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More than tears: associations
between exposure to chemical
agents used by law enforcement
and adverse reproductive
health outcomes
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United States, 3Department of Obstetrics, Gynecology, and Women’s Health, University of Minnesota
Medical School, Minneapolis, MN, United States

Despite routine law enforcement use of chemical agents for crowd control, the
reproductive health safety profiles of these products are unknown. Moreover,
limited evidence has documented a link between such exposures and adverse
reproductive health outcomes including abnormal uterine bleeding and potential
pregnancy disruption. This cross-sectional study examined reproductive
outcomes in adults with uteri exposed to chemical agents used by law
enforcement, more commonly known as “tear gas”. Participants were recruited
through social media in the wake of police violence protests. Of the 1,276
participants included in analysis, 83% reported experiencing at least one of the
outcomes of interest, included uterine cramping (69%), early menstrual bleeding
(55%), breast tenderness (30%), and delayed menstrual bleeding (19%). Chemical
agent exposure was significantly associated with higher odds of an adverse
reproductive health outcome, those with 5 days or more of exposure have
2.6 times the odds (CI: 1.61, 4.22) of adverse outcomes and having a perception
that one’s menstruation may fluctuate according to psychosocial stressors was
associated (OR= 1.94, CI: 1.36, 2.79) with a higher odds of an adverse
reproductive health experience. These findings suggest a potential relationship
between exposure to chemical agents and adverse reproductive health outcomes.
Given the pervasive use of these chemical agents and their potential for
reproductive health harm, further investigation into the safety of these products
and their impacts on individual and community health is warranted urgently.

KEYWORDS

tear gases, police violence, crowd-control, reproductive health, menstrual cycle, structural

racism

Introduction

On May 25th, 2020, George Floyd, an unarmed Black man, was murdered by police,

sparking racial justice protests across the United States and the world throughout the

summer of 2020 (1). Law enforcement frequently used “less-lethal weapons” against

protestors (2), an umbrella term for chemicals and munitions deployed for crowd control

that cause intentional injury and, at times although rarely, death (3). Chemical agents,

colloquially referred to as “tear gas” and most commonly 2-chlorobenzalmalononitrile
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(CS) and phenacyl chloride (CN), are one class of these weapons

that have been banned in active warfare by international treaties

(4) and have been linked to many short and long-term adverse

health outcomes, including blindness, glaucoma, and respiratory

failure (5). However, little is known about the potential effects of

chemical agents on reproductive, perinatal, or infant health.

Limited evidence has linked tear gas with increased miscarriage

rates after exposures in Bahrain (6), Palestine (7), and Chile (8);

however, due to the reactive and uncontrolled use of chemical

agents in high conflict zones, conducting methodical

epidemiologic studies is challenging (9).

More recently, evidence of a dose-response relationship between

to self-reported tear gas exposure and menstrual irregularities was

established in Portland, Oregon utilizing cross-sectional data from

summer 2020 exposures (10). Toxicology studies establishing CS

and CN Immediately Dangerous to Life or Health Concentrations

(IDLH) were last conducted in military settings in the 1960s and

did not include surveillance for reproductive health effects (11). A

1989 article on the health effects of CS and CN gas expose a

dearth of safety evidence for tear gas use, and review articles

published in 2015 and 2017 echo this decades-old call for

comprehensive research (9, 12, 13).

Given the well-documented scholarship on the militarization of

civilian police (14), including a growing number of studies showing

officers are more likely to use lethal force on people who are affected

by racism or discrimination broadly or “racialized” (15) and are

three times more likely to use force against movements like Black

Lives Matter (16), the use of chemical agents and other less-lethal

weapons during civilian protests must also be examined as a

pathway for racial health inequities caused by structural racism.

Research already establishes a direct relationship between

structural racism through police violence and its effect on

reproductive and perinatal health (17). This body of work largely

focuses on psychosocial stress as it relates to the impact of police

violence on reproductive and perinatal outcomes. Its focus on this

specific mechanism of how police violence may impact health does

not account for other possible pathways between police violence

and reproductive outcomes, specifically emerging factors identified

during the 2020 racial justice protests like chemical exposure. The

impetus for this study came from anecdotal observations of

reported menstrual irregularities among protestors exposed to tear

gas in May 2020. We designed this study to investigate the

relationship between exposure to chemical agents and reproductive

health outcomes. Therefore, we hypothesize that increased exposure

to chemical agents or tear gas will be associated with increased

odds of adverse reproductive health outcomes.
Materials and methods

This cross-sectional analysis is based on data from a web-based

national survey to collect preliminary data on reproductive and

sexual health experiences among people with uteri exposed to

chemical agents or tear gas during protests. The study team

created social media and email recruitment materials that were

distributed broadly between August 2020 to April 2021 via
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States (PPNCS) email listservs. Respondents were directed to a

study website with more information and a link to the REDCap

survey (18). Participants completed an eligibility questionnaire and

were eligible if they were a person with a uterus who was over the

age of 18, able to read and write in English, and experienced tear

gas exposure through inhalation or dermal contact. If eligible,

participants were asked to review an information sheet about the

study before proceeding to the anonymous survey. The University

of Minnesota Institutional Review Board approved this research.

