
Contents lists available at ScienceDirect

International Journal of Hygiene and
Environmental Health

journal homepage: www.elsevier.com/locate/ijheh

Determination of benchmark dose based on adduct and micronucleus
formations in formaldehyde-exposed workers
Kan Wanga,1, Tuan-wei Wanga,1, Jie Xua,1, Yiliang Zhub, Le Jianc, William Aud,e, Zhao-lin Xiaa,∗
a School of Public Health, & Key Laboratory of Public Health Safety of Ministry of Education, Fudan University, Shanghai, 200032, China
bUNM Department of Internal Medicine, Division of Epidemiology, Biostatistics and Preventive Medicine, University of New Mexico, MSC10 5550, Albuquerque, USA
c School of Public Health, Curtin University, Perth, Australia
dUniversity of Medicine, Pharmacy, Sciences and Technology, Targu Mures, Romania
e Shantou University Medical College, Shantou, China

1. Introduction

Formaldehyde which is widely used as ingredient or adhesive for
wood and glass products is also classified as a carcinogen for naso-
pharyngeal cancer (Cogliano et al., 2005) and leukemia (Nielsen et al.,
2017). Therefore, the American Conference of Governmental Industrial
Hygienists, for example, has set a short-time exposure limit of 0.37mg/
m3 (ACGIH, 2019). However, these standards are determined mainly
based on using the no-observed-adverse-effect-level (NOAEL) approach
in experimental animals (Ringblom et al., 2014) which would benefit
from confirmation via human studies.

During the recent decades, China has become the largest for-
maldehyde producer and consumer in the world (Tang et al., 2009).
Consequently, the Chinese government has also established guidelines
to reduce occupational formaldehyde exposure but their value in re-
ducing health hazards has not been determined yet. Therefore, for the
protection of workers in China and around the world, the use of a more
stringent exposure limit, such as the benchmark dose (BMD), will be
helpful.

BMD is a statistical lower confidence limit for a dose which would
produce some predetermined increase in response rates (1–10%)
(Crump, 1984). Unlike using the NOAEL protocol which ignores the
lowest level dose-response relationship, the BMD method consider the
entire dose-response curve for fitting into mathematical models (Lin
and Tai-yi, 2007). It also provides the calculation of the lower 95%
confidence interval of BMD, BMDL, which shows consideration of un-
certainty.

Previous studies demonstrate that formaldehyde in the blood can
bind human serum albumin covalently and form formaldehyde-albumin
adducts (FA-HSA) (Thrasher et al., 1990). This special adduct can be
used as a biological marker for identification of formaldehyde exposure
(Carraro et al., 1999). Furthermore, formaldehyde can cause DNA da-
mage which can be identified in peripheral blood cells, e.g. DNA strand

breaks (Zendehdel et al., 2018), micronuclei and chromosome damage
(Zhang et al., 2010; Zhang et al., 2009), in dose-response effects
(Marcon et al., 2014). However, these biomarkers have not been used
efficiently to estimate BMD for formaldehyde exposure (Lin et al., 2013;
Liu et al., 2017).

In this study, 100 formaldehyde-exposed workers were selected and
matched with 100 controls. The objective was to determine the BMD
using the cumulative exposure dose (CED) as external exposure mea-
surement, serum FA-HSA as internal exposure measurement and MN as
health hazard assessment.

2. Materials and methods

2.1. Exposed and control subjects

The study was approved by the Ethics Committee of the Fudan
University and all subjects provided written informed consent before
their participation in the study. Formaldehyde-exposed workers were
recruited from a chemical factory in Shanghai, China. Questionnaires
were administrated by trained field researchers to collect information
about demographic characteristics, smoking status, alcohol use, med-
ical history and occupational history, including job types and numbers
of work years. A total of 100 male workers who had been exposed to
formaldehyde for more than 1 year were recruited as the exposed
group. In addition, 100 male non-exposed workers from the same fac-
tory were matched by age to the exposed workers and were recruited as
the control group. All subjects completed the questionnaire and do-
nated blood samples.

2.2. Exposure assessment

Exposed workers were recruited from 4 different work conditions in
the factory: production examination, glue spraying, coating and
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workplace inspection. Moreover, the factory regularly conducted for-
maldehyde monitoring (Formaldemeter htV, PPM Technology Ltd, UK)
to estimate air formaldehyde concentrations in the designate sample
sites according to the China national standard: Specifications of Air
Sampling for Hazardous Substances Monitoring in the Workplace (GBZ
159–2004).

2.3. Assessment of formaldehyde exposure

By inputting the monitored data into our standardized methods
(Wang et al., 2013; Zheng et al., 2017), the cumulative exposure dose
(CED) for each worker was determined using the following equation:

= ×mg m year C mg m T yearCED( / ˆ3 ) ( / ˆ3) ( )

where C (mg/m3) is the geometric mean of formaldehyde exposure
concentration for a year in a given workplace. T (year) is the number of
work years.

