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A B S T R A C T   

The current study aimed to systematically review the studies concerning the biological moni
toring of benzene exposure in occupational settings. A systematic literature review was conducted 
in Scopus, EMBASE, Web of Science, and Medline from 1985 through July 2021. We included 
peer-reviewed original articles that investigated the association between occupational exposure 
to benzene and biological monitoring. We identified 4786 unique citations, of which 64 cross- 
sectional, one case-control, and one cohort study met our inclusion criteria. The most studied 
biomarkers were urinary trans-trans muconic acid, S- phenyl mercapturic acid, and urinary 
benzene, respectively. We found the airborne concentration of benzene as a key indicator for 
choosing a suitable biomarker. We suggest considering urinary benzene at low (0.5–5.0 TLV), 
urinary SPMA and TTMA at medium (5.0–25 and 25–50 TLV, respectively), and urinary phenol 
and hydroquinone and catechol at very high concentrations (500 and 1000 TLV ≤, respectively). 
Genetic polymorphism of glutathione S-transferase and oral intake of sorbic acid have con
founding effects on the level of U-SPMA and U-TTMA, respectively. The airborne concentration, 
smoking habit, oral consumption of sorbic acid, and genetic polymorphism of workers should be 
considered in order to choose the appropriate indicator for biological monitoring of benzene 
exposure.   

1. Introduction 

Benzene is the most common aromatic hydrocarbon used in a variety of industries and is naturally occurring in some environments. 

Abbreviations: ACGIH, American Conference of Governmental Industrial Hygienists; TLV, Threshold limit value; U, Urine; Bl, Blood; Cr, 
Creatinine; U–B, Un-metabolized benzene in urine (μg. L− 1); Bl-B: U–B, Un-metabolized benzene in blood (μg. L− 1); U-TTMA, Trans, Trans-muconic 
acid in urine (μg. g Cr− 1, *: μg. L− 1); U-SPMA, S- phenyl mercapturic acid in urine (μg. g Cr− 1, *: μg. L− 1); U-Hq, Hydroquinone in urine (mg. g 
Cr− 1, *: mg. L− 1); U-Ph, Phenol in urine (mg. g Cr− 1, *: mg. L− 1); U–Ca, Catechol in urine (mg. g Cr− 1, *: mg. L− 1); Exh-B, Un-metabolized benzene 
in exhaled air (mg. L− 1); CS, Cross-sectional; CC, Case-control; Ex, Exposed; nEx, Non-exposed; NR, Non report; ND, Not detected; SD, Standard 
variation; GM, Geometric mean; GSD, Geometric standard deviation, mean; P, Percentile. 
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Consequently, it is possible for workers and the general public to be exposed to some occupational and accidental hazards. Generally, 
workers in a wide range of workplaces may expose to benzene and this exposure might be significant in oil processing industries, 
polymer or resin factories, rubber production facilities, and gasoline stations, oil processing industries, polymer or resin factories, 
rubber production facilities, and gasoline stations [1–4]. 

Human biomonitoring is identified as complementary to environmental monitoring and a useful tool for accurately assessing 
occupational exposure to chemicals, which is conducted periodically monitoring the amounts of unchanged chemical or its metabolites 
in the body’s biological fluids, physiological changes, or enzymatic alteration [5]. A chemical may undergo several biotransformation 
processes (from entry into the body to excrete), resulting in a range of biomarkers [6]. So far, various biomarkers have been used to 
estimate occupational exposure to benzene as well as related health risk [2]. These biomarkers include unchanged benzene in blood 
[7], urine [8], and exhaled breath [9], ring hydrolyzed metabolites including phenol [10], catechol [11], and hydroquinone [12] in 
urine, ring open metabolites including Trans, Trans-muconic acid (TTMA) [13,14] and S- phenyl mercapturic acid (SPMA) in urine [15, 
16], and blood protein adducts [17,18]. 

Until now, researchers have studied several biomarkers for biological monitoring of exposure to benzene, and sometimes con
flicting results are seen because different biomarkers have been introduced and recommended at different levels of external exposure 
[19]. When conducting such studies, careful attention should be paid to confounding factors such as smoking, eating habits, timing of 
sampling during work shifts, selection of control groups. If these criteria are taken into monitoring, the results of the study can be 
expected to give a more accurate correlation between the exposure concentration and the level of metabolites in the body [20,21]. To 
the best of our knowledge, there are no published studies or comprehensive guidelines to provide conclusive evidence for determining 
the optimal benzene metabolites for varieties of concentrations and there is a tenuous compromise between various researchers in this 
area. Therefore, in this systematic review, we sought to these questions: Which benzene biomarkers should be selected for which level 
of benzene exposure? What are the confounding factors in the biological monitoring of benzene? What are the confounding factors in 
the biological monitoring of benzene? 

2. Materials and methods 

We registered this systematic review in the PROSPERO database (number: CRD42021268528) and the PRISMA statement was used 
which is an evidence-based minimum set of 27 items for reporting systematic reviews and meta-analyses [22]. 

