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John R. Balmes

REVIEW OF CHLORINE TOXICOLOGICAL PROFILE

Are there any data relevant to child health and developmental effects that have not been discussed

in the profile and should be?
No

Are there any general issues relevant to child health that have not been discussed in the profile and
should be?

No
CHAPTER 1. PUBLIC HEALTH STATEMENT

Does the chapter present the important information in a non-technical style suitable for the average

citizen?
Yes

Do the answers to the questions of the major headings adequately address the concerns of the lay
public? Are these summary statements consistent, and are they supported by the technical

discussion in the remainder of the text?

Yes

Are scientific terms used that are too technical or require additional explanation?

p. 4, “Short-term exposure to chlorine in air” box The fourth bullet uses the term, “respiratory
rhythm.” This term may not be understood by the lay reader. I would substitute “breathing rate.” The

fifth bullet uses the term, “toxic pneumonitis.” This term is too technical without additional explanation.

I would revise the bullet as follows: “lung injury (toxic pneumonitis) ...”
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CHAPTER 2, RELEVANCE TO PUBLIC HEALTH

Do you agree with those effects known to oceur in humans as reported in the text?
Yes

Are the effects only observed in animals likely to be of concern to humans?

Yes.

Have exposure conditions been adequately described?

Yes

p. 10, lines 21-24 - With the exception of emphysema, the description of the further complications of
chlorine inhalation fits the histologi‘cal condition known as diffuse alveolar damage that is associated with
the clinical condition known as the adult respiratory distress syndrome. To reduce confusion, this should
be noted in the text. In addition, while emphysema may have been described in war victims of chlorine
gassing, it is not part of the early response to inhalation of chlorine or any other irritant gas. 1 would

delete emphysema from line 23 to reduce confusion.

p. 11, lines 20-21 Studies do not conduct tests, investigators do. [ would revise this sentence as
follows: “No other study of chlorine-exposed subjects has included neurobehavioral testing,...”

(14

p. 18, lines 7-8 Suggested revision as follows: “...possible exposures included sulfur dioxide,

hydrogen sulfide, and methy| mercapatan, in addition to various particulates) found that, relative to a
control group of rail workers, the pulp mill workers complained more frequently of usual phlegm, wheeze
without cold, and chest illness (Enarson et al. 1984).”

CHAPTER 3. HEALTH EFFECTS

Section 3.1 INTRODUCTION

Section 3.2 - DISCUSSION OF HEALTH EFFECTS BY ROUTE OF EXPOSURE
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Toxicity ~ Quality of Human Studies

Were adequately designed human studies identified in the text? If not, were the major limitations

of the studies sufﬁcienﬂy described in the text?
Adequately designed human studies were identified for the acute effects of low-level exposures. This was
not the case for long-term exposure to low-levels of chlorine, but the limitations of the studies of

occupationally exposed humans were sufficiently explained in the text.

Were the conclusions drawn by the authors of the studies appropriate and accurately reflected in

the profile?

Yes

Were all appropriate NOAELs and/or LOAELS identified for each study?

Yes

Were siatistical test results of study data e-valuated properly?

Yes

Are you aware of other studies which may be important in evaluating the toxicity of cresols.
No

Toxicity — Quality of Animal Studies

Were adequately designed animal studies identified in the text?

Yes
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Were the animal species appropriate for the most significant toxicological endpoint of the study?

Were the conclusions drawn by the authors of the studies appropriate and accurately reflected in

the profile?
Yes

Were all appropriate NOAELs and/or LLOAELSs identified for each study? Were all appropﬁate

toxicological effects identified for the studies? '

Yes

Were statistical test results of study data evaluated properly?

Yes

Are you aware of other studies which may be important in evaluating the toxicity (.)f cresols.
Levels of Significant Exposure (LSE) Tables and Figures

Are the LSE tables and figures complete and self-explanatory? Does the “users Guide” explain

clearly how to use them? Are exposure levels accurately presented for the route of exposure?
Yes

Do you agree with the categorization of “less serious” or “serious” for the effects cited in the LSE

tables?
Yes
If MRLs have been derived, are the values justifiable?

Yes
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Evaluation of Text
Have the major limitations of the studies been adequately and accurately discussed?
Yes

Has the effect, or key endpoint, been critically evaluated for its relevance in both humans and

animals?
Yes

Have “bottom-line” statements been made regarding the relevance of the endpoint for human
health?

Yes

Are the conclusions appropriate given the overall database?

Yes

Has adeguate attention been paid to dose-response relationships for both human and animal data?
Yes

Has the animal data been used to draw support for any known human effects?

Yes

p- 34, lines 30-32 This sentence about mediastinal air is confusing and should be deleted.

Pneumomediastinum is not specific to chlorine and likely resulted from severe coughing.

PP- 36, last para. continued on p. 37 For consistency and increased clarity, I would use airway
hyperresponsiveness instead of airway hyperreactivity. The usual abbreviation used in the literature is

AHR rather than HR. [ would not use the term, “bronchial hyperresponsiveness,” even when used by the
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primary authors (pp. 40-42), both because it is imprecise {(methacholine induces constriction of small,

non-bronchial airways) and unnecessarily different from airway hyperresponsiveness.

p. 40, line 10 Should be as follows: *...symptoms and chest x-rays and..."”

p. 40, line 23 Suggest “airway” instead of bronchial responsiveness.

p. 40, line 31 Should be as follows: “Pulmonary function testing. ..

p. 40, line 33 Should be as follows: “...with an alveolar-capillary injury.”

p. 41, line 31 Suggest “methacholine challenge tests” instead of bronchial responsiveness tests.

p. 41, lines 32 and 34  Suggest “airway” instead of bronchial responsiveness and bronchial

hyperresponsiveness.
p-42, line 17 Suggest “airway” instead of bronchial responsiveness.
p. 44, lines 27-28 I would revise this sentence as follows: “...it appeared that nitric oxide (NO)

production may have contributed to the airway response to inhaled chlorine.”

p- 46, line 22 The statement that reduced airflow at 25% vital capacity indicates some degree
of small airway involvement may confuse clinicians because this point on the maximal expiratory flow-
volume (MEFV) curve in human pulmonary function testing is referred to as FEF75 (forced expiratory
flow at 75% of the vital capacity). I reviewed the Kutzman 1983 report and its use of EFR25 refers to the
same point on the MEFV curve as the FEF75. Therefore, I would revise this sentence as follows:

“...reduction in airflow at 75% of exhaled vital capacity in all exposed groups,...”

p. 47, line 21 Goblet cell should not be capitalized.
p. 47, line 30 Should be as follows: “Pulmonary diffusing capacity for CO...”
p- 47, lines 32-34 This sentence provides unnecessary detail that may cause confusion. Iwould

delete it and revise the next sentence as follows: “There was no evidence of treatment-related effects on

pulmonary function at any interval during the study.”

I0
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p. 49, line 34 Should be as follows: “...due to a decrease in intravascular fluid...”
p. 54, line 18 Should be as follows: “...high concentrations of chlorine gas...”

p. 57, line 13 Suggest “respiratory protective gear” instead of protective garments
(mouthpieces).

Section 3.3 GENOTOXICITY
Section 3.4 TOXICOKINETICS

Is there adequate discussion of absorption, distribution, metabolism, and excretion of the

substance?

Yes

Have the major organs, tissues, etc. in which the substance is stored been identified?
Yes

Have all applicable metabolic parameters, pharmacokineﬁc!phannacodynamic models and

supporting data been presented?

Yes

Is there adeguate discussion of the differences in toxicokinetics between humans and animals?
Yes, given the limited database available for such comparisons.

Is there an adequate. discussion.of the relevance of animal toxicokinetic information for humans?

Yes, given the limited database available for such a discussion.

11
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If applicable, is there a discussion of the toxicokinetics of different forms of the substance?
Yes
Section 3.5 MECHANISMS OF ACTION
Have all possible mechanisms of action been discussed?
Yes

p- 77, line 35 For increased clarity, I suggest the following: “...in mice, a} an aerosol of

sodium hypochlorite and b) chlorine gas, at equivaient concentrations,...”

Section 3.6 TOXICITIES MEDIATED THROUGH THE NEUROENDOCRINE AXIS
Section 3.7 CHILDREN’S SUSCEPTIBILITY

Section 3.8 BIOMARKERS OF EXPOSURE AND EFFECT

Are the biomarkers of exposure specific for the substance or are they for a class of substances? Are

there valid tests to measure the biomarker of exposure?

There are no adequate biomarkers of exposure for chlorine available at the current time and the text

makes this clear.

Are the biomarkers of effect specific for the substance or are they for a class of substances? Are

there valid tests to measure the biomarker of effect?

There are no adequate biomarkers of effect for chlorine available at the current time and the text makes

this clear.

12
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Section 3.9 INTERACTIONS WITH OTHER CHEMICALS
Is there adequate discussion of the interactive effects with other substances?\
Yes

If interactive effects with other substances are known, does the text discuss the mechanisms of these

interactions?

Yes

p. 85, lines 23-24 Should be as follows: “...a recovery period...”
Section 3.9 POPULATIONS THAT ARE UNUSUALLY SUSCEPTIBLE

Is there a discussion of populations at higher risk because of biological differences which make

them more susceptible? Do you agree with the choices of populations?

Yes

p- 86, line 16 Suggest “hyperresponsiveness” instead of hyperreactivity.
Section 3.11 METHODS FOR REDUCING TOXIC EFFECTS

Is the management and treatment specific for the substance, or is it general for a class of

substances?

There is no specific treatment for chlorine-induced health effects. Only general therapeutic approaches
for acute chlorine toxicity can be recommended. On p.89, lines 5-8, the text describes treatment for
pulmonary edema in a manner that is both naive and too specific. I would delete this sentence and
substitute the following: “If pulmonary edema occurs, emergent treatment and monitoring in an intensive

care unit is often necessary.”

13
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Is there any controversy associated with the treatment?
The use of 5% nebulized bicarhonate to neutralize the hydrochloric acid that forms in the airways after
inhalation of chlorine is not accepted as standard therapy. On p. 89, line 3 specific beta-agonist
bronchadilators are mentioned. I would revise this sentence as follows: “Nebulized bronchodilators

should be used to treat bronchospasm.”

Are there any hazards associated with the treatment of populations that are unusually susceptible

to the substance?
No

Are there treatments available to prevent the specific substance from reaching the target organg(s),

or are the actions general for a class of substance?

There is no specific treatment to prevent chlorine from reaching target organs. Only general approaches

can be recommended.
Is there any controversy associated with the treatment?
No

Are there any hazards associated with the treatment of populations that are unusually susceptible

to the substance?
No

Are there treatments to prevent adverse effects as the substance is being eliminated from the major

organs/tissues where it has been stored?

No

10
14
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Section 3.12 ADEQUACY OF THE DATABASE

Existing Information on Health Effects of Chlorine

Do you know of other studies that may fill a data gap?

No

Identification of Data Needs

Are the data needs presented in a neutral, non-judgmental fashion?
Yes

Do you agree with the identified data needs?

Yes

Does the text .indicate whether any informaﬁon on the data needs exists?
Yes

Does the text adequately justify why further development of the data need would be desirable; or

conversely, justify the “inappropriateness” of developing the data need at present?
Yes
CHAPTER 4. CHEMICAL AND PHYSICAL INFORMATION

Are you aware of any information or values that are wrong or missing in the chemical and physical

properties tables?

No

I1
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CHAPTER 5. PRODUCTION, IMPORT/EXPORT, USE, AND DISPOSAL

Are you aware of any information or values that are wrong or missing in the chemical and physical

properties tables?
No

p. 104, line 35 There appears to be something missing from this sentence. It’s not clear to what

“hypo” is referring.
CHAPTER 6. POTENTIAL FOR HUMAN EXPOSURE

Has the text appropriately traced the substance from its point of release to the environment until it
reaches the i-eceptor population? Does the text provide sufficient and technically sound

information regarding the extent of occurrence at NPL sites?
Yes

Does the text cover pertinent information relative to transport, partitioning, transformation, and

degradation of cresols in all media?
Yes

Does the text cover pertinent information on levels monitored or estimated in the environment,
including background levels? Are proper units used for each medium? Does the information
include the form of the substance measured? Is there adequate discussion of the quality of the

information?

