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Abstract
For the first time, the National Health and Nutrition Examination Survey (NHANES) released data on hemoglobin adducts of
formaldehyde (HCHO) in public domain for US children aged 6–11 years, adolescents aged 12–19 years, and adults aged > =
20 years for 2015–2016. This study was undertaken to evaluate the associations between concentrations of HCHO in whole
blood and smoking, exposure to environmental tobacco smoke (ETS), and self-reported diagnoses of cancers and asthma. Adult
smokers were found to have higher adjusted concentrations of HCHO than nonsmokers (127.7 vs. 125.1 pmol/g Hb, p = 0.02).
Exposure to ETS was not found to affect the adjusted concentrations of HCHO. No associations were observed between HCHO
concentrations and self-reported diagnosis of “ever” cancer as well as self-reported presence of asthma at the time of participation
in NHANES. HCHO concentrations were not found to differ across genders and racial/ethnic groups for children and adoles-
cents. Among adults, non-Hispanic blacks (120.0 pmol/g Hb) had lower adjusted concentrations (p < = 0.01) of HCHO than non-
Hispanic whites (128.8 pmol/g Hb), Mexican Americans (129.4 pmol/g Hb), other Hispanics (130.3 pmol/g Hb), and non-
Hispanic Asians (127.9 pmol/g Hb). In conclusion, self-reported diagnoses of cancer and asthma were not found to be associated
with observed concentrations of HCHO in whole blood.
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Introduction

Formaldehyde (HCHO), at room temperature, is a flammable
gas that may cause burning sensation to the eyes, nose, and
lungs at high concentrations (https://www.atsdr.cdc.gov/
ToxProfiles/tp111-c1-b.pdf). HCHO is produced both by
human activity and natural sources. Primary source of
exposure to HCHO is by breathing air that contains HCHO.
Automobile exhaust and cigarette smoke are predominant
sources of HCHO air contamination. HCHO may also occur
naturally in foods such as fruits.

Saccharides used as tobacco ingredients are responsible for
generating HCHO in tobacco smoke (Baker 2006). HCHO is
present in both mainstream and side-stream cigarette smoke.
Smith et al. (2000) lists the presence of HCHO in mainstream
cigarette smoke to be in the range of 3.4–283 μg/cig. Presence
of HCHO in vaping products has been documented by Nicol
et al. (2020), Gillman et al. (2020), and Cirillo et al. (2019).
Aljadani et al. (2020) reported on the contents of water pipe
smoke including genotoxic carcinogens such as HCHO.

International Agency for Research on Cancer (IARC) has
classified HCHO as a human carcinogen (https://monographs.
iarc.fr/wp-content/uploads/2018/06/mono100F-29.pdf,
https://publications.iarc.fr/106). HCHO may be associated
with cancers of nasopharynx, nasal sinuses, and others as
well as leukemia. The US National Toxicology Program
also listed HCHO as a known human carcinogen (https://ntp.
niehs.nih.gov/whatwestudy/assessments/cancer/roc/index.
html?utm_source=direct&utm_medium=prod&utm_
campaign=ntpgolinks&utm_term=roc12). In a recent study of
exposure to HCHO and other volatile organic compounds
indoor environments in China, Zhang et al. (2020) described
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the predicted carcinogenic risk of formaldehyde to be greater
than the threshold value of 1E-06. Kwak et al. (2020)
reviewed 31 studies and based on the meta-analysis did not
find strong evidence in HCHO being a risk factor for lung
cancer among workers occupationally exposed to HCHO.
However, significantly increased risk estimates were obtained
for the recent studies. In another meta-analysis of 12 reports
among those who were occupationally exposed to HCHO,
Catalani et al. (2019) did not find an association between
exposure to HCHO and non-Hodgkins lymphoma.
However, higher risks were observed by in studies published
prior to 1986. Allegra et al. (2019), based on a review of 81
articles, did not find exposure to HCHO to be a cause of acute
myeloid leukemia. Masjedi et al. (2019), based on the air
quality in water pipe and cigarette cafes in Tehran, Iran, esti-
mated the lifetime risk of cancer due to HCHO exposure for
water pipe and cigarette smokers. The average of lifetime
cancer risk due to formaldehyde exposure through inhalation
in water pipe, cigarette, water pipe and cigarette, and none-
smoking cafés in weekday and weekend sessions was estimat-
ed to be 111 × 10−5 and 61.2 × 10−5, 33.7 × 10−5 and 39.4 ×
10−5, 271 × 10−5 and 322 × 10−5, and 4.80 × 10−5 and 5.90 ×
10−5, respectively, which, authors reported exceed the maxi-
mum limits established by the US EPA andWHO. Delikhoon
et al. (2018) reported mean inhalation lifetime cancer risk for
formaldehyde and acetaldehyde in summer and winter of
2017 to range between 7.55 × 10−6 and 9.25 × 10−5 in
Shiraz, Iran. Based on a review of 14 studies, a majority of
which were conducted in Europe, Awan et al. (2018) reported
a significant association between exposure to HCHO and risk
of developing oral and pharyngeal cancers.

