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Dissertation Abstract
Title: Exposure Characterization and Assessment of Airborne Chemicals and SARS-Cov-2
Transmission In New York City Nail Salons
Author: Amelia P. H. Watkins
Advisor: Brian Pavilonis, Ph.D.

Background: Currently, there are 156,000 people employed as manicurists or pedicurists in the
United States. Employment in this sector is expected to grow by 10% over the next decade.
Exposure assessments have revealed that salon workers are chronically exposed to a variety of
substances that cause respiratory sensitization, developmental problems, contact dermatitis, blood,
liver, and kidney issues, as well as nervous system impacts. Most recently, the SARS-Cov-2
pandemic has raised the issue of the vulnerability of nail salon workers to airborne infectious
diseases as well. This dissertation aims to characterize and assess the chemical exposures that nail
salon workers face and the transmission potential of the highly infectious SARS-Cov-2 in nail
salons in New York City.
Methods: The first study in this dissertation is a systematic review of the literature to characterize
airborne chemical exposures in nail salons in the United States using the Office for Health
Assessment and Translation (OHAT) framework. The systematic review included studies that
conducted environmental monitoring and those that explored health effects related to occupational
exposure in nail salons. The second aim involved environmental monitoring in 12 nail salons in
New York City to measure pollutant concentrations and estimate ventilation rates using carbon
dioxide concentrations as a proxy measurement. Aim 3 focused on modeling the transmission
iii

potential of SARS-Cov-2 in nail salons in New York City using five realistic scenarios. The nail
salons that participated in aims 2 and 3 were chosen using convenience sampling.
Results: In the first study, the evidence in the included studies showed that nail salon workers are
exposed to a variety of volatile organic compounds (VOCs) and particulate matter. Generally, the
concentrations for most chemicals have declined over the past 30 years. Few studies investigated
health outcomes and found that nail salon workers often experience acute symptoms such as
headaches and dizziness, coughing, nausea, and irritation of mucosal membranes. Chronic
symptoms included nervous system damage. In the second study, we found that most (XX%) New
York City nail salons tested were not in compliance with New York State regulations to have
exhaust ventilation systems installed. Toluene, methyl methacrylate (MMA), and ethyl acetate
were detected in salons but only a quarter of samples of toluene and MMA were above the limit
of detection (LOD). In salons that did have general exhaust ventilation, indoor pollutant
concentrations were lower. We also found that carbon dioxide (CO2) concentrations were a
significant good predictor of indoor air quality in the nail salons. In study 3, we found the risk of
SARS-CoV-2 airborne infection transmission across all salons and all exposure scenarios when
not wearing face masks ranged from <0.015% to 99.25%. Wearing face masks reduced airborne
infection transmission risk to between <0.01% and 51.96%, with an average airborne infection
transmission risk of 7.30% across all salons. Increased outdoor airflow rates in nail salons were
generally strongly correlated with decreased average airborne infection transmission risk.
Conclusions: These studies highlight some of the indoor air pollution hazards that nail salon
workers face. Exposure to low concentrations of chemicals can cause acute symptoms, but
repeated long-term exposures may cause lasting health problems and should be explored further.
Additionally, the synergistic or additive effects of low-level exposures is unknown. There is a need
iv

for more epidemiological studies to explore the associations between exposure to nail salon
products and specific health outcomes. Reducing exposures to vapors, particulates, and pathogens
requires installing or improving ventilation systems, using personal protective equipment (PPE)
such as gloves and appropriate masks/respirators and, eliminating products with harmful
chemicals. The results of aims 2 and 3 showed that salons with appropriate ventilation rates had
lower levels of airborne chemicals and a lower risk of transmissions of SARS-CoV-2 infectious
particles. These measures will serve to benefit both workers and patrons of nail salons.
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Introduction
1.1 The Nail Salon Industry
The nail salon industry has experienced a dramatic transformation over the past two decades.
Today, revenue generated by the industry has surpassed $8 billion.1 In the United States (U.S.)
alone, there are currently 156,000 people employed as manicurists or pedicurists, and employment
in this sector is expected to grow by 10% over the next decade.1 This number is likely
underestimated and is thought to be closer to 400,0002 due to high job misclassification rates,
unlicensed nail technicians, and undocumented workers in this employment sector3.
Approximately 30% of nail salon workers are self-employed or independent contractors and have
fewer workplace protections than full-time employees.3 In the U.S., most of research on nail salons
has been based in California, where the industry initially expanded the fastest, with far less
research conducted elsewhere. In New York City (NYC), there are approximately 2,000 nail
salons;4 the majority are owned by Korean and Chinese immigrants. The NYC metropolitan area
has the highest concentration of nail salon employment in the U.S.1 According to U.S. Census data,
more than 79% of all nail salon workers are foreign-born, 96% are female, 46% do not speak
English or lack English proficiency, and most are uninsured or lack access to healthcare.5 Nail
salon workers disparately face routine ergonomic, chemical, physical, safety, and biological
hazards in the workplace.6 In addition to these long-existing issues, the current SARS-CoV-2
pandemic has presented new health and safety challenges for already vulnerable nail salon
workers. Unlike other job sectors, there exists no information about injury and illness in the nail
salon industry published by the U.S. Bureau of Labor Statistics (BLS) or elsewhere. However, the
published literature has grown substantially over the past few decades and indicates there is need
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to support these vulnerable populations through increased research and advocacy to inform federal
and state policies.

1.2 Occupational exposures and health outcomes in nail salon

workers
Several studies have revealed the occupational exposures and suspected health effects that nail
salon workers have faced over the past two decades. A small but developing body of
epidemiological research has shown associations between nail salon workers’ tasks and many
adverse health outcomes. Exposure assessments have revealed that nail salon workers are
chronically exposed to a variety of volatile organic compounds (VOCs), the “Toxic Trio” (toluene,
formaldehyde, and dibutyl phthalate), BTEX (benzene, toluene, ethylbenzene, and xylenes),
acetates, alcohols, acetone, and acrylates. These chemicals are found in nail polishes, nail polish
removers and solvents, artificial nails and nail glues, and acrylic powders and gels (Table 3.1).
Repeated exposures to these chemicals for years have led to reports of neurological8–10, dermal8,11–
13

, respiratory12–14, and musculoskeletal effects12,15–17 by nail salon workers. A study of California

nail salon workers reported that skin and eye irritation, difficulty breathing, and headaches were
experienced by almost half of the surveyed workers, symptoms that are characteristic of solvent
exposure.18 Acetones and acetates (ethyl, butyl, isopropyl) are solvents often used in high volumes
that commonly irritate the skin, nose, mouth, throat, and eyes.19 In a similar survey of Southeast
Asian immigrant nail salon workers in California, the most frequently reported symptoms were
nose irritation and allergies. Those who worked with acrylic nails were more likely to self-report
“poor” or “fair” health.14 These findings have been similar to those in studies conducted outside
of the U.S.20–23

2

Table 1-1 Common nail salon chemicals, sources, and health effects
Chemical

Products

Health effects

Acetone
Acetonitrile

Nail polish remover

Butyl acetate

Nail polish, nail polish
remover

Headaches and irritation

Nail polish

Nausea and irritation

Nail polish, nail polish
remover, fingernail glue

Irritation, high concentrations can cause fainting.

Artificial nail liquid

Asthma, irritation, difficulty concentrating,
teratogenic

Nail polish, nail
hardener

Difficulty breathing, coughing, asthma-like
attacks, wheezing, allergic reactions, irritation,
cancer.

Dibutyl phthalate
(DBP)
Ethyl acetate
Ethyl
methacrylate
(EMA)
Formaldehyde

Isopropyl acetate
Methacrylic acid
Methyl
methacrylate
(MMA)
Toluene

Fingernail glue remover

Nail polish, nail polish
remover
Nail primer

Headaches, dizziness, and irritation*
Irritation, breathing problems, nausea, vomiting,
weakness, and exhaustion.

Sleepiness and irritation.
Skin burns and irritation, difficulty breathing.

Artificial nail products

Asthma, irritation, difficulty concentrating, loss
of smell.

Nail polish, fingernail
glue

Dry or cracked skin, headaches, dizziness, and
numbness, irritation, and liver and kidney
damage, teratogenic

Note: This table is adapted from Stay Healthy and Safe While Giving Manicures and Pedicures: A Guide for Nail
Salon Workers.7
*: refers to irritation of the skin and mucosal membranes, including eyes, nose, throat, mouth, and stomach

Longer-term health outcomes have been linked to some chemicals, such as the “Toxic Trio.”
Formaldehyde is used in nail polish as a hardener and has been classified as “carcinogenic to
humans” based on animal and human studies.24 Toluene in nail polish forms a smooth surface over
the nail and has been linked to reproductive and nervous system impacts.25–27 DBP is used to make
nail polishes less brittle and is a developmental and reproductive toxin.28,29 Another group of
chemicals associated with long-term health effects is acrylates. Methyl methacrylate (MMA), ethyl
methacrylate (EMA), and other acrylates used in artificial nails are associated with permanent
paresthesia9–11, allergic contact dermatitis, and occupational asthma.30,31 In one retrospective
3

observational study, among 122 individuals who underwent allergen patch testing with MMA, 37
individuals were allergic, of whom 28 were nail technicians.32 Although the concentrations
detected for most of these chemicals are several orders of magnitude below occupational exposure
limits, the additive or synergistic effects of these chemical compounds are unknown, and
evaluating exposure on a chemical-by-chemical basis may be inappropriate for chemical mixtures.
The objective of this study was to characterize concentrations of airborne chemicals in nail salons
and document any health outcomes in the peer-reviewed literature.

1.3 New York nail salon regulations
In 2015, the Office of the Governor of New York announced that nail salons throughout New York
State (NYS) would have to comply with new ventilation regulations (Section 160.16) to protect
employees and clients from exposure to airborne chemicals in salons. 33,34 This decision came after
a highly controversial exposé was published in the New York Times newspaper that detailed the
poor workplace conditions and labor law violations that nail salon workers face.35,36 Subsequently,
a task force was deployed from the governor of New York State’s office to investigate the claims
reported in the exposé.37 The new regulations stipulated that all salons licensed before October
2016 will have five years to meet compliance, while those licensed after October 2016 must meet
the ventilation requirements upon establishing the business.34 The new ventilation requirements
incorporate the 2015 International Mechanical Code (2015 IMC), which specifies general exhaust
ventilation (GEV) and local exhaust ventilation (LEV) standards for nail salons and hair salons
that provide nail services 38. The GEV requirement is a function of occupant density and area of
the salon with a minimum of 20 cfm (cubic feet per minute) of outdoor airflow per person, plus an
additional 0.12 cfm per 1000 ft2. When the occupant density is unknown, a default value of 25
people per 1000 ft2 is required. The LEV requirements are for a source-capture hood placed within
4

12 inches of manicure and pedicure task areas and exhausted directly outside at a rate no less than
50 cfm per nail station 38. No recirculation of salon air is permitted.

1.4 SARS-CoV-2 pandemic: A new threat
In March 2020, New York City became a hot-spot for SARS-CoV-2 infections, and to curb the
transmission rate, New York state mandated all non-essential services, which included nail salons,
to close.39 In the months that followed, the information that guided the reopening of businesses
was scant and generic but essentially guided by density reduction measures, social distancing, and
the use of face coverings since the virus is spread through airborne transmission.40,41 In July 2020,
New York entered Phase III of reopening, which allowed personal care services to resume. 40 The
nature of personal care services requires close contact, and there was a general concern about the
ability of these service providers and clients to interact without compromising safety. The
combination of personal protective equipment (PPE) along with engineering controls such as
properly functioning ventilation systems could potentially reduce the transmission rate of the
disease as well as the long-standing chemical exposures that workers have faced for decades, but
the effectiveness is unknown and further research needs to be done.

1.5 Overall Goals of Dissertation
Though substantial progress has been made in characterizing the airborne hazards in nail salons in
the U.S. and abroad, gaps in the literature still require novel explorations in nail salon research or
additions to existing investigations. Previous studies have identified most of the chemicals in nail
salons that workers are exposed to and the related health effects of many of them, though not all
the associations have been proven to be causal. A thorough literature review is often a great tool
for professionals who need a point of reference. As such, there is a need for appraisal of the peerreviewed literature on the specifics of airborne chemical exposures in nail salons and the associated
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health outcomes of those chemicals. Identifying the chemicals is just the first step and should be
followed by exploring mitigation measures to reduce harmful exposures. The use of mechanical
ventilation systems to improve the indoor air quality in nail salons should be further explored in
New York City, especially considering the looming deadline of the nail salons mandate to install
ventilation systems. Additionally, the SARS-CoV-2 pandemic has presented new challenges for
nail salon workers and owners tasked with protecting their employees and clients alike. The
effectiveness of ventilation systems and face coverings to reduce viral transmission should be
explored in more detail.

This dissertation’s overall goal was to address these gaps in the literature and contribute to the
current information that will reduce the harmful chemical exposures that nail salon workers face
and explore long-term solutions moving forward. This dissertation focused on specifically
characterizing the chemical, airborne exposures to nail salon workers and their associations with
documented acute and chronic health outcomes. A systematic review tool was used to accomplish
this goal. This dissertation’s second goal was to examine the temporal variability of key air
pollutants generated in nail salons in New York City and determine if the existing ventilation
systems meet established standards. This study’s third goal was inspired by the lack of information
about infection transmission of SARS-CoV-2 in indoor spaces and presented a timely opportunity
to explore this hazard from an occupational exposure perspective in nail salons.

1.6 Specific Aims and Hypotheses
The dissertation aims complement each other to characterize airborne chemical exposures in nail
salons in the United States, explore a new biological airborne hazard, and discuss the use of
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ventilation as a mitigative measure to reduce these exposures. The following are the specific aims
for this dissertation and the associated hypotheses:

Specific Aim 1: Systematically review the literature to characterize the occupational airborne
exposures that nail salons workers face in the United States and investigate the documented health
outcomes.
H0= Workers who are exposed to airborne chemicals in nail salons will not exhibit symptoms
characteristic of exposure to the individual chemicals.

Specific Aim 2: Measure indoor air pollutants and estimate ventilation rates in New York City
nail salons.
H0= Ventilation rate is not correlated with indoor air pollution concentrations.

