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A B S T R A C T

Exposure to organophosphorus nerve agents, the most deadly chemical warfare agents, is possible in a variety of
situations, such as destruction of chemical warfare agents, terrorist attacks, armed conflicts or accidents in
research laboratories and storage facilities. Hundreds of thousands of tons of chemical munitions were disposed
of at the sea in the post World War II period, with European, Russian, Japanese and US coasts being the most
affected. Sulfur mustard, Lewisite and nerve agents appear to be the most frequently chemical warfare agents
disposed of at the sea. Addressing the overall environmental risk, it has been one of the priorities of the world
community since that time. Aside from confirming exposure to nerve agents in the alleged use for forensic
purposes, the detection and identification of biological markers of exposure are also needed for the diagnosis and
treatment of poisoning, in addition to occupational health monitoring for specific profiles of workers. When
estimating detrimental effects of acute or potential chronic sub-lethal doses of organophosphorus nerve agents,
released accidentally or intentionally into the environment, it is necessary to understand the wide spectra of
physical, chemical and toxicological properties of these agents, and predict their ultimate fate in environmental
systems.

1. Introduction

Bearing in mind that over 100 dumping sites in the Baltic region
(Gotland Deep, Bornholm Deep, Little Belt, Skagerrak Strait) were used
for depositing chemical warfare agents (CWAs) between 1945 and
1970, as well as over 60 sites in the Gulf of Mexico, the coasts of Japan
and the oceans on both coasts of the USA – which has been confirmed in
the CWA exposure reports by hundreds of fishermen who have caught
dangerous cargo via their nets – this method of exposure is not to be
underestimated. Moreover, at several places all over the world, e.g. in
the US, China, and Europe, old chemical munition has been lost or
buried and could be accidently released as it is shown in Fig. 1

(CHEMSEA, 2013; Vučinić et al., 2014).
While a wide variety of chemical warfare agents including also

sulfur mustard, Lewisite, have been dumped or buried, this manuscript
deals with problems that arise from nerve agents exposure. The aim of
this review is to raise the attention of environmental exposure to NAs
that could persist in different media long after initial exposure, pro-
ducing a wide range of toxic effects. Better understanding of the time
frame for detection of biological markers of exposure to NAs is critical
for diagnosis and treatment in uncertain cases of exposure.

After the first confirmed use of nerve agents (NAs) in the Iran-Iraq
War (1980–1988), when the Iraqi army used tabun and sarin against
the Iranian forces (Majnoon Island) and the civilian population
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(Halabjah) (Balali-Mood and Balali-Mood, 2008), these deadly agents
were used for the terrorist attacks in Japan. The terrorist attacks in
Matsumoto in 1994, which claimed the lives of 7 people (Nakajima
et al., 1999) and Tokyo in 1995, with over 5500 injured and 13 dead
(Nagao et al., 1997; Murata et al., 1997), showed the necessity for
development of specific diagnostic methodology for identifying nerve
agents, which had not existed until then (Salem et al., 2008a,b).

The importance of the engagement of the Organisation for the
Prohibition of Chemical Weapons (OPCW) and the chain-of-custody
procedures had became obvious after the UN mission in the Syrian Arab
Republic, performed by the OPCW and WHO teams which had in-
vestigated the Ghouta and other sites of attacks. Difficulties in estab-
lishing a credible epidemiological pattern through interviews with first
responders, victims and medical personnel had confirmed the im-
portance of designated laboratories (Pita and Domingo, 2014).

The core objective of the OPCW is the promotion and adherence to
the Chemical Weapons Convention (CWC). Among other activities, the
OPCW performs inspections of facilities for destroying CWAs, industry
inspections, challenge inspections and investigations of alleged use, in
order to verify destruction and non-proliferation of chemical agents.
The OPCW technical secretary provides off-site analysis through a
network of designated laboratories proficient in NAs analysis and their
degradation products at concentrations greater than 1 ppm in en-
vironmental and man-made samples (OPCW, 1994; Black and Read,
2013). Since 2016 the OPCW has had 17 designated laboratories for
analysis of biological samples. Some of them were already involved in
the verification of poisoning induced by CWAs during the recent events
in Syria.

Aside from confirming exposure to NAs in the alleged use for for-
ensic purposes, the detection and identification of biological markers of

exposure is also needed for the diagnosis and therapy of intentional or
accidental poisoning, in addition to occupational health monitoring for
specific worker profiles (Black and Read, 2013).

2. Nerve agents and toxicity

Chemical weapons, including OP NAs, have been used for decades
in armed conflicts and terrorist attacks, but accidental leakage from
industrial and storage facilities, laboratories, dumping and chemical
weapon incineration sites, has also led to health issues and even deaths
in those exposed. Although the scientific literature on the NAs is ex-
tensive (PubMed search listed 54.400 articles), less than 10% of articles
deal with the environmental exposure to OP Nas (Vučinić et al., 2014;
Davisson et al., 2005; Kingery and Allen, 1995; Lionetto, 2013;
USACHPPM/ORNL, 1999).

Published articles refer mainly to the significant alterations in
ecosystems with CWA dumpsites, where the solubility and hydrolysis
rates of CWAs’ innate toxicity had been assessed for marine environ-
ment risk prediction. There is indeed evidence of chronic toxicity,
though studies in marine organisms have not exhibited concerning
amount in tissues of these agents and their by-products. Acute exposure
to an agent presents the major human health risk, either by accidental
recovery of a CWA on a fishing vessel or by munitions washed ashore
onto beaches (CHEMSEA, 2013).

In order to provide successful medical protection it is essential to
understand the toxicity of NAs (VX vapor is the most toxic with LCt50 of
10 mg/min/m3, and tabun is the least toxic with LCt50 of 400 mg/min/
m3), but also the relevant physicochemical properties of NAs such as:
volatility (for sarin 22,000 mg/m3 and VX 10.5 mg/m3), vapor pressure
showing how quickly an NA will evaporate (for sarin at 20 °C

Fig. 1. Chemical Weapon Munitions Dumped at Sea – Available at: www.nonproliferation.org/chemical-weapon-munitions-dumped-at-sea, August 1, 2017.
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2.1 mmHg, while VX evaporates 2000 times slower), vapor density (VX
has a high vapor density so it accumulates in low grounds), stability and
persistence on soil and in water. While nerve agents are toxic by all
routes of exposure, due to mentioned properties, G agents act primarily
via inhalation, whereas the skin penetration is most commonly the
route of exposure for V agents. Ingestion of NAs (from contaminated
water) is highly unlikely, considering the persistence of NAs, the effect
of hydrolysis, dilution and water treatment processes (Salem et al.,
2008a,b). Environmental persistence of agents such as tabun can be
found in water from one (at 20 °C) to six days (at 5 °C); sarin evaporates
as fast as the water; soman and cyclosarin are less volatile and more
persistent, lingering up to two days, and both pose a significant threat if
inhaled or if they reach the skin. The colorless, relatively non-volatile
liquid thiophosphonate NA “venomous agent X” (VX) can stay in water
for weeks to months due to its slow evaporation (approximately 2000
times slower than sarin) (Augerson, 2000; Kikilo, 2001; Capacio et al.,
2008; Fatz, 2004; National Research Council of the National
Academies, 2003; Agency for Toxic Substances & Disease Registry,
2014; Carnes and Watson, 1989; Petrakis et al., 2017) (Table 1).