We examined relationships between both increased exposure to

chemical agents and a history of menstrual stress response with

self-reported adverse reproductive health outcomes, hypothesizing

positive associations for both. We developed an online survey that

included questions about demographics; menstrual and reproductive

health history, including underlying health conditions, typical

menstrual stress responses, and reproductive hormone use, such as

birth control or gender-affirming testosterone or estrogen during

the time of exposure; details on lifetime and most recent exposures

to chemical agents and police weapons including time frame,

duration, place, activities engaged in while exposed, type of weapon,

and route of exposure; and reproductive health outcomes and

details following exposures, including early or late onset menses,

menstrual irregularities, duration and severity of menstrual

symptoms, and pregnancy outcomes and complications.
Measures

We measured the dependent variable, adverse reproductive health

outcomes, by asking participants, “did you experience any of the

following during or after your most recent exposure to a chemical

agent used by law enforcement such as tear gas/canisters, smoke

bombs/grenades, or pepper spray/mace?” Respondents who

answered, “I experienced unexpected or early bleeding/period/

menstruation” or “I experienced late or delayed bleeding/period/

menstruation” or reported “uterine cramping” or “breast tenderness”

were coded as having experienced an adverse reproductive outcome.

We coded those who answered, “I did not experience any unusual

or unexpected disruptions to my menstrual cycle/bleeding/period

after being exposed” or reported no menstrual symptoms after

exposure as not having experienced an adverse reproductive outcome.

Participants reported the number of days of exposure to chemical

agents when asked, “How many days were you most recently exposed

to chemical agents used by law enforcement/ police, such as tear gas/

canisters, smoke bombs/grenades, or pepper spray/mace?” Most

recently is used in this question because a previous question

assessed lifetime exposure. We used quartiles to create a categorical

variable of exposure, given that some people reported between 1

and 152 exposures and the distribution was quite right skewed.

This variable was coded as follows Q1 “1 day,” Q2 “2 days” Q3

“more than 2 days but less than 5 days” Q5 “5 days or more.” We

coded demographic controls as follows: Respondents’ self-reported

age was categorized into four groups, 18–22 years, 23–29 years,

30–39 years, and 40 years or older. Gender identity was self-

reported and respondents could identify as 1 “Female/cis-woman,”
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2 “Male/cis-man” 3 “Genderqueer or non-binary,” 4 “Transgender

female,” 5 “Transgender male,” or 6 “Other.” Because our sample

was limited to people with a uterus, those who identified as 2 “Male/

cis-man” and 4 “Transgender female,” were not eligible in this

study. Due to small cell sizes, we had to create a dichotomous

gender identity variable with 0 “female/cis-woman: and 1

“genderqueer, transgender female, or other.” Because a majority of

the sample was white and sample sizes were small across other racial

groups, we grouped race into a dichotomous racialized variable of 1

“white” and 2 “racialized.” “Racialized” included any person who

identified as Black, American Indian/Alaska Native, Asian, Native

Hawaiian/Pacific Islander, Other, Hispanic/Latinx, and Middle

Eastern and North African.

The 9 census divisions (19) were collapsed into 4 regions in

alignment with US Census categorization: 1 “Northeast

(Connecticut, Maine, Massachusetts, New Hampshire, Rhode

Island, Vermont, New Jersey, New York, and Pennsylvania)” 2

“Midwest (Illinois, Indiana, Michigan, Ohio, Wisconsin, Iowa,

Kansas, Minnesota, Missouri, Nebraska, North Dakota, and South

Dakota), 3 “South (Delaware; Florida; Georgia; Maryland; North

Carolina; South Carolina; Virginia; Washington, D.C., West

Virginia, Alabama, Kentucky, Mississippi, Tennessee, Arkansas,

Louisiana, Oklahoma, and Texas), and 4 “West (Arizona,

Colorado, Idaho, Montana, Nevada, New Mexico, Utah, Wyoming,

Alaska, California, Hawaii, Oregon, and Washington).

We coded Marital status dichotomously as 0 “Not married”

which included single, divorced, separated, and widowed, and 1

“Married” which included people who reported being married or

partnered. Combined family income was self-reported and coded

into five categories: 1 “Less than $25 K,” 2 “$25 K or greater but

less than $50 K,” 3 “$50 K or greater but less than $75 k,” 4

“$75 k or greater but less than $100 k,” 5 “$100 k or greater.”

