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Abstract

Background

Every major federal regulation in the United States requires an economic analysis estimat-
ing its benefits and costs. Benefit-cost analyses related to regulations on formaldehyde
exposure have not included asthma in part due to lack of clarity in the strength of the
evidence.

Objectives

1) To conduct a systematic review of evidence regarding human exposure to formaldehyde
and diagnosis, signs, symptoms, exacerbations, or other measures of asthma in humans;
and 2) quantify the annual economic benefit for decreases in formaldehyde exposure.

Methods

We developed and registered a protocol in PROSPERO (Record ID #38766, CRD
42016038766). We conducted a comprehensive search of articles published up to April 1,
2020. We evaluated potential risk of bias for included studies, identified a subset of studies
to combine in a meta-analysis, and rated the overall quality and strength of the evidence.
We quantified economics benefit to children from a decrease in formaldehyde exposure
using assumptions consistent with EPA’s proposed formaldehyde rule.

Results

We screened 4,821 total references and identified 150 human studies that met inclusion cri-
teria; of these, we focused on 90 studies reporting asthma status of all participants with
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quantified measures of formaldehyde directly relevant to our study question. Ten studies
were combinable in a meta-analysis for childhood asthma diagnosis and five combinable for
exacerbation of childhood asthma (wheezing and shortness of breath). Studies had low to
probably-low risk of bias across most domains. A 10-ug/m? increase in formaldehyde expo-
sure was associated with increased childhood asthma diagnosis (OR = 1.20, 95% CI: [1.02,
1.41]). We also found a positive association with exacerbation of childhood asthma (OR =
1.08, 95% CI: [0.92, 1.28]). The overall quality and strength of the evidence was rated as
“moderate” quality and “sufficient” for asthma diagnosis and asthma symptom exacerbation
in both children and adults. We estimated that EPA’s proposed rule on pressed wood prod-
ucts would result in 2,805 fewer asthma cases and total economic benefit of $210 million
annually.

Conclusion

We concluded there was “sufficient evidence of toxicity” for associations between exposure
to formaldehyde and asthma diagnosis and asthma symptoms in both children and adults.
Our research documented that when exposures are ubiquitous, excluding health outcomes
from benefit-cost analysis can underestimate the true benefits to health from environmental
regulations.

Introduction

Formaldehyde exposure is ubiquitous and occurs in homes, communities, and workplaces.
Formaldehyde is a high-volume production chemical with numerous industrial and commer-
cial uses as a solution, disinfectant, preservative or to produce industrial resins used to manu-
facture adhesives and binders in wood, paper, and other products. It is present in many
household products, such as foam insulation, cleaning and personal care products, pressed
wood products such as particleboard and plywood, and as a result is a common indoor air pol-
lutant found in virtually all homes and buildings [1-9]. Homes are impacted by off-gassing of
formaldehyde from new housing materials, with availability and rates of ventilation having
minimal impact on exposure levels [10].

In particular, formaldehyde is an environmental justice and affordable housing concern.
Lower-income communities are disproportionately at risk of exposure to formaldehyde and
resulting health effects from pressed wood products in homes built with less costly building
materials. Formaldehyde exposure extends beyond residential homes—for instance, formalde-
hyde has been measured at levels exceeding exposure limits in childcare settings in California.
Workplace exposure to formaldehyde occurs in a wide variety of industries and occupations,
such as in the manufacture or production of formaldehyde or formaldehyde-based products
or during firefighting, embalming, carpentry, and pathology lab work.

Asthma is a complex disease caused by chronic inflammation of the airways that results in
episodic airway hyper responsiveness, excessive mucous secretion, and airway obstruction.
Exposure to formaldehyde occurs primarily through inhalation and also as a respiratory con-
tact irritant [11]. The relationship between exposure to formaldehyde and asthma has been
actively under evaluation by government agencies for the last few decades [12-14]. A substan-
tial amount of research exploring relationships between formaldehyde exposure and exacerba-
tion of asthma has been conducted, but few systematic reviews (with a pre-established
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Fig 1. Timeline of U.S. Environmental Protection Agency (EPA) action on formaldehyde from September 1990-December 2016, highlighting
Integration Risk Information System (IRIS) final assessments releases, reassessments, internal and external reviews, and final rules issued.

https://doi.org/10.1371/journal.pone.0248258.9001

protocol, systematic literature search, pre-defined criteria for evaluating studies and categories
to assess the strength of evidence) are available providing a comprehensive overview of the
evidence.

The U.S. Environmental Protection Agency (EPA) released its review of formaldehyde
health risks in its Integrated Risk Information System (IRIS) assessment in 1990, initiated a
reassessment in 1998, and released a draft report in 2010, which included a review of the
asthma health outcome (Fig 1). A review of the draft assessment by the National Academy of
Sciences (NAS) highlighted many methodological limitations of the IRIS process, such as
EPA’s study selection and evaluation criteria that led to the advancement of one study [15]
with potential misclassification of infection-associated wheezing in young children as asthma
[14]. EPA’s conclusion of a causal relationship between formaldehyde exposure and asthma
incidence and subsequent derivation of a candidate Reference Concentration (RfC) was ulti-
mately challenged by the NAS committee [14].

In 2010, Congress required EPA to issue a rule on pressed wood products and emissions of
formaldehyde; ultimately EPA issued a final rule on formaldehyde in 2016 (Fig 1). EPA con-
ducted a benefits cost analysis of this rule under an Executive Order that requires every signifi-
cant regulation in the U.S. be accompanied by an economic analysis of the benefits and costs
of implementation. EPA initially included asthma in the benefit-cost analysis for the proposed
rule; however, asthma was removed from the analysis after interagency review. In the U.S.,
asthma affects approximately 23 million people, including 6 million children [16], impacting
approximately 8% of both children and adults [17]. The omission of asthma from the benefit-
cost analysis could significantly underestimate the true value of regulating formaldehyde in
pressed wood products.

To assess the evidence of formaldehyde’s contribution to asthma outcomes, we conducted a
systematic review of human studies to answer the question of whether exposure to formalde-
hyde is associated with diagnosis, signs, symptoms, exacerbation, or other measures of asthma
in humans. We used results from the quantitative evaluation of the evidence to estimate the

PLOS ONE | https://doi.org/10.1371/journal.pone.0248258 March 31, 2021 3/44


https://doi.org/10.1371/journal.pone.0248258.g001
https://doi.org/10.1371/journal.pone.0248258

PLOS ONE

Exposure to formaldehyde and asthma outcomes

benefits of the reduction in asthma cases implied by the proposed EPA rule on pressed wood
products.

Methods

We applied the Navigation Guide systematic review methodology, a systematic and transpar-
ent method for synthesizing the available scientific evidence designed specifically for environ-
mental exposures [18,19]. The method is based on Cochrane and GRADE methods [20,21]
and includes the same elements (protocol development, risk of bias evaluation, evidence evalu-
ation, etc.). However, one main difference is that this method accounts for differences in evi-
dence and decision context inherent to environmental health assessments, i.e., the reliance on
human observational studies in the absence of randomized controlled trials (RCTs), and the
fact that population exposure to exogenous chemicals precedes evidence of their safety.

Protocol

We developed a protocol prior to initiating the review and registered it in PROSPERO in May
2016 (http://www.crd.york.ac.uk/PROSPERO/; Record ID #38766, CRD 42016038766).

Study question

Our systematic review objective was to answer the question: “Is exposure to formaldehyde
associated with the diagnosis, signs, symptoms, exacerbation, or other measures of asthma in
humans?”

The “Participants Comparator” and “Outcomes” (PECO) statement is
briefly outlined below, with additional specifics available in the protocol.

Participants. Humans.

Exposure. Any indoor or outdoor sources of airborne inhalation exposure to formalde-
hyde, including but not limited to occupational, outdoor ambient, indoor household settings,
and/or exposure to household products that occurred prior or concurrent to health outcome.

Comparator. Humans exposed to lower levels of formaldehyde than the more highly
exposed humans.

Outcomes. Any of the following asthma-related outcomes: diagnosis of asthma, asthma
signs or symptoms, asthma exacerbation, or indirect measures of asthma.

» » «

, “Exposure,

Data sources

We searched the databases PubMed, ISI Web of Science, Biosis Previews, Embase, Google
Scholar, and Toxline from the inception of each database up to April 1, 2020 using the search
terms in S1-S5 Tables. We did not limit our search by language or initial publication date. We
used the Medical Subject Headings (MeSH) database to compile synonyms for formaldehyde
and asthma-related outcomes. Our search terms and search strategy were developed by two
librarians trained in systematic review methodology (LS, EW). We also supplemented these
results by searching toxicological and grey literature databases (S6 and S7 Tables), consulting
with subject matter experts, and hand-searching references by reviewing reference lists of
included studies and review papers on the topic as well as searching for references that cited
included studies (“snowball searching”).

Study selection

We included studies that contained original data from human studies that measured or
reported formaldehyde exposure prior to evaluating the health outcome. We screened
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references for inclusion using structured forms in DistillerSR (Evidence Partners; available at:
http://www.systematic-review.net). Two of four possible reviewers (EK, ND, AP, HV) inde-
pendently reviewed titles and abstracts of each reference to determine eligibility in a non-ran-
dom assignment (to ensure that the same two authors did not always screen the same
references). In the event that an abstract was missing or there were discrepancies between the
two reviewers, the default was to move the reference forward for full text review. Two of the
same four reviewers (EK, ND, AP, HV) then independently performed a full-text review to
evaluate inclusion criteria of each reference not excluded by title/abstract screening. An addi-
tional reviewer (JL) screened five percent of the titles/abstracts and full-texts for quality
assurance.

We excluded studies if any one of the following criteria was met: 1) the report did not con-
tain original data; 2) the article did not involve human subjects; 3) there was no report of form-
aldehyde exposure; 4) there was no report of diagnosis of asthma, asthma signs or symptoms,
asthma exacerbation, or indirect measures of asthma (such as daily use of inhaler); or 5) there
was no comparator—control group or exposure range comparison (S1 Methods). We trans-
lated the title and abstracts of studies using freely available online software (i.e., Google Trans-
late) that were not published in English to evaluate its relevance.

Data extraction

We extracted data from studies in duplicate in a Health Assessment Workplace Collaborative
database (HAWG; available at: https://hawcproject.org/about/). Two of three possible extrac-
tors (SE, EM, DB) independently extracted data relating to study characteristics and outcome
measures (S2 Methods) from each included article. A third extractor (PH, BV) performed QA/
QC on all the studies to resolve any discrepancies between the two independent extractors;
subsequently, two authors (JL, EK) reviewed all studies to further ensure the accuracy of
extracted data. When information was missing from a published article, we contacted corre-
sponding study authors to request additional information.

Rate the quality and strength of the evidence

Statistical analyses. Prior to study selection, we developed a list of study characteristics
(contained in our protocol: http://www.crd.york.ac.uk/PROSPERO/; Record ID #38766, CRD
42016038766) to identify studies suitable for meta-analysis. After evaluating the characteristics
of all the studies, we grouped studies into four study population and health outcome combina-
tions: 1) child asthma diagnosis; 2) child asthma exacerbation and symptoms; 3) adult asthma
diagnosis; and 4) adult asthma exacerbation and symptoms.