In summary, there is a threat to both military and civilian popula-
tion from the environmental NAs persistency. While sarin and tabun are
very evaporable, which makes them more dangerous when inhaled,
soman and cyclosarin are less evaporable and more persistent, making
them dangerous with both inhalation and dermal exposure. However,
soman might be more persistent by a “thickening agent” such as poly-
methymethacrylate. Sarin hydrolysis to isopropyl methylphosphonic
acid and hydrofluoric acid depends on pH; at pH levels between 6.5 and
14, hydrolysis is mediated by hydroxide-ion catalysis, while at pH levels
between 4 and 6.5, reaction occurs between sarin and water molecules.
Temperature also effects hydrolysis, so at 25 °C under alkaline condi-
tions, the half-life of sarin is 5.4 h. A principal hydrolysis product of
soman is hydrofluoric acid, however soman is more stable in water than
sarin. Efficient hydrolysis of tabun in water after 10 min of heating at
95 °C, allows using this water for technical purposes. VX is not easily
evaporable, it is persistent and dangerous when dermally absorbed or
inhaled as aerosol. Other important factors that are correlating with
temperature and ground persistency are vapor pressure and vapor
density (Augerson, 2000) (Table 2).

In the different environmental conditions VX can have significant
behavior variation: at pH 5, the half-life of VX is≈100 days, whereas at
pH 8 the half-life is 9 days. The hydrolysis rates depend on temperature
as well. In seawater, the half-life of VX was about 5–14 days ate 25 °C,
but at 4 °C it may be several years. At pH 5, ethyl methylphosphonic

acid (EMPA) and methylphosphonic acid (MPA), that show low toxi-
city, are the most abundant degradation products; but at pH 8, the most
abundant degradation product is S-(2-diisopropylaminoethyl)methyl-
phosphonic acid (which is considerably less toxic than VX). The fate of
VX at trace-levels and whether adsorption on soil surfaces or com-
plexation with natural organic matter may affect its degradation rate is
also not fully clarified. It is thought that VX is more likely to persist in
an adsorbed or complexed form, meaning that there is still potential for
secondary release and exposure (Augerson, 2000; Fatz, 2004; Agency
for Toxic Substances & Disease Registry, 2014; US EPA, 1995; Breyer
et al., 2010).

3. Confirmation of exposure

There are different requirements for confirmation of NAs exposure
in certain scenarios. Hence, a comprehensive assessment of clinical
picture, biological and environmental samples as well as reliable wit-
ness reports is crucial. Environmental samples are used to prove not
only the identity, but possibly even the origin of NA. There are different
portable detectors for rapid on-site detection and identification of
CWAs and technologies of identification of agent such as ion mobility
spectrometry, flamme photometry, photoionisation, Raman spectro-
scopy etc. (Black and Read, 2013; Augerson, 2000; National Research
Council of the National Academies, 2003; Breyer et al., 2010; van der
Schans et al., 2008).

The final proof of poisoning, however, is only possible through
confirmation with forensic investigation of samples (blood, tissue,
urine) from the victim. Such forensic analysis needs advanced analy-
tical methods and complex technical equipment (Hernández et al.,
2014; Kavvalakis and Tsatsakis, 2012; Tsatsakis et al., 2009).

4. Clinical picture and field treatment

Based on their lipophilic qualities, the NAs permeate the skin, lungs
and gastrointestinal tract easily and reach circulation whereupon they
distribute to organs and tissues (Balali-Mood and Balali-Mood, 2008;
van der Schans et al., 2008; David, 2005). On the whole, the acute
effects of exposure to organophosphorus compounds is well described
and can be predominantly characterized by the cholinergic crisis
(muscarinic, nicotinic and CNS effects), with the occurrence of the signs
and symptoms, as well as the time course of poisoning and severity
based on the dosage, route and length of exposure (Kikilo et al., 2001;
Senanayake and Karalliedde, 1987; Crook et al., 1983; Romano et al.,
2001; Dabisch et al., 2001; Moshiri et al., 2012). Military services and
several special units are trained in skills necessary to manage Chemical,
Biological, Radiological and Nuclear (CBRN) events. In detail, they may
even be equipped with drugs for self and buddy aid. Such medical
equipment is generally not available for civilian population and drug
administration is the task of the medical service. In most countries,
especially the administration of drugs, e.g. antidotes is the responsi-
bility of a physician. Hence, the following recommendations on drug
administration and dosing are directed to physicians. Fig. 2 shows
health effects of sarin, cyclosarin and VX.

Table 1
Physical, chemical and toxicological properties of OP Nas.

Property Tabun (GA) Sarin (GB) Soman (GD) VX

Mol. weight/(Da) 162.3 140.1 182.2 267.4
Boiling point/(°C) 230 158 198 298
Melting point/(°C) −49 −56 −80 −20
Vapor pressure/

mmHg
0.036
(20 °C)

2.1 (20 °C) 0.27 (20 °C) 0.00044
(20 °C)

Vapor Density 5.6 4.9 6.3 9.2
Liquid Density (g/ml)

(25 °C)
1.8 1.10 1.02 1.01

Volatility (mg/m3)
(25 °C)

610 22000 3900 10.5

Solubility in water 9.8 g per
100 g

Miscible 2.1 g per
100 g

Miscible

Peristency on soil 1–1.5 day
(half-life)

2–24 h
(5–20 °C)

Relatively
persistent

2–6 days

LCt50 in humans/
(mg min m3)

400 100 50 10

LD50 in humans/(mg
per 70 kg)
percutaneous

1000 1700 100 6–10

Ageing half-life 13 h 3 h 40 s–10 min 36 h

Table 2
Persistence of NAs.

Agent Persistence

Tabun Heavily splashed liquid – 1–2 days. In water 1 day (20 °C) and
6 days (5 °C)

Sarin Evaporates as fast as water
Soman Heavily splashed liquid – 1–2 days. Thickeners can extend.
Cyclosarin Heavily splashed liquid – 1–2 days.
VX Splashed liquid can persist for weeks or months (evaporates 2000

times slower than sarin)
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4.1. Minimal exposure

Minimal vapor exposure to NAs includes miosis, blurred vision, eye
pain and rhinorrhea. Vapors and fumes can cause toxic effects within
minutes. In contrast, when exposure arises from vapor or liquids via
skin without inhalation, it may take hours for signs and symptoms to
manifest. For the treatment of ocular symptoms, topical atropine or
homatropine can be administered. First systemic sign might be tachy-
cardia due to initial stimulation of sympathetic nicotinic receptors. As
long as heart rate is markedly increase, any systemic atropine admin-
istration needs specific care (Balali-Mood and Balali-Mood, 2008;
Agency for Toxic Substances & Disease Registry, 2014; Kassa, 2005).