We coded health behaviors and conditions as follows:

Respondents self-reported their menstrual pattern as 1 “Regular,” 2

“Irregular,” 3 “I do not get my period,” and 4 “Other.” Those who

reported they did not get their period were excluded from this

analysis due to the nature of the research question and to assess

the role of stress on menstrual experience. We measured Hormone

use dichotomously, self-reported by participants. To control for

other reproductive health conditions, we created a variable for

previous reproductive health diagnosis. We asked participants if

they have ever been diagnosed with any of the following

conditions: polycystic ovary syndrome, premenstrual dysphoric

disorder, endometriosis, ovarian insufficiency, menopausal

symptoms, overactive thyroid (hyperthyroidism) or underactive

thyroid (hypothyroidism), or uterine fibroids. If they checked yes

for any they were coded as 1 “Previous reproductive health

diagnosis;” if none were checked they were coded as 0 “No

previous reproductive health diagnosis.” Lastly, to determine if

they have a menstrual stress response history, we asked participants

“In the past, have you noticed changes in your bleeding/menstrual

cycle/period when you’ve experienced high amounts of stress?”. If

they said “Yes, I bleed earlier than normal,” “Yes, I bleed later than

normal,” “Yes, I bleed heavier than usual,” or “Yes, I bleed less

than normal”, we coded these participants as 1 “History of

menstrual stress response.” If they responded “No, I don’t notice
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any change” or “I’m unsure if I experience changes,” we coded

them as 0 “No history of menstrual stress response”.
Analysis

Survey responses were eligible for analysis if respondents reported

tear gas exposure in the United States between in 2020 or 2021 and

completed the full survey without missing data. We used STATA (20)

to generate descriptive statistics for the study sample including the

distribution of participant characteristics with percentages, means,

and standard errors. We stratified these results by those

participants reporting no adverse reproductive health outcomes and

those reporting adverse reproductive health outcomes to

understand how different characteristics are distributed across the

outcome of interest. We conducted chi-square tests to determine if

a significant difference in distribution existed between groups.

Next, we created three nested logistic regression models starting

with a bivariate logistic model between our key predictor—number

of days of exposure to chemical agents—and our dichotomous

outcome of reporting or not reporting adverse reproductive health.

We then performed multivariable logistic regression with

sociodemographic predictors (e.g., gender identity, combined family

income) added in Model 2, and health predictors (e.g., hormone

use) added in Model 3. We additionally ran a fourth model to test

for moderation of a history of menstrual stress response on

number of days of exposure with results provided in Supplemental

Materials, as no significant results were found.
Results

We received 2,158 survey responses and included 1,276 (59%)

in the analysis.

Table 1 details descriptive statistics for participant

characteristics.

The majority of respondents (83%) reported at least one

adverse reproductive health outcome following exposure to

chemical agents used by law enforcement in 2020 and 2021,

which included uterine cramping (69%), early menstrual bleeding

(55%), breast tenderness (30%), and delayed menstrual bleeding

(19%). Respondents were exposed to chemical agents for 6.1 days

on average, ranging from 1 to 152 days of exposure, with 64%

reporting more than one exposure day. Those who reported

adverse reproductive outcomes experienced more exposure days

on average (6.3) compared to those without adverse reproductive

outcomes (5.1). Of note, more participants with a history of

menstrual stress response reported adverse reproductive health

outcomes following tear gas exposure than those without such a

stress response (p = .002). Additionally, those who used

hormones were over-represented in the group who reported an

adverse reproductive health outcome.

A majority of participants identified as female cis-women (77%)

and white (77%) and most reports of exposure came from the

Western region of the United States (60%), followed by the

Midwest (25%). Nearly half of participants were ages 23–29 years
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TABLE 1 Distribution of study characteristics of uteri-in-situ survey participants exposed to chemical agents used by law enforcement (N = 1,276).

Participant characteristics All No adverse
reproductive health

outcomes

Adverse reproductive
health outcomes

p-Value

N = 1,276 N = 216 % = 17% N = 1,060 % = 83%

Number of days of recent exposures (mean) .000
1st Quartile (1 day) 455 104 23% 351 77%

2nd Quartile (2 days) 232 43 19% 189 81%

3rd Quartile (more than 2 but less than 5 days) 230 28 12% 202 88%

4th Quartile (5 days or more) 359 41 11% 318 89%

Age .939
18–22 299 50 17% 249 83%

23–29 579 102 18% 477 82%

30–39 317 51 16% 266 84%

40+ 81 13 16% 68 84%

Gender .414
Female/cis-woman 983 171 17% 812 83%

Genderqueer, transgender male, and other 293 45 15% 248 85%

Racialized (includes MENA & Latinx) .777
White 983 168 17% 815 83%

Racialized 293 48 16% 245 84%

Region of exposure .052
Northeast 60 17 28% 43 72%

Midwest 315 59 19% 256 81%

South 134 19 14% 115 86%

West 767 121 16% 646 84%

Marital status .718
Not married 671 116 17% 555 83%

Married/partnered 605 100 17% 505 83%

Combined family income .126
<$25 K 551 91 17% 460 83%

>25 K but <50 k 360 53 15% 307 85%

>50 K to <75 k 165 31 19% 134 81%

>75 k to <100 k 88 13 15% 75 85%

>100 k 112 28 25% 84 75%

Menstrual pattern .336
Regular 939 151 16% 788 84%

Irregular 248 46 19% 202 81%

Other 89 19 21% 70 79%

Hormone use .000
None 109 85 78% 24 22%

Any 1,167 131 11% 1,036 89%

Previous reproductive health diagnosis .272
None 1,029 180 17% 849 83%

Any 247 36 15% 211 85%

Menstrual stress response history .002
No 568 117 21% 451 79%

Yes 708 99 14% 608 86%

Hassan et al. 10.3389/fepid.2023.1177874
(45%) and nearly half had an annual family income of <$25 K

