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SUMMARY
Genera are in the process of preparing an application for renewing their consent for use of
methyl bromide and phosphine as fumigants at the Port of Tauranga (POT). Beca has been
engaged to prepare the consent application including a statutory assessment and
preparation/coordination of the supporting documentation. Golder Associates Ltd (Golder)
has been engaged by Genera to undertake air modelling and analysis of ventilation activities
from fumigation at the POT. The application related primarily to the use of methyl bromide.
Recent regulatory assessments of methyl bromide were reviewed. There was no evidence to
suggest that the tolerable exposure limit (TEL) concentrations derived for New Zealand were
not still the most relevant reference concentrations for assessment of methyl bromide
concentrations at POT.
Consideration of air dispersion modelling suggested that fumigation could result in exposure
of occupational bystanders to methyl bromide over the 1-hour TEL. These exceedances
were at the maximum of the predicted methyl bromide concentrations and at the 99.9'h and
lower percentile exposures were below the TEL. Maximum predicted exposures over other
timeframes (24-hour and chronic) were below TELs for bystanders (residential) and
occupational bystanders. The derivation of the 1-hour TEL appears to be sufficiently
conservative that the predicted TEL exceedances are unlikely to result in adverse health
effects.
Review of epidemiological studies of associations between methyl bromide exposure and
adverse human health effects did not identify any consistent associations.
Methyl bromide exposure has been suggested as a risk factor for motor neurone disease
(MND). Little supporting evidence for this proposition was found in the literature.
Associations between MND and pesticides in general were weak or not significant.
Toxicological and regulatory summaries for two alternative fumigants (phosphine and
ethanedinitrile) were prepared.
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1. INTRODUCTION
1.1 BACKGROUND
Genera are in the process of preparing an application for renewing their consent for use of
methyl bromide and phosphine as fumigants at the Port of Tauranga (POT). Beca has been
engaged to prepare the consent application including a statutory assessment and
preparation/coordination of the supporting documentation. Golder Associates Ltd (Golder)
has been engaged by Genera to undertake air modelling and analysis of ventilation activities
from fumigation at the POT.
To support this application Genera/Beca also need to provide a Health Impact Assessment
of the risks to non-occupational bystanders (the public), occupational bystanders (other
workers at the POT, ships' crew, etc.) and the operators, taking into account the present
limitations specified in the Environmental Protection Authority's decision HRC08002 (2009),
the existing consent (RC69712) and under Health and Safety in Employment legislation.
The current report includes an assessment of the risks associated with fumigation activities
at POT, a review of regulatory and epidemiological activities relevant to methyl bromide, and
toxicological and regulatory profiles for two alternative fumigants; phosphine and
ethanedinitrile (EDN).
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2. METHYL BROMIDE (BROMOMETHANE)
2.1 TOXICOLOGY
Methyl bromide is of high toxicity by oral, subcutaneous and inhalation routes of exposure.
Methyl bromide is also a known irritant to the eyes, skin and mucous membranes of the
upper respiratory tract in humans. Cases of human exposure indicate that the lungs can be
severely injured by acute or short-term inhalation of methyl bromide, with effects including
cough, oedema, haemorrhagic lesions and dyspnoea (ATSDR, 2018). Exposure over any
timeframe may result in neurological effects, such as headaches, dizziness, ataxia, fainting,
apathy, weakness, confusion, speech impairment, visual effects, numbness, twitching, and
tremors; in severe cases paralysis and convulsions are possible (ATSDR, 2018; O'Malley et
al., 2011; Preisser et al., 2011; Yamano and Nakadate, 2006).
Other targets for methyl bromide toxicity, seen in laboratory animals, include the heart and
kidneys, although effects on these organs are only seen at high doses (ATSDR, 2018).
Chemical burns have occasionally been reported followed direct exposure to the
compressed gas (Sue et al., 2017).
2.1.1 Mode of action
The mode of action of methyl bromide has still not been fully elucidated. Respiratory effects
are likely to be mediated by non-specific cell toxicity, through methyl bromide's ability to bind
lipids and proteins (ATSDR, 2018; de Souza et al., 2013). Methyl bromide also depletes
glutathione, potentially increasing oxidative stress due to reactive oxygen species.
Several mechanisms have been proposed for the neurotoxicity of methyl bromide (ATSDR,
2018; de Souza et al., 2013). Methyl bromide is able to bind proteins involved in oxidative
reactions and cellular energy production. Brain magnetic resonance imaging (MRI)
abnormalities seen in methyl bromide poisoning are consistent with energy deprivation
syndrome. Methyl bromide has also been shown to inhibit the enzyme creatine kinase in the
brains. Creatine kinase has a role in the maintenance of cellular energy homeostasis.
Methyl bromide has also been shown to reduce levels of the neurotransmitters dopamine
and norepinephrine in rat brains, possibly through inhibition of the enzyme tyrosine
hydroxylase.
Methyl bromide is detoxified by formation of a conjugate with glutathione. However, this will
deplete cellular glutathione concentrations and it has been observed that humans with a
congenital deficiency in glutathione transferase suffered more severe effects of methyl
bromide exposure.
2.2

NEW ZEALAND EXPOSURE LIMITS

Methyl bromide was reassessed by the New Zealand Environmental Risk Management
Agency (ERMA) in 2009 (ERMA, 2009). The reassessment included proposal of tolerable
exposure limits (TELs). These are summarised in Table 1. A full explanation of the
conversion factors used in converting gas doses on a volume basis to a mass basis are
included in Appendix 1.
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Table 1. Tolerable exposure limits (TELs) for methyl bromide

Acute (1 hour)

Acute (24 hour
average)

Chronic

Volume based (ppb)

1000

333

1.3

Mass based (mg/m3)

3.9

1.3

0.005

These TELs were derived in the following manner:
Acute (1 hour). The 1 hour acute TEL is based on a reference exposure level (REL) derived
by the California Environmental Protection Agency for protection against mild adverse
effects (CEPA, 2008). The REL was based on a study of 90 persons exposed to
concentrations of methyl bromide generally less than 35 ppm (35,000 ppb, 136 mg/m3). In
some cases, toxic symptoms developed following a few hours of exposure. In others, the
symptoms were delayed and did not develop until several hours following the shift. The
symptoms occurred in 33 of 90 workers and were described as mild systemic symptoms
primarily of anorexia, nausea and headache. Anorexia (reported by 25 of 90 workers) was a
common symptom and in some cases lasted for a week or more post-exposure, but without
marked weight-loss. In some cases, the symptoms progressed to vomiting. Headache was a
fairly common symptom (16 of 90) which disappeared when exposure ceased.
The exposure dose of 35 ppm was considered to be a lowest observed adverse effect level
(LOAEL), with adverse effects assumed to occur after two hours of exposure. This dose was
extrapolated to a one-hour equivalent dose of 59 ppm, using a modification of Haber's Law.
An uncertainty factor of 60 was applied, including a factor of six for extrapolation from the
LOAEL to a no observed adverse effect level (NOAEL) and a factor of 10 for intra-species
variability in susceptibility, to give a rounded REL of 1 ppm (1000 ppb). For methyl bromide,
with a molecular weight of 94.95, this equates to a concentration of 3.9 mg/m3 (see
Appendix 1 for details of the volume-based to mass-based conversion).
Acute (24-hour average). The 24-hour TEL is based on a US Environmental Protection
Agency (USEPA) derivation (USEPA, 2007). The toxicological point of departure (POD) was
a NOAEL of 40 ppm from a developmental toxicity study in pregnant rabbits (New Zealand
White) exposed 6 hours/day on days 6-16 of gestation. Adverse effects seen were agenesis
of the gall bladder and increased incidence of fused sternebrae in foetuses. This equates to
an adjusted POD of 10 ppm for bystander exposures 24 hour/day and 30 ppm for
occupational exposure (8 hours/day). A default value of one was used for the regional gas
dose ratio (RGDR) (see Appendix 1) and an uncertainty factor of 30 (10-fold for intra-species
variability and 3-fold for inter-species differences) to give a human equivalent concentration
of 330 ppb for a bystander. This equates to a TEL of 1.3 mg/m3. For an occupational
bystander the TEL would be 3.9 mg/m3, equivalent to the 1-hour TEL.
Chronic. The chronic TEL is based on a USEPA chronic reference concentration (RfC)
(USEPA, 1992). No NOAEL for local respiratory effects was observed in a long-term study in
Wistar rats (127 weeks for males and 129 weeks for females). The LOAEL was 3 ppm for
exposure for 6 hours/day for 5 days/week. The adjusted LOAEL for bystander exposure (24
hours/day, 7 days/week) is 0.54 ppm. An inter-species dose adjustment factor (RGDR) of
0.23 was applied to give a human equivalent concentration (HEC) of 0.12. It should be noted
that the order in which calculations are performed can result in rounding differences and this
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value is given as 0.13 ppm in the EPA and ERMA documents. An uncertainty factor of 100
(10-fold for intra-species variability, 3-fold for inter-species differences and 3-fold for
extrapolation from LOAEL to NOAEL) was applied to give a human equivalent concentration
of 1.3 ppb for a bystander. This equates to a TEL of 0.005 mg/m3.
2.2.1 Genera Resource Consent
Clause 5.3.4 of the Genera Resource Consent states that:
"The consent holder shall ensure that the level of Methyl Bromide at and beyond the
boundary of the Port of Tauranga does not exceed the tolerable exposure limits (TELs) of 1
part per million calculated as an hourly average, in accordance with the Environmental Risk
Management Authority publication Methyl bromide fumigations - post-reassessment
guidance for fumigators dated April 2011 (143/01). The consent holder shall monitor Methyl
Bromide levels downwind of fumigation events at the nearest corresponding Port boundaries
to ensure compliance with this condition. Levels shall be measured at the location
determined to be the worst case. Monitoring shall continue every 3 minutes from the start of
ventilation until the exposure level is below 1 ppm for at least 15 minutes."
2.3