To differentiate child from adult studies, we initially planned to use the age of 18 years as a
cutoff for children, but a number of the studies used a cutoff age of 15 years to distinguish
between children and adults. Given that the onset of asthma commonly occurs during pre-
school years and recent increases in asthma incidence over the past few decades has been
observed to increasingly affect children and adolescents aged 1 to 14 years, we decided to use
age 15 years as the cutoff to group child vs. adult studies. We did not include studies in the
meta-analysis that reported effect estimates with only mixed children and adult populations in
the meta-analysis due to concerns that differences in adult-onset versus childhood-onset of
asthma would be masked. We also did not consider these data in our overall rating of study
quality and strength, but we did include these data in visual scatterplots of data for comparison
with child and adult data.

For the adult studies, we considered the body of evidence to include all adult population
studies, regardless of whether exposure occurred in the general population or at work, as
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biologically, the relationship between exposure and health outcome is independent of where
the exposure occurred. We distinguished the adult general population study results from the
adult occupational study results on the visual scatterplots for comparison.

For cohorts with multiple publications (for instance, if a cohort was followed over time), we
utilized results from the latest time point where our relevant outcome of interest was mea-
sured, but also considered information provided collectively across the publications for evalu-
ating study quality. Where available, we used adjusted odds ratios to conduct the meta-
analysis but if adjusted results were not reported, we included unadjusted ORs in the analyses.
We converted effect estimates to an OR and 95% confidence interval (CI) for the association
between asthma per 10-pg/m” unit increase in formaldehyde exposure to standardize across
studies, transforming units of exposure when necessary. Where a meta-analysis was not possi-
ble, we created visual scatterplots of data across studies reporting on similar outcomes and
subpopulations to consider all available data in assessing the evidence. We also applied a
mixed models approach for repeated data to evaluate outcomes at various doses, using
exchangeable correlation structures for repeated measurements within the same study.

We evaluated statistical heterogeneity across study estimates in the meta-analysis using I°
with p<0.05 as our cut off for statistical significance, as previously described. If statistical het-
erogeneity was present, we used leave-one-out analysis to identify the study or studies contrib-
uting, evaluated potential study characteristics (e.g., study location, study population, study
design, adjusted confounders, timing of exposure, etc.) to determine if we could explain the
source, and incorporated hierarchical cluster structures in the data analysis to statistically
account for heterogeneity. We also investigated the relative contribution of each study to the
overall meta-analysis association and conducted sensitivity analysis to investigate the impacts
of removing highly influential studies from the analysis. Data management was performed
with Microsoft Excel. Statistical analyses were performed using STATA 13.1 software (Stata-
Corp, 2011). We pooled estimates using inverse variance-weighted models, fixed-effects mod-
els and the DerSimonian and Laird random-effects models. We used the metan, metareg,
metainf, metafunnel, metabias and metatrim packages in STATA version 13.1.

To investigate the effect of publication bias on our meta-analysis, we created funnel plots
and used Egger’s test. We also quantitatively evaluated each meta-analysis for the potential
effect that a new study might have on changing the interpretation of our overall results. Specif-
ically, the association estimate of a new or unpublished study necessary to alter the results of
the meta-analysis was calculated under two scenarios: 1) the 95% confidence interval of the
meta-analysis overlapped zero, and 2) the meta-analysis central association estimate was
greater than zero (moved to the opposite direction—i.e., such that increases in formaldehyde
exposures would be associated with decreases in asthma outcomes). In making this calculation,
we assumed that the new hypothetical study would have a standard error equal to the smallest
in our group of studies.

Assessing the risk of bias for each included study. We evaluated risk of bias separately
for each of the four study population/outcome group combinations using The Navigation
Guide Risk of Bias Tool, a modified instrument based on the Cochrane Collaboration and
Agency for Healthcare Research and Quality (AHRQ) domains, with customized instructions
for each domain based on the type of evidence anticipated beforehand (S3 Methods).

We evaluated nine risk of bias domains (Source Population, Blinding, Outcome Assess-
ment, Confounding, Incomplete Outcome, Exposure Assessment, Selective Reporting, Finan-
cial Conflict of Interest, and Other). We assigned each domain as “low,” “probably low,”
“probably high,” or “high” risk of bias, or “not applicable” (domain not applicable to study)
according to specific criteria as described in our risk of bias instruments (S3 Methods). Two of
three possible reviewers (SE, EM, RB) independently recorded risk of bias determinations for

» «
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each included study. We held an in-person meeting for all review authors (JL, EK, PS, AMP,
MDC, HV, ND, EW, TJW) to review risk of bias ratings and rationales for each study, come to
consensus to ensure consistency, and record our final rationale. One review author (EK) inde-
pendently reviewed all final risk of bias ratings for QA/QC.

Rating the quality of evidence across all included studies. We separately rated the qual-
ity of the overall body of evidence as “high,” “moderate,” or “low” for each of the four study
population/outcome group combinations. We assigned an initial rating of “moderate” quality
for each group of human observational studies prior to evaluating the included studies, based
on previously described rationale—briefly, observational human studies are recognized as a
reliable source of evidence and generally the most appropriate for answering environmental
health-related questions. From the initial “moderate” quality rating, we then considered poten-
tial adjustments (“downgrades” or “upgrades”) to the quality rating based on 8 categories of
considerations: risk of bias, indirectness, inconsistency, imprecision, potential for publication
bias, large magnitude of effect, dose response, and whether residual confounding would mini-
mize the overall effect estimate; the specific factors and criteria considered are outlined in S4
Methods. Possible ratings were 0 (no change from initial quality rating), -1 (1 level downgrade)
or- 2 (2 level downgrade), +1 (1 level upgrade) or +2 (2 level upgrade). Review authors inde-
pendently evaluated the quality of the evidence and then we compared ratings as a group and
recorded the consensus and rationale for each decision.

Rating the strength of the evidence across all included studies. We assigned an overall
strength of evidence rating separately for the four study population/outcome group combina-
tions based on four considerations: (1) Quality of body of evidence (i.e., the rating from the
previous step); (2) Direction of effect; (3) Confidence in effect (likelihood that a new study
would change our conclusion); and (4) Other compelling attributes of the data that may influ-

» <

ence certainty. Possible ratings were “sufficient evidence of toxicity,” “limited evidence of tox-

icity,” “inadequate evidence of toxicity,” or “evidence of lack of toxicity” (Table 1), based on
categories used by the International Agency for Research on Cancer (IARC), the U.S. Preven-
tive Services Task Force, and U.S. EPA [22-25]. Review authors independently evaluated the
quality of the evidence following directions as outlined in S4 Methods and then compared rat-
ings as a group and recorded the consensus and rationale.

Economic analysis. We combined quantitative assessment of exposure-response from
our systematic review with incidence rates of asthma and annual values of asthma control to
estimate the monetized benefits of avoiding asthma in EPA’s proposed rule on pressed wood
products. We used the standard EPA approach of “willingness to pay” to calculate benefits,
which measures the maximum amount of money that an individual is willing to pay to reduce
the probability of an adverse health outcome assumed to be related to an environmental expo-
sure [54].

To estimate the reduction in risk for asthma diagnosis, we used standardized risk estimates
from our meta-analyses to estimate the reduction in risk per 1 ppb decrease in formaldehyde
exposure. We assumed a Cox proportional hazard model so the number of reduced cases of
asthma from a reduction in formaldehyde exposure is the exposed population times the base-
line asthma risk times (1-exp(In(OR)*(change in exposure)). Using the tables for annual
asthma benefits from EPA’s economic analysis for the proposed rule, we derived the exposure
reduction for structures built new or renovated in the past eleven years. We used the change in
indoor formaldehyde exposure for new and renovated homes at various ages (ranging from
0.124 to 3.390 ppb), the assumed baseline annual risk of asthma of 0.83%, used in EPA’s eco-
nomic analysis and the estimated number of children aged 4-17 in 2017 in each housing type
from the U.S. Census Bureau, with the proportional hazard model to estimate the reduced
number of asthma cases associated with the proposed rule [26]. We estimated the annual
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Table 1. Strength of evidence definitions for human evidence.

Strength Rating Definition
Sufficient evidence of A positive relationship is observed between exposure and outcome where chance, bias,
toxicity and confounding can be ruled out with reasonable confidence. The available evidence

includes results from one or more well-designed, well-conducted studies, and the
conclusion is unlikely to be strongly affected by the results of future studies.”

Limited Evidence of A positive relationship is observed between exposure and outcome where chance, bias,

Toxicity and confounding cannot be ruled out with reasonable confidence. Confidence in the
relationship is constrained by such factors as: the number, size, or quality of individual
studies, or inconsistency of findings across individual studies.” As more information
becomes available, the observed effect could change, and this change may be large
enough to alter the conclusion.

Inadequate Evidence of The available evidence is insufficient to assess effects of the exposure. Evidence is

Toxicity insufficient because of: the limited number or size of studies, low quality of individual
studies, or inconsistency of findings across individual studies. More information may
allow an assessment of effects.

Evidence of Lack of No relationship is observed between exposure and outcome, and chance, bias and

Toxicity confounding can be ruled out with reasonable confidence. The available evidence
includes consistent results from more than one well-designed, well-conducted study at
the full range of exposure levels that humans are known to encounter, and the
conclusion is unlikely to be strongly affected by the results of future studies.” The
conclusion is limited to the age at exposure and/or other conditions and levels of
exposure studied.

! The Navigation Guide rates the quality and strength of evidence of human and non-human evidence streams
separately as “sufficient”, “limited”, “inadequate” or “evidence of lack of toxicity” and then these two ratings are
combined to produce one of five possible statements about the overall strength of the evidence of a chemical’s
reproductive/developmental toxicity. The methodology is adapted from the criteria used by the International Agency
for Research on Cancer (IARC) to categorize the carcinogenicity of substances except as noted.

? Language for the definitions of the rating categories were adapted from descriptions of levels of certainty provided
by the U.S. Preventive Services Task Force Levels of Certainty Regarding Net Benefit. http://www.
uspreventiveservicestaskforce.org/uspstf07/methods/benefit.htm.

? Language for the definitions of the rating categories were adapted from descriptions of levels of certainty provided

by the U.S. Preventive Services Task Force Levels of Certainty Regarding Net Benefit.

https://doi.org/10.1371/journal.pone.0248258.t001

benefits for lowering formaldehyde emissions once the impacts of the reduction have reached
steady-state [26].