(43%). The majority of respondents (74%) reported a regular

menstrual cycle (menses once per month) although more than

half (56%) reported that their cycle changed during high stress

times (“menstrual stress response”). About 81% had no prior

reproductive health diagnosis, and 91% were using hormones

(progesterone, estrogen, or testosterone) when most recently

exposed.
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Table 2 shows the results of the multivariable logistic

regression models. Model 1 shows that the number of days of

exposure to chemical agents is associated with higher odds of an

adverse reproductive health outcome, with higher odds of an

adverse outcome for the third and fourth quartiles. Individuals

who experienced more than 2 but less than 5 days of exposure

(Q3) had 2.14 times the odds (CI: 1.36, 3.36) of an adverse

outcome compared to those who were only exposed on 1 day.
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TABLE 2 Multivariable logistic regression of number of exposures to
chemical agents by law enforcement (broken into quartiles) on adverse
reproductive health outcomes of uteri-in-situ survey participants,
presenting adjusted odds ratios (N = 1,276).

Variables Model 1 Model 2 Model 3

OR (CI) OR (CI) OR (CI)

Number of days of recent exposures
1st Quartile (1 day) Ref Ref Ref

2nd Quartile (2 days) 1.30
(.88, 1.94)

1.30
(.86, 1.93)

1.47
(.91, 2.36)

3rd Quartile (more than 2 but less than
5 days)

2.14**
(1.36, 3.36)

2.15**
(1.36, 3.40)

2.16**
(1.27, 3.69)

4th Quartile (5 days or more) 2.30***
(1.55, 3.40)

2.21***
(1.47, 3.33)

2.61***
(1.61, 4.22)

Age category (years)
18–22 Ref Ref Ref

23–29 .88
(.59, 1.29)

.97
(.62, 1.51)

30–39 1.11
(.70, 1.77)

1.17
(.68, 2.00)

40+ 1.18
(.58, 2.37)

1.22
(.55, 2.73)

Gender identity
Female ciswoman Ref Ref Ref

Genderqueer, transgender male, or
other

1.06
(.73, 1.54)

.97
(.62, 1.50)

Racialized .95
(.66, 1.36)

1.17
(.75, 1.81)

Region of exposure
Northeast Ref Ref Ref

Midwest 1.58
(.83, 3.01)

1.34
(.64, 2.82)

South 2.33*
(1.09, 4.98)

2.79*
(1.13, 6.86)

West 1.74
(.94, 3.20)

1.80
(.88, 3.68)

Combined Family Income ($)
25 k or less Ref Ref Ref

>25 k and <=50 k 1.23
(.84, 1.82)

1.27
(.81, 2.00)

>50 k and <=75 k .87
(.54, 1.41)

1.01
(.57, 1.79)

>75 k and <=100 k 1.18
(.62, 2.28)

1.08
(.51, 2.31)

>100 k .58*
(.35,.99)

.54*
(.30,.99)

Menstrual cycle
Regular Ref Ref Ref

Irregular .90
(.58, 1.42)

Other .51*
(.28,.91)

Hormone use 37.74***
(22.22, 64.10)

Previous diagnosis 1.24
(.78, 1.99)

Menstrual stress response history 1.94***
(1.36, 2.79)

Constant 3.38***
(2.71, 4.20)

2.08*
(1.04, 4.15)

.06***
(.02,.16)

*p < .05.

**p < .01.

***p < .001.

Hassan et al. 10.3389/fepid.2023.1177874
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While those who experienced 5 or more days of exposures (Q4)

had 2.3 times the odds (CI: 1.55, 3.40) of an adverse outcome

compared to those who experienced only 1 day of exposure.

These associations remains the same significant when

demographic and socioeconomic characteristics are added in

Model 2, with Q3 participants having 2.15 times the odds (CI:

1.36, 3.40) and Q4 having 2.21 times the odds (CI: 1.47, 3.33) of

adverse reproductive health outcomes compared to Q1.

Additionally, Model 2 shows that participants exposed in the

Southern region of the United States have significantly higher

odds of an adverse reproductive health outcome (OR = 2.33, CI:

1.09, 4.98) compared to those in the Northeast.

In Model 3, the increased exposure to chemical irritants

continues to be assoiciated with higher odds of adverse

reproductive health outcomes, even when menstrual patterns,

underlying reproductive health diagnoses, hormone use, and

menstrual stress response history are added to the model.

Being exposed for more than 2 days but less than 5 (Q3) and

being exposed 5 days or more (Q4) are associated with 2.16

(CI: 1.27, 3.69) and 2.61 (CI: 1.61, 4.22) times the odds of

adverse reproductive health outcomes compared to being

exposed one day, all else equal. Thus, across all three models,

the odds of experiencing an adverse reproductive health

outcome increase across quartiles, with greater exposure

yielding higher adverse odds.