REGULATORY ASSESSMENTS PUBLISHED SUBSEQUENT TO THE ERMA
ASSESSMENT

The most noteworthy assessments published since the ERMA assessment were conducted
by the European Food Safety Authority (EFSA, 2011 b) and the US Agency for Toxic
Substance and Disease Registry (ATSDR, 2018). It should be noted that the ATSDR
assessment is still in draft form.
2.3.1 EFSA
The European process involves a detailed assessment by a designated member rapporteur
state (the United Kingdom, in this case), followed by peer review of the draft assessment
report (DAR) by EFSA. While EFSA are primarily concerned with food safety issues, the
assessment derived three acceptable air concentrations (AACs) for acute, repeat and
continuous exposure.
Acute AAL. The acute AAL was based on a true acute rodent neurotoxicity study (Driscoll
and Hurley, 1993 unpublished). Rats (CD) were exposed to methyl bromide for a single 6hour period and assessed for neurotoxicity at 3 hours post-exposure. Toxic responses were
restricted to the day of exposure and included abnormal findings in a function observational
battery (FOB) and decreased activity in a motor activity assessment. The NOAEL for these
effects was 100 ppm. The NOAEL was corrected for breathing rate differences between rats
and humans to give an adjusted NOAEL of 275 ppm. Standard ten-fold inter-species and
intra-species uncertainty factors were applied to give an acute AAC of 2.7 ppm or 10 mg/m3.
Repeated and continuous exposure AAC. The most sensitive pertinent end-point in a
range of repeated dose inhalation studies was reduced body weight gain in a multigenerational rodent study (Enloe et al., 1986 unpublished). The NOAEL for this effect was 3
ppm, with exposure for 7 hours/day 5 days/week. After correction for differences in breathing
rate between rodents and humans, this equated to a HEC of 8 ppm for 7 hours exposure
and 2.5 ppm for 24 hours continuous exposure. Standard ten-fold inter-species and intraspecies uncertainty factors were applied to give a repeated exposure AAC of 0.08 ppm (0.3
Mg/M3) and a continuous exposure AAC of 0.025 ppm (0.1 mg/m3).
With respect to these AACs, EFSA noted that these should be regarded as provisional only.
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Table 2 shows a comparison between the EFSA AACs and the ERMA/EPA TELs.
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Table 2. Comparison of EFSA AACs and ERMA/EPA TELs

ERMA/EPA TELs (mg/m3)

EFSA AACs (mg/m3)

Descriptor

TEL

Descriptor

AAC

Acute (1 hour)

3.9

Acute

10

Acute (24-hour)

1.3
Repeated

0.3

Continuous

0.1

Chronic

0.005

The ERMA/EPA TELs and EFSA AACs are not immediately comparable, although the acute
limits appear to be derived for the same purpose. The ERMA/EPA acute (1-hour) TEL is
based on a human cohort study, but with a questionable characterisation of the exposure
dose. The EFSA acute AAC is based on a rodent study, but assessing a truly acute
timeframe and endpoint. Given the differing derivations of these two acute air limits and the
different uncertainty factors used, the concentration limits derived are in remarkably good
agreement (3.9 and 10 mg/m3). Given this agreement, conservatism would suggest that the
current lower New Zealand TEL remains an appropriate benchmark.
The ERMA chronic TEL and the EFSA continuous AAC are both based on chronic animal
studies and are both dose corrected to represent continuous 24-hour exposure. However,
the resulting air concentration limits vary by a factor of 20. The TEL is based on a LOAEL of
3 ppm for respiratory effects in rats, while the AAC is based on a NOAEL of 3 ppm for
reduced body weight gain in a multi-generational rat study. Exposure in the former study was
for 6 hours/day and in the latter for 7 hours/day. The major differences are in the factors
used to correct for differences in breathing and metabolic rates between rats and humans
and the extra factor required for the TEL, as based on a LOAEL, rather than a NOAEL. It is
not currently possible to say which of the metabolic adjustment factors have greater validity.
2.3.2 ATSDR
As part of its wide-ranging assessment, ATSDR developed minimum risk levels (MRLs) for
methyl bromide. An MRL is defined as an estimate of daily human exposure to a substance
that is likely to be without an appreciable risk of adverse effects (non-carcinogenic) over a
specified duration of exposure.
While ATSDR referenced a National Toxicology Program (NTP) study for acute exposure,
they did not consider that the toxicological database was currently suitable for identifying a
toxicological point of departure (POD) for derivation of an acute-duration inhalation MRL
because of the uncertainty in establishing the NOAEL and/or LOAEL values in the NTP
(1992) study, based on the information provided in the study report.
A provisional MRL for intermediate duration (15-364 days) inhalation exposure to methyl
bromide of 0.02 ppm was derived. This is based on neurobehavioural effects (decreased
locomotor activity in male mice) at the six-month evaluation period in the NTP study (total
duration of two years). The LOAEL for these effects was 10 ppm. This dose was adjusted for
the intermittent nature of the NTP study (6 hours/day, 5 days/week) to give a HEC of 1.8
ppm. The HEC was divided by an uncertainty factor of 90, including a factor of three for
extrapolation from a LOAEL, a factor of three for extrapolation from animals to humans with
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dosimetric adjustments and a factor of 10 for intra-human variability. The resultant
intermediate duration MRL is 0.02 ppm or 0.08 mg/m3.
A provisional MRL for chronic duration (>365 days) inhalation exposure to methyl bromide of
0.001 ppm was derived. This was based on a LOAEL of 3.1 ppm for development of nasal
lesions in a two-year rat study. While not explicitly stated it appears that the MRL was
derived from the LOAEL using the same adjustments for intermittent duration of study and
differences in metabolic rate used by the USEPA and adopted by ERMA in their chronic
TEL. The resulting MRL only differs from the New Zealand TEL in being rounded to one
significant figure (0.001 ppm), rather than two significant figures (0.0013 ppm).
2.4

HEALTH IMPACT ASSESSMENT OF METHYL BROMIDE DISPERSION
MODELLING, PORT OF TAURANGA

Golder Associates (NZ) Ltd have carried out dispersion modelling for methyl bromide
release, based on (a) stack fumigation and ship hold fumigation, (b) stack fumigation only,
and ship fumigation only. The modelling predicts maximum methyl bromide concentration
contours at points in and adjacent to POT, based on predicted methyl bromide release
volumes and historical meteorological data. Percentiles of the distribution of methyl bromide
air concentrations were also provided for: (a) the maximum offsite location, and (b) the
nearest residential dwelling. It was noted that there is a preschool located slightly closer to
the fumigation site than the nearest residential dwelling. However, given the small distance
between these two locations and the fact that fumigation mainly occurs when the preschool
would be unoccupied, the nearest residential dwelling was used as the reference point for
non-occupational exposure.
The following discussion assesses the risks to human health represented by these maximum
concentrations and any relevant mitigating factors. Risks are considered relative to the TEL
values, derived by ERMA/EPA. Risks are considered to (a) bystanders (nearest residential
dwelling), and (b) occupational bystanders (maximum offsite location). In this context
bystanders are permanent residents of the area, who could potentially be exposed to methyl
bromide residues on an acute or chronic basis. Occupational bystanders will be employees
of surrounding businesses who are potentially exposed to methyl bromide residues for up to
8 hours per day (nominal). It has been assumed that workers directly involved with the
fumigation will be using personal protective equipment, which will minimise exposure.
2.4.1 Acute exposure (1-hour)
TEL = 3.9 mg/m3 (3,900 pg/m3)
Stack and hold fumigation
The predicted maximum 1-hour mean methyl bromide concentrations from the dispersion
modelling shows a 3,900 µg/m3 concentration contour line that extends to the north-east of
the fumigation site, just impinging on the edge of the residential (bystander) zone. Maximum
methyl bromide exposure concentrations in excess of 9,750 µg/m3 are predicted for
industrial sites immediately adjacent to POT (occupational bystanders).
The predicted maximum 1-hour mean methyl bromide concentrations represent a
combination of meteorological and discharge circumstance that are likely to be exceedingly
rare, if they occur at all. For example, the maximum predicted 1-hour mean methyl bromide
concentration at the nearest residential site is 3,980 µg/m3. At the 99.9'h percentile
(approximately one day every three years), this figure decreases to 1,440 µg/m3 or
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approximately one-third of the TEL. At the maximum offsite location, the predicted maximum
1-hour mean methyl bromide concentration is 11,500 µg/m3 (almost three-times the TEL),
but falls to 2,850 µg/m3 at the 99.9'h percentile (73% of TEL).
Stack fumigation onlv
Modelling of stack fumigation only suggests that maximum 1-hour mean methyl bromide
concentrations will not exceed 2,700 µg/m3 (70% of TEL) for bystanders in the nearest
residential zones and will just exceed the TEL (4,640 µg/m3 or 120% of the TEL) at the
maximum offsite location. These figures decrease to 13 and 30% of the TEL at the 99.91h
percentile.
Ship fumigation onlv
Modelling of ship fumigation only suggests that maximum 1-hour mean methyl bromide
concentrations will not exceed 3,700 µg/m3 (95% of TEL) for bystanders in the nearest
residential zones, but will exceed the TEL (11,400 µg/m3 or 290% of the TEL) at the
maximum offsite location. These figures decrease to 32 and 50% of the TEL at the 99.9'h
percentile.
2.4.2 Acute exposure (24-hour)
TEL = 1.3 mg/m3 (1,300 ,ug/m3, bystanders) or 3.9 mg/m3 (3,900 Pg/m3, occupational
bystanders)
Stack and hold fumigation
The predicted maximum 24-hour mean methyl bromide concentrations from the dispersion
modelling shows a 1,300 µg/m3 concentration contour line that extends slightly into the
occupational bystander zone, but does not impinge on the bystander (residential) zone. The
maximum 24-hour mean methyl bromide concentration at the nearest residential dwelling is
780 µg/m3 (60% of the TEL), while at the maximum offsite location the predicted maximum
24-hour mean methyl bromide concentration is 1.990 µg/m3 or approximately 50% of the
TEL for occupational bystanders.
Stack fumigation only
Under this scenario, the maximum mean 24-hour methyl bromide concentration at the
nearest residential dwelling is 230 µg/m3 (18% of TEL) and 350 µg/m3 (9% of TEL) at the
maximum offsite location.
Ship fumigation onlv
Under this scenario, the maximum mean 24-hour methyl bromide concentration at the
nearest residential dwelling is 740 µg/m3 (57% of TEL) and 1,910 µg/m3 (50% of TEL) at the
maximum offsite location.
2.4.3 Chronic exposure
TEL = 0. 005 mg/m3 (5 ,ug/m3)
Stack and hold fumigation
The predicted maximum annual mean methyl bromide concentrations from the dispersion
modelling show a 5µg/m3 concentration contour line that conforms approximately to the
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eastern margin of the POT site. No significant risks from the methyl bromide fumigation
activities at POT would be expected for bystanders and occupational bystanders, based on
this information.
2.4.4 Summary
The dispersion modelling conducted by Golder Associates is highly conservative, being
based on maximum methyl bromide release rates and worst-case meteorological conditions.
This approach identified no unacceptable bystander or occupation bystander exposures over
24-hour and chronic time frames
The dispersion modelling identifies the potential for exceedance of the acute (1-hour) TEL
associated with maximal methyl bromide release for occupational bystanders when both log
stacks and ships holds are being simultaneously fumigated or when either of these locations
are fumigated on their own. For residential bystanders the maximum predicted 1-hour methyl
bromide concentration reaches, but does not exceed the TEL when ships and stacks are
simultaneously fumigated.
No exceedances of the TEL occur at the 99.9'h percentile of the distribution of the predicted
methyl bromide concentrations.
The dispersion modelling has only identified exposure scenario exceeding the TEL relating
to 1-hour exposures by occupational bystanders. These exceedances are only apparent
under maximal exposure scenarios and are not apparent at very high percentile exposure
scenarios, suggesting that these exceedances will be very rare events, if they occur at all.
In considering the potential impact of such exceedances it is also important to consider the
basis for the TEL and the level of conservatism that this limit may represent. The 1-hour TEL
is based on a study of 90 persons (presumably adult) involved in a 2-week manufacturing
operation (CEPA, 2008). Symptoms occurred in 33 workers (37%) and were described as
mild systemic symptoms (anorexia, nausea, headache). All symptoms had resolved within
one week of exposure. The concentration of methyl bromide was measured by a crude
method and estimated to be no more than 35 ppm.
Two uncertainty factors were applied in the derivation of the TEL: a 6-fold factor for
extrapolation from a LOAEL to a NOAEL, and a 10-fold factor for intra-species variability in
response to methyl bromide. Both of these factors appear reasonably conservative.
Uncertainty factors for LOAEL to NOAEL usually vary in the range 1-10 (Dankovic et al.,
2015), with lower factors used when the effects being considered are less severe.
The 10-fold factor for intra-species variability is very standard. However, in this instance the
TEL is based on a human cohort, which will include some degree of intra-species variability.
The composition of the exposed cohort is also likely to bear some similarities (age, gender
mix) to the occupationally exposed population adjacent to POT.
Given the mild nature of the adverse effects in the pivotal study for the 1-hour TEL and the
fact that it was derived from a human cohort, including some degree of intra-species
variability, the TEL appears quite conservative and exposures within 3-5-fold of the TEL
should be considered on a case-by-case basis. All of the maximal predicted 1-hour methyl
bromide exposure concentrations from the Golder dispersion modelling that exceed the TEL
would fall within this wider envelope.
2.5