Specific Aim 3: Estimate the transmission potential of SARS-CoV-2 in nail salons in New York
City using ventilation rates from specific aim 2 and five realistic exposure scenarios.
H0=Transmission potential is not affected when ventilation rates increase and when masks are
worn.
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: Characterization of airborne occupational
exposures in nail salons in the United States: A
systematic review using the OHAT framework.
2.1 Introduction
Employment in the nail salon sector (manicurists and pedicurists) accounted for more than 156,000
jobs in the United States in 2019 and is expected to grow by 19% over the next ten years.20 The
growth in the sector has increased the interest in many of the occupational hazards that salon
workers face. However, the literature is sparse, and no systematic reviews exist that synthesize
data airborne occupational exposures to nail salon products. Therefore, this is an essential gap in
the literature that should be filled in order to have a comprehensive understanding of the status quo
in terms of exposure.

2.1.1 Exposure
Nail salon workers use a variety of products that contain chemicals, including volatile organic
compounds (VOCs), e.g., toluene and formaldehyde, semi-volatile organic compounds (SVOCs),
e.g., dibutyl phthalate, and particulate matter (PM), e.g., respirable dust.21–26 Exposure to these
chemicals has been linked to one or more of the following adverse health outcomes: reproductive
effects, neuropsychological symptoms, cancers, or respiratory effects. The dominant route of
exposure is mainly through inhalation, although dermal exposure through direct contact and vapor
deposition can also increase body burden.21

2.1.2 Evidence of health impacts
A growing body of evidence, particularly over the past decade, has explored the associations
between exposure to nail products and adverse health effects. Benzene, toluene, ethylbenzene, and
xylene (BTEX) are often found in petroleum products and used as solvents in nail polish and
10

thinners.27 Benzene is a potent carcinogen that is "known" human carcinogen linked to acute
myeloid leukemia and non-Hodgkin’s lymphoma.28 Toluene found in nail polish and nail glues
can cause adverse reproductive health outcomes in women leading to spontaneous abortions29.
Long-term exposure toluene exposure can also cause damage to the nervous system; while shortterm exposure can irritate the mucous membrane30 Toluene and xylene may also cause muscle
fatigue, insomnia, and liver and kidney damage.31 Formaldehyde, another common nail polish
ingredient, can cause pneumonia and bronchitis over short duration exposures

32

It is also a skin

sensitizer linked to lung and nasopharyngeal cancer and has been shown to cause squamous cell
cancer in animal tests.33 Toluene and formaldehyde, along with dibutyl phthalate, are referred to
as the “toxic trio” because of their known adverse health impacts.34
Another group of chemicals of interest are sensitizers, including methyl methacrylate (MMA) and
ethyl methacrylate (EMA), which are found in artificial acrylic nails, gels, and powders. They can
cause respiratory sensitization leading to asthma, paresthesia, endocrine disruption, contact
dermatitis, and respiratory tract inflammation.35–37
Of all the health acute health effects, irritation of the eyes, nose, throat, and skin are the most
common. Different types of acetates (e.g., ethyl acetate, butyl acetate) and alcohols (e.g., isopropyl
alcohol, ethyl alcohol) which are found in nail polish act as irritants and lead to central nervous
system (CNS) syndrome at high exposures.38–41 There are many other chemicals that nail salon
workers are exposed to that have incomplete toxicological profiles. Therefore, workers do not have
the full scope of all the hazards they face from chemical and biological exposures in the workplace.
Systematic reviews are a useful tool for an unbiased appraisal of the body of evidence on a specific
topic or field of study, informing policy.42 Over the past few years, efforts have been made to
develop systematic review methodologies that can specifically address environmental and
11

occupational health issues and reach hazard conclusions. The National Toxicology Program (NTP)
and the National Institute of Environmental Health Sciences (NIEHS) within the Office of Health
Assessment and Translation office (OHAT) designed a set of operating protocols called the OHAT
Approach for Systematic Review and Evidence Integration.43 The OHAT method is conducted
according to the Preferred Reporting Items for Systematic Reviews and Meta-Analyses
(PRISMA)44 and uses a 7-step framework. The framework’s final step is to integrate the evidence
collected during the review to develop hazard identification conclusions. In this study, the OHAT
approach is used to characterize the occupational exposure to chemicals used in nail salons in the
United States and to explore adverse health outcomes in nail salon workers.

2.1.3 Research objectives and strategy
The objective of this systematic review of the literature was to synthesize the body of literature on
nail salon worker’s occupational exposure to airborne chemicals in the United States between the
years 1900 to 2020. Due to the differences amongst countries in allowable nail products as well as
training and licensing requirements for nail salon workers, the review was limited to the United
States, where the reviewers are based. The secondary objective was to determine the association
between occupational exposure to airborne nail salon chemicals and defined health outcomes in
nail salon workers in the United States. Many of the chemicals used in nail salons have been
singularly recognized and explored in the literature for their toxic potential to harm human health.
This systematic review provides concise yet detailed public health information for workers,
employers, public health professionals, and organizations to affirm to the need to reduce exposure
to these chemicals.
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2.1.4 Specific Aims
Objective 1
•

Identify published exposure assessment results (air sampling only) from nail salons located
in the United States.

•

Extract and summarize the available air monitoring data and compare studies.

•

Identify limitations in the studies and gaps in the literature.

Objective 2
•

Identify the literature reporting any adverse health effects from occupational exposure to
chemicals used in nail salons.

•

Extract and synthesize data for risk of bias assessment.

•

Rate the confidence in the body of evidence for adverse health outcomes.

2.2 Methods
2.2.1 Problem Formulation and Protocol Development
The researcher conducted the problem formulation activities for this systematic review, and they
were agreed upon with a second reviewer. Guidance for the methodology used to conduct this
review was obtained from the OHAT Handbook for Conducting a Literature-Based Health
Assessment using the OHAT Approach for Systematic Review and Evidence Integration. All
aspects of this methodology were agreed upon with the second reviewer.
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2.2.1.1 PECO Statement
A PECO (Population, Exposure, Comparators, and Outcomes) statement was developed to guide
the identification of search terms and the inclusion and exclusion criteria for the research objective
and is presented in Table 2.1.

Table 2-1 PECO Statement for Objective 1
Element
Population

Type of Evidence
Workers who are exposed to chemicals used in nail salon processes during their
time of employment in the nail salons. Titles may include manager, supervisor,
manicurist, pedicurist, and nail technician.

Exposure

Nail salon chemicals such as acrylic gels and powders, nail polish and nail
polish removers and thinners, fingernail glue, and nail hardeners.

Comparators

Nail salon workers who have had no or low exposures (below detectable limits or
OELs) to nail salon chemicals in the workplace.

Outcomes

Primary health outcomes: any adverse health effects, including reproductive and
developmental toxicity, cancer, acute effects, immune system effects, liver and
kidney toxicity, neurological effects.
Secondary health outcomes: observational endpoints of physiological function
such as oxidative stress bioassays, liver, and kidney function markers.
No health outcome: Studies that conducted environmental monitoring but did not
report health outcomes will be included as well.

For the evaluation of adverse health effects associated with occupational exposure to airborne nail
salon products, the main focus was clinical diseases and symptoms of all major body systems and
evidence of genetic toxicity. Unfortunately, no clinical studies were included in this systematic
review as they did not meet the PECO criteria. For objective 2, the level of environmental
contamination (air) reported in various working environments where nail salon chemicals are used
was summarized. A summary was also done of the associated adverse health effects in nail salon
workers, potentially from occupational exposures to nail salon chemicals.
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2.2.1.2 Literature search
Four electronic databases were searched using a unique search strategy designed for each database:
PubMed, Web of Science, Scopus, and Embase. The search terms for PubMed are reported in
Appendix A. Only articles published in the English language were included; there were no
publication year limits, and the databases were searched between October 25, 2020, with a last
updated search on November 11. The reference lists of all included studies can be found in
Appendix B.

2.2.2 Study selection
2.2.2.1 Evidence selection criteria
To be eligible for inclusion in the systematic review, studies needed to comply with the PECO
statement’s criteria above for objective one or contain relevant environmental monitoring in nail
salons or biomonitoring assessment information collected from nail salon workers. The inclusion
and exclusion criteria used to screen relevant studies and determine eligibility at both the title-andabstract and full-text screening stages are summarized in Table 2.2.
2.2.2.2 Screening process
Articles retrieved from the literature search were screened for relevance and eligibility against the
evidence selection criteria. Included articles were imported into Microsoft Excel and categorized
by the database from which they were retrieved. References that were not excluded during the title
and abstract review were next screened for eligibility during the full-text review phase. Following
a full-text review, the remaining studies were included in the final review and used to evaluate the
evidence presented.
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Table 2-2 Inclusion and exclusion criteria
Inclusion criteria
Exclusion criteria
Participants/Population (human studies or experimental model systems)
Studies in adult humans (age ≥18 years old) utilizing a Non-human animals, including laboratory
cohort, cross-sectional, case-control study design, or
animal studies or pets
case reports/series in the United States.
In silico studies or in vitro models
Studies that conduct environmental monitoring
utilizing organs, tissues, cell lines, or
assessments in nail salons in the United States.
cellular components
Exposure
Occupational exposure to nail salon chemicals, e.g.,
Chemicals not used in nail salon
nail polish, nail polish removers, acrylic dipping
processes: Occupational exposure to other
powders, gel nail polish, and hardener
hazardous drugs or workplace exposures
(e.g., chlorine and other cleaning
products, or viruses)
Inhalation and dermal exposure occurring via
occupational exposure
Comparators
Humans exposed to lower levels (or no
None
exposure/exposure below detection levels) of chemicals
used in nail salons
Outcomes
Primary health outcomes: any adverse health effects,
There are no exclusion criteria for
including reproductive and developmental toxicity,
outcomes. All health outcomes are listed
cancer, acute effects, immune system effects, liver and under inclusion criteria.
kidney toxicity, neurological effects.
Secondary health outcomes: observational endpoints of
physiological function such as oxidative stress
bioassays, liver and kidney function markers.
Publications
Studies must contain original data and must be peerArticles with no original data (e.g.,
reviewed
editorials, reviews)
English and non-English language studies
Non-peer reviewed articles (e.g.,
conference abstracts or other studies
published in abstract form only, grant
awards, and theses/dissertations)
Retracted articles

16

2.2.2.3 Data Extraction
Extraction Process
Data were extracted from included studies and checked for completeness and accuracy. Any
discrepancies regarding an included study were resolved by discussion with the second reviewer.
Exposure measurements were retrieved from all included articles. Units were standardized to
ensure uniformity in comparisons, specifically changing g/m3 or mg/m3 to ppm for vapors.
Extracted airborne chemical data measurements in environmental monitoring studies were all
reported as mean or medians or both, and ranges for individual chemicals. Left-censored data were
replaced with the method detection limit. All extracted data were stored in an Excel workbook for
reference.
2.2.2.4 Quality Assessment of Individual Studies
A Risk-of-bias assessment was conducted for all the included studies using a tool developed by
OHAT. The OHAT tool has specifically customized questions vital in assessing the study’s
internal validity, including categories to assess selection bias and confounding, performance and
detection bias, and bias from loss to follow-up. All articles were independently assessed and then
received an overall bias rating using the OHAT tool depicted in Figure 2.1. Each internal validity
criteria were ranked on a continuum with the highest level of validity, scoring “definitely low risk
of bias” to scoring the lowest level of validity with “definitely high risk of bias.” Risk-of-bias
assessments for confounding, exposure characterization, and outcome assessment were considered
especially critical. Articles that conducted biomonitoring were subjected to additional assessments
of validity. Participants’ selection, use of the best available industry-recommended air sampling
methods, and laboratory analytical methods were especially heavily scrutinized. The overall body
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of evidence was determined based on the individual article assessments to address objectives 1
and 2.
Symbol

Description
Definitely Low risk of bias:
There is direct evidence of low risk of bias practices (May include specific
examples of relevant low risk of bias practices)
Probably Low risk of bias:
There is indirect evidence of low risk of bias practices, OR it is deemed that
deviations from low risk of bias practices for these criteria during the study
would not appreciably bias results, including consideration of direction and
magnitude of bias.
Probably High risk of bias:
There is indirect evidence of high risk of bias practices, OR there is insufficient
information (e.g., not reported or “N.R.”) provided about relevant risk of bias
practices.
Definitely High risk of bias:
There is direct evidence of high risk of bias practices (May include specific
examples of relevant high risk of bias practices).

Figure 2.1 Risk-of-bias assessment rating for individual studies.

2.3 Results and Evidence Synthesis
2.3.1 Literature search results
A search of the electronic databases retrieved 2,950 unique references. No additional references
were identified from published reviews of reference lists of the included studies. Two thousand
nine hundred six studies were excluded during the title and abstract screening phase, and 27 were
excluded during the full-text review phase. The screening results are outlined in a study selection
flow diagram in Figure 2.2, along with justifications for study exclusion. Of the 17 studies included
in the full-text review, four studies reported primary or secondary health outcomes. The 17 studies
for inclusion measured airborne exposure to VOCs and particulates among nail salon workers.
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Identification

References identified though electronic
database search
n= 2,950

Screening

References assessed for eligibility based
on title and abstract screening
n=44
References excluded as
not relevant to PECO
criteria.
n=28
Full-text references assessed for inclusion
n=17

Included

Full-text articles
excluded, n=0

Health Outcomes=
risk of bias assessment
n=3

Exposures=
Environmental
monitoring
n=17

Figure 2.2 Study selection flow chart

2.3.2 Risk-of bias-assessment
The criteria used to assess biases were recruitment and selection of study participants, method
sensitivity (detection/quantification limits), exposure variability and exposure characterization,
variation in exposure levels across groups (comparable groups), adequacy of indirect measures to
characterize exposure (e.g., questionnaires, chemical proxy measurements), confounding, and
health outcome assessment. Health outcome assessment was still used as a measure even though
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only four included studies had measurable health outcomes. This decision is in agreement with the
OHAT guidelines handbook.43 No studies were excluded based on concerns of biases.
Overall, two studies had a low risk of bias, and 14 had a moderate risk of bias, primarily based on
sample selection and recruitment. The two studies with a low risk of bias selected participants
randomly for participation in an intervention study to reduce occupational exposure to nail salon
chemicals. There were comparison groups with varying exposures, which reduced the risk of bias.