To quantify the economic benefits of the reduction in asthma risk, we used estimates
reported in the literature for the annual willingness to pay for full asthma control (inflated to
2018 dollars) from three studies. Full asthma control is equivalent to avoiding a case of asthma.
Blomquist et al. [27] used a two-stage contingent valuation survey of parents of asthmatic chil-
dren aged 4-17 years and of adults to elicit the willingness to pay for a hypothetical drug that
would control asthma symptoms. The mean annual willingness to pay for children was $3,434
and the mean annual value for adults was $2,368. Blumenschein and Johannesson [28] used a
contingent valuation bidding game to estimate asthma patients’ willingness to buy a new treat-
ment that cured their asthma, finding a mean value of $3,621. O’Conor and Blomquist [29]
used a two-stage contingent valuation survey of adults with asthma to elicit the tradeoff
between hypothetical medication of varying degrees of safety and efficacy and estimated a
mean annual willingness to pay for full asthma control of $2,413 using the value of statistical
life. The average annual value of asthma control for adults across all three studies is $2,801 and
the annual value for children is $3,434 from Blomquist et al. [27]. The total value to an individ-
ual to not develop asthma at a given age is the present discounted value (3% discount rate) of
the annual values over the life expectancy of that individual.
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Fig 2. PRISMA flowchart showing the literature search and screening process for studies relevant to formaldehyde exposure and asthma
outcomes. Our search was not limited by language or publication date (search was conducted up until April 1, 2020). The search terms used for each
database are provided in S1-S7 Tables.

https://doi.org/10.1371/journal.pone.0248258.9002

Results
Included studies

We retrieved a total of 4,821 unique records (4,482 from the initial search on March 15, 2016,
an additional 254 from an updated search on March 15, 2018, and an additional 85 from an
updated search on April 1, 2020), of which 150 ultimately met the inclusion criteria. Given the
large number of diverse references identified, we decided to focus on studies where the asthma
status of all study participants was measured (90 studies) (Fig 2). Our rationale was that these
studies provided the most robust evidence for understanding the relationship between formal-
dehyde exposure and asthma because they all had quantitative measures of formaldehyde
exposure, participants for whom asthma status was known, and included asthmatics. Lists of
all other studies are provided in the supplemental materials (S1 Results). Several included stud-
ies contained information from multiple records, such as a graduate thesis and a published
manuscript following the cohort over time; the information from these records were combined
into one record and listed as the main published manuscript. Four studies were identified that
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looked at similar outcomes from the same study population, so we combined these and
focused on the publication for which the most relevant information was reported, supplement-
ing with additional information from the related publications when necessary. We contacted
corresponding study authors for 21 studies to request additional information missing from
their published articles and received useable data from three.

Studies were further categorized separately into four combinations of study population and
outcome (with some studies reporting on multiple populations/outcomes falling in multiple
categories): 1) Child asthma diagnosis (n = 24); 2) Child asthma exacerbation and symptoms
(n =23); 3) Adult (general population and occupational) asthma diagnosis (n = 20); Adult
(general population and occupational) asthma exacerbation and symptoms (n = 26). Presenta-
tion of results below include separate discussions for each of these four population/outcome
categories. In particular, S99 Table presents study characteristics for included studies stratified
by these group population/outcome categories.

Characteristics of included studies—Demographics. The 90 included studies were pub-
lished between 1969 and 2019, were conducted in 23 different countries (including 32%

(n = 29) within the U.S.), and included a range of 7 to 15,837 participants (Table 2, $99-S101
Tables).

Child studies were published relatively recently (1990-2016 for asthma diagnosis, 1984
2019 for asthma symptoms) whereas adult studies had a wider range of publication years
including more older studies (Table 3). Almost half of child studies (11/24 for asthma diagno-
sis and 9/23 for asthma symptoms) had sample sizes greater than 1,000, whereas more adult
studies had smaller sample sizes (13/20 for asthma diagnosis and 21/26 for asthma symptoms
with sample size <500) (Table 3). Combined, child studies reported on a total of over 34,000
participants for asthma diagnosis and 32,000 participants for asthma symptoms. Adult studies
reported on a total of over 8,000 participants for asthma diagnosis and 12,000 for asthma
symptoms (S100 and S101 Tables).

A little over half (51%, n = 46) of the included studies were cross-sectional in study design,
and the remainder were cohort (n = 17), controlled trials (n = 11), case-control (n = 7), case
reports (n = 4), or of mixed study design (e.g., cross-sectional and case-control) (n = 5)

(Table 2). A similar trend in study design was observed in that the majority of studies in all
four population/outcome combinations were of cross-sectional study design. Children studies
reporting on asthma diagnosis were mostly cross-sectional (58%) and case-control (21%)
whereas those reporting on asthma symptoms were mostly cross-sectional (52%) and prospec-
tive cohort (22%) (Table 3). Adult studies reporting on asthma diagnosis were mostly cross-
sectional (80%) and cohort (15%), and similarly for those reporting on asthma symptoms
(58% cross-sectional, 27% cohort) (Table 3).

Characteristics of included studies—Exposure measures. Most studies (91%, n = 82)
reported association estimates between asthma outcomes and quantitative measurements of
formaldehyde exposure. In the remainder of studies (n = 8), although quantitative formalde-
hyde exposure measures were reported (leading to the study’s inclusion), these estimates were
not used by study authors directly to calculate association estimates, but rather they used cate-
gorized formaldehyde levels (i.e., high, medium, and low exposures) (Table 2). Formaldehyde
levels were measured in school (n = 14), home (n = 30), work (n = 16), vehicles (n = 1), and
outdoor environments (n = 6), as well as using personal monitors (n = 13) or given as experi-
ment doses to healthy volunteers (n = 12) (S100 and S101 Tables). School formaldehyde mea-
surements were used in 10 child asthma diagnosis and 10 child asthma symptom studies (and
in no adult studies). Home formaldehyde measurements were used in 9 studies each for child
asthma diagnosis and symptom studies and 7 studies each for adult asthma diagnosis and
symptom studies. Work formaldehyde measurements were used in 6 adult asthma diagnosis
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Table 2. Summary of included studies (n = 90).

Study Characteristics N (%) |Study Characteristics N (%)
1969 1 (1%) Measured exposure level 82
(91%)
1980-1989
2000-2009

- Study Participants*

Study Design

Nested case-control 3 (3%) Asthma*** 24
(65%)

Cohort 2 (2%) Pulmonary function™* 5(14%)

Cross-sectional and case-control 2 (2%) Asthma*** 20
(37%)

Randomized controlled trial 5(6%) Pulmonary function™* 35
(65%)

Sample Size | Asheat160%)

51-100 16 Pulmonary function*** 1 (50%)

201-500 14 Asthma symptoms™** 1
(16%) (100%)

>1000 17
(19%)

- Population Source

Canada, Finland, Portugal, Romania 2 (9%)

kK

France 4 (4%) Pulmonary function

(Continued)
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Table 2. (Continued)

Study Characteristics N (%) |Study Characteristics N (%)
Australia, China 5(11%) | Occupational 31
(34%)
United Kingdom 5(6%) Asthma*** 11
(35%)
South Korea 7 (8%) Asthma symptoms™** 19
(61%)
Sweden 13 Pulmonary function*** 20
(14%) (65%)
United States 29
(32%)

*Studies that reported child versus adult data separately fell into both categories (as opposed to studies that reported collectively on children and adults mixed in the

study population)—therefore total % is greater than 100%.

“*Due to the variety of different countries represented, countries with similar counts have been grouped together for reporting. For instance, there are 5 studies located

in Australia and 5 other studies located in China.

***Many studies report multiple asthma outcomes—therefore total % is greater than 100%. Percentages are calculated out of the category sub-total; for instance, the

percentage of asthma studies in children is calculated as 24/37.

https://doi.org/10.1371/journal.pone.0248258.t002

Table 3. Study characteristics, stratified by population health outcome group.

Child asthma n (%) Child asthma symptoms n (%) Adult asthma n (%) Adult asthma symptoms n (%)
Publication Year
1969 0 0 0 1 (4%)
1977 0 0 0 1 (4%)
1980-1989 0 1 (4%) 2 (10%) 6 (23%)
1990-1999 3 (13%) 1 (4%) 4(20%) 7 (27%)
2000-2009 7 (29%) 6 (26%) 5(25%) 6(23%)
2010-2019 14 (58%) 15 (65%) 9 (45%) 5(19%)
Study design
Case-control 5(21%) 2 (9%) 1(5%) 0
Nested case-control 2 (8%) 0 0 1 (4%)
Prospective cohort 2 (8%) 5(22%) 2 (10%) 7 (27%)
Cohort 0 0 1(5%) 0
Cross-sectional 14 (58%) 12 (52%) 16 (80%) 15 (58%)
Cross- sectional and case-control 1 (4%) 2 (9%) 0 0
Non-randomized controlled trial 0 1 (4%) 0 3(11%)
Randomized controlled trial 0 1 (4%) 0 0
Case report 0 0 0 0
Sample size
0-50 0 2 (9%) 1(5%) 6(23%)
51-100 3 (12%) 2 (9%) 5(25%) 6 (23%)
101-200 6 (25%) 2 (9%) 1 (5%) 4 (15%)
201-500 1 (4%) 7 (30%) 6 (30%) 5(19%)
501-1000 2 (8%) 0 4 (20%) 2 (8%)
>1000 11 (46%) 9 (39%) 2 (10%) 3(11%)
Not reported 1 (4%) 1 (4%) 1 (5%) 0

https://doi.org/10.1371/journal.pone.0248258.t003
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studies and 11 adult symptom studies (and in no child studies). Outdoor exposure measure-
ments were mostly used in child studies (3 studies of child asthma diagnosis, 4 for child asthma
symptoms, and 2 for adult asthma diagnosis) whereas personal monitor measurements were
mostly used in adult studies (5 studies of adult asthma diagnosis, 7 for adult asthma symptoms,
and 2 each for child asthma diagnosis and asthma symptoms) (S100 and S101 Tables).

Characteristics of included studies—Outcome measures. Of the 90 total included stud-
ies, 41 evaluated asthma diagnosis outcomes (21 studies in children, 17 in adults, and 3 in both
children and adults) and 48 evaluated asthma-related symptoms (22 studies in children, 25 in
adults, and 1 in both children and adults). Asthma diagnosis was ascertained either by ques-
tionnaire (for instance, the International Study of asthma and Allergies in Childhood (ISAAC)
[30]) medical records, or a physical examination (5100 and S101 Tables).

Studies reported on a wide range of asthma-related outcomes, including current/ever
asthma (n = 33), asthma attacks (n = 3), respiratory symptoms (n = 9), wheeze (n = 32), short-
ness of breath/dyspnea/breathlessness (n = 17), chest tightness and pain (n = 10), pulmonary
bronchial hyperresponsiveness (n = 1), asthma medication use (n = 6), hospitalizations
(n = 2), emergency room visits (n = 1), and results from asthma control (n = 2), pulmonary
function (n = 35), and bronchial provocation tests (n = 5) (S100 and S101 Tables).

Studies reporting on child asthma symptoms reported most commonly on wheeze (n = 16)
and current/ever asthma (n = 14); all other asthma-related outcomes listed were reported in
<5 studies. No child studies reported on outcomes of chest tightness and pain, pulmonary
bronchial hyperresponsiveness, or bronchial provocation (S100 and S101 Tables).

Studies reporting on adult asthma symptoms reported most commonly on pulmonary
function (n = 28), current/ever asthma (n = 19), wheeze (n = 15), and shortness of breath /dys-
pnea/breathlessness (n = 13), chest tightness and pain (n = 9), and respiratory symptoms
(n = 6); all other asthma-related outcomes listed were reported in <5 studies. No adult studies
reported on hospitalizations or emergency room visits (5100 and S101 Tables).

Risk of bias assessment

We rated risk of bias separately by outcome (asthma diagnosis versus symptoms exacerbation),
but since our ratings were ultimately identical by outcome, risk of bias results are presented by
study only. A limited number (n = 3) of studies [31-33] reported results for mixed children/
adult populations (aged 6-63 years); we excluded these studies from rating the quality of the
evidence due to concerns with combining outcomes across a wide age range, given the unique
issues in diagnosing and assessing asthma in children (especially at very young ages) compared
to adults [34,35]. Overall, the majority of studies were rated “low” or “probably low” risk of
bias across all domains (Fig 3, S1-S3 Figs). We evaluated the risk of bias separately by each of
the four-study population/health outcome groups.