2.1. Search strategy 

A Systematic search was conducted in the online database SCOPUS, EMBASE, Web of Science, and PubMed (Medline) for time 
windows of 1985 to July 1, 2021, without geographic or language restriction. We used combinations of exposure and biomonitoring 
keywords with the Boolean operator “OR” and “AND” (Title, Abstract, and Keywords). The exposure keywords were “Benzene”, 
“occupational exposure”, “Workplace”, “occupations”, and biomonitoring keywords were “Biological monitoring”, “Biomonitoring”, 
“Biomarker”, “urine”, “blood”, “breath air”, “trans, trans, Muconic acid”, “S- Phenylmercapturic acid”, “Hydroquinone”, “Phenol”, and 
“Catechol”. Furthermore, we used the Medical Subject Heading (MeSH) terms, including the “Benzene”, “Biological Monitoring”, “Bio- 
monitoring”, “Occupational Exposure”, “Occupational Groups”, “Occupations”, “Muconic acid”, “S-Phynel- N- actylcesteine”, 
“Phenol”, as well as “Hydroquinone”. Details about the Search Strategy are available in the electronic supplementary. 

2.2. Eligibility criteria 

The original peer-reviews articles with the following criteria were included in the current review: (1) observational article (cross- 
sectional, cohort, case-control), and longitude, (2), full-text articles, (3) present original data, (4) preferred biological monitoring of 
occupational exposure to benzene, and (5) simultaneously reported benzene exposure and biomarker (s) concentration. 

We excluded (1) published letters to the editor, (2) review articles, (3) single case studies, (4) modeling studies without original 
data, (5) laboratory, mechanism, or clinical articles, (6) non-occupational studies, (7) animal studies, and (8) non-English articles. 

2.3. Study selection 

The researchers (R.R and H.M) assessed the title, abstract, and keywords of records were screened. Moreover, the full text of some 
papers was evaluated if the title, abstract, and keywords did not supply enough data to prove its eligibility for the current study. A third 
party (AR. R) was included in the decision-making process, if R.R and H.M were not able to reach an agreement. 

2.4. Data extraction 

We (R.R and H.M) used a standardized sheet for extraction following data from included studies: study details (Author, publication 
year, study design, country of origin, and workplace industry), personal confounding factors, methods (number of an air sample, 
media, time, and number of the biological samples), and outcome data (descriptive statistics of inhalation concentration exposure and 
any biomarkers). Data were extracted separately in different occupational groups, exposed and non-exposed, male and female, pre, 
during, and post-shift work, and smokers and non-smokers. The average level of inhalation occupational exposure was categorized 
according to the TLV: ≤0.02, 0.02–0.2, 0.2–1.0, 1.0–2.0, 2.0–10, 10–20, and ≥20 times the TLV. Thus, it was classified into 7 

R. Rahimpoor et al.                                                                                                                                                                                                    



Heliyon 9 (2023) e21576

3

categories (1: ≤0.032, 2: 0.032–0.32, 3: 0.32–1.6, 4: 1.6–3.2, 5: 3.2–16, 6: 16–32, and 7: >32 mg m− 3). 

2.5. Risk of bias in individual studies 

A score for quality, the Newcastle-Ottawa scale was used to assess the appropriateness of research design, representativeness of the 
sample, sample size, objectivity/reliability of outcome measurement, Comparability, and appropriate statistical analyses of cohort and 
case-control studies [23]. A modified from the Newcastle-Ottawa scale was used for cross-sectional studies [24]. Score disagreements 
were resolved by consensus after reference back to the original article. Finally, studies with a mean score greater than or equal to five 
were included. In brief, we considered seven sources of bias and classified the studies into low risk of bias (two stars), medium risk of 
bias (one star), high risk of bias (no star) (Table 2). The sum of stars indicates for each study the total risk of bias with a maximum of 10 
stars referring to the lowest risk of bias [25]. 

2.6. Statistical analysis 

In descriptive mode, the quantitative data were reported as mean, median, standard deviation (SD), minimum (min), and maximum 
(max). Qualitative data were reported as number (n) and percentage (%). The appropriate data were extracted from included studies 
using format prepared in Microsoft Excel Version 2019 and exported to the Statistical Package for Social Sciences (SPSS), version 22 
(IBM, Armonk, NY, USA) for all analyses. All graphs were obtained from the Excel version 2019 (Microsoft, New Mexico, USA). 

3. Results 

3.1. Study selection 

Initial systematic searches identified a total of 4786 records and after removing duplicates retrieved 4072 articles for screening 
titles and abstracts. We excluded 3828 records by screening titles and abstracts and another 178 when full-text locked. Finally, 66 
studies were included in the systematic review (Fig. 1). 

3.1.1. Study characteristics 
A total of 64 cross-sectional studies (96.97 %) one case-control and one cohort study were eligible to be included in the current 

review. Of the 66 studies included, 40 were published between 1986 and 2009, and 26 were published more recently from 2010 to 
2019 (Table 1). Most of studies conducted in the Italy (36.4 %), following by China (18.2 %), Iran (7.6 %), Thailand (6.1 %), Bulgaria 
(3.0 %), Brazil (3.0 %), Norway (3.0 %), South Korea (3.0 %), Singapore (3.0 %), and another (16.7 %); Belgium, Croatia, England, 
Estonia, France, Germany, India, Netherland, Tunisia, Sweden, and the USA. Two studies were done on the same workers, but they 
reported different metabolites [11,26]. 

Fig. 1. PRISMA diagram for screening and selection papers.  
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Table 1 
Details of the included studies in analysis.  

Reference Design Location Industry/Profession Population Biological matrix (Sampling time) 

[10] CS China Shoe factories Ex:152, nEx:131 Urine (Post shift), Breath air (Post shift) 
[27] CS UK Coke oven Ex:53, nEx:12 Urine (Pre and post shift), Blood (Pre and post shift), Breath 

air (Pre, mid and post shift) 
[11] CS China Shoe factories Ex:152, nEx:131 Urine (Post shift) 
[26] CS China Shoe factories Ex:152, nEx:213 Urine (Post shift) 
[14] CS China Petrochemical Ex:14, nEx:8 Urine (Post shift) 
[13] CS France Perfume industry Ex:23, nEx:79 Urine (Post shift) 
[28] CS Germany Car mechanics Ex:20, nEx:6 Urine (Pre, mid and post shift), Blood (Post shift) 
[29] CS Europe Oil and gas industries Ex:188, nEx:52 Urine (Pre and post shift) 
[30] CS Singapore Petrol refineries Ex: 285 Urine (Post shift) 
[17] CS Croatia Shoe making Ex:49, nEx:27 Urine (Pre and post shift), Blood (Post shift) 
[12] CS Belgium Coke plants, Ex:200, nEx:200 Urine (Pre and post shift), Breath air (Post shift) 
[31] CS Estonia Petrochemical Ex:90, nEx:39 Urine (Post shift), Blood (Post shift), Breath air (Post shift) 
[32] CS Singapore Gasoline terminals and refinery 

workers 
Ex:280 Urine (Post shift), Blood (Post shift) 

[33] CS China Not defined Ex:38, nEx:17 Urine (Post shift) 
[34] CS Italy Office worker Ex: 100 Urine (Post shift), Blood (Post shift) 
[35] CS South Korea Resident near Petrochemical Ex: 115 Urine (Post shift), Blood (Post shift) 
[36] CS China Glue- and shoe-making Ex:25, nEx:25 Urine (Pre and post shift) 
[37] CS Italy Gasoline station Ex:190 Urine (Pre and post shift), Blood (Post shift) 
[8] CS China Natural rubber Ex:44, nEx:44) Urine (Post shift) 
[38] CS Italy Pharmacies Low Ex:12, High 

Ex: 19 
Urine (Post shift) 

[39] CS Italy Traffic Wardens Ex: 66, nEx:33 Urine (Post shift), Blood (Post shift) 
[40] CS Tunisia Gasoline station Ex: 30, nEx:20 Urine (Pre and post shift) 
[9] CS USA Automobile mechanics Ex: 82 Breath air (Pre and post shift) 
[41] CS China Glue-making Ex: 130, nEx:51 Urine (Pre and post shift) 
[42] CS Bulgaria Petrochemical Ex: 148 Urine (Pre and post shift) 
[43] CS Brazil Oil refinery Ex: 36, nEx:116 Urine (Post shift) 
[44] CS Italy Traffic wardens and chemical 

laboratory 
Ex:62 Urine (Post shift) 

[45] CS Italy, 
Bulgaria 

Petrochemical Ex: 623 Urine (Post shift) 

[46] CS Italy Gas station attendants Ex:366, nEx:49 Urine (Pre and post shift) 
[47] CC Bulgaria Petrochemical workers Ex:158, nEx:50 Urine (Pre and post shift) 
[48] CS Thailand Petrochemical and station 

attendants 
Ex:135 Urine (Pre and post shift), Blood (Post shift) 

[49] CS China Not defined Ex:130, nEx:51 Urine (Pre and post shift) 
[50] CS India Gasoline station workers Ex:29, nEx:30 Urine (Post shift) 
[51] CS Italy Gasoline filling-station Ex: 33 Urine (Pre and Post shift) 
[52] CS China Shoe and cloth making Ex:250, nEx:139 Urine (Post shift) 
[53] CS Norway Oil tank workers Ex:10, nEx:9 Urine (Pre shift, Post shift, Next Pre shift), Blood (Pre shift, 

post shift, Next pre shift) 

Reference Design Location Industry/Profession Population Biological matrix (Sampling time) 

[54] CS Iran Taxi driver, Petrol station 
workers 

Ex: 85, nEx:60 Urine (Post shift) 

[55] CS Iran Street sweepers Ex:40, nEx:40 Urine (Post shift) 
[56] CS Italy Urban Policemen Ex:114 Urine (Post shift) 
[57] CS Italy Traffic policemen Ex:100 Urine (Post shift) 
[58] CS Thailand Traffic policemen Ex:24, nEx:24 Urine (Pre and post shift), Blood (Post shift) 
[59] CS Italy Petrochemical Ex:145 Urine (Post shift) 
[60] CS Italy Petrochemical and station 

attendants 
Ex:82, nEx:51 Urine (Post shift) 

[61] CS Italy Petrol Refinery Ex:168, nEx:108 Urine (Post shift) 
[7] CS Italy Fuel terminals Ex: 41, nEx:31 Urine (Post shift) 
[62] CS Italy Traffic policemen Ex: 70, nEx:40 Urine (Post shift) 
[63] CS Italy Traffic policemen Ex: 130 Urine (Pre and post shift) 
[64] CS Italy Not defined Ex: 137 Urine (Post shift) 
[65] CS China Shoe-making Ex: 44 Urine (Pre and post shift) 
[66] CS Italy Oil refinery Ex: 32, nEx:65 Urine (Pre and post shift) 
[67] Cohort Italy Petrochemical Ex:28 Urine (Post shift) 
[68] CS Norway Offshore petroleum Ex: 25, nEx:18 Urine (Pre and post shift), Blood (Pre and post shift) 
[69] CS Italy Traffic policewomen, Ex: 69, nEx:22 Urine (Post shift), Blood (Post shift at last day of week) 
[70] CS Italy Traffic policemen. Ex:139, nEx:110 Urine (Post shift), Blood (Post shift) 
[71] CS China Shoe-making Ex: 55 Urine (Post shift) 
[72] CS Iran Petrochemical workers Ex: 104 Urine (Post shift) 
[73] CS Italy Petrol station workers Ex: 89, nEx:90 Urine (Baseline [Frist day of the week], pre and post shift) 

(continued on next page) 
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3.2. Risk of bias in individual studies assessment 

The quality of included studies was to be good (mean: 7.73, range: 6–10). Of the 66 studies, 2 (3.03 %) scored 10, 13 (19.7 %) 
scored 9, 21 (31.81 %) scored 8, 27 (40.91 %) scored 7, and 3 (4.55 %) scored 6 (Table 2). 

3.3. Level of inhalation exposure to benzene and its biological indicators 

Occupational exposure to benzene often occurs through inhalation way, although skin exposure may also occur [5]. The American 
Conference of Governmental Industrial Hygienists (ACGIH) has recommended a threshold limit value (TLV) of 0.064 mg m3 (0.02 
ppm) for airborne exposure, which is accepted by many countries worldwide [82,83]. Benzene can cause leukemia and pancytopenia 
by targeting the hematopoietic system, and therefore is classified as carcinogenic to humans (1A) [84]. Additionally, the evidence 
indicated that airborne exposure to benzene associated with acute and chronic adverse effects on numerous systems of the body, 
including the nervous system, inhalation system, immune system, and reproductive and developmental systems [54,84,85]. 

Table S1 describes the main findings of all identified studies evaluating occupational exposure to benzene and its biological 
monitoring. The results reflects that the inhalation and biological monitoring of occupational exposure to benzene has been carried out 
in various type occupations, most of which were involved in the production, extraction, consumption, and storage of benzene. Data 
analysis shown that the average level of inhalation exposure to benzene in different industries is almost twelve times higher as the TLV- 
TWA level. Additionally, the mean concentration of inhalation occupational exposure to benzene in different industries is almost three 
hundred times higher as the TLV-TWA level (Mean: 19.34, Median: 0.54, SD: 56.98, Range: 0.005–357.8, and TLV-TWA: 0.064 mg 
m− 3). The results showed that the concentration of inhalation exposure in 18 studies was less than 0.032 mg m− 3, in 23 studies in the 
range of 0.032–3.2 mg m− 3 (13 studies in the range of 0.032–0.32, 6 studies in the range of 0.32–1.6, and 4 studies in the range of 
1.6–3.2 mg m− 3), in 16 studies was in the range of 3.2–32 mg m− 3 (12 studies in the range of 3.2–16.0 and 4 studies in the range of 
16.0–32.0 mg m− 3), and in 8 studies was higher than 32.0 mg m− 3. Figs. 2–5 represent the mean concentration of examining bio
markers based on the various levels of inhalation occupational exposure. 

3.3.1. Inhalation exposure to benzene in different occupations 
In this review study, based on the type of job and industry, the level of inhalation exposure to benzene and the level of its biological 

indicators were analyzed. Preliminary results showed that workers in the workplaces often deal with the manufacturing, using and 
storing of benzene, and based on that, the identified studies were classified into 5 categories as follows: A) industries user benzene as a 
solvent (shoe making, glue making, chemical industries, paint and printing plants, coke plants, perfume industries, car and automobile 
mechanic, pharmaceutical industries, and maintenance workers), B) industries manufacturer benzene and its derivatives (petro
chemical, oil refining, fuel terminal workers, oil depots workers, and offshore petroleum workers), C) Fuel distribution stations 
(gasoline and gas stations), D) traffic police and drivers (bus and taxi drivers, oil tank drivers, street sweeper, traffic warden and traffic 
police), and E) office workers. The results showed that the highest and lowest concentration of occupational exposure to benzene were 
reported in industries user benzene as a solvent and Fuel distribution stations (42.72 ± 71.73 and 0.26 ± 0.38 mg m− 3, respectively), 
respectively. Figs. S1–S4 depict the average concentration of benzene biomarkers based on the type of industries. 

3.4. Biological indicators of benzene 

A valid biomarker exposure must be correlated with the external dose of the interest chemical, and also be useful to assess dose- 
response and dose-effect relationships [21]. Therefore, the main role of biomarkers is to assess occupational exposure to chemical 
toxins through all absorption routs of and also complement workplace environmental monitoring data [5,86,87]. 

The well-recognized metabolic pathways of benzene in the biotransformation process are enzyme-dependent and accessible to 
these enzymes (GST, CYP, CYP2E1, NQO1, and MPO) might change at different concentrations [16,88]. This can cause changes in the 
benzene biomarker levels at different concentrations of exposure to benzene [52]. 

Although different types of biomarkers were identified in various industries (Fig. 6), TTMA in urine (47 studies), SPMA in urine (32 
studies), and urinary benzene (21 studies) were the most commonly used metabolites. It should be noted that urinary hydroquinone 
and urinary catechol biomarkers had been investigated prior to 2007 (See Table S1). 

Table 1 (continued ) 

Reference Design Location Industry/Profession Population Biological matrix (Sampling time) 

[74] CS Iran Petrochemical workers Ex: 84 Urine (Pre and post shift) 
[75] CS Iran Chemical workers Ex:108, nEx:140 Urine (Pre and post shift) 
[76] CS Thailand Car parking workers Ex: 50 Urine (Pre and Post shift) 
[16] CS Italy Coke production Ex: 93 Urine (Post shift) 
[21] CS Italy Refinery workers Ex:146, nEx:25 Urine (Post shift) 
[77] CS South Korea Maintenance workers Ex: 474 Urine (Post shift) 
[78] CS Thailand Gasoline station Ex: 170 Urine (Post shift) 
[79] CS Brazil Filling station workers Ex: 86 Urine (Post shift) 
[80] C–C Sweden Transporting Gasoline Ex: 22, nEx:21 Urine (Pre and post shift) 

Breath air (Pre and post shift)  
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Table 2 
Quality assessment of included studies using Newcastle-Ottawa scale.  

Reference Methodology quality (5) Comparability (2) Outcome or exposure (3) Total score (10) 

Cross- Sectional studies (n = 64)rowhead 
[10] ★★★ ★ ★★ 6 
[27] ★★★ ★★ ★ 6 
[11] ★★★ ★★ ★★ 6 
[26] ★★★★ ★★ ★ 6 
[14] ★★★★★ ★ ★ 5 
[13] ★★★★ ★★ ★★★ 8 
[28] ★★★★ ★★ ★★ 8 
[29] ★★★★ ★★ ★★ 8 
[30] ★★★ ★★ ★★★ 8 
[17] ★★★ ★★ ★★ 7 
[12] ★★★★ ★★ ★★ 8 
[31] ★★★★ ★★ ★★ 8 
[32] ★★★ ★ ★★ 6 
[33] ★★ ★ ★★ 5 
[34] ★★★ ★ ★★ 6 
[35] ★★★ ★★ ★★ 7 
[36] ★★★★ ★★ ★★ 8 
[37] ★★★★ ★ ★★ 7 
[8] ★★★ ★★ ★★ 7 
[38] ★★★ ★ ★★ 6 
[39] ★★★ ★★ ★★ 7 
[40] ★★★ ★ ★★ 6 
[9] ★★★ ★★ ★★ 7 
[41] ★★★★ ★ ★★ 7 
[42] ★★ ★ ★★ 5 
[43] ★★★ ★★ ★★ 7 
[44] ★★ ★★ ★★ 6 
[45] ★★★ ★★ ★★★ 8 
[46] ★★★★ ★★ ★★★ 9 
[47] ★★★ ★★ ★★ 7 
[48] ★★★ ★ ★★ 6 
[49] ★★ ★ ★★ 5 
[50] ★★ ★ ★★ 5 
[51] ★★★ ★★ ★★ 7 
[52] ★★★★★ ★★ ★★★ 10 
[53] ★★ ★ ★★ 5 
[81] ★★★ ★ ★★ 6 
[55] ★★★ ★ ★★ 6 
[56] ★★★★ ★ ★★ 7 
[57] ★★★ ★★ ★★★ 8 
[58] ★★★★★ ★★ ★★ 9 
[59] ★★★ ★★ ★★★ 8 
[60] ★★★★ ★★ ★★★ 9 
[61] ★★★★★ ★★ ★★ 9 
[7] ★★★★★ ★ ★★★ 9 
[62] ★★★ ★★ ★★★ 8 
[63] ★★★ ★★ ★★ 7 
[64] ★★★ ★ ★★ 6 
[65] ★★★ ★★ ★★ 7 
[66] ★★★★ ★★ ★★★ 9 
[68] ★★★★ ★★ ★★ 8 
[69] ★★★★★ ★★ ★★ 9 
[70] ★★★★★ ★★ ★★★ 10 
[71] ★★★★ ★ ★★ 7 
[72] ★★★ ★ ★★ 6 
[73] ★★★★ ★★ ★★★ 9 
[74] ★★★ ★ ★★ 6 

Reference Methodology quality (5) Comparability (2) Outcome or exposure (3) Total score (10) 

[75] ★★★★ ★★ ★★ 8 
[76] ★★★ ★ ★★ 6 
[16] ★★★ ★★ ★★ 7 
[21] ★★★★ ★★ ★★★ 9 
[77] ★★★★ ★★ ★★ 8 
[78] ★★★ ★★ ★★ 7 
[79] ★★★ ★★ ★★★ 8 
Case- Control study (n = 1)rowhead 

(continued on next page) 
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Table 2 (continued ) 

Reference Methodology quality (5) Comparability (2) Outcome or exposure (3) Total score (10) 

[80] ★★★★ ★★ ★★ 8 
Retrospective cohort Study (n = 1)rowhead 
[67] ★★★★ ★★ ★★★ 9  

Fig. 2. Concentration of urinary benzene and blood benzene by the levels of inhalation exposure to benzene (1: <0.032, 2: 0.032–0.32, 3: 0.32–1.6, 
4: 1.6–3.2, 5: 3.2–16, 6: 16–32, and 7: >32 mg m− 3). 

Fig. 3. Concentration of urinary S-PMA and urinary TTMA by the levels of inhalation exposure to benzene (1: <0.032, 2: 0.032–0.32, 3: 0.32–1.6, 4: 
1.6–3.2, 5: 3.2–16, 6: 16–32, and 7: >32 mg m− 3). 

Fig. 4. Concentration of urinary hydroquinone, urinary phenol, and urinary catechol by the levels of inhalation exposure to benzene (1: <0.032, 2: 
0.032–0.32, 3: 0.32–1.6, 4: 1.6–3.2, 5: 3.2–16, 6: 16–32, and 7: >32 mg m− 3). 
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3.5. Confounding factors 

Several inter or intra-covariates such as age, gender, smoking, diet, body mass index, and single-nucleotide polymorphism can 
affect the metabolism rate of benzene [21]. For example, cigarette smoking with directly expose a person to benzene, equal to low-level 
occupational exposure, increase urinary S-PMA and TTMA or a diet containing sorbic acid and its salts can significantly alter the level 
of the urinary TTMA [7,18,89,90]. 

The results of the confounding effect of smoking habit on the level of biomarkers of benzene exposure, the covariates considered in 
the studies, as well as a summary of the study outcomes are found in Table S2. Overall, U-TTMA (n = 18), U-SPMA (n = 16) and urinary 
benzene (n = 11) were identified as suitable and valid biomarker monitoring of workers exposed to benzene (Table S2). 

Of the 66 included studies, 36 studies (54.54 %) examined the effect of smoking habit on the concentration of benzene biomarkers 
has been investigated and the concentration of biomarkers has been reported for the smoker and non-smoker workers separately. The 
results of most studies indicate that smoking before and during the work shift had a significant confounding effect on the concentration 
of benzene biomarkers such as of U-TTMA (22 studies), U-SPMA (13 studies) and urinary benzene (10 studies) (Table S2). The sig
nificant effects of smoking habit on the U-TTMA and U-SPMA level (with 20 % concentration variance) have been reported in workers 
exposed to benzene by inhalation (<0.48 mg m− 3: <0.3 time the TLV) [33,41,44,49,55,59,67,68,75,77,91]. 

Additionally, three studies confirmed that sorbic acid consumption has a significant effect on the U-TTMA levels (M. Carrieri et al., 
2006; Jalai et al., 2017; Panev et al., 2002). It was observed in three studies, that alcohol consumption 48 h before sampling had no a 
significant influence on the level of benzene biomarkers [12,43,56]. Several studies revealed that co-exposure to toluene can be 
confounding factors effect in changing the concentration of both U-TTMA and U-SPMA biomarkers [21,26,56]. 

Fig. 5. Concentration of exhaled benzene by the levels of inhalation exposure to benzene (1: <0.032, 2: 0.032–0.32, 3: 0.32–1.6, 4: 1.6–3.2, 5: 
3.2–16, 6: 16–32, and 7: >32 mg m− 3). 

Fig. 6. The benzene biomarker addressed by the included studies.  
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4. Discussion 

The results of the current systematic review show that none of the introduced biomarkers to date are able to function optimally for 
the biological monitoring of all workers employed in different industries. Because the biotransformation process benzene is an 
enzymatic pathway that benzene undergoes after entering the body depend on the concentration exposure. Therefore, before choosing 
the optimal biological index, the concentration and the route of exposure, as well as the personal habits of workers, should be assessed. 

4.1. Biotransformation process of benzene 

The level of exposure determines which enzymatic pathway is activated for detoxification and excretion of benzene from the body. 
In the phase ІІ, benzene is metabolized to benzene oxide or benzene oxepin through an oxidation reaction (by cytochrome P450: 
CYP2E1). Then, depending on the concentration of xenobiotic exposure to benzene, benzene oxide follows different pathway: Non- 
enzymatic rearrangement (metabolized to phenol), hydrolysis to a ring-opening dihydro dial (metabolized to TTMA), and gluta
thione conjugation (metabolized to SPMA). These metabolites may undergo further metabolism by oxidation (phenol to hydroquinone 
or catechol), dehydrogenation (TTMA to catechol and SPMA to hydroquinone), or conjugation with sulfate or glucuronic acid (phenol 
to phenol sulfate) [92,93]. 

4.2. Optimal biological index according to the level of inhalation exposure 

The best biomarker is the one that has the highest sensitivity and specificity in relation to exposure, outcome, or susceptibility. Most 
studies indicate that the best exposure biomarker may depend on the level of inhaled benzene exposure as follows: un-metabolized 
benzene in urine at low concentration (0.032–0.32 mg m− 3:0.05–5 times the TLV) [8,16,37,45,46,56,57,61,64,66,68,73,92], 
U-SPMA at medium concentration (0.32–1.6 mg m− 3) [7,12,15,16,21,28,35,36,41,45,49,57–59,62,67,70,71], and U-TTMA at high 
concentration (1.6–3.2 mg m− 3) of inhalation benzene exposure [8,10,12,14,16,28,29,31,33,41,45,49,50,59,65,67,70,72,78,80,81]. 
In contrast, ten studies reported that U-TTMA is not an accurate biomarker at concentrations less than 0.32 mg m− 3 [46,50,52,53,58, 
63,67,74,76,80]. 

With increasing benzene concentration above 3.2 mg m− 3 (>50 times the TLV), the biomarkers metabolized during phase ІІ of the 
benzene biotransformation are better suited to assess inhalation exposure as follows: U-Ph [10,11,36] and U-Hq (at ≥ 32 mg m− 3) [10, 
36], and U–Ca (at ≥ 64 mg m− 3) [26,33]. Therefore, the concentration of inhaled benzene exposure plays a key role in choosing the 
optimal biomarker of biological benzene exposure. 

Studies have shown that blood benzene is suitable for biological monitoring of exposure to benzene at very low concentrations less 
than 0.032 mg m− 3. Blood benzene is an indication of recent external exposure to benzene, i.e. background or environmental exposure, 
and when occupational benzene exposure is short-term (i.e. a few minutes), blood benzene along with air sample can be used as a 
suitable biomarker in the biological monitoring of benzene [58,61,92,94]. 

In occupational exposures near or below the TLV level, the lack of strong consistency between the results of most occupational 
studies makes it difficult to select appropriate exposure metabolites [19]. For instance, some studies have suggested that TTMA is the 
best metabolite exposure below the TLV [40,42], while several studies recommend SPMA [29,49] or unmetabolized benzene in urine 
[46,56]. In these cases, if the exposure metabolites are not properly selected, the results of biological monitoring may not be helpful in 
detecting the early adverse changes in the body [87]. This is in spite of the fact that the TLV changes annually and has a downward 
trend: from 1977 to 2022 it has decreased by about 500 times (32–0.064 mg m− 3) [95–98]. It should be noted that this downward 
trend can be seen in other organizations that publish the occupational exposure limit for benzene [95,99,100]. Generally, with the 
reduction of the TLV of benzene, as a rule, the level of occupational exposure of workers will decrease, and it affects the choice of 
optimal biological exposure index. So that the recommended biological exposure index of benzene by the ACGIH in 1994, and 2000 to 
2021 were proposed the urinary phenol, and both urinary TTMA and urinary SPMA, respectively [96–99]. This evidence indicates that 
the change in BEI of benzene will corresponds to the trend of TLV and therefore the level of inhalation exposure to benzene should be 
determined prior to select the best biomarker. 

On the other hand, the results showed that the concentration of inhalation exposure to benzene is differs among the workers in 
various industries. The highest concentration of occupational benzene exposure was reported among workers in solvent-related in
dustries (42.72 ± 71.73 mg m− 3) and also oil and gas-related industries (13.19 ± 61.33 mg m− 3). The highest concentration of U–B, U- 
TTMA, U-SPMA, U-Ph, and U-Hq observed in highly-exposed workers (i.e., industries related to solvents). Occupational exposure to 
benzene among workers in these industries is very higher than among office workers (6.57 ± 13.11 mg m− 3), traffic policies or drivers 
(0.75 ± 2.86 mg m− 3), or fuel distribution station workers (0.26 ± 0.38 mg m− 3). It should be noted that U-Ph and U-Hq biomarkers 
were not determined in traffic policies or drivers, fuel distribution station workers, and office workers. In addition, the number of 
studies on office workers is limited (5 studies) and even some of them have not defined office workers in industrial and non-industrial 
settings, and the range and standard deviation in the concentration of benzene and its biomarkers is very wide [16,33–35,49]. 

Biomarkers for nucleic acid methylation have been the focus of recent research on biological monitoring of exposure to low levels of 
benzene in public and industrial environments [101,102]. The most common of these biomarkers are malondialdehyde, 8-hydroxyl
amine, 8-hydroxy 2′deoxyguanosine, 8-hydroxy-7,8-dihydroguanosine, 5-methyl-cytosine, 1-methyl-guanine, and 7-methyl-guanine 
[103,104]. It has been reported in previous studies that the biomarkers of 8-hydroxy-7,8-dihydroguanosine and 5-methyl cysteine 
could be utilized to assess changes in the nucleic acid methylation status due to exposure to low levels of benzene [101–103]. 
Non-occupational confounding factors have been proven to have a significant impact on these biomarkers and may reduce their 
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validity [103,105,106]. To assess the accuracy and validity of these biomarkers, it is necessary to conduct more studies. 

4.3. Confounding factors 

4.3.1. Tobacco smoke 
The results of most studies confirm that the effect of smoking before and during the work shift has a significant confounding effect 

on the concentration of biomarkers Exh-B, U–B, U-TTMA and U-SPMA after exposure to benzene at low concentrations (≤0.48 mg 
m− 3). Carbonaro et al. confirmed that the SPMA and TTMA concentrations are lower, and TTMA/SPMA ratio is higher in non-smokers 
than in smokers [107]. The reviewed studies showed that the concentrations of TTMA and SPMA in post-shift urine samples obtained 
from smoker workers were 1.5–2 times higher than non-smokers [7,16,21,37,40,46,55,57,59–61,66,67,72,73,75,78,79,91]. Previous 
studies confirmed the benzene in cigarette tobacco and reported that smoking leads to chronic exposure to low levels of benzene and 
increases the risk of leukemia [108–111]. After smoking a cigarette, about 0.46 mg m− 3 of benzene enters the respiratory tracts, which 
is more in heavy smokers, and this may confound the biological outcome of occupational exposure to benzene at low concentrations 
[56,73,79,93,109,112,113]. Over the past two decades, applying legal restrictions and reducing the level of threshold limit values 
have played a significant impact on reducing human exposure to benzene in public and occupational settings [100,114–116]. How
ever, ignoring lifestyle parameters (i.e. cigarette smoking habit) when determining biological exposure limits leads to unrealistic and 
inaccurate results [20,21,117]. In some studies, it has been acknowledged that in addition to personal questionnaires, it is important to 
measure the level of urinary metabolites of nicotine (such as cotinine) to control the confounding effect of tobacco smoking on the level 
of urinary metabolites of benzene. Because some people are environmental exposed to tobacco smoke and consider themselves 
non-smoker [102,118,119]. It may be better to recommend the BEI of benzene for smoking and non-smoking workers separately. Of 
course, avoiding smoking during the work shift and also comparing the concentration of biomarkers in biological samples pre and 
post-shift can be helpful in controlling for this confounding factor. 