2.3.3 Exposure Measurements
Quantitative data extracted from the included studies are summarized in table 2.3. The central
tendency measures are reported based on published data and included either the mean or median.
The range of measurements reported in Table 2.3 includes combinations of the area and personal
(breathing zone) measurements for some articles. Generally, personal sample concentrations
exceeded area sample concentrations in studies that measured both. Zhong et al. (2019) reported
statistically significant differences between area and personal concentrations for 7 out of 11
chemicals. Ceballos et al. (2019) also compared personal and area samples and found that 8 of 12
personal sample concentrations were higher than area samples, but only three were statistically
significantly different. The area samples for benzene and ethyl methacrylate were higher than the
personal samples, and the difference was statistically significant. Across all studies acrylates and
VOCs were the most detected, with over 70% of the included studies reporting concentrations.
Three intervention studies explored changes in concentrations of toluene, MMA, and TVOCs,
before and after the workers received training. Of all the recorded measurements from all 17 papers
combined, six individual samples exceeded one or more OELs (TLV, PEL, REL, STEL).
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2.3.3.1 BTEX
Eleven out of 17 studies measured one or more BTEX chemicals. Sample measurements were
generally low, and many samples were below the limit of detection (LOD). Alaves et al. (2013)
recorded a single, 8-hr TWA area sample of benzene that exceeded the TLV value threefold.
Lamplugh et al. (2019) documented BTEX concentrations in Colorado nail salons that were
several magnitudes higher than those documented by Ceballos et al. (2019) in the Boston
metropolitan area. For example, the upper limit of benzene measurements in Colorado was
0.12ppm compared to 0.0001ppm in Boston, the upper limit for toluene was 0.22ppm in Colorado
but 0.022ppm in Boston. Both studies included salons with similar volumes and the same average
numbers of nail stations and mechanical ventilation types. However, Colorado's salons were
located next to major highways and nearby to a gas station, which may account for the elevated
measurements.45 However, the authors did not account for this potential bias in their article.
2.3.3.2 Acrylates
Thirteen of out 17 studies measured one or more acrylate. The most common was MMA followed
by EMA, and 1 study measured isobutyl methacrylate. Most studies reported MMA substantially
under the OELs, except for Ma et al. (2019), where the range of personal air measurements for 48-hr sampling periods of MMA was 0.049-941.25ppm. The maximum measurement of 941.25ppm
was recorded in a single salon and represented 1 out of 100 samples taken across 26 nail salons.
Two other measurements of 18.95 ppm and 21.52 ppm of MMA were recorded in different salons,
but all other measurements were below 0.1ppm. Quach et al. (2013) also recorded one outlier
measurement of 544.94ppm due to possible contamination of the sample. Five studies measured
EMA with concentrations ranging from 0.00001-18.0ppm. Three studies with the highest
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concentrations, ranging from 9.0-18.0ppm, were published between 1986 and 1997. The highest
EMA measurement post-2000 was 1.48ppm.
2.3.3.3 VOCs
Most studies included a variety of common VOCs in their analysis, such as acetones and alcohols,
or reported a compound measurement in the form of TVOCs. Six studies reported TVOCs
measurements above the LEED industry benchmark level of 0.12ppm (500 µg/m3)46. Harrichandra
et al. (2020) recorded a range of daily TVOC averages from 0.09 to 85 ppm.47 These were area
measurements collected using a photoionization detector (PID) which is non-specific and would
have detected all VOCs, including those not produced by nail salon product. The full range of
TVOC measurements by Quach et al. (2018) exceeded the benchmark value. Alaves et al. (2013)
recorded 8-hour time-weighted average (TWA) area samples for isopropyl alcohol above the TLV,
with a maximum measurement of 1300ppm.
2.3.3.4 Other Airborne Contaminants
Particulate matter
Goldin et al. (2014) measured PM2.5 and recorded a range of 6.1- 56 µg/m3, with the upper end
being approximately 1.5 times the 24-hour limit, but 50 times lower than OSHA PEL of 5000
µg/m3 for respirable particulates. Respirable particulates includes particles size of 4µm or less.48
Hiipakka and Samimi (1987) measured respirable nuisance dust and total dust, with the upper
ranges being 3.5 fold and 1.5 fold, respectively, below the OSHA PEL. Carbon dioxide was often
used as a proxy for ventilation rates.
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Carbon dioxide
The highest documented measurement of CO2 was 2200ppm49 recorded in one salon that had an
average CO2 concentration of 1780ppm during service hours over three days. These concentrations
are an indication of contaminant buildup likely due to poor ventilation. At this level, the air may
feel uncomfortable but generally not associated with complaints of health symptoms.50 Acetates
were measured in 7 out of 17 studies.
Acetates
Ethyl acetate and butyl acetate were the most frequently measured VOCs in the nail salons. Quach
et al. (2011) recorded a maximum measurement of 5.50 ppm for ethyl acetate, well below the
OSHA PEL of 400 ppm. Craig et al. (2019) measured exposure to phthalates and organophosphate
esters through passive air sampling and urine samples biological monitoring. Most of the samples
were below the LOD. Dibutyl phthalate (DBP), one of the “toxic trio” of nail salon chemicals did
not exceed its TLV of 0.44pm, with only 11% of measurements above the LOD. Triphenyl
phosphate (TPHP) was recorded below the TLV of 3 mg/m3, but 89% of samples were above the
LOD.

2.3.4 Risk of bias assessment
Overall, 14 out of the 17 studies all ranked as having a moderate to high risk of bias in the
categories of method sensitivity (detection/ quantification limits), exposure variability and
exposure characterization, variation in exposure levels across groups (comparable groups), and
adequacy of indirect measures to characterize exposure. Generally, there was a high level of
confidence in the research methods to quantify exposure. Almost all the studies used validated
methodologies to assess exposures, including analytical methods and instrumentation.
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Table 2-3 Extracted data from all included studies.
Article
Alaves et al.,
2013

Ceballos et al.,
2019

Craig et al., 2019


Sample
size
14
14
14
14
14
14
14
18
18
18
18
18
18
18
18
18
18
18
18

Analyte
Acetone
Toluene
Ethyl acetate
Benzene
Isopropyl alcohol
Formaldehyde
MMA

Mean
(ppm)
6.1
0.098
0.37
0.00044
0.77
0.017
0.87

Benzene
Toluene
Ethylbenzene
o-Xylene
m,p-Xylene
EMA
MMA
Ethyl Acetate
Styrene
p-Isopropyltoluene
d-Limonene
Carbon tetrachloride

Median
(ppm)

0.00075
0.00557
0.00008
0.00012
0.0001
0.0500
0.0500
0.1800
0.00009
0.00009
0.001
0.00005

<0.00005-0.0001
0.001-0.022
<0.00004-0.0005
<0.0001-0.001
<0.0001-0.002
<0.0001-1.48
<0.0001-0.63
0.04-0.78
<0.00003-0.0001
<0.00003-0.06
0.001-0.03
0.00001-0.0001

<0.0067
<1.12
<0.018
<0.0315
<0.0018
<0.0172
0.01975

<0.0067 – 0.0051
<0.048– 0.179
<0.018– 0.013
<0.0315 – 0.0879
<0.0018 – 0.00053
4.5 -0.397
<0.0172 - 0.429

0.000355
0.00022
0.02135

<0.0018 - 0.152
0.03 – 0.0448
1.9 - 0.529

<0.00445
0.0316
<0.00112
0.0229

<0.0067 – 0.0332
<0.0316– 0.0062
<0.0012 – 0.0046
<0.0061– 0.134
2.94-21.9 (ng/m3)

18
18
18
18

Phthalates****
BBzP
DBP
DiBP
DEP
DMP
DEHP
DiNP
Phthalate Alternatives
DEHA
TOTM
DEHTP
Organophosphate Esters
TCIPP
TCEP
TDCIPP
TPHP

Estill et al., 2020
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Triphenyl phosphate

0.000001

Froines &
Garabrandt,
1986

25
15
5

MMA
EMA
IMA

18.5
9.80*
5.00

18
18
18
18
18
18
18
18
18
18

Garcia et al.,
2015

24
24
24
24
24
24

Pre-intervention***
Toluene
MMA
TVOCs
Post-intervention
Toluene
MMA
TVOCs

Range
(ppm)
1.6-13
0.014-0.31
0.05-2.0
0-1.5*
260-1300*
0.0009-0.032
>0.34-4.1

2.1-47.6
2.4-18.0
0.9-7.7

1.23
1.12
2.35

0.04-0.17
0.02-6.8
0.33-4.00

0.07
2.30
0.85

0.019-0.19
0.02-17.07
0.26-2.44
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Goldin et al.,
2014

21
21
21

TVOCs
CO2
PM2.5

Harrichandra et
al., 2020

33
33
30
30
30

TVOCs
CO2
Toluene
MMA
Ethyl acetate

29.00
1070
0.06
0.12
0.69

0.09-85
460-2200
0.03-0.18
0.04–1.3
0.03-2.8

Hiipakka &
Samimi, 1987

17
17
17
17
16
16

Toluene
Isopropyl alcohol
Butyl acetate
EMA
Respirable nuisance dust
Total nuisance dust

0.80
15.60
0.40
4.50
0.90
1.40

0.1-2.0
<0.1-54.1
<0.1-2.3
<0.1-17.0
0.2-3.2 mg/ m3
0.3-4.3 mg/ m3

Lamplugh et al.,
2019

36
36
36
36
36
54
36
36
36
36
36

Acetone
Methyl ethyl ketone
Ethyl acetate
MMA
N-butyl acetate
formaldehyde
Benzene
Toluene
Ethylbenzene
Xylene
Total BTEX

Ma et al, 2019

100
100
100

Acetone
MMA
Toluene

18.5
39.5
0.1

Pavilonis et al,
2018

20
20

TVOCs
CO2

12.0
800

Quach et al.,
2011 

169
167
3
3
3
3
169

Ethyl acetate
Isopropyl acetate
Butyl acetate
Acetone
Isopropyl alcohol
MMA
Toluene

0.53**
0.04
0.03
3.1
0.82
0.54
0.15**

0.02–5.50
0.02–0.15
0.01-0.06
0.31-6.60
0.06-2.0
0.12-1.30
0.01–1.0

0.06
69.67
6.63

0.037-0.097
0.06-544.94α
03.32-14.17

0.10
19.70
4.80

0.019-0.19
0.02-17.07
0.26-2.44

Quach et al.,
2013 

70
70
70
70
70
70

Pre-intervention***
Toluene
MMA
TVOCs
Post-intervention
Toluene
MMA
TVOCs

4.8
1100
18 µg/m3

14.00
0.00
0.27
0.00
0.10
0.006
0.00164
0.0614
0.0006
0.00216

0.061-38
660-1600
6.1-56 µg/m3

8.0-30
0-0.13
0.21-0.55
0.00-0.52
0.04-0.28
0.004-0.02
0.001-0.12
0.01-0.22
0.0004-0.002
0.001-0.01
73.7-873 µg/m3
3.30-58.47
0.049-941.25α
0.06-0.24

4.0
720.0

0.035-67
400-1800
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Quach et al, 2018


198
198
198

MMA
Toluene
TVOCs

1.15
0.021
4.67*

0.69-1.68
0.000013-0.00008
3.53-6.49

Spencer et al.,
1997

36

EMA

2.78

0.03-9.4

Zhong et al., 2019

68
68
68
68
68
68
68
68
68
68
34
68

Ethyl acetate
Isopropyl acetate
n-propyl acetate
n-butyl acetate
MMA
EMA
N-heptane
Benzene
Toluene
d-Limonene
Formaldehyde
TVOCs

0.44
0.05
0.013
0.099
1.02
0.015
0.019
0.0011
0.025
0.004
0.008
1.62

0.02-2.68
<0.001-0.03
<0.001-0.07
0.004-0.95
0.0006-8.79
0.00011-0.41
<0.00005-0.046
<0.00003-0.009
<0.00002-0.17
<0.00002-0.05
<0.004-0.03
0.07-10.19

Notes
<- indicates minimum values were below the limit of detection
a- Isobutyl methacrylate
b- Values are ranges of means of measurements across all nail salons
α- Upper limit was determined to be an outlier for MMA
- Intervention studies
*- Values exceeded one or more OELs
**- Weighted mean of personal and area air samples
***-Measurements are means of means
****- acronyms are defined in [Appendix C].

2.4 Discussion
This systematic review of the literature revealed that nail salon workers are exposed to many
chemicals at varying concentrations. The studies included in this systematic review span
approximately 35 years, with 80% of the research being conducted in the last decade.
Comparatively, concentrations for some of these airborne chemicals have decreased markedly,
indicating that regulations to reduce some exposures have had an effect. Consistently, factors such
as types and number of services offered each day and lack of ventilation systems operation
positively correlate with nail salons' airborne chemical concentrations. The distance between
contaminant source and sampler and the use of ventilation could explain the differences between
personal and area sampling. When workers use chemicals at their nail stations, the greatest
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concentrations are expected to be in the breathing zone, e.g., opening a bottle of nail polish with
highly volatile chemicals will release a high concentration directly into the worker's breathing
zone. Having local exhaust ventilation at the workstation will reduce this exposure faster than
general exhaust ventilation. For these reasons, in occupational settings, personal sampling may
offer a more accurate depiction of exposure. Some studies have demonstrated that training nail
salon workers and owners about proper engineering and administrative controls and substituting
harmful chemicals for safer ones have reduced exposure.25,51 There is a lack of epidemiological
studies in the literature investigating the effectiveness of interventions to reduce occupational
exposure to chemicals in nail salons.