Yu et al. (2020) reviewed the risk of asthma among chil-
dren and adults when exposed to HCHO. Based on meta-
analysis of 13 studies, they (Yu et al., 2020) reported each
10 μg/m3 increase in HCHO exposure to be significantly as-
sociated with a 10% increase in the risk of asthma in children,
and among adults with HCHO exposure > 22.5 μg/m3,
relative risk of asthma was found to be 1.81. Neamtiu et al.
(2019) reported adjusted odds of 2.69 among Romanian
school children when exposed to HCHO ≥ 35 μg/m3 during
a school week as comparedwith HCHO exposure < 35μg/m3.
Yao et al. (2015) meta-analyzed data from 8 articles to evalu-
ate association between HCHO exposure among children with
and without asthma. Pooled weighted mean difference be-
tween the concentrations of HCHO among children with and
without asthma was 0.021 (95% CI 0.009–0.033).
Formaldehyde pollution and ventilation frequency were iden-
tified as risk factors for respiratory system disorders in both
adults and children in Shenyang City, China (Zhai et al.,
2013).

National Health and Nutrition Examination Survey con-
ducted by US Centers for Disease Control and Prevention
(NHANES, https://wwwn.cdc.gov/nchs/nhanes/Default.

aspx) among non-institutionalized US population, for the first
time, released data on HCHO in public domain for its 2015–
2016 cycle. This provided an opportunity to not only study
gender and racial/ethnic differences in observed concentration
of HCHO but also to evaluate possible associations between
HCHO concentrations and prevalence of cancers and asthma
among US population. While NHANES does not collect phy-
sician diagnosed data on cancers and asthma, it does collect
self-reported data on cancers and asthma via medical condi-
tions questionnaires administered to NHANES participants in
mobile examination centers. While data on self-reported asth-
ma are collected for all NHANES participants irrespective of
their age, data on self-reported cancers are collected for only
those who were aged > = 20 years at the time they participated
in NHANES. Participants were asked if they have ever been
told by a doctor or other health care professional that they had
cancer. An affirmative response is followed by asking infor-
mation on specific cancer sites for up to three cancers. They
are also asked the age at which each cancer was first diag-
nosed. Similarly, participants are asked if they have ever been
told they had asthma. An affirmative response is followed by
asking if they still had asthma. Data on HCHO are provided as
hemoglobin adduct concentrations of HCHO. In summary,
the objective of this study was to estimate associations be-
tween observed HCHO concentrations and smoking, expo-
sure to environmental tobacco smoke (ETS), cancers, and
asthma. In addition, variability in HCHO concentrations
across genders and race/ethnicity will also be assessed.

Materials and methods

Data source and description

NHANES 2015–2016 data on demographics, body measures,
HCHO, serum cotinine, self-reported data on cancers and
asthma, and ETS exposure were downloaded and match
merged by the ID of NHANES participants aged > = 6 years.
Three databases, one each for children aged 6–11 years, ado-
lescents aged 12–19 years, and adults aged > = 20 years were
generated. Thus, data were separately analyzed for children
aged 6–11 years, adolescents aged 12–19 years, and adults
aged > = 20 years.