Further, having a menstrual stress response history is

associated with almost 1.94 times the odds of reporting an

adverse reproductive outcome post-exposure to tear gas (CI: 1.36,

2.79) compared to those with no menstrual stress response

history. Most strikingly, those who use sex steroid hormones

have over 37 times the odds of reporting an adverse reproductive

health outcome in this sample (OR = 37.74, CI: 22.22, 64.10).

Lastly, to determine if a history of menstrual stress response

moderated the impact of number exposures on adverse

reproductive health outcomes, we ran a fourth model to test for

an interaction between days of exposure to chemical irritants (in

quartiles) by menstrual stress response history. As the interaction

term was not significant, we refrain from discussing them at

length and results are not included in Table 2. However, results

from the interaction can be found in the Supplemental Materials

available online.
Discussion

Findings

This study presents a clear association between exposure to

chemical agents used by police and reported adverse reproductive

health outcomes, which included uterine cramping (69%), early

menstrual bleeding (55%), breast tenderness (30%), and delayed

menstrual bleeding (19%). Numbers of days of exposure to tear

gas, menstrual stress response history, income, hormone use, and

region of exposure were significantly associated with reproductive

health outcomes related to tear gas exposure. Number of days of
frontiersin.org
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exposure had a significant positive associations with experiencing

an adverse reproductive health outcome as participants who

reported adverse reproductive health outcomes. This finding

confirmed our hypothesis and, while the magnitude of each

adverse reproductive health outcome was not quantified in this

analysis, the significant association and increased days of

exposure may indicate a crude dose-response pattern which has

been observed for other health outcomes previously in tear gas

exposure studies (10).

While only 56% of participants reported having a menstrual

cycle that was historically disrupted during times of high stress,

the association between a menstrual stress response history and

reporting adverse reproductive health outcomes following tear gas

exposure was significant and confirmed our hypothesis. To our

knowledge, this study is the first to assess the role of menstrual

stress response history as a potential mediating factor in the

association with chemical agent exposure. Our findings suggest

several possibilities. Participants with a menstrual stress response

history may have experienced adverse reproductive outcomes

based on the stress and trauma of police violence experienced

during protesting, regardless of tear gas deployment, which is

consistent with the research literature on reproductive health

impacts of police violence (21). However, our results show that

tear gas exposure is still associated with these adverse reproductive

health events even after controlling for menstrual stress response,

suggesting that the stress experienced during protesting alone

cannot explain the reported impacts on reproductive health.

Another possibility is that participants with underlying irregular

menstrual responses during stress may be more vulnerable to the

potential reproductive health effects of tear gas exposure. This

possibility may also help explain our finding that having a

previous reproductive health diagnosis and underlying

reproductive health conditions were also significantly associated

with adverse reproductive health outcomes following tear gas

exposure. These findings suggest that people with reproductive

health conditions may be more vulnerable to the impacts of tear gas.

The strength of the association found with hormone use (OR =

37.74, CI: 22.22, 64.10) is likely related to the large volume of total

participants (91%) who reported hormone use, such as hormonal

contraceptives or gender-affirming hormone treatment, at the time

of most recent tear gas exposure. These treatments are often

prescribed to regulate irregular menstrual cycles and/or suppress

menstruation altogether. As such, we might expect exogenous

hormones to be protective against potential menstrual irregularities

related to tear gas exposure due to their menstrual stabilizing and

suppressing mechanisms of action. We posit that our high odds

ratio indicating the opposite finding is due to overrepresentation of

participant hormone use in the total sample, likely related to the

recruitment methods that required social media connections to

Planned Parenthood and may have included Planned Parenthood

patients prescribed hormones. We theorize people who have very

regular menses due to hormone use are more likely to notice a change.

Geographic region emerged as significantly associated with

reproductive health outcomes. Participants exposed in the

Southern United States were more likely to report adverse

reproductive health outcomes (2). While the majority of
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participants in this study were white and not directly oppressed

by structural racism, they are still impacted by the intersections

of structural racism and structural violence through increased

police force and weaponized responses that are specifically

heightened at protests for racial justice. Police violence is in and

of itself is a manifestation of structural racism (22, 23).
Biological plausibility

Several pathophysiological pathways point to biological

plausibility between tear gas and menstrual disruptions, including it

metabolizing into cyanide and subsequent hypoxia and adrenal and

thyroid dysregulation, indicating potential endocrine disruption

(24). Additionally, CS gas is known to activate pain receptors (25)

that are also involved in pain related to dysmenorrhea (26, 27),

endometriosis (27, 28), and other uterine conditions (29), helping

to explain uterine cramping reported by participants.
Limitations and strengths

This study had several limitations. First, sample selection and

recruitment methods presented opportunities for selection bias

due to exclusive digital recruitment through social media and

email listservs, targeting those with online connections to

Planned Parenthood and researchers and limiting generalizability.