Yes

12
16
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Does the text describe sources and pathways of exposure for the general population and

occupations involved in the handling of cresols, as well as populations with potentially high
" exposures? Do you agree with the selection of these populations?

Yes

Existing Information on Potential for Human Exposure to Chlorine

Do you know of other studies that may fill a data gap?

No

Identification of Data Needs

Are tﬁe data needs presented in a neutral, non-judgmental fashion?

Yes

Do you agree with the identified data needs?

Yes

Does the text indicate whether any information on the data needs exists?

Yes

Does the text adequately justify why further development of the data need would be desirable; or

conversely, justify the “inappropriateness” of developing the data need at present?

Yes

17
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CHAPTER 7. ANALYTICAL METHODS

Al_'e you aware of additional methods that can be added to the tables?

No

Have methods been included for measuring key metabolites mentioned previously in the text?

Yes

If unique issues related to sampling for the substance exist, have they been adequately addressed in

the text?

Yes

Existing Information on Analytical Methods for Chlorine

Do you know of other studies that may fill a data gap?

No

Idéntiﬁcationlof Data Needs

Are the data needs presented in a neutral, non-judgmental fashion?
Yes’

Do you agree with the identified data needs?

Yes

18
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Does the text indicate whether any information on the data needs exists?
Yes

Does the text adequately justify why further development of the data need would be desirable; or

conversely, justify the “inappropriateness” of developing the data need at present?

Yes

CHAPTER 8. REGULATIONS AND ADVISORIES

Are you aware of other regulations or guidelines that may be appropriate for the table?
No

CHAPTER 9. REFERENCES

Are there additional references that provide new data or are there better studies than those already

in the text?

Not of which I am aware.
UNPUBLISHED STUDY
Kutzman et al. 1983

This study was adequately designed. The methods used were appropriate. The reporting of results and

their interpretation by the author are reasonable. I agree with the interpretation of the author.

15
19
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Meryl Karol

ATSDR Toxicological Profile on Chlorine
Summary Report -
by
Meryl Karol

Overview

The profile has identified and presented the important sources of information relative to chlorine.

Children’s health and development have been addressed appropriately.
Chapter 1. Public Health Statement

This Chapter presents important information in a non-technical style. The use of questions as
major headings is effective and the answers are appropriate for a lay public. The Section on
Animal Testing (p. 3) is inappropriate and should be deleted.

QOccasionally, alternative wording is suggested (by an underline} for clarification and/or tone.
The frequent misplacement of adjectives (see *) throughout this Chapter (and rriany others in the

Report) often creates misinterpretations and always deiracts from an otherwise excellent Report.

1. Page 1, line 14 Change “so” to highly _
2. Page 1, line 19 Needs examples of how you contact chlorine. Insert at end of line 19, through

inhalation, via_skin contact. or by ingestion.

3. Page 2, line 4 Needs information regarding what chlorine reacts with when released into the

atmosphere. Insert with a variety of chemicals, including water, to form strong acids. after

“and reacts”.

4, Page 2. Line 8, “elemental chlorine” is a scientific term that needs further explanation for the
intended readership.

5. *Page 3 line 3 (and throughout the review) misplaced modifiers cause misinterpretations.
Change statement to “Chlorine gas erly enters your body only when you breathe it in.

6. Page 3 line 3 Insert here - Chlorine is also absorbed following skin contact.

7. Page 3, lines 8-19. This section is inappropriate here. It is judgmental and out of place in a

Public Health overview. I suggest it be deleted.

23



11.
. Page 5, Birth defects after “hypochlorite solution” insert the concentration used in the study

13.
14,

15.

Meryl Karol

Page 4, section titled Long-term exposure to chlorine in air. Clarification needed of what is
meant by the phrase, “relatively low concentrations”. Suggest adding an example of such a
concentration.

Page 4, insert after “(less than a cup)” typically of chlorine-treated drinking water

. Page 5, line 5, Examples are needed of “ Short-term exposures” (ie. 1 hr) and “longer-term”

(ie,> I week). Most importantly, as worded, this section appears to contradict statements

made elsewhere in the report that children are not small adults. This section must be
reworded to indicate that the effect from chlorine depeﬁds on both the concentration of
chlorine, the route of exposure, and, because of developmental considerations, on the age of
the infant/child.

Page 5, Birth defects insert after “pregnant women” or_pregnant animals

described.

Page 5, line 15 last sentence, insert after “ingestion of” Jarge amounts of hypochlorite

Page 6, lines 14-16. Change to: levels that affect animals; they are then adjusted to levels
that will help-protect not harm humans. Semetimes-These not-to-exceed levels differameng
federnl -erganizations-beeause-they-used-different specify exposure times {an 8-hour worktélay
or a 24-hour day). ;-different-animal-studies;-or-etherfaeters—Sometimes they are based on

animal studies.

Page 6, line 23 Levels in air set by EPA, reword as follows:
EPA established an environmental air limit or 0.5 ppm. Exposure to higher levels

could result in discomfort and irritation= Dependent upon the concentration, these

effects are may be reversible when exposure ends.

Chapter 2. Relevance to Public Health

This Chapter presents the important effects known to occur in humans exposed to chlorine.

Appropriate extrapolation of animal data to human effects is addressed by specific comments

below as are appropriate descriptions of exposure conditions.

Page 8, line 19. Usually reference is made to a chemical’s half-life, not lifetime.
Should the half-life should be used here? Graedel 1978 reference contained
neither value,

Page 10, line 17. Description of “alveolar capillary congestion’ unclear.

24
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11.

12.

13.
14,

15.

16.
17.

18.
19,

20.

Meryl Karol

Should state that edema is due to damage to the lung tissue,

Page 10, lines 21-24 are unclear. What does “which” (line 22) refer to?

Page 10, line 25, misplaced modifier confuses meaning of the sentence. Change to
““concentrations of chlorine may still be stiH in danger of delayed...”

Page 10, line 32 another misplaced adjective, change to “departments following kigh

exposure to high chlorine gas”

Page 11, lines 1-2. Change to “may also represent a general response to the stress
and anxiety of having been involved in a chemical accident and being admitted to a
health facility. +the-same-can-be-said-about-anxiedy.

Page 11, line 15. Change to “residual effects will be present are-detected, including”

Page 11, line 21. Delete “easily” )

Page 12, line 9. Change to “though, under normal pH, the predominant species are

expected to be hypochlorous acid and hypochlorite. uadernermal-pH-
Page 12, line 25. Consistency is needed in presentation of units, Providing both

ppm and mg/L throughout the document is suggested.
Page 13, line 5. Change to “it is this property that may result in the jrritant contact

dermatitis.”

Pape 13, lines 16-26. For each study, please provide the number of months that the animals
were exposed to the agent.

Page 13, line 20. Change “immune ef or nervous system”.

Page 13, line 21. More information is needed here regarding the nature of the immune
parameters that were affected.

Page 13, line 32. Change to “risk of adverse (noncarcinogenic) effects {(nonearsinegenic)

over a specified”

Page 14, line 20 . Define “sensory irritant”,
Page 14, lines 21-25. Reword the rambling sentence. The following is suggested:
“Information that could be used for quantitative risk assessment regarding effects ef-from

acute exposure of humans to chlorine in-humans-that-could-be-used-for-quantitative-risk

assessment is available from several studies in of volunteers exposed to chlorine gas uader

oft for 15 minutes ard - 8 hours “

Page 15, line 19 insert word as follows: “decrease in respiratory rate has been
Page 15, lines 26-28. Clarification needed as to whether the sensory irritation was measured
in humans or in animals.

Page 15, line 29. Clarify what is meant by a “co-principal” study?

25
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22,

23.

24,
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Page 16, lines 7-8 need clarification. The following is suggested: “suggesting that the
response was related to some-funetion-ofeoncentrationand duration in addition retherthan-to
concentration. alene:

Page 16, line 13. It is not clearly stated here how the 0.2 ppm MRL was derived. Refertoa
fuller explanation of how the NOEL of 0.5 ppm was used to derive a 0.2 ppm MRL.

Page 16 Justification is needed for the use of the unpublished Kutzman study (1983} to
derive an MRL. Further, the Kutzman study is compromised by the use of animals with
underlying lung disease.

Page 22 Delete sentence on lines 11-13 since there is no basis for this negative statement
regarding absence of mechanistic information. There is- no reason to discount the results of

the Exon et al (1987) study (especially when it is considered in the deliberation on P. 23).

Chapter 3. Health Eifects

This Chapter is appropriate for public health officials, physicians and concerned citizens.

Specific comments regarding appropriate use of animals, interpretation of studies and

identification of NOAELS and LOAELSs are presented below.

1.

N

Page 28, lines 16-28. Where possible, please provide estimates of the airborne

chlorine concentrations resulting from these spills.

Figure 1 is too complicated for meaningful intérpretation; it must be simplified..

The legend should explain the numbers used in the figure; Less and More Serious

should be defined both in the figure and in Table 3-1. Does 4 refer to human?

Table 3-1. Convert 960 min into hrs.

Page 31, line 1. The statement that the upper portion of the respiratory system is the tarpet
for exposure should be qualified with inclusion of statements as to the species (and its
breathing pattern} and the concentration at exposure.

Table 3-2 should be updated using more recent data. Does it refer only to human data ?
Page 31, line 23. Isn’t there information more recent than a 1976 NIOSH review?

Page 37, lines 28-34. The (in)apbropriateness of the 0.5 ppm NOEL for sensitive
populations should be stated.

Page 39, lines 16-17. Cllarify what is meant by “in principle” the concentration was always

below 0.5 ppm.

26
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11

12,

13

14,

15,

16.
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Page 40, lines 26-33. A statement should be added that without knowledge of exposure
concentration or duration, this study has minimal value.

Pape 41, lines 5-18. A statement similar to the one above should also be made about the
study reported here. '

Page 43, line 7. Insert the underlined as follows: “The concentration of the chemicals that
induces a 50% decrease in respiratory rate is termed RD50.”

Page 46, lines 28-29. An explanation is needed for why the unpublished Kurtzman 1983
report was selected to be the basis for the MRL derivation.

Page 67, Section 3.2.2.7. A brief overview is needed of the carcinogenicity of chlorinated
organics that form as a result of chlorination of drinking water. Emphasis should be placed
on the concentration of chloride in the water and the frequency, and types, of cancers noted.

Page 70, lines 10-13. Unpublished information should not be included in this review
without careful scrutiny (self- scientific review) of the study.