Definitions and categorizations

Age specific body mass index percentiles (BMIPCT) using
the growth curves for US children and adolescents (https://
www.cdc.gov/nccdphp/dnpa/growthcharts/training/modules/
module1/text/module1print.pdf) were generated using the
software provided by the US Centers for Disease Control
and Prevention (https://www.cdc.gov/nccdphp/dnpao/
growthcharts/resources/cdc-source-code.sas). Adolescents
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with serum cotinine levels > = 0.765 ng/mL and adults with
serum cotinine > = 3.3 ng/mL were classified as smokers as
per recommendations by Jain (2018). All children were as-
sumed to be nonsmokers. Data on exposure to ETS at home
were estimated by number of smokers smoking inside home
(N_SMK) and number of days smokers smoked (D_SMK)
inside during the last 7 days (https://wwwn.cdc.gov/Nchs/
Nhanes/2015-2016/SMQFAM_I.htm).

Study design, software, and statistical analysis

Design and statistical analysis of this study were similar to the
study by Jain (2020). Regression models stratified by children,
adolescent, and adults were fitted to estimate factors affecting
observed levels of HCHO. All data were analyzed byUniversity
Edition SAS (www.sas.com) Procs FREQ, UNIVARIATE, and
SURVEYREG. Since data on HCHO were positively skewed,
log10 transformed values of HCHO were used as dependent
variables for each of the three regression models fitted to
estimate factors affecting observed levels of HCHO.
Independent variables used in all three models were gender
(male, female), race/ethnicity (non-Hispanic white or NHW,
non-Hispanic black or NHB, Mexican Americans or MA,
Hispanics other than Mexican Americans or OHISP, non-
Hispanic Asians or NHAS, and other unclassified race and eth-
nicities or OTH), age in years, poverty income ratio, N_SMK,
and D_SMK. Models for children and adolescents used
BMIPCT and models for adults used log10 transformed values
of body mass index as independent variables to evaluate the
effect of body habitus. In order to estimate the effect of smoking,
smoking status (nonsmoker, smoker) was also used as an inde-
pendent categorical variable for the models fitted for adolescents
and adults. Self-reported diagnoses of “ever” cancer and self-
reported diagnoses of asthma “now” were included as ordinal
variables for the models fitted for children, adolescents, and
adults. All models used sampling weights and sampling design
information on strata and clustering.

Sample sizes used for the analysis are given in Table 1.
Table 2 provides data on unadjusted geometric means
(UGM) and Table 3 provides data on adjusted geometric
means (AGM). Table 4 provides data on associations as re-
gression slopes between log10 transformed values of HCHO
and selected independent variables.

It certainly would have been appropriate to model the as-
sociations between HCHO exposure and cancers of lung and
nasopharynx, leukemias, and lymphomas. However, self-
reported “ever” diagnoses of these site specific cancers were
too low to model the associations between HCHO exposure
and these site specific cancers. Number of adult participants
self-reporting lung cancer, leukemia, and lymphoma was 4, 1,
and 5, respectively. Additional NHANES data in future cycles
may provide large enough N to model these important
associations.

Laboratory methods

Laboratory methodology to measure hemoglobin adducts of
HCHO is available at https://wwwn.cdc.gov/nchs/data/
nhanes/2015-2016/labmethods/FORMAL_I_MET.pdf.

Results

Prevalence of cancers and asthma

Prevalence of self-reported “ever” cancer was 9.4% among
US adults (Table 1). Prevalence of self-reported “ever” asthma
was 16.7% among children, 18.7% among adolescents, and
13.7% among US adults. Prevalence of self-reported asthma
“now”was 12.9% among children, 11.4% among adolescents,
and 7.9% among US adults (Table 1).