Further, response bias may have impacted our data as people

who felt most impacted by tear gas exposure may have been

more likely to respond to the survey and our racially

homogenous sample may indicate hesitancy by people of color to

participate in health care research due to long-standing histories

of medical and institutional racism. As this study relied on self-

report, bias could be introduced without additional data sources

like medical records to confirm outcomes. Importantly, we

cannot completely disentangle the impacts of the chemical

exposure from the psychological factors.

The retrospective and cross-sectional design also impact study

strength. Given the uncontrolled context of law enforcement tear

gas use, quantifying exposure and distinguishing between the

types of chemical agents used is challenging. Participants differed

in frequency and duration of exposures, ranging from repeat

exposures over several months to spill-over exposure in their

residential areas. This study was not designed to establish a

direct causation between tear gas exposure and adverse

reproductive health outcomes, as such a study would be unethical.

Despite these limitations, this study systematically collected

nationwide data on tear gas exposure and related adverse

reproductive health outcomes during racial justice protests in the

United States, making significant contributions to the field. Our

community-based sampling, while introducing potential bias

compared to medical records, also allowed us to recruit

participants who would or could not access health care,

increasing our reach and response and including valuable health

equity analyses in our study. Our study also collected robust data

on participants’ menstrual and reproductive health and histories
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that proved significant in our models and allowed us to identify

important factors for further investigation.
Implications and further research

This study establishes an association between tear gas exposure

and adverse reproductive health outcomes and strongly supports

adding adverse reproductive health outcomes to the growing list

of safety concerns about the use of tear gas on the public. The

implications of these findings for reproductive, perinatal,

maternal, and infant safety are particularly concerning, as this

study identifies potential populations who may be more

vulnerable to health impacts of tear gas, including pregnant

people. Of note, our sample included 19 participants who

reported being pregnant at the time of exposure to tear gas, 10

of whom reported a subsequent pregnancy loss (52%), a much

higher rate than the expected miscarriage rate of 26% for all

pregnancies (30). Given the small sample size, we cannot draw

significant conclusions about tear gas exposure and pregnancy

outcomes, however this finding raises numerous questions about

the risks that tear gas may pose to pregnant people, and to short

and long-term fertility.

We believe the evidence can only be strengthened by further

studies on the risks of tear gas exposures, including confirming

potential pathophysiological mechanisms for reproductive harm;

in-depth analysis of the associations between adverse

reproductive health outcomes, tear gas exposure, menstrual

stress, hormone use and underlying reproductive health

conditions; and surveillance studies that help to systematically

identify actual chemical agents and the deployment procedures/

conditions used by law enforcement to better describe exposure.

While more evidence can help fill in scientific gaps, ultimately

the onus of proving the safety of tear gas resides with

manufacturers and end-users of these chemical weapons,

including law enforcement and government agencies. In the

absence of such evidence and reassurances and in the presence of

evidence suggesting adverse effects, the precautionary principle

proves relevant, and the indiscriminate use of tear gas by law

enforcement warrants serious inquiry and reconsideration from

policymakers. Meanwhile, increased transparency about and

surveillance of chemical agents and conditions for use by law

enforcement is called for to protect the public.
Frontiers in Epidemiology 07
Data availability statement

The datasets presented in this article are not readily available to

ensure participant privacy. Requests to access the datasets should

be directed to ahassan@ppncs.org.
Ethics statement

The studies involving human participants were reviewed and

approved by The University of Minnesota’s Institutional Review

Board. The patients/participants provided their written informed

consent to participate in this study.
Author contributions

AH: conceptualization, methodology, formal analysis, writing—

original draft, reviewing and editing. AO-G: conceptualization,

methodology, writing—original draft, reviewing and editing.

AH: methodology, formal analysis, writing—original draft,

reviewing and editing. MM: methodology, writing—original draft,

reviewing and editing. ST: methodology, writing—reviewing and

editing. CB: supervision, methodology, writing—reviewing and

editing. All authors contributed to the article and approved the

submitted version.
Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.
Publisher’s note

All claims expressed in this article are solely those of the

authors and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed

or endorsed by the publisher.
References
1. Hardeman RR, Medina EM, Boyd RW. Stolen breaths. N Engl J Med. (2020) 383
(3):197–9. doi: 10.1056/NEJMp2021072

2. Kaske EA, Cramer SW, Pena Pino I, Do TH, Ladd BM, Sturtevant DT, et al.
Injuries from less-lethal weapons during the george floyd protests in Minneapolis.
N Engl J Med. (2021) 384(8):774–5. doi: 10.1056/NEJMc2032052

3. Kaske EA, Wu JT, Hardeman RR, Darrow DP, Satin DJ. The language of less-
lethal weapons. Proc Natl Acad Sci U S A. (2022) 119(17):e2117779119. doi: 10.
1073/pnas.2117779119

4. United Nations treaty collection. Convention on the prohibition of the
development, production, stockpiling and use of chemical weapons and on their
destruction. Geneva, Switzerland: United nations (1992) Available at: https://treaties.
un.org/pages/ViewDetails.aspx?src=TREATY&mtdsg_no=XXVI−3&chapter=26
(Accessed February 20, 2023).

5. CDC. Facts about riot control agents interim document. Centers for Disease
Control (2019) Available at: https://emergency.cdc.gov/agent/riotcontrol/factsheet.
asp (Accessed February 19, 2023).

