7] *

271.0 [269.7; 272.2]

349.6 [348.2; 351.1] *

261.9 [260.8; 263.0]

419.4 [417.8; 420.9] *

190.4 [189.4; 191.4]

M (SD); ® M [95% CI]; © Test not applicable; * Significant difference between the pair of superimposed values.

close), or on the expected duration of the procedure (short
vs. long).

Discussion

In the present study, HCPs’ exposures to N,O varied
widely according to various factors. Briefly, as expected,
the MIE could be four times higher in closed than in open
treatment rooms and two times higher in case of gas use vs.
no gas use in treatment rooms equipped with EMONO de-
livery units. Junior HCPs were more exposed than senior
HCPs (by nearly 12%) and, unexpectedly, the MIEs were
higher during presumably short vs. presumably long proce-
dures (by 20%).

The study showed that, in Emergency and DHs, the
MIEs were higher than the recommended level. This calls
for regular monitoring of N,O use in these two units after
taking appropriate corrective actions.

During the four-day observation period before measure-
ments, the investigators noted several details of HCP prac-

tices that could have contributed to overexposure: i) incor-
rect use of the mask or lack of synchronization with gas
release and shut-off (up to 15 seconds extra exposure time);
i) mask take-off to hear the child or move around the bed
(up to 45 seconds extra exposure); iii) presence of parents
in the treatment room; iv) failure to open malfunctioning or
locked out of service windows. These details were some-
what controlled during the data collection period. Never-
theless, the main source of overexposure seemed to be
clearly due to insufficient air exchange in the treatment
rooms. Actually, most of these rooms were rather small (all
<23 m?) and had low air exchange rates (all <2 m?/h) vs. the
current practices of EMONO use (rate of generation, con-
centration, and mixing factors).

Over the last decade, several studies have shown overex-
posures of HCPs in paediatric units. In an obstetrics unit,
Mills et al.*” found that exposure to >100 ppm (up to 1,638
ppm) as 8h-TWA concerned 24% of midwifes. In a paediat-
ric dental care unit, Gilchrist ef al.? reported that exposure
to >100 ppm as 8h-TWA concerned 62% of the personnel
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despite the presence of exhaust fans. In France, N,O-meas-
urement campaigns conducted between 2002 and 2016
have shown that: 1) 53% of 263 measurements on HCPs in
general hospitals were >25 ppm per day; ii) the highest
overexposures occurred in emergency units (as in the pres-
ent study); iii) overexposures concerned one midwife or
nurse out of two and two physicians out of three®®.

In France, the regulation of exposure to N,O has been
increasingly tightened. According to a study by Vieira et
al®V, it is officially recommended not to exceed 1/100 of
the NOAEL (no observed adverse effect level); that is, 10
ppm/day. However, since 2008, the Société Francaise de
Meédecine du Travail has set to 2.5 ppm/day the threshold of
exposure of pregnant women or women of childbearing
age’®. Unfortunately, in most hospitals, especially chil-
dren’s hospitals, HCPs are mainly women of childbearing
age whereas the exposures are often >2.5 ppm/day. This
calls for specific training, regular measurements, regulatory
inspections, and, mostly, much more efficient ventilation.

One strength of this study is the collection of a hundred
samples of EMONO during various procedures in seven
paediatric units over eight consecutive days and nights. An-
other strength is sample collection from the breathing zone,
which ensured reliable measurements of inhaled gas. A
third strength is sample collection in real practice condi-
tions, which showed a wide variety of breaches to gas safe-
ty recommendations.

One shortcoming of the study was the assumption that
each HCP was exposed only during the monitored proce-
dures. In fact, a few whole-day measurements (results not
shown) demonstrated that each participant was exposed to
various additional levels of N,O over the day. This means
that MIEs considered in this study are most probably un-
derestimated.

In addition, the analyses could only dichotomize some
variables, essentially the exposure time, because the num-
ber of measurements did not allow considering more than
two categories. Another limitation is the findings’ general-
izability. This criterion is very difficult to reach in such a
study because of the very wide diversity of hospital settings
and the diversity of medical and nursing practices within
each specialty, not to mention conditions such as unexpect-
edly long procedures, inappropriate children’s behaviour,
unsupportive parents’ involvement, etc. However, the pro-
tocol used for sample collection and data analysis proved
feasible, reliable, and effective in revealing overexposure.

The present study has shown that specific paediatric care
units and ways of EMONO use were sources of HCP over-
exposure and that overexposure was very frequent in Emer-

gency and Day hospitals. A better planning of work shifts
would avoid personnel multiple exposures and cumulative
exposures >200 ppm (here, 77 cases out of 88).

Though the study has targeted the major users of EMO-
NO (thus, N,O) among hospital specialties, the identifica-
tion of the settings and working conditions likely to cause
HCP overexposure led to recommend taking immediate
and delayed measures to reduce exposure down to safe or
acceptable levels. Immediate measures consist in using
N,O scavenging systems and improving substantially air
exchange in treatment rooms through installing or upgrad-
ing exhaust fans. Delayed measures consist of : i) raising
HCP awareness of unsafe equipment, practices, and condi-
tions; ii) improving staff training regarding the handling of
difficult children; iii) using dedicated treatment rooms to
improve exposure monitoring; and iv) checking regularly
for constant reduction of exposure and health hazards of
HCPs who work in paediatric treatment rooms.
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