4.3.2. Food preservative 
TTMA is metabolized after consumption of the food preservatives containing sorbates (calcium sorbate, potassium sorbate, sodium 

sorbate, E200, and E201) and sorbic acid (up to 447 mg or three doses of 1 mg kg− 1) [120–123]. Likewise, the results of the included 
studies show that oral intake of sorbic acid has a significant effect on the U-TTMA level, but has no confounding effect on U-SPMA 
level. Therefore, it is recommended to compare the concentration of TTMA in the pre and post-shift urine samples to control for this 
confounding factor [42,75,91]. 

4.3.3. Genetic polymorphism 
Some studies have reported the effect of glutathione S-transferase (GST) genetic polymorphism on U-SPMA level [32,67,120]. In 

phase ІІ of the benzene biotransformation process, benzene oxide is metabolized to SPMA by glutathione conjugation, so the U-SPMA is 
modulated by the genetic polymorphism of GST, since a significant depletion in its urinary excretion was observed in workers with a 
“null” GSTT1 genotype [120,124,125]. It has been proven that GSTM1 has the same effects, but it only affects smokers [108]. While 
some studies have suggested that the TTMA/SPMA ratio is a suitable biomarker for controlling the confounding effect of tobacco 
smoking, researchers have found that GSTTI and GSTM1 polymorphisms have a confounding effect on TTMA/SPMA concentration 
ratio [49,107,108]. To control this confounding factor, workers with GSTT1 or GSTM1 “null” genotype should be identified as well as 
the SPMA concentration in urine samples before and after the work shift should be compared [32,49,61,67,108]. 

Furthermore, previous research has demonstrated that the SPMA precursor (N-acetyl-S(1,2-dihydro-2-hydroxyphenyl)-L-cysteine) 
in the urine sample may be converted to SPMA during the sample storage or preparation [126–128]. The overestimation of the 
concentration of SPMA measured can be prevented by hydrolyzing the SPMA precursor by acidifying the urine samples (pH = 2) [29, 
126]. During the preparation and analysis of urinary SPMA, it is recommended to consider the pH of the sample as a critical factor. 

Recent epidemiological studies have shown that environmental exposure to benzene is related to the occurrence of leukemia and 
other lymphohematopoietic cancers in humans in the general public, which has raised concerns [129–131]. Results from previous 
studies indicate that the level of environmental exposure to benzene varies greatly (0.001–300 ppm) and is often below 1.0 ppm [56, 
94,104]. The most common biomarkers used to estimate environmental exposure and risk of benzene in the general population include 
unmetabolized benzene in blood and urine, urinary TTMA, and SPMA [94,102,132]. This is in spite of the fact that these biomarkers 
are influenced by confounding factors, as confirmed by previous studies. It has been found that U–B, U-TTMA, and U-SPMA levels differ 
significantly between smokers and non-smokers, genetic polymorphism on the level of U-SPMA, and the consumption of food pre
servatives is a major influence on the level of U-TTMA among the general population [102,104,133]. Hence, in order to control 
confounders, it is suggested to avoid smoking and consuming food preservatives hours before sampling and identify individuals with a 
“null” GSTT1 genotype. 

Limitations observed in some of the included articles were as follows: Indeterminate the occupational history of exposure to 
benzene, uncertain the number of cigarettes smoked per day, the incompleteness of the descriptive statistics of the results, not 
comparing the level of biomarkers pre- and post-shift work, failure to measure urine creatinine, and not investigating the relationship 
between the concentration of inhalation exposure and biomarkers. 

We suggest that in the biological monitoring program of occupational exposure to benzene, it is better to consider the following:  

• Selection of biological index based on the level of inhalation exposure to benzene  
• Measurement of the level of the biological index at pre and post-shift work 
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• Avoid cigarette smoking on the sampling day  
• Avoid eating foods containing sorbic acid and alcohol from 48 h before sampling  
• Identification workers with a “null” GSTT1 genotype 

Highlights of the current study include a review and summarizing of findings in studies related to biological monitoring of 
occupational exposure to benzene, summarizing the findings related to the level of each biological index based on the level of 
inhalation exposure to benzene, summarizing the findings related to the levels of inhalation exposure to benzene and its biological 
indices based on the type of industry, review of the effect of gender, tobacco smoking, genetic polymorphism, food preservative, and 
co-exposure to other pollutants on biological indicators of benzene, introduce some of the confounding factors in the biological 
monitoring of benzene and suggestions on how to control them, and suggest the optimal biological index according to the level of 
inhalation exposure to benzene. 

It is important to note several limitations in this review study. First, only English-language and occupational studies were reviewed 
and non-English language and environmental exposure studies were excluded from our study. Second, we reviewed the level of 
exposure to benzene by inhalation way and did not investigate non-inhalation ways. Third, blood protein adducts and the genetic 
damage indicators of benzene were not investigated. Fourth, our criterion of occupational exposure limit to benzene was ACGIH- TLV 
and other suggested limits were not taken into consideration. Fifth, we did not examine the technical-laboratory capabilities necessary 
to determine each of the biological indexes of benzene, which may affect experts’ choice of the optimal index in different countries. 

5. Conclusions 

This current systematic review showed that the concentration of external exposure to benzene has a key role in the choice of the 
biomarker, therefore, it would be better to choose and measure the index of biological exposure to benzene based on the level of 
inhalation exposure in the biological monitoring program. In respiratory exposure at levels below and close to the TLV, lifestyle 
parameters have a significant effect on the concentration of biological indices and have a confounding effect on the results of biological 
monitoring. In order to choose the appropriate indicator for biological monitoring of benzene exposure, it is recommended to assess the 
concentration of external exposure, smoking habit, oral intake of sorbic acid, and genetic polymorphism of workers. 
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