RECENT EPIDEMIOLOGICAL STUDIES ON METHYL BROMIDE EXPOSURE

The following sections summarise studies which reported on associations between exposure
to methyl bromide and chronic adverse health outcomes.
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2.5.1 Cancer
The DAR on which the EFSA assessment is based noted a single epidemiological study
related to occupational exposure to methyl bromide (EC, 2006). The study included 665
workers, with two deaths attributable to testicular cancer, compared to an expected value of
0.11 deaths. The only factor identified in common between the two individuals was potential
exposure to methyl bromide. It was noted that the small number of cases meant that this
study lacked statistical power.
Associations between childhood cancers and pesticide use were examined using an
ecological study design (Reynolds et al., 2002). This approach assessed cancer rates and
pesticide application densities for geographical blocks within California. No increase in
relative risk of leukaemia, glioma or all cancers was seen for blocks with high methyl
bromide application density compared to blocks with low application density.
A follow-on study using more powerful epidemiological techniques (case-control) was carried
out to examine associations between childhood cancers and proximity to pesticide
application for 2189 cancer cases and 4335 matched controls (Reynolds et al., 2005). All
cases and controls were assigned to a geographical block and associated pesticide
application densities determined for each block. No elevated odds ratios for leukaemia,
central nervous system tumours or all cancers were seen for increasing levels of methyl
bromide application density.
Associations between breast cancer incidence and proximity to pesticide use, including
methyl bromide, were examined in the California Teachers Study cohort (Reynolds et al.,
2004). From within the cohort of 114,835 members, 1552 invasive breast cancer cases were
diagnosed between 1995 and 1999. California pesticide use reporting data and GIS
analyses were used to estimate pesticide use within a half-mile radius of cases residences.
Cox proportion hazard models were used to estimate hazard ratios for selected pesticides.
Hazard ratios were near-uniform across four classes of methyl bromide application density,
indicating no association between proximity to methyl bromide application and breast cancer
incidence.
As part of the US Agricultural Health Study (AHS) of 53,588 pesticide applicators, a subset
of 7,814 applicators with a history of methyl bromide exposure was identified (Barry et al.,
2012). Poisson regression was used to examine associations between methyl bromide
exposure and all cancers and associations to 12 specific cancer types. Stomach cancer (15
cases) risk increased monotonically with increasing methyl bromide exposure. The relative
risk in the highest exposure group was 3.13 (95%CI 1.25-7.80) compared to a no exposure
group. The authors had observed a significant association between methyl bromide
exposure and prostate cancer at an earlier time point in the AHS (Alavanja et al., 2003), but
not at follow-up. No significant associations were found for any other cancer type.
A case-control study of prostate cancer cases (n = 173) and controls (n = 162) identified a
significantly elevated odds ratio (OR) for those exposed to methyl bromide compared to the
unexposed cases (OR = 1.62, 95%CI 1.02-2.59) (Cockburn et al., 2011). However, when the
exposed cases were separated into a low and high exposure group, no biological gradient
was seen, with a higher OR for the low exposure group than the high exposure group.
A meta-analysis of three available case-control studies that examined associations between
methyl bromide exposure and development of prostate cancer (Alavanja et al., 2003;
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Cockburn et al., 2011; Mills and Yang, 2003) derived a combined odds ratio (OR) of 1.21
(95%CI 0.98-1.49) (Budnik et al., 2012). This OR falls just short of statistical significance.
2.5.2 Birth and developmental outcomes
As part of the Center for the Health Assessment of Mothers and Children of Salinas
(CHAMACOS) study in an agricultural community in northern California, a geographical
information system approach was used to estimate the amount of methyl bromide used
within 5 km of women's residential location during pregnancy (n = 442) (Gemmill et al.,
2013). High methyl bromide exposure, compared to no exposure, during the second
trimester was significantly negatively associated with birth weight, birth length and head
circumference. When the multiple regression model was adjusted for maternal age, parity,
BMI, socioeconomic status, country of birth and week of initiating prenatal care, only birth
length was still significantly negatively associated with methyl bromide exposure. No attempt
was made to account for other environmental exposures.
A further study utilising the CHAMACOS cohort examined associations between indicators of
methyl bromide exposure and neurodevelopment in 7-year old children (Gunier et al., 2017).
Methyl bromide exposure was assessed in terms of use within 3, 5 or 8 km of the
participants' residences. Pre- and post-natal exposures were also considered. A statistically
significant decrement in full-scale IQ (FSIQ) was found for post-natal exposure to methyl
bromide, with exposure assessed in terms of fumigant use within 8 km of the residence. No
significant associations were found with verbal comprehension, working memory, perceptual
reasoning or processing speed and either pre- or post-natal exposure and FSIQ with prenatal exposure. With respect to pre-natal methyl bromide exposure, a significant decrement
was seen for processing speed and fumigant use within 3 km, but not for any other measure
or contamination scenario. The post-natal association with a decrement in FSIQ was just
significant for fumigant use within 8 km ((3 = -2.6, 95%CI -5.2-0.0), but not for use within 3 or
5 km. The R-value equates to a 2.6 point decrease in FSIQ for each 10-fold increase in
fumigant exposure. Pre- or post-natal exposure to methyl bromide within 3, 5 or 8 km of
residences was not associated with attention problems or hyperactivity, as assessed by
parents or teachers.
2.5.3 Respiratory health
A further study involving the CHAMACOS cohort considered associations between pre- and
post-natal methyl bromide exposure, as assessed by fumigant use within 3, 5 or 8 km of the
participants residence, and measure of respiratory health (Gunier et al., 2018). Information
on respiratory symptoms and asthma medication was obtained by maternal questionnaires.
Children (7-years of age) performed spirometry to determine forced expiratory volume in one
second (FEV1), forced air capacity (FVC) and forced expiratory flow 25-75% (FEF25a5). No
significant adverse associations were found between potential pre- or post-natal fumigant
exposure and respiratory symptoms, use of asthma medication or measures of lung function.
An unexpected positive association was found between pre-natal methyl bromide exposure
and FEV1 (R = 0.06 Us, 95%CI 0.00-0.12) and FEF25-75 (R = 0.15 Us, 95%CI 0.03-0.27).
2.5.4 Thyroid health
A further study involving a subset of the AHS cohort (n = 679) examined levels of thyroidassociated hormones; thyroid-stimulating hormone (TSH), thyroxine (Ta), triiodothyronine
(Ts) and anti-thyroid peroxidase autoantibodies (anti-TPO), in pesticide applicators (Lerro et
al., 2018). Exposure to methyl bromide was associated with decreased TSH (ptrena =0.02)
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and increased T4 (pt,end = 0.01). However, none of those exposed to methyl bromide met the
criteria for sub-clinical hypothyroidism (TSH about the reference range of 0.4-4.5 mIU/L and
normal free T4 levels).
2.5.5 Summary
Epidemiological studies of associations between methyl bromide exposure and adverse
human health outcomes are relatively few in number and, in most cases, have failed to
demonstrate significant associations. Single study associations have been observed.
However, these studies did not demonstrate that they had adequately accounted for
exposure to other agricultural chemicals or other exposures that may have contributed to the
observed adverse health effects.
2.6