2.4.1 Health Effects associated with nail salon chemicals.
2.4.1.1 Sensitizing agents
The use of 100% MMA was banned in the United States in the 1970s after being linked to
fingernail damage and dermatitis, but MMA compounds are still used.52 There has been a general
decline in airborne concentrations of MMA and EMA concentrations found in nail salons over the
past 35 years. However, contact allergies and sensitization are still prevalent among nail salon
technicians even when exposed to low levels.53–55 In a 7-year study on allergic contact dermatitis
caused by acrylates, beauty technicians working with artificial nails represented 80% of the cases
with an allergic reaction to methacrylates.56 There is a continued debate in the scientific literature
about whether a threshold can be determined for chemical allergies.57,58 This is attributed to a
complex interaction of the route of exposure, the specific sensitizer, and the exposed individual's
inflammatory response.57 Some studies suggest that DBP and TPHP might also have sensitizing
properties, but the evidence is inconclusive.59,60

27

2.4.1.2 Carcinogens
Several carcinogens were identified in the 17 studies, including benzene, carbon tetrachloride, and
formaldehyde. One sample measured benzene concentrations three times greater than the TLV,
which was likely the result of no direct exhaust ventilation recorded for that salon. While both
benzene and formaldehyde were generally below their respective OELS, there is a concern for
long-term exposure to these carcinogens even in low doses and the potential for synergistic effects
when combined with other chemicals used in nail products.61,62 Carbon tetrachloride is another
carcinogen detected in airborne samples. Airborne concentrations of the identified carcinogens
have not varied much over the past decade. However, it is still worthwhile for regulatory agencies
to implement measures to either eliminate these chemicals from nail products.
2.4.1.3 Irritants
Several nail salon chemicals such as acetates, alcohols, toluene, and phthalates are known to irritate
the eyes, nose, throat, and skin. Although most studies reported irritant concentrations well below
the OELs, workers still presented with symptoms typical of inhalation and dermal exposure to
these chemicals. Quach et al. (2011) did not measure a single chemical that exceeded the OEL, yet
more than 30% of workers reported an adverse health outcome, with 26% reporting nose, throat,
lung, skin, or eye irritation.26 Ma et al. (2019) also reported low concentrations of irritants, but
almost 52% of workers said they experienced nose, throat, eye, and skin irritation. Some stated
that their irritation began when they joined the nail salon industry or worsened during their time
in the industry.63 These results indicate that combined exposure to different chemicals, even at low
levels, may have adverse health impacts and could become chronic conditions if the exposures are
not reduced further.
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2.4.2 Epidemiological Evidence: Linking exposure and health outcomes.
There is no significant level of evidence in this review that suggests that occupational exposure to
airborne nail salon chemicals or by-products of those chemicals, in studies in the United States,
cause any health effects in the study populations. However, this is not an indication that these
chemicals and by-products are not harmful. Many of the individual chemicals have been proven
to be harmful in animal studies36,37,64 and some epidemiological studies.65–67 This review identified
several studies that recorded health symptoms amongst nail salon workers. However, the
methodologies did not allow for conclusive associations between occupational exposure and health
outcome. Three epidemiological studies evaluated interventions on reducing occupational
exposure to airborne nail salon chemicals, but these studies did not measure the association with
health effects.25,68,69 Despite the existence of national guidelines or general industry
recommendations for safe thresholds of exposure, there was not substantial compliance with the
use of personal protective equipment or engineering controls to reduce occupational exposure for
nail salon workers.25,51,68
2.4.2.1 Intervention studies: Health and safety training to reduce occupational exposure
The results from Garcia et al. (2015) suggested that the health and safety training was more
successful in reducing toluene and TVOCs concentrations but not MMA exposure. Quach et al.
(2103) found distinct results, where the average concentration of toluene increased, but TVOCs
and MMA were reduced post-intervention. There was a lower risk of bias in selecting and
comparing the intervention and control groups in this study due to the randomization of sampling.
Participants were matched very closely in the intervention and control groups according to
demographics, strengthening the comparison. Since randomized controlled trials (RCTs) are the
gold standard for epidemiological study designs, this well-conducted study has the least risk of
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bias in this systematic review. The findings that the interventions reduced occupational exposure
to one or more chemicals should be considered valid. Other training interventions have proved
unsuccessful in reducing worker exposure to chemicals, including the randomized control trial by
Quach et al. (2018). They found that the intervention group had statistically significantly greater
odds of using proper ventilation, opting for less toxic nail polishes, and choosing the correct glove
type for the chemicals being handled,69but this did not translate into improved air quality.
Measurement error may have occurred due to self-reporting of worker practices. The inconsistent
use of ventilation in the salons may also be a factor for these findings and explain differences in
chemical concentrations during pre-and post-intervention. Additionally, all samples collected in
the Quach et al. (2018) study were personal air samples which are subject to greater interpersonal
variability.70

2.4.3 Limitations
Although this systematic review followed a rigorous protocol by OHAT standards and guidelines,
there are a few important limitations in the study designs. Though not explicitly stated in the two
intervention studies, it is suspected that participants were not randomly chosen for all the
intervention or all the control groups. Additionally, all the included environmental monitoring
studies utilized convenience sampling for participating nail salons and workers. Therefore, the
generalizations that are made from the findings can only be applied to the sampled population.71
Randomization is done to reduce biases in selecting participants so that the outcome of an
intervention cannot be predicted.72 If the participants were not selected and volunteered, this
potentially introduces volunteer bias into the studies and reduces the study's internal validity. 73
Another limitation is excluding studies that may have presented more evidence for the association
between the documented chemicals and observed health effects. There were only three included
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epidemiological studies in the full body of evidence reviewed. However, there is a high level of
confidence that the environmental monitoring data reported by the included studies in this
systematic review represent an accurate depiction of the types and concentrations of chemicals
that nail salon workers are exposed to in the occupational setting.

2.5 Conclusions
Overall, few chemical measurements from the included studies exceeded occupational exposure
limits. However, it is posited that even low concentrations of a mixture of VOCs can have an
additive or synergistic effect but is not well documented and should be explored. Although many
harmful chemicals are used in nail salons, only a few are investigated in the included studies. These
research gaps present a timely opportunity for researchers to expand their studies' scope to explore
less frequently studied chemicals that may have greater adverse health outcomes at lower
concentrations. Generally, it appears that workers are not overexposed, but with the small sample
sizes in most studies, it may not be an accurate conclusion. The number and duration of air samples
collected should increase and comprise both personal and area samples for a more accurate
representation of occupational exposure. New studies should be guided by walkthrough audits that
assess chemical hazards in advance so sampling could be strategic and result in actionable steps to
reduce exposure.
All the included studies have investigated airborne exposures to chemicals present in nail salon
products. However, none have conclusively associated health symptoms with occupational
exposures, although many of these individual chemicals have been shown to affect human health
adversely. There is a need to investigate these occupational exposures using robust longitudinal
epidemiological study designs. The intervention studies indicated that providing occupational
health and safety training to workers may be an option to encourage safer workplace behaviors
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and practices. Overall, the OHAT model allowed a comprehensive review of the literature,
particularly to characterize nail salon hazards investigated in environmental monitoring studies
which are not often included in traditional systematic reviews.
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2.7 Appendix- Abbreviations used in Chapter 2.
1. NYS- New York State
2. NYC- New York City
3. VOCs- Volatile Organic Compounds
4. IMC- International Mechanical Code
5. GEV- General Exhaust Ventilation
6. LEV- Local Exhaust Ventilation
7. TVOC- Total Volatile Organic Compounds
8. CO2- Carbon Dioxide
9. IAQ- Indoor Air Quality
10. ND- Not Detected
11. LOD- Limit of Detection
12. PID- Photoionization Detector
13. MMA- Methyl Methacrylate
14. ANSI/ASHRAE- American National Standards Institute /American Society of Heating,
Refrigerating and Air Conditioning Engineers
15. TWA- Time- weighted average
16. OEL- Occupational Exposure Limit
17. TLV- Threshold Limit Value
18. PEL- Permissible Exposure Limit
19. REL- Recommended Exposure Limit
20. STEL- Short-Term Exposure Limit
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Occupational Exposure and Ventilation
Assessment in New York City Nail Salons
3.1 Introduction
No longer a niche industry in the United States, revenue from nail salons has surpassed $8
billion, and the employment rate is expected to increase by over 13% in the next decade.1 The
industry is dominated by mostly small owner-operated salons, and 90% of nail salons have fewer
than ten employees. In New York City (NYC), there are approximately 2000 nail salons-2 the
majority owned by Korean and Chinese immigrants. The NYC metropolitan area has the highest
concentration of nail salon employment in the US.3According to US Census data, more than 79%
of all nail salon workers are foreign-born, 96% are female, and 46% do not speak English or lack
English proficiency.4 Over the past two decades, investigators have documented occupational
exposures and health effects among nail salon technicians.5–12 Salon workers are exposed to a
variety of volatile organic compounds (VOCs) including toluene, acetates, alcohols, acetone, and
acrylates (see Table 3-1).5–8,13
In May 2015, the New York Times published three investigative reports on New Yorkbased nail salon workers’ experiences with health effects and environmental conditions in salons,
along with reports of harassment, wage theft, labor violations, worker exploitation, and lack of
investigation and intervention from the Labor Department.14,15 In July 2015, the Governor of New
York announced that nail salons throughout New York State (NYS) would have to comply with
new ventilation regulations to protect employees and clients from exposure to chemicals used in
the salons.16,17 All salons licensed before October 2016 have five years to meet compliance, while
those licensed after must have the ventilation requirements upon the establishment of the
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business.17 The new ventilation requirements incorporate the 2015 International Mechanical Code
(2015 IMC), which specifies general exhaust ventilation (GEV) and local exhaust ventilation
(LEV) standards for nail salons and hair salons that provide nail services.18 The GEV requirement
within the 2015 IMC (Table 403.3.1.1) is a function of occupant density and area of the salon with
a minimum of 20 cfm of outdoor air per person, plus an additional 0.12 cfm per ft2 over 1000 ft2.
When the occupant density is unknown, a default value of 25 occupants per 1000ft2 is assumed
with 25 cfm/person required. The formula yields an airflow rate of 620cfm1 for the GEV based on
default values.18,19 The LEV requirements are for source capture placed within 12 inches of
manicure and pedicure task areas. The LEV is required to exhaust air directly outside at a rate no
less than 50cfm per nail station.18 No recirculation of salon air is permitted under the new policy.
In a previous study conducted by the authors of this paper, total volatile organic compounds
(TVOC) and carbon dioxide (CO2) measurements were collected to evaluate compliance with NYS
regulations and establish baseline indoor air quality (IAQ) measurements.8 The results of the
previous study found that TVOC concentrations were almost ten times higher when CO2
concentrations did not meet the GEV requirements. While this study was the first conducted in
NYS to assess salon compliance, it suffered from several limitations, including IAQ measurements
collected during only one weekday in each salon, and chemical-specific air sampling was not
conducted.

1

Ventilation requirements based on 2015 IMC = (20 cfm/person x 25 people) + (0.12 cfm/ft2 x 1000 Sq. Ft.) = 620
cfm
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Table 3-1 Exposure ranges and correction factors for common compounds found in
nail salon products.
Chemical
compounds
Toluene

Ethyl acetate

Butyl acetate
Methyl
methacrylate

Ethyl
methyacrylate
Isopropyl
alcohol
Acetone

TVOCs

Exposure ranges
(ppm)
0.01–0.06, 0.02–1.0*
0.04 – 0.16
0.014 – 0.31
0.02–0.31
0.02–0.15, 0.02–5.50*
0.05 - 2.00
0.01–1.19
0.01–0.06
0.001–0.42
0.12–1.30

Detected
by PIDa
Yes

Correction
Factor23
0.5

Yes

4.6

Quach et al., 20116
Garcia et al.., 201524
Alaves et al.., 201311
Gjølstad et al.., 20069
Quach et al., 2011

Yes

2.6

Yes

1.5

Alaves et al.., 2013
Gjølstad et al.., 2006
Quach et al., 2011
Gjølstad et al.., 2006
Quach et al.., 2011
Garcia et al.., 2015
Alaves et al.., 2013
Gjølstad et al., 2006
Gjølstad et al., 2006

0.02 – 6.8
ND- 4.1
0.02–0.08
0.09–3.22

No

-

0.06–2.0

Yes

6.4

0.26 – 1.30
0.31–6.60
1.6 - 13
0.05–16.4
0.035-71
0.061-38
0.33 – 4.00

Publications

Yes

1.1

Yes

-

Quach et al., 2011
Alaves et al., 2013
Quach et al., 2011
Alaves et al., 2013
Gjølstad et al., 2006
Pavilonis et al., 20188
Goldin et al.., 201425
Garcia et al.., 2015

*-personal air monitoring, a=RAE model # 3000 calibrated with isobutylene with a 10.6 eV lamp
The current study aims to expand on the previous study and address the prior limitations
by examining the temporal variability of key air pollutants generated in nail salons in NYC, across
three days, and to determine if ventilation systems meet established standards in advance of the
widespread implementation of the new requirements. This study intends to further establish CO2
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as a reliable indicator for indoor ventilation since there are no existing state-regulated protocols
for doing so. Establishing baseline metrics for indoor air quality in nail salons can facilitate
evaluation of progress toward public health goals of eliminating harmful exposures to salon
personnel and their customers.

3.2 Methods
3.2.1 Recruitment
We approached managers of nail salons in three boroughs within NYC (Queens,
Manhattan, and Brooklyn) and presented them with flyers with details of the study, including the
walk-through survey and contaminant sampling protocol. Salon managers were also informed that
they would be presented with a copy of an air quality report after the research was completed.
Areas within NYC with a high density of nail salons were identified each recruitment day using
GOOGLE Maps, and a recruiter visited salons within that area. A total of 307 salons were
approached to participate in the study. Twelve salons refused to participate, 30 salons did not have
a manager present, five salons had managers that did not speak English (a participation
requirement), and at 248 salons participation materials were left with the manager, but the salon
did not contact the investigators. Four salons agreed to participate following the authors' 2017
study, and eight new salons consented to participate in the current study. Seven of the participating
salons were located in Manhattan, and five were in Brooklyn.

3.2.2 Walk-through survey
The survey began with a short questionnaire administered to the manager regarding the
characteristics of the nail salon. The survey assessed the type of ventilation system in use, whether
the air was exhausted directly outside or recirculated, number and type of services typically
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provided, and type of personal protective equipment used by salon workers (survey available upon
request). We then sketched the layout of the nail salon, including the location of diffusers, intakes,
and any LEV ducts, as well as the approximate location of manicure and pedicure stations, waiting
area, and other rooms in the salon (massage, waxing, and other activities). Salon dimensions were
determined using a laser distance measurer (GLM 30, Bosch, Gerlingen, Germany) with a
maximum distance of 100 ft. Due to the ceiling configuration and location of the air-handling units,
we were unable to measure exhaust rates directly. Consequently, we used average daily CO2
concentrations to estimate outdoor airflow.

