
 

Bahrain Medical Bulletin, Vol. 37, No. 2, June 2015      

 

Environmental Neurotoxicology: A review  

 

Fahd Ali Al-Khamis, MBBS, FNKFU* Abdullah Abdulsalam Al-Sulaiman, MBBS, FNUOD** 

 

Industry in the Kingdom of Saudi Arabia (KSA), making use of the amassed income from 

oil production, is showing phenomenal development and diversification in industrial 

products that have no match in the region. Chemical use in industry is on the rise 

worldwide and KSA is the main user and producer of chemicals (organic and inorganic 

compounds) in the Gulf region. A good number of chemicals, which may be the form of 

gas, liquid, or solid state, are neurotoxic causing poisoning, birth defects, severe illness, or 

even death.  

 

Toxicity sometimes arises from the metabolite and not from the parent chemical.  In this 

review, we have briefly discussed the symptoms, signs, diagnosis, management, and 

prevention of toxicity of various groups of neurotoxic chemicals which are most likely 

found in Saudi industry. The clinical features of neurotoxicity depend on several factors, 

such as the physical characteristics of the chemical, the route of entry, the dose and 

susceptibility of the exposed individual. Investigations depend on the type of the toxic 

agent. These range from measuring the toxic chemical or its metabolites in biological 

samples, electro-physiological and laboratory investigations or nerve biopsy. Management 

depends on the poisoning agent and the presenting symptoms and signs. Intensive care 

might be required for acutely intoxicated patients. Preventing occupational diseases, in 

general, requires joint efforts between governments, industry and employees. Elimination 

is the key to prevention with the use of personal protective clothing as the last resort. 
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Use of industrial toxic chemicals in the world is on the rise. In the United States, between 50,000 

and 100,000 chemicals are in use in industry and more than a thousand new ones are sent yearly 

for evaluation
1
.  

 

Some industrial chemicals such as polychlorinated biphenyls (PCBs), toluene, methyl mercury, 

lead, and arsenic are known neurotoxic chemicals. In addition, these substances can cause 

subclinical brain dysfunction and developmental disorders. Exposure during early fetal life can 

lead to brain damage at doses much lower than those affecting the mature adult brain
2,3

.  

 

Gage found that some chemicals have various neurotoxic adverse effects; 1,1,1-

trishydroxymethylpropane bicyclic phosphite (an organic phosphorus compound) was one of the 

most toxic compounds handled in that  study
4
. 

 



 

Saudi Arabia (KSA) is witnessing a rapid industrial growth that has no match in the Eastern 

Mediterranean Region following the amassed income from the oil production and exportation
5
. 

This industrial growth and diversification has entailed the production and use of different types 

of industrial chemicals some of which constitute a health hazard in the absence of preventive 

measures.   

 

The aim of this review is to highlight the neurotoxicity of the different types and use of 

neurotoxic chemical groups, and discuss the modes of entry into the body, symptoms, signs, 

diagnosis, prognosis management and control. 

 

What is a Toxic Substance? 

 

A toxic substance is any substance that causes poisoning, birth defects, severe illness, or death 

when it enters the body through ingestion, inhalation or dermal absorption. In other words, any 

naturally occurring or synthetic substance that negatively affects any of the structural or 

functional components of the nervous system is labeled as neurotoxic
6
.  

 

These substances can also be carcinogenic, corrosives, mutagenic, teratogenic or reproductive 

hazards. The U.S. Department of Justice published a list of 98 toxic industrial chemicals (TICs) 

grouped by their hazard index. Twenty-one are considered highly hazardous, 38 medium, and the 

remaining 39 are listed under the low hazard index group. This classification was intended for 

the emergency first responders to select the appropriate equipment in case of an emergency
7
. 

Grandjean et al reported about 200 chemicals that are neurotoxic to adults
2
.  

 

Industrial toxins come in the form of gas, liquid, or solid state. The severity of the adverse health 

hazards depends on the chemical structure of the agent, the total dose absorbed by the body, the 

route and the body‟s ability to detoxify or eliminate the substance
8
.  

 

What makes the nervous system more vulnerable to toxic substances? The nervous system is a 

delicate organ and minor changes in its structure can have severe adverse effects. Not only toxic 

substances cause damage to the nervous system, but also aging causes progressive loss of 

neurons
6
.   

 

Toxic Groups  

 

Three types of toxic entities were recognized; biological (bacteria and viruses), chemicals 

(organic and inorganic compounds), and physical (substances that can interfere with biological 

processes such as silica dust and asbestos). In this review, only chemical toxins at the 

occupational level will be discussed. 

 

Routes of Entry of Toxic Chemicals  

 

Toxic chemicals might gain entry through inhalation, dermal, ingestion and injection; the 

chemicals might cross the blood-placental barrier passing from mother to the unborn baby.  



 

 

Inhalation is the most important and common route of entry of toxic substances into the body. 

These toxic agents can be in the form of dusts, gases, fumes, mists, smoke, and vapors
9
.  

 

The dermal route which include epidermal cells, hair follicles, and sebaceous glands, is an 

uncommon route. The skin permeability depends on the chemical and the skin
10

. Permeability 

differs between species. Humidity also might increase the rate of absorption
11,12

. 

  

Aniline and nitrobenzene are two examples; once in contact with the skin the chemical may 

cause local irritation, necrosis, sensitization or may enter the blood circulation
13

. The skin 

sensitization may later trigger an allergic response both at the point of contact or in remote 

areas
14

. 

  

The ingestion route is not as common as the inhalation route. Contaminated hands, drinking and 

swallowing contaminated mucus coughed up from the lungs are the possible modes of entry into 

the body.  An ingested chemical after entering the body goes to the liver and may be immediately 

detoxified
9
. 

 

Injection, as a route of introducing the toxic chemical directly into the blood stream, is an 

uncommon mode of intoxication in industrial settings. However, it might be due to accidental 

injuries by sharp instrument which is more common among healthcare workers where infectious 

agents rather than toxic chemicals are introduced in the body
15,16

.   