INVESTIGATIONS OF ASSOCIATIONS BETWEEN METHYL BROMIDE
EXPOSURE AND MOTOR NEURONE DISEASE

Motor neurone disease (MND) or amyotrophic lateral sclerosis (ALS) is a neurodegenerative
disease with worldwide annual incidence of 2-4 cases per 100,000 of population. A
speculative association between methyl bromide exposure and development of MND was
proposed based on a cluster of MND cases in Nelson, New Zealand (Shaw, 2010). No
further supporting studies, specific to methyl bromide, were found in the scientific literature.
However, the following section will summarise studies that have considered the wider
proposition of an association between MND and pesticide exposure.
A study conducted in northern Italy identified 41 ALS patients and age and gender matched
them to 82 population controls (Bonvicini et al., 2010). For individuals occupationally
exposed to pesticides for at least six months, there was a crude relative risk of 3.6 (95%Cl
1.2-10.5) for developing ALS. The relative risk increased to 4.7 (95%CI 1.4-15.5) when the
logistic regression model was adjusted for confounders, including exposure to magnetic
fields, exposure to other chemicals and educational attainment level. The adjusted relative
risk was greater for males (5.3) than females (3.0) and for those greater than 68 years (6.2)
than those less than 68 years (2.4). No attempt was made to stratify the analysis by
pesticide type or specific pesticides.
A Dutch study examined risk factors for ALS in the prospective Netherlands Cohort Study of
58,279 males and 62,573 females (Koeman et al., 2017). Exposure to various potential risk
factors was assessed through a job exposure matrix, which assumes certain levels of
exposure to certain chemicals for certain occupations. The cohort included 136 deaths from
ALS (76 males and 60 females), who were compared to a randomly drawn sub-cohort of
2092 males and 2074 females. For those ever occupationally exposed to pesticides,
compared to those never exposed, the hazard ratio was 0.60 (95%Cl 0.27-1.35). Hazard
ratios for individual classes of pesticides (insecticides, herbicides, fungicides) were similar to
that for pesticides in total. A hazard ratio less than one suggests that those exposed to
pesticides were less likely to die from ALS than those not exposed, however, the hazard
ratio was not significantly different to one.
An Australian case-control study of 787 MND cases (614 ALS cases) and 778 non-related
controls determined a significant odds ratio for men exposed to pesticides (OR = 1.77,
95%CI 1.30-2.39) (Pamphlett, 2012).
A case-control study was conducted including 156 ALS cases from a tertiary referral centre
in Michigan (2011-2014) and 128 controls (Su et al., 2016). Occupational pesticide exposure
in the entire occupational history resulted in a significant elevated odds ratio (OR = 5.46,
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95%CI 2.00-14.9). The odds ratio increased for pesticide exposures in the previous 10 years
(OR = 6.18, 95%CI 1.64-23.4) and decreased for pesticide exposures in less recent time
intervals (>30 years ago, OR = 2.91, 95%CI 0.91-9.31). No attempt was made to examine
associations with particular pesticides or groups of pesticides.
An Italian case-control study used residential proximity to agricultural land as a proxy for
pesticide exposure (Vinceti et al., 2017). The study included 703 ALS cases and 2737
controls. The ALS odds ratio for proximity to agricultural land was 0.92 (95%CI 0.78-1.09),
which is not statistically significant.
The American Cancer Society's Cancer Prevention Study II cohort (414,493 males and
572,736 females) was used to prospectively assess associations between exposure to
environmental chemicals and death from ALS (Weisskopf et al., 2009). Assessment of the
cohort from 1989 to 2004 identified 617 males and 539 females who had died from ALS.
Based on self-reported exposure to chemicals, including pesticides, a relative rate of ALS
mortality among individuals exposed to pesticides of 1.07 (95%CI 0.79-1.44), which is not
statistically significant.
Kamel et al. (2012) carried out a meta-analysis of seven case-control studies, deriving an
odds ratio (OR) for the risk of developing ALS for those involved in pesticide use of 2.2
(95%CI 1.5-3.3). They also carried out an analysis on data from the AHS, with the cohort
including 41 ALS cases. The AHS dataset allowed an assessment of ALS risks associated
with particular groups of pesticides and specific pesticides. No class of pesticides had a
significantly elevated OR. For fumigants, as a group, the OR was 1.8 (95%CI 0.8-3.9).
Similarly, no individual pesticide had a significantly elevated OR. For methyl bromide the OR
was 1.2 (95%CI 0.5-3.2).
A number of meta-analyses of the available evidence relating environmental risk factors to
ALS incidence have been carried out. One umbrella review was also identified (Belbasis et
al., 2016). Umbrella reviews assess meta-analyses and systematic reviews and in this case
considered the meta-analyses conducted to that point in time. The study concluded that
evidence for an association between pesticide exposure and ALS was weak.
A meta-analysis was carried out to integrate information on associations between
occupational exposure to electromagnetic fields (EMFs), metals and pesticides and
neurodegenerative diseases , including ALS (Gunnarsson and Bodin, 2019). Based on 31
studies the weighted relative risk for ALS from occupational exposure to pesticides was 1.35
(95%CI 1.02-1.79), which is just statistically significant.
The systematic review of Kang et al. (2014) derived a similar odds ratio (OR) for risk of ALS
from pesticide exposure of 1.44 (95%CI 1.22-1.70).
2.6.1 Summary
Available epidemiological studies have been inconsistent in identifying associations between
MND and exposure to agricultural chemicals. The largest and, therefore, strongest individual
study is probably that based on the American Cancer Society's Cancer Prevention Study II
cohort (Weisskopf et al., 2009), both in the study size and its prospective nature. The lack of
a significant association between agriculture chemical exposure and MND in this study
should be considered as evidence against the existence of a relationship.
The umbrella analysis of Kamel et al. (2012) considered associations between methyl
bromide exposure and MND and found no significant association.
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3. PHOSPHINE
Phosphine or phosphane (PH3; CAS 7803-51-2) is used as a broad spectrum insecticide and
rodenticide. It may be used as a compressed gas, usually in mixture with carbon dioxide (23% phosphine in 97-98% carbon dioxide) (ERMA, 2006; USEPA, 1999) or air (ERMA, 2006).
It may also be used in the form of precursors, such as aluminium phosphide and magnesium
phosphide, that release phosphine on contact with moisture (CEPA, 2014). Zinc phosphide
releases phosphine upon contact with stomach acid and has been used in vertebrate bait
formulations (CEPA, 2014; ERMA, 2009).
3.1 TOXICOLOGY
Due to its use as a fumigant, the expected route of human exposure to phosphine will be by
inhalation. Phosphine is rapidly and quantitatively absorbed through the lungs and is widely
and evenly distributed in the body, although higher transitory concentrations have been
detected in the liver and medulla oblongata (part of the brainstem) (EFSA, 2008c). There is
no potential for phosphine to accumulate and it is either excreted unchanged in expired air or
eliminated by urinary excretion following oxidative metabolism to hypophosphite or
phosphite.
There is virtually no absorption of phosphine through the skin (CEPA, 2014).
3.1.1 Acute toxicity
Information on acute human toxicity is available from intentional (suicidal) and accidental
exposures to phosphine (NRC, 2007). However, in all reported incidents insufficient
information on phosphine concentrations and duration of exposure was available to
determine doses associated with lethal and non-lethal cases.
The US National Research Council (NRC) reviewed a number of cases of phosphine
poisoning and noted a wide range of clinical symptoms, including gastric (diarrhoea, nausea,
vomiting, abdominal pain), respiratory (shortness of breath, cough, sputum production, nasal
drainage, bloody exudate from the nose and mouth) and neurological (dizziness, fatigue,
headaches, paraesthesia, tremor, weakness, ataxia) effects (NRC, 2007). Post-mortem
examination of fatal cases usually revealed oedema and congestion affecting the lungs and
the heart and, in some cases, the liver and kidneys. Tachycardia and pulmonary oedema are
considered to be characteristic effects of phosphine poisoning.
Phosphine is extremely toxic to laboratory animals, with both concentration and duration of
exposure influencing mortality. At 1-hour of exposure, LC5o concentrations of 134-213 ppm
have been reported in rat studies (CEPA, 2014; NRC, 2007). At 4-hours of exposure, LC5o
estimates were in the range 11->40 ppm and at 6-hours exposure the LC50 was <28 ppm.
Symptoms of acute toxicity varied from study to study and included convulsions, tremors,
decreased activity, hypothermia, piloerection, salivation, lacrimation, dyspnoea and red ears.
Many of the acute animal studies reported no abnormal findings at necropsy. Omae et al.
(1996) subjected groups of male ICR mice to various concentrations of phosphine for 1 or 4
hours. No animals died after one hour of exposure at concentrations up to 59.2 ppm. After 4
hours exposure, all animals exposed to >26.5 ppm died. Further groups of mice were
exposed to concentrations of approximately 24 ppm for 1, 2, 4 or 8 hours. No animals died at
the 1, 2 or 4 hour exposure times, while all exposed to 24.9 ppm for 8 hours died.
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Histopathological examined revealed effects, mainly in the 8-hour exposure group, similar to
those seen in human cases, including congestion of lungs and liver, inflammation of lungs,
nasal exudate and microvacuoles in hepatic cells.
3.1.2 Sub-chronic toxicity
Four sub-chronic studies have been reviewed (CEPA, 2014; NRC, 2007; LISEPA, 1995).
Fischer 344 rats (30 males, 30 females per dose group) were exposed to 0.0, 0.37, 1.0 or
3.1 ppm phosphene for 6 hours/day, 5 days/week for 13 weeks (Newton et al., 1993). Subgroups were necropsied at 4 and 13 weeks and after 4 weeks recovery (week 17). A further
dose group (10 ppm) was added after no effects were seen in the 3.1 ppm dose group at 4
weeks. However, 4/10 females in the 10 ppm dose group died after three exposures and this
exposure group was replaced by a 5 ppm dose group. Statistically significant decreases in
body weight and decreases in feed intakes were seen in animals exposed to 1 ppm or
above. Statistically significant but "biologically questionable" changes in haematological and
clinical chemistry parameters were seen in male animals at 3.1 ppm and above. Males and
females from the discontinued 10 ppm dose group showed lung congestion and kidney
lesions. Pathology was not seen in 1 or 3.1 ppm dose groups.
Fischer 344 rats (18 males, 18 females per dose group) were exposed to 0.0, 1.25, 2.5 or 5
ppm phosphine 6 hours/day, 5 days/week for 14 days (Morgan et al., 1995). No mortality
occurred. At the highest dose level (5 ppm) decreased lung weights were observed in male
rats, while increased heart weights were seen in female rats. The significance of these
findings was considered uncertain as no histopathological changes were observed in either
organ. Similar results were found in B6C3F1 mice under the same study protocol.
Male ICR mice (10 per group) were exposed to 0 or 5 ppm phosphine for 6 hours/day, 5
days/week for 2 or 4 weeks (Omae et al., 1996). One animal in the 4-week exposure group
died, with right ventricular dilatation and pulmonary congestion observed. Significant
decreases in body weight gain were seen in the 4-week exposure group, but not the 2-week
group. Liver, spleen and thymus weights were significantly lower in the 2-week exposure
group, while in the 4-week exposure group only kidney weight was significantly lower in
exposed animals. It should be noted that some organ weights were markedly different
between the control groups for the two- and four-week studies. Histopathology did not
identify any treatment-related differences between controls and 2-week exposed mice. In the
4-week group; pulmonary congestion was noted in one animal, microvacuoles in hepatic
cells (8/10 animals compared to 2/10 controls), accumulation of cells in the sinusoid (4
animals, no controls) and nasal exudate (2 animals, no controls).
Balb-c mice (12 animals of each sex/dose group) were exposed to 0.0, 0.3, 1.0 or 4.5 ppm
phosphine for 6 hours/day, 5 days/week for 13 weeks (Barbosa et al., 1994). In addition,
groups of 6 mice/sex/group were exposed to 5.5 ppm 6 hours/day, 5 days/week for 2 weeks.
In the 13-week study, weight gain linearly decreased with increasing dose, with females
appearing to be more sensitive than males. Female mice showed increases in kidney, lung,
liver, heart and spleen weights, mainly in the highest (4.5 ppm) dose group. In contrast,
organ weights decreased in male mice. However, the most significant organ weight
decreases were in the low (0.3 ppm) dose group (kidney, lung, heart and brain), with a lack
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of a biological gradient' for decreases in weight of any organ system. In the shorter (2-week)
study, no significant effects were seen, including no significant decrease in body weight gain.
The sub-acute toxicity studies highlight the steepness of the dose-response curve for
phosphine, with relative small differences in dose between the onset of adverse effects and
death. Changes in organ weights were inconsistent within and between studies and the
significance of these findings is questionable. Sporadic clinical findings (congestion,
microvacuoles, nasal exudate) are consistent with findings from acute toxicity. Decreases in
body weight gain were seen in most sub-acute studies.
3.1.3 Chronic toxicity
A single chronic inhalation toxicity study has been report for phosphine (Newton et al.,
1999). Fischer F344 rats (60 animals/sex/group) were exposed to 0.0, 0.3, 1.0 or 3 ppm
phosphine for 6 hours/day, 5 days/week for 104 weeks. No treatment-related effects were
seen on clinical observation, body weight, food consumption, haematology, clinical
chemistry, urinalysis or ophthalmology. No histologic or morphologic alterations attributable
to phosphine exposure were seen in the more than 40 organs and tissues examined.
3.1.4 Reproductive and developmental toxicity
Pregnant Fischer F344 rats (18 animals/group) were exposed to 0.0, 0.03, 3.0, 5.0 or 7.5
ppm phosphine for 6 hours/day on gestation days 6-15 (Newton et al., 1993). In the high (7.5
ppm) dose group, 14 animals died after 3-10 days of exposure. An increase in the mean
number of resorption sites was seen in the 0.03 ppm dose group, but was not seen in the
higher dose groups and the effects were not considered to be toxicologically relevant. No
treatment-related effects were seen on dams, foetal weight or foetal sex ratio, and no
external, visceral or skeletal malformation were observed in foetuses.
Male B6C3F1 mice (n = 50) were exposed to 5 ppm phosphene 6 hours/day for 10 days over
a 12 day period (Kligerman et al., 1994a). Treated males were then mated to untreated
females. None of the females had a significant increase in percent resorptions, and there
was no difference in pregnancy rates between control and treated animals.
While the database is limited, there is no evidence that phosphine is a developmental or
reproductive toxin.
3.1.5 Mutagenicity/genotoxicity
Evidence related to the ability of phosphine to affect DNA is available from human, animal
studies and in vitro studies.
In a series of chromosomal studies of male pesticide applicators, an increased incidence of
chromosomal aberrations was observed (Garry et al., 1989; Garry et al., 1990; Garry et al.,
1992). However, the participants in the studies were exposed to a range of pesticides,
including phosphine. The strongest evidence from these studies came from examination of
chromosomal aberrations (breaks or rearrangements) in genes from applicators using
phosphine only (n = 6), a mixture of phosphine and other pesticide (n = 12), ceased use of
phosphine for at least six months (n = 5) and non-applicator controls (n = 26) (Garry et al.,
1992). The frequency of breaks and rearrangements was highest in the phosphine group,
followed by the mixed group, although the differences were not significant for breaks. Gene