3.2.3 Air Sampling
In each salon, we deployed a device to measure CO2, temperature, and relative humidity
(IAQ-Calc model #7545, TSI Shoreview, MN) and a photoionization detector (PID), calibrated
with isobutylene, with a 10.6 eV lamp (RAE model # 3000, Honeywell, Morris Plains, NJ) to
measure total volatile organic compounds (TVOC) concentrations. The PID has a range of 0.05–
10,000 ppm. Table 3.1 shows chemicals that have been previously identified in nail salons,
whether a PID is capable of detecting them and the correction factor for the PID. The majority of
common VOCs found in nail salons such as acetone, ethyl acetate, isopropyl alcohol, MMA, and
toluene are detectable with a PID. For some chemicals found in nail salons, the ionizing potential
is unknown; therefore, we could not assess whether it was detectable with a PID.
Radiello 130 samplers (Millipore-Sigma, St. Louis, MO) were used to measure daily
concentrations of ethyl-acetate, toluene, and MMA. A coordinator instructed salon owners on how
to open and insert the adsorbing cartridge into the diffusive body. Additionally, salon owners were
asked to record daily the total exposure time of the passive monitor, the number of manicures,
pedicures, and artificial nails performed, whether the ventilation system was turned on for the day,
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and if windows and doors were kept open. Early in the project two salons were unable to comply
with the passive monitoring protocol (Salon 3 and 4). After failure between those two salons, the
protocol was updated, and a coordinator sent out multiple daily reminders (morning and afternoon)
via text message to remind salon managers to change out the cartridges and complete the sampling
log forms. After we updated the protocol, all salons were able to adhere to the methodology for
the remainder of the study.
In the prior study conducted by the authors, it was determined airborne concentrations in
salons showed little spatial variability, indicating that salon air was well-mixed, and area exposure
was similar throughout the salon regardless of the task being performed.8 For this study, direct
reading and passive monitors were co-located in one central location within the salon for the
duration of the assessment. This allowed for evaluation of day-to-day variability in ventilation and
IAQ within the salon. All direct reading instruments were calibrated according to the
manufacturer's instructions and programmed to datalog concentrations every minute.
Data collection occurred from July 2018 to September 2018. Measurements were collected
in each salon over a period of three consecutive days (Thursday, Friday, and Saturday). We
selected these days to capture IAQ and ventilation measurements during high customer volume
days. Instrumentation was set up on the Wednesday or Thursday morning, depending on the
manager’s schedule, when the salon was not busy and allowed to continually datalog until the
salon closed. Closing time for salons in the study ranged from 7PM to 10PM. Equipment and
sampling sheets were retrieved by technicians, and data were downloaded from the instruments,
and passive monitors were stored according to manufacturer’s instructions. Daily sampling time
differed among salons and ranged from 310-689 minutes.
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3.2.4 Laboratory analysis
Laboratory analyses of the Radiello 130 samplers were conducted at an American
Industrial Hygiene Accredited (AIHA) Laboratory (EMSL Analytical, Inc. Cinnaminson, NJ). Gas
chromatography with a Flame Ionization Detector (FID) was used to detect all analytes. The
average concentration over the sampling time period was calculated from the mass of analyte found
on the cartridge and the exposure time without introducing a corrective factor. The laboratory
reporting limits for the contaminants quantified in the study were 9.4µg for MMA, 8.7µg for
toluene, and 8.9µg for ethyl acetate. Airborne concentrations were calculated using Equation 1.
Since airborne concentration is a function of exposure time, each sampling period in the study had
a unique limit of detection.
Equation 1: C=(m/Qt)(106)
Where: C= airborne concentration (µg/m3)
m= mass of contaminant (µg)
Q=chemical specific uptake rate (ml/min)

3.2.5 Estimated Outdoor Airflow Rate per Person
Outdoor airflow rates per person were calculated from equation C-1 ANSI/ASHRAE standard
62.1 and shown as Equation 2.
Equation 2: VO=N/(CS-CO)
Where: VO= outdoor airflow rate per person (cfm)
N = CO2 generation rate per person (0.011 cfm)
CS = CO2 concentration in the space (ppm)
CO = CO2 concentration in outdoor air (410 ppm)
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3.2.6 Statistical Analysis
SAS Statistical software (version 9.4, SAS Institute, NC) was used to conduct all statistical
analyses. The data were tested for normality using the Univariate procedure that produced a
statistic for skewness and normal probability plot. The data from the passive badges and the PIDs
showed general skewness, even after being log-transformed; therefore, non-parametric statistical
analyses were performed. Descriptive statistics, including arithmetic, means, standard deviations,
and medians were calculated. Spearman Rank Order correlations were calculated for certain
variables. Kruskal Wallis H Tests were used to assess differences in CO2 and TVOC
concentrations between days. Imputation for data values below the limit of detection (LOD) was
performed for the results of the passive monitors and PID. The LOD was divided by the square
root of 2 to derive replacement values for censored data.20 Salon 4 did not record the number of
daily nail services provided. Therefore, the median number services were imputed for the missing
values.

3.3 Results
3.3.1 Salon characteristics
Descriptive data of the 12 participating nail salons are presented in Table 3-2. There was
considerable variation in the volume of the salons (3020 to 15100 ft2) and in the number of nail
tables and pedicure stations ranging from 2 to 10 and 1 to 10, respectively. Although the largest
salon had five times greater volume compared to the smallest, it performed fewer average daily
nail services (39 to 62), suggesting physical size is a poor predictor of customer volume. Salons
differed in the type of services provided, only six salons in the study performed artificial nail
services, and one salon primarily specialized in spa services and had only three nail stations within
the salon. Across all salons, daily average customer volume was reasonably uniform with Friday
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having the highest average number of services provided, and Thursday and Saturday slightly less.
The majority of salon owners/managers (58%) did not have or operate their ventilation systems
according to NYS regulations that specify GEV must be operated continuously while the salon is
open. Of the salons that had a ventilation system installed only five managers indicated salon air
was exhausted directly outside, and no salons surveyed had LEV ventilation installed.
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Table 3-2 Nail Salon Characteristics
Characteristics
Location of Salon (No.)
Brooklyn
Manhattan
Volume (ft3)

Mean (range)

No. of Nail Tables
No. of Pedicure Stations
Exhaust Use (No.)
All day
None
Periodic
Unsure
Ventilation Ducted outside (No.)
Yes
Recirculate
Unsure
Manicures*
Thursday
Friday
Saturday
Pedicures*
Thursday
Friday
Saturday
Artificial nail services**
Thursday
Friday
Saturday

6 (2-10)
6 (1-10)

5
7
8100 (3020-15100)

5
2
4
1
5
1
4
23 (6-41)
30 (5-57)
26 (7-66)
21 (4-45)
26 (6-51)
23 (6-36)
5 (2-10)
6 (2-10)
6 (2-12)

Notes: *= does not include salon 4
**=only 6 salons performed this service

3.3.2 Salon indoor air quality
The results of IAQ measurements are shown in Table 3.3. Indoor summer temperatures
across all salons ranged from 65.9 to 84.5F, with an average of 77.2F and an average humidity
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level of approximately 60%. Fridays had the highest average concentrations of TVOCs (37 ppm)
and CO2 (1350 ppm); however, the day of the week was not a significant predictor of TVOC or
CO2 concentrations within salons (p=0.8155 with TVOC and p= 0.7722 with CO2) when analyzed
with a Kruskal Wallis test. Toluene, MMA, and ethyl acetate samples (N=30) were categorized as
being above or below the limit of detection (LOD). Five toluene samples (mean=0.018ppm) were
above the limit of detection, and 6 MMA samples (mean=0.08ppm) were above the LOD and was
only detected in salons which performed artificial nail services. Ethyl acetate was observed to be
most frequently above the LOD, with 27 samples being above the LOD with an average
concentration of 0.67ppm.

Table 3-3 Indoor Air Quality Characteristics Within All Nail Salons (n=12)
Variable
Mean
Std. Dev (Range)
77.2
3.0 (65.9-84.5)
Temperature (F)
Humidity (%)
59.4
8.3 (39.5-80.1)
TVOCs (ppm)
32
27 (0.03-426)
Thursday
31
49 (0.03-426)
Friday
37
40 (0.04-151)
Saturday
30
33 (0.04-124)
Carbon Dioxide (ppm)
1261
577 (125-3530)
Thursday
1183
536 (426-2574)
Friday
1350
746 (437-3530)
Saturday
1250
583 (125-2460)
Toluene (ppm)*
0.018
0.035 (0.031-0.180)
No. above LOD
5
No. below LOD
25
Methyl Methacrylate (ppm)*
0.08
0.239 (0.035-1.30)
No. above LOD
6
No. below LOD
24
Ethyl Acetate (ppm)*
0.67
0.686 (0.033-2.810)
No. above LOD
27
No. below LOD
3
Notes: *= Excludes Salons 3 & 4 due to lack of compliance with the sampling
protocol
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A Spearman rank-order correlation was calculated to determine the correlation between
salon variables and average daily TVOC concentrations with the most relevant correlations
presented in Table 3-4. The number of daily services or salon density (total number of daily
services divided by salon volume) was not significantly correlated with TVOC concentrations.
There was a statistically significant negative correlation between mean TVOCs and estimated
outdoor airflow rate per person (p<0.01). A negative association was observed between larger
salon volume and higher TVOC (p=0.07).

Table 3-4 Spearman Rank Order Correlations between select variables and Average
TVOC concentrations
Variables
Daily services
Salon Volume
Salon Density
Estimated Outdoor Airflow Rate per Person

r
-0.10
-0.31
0.16
-0.69

p-value
0.58
0.07
0.36
<0.01

3.3.3 Ventilation in nail salons
The average outdoor airflow rate per person (cfm) over the three sampling days was
calculated for all salons (Table 3-5). Only three salons (1, 8, and 9) were compliant with the GEV
requirements of 25 cfm of outdoor airflow, air exhausted directly outdoors, and exhaust used all
day. These three salons also had no detectable amounts of MMA or toluene and had roughly half
the concentrations of TVOC (16 ppm to 33 ppm) compared to salons that did not meet the
requirements. Additionally, compliant salons had double the number of average services
performed compared to salons that were not 83 to 42, respectively. Two salons also met the
minimum guidelines of outdoor airflow (32 cfm and 322 cfm), but the primary source of ventilation
was from open windows and did not have a dedicated exhaust installed. One of these two salons
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had detectable levels of MMA, and the other had detectable levels of toluene. Of the five salon
managers that indicated they were unsure if salon air was recirculated, all failed to meet the 25
cfm of outdoor air.

3.4 Discussion
3.4.1 Air quality in nail salons
The objectives of this study were to understand day-to-day variability in contaminant
concentrations and evaluate existing GEV rates in nail salons located in NYC. Although the NYS
regulations deadline of October 2021 is rapidly approaching, salons surveyed in this study appear
unprepared to comply with the requirements. To date, there have been no updates regarding a delay
in deadline for compliance due to the COVID-19 pandemic. None of the salons installed LEV
systems, and only 25% of the salons met the GEV requirements. Two of the salons that did meet
the minimum outdoor airflow rate had no exhaust system and utilized open windows for
ventilation. This may be practical during the summer months (when sampling was done) but is
impractical during the colder seasons when windows will remain closed. Salons should calculate
the amount of outdoor air required based on maximum salon occupancy to ensure proper exhaust
rates per person and to achieve the most considerable reduction in contaminant concentrations.
Additionally, none of the participating salons had local exhaust ventilation, which would improve
indoor air quality by capturing contaminants released near workers and customers during nail
services.

50

Table 3-5. Ventilation and salon characteristics
ID Mean
Salon
TVOC Outdoor
Services Volume (ppm) Airflow
(ft3)
(cfm)
1
106
8034
17.4
25.8
2
45
3831
70.5
12.8
3
10
5082
28.3
7.3
4
50
5416
44.3
13.5
5
20
5492
6.6
16.0
6
39
15100
67.4
14.5
7
62
3021
22.4
32.0
8
71
14092
2.1
57.6
9
79
9974
27.7
28.2
10
50
7386
49.1
14.0
11
52
9684
9.5
20.6
12
46
10205
1.3
322.2

Exhaust Use Ducted outside Windows
Open
All day
Unsure
Periodic
Periodic
All day
All day
None
Periodic
All day
Periodic
All day
None

Yes
Yes
unsure
Unsure
Unsure
Unsure
None
Yes
Yes
Yes
recirculate
None

No
No
Yes
No
No
No
Yes
No
No
No
No
Yes

Despite new regulations implemented by the state, results from this study indicate salon
managers still have limited knowledge regarding the operation of their ventilation systems.
Numerous managers were unaware if indoor air was exhausted directly outside or recirculated
within the salon. Recirculated air is not permitted according to the NYS ventilation requirements,
and salons must have a dedicated exhaust that is in operation throughout the day. Additionally,
some managers indicated that the exhaust system was used only periodically throughout the day
or they were unsure about the use of the exhaust system at all. This shows the need for specific
health and safety training among salon workers regarding the operation and maintenance of the
ventilation system. Data from this study can be used as evidence of reduction in exposure due to
compliance with the GEV requirements. Salons that met the GEV requirements had twice the
customer volume and half the TVOC concentrations as salons that did not. The findings of this
study were generally similar to a few other studies conducted in the metropolitan areas of New
York and Massachusetts. Public health officials should target smaller customer volume salons for
51

health and safety training given the lack of knowledge of the systems by managers observed in
this study.

3.4.2 Carbon dioxide: an indicator of indoor air quality of nail salons
One of the challenges with the new regulation is determining compliance. NYC has
approximately 2000 nail salons, and ventilation measurements need to be performed quickly and
efficiently without the interruption of business. Ventilation assessments may be especially
problematic in salons located in high-rise buildings if the salon owner does not have direct access
to the system. This study demonstrates CO2 can be used an efficient indicator of ventilation
performance in the absence of direct ventilation measurements. Day of the week was not
significantly associated with ventilation and exposure measurements, and representative
measurements can be performed on high customer volume days for purposes of determining
compliance.
Chemical-specific air sampling showed a substantial number of non-detects for toluene and
MMA while, ethyl acetate was readily detected in salons. This is consistent with previous exposure
studies that found similar airborne concentrations of the three chemicals in nail salons.6–12 Given
the high TVOC concentrations relative to the chemicals specifically quantified, the majority of
exposures to nail salon workers are likely from alcohols and acetone, which were not quantified
individually and are underestimated by the PID. In this study, the only salon with detectable
toluene readings across the three days provided a variety of spa services and was not primarily a
nail salon. The absence of toluene in nail salons may be due to the movement away from using
“the toxic trio” of chemicals in nail products: toluene, formaldehyde, and dibutyl phthalate
(DBP).21 Ethyl acetate was detected frequently in the salons (90%), albeit at concentrations well
below the TLV, with concentrations ranging from 0.09-1.68ppm and comparable to previous
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exposure assessments conducted in nail salons (0.01-5.5ppm).6,9 MMA was only in salons that
performed artificial nail services. As discussed above, monomeric MMA use is prohibited in New
York.22 MMA may continue to be used as a component of acrylic nail preparations, or it may be a
contaminant or by-product of other acrylates. The levels of MMA detected in this study (0.121.30ppm) are comparable to a Norwegian nail salon study and another study conducted in
California.6,9
Compared to the 2017 study8 conducted by the authors, salons included in this study were
smaller (8100 ft3 vs. 14200 ft3) with a higher number of salons located outside of Manhattan. While
both studies demonstrated an increase in outdoor airflow was effective in reducing TVOC
concentrations, this study specifically addressed compliance with the NYS regulation, which
stipulates salons must have dedicated exhaust directed outside and cannot rely on natural
ventilation to achieve compliance. We also updated our sampling protocol to collect information
regarding the number of nail services performed daily. Additionally, this current study evaluated
daily within salon variability over a three-day period and included analyses of key VOCs found in
nail salons. The results showed that there was no significant within salon variability over the threeday period and concentrations of individual chemicals.
This study, like previous exposure assessments conducted in nail salons, was limited by
relying on a convenience sample of a few salons. We visited over 300 nail salons for this study,
but only twelve agreed to participate. We hypothesized that salons that were more willing to
participate in the study were more concerned or knowledgeable about the ventilation and the
current air quality within their salons. Non-participating salons were generally more wary of the
research we wanted to conduct and perhaps found it too invasive These salons shared many similar
features with regards to design, service types and products, and business hours. Despite a relatively
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small sample size, one of the strengths of this study is that the findings can be generalized because
the salons that participated are representative of other salons in the general NYC region. Another
strength of this study is the use of multi-day sampling to investigate temporal variability in air
quality in nail salons, which has not been done before. This study further validates CO2 as a reliable
indicator of indoor air quality. Additionally, the results of this paper can be used to inform specific
training programs for salon staff when the ventilation systems are installed.