4.2. Light exposure

In case of miosis, rhinorrhea, light dyspnea, nausea and vomiting,
systemic effects can be diagnosed. In this case, atropine and an oxime
should be administered. A starting dose of 2 mg atropine is generally
recommended. Such a dose should be sufficient after light exposure
(otherwise, see below). However, atropine only antagonises sympto-
matically NA induced effects. In contrast, oximes are used to restore NA
inhibited acetylcholinesterase (AChE) thereby resolving the effects of
the NA and coincidentally metabolising it. Therefore, military services
and several special forces are equipped with autoinjectors. They are
filled either with atropine alone (most commonly with 2 mg) or with a
combination of atropine (2 mg) and an oxime, e.g. pralidoxime or
obidoxime. Two prominent devices are the Mark I kit – atropine (2 mg,
0.7 ml) and 2-PAM (600 mg) or the ATOX II consisted of atropine
(2 mg, 0.7 ml) and obidoxime (220 mg). Other types of autoinjectors
are commercially available. At present, the most effective strategy is the
use of a combination of atropine (2 mg) and obidoxime (220–250 mg).
Using this regimen, effective concentrations for substantial reactivation
of AChE inhibited by a relative broad spectrum of NAs may be adjusted.
At any case, autoinjectors can be used as soon as systemic signs and
symptoms arise. However, young children are quite sensitive to atro-
pine and administration needs caution. Apart from undressing, followed
by showering (at best by using soapy water), no specific decontami-
nation is required if the poisoning was caused by vapours. However,
after exposure to liquids, thorough spot decontamination with reactive
skin decontamination lotion (RSDL), followed by showering, is strongly
recommended. In the case of dermal exposure, localized sweating and

fasciculations are expected and one autoinjector containing atropine
and an oxime should be administered.

4.3. Moderate exposure

Moderate exposure is followed by miosis, rhinorrhea, moderately
severe to severe dyspnea, nausea and vomiting. If the patient is at-
tended by medical service personnel, in the first 5 min, 2 autoinjectors
and diazepam should be administered. Following immediate atropini-
zation, further doses of atropine should be titrated according to signs
and symptoms. If a liquid NA exposure is suspected, extended ob-
servation for at least 18 h is necessary. During such a potential latency
period, repetitive determination of red blood cell AChE (RBC-AChE)
activity may be extremely helpful to estimate the course of poisoning.
At the best, effective oximes can be administered while AChE activity is
decreasing and the signs and symptoms are not yet detectable. With
such a strategy, even symptomatic poisoning could be prevented.

4.4. Severe exposure

Generally it has to be mentioned that self protection of medical
personnel and facilities is mandatory. The life-threatening signs of se-
vere exposure are loss of consciousness, respiratory depression, apnea,
cardiovascular failure, convulsions, and flaccid paralysis. Three auto-
injectors [e.g. 3× MARK I (2 mg atropine and 600 mg pralidoxime,
each) or one ATOX II (220 mg obidoxime and 2 mg atropine) followed
by two AtroPen (2 mg atropine)] should be given immediately, if
available. Otherwise, fast atropinisation is recommended according to
the schedule mentioned above and oxime treatment should be started.
Alternatively, treatment has to be initiated as an initial dose of atropine
of 6 mg, followed by 2–4 mg i.v. and oxime (if no autoinjector is
available, e.g. 250 mg obidoxime i.m or better i.v.). Additionally, dia-
zepam (e.g. 10 mg) should be administered for amelioration of central
effects. Ventilatory support is of vital importance for survival (Fig. 3).

The time for initial response should be spared before proceeding
with atropine dosing, and it is deemed wise to wait, before further
atropine administration, until the secretion decreases and the breathing
improves. The critical parameter is actually the restoration of oxyge-
nation. In the case of dermal exposure, if similar, though delayed, signs
as severe vapor exposure occur and the same treatment should be ap-
plied (Balali-Mood and Balali-Mood, 2008; Moshiri et al., 2012; Kassa,

Fig. 2. Health effects of sarin, cyclosarin and VX.
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2005).
Suspected exposure to NAs can sometimes occur in an environment

where NAs can be found as liquids, albeit this could be still described as
unconfirmed exposure, where perhaps not even the afflicted are cog-
nizant that they were exposed to a harmful chemical (Claborn, 2004).
Following skin contact, the onset of signs and symptoms of NA poi-
soning may also be delayed up to 18 h. In such scenarios, repetitive
determination of AChE activity might be helpful. The longer the in-
terval between the exposure and the symptoms, the less severe will the
latter be – which does not imply that medical attention is not necessary
(Agency for Toxic Substances & Disease Registry, 2014).

In any case of severe poisoning, especially with persisting agents
such as VX, prolonged treatment (several days) may be necessary.
Dosing of atropine should be performed according to signs and symp-
toms at best using an i.v. line. However, over-atropinisation should be
avoided. As long as reactivation of inhibited AChE can be expected,
sufficient oxime doses (e.g. 750 mg obidoxime per 24 h) should be
administered via continuous infusion. Simultaneously, necessary
symptomatic intensive care measures have to be applied.

Especially in scenarios with NA mass casualties, oximes are ex-
pected to be of enormous help: they may enable survival on the spot
when the resources for artificial ventilation are not available or run
short, and they may contribute to the reduction of the period of ne-
cessity for intensive care treatment when the units are overwhelmed
with patients.

While in the times of Cold War, when troops of nations were facing
each other, a certain level of protection was assumed, though at pre-
sent, such scenarios have shifted towards asymmetric conflicts as well
as terrorist attacks. Civilian population, unlike the army, was entirely
unprotected against the exposure to NAs, as they did not possess per-
sonal protective equipment, autoinjectors and there was at least 30 min
delay before they got the proper medical treatment.

While the acute effects of exposure are well documented, it has been
only for the last twenty years that a upsurge of interest in the delayed
effects of single-dose poisoning and chronic effects of exposure (con-
tinuous or intermittent) to NAs has been reported. Most published
epidemiological studies are scarce, revealing exposure evaluation, using
adequate methodology as main problem. Studies with military

Fig. 3. CBRN Emergency Medical Treatment.
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personnel suffer from inaccurate exposure assessment and the clinical
data are often insufficient. Over the last 15 years, studies with sarin
attack survivors in Japan have provided additional data regarding the
neurobehavioral effects and chronic decline of psychomotor skills and
memory, along with neurophysiological function defects, which per-
sisted for months and years after the exposure (Nakajima et al., 1999;
Murata et al., 1997; Nagao, 1991; Yokoyama et al., 1998).

The kind of exposure represents a significant difference between the
civilian and military population. In the case of civilians, the most
possible ways of exposure are either single or repeated, whereas for the
military population a dose of decreased level, results in immediate ef-
fects (mostly miosis), or reduced performance.

The long-term effects of NAs were thought to only be expected after
sever intoxications but no consistent data exist on this subject of the
repeated exposure to NAs. Thus, organophosphate-induced delayed
neuropathy (OPIDN) has not been reported in Iranian chemical attack
survivors. Asymptomatic sequelae of sarin poisoning in central and
autonomic nerve system have been reported in Matsumoto and Tokyo
attack survivors. However, it was concluded that they had no clinical
relevance. It has been suspected for a while that there are chronic ef-
fects of exposure to low doses if OP compounds, but that has yet to be
ascertained (Nakajima et al., 1999; Murata et al., 1997; Nagao et al.,
1991; Yokoyama et al., 1998; Duffy et al., 1979; Duffy and Burchfield,
1980; Burchfield et al., 1976).