Unadjusted geometric means (UGM)

UGMs for HCHO were computed to be 126.6 pmol/g Hb
for children, 127.7 pmol/g Hb for adolescents, and
127.8 pmol/g Hb for adults (Table 2). HCHO UGMs for

Table 1 Unweighted sample sizes for US children aged 6–11 years,
adolescents aged 12–19 years, and adults aged > = 20 years for non-
missing values of formaldehyde by gender, race/ethnicity, smoking sta-
tus^, and prevalences of cancers and asthma. Data from the National
Health and Nutrition Examination Survey 2015–2016

Age group

6–11 years 12–19 years > = 20 years

Total 317 100.0 359 100.0 1678 100.0

Males 151 47.6 178 49.6 837 49.9

Females 166 52.4 181 50.4 841 50.1

Non-Hispanic whites 80 25.2 99 27.6 566 33.7

Non-Hispanic blacks 59 18.6 80 22.3 327 19.5

Mexican Americans 75 23.7 84 23.4 293 17.5

Other Hispanics 50 15.8 41 11.4 234 13.9

Non-Hispanic Asians 32 10.1 29 8.1 204 12.2

Other race/ethnicities 21 6.6 26 7.2 54 3.2

Nonsmokers* 317 100.0 295 82.2 1226 73.1

Smokers* Not applicable 60 16.7 430 25.6

“Ever” cancer Not applicable Not applicable 157 9.4

No cancer Not applicable Not applicable 1521 90.6

“Ever” asthma 53 16.7 67 18.7 230 13.7

Never asthma 263 83.0 292 81.3 1447 86.2

Asthma “now” 41 12.9 41 11.4 133 7.9

No asthma “now” 274 86.4 316 88.0 1543 92.0

*Total number of participants does not sum up to 100% because of miss-
ing values for smoking status
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children, adolescents, and adults did not vary by gender.
For both children and adolescents, HCHO UGMs did not
vary across various racial/ethnic groups. Smoking did not
affect the HCHO concentrations for either adolescents or
adults (Table 2). For adults, NHW had higher HCHO UGM
than NHB (129.1 vs. 120.1 pmol/g Hb, p < 0.01), and NHB
had lower HCHO UGM than MA, OHISP, and NHAS
(120.1 pmol/g Hb vs. 128.4, 129.6, and 127.7 pmol/g Hb,
p < =0.02, Table 2).

Adjusted analysis

Neither gender nor race/ethnicity affected the adjusted geo-
metric means (AGM) for HCHO for children and adolescents
(Table 3). Smoking did not affect AGMs for HCHO for ado-
lescents. For adults, NHW had higher HCHO AGM than
NHB (128.8 vs. 120.0 pmol/g Hb, p < 0.01), and NHB had
lower HCHO AGM than MA, OHISP, and NHAS
(120.0 pmol/g Hb vs. 129.4, 130.3, and 127.9 pmol/g Hb,

Table 2 Unadjusted geometric means with 95% confidence intervals for formaldehyde in whole blood in pmol/g Hb for US children aged 6–11 years,
adolescents aged 12–19 years, and adults aged > = 20 years. Data from National Health and Nutrition Examination Survey 2015–2016

Age group

6–11 years 12–19 years > = 20 years

Total 126.6 (124.6–128.7) 127.7 (124.8–130.7) 127.8 (125.8–129.9)

Males (M) 126.6 (123.2–130.1) 128.4 (125.0–132.0) 128.0 (125.6–130.4)

Females (F) 126.5 (123.7–129.5) 127.0 (123.0–131.1) 127.7 (125.5–130.0)

Non-Hispanic whites (NHW) 128.8 (126.3–131.3) 129.7 (125.3–134.2) 129.1 (126.7–131.5)

Non-Hispanic blacks (NHB) 119.7 (113.8–125.8) 123.6 (117.7–129.8) 120.1 (117.3–122.9)

Mexican Americans (MA) 128.2 (121.1–135.8) 123.1 (117.1–129.4) 128.4 (125.2–131.8)