3.5 Conclusion
This study further demonstrates the effectiveness of general exhaust ventilation to reduce
occupants’ exposure to VOC. Contrary to our initial hypothesis, the number of nail services was
not associated with increased TVOC concentrations, and higher customer volume salons were
more likely to be in compliance with the regulations. Many of the salon managers were unable to
answer questions regarding the use and operation of their ventilation system. It is expected that
many other salons, sharing similar characteristics to the ones in this study, may not be in
compliance with the ventilation regulations. More outreach to nail salons is needed by the state in
preparation for the new requirements going into effect in October 2021.
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: An estimation of the airborne SARS-CoV-2
infection transmission risk in nail salons in New York
City
4.1 Introduction
Amid the ongoing COVID-19 pandemic, an understanding of the potential route(s) of transmission
of SARS-CoV-2, the virus responsible for causing COVID-19, is critical in designing and
implementing effective infection control measures. During the early stages of viral spread in the
United States, infection mitigation strategies focused on viral transmission via fomites or
inanimate objects and surfaces that may carry infectious agents, such as door handles and elevator
buttons. Exponential decay of SARS-CoV-2 has been observed across different media, with halflives ranging from 5.6 hours on stainless steel to 6.8 hours on plastic.1 Large (>5-10 µm), viruscontaining respiratory droplets emitted when an infected individual coughs, sneezes, or talks, for
instance, may contaminate a surface2. Self-inoculation with SARS-CoV-2 could, therefore, occur
if a susceptible (i.e., non-COVID-19-infected) individual touches the contaminated surface and
subsequently touches the mucous membranes of their nose, mouth, or eyes.2,3 As such, initial
recommendations consisted primarily of frequent handwashing and disinfection of high-touch
surfaces with U.S. Environmental Protection Agency (EPA)-registered disinfectants4.
At the time of publication, however, the state-of-the-science as reported by the U.S. Centers
for Disease Control and Prevention (CDC) suggests that while adequate hygiene and disinfection
are important, indirect transmission via fomites “is not thought to be the main way the virus
spreads”.5 Rather, a growing body of epidemiological evidence indicates that this novel human
coronavirus is primarily spread from person-to-person via respiratory droplets or droplet nuclei.
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This means that the risk of airborne SARS-CoV-2 infection transmission is likely highly dependent
on both the duration of exposure and proximity to an infectious individual. Infectious respiratory
droplets may land on a susceptible individual’s mucous membranes in close contact with an
infected individual or may be inhaled by a susceptible individual nearby.5. The CDC has defined
‘close contact’ as being “within 6 feet of an infected person for at least 15 minutes starting from 2
days before illness onset (or, for asymptomatic patients, two days before positive specimen
collection) until the time the patient is isolated”.6 Indeed, many COVID-19 outbreaks have
originated in indoor environments, including restaurants7, churches8, and cruise ships9, where
individuals congregate for extended periods and are talking, shouting, or singing – all activities
that tend to produce respiratory droplets. Recommendations for universal (and proper) use of face
masks and social distancing among the general public have proven effective in curtailing the
community spread of COVID-19.10
However, these control measures may not be sufficiently protective to mitigate
transmission risk via droplet nuclei shed by infectious individuals. Droplet nuclei are airborne
residues (generally, ≤5 µm) of infectious aerosols from which most respiratory fluid has
evaporated2. It has been demonstrated under experimental conditions that SARS-CoV-2 in
aerosolized form may remain viable for up to approximately three hours (range: 0.64-2.64 hours)1;
real-world evidence for airborne transmission of SARS-CoV-2 is still being gathered11,12. Given
the currently available information regarding airborne transmission of SARS-CoV-2 and related
viruses, it is reasonable to assume that COVID-19 transmission may occur if a susceptible
individual inhales a sufficient quantity of viable droplet nuclei. However, our understanding is that
during the compilation of this paper, the infectious dose of SARS-CoV-2 above which there is a
significantly increased risk of developing COVID-19, has not yet been established. Therefore, in
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addition to infection control measures like social distancing and face masks, attention must be
given to ensuring adequate engineering controls in indoor environments (e.g., outdoor airflow),
particularly in occupational settings where workers may be indoors for eight hours a day and
interact with numerous individuals throughout the workday.
One example of an indoor, occupational environment where workers may experience
prolonged contact with many individuals on any given day is the nail salon. Indeed, the American
Industrial Hygiene Association (AIHA) has recently issued a COVID-19 guidance document
specifically related to business reopening recommendations for nail salons13. We have investigated
indoor air quality issues at various nail salons in New York City. In a pilot study of 10 salons, total
volatile organic compounds (TVOC) and carbon dioxide (CO2) concentrations were measured14,
and we found that contaminant variation was generally minimal within each salon (i.e., well-mixed
room). In a subsequent study, we estimated outdoor airflow rates per person using CO2
concentrations in 12 nail salons over three consecutive days. We found little daily variation in
airflow rates within salons; however, there were orders of magnitude differences in outdoor airflow
rates between salons.15
Sufficient outdoor airflow is a critical precautionary measure when mitigating airborne
infection transmission risk. As such, nail salons represent an important occupational setting in
which airborne SARS-CoV-2 infection transmission risk for both employees and customers should
be evaluated. New York City has more than 2,000 nail salons that employ over 27,000 individuals
16

. On July 6, 2020, New York City entered Phase 3 of reopening, which allowed for the reopening

of personal care services, including nail salons, with precautionary measures in-place17. As of this
same date, there were approximately 216,000 cases of COVID-19 in New York City, with about
18,600 confirmed deaths and about 4,600 probable deaths due to COVID-19.18.
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While three primary modes of transmission (1. Contact via fomites, 2. Respiratory droplet
transmission, and 3. Airborne [droplet nuclei] transmission) have been postulated during the
COVID-19 pandemic, the focus of the current study is the risk of potential airborne transmission
of SARS-CoV-2 in New York City nail salons. To estimate the risk of airborne infection
transmission of SARS-CoV-2 in the confined, indoor spaces of New York City nail salons, the
Wells-Riley equation can be utilized. This model was developed by Riley et al. (1978) to
quantitatively assess the airborne risk of measles transmission during an outbreak in New York
State in 1974. Riley et al. (1978) based their model on the ‘quantum of infection’ concept first
introduced by William Firth Wells in 1955 to signify the smallest dose of any infectious agent to
cause infection in 63% of susceptible hosts.19 As explained by Rudnick and Milton (2003),
“exposure to one quantum of infection gives an average probability of 63% (1 – e-1) of becoming
infected (essentially an infectious dose 63%, ID63). The belief that multiple independently
deposited organisms are required to initiate infection is not borne out by biological evidence, nor
is it biologically plausible. Thus q represents the generation rate of infectious doses, not organisms
or infectious particles; it is the average infectious source strength of infected individuals”.20 The
infectious dose of SARS-CoV-2 that may ultimately lead to COVID-19 development is unknown.
However, the infectious dose (LD10 and LD50, respectively) for SARS-CoV-1 in animal studies
was estimated to be 43 to 280 plaque-forming units (PFU) 21. Using the average infectious dose
coefficient (0.02) derived by Watanabe et al. (2010), the viral load of the sputum (109 RNA virus
copies mL−1), and light exercise as the level of activity, the resulting quanta generation rate for
SARS-CoV-2, as reported by Buonanno et al. (2020), was 142 quanta/hr.
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This study’s objective was to estimate the risk of airborne SARS-CoV-2 infection
transmission in New York City nail salons under steady- and non-steady-state conditions using
previously estimated outdoor airflow rates.15

4.2 Methods
4.2.1 Estimated Outdoor Airflow Rate
We were unable to measure outdoor airflow rates directly. Therefore, we estimated outdoor airflow
rates per person using Equation 6 from ASTM Standard D6245-18 and shown as Equation 1. The
CO2 generation rate was selected for a female aged 21 to < 30 years performing light work, and
410 ppm was the average measured outdoor CO2 concentration22. We multiplied the outdoor
airflow rate per person by the number of workers and customers assumed to be in the salon at any
given time based on logs provided by the salon owner. Carbon dioxide measurements were
collected in each salon over three consecutive days (Thursday, Friday, and Saturday) and averaged.
Vo = [C

N

S −Co

] ×106

Eq. 1

Where:
VO

= Outdoor airflow rate per person (m3/s)

N

= CO2 generation rate per person (0.0000052 m3/s)

CS

= CO2 average concentration in the space (ppm)

CO

= CO2 concentration in outdoor air (410 ppm)

As noted, outdoor airflow rates per person (m3/s-person) were previously estimated in 12 nail
salons located in New York City15. They were used to calculate the risk of airborne SARS-CoV-2
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infection transmission using the Wells-Riley equation. To calculate the total outdoor airflow rates
(m3/min) in the nail salons (Table 4.1), the number of employees and customers was multiplied
by the outdoor airflow rate per person.
In addition to elimination through exhausted air, airborne droplets can be removed by viral
inactivation (l) and gravitational settling (k). Viral inactivation refers to the chemical and physical
changes in aerosolized viruses that result in loss of infectivity 23. Buonanno et al. (2020) derived
the value of k from a previously calculated settling velocity of particles that were approximately
1µm.24. The diameter of SARS-CoV-2 particles ranges from 0.06 to 0.14 µm 25. Viral decay was
adopted from van Doremalen et al. (2020) based on the SARS-CoV-2 half-life of 1.1 hours. The
values of k and l for virus removal were expressed as increased ventilation in the room, with k
being 0.24 air changes/hour (ACH) and l being 0.64 ACH. The number of ACH was multiplied
by each nail salon’s volume and added to the total outdoor airflow rate.

4.2.2 Impact of Face Mask Use
The risk of airborne infection transmission can further be reduced by infected and susceptible
individuals wearing face masks. In most public, commercial settings in New York City, social
distancing and face mask-wearing orders have been enacted (e.g., New York State’s 10-Point
PAUSE Plan and New York Governor’s Executive Order No. 202.17). For this study’s purpose,
the term ‘face mask’ generally encompasses N95 respirators, surgical masks, and homemade fabric
masks or other face coverings. However, it should be noted that the efficacy of face masks depends
on the type.
Various forms of face masks have been found to reduce the transmission of respiratory
viruses by 60% to 80%, and these viral transmission rates can be further reduced when face masks
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are worn in conjunction with adherence to social distancing protocols.26–29. This paper uses a
conservative value of a 60% reduction in viral transmission from face mask-use by an infected
individual. It expresses this transmission reduction as a 60% decrease in the quanta generation rate
(q). To account for the reduction of exposure when a susceptible person is wearing a face mask,
we also used the conservative value of 60% and expressed this as a 60% increase in the outdoor
airflow rates (Q).

4.2.3 Steady-State Conditions
The probability of airborne infection transmission (P) in a room with a steady-state concentration
is shown in Equation 2 (i.e., the Wells-Riley equation).

𝑃 × 100 = 1 − 𝑒

(−

𝐼𝑞(𝐼𝑅)𝑡
)
𝑄

Eq. 2

Where:
P

= Probability of airborne infection transmission

I

= Number of infected individuals (assumed as one [1] in this study)

q

= Quanta generation rate (quanta/min)

IR

= Inhalation rate (0.016 m3/min) 30

t

= Time (min)

Q

= Outdoor airflow rate (m3/min)

To calculate the risk of airborne infection transmission under steady-state conditions, the
following scenarios were used:
(1) Scenario 1: A susceptible employee is exposed to one infected employee for 480
minutes (8 hours).
(2) Scenario 2: One susceptible customer is exposed to one infected employee for 60
minutes at any given time.
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4.2.4 Non-Steady-State Conditions
The traditional Wells-Riley model assumes steady-state ventilation conditions in which there is a
constant generator of infectious particles.31 However, New York City nail salons do not meet this
criterion if it is assumed that the infectious particles generator is a customer who briefly visits the
salon and subsequently leaves after some time. Thus, the quanta concentration (qc) upon entrance
to a nail salon by an infected individual was calculated using Equation 3.

𝑞

𝑞𝑐 = 𝑄 [1 − 𝑒

(

−𝑄𝑡
)
𝑉

]

Eq. 3

Where:
qc

= Quanta concentration (quanta/m3)

q

= Quanta generation rate (quanta/min)

Q

= Outdoor airflow rate (m3/min)

t

= Time (min)

V

= Volume of salon (m3)

Equation 4 was then used to estimate the decrease in quanta concentration (decay) when
an infected individual exits the nail salon at t2.
𝑄

𝑞𝑐2 = 𝑞𝑐1 × 𝑒

[− 𝑉(𝑡2 −𝑡1 )]

Eq. 4

Where:
qc1

= Initial quanta concentration (quanta/m3)

qc2

= Quanta concentration following decay (quanta/m3)
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4.2.5 Risk of Airborne Infection Transmission under Non-Steady-State Conditions
Quanta concentration (qc) was averaged over the scenario times and was used to calculate airborne
infection transmission risk (R), as shown in Equation 5.

𝑅 (%) = 100 × [1 − 𝑒 (−𝐼𝑃𝑡𝑞𝑐) ]

Eq. 5

Three hypothetical exposures scenarios were used to calculate the risk of airborne SARSCoV-2 infection transmission among employees and customers for non-steady-state conditions:
(3) Scenario 3: One susceptible customer and one infected customer enter the nail salon
together and stay for 30 minutes.
(4) Scenario 4: One infected customer enters and stays for 45 minutes, while one
susceptible customer enters 30 minutes after the infected customer and stays for 60
minutes.
(5) Scenario 5: One infected customer and one susceptible customer enter simultaneously
and stay for 150 minutes (2.5 hours).