Page 70 lines 17-23. The term “allergic contact dermatitis” should be changed to “contact
dermatitis” in agreement with the author’s (Osmundsen) description of the lesion. Further
this information should be moved to section 3.2.3.2 Dermal effects

Page 77 line 1, EPA has reported development of a PBPK model for chlorine. I suggest you

contact them for a possible preprint of the article (see Abstract below)
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Madular Application of Compntational Medels of Inhaled Reactlve Gas Dosimetry for
Rlsk Asyessment of Resplratory Tract Toxlclty: Chlorine

Authars: Acnic Jarabek', Jeffry Schroeler’, Melvin Andersea’, ulia Kienbell®

‘U.S. EPA/O{fice of Rescarch and Development (ORDYNational Center for Environmental
Asscement (NCEA ¥Immedsate Office (TO) and National Health and Environmental Eftects
Rescarch Leboratory (NHEERLYExperimenrl Toxioclogy Divislon (ETD) Pulmonary
Toxicology Branch (PTB}

“The Hamner Institates for Health Sefences, Unlted States

Keywords: respliratory mact, reacdve gases, eplthelial pererbation, oxldatve stress. chlorine

Inhaled reactive gases fypically conse respiratary tract taxicity with a prontinent proximal 1o
disial lesion patiern. This patiom is largely driven by sirflow, and interspecics differences
between rodents end bumans result from factors such es alrway erchliccture, ventilatlon rate,
breathing mode. end Lhe metabolic capacity of differenl tissue 1ypes. Accurnte exirapolation af
the dose-response for respiratory loxicily observed in rodents to predict buman health risk
requires deseription of these factors a1 a lovel of detail commensurate with the experimental data
and enderstonding of the made of action (MOA) for the inhaled gas. A muite of models can be
cmploved in a modular fashion to address the need for differemt descriprions that depersd en the
speeics and level of detail in the datn. Hybeid computational fluid dynamics- physiologically-
bascd pharmacokinctic (CFD-PBPK) modcls afford the flexibility to predict difforent dose
metries in the upper respiraloey race (URT) that range from average flux in the entire region to
localized cstimates. The dose descripion can be extended into the vissues with FBIFK
companments for metabollsm and oher reactions. A modular application s provided by a CFD-
PBrK modcl for inhaled chlorine. The hypothesized MOA for chlerine Ls that it imtant effects
arc due to oxidative suress medized by hypachloreus acid (HOC1). HOC forms in cpitheliaf
tissucs by hydralysis and downsteem blological responses. A CFD-FBPK mode] was developed
uslng experimental dota on chlosing uptake delivered in situ to the isolated URT of F344 rats.
Tissuc chierotyrosine (3-chlore- and 3.5-dichlororytosine}, measured in samples from four
different repions ecpresentng respicatary and elfaciory tssues in both sepal and [ateral
airstreams, was uscd as an inernal dosimeter. The CFD mesh was segmenied to provide
estimates of chlerine flux in cach reglon. The PBI'K modcl of the tissuc describes rates for
chlorine hydrelysis, reactlen of HOC] with proteins, and scavenging of reactive specics by
soluble ami-oxtdanis. Human dosc extimates, which require consideration of delivery to the
lowee respiratory tract (LRT) due ro mouth breathing, are caleulsted by ealibration ol he CFD-
PBPK modcl structurcs of the human URT 10 typical-path descriptions of the cntire respiratory
tract.

This abstrace does nor veflecr ULS. Enviranmental Protection Agency policy,

Polot of Contact:

Anni¢ Jerabek

Speeial Assistant/Senior Taxicologist

LS. EPA/ORDYNCEAYD and NHEERL/ETIMPTH
B-143-01

17. Page 79, line 1, Shouldn’t this line read “and no single animal species has emerged as a
preferred animal model for human gastric toxicity™?

18. Page 80, line 11, change “no” to “not”.

19. Page 80, lines 15-17. Specify the chlorine species to which the rats were exposed.

20. Page 89, Section 3.12.1, figs 3-4 and 3-5 are clear and provide some good information.
However, they could be made even more informative. Include target organs (information
given on p. 90 lines 8-16 re lung, eye, etc) and (LOAEL for each organ). It would be very
helpful to designate the quality of each the studies (employing, perhaps, a scale of 1-5).
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2].

22,

23.
24,

25,

26.

27,

28.

Mery! Karol

Page 91, Section 3.12.2 The studies should be evaluated before concluding that more
research is, or is not, needed. Studies may disagree with regard to persistent effects, but the
quality of the study may suggest whether its conclusions are valid.

Page 92, lines 26-27. It is inappropriate to select an unpublished study as the principal work
on which to base a MRL, especially when peer-reviewed, published studies are available.
Page 93, line 8. The meaning of this sentence is unclear.

Page 94, line 12-14. I see no need to conduct this study if epidemiologic data do not
suggest such an effect in humans.

Page 96, lines 19-29. A mechanism utilizing oxidative reactions could be hypothesized for
immunotoxicity from chiorine in water.

Page 96, lines 31-33. Clarification is needed as to whether the reports concluded “contact
dermatitis’ or ‘allergic contact derrnatitis;’.

Page 97, lines 27-28, Considering the size and expense of such a study, it does not seem
prudent to suggest undertaking a [ong-term, low-dose inhalation study in monkeys to
evaluate what is expected to be minimal nasal changes. _

Page 100, Section 3.12.3. There appear to be ongoing studies at the EPA. See Abstract of
Jabarek et al 2007 (p. 5 of this Report).

Chapter 4. Chemical and Physical Ini‘drmation

The information presented in this Chapter is appropriate and complete.

Chapter 5. Production, Import/Export, Use and Disposal

The information is appropriate. Specific suggestions for clarification are below.

Page 104, lines 1-4. The numbers in Table 5-2 should be checked; there seems to be a
problem with columns 3 and 4.
Page 104, Section 5.3. Reference should be made to Table 5-2 that contains information on

uses.

Chapter 6. Potential for Human Exposure

The text is appropriate and appears to be complete. Specific comments are below.
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1. Page 106, line 21, and P. 110, line 23, Can half-life be calculated?

2. Page 108, lines 2-13. Please indicate why, from all the known accidental spills that have
occurred, these particular reports were selected for presentation here.

3. Page 114, lines 20-28. If this is a direct quote from the NRC monograph, there should be
quotation marks.

4. Page 116, Section 6.8.1. Environmental Fate. It would be very helpful to include the half-
life of chlorine released into the air (as a function of altitude) and to specify the factors that
accelerate and retard its decomposition.

5. Page 117, lines 26 and 33-34. Specify how humans would be monitored. What
species/characteristics/activities would be monitored?

6. Pape 119; Section 7.1 Information should be added concerning the in vivo formation of
organochlorine products such as di- and trichloroacetic acids. Chloroform has been identified
in the stomach contents of the animals dosed with NaQCl but was not detected in control
animals. .

7. Page 124, linel8. Insert the chlorine concentration used in the exposure.
Chapter 7. Analytical Methods

The Chapter appears to be complete.

Chapter 8. Regulations and Advisories
"The Chapter appears to be complete.

Chapter 9. Relerences

The Chapter is complete.

Unpublished Study

See Review of Kurtzman 1983 BNL report
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Review of Kurtzman 1983, “4 Stmfy of Fischer -344 Rats Subchronically Exposed to
0.0.5, 1.5, or 5.0 ppm Chlorine”. BNL report 32710

The objective of the study was to relate chlorine-induced compositional, structural and
functional changes in Fischer 344 rats. Exposure, via inhalation, was for 62 days
(6h/day, 5 d/wk) at 0, 0.5, 1.5 or 5 ppm chlorine. They were then held for 6 days before

examination.

Major findings

1. Upper respiratory tract and ocular irritation

2. atall concentrations, female rats fared worse than male rats (reduced weight gain).

3. Lung physiology and lesions not remarkable; subtle tracheal changes in high
exposure group.

4. Collagen increase noted in lungs of 1.5and 5 ppm groups.

5. Can discriminate between exposed and control groups by
collagen, elastin, and functional reserve capacity (although not statistically

significant).

Critique
1. The effects from possible by-products of the chlorine exposure, and from its

reactions with animal waste must be considered. This is a serious drawback of
the study. The authors note that chloramines were forméd from the reaction of
chlorine with urine in the chamber. In addition, endogenously produced ammonia
was measured in the chamber and was dependent on the animal loading, airflow
through the chamber, and the animal waste. The reaction of chlorine with
stainless steel was assessed by measurement of several metals, but reaction of
chlorine with Lucite was not considered. Being an acrylic, lucite is likely
susceptible to oxidizing agents such as chlorine. Chloramine is an irritant and
damages mucous membranes, and has been associated with asthma. The mean

concentrations in the chambers were reported to be 0.42, 0.49 and 0.63 ppm.
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Meryl] Karol

P.11 look up recent studies of immune effects from chlorine.

3. The female rats were severely affected by the chlorine as indicated by their lack

of weight gain at all chlorine concentrations.

Adaptation of animals to chlorine was noted making difficult extrapolation of
findings to acute exposure situations. In addition, the effect of the 6 day delay
following chlorine exposure before assessing the health effects should be
considered. The rationale given for the delay (avoidance of acute effects) is not
reasonable since acute effects are not expected after 62 days of exposure unless
there is complete recovery overnight, each night.

What is serfous and less serious (p.2)

Barrow (ref 6) reported more severe effects in rats exposed to 1,3,9 ppm Chlorine
for 30 days. Evaluated rats within 1 day following exposure, 10 females and 10
males. Weight gain similar as here.

Animal to human factor of 3 or 10?7

Figure 3-1 is incomprehensible. The information it contains should be in Table
format.

The lungs of the control animals were compromised in that there was evidence of
low grade pneumonia and focal acute alveolitis. This compromises pulmonary
LOAEL and NOAEL calculations. Moreover, the authors cite refs 30 and 44 as
indicating that the “pathology observed in the rodent respiratory system by
exposure to chlorine gas seems to be dependent upon the initial health of the
lung.” Thus the pathology observed in this study is of qu‘estionable relationship to
chlorine exposure. |

The absence of a correlation between structural and functional changes in the
lungs is troubling, as is the negative correlation of pathology rank with elastin and
hydroxyproline, and the negative relationship between protein and lung function

parameters in the controls.
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Dennis Shusterman, M.D., MPH
Faculty Physician
Occupational and Environmental Medicine Program
University of Washington
Seattle, WA 98104
206-744-9398

Email: dennis3(@u.washington.edu
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D. Shusterman

Review of
DRAFT Toxicological Profile for Chlorine

Reviewer: Dennis Shusterrflan, MD, MPH
Seattle, WA

In completion of Consulting Agreement 0133.06.004/46 with Eastern Research Group, Inc.

The above document, marked DRAFT 2, was reviewed in accordance with the Guidelines for Peer
Review supplied to the reviewer. Special aftention is focused on child health and development,
specifically, in answering the following questions: * Are there any data relevant to child health and
developmental effects that have not been discussed in the profile and should be? * Are there any general
issues relevant to child health that have not been discussed in the profile and should be? Annotation was

made directly on the draft, and in addition, the following editorial comments are offered:
Section 1 — Public Health Statement

The listing of health effects due to “short-term exposure to chlorine in air” should include concentration
ranges for all health endpoints for which an exposure duration is not offered (e.g., it currently states “eye
irritation at 5 ppm.”} This is not only because of uncertainty and biological variability, but also because
exposure time is a co-factor in the occurrence of health effects. (p. 4} More specifically, in Anglen

(1981), dose- and time-related trends in subjective eye irritation were apparent at and above 1.0 ppm.

The tabular listing stating “Short-term exposures to high concentration of chlorine affect children in the
same manner they affect adults.”  First, these effects should be briefly synopsized, as indicated in the
attached annotations. Equally important, however, aside from the acute effects involving rhinitis,
conjunctivitis, tracheo-bronchitis, bronchospasm, RADS and chemical pneumonitis, we actually do not -

know whether the sequelae of acute, high-level exposures in children differ from those in adults. (p. 5)

‘Under protective recommendations, the authors indicate that “OSHA has set a legal limit of 1 ppm
chlorine in air averaged over an 8-hour working day.” In fact, this 8-hour limit is a CEILING
concentration (i.e., not to be exceeded at any time). Both NIOSH and ACGME recommend a 0.5 ppm 8-
hour time-weighted average (as well as a 1.0 ppm 15-min. STEL), but neither of these have been adopted
by OSHA. (p. 6) .
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D. Shusterman

Section 2 — Relevance to Public Health

After paraphrasing a series of studies by Kilburn purporting to document long-term neurobehavioral

113

effects of chlorine exposure, the report states: “...this could be easily examined in animal models.”
[italics mine] In fact, while standardized methods for study neurobehavicral toxicity in animals do exist,
extrapolation to humans can be quite problematic. Suggested alternative language: “...could potenrially

be examined in animal models.” (p. 11}

At the bottom of page 15, the report catalogs acute-duration human inhalation studies, including those
with pulmonary, sensory, and rhinologic endpoints. On the next page the discussion goes on to focus on
those studies incorporating pulmonary function endpoints, then to justify an acute-duration MRL of
chlorine of 0.2 ppm based on these alone. There are two problems with this argument: 1) The discussion
cones down on pulmonary endpoints (and excludes rhinologic) without explicitly stating that it is doing

s0; 2) the mathematical derivation of the MRL is not provided.
Section 3 — Health Effects

In the introduction to Section 3.2 (p. 26), the report lists potential health effects (“death, systemic...”)

without listing respiratory.

On page 33, line 14, the abbreviation “FEF” is taken to mean “fixed expiratory flow,” when in fact it is

“forced expiratory flow.”