 

Possible Chemicals in the Saudi Industry 

  

Several industrial establishments in the country either produce chemicals or manufacture 

products based on different types of chemicals. Examples of chemicals include, but are not 

limited to olefins (ethylene, propylene, butadiene, butene-1), methyl tertiary butyl ether (MTBE), 

methanol, industrial ethanol, styrene, benzene, paraxylene and purified terephthalic acid (PTA), 

ethylene dichloride (EDC), vinyl chloride monomer (VCM), and chlorine
17

. Other chemicals 

available include pesticides, lead, caustic soda, hydrochloric acid and sodium hypochlorite, to 

mention a few.  

 

A number of these chemicals namely methanol, industrial ethanol, styrene, benzene, paraxylene, 

EDC, VCM, pesticides, lead, and sodium hypochlorite are known for their neurotoxicity. 

  

Modes of Neurotoxicity 

 

According to Latov peripheral neuropathy and polyneuropathy are terms that describe syndromes 

resulting from diffuse lesions of peripheral nerves, usually manifested by weakness, sensory loss 

and autonomic dysfunction
18

.  

 

Paracelsus considered “all substances as poisons; there is none which is not a poison. The right 

dose differentiates a poison and a remedy”
19

. 

 



 

Toxicity might arise from the metabolite and not from the parent chemical. This is true for the 

organophosphorus pesticide Malathion, which has to be converted to malaoxon to actively 

inhibit the enzyme acetylcholinesterase (AChE)
20

.  

 

Fat soluble toxins have the ability to readily penetrate the blood-brain barrier and nerves. Many 

toxins do not affect the architecture of nerve cells, albeit they disrupt the chemical balance and 

function
21

.  

 

A toxic chemical might affect the target organs at the molecular or cellular levels. At the 

molecular level, it might cause reduction of neurotransmitter; at the cellular level, the flow of 

ions across the cell membrane might be altered, thereby disturbing the transmission of signal 

between nerve cells
22

. 

 

The effect might be confined to the central nervous system (encephalopathy) or the peripheral 

nervous system (polyneuropathy) or might involve both, which could be reversible or 

irreversible. Some neurotoxins could cause CNS nerve cells degeneration, such as mercury, or 

peripheral nerves, such as acrylamide monomer
21

. Some chemicals cause more than one illness 

following a single exposure. Ethanol causes CNS depression during the acute phase and liver 

cirrhosis as a sequel to chronic toxicity
23

.  

 

Some chemicals have a predilection to specific organ or organs, while others are multi-organ 

poisons. Schaumburg et al think that the ideal classification of toxic chemicals “should link the 

vulnerable target of chemical attack to alterations in neural function”. However, this 

classification is faced with the fact that some chemicals might adversely affect different sites 

within the brain or the peripheral nervous system
24

.  

 

Groups of Neurotoxic Agents 

 

Neurotoxic agents can be grouped into: gases, metals, monomers, organic solvents, pesticides, 

and a group that does not fit into any of these categories
1
.  

 

Exposure to neurotoxic gases such as carbon dioxide (CO2), carbon monoxide (CO), hydrogen 

cyanide (HCN), hydrogen sulphide (H2S) and nitrous oxide (N2O) may be encountered in metal 

industry, mining and other industries.  

 

The acute toxic effects that might arise following exposure to these gases range from headache 

and tremor to loss of consciousness or death; the chronic effects may be encephalopathy (HCN, 

H2S, N2O), or numbness of fingers and toes and reduced coordination following exposure to 

N2O
1
. 

 

Ramazzini described the adverse effects of H2S; this gas, besides being neurotoxic, is known to 

cause olfactory fatigue at a concentration above 100 ppm so that the exposed worker smells this 

rotten gas once he enters the polluted area but soon the smell disappears and he continues to 

work in the area until he succumbs
25

.  



 

Metals known to be neurotoxic include arsenic, cadmium, copper, lead, manganese, mercury, 

and zinc
26

.  Others such as, selenium, tin, and aluminum have been reported to be neurotoxic as 

well
27-29

. 

  

The exposure to these chemicals is likely to be in industrial settings, such as metal works, glass 

manufacturing, mining, aluminum smelting and lead-acid and nickel-cadmium batteries 

manufacturing. Some chemicals might have a synergistic effect causing neurological effects 

significantly greater than when either gain access alone. Examples are manganese chloride and 

lead acetate, and the anti-nerve gas drug pyridostigmine bromide, the insect repellent N, N-

diethyl meta-toluamide (DEET), and the insecticide permethrin
30,31

.  

 

Monomers include acrylamide, acrylonitrile, carbon disulphide and styrene. Acrylonitrile-

butadiene-styrene (ABS) and acrylamide are used in industries such as water treatment, 

electronics and gold mining to mention a few. Acrylonitrile is used primarily to produce 

acrylamide, acrylic fibers, plastics, adiponitrile fibers and barrier resins
32

. Acrylonitrile besides 

its neurotoxicity is carcinogenic to mice and a possibly human (Group B1)
33,34

.   

 

Carbon disulfide is mostly used for the production of viscose rayon and cellophane, among other 

uses
35

. It is known to cause severe neurotoxicity; motor and sensory nerve dysfunction, affective 

disorders and behavioral changes
36

.   

 

Styrene, which is a monomer and a solvent, is used primarily to produce polystyrene, styrene 

homopolymers, copolymers and various other types of products
37

. Styrene has been reported to 

cause peripheral sensorimotor neuropathy and a “subclinical impairment of color vision”
38,39

. 

The International Agency for Research on Cancer (IARC) has categorized it as a possible human 

carcinogen (Group 2B)
40

.  

 

Solvents are extensively used in the coatings industry because of their important role in the 

quality and durability of paints and varnishes. Shoe industry was found by De Rosa et al to have 

a high risk of neurotoxicity; the risk is lower in the printing industry and nearly absent during 

painting
41

.   