2.4. FA-HAS determination

During the field study, fasting venous peripheral blood samples
(2ml) were drawn by physicians using coagulant vacuum tubes, then
rapidly centrifuged and stored at −80°C before analysis. The determi-
nation of serum FA-HSA concentrations was conducted using human
FA-HSA enzyme-linked immunoassay kit (R&D systems, Minnesota,
USA) according to the manufacturer's instructions.

2.5. CBMN assay

The cytokinesis-blocked MN (CBMN) assay was performed according
to standard methods as described in our previous study (Qiu et al., 2011).
Briefly, 0.5ml heparinized venous peripheral blood was transferred to
4.5ml cell culture medium and incubated under 37 °C for 44 h. Then,
6 μg/ml Cytochalasin-B (Sigma-Aldrich, St. Louis, MO, USA) was added to
the cultures. Cells were harvested 28 h later and fixed with a mixture of
methanol and acetic acid solution (3:1). Slides were air-dried, stained with
Giemsa and scored for CBMN, as the number of MN observed per 1000
lymphocytes, expressed as a count per thousand (‰).

2.6. Statistical analysis

Exposure measurement and MN data were linked for each subject.
Shapiro-Wilk test was conducted to examine the normality of the in-
cluded variables. Comparisons between the control and exposed groups
for subject characteristics (age, smoking status and alcohol use) were
performed using the Mann-Whitney test. Due to the non-normal dis-
tribution of MN frequency, ANOVA was used to test the difference
between groups with age, smoking status and alcohol use as covariates.
Correlations between CED and serum FA-HSA concentrations were
analyzed using multivariate regression analysis with age, smoking
status and alcohol use as covariates.

To further confirm the dose-response relationship between for-
maldehyde exposure and MN frequency, the total study population were
subdivided into four groups by the quartile cumulative dose
(0.01–0.06mg/m3, 0.06–0.125mg/m3, 0.125–0.9mg/m3, 0.9–3.75mg/
m3) and the quartile FA-HSA concentration (3.65–17.90 ng/ml,
17.90–21.78 ng/ml, 21.78–27.93 ng/ml, 27.93–69.54 ng/ml). Multivariate
Poisson regression analysis was performed to examine the relationship
between CED/FA-HSA and MN frequency. The risk of MN formation was
estimated by calculating the frequency ratios (FR=еβ, β: regression coef-
ficient): an increase in FR would suggest proportional change of MN
compared to the control group. The statistical tests were two-sided, and
values of p < 0.05 were considered statistically significant. All models
mentioned above were performed using R software (Version 3.5.1, R
Foundation for Statistical Computing, Vienna, Austria).

2.7. Benchmark dose estimation

After confirming the dose-response relationships between for-
maldehyde exposure and MN frequency, Benchmark Dose Software
(BMDS) Version 2.7 (U.S. EPA) was used for calculating BMD and its
95% lower confidence limit, BMDL. Since, there was no acceptable limit
based on MN frequencies, a threshold limit was adopted which was the
95 percentile of the controls’ MN frequency (3‰) to dichotomize MN
frequency of total subjects into a binary variable, named: chromosome
damage (Wang et al., 2013; Niu et al., 2018). The BMD was determined
as the dose at which exposure would result in a specified level of in-
crease in adverse response compared to that of the control. This spe-
cified level of increase in adverse response is called benchmark re-
sponse (BMR) level, which was considered here as the 10% additional
risk above the background. In addition, different dichotomous dose-
response models were performed to test the fitness of these correlations.
These models would be selected for use according to their Akaike In-
formation Coefficient (AIC) and p values.

The BMD value was also calculated by using the MN frequency as
the continuous variable. The BMR was defined as the background es-
timate plus the standard deviation for the control group data. The
various dose-response continuous models were also performed to test
the fitness and selected according to their AIC values and biological
plausibility. However, for comparison with previous studies (Zheng
et al., 2017; Niu et al., 2018; Wang et al., 2013), we demonstrated the
BMD values estimated by dichotomous response models in the fol-
lowing text while the results from the continuous response models are
presented in the supplemental material.

3. Results

3.1. Characteristics of the study subjects

Characteristics of the control and exposed workers are summarized
in Table 1. Between the two groups, there was no significant difference
for age, smoking status and alcohol use. However, the exposed workers
had significantly longer employment duration as well as higher CED
and FA-HAS level than those from the controls (p < 0.001). Due to the
non-normal distribution of the health-related variables, non-parametric
tests were conducted using age, smoking status and alcohol use as
covariates. The results showed that the exposed workers had significant

Table 1
General characteristics, exposure levels and biological effects of the studied
subjects.

Control Exposure p

General Characteristics
Age, year 35.5 ± 6.8 37.1 ± 7.2 0.244a

Smoking Status (yes, no) 41 47 0.395b

Alcohol use (yes, no) 17 21 0.473b

Work duration, year 6 (2, 10) 9 (6, 11.5) ＜0.001a

Exposure assessment
CED, mg/m3-year 0.06 (0.02, 0.10) 0.90 (0.60, 1.78) ＜0.001a

FA-HSA, ng/ml 19.59 (15.51,
23.04)

26.52 (20.68,
32.82)

＜0.001a

Health effects
WBC 6.48 ± 1.63 5.99 ± 1.41 0.166c

NEU 3.78 ± 1.28 3.27 ± 1.01 0.092c

LYM 2.11 ± 0.58 2.13 ± 0.56 0.955c

MN frequency (‰) 1.71 ± 0.96 3.05 ± 1.47 ＜0.001c

CED: cumulative exposure dose. FA-HSA: formaldehyde-albumin adduct. WBC:
number of white blood cell. NEU: number of neutrophil. LYM: number of
lymphocyte. MN: micronucleus.

a Calculated by using the Wilcoxon nonparametric analysis.
b Calculated by using the X2 test.
c Calculated by using the Poisson regression models with adjustment for age,

smoking status and alcohol use.
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higher MN frequency than the controls but there was no difference in
cytometry parameters.

Multivariable regression model was performed to test the con-
sistency between CED and serum FA-HSA measurements. Age, smoking
status and alcohol use were included into the model and forward-
stepwise method was used for the selection. The analyses showed that
the relationship between individual CED and serum FA-HSA was sta-
tistically significant (β=7.53, p < 0.001) indicating that serum FA-
HSA can be used as an internal exposure biomarker for external occu-
pational exposure. The scatterplot for CED and serum FA-HSA is shown
in Fig. S1.

3.2. Formaldehyde exposure assessment

Table 2 shows the ambient formaldehyde concentrations at the five
workshops. The formaldehyde concentrations for the exposed workers
ranged from 0.01mg/m3 to 0.49mg/m3, which did not exceed the
China national standard for occupational exposure (0.5mg/m3). In
addition, the samples collected from the logistic workshop contained
less formaldehyde than at other workshops.

3.3. Formaldehyde exposure and MN frequency

To further investigate the relationships between formaldehyde ex-
posure and MN frequency, all participants were sub-divided into four
groups by the quartile cumulative dose (CED). As showed in Table 3, FR
(95%CI) increased from 1.38 (1.00, 1.91), 1.83 (1.34, 2.52) and to 2.67
(1.99, 3.64) for increased CED level, respectively. There was also cor-
responding increases in FA-HAS as well as MN frequencies. A clear
dose-response relationship was observed between FA-HSA concentra-
tions and MN frequencies. Furthermore, the dichotomized MN fre-
quencies of total subjects as a binary variable (Table 4) showed a trend
in the Spearman correlation analyses (R2= 0.59, p < 0.001) (data not
shown).

3.4. Determinations of BMD based on dose-response of chromosomal
damage prevalence

The BMD model was selected for use among the six dichotomous
model according to the AIC and p values. Considering the smaller AIC
value, the better goodness-of-fit and the global measurement of model
fitness required p value no less than 0.1. Our data suggested the use of
the log-logistic model to perform the BMD analysis for CED variable and
the Gamma model for FA-HSA (Table 5).

From the fitted dose-response model, the BMD of formaldehyde
cumulative exposure dose was 0.067 mg/m3-year (BMDL: 0.042 mg/
m3-year) (Fig. 1). The BMD of FA-HSA concentration was 16.13 ng/ml,
the BMDL was 14.24 ng/ml (Fig. 2).

4. Discussion

Formaldehyde has been classified as a human carcinogen (IARC,
2006), however, there have not been sufficient reports that demonstrate
how inhaled formaldehyde reaches sites distant to the site of initial
contact following inhalation exposure (Swenberg et al., 2013). Also,
mechanisms for leukemogenesis have not been systematically char-
acterized therefore assessment of risk has not been precise (Zhang et al.,
2010). Among several acceptable hypothesized mechanisms, one is the
formation of DNA-protein cross-links (DPC) which would lead to DNA
strand breaks, cell division errors, MN formation and initiation of car-
cinogenesis. Our systematic study was conducted to investigate such a
mechanism and to identify the BMD for improved assessment of health
risk. From our knowledge, this is the first report on determination of
BMD which was based on serum FA-HAS levels and other measure-
ments in exposed workers.

Besides occupational exposure, individuals can also be exposed to
formaldehyde from consumption of a variety of food and alcoholic
beverages. Indeed, formaldehyde intake may range from 1.5 to 14mg
per person per day (Feron et al., 1991). Therefore, alcohol consumption
was entered into our multivariate analysis and the analysis did not
change the significant association between occupational formaldehyde-

Table 2
Ambient formaldehyde (FA) concentrations, number of workers and samples
collected in the five workshops.

Sampled
Workplaces

Number of
workers

Ambient FA concentrations
(mg/m3)

National
Standard
(mg/m3)

Range Geometric
Mean

Production
Examination

18 0.01–0.15 0.06 0.5

Glue Spraying 30 0.2–0.49 0.25
Coating 28 0.067–0.15 0.1
Workplace

Inspection
24 0.05–0.2 0.09

Logistics Workshop 100 0–0.01 0.01

Table 3
Differences in micronucleus (MN) frequencies from formaldehyde (FA) exposure.

Exposure Group (Range) Number MN Freq ± SE(‰) FR (95%CI)a

CED, mg/m3-year 0.01–0.06 45 1.36 ± 0.86 1
0.06–0.125 55 1.87 ± 0.92 1.38 (1.00, 1.91)
0.125–0.9 46 2.50 ± 1.17 1.83 (1.34, 2.52)
0.9–3.75 54 3.65 ± 1.40 2.67 (1.99, 3.64)

FA-HSA, ng/ml 3.65–17.90 50 1.22 ± 0.76 1
17.90–21.78 50 2.06 ± 0.79 1.68 (1.23, 2.32)
21.78–27.93 50 2.32 ± 1.04 1.89 (1.39, 2.60)
27.93–69.54 50 3.92 ± 1.35 3.20 (2.39, 4.33)

CED: cumulative exposure dose. FA-HSA: formaldehyde-albumin adduct. MN: micronucleus. FR: frequency ratio, compared with the pooled control group.
a Calculated by using the multivariate Poisson regression models with adjustment for age, smoking status and alcohol use.

Table 4
Trend test for chromosome damage at different exposure levels in total subjects.

Exposure Group (Range) Normal Damage pa

CED, mg/m3-year 0.01–0.06 41 4 ＜0.001
0.06–0.125 40 15
0.125–0.9 25 21
0.9–3.75 11 43

FA-HSA, ng/ml 3.65–17.90 48 2 ＜0.001
17.90–21.78 34 16
21.78–27.93 30 20
27.93–69.54 5 45

CED: cumulative exposure dose. FA-HSA: formaldehyde-albumin adduct.
Chromosome damage was defined as micronucleus frequency ≥3‰.

a Calculated by using the Spearman correlation test.
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cumulative exposure and MN. Our observation is supported by Mon-
akhova's study which shown that the cancer risk from formaldehyde to
the alcohol-consuming population is negligible (Monakhova et al.,
2012).

Although the occupational formaldehyde concentrations in our
study were much lower than the national standard in China, the ex-
posed workers did show significant higher MN frequencies than that of
the controls, as well as dose-response relationships, which is consistent
with other studies (Lin et al., 2013). In addition, Lin's study shown that
MN frequencies was significantly associated with the number of work
years but not with real-time exposure which suggest that the MN fre-
quencies might reflect cumulative damage from chronic exposure.
Consistent with such observation, our study indicates a significant dose-
response relationship between the MN frequencies and cumulative
formaldehyde exposure.

To further determine exposure limits based on biological evalua-
tions, the BMD and BMDL of the CED, and serum FA-HSA were calcu-
lated using appropriate models. By comparing the AIC values, where
smaller values would indicate better fitness, the log-logistic model was
used to conduct the BMD analysis for CED and the Gamma model for
FA-HSA. In addition, the p value which represents the global mea-
surement of model fitness, was recommended to be no less than 0.1,
which can also be satisfied in these two models. From the fitted model,

the BMD of formaldehyde cumulative annual exposure dose was
0.067mg/m3 (BMDL: 0.042mg/m3). These data suggest that the cur-
rent exposure limit in China may not be adequate in preventing health
hazards for workers or for the public.

From our review of the literature, only one recent study was similar
to ours and the study provided the BMD level of 0.107mg/m3 (BMDL:
0.038mg/m3) based on the study of formaldehyde cumulative exposure
dose in Iranian workers (Zendehdel et al., 2018). Their BMD value was
higher and with wider confidence intervals than ours. A careful com-
parison of our two papers indicates that the experimental approaches
were vastly different which might explain the difference in the two
observations. First, the former study used 53 exposed and 34 control
subjects whereas our sample size was much bigger which should give us
more statistical power (100 exposed workers and 100 controls). The
exposed workers in the former study came from a melamine dinnerware
industry with co-exposure to melamine which is highly toxic (Bolden
et al., 2017) whereas ours come from a chemical factory with for-
maldehyde being the major toxic chemical. For exposure dosimeter, the
former set the control level at 0 whereas we conducted actual mea-
surements which would reduce the bias caused by exposure mis-
classifications. Also, the participants in our study were all male workers
while the Iranian study contained several female workers. Although this
would limit the extrapolation of our results only to male workers, it
could eliminate the potential bias introduced by having different gen-
ders. More importantly, the former one used the less reliable DNA
strand break Comet assay than our MN assay for hazard assessment
(Kirsch-Volders et al., 2018; Norppa, 1997). This difference in endpoint
modeled could also cause heterogeneity in the concluded BMD value.

Previous studies (Pala et al., 2008; Vecchio et al., 2004) suggest that
serum FA-HSA could be a biological marker for recent or peak for-
maldehyde exposure. For example, Pala's study observed significant
correlations in serum FA-HSA among workers occupational exposed to
real-time formaldehyde level (Pala et al., 2008). However, they did not
find any significant trend change between effective biomarkers (mi-
cronuclei, chromosome aberrations and sister chromatid exchanges)
and formaldehyde level while we found a dose-response relationship
between CED/FA-HSA and MN frequency. Since the factory's record
indicates that the formaldehyde concentrations have been lower than
the national standard and had been steady during our study period, the
serum FA-HSA level here may also demonstrate the association with
cumulative exposure. In addition, formaldehyde is widely known to
cause extensive adverse effects at the portal of entry. Although previous

Table 5
Different models used to estimate the bench-mark dose and level (BMD and
BMDL) for two biomarkers of formaldehyde (FA) exposure for all subjects.

Model BMD BMDL AIC p

CED, mg/m3-year Gamma 0.132 0.1002 217.101 0.1736
Logistic 0.28976 0.2363 220.833 0.037
Log-logistic 0.0666 0.0419 215.998 0.2761
Probit 0.2831 0.2362 220.72 0.0384
Quantal-linear 0.132 0.1002 217.101 0.1736
Weibull 0.132 0.1002 217.101 0.1736

FA-HSA, ng/ml Gamma 16.1263 14.2435 186.505 0.1949
Logistic 15.52 13.2112 187.39 0.1317
Log-logistic 16.2747 14.408 187.314 0.1303
Probit 15.5688 13.2004 186.775 0.1746
Quantal-linear 4.2638 3.56197 228.604 ＜0.001
Weibull 15.4218 13.3264 186.623 0.1914

CED: cumulative exposure dose. FA-HSA: formaldehyde-albumin adduct. AIC:
Akaike Information Criterion values, the smaller the value is, the better the
model fits.

Fig. 1. Use of the Log-logistic model to estimate the bench-mark dose and level (BMD and BMDL) for cumulative formaldehyde exposure (CED, mg/m3-year).
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research suggested that it might enter the systemic circulation (NTP,
2010), the degree to which it reached the blood is still controversial.
Besides, since formaldehyde is also formed endogenously, it is not clear
that serum FA-HSA levels are a measure of external inhalation ex-
posure. Recently, Liu's study demonstrated a new quantification
method that could detect endogenous and exogenous DPC levels in
HEK293T cell treated with labeled formaldehyde which could facilitate
the understanding of the mechanisms for formaldehyde-induced DPC
repair (Liu et al., 2018). Overall, as the first one that estimated the BMD
value of serum FA-HSA in occupational workers, our study should be
accepted with caution and more studies are needed to test its feasibility.

It should be stated that the use of MN formation cannot be con-
sidered as the specific biological effects from formaldehyde exposure
because MN can be induced by other environmental mutagens (Kirsch-
Volders et al., 2018). Besides, unlike animal experiments which could
calculate the BMD value by using tumor prevalence as endpoint, the
population study usually use pre-carcinogenic lesions such as the for-
mation of DNA-protein cross-links (Zendehdel et al., 2018) or MN (Niu
et al., 2018) as response indicator. These non-disease-specific bio-
markers tend to be more sensitive and appear earlier than the actual
initiation of carcinogenesis. These may contribute to our lower BMD
value than other studies.

5. Conclusions

Our study indicates that current occupational exposure to for-
maldehyde increased MN frequencies and therefore increased health
risk in workers in China. In addition, the BMD value of CED was lower
than the current China national standard which further suggests that
the current exposure standard might not be adequate. Therefore, our

identified BMD can be used with other data to further reduce the po-
tential health hazards caused by occupational formaldehyde exposure.

Conflicts of interest

The authors report no conflict of interest.

Acknowledgements

This work was supported by the National Basic Research Program of
China (Grant No. 2015CB553404) and the National Natural Science
Foundation of China (Grant No. 81472949).

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.ijheh.2019.05.008.

References

American Conference of Governmental Industrial Hygienists (ACGIH), 2019. Product:
Formaldehyde: TLV(R) Chemical Substances, seventh ed. (Documentation).

Bolden, A.L., Rochester, J.R., Kwiatkowski, C.F., 2017. Melamine, beyond the kidney: a
ubiquitous endocrine disruptor and neurotoxicant? Toxicol. Lett. 280, 181–189.

Carraro, E., Gasparini, S., Gilli, G., 1999. Identification of a chemical marker of en-
vironmental exposure to formaldehyde. Environ. Res. 80, 132–137.

Cogliano, V.J., Grosse, Y., Baan, R.A., Straif, K., Secretan, M.B., El, G.F., 2005. Meeting
report: summary of IARC monographs on formaldehyde, 2-butoxyethanol, and 1-tert-
butoxy-2-propanol. Environ. Health Perspect. 113, 1205–1208.

Crump, K.S., 1984. A new method for determining allowable daily intakes. Fundam. Appl.
Toxicol. 4, 854–871.

Feron, V.J., Til, H.P., de Vrijer, F., Woutersen, R.A., Cassee, F.R., van Bladeren, P.J., 1991.
Aldehydes: occurrence, carcinogenic potential, mechanism of action and risk

Fig. 2. Use of the Gamma model to estimate the bench-mark dose and level (BMD and BMDL) for formaldehyde-albumin adduct (FA-HSA, ng/ml).

K. Wang, et al. International Journal of Hygiene and Environmental Health 222 (2019) 738–743

742

https://doi.org/10.1016/j.ijheh.2019.05.008
https://doi.org/10.1016/j.ijheh.2019.05.008
http://refhub.elsevier.com/S1438-4639(19)30076-8/sref1
http://refhub.elsevier.com/S1438-4639(19)30076-8/sref1
http://refhub.elsevier.com/S1438-4639(19)30076-8/sref2
http://refhub.elsevier.com/S1438-4639(19)30076-8/sref2
http://refhub.elsevier.com/S1438-4639(19)30076-8/sref3
http://refhub.elsevier.com/S1438-4639(19)30076-8/sref3
http://refhub.elsevier.com/S1438-4639(19)30076-8/sref4
http://refhub.elsevier.com/S1438-4639(19)30076-8/sref4
http://refhub.elsevier.com/S1438-4639(19)30076-8/sref4
http://refhub.elsevier.com/S1438-4639(19)30076-8/sref5
http://refhub.elsevier.com/S1438-4639(19)30076-8/sref5
http://refhub.elsevier.com/S1438-4639(19)30076-8/sref6
http://refhub.elsevier.com/S1438-4639(19)30076-8/sref6


assessment. Mutat. Res. 259, 363–385.
International Agency for Research on Cancer (IARC), 2006. Formaldehyde, 2-butox-

yethanol and 1-tert-butoxypropan-2-ol. IARC Monogr. Eval. Carcinog. Risks Hum. 88,
1–478.

Kirsch-Volders, M., Fenech, M., Bolognesi, C., 2018. Validity of the Lymphocyte
Cytokinesis-Block Micronucleus Assay (L-CBMN) as biomarker for human exposure to
chemicals with different modes of action: a synthesis of systematic reviews. Mutat.
Res. Genet. Toxicol. 836, 47–52.

Lin, T., Tai-yi, J., 2007. Benchmark dose approach for renal dysfunction in workers ex-
posed to lead. Environ. Toxicol. 22, 229–233.

Lin, D., Guo, Y., Yi, J., Kuang, D., Li, X., Deng, H., Huang, K., Guan, L., He, Y., Zhang, X.,
Hu, D., Zhang, Z., Zheng, H., Zhang, X., McHale, C.M., Zhang, L., Wu, T., 2013.
Occupational exposure to formaldehyde and genetic damage in the peripheral blood
lymphocytes of plywood workers. J. Occup. Health 55, 284–291.

Liu, Y., Yu, D., Xiao, S., 2017. Effects of chronic exposure to Formaldehyde on micro-
nucleus rate of bone marrow cells in male mice. J. Pak. Med. Assoc. 67, 933–935.

Liu, C.W., Tian, X., Hartwell, H.J., Leng, J., Chi, L., Lu, K., Swenberg, J.A., 2018. Accurate
measurement of formaldehyde-induced DNA-protein cross-links by high-resolution
orbitrap mass spectrometry. Chem. Res. Toxicol. 31, 350–357.

Marcon, A., Fracasso, M.E., Marchetti, P., Doria, D., Girardi, P., Guarda, L., Pesce, G.,
Pironi, V., Ricci, P., de Marco, R., 2014. Outdoor formaldehyde and NO2 exposures
and markers of genotoxicity in children living near chipboard industries. Environ.
Health Perspect. 122, 639–645.

Monakhova, Y.B., Jendral, J.A., Lachenmeier, D.W., 2012. The margin of exposure to
formaldehyde in alcoholic beverages. Arh. Hig. Rada. Toksikol. 63, 227–237.

Nielsen, G.D., Larsen, S.T., Wolkoff, P., 2017. Re-evaluation of the WHO (2010) for-
maldehyde indoor air quality guideline for cancer risk assessment. Arch. Toxicol. 91,
35–61.

Niu, Y., Zhang, X., Meng, T., Wang, H., Bin, P., Shen, M., Chen, W., Yu, S., Leng, S., Zheng,
Y., 2018. Exposure characterization and estimation of benchmark dose for cancer
biomarkers in an occupational cohort of diesel engine testers. J. Expo. Sci. Environ.
Epidemiol. 28, 579–588.

Norppa, H., 1997. Cytogenetic markers of susceptibility: influence of polymorphic car-
cinogen-metabolizing enzymes. Environ. Health Perspect. 1054, 829–835.

National Toxicology Program (NTP), 2010. Final report on carcinogens background
document for formaldehyde. Rep Carcinog Backgr Doc 10–5981 i-512.

Pala, M., Ugolini, D., Ceppi, M., Rizzo, F., Maiorana, L., Bolognesi, C., Schilio, T., Gilli, G.,
Bigatti, P., Bono, R., Vecchio, D., 2008. Occupational exposure to formaldehyde and

biological monitoring of Research Institute workers. Cancer Detect. Prev. 32,
121–126.

Qiu, Y.L., Wang, W., Wang, T., Sun, P., Wu, F., Zhu, S.M., Qian, J., Jin, L., Au, W., Xia,
Z.L., 2011. DNA repair gene polymorphisms and micronucleus frequencies in Chinese
workers exposed to vinyl chloride monomer. Int. J. Hyg Environ. Health 214,
225–230.

Ringblom, J., Johanson, G., Oberg, M., 2014. Current modeling practice may lead to
falsely high benchmark dose estimates. Regul. Toxicol. Pharmacol. 69, 171–177.

Swenberg, J.A., Moeller, B.C., Lu, K., Rager, J.E., Fry, R.C., Starr, T.B., 2013.
Formaldehyde carcinogenicity research: 30 years and counting for mode of action,
epidemiology, and cancer risk assessment. Toxicol. Pathol. 41, 181–189.

Tang, X., Bai, Y., Duong, A., Smith, M.T., Li, L., Zhang, L., 2009. Formaldehyde in China:
production, consumption, exposure levels, and health effects. Environ. Int. 35,
1210–1224.

Thrasher, J.D., Broughton, A., Madison, R., 1990. Immune activation and autoantibodies
in humans with long-term inhalation exposure to formaldehyde. Archives of
Environmental Health 45, 217–223.

Vecchio, D., Pala, M., Ceppi, M., Rizzo, F., Maiorana, L., Puntoni, R., Bolognesi, C.,
Schiliro, T., Gilli, G., Bigatti, P., Bono, R., 2004. Environmental and biological
monitoring of workers exposed to formaldehyde. Dis. Markers 20, 30.

Wang, Q., Tan, H., Ma, X., Sun, Y., Feng, N., Zhou, L., Ye, Y., Zhu, Y., Li, Y., Brandt-Rauf,
P.W., Tang, N., Xia, Z., 2013. Estimation of benchmark dose for micronucleus oc-
currence in Chinese vinyl chloride-exposed workers. Int. J. Hyg Environ. Health 216,
76–81.

Zendehdel, R., Vahabi, M., Sedghi, R., 2018. Estimation of formaldehyde occupational
exposure limit based on genetic damage in some Iranian exposed workers using
benchmark dose method. Environ. Sci. Pollut. Res. Int. 25, 31183–31189.

Zhang, L., Steinmaus, C., Eastmond, D.A., Xin, X.K., Smith, M.T., 2009. Formaldehyde
exposure and leukemia: a new meta-analysis and potential mechanisms. Mutat. Res.
681, 150–168.

Zhang, L., Freeman, L.E., Nakamura, J., Hecht, S.S., Vandenberg, J.J., Smith, M.T.,
Sonawane, B.R., 2010. Formaldehyde and leukemia: epidemiology, potential me-
chanisms, and implications for risk assessment. Environ. Mol. Mutagen. 51, 181–191.

Zheng, G.Q., Zhang, G.H., Xu, X.W., Wang, J.W., Yu, L.B., Zhang, Y.N., Huang, J.W., Li,
Y.L., Braudt-Rauf, P.W., Xia, Z.L., 2017. Association of telomere length with chro-
mosomal damage among Chinese workers exposed to vinyl chloride monomer. J.
Occup. Environ. Med. 59, e252–e256.

K. Wang, et al. International Journal of Hygiene and Environmental Health 222 (2019) 738–743

743

http://refhub.elsevier.com/S1438-4639(19)30076-8/sref6
http://refhub.elsevier.com/S1438-4639(19)30076-8/sref7
http://refhub.elsevier.com/S1438-4639(19)30076-8/sref7
http://refhub.elsevier.com/S1438-4639(19)30076-8/sref7
http://refhub.elsevier.com/S1438-4639(19)30076-8/sref8
http://refhub.elsevier.com/S1438-4639(19)30076-8/sref8
http://refhub.elsevier.com/S1438-4639(19)30076-8/sref8
http://refhub.elsevier.com/S1438-4639(19)30076-8/sref8
http://refhub.elsevier.com/S1438-4639(19)30076-8/sref9
http://refhub.elsevier.com/S1438-4639(19)30076-8/sref9
http://refhub.elsevier.com/S1438-4639(19)30076-8/sref10
http://refhub.elsevier.com/S1438-4639(19)30076-8/sref10
http://refhub.elsevier.com/S1438-4639(19)30076-8/sref10
http://refhub.elsevier.com/S1438-4639(19)30076-8/sref10
http://refhub.elsevier.com/S1438-4639(19)30076-8/sref11
http://refhub.elsevier.com/S1438-4639(19)30076-8/sref11
http://refhub.elsevier.com/S1438-4639(19)30076-8/sref12
http://refhub.elsevier.com/S1438-4639(19)30076-8/sref12
http://refhub.elsevier.com/S1438-4639(19)30076-8/sref12
http://refhub.elsevier.com/S1438-4639(19)30076-8/sref13
http://refhub.elsevier.com/S1438-4639(19)30076-8/sref13
http://refhub.elsevier.com/S1438-4639(19)30076-8/sref13
http://refhub.elsevier.com/S1438-4639(19)30076-8/sref13
http://refhub.elsevier.com/S1438-4639(19)30076-8/sref14
http://refhub.elsevier.com/S1438-4639(19)30076-8/sref14
http://refhub.elsevier.com/S1438-4639(19)30076-8/sref15
http://refhub.elsevier.com/S1438-4639(19)30076-8/sref15
http://refhub.elsevier.com/S1438-4639(19)30076-8/sref15
http://refhub.elsevier.com/S1438-4639(19)30076-8/sref16
http://refhub.elsevier.com/S1438-4639(19)30076-8/sref16
http://refhub.elsevier.com/S1438-4639(19)30076-8/sref16
http://refhub.elsevier.com/S1438-4639(19)30076-8/sref16
http://refhub.elsevier.com/S1438-4639(19)30076-8/sref17
http://refhub.elsevier.com/S1438-4639(19)30076-8/sref17
http://refhub.elsevier.com/S1438-4639(19)30076-8/sref18
http://refhub.elsevier.com/S1438-4639(19)30076-8/sref18
http://refhub.elsevier.com/S1438-4639(19)30076-8/sref19
http://refhub.elsevier.com/S1438-4639(19)30076-8/sref19
http://refhub.elsevier.com/S1438-4639(19)30076-8/sref19
http://refhub.elsevier.com/S1438-4639(19)30076-8/sref19
http://refhub.elsevier.com/S1438-4639(19)30076-8/sref20
http://refhub.elsevier.com/S1438-4639(19)30076-8/sref20
http://refhub.elsevier.com/S1438-4639(19)30076-8/sref20
http://refhub.elsevier.com/S1438-4639(19)30076-8/sref20
http://refhub.elsevier.com/S1438-4639(19)30076-8/sref21
http://refhub.elsevier.com/S1438-4639(19)30076-8/sref21
http://refhub.elsevier.com/S1438-4639(19)30076-8/sref22
http://refhub.elsevier.com/S1438-4639(19)30076-8/sref22
http://refhub.elsevier.com/S1438-4639(19)30076-8/sref22
http://refhub.elsevier.com/S1438-4639(19)30076-8/sref23
http://refhub.elsevier.com/S1438-4639(19)30076-8/sref23
http://refhub.elsevier.com/S1438-4639(19)30076-8/sref23
http://refhub.elsevier.com/S1438-4639(19)30076-8/sref24
http://refhub.elsevier.com/S1438-4639(19)30076-8/sref24
http://refhub.elsevier.com/S1438-4639(19)30076-8/sref24
http://refhub.elsevier.com/S1438-4639(19)30076-8/sref25
http://refhub.elsevier.com/S1438-4639(19)30076-8/sref25
http://refhub.elsevier.com/S1438-4639(19)30076-8/sref25
http://refhub.elsevier.com/S1438-4639(19)30076-8/sref26
http://refhub.elsevier.com/S1438-4639(19)30076-8/sref26
http://refhub.elsevier.com/S1438-4639(19)30076-8/sref26
http://refhub.elsevier.com/S1438-4639(19)30076-8/sref26
http://refhub.elsevier.com/S1438-4639(19)30076-8/sref27
http://refhub.elsevier.com/S1438-4639(19)30076-8/sref27
http://refhub.elsevier.com/S1438-4639(19)30076-8/sref27
http://refhub.elsevier.com/S1438-4639(19)30076-8/sref28
http://refhub.elsevier.com/S1438-4639(19)30076-8/sref28
http://refhub.elsevier.com/S1438-4639(19)30076-8/sref28
http://refhub.elsevier.com/S1438-4639(19)30076-8/sref29
http://refhub.elsevier.com/S1438-4639(19)30076-8/sref29
http://refhub.elsevier.com/S1438-4639(19)30076-8/sref29
http://refhub.elsevier.com/S1438-4639(19)30076-8/sref30
http://refhub.elsevier.com/S1438-4639(19)30076-8/sref30
http://refhub.elsevier.com/S1438-4639(19)30076-8/sref30
http://refhub.elsevier.com/S1438-4639(19)30076-8/sref30

	Determination of benchmark dose based on adduct and micronucleus formations in formaldehyde-exposed workers
	Introduction
	Materials and methods
	Exposed and control subjects
	Exposure assessment
	Assessment of formaldehyde exposure
	FA-HAS determination
	CBMN assay
	Statistical analysis
	Benchmark dose estimation

	Results
	Characteristics of the study subjects
	Formaldehyde exposure assessment
	Formaldehyde exposure and MN frequency
	Determinations of BMD based on dose-response of chromosomal damage prevalence

	Discussion
	Conclusions
	Conflicts of interest
	Acknowledgements
	Supplementary data
	References