4.2.6 Statistical Analysis
Pearson’s correlation coefficients (r) were calculated to evaluate potential associations between
each nail salon’s outdoor airflow rate and the risk of airborne infection transmission. We assumed
scenarios with and without face mask use for all five exposure scenarios together, as well as for
steady-state (i.e., Scenarios 1-2) and non-steady-state (i.e., Scenarios 3-5) conditions, separately.
The normality of the data was first assessed using the Shapiro-Wilk test for normality (null
hypothesis [H0] = data are normally distributed). If the p-values for the Shapiro-Wilk test were
greater than 0.05 for each scenario we assessed, then H0 was unable to be rejected, and it was
assumed that the modeled data were normally distributed. The statistical analysis was performed
using SAS® software (9.4, SAS Institute Inc., Cary, NC, USA).
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4.3 Results
The estimated outdoor airflow rates, adjusted for airborne virus removal from gravitational settling
(k) and viral decay (l), are presented in Table 4.1. The average outdoor airflow rate across all
salons was 16.63 m3/min and ranged from 3.72 to 94.19 m3/min. Salon 12 had the greatest outdoor
airflow rate and relied on natural ventilation and did not have a dedicated HVAC system.

Table 4-1 Nail Salon Characteristics
1
Volume (m3)
Ventilation Rate
(m3/min)*
No. of
Occupants**

2

3

4

5

6

Salon
7
8

227.5 108.5 143.9 153.4 155.5 427.6 85.5

399

9

10

11

12

282.4 209.1 274.2 289

14.1

5.17

3.72

6.06

5.9

9.46

10.24 21.99 11.89 6.99

9.8

94.19

15

10

8

10

8

8

10

10

10

10

12

10

* Adjusted for gravitational settling (k) and viral decay (λ)
** Average number of customers and employees at any given time

The risk of airborne SARS-CoV-2 infection transmission varied substantially across salons,
particularly when accounting for the use of face masks. The risk of airborne infection transmission
across all salons and all exposure scenarios (i.e., under both steady- and non-steady-state
conditions) when not wearing face masks ranged from <0.015% to 99.25%, with an average
airborne infection transmission risk of 24.77%. Additionally, wearing face masks resulted in an
airborne infection transmission risk ranging from <0.01% to 51.96%, with an average airborne
infection transmission risk of 7.30%.

4.3.2 Steady-State Scenarios
Compared to airborne infection transmission risk calculated for similar exposure scenarios under
non-steady-state conditions, the risk values derived using the Wells-Riley airborne infection
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transmission risk model under steady-state conditions were generally higher. Two exposure
scenarios, assuming steady-state conditions, are compared in Table 4-2. These exposure scenarios
are compared, assuming neither an infected nor a susceptible individual wore face masks versus
when both the infected and susceptible individuals were wearing face masks. When wearing face
masks, the airborne infection transmission risk was based on the assumption that both the infected
and susceptible individuals were wearing face masks, reflecting current precautionary measures to
be undertaken when utilizing personal care services in New York City New York State law, as
noted above.

Table 4-2 Risk of infection (%) for two exposure scenarios, based on steady-state
conditions, without (N) or with (Y) a face mask
Salon
1
2
3
4
5
6
7
8
9
10
11
12

N (%)
72.44
97.02
99.25
95.00
95.40
85.34
83.04
56.24
78.30
92.56
84.35
17.54

Scenario 1
Y (%)
17.58
40.96
51.96
36.21
36.99
25.03
23.38
11.66
20.48
32.29
24.30
2.850

N (%)
14.88
35.54
45.71
31.24
31.94
21.34
19.89
9.820
17.38
27.74
20.69
2.380

Scenario 2
Y (%)
2.39
6.38
8.76
5.46
5.61
3.54
3.27
1.54
2.82
4.76
3.42
0.36

Across all nail salons, the risk of airborne infection transmission was greatest in Scenario
1, in which a susceptible employee spends a full workday (8 hours) with an infected employee.
Wearing face masks resulted in a risk of airborne infection transmission that was generally much
less than not wearing face masks for each salon. For example, the risk of airborne infection
transmission in Scenario 1 ranged from 17.54% to 99.25% when neither party was wearing face
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masks but decreased substantially to 2.85% to 51.96% when both parties wore face masks. Overall,
there was an approximately 2- to 6-fold risk reduction in Scenario 1 when face masks were worn.
Furthermore, steady-state quanta concentrations were achieved between 25 to 256 minutes across
all 12 salons for Scenario 1. In Figure 4.1, for example, steady state was reached in 118 minutes
in Salon 1.

4.3.3 Non-Steady-State Scenarios
Table 4.3 compares airborne infection transmission risk under non-steady-state conditions
for all salons when occupants (employees and customers) were not wearing face masks versus
when they were.

Table 4-3 Risk of infection (%) for three non-steady-state exposure scenarios
Salon
1
2
3
4
5
6
7
8
9
10
11
12

Scenario 3
N (%)
Y (%)
4.27
1.35
9.71
3.25
8.84
3.19
7.43
2.53
7.43
2.55
3.17
1.14
7.69
2.24
2.59
1.04
4.02
0.94
5.79
2.01
4.36
1.49
1.06
0.28

Scenario 4
N (%)
Y (%)
0.68
0.04
3.26
0.26
9.83
1.47
3.83
0.37
4.18
0.43
4.42
0.73
0.10
0.00
0.70
0.23
1.78
0.01
4.17
0.48
2.75
0.30
0.00
0.00

Scenario 5
N (%)
Y (%)
7.690
1.98
19.58
5.31
25.47
7.28
16.91
4.54
17.31
4.67
10.71
2.91
10.43
2.72
5.000
2.03
9.020
1.28
14.75
3.95
10.79
2.84
1.190
0.30

Note: N= Not wearing a mask, Y= wearing a mask

.
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Figure 4.1 Illustration of quanta concentration decay as infected individual enters and
then exits Salon 1 (Scenario 1)
As demonstrated in Figure 4.2, when the infected customer leaves the nail salon, the quanta
concentration decreases and eventually reaches zero after 91 minutes, which is achieved at an
outdoor airflow rate of 14.1m3/min. Smaller nail salons with lower outdoor airflow rates typically
had a higher risk of airborne infection transmission across all exposure scenarios evaluated. Salon
12, with an outdoor airflow rate of 94.19 m3/min had a risk of airborne infection transmission
ranging from <0.015% to 17.54% (mean = 2.59%) across all five scenarios, while Salon 3 with the
lowest outdoor airflow rate of 3.72 m3/min had a risk of airborne infection transmission ranging
from 1.47% to 99.25% (mean = 26.17%). Steady-state concentrations were reached fastest in Salon
12 (25 min) and slowest in Salon 6 (232 min), which had the highest volume (427.6 m3).
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Figure 4.2. Illustration of quanta concentration increasing steadily and reaching
steady-state in Scenario 4
In some exposure scenarios, the risk of airborne infection transmission was reduced
substantially when wearing face masks. For example, in Salon 1 for Scenario 4, the risk of airborne
infection transmission was reduced by 17-fold when a face mask was worn by both parties;
however, in the same scenario for Salon 3, which had the lowest outdoor airflow rate, the risk of
airborne infection transmission was reduced more than 6-fold when a face mask was worn by both
parties.

4.3.4 Pearson’s Correlation Coefficients
The modeled airborne infection transmission risk data were all assumed to be normally distributed
since the Shapiro-Wilk p-values for each scenario we assessed were greater than 0.05. In general,
the outdoor airflow rates for each nail salon were negatively and strongly associated with airborne
infection transmission risk (Table 4.4). In other words, as outdoor airflow rates increased within a
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nail salon, the risk decreased. For example, for steady-state conditions (i.e., Scenarios 1-2)
assuming no use of face masks, there was a strong, negative correlation between outdoor airflow
rate and average airborne infection transmission risk (r = -0.878; p<0.001). Similarly, a correlation
of r = -0.650 (p = 0.022) was calculated for non-steady-state conditions (i.e., Scenarios 3-5)
assuming no use of face masks.

Table 4-4 Table 4.4. Pearson's correlation coefficients (r) for nail salon ventilation
rates and infection risk
Average Infection Risk (%)
Scenarios 1-5; no face masks
Scenarios 1-5; face masks
Scenarios 3-5; no face masks
Scenarios 3-5; face masks
Scenarios 1-2; no face masks
Scenarios 1-2; face masks

r
-0.833
-0.681
-0.650
-0.620
-0.878
-0.690

P-value
<.001
0.014
0.022
0.031
<.001
0.013

4.4 Discussion
The objective of this study was to estimate the airborne infection transmission risk of SARS-CoV2 among employees and customers in nail salons in New York City as businesses reopen in the
wake of the pandemic. Previously published outdoor airflow rate data15 and a quanta generation
rate for SARS-CoV-230 were used in the Wells-Riley model to assess the risk of airborne infection
transmission under various hypothetical exposure scenarios characterized by the interaction of
employees and customers in nail salons in New York City. The modeled data indicates that
adequate outdoor airflow rates and the use of face masks by both employees and customers could
substantially reduce the risk of airborne SARS-CoV-2 transmission in New York City nail salons.
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4.4.1 The role of ventilation in transmission risk
In New York City, many nail salons have adopted the CDC’s guidelines for protecting
employees and customers, such as practicing social distancing through a reduction in the capacity
of services to fewer customers at any given time, removing waiting areas, and accepting customers
by appointment only, installing Plexiglas between service stations, and requiring all employees
and customers to wear face masks at all times32. The results of this study indicate that increased
outdoor airflow can reduce the risk of airborne infection transmission. For example, Salon 3 had
the lowest outdoor airflow rate (3.72 m3/min) among all of the salons and, subsequently, the
highest risk of airborne infection transmission across both steady-state (Scenario 1 = 99.25%) and
non-steady-state (Scenario 5 = 25.47%) scenarios, when no face mask-wearing was assumed. In
comparison to Salon 12, which had the highest outdoor airflow rate (94.19 m3/min), the risk of
airborne infection transmission was the lowest among both steady-state (<17.54%) and nonsteady-state (<1.19%) scenarios, when no face mask-wearing was assumed. It should be noted that
Salon 12 utilized natural ventilation and did not have a dedicated exhaust. While this method of
control is feasible in the summer months, this would not be effective in colder months. In a similar
study focusing on the role of ventilation in the spread of COVID-19, it was concluded that reducing
occupancy by 50% reduced the risk of airborne infection transmission by 6.7% based on a 90minute exposure duration in a restaurant, with similar dimensions to the nail salons; however, it
was also demonstrated in this study that increasing the ventilation rate by approximately 27%
could achieve the same rates of airborne infection transmission risk reduction.33
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4.4.2 Steady vs. Non- Steady state scenarios
In the steady- and non-steady-state scenarios, worst-case and best-case scenarios were
primarily determined by exposure time to an infected person. In Scenario 3, in which two
customers, one infected and one susceptible, enter the salon at the same time and both stay for 150
minutes, the airborne infection transmission risk increases substantially until the infector leaves
but does not immediately drop to zero. In Scenario 4, in which an infected customer enters the
salon and stays for 45 minutes, while one susceptible customer enters 30 minutes after the infected
customer and stays for 60 minutes, the risk of airborne infection transmission was still high and
ranged from >0.01% to 9.83% across salons. This finding may explain why the SARS-CoV-2 virus
spread so quickly initially in densely populated cities around the world and should be a
consideration as businesses reopen to the public. Merely permitting fewer customers may not
sufficiently reduce the risk of airborne infection transmission without increasing the amount of
outdoor airflow. If outdoor airflow remains the same, the rate at which customers enter the salon
can be reduced so that fewer customers are in the salon when the concentration of infectious
materials is at its highest before concentration decay begins. This can be achieved through
appointments that stagger the arrival of customers over a given time.

4.4.3 The impacts of facemask use
The role of face mask-wearing was heavily contested at the onset of the pandemic but is
now accepted as an efficacious measure to reduce the spread of COVID-19.34–36 The results of this
study demonstrated that a face mask worn by both infected and susceptible parties could
substantially reduce the risk of airborne infection transmission, even when outdoor airflow rate
was poor, and the duration of exposure was long. In the worst-case scenario of two employees,
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one infected and one susceptible, spending a full workday together and assuming that no other
infected person enters the salon (i.e., Scenario 1), the risk of airborne infection transmission of the
susceptible employee was reduced from an average of 79.71% when neither party wore a face
mask to 26.97% when both parties wore a face mask, an almost 3-fold reduction in risk. Further,
in Salon 3, which had the lowest outdoor airflow rate, wearing face masks reduced the risk of
airborne infection transmission by 47.29% for Scenario 1. In a recent study of COVID-19
transmission in a hair salon, where two symptomatic, COVID-19-positive hair stylists served 139
clients, all wearing masks, over 15- to 45-minute periods (mean = 19.5 min), there were no reported
positive cases within a 14-day period.37
One study estimated that had New York State met 100% face mask compliance on the first
day of the shelter-in-place order, the cumulative mortality rate from COVID-19 could have been
four times less; even a 50% compliance rate could have halved the number of deaths recorded.36
Since SARS-CoV-2 can be transmitted via droplets during close contact, any face covering,
including homemade cloth masks and surgical masks, that traps exhaled droplets can reduce the
amount of infectious airborne particles emitted, as well as the amount that can be inhaled by a
susceptible individual.
It is acknowledged that there are still gaps in the literature regarding the transmission of
this novel human coronavirus. The value of the quanta generation rate (q) has varied among a few
studies30,38,39 and needs to be studied further. The value of q used in this study was derived from a
novel approach based on the viral load emitted in saliva.30 However, there may be more accurate
values based on other approaches. In this study, we used a conservative value for the quanta
reduction potential of face masks based on several studies. The risk of airborne infection
transmission may vary significantly from the modeled results presented in this study when
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different types of face masks are utilized in different settings. In addition, we assumed one infected
individual was present in each of the exposure scenarios. Future research should evaluate airborne
infection transmission risk assuming multiple infected individuals are present in a confined space
for a given period.