Group 1: Childhood asthma diagnosis

Overall, the majority of childhood asthma diagnosis studies were rated “low” or “probably
low” risk of bias across all domains (Fig 4). Several domains were predominantly rated “low”
and “probably low” but included a small number of “probably high” ratings—source popula-
tion (three “probably high” ratings), outcome assessment (four), incomplete outcome data
(one), and exposure assessment (three). These were not consistent across any one study—i.e.,
only no study was rated “probably high” across all three of these domains. Generally, studies
rated “probably high” were for similar reasons—i.e., for source population, three studies [36-
38] reported high non-participation rates but failed to compare characteristics from study par-
ticipants to those refusing to participate to explore potential selection bias. Similarly, for
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Fig 3. Cumulative risk of bias ratings (low, probably low, probably high, or high) across all human studies
included in our systematic review of formaldehyde exposure and asthma outcomes. Risk of bias designations for
individual studies are assigned by review authors according to criteria provided in S3 Methods (Risk of Bias
instructions) and the justifications for each study are provided in S8-595 Tables.

https://doi.org/10.1371/journal.pone.0248258.g003

outcome assessment four studies [39-42] relied on self-reported outcomes by study partici-
pants (i.e., through a survey, self-administered spirometry, or daily diaries) but lacked follow-
up by study investigators to evaluate the validity of reported outcomes. Furthermore, two stud-
ies were rated “high” risk of bias for the other category—Huang et al. [43] due to cases having
formaldehyde levels sampled more during the summer when formaldehyde exposures were
lower versus controls who were sampled more during the summer when formaldehyde expo-
sures were higher and Madureira et al. [44] who published a similar paper in a different journal
the year prior with similar reported results.

The most problematic domain appeared to be confounding, where six studies were rated
“probably high” and four were rated as “high.” Consistent with the instructions from our pro-
tocol, studies were rated as “probably high” for the confounding domain if studies evaluated
some but not all of confounders pre-determined to be important (age, smoking status or expo-
sure to environmental tobacco smoke, and socioeconomic status or parental education) and
some but not all of other confounders pre-determined to be potentially important (race/eth-
nicity, sex, height, weight, BMI, obesity status, parental or family history of asthma, allergies,
and additional environmental exposures), and were rated “high” if the study did not account
for or evaluate many of the important or potentially important confounders. Studies most
commonly adjusted for age, sex, and exposure to smoking. Adjusting for socioeconomic status
was often accomplished through incorporating variables of family income or parent’s aca-
demic background. Few studies adjusted for environmental co-exposures; those that did
included exposures to allergens (house dust mites or pets), indoor dampness or mold, proxim-
ity to traffic, or certain contaminants such as nitrogen dioxide or particulate matter.

Opverall, review authors felt confident that the majority of children asthma diagnosis studies
were rated predominantly “low” or “probably low” risk of bias, particularly for studies that
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Fig 4. Risk of bias ratings (low, probably low, probably high, or high) for all human studies included in our
systematic review of formaldehyde exposure and asthma outcomes, organized by study population (children or
adult) and outcome (asthma diagnosis, asthma symptoms, or pulmonary measures). Risk of bias designations for
individual studies are assigned by review authors according to criteria provided in S3 Methods (Risk of Bias
instructions) and the justifications for each study are provided in S8-595 Tables.

https://doi.org/10.1371/journal.pone.0248258.9004
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were ultimately included in the meta-analysis. In particular, of the nine studies that were ulti-
mately included in the meta-analysis, four received “low” or “probably low” ratings across all
risk of bias domains and accounted for 44% of the weight in estimating the overall association
estimate. Studies generally that were rated “probably high” or “high” were not for reasons that
were consistent across this body of evidence, and did not produce compelling reasons to
downgrade the overall body of evidence as a result.

Group 2: Childhood asthma exacerbation and symptoms

Opverall, the majority of childhood asthma exacerbation and symptoms studies were rated
“low” or “probably low” risk of bias across all domains (Fig 4). Several domains were predomi-
nantly rated “low” and “probably low” but included a couple “probably high” or “high” ratings
—blinding (one “probably high” rating), outcome assessment (two “probably high ratings),
conflict of interest (one “probably high” and one “high” rating), and other (one “high” rating).
These were not consistent across any one study—i.e., only no study was rated “probably high”
or “high” across all domains. One study [45] was rated “probably high” for blinding because
children and parents were recruited based on existence of airway respiratory symptoms and
parents were responsible for deploying and retrieving in-home environmental samples and
media as well as recording outcomes in diaries, thus making it unlikely that the reporting of
outcomes was competed by someone without knowledge of exposure status. Two studies
[42,46] were rated as “probably high” for outcome assessment due to lack of physician confir-
mation or in-person interviews by study investigators to confirm asthma symptoms. One
study [45] appeared to have a financial conflict of interest, with research grants provided from
several private foundations from the pharmaceutical field (i.e., AstraZeneca). Another study
[15] received a “high” rating for the other domain because of an apparent typographical error
in the reporting of results that could not be confirmed by authors upon personal
communication.

A few other domains included a higher number of “probably high” or “high” ratings—
source population (five “probably high” ratings), confounding (five “probably high” and two
“high” ratings), incomplete outcome data (two “probably high” and one “high” ratings), and
exposure assessment (three “probably high” ratings). Similar to the child asthma diagnosis
studies, the most problematic risk of bias domain appeared to be confounding, where several
studies did not adjust for or consider several of the important or potentially important adjust-
ment factors outlined in our protocol. Studies most commonly adjusted for age, sex, and expo-
sure to smoking. Adjusting for socioeconomic status was often accomplished through
incorporating variables of family income or parent’s academic background. Few studies
adjusted for environmental co-exposures; those that did included exposures to allergens
(house dust mites or pets), indoor dampness or mold, proximity to traffic, or certain contami-
nants such as nitrogen dioxide or particulate matter.

Opverall, review authors felt confident that the majority of children asthma diagnosis studies
were rated predominantly “low” or “probably low” risk of bias, particularly for studies that
were ultimately included in the meta-analysis. In particular, of the five studies that were ulti-
mately included in the meta-analysis, three received “low” or “probably low” ratings across all
risk of bias domains and accounted for 90% of the weight in estimating the overall association
estimate for wheeze and 100% of the weight for shortness of breath. In particular, a number of
studies were rated consistently as “low” or “probably low” risk of bias across all domains,
increasing the review authors’ confidence that a sufficient body of evidence was available with
minimal risk of bias to rate the overall body of evidence for this study population/health out-
come group. Studies that were rated “probably high” or “high” were not for reasons that were
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consistent across this body of evidence, and did not produce compelling reasons to downgrade
the overall body of evidence as a result.

Group 3: Adult population asthma diagnosis

Overall, the majority of adult asthma diagnosis studies were rated “low” or “probably low” risk
of bias across all domains (Fig 4). Several domains were predominantly rated “low” and “prob-
ably low” but included a one to two “probably high” or “high” ratings—outcome assessment
(one “probably high”), confounding (two “high”), and conflict of interest (one “probably
high”). These studies were rated higher risk of bias for lack of validation for self-reported out-
comes [47], failure to adjust for or consider several of the important or potentially important
adjustment factors outlined in our protocol [47,48], or receiving funding from a private com-
pany without including a statement of the role of this company in influencing the study [49].
Unlike for included children studies, confounding did not appear as problematic for the adult
studies, likely because many studies were occupational and relied on either matching partici-
pants based on baseline characteristics or were pre- and post-experimental tests that used each
individual subject as their own control.

Other domains included a higher number of “probably high” or “high” ratings—blinding
(five “probably high”), exposure assessment (five “probably high”) and other (five “probably
high”). These were not consistent across studies—only one study [50] received “probably
high” ratings across four of these domains. This study [50] received high risk of bias ratings
due to lacking detail on recruitment methods, failure to address blinding and the existing
potential for bias if investigators knew exposure status of participants, exposure measurements
that were assessed by self-administered, proctored questionnaires that ultimately used work
assignment as a proxy for high versus low exposure groups, and the existence of potential
healthy worker effect. Blinding was more generally problematic for adult studies compared to
those in children since many were occupational studies where study participants were likely
already aware of their exposure and/or outcome status, and blinding was not a possibility. For
the other domain, all five studies that received “probably high” ratings were occupational stud-
ies where potential for healthy worker effect either likely existed or was likely.

Opverall, review authors felt confident that the majority of adult asthma diagnosis studies
were rated predominantly “low” or “probably low” risk of bias. In particular, one study [51]
received “low” risk of bias ratings across all domains, another study [33] was rated consistently
as “low” or “probably low” risk of bias across all domains, and several studies [49,52,53] only
received a “probably high” rating in one category, increasing the review author’s confidence
that a sufficient body of evidence was available with minimal risk of bias to rate the overall
body of evidence for this study population/health outcome group. Studies that were rated
“probably high” or “high” were not for reasons that were consistent across this body of evi-
dence, and did not produce compelling reasons to downgrade the overall body of evidence as a
result.

Group 4: Adult population asthma symptoms

Opverall, the majority of adult asthma diagnosis studies were rated “low” or “probably low” risk
of bias across all domains (Fig 4). Several domains were predominantly rated “low” and “prob-
ably low” but included one to two “probably high” or “high” ratings—source population (one
“probably high” and one “high”), confounding (two “probably high”), incomplete outcome
data (one “high”), exposure assessment (two “probably high”), and conflict of interest (one
“probably high”). These studies were rated higher risk of bias for lacking details regarding
recruiting and inclusion/exclusion criteria [50,54], failure to adjust for or consider several of
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the important or potentially important adjustment factors outlined in our protocol [55,56],
measureing exposure only for a portion of study participants [57], relying on self-reported out-
comes by study participants but lacking follow-up for validation [50], or receiving funding
from a private company without including a statement of the role of this company in influenc-
ing the study [49]. Unlike for included children studies, confounding did not appear as prob-
lematic for the adult studies, likely because many studies were occupational and relied on
either matching participants based on baseline characteristics or were pre- and post-experi-
mental tests that used each individual subject as their own control.

A few other domains included a higher number of “probably high” or “high” ratings—
blinding (five “probably high” and one “high”) and other (four “probably high” and one
“other”). Similar to adult asthma diagnosis studies, blinding was generally more problematic
for included occupational studies where study participants likely were already aware of their
exposure and/or outcome status and blinding was not a possibility. For the other risk of bias
domain, all five studies that received high risk of bias ratings were occupational studies where
potential for healthy worker effect either likely existed or was likely (for instance, de Vos et al.
[58] specifically excluded individuals with “unstable asthma, current acute or chronic respira-
tory illness, or any other chronic or severe illnesses,” thus likely leading to selection bias that
favored healthier individuals).

Opverall, review authors felt confident that the majority of adult asthma diagnosis studies
were rated predominantly “low” or “probably low” risk of bias. In particular, one study [51]
received “low” risk of bias ratings across all domains, another study [33] was rated consistently
as “low” or “probably low” risk of bias across all domains, and a number of studies [49,56,59]
only received a “probably high” rating in one category, increasing the review author’s confi-
dence that a sufficient body of evidence was available with minimal risk of bias to rate the over-
all body of evidence for this study population/health outcome group. Studies that were rated
“probably high” or “high” were not for reasons that were consistent across this body of evi-
dence, and did not produce compelling reasons to downgrade the overall body of evidence as a
result.