6. Sollom R, Atkinson H.Weaponizing tear gas: Bahrain’s unprecedented use of toxic
chemical agents against civilians. Cambridge, MA, United States: Publications and
Research (2012) Available at: https://academicworks.cuny.edu/cc_pubs/410

7. UN says tear gas has killed 11 Arabs, caused miscarriages. AP News. Available at:
https://apnews.com/article/c2d5a057a3afd7dd26ccb27ce240ecd9 (Accessed February
20, 2023).
frontiersin.org

http:\\ahassan@ppncs.org
https://doi.org/10.1056/NEJMp2021072
https://doi.org/10.1056/NEJMc2032052
https://doi.org/10.1073/pnas.2117779119
https://doi.org/10.1073/pnas.2117779119
https://treaties.un.org/pages/ViewDetails.aspx?src&equals;TREATY&amp;mtdsg_no&equals;XXVI&minus;3&amp;chapter&equals;26
https://treaties.un.org/pages/ViewDetails.aspx?src&equals;TREATY&amp;mtdsg_no&equals;XXVI&minus;3&amp;chapter&equals;26
https://emergency.cdc.gov/agent/riotcontrol/factsheet.asp
https://emergency.cdc.gov/agent/riotcontrol/factsheet.asp
https://academicworks.cuny.edu/cc_pubs/410
https://apnews.com/article/c2d5a057a3afd7dd26ccb27ce240ecd9
https://doi.org/10.3389/fepid.2023.1177874
https://www.frontiersin.org/journals/epidemiology
https://www.frontiersin.org/


Hassan et al. 10.3389/fepid.2023.1177874
8. Hayman M. Chile suspends use of tear gas amid concerns over miscarriages.
New York City, NY, United States: Latin America News Dispatch (2011) Available
at: https://latindispatch.com/2011/05/19/chile-suspends-use-of-tear-gas-amid-concerns-
over-miscarriages/ (Accessed February 20, 2023).

9. Hu H, Fine J, Epstein P, Kelsey K, Reynolds P, Walker B. Tear gas–harassing
agent or toxic chemical weapon? JAMA. (1989) 262(5):660–3. doi: 10.1001/jama.
1989.03430050076030

10. Torgrimson-Ojerio BN, Mularski KS, Peyton MR, Keast EM, Hassan A, Ivlev I.
Health issues and healthcare utilization among adults who reported exposure to tear
gas during 2020 Portland (or) protests: a cross-sectional survey. BMC Public Health.
(2021) 21(1):803. doi: 10.1186/s12889-021-10859-w

11. CDC. Immediately dangerous to life or health concentrations (IDLH). (2018)
Available at: https://www.cdc.gov/niosh/idlh/532274.html (Accessed February 20,
2023).

12. Dimitroglou Y, Rachiotis G, Hadjichristodoulou C. Exposure to the riot control
agent cs and potential health effects: a systematic review of the evidence. Int J Environ
Res Public Health. (2015) 12(2):1397–411. doi: 10.3390/ijerph120201397

13. Haar RJ, Iacopino V, Ranadive N, Weiser SD, Dandu M. Health impacts of
chemical irritants used for crowd control: a systematic review of the injuries and
deaths caused by tear gas and pepper spray. BMC Public Health. (2017) 17(1):831.
doi: 10.3390/ijerph120201397

14. Mummolo J. Militarization fails to enhance police safety or reduce crime but
may harm police reputation. Proc Natl Acad Sci U S A. (2018) 115(37):9181–6.
doi: 10.1073/pnas.1805161115

15. Ross CT. A multi-level Bayesian analysis of racial bias in police shootings at the
county-level in the United States, 2011–2014. PLoS One. (2015) 10(11):e0141854.
doi: 10.1371/journal.pone.0141854

16. Kishi R, Jones S. Demonstrations and political violence in America: New data for
summer 2020. ACLED (2020) Available at: https://acleddata.com/2020/09/03/
demonstrations-political-violence-in-america-new-data-for-summer-2020/ (Accessed
February 20, 2023).

17. Premkumar A, Nseyo O, Jackson AV. Connecting police violence with
reproductive health. Obstet Gynecol. (2017) 129(1):153–6. doi: 10.1097/AOG.
0000000000001731

18. Harris PA, Taylor R, Minor BL, Elliott V, Fernandez M, O’Neal L, et al. The
REDCap consortium: building an international community of software platform
partners. J Biomed Inform. (2019) 95:103208. doi: 10.1016/j.jbi.2019.103208
Frontiers in Epidemiology 08
19. Geographical reference maps: U.S. census divisions. National centers for
environmental information (NCEI). Available at: https://www.ncei.noaa.gov/access/
monitoring/reference-maps/us-census-divisions (Accessed February 20, 2023).