' In this context biological gradient refers to the expected increase in effect with increasing dose.
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locations associated with non-Hodgkin's lymphoma exhibited a significant excess of breaks
in the exposed group and no breaks in the control group. No distinction in this analysis was
made between phosphine applicators and pesticide applicators in general.
An Australian study compared markers of genetic damage between phosphine fumigators (n
= 31, mean work period with phosphine of 11.6 years) and controls (n = 21) (Barbosa and
Bonin, 1994). No significant differences were found in micronuclei in peripheral blood
lymphocytes or in the mutagenicity of urine, as determined by the bacterial Ames test.
Kligerman et al. found no increase in micronuclei incidence in bone marrow smears of CD-1
male mice exposed at phosphine concentrations up to 15 ppm for 6 hours (Kligerman et al.,
1994b). Similarly, no increased incidence in cytogenetic endpoints was found in cultured
lymphocytes or bone marrow smears from male F344/N rats or male B6C3F1 mice exposed
to up to 5 ppm phosphine 6 hours/day for 9 days over a 11 day period (Kligerman et al.,
1994a).
Balb-c mice (12 animals of each sex/dose group) were exposed to 0.0, 0.3, 1.0 or 4.5 ppm
phosphine for 6 hours/day, 5 days/week for 13 weeks (Barbosa et al., 1994). A statistically
significant increase in micronucleus frequency was seen in the bone marrow and spleen
lymphocytes of both sexes, but only at the highest concentration (4.5 ppm). The authors of
this study concluded that phosphine showed a weak genotoxic effect, but noted that this may
not be biologically significant, as it only occurred at the highest dose used, which is close to
lethal concentrations.
An unpublished study, reported in the California EPA assessment (CEPA, 2014), found no
unscheduled DNA synthesis in primary hepatocytes cultured from male F344 rats exposed
to phosphine for 6 hours at concentrations up to 23 ppm.
The California EPA assessment also included summaries of in vitro mutagenicity studies,
including bacterial reversion studies in Salmonella Typhimurium and Escherichia coli, and
chromosomal aberrations in Chinese hamster ovary cells (CEPA, 2014). Bacterial assays
were negative, both with and without S9 metabolic activation. The study in Chinese hamster
ovary cells was unpublished. An increase in total aberrations was reported from an 8-hour
incubation of cells at phosphine concentrations of 2733 and 4957 ppm, but not at longer
incubation periods. Failures in one of the two positive controls used raises some questions
about this study.
3.1.6 Carcinogenicity
The long-term rat study summarised above found no evidence of carcinogenicity due to
phosphine exposure (Newton et al., 1999).
3.1.7 Neurotoxicity
The California EPA assessment reported the results of two unpublished neurotoxicity studies
in rats (acute and subchronic) (CEPA, 2014). Sprague-Dawley rats (11/sex/group) were
exposed to phosphine concentrations of 0, 21, 28 or 38 ppm for 4 hours. Functional
observation batteries (FOBs) were carried out within 8 hours of exposure and again at 7 and
14 days post-exposure. Motor activity assessments were carried out on all animals,
neuropathology examination were conducted on 6 animals/sex/group, while full post-mortem
analysis was carried out on the remaining 5 animals/sex/group.
Exposure to phosphine at as low as 21 ppm resulted in decrements in motor activity counts
and stereotypic time (time spent on repetitive movements) immediately post-exposure
(reversed by the next measurement at 7 days). Although there were statistically significant
differences in all measures of motor activity and stereotypic time at all dose levels, a
biological gradient was only apparent for a few combinations of sex and observation period.
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FOB parameters were less affected by acute phosphine exposure, although some indicators,
including decreased body temperature, arousal, palpebral closure (closing of the eyelids)
and slowed or laboured respiration, were impacted by acute exposure.
Subchronic exposure to phosphine was examined in CD rats (16 animals/sex/group)
exposed to 0, 0.3, 1.0 or 3.0 ppm phosphene 6 hours/day, 5 days/week for 13 weeks.
Exposure led to dose-related increased incidence in total palpebral closure (an indicator of
sleeping behaviour) in males at 4 and 13 weeks and in females at 8 and 13 weeks. Slowed
respiration at weeks 8 and 13, and decreased body temperature at week 13, were observed
in the high dose group (3 ppm).
3.1.8 Mechanism of action
While phosphine's mechanism of action is unclear, it is probably related to its nucleophilic
and reducing capabilities, which damage macromolecules and inhibit electron transport at
the cytochrome oxidase step, possibly through reduction of Fe3+ to Fe2+ at the active site of
cytochrome oxidase (CEPA, 2014; Sciuto et al., 2016). Oxygen is an important mediator of
phosphine-induced toxicity, with the effects of phosphine intoxication being more profound in
an aerobic environment.
It has been proposed that effects on mitochondrial respiration, related to energy metabolism,
play a key role in phosphine toxicity, with both increases in reactive oxygen species by
mitochondria and decreased effectiveness of mitochondrial antioxidant processes (Sciuto et
al., 2016). It was noted that heart muscle, a major target of phosphine toxicity, is rich in
mitochondria compared to skeletal muscle.
Phosphine also appears able to inhibit the enzyme acetylcholinesterase, leading to a buildup in concentrations of the neurotransmitter, acetylcholine (Nath et al., 2011). This is thought
to play a role in the early symptoms of phosphine toxicity, including agitation, hyperactivity
and convulsions.
3.1.9 Toxicological summary
Phosphine is extremely acutely toxic, with the heart and respiratory system being major
targets for toxicity. Subchronic toxicity appears to be very similar to acute toxicity, while there
is little evidence of chronic toxicity. Toxicological studies are constrained by the steepness of
the dose-response curve for phosphine, with relatively small margins between no-effect
concentrations and lethal concentrations. While there is some evidence of phosphine effects
on DNA, there is no evidence of increased cancer risk associated with phosphine exposure.
However, it should be noted that epidemiological evidence in this area is lacking.
Phosphine does not appear to be a reproductive or developmental toxin.
Phosphine appears to have some neurotoxic potential, probably mediated through inhibition
of acetylcholinesterase.
The toxicological effects of phosphine generally appear to be reversible and full recovery
from toxic symptoms has been seen in humans and animals following survival of acute and
subchronic exposure events.
3.2

REGULATORY ASSESSMENTS

Material summarised in the following section covers aspects of the assessments that relate
to risks of inhalation exposure to phosphine. In some cases, dietary exposures are also
considered, but these were not considered to be relevant in the current context.
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3.2.1 Environmental Protection Authority (NZEPA)
NZEPA and its predecessor organisation, Environmental Risk Management Agency
(ERMA), have approved importation or manufacture of a liquified high-pressure cylinderised
source of phosphine gas (ERMA, 2006) and a microencapsulated zinc phosphide (MZP)
(ERMA, 2009),
For the phosphine gas application, ERMA adopted a USEPA oral reference dose (RfD) of
0.0003 mg/kg bw/day as an acceptable daily exposure (ADE) and used this ADE to define
the following values:
•
•
•

Potential daily exposure from food (PDEF000) = 0.0002 mg/kg bw/day
Tolerable exposure limit from air (TELair) = 0.0003 mg/m3
Ceiling TELair = 0.01 mg/m3