All adult studies with pulmonary measure outcomes received “probably high” or “high” rat-
ings for the source population domain, each for slightly different reasons but all stemming
from the fact that these were randomized controlled exposure trials with small sample sizes.
For instance, Witek et al. [60] received a “probably high” rating because all 14 participants
were a self-selected group of individuals responding to a recruitment advertisement (586
Table). The ‘other’ risk of bias domain was used predominantly to capture healthy worker bias
for included occupational studies—the phenomenon that occupations where chemical expo-
sures occur often tend to avoid employment of older, younger, or ill individuals, and hence
select out for susceptible individuals [61-63] (Figs 3 and 4). Studies considered in the meta-
analysis or sensitivity analysis were generally high quality, with only “probably high” or “high”
ratings in the domains blinding, outcome assessment, or confounding (Fig 4).

Occupational studies received higher risk of bias ratings for the domains of exposure assess-
ment and ‘other’ compared to general population studies (S2 Fig), resulting from reliance on
job exposure matrices to classify formaldehyde exposures (based solely on job titles without
measuring formaldehyde levels) or potential healthy worker effects. In contrast, over a third of
general population studies received “probably high” or “high” ratings for the confounding
domain from failure to account for the important confounding variables as outlined in our
protocol. In contrast, many occupational studies incorporated matching study participants in
the study design—for example matching exposed and unexposed by age, ethnicity, or job func-
tions from similar socioeconomic status—and thus resulted in lower risk of bias ratings for
confounding.
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Statistical analysis

Group 1: Childhood asthma diagnosis. Of the 37 studies reporting on child populations,
24 reported on outcomes related to asthma diagnosis (i.e., children having been diagnosed by
a physician as having asthma or based on self-reported asthma diagnosis). Nine of these studies
were identified as combinable in a meta-analysis [38-41,64-68]. The remaining studies could
not be combined because they either categorized formaldehyde exposures or reported out-
comes that could not be converted to an odds ratio (i.e., median formaldehyde exposures for
those with asthma versus those without). Attempts to obtain estimates that could be standard-
ized to an odds ratio from the study authors were unsuccessful.

One study, Rumchev et al. (2002) [15], was excluded from the meta-analysis because it
included very young children (between 6 months and 3 years old), which could potentially
have resulted in misclassification of infection-associated wheezing in young children as asthma
[14], leading the NAS to conclude that this study should not be included in meta-analyses of
formaldehyde and asthma. The estimate from another study in the meta-analysis, Krzyza-
nowski et al. (1990) [41] was investigated in a sensitivity analysis removing the estimate
because it was the only unadjusted estimate included.

One study considered for the meta-analysis measured incident asthma cases—Smedje et al.
(2001) followed children over time to identify new asthma diagnoses [40]. The remaining stud-
ies measured prevalent cases based on self-reported or physician ever having diagnosed with
asthma, but because they all incorporated some requirement of current asthma symptoms (i.e.,
use of asthma medication or wheezing in the past 12 months) we decided that it was acceptable
to combine prevalent and incident asthma cases. All studies measured indoor formaldehyde
exposures, either at home or in school classrooms.

A meta-analysis combining effect estimates from the 9 children’s asthma diagnosis studies
using random effects modeling found an elevated OR (1.20) with 95% CI range above 1 (95%
CI: [1.02, 1.41]), predicting an 20% increased odds of being diagnosed with asthma per 10-ug/
m’ increase in formaldehyde exposure (Fig 5). Removing the estimate from Krzyzanowski
et al. [41], the only study reporting unadjusted estimates, slightly elevated the odds ratio (1.20
to 1.26) with a similar 95% CI [1.04, 1.53] (Table 4) [15].

The two most statistically influential studies in the meta-analysis were Krzyzanowski et al.
[41] and Kim et al. [65]. We removed these study to determine how this might impact the
overall effect estimate. The impact of removing Krzyzanowski et al. [41] as discussed above as
part of the sensitivity analysis was minimally impactful; removing Kim et al. [65] had a similar
null effect, only slightly elevating the odds ratio (1.27) and changing the 95% CI [1.06, 1.54]
(Table 4) [68].

We used a funnel plot and used Egger’s test for small-study effects to statistically test for pub-
lication bias in the eight studies in the meta-analyses. Our funnel plots revealed no evidence of
overall publication bias (p-value = 0.35) (598 Table; S4 Fig)—however, the small number of
studies (< 10) might result in no indication of publication bias when in fact it might exist.

We also investigated the potential impact of a new or unpublished hypothetical study neces-
sary to alter the results of the meta-analysis. In making this calculation, we assumed that the
new hypothetical study would have a standard error equal to the smallest in our group of stud-
ies—0.14 for children asthma diagnosis [41,66,68]. We determined that a new study would be
required to have an estimate of OR = 0.97, 95% CI: [0.74, 1.27] to change the 95% confidence
interval of the meta-analysis overlapping one. We judged the existence of a study with such a
result to be possible, given that this association estimate and confidence interval was within
the range of other included studies, but not likely given that this point estimate would be in the
opposite direction of all studies included in the meta-analysis.
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Study Odds %
ID Ratio (95% Cl)  Weight
Kim et al. 2007 { -~ ) 1.22 (0.48,3.39) 2.63
Kim et al. 2011 —— 1.04 (0.78, 1.40) 29.39
Mi et al. 2006 — 1.30 (0.72,2.32) 7.34
Zhao et al. 2008 { ) 0.12 (0.00, 17.32) 0.11
Smedije et al 1997 ~——= 2,59 (1.10,6.19) 3.37
Smedje and —— 1.20 (0.80, 1.70) 17.70
Norback 2001
Krzyzanowski —— 1.07 (0.81, 1.43) 31.12
etal. 1990 :
Idavain et al. 2019 ; ) 4.80 (1.00, 21.60) 1.07
Hulin et al. 2010 <) 1.90 (1.08, 3.50) 7.27
Overall (I-squared = 27.2%, p = o.2oz;® 1.20 (1.02, 1.41)  100.00
| 1

Fig 5. Meta-analysis of human studies (n = 9 studies, including a total of 9,049 children) for formaldehyde exposure for asthma diagnosis
assessed in children up to 15 years of age: Reported effect estimates and 95% confidence interval (CI) from individual studies (inverse-variance
weighted, represented by size of rectangle) and overall pooled estimate from random effects (RE) model per 10 pg/m® increase in formaldehyde
exposure. Heterogeneity statistics: I* = 27.2%, p = 0.202.

https://doi.org/10.1371/journal.pone.0248258.9005

To shift our meta-analysis to have an overall association estimate just below zero (i.e.,
increases in formaldehyde exposures would be associated with decreases in asthma outcomes)
would require a new study reporting an OR = 0.05, 95% CI: [0.04, 0.07]. We judged the exis-
tence of a well-conducted study with such a result to be very unlikely, given that this associa-
tion estimate and confidence interval was considerably outside the range of the estimates from
almost every included study.
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Table 4. Meta-analysis and sensitivity analysis of childhood asthma diagnosis (N = 9 studies) pooled ORs and 95% ClIs for random-effects models.

Number of studies | Random-effectsmodel
OR (95% CI) per 10-pg/m’ increase I? (p-value)
Asthma Diagnosis 9 1.20 (1.02, 1.41) 27% (p =0.2)
Sensitivity Analysis
(-) Krzyzanowski et al. 1990 [41] 8 1.26 (1.04, 1.53) 31% (p =0.18)
(-) Kim et al. 2011 [65] 8 1.27 (1.06, 1.54) 28% (p =0.21)

(-) indicates removing a study from the meta-analysis for sensitivity analysis.

https://doi.org/10.1371/journal.pone.0248258.t1004

Data that could not be combined into a meta-analysis were visually depicted on scatterplots
when possible. The categorical odds and risk ratios (n = 14), formaldehyde levels (n = 6), and
asthma prevalence (n = 5) were visually displayed for consideration in rating the overall body
of evidence (S5-S7 Figs). Several studies with estimates included in the meta-analysis also
reported secondary estimates (for instance, outcomes of self-reported current asthma) that
were included on these scatterplots. Overall, these data appeared generally consistent with
each other (i.e., increasing exposure to formaldehyde associated with increasing odds/risk
ratios, asthma prevalence, and asthma status), and with the results of the meta-analysis. The
secondary estimates from studies included in the meta-analysis [39,40,64-68] were also within
the range of studies included in the meta-analysis (S5 Fig). Additional studies further sup-
ported the meta-analysis estimate; for instance, Tavernier et al. [36] reported odds ratios for
self-reported asthma confirmed by physician by tertile of formaldehyde exposure, with an esti-
mate of 1.22 (95%CI: [0.49, 3.07]) comparing the third to first tertile (S5 Fig). Several studies
reported associations with asthma and categorical exposures to formaldehyde, which allowed
review authors to evaluate the potential for a dose-response relationship. Rumchev et al. [15]
reported a consistent relationship between increasing exposure (across four exposure groups
ranging from 10 to >50 pg/m’) and increased odds for asthma diagnosis. However, other stud-
ies did not illustrate a similar relationship—for instance, Annesi Maesano [69] reported
increased odds (OR = 1.1, 95% CI [0.87, 1.38]) for self-reported asthma comparing the
medium to low tertile for formaldehyde exposure, but decreased odds (OR = 0.9, 95% CI:
[0.76, 1.08]) comparing the high to low tertile (S5 Fig). Similarly, some studies reporting
asthma prevalence with increasing formaldehyde exposure supported a dose-response rela-
tionship with increasing exposure [37,51,70,71] whereas others did not [41] (S6 Fig). Review
authors concluded that these data supported the meta-analysis results and association between
formaldehyde exposure and asthma diagnosis, but that there was limited evidence supporting
a dose-response relationship.

Group 2: Childhood asthma exacerbation and symptoms. Twenty-three studies
reported symptoms related to asthma—asthma attack, wheeze, or breathlessness/shortness of
breath (Table 3). Of these, six studies [37,38,64-67] were initially identified as potentially com-
binable in a meta-analysis for the association between indoor formaldehyde exposures and
wheeze or daytime shortness of breath. One study reported a crude OR estimate for respiratory
symptoms including wheeze and shortness of breath, but did not provide an estimate of vari-
ability (i.e., confidence limits or standard error) and therefore could not be included in the
meta-analysis. Efforts to contact study authors to obtain this information were unsuccessful.
Thus, we ultimately combined five studies in our meta-analysis (Fig 6). Several studies pro-
vided multiple effect estimates to the meta-analysis—e.g., Kim et al. reported effect estimates
for wheeze symptoms and daytime breathlessness associated with indoor formaldehyde
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study %
identifier ES (95% ClI) Weight
wheeze i

Kim et al. 2011 —— 1.15(0.88,1.50) 73.85
Zhao et al. 2008 ¢ : +—7) 3.39(0.31, 38.34) 0.91
Kim et al. 2007 (-0—‘:— 0.66 (0.25, 1.63) 5.92
Mi et al. 2006 . 1.01 (0.56,1.81) 15.26

Idavain et al. 2019 (—+— 1.10(0.35,3.39) 4.06
Subtotal (lI-squared = 0.0%, p = 0.706) <:> 1.10(0.87,1.38) 100.00
|

shortness of breath

Zhao et al. 2008 ¢ 1.00 (0.18,5.69) 1.74
Mi et al. 2006 —— 1.09 (0.86, 1.38) 94.57
Kim et al. 2007 — 0.66 (0.20,2.16) 3.69
Subtotal (l-squared = 0.0%, p =0.721) <b 1.07 (0.85,1.34) 100.00
Heterogeneity between groups: p = 0.8625

Overall (I-squared = 0.0%, p = 0.899) 0 1.08 (0.92, 1.28)

Fig 6. Meta-analysis of human studies (n = 5 studies, including a total of 7,662 children) for formaldehyde exposure for asthma symptoms
(wheeze and shortness of breath) assessed in children up to 15 years of age: Reported effect estimates and 95% confidence interval (CI) from
individual studies (inverse-variance weighted, represented by size of rectangle) and overall pooled estimate from random effects (RE) model per
10 pug/m® increase in formaldehyde exposure. Heterogeneity statistics: I> = 0%, p = 0.899.

https://doi.org/10.1371/journal.pone.0248258.9006

exposure. Overall, separate combined effects for wheeze and shortness of breath were similar
and the combined effects were moderate (OR = 1.08, 95% CI: [0.92, 1.28]) (Fig 6). Due to the
small number of studies contributing estimates to the meta-analysis, we did not conduct a sta-
tistical analysis of potential publication bias.