On page 35, line 14, the term “chlorine fumes™ is used, when the correct terminology is, in fact, “chlorine
gas.” The term “fume” is reserved to refer to combustion products (specifically, nascent oxides of metals

or polymers).

On page 36, line 7, the report refers to Rotman, 1983 as a “follow-up study” to Anglen, 1981. However,
it is unclear whether this was, indeed, a separate study or a substudy (phase II) of Anglen. This ambignity
is reinforced by the following statement in Rotman (pp. 1122): “...the subjects found that the 1-ppm
exposure days were distinguishable from the control or sham days by the occurrence of itchy eyes
(etc..)...” Rotman then cites Anglen for this statement. Further, the number of subjects in Anglen’s
phase I (9) closely approximates the number in Rotman (8). I'm not sure if it is possible to clear up this

ambiguity other than by contacting the authors for clarification.
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D. Shusterman

On page 37, lines 12-13, in reviewing the report by Schins et al. (2000) the report states “,..subjective
complaints by the subjects were judged to be not treatment-related.” This point was critiqued as
methodologically flawed in correspondence by Shusterman et al. (2002) (ATTACHED).

On pages 38-39, several studies of chlorine-exposed pulp mill workers are reviewed. It is not until the
last review (p. 38; [ines 33-34) that the complexity of potential pulp mill exposures is reviewed. It might
serve well to move up a generic discussion of exposures to an introductory paragraph so that this
information is in mind for all of the studies. In addition, more specific information as to the type of pulp

mill (kraft, sulfite) would help establish competing exposures.

On page 40, in the summary of a case series by Moulick et al., the paragraph concludes with the phrase
*...and pulmonary function tests were normal” (lines 11-12). Ideally, summaries of ali case reports and
case series should include a statement whether or not a test of nonspecific bronchial responsiveness (e.g.,

methacholine challenge} has been performed.

On page 43, line 11, the report references “...rats pre-exposed to chlorine at 1, 5, or 10 ppm...” It would
be useful in understanding this experiment to know, not only the duration of this pre-exposure, but also

the interval between pre-exposure and measurement of the RDs.

On page 44, line 16, the report states “...showed no specific airway pathology™ in referring to rabbits
allowed to recover from chlorine-induced “chronic pneumonitis and anatomic emphysema.” Since
complete recovery from these conditions seems unusual, perhaps the reviewers meant to distinguish

between “airway pathology” and “pulmonary pathology” (the latter also including alveolar pathology)?

On page 46, line 16, the report refers to “diffusing capacity for CO,.” Is the intended reference to
“diffusion capacity for CO?” '

On page 54, lines 3-5, the report states: “...headache, dizziness, anxiety, and syncope are commonly
reported following acute high exposures to chlorine and are thought to be due, at least in part to anoxic
anoxia induced by chlorine.” If by “anoxic anoxia” the authors are referring to simple asphyxia, it is
important to note that, in order to achieve an “oxygen-deficient atmosphere (FIO2 < 19% at sea level, ora
10% relative reduction of FIO2), it would be necessary to have chlorine levels of at |east 10% (or 100,000

ppm), concentrations that would be rapidly fatal.
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D. Shusterman

On page 60, line 26, there is an apparent missing word “...caused the death § dogs...”
On page 67, line 22, there is an awkward dependent clause: ... did not occur in males...”

On page 70, lines 7-13, reference is made to “irritation” of the comea. Irritation is generally gauged by a
vascular inflammatory response, and in the absence of neovascularization, the comea is normally
avascular. Thus, the word “irritation” is more often applied to the conjunctiva, whereas “erosion” is

applied to the comea.

On page 72, line 23 et seq., some discussion is line for the use of the term “absorption.” The word
implies that a substance (xenobiotic) passes an epithelial or mucosal barrier and is either taken u p into the
circulation or is at least locally deposited in tissue. In the case of chlorine gas, the agent’s surface
reactivity is so great that this criterion is not met. Thus, Nodelman and Ultman’s experiments could best
be described as measurements of chlorine “clearance,” rather than absorption. This point is key to the
lack of data in the subsequent discussions of distribution, metabolism, and elimination, since there is no

tissue burden of chlorine to distribute, metabolize, or eliminate.

Also on page 72, line 35, the statement is made “...absorption appeared to be concentration-related.” A

more precise expression might be “...absorption appeared to be non-saturable.”

On page 86, line 13, the report indicates that people with hay fever are more susceptible to the effects of
chlorine, but does not cite the work on this (Shusterman et al., 1998 [ATTACHED]; 2003b).

On page 89, lines 3-4, the report states: “Therapy with corticosteroids has not been proved to produce
improvement in chlorine gas poisoning.” This statement, which presumably refers to systemic / oral
steroids, is unreferenced. In fact, individuals experiencing bronchospasm and/or persistent bronchial
hyperreactivity (i.e., incipient or fully developed RADS) should be treated with inhaled steroids and other

anti-asthma measures per NHLBI guidelines.
On page 92, the report references “eye and skin irritation” in volunteers exposed to 1 ppm in the Anglen

& Rotman studies. “Skin irritation” was not included in Anglen’s questionnaire (Figure 4, page 22), and,

as noted above, the Rotman analysis appears to be based on the same experiment.
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On page 97 the report advocates “...neurobehavioral evalutions in subjects known to have been exposed
to high concentrations of chlorine...” 1 would add: “with suitable comparison populations matched for

the prior occurrence of a non-chemically related traumatic event.”
Section 8 — Regulations and Advisories

On page 125, line 18, the report refers to an “3-hour time-weighted average” OSHA exposure limit for

chlorine. As noted above, this should read “ceiling.”

Auxiliary review: NTP Bioassay
No comments

Additional References supplied as .pdf files:

Shusterman D, Murphy M, Balmes J. Seasonal allergic rhinitic and non-rhinitic subjects react

differentially to provocation with chlorine gas. J Allergy Clin Immumol 1998; 101:732-740.

Shusterman D, Solomon C, Balmes J, Blanc P. Chlorine exposure and the upper respiratory tract. Eur
Respir J 2002;19:381-383.
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Dennis Shusterman, M.D., MPH
Faculty Physician
Occupational and Environmental Medicine Program
University of Washington
Seattle, WA 98104
206-744-9398
Email: dennis3@u.washington.ecdu
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Chlorine exposure and the upper respiratory tract

To the Editor;

We rcad with great interest the report of ScHins
et al. [I] on their controiled human-exposure study of
chlorine inhalation. The air pollutant studied, gascous
chlorine, is one of substantial relevance in terms of
total industrial usage and involvement in emergency
release scenaries.

The authors referred to "...a paucity of human data
on the effect of chlorine on the upper respiratory
tract". Their literature review, however, overlooked
two recent and perlinent studies from our institution
pertaining to the effects of Cl; on both the upper
and lower respiratory tracts. ID'ALESSANDRO ef al.
[2] documented a significantly grealer acule bronchial
(obstructive) response in asthmalic versus normal
volunicers exposed to 1.0, but not 0.4 parts per
million (ppm) Cl, for 15 min [2]. SHusTERMAN e af
[3] demonstrated significantly higher nasal irritation
ratings and nasal congestion (assessed by rhino-
manometry) among scasonal allergic rhinitic volun-
teers {as compared lo normal contrels) exposed to
chlorine at 0.5 ppmx 15 min. A common denominator
ol these studies is the need 1o identily potentially
susceplible subpopulations in order lo provide the
most sensilive assay lor potential population-based
health effects.

The inability of Scuiws er af [l] to document
significant subjective complaints in response to Cl,
exposures as high as 0.5 ppmx6 h, may relate to the
manner in which symptoms were recorded, which
did not include baseline (pre-exposure) measures and
was tempered by a physician’s subjective estimation
of the likelihood of relatedness exposure. Moreover,
the study did not employ objective physiological
measures of nasal irritant response {e.g. rhinomano-
melry, acoustic thinometry, nasal peak flow measure-
ment, or rhinostereometry). Given these limilations,
the negative findings of the study should be viewed
with caution, especially in light of other positive
studies with comparable exposure levels that were not
discussed.

D. Shusterman*, C. Sclomon®, J. Balmes*, P. Blanc*
*Divisien of Occupational and Environmental Medicine,
and "Lung Biology Centre, University of California,
San Francisco, CA, USA.
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human volunteers during and after repeated exposure
te chlorine. Eur Respir J 2000, 16: 626632,

2.  D’Alessandro A, Kuschner W, Wong H, Boushey HA,
Blanc PD., Exagperated responses w chlorine inhala-
tion ameng persons with nonspecific airway hyper-
reacitvity. Chesr 1996; 109: 331-337.

3. Shusterman D, Murphy M, Balmes J. Seasonal
allergic rhinitis and non-rhinitic subjects react dilfer-
cntially to provocation with chlorine gas. J Allergy
Clin Immunel 1998; 101: 732-740.

From the authors:

We read with interest the comments of D.
Shusterman and colleagues to our human exposure
study with gaseous chlorine. Although it may scem
like we have "overlooked"” the two studies referred to
in their letter, there are several rcasons why these
controlled human exposure studics were not discussed
in our paper.

The major reason is that we set out to study
potential adverse effects of chlorine in a healthy
population, specifically excluding those with rhinitis
or nonspecific bronchial hyperreactivity in our exten-
sive screening efforls. We don’t see why our data
should be "viewed with caution”, when we aimed to
sludy the nasal and pulmonary effects in heaithy
individuals, instead of subjects thal are known to be
more sensitive (at lower concenirations) showing
cxapgerated responses to inhaled irritants in general.
In addition a nonsignificant congestive and obstruc-
tive response in normal subjects exposed to 0.4 parts
per million (ppm, 60 min) or 0.5 ppm (15 min) of
chlorine were reported in their own studies,

The authors, however, do have a point when they
sugpest objective physiological measures of nasal
irrilanl responses. Although such measurements,
which alse included eye-irritation, were supgested in
our initial study proposal, they were not included in
the final protocol due to technical and financial
rcasons. However, the utmost precision was taken
to score “subjective” symptoms in all four exposure
conditions, where consistency, driven by an exposure-
response relationship was needed to establish a
symplom as an adverse effect related (o chlorine
exposure. In addition, a detailed medical investipation
was performed at prestudy intake, and a daily short
check-up was conducted belore each exposure session,
This information was not provided in the paper. With
regard to subjective symptoms, in our study most
subjects indicated they could smell the presence of
chlorine already at the lowest concentration (0.1 ppm)
but they were not able to discriminate between the
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three different exposure levels, Considering our experi-
ence, we find it surprising that none of the subjecis
tested in their studies were aware of chlorine exposure,
whereas hall of them were hyperreactive and exposed
well over the mean odour threshold of chlorine [1].

Taken topether these data suggest that normal
subjects do mnot show adverse effects <0.5 ppm
chlorine up to several hours (repeated) exposure,
whereas sensitive subjects (with rhinitis or hyperreac-
tivity} show objective effects at such levels, It is up to
regulatory committees to decide whether occupalional
exposure levels should be set to a no-effect level in
highly sensitive groups.
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Subjects with seasonal allergic rhinitis and
nonrhinitic subjects react differentially to nasal
provocation with chlorine gas

Dennis J. Shusterman, MD, MPH,®* Mary Alice Murphy, MD, MPH.,® and

John R. Balmes, MD* San Francisco, Calif.