4.5 Conclusions
This study found that adequate outdoor airflow and adherence to wearing face masks can reduce
the risk of airborne SARS-CoV-2 infection transmission in New York City nail salons. Increased
outdoor airflow has the potential to reduce the risk of airborne infection transmission to
approximately <1% when face masks are worn by all occupants of a confined space. Social
distancing and reduction of contact time are also essential to reducing the risk of airborne infection
transmission. As New York State continues to reopen gradually, it is imperative for individuals to
continue observing social distancing and face mask-wearing requirements and for establishments
to ensure that buildings are properly ventilated and are not overcrowded to mitigate potential
airborne SARS-CoV-2 infection transmission risk.
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: Conclusions
This dissertation aimed to address gaps in the literature relevant to airborne chemical exposures
that nail salon workers face in the occupational setting and further explore the role of ventilation
in mitigating those exposures. Chapter 2 of this dissertation characterized the exposures by
systematically reviewing the peer-reviewed literature of nail salon research conducted in the
United States. Chapters 3 and 4 evaluated the effect of ventilation on indoor air pollution. Chapter
3 was an analysis of how the rate of air exchanges affects contaminant levels, and chapter 4 used
the ventilation rates in chapter 3 to model the transmission potential of SARS-CoV-2 infections.

5.1 Summary of results: Aim 1
Nail salons workers are exposed to chemicals that cause acute and chronic health outcomes. Most
of the chemicals are volatile, and once airborne, workers are exposed through inhalation and
dermal contact. This research only focused on airborne exposure.
•

Seventeen studies were included in the systematic review from a total of 2,950 studies.
Three studies came from a randomized controlled trial investigating the association
between workplace health and safety training and indoor air pollution reduction. Fourteen
studies characterized exposure to indoor air pollutants using passive and active
environmental monitoring.

•

The environmental monitoring studies used convenience sampling and collected both area
and personal air measurements. There was a moderate risk of bias when all of these studies
or assessed. The intervention studies used randomized sampling, and there was generally
a very low risk of bias in these studies. Overall, there was a moderate level of bias, and the
conclusions can be considered valid.
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•

The exposure assessment studies found that nail salon workers were routinely exposed to
volatile organic compounds, semi-volatile compounds, and particulate matter. Common
chemicals found included acetone, acetonitrile, toluene, formaldehyde, isopropyl alcohol,
methyl methacrylate, and ethyl methacrylate. The source of these chemicals includes nail
polish, new polish remover, thinners, artificial acrylic nails, gels, and powders.

•

Short-term health effects associated with exposure to these chemicals include headaches,
nausea, dizziness, neurocognitive impairment, irritation of the skin and mucosal
membranes, and respiratory irritation. Long-term health effects include chemical allergies
and sensitization, reproductive and developmental effects, and liver and kidney damage.

•

Due to greater interpersonal variability, personal air measurements generally were higher
than area measurements when both were taken. Over the past few decades, the trend in
contaminant levels has indicated a general decline, potentially due to the substitution of
harmful products or engineering controls to reduce indoor air pollution.

•

Two intervention studies showed that worker health and safety training reduced one or
more indoor air pollutants and therefore, exposure. The third study did not find
improvements in indoor air quality even though workers self-reported opting for less toxic
products and using PPE. This discrepancy in the results is potentially due to measurement
error.

5.2 Summary of results: Aim 2
In 2015, New York State enacted new ventilation regulations to protect employees and clients
from exposure to chemicals used in the salons. This study measured the temporal variability of
common air pollutants found in nail salons and assessed compliance with ventilation requirements.
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•

Across all salons (N=12), daily average customer volume was similar, and the day of the
week was not a predictor of indoor air quality. Most salon owners/managers (58%) did
not have or did not operate their ventilation systems according to NYS regulations. Of the
salons that had a ventilation system installed, only five managers indicated salon air was
exhausted directly outside, and no salons surveyed had LEV ventilation installed.

•

The average concentration of carbon dioxide (CO2) and total volatile organic compounds
(TVOCs) across the three days was 1261ppm and 33ppm, respectively. Chemical-specific
air sampling showed low to non-detectable levels across all salons.

•

Only three salons (1, 8, and 9) out of 12 were compliant with the GEV requirements of 25
cfm of outdoor airflow, air exhausted directly outdoors, and exhaust used all day. These
three salons also had no detectable amounts of MMA or toluene and had roughly half the
concentrations of TVOC (16 ppm to 33 ppm) compared to salons that did not meet the
requirements. Additionally, compliant salons had double the number of average services
performed than salons that were not, 83 to 42. Two salons also met the minimum outdoor
airflow guidelines (32 cfm and 322 cfm), but the primary ventilation source was from
open windows and did not have a dedicated exhaust installed.

5.3 Summary of results: Aim 3
Airborne infection transmission risk was modeled assuming five realistic exposure scenarios using
previously estimated outdoor airflow rates for 12 New York City nail salons. Additionally, the
impact of face mask-wearing by occupants on airborne infection transmission risk was also
evaluated.

81

•

The risk of airborne infection transmission across all salons and all exposure scenarios
when not wearing face masks ranged from <0.015% to 99.25%, with an average airborne
infection transmission risk of 24.77%.

•

Wearing face masks was estimated to reduce airborne infection transmission risk between
<0.01% to 51.96%, depending on the salon, with an average airborne infection
transmission risk of 7.30% across all salons.

•

Increased outdoor airflow rates in nail salons were generally strongly correlated with
decreased average airborne infection transmission risk.

•

The results of this study indicate that increased outdoor airflow rates and the use of face
masks by both employees and customers could substantially reduce SARS-CoV-2
transmission in New York City nail salons.

5.4 Significance of findings and opportunities for future research
The studies that comprise this dissertation add to the literature on occupational health hazards that
nail salon workers are exposed to and contribute novel information regarding the role of ventilation
in mitigating airborne chemical and biological exposures. The OHAT framework used to conduct
the systematic review in aim 1 allowed for a scientifically rigorous and objective protocol to be
developed. The study-level health effects data and risk-of-bias assessment features allow appraisal
of potential biases in each included study's designs to make the overall assessment sound,
objective, and reproducible. Unlike the Cochrane method for systematic review, the OHAT
method allowed for evaluating and synthesizing non-clinical, environmental monitoring data.
Several studies have been conducted on nail salons in the United States with many different
focuses and analyses. This systematic review provides a comprehensive overview of the air
monitoring assessments conducted in the nail salons, collated into a single study for easy reference.
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These results illustrate the hazards that nail salon workers face and the burden of making a livable
wage while experiencing many health symptoms. This approach was able to identify research
gaps in the current evidence and understanding of the issue of exposure in nail salons.
Moreover, important suggestions could be made about improvements to existing methods for more
robust studies in the future, e.g., utilizing less biased sampling methods when surveying
participants. This systematic review can be a great starting point to build on existing studies that
may have been narrow in scope. Additionally, it can be used to design studies for which no
information exists about a particular chemical exposure, a health effect, or an exposure mitigation
measure. Perhaps the biggest call for research is to have well-designed, prospective
epidemiological studies to explore in greater detail the association between exposures to different
chemicals and documental health outcomes.
One of the key aspects of aim 2 in this dissertation is the time-weighted averages of indoor air
pollutants measured over three days to characterize temporal variations across the salons. Though
the day of the week was not a predictor of indoor air quality, there is an opportunity to repeat this
study, measuring all days of the week and a great number of salons for a more robust analysis.
Time-weighted averages were able to capture the contaminant levels for the entire business days,
and the collection of area samples rather than personal samples was subject to less variability. The
use of CO2 as a proxy for ventilation rates is an excellent way for salons to monitor their indoor
air quality by simply measuring CO2 using small, inexpensive monitors. Ventilation can be
adjusted accordingly to increase the rate air is being exhausted from the salon. One of the main
reasons for measuring ventilation in aim 2 was to compare the existing state of indoor air quality
in nail salons with their various ventilation methods to the requirements according to the NYS
regulation. While the regulation is well-intended to protect worker and customer health, there is
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concern that the installation and operation of local and general exhaust ventilation will be
expensive and burdensome for small nail salon owners or the building owner. The research in aim
3 was novel and timely and presented useful information for nail salons moving forward in the
pandemic. Using actual ventilation rates that were previously measured in aim two and the wellknown Wells-Riley equation made the modeling of transmission rates more robust and accurate.
However, there is a need to refine further the quanta generation rate (q) for SARS CoV-2.
Additionally, analyzing the effects of mask use during a time of great controversy and uncertainty
about masks' efficacy in protecting against viral transmission was another significant aspect of this
research. Though aim 3 focused on nail salons, the discussion of transmission risk could translate
to other similar personal care services (hair salons, beauty and massage parlors, barbershops, and
spas) that will resume as the pandemic wanes. Five realistic exposure scenarios illustrated
transmission risk, but an infinite number of scenarios can be explored using the modeling utilized
in aim 3.

5.5 Public health Relevance
This dissertation fills research gaps in many different realms of public health but most notably
environmental health and occupational health and safety. Specific areas of public health relevance
are indoor air quality, occupational exposures, worker health, disease transmission risk, the current
SARS CoV-2 pandemic, and workplace hazards mitigation. Aim 1 characterized airborne
exposures in nail salons and discussed the associated health effects. Baseline data must be collected
and assessed to inform the mitigation process to remove or reduce hazards. While similar studies
to the ones included in aim 1 have been conducted outside of the United States, there is a need for
locally relevant public health data to inform health policy. This information could also be highly
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useful for nail salon owners to protect their employees and for nail salon workers to adopt safer
workplace behaviors to reduce their exposures and improve their health.
Aim 2 has specifically added to the literature on the New York geographic area where the nail
salon industry is rapidly growing, but only a few studies have been done. This research advanced
the knowledge on the role of ventilation in controlling indoor air pollution and, in the absence of
functioning exhaust ventilation, using proxy measurements to indicate poor air quality. In aim 2,
we found that even though none of the salons installed exhaust ventilation systems, some of them
still had ventilation rates comparable to mechanical ventilation. Nail salons that do not have
mechanical ventilation often rely on doors or windows to supply fresh air into the salon. This
temporary solution is often not practical in the winter months in temperate regions. The number
of occupants in the salons did not increase the CO2 concentrations as we hypothesized but
decreased it. We suspected the frequent opening of the doors from inbound and outbound
customers allowed pollutants to escape. If this simple inadvertent means of ventilation helped curb
indoor air pollution levels, then the levels of ventilation stipulated in the NYS regulation may not
be necessary, and salon managers can sustainably operate the ventilation system during off peak
hours when air quality might be noticeably uncomfortable. Aim 3 is one of many studies that will
contribute to our understanding of the pandemic's impacts in the coming years. This information
could guide the efforts to reopen businesses and return to some sense of normalcy as small business
owners and employees grapple with the immense economic and psychological impacts. This
paper's results can also help inform consumers of these personal care services whether the risks
involved are worth accessing these services. This study has echoed many others' findings on the
efficacy of different face coverings to reduce various diseases' airborne transmission. Given all of
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these findings, these studies all contribute to the public health knowledge base and are timely and
relevant to New York City and many other major cities in the United States.

5.6 Limitations
While the methods used for the studies in this dissertation were designed using the best available
design aspects, there are a few limitations to note. In aim 1, though not explicitly stated in the two
intervention studies, it is suspected that participants were not randomly chosen for all the
intervention or all the control groups and may have been selected from groups subjected to other
types of interventions. Additionally, all the included environmental monitoring studies utilized
convenience sampling for participating nail salons and workers. Therefore, the generalizations that
are made from the findings can only be applied to the sampled population. Randomization reduces
biases making the intervention's outcome unpredictable and generalizable to other populations.1
Additionally, another limitation is excluding studies that may have presented more evidence for
the association between the documented chemicals and observed health effects.
The nail salons sampled in aim 2 were done using convenience sampling, which means
that the results' implications in aims 2 and 3 can only apply to the sample and not be generalized
to other populations.2 Though convenience sampling has many weaknesses, it was the best
available sampling method given the challenge of finding willing participants. In this study and
many others done before in other states, the population of interest usually comprises mostly Asian
American salon workers. There is a missed opportunity to survey other ethnic groups with unique
vulnerabilities, behaviors, and cultures that may affect the health and safety practices of the nail
salon environment. The value of the quanta generation rate (q) used to model transmission
potential of SARS-CoV 2 in aim 3 has varied among a few studies30,38,39 and needs to be studied
further. The value of q used in this study was derived from a novel approach based on the viral
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load emitted in saliva30, but there may be more accurate values based on other approaches. This
study used a conservative value for face masks' quanta reduction potential based on several studies.
The risk of airborne infection transmission may vary significantly from the modeled results
presented in this study when different types of face masks are utilized in different settings. Also,
we assumed one infected individual was present in each of the exposure scenarios. Future research
should evaluate airborne infection transmission risk assuming multiple infected individuals are
present in a confined space for a given period.
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Appendices
Aim 1
Appendix A- Search terms syntax for PubMED
(nail salon worker OR nail salon technician OR nail salon employee OR nail salon*[tiab])
AND
(Occupational exposure[mh] OR occupational diseases[mh] OR occupation OR workplace OR
work-related[tiab] OR exposure*[tiab] OR exposed[tiab] OR chemical exposure)
AND
(ethyl acetate OR butyl acetate OR isopropyl alcohol OR ethyl alcohol OR acetone OR toluene
OR xylene OR benzene OR Ethyl methacrylate OR Methyl methacrylate OR butyl methacrylate
OR Methyl ethyl ketone OR Ethyl cyanoacrylate OR Acetonitrile OR formaldehyde OR
Methacrylic acid OR Dibutyl phthalate)
AND
(adverse health*[tiab] OR health impacts OR symptoms*[tiab] OR irritation OR asthma OR
eye Irritation OR nose irritation OR throat irritation OR headache OR CNS syndrome OR central
nervous system syndrome OR corneal damage OR reproductive effects OR upper respiratory
system OR stomach OR Lung fibrosis OR occupational carcinogen OR carcinogen OR cough
OR liver damage OR anemia OR oxidative stress OR DNA damage OR genetic damage)
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Appendix C- Defined acronyms in table 2.3 for Craig et al., (2015)
Compound name
Acronym used in table 2.3
Phthalates
butylbenzyl phthalate
BBzP
di-n-butyl phthalate
DBP
di-iso-butyl phthalate
DiBP
diethyl phthalate
DEP
dimethyl phthalate
DMP
di(2-ethylhexyl) phthalate
DEHP
di-isononyl phthalate
DiNP
Phthalate Alternatives
diethylhexyl adipate
DEHA
trioctyltrimellitate
TOTM
Organophosphate Esters
tris(1-chloro-2-propyl) phosphate
TCIPP
tris(2-chloroethyl) phosphate
TCEP
tris(1,3-dichloro-2-propyl) phosphate
TDCIPP
triphenyl phosphate
TPHP
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