Since the meta-analysis association estimate 95% lower bound CI was below 1, we only
explored the sensitivity of shifting our meta-analysis to have an overall association estimate
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just below zero (i.e., such that increases in formaldehyde exposures would be associated with
decreases in asthma outcomes). We assumed that the new hypothetical study would have a
standard error equal to the smallest in our group of studies, 0.12 [66]. We concluded this
would require a new study reporting an OR = 0.84, 95% CI: [0.66, 1.017]. We judged the exis-
tence of a well-conducted study with such a result to be possible, given that this association
estimate and confidence interval was within the range and overlapped with most of the
included studies and aligned with the estimate of one study in particular.

The categorical odds ratios (n = 10), formaldehyde levels by asthma status (n = 2), and
symptom scores (n = 1) were visually displayed on the same figure for consideration in rating
the overall body of evidence (S8 and S9 Figs). Most studies identified elevated association esti-
mates from exposures to formaldehyde, but lower 95% CI was below 1. Several studies
[38,64,65,67,72] reported on different asthma symptoms (asthma attacks, asthma symptoms,
or wheeze) per 1 pg/m”® formaldehyde exposure and reported consistent estimates of positive
odds ratios ranging from 0.96-1.2 (S7 Fig). Several studies [45,73-75] reported on categorical
formaldehyde exposures, but did not demonstrate a consistent dose-response relationship (S7
Fig). For instance, Raaschou-Nielsen [45] reported on wheezing symptom across five exposure
categories (ranging from 0 to >25.6 ug/m’ formaldehyde) with increased odds ratios across
three groups (OR = 1.11, 1.21, 1.4) but a negative odds ratio for the highest exposure group
(OR = 0.67). Review authors concluded that these data supported the meta-analysis results and
association between formaldehyde exposure and asthma symptoms, but that there was limited
evidence supporting a dose-response relationship.

Four studies reported pulmonary function measures in children, but because two studies
reported on peak expiratory flow rates (PEFR) and two others reported on forced expiratory
volume in one second (FEV;) and forced vital capacity (FVC), a comparison between such a
small number of studies was determined not to be useful.

Group 3: Adult population asthma diagnosis. Seventeen total studies included outcomes
of whether subjects had been previously diagnosed by a physician with having asthma (most
commonly ascertained through use of a self-reported questionnaire (n = 11) or through medi-
cal records or physician examination (n = 6)). None of these 17 studies reported sufficient data
to evaluate outcomes with respect to a continuous 10-ug/m? increase in formaldehyde. Three
studies reported results for at least two measured exposure categories; the majority of studies
reported exposures categorically, such as exposed versus unexposed or by job category. Due to
the small number of studies and high amount of heterogeneity in key study characteristics, the
studies were not amenable to meta-analysis to combine effect estimates. We identified three
studies reporting similar ranges of exposure categories to assess for a dose-response relation-
ship for asthma diagnosis and identified a positive trend (Fig 7), although review authors
noted the small number of studies and limited dose groups included.

The formaldehyde levels by categorical odds ratios (n = 4) and asthma prevalence (n = 4)
were visually displayed for consideration in rating the overall body of evidence (S10 and S11
Figs). Although the categorical odds ratios varied considerably in how formaldehyde exposures
were categorized (i.e., high vs. low, exposed to newly painted dwelling/workplace vs. not, occu-
pations exposed to formaldehyde vs. not, etc.), there was a consistent increase in odds of
asthma diagnosis with increased category of exposure (510 Fig). For instance, Billionnet et al.
[53] reported an increased odds (OR = 1.43) for those in the high exposure group (>28.03ug/
m?) compared to those in the low exposure group (<28.03ug/m>). However, review authors
noted a limitation with Billionnet et al. [53] in that no estimates of statistical confidence (i.e.,
standard error, 95% confidence interval) were reported with these estimates. Although all four
studies reported increased odds with increased category of exposure, only Herbert et al. [76]
reported a statistically significant increase (comparing exposed versus non-exposed
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Fig 7. Dose-response relationship (n = 3 studies, including a total of 3,600 adult participants) between
formaldehyde exposure (ug/m?) and relative risk of asthma diagnosis in adults. Dose-response data from Yeatts
etal. 2012 (63), Billionnet et al. 2011 (92), Matsunaga et al. 2008 (93). Data were modeled with random-effects log
linear models with restricted cubic splines mixed effects methods with exchangeable covariance structure of
multivariable-adjusted relative risks. Lines with long dashes represent the 95% confidence interval (CI) bounds for the
fitted nonlinear trend (solid line). Symbols (triangles, circles, and squares) represent point estimates.

https://doi.org/10.1371/journal.pone.0248258.g007

occupational groups). Similarly, the scatterplot of prevalence data by formaldehyde exposure
categories demonstrated a similar pattern of supporting increases in asthma prevalence with
increasing formaldehyde exposure (S11 Fig). For instance, Elshaer and Mahmoud [47]
reported dramatic prevalence increases in exposed occupational workers for asthma (53.3%)
versus non-exposed workers.

Considering the overall evidence, review authors concluded that there did appear to be evi-
dence supporting a relationship between increasing formaldehyde exposure and asthma diag-
nosis, although the number of studies was low and the variety of exposure categories made it
challenging to easily compare across different studies.

Group 4: Adult population asthma symptoms. Twenty studies reported on asthma-
related symptoms—i.e., asthma attack, wheeze, or breathlessness/shortness of breath (Table 3).
All studies reported categorical formaldehyde exposures and therefore could not be combined
in a meta-analysis. The categorical odds ratios (n = 5), asthma prevalence (n = 4), and symp-
tom score (n = 1) were visually displayed for consideration in rating the overall body of evi-
dence (59-S11 Figs). The symptom score study and most studies reporting odds ratios
documented increased risk of symptoms with exposure to formaldehyde, with several
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reporting statistically significant findings (59 and S10 Figs). For instance, Herbert et al. [76]
reported a statistically significant increase in asthma symptoms (attacks of wheeze) comparing
exposed versus non-exposed occupational groups. Asthma prevalence estimates were generally
greater with increased exposure to formaldehyde, but these studies lacked confidence intervals
around the point estimates (S11 Fig). However, there were few studies reporting on prevalence
outcomes and results were not consistent across studies. For instance, Kilburn, Seidman, and
Warshaw [50] reported consistent increases in asthma symptom prevalence in an occupational
setting with increases in the hours of exposure to formaldehyde but Thetkathuek et al. [55]
reported an inconsistent relationship with wheeze symptoms across low, moderate, and high
formaldehyde exposure groups (lower prevalence in the moderate exposure group compared
to low exposure group).

There were also 32 total studies that reported on pulmonary lung measures in adults. We
decided to focus on studies reporting associations between formaldehyde exposure and Forced
Expiratory Volume in 1 second (FEV1) outcomes, following recommendations from National
Institute of Health (NIH) to use FEV1 as a supplemental outcome related to asthma exacerba-
tion. Most studies reported FEV1 outcomes (n = 27), but not all reported associations with
formaldehyde exposures. Several studies reported FEV1 percentage changes comparing to
baseline values (either to a comparator group or standardized values, for instance standardized
predicted values based on age, height and gender published by the American Thoracic Society
[77]—we decided not to plot these on the same figure due to lack of comparability across stud-
ies using different comparisons or standardized values. Of the 27 studies, 7 reported associa-
tions between FEV1 measured values with formaldehyde exposures. These were visually
displayed for consideration in rating the overall body of evidence (S12 Fig). Four of the studies
reported confidence intervals for association estimates that overlapped between exposed and
comparator groups but did not find consistent changes in FEV1 with formaldehyde exposures
(i.e., comparing formaldehyde-exposed participants to controls, two studies reported decreases
in FEV1 while the other two reported increases.

Considering the overall evidence, review authors concluded that there did appear to be evi-
dence supporting a relationship between increasing formaldehyde exposure and asthma symp-
toms, although the number of studies was low and the variety of exposure categories made it
challenging to easily compare across different studies. Rating quality and strength of the body
of evidence.

Based on the comparison of the body of evidence to pre-specified criteria in our protocol
(S4 Methods), the review authors concluded that there was “moderate” quality for the body of
evidence for each of the four-study population/health outcome groups (Table 5). Review
authors did not apply any upgrades (for large magnitude of effect, dose-response relationship,
or confounding that minimizes effect) or downgrades (for risk of bias, indirectness, inconsis-
tency, imprecision, or publication bias) to criteria across the body of evidence, which led to the
final rating of “moderate”.

Review authors noted that risk of bias limitations did exist across each of the study popula-
tion/health outcome groups. Concerns were generally limited to the domains of blinding, con-
founding, exposure assessment, and “other” (the latter being predominantly limited to
occupational studies that were rated for potential healthy worker bias) domains. For instance,
several child asthma diagnosis studies were rated “high” (n = 4) or “probably high” (n = 6) for
confounding due to the failure to adjust for the important confounders outlined in our pre-
published protocol. A number of other studies were rated as “probably high” for various other
domains (source population, outcome assessment, incomplete outcome, and exposure assess-
ment). However, review authors felt that overall a sufficient number of studies were rated
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Table 5. Summary of rating quality and strength of the human evidence, by population/outcome group.

A. Children asthma diagnosis
Category

Initial Rating of human
evidence = Moderate

Risk of bias

Indirectness

Inconsistency

Imprecision

Publication bias

Large magnitude of effect

Dose-response

Confounding minimizes effect

Overall Quality of Evidence

Overall Strength of Evidence

Downgrades

Upgrades
0

0
Moderate

Sufficient

B. Children asthma exacerbation and symptoms

Rationale

Generally risk of bias did not appear consistently problematic across all studies. The confounding domain
appeared to be most frequently problematic due to failure to adjust for the important confounders outlined in
the protocol; however, a number of included studies were rated as “low” or “probably low” risk of bias,
including several studies ultimately included in the meta-analysis. Review authors concluded that this did not
appear to warrant downgrading for risk of bias across all studies.

The population, exposure, and outcome were all directly related to the PECO statement population, exposure,
and outcome. There were no concerns regarding the indirectness of evidence in supporting the study question
at hand.

Studies included in the meta-analysis have similar point estimates with overlap among the confidence intervals.
Effect estimates across studies were mostly positive (showing increased risk). Estimates from the meta-analysis
indicate that statistical heterogeneity was moderate, but not statistically significant (I* = 46.5%, p-value = 0.06).

No concern regarding the imprecision in effect estimates across studies.