5. Biological markers of exposure to NAs

The diagnosis of acute exposure to high doses of NAs is confirmed
by the aforementioned clinical picture, measuring of cholinesterase
(ChE) activity, determination of OP NAs, their metabolites and reaction
products in biological samples (Balali-Mood and Balali-Mood, 2008;
Lionetto et al., 2013; Moshiri et al., 2012). Determination of ChE ac-
tivity inhibition is generally sufficient for initial treatment in clinical
settings and occupational health monitoring. Established ChE baseline
levels in occupational settings, when compared to ChE levels after ex-
posure, might be indicative of significant exposure. Sensitivity can be
clearly improved, when baseline levels of AChE are known prior a
potential exposure towards inhibitors of cholinesterases. However, the
specificity of these parameteres for NAs is low as ChE inhibition might
be a result of OP and carbamate pesticides exposure. For diagnostic
purposes, in case of poisoning, no baseline levels exist, so inhibition
levels less than 20% per se do not provide sufficient evidence of ex-
posure (US EPA, 1995).

The parent NA has a relatively short self-life (G-type agents: up to
several hours, V-type agents up to few days) due to its rapid hydrolysis
and affinity for binding to the proteins in plasma and tissues, although
its determination has the highest specificity. After the processes of ab-
sorption and distribution in tissues, the NAs undergo spontaneous,
subsequent enzymatic hydrolysis by endogenous hydrolases – e.g.
paraoxonases. Through irreversible binding to serine esterases other
than AChE, such as Butyrylcholinesterase (BuChE) and carbox-
ylesterases (CaE), they become inactive. Additionally, they may form
covalent bonds with albumin and other proteins in the blood and tissues
(VX has low affinity for CaE, whereas sarin and soman’s affinity for CaE
is high). In order to detect the non-metabolised agent, samples of blood
from the casualties within hours of exposure should be collected; it is
possible to detect V-agents for longer periods, possibly even days after
exposure due to slow rate of absorption after dermal exposure and
longer half-lifes (Balali-Mood and Balali-Mood, 2008; van der Schans
et al., 2003). Despite the highest specificity and a relatively simple
analytical technique, non-metabolised agent is rarely useful due to its
short lifetime in circulation (Balali-Mood and Balali-Mood, 2008).

NA metabolites are not expected to be present for more than a few
days after exposure, e.g. Isopropyl methyl phosphonic acid (IMPA) was
detected in the urine of one of the sarin attack victims in Japan on the
seventh day after the incident (Nakajima et al., 1999). Free metabolites

have been used as biomarkers for confirming the NA exposure in ter-
rorist attacks or other alleged uses as following: IMPA (identified in
Matsumoto and Tokyo victims) and methylphosphonic acid – MPA (a
secondary hydrolysis product also found after exposure to other NA) in
urine and blood for sarin; pinacolyl MPA in urine and blood for soman;
cyclohexyl MPA in urine and blood for cyclosarin, ethyl dimethylpho-
sphoramidic acid (EDMPA) and ethyl phosphorocyanidic acid in urine
for tabun; ethyl MPA in urine and blood for VX. Although detection
methods for urinary metabolites have moderate to high specificity due
to their occurrence in other sources, metabolites of tabun are not an
unequivocal indicator of poisoning. The time frame for detection varies
based on the severity of poisoning and the limits of detection of the
method, but generally its durance is no more than a several days. Other
analytical methods are also available: fluoride induced reactivation of
BuChE and AChE/BuChE serine adducts in blood identified as phos-
phylated peptide; analysis of ChE adducts (albumin tyrosine adducts in
plasma, keratin tyrosine adducts in the skin that is still being re-
searched). The time window for adducts is no longer than for the free
metabolites (up to several weeks or months), with limitations due to
aging (albumin tyrosine adducts in plasma do not have this issue)
(Nakajima et al., 1999; Okudera, 2002; Matsuda et al., 1998; van der
Schans et al., 2004; Verstappen et al., 2012).

Three years ago, the OPCW faced the situation of alleged use of
CWAs in Syria. As a historical precedent, the inspection teams of the UN
and OPCW were to collect the samples within days of the incident,
which, depending on the situation in the field, was not always an easy
task. Nearly 90% of urinary metabolites of NAs is excreted within 72 h,
so the protein adducts were more significant because of their longer
half-lives of up to several weeks. The chemical attacks happened in
August 2013 in Ghouta/Syria but reaching the scene in time was im-
possible. Aside from taking environmental samples, which entailed the
likelihood of having NAs and/or their degradation products, and per-
forming analyses of the aforementioned, only the analysis of biological
samples could prove NA poisoning (including body tissues for the de-
ceased). In contrast to armed conflicts, in terrorist attacks it may be
assumed that samples could already be gathered within a few hours, as
it was performed in Tokyo. When speaking of metabolites, it is desirable
for them to have a good stability and not be subjects of hydrolysis or
oxidation (primarily the issue with tabun, which hydrolyzes rapidly to
the ubiquitary product of excretion, ethyl phosphoric acid). These
substances can be detected in urine, blood and tissue samples by using
liquid or gas chromatography. As they present a very high toxicity, very
low concentrations in biological samples have to be assessed. Therefore,
sofisticated GC–MS/MS or LC–MS/MS methods using single ion mon-
itoring (SIM) or multiple reaction monitoring (MRM) modes are used.
There is a specific demand for targeted analysis, for example, com-
pounds such as IMPA. During the past decade there has been a sig-
nificant development in off-site analysis as high-resolution mass spec-
trometry is now available in several designated laboratories for
retrospective trace analysis (Pita and Domingo 2014).

In spite of these diagnostic techniques available, there is still a
possibility for unidentified exposure especially in the case of very low
levels of NAs without ChE inhibition, acute exposure followed by ChE
inhibition but without symptoms, reduced clinical response if the pa-
tient had already been exposed to ChE inhibitors, or simple mis-
identification of symptoms of poisoning as a different diagnosis.

6. Risk assessment

The parameters for risk assessment are no-observed-effect level
(NOEL), lowest-observed-effect level (LOEL) and effective dose (ED50).
The level at which no noteworthy depression in red blood cells choli-
nesterase activity (RBC-AchE) occurs, is defined as the maximum ac-
ceptable level of exposure for the NAs. If RBC-AChE inhibition is the
same or less than 20% and when it is not correlated to clinical signs and
symptoms, only evidence of organophosphorus agent exposure exists.
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According to the 1995a EPA report a statistically significant restraint of
AChE in many organs and tissues is hazardous, provided there are
clinical results. If clinical effects are not exhibited, this inhibition might
be not of biological importance (Augerson, 2000; US EPA, 1995; Dabish
et al., 2001; Young et al., 1999).

Health-Based Environmental Screening Levels (HBESLs) were de-
rived from using chronic toxicity criteria with risk assessment models.
They are used for assessing potential long-term human exposure to soil,
water and waste contaminated from a liquid agent as it is not likely that
ambient vapour alone would result in deposition or soil contamination
(Augerson, 2000; Agency for Toxic Substances & Disease Registry,
2014; Department of the Army, Memorandum Subject, 2004). Specific
exposure scenarios are estimated and shown in Table 3. The field
drinking water standards were designed for a military scenario in which
a small water container might be deliberately contaminated with sig-
nifiant amount of NA. The values< 12 μg/L of GA, GB, GD and VX up
to 7 days exposure at 5 L/day water consumption (higher rate of
drinking in hot environments) are safe. Daily exposure for a lifetime to
soil contaminated from liquid GB (via ingestion, inhalation and dermal
contact) is safe up to the limit of 1.3 mg/kg. In hazardous waste
treatment facilities, possible occasional exposure of workers to waste
water that may contain 8.3 mg/L of GB will not endanger worker’s
health.