 

According to Viaene, the reported acute symptoms following exposure to solvents included 

irritation of both the eyes and nose in addition to ataxia, dyspnea, headache, nausea, and a feeling 

of drunkenness. More severe symptoms include convulsions and coma
42

.  

 

Chronic exposure may lead to narcosis, euphoria, agitation, discoordination, ataxia, dysarthria, 

dizziness, light-headedness that might progress to unconsciousness and death
43,44

. Methyl-n-

butyl ketone (MBK or MnBK), n-hexane, and carbon disulfide are known for their 

neurotoxicity
44

.   

  

Another form of CNS toxicity following long-term exposure to organic solvents is known as 

“painter‟s syndrome”. This condition has multiple names and classifications. It is characterized 

by sensorimotor polyneuropathies and neuro-behavioral that persisted even after cessation of 

exposure to the offending solvent
45,46

.  

 



 

Solvents toxicity is not limited to the nervous system but can affect the eyes, skin, liver, and 

kidneys, besides being cancer-risk. The visual defect arises after long term exposure. The color 

vision defect is loss of blue-yellow color discrimination or occasionally a combination of blue-

yellow and red-green loss
43,47

.  

 

Pesticide use is on the rise worldwide
48

. They come in the form of baits, chalk, gel, granules, 

liquid, paste, pellets, or powder. They are grouped as organo-phosphates, carbamates, 

organochlorines, and pyrethrins. Exposure can be at the production line, at home, in agriculture 

or during transport or municipal use.  

 

The organophosphorous pesticides (OP) and the carbamates inhibit the activity of the enzyme 

acetylcholinesterase which leads to accumulation of acetylcholine at nerve endings and 

neuromuscular junctions. The acute symptoms include difficulty in breathing, neuromuscular 

paralysis, weakness, and convulsions
49

.  

  

„Ginger paralysis‟ or „organophosphorus neurotoxicity‟ is a delayed type of complication that 

occurs between 10 to 21 days post exposure
50

. Tri-p-ethylphenyl phosphate is an 

organophosphorus compound that produces neurotoxicity without inhibiting the enzyme 

cholinesterase
51

. 

 

Some patients after apparent recovery from the acute cholinergic syndrome might develop a 

delayed respiratory muscle paralysis before the appearance of the delayed polyneuropathy. This 

condition is called the intermediate syndrome (IMS)
52,53

.  

    

Herbicides, like paraquat and diquat and fungicides such as triadimefon, a triazole fungicide, 

have also been shown to possess neurotoxic properties in rats
54,55

. Other neurotoxic 

agrochemicals include organochlorine pesticides fungicides, pyrethroid insecticides, nicotine, 

rodenticides, fungicides, fumigants (sulfuryl fluoride; zinc, magnesium, and aluminum 

phosphides), chlorophenoxy herbicides, and warfarin
56

.  

 

Organochlorine pesticides (OCP) have been linked with the development of Parkinson‟s disease 

(PD)
57

. Chhillar et al conducted a case controlled study involving 70 PD patients and 75 age-

matched healthy volunteers found strong association of dieldrin and β-hexachlorocyclohexane 

with the risk of PD
58

.  

 

Vanadium pentoxide and tetraethyl lead (TEL) may adversely affect the nervous system. 

Vanadium-exposed workers were found to have intention tremor of the fingers and arms and 

reduced neurobehavioral abilities particularly the visuospatial abilities
59,60

. Lead comes in two 

forms: organic (tetraethyl and tetramethyl lead) and inorganic (or metallic lead); both forms are 

known to be neurotoxic agents
61,62

.  

 

Tetraethyl lead was once an additive to gasoline to improve the octane level in diesel-powered 

cars. Many countries worldwide have banned its use and replaced it with methyl tertiary butyl 

ether (MTBE)
63

. However, it is still an additive to aviation fuel for piston-engine powered 

aircrafts. 

 



 

Pathophysiology  

 

Axonal degeneration, segmental demyelination, and neuronopathy are the three main 

pathological processes that affect the peripheral nervous system. Axonal degeneration is 

commonly seen in toxic conditions, besides nutritional, systemic, and metabolic disorders
64

.   

 

Axonal degeneration is accompanied by the breakdown of the axon together with the myelin 

sheath, a condition known as “dying-back”. The axons gradually degenerate starting from the 

synaptic regions toward the cell body
65,66

.  

 

The underlying pathology of segmental demyelination is destruction of the myelin sheath but 

sparing the axon, while neuronopathy occurs at the level of the motor neuron or dorsal root 

ganglia. Recovery of neuronopathy at this level is unlikely to be complete
64,65

.  

 

Clinical Features of Neurotoxicity 

 

Neurotoxicity is characterized by a chain of symptoms. These depend on several factors, which 

include, but are not limited to the physical characteristics of the chemical, the route of entry, the 

body‟s ability to metabolize and excrete the toxin, smoking habit and the dose and susceptibility 

of the exposed individual. Older subjects may be more vulnerable, and more so if they have 

another CNS disease
66

. The dose depends on the concentration in the workplace, the duration of 

exposure, and activity of the worker. Different concentrations of a specific chemical may cause 

different neurotoxic symptoms. These effects are usually reversible once exposure has ceased
67

.  

 

The body reaction to the toxic substance might be motor, mood and personality effects, sensory, 

cognitive, behavioral disorders, and general, such as depression of neuronal activity, narcosis, 

stupor, fatigue, and nerve damage
68,69

.  

 

The symptoms may immediately follow exposure or appear after a latent period. In the case of 

organophosphate pesticides, for example, the latency could vary between 2 to 6 weeks before the 

appearance of peripheral neuropathy
70

.   

  

Inhaling a large dose of n-hexane, for example, may result in coma and death. Although, inhaling 

lower doses over several weeks may cause severe peripheral neuropathy with no CNS 

symptoms
71

.  