Bnckground: Nosol Irritatlon and nssocinted symptoms (na-
sal congestion, rhinorrhea, and slaus hendache) ore Impor-
tant elements of the response to indoor and outdoor air pol-
lution. Merked Interindlvidual variobility in such symptoms
has been suggested clinleally and cpldemlologlcally, but ltile
experimentol dato exlst on this Issue,
Objective: We sought to (est the hypothesls that sublects with
sensonal allergle rhinitis {SAR) exhibit ¢ more marked phys-
fologle response (congestlon} after nasal Eeritant provecation
thon do nonrhinitic subjects,
Methods: We studled elght subjects with SAR end elght non-
rhinfic subjects; subjects with SAR were studled gul of sea-
son. In a single-blind ¢rmssover study, subjects had thelr na-
sal olrwny resistance (NAR) mensured in triplicate before,
_immediately after, und 15 minutes alter o 15-mloute expo-
sure (o ellher [tliered alr or 0.5 ppm chlorine In filtered air,
adminisiered through a nasal mask in a climate-controlled
chomber. Log-transformed NAR values were anolyzed in o
repeated-mensures analysks of varinnce model, with confir-
matory 1¢sting vsing paired I lests.
Resulis: The net (chlorine minws sir dey) percent change in
NAR from boseline {before exposure) (0 immcdiotely alter
exposure was +24% In the SAR group ond +3% In the non-
rhinlilc group (¢ < 0.05}. The corresponding net chonges
from bascllne to 15 minules after exposure were +21% In the
SAR group nod -1% In the nonrhinlilc group (p < 0.08).
Conclusions: The observed sugmented nosal congestive re-
sponse of subjects with SAR versus nonrhlnitic subjects to a
conirolled lgw-level chemical irrwant provocatlen Is consls-
tent with epldemiologlc surveys shawing a hlgher prevalence
of nasal symploms among subjects with SAR than nonrhl-
nillc subjects in envlronments Involving Irritont ofr patlot-
onty, {J Aliergy Clio Immunol 1558;101:732.40.)

Key words: Seasonal aflergic dhinitis, nasal irritation,
rhinomancmarry

Epidcmiglogically, eye, nosc, and throat irritation
(irigeminally mediated sensalions) are among Lhe acule
symptoms most frequently reported by individuals cx-
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Abbreviations nsed
ETS: Ewnvironmental 1obacco smoke
NAR: Nasal airway resistance

RANOVA: Rcpeatcd-measures analysis of variance
SAR: Scusonal atlergic rhinitis

posed 10 environmenlal lobacco smoke,'2 workers in
problem buildings,*¢ and residents living near selected
industrial emission sources.™" In addition, irritani-asso-
ciated symptoms of the upper respiratory tract (e.g.,
nasal congestion, rhinorrhica, and sinus headache) may
mimic an allergic response, posing a potential problem
of differential diagnosis for the clinician.® In light of
these facts, any systemalic differences in nasal-icritant
sensitivity within the population would be of inierest to
clinicians, public health practitioners, and chemical risk
ASSEESOTS,

Several observers have linked nasal reactivity to envi-
ronmental irritants (including environmental tobacco
smoke and volatile organic compounds) with preexisting
allergic rhinitis. This link has appearced in cpidemiologic
surveys,™* as well as in limited experimental studies.® 12
If this link is real, it could have imporianl implications
because up 1o 209 of the United Staics population has
atlergic rhinitis and could therefore constilule a suscep-
tible subgroup with respect 1o the effects of irritant air
pollutants.'! The currenl experiment sceks 10 examine
this issue directly, comparing the physiologic reactivity
to irritam provocalion of two groups: subjects with
scasonal allergic rhinilis (SAR) and nonrhinitic subjects.

METHODS

The study consisted of a randomized eross-over cxperiment
in which cach subject. scrving ps his or her own control,
breathed cither an irritant atmosphere {chlorinc gos at 0.5 ppm)
or clean air during L5-minute cxposure perinds 1 weck opart
(Fig. 1). The physiologic endpoint of inlcrest was nasal airway
resistance (NAR), as documented by active posterior rhinoma-
nometry performed before, immedintely alter, and |5 minutes
aler 1he exposurc sessions, Cqual numbers of subjects with
SAR and nonrhinilic subjects were lesied, and subjects with
SAR were tesled out of season. The sludy design was counter-
balanced with respect Lo subject gender and order of expasurc
(i.e., chlerine or air first). The aim of Lhe experiment was 1o test
the hypothesis 1hat subjects with SAR will exhibit a more
marked physiologic response {congestion) to a given nasal
ireitant provocation than will nonrhinitic subjects.
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FIG. 1. Ovorall study design for chlorine provocstion. Study was caunterhalanced with respact to both gender
and arder of expasuro {i.e., aqual numbers of male and femalo rhiritic and nenrhlnitic sublecis were expoand

to air or chlorine first},

Chlorine was chosen as the provocalion agent of choice
because (1) it is highly watcr soluble and hence likely 1o
produce predominanily upper respiratory tract symploms when
odminisiered nasally at an appropriaie concentration; (2) it is
considered ncither a carcinugen or teratogen by the US Envi-
ronmental Protcction Agency. (3) us u gas ils concenlration is
rclatively casily controlled; and (4) it is environmentally rele-
vani in lerms of ils role in accidental releascs and houschold
chemicul mishaps.'* '* In keeping with the goal of achieving a
predominant upper airway eficel, 1the concentration and dura-
tion of cxposurc was chosen on the basis of o review of prior
controlled human exposure studics with this agent. ™ '® Finally.
as a further saleguard againsl poicntizl ndverse 1csung events,
subjects who were idemified as having asthma were excluded
(sce below).

Subjects were recruiled by using an advcriiscment in a
student ncwspaper and poslings at a college campus and
universily medical center, The single inclusion crilerion was age
between 18 and 40 years. Exclusion crilenia included current
cigarette smoking {or within the previous & months), a previous
dingnosis of osthma, pregnancy {currcnl or conlcmplaled wilhin
6 months), nctive [actation, a history ol severe allergic reactions
{anaphylaxis or angioedema), and continuous therapy with
medications hoving antihistaminic side effccts (c.g.. tricyclic
anlidepressants). Aflicr complelion ol a screening question-
naire, subjects read and signed an informed consent document
approved by beth the Commillee en Human Rescarch of the
University of California, San Francisco and the Commitice for
the Protection of Human Subjects of the University of Calilor-

nia, Berkeley, A detailed questionnaire was then adminisiered
that solicited information on prior smoking history, prior
otolaryngologic diognoses, symplams consistent with upper
respiratory tract alleegies, prier allergy testing, prior allcrgen
desensitization therapy, current medications, polential work-
place exposures Lo irritants, and scll-ceported upper respiralory
tracl rcaclivity lo physical and ¢hemical agemis. These latler
measures included on environmienial tobacco simoke (ETS) Score
of 0 10 15 (upper respiratory tract symploms related 1o ETS
cxposurc) and a vusomolor shinitis score of 010 5 {rhinorrhea or
congestion in responsc [0 changes in temperature or humidity,
exposure 1o houschold cleaning praducis, bright lights, per-
fumcs or colognes, and consumpiion of hot or spicy foods)."?
After queslionnaire administration, potential subjects under- -
went skin prick 1esling. This involved o standardized panel
consisting of I3 rcgionally common acroallergens {or mixcs)
plus histamine and salinc controls. For purposes of this study,
subjccts with SAR were defined as subjects with {1) a history of
seasonally occurring sneezing, nasal pruritis, rhinorrhea, post-
nasal drip, andfor nasal congestion, with or without known
precipitants; and (2) skin test reaclivity 1o at least one season-
ally occurring agent from the panel thal corroboraled the
history. Skin Lest reactivity s defined as a wheal reaction to skin
_prick testing with o diameler greater than or equal 1o the
histamine control, Subjects with SAR who also bad skin lest
reaclivily to perennial allergens were retained in the study if
allergen control measures in their home, place of work, or both
rendered them essentially symptam-free outside of their pollen
scason. Nonrhinilic subjects were defined as subjects who
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FIG 2. Schemailc'of chlorine dilutlon apparatus. Nole thet expasure wes by nasal mask with scavenger hose
alteched to T-piece, allowing subjact to transition from exposure 10 physiolpgic 1esling without leaving
climate-controlled chember. CPAP, Continuous positive airway pressura.

repor, al most, infrequent nasal symplams without identified
scasonal variation or precipitanis and with significant skin test
reactivily lo no more than one agent in the pane! of 13
acroallergens, Before skin Lesting, subjeels were asked to
rcirain from taking antihistamines for 72 hours (1erfenadine or
hydroxyzine for 3 weeks, astemizole for 12 weeks),

Once subsequent lesling was scheduled, subjects were asked
to contact siudy personncl and reschedule testing if they
cxperienced symplems consistent wilh an acule respiratory
tract infeciion or an acule ¢xacerbation of their allergic rhinitjs,
Testing was delayed until subjecis were asymptomatic for a
period of ot least 7 days (presumed allergies) or 3 weeks
{suspccied infection) il such symploms were reported. Subjecis
were asked 10 refrain from wearing perfumes, colognes, or
aftershaves an days in which pruvocation tesling was seheduled,
In addition, the [ollowing mcdication preclusions applicd: no
antihistamines for a1 least 72 hours {terfenadine and hy-
droxyzine, 2 wecks; asiemizole. 12 wecks), no nasal or oral
steroids for at least 2 weceks, no nasal cromolyn sodium for ot
least 48 hours, no oral or nasal decongestants for at least 48
hours, and no misccllancous nasal sprays {c.g., salinc) for at
least 24 hours.

A week before provocation tesling, subjects visited Lhe
laboralory o lcarn the technique of active posterior rhinomo-
nometry.'" The rhinomanomeler used (or this purposc was a
mode]l NR6-2 {GM Instrumcnis, Kilwinnig, U.K.) modificd 10
allow the wse of a microbiologic hler {(Model MQ2306; Vacu-
meirics, Inc., Ventra, Calif,) between the mask and pneume-
tachomeler. On the occasion of 1his visit, a variety ol coaching
lechniques were used as necded during rhinomanomelry, how-
cver, consistent with the expericnce of other investigators, two
subjects were unable 10 produce meaninglul pressure-volume
tracings and were subscquently discontinued from the siudy
(sec below),

Provocation testing took place in a 950 cubic foot custom-
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buill climate-controlled chamber with a charcoal- and HEPA-
filtered air supply regulated al 22° = 1°C and 40% * 3%
relative humidily, On provocation testing days, subjecis entered
the climate-controlled chamber and resied quictly for 15 min-
utes before any provocation testing occurred, During this time,
the day's procedures were explained, and pulmonary peak flow
was measured in triplicate with a peak Nowmeter (Wright Peak
Flow Mini-Meter; Clemem Clarke Iniernational, Lud.). After
the acclimation period, subjects raled any preexisling nasal
irrilation (burning, stinging, or lingling on the inside of the
nosc) by adjusling the dial of a rotary polentiomeler calibraled
with the descriptors nowne, siight, moderate, strong, very sirong,
and overpowering.'® The outpul of Lhe potentiomeler (ranging
from 0.00 to 5.00 uniis) was recorded by the one of the
invesligators frum Lhe display of a digital voltmeter. A paper-
and-pencil checklist labeled with the same descriptors noted
above was given to the subject 1o rate the lollowing additional
symptoms/sensalions: nasal congestion. runny nose, postnasal
drip, headache, and odor. Symptom rating was lollowed by a
triplicate measurc of NAR by using the rhinomanometry tech-
nique eullined above, Each of the three NAR mcosurcmenis
consisted of Lhe avernge, over 2 to 4 conseculive breaths, of the
inspiratory and cxpiratory resistance calculaicd by using the
pressurc-cutell method (75 Pa).* If a given recording contained
a hystercsis loop that crossed the 75 Pa cutoll ling, or if the
automatic triggering of the rhinvmanometer's sofrware re-
corded fewer than two full breaths, the recording was repealed,
The rhinomanometer was calibratcd on o daily basis; the
pressure chonnel to a wlerance of 3% by using a Model 405
incline manometer (Airflow Developments, Inc.. High Wy-
combe, G.B.} and [aw 1o a lolerange of £5% with a Modcel 235
lewmerer (Cole-Farmer/Gilmont Instrumems, Vernon Hills,
1.). -

After cliciting bascline symptoms and NAR, the investigatar
siepped behind a translucent sereen and adjusted the breathing
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mixture for the nasal mask assembly. The chloring dilution
apparatus (Fig. 2) blended compressed medical-grade air (Nell-
cor Puritan-Bennel, San Ramon, Culil.) and compressed chlu-
rinc {diluted to 10 ppm in medical-grade air; AGA Gas, Inc.,
Maumce, Ohio} in n siainless steel mixing chamber (Model
FMX7311; Omcga Engincering, Stamfard, Conn.). Dilucnt air,
which compriscd cither $5% or 100% of the lowal flow depend-
ing on the exposurc condition, was preconditiened (o 22° C and
405 RH by using a Modcl 009700 humidificr-heater (Intertech
Corporation, Bannockburn, 1ll.). Immediatcly downsireom
from the mixing chamber was the sampling port lor an ¢leciro-
chemical chlorine monitor {Model 1340; Interscan Corp.,
Chatsworth, Calil}, which continuously sampled the gas mix-
ture and fed its outpul te a strip-char recorder (Madel 1200;
Lincar Instrumenis, Ing,, Irving, Calif.). The gas mixture was
conveyed to the subject with 2.5 cm diamcter cormupaied
respiratory tubing connected by T-picce to a nasal continuous
posilive airway pressure mask (Series 3121; Respironics, Inc.,
Murmaysville, Pa.}, which was sized according to the individual
subject. The sccond limb of the T-pizce connecied 1o a low-
pressure scavenger syslem, which Jed Lo an exhaust oulside of
the chamber and building, The combinatien of a high Aow rale
(60 L/min} and the scavenger sysiem allowed subjecis 1o
breathe with negligible supcrimposed pressure or resislance.
Toe chlerine meler was recalibrated on a daily hasis by using
the certificd conlents of the chlorine cylinder as the siandard.