Also risk assessment approaches that are used to determine the safe
limits for chronic exposure to NAs should include all the possible sy-
nergism or potentiation effects that could appear in real life exposure
from different sources between them and other chemicals with the same
mechanism of action as organophosphorous compounds used as pesti-
cides (Tsatsakis et al., 2016; Tsatsakis et al., 2017).

The so called “Gulf War” syndrome has inspired numerous studies
and extensive research related to NAs, and a few relevant questions
have been raised:

a) Is it possible to have NA effects from low-level exposures without
the typical clinical picture?

b) Are long-term effects possible after mild exposure?
c) If the exposure goes unrecognized are the delayed effects possible?

One cannot exclude the possibility seeing as how there are cases of
occupationally exposed workers that were found to have very low ChE
levels but without clinical picture. Also, impaired thinking, memory,
calculating ability were documented in volunteers exposed to VX and
were asymptomatic.

There are case reports of workers with mild exposures who had
fatigue, poor memory and concentration difficulties 4–10 months after
the exposure. Duffy and Burchfiel (1980) found nonspecific EEG
changes in workers exposed to sarin, but explained that it had no
clinical significance (Duffy et al., 1979; Duffy and Burchfiel, 1980;
Burchfiel et al., 1976).

No human studies exist that accurately describe that effects of NAs
on neurotoxic esterase (NTE) caused delayed neurotoxicity. Effects on
NTE were confirmed in experimental model on animals. However, the
relevance of these effects in humans exposed to a single dose of NAs is
unclear. So far there is no evidence that NAs can cause delayed effects
similar to those associated with NTE in a military, asymetric conflict or
terrist scenario, but the possibility is not excluded for atypical forms
(Augerson, 2000).

7. Conclusion

Suspected exposure to an OP NA can occur in an environment where
the agent can be found as a liquid, and when perhaps not even the
afflicted know they are exposed to a harmful chemical. The onset of
signs and symptoms of NAs poisoning can also be delayed, up to 18 h
after the exposure. In order to provide successful medical counter-
measures it is necessary to understand the physical, chemical and

toxicological properties of these agents. Depending on the type of ex-
posure there are different requirements that need to be fulfilled for the
exposure to be confirmed.

Conflict of interest

None.

References

Agency for Toxic Substances & Disease Registry, 2014. Toxic Substances Portal – Nerve
Agents (GA, GB, GD, VX). https://www.atsdr.cdc.gov/mmg/mmg.asp?id=523&
tid=93. accessed 10.10.2016.

Augerson, W.S., 2000. Nerve agents. Chapter five. Volume 5: Chemical and Biological
Warfare Agents. RAND, pp. 99–189.

Balali-Mood, M., Balali-Mood, K., 2008. Neurotoxic disorders of organophosphorus
compounds and their managements. Arch Iran. Med. 11 (1), 65–89.

Black, R., Read, R.W., 2013. Biological markers of exposure to organophosphorus nerve
agents. Arch. Toxicol. 87, 421–437.

Breyer, J.H., Thumfart, J.O., Hochstetter, H., Thiermann, H., 2010. Matrix assisted laser
desorpition/ionization time-of-flight mass spectrometry (MALDI-TOF MS) for detec-
tion and identification of albumin phosphylation by organophosphorus pesticides and
G- and V-type nerve agents. Anal. Bioanal. Chem. 398, 2677–2691.

Burchfiel, J.L., Duffy, F.H., Sim, V.M., 1976. Persistent effects of sarin and dieldrin upon
the primate electroencephalogram. Toxicol. Appl. Pharmacol. 35, 365.

CHEMSEA Findings, 2013. Results from the CHEMSEA Project – Chemical Munitions
Search and Assessment. pp. 1–88. (ISBN: 978-83-936609-1-9, Accessed on 12
September, 2016). chemsea.eu/admin/uploaded/CHEMSEAFindings.pdf.

Capacio, B.R., Smith, J.R., Gordon, R.K., Haigh, J.R., Barr, J.R., Lukey, B.J., 2008. Clinical
Detection of exposure to chemical warfare agents. In: Romano, J.A., Lukey, B.J.,
Salem, H. (Eds.), Chemical Warfare Agents, Chemistry, Pharmacology and
Therapeutics. CRC Press, Boca Raton, pp. 501–548.

Carnes, S.A., Watson, A.P., 1989. Disposing of the U.S. chemical weapons stockpile: an
approaching reality. JAMA 262, 653–659.

Claborn, D.M., 2004. Environmental mimics of chemical warfare agents. Mil. Med. 169
(12), 958–961.

Crook, J.W., Hott, P., Owens, E.J., Cummings, E.G., Farrand, R.L., Cooper, A.E., 1983. The
effects of subacute exposures of the mouse, rat, guinea pig, and rabbit to low-level VX
concentrations. Technical Report ARCSL-TR-82038, AD BO86567. Chemical Systems
Laboratory, U.S. Army Armament Research and Development Command, Aberdeen
Proving Ground, MD.

Dabisch, P.A., Hulet, S.W., Kristovich, R., Mioduszewski, R.J., 2001. Inhalation toxicology
of nerve agents. Chapter 11. In: Somani, Satu M., Romano, James A. (Eds.), Chemical
Warfare Agents: Toxicity at Low Levels. CRC Press Taylor & Francis Group, 6000
Broken Sound Prkway NW, Suite 300, Boca Raton, FL, 33487-2742, pp. 233–246.

David, M., 2005. Low-level nerve agent exposure: objectives of future research for mili-
tary and civilian populations. Chapter 6. In: Monov, A., Dishovsky, C. (Eds.), Medical
Aspects of Chemical and Biological Terrorism. Chemical Terrorism and Traumatism.
Publishing House of the Union of Scientists in Bulgaria, pp. 121–128.

Davisson, M.L., Love, A.H., Vance, A., Reynolds, J.G., 2005. Environmental Fate of
Organophosphorus Compounds Related to Chemical Weapons. Lawrence Livermore
national Laboratory. pp. 1–20. (UCRL-TR-209748, Accessed 08 August, 2016).
https://e-reports-ext.llnl.gov/pdf/316349.pdf.

Department of the Army, Memorandum Subject, 2004. Implementation Guidance Policy
for New Airborne Exposure Limits for GB, GA, GD, VX, H, HD, and HT. OASA (I & E)
Signed by Mr. Raymond J. Fatz, Deputy Assistant Secretary of the Army
(Environment, Safety and Occupational Health).

Duffy, F.H., Burchfiel, J.L., 1980. Long-term effects of the organophosphate sarin on EEGs
in monkeys and humans. Neurotoxicology 1, 667–689.

Duffy, F.H., Burchfiel, J.L., Bartels, P.H., et al., 1979. Long-term effects of an organo-
phosphate upon the human electroencephalogram. Toxicol. Appl. Pharmacol. 47,
161–176.