 

The severity of the adverse effects is classified into several levels: level 1 (reversible, subjective 

symptoms) to level 6 (morphological changes; axonopathy and cell death, as well as subcellular 

morphological changes)
1
.  

 

Diagnosis 

 

History of medical and occupational health is the key to exclude non-occupational causes of 

neuropathy
72

.  

 



 

The symptoms and signs of polyneuropathy could be sensory loss, pain, thermal sensation, light 

touch, motor, autonomic (such as anhidrosis, dryness of the eyes and mouth, and orthostatic 

hypotension in advanced cases) or a combination of these
73

.   

 

Greene J et al stated that the pathological processes that adversely affect the CN and the PNS are 

few
74

. They grouped these into inherited, developmental, acquired conditions, infectious 

diseases, inflammatory, ischemic, neoplastic, degenerative and toxic/metabolic disorders.  

 

It is imperative that the treating physician ask the patient to describe in detail the current and 

previous jobs, exposures and whether personal protective equipment is provided and used. In the 

case of an acute exposure, the temporal onset of symptoms should be probed
75

.  

 

The current clinical presentation might not be arising from workplace exposures. The home 

environment could be the source of the intoxication. This particularly applies to pesticides.  

 

Sometimes, an accidental exposure to a neurotoxic chemical coincides with the appearance of a 

naturally occurring peripheral nerve disease or disorder leading to misdiagnosis; the condition 

was labeled pseudoneurotic disease by Albers and Berent
76

.  

 

The patient may present with symptoms related only to the peripheral nerves, such as pain, 

tingling or numbness, or related to the central nervous system, such as hyperreflexia, Babinski 

reflex, sexual dysfunction, and tremor
75

. Autonomic, motor, sensory, or a combination may be 

damaged by neurotoxic substances
77

.  

 

Physical Examination 

 

Peripheral nerve root lesions are usually asymmetric with a dermatomal pattern of sensory 

symptoms. Ataxia, speech difficulty, and double or color vision symptoms indicate involvement 

of the central nervous system; symptoms and signs of polyneuropathy could be sensory loss, 

pain, thermal sensation, light touch; motor, autonomic, such as anhidrosis, dryness of the eyes 

and mouth, and orthostatic hypotension in advanced cases or a combination of these
78,73

. 

 

Differential Diagnosis 

 

Other causes of neuropathy that need to be excluded are the following: uremic neuropathy, 

diabetic neuropathy, polymyositis, amyotrophic lateral sclerosis (ALS), inclusion body myositis, 

neurosarcoidosis, syringomyelia (idiopathic and acquired), polyarteritis nodosa, vitamin 

deficiencies (E, B1, B6, and B12), past trauma, work-related musculoskeletal disorders (namely 

carpal tunnel syndrome), and alcohol.  

  

Excessive alcohol is a risk factor for peripheral and autonomic neuropathy in addition to other 

CNS diseases such as cerebellar degeneration, cognitive deterioration, Wernicke‟s 

encephalopathy and Wernicke-Korsakoff syndrome (WKS)
23,79

. 

  

HIV infection, varicella-zoster viruses, Epstein-Barr virus and herpes simplex, could damage the 

nervous system and should be excluded
80

. 



 

   

Several types of antibiotics, anti-hypertensive, cardiovascular, anti-convulsants, and chemotherapy 

medications are known for their neurotoxicity
81-86

. Subjects with comorbidities such as a central 

nervous system or renal disease are more vulnerable to neurotoxicity.  

 

Investigations 

 

The diagnosis of toxic neuropathy starts with basic investigations such as a complete blood 

count, erythrocyte sedimentation rate, fasting blood sugar, thyroid function test and vitamin B12.  

 

CSF analysis might be required to diagnose chronic immune mediated axonal neuropathies or 

chronic inflammatory demyelinating polyradiculoneuropathy (CIDP)
87

. Non-occupational 

comorbidities need to be excluded, such as connective tissue disorders, inflammatory 

neuropathies, hereditary neuropathies, Krabbe‟s disease, diabetes, hypothyroidism, vitamins and 

iron deficiencies
64

. Measurement of blood and/or urinary levels of the suspected toxic chemical 

or its metabolite is necessary to confirm or repudiate the diagnosis. Some chemicals have 

specific metabolites which can be measured in biological samples as indicators of exposure to 

the toxic agent.  

 

Electrodiagnostic evaluation may be required to check the integrity of the large myelinated nerve 

fibers and identify the predominant pathophysiology; it also helps determining the prognosis for 

some disorders
88,89

. Neuroimaging combined with neurophysiologic testing and 

neuropsychological evaluation will support the suspicion or the recognition of the toxic 

chemical. A repeat of the tests sometime after withdrawal from exposure is recommended 

whenever possible
75

.  

 

Other investigations include sympathetic skin reflex, needle electromyography, somatosensory 

evoked potentials, and quantitative sensory testing (useful in detecting early sensory 

abnormalities in people exposed to occupational and environmental toxins). Nerve biopsies may 

be performed but only after adequate clinical, electrophysiological and laboratory investigations 

have been performed
90,91

.  

 

Management 

 

Acute poisoning 
 

Immediate attention should be directed to adequacy of the airway and ventilation, cardiac 

function and skin decontamination to prevent further dermal absorption. The patient needs to be 

monitored and stabilized. Gastric lavage may be required in case of acute oral poisoning by 

substances other than corrosives and hydrocarbons. Otherwise, gastric emptying is 

recommended. A sample of the gastric content should be sent to the laboratory for analysis. 

Pharmacologic measures depend on the type of the toxic chemical. Specific antidotes should be 

used provided that there are no contraindications.  