The 15-minute exposure period through a nasal mask Look
place on a single-blind basis, and 1he order of presenlalion was
subject to limiled randomization (within the constrainis of the
counterbalanced study design). Immecdialely after cessation of
cxposure (and then again [5 minutcs later) the investigatar
nsked subjects 1o rerate any sensation of nasol irrilation by
using the scnsory potentiometer, as well as to score additional
symploms/scnsations by using the paper-and-pencil checklist.
The sccond odor rating referred to the subject’s impression at
the end of exposure, immediacly before removing the nasal
mask. NAR was remeasured times three after each symptom-
raling session, and finally, pulmonary peak flow was reassessed
times three, At the conclusion of the last 1esting session, the
investigalor asked each subject, “Between last weck and this
week, were you aware of your expasure condition?”

The sintistical hypothesis tested was thal subjects with SAR
would show a significantly greater incrcasc in NAR {comparing
chlorine- vs air-cxposure days), as well as significantly preater
symptom rating increascs, than would nonchinitic subjects. For
cach metric, the Shapiro-Wilk 1cst was applicd [or normality.
Given the skewed distribution of both crude NAR and pre- o
posiexposure changes in NAR (as well as the wide range of
baseline NAR values) proportional changes in NAR were
studied throughoul,'™ This metric 100k the Torm of percent
change in NAR (frum daily baseline) for purposes of analysis of
variance {ANOVA) and gruphical represeniation, and log-
rransformed  NAR  for  repeated-measurcs  ANQVA
{(RANOVA). The lawer consisted of a 3-faclor RANOVA
model with three grouping vartables (rhinitis status, gender, and
order of cxposurc} and two 1rial variables (cxposurc condilion
and time), For symplom rating, lhe pre- 10 posicxposure
difference was examined. For each statistical hypothesis, the
above RANOVA model was applicd, and, il significant for the
main or inleractive clect of interest, confirmatory testing was
perfurmed using a subjecl-matched twotailed 1 test comparing
outcomes lor the riskfexposure steatum in question. Finally, rict
percent change in NAR (chlerine minus air) was compared for
rhinitic subjecis versus nonrhinitic subjects by using an unmalched
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TABLE |. Paoled NAR data: Mean crude valugs
{Pa/Lfsec [SEM]}

Before 15 minutes
exposure End of aftar
1 exp e P
Rhinitic Cl, 274 (29) 347 (59) 331 (58)
subjccis Air  248(18) 246 (31) 232 (26)
Nonrhinitic  Cl, 264 (19) 25 (19 278 {15)
subjects Air 24D (27) 243 (27 258 (26)

1 test. It was also cxamincd in lincar regressions against vasomotor
score, ETS score, and against the change in subjective congestion
rating (beflore exposure 1o 15 minutes after exposure).

RESULTS
Subject recruitment and screening

A 1otal of 68 subjects responded to various postings
and advertisements and were provided with a screening
questionnaire. O 51 initial respondents, three were
climinated because of the presence of a contraindicaling
condition {asthma, pregnancy, or lactation), and 11 were
held in reserve because of an excess of nonrhinitic
respondents. Informed consent forms were conveyed to
the remaining 37 prospective subjecls, 25 of whom
returned them. Detailed questionnaires were then dis-
tributed, and all were returned completed. Two subjccts
withdrew from the study at this siage because of time
limitations, and an additional two nonrhinitic subjects
were placed on reserve. Twenty-one subjecls were tc-
[erred for allergy skin lests. Of these, three were elimi-
nated because of discrepancies between their question-
naire responses and skin Lest results. OF the 18 qualified
subjects, two were unable 10 reproducibly perform the
rhinomanomeiry technique. The sixteen remaining study
participants were evenly divided by gender, with mean
ages ol 25.8 years for the SAR group and 29.4 years for
the nonrhinitic group.

NAR

Table 1 presents the mean of crude (untransformed)
NAR values for rhinitic and nonrhinitic subjects beforc,
immediately afier, and 15 minutes afier air and chlorine
exposures. Table 1I presents Lhe corresponding values
for mean percent changes in NAR (rom bascline for
chlorine, air, and chlorine minus air (net percent change
in NAR). Fig. 3 shows the mean (+ SEM) net percent
change in NAR from bascline for postexposurc condi-
tions | and 2. The mean net percent change in NAR
from baseline to immediately aller exposure was +24%
in the SAR group andd +3% in the nonrhinitic group.
The corresponding net changes from bascline 10 15
minutes after exposure were +21% in the SAR group
and -1% in Lhe nonrhinitic group. In the RANOVA
model the interaction lerm for rhinitis*time*condition
was significant {p < 0.05). In a paired t tests among
rhinilic subjects (two-tailed), the disiribution of NAR
values (pereent change from baseling) was significanily
different wwhen comparing chforine and air days (p < 0.05
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FiG. 3. Net percent chenge in nassl alrway rosisience {from
bescling} = SEM [chlarina minus air conditlon} for postoxposura
limes 1 and 2 by rhinilis status |p < 0,05 by ANOVA at bath teating
times),

for both postexposure times | and 2); no such differences
were apparcent for nonrhinitic subjects (Fig. 4}. Finally,
examining nel percenl change in NAR [rom baseline
(chlorinc minus air values) in separate one-way ANO-
VAs (lor postexposurc times 1 and 2), Lhe distdbution of
values for subjects with SAR and nonrhinitic subjects
was significantly different {# < 0.05). Tn sum, subjects
with SAR experienced congestion lo a significantly
greater degree than did nonrhinitic subjects when chlo-
rine and air exposure conditions were compared imme-
diately afier, as well as 15 minules aller, provocalion
CXpOSUIE.

In terms of seli-reported nasal reaclivity lo irrilants
and physical stimuli, vasomotor scores ranged from O to
3, with a mean of 1.25, and ETS scores ranged [rom 0 10
3, with a mean of 0.31. Separate lincar regressions were
performed for net percent change in NAR versus each of
these scores at posiexposure limes I and 2. For bath
lesting times, the vasomotor score yielded small positive
regression cocfficients (+3% per score unil); however,
neither was significantly dilferent from zero. The regres-
sion coefficients for ETS score were somewhal more
substantial (+13% 10 14% per score unit), and for
poslexposure lime 1, the slope was significantly diferent
from zcro. Howcever, given the facl 1hat only three of 16
subjects had nonzero ETS scores, and that the highest
ETS score reporied here was only one-fifth of the

. maximum possible {15), the generalizability of these
findings is probably limited.

Symptoms

In peneral, symplom inlensilies were modest, with
odor ratings averaging 1.25 (and irrilation ratings aver-
aging 0.61) a1 the end of chlorine exposure (1.00 being
slight and 2.00 being moderate). Some subjects did not
detect the odor of chlorine at 0.5 ppm, and a quarter of
the subjects were unable (o dislinguish between the
exposure conditions on the two testing days. On a pooled
basis {subjects with SAR plus nonrhinitic subjects),
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TABLE Il Individual NAR data: Mean percent
change from beseline

Mean % Change In NAR {SEM}

End of 15 minuias aiter
eXposUre expoaure
Rhinitic subjects
Cl, +223% (94) +16.8% (9.4}
Air —14%(70) -3.9%(6.2)
Net dilference {Q2, — Air)  +23.7% +20.7%
Nonrhinitic subjects .
Cly +479% (46)  +7.4% (6.5)
Air +1.3% (24)  +84% (4.2)
Net difference (Cl; — Air) +3.4% -1.0%
Rhinilis Effect
{Cl, — Air, Rhinilic subjects — +203%" +21.7%"*

Nonrhinilic subjccts)

"r < D05 for {rhinitis"time*cenditien) cleet in repeated-measures
model [chlorine vs air; poal- vs precxposuce; rhinitic subjects vs
nonthinitic subjcels}.

significani .chlorne-related increases were apparent for
mean ratings of odor (cnd of exposure; p < 0.001), nasal
irritation {immedialely alter exposure; p < 0.01), amdl
nasal congestion (15 minutes afler exposure; p < 0.05).
QOdor, nasal irritation, and nasal congestion were subse-
quently analyzed separalely by rhinitis status, As noted
in Fig. 5, subjccts with SAR showed greater time-related
increases in these three symptoms as a group than did
nonrhinitic subjecis. No significant exposure-related
changes were obscrved lor rhinorrhea, posinasal drip, or
headache, either on a pooled or stratified basis,

Finally, the relationship between subjective and objec-
live nasal congestion was examined. In a pooled (sub-
jecls wilh SAR plus nenrhinitic subjects) analysis, a
onc-paint change in subjective nasal congeslion rating
was assaciated, on the average, with an 8% change in net
percent change in NAR. However, this effecl was not
statistically significant (~* = 0.03, p = 0.50), and the
regression line became hornizontal when rhinitis siatus
was controlled for. Thus, within either the SAR or
nonrhinitic subgroup, there was csscntially no relation-
ship between subjective and objeclive congestion aller
chlorinc cxposurc.

Pulmonary peak flow

Pulmenary peak flow was abluined before and after
cxposure as a saleguard 1o delecl polentizal acule lower
airway eflects ol low-level chlorine inhalation. None of
the subjects cxhibited clinically significant changes in
peak flow (i.e., decreases =10% of baseline), nor did
they complain of cough, wheezing, or chest tightness on-
chlorine exposure days.

DISCUSSION

Our study demonsirated differential upper respiratory
tract physiologic reactivity to a nasal irritant challenge
comparing subjects with SAR and nonrhinitic subjccts,
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FIG. 4. Paired analyses of pereant change In nesal mirway resistance [from baseline) stratified by rhinitle
Status and tima (p < 0.05 by paired 1 lest far rhinitic subjecls enly et both teating limes).

as evidenced by a grealer proportional increase in NAR
[rom bascline to afler exposure when comparing the
chlorine and air ¢xposure conditions. Rhinitic subjects
also reporied greater exposure-related increases in per-
ceived odor intensity, nasal irritation, and nasa) conges-
tion than did nonrhinitic subjecis. The relationship
between subjective and objcctive nasal congestion, on
the other hand, was cxtremely weak and disappearcd
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entirely when analyses were confined (o either the
rhinitic or nonrhinitic subgroup.

The tesults reported here are unlikely to be due to
confounding because a stratificd sample of rhinilic and
nonrhinitic subjccts was used, and the siudy design was
counter-balanced with respect 1o subjecl gender and
order of cxposurc. Qur results agree with those of
Bascom et al.® and Kjaergaard et al'® both of whom
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FIG. 5. Symplom ratings by Uma stralified by rhinitis status [1 = alight and 2 = moderate}. Signifleent
elavations were apperent, comparlng chlorine and eir exposures, for odor intonsily {p < 0.01 al end of
exposura for rhinitic subjects and p < 0.05 for nonrhiniic subjects), nasel irrteticn (p < 0.05 at and of
exposdre for rhinitic sub)ects only), and nasal congastlon {2 < 0.05 a1 15 minules after exposure for rhinilic

aubjecis only).

showed dilfcrential nasal irrilant sensitivity by allergic
rhtnitis stalus among subgroups selected either explicitly
{Kjacrgaard) or incidentally (Bascom) Lo conlrast re-
sponsc on this (rait (sce below). Our failure to find a
significant correlation between subjective and objective
nasal congeslion is also consislent with the published
literature,2!