For occupational exposure the Worksafe WES-TWA and WES-STEL (see next section) were
adopted.
The MZP application was also considered in terms of a TELa;r value of 0.0003 mg/m3 and the
Worksafe (then Department of Labour) WES values. An acceptable operator exposure level
(AOEL) was derived, based on a NOAEL of 0.1 mg/kg bw/day for haematological changes in
a 90-day oral study in rats. An uncertainty factor of 100, to account for intra- and interspecies variability and extrapolation was applied to give an AOEL of 0.001 mg/kg bw/day.
The AOEL was used for assessment of risks from applicators handling MZP paste.
To consider risks to members of the public encountering MZP baits in forest or reserve
areas, ERMA derived an acute reference dose (ARfD), based on the oral LD5o in rats and a
1000-fold uncertainty factor to give an ARfD of 0.021 mg/kg bw.
ERMA acknowledged, but did not assess, the inhalation exposure risk from release of
phosphine from MZP.
3.2.2 Worksafe
While no specific assessment of phosphine by Worksafe was found, the compilation of
workplace exposure standards and biological exposure indices for New Zealand lists a
workplace exposure standard — time-weighted average (WES-TWA) concentration for
phosphine of 0.3 ppm (0.42 mg/m3). The associated short-term exposure limit (WES-STEL),
a 15-minute weighted average, for phosphine is 1 ppm (1.4 mg/m3).
Worksafe note that, except for a small number of reassessments, the WES values are as
adopted from the American Conference of Governmental Industrial Hygienists in 2002.
No biological exposure index (BEI) is available for phosphine.
3.2.3 US Environmental Protection Agency (USEPA)
Phosphine is classified as a restricted use pesticide, due to its extreme acute inhalation
toxicity (USEPA, 1999).
USEPA derived short, intermediate and long term inhalation toxicological reference points
for phosphine (USEPA, 1998).
Short term (1 day to 1 week). Based on lack of effects at 15 days in a 90-day rat inhalation
study (Newton et al., 1993). No effects were seen at an exposure dose of 5 ppm (7 mg/m3).
A margin of exposure of 100 (10 x for inter-species, 10 x for intra-species) was considered
adequate for occupational inhalation exposure.
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Intermediate term (7 days to several months). The NOAEL for the full 90-day inhalation
study was 3 ppm or 4 mg/m3 (Newton et al., 1993). The NOAEL was the limit value (highest
dose) for the study. A margin of exposure (MoE) of 100 (10 x for inter-species, 10 x for intraspecies) was considered adequate for occupational inhalation exposure.
Long term (several months to lifetime). The NOAEL for 2-year chronic
toxicity/carcinogenicity inhalation study was 3 ppm or 4 mg/m3 (Newton et al., 1999). The
NOAEL was the limit value (highest dose) for the study. A MoE of 100 (10 x for inter-species,
10 x for intra-species) was considered adequate for occupational inhalation exposure.
USEPA did not develop exposure limits, per se, but assessed likely occupational and
bystander exposures in terms of the toxicological reference points and the adequate MoE.
That is, a MoE > 100 between the toxicological reference point (NOAEL) and an estimate of
human exposure would be considered acceptable; an MoE < 100 would be considered
unacceptable. Using air concentrations from an unpublished occupational monitoring study,
most occupational scenarios resulted in unacceptable MoEs for applicators and occupational
bystanders.
USEPA concluded that mitigation of risks associated with the specified uses was necessary.
3.2.4 California Environmental Protection Agency (CEPA)
The CEPA analysis used a very similar approach to the USEPA assessment; using a MoE
approach to assess operator and bystander exposures from a range of use scenarios
(CEPA, 2014). CEPA critically assessed the NOAELs used by USEPA. While agreeing with
the acute inhalation NOAEL of 5 ppm, they selected a lower NOAEL for intermediate
duration exposure; from a 13-week rat neurotoxicity study. In this study effects on sleeping
behaviour, reduced body temperature and decreased respiration were noted at the 3 ppm
dose level and a NOAEL of 1 ppm was derived. CEPA also chose to use this subchronic
NOAEL for assessment of chronic exposures.
CEPA also used these critical NOAELs, with an uncertainty factor of 100, to define acute,
seasonal and annual reference concentrations (RfCs) of 0.05, 0.01 and 0.01 ppm,
respectively.
CEPA noted MoEs < 100 for a number of exposure scenarios and in some cases MoEs < 10
were observed. CEPA considered that this was cause for concern and concluded that
mitigation measures should be considered, although these were not specified.
3.2.5 European Food Safety Authority (EFSA)
EFSA have assessed aluminium, calcium, magnesium and zinc phosphide, in addition to
calcium carbide, which contains calcium phosphide as a significant contaminant (EFSA,
2008a; b; c; 2010; 2011 a). While EFSA are primarily concerned with the safety of residues in
food, the health-based exposure limits they derived were based on inhalation studies.
In all cases, the residue definition for the phosphide salts was "phosphine and phosphine
generators (relevant phosphide salts) determined and expressed as phosphine".
For all substances the acceptable daily intake (AD[) and the acceptable operator exposure
level (AOEL) were 0.011 mg/kg bw/day, expressed as phosphine. This was based on the
lack of adverse effects at the highest dose level (1.1 mg/kg bw/day) in a 2-year rat inhalation
study, with an uncertainty factor of 100 (10 x for inter-species and 10 x for intra-species). An
acute reference dose (ARfD) of 0.019 mg/kg bw was derived from a NOAEL of 1.9 mg/kg
bw/day in a rat developmental inhalation study, with application of an uncertainty factor of
100.
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Phosphine and phosphide salts are approved in Europe for post-harvest control of insects in
nuts, herbs and spices, seeds, pulses, cereals (including pseudocereals), tea, coffee, cocoa,
herbal infusions, dried fruit and vegetables, and as a rodenticide, for underground use.
3.2.6 Committee on Acute Exposure Guideline Levels, National Research Council
The Committee on Acute Exposure Guideline Levels of the US National Research Council
derive acute exposure guideline levels (AEGLs) (NRC, 2007). Three levels; AEGL-1, AEGL2 and AEGL-3 are defined for exposure durations of 10 and 30 minutes and 1, 4 and 8
hours. The three exposure levels are defined as:
•

•

•

AEGL-1: the airborne concentration of a substance above which it is predicted that
the general population, including susceptible individuals, could experience notable
discomfort, irritation, or certain asymptomatic, non-sensory effects. However, the
effects are not disabling and are transient and reversible upon cessation of exposure.
AEGL-2: the airborne concentration of a substance above which it is predicted that
the general population, including susceptible individuals, could experience
irreversible or other serious, long-lasting adverse health effects or an impaired ability
to escape.
AEGL-3: the airborne concentration of a substance above which it is predicted that
the general population, including susceptible individuals, could experience lifethreatening health effects or death.