 

Chronic poisoning 
 



 

Once the diagnosis has been established and the causative neurotoxic agent has been identified, 

removal from further exposure is necessary in the management of occupation-related diseases, be 

it neurotoxic or otherwise, to prevent further deterioration of the condition. Some diseases might 

resolve or improve after cessation of exposure, such as type 1 solvent neurotoxicity, while others 

might not or even progress as in manganese-induced Parkinsonism
44,92

.  

   

Prognosis 

 

Prognosis depends on the age of the exposed employee, the type of the neurotoxin, duration of 

exposure, presence of comorbidities and severity of the condition at the time of diagnosis. Early 

recognition and treatment will most likely lead to complete recovery or prevent possible 

complications. Protracted cases may take months or years before complete recovery, provided 

that no damage has occurred to the nervous system. 

  

Control  

 

The National Institute for Occupational Safety and Health (NIOSH) in the United States of 

America has outlined actions to be taken to prevent work-related neurotoxic diseases. The 

International Labor Organization (ILO) has outlined the strategies for prevention of occupational 

diseases in a document prepared for the World Day for safety and health at work
93,94

. Preventing 

occupational diseases, in general, requires joint efforts between governments, industry and 

workers. ILO has recommended that countries develop “good national Occupational Safety and 

Health (OSH) system to strengthen the prevention of occupational diseases”. Both NIOSH and 

ILO have stressed the need for training and research to identify hazards control methods. Proper 

teaching and training of healthcare professionals, industrial hygienists, employees, and 

employers is a requirement for a successful OSH program.  

   

 The Hierarchy of Workplace Hazards Control
95

:  
 

 Elimination: remove the hazardous chemical or change work process that will keep the 

hazard away from the work site; This is the most effective means. 

 Substitution: use a substance that is not toxic or less toxic. 

 Engineering control: automation, guarding, isolation (to prevent the substance from 

reaching the exposed person) and local exhaust ventilation to remove the hazardous 

substance from the work site.   

 Administrative control: involves proper training, education, work scheduling and 

supervision. 

 Personal Protective Equipment (PPE): provide suitable PPE and educate workers of their 

proper use, storage, cleaning, and enforce their use; This is the least effective.  

______________________________________________________________________________ 

Author Contribution: All authors share equal effort contribution towards (1) substantial 

contributions to conception and design, acquisition, analysis and interpretation of data; (2) 

drafting the article and revising it critically for important intellectual content; and (3) final 

approval of the manuscript version to be published. Yes. 

 

Potential Conflicts of Interest: None. 



 

 

Competing Interest: None.  Sponsorship: None. 

 

Submission Date: 6 August 2014. Acceptance Date: 16 April 2015. 

 

REFERENCES 

 

1. Soborg PA, Simonsen L. Chemical Neurotoxic Agents. In: Mergler D, Valciukas J. 

Nervous System. Stellman J. Encyclopedia of Occupational Health and Safety. 

Geneva, International Labor Organization, 2011 Available at: 

http://www.ilo.org/iloenc/part-i/nervous-system/item/289-chemical-neurotoxic-

agents. Accessed on 11/2/2014. 

2. Grandjean P, Landrigan PJ. Developmental Neurotoxicity of Industrial Chemicals. 

Lancet 2006; 368(9553):2167-78. 

3. Grandjean P, Landrigan PJ. Neurobehavioural Effects of Developmental Toxicity. 

Lancet Neurol 2014; 13(3):330-8. 

4. Gage JC. The Subacute Inhalation Toxicity of 109 Industrial Chemicals. Br J Ind 

Med 1970; 27(1):1-18. 

5. U.S. Energy Information Administration. OPEC Revenues Fact Sheet 2013.  

Available at: http://www.eia.gov/countries/analysisbriefs/opec_revenues/opec.pdf. 

Accessed on 11/2/2014. 

6. Harris JB, Blain PG. Neurotoxicology: What the Neurologist Needs to Know. J 

Neurol Neurosurg Psychiatry 2004; 75:Suppl 3:iii29-34. 

7. Guide for the Selection of Chemical and Biological Decontamination Equipment for 

Emergency First Responders. Available at: 

https://www.ncjrs.gov/pdffiles1/nij/189724.pdf. Accessed on 11/2/2014.  

8. Understanding Toxic Substances. An Introduction to Chemical Hazards in the 

Workplace. Available at: 

http://www.cdph.ca.gov/programs/hesis/Documents/introtoxsubstances.pdf. 

Accessed on 11/2/2014. 

9. Cherrie JW, Semple S, Christopher Y, et al. How Important is Inadvertent Ingestion 

of Hazardous Substances at Work? Ann Occup Hyg 2006; 50(7):693-704. 

10. Katritzky AR, Dobchev DA, Fara DC, et al. Skin Permeation Rate as a Function of 

Chemical Structure. J Med Chem 2006; 49(11): 3305-14.   

11. Suskind RR. Environment and the Skin. Environ Health Perspect 1977; 20:27-37. 

12. Fritsch WC, Stoughton RB. The Effect of Temperature and Humidity on the 

Penetration of C14 Acetylsalicylic Acid in Excised Human Skin. J Invest Dermatol 

1963; 41:307-11. 



 

13. International program on chemical safety. Environmental health criteria 230. 

Nitrobenzene. Available at: 

http://www.inchem.org/documents/ehc/ehc/ehc230.htm#7.7.2. 

Accessed on 4/3/2015.   

14. Semple S. Dermal Exposure to Chemicals in the Workplace: Just How Important is 

Skin Absorption? Occup Environ Med 2004; 61(4):376-82.  

15. Wilburn SQ, Eijkemans G. Preventing Needlestick Injuries among Healthcare 

Workers: A WHO-ICN Collaboration. Int J Occup Environ Health 2004; 10(4):451-

6. 

16. Vaz K, Mcgrowder D, Crawford T, et al. Prevalence of Injuries and Reporting of 

Accidents among Health Care Workers at the University Hospital of the West 

Indies. Int J Occup Med Environ Health 2010; 23(2):133-43. 