The issue of interindividual variability in upper
airway susceplibility Lo irritant chemicals is one ol
considerable clinical interest. Experimentally, the oaly
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published study directly cxamining alopy as a risk
faclor for upper respiralory Lract irrilant reactivily is
that of Kjaergaard ¢1 al,,'" who exposed 18 ol each
group of subjects (subjects with SAR and normal
subjects) (o either a mixture of 22 volatile organic
compounds al 20 mg/m? or lo clean air times 4 hours.
In this experiment, the subjects with SAR reported
greater eye, nose, and Lhroal irritation and showed
greater evidence of an inflammatory response in tear
fluid than did the normal subjects. Although both
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groups showed a decrease of nasal volume by acoustic
rhinemetry, no diflerential response (between rhinilic
and nonrhinitic subjecis) was evident in this regard.
Bascom el al.%-** found that subjects who are histori-
cally reactive lo ETS manifest greater changes in nasal
airway resistance afler ETS provocation than do sell-
reporied nonreactors. Because 60% to 70% of their
hislorically sensitive subjects {(but only 30% of their
nonsensitive subjects) had positive skin lesl results,
their sludies may have indirecily addressed the issue
of aropy as a risk faclor. Significantly, despile the
similarity of ETS-induced symploms 1o those ol aller-
gic rhinitis, the usual markers of [gE-mediated aller-
gic response (histamine, TAME-esterase, albumin,
and kinins) were not elevated in nasal lavage fuid
after ETS provocation.?

Epidemiologically, an asscciation between preexist-
ing atopy and nasal symploms has been noted m
invesligalions of so-called “problem buildings" in
which no bioaerosol problem has been identified.”
Furthermore, reporls of nasal symploms in response
to ETS exposure are more common among individuals
with a prior history of atopy than in nonalopic sub-
jects.? Despile this empirical association wilh alopy,
only a small proportion ol ETS-sensitive subjects have
positive skin lcst reaclivity 1o tobacco-leal extract or
tobacco-smoke condensates.™ The implicalion 1o be
drawn from this work is thal although a prior history
of respiralory allergies appears Lo be a risk facior for
upper respiralory iract rcactivity 1o airborne irritants,
the mechanism of responsc is probably not classical
allergy. The mosi credible candidate for a nonallergic
nasal responsc mechanism involves, the irritant (noci-
ccptor) rtcceptor systiem of the trigeminal nerve™
Within this system, firritant-sensitive C and A8 fibers
innervate the nasal and oral cavities and give rise 1o
both local (neuropeplide-mediatled) and central
{parasympathetic and sympathetic) reflexes, s

In the explanatory model proposed by curselves and
others, preexisting allergic inflammation primes some
portion of the neurogenic reflex laop for response (o
chemical irritants.* Of nole, subjects with SAR in our
study were studied within 1 10 2 months of the end of
their respective allergy scasons Lo preserve any prim-
ing effect and simultancously aveid extrancous allergic
triggering of symptoms. Depending on Lhe aclual
refllex (or reflexes) involved, priming could take the
form of a lowered sensory threshold and/or an aug-
mented slore of neuropeptides in alferent (Irigeminal})
nerve branches, a facililaled brainstem reflex, aug-
mented acetylcholine release [rom the elferent (facial)
nerve, of augmenled responsiveness of the end organ
(in this case, nasal mucosal capacitance vessels) Lo
neuroimmune mediators, Our current data do not
permit us to localize the site of modulation of irrilant-
induced reflexes, However, as a step 1o undersianding
this problem, fulure work will center on defining the
relative conlribulions of autonomic and axon reflexes
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in the vascdilation/airway congeslion response ta irri-
tant provocation.
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CHLORINE

1. PUBLIC HEALTH STATEMENT

Short-term
exposure to
chlorine in air

The following effects have been observed in humans briefly exposed to
chlorine:

« mild nose irrilalon 2 ppm
s eye imitation a @

= throat irritation at ppm

L

immediate chest pain, vomiting, changes in the respiratory
rhythm, and cough at 30 ppm

s toxic pneumaonitis and pulmonary edema (fluid in the lungs) at
40-80 ppm
death after 30 minute exposure to 430 ppm

s death aftar a few minule exposure to 1,000 ppm

In general, people who suffer from respiratory conditions such as allergles
or hay fever, or who are heavy smokers, tend to experience more severe
effects than healthy subjecls or nonsmokers.

Long-term
exposure to
chlorine In air

No significant harmful health effects were observed in workers exposed for
years to relatively low concentrations of chloring

The tissues inside the nose were principally affected in animals exposed to
chlorine for longer durations.

Short-term Drinking small amounts of hypochtarite solution (less than a cup) can
expostre to produce uritation of the esophagus. Drinking concentrated hypochlorite
hypochiorite solution can produce severe damage to the upper digestive tracl and even
solution by death. These effects are mest likely caused by the caustic nature of the
ingestion hypochlorile solution and not from exposure to molecular chlorine.
Long-term There is no information on long-term |ngestion of hypochlorite solution in
exposure {0 humans. Animals that drank hypochlorite solution in water for up to 2 years
hypochlorite did nol show any slgnificant health effects. The amount of hypochlorite
solution by sofution in the water that the animals drank was much smaller than what Is
ingestion found in household bleach.

Skin exposure to  |Spilling hypochlorite solutlon on the skin can produca Irrilation, The severity
hypochlorite of the effects depends on the concentration of sodium hypochlerite In the
solutlon bleach.

Further information on the health effects of chlorine in humans and animals can be found in Chapters 2

and 3.
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1. PUBLIC HEALTH STATEMENT

How can chlorine affect children?

!

b

This section discusses potential health effects in humans from exposures during the period from

Children are likely |Short-term exposures to high con:ezéations of chlorine affect children in

ene
conception to maturity at 18 years of age.

to have simliar the same manner they affect adults{ We do not know what the effecls could
effects as adults |be in children following longer-terrd, Yow-level exposure to chlorine gas, but
this type of exposure occurs only in workers and is not relevant to children.
Woe also do not know what the effects could be In children following longer-
term, low-level exposure to hypochlorite solution.

We do net know whether exposure to chlorine gas during pregnancy can
result in damage to unbomn babies because thera are no studies of pregnant
women exposed to chlorine. There are no studies of pregnant animals
exposed to chlorine gas. One study of rats exposed to hypochlorite sclution
during pregnancy found no evidence of birth defects or any other
developmental alteration In the baby rats.

Birth defects

How can families reduce the risk of exposure to chiorine?

If your doctor finds that you have been exposed to substantial amounts of chlorine, ask whether

your children might also have been exposed. Your doctor might need to ask your state health

department to investigate.
Do not mix bleach [Chlorine gas can be released {o 1he air when bleach Is mixed with other
with household |cleaning solutions that conlain an acid; for example, some tollet cleaners.
cleaners
Store household |Always store household chemlcals in their original labeled containers out of
chemicals out of [reach of young children to prevenl accidental poisonings. Never slore
reach of young household chemicals in conlainers children would find attractive to eat or
children drink from, such as old soda boltles.
Foliow Chlorine gas can also be released to the air when chemicals used to
Instructions for  |chlorinate swimming pools are mishandled. If you have a swimming pool at
swimming pool  |home, read the labels of the chlorination praducts carefully and do not let
disinfection chlidren play with these producls,

Is there a medical test to determine whether | have been exposed to chlorine?

There are ﬁo medical tests to determine whether you have been exposed
specifically to chlorine,

There are no
medical tests
avallable for
chiorine Chlorine is transformed in the body inlo chloride ions, which are normal
components of the body. An enormous amounl of chlorine has to be
inhaled or ingested in order o detect a significant Increase in chloride ions
in the blood. This has occurred in a few cases of ingestion of hypochlorite

solution and one of them was a fatal case.
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CHLORINE ®

1. PUBLIC HEALTH STATEMENT

What recommendations has the federal government made to protect human
health?

The federal government develops regulations and recommendations to protect public health., |

‘Regulations can be enforced by law. The EPA, the Occupational Safety and Health Administration

{OSHA), and the Food and Drug Administration (FDA) ere some federal agencies that develop
regulations for toxic substances. Recommendations provide valuable guidelines to protect public
bealth, but cannot be enforced by law. The Agency for Toxic Substances and Disease Registry
(ATSDR) and the National Institute for Occupational Safety and Health (NIOSH) arc two federal

organizations that develop recommendations for toxic substances.

Regulations and recommendations can be expressed as “not-to-exceed” levels, that is, levels of a
toxic substance in air, water, soil, or food that do not exceed a critical value that is usnally based on
levels that affect animals; they are then adjusted to levels that will help protect humans. Sometimes
these not-to-exceed levels differ among federal organizations because they used different exposure

times (an 8-hour workday or a 24-hour day), different animal studies, or other factors.

Recommendations and regulations are also updated periodically as more information becomes

available. For the most current information, check with the federal agency or organization that

provides it.
Some regulations and recommendations for chlorine include the following: X osHeFEL
= [D 4l
(/et',f'f_’ﬁ
Levels In air set  |EPA established an air limit of 0.5 ppm. Exposure to higher levels could
by EPA result In discomfort and irritation; these effects are reversible when [ viot Ehv
exposure ends. au?%:,‘)
Levels In _ OSHA set a lggal limit of 1 ppm chlorine in air averaged over an B-hgu[ work} — = - =
workplace air set |day. - ¥ tor hr. 6 - NIoSH aL
by OSHA +
Leavels in drinking |EPA established a maximum contaminant level {(MCL) and maximum TU/
water set by EPA (residual disinfectant level (MRDL) of 4 mg/L for free chlorine in drinking ol 7L
water. -
(vhr)=

Where can | get more Information?

If you have any more questions or concerns, please contact your community or state health or

environmental quality department, or contact ATSDR at the address and phone number below.
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CHLORINE 14
2. RELEVANCE TO PUBLIC HEALTH

may also represent a general response to the stress of having been involved in a chemical accident and

being admilted to a health facility; the same can be said about anxiety.

Prolonged exposures to relatively low concentrations of chlorine in occupational settings have not given
indications of respiratory or other health problems among the workers (Enarson et al. 1984; Ferris et al.
1979; Patil et al. 1970), bul additional better-controlled studies are necessary to add confidence to these
early findings. Workers occasionally experience brief episodes of high exposure (“gassing” incidents), in
some cases to concentrations high enough to warrant a visit to the emergency room. In some of these
cases (Bhérer et al. 1994; Kowitz et al. 1967, Schwartz et al. 1990) and also in some cases of exposure of
the general population (Donnelly and FitzGerald 1990; Schonhofer et al. 1996), long-term follow-up has
shown persistent rcsp.iralory alterations that included airway obstruction and reactive airway dysfunction
syndrome (RADS). RADS is defined as an asthma-like iliness after a single acute exposure to a

respiratory irritant in otherwise healthy individuals, characterized by increased responsiveness to

methacholine challenge (Brooks et al. 1985). There are many factors that can play a role in whether
residual effects are detected, including exposure level and duration of exposure, medical treatment
following exposure, length of the follow-up, underlying respiratory disease, and smoking status.

A series of reports by Kilburn (1995, 2000, 2003b) suggested that acute exposure to high concentrations

of chlorine produced long-term neurobehavioral effects (i.e., memory loss, slow reaction time, impaired

balance, hearing loss, visual alierations). No other study of chlorine-exposed subjects has conducted '-
neurobehavioral testing, but this could b&éﬂmamined in animal models. It is not known whether } F" Wﬁ
exposure to chlorine gas can affect repro duction or development in humans. Only one early study ‘
reported that pregnancy outcome was not affected among female workers at a chlorine plant (Sklyanskaya

et al. 1935). There is 2lso no relevant information regarding effects of chlorine exposure on the immune

system. A few studies of workers in the chemical industry did not find any evidence that chlorine gas is

carcinogenic (Barbone et al. 1992; Barregérd et al. 1990; Bond 1983, 1985, 1986; Heldaas et al. 1989).