The exposure guidelines required scaling of original experiment exposure durations to the
range of exposure durations that the guidelines are applied to. The equation C" x t = k is
used for such situation, where C is the concentration of the toxicant/irritant, n is a value
between 0.8 and 3.5, t is the exposure duration and k is a constant. An empirical value for n
of 1 was derived from rat lethality over durations of 1 to 6 hours.
AEGL-1: Data consistent with the definition of AEGL-1 values were not available for
phosphine and AEGL-1 values were not derived.
AEGL-2: Values were based on red mucoid discharge in Fischer F344 rats exposed to 10
ppm phosphine for 6 hours. An interspecies uncertainty factor of 3 was applied, as lethality
data in a number of species suggested little inter-species variability. An uncertainty factor of
10 for intra-species variability was applied. The 30-minute AEGL-2 was adopted as the 10minute AEGL-2 due to uncertainties in extrapolating from a 6-hour exposure duration to 10
minutes. The derived AEGL-2 values were 4.0, 4.0, 2.0, 0.5 and 0.25 ppm for the specified
exposure durations.
AEGL-3: The highest concentration resulting in no deaths over 6 hours in a rat study (18
ppm) was used as the basis for deriving AEGL-3 values. A total uncertainty factor of 30 was
used, as for the AEGL-2 derivation. An empirically derived value of n of 1 was used for time
scaling, although the 30-minute AEGL-3 was adopted for the 10-minute AEGL-3 due to
uncertainties associated with extrapolating from 6 hours. The AEGL-3 values were 7.2, 7.2,
3.6, 0.9 and 0.45 for the specified exposure durations.
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4. ETHANEDINITRILE
Ethanedintrile (EDN, C2N2, also known as cyanogen; CAS 460-19-5) hydrolyses to yield one
molecule of hydrogen cyanide and one molecule of cyanate. The toxicokinetics, metabolism
and toxicity of EDN are considered to refer to hydrogen cyanide or cyanide (APVMA, 2013).
While hydrolysis of EDN to cyanide is likely to occur in vivo, cyanide does not appear to be
produced to any great extent during the process of fumigating logs (Hall of a/., 2018). Very
little information is available on the toxicity of parent EDN.
4.1 TOXICOLOGY
Hydrogen cyanide is readily absorbed by inhalation, oral and dermal routes of exposure
(APVMA, 2013). Gastrointestinal absorption is slower than absorption by the lungs.
Following oral intake, only part of the dose reaches the systemic circulation due to first-pass
metabolism by the liver.
4.1.1 Acute toxicity
Groups of six male albino rats were exposed to 250, 400, 500, 1000, 2000 or 4000 ppm
EDN for two different periods of time; 7.5 and 15 minutes at 4000 ppm up to 60 and 120
minutes at 250 ppm (NRC, 2014). Clinical observations included blinking, rubbing of
forepaws over eyes and nose, huddling together with inactivity, slow gasping, tearing, yellow
fluid from the nose and mouth, restlessness and "panic-type" movements, accentuated and
poorly coordinated movements, bright pink colouration of the skin, laboured breathing, deep
and frequent gasping, tremors, sluggishness, prostration, shallow breathing, and death.
Mortality was 100% and occurred shortly after exposure for the longer of the two exposure
periods, at all exposure concentrations except 250 ppm. At this concentration, no animals
died after 60 minutes exposure, while 4 of 6 died following 120 minutes exposure; 2 deaths
were immediate, one after 7 hours and one after 7 days. The results of this study equate to a
60-minute LC5o of 350 ppm (750 mg/m3) (Worksafe New Zealand, 2018).
The 60-minute inhalation LC5o for hydrogen cyanide in rats has been reported to be 158
Mg/M3 (Simeonova and Fishbein, 2004). Assuming quantitative release of cyanide from
EDN, this would equate to a EDN concentration of 304 mg/m3.
Inhalation lethality has been established for EDN in other species, including mice (2600 ppm
for 12 minutes or 15000 ppm for 1 minute), cats (100 ppm for 2-3 hours, 200 ppm for 0.5
hours or 2000 ppm for 13 minutes) and rabbits (300 ppm for 3.5 hours or 400 ppm for 1.8
hours) (NRC, 2014).
No human data on acute lethality of EDN were found. An odour threshold of 235 ppm and an
irritating concentration of 15 ppm have been reported (NRC, 2014). In human volunteer
studies, no odour or irritation was reported at 8 ppm for 6 minutes, while at 16 ppm for 6 or 8
minutes, no odour was detected, but all subject reported ocular and nasal irritation.
Hydrogen cyanide has a steep inhalation dose-response curve in humans, with only slight
effects at air concentrations of 20-40 mg/m3, while fatality is likely within 30 minutes at 150
Mg/M3, within 10 minutes at 200 mg/m3, and is likely to be immediate at 300 mg/m3
(Simeonova and Fishbein, 2004).
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4.1.2 Sub-chronic toxicity
Groups of male Charles River albino rats (n = 30) were exposed to EDN at 0, 11 or 25 ppm,
6 hours/day, 5 days/week for up to 6 months (Lewis et al., 1984). Animals from each dose
group (n = 6) were sacrificed at 2 days, 5 days, 1 month, 3 months and 6 months. After 6
months there was a significant reduction in body weight in the high dose group. No effect on
mean serum thyroid hormones (T3 and T4), haematocrit and haemoglobin concentrations
were found. No treatment-related effects were noted at necropsy.
The same study protocol was applied to groups of male rhesus monkeys (n = 5) (Lewis et
al., 1984). Behavioural testing showed a marginal, transitory increase in response rate in the
high dose group. However, the response rate returned to normal by the end of the study. No
treatment-related effects were seen on electrocardiograms, serum thyroid hormones or
haematology. No treatment-related effects were noted at necropsy.
4.1.3 Chronic toxicity
No chronic toxicity studies on EDN have been carried out.
Few long-term studies are available on the effects of cyanide and none involving inhalation
exposure.
4.1.4 Reproductive and developmental toxicity
No reproductive or developmental toxicity studies have been carried out on EDN. Studies on
the reproductive and developmental toxicity of cyanide were mainly carried out via oral
exposure.
A male fertility study was carried out in Sprague-Dawley rats (n = 15 per dose group),
exposed to acetone cyanohydrin at concentrations of 0, 35, 101 or 202 mg/m3, 6 hours/day,
5 days/week, over a period of 69 days (48 exposure days) (Simeonova and Fishbein, 2004).
After the treatment period, male rats were mated to non-exposed females. There were no
effects on the mean body weight, clinical signs of toxicity, or anatomical changes in gross
necropsy of the exposed males. The mating efficiency, number of live implants, and pre- and
post-implantation losses were not different between treated and control groups.
In a complementary study, female Sprague-Dawley rats were exposed to acetone
cyanohydrin (0, 38, 108 or 207 mg/m3; 6 hours/day, 7 days/week) for 21 days, then mated
with untreated males (Simeonova and Fishbein, 2004). No treatment-related effects on
female fertility were observed in any of the exposure groups. The only frequently observed
clinical sign post-exposure was red nasal discharge or encrustation in exposed females.
Oral exposure studies for cyanide have been reviewed by NZEPA and it was concluded that
"although cyanide can be overtly toxic to the reproductive system, there is no reason to
suspect that this system is any more sensitive than other organ systems and therefore
ethanedinitrile is not classified for reproductive/developmental toxicity" (NZEPA, 2018).
4.1.5 Genotoxicity and carcinogenicity
EDN has been reported to be weakly mutagenic in some bacterial and cell-based assays
(APVMA, 2013). However, it appears that any genetic toxicity effects of EDN or cyanide are
indirect and probably a result of generalised cytotoxicity (NZEPA, 2018).
No animal studies on the carcinogenicity of EDN have been carried out and no evidence
from exposed human populations have been reported. Long-term animal studies of cyanide
exposure have been described as of too small group size and too limited duration to be
informative regarding carcinogenicity (APVMA, 2013; Simeonova and Fishbein, 2004).
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4.1.6 Neurotoxicity
The nervous system, and in particular the central nervous system (CNS), is a major site of
cyanide toxicity, mediated by cyanide's ability to induce cellular hypoxia. Acute inhalation of
high cyanide concentrations results in a brief stimulation of the CNS, followed by depression,
convulsions, coma and death (APVMA, 2013). These effects have been observed in both
animals and humans.
The studies of Lewis (1984) included behavioural testing in rats and monkeys. A marginal
and transitory change in behavioural test outcomes was noted in monkeys, but response
rates in exposed groups returned to normal before the end of the study.
Rats (male Long-Evans) exposed by inhalation to hydrogen cyanide (34 mg/m3 for 3.5
hours) in combination with loud noise exhibited greater hearing impairment than exposure to
loud noise alone (Fechter et al., 2002). The effect was ascribed to oxidative stress damage
of hair cells in the cochlea.
Oral administration of sodium cyanide to rats (Wistar albino) at 2 mg/kg bw/day for four
weeks resulted in impairment of memory and changes in neurotransmitter concentrations in
the hippocampus (Mathangi and Namasivayam, 2000).
A cross-sectional neurodevelopmental study in 12-48 month-old children in the Democratic
Republic of the Congo found significant associations between exposure to plant cyanogenic
compounds and decrements in neurodevelopment, motor development and cognitive ability
(Kash aIa-Abotnes et al., 2018). This is consistent with the occurrence of konzo, a central
motor-system disease, amongst populations in sub-Saharan Africa, with dietary dependence
on the cyanogenic food source, cassava (Kassa et al., 2011).
4.1.7 Mechanism of action
The mechanism of toxicity of EDN has been reported to be similar to that of hydrogen
cyanide (NRC, 2014). Hydrogen cyanide is a systemic toxin, interrupting cellular respiration
by inhibiting the cytochrome oxidase enzyme and blocking electron transfer to oxygen,
preventing the utilisation of oxygen to produce cellular energy. This results in accumulation
of oxygen in tissues, while the impairment of oxygen metabolism means that metabolic
processes cannot be satisfied. Tissues with high metabolic activity include those in the
cardiovascular, respiratory and CNS systems (NZEPA, 2018).
The main detoxification product of cyanide, thiocyanate, can also interfere with iodine uptake
by the thyroid gland, resulting in thyroid dysfunction (NZEPA, 2018).
4.1.8 Toxicological summary
EDN is highly acutely toxic, due to its dissociation to form cyanide in the tissues of the lung
or in the gastrointestinal tract. Acute toxicity studies on EDN are consistent with this
observation, with effects mainly seen on respiration and the CNS. Where such studies were
available, no distinct toxicological effects due to EDN exposure were seen over longer time
frames, than those seen during acute exposure.
There is no evidence that EDN is a reproductive or developmental toxin or that it is
carcinogenic. Effects seen in offspring are generally only seen at exposure levels that are
maternally toxic. While there is limited independent evidence for EDN, the compound is likely
to be neurotoxic, due to its production of cyanide and resultant impairment of cellular
respiration.
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EDN appears to exert its toxic effects at concentrations greater than would be expected from
its cyanide equivalents. This suggests that dissociation of EDN to cyanide may not be
quantitative.
4.2

REGULATORY ASSESSMENTS

Relatively few regulatory assessments have been carried out for EDN. However, several of
the available assessments have been carried out in New Zealand and Australia.
4.2.1 Environmental Protection Authority (NZEPA)
NZEPA considered an application to have EDN approved for use as a fumigant for insect
pests, nematodes and fungi in timber logs for export (NZEPA, 2018).
Potential exposure to EDN from fumigation of logs under tarpaulins was assessed, based on
a model for the Port of Tauranga. With regard to worker exposure at an application rate of
150 g/m3, 95th percentile EDN concentrations at 10 m (from a single log pile) or 20 m (from
multiple log piles) did not exceed 0.296 or 0.858 ppm, respectively, over 24 hours after
tarpaulin removal. These high percentile concentrations were within the then Worksafe
workplace exposure standard - time-weighted average (WES-TWA) for EDN of 10 ppm or
the subsequently reduced WES-TWA of 2 ppm (Worksafe New Zealand, 2018). NZEPA
concluded that use of personal protective equipment (PPE) would not be required outside of
the 10/20 m exposure boundaries.
Modelling of bystander exposure, at the same application rate, resulted in a predicted 95th
percentile air concentrations at 60 m (from a single source) or 120 m (from multiple sources)
not exceeding 0.03 and 0.266 ppm, respectively, over 24 hours after tarpaulin removal.
NZEPA derived a chronic tolerable exposure limit (TEL) for EDN of 0.034 ppm, based on an
NOAEL of 11.2 ppm for decreased weight gain in a 6-month rat inhalation study (Lewis et
al., 1984). Single pile fumigation modelling resulted in acceptable air EDN concentrations at
60 m in comparison to the TEL, but multiple pile fumigation did not. NZEPA specified that,
for multiple pile fumigation events, tarpaulins should not be removed until the concentration
in air under the tarpaulin reached -1.5 g/m3. Active monitoring of air EDN concentrations
was also recommended.
4.2.2 Worksafe
Worksafe reviewed their previous WES-TWA of 10 ppm for EDN (Worksafe New Zealand,
2018). The value of 10 ppm was adopted from the American Conference of Governmental
Industrial Hygienists (ACGIH) and was based on minimising the potential for eye and nasal
irritation.
Worksafe proposed replacement of the WES-TWA with a value of 2 ppm. As for the NZEPA
TEL, this was based on the NOAEL of -11 ppm for reduced weight gain in a six month rat
inhalation study (Lewis et al., 1984). Worksafe noted that safety factors of 2 to 10 had been
applied by other authorities and selected a safety factor of 5, as a mid-point, to account for
inter-species uncertainties.
4.2.3 Australian Pesticides and Veterinary Medicines Authority (APVMA)
APVMA evaluated EDN in the form of Sterigas@ 1000 fumigant, containing 1000 g/kg EDN
(APVMA, 2013). The fumigant was intended to create a concentration of 50 g/m3 to fumigate
timber held under a tarpaulin.
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APVMA concluded that "there should be no adverse effects on human health (workers
and/or bystanders) from the use of Sterigas® 1000 Fumigant for treating timber, when used
in accordance with the manufacturers product specific directions, including the product label
and Material Safety Data Sheet, together with the procedures outlined in the Australian
Standard AS 2476 (2008)".
Under the Australian application, fumigation occurs for 6 hours, after which residual gases
are vented to a scrubbing system. After 4-6 hours of scrubbing, the tarpaulin is rolled back to
vent remaining gases to the atmosphere over a 24 hour period.
Worker exposure studies were submitted as part of the application, but are not publically
available. A bystander buffer zone of 50 m was considered sufficient. Entry into the
fumigation zone was specified to be restricted until ventilation was complete (34 hours after
initiation of fumigation). PPE was specified for entry into the buffer zone until EDN and/or
cyanide concentrations were below 1 ppm.
4.2.4 Committee on Acute Exposure Guideline Levels, National Research Council
The Committee on Acute Exposure Guideline Levels of the US National Research Council
derive acute exposure guideline levels (AEGLs) (NRC, 2014). Three levels; AEGL-1, AEGL2 and AEGL-3 are defined for exposure durations of 10 and 30 minutes and 1, 4 and 8
hours. The three exposure levels are defined as:
•

•

•

AEGL-1: the airborne concentration of a substance above which it is predicted that
the general population, including susceptible individuals, could experience notable
discomfort, irritation, or certain asymptomatic, non-sensory effects. However, the
effects are not disabling and are transient and reversible upon cessation of exposure.
AEGL-2: the airborne concentration of a substance above which it is predicted that
the general population, including susceptible individuals, could experience
irreversible or other serious, long-lasting adverse health effects or an impaired ability
to escape.
AEGL-3: the airborne concentration of a substance above which it is predicted that
the general population, including susceptible individuals, could experience lifethreatening health effects or death.