17. Saudi Basic Industries Corporation (SABIC). Products & Services. Available at: 

http://www.sabic.com/me/en/productsandservices/chemicals/. Accessed on 

5/3/2104. 

18. Latov N. Peripheral Neuropathies: SECTION XII. Chapter 103.General Considerations. 

In: Lewis H, Rowland R Merritt‟s Neurology. 10
th

 Ed. Philadelphia: Lippincott 

Williams & Wilkins Publishers, 2000: Available at 

http://www.federaljack.com/ebooks/Consciousness%20Books%20Collection/Merrit

t%20-%20Neurology%2010th%20Ed.pdf.: Accessed on 29/4/2014. 

19. Steven G. Gilbert. A Small Dose of Toxicology. The Health Effects of Common 

Chemicals. 2
nd

 Edition. Healthy World Press. January 2012. P 21 

20. Aker WG, Hu X, Wang P, et al. Comparing the Relative Toxicity of Malathion and 

Malaoxon in Blue Catfish Ictalurus Furcatus. Environ Toxicol 2008; 23(4): 548-54. 

21. Schaumburg HH.  Chemicals and the Nervous System - The Dana Guide. March 

2007. Available at: http://www.dana.org/Publications/GuideDetails.aspx?id=50005. 

Accessed on 29/4/2014 

22. U.S. Congress, Office of Technology Assessment. Neurotoxicity: Identifying and 

Controlling Poisons of the Nervous System, Washington, DC: U.S. Government 

Printing Office, 1990. Available at: 

http://www.mpwhi.com/ntis_order_pb90252511.pdf. Accessed on 1/5/2014. 

23. Barclay GA, Barbour J, Stewart S, et al. Adverse Physical Effects of Alcohol 

Misuse. Advances in Psychiatric Treatment 2008; 14(2):229-34. 

24. Schaumburg HH, Spencer PS. Classification of Neurotoxic Responses Based on 

Vulnerability of Cellular Sites. Neurol Clin 2000; 18(3):517-24.  

25. Reiffenstein RJ, Hulbert WC, Roth SH. Toxicology of Hydrogen Sulfide. Annu Rev 

Pharmacol Toxicol 1992; 32:109-34. 

26. Wright RO, Baccarelli A. Metals and Neurotoxicology. J Nutr 2007; 137(12):2809-

13.  

27. Vinceti M, Mandrioli J, Borella P, et al. Selenium Neurotoxicity in Humans: 

Bridging Laboratory and Epidemiologic Studies. Toxicol Lett 2014; 230(2):295-

303.  

28. Snoeij NJ, Penninks AH, Seinen W. Biological Activity of Organotin Compounds - 

An Overview. Environ Res 1987; 44(2):335-53.  



 

29. Perl DP, Pendlebury WW. Aluminum Neurotoxicity--Potential Role in the 

Pathogenesis of Neurofibrillary Tangle Formation. Can J Neurol Sci 1986; 13(4 

Suppl):441-5. 

30. Chandra AV, Ali MM, Saxena DK, et al. Behavioral and Neurochemical Changes in 

Rats Simultaneously Exposed to Manganese and Lead. Arch Toxicol 1981; 49(1): 

49-56.  

31. Abou-Donia MB, Wilmarth KR, Jensen KF, et al. Neurotoxicity Resulting from 

Coexposure to Pyridostigmine Bromide, Deet, and Permethrin: Implications of Gulf 

War Chemical Exposures. J Toxicol Environ Health 1996 May; 48(1):35-56. 

32. United States Environmental Protection Agency, EPA. Acrylonitrile. Hazard 

summary. Available at: http://www.epa.gov/ttn/atw/hlthef/acryloni.html. Accessed 

on: 7/5/2104. 

33. Ghanayem BI, Nyska A, Haseman JK, et al. Acrylonitrile is a Multisite Carcinogen 

in Male and Female B6C3F1 Mice. Toxico Sci 2002; 68(1):59-68.   

34. Koerselman W, van der Graaf M. Acrylonitrile: A Suspected Human Carcinogen. 

Int Arch Occup Environ Health 1984; 54(4):317-24.  

35. Newhook R, Meek ME, Caldbick D.  Carbon Disulfide. Concise International 

Chemical Assessment Document 46. Geneva, World Health Organization, 2002.  

Available at: http://www.who.int/ipcs/publications/cicad/en/cicad46.pdf. Accessed 

on 7/5/2104 

36. Wood RW. Neurobehavioral Toxicity of Carbon Disulfide. Neurobehav Toxicol 

Teratol 1981; 3(4):397-405. 

37. Saudi Basic Industries Corporation (SABIC). Styrene Monomer.   Available at: 

http://www.sabic.com/corporate/en/productsandservices/chemicals/styrene-

monomer. Accessed on 5/3/2104. 

38. Seppalainen AM. Neurotoxicity of Styrene in Occupational and Experimental 

Exposure. Scand J Work Environ Health 1978; 4 Suppl 2:181-3.   

39. Gobba F, Cavalleri F, Bontadi D, et al. Peripheral Neuropathy in Styrene-Exposed 

Workers. Scand J Work Environ Health 1995; 21(6):517-20.  

40. World Health Organization. International Agency for Research on Cancer. IARC 

Monographs on the Evaluation of Carcinogenic Risks to Humans: Some Traditional 

Herbal Medicines, Some Mycotoxins, Naphthalene and Styrene. Lyon, France 2002; 

82:12-9.  

41. De Rosa E, Bartolucci GB, Brighenti F, et al. The Industrial Use of Solvents and 

Risk of Neurotoxicity. Ann Occup Hyg 1985; 29(3):391-7.  

42. Viaene MK. Overview of the Neurotoxic Effects in Solvent-Exposed Workers. Arch 

Public Health 2002; 60:217-232. 

43. White RF, Proctor SP. Solvents and Neurotoxicity. Lancet 1997; 349(9060):1239-

43.  