20. Kohler U, Kreuter F. Data analysis using stata. College Station, TX, United
States: Stata Press (2005).

21. Weed JCJ. Connecting police violence with reproductive health. Obstet Gynecol.
(2017) 129(6):1140. doi: 10.1097/AOG.0000000000002086

22. Sharif MZ, García JJ, Mitchell U, Dellor ED, Bradford NJ, Truong M. Racism
and structural violence: interconnected threats to health equity. Front Public Health.
(2022) 9:676783. doi: 10.3389/fpubh.2021.676783

23. Boyd RW. Police violence and the built harm of structural racism. Lancet. (2018)
392(10144):258–9. doi: 10.1016/S0140-6736(18)31374-6

24. Rothenberg C, Achanta S, Svendsen ER, Jordt S. Tear gas: an epidemiological
and mechanistic reassessment. Ann NY Acad Sci. (2016) 1378(1):96–107. doi: 10.
1111/nyas.13141

25. da Costa DSM, Meotti FC, Andrade EL, Leal PC, Motta EM, Calixto JB. The
involvement of the transient receptor potential A1 (Trpa1) in the maintenance of
mechanical and cold hyperalgesia in persistent inflammation. Pain®. (2010) 148
(3):431–7. doi: 10.1016/j.pain.2009.12.002

26. Nie J, Liu X, Guo SW. Immunoreactivity of oxytocin receptor and transient
receptor potential vanilloid type 1 and its correlation with dysmenorrhea in
adenomyosis. Am J Obstet Gynecol. (2010) 202(4):346.e1–e8. doi: 10.1016/j.ajog.
2009.11.035

27. Bohonyi N, Pohóczky K, Szalontai B, Perkecz A, Kovács K, Kajtár B, et al. Local
upregulation of transient receptor potential ankyrin 1 and transient receptor potential
vanilloid 1 ion channels in rectosigmoid deep infiltrating endometriosis. Mol Pain.
(2017) 13:1744806917705564. doi: 10.1177/1744806917705564

28. Zhu H, Wang Y, He Y, Yu W. Inflammation-mediated macrophage polarization
induces TRPV1/TRPA1 heteromers in endometriosis. Am J Transl Res. (2022) 14
(5):3066–78.

29. Xie Z, Feng J, Cai T, McCarthy R, Eschbach MD, Wang Y, et al. Estrogen
metabolites increase nociceptor hyperactivity in a mouse model of uterine pain. JCI
Insight. (2022) 7(10):e149107. doi: 10.1172/jci.insight.149107

30. Dugas C, Slane VH. Miscarriage. In: StatPearls. Treasure Island (FL): StatPearls
Publishing (2022). p. 1–8. Available at: http://www.ncbi.nlm.nih.gov/books/
NBK532992/ (Accessed February 28, 2023).
frontiersin.org

https://latindispatch.com/2011/05/19/chile-suspends-use-of-tear-gas-amid-concerns-over-miscarriages/
https://latindispatch.com/2011/05/19/chile-suspends-use-of-tear-gas-amid-concerns-over-miscarriages/
https://doi.org/10.1001/jama.1989.03430050076030
https://doi.org/10.1001/jama.1989.03430050076030
https://doi.org/10.1186/s12889-021-10859-w
https://www.cdc.gov/niosh/idlh/532274.html
https://doi.org/10.3390/ijerph120201397
https://doi.org/10.3390/ijerph120201397
https://doi.org/10.1073/pnas.1805161115
https://doi.org/10.1371/journal.pone.0141854
https://acleddata.com/2020/09/03/demonstrations-political-violence-in-america-new-data-for-summer-2020/
https://acleddata.com/2020/09/03/demonstrations-political-violence-in-america-new-data-for-summer-2020/
https://doi.org/10.1097/AOG.0000000000001731
https://doi.org/10.1097/AOG.0000000000001731
https://doi.org/10.1016/j.jbi.2019.103208
https://www.ncei.noaa.gov/access/monitoring/reference-maps/us-census-divisions
https://www.ncei.noaa.gov/access/monitoring/reference-maps/us-census-divisions
https://doi.org/10.1097/AOG.0000000000002086
https://doi.org/10.3389/fpubh.2021.676783
https://doi.org/10.1016/S0140-6736(18)31374-6
https://doi.org/10.1111/nyas.13141
https://doi.org/10.1111/nyas.13141
https://doi.org/10.1016/j.pain.2009.12.002
https://doi.org/10.1016/j.ajog.2009.11.035
https://doi.org/10.1016/j.ajog.2009.11.035
https://doi.org/10.1177/1744806917705564
https://doi.org/10.1172/jci.insight.149107
http://www.ncbi.nlm.nih.gov/books/NBK532992/
http://www.ncbi.nlm.nih.gov/books/NBK532992/
https://doi.org/10.3389/fepid.2023.1177874
https://www.frontiersin.org/journals/epidemiology
https://www.frontiersin.org/

	More than tears: associations between exposure to chemical agents used by law enforcement and adverse reproductive health outcomes
	Introduction
	Materials and methods
	Measures
	Analysis

	Results
	Discussion
	Findings
	Biological plausibility
	Limitations and strengths
	Implications and further research

	Data availability statement
	Ethics statement
	Author contributions
	Conflict of interest
	Publisher's note
	References