Hernández, A.F., Gil, F., Tsatsakis, A.M., 2014. Biomarkers of chemical mixture toxicity.
In: Gupta, R.C. (Ed.), Biomarkers in Toxicology. Academic Press, pp. 655–669.

Kassa, J., 2005. The role of oximes in the antidotal treatment of chemical casualties ex-
posed to nerve agents. Chapter 11. In: Monov, A., Dishovsky, C. (Eds.), Medical
Aspects of Chemical and Biological Terrorism. Chemical Terrorism and Traumatism.
Publishing House of the Union of Scientists in Bulgaria, pp. 193–208.

Kavvalakis, M.P., Tsatsakis, A.M., 2012. The atlas of dialkylphosphates; assessment of
cumulative human organophosphorus pesticides’ exposure. Forensic Sci. Int. 218
(1–3), 111–122.

Kikilo, P., Fedorenko, V., Ternay Jr., A.L., 2001. Chemistry of chemical warfare agents.
Chapter 2. In: Satu Somani, M., James Romano, A. (Eds.), Chemical Warfare Agents:
Toxicity at Low Levels. CRC Press Taylor & Francis Group, 6000 Broken Sound
Prkway NW, Suite 300, Boca Raton, FL, 33487-2742, pp. 21–51.

Kingery, A.F., Allen, H.E., 1995. The environmental fate of organophosphorus nerve
agents: a review. Toxicol. Environ. Chem. 47, 155–184.

Lionetto, M.G., Caricato, R., Calisi, A., Giordano, M.E., Schettino, T., 2013.
Acetylcholinsterase as a biomarker in environmental and occupational medicine: new
insights and future perspectives. BioMed Res. Int. http://dx.doi.org/10.1155/2013/
321213.

Matsuda, Y., Nagao, M., Takatori, T., Niijima, H., Nakajima, M., Iwase, H., Kobayashi, M.,
Iwadate, K., 1998. Detection of sarin hydrolysis product in formalin-fixed brain

S. Vucinic et al. Environmental Toxicology and Pharmacology 56 (2017) 163–171

170

https://www.atsdr.cdc.gov/mmg/mmg.asp?id=523%26tid=93.%20accessed%2010.10.2016
https://www.atsdr.cdc.gov/mmg/mmg.asp?id=523%26tid=93.%20accessed%2010.10.2016
http://refhub.elsevier.com/S1382-6689(17)30262-4/sbref0010
http://refhub.elsevier.com/S1382-6689(17)30262-4/sbref0010
http://refhub.elsevier.com/S1382-6689(17)30262-4/sbref0015
http://refhub.elsevier.com/S1382-6689(17)30262-4/sbref0015
http://refhub.elsevier.com/S1382-6689(17)30262-4/sbref0020
http://refhub.elsevier.com/S1382-6689(17)30262-4/sbref0020
http://refhub.elsevier.com/S1382-6689(17)30262-4/sbref0025
http://refhub.elsevier.com/S1382-6689(17)30262-4/sbref0025
http://refhub.elsevier.com/S1382-6689(17)30262-4/sbref0025
http://refhub.elsevier.com/S1382-6689(17)30262-4/sbref0025
http://refhub.elsevier.com/S1382-6689(17)30262-4/sbref0030
http://refhub.elsevier.com/S1382-6689(17)30262-4/sbref0030
arxiv:/chemsea.eu/admin/uploaded/CHEMSEAFindings.pdf
http://refhub.elsevier.com/S1382-6689(17)30262-4/sbref0040
http://refhub.elsevier.com/S1382-6689(17)30262-4/sbref0040
http://refhub.elsevier.com/S1382-6689(17)30262-4/sbref0040
http://refhub.elsevier.com/S1382-6689(17)30262-4/sbref0040
http://refhub.elsevier.com/S1382-6689(17)30262-4/sbref0045
http://refhub.elsevier.com/S1382-6689(17)30262-4/sbref0045
http://refhub.elsevier.com/S1382-6689(17)30262-4/sbref0050
http://refhub.elsevier.com/S1382-6689(17)30262-4/sbref0050
http://refhub.elsevier.com/S1382-6689(17)30262-4/sbref0055
http://refhub.elsevier.com/S1382-6689(17)30262-4/sbref0055
http://refhub.elsevier.com/S1382-6689(17)30262-4/sbref0055
http://refhub.elsevier.com/S1382-6689(17)30262-4/sbref0055
http://refhub.elsevier.com/S1382-6689(17)30262-4/sbref0055
http://refhub.elsevier.com/S1382-6689(17)30262-4/sbref0060
http://refhub.elsevier.com/S1382-6689(17)30262-4/sbref0060
http://refhub.elsevier.com/S1382-6689(17)30262-4/sbref0060
http://refhub.elsevier.com/S1382-6689(17)30262-4/sbref0060
http://refhub.elsevier.com/S1382-6689(17)30262-4/sbref0065
http://refhub.elsevier.com/S1382-6689(17)30262-4/sbref0065
http://refhub.elsevier.com/S1382-6689(17)30262-4/sbref0065
http://refhub.elsevier.com/S1382-6689(17)30262-4/sbref0065
https://e-reports-ext.llnl.gov/pdf/316349.pdf
http://refhub.elsevier.com/S1382-6689(17)30262-4/sbref0075
http://refhub.elsevier.com/S1382-6689(17)30262-4/sbref0075
http://refhub.elsevier.com/S1382-6689(17)30262-4/sbref0075
http://refhub.elsevier.com/S1382-6689(17)30262-4/sbref0075
http://refhub.elsevier.com/S1382-6689(17)30262-4/sbref0080
http://refhub.elsevier.com/S1382-6689(17)30262-4/sbref0080
http://refhub.elsevier.com/S1382-6689(17)30262-4/sbref0085
http://refhub.elsevier.com/S1382-6689(17)30262-4/sbref0085
http://refhub.elsevier.com/S1382-6689(17)30262-4/sbref0085
http://refhub.elsevier.com/S1382-6689(17)30262-4/sbref0090
http://refhub.elsevier.com/S1382-6689(17)30262-4/sbref0090
http://refhub.elsevier.com/S1382-6689(17)30262-4/sbref0095
http://refhub.elsevier.com/S1382-6689(17)30262-4/sbref0095
http://refhub.elsevier.com/S1382-6689(17)30262-4/sbref0095
http://refhub.elsevier.com/S1382-6689(17)30262-4/sbref0095
http://refhub.elsevier.com/S1382-6689(17)30262-4/sbref0100
http://refhub.elsevier.com/S1382-6689(17)30262-4/sbref0100
http://refhub.elsevier.com/S1382-6689(17)30262-4/sbref0100
http://refhub.elsevier.com/S1382-6689(17)30262-4/sbref0105
http://refhub.elsevier.com/S1382-6689(17)30262-4/sbref0105
http://refhub.elsevier.com/S1382-6689(17)30262-4/sbref0105
http://refhub.elsevier.com/S1382-6689(17)30262-4/sbref0105
http://refhub.elsevier.com/S1382-6689(17)30262-4/sbref0110
http://refhub.elsevier.com/S1382-6689(17)30262-4/sbref0110
http://dx.doi.org/10.1155/2013/321213
http://dx.doi.org/10.1155/2013/321213
http://refhub.elsevier.com/S1382-6689(17)30262-4/sbref0120
http://refhub.elsevier.com/S1382-6689(17)30262-4/sbref0120


tissues of victims of the Tokyo subway terrorist attack. Toxicol. Appl. Pharmacol.
150, 310–320.

Moshiri, M., Darchini-Maragheh, E., Balali-Mood, M., 2012. Advances in toxicology and
medical treatment of chemical warfare nerve agents. DARU 20 (8), 1–24.

Murata, K., Araki, S., Yokoyama, K., Okumura, T., Ishimatsu, S., Takasu, N., White, R.F.,
1997. Asymptomatic sequelae to acute sarin poisoning in the central and autonomic
nervous system 6 months after the Tokyo subway attack. J. Neurol. 244, 601–606.

Nagao, M., Takatori, T., Matsuda, Y., Nakajima, M., Iwase, H., Iwadate, K., 1997.
Definitive efidence for the acute sarin poisoning diagnosis in the Tokyo subway.
Toxicol. Appl. Pharm. 144, 198–203.

Nakajima, T., Ohta, S., Fukushima, Y., Yanagisawa, N., 1999. Sequelae of sarin toxicity at
one and three years after exposure in Matsumoto, Japan. J. Epidemiol. 9, 337–343.

National Research Council of the National Academies, 2003. Acute Exposure Guideline
Levels for Selected Airborne Chemicals, volume 3. The National Academies Press, 500
Fifth Street, N.W. Box 285, Washington, DC 20055, pp. 1–106. (Accessed 9 October,
2016). https://www.epa.gov./sites/production/files/2014-11/documents/tsd21.
pdf.

OPCW, 1994. Convention on the Prohibition of the Development, Production, Stockpiling
and Use of Chemical Weapons and on Their Destruction. Organisation for the
Prohibition of Chemical Weapons, The Hague.

Okudera, H., 2002. Clinical features on nerve gas terrorism in Matsumoto. J. Clin.
Neurosci. 9, 17–21.

Petrakis, D., Vassilopoulou, L., Docea, A.O., Gofiţă, E., Vucinic, S., Rakitskii, V.N.,
Tsatsakis, A.M., 2017. An overview update in chemical, biological and nuclear
weapons and their effects in human health. Zdravookhranenie Rossiyskoy Federatsii
61 (2), 103–112.

Pita, R., Domingo, J., 2014. The use of chemical weapons in the Syrian conflict. Toxics 2,
391–402.

Romano Jr., J.A., McDonough, J.H., Sheridan, R., Sidell, F.R., 2001. Chapter 1. Health
effects of low-level exposure to nerve agents. In: Somani, Satu M., Romano, James A.
(Eds.), Chemical Warfare Agents: Toxicity at Low Levels. CRC Press Taylor & Francis
Group, 6000 Broken Sound Prkway NW, Suite 300, Boca Raton, FL, 33487-2742, pp.
1–24.

Salem, H., Andrew, L., Ternay Jr, Smart, J.K., 2008a. Brief history and use of chemical
warfare agents in warfare and terrorism. In: Romano, J.A., Lukey, B.J., Salem, H.
(Eds.), Chemical Warfare Agents, Chemistry, Pharmacology and Therapeutics. CRC
Press, Boca Raton, pp. 1–20.

Salem, H., Whalley, C.E., Wick, C.H., Gargan, T.P., Dickinson Burrows, W., 2008b.
Chemical warfare agent threat to drinking water. In: Romano, J.A., Lukey, B.J.,
Salem, H. (Eds.), Chemical Warfare Agents, Chemistry, Pharmacology and
Therapeutics. CRC Press, Boca Raton, pp. 21–50.

Senanayake, N., Karalliedde, L., 1987. Neurotoxic effects of organophosphate

insecticides: an intermediate syndrome. N. Engl. J. Med. 316, 761–763.
Tsatsakis, A., Toutoudaki, M., Tzatzarakis, M., 2009. Assessing chronic exposure to an-

ticholinesterase pesticides by hair analysis. NATO Security through Science Series C:
Environmental Security. Springer Verlang, pp. 203–211.

Tsatsakis, A.M., Docea, A.O., Tsitsimpikou, C., 2016. New challenges in risk assessment of
chemicals when simulating real exposure scenarios; simultaneous multi-chemicals'
low dose exposure. Food Chem. Toxicol. 96, 174–176.

Tsatsakis, A.M., Kouretas, D., Tzatzarakis, M.N., Stivaktakis, P., Tsarouhas, K.,
Golokhvast, K.S., Rakitskii, V.N., Tutelyan, V.A., Hernandez, A.F., Rezaee, R., Chung,
G., Fenga, C., Engin, A.B., Neagu, M., Arsene, A.L., Docea, A.O., Gofita, E., Calina, D.,
Taitzoglou, I., Liesivuori, J., Hayes, A.W., Gutnikov, S., Tsitsimpikou, C., 2017.
Simulating real-life exposures to uncover possible risks to human health. A proposed
consensus for a novel methodological approach. Hum. Exp. Toxicol. 36 (6), 554–564.

US EPA, 1995. US Environmental Protection Agency. The Use of the Benchmark Dose
Approach in Health Risk Assessment. EPA/630/R-94/007.

USACHPPM/ORNL Technical Report: Health-Based Environmental Screening Levels for
Chemical Warfare Agents, March 1999.

van der Schans, M.J., Lander, B.J., van der Wiel, H., Langenberg, J.P., Benschop, H.P.,
2003. Toxicokinetics of the nerve agent (± )-VX in anesthetized and atropinized
hairless guinea pigs and marmosets after intravenous and percutaneous administra-
tion. Toxicol. Appl. Pharmacol. 191, 48–52.

van der Schans, M.J., Polhuijs, M., van Dijk, C., Degenhardt, C.E.A.M., Pleijsier, K.,
Langenberg, J.P., Benschop, H.P., 2004. Retrospective detection of exposure to nerve
agents: analysis of phosphofluoridates originating from fluoride-induced reactivation
of phosphylated BuChE. Arch. Toxicol. 78, 508–524.

van der Schans, M.J., Benschop, H.P., Whalley, C.E., 2008. Toxicokinetics of nerve agents.
In: Romano, J.A., Lukey, B.J., Salem, H. (Eds.), Chemical Warfare Agents, Chemistry,
Pharmacology and Therapeutics. CRC Press, Boca Raton, pp. 97–122.

Verstappen, D.R.W., Hulst, A.G., Fidder, A., Vermeulen, N.P.E., Noort, D., 2012.
Interactions of organophosphates with keratins in the cornified epithelium of human
skin. Chem. Biol. Interact. 197, 93–102.

Vučinić, S., Antonijević, B., Brkić, D., 2014. Occupational and environmental aspects of
organophosphorus compounds. In: In: Balali-Mood, Mahdi, Abdollahi, Mohammad
(Eds.), Basic and Clinical Toxicology of Organophosphorus Compounds 8. Springer-
Verlag, London, pp. 213–245 (ISBN: 978-1-4471-5625-3).

Yokoyama, K., Araki, S., Murata, K., et al., 1998. A preliminary study on delayed vesti-
bulo-cerebellar effects of Tokyo Subway Sarin Poisoning in relation to gender dif-
ference: frequency analysis of postural sway. J. Occup. Environ. Med. 40, 17–21.

Young, R.A., Opresko, D.M., Watson, A.P., Ross, R.H., King, J., Choudhury, H., 1999.
Deriving toxicity values for organophosphate nerve agents: a position paper in sup-
port of the procedures and rationale for deriving oral RfDs for chemical warfare nerve
agents. Hum. Ecol. Risk Assess. 5 (3), 589–634.

S. Vucinic et al. Environmental Toxicology and Pharmacology 56 (2017) 163–171

171

http://refhub.elsevier.com/S1382-6689(17)30262-4/sbref0120
http://refhub.elsevier.com/S1382-6689(17)30262-4/sbref0120
http://refhub.elsevier.com/S1382-6689(17)30262-4/sbref0125
http://refhub.elsevier.com/S1382-6689(17)30262-4/sbref0125
http://refhub.elsevier.com/S1382-6689(17)30262-4/sbref0130
http://refhub.elsevier.com/S1382-6689(17)30262-4/sbref0130
http://refhub.elsevier.com/S1382-6689(17)30262-4/sbref0130
http://refhub.elsevier.com/S1382-6689(17)30262-4/sbref0135
http://refhub.elsevier.com/S1382-6689(17)30262-4/sbref0135
http://refhub.elsevier.com/S1382-6689(17)30262-4/sbref0135
http://refhub.elsevier.com/S1382-6689(17)30262-4/sbref0140
http://refhub.elsevier.com/S1382-6689(17)30262-4/sbref0140
https://www.epa.gov./sites/production/files/2014-11/documents/tsd21.pdf
https://www.epa.gov./sites/production/files/2014-11/documents/tsd21.pdf
http://refhub.elsevier.com/S1382-6689(17)30262-4/sbref0150
http://refhub.elsevier.com/S1382-6689(17)30262-4/sbref0150
http://refhub.elsevier.com/S1382-6689(17)30262-4/sbref0150
http://refhub.elsevier.com/S1382-6689(17)30262-4/sbref0155
http://refhub.elsevier.com/S1382-6689(17)30262-4/sbref0155
http://refhub.elsevier.com/S1382-6689(17)30262-4/sbref0160
http://refhub.elsevier.com/S1382-6689(17)30262-4/sbref0160
http://refhub.elsevier.com/S1382-6689(17)30262-4/sbref0160
http://refhub.elsevier.com/S1382-6689(17)30262-4/sbref0160
http://refhub.elsevier.com/S1382-6689(17)30262-4/sbref0165
http://refhub.elsevier.com/S1382-6689(17)30262-4/sbref0165
http://refhub.elsevier.com/S1382-6689(17)30262-4/sbref0170
http://refhub.elsevier.com/S1382-6689(17)30262-4/sbref0170
http://refhub.elsevier.com/S1382-6689(17)30262-4/sbref0170
http://refhub.elsevier.com/S1382-6689(17)30262-4/sbref0170
http://refhub.elsevier.com/S1382-6689(17)30262-4/sbref0170
http://refhub.elsevier.com/S1382-6689(17)30262-4/sbref0175
http://refhub.elsevier.com/S1382-6689(17)30262-4/sbref0175
http://refhub.elsevier.com/S1382-6689(17)30262-4/sbref0175
http://refhub.elsevier.com/S1382-6689(17)30262-4/sbref0175
http://refhub.elsevier.com/S1382-6689(17)30262-4/sbref0180
http://refhub.elsevier.com/S1382-6689(17)30262-4/sbref0180
http://refhub.elsevier.com/S1382-6689(17)30262-4/sbref0180
http://refhub.elsevier.com/S1382-6689(17)30262-4/sbref0180
http://refhub.elsevier.com/S1382-6689(17)30262-4/sbref0185
http://refhub.elsevier.com/S1382-6689(17)30262-4/sbref0185
http://refhub.elsevier.com/S1382-6689(17)30262-4/sbref0190
http://refhub.elsevier.com/S1382-6689(17)30262-4/sbref0190
http://refhub.elsevier.com/S1382-6689(17)30262-4/sbref0190
http://refhub.elsevier.com/S1382-6689(17)30262-4/sbref0195
http://refhub.elsevier.com/S1382-6689(17)30262-4/sbref0195
http://refhub.elsevier.com/S1382-6689(17)30262-4/sbref0195
http://refhub.elsevier.com/S1382-6689(17)30262-4/sbref0200
http://refhub.elsevier.com/S1382-6689(17)30262-4/sbref0200
http://refhub.elsevier.com/S1382-6689(17)30262-4/sbref0200
http://refhub.elsevier.com/S1382-6689(17)30262-4/sbref0200
http://refhub.elsevier.com/S1382-6689(17)30262-4/sbref0200
http://refhub.elsevier.com/S1382-6689(17)30262-4/sbref0200
http://refhub.elsevier.com/S1382-6689(17)30262-4/sbref0205
http://refhub.elsevier.com/S1382-6689(17)30262-4/sbref0205
http://refhub.elsevier.com/S1382-6689(17)30262-4/sbref0215
http://refhub.elsevier.com/S1382-6689(17)30262-4/sbref0215
http://refhub.elsevier.com/S1382-6689(17)30262-4/sbref0215
http://refhub.elsevier.com/S1382-6689(17)30262-4/sbref0215
http://refhub.elsevier.com/S1382-6689(17)30262-4/sbref0220
http://refhub.elsevier.com/S1382-6689(17)30262-4/sbref0220
http://refhub.elsevier.com/S1382-6689(17)30262-4/sbref0220
http://refhub.elsevier.com/S1382-6689(17)30262-4/sbref0220
http://refhub.elsevier.com/S1382-6689(17)30262-4/sbref0225
http://refhub.elsevier.com/S1382-6689(17)30262-4/sbref0225
http://refhub.elsevier.com/S1382-6689(17)30262-4/sbref0225
http://refhub.elsevier.com/S1382-6689(17)30262-4/sbref0230
http://refhub.elsevier.com/S1382-6689(17)30262-4/sbref0230
http://refhub.elsevier.com/S1382-6689(17)30262-4/sbref0230
http://refhub.elsevier.com/S1382-6689(17)30262-4/sbref0235
http://refhub.elsevier.com/S1382-6689(17)30262-4/sbref0235
http://refhub.elsevier.com/S1382-6689(17)30262-4/sbref0235
http://refhub.elsevier.com/S1382-6689(17)30262-4/sbref0235
http://refhub.elsevier.com/S1382-6689(17)30262-4/sbref0240
http://refhub.elsevier.com/S1382-6689(17)30262-4/sbref0240
http://refhub.elsevier.com/S1382-6689(17)30262-4/sbref0240
http://refhub.elsevier.com/S1382-6689(17)30262-4/sbref0245
http://refhub.elsevier.com/S1382-6689(17)30262-4/sbref0245
http://refhub.elsevier.com/S1382-6689(17)30262-4/sbref0245
http://refhub.elsevier.com/S1382-6689(17)30262-4/sbref0245

	Environmental exposure to organophosphorus nerve agents
	Introduction
	Nerve agents and toxicity
	Confirmation of exposure
	Clinical picture and field treatment
	Minimal exposure
	Light exposure
	Moderate exposure
	Severe exposure

	Biological markers of exposure to NAs
	Risk assessment
	Conclusion
	Conflict of interest
	References