44. Dick FD. Solvent Neurotoxicity. Occup Environ Med 2006; 63(3): 221-6, 179.  

45. Gade A, Mortensen EL, Bruhn P. “Chronic Painter's Syndrome”. A Reanalysis of 

Psychological Test Data in a Group of Diagnosed Cases, Based on Comparisons 

with Matched Controls. Acta Neurol Scand 1988; 77(4): 293-306. 

46. Baker EL. A Review of Recent Research on Health Effects of Human Occupational 

Exposure to Organic Solvents: A Critical Review. J Occup Med 1994; 36(10):1079-

92.  

http://toxsci.oxfordjournals.org/content/68/1/59.abstract#fn-1


 

47. Gobba F, Cavalleri A. Color Vision Impairment in Workers Exposed to Neurotoxic 

Chemicals. Neurotoxicology 2003; 24(4-5):693-702. 

48. Donaldson D, Kiely T, Grube A. Pesticides Industry Sales and Usage 1998-1999 

Market Estimates. United States Environmental Agency.  Available at: 

http://www.epa.gov/pesticides/pestsales/99pestsales/market_estimates1999.pdf.  

Accessed on 5/3/2104. 

49. Keifer MC, Mahurin RK. Chronic Neurologic Effects of Pesticide Overexposure. 

Occup Med 1997; 12(2):291-304. 

50. Ladell WS. Physiological and Clinical Effects of Organophosphorus Compounds. 

Proc R Soc Med 1961; 54:405-6. 

51. Cavanagh JB, Davies DR, Holland P, et al. Comparison of the Functional Effects of 

Dyflos,Tri-O-Cresyl Phosphate and Tri-P-Ethylphenyl Phosphate in Chickens. Brit J 

Pharmacol Chemother 1961; 17:21-7.  

52. Senanayake N, Karalliedde L. Neurotoxic Effects of Organophosphorus 

Insecticides. An Intermediate Syndrome. N Engl J Med 1987; 316(13):761-3.  

53. Karalliedde L, Baker D, Marrs TC. Organophosphate-Induced Intermediate 

Syndrome: Aetiology and Relationships with Myopathy. Toxicol Rev 2006; 25(1):1-

14. 

54. Costa LG, Giordano G, Guizzetti M, et al. Neurotoxicity of Pesticides: A Brief 

Review. Front Biosci 2008; 13:1240-9 

55. Moser VC, MacPhail RC. Neurobehavioral Effect of Triadimefon, A Triazole 

Fungicide, in Male and Female Rats. Neurotoxicol Teratol 1989; 11(3):285-93. 

56. Bjørling-Poulsen M, Andersen HR, Grandjean P. Potential Developmental 

Neurotoxicity of Pesticides Used in Europe.  Environ Health 2008; 7:50.  

57. Hatcher JM, Pennell KD, Miller GW. Parkinson's Disease and Pesticides: A 

Toxicological Perspective.  Trends Pharmacol Sci 2008; 29(6):322-9. 

58. Chhillar N, Singh NK,  Banerjee BD, et al. Organochlorine Pesticide Levels and 

Risk of Parkinson‟s Disease in North Indian Population. ISRN Neurol 

2013; 2013:371034. 

59. Wyers H. Some Toxic Effects of Vanadium Pentoxide. Br J Ind Med 1946; 3:177-

82.  

60. Barth A, Schaffer AW, Konnaris C, et al. Neurobehavioral Effects of Vanadium. J 

Toxicol Environ Health A 2002; 65(9):677-83.    

61. Hay W. Lead Encephalopathy in A Cooperage. Br J Ind Med 1950; 7(4):177-87. 

62. Walker G, Boyd PR. Tetraethyl Lead Poisoning; Report of a Non-Fatal Case. Lancet 

1952; 2(6732):467-9.  

63. Thomas V, Kwong A. Ethanol as a Lead Replacement: Phasing Out Leaded 

Gasoline in Africa. Energy Policy 2001; 29:1133-43. 

64. McLeod JG. Investigation of Peripheral Neuropathy. J Neurosurg Psychiatry 1995; 

58(3) 274-83.   

65. Poncelet AN.  An Algorithm for the Evaluation of Peripheral Neuropathy. Am Fam 

Physician 1998; 57(4):755-64. 

66. Wang JT, Medress ZA, Barres BA. Axon Degeneration: Molecular Mechanisms of a 

Self-Destruction Pathway. J Cell Biol 2012; 196(1):7-18.  

http://www.epa.gov/pesticides/pestsales/99pestsales/market_estimates1999.pdf


 

67. Berger AR, Schaumburg HH, Lowe ES. Human Toxic Neuropathy Due to Industrial 

Agents. Available at: http://www.neuropathy.org/site/DocServer/Toxin-Induced-

Neuropathies.pdf?docID=1603. Accessed on 5/3/2104. 

68. U.S. Congress, Office of Technology Assessment. Neurotoxicity: Identifying and 

Controlling Poisons of the Nervous System, Washington, DC: U.S. Government 

Printing Office, 1990. 

69. Feldman RG. Clinical Syndromes Associated with Neurotoxicity. In: Mergler D, 

Vaciukas ed. Nervous System. Stellman J. Encyclopedia of Occupational Health and 

Safety. Geneva, International Labor Organization, 2011 Available at: 

http://www.ilo.org/iloenc/part-i/nervous-system/item/291-clinical-syndromes-

associated-with-neurotoxicity.  Accessed on 5/3/2104. 

70. Berger AR, Schaumburg HH, Schroeder C, et al.  Dose Response, Coasting, and 

Differential Fiber Vulnerability in Human Toxic Neuropathy: A Prospective Study 

of Pyridoxine Neurotoxicity. Neurology 1992; 42:1367-70. 

71. Centers for disease Control and Presvention (CDC). N-Hexane-Related Peripheral 

Neuropathy among Automotive Technicians- California, 1999-2000. MMWR Morb 

Mortal Wkly Rep 2001; 50 (45):1011-3. 

72. Felton JS. The Heritage of Bernardino Ramazzini. Occup Med (Lond) 1997; 

47(3):167-79.  

73. Shields RW. Peripheral Neuropathy. Cleveland Clinic Center for Continuing 

Education. Available at: 

http://www.clevelandclinicmeded.com/medicalpubs/diseasemanagement/neurology/

peripheral-neuropathy/#cesec4. Accessed on 5/3/2104. 

74. Greene J, Bone I. History Taking and Physical Examination. In:  Greene J, Bone I. 

Understanding Neurology: A Problem-Orientated Approach. London, Manson 

Publishing, 2007. Available at: 

http://sgh.org.sa/Portals/0/Articles/Understanding%20Neurology%20-

%20a%20Problem-Orientated%20Approach.pdf. Accessed on 5/3/2104.     

75. Rutchik JS. Toxic Neuropathy. Medscape. Available at: 

http://emedicine.medscape.com/article/1175276-clinical. Accessed on 5/3/2104.    

76. Kumar N. Industrial and Environmental Toxins. Neurotoxicology 2008; 14(5):102-

137. 

77. Scott K, Kothari MJ. Evaluating the Patient with Peripheral Nervous System 

Complaints. J Am Osteopath Assoc 2005; 105(2):71-83.       

78. Azhary H, Farooq MU, Bhanushali M, et al. Peripheral Neuropathy: Differential 

Diagnosis and Management. Am Fam Physician 2010; 81(7):887-92.  

79. Ammendola A, Tata MR, Aurilio C, et al. Peripheral Neuropathy in Chronic 

Alcoholism: A Retrospective Cross-Sectional Study in 76 Subjects. Alcohol Alcohol 

2001; 36 (3):271-5.   

80. Gilden DH, Mahalingam R, Cohrs RJ et al. Herpesvirus Infections of the Nervous 

System. Nat Clin Pract Neurol 2007; 3(2):82-94. 

81. Snavely SR, Hodges GR. The Neurotoxicity of Antibacterial Agents. Ann Intern 

Med 1984; 101(1):92-104.     

82. Schwartz MT, Calvert JF. Potential Neurologic Toxicity Related to Ciprofloxacin. 

DICP 1990; 24(2):138-40. 

http://www.neuropathy.org/site/DocServer/Toxin-Induced-Neuropathies.pdf?docID=1603
http://www.neuropathy.org/site/DocServer/Toxin-Induced-Neuropathies.pdf?docID=1603
http://www.clevelandclinicmeded.com/medicalpubs/diseasemanagement/neurology/peripheral-neuropathy/#cesec4
http://www.clevelandclinicmeded.com/medicalpubs/diseasemanagement/neurology/peripheral-neuropathy/#cesec4


 

83. Argov Z, Mastaglia FL. Drug-Induced Peripheral Neuropathies. Br Med J 1979; 

1(6164): 663-6.  

84. Perucca P, Gilliam FG. Adverse Effects of Antiepileptic Drugs. Lancet Neurol 

2012; 11 (9):792-802.  

85. Verstappen CC, Heimans JJ, Hoekman K, et al. Neurotoxic Complications of 

Chemotherapy in Patients with Cancer: Clinical Signs and Optimal Management.  

Drugs 2003; 63(15):1549-63.   

86. Minisini AM, Pauletto G, Andreetta C. Anticancer Drugs and Central Nervous 

System: Clinical Issues for Patients and Physicians. Cancer Lett 2008; 2679(1):1-9.  

87. Willison HJ, Winer JB. Clinical Evaluation and Investigation of Neuropathy. J 

Neurol Neurosurg Psychiatry 2003; 74 Suppl 2:ii3–ii8. 

88. DiVincenzo GD, Kaplan CJ, Dedinas J. Characterization of the Metabolites of 

Methyl N-Butyl Ketone, Methyl Iso-Butyl Ketone, and Methyl Ethyl Ketone in 

Guinea Pig Serum and Their Clearance. Toxicology and Appl Pharmacol 1976; 

36(3):511-22. 

89. Donofrio PD, Albers JW.  AAEM Minimonograph #34: Polyneuropathy: 

Classification by Nerve Conduction Studies and Electromyography. Muscle Nerve 

1990; 13(10):889-903.  

90. Mellgren SI, Lindal S. Nerve Biopsy- Some Comments on Procedures and 

Indications. Acta Neurol Scand Suppl 2011; (191):64-70. 

91. Lauria G, Devigili G. Skin Biopsy as a Diagnostic Tool in Peripheral Neuropathy. 

Nat Clin Pract Neurol 2007; 3(10):546-57. 

92. Huang CC, Lu CS, Chu NS, et al. Progression after Chronic Manganese Exposure.  

Neurology 1993; 43(8):1479-83.  

93. Proposed National Strategy for the Prevention of Neurotoxic Disorders. National 

Institute for Occupational Safety and Health. DHHS (NIOSH) 1988; 89-134.  

94. International Labor Organization. The Prevention of Occupational Diseases. World 

Day for safety and health at work 28 April 2013. Available at: 

http://www.ilo.org/public/english/region/eurpro/moscow/areas/safety/docs/2013/wd

_report2013_en.pdf. Accessed on 15/5/2014. 

95. New York Committee for Occupational Safety & Health (NYCOSH). Hierarchy of 

Hazard Controls. Available at: http://nycosh.org/index.php?page=Hierarchy-of-

Hazard-Controls.  Accessed on 15/5/2014. 

 

http://www.ilo.org/public/english/region/eurpro/moscow/areas/safety/docs/2013/wd_report2013_en.pdf
http://www.ilo.org/public/english/region/eurpro/moscow/areas/safety/docs/2013/wd_report2013_en.pdf
http://nycosh.org/index.php?page=Hierarchy-of-Hazard-Controls.
http://nycosh.org/index.php?page=Hierarchy-of-Hazard-Controls.