Could not rule out publication bias, but there is no affirmative evidence of its existence—in particular, funnel
plots revealed no evidence of overall publication bias (p-value = 0.35).

The overall effect size from the meta-analysis is small but precise. Authors concluded there was not enough
evidence to warrant upgrading for this domain.

Results from the meta-analysis between formaldehyde exposure and child asthma diagnosis, which assumes a
linear dose-response relationship, appeared to support the existence of an association of increasing response
with increased dose. However, there was limited data to statistically evaluate whether there was a dose-response
relationship, primarily due to the small number of studies and the heterogeneity in reporting of effect estimates.
Review authors did not believe that results from the meta-analysis were sufficient to warrant upgrading the
body of evidence for evidence of a dose-response relationship.

There was no evidence that residual confounding influenced results.

Review authors did not feel that the evidence was strong enough to warrant downgrading or upgrading the
overall quality rating and came to a final conclusion of “moderate” evidence.

A positive relationship is observed between exposure and outcome where chance, bias, and confounding can be
ruled out with reasonable confidence. The available evidence includes results from one or more well-designed,
well-conducted studies, and the conclusion is unlikely to be strongly affected by the results of future studies.

Category Downgrades | Rationale

Initial Rating of human evidence =

“Moderate”

Risk of bias 0 Generally risk of bias did not appear consistently problematic across all studies. The confounding domain
appeared to be most consistently problematic due to failure to adjust for the important confounders outlined in
the protocol; however, a number of included studies were rated as “low” or “probably low” risk of bias,
including several studies ultimately included in the meta-analysis. Review authors concluded that this did not
warrant downgrading for risk of bias across all studies.

Indirectness 0 The population, exposure, and outcome were directly relevant to the PECO statement population, exposure,
and outcome. There were no concerns regarding the indirectness of evidence in supporting the study question
at hand.

Inconsistency 0 Effect estimates across studies were consistent across the body of evidence, in particular as seen by the
categorical odds ratios and the prevalence data visual scatterplots.

Imprecision 0 No concern regarding the imprecision in effect estimates across studies.

Publication bias 0 Number of studies included were too small (i.e., <10) for a statistical evaluation of potential publication bias.
Publication bias cannot be ruled out, but there was no affirmative evidence of its existence. We conducted a
comprehensive search to identify grey literature sources (i.e., conference abstracts and graduate theses) in an
attempt to identify potential publication bias and did not find evidence of such (for instance, studies reporting
null or negative findings in a conference abstract that lacked a subsequent publication in the peer-reviewed
literature).

Upgrades
(Continued)
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Table 5. (Continued)

Large magnitude of effect

Dose-response

Confounding minimizes effect
Overall Quality of Evidence

Overall Strength of Evidence

C. Adult asthma diagnosis
Category

Initial Rating of human evidence =

“Moderate”
Risk of bias

Indirectness

Inconsistency

Imprecision

Publication bias

Large magnitude of effect
Dose-response

Confounding minimizes effect

Overall Quality of Evidence

Overall Strength of Evidence

0
Moderate

Sufficient

Downgrades

Upgrades

0
Moderate

Sufficient

D. Adult asthma exacerbation and symptoms

Category

Initial Rating of human evidence =

“Moderate”
Risk of bias

Indirectness

Downgrades

Studies that found positive relationship between exposure and outcome were interpreted as a minimal
magnitude of effect; insufficient evidence to upgrade for large magnitude of effect consideration.

Results from the meta-analysis between formaldehyde exposure and children asthma exacerbation and
symptoms, which assumes a linear dose-response relationship, appeared to support the existence of an
association of increasing response with increased dose. However, there was not enough evidence to statistically
evaluate existence of a dose-response relationship, primarily due to the small number of studies and the
heterogeneity in reporting of effect estimates. Review authors did not believe that results from the meta-analysis
were sufficient to warrant upgrading the body of evidence for evidence of a dose-response relationship.

There was no evidence that residual confounding influenced results.

Review authors did not feel that the evidence was strong enough to warrant downgrading or upgrading the
overall quality rating and came to a final conclusion of “moderate” evidence.

A positive relationship is observed between exposure and outcome where chance, bias, and confounding can be
ruled out with reasonable confidence. The available evidence includes results from one or more well-designed,
well-conducted studies, and the conclusion is unlikely to be strongly affected by the results of future studies.

Rationale

Generally risk of bias did not appear consistently problematic across all studies. Most studies were rated “low”
risk of bias across most domains with only one or two “probably high” ratings, with the exception of only a few
studies. Occupational studies received “probably high” ratings for blinding, exposure assessment and “other”
domains, but review authors did not feel this warranted a downgrade to the overall body of evidence.

The population, exposure, and outcome were directly relevant to the PECO statement population, exposure,
and outcome. There were no concerns regarding the indirectness of evidence in supporting the study question
at hand.

Effect estimates across studies were generally consistent across the body of evidence; heterogeneity likely
explained by the differing study designs, and data demonstrate a tendency towards increased asthma diagnosis
and therefore would not warrant a downgrade for this domain.

Confidence intervals appeared to be somewhat wide, but review authors did not feel there was enough evidence
to warrant downgrading for this domain.

Publication bias cannot be ruled out, but there was no affirmative evidence of its existence. We conducted a
comprehensive search to identify grey literature sources (i.e., conference abstracts and graduate theses) in an
attempt to identify potential publication bias and did not find evidence of such (for instance, studies reporting
null or negative findings in a conference abstract that lacked a subsequent publication in the peer-reviewed
literature).

Studies that found positive relationship between exposure and outcome were interpreted as a minimal
magnitude of effect; insufficient evidence to upgrade for large magnitude of effect consideration.

Data supported the existence of a dose-response relationship, but review authors did not feel it was strong
enough to warrant an upgrade for this domain.

There was no evidence that residual confounding influenced results.

Review authors did not feel that the evidence was strong enough to warrant downgrading or upgrading the
overall quality rating and came to a final conclusion of “moderate” evidence.

A positive relationship is observed between exposure and outcome where chance, bias, and confounding can be
ruled out with reasonable confidence. The available evidence includes results from one or more well-designed,
well-conducted studies, and the conclusion is unlikely to be strongly affected by the results of future studies.

Rationale

Generally risk of bias did not appear problematic across all studies. Occupational studies appeared to have
probably high ratings for blinding, exposure assessment and other domains, but review authors did not feel this
warranted a downgrade to the overall body of evidence.

The population, exposure, and outcome were directly relevant to the PECO statement population, exposure,
and outcome. There were no concerns regarding the indirectness of evidence in supporting the study question
at hand.

(Continued)
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Table 5. (Continued)

Inconsistency 0

Imprecision 0

Publication bias 0

Effect estimates across studies were generally consistent across the body of evidence; heterogeneity likely
explained by other factors, and data demonstrate a tendency towards increased asthma exacerbation and
symptoms and therefore would not warrant a downgrade for this domain.

Confidence intervals appeared to be somewhat wide, but review authors did not feel there was enough evidence
to warrant downgrading for this domain.

Publication bias cannot be ruled out, but there was no affirmative evidence of its existence. We conducted a
comprehensive search to identify grey literature sources (i.e., conference abstracts and graduate theses) in an
attempt to identify potential publication bias and did not find evidence of such (for instance, studies reporting
null or negative findings in a conference abstract that lacked a subsequent publication in the peer-reviewed
literature).

Upgrades

Large magnitude of effect 0
Dose-response 0

Confounding minimizes effect 0

Overall Quality of Evidence

Overall Strength of Evidence

https://doi.org/10.1371/journal.pone.0248258.t005

Moderate

Sufficient

Some studies illustrate large impact, but this is not consistent across the studies and so review authors
concluded there was insufficient evidence to upgrade for large magnitude of effect consideration.

Some data supported the existence of a dose-response relationship, but review authors did not feel it was strong
enough to warrant an upgrade for this domain.

There was no evidence that residual confounding influenced results.

Review authors did not feel that the evidence was strong enough to warrant downgrading or upgrading the
overall quality rating and came to a final conclusion of “moderate” evidence.

A positive relationship is observed between exposure and outcome where chance, bias, and confounding can be
ruled out with reasonable confidence. The available evidence includes results from one or more well-designed,
well-conducted studies, and the conclusion is unlikely to be strongly affected by the results of future studies.

“low” or “probably low” risk of bias across all domains, in particular several studies ultimately
included in the meta-analysis (i.e., [65-68]) and review authors concluded that these limita-
tions did not rise to the level of a downgrade, in accordance with the instructions outlined in
the protocol (http://www.crd.york.ac.uk/PROSPERO/; Record ID #38766, CRD
42016038766). Review authors came to similar conclusions in evaluating the risk of bias for
each of the other three study population/health outcome groups. In particular, review authors
noted that many of the “high” or “probably high” risk of bias ratings were assigned to a select
subgroup of studies (i.e., those with issues stemming from small sample sizes or occupational
studies due to healthy worker bias concerns) but the remaining included studies did not suffer
from such limitations and had minimal risk of bias concerns. Review authors did not apply
downgrades to the evidence for the other domains for any of the study population/health out-
come groups because there lacked sufficient evidence supporting existence of indirectness,
inconsistency, imprecision, or publication bias.

Review authors also did not apply any upgrade factors for any of the study population/
health outcome groups. For child asthma diagnosis and child asthma symptoms evidence,
although we were able to conduct a meta-analysis that supported an association between
increasing response with increased dose (based on an assumption of model linearity), there
were too few studies to support the formal analysis of a dose-response relationship. Further-
more, as discussed above visual inspections of scatterplots of data not able to be combined in a
meta-analysis provided mixed evidence supporting the existence of a consistent dose-response
relationship. Review authors concluded that overall this evidence was not sufficient enough to
warrant upgrading the evidence for dose-response relationship.

Ultimately, review authors rated the overall strength of evidence as “sufficient” for each
of the four outcome groups (Table 5), based on: a) “moderate” quality of the body of evi-
dence; b) direction of the association (i.e., consistent evidence of a positive association
between formaldehyde exposure and outcomes of either asthma diagnosis or exacerbation
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in symptoms, in both adults and children; ¢) confidence in the association with multiple
well-conducted studies (i.e., several studies were prospective cohort studies that were of
“low” or “probably low” risk of bias overall; and positive and/or statistically significant over-
all estimates of association from the combination of similar studies in a meta-analysis (Figs
5and 6).

Economic analysis

We valued the outcome of avoiding a case of asthma in children, as it had the strongest support
from well-conducted combinable studies with minimal risk of bias concerns. We used the OR
estimate of 1.20 per 10 pg/m3 (95% CI: [1.02, 1.41]) (Fig 5) based on the random effects meta-

analysis model for asthma diagnosis in children from indoor formaldehyde exposure.

We rescaled this OR to estimate the reduction in risk per 1 ppb decrease in formaldehyde
exposure (OR of 1.02265 per 1 ppb change in formaldehyde). We estimated that EPA’s pro-
posed rule on pressed wood products would have resulted in 2,805 fewer asthma cases annu-

ally once the impacts of the reduction has reached steady-state.

We estimated a willingness to pay for a treatment that would eliminate asthma of $75,024,

which translates into total economic benefits for asthma reduction from EPA’s rule of approxi-
mately $210 million annually across all children in the U.S. over a 30-year period (Table 6).

Table 6. Cases reduced and willingness to pay for a reduction in formaldehyde exposure implied by the proposed EPA rule on pressed wood products (once the

impacts of the rule have reached steady-state).