The exposure guidelines required scaling of original experiment exposure durations to the
range of exposure durations that the guidelines are applied to. The equation C" x t = k is
used for such situation, where C is the concentration of the toxicant/irritant, n is a value
between 0.8 and 3.5, t is the exposure duration and k is a constant. The data on EDN were
insufficient to derive an empirical value for n. For scaling to shorter durations n = 3 was used
and for scaling to longer durations n = 1 was used.
AEGL-1: Human volunteers exposed to 16 ppm EDN for 6 or 8 minutes experienced
immediate ocular and nasal irritation. No irritation was noted at 8 ppm for 6 minutes. This
indicates a NOAEL of 8 ppm for 6 minutes. As contact irritation is a portal-of-entry effect with
limited variation across individuals, an intra-species uncertainty factor of 3 was consider
appropriate, giving a threshold for irritation of 2.7 ppm. However, due to a lack of information
on EDN exposures longer than 8 minutes and the potential for systemic effects due to the
EDN metabolite hydrogen cyanide, AEGL-1 values for hydrogen cyanide were adopted for
EDN. These were 2.5, 2.5, 2.0, 1.3 and 1.0 ppm at the specified exposure durations. The
fact that these values were all lower than the irritation threshold for EDN was taken as
evidence that the values were sufficiently protective.
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AEGL-2: No human or animal data were considered appropriate to derive AEGL-2 values for
EDN. AEGL-2 values were derived by dividing AEGL-3 values by 3. It was considered that
this approach was justified by the steep concentration-response relationship for EDN. The
resulting exposure guidelines were 50, 17, 8.3, 4.3 and 4.3 ppm at the specified exposure
durations.
AEGL-3: No appropriate human data were available and AEGL-3 values were derived from a
study of rat lethality, in which animals were exposed to EDN concentrations in the range
250-4000 ppm for 7.5-120 minutes. No deaths occurred amongst animals exposed to 2000
ppm for 7.5 minutes, 1000 ppm for 15 minutes, 500 ppm for 30 minutes or 250 ppm for 60
minutes. The equation outlined above, with a value of n = 1 was used in conjunction with
these values to derive points of departure for calculating AEGL-3 values at 10 minutes (1530
ppm), 30 minutes (500 ppm) and one hour (250 ppm). Intra- and inter-species uncertainty
factors of 3 were applied to give (approximately) an overall uncertainty factor of 10. The 4
and 8 hour AEGL-3 values were derived by applying a modifying factor of 2 to the 1 hour
AEGL-3. The resulting AEGL-3 values were 150, 50, 25, 13 and 13 ppm at the specified
durations.
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APPENDIX 1 DOSE CONVERSION FOR
GASEOUS SUBSTANCES
Conversion of dose from a volume to mass basis
The derivation of reference concentrations (RfC) for gaseous substances is based on a
toxicological point of departure from an animal toxicological study. For gaseous substances,
the animal exposure dose is usually expressed as parts per million (ppm) representing a
volume/volume concentration of the gas. Concentrations are usually converted to a
mass/volume basis (mg/m3) using the ideal gas law. For standard conditions (25°C, 760 mm
Hg) the conversion simplifies to:
Concentration (mg/m3)

=

concentration (ppm) x MW/24.45

Where MW is the molecular weight of the gaseous compound and 24.45 L is the volume
occupied by one mole of a gas at 25°C and pressure of 760 mm Hg.
Adjustment for duration of exposure
Many inhalation toxicity studies using laboratory animals use discontinuous exposure
regimens. Often exposures are for 6 to 8 hours/day and 5 days/week to conform to a human
work schedule. RfCs are derived to reflect a benchmark level for continuous exposure and
animal doses need to be adjusted to match the human exposure scenarios. This adjustment
is carried out in the following manner:
PODadjusted = PODstudy *

Danimal exposure * Wanimal exposure
Dhuman exposure Whuman exposure

Where:
PODadjusted: Point of departure dose adjusted to match the duration of the human exposure
scenario
PODstudy: Point of departure dose identified from the critical toxicological study
Danimal exposure: Duration of animal exposure (hours/day)
Dhuman exposure: Anticipated duration of human exposure (hours/day)
Wanimal exposure: Duration of animal exposure (days/week)
Whuman exposure: Anticipated duration of human exposure (days/week)
Inter-species dose adjustment
The RfC methodology applies a dose adjustment to account for differences in ventilation rate
(MV), physicochemical properties of the inhaled compound, the type of toxicity observed
(e.g. systemic vs. port of entry) and the pharmacokinetic (PK) but not pharmacodynamic
(PD) differences between animals and humans. Though the RfC methodology was
developed to estimate toxicity of inhaled chemicals over a lifetime, it can be used for other
inhalation exposures (e.g. acute and short-term exposures) since the dose adjustment
incorporates mechanistic determinants of disposition that can be applied to shorter duration
of exposures provided the assumptions underlying the methodology are still valid. The
derivation of a HEC for inhaled gases is described by the following equation:
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HEC = PODadi.Sted * DAF (RGDR or RDDR)
Where:
PODadilsted: Point of departure adjusted for duration of exposure
DAF: dosimetric adjustment factor, either the regional gas dose ratio (RGDR) or the regional
deposited dose ratio (RDDR).
The DAF includes consideration of the relative ventilation rates between test species and
humans and the relative surface area of the affected body region.
For gases eliciting both port of entry and systemic effects, calculations to estimate the
inhalation risk to humans are dependent on the regional gas dose ratio (RGDR). In the case
of systemic effects, the RGDR is defined as the ratio of the blood:gas partition coefficient of
the chemical for the test species to humans (Hb/g animal/Hb/g human). When this ratio is
unknown or when the Hb/g animal > Hb/g human a default value of 1.0 is used as the
RGDR. This default is based on the observation that for chemicals where partition coefficient
data are available in both rats and humans the RGDR value has usually been comparable or
slightly higher than 1. Thus, the use of an RGDR of 1 results in a protective calculation of the
inhalation risk. Some of the key assumptions fundamental to the use of the RfC methodology
to derive a HEC based on systemic effects include:
• all the concentrations of inhaled gas within the animal's body are periodic with
respect to time (i.e. periodic steady state - the concentration vs time profile is the
same for every week). Periodicity must be attained for at least 90% of the exposure.
• in the respiratory tract, the air, tissue, capillary blood concentrations are in
equilibrium with respect to each other.
• systemically, the blood and tissue concentrations are in equilibrium with respect to
each other.
In the case of methyl bromide, the physicochemical properties and metabolism data for the
compound indicate that these conditions (periodicity and equilibrium between different
compartments) will be achieved in a very short period of time. Under these conditions,
therefore, the use of the RfC methodology to estimate acute inhalation risk is appropriate.
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Alternative approaches to risk assessment
For gaseous or airborne contaminants risk is often assessed in terms of a simple
comparison of a predicted or measured air concentration to a health-based guidance
concentration, such as a TEL. However, this approach takes no consideration of vulnerable
sub-populations. An alternative approach is to assess the exposure dose (internal or
external) for comparison with a health-based exposure guidance value.
EFSA derived an acceptable daily intake (ADI, 0.001 mg/kg bw/day) and an acute reference
dose (ARM, 0.003 mg/kg bw), based on an oral exposure study in dogs (EFSA, 2011).
General pharmacokinetic models suggest that orally and inhalation administered chemicals
will follow similar pathways following absorption. Both the oral ADI and the ARM relate to
administered doses or oral exposures. Therefore, inhalation absorbed doses (IAD) may be
compared them to an absorbed ADI/ARfD or internal dose, calculated as:
ADI/ARfDABS =

oral ADI/ARfD x ABSGI

Where ABSci is the proportion of the administered dose absorbed from the gastrointestinal
tract (oral absorption). While no human oral absorption data are available, studies in rats
indicated that at least 97% of the administered dose was absorbed (ATSDR, 2018). On this
basis the ADI/ARfDABs were considered to be equivalent to the oral ADI/ArfD.

Inhalation exposure (internal dose) can be calculated from the equation:
Ej =

IRxtxCxAF

aw

Where:
IR = inhalation rate (m3/minute or hour)
t = exposure duration (minutes or hours)
C = concentration of substance of interest in inhaled air (mg/m3)
AF = absorption factor
BW = body weight (kg)
Table 1 outlines several acute and chronic exposure situations for methyl bromide. IR and
BW were taken from the US Environmental Protection Agency Exposure Factors Handbook
2011 (USEPA, 2011). Human absorption of methyl bromide following inhalation exposure
has been reported to be in the range 27-55% (ATSDR, 2018). A value of 50% was used.
TEL concentrations were used.

Table 1. Estimated inhalation exposure (internal dose), based on TEL concentrations of methyl bromide

Scenario
Chronic adult

IR
16.0 m3/day

BW (kg)
80

C (mg/m3)
0.005

E
0.0005
mg/kg
bw/day
0.13 mg/kg
bw
0.46 mg/kg
bw

E/HBGV
0.5

Acute (1 day) 16.0 M3 /day
80
1.3
43
— adult
Acute (1 day)
8.0 M3 /day
11.4
1.3
152
— child (1-2
years)
Acute (1
0.26 M3 /hour
80
3.9
0.006 mg/kg
2
hour) — adult,
bw
sedentary
Acute (1
0.28 M3 /hour
11.4
3.9
0.048 mg/kg
16
hour) — child
bw
(1-2 years),
sedentary
IR: inhalation rate, BW: body weight, C: concentration, E: exposure, HBGV: health-based
guidance value
This approach determines an internal dose of methyl bromide, which is relevant for systemic
toxicological effects. However, methyl bromide elicits both local effects, such as those on the
lung and respiratory tract, and systemic effects, such as neurotoxicity. For this reason the
oral HBGVs developed by EFSA may not be suitable reference points for inhalation
exposure scenario, even after accounting for fractional absorption of methyl bromide from
the inhalation route of exposure.