The EPA, the International Agency for Research on Cancer (JARC), and the Department of Health and

Human Services (DHHS) have not classified chlorine gas as to its carcinogenicity..

The respiratory system is also the target of chlorine toxicity in animals. Animals exposed briefly to high
concentrations of chlorine gas have shown respiratory effects similar to those observed in humans, with
the added observations of severe gross and microscopic changes in the respiratory airways (i.e., Barrow
and Smith 1975; Buckley et al. 1984; Demnati et al. 1995; Jiang et al. 1983). Chlorine, in relatively low
concentrations (1-3 ppm), also induced histological alterations in the respiralory tract, particularly the
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CHLORINE 3
2. RELEVANCE TQ PUBLIC HEALTH

Direct contact of the skin with household chlorine bleach can cause skin irritation in humans (Hostynek et
al. 1989; Nixon et al. 1975). Although sodium hypochlorite generally is not considered a contact
sensitizer, several cases of allergic contact dermalitis have been reported (Eun et al. 1984; Osmundsen
1978; Van Joost et al. 1987). Commerical household bleaches are prepared with sodium hydroxide and
are typically very alkaline (Racioppi et al. 1994); it is this property that may result in the contact
dermatitis. The limited information regarding ocular effects of direct contact of the eye with hypochlorite
solutions suggest that splashes in the eye with house solutions of sodium hypochlorite rarely result in

serious consequences {Grant and Schuman 1993).

For the most part, the results of oral and dermal studies of chlorine in animals support the observations in
humans. Studies in which hypochlorite bleach was placed in the esophagus of animals reproduced the
observations following high exposure in humans (Hook-and Lowty 1974; Landau and Saunders 1964,
Yarington 1970). More recent intermediate- and chronic-duration studies that examined hematology and
clinical chemistry parameters and conducted gross and microscopic examination of tissues from rats and
mice following exposure to chlorine in the drinking water provided little evidence of chlorine-related
toxicity (Daniel et al. 1990, 1991; NTP 1992). In the intermediate-duration studies, Sprague-Dawley rats
and B6C3F, mice were dosed with up to 24.9 and 39.2 mg Cl/kg/day, rcspcctiveiy. In the chronic-
duration studies, rats were exposed to up to 14.4 mg Clkg/day and mice to up 24.2 mg Clkg/day.
Studies in animals have provided no evidence that exposure to aqueous chlorine adversely affects the
immune ; nervous system, although an 8-week study in rats reported alterations in some immune '\@ 1
paramelers of unknown toxicological significance (Exon et al. 1987). Exposure of male and female rats
to aqueous chlorine before and during breeding and of the females during gestation and lactation did not
cause reproductive effects in either sex or adverse developmental effects in the offspring (Cariton ef al.
1986). Cancer bioassays in rats and mice have been negative (Hasegawa et al. 1986; Kurokawa et al.
1986; NTP 1992) except for equivocal evidence of increased incidence of leukemia in female Fischer-344
rais in the NTP (1992) bioassay.

2.3 MINIMAL RISK LEVELS ({MRLs)

Estimates of exposure levels posing minimal risk to humans (MRILs) bave been made for chlorine.
An MRL is defined as an estimate of daily buman exposure to a substance that is likely to be
without an appreciabie risk of adverse effects (noncarcinogenic) over a specified duration of
exposure, MRLs are derived when reliable and sufficient data exist to identify the target organ(s)

of effect or the most sensitive health effect(s) for a specific duration within a given route of
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2. RELEVANCE TO PUBLIC HEALTH a,l ‘6 ﬁ!f- Vhlﬂ \'h.s

<[ s 1erm v
reported in volunteers |4Cf2
dy. The longest exposure

indicated increased airway resistance and reduced air flow. No such changes
exposed to 0.5 ppm chlorine (0.4 ppm in the D’Alessandro et al. [1996])
duration was 8 hours (Anglen 1981; Rotman et al. 1983). These studz
individuals: an atopic subject in the study by Rotman et al. (1983)and subjects showing methacholine

also included sensitive

hyperresponsiveness in the study by D’ Alessandro et al. (1996).f Also of significance is the fact that
Rotman et al. (1983) reporied that exposure to 1 ppm for 8 hou.rshf'nduced greater changes in pulmonary
function tests than exposure 1o the same concentration for 4 hours, suggesting that the response was
related to some function of concentration and duration rather than to concentration alone. Given this
information, an acute-duration inhalation MRL for chlorine can be derived by duration adjustment of the
no-observed-adverse-effect level (NOAEL) of 0.5 ppm for continuous exposure (0.5 ppm x 8 hours/

24 hours) (8 hours was the longest period of exposure for which there is ﬁlformation). An uncertainty

L4

included in two studies. The resulting acute-duration inhalation MRL for chlorine is 0.2 ppm.

———

¢  An MRL of 0.0005 ppm has been derived for intermediate~-duration inhalation exposure (15—
364 days to chlorine gas.

No human studies were available thai could serve as the basis for derivation of an intermediate-duration
inhalation MRL. The animal database for intermediate-duration exposure to chlorine is limited to two
s.tudjes. In one study, male and [emale Fischer 344 rats were exposed o 0, 1, 3, or 9 ppm chlorine

6 hours/day, 5 days/week for 6 weeks (Barrow et al. 1979). In the other study, male and female Fischer
344 rats were exposed to 0, 0.5, 1.5, or 5 ppm chlorine 6 hours/day, 5 days/week for 62 days (Kutzman
1983). Aside for a reduction in final body weight of approximately 11% relative to controls in female rats
exposed to 0.5 ppm chlorine (most likely due to reduced food consumption) in the Kutzman (1983) study,
the most sensitive target for chlorine exposure was the respiratory tract. Bamrow et al. (1979) described
inflammation of the nasal turbinates in rats exposed to >1 ppm chlorine, whereas loss of cilia and
epithelium in the trachea was seen in rats exposed to >0.5 ppm in the Kutzman (1983) study. No
NOAELS for respiratory effects were established in either study. Since incidences of animals with
respiratory lesions were presented in the Kutzman (1983) smdy, but not in the Barrow et al, (1979) study,
the Kutzman {1983) study was selected as the principal study for derivation of an intermediate-duration
inhalation MRL for chlorine {more compleie descriptions of the end points evaluated and the reporied
results in these studies can be found in Section 3.2 and Appendix A).

There were no significant exposure-related increases in the incidences of animals with histological lesions

in any of the examined tissues with the exception of a loss of cilia in the trachea (Kutzman 1983). The
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CHLORINE 26

3. HEALTH EFFECTS

3.1 INTRODUCTION

The primary purpose of this chapter is to provide public health officials, physicians, toxicologists,
and other interested individuals and groups with an overall perspective on the toxicology of
chlorine. It contains descriptions and evaluations of texicological studies and epidemiological
inves'tigations and provides conclusions, where possible, on the relevance of toxicity and

toxicokinetic data to public health.
A glossary and list of acronyms, abbreviations, and symbols can be found at the end of this profile.

3.2 DISCUSSION OF HEALTH EFFECTS BY ROUTE OF EXPOSURE

To help public health professionals and others address the needs of persons living or working near

hazardous waste sites, the information in this section is organized first by route of cxposure

(inhalation, oral, and dermal) and then by health effect (death, systemic, immunological, qum t‘qu"j ‘

neunrological, reproductive, developmental, genotoxic, and carcinogenic effects). These data are
discussed in terms of three exposure periods: acute (14 days or less), intermediate (15-364 days),

and chronic (365 days or more).

Levels of significant exposure for each route and duration are presented in tables 2nd illustrated in
figures. The points in the figures showing no-observed-adverse-effect levels (NOAELSs) or lowest-
observed-adverse-effect levels (LOAELs) reflect the actual do.r;es {levels of exposure) used in the
studies. LOAFELSs have been classified into "less serious™ or "'serious" effects. "Scrious" effects are
those that evoke failure in a biological system and cap lead to morbidity or mortality (e.g., acute
respiratory distress or death). "Less serious™ effects afc those that are not expected to cause
sipnificant dysfunction or death, or those whose significance to the organism is not entirely clear.
ATSDR acknowledges that a considerable amount of judgment may be required in establishing
whether 2n end point should be classified as a NOAEL, "less serious” LOAEL, or “serious"
LOAEL, and that in some cases, there will be insufficient data to decide whether the effect is
indicative of significant dysfunction. However, the Agency has established guidelines and policies
that are used to classify these end points. ATSDR believes that there is sufficient merit in this
approach to warrant an attempt at distinguishing between "less serious™ and "serious" effects.

The distinction between "less serious" effects and "serious” effects is considered to be important
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3. HEALTH EFFECTS

acutely ill patients in moderate to marked respiratory distress, increased respiratory rate of costal
abdominal type, and both dry and moist rales. Laboratory data showed sputurn with large numbers of
epithelial cells showing pronounced degenerative changes. Most cultures showed microorganisms
representative of the normal pharyngeal flora. Chest x-_r_ags_s_howed mottling of the lungs and patches of
irregular density and differences in the degree of aeration between the two pulmonary fields. Spirometry

was conducted on 8 patients 48 hours after exposure and showed markedly reduced vilal capacity (VC)
and maximal breathing capacity (1 minute); these changes showed improvement in subsequent days. The

diagnosis of pulmonary changes was: pulmonary edema, tracheobronchitis, and pneumonia. In
29 patients who were followed for up to 16 months after exposure, there was no evidence of permanent

pulmonary disease.

Hasan et al, (1983) reported that exposure of 28 subjects to chlorine that leaked from a storage tank SR

caused cough, dyspnea, and nasopharyngeal irritation. Pulmonary tests conducted 18 hours after

exposure showed diminished forced expiratory volume in 1 second (FEV ), and low- piratory flow
rate at 50 and 25% vital capacity (FEFs and FEFys) dnd FEFas 75, These abnormalities were still present
14 days afier exposure in subjects whose chief initial complaint was dyspnea. Evaluation of nine subjects

5 months after chlorine exposure showed pulmonary parameters within normal limits.

In contrast to the findings of the above two studies, some studies have reported long-term effects of acute
Wgﬂm. For example, Chester et al, (1977) reported the case of a woman who was
exposed following a leak in a liquid storage tank and suffered severe cough and chest pain within minutes
afier exposure. Chest x-rays at {he time showed bilateral infiltrates in the midpulmonary zones, but 1 year

afler the accident x-rays were normal. However, dyspnea and chronic cough with occasional production

of white (o yellow sputum persisted over the next 4 years. Schonhofer et al. (1996) studied thres cases
thal experienced nose and throat irritation, cough, shortness of breath, wheezing, chest tightness, and a
feeling of suffocation minutes after exposure to chlorine gas that leaked from a tank. Chest x-rays
showed no evidence of pulmonary edema, Four months after the accident, bronchoalveolar lavage
showed inflammatory changes, but no'such changes were seen 16 months later. However, moderate to

severe bronchial hyperresponsiveness was observed up to 30 months after the accident. Schénhofer et al.

{1996) noted that the condition showed the typical feature of the reactive airways dysfunction syndrome
(RADS), defined as an asthma-like occupational illness afler an acute exposure to concentrated

respiratory irritants characterized by increased responsiveness to methacholine (Brooks et al. 1985).
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Chlorine gas can be released around swimming pools when chlorinating agents are handled improperly or
due to malfunction of the chlorination equipment. Sexton and Pronchik (1998) described the effects of
such an exposure on 13 children who presented to the emergency department. On admission to the
emergency department, most patients complained of throat irritation, chest pain, shortness of breath,

wheezing, and chest tightness. Five patients who were admitted to the hospital had normal chest x-rays.

At follow-up interviews 2 weeks later, the patients did not complain of residual respiratory symptoms.
Ploysongsang el al. (1982) studied four patients who inhaled, for 2-5 minutes, an undetermined amount
of chlorine gas that leaked from a container at a public swimming pool and experienced cough, a