Exposure reduction (ppb) Individuals Affected Cases avoided Benefits with WTP = $75,024

Structure age 0-1 -3.390085 599,822 364.0 $27,311,030
Structure age 1-2 -2.178523 599,822 237.1 $17,787,752
Structure age 2-3 -1.408503 599,822 154.6 $11,599,437
Structure age 3-4 -0.926590 599,822 102.3 $7,671,854
Structure age 4-5 -0.624871 599,822 69.2 $5,191,181
Structure age 5-6 -0.431493 599,822 47.9 $3,592,426
Structure age 6-7 -0.306329 599,822 34.0 $2,553,938
Structure age 7-8 -0.229512 599,822 25.5 $1,915,142
Structure age 8-9 -0.181581 599,822 20.2 $1,516,000
Structure age 9-10 -0.152852 599,822 17.0 $1,276,554
Structure age 10-11 -0.133711 599,822 14.9 $1,116,939
0-1 years post-ren. -2.363858 1,306,316 559.1 $41,948,116
1-2 years post-ren. -1.525697 1,306,316 364.3 $27,327,908
2-3 years post-ren. -1.002335 1,306,316 240.7 $18,058,604
3-4 years post-ren. -0.668362 1,306,316 161.1 $12,086,556
4-5 years post-ren. -0.458218 1,306,316 110.7 $8,305,820
5-6 years post-ren. -0.323412 1,306,316 78.3 $5,871,128
6-7 years post-ren. -0.239982 1,306,316 58.1 $4,360,639
7-8 years post-ren. -0.189089 1,306,316 45.8 $3,437,825
8-9 years post-ren. -0.156738 1,306,316 38.0 $2,850,684
9-10 years post-ren. -0.133647 1,306,316 32.4 $2,431,347
10-11 years post-ren. -0.124415 1,306,316 30.2 $2,263,624
Total 20,967,514 2,805 $210,474,503

https://doi.org/10.1371/journal.pone.0248258.t006
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Discussion

We found “sufficient” evidence of an association between exposure to formaldehyde and
asthma diagnosis and asthma symptoms in children and adults. The definition of “sufficient”
was predefined in our protocol (Table 1). Our review had several strengths, including that we
used the Navigation Guide systematic review methodology, which specifically accounted for
the weaknesses identified by the NAS in the IRIS formaldehyde assessment, i.e., explicit and
transparent study selection and evaluation criteria, including exclusion of a study in which
asthma may have been misclassified. Moreover, our review was based only on studies where
the asthma status of participants was known and which reported quantitative measures of
formaldehyde exposure, and our methods accounted for several considerations of causality as
part of the evaluation, specifically, our PECO statement limited included evidence based on
temporality criteria and the evaluation of the strength and quality of evidence incorporated
considerations of strength, consistency, and biological gradient.

We retrieved six self-identified “systematic reviews” of formaldehyde and asthma con-
ducted between 2011 and 2015 in the literature search for our review [78-83]. Of the three
reviews with findings consistent with our review, two conducted a meta-analysis of the data
[78,83] and the third cited the McGwin et al. meta-analysis [82]. The three reviews which did
not find compelling evidence for an association between asthma and formaldehyde exposure
did not conduct a meta-analysis, and there was a wide disparity in the number and type of
papers included in these reviews. Specifically, our review included 22, 17, 17, and 20 studies on
child asthma diagnosis, child asthma symptoms, adult asthma diagnosis and adult asthma
symptoms, respectively.

In contrast, Patelarou et al. [81] included 2 studies on formaldehyde and asthma and
wheezing in children up to 5 years old; Baur et al. [80] included 8 studies on formaldehyde and
asthma in occupational settings; and Nurmatov et al. [79] included 17 studies on formaldehyde
and asthma etiology, 1 study on formaldehyde and asthma exacerbation, and 14 studies on
asthma etiology and exacerbation (among which the authors found a positive association
between formaldehyde and wheezing in young children on the basis of a “well-conducted,
low-risk of bias” randomized controlled trial, which was consistent with our findings). While
none of these six self-described systematic reviews fully met all of the criteria for a systematic
review as specified in the Literature Review Appraisal Toolkit (http://policyfromscience.com/
Irat/about-the-lIra-toolkit/), the transparency of their methods allowed for better understand-
ing the discrepant results.

In 2016, EPA published its final rule to regulating formaldehyde in pressed wood products
as well as household and other finished goods. The regulations set by this final rule did not
consider the benefits of preventing asthma; estimated annualized benefits (from avoided inci-
dence of eye irritation and nasopharyngeal cancer outcomes only) ranged from $64-186 mil-
lion per year. Our results show that using assumptions consistent with EPA’s proposed rule
[26], the final rule excluded approximately $210 million annually in total economic benefits
associated with 2,805 fewer asthma cases. Furthermore, these benefits were calculated based
on the willingness to pay for asthma control, and could potentially represent an underestimate
of the true valuation of one’s willingness to pay for avoiding an asthma diagnosis in the first
place.

Formaldehyde is a high-production volume chemical ubiquitous in homes, communities,
and workplaces and asthma is a prevalent and costly chronic health outcome. While our results
show that the association between exposure to formaldehyde and asthma is robust, the effect
estimate is relatively small, i.e., an 8% increase in children’s asthma diagnosis per 10-fold
increase in exposure. These findings underscore that preventing relatively “low” risks brings
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“high” health benefits when exposures are ubiquitous. Our results demonstrate that benefits
analyses that inform regulatory action need to account for all relevant health outcomes as to
not do so could underestimate benefits.

Formaldehyde is a well-defined respiratory irritant and has been identified as a known
respiratory carcinogen in humans. There are several proposed mechanisms supporting the
role of formaldehyde exposure in asthma development. Formaldehyde is a small molecule with
the ability to conjugate with large serum protein molecules such as albumin. This can provoke
the formation of IgE antibodies, leading to degranulation of mast cells with allergic asthma
response [84]. As a small molecule, formaldehyde may bind to the amino group in proteins
acquiring antigenic capacities, causing immune response with the formation of specific anti-
bodies and triggering a local mast cell response [85]. Formaldehyde is also readily absorbed
into respiratory tract tissue, where it may increase T-helper cell type 2 (Th2) mediated inflam-
matory response and lead to cytokine mediators (3g., IL4, IL5, and IL13) release, epithelial
mucous cell metaplasia, and airway recruitment of eosinophils [84]. Lastly, formaldehyde may
also react with the thiol group and interfere S-nitrosoglutathione function, triggering an air-
way response [86].

Our systematic review had several limitations. First, we focused on evaluating only studies
where asthma status of all study participants was measured and excluded other studies, namely
studies relevant to our PECO statement but where the asthma status of participants was
unknown or there were no asthmatics included, reported no quantitative measured of formal-
dehyde, or non-English studies. This likely would not influence our findings as studies with
missing assessments for exposure and outcome are of poorer quality. We also did not indepen-
dently evaluate temporality of exposure and note that included cross-sectional studies where
exposures were measured concurrent to asthma outcomes may not accurately represent expo-
sures occurring prior to asthma outcomes.

Second, while our review documented an association between formaldehyde exposure and
increased childhood asthma diagnosis, symptoms and exacerbation, it did not address whether
formaldehyde directly causes childhood asthma, or rather, is a trigger for childhood asthma.
Asthma is a complex chronic disease that can be challenging to diagnose accurately and for
which symptoms are apparent only when there is a trigger. The trigger does not necessarily
cause ‘asthma’, but will cause an ‘asthma flare up’, which helps lead to the diagnosis. Thus, it is
possible that formaldehyde is a ‘trigger’ for a child who is yet to be diagnosed with asthma or it
can be that formaldehyde exposure leads to the development of asthma. It is impossible to
determine this unless without a human interventional study.

Third, key estimates utilized in the economic analysis (i.e., baseline asthma risk and willing-
ness to pay for asthma reduction) were U.S.-based estimates. Thus, the economic evaluation
and monetized value of benefits from formaldehyde exposure reduction may not be directly
applicable in other global settings. However, inclusion of studies in the systematic review was
not limited by geographic location and we ultimately included studies from a variety of coun-
tries (Sweden, France, Australia, China, South Korea, Denmark, Finland, Poland, Portugal,
United Kingdom, New Zealand, Romania, Russia, Japan, Indonesia, Thailand, Iran, the United
Arab Emirates), with the first five countries in addition to the U.S. contributing to the meta-
analysis estimates. Thus, results and conclusions from the systematic review are likely relevant
to international settings and results from the economic analyses may be modified with geo-
graphic-specific estimates to gauge potential economic benefits in international settings.

Our results underscore that the inability to combine studies in a meta-analysis due to lack
of reporting in published studies is a major challenge for systematic reviews in environmental
health specifically, and for environmental health decision-making more broadly. The associa-
tion between asthma and formaldehyde exposure is well-studied, as demonstrated by the large
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number of epidemiology studies. However, even with a large number of included studies,
there were multiple limitations to the studies that restricted our ability to combine estimates
into a meta-analysis—for instance, if studies only reported categorical formaldehyde exposures
or if they did not report odds ratio or relative risk estimates. Visual scatterplots of data assisted
review authors’ evaluation of the consistency and interpretation of data results, but many stud-
ies did not provide data amenable to extraction for scatterplots. For example, of the 26 adult
(occupational and general population) asthma diagnosis studies, only 17 studies included out-
come data on a physician diagnosis; none of these 17 studies reported sufficient data to evalu-
ate outcomes with respect to a continuous increase in formaldehyde; and few studies reported
results for at least two measured exposure categories. Hence, quantitative data from 9 papers
were not reported in a manner that they could be objectively incorporated (i.e., not using the
author’s conclusions but rather just by extracting the data) into this review. Checklists such as
Strengthening the Reporting of Observational Studies in Epidemiology (STROBE) guidelines
for observational human studies to guide the reporting of elements necessary to describe stud-
ies comprehensively and transparently may assist with these efforts and have already been
incorporated into the publication process of several high-impact journals. Furthermore, jour-
nal reviews and editors may contribute to addressing this issue by requesting increased report-
ing or open-access of quantitative data in a format conducive to future data analyses.
Conducting a systematic review prior to the development and initiation of a new study could
help design efficient studies that are intended to build on existing data and address research
gaps intentionally to support future systematic reviews, risk assessment, and timely decision-
making on environmental chemicals.

Conclusion

The review authors concluded that there was “sufficient” evidence supporting an association
between childhood and adult exposures to formaldehyde with asthma diagnosis and symp-
toms. Although studies supported modest associations (our meta-analysis for childhood expo-
sure to formaldehyde with asthma symptoms resulted in a combined OR = 1.08), ubiquitous
exposure to formaldehyde can result in potentially large impacts to population health. Our
economic analysis identified annual benefits of 2,805 fewer asthma cases in the U.S; the total
economic benefit for asthma reduction from U.S. EPA’s rule would be approximately $210
million annually. Thus, excluding asthma health outcomes when conducting regulatory bene-
fit-cost analysis can underestimate the true population benefits and lead to decisions that are
not fully protective of the public. Although these economic estimates are specific to the U.S,,
the inclusion of studies from broad geographic range indicate that results and conclusions
from the systematic review are likely relevant to international settings. Our findings document
that preventing formaldehyde exposure in adults and children could reduce the occurrence
and impacts of a serious, chronic disease and provide significant health and economic
benefits.
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