Other Hispanics (OHISP) 121.9 (113.6–130.8) 131.3 (125.4–137.5) 129.6 (126.5–132.8)

Non-Hispanic Asians (NHAS) 125.6 (120.5–130.8) 128.0 (122.7–133.5) 127.7 (124.7–130.8)

Other race/ethnicities (OTHR) 129.2 (125.9–132.6) 128.2 (123.2–133.3) 123.3 (117.2–129.7)

Nonsmokers (NSM) 126.6 (124.6–128.7) 128.2 (125.1–131.4) 127.5 (125.1–129.9)

Smokers (SM) Not Applicable 124.5 (120.2–129.0) 128.8 (126.4–131.3)

Statistically significant differences* NHW>NHB (p < 0.01), NHB <MA (p < 0.01),
NHB <OHISP (p < 0.01), NHB <NHAS (p = 0.02)

*p-values are adjusted for multiple comparisons by Tukey–Kramer method

Table 3 Adjusted geometric means with 95% confidence intervals for formaldehyde in whole blood pmol/g Hb for US children aged 6–11 years,
adolescents aged 12–19 years, and adults aged > = 20 years. Data from the National Health and Nutrition Examination Survey 2015–2016

Age group

6–11 years 12–19 years > = 20 years

Total 125.4 (122.7–128.2) 125.5 (123.5–127.6) 126.4 (121.2–131.9)

Males (M) 125.3 (122.1–128.5) 125.7 (122.4–129.1) 126.4 (121.0–132.0)

Females (F) 125.6 (121.6–129.7) 125.3 (122.5–128.3) 126.4 (121.1–131.9)

Non-Hispanic Whites (NHW) 128.0 (124.9–131.1) 126.6 (123.2–130.1) 128.8 (123.5–134.4)

Non-Hispanic Blacks (NHB) 120.2 (113.6–127.3) 122.6 (117.7–127.7) 120.0 (114.4–125.9)

Mexican Americans (MA) 127.9 (121.0–135.1) 121.8 (115.8–128.1) 129.4 (123.5–135.6)

Other Hispanics (OHISP) 123.0 (112.6–134.4) 131.0 (123.2–139.4) 130.3 (124.6–136.1)

Non-Hispanic Asians (NHAS) 124.8 (118.9–131.0) 123.9 (119.7–128.2) 127.9 (122.5–133.5)

Other race/ethnicities (OTHR) 128.8 (124.8–132.8) 127.5 (121.5–133.9) 122.4 (114.7–130.5)

Nonsmokers (NSM) Not applicable 127.3 (124.4–130.3) 125.1 (119.7–130.8)

Smokers (SM) Not applicable 123.8 (120.3–127.3) 127.7 (122.4–133.2)

Statistically significant differences* NHW>NHB (p < 0.01), NHB <MA (p < 0.01), NHB<OHISP
(p < 0.01), NHB<NHAS (p = 0.01), NSM< SM (p = 0.02)

*p-values adjusted for multiple comparisons by Tukey–Kramer method
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p < =0.01, Table 2). Adult smokers had higher AGMs for
HCHO than nonsmoker adults (127.7 vs. 125.1 pmol/g Hb,
Table 3, p = 0.02).

Exposure to ETS was not found to affect the levels of
HCHO for either children or adolescents (Table 4).
However, among adults, a number of smokers smoking inside
home were negatively associated with HCHO concentrations
with a borderline statistical significance (p = 0.047). Neither
‘ever” diagnosis of cancer nor self-reported asthma “now”
affected the HCHO concentrations for either children, adoles-
cents, or adults (Table 4).

Discussion

NHB adults were found to have lower adjusted concentrations
of HCHO than any other racial/ethnic group (Table 4). While
there may be other reasons, one of the reasons may be that
NHB smoke lower number of cigarettes on a daily basis than
other racial/ethnic groups and thus may be exposed to lower
levels of HCHO from tobacco smoke. For example, in a study
about daily cigarettes smokers, Jain (2014) reported average
number of cigarettes smoked by NHB, NHW, MA, and other
racial/ethnic adults to be 11.4, 18.6, 10.4, and 13.7,
respectively.

The findings of no associations between exposure to
HCHO and prevalence of cancer and asthma observed for this
study may be, to a degree, in contradiction to what has been
reported by Zhang et al. (2020), Kwak et al. (2020), Yu et al.
(2020), Neamtiu et al. (2019), and others. However, this needs
to be noted that the results of this study were for the general
US population, and not for those who may have been occupa-
tionally exposed to HCHO. It is in this context that the results
of this study should be viewed. The focus of the analysis of
this study was how observed concentrations of HCHO vary
across the levels of independent variables including self-

reported cancer (no, yes) and asthma (no, yes). In other words,
the dependent variable for analysis for this study was the ob-
served concentrations of HCHO. An alternate mode of analy-
sis could have been to model the probabilities of self-reported
cancer and asthma meaning analyze data with self-reported
cancer (no, yes) and asthma (no, yes) as dependent variables.
Then, relative odds of having self-reported cancer and asthma
could have been estimated across genders and race/ethnicity
as well as “high” versus “low” observed values of HCHO. For
example, observed levels of HCHO above 75th percentiles
could have been classified as “high” values. In fact, we did
re-analyze the data by fitting logistic regression models with
self-reported cancer (no, yes) and asthma (no, yes) as depen-
dent variables. However, odds of self-reported cancer as well
as asthma were not found to be any higher for those with
“high” values of HCHO defined as being > = 75th percentiles
of the distributions for HCHO for each age group than those
with “low” values of HCHO.

When results look suspicious, there is always a way to go
back to the raw data and check for authenticity of the results of
statistical analysis to the degree possible. In order to do so, we
plotted those who admitted having asthma “now” and cancer
“ever” against their observed HCHO concentrations. These
results are plotted in supplementary Fig. S1 for asthma
“now” and in Fig. S2 for cancer “ever.”An inspection of these
two data figures suggests that cases for asthma “now” and
cancer “ever” are almost uniformly distributed across the
range of observed HCHO concentrations (range for children
59.7–228.0 pmol/g Hb, range for adolescents 57.7–
178.0 pmol/g Hb, range for adults: 61.9–214.0 pmol/g Hb).
However, we searched for cutoffs for HCHO that will divide
cases at 25% below cutoff and 75% > = cutoff. These cutoffs
were 119 pmol/g Hb for children and adolescents and
115 pmol/g Hb for adults.With these newly computed cutoffs,
probabilities of asthma “now” and “ever” cancer were models
by SAS Proc SUYVEYLOGISTIC but relative odds of

Table 4 Regression slopes with p-values for the associations between log10 transformed values of HCHO hemoglobin adducts and selected
independent variable for US children, adolescents, and adults. Data from the National Health and Nutrition Examination Survey 2015–2016

Age group

6–11 years 12–19 years > = 20 years

Age − 0.00368 (0.19) 0.00208 (0.19) − 0.00013 (0.10)

Poverty income ratio 0.00274 (0.34) 0.00299 (0.21) 0.00375 (< 0.01)**

BMI percentiles 0.00007 (0.55) − 0.00035 (0.02)** Not applicable

Log10(BMI) Not applicable Not applicable 0.00559 (0.79)

No of smokers smoking inside home 0.01734 (0.08) 0.01125 (0.16) − 0.00846 (0.047)**

No of days smokers smoked inside home last week − 0.00568 (0.07) − 0.00589 (0.12) 0.00182 (0.15)

“Ever” diagnosed with cancer Not applicable Not applicable 0.00080 (0.83)

Have asthma “now” − 0.01526 (0.20) 0.02080 (0.13) 0.00190 (0.70)

**statistically significant slope at α = 0.05
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having asthma “now” and “ever” cancer were no different
when HCHO > = cutoffs than HCHO < cutoffs. Hence, we
must conclude, there are no associations between HCHO con-
centrations and self-reported asthma “now” and “ever” cancer
among general US populations of children, adolescents, and
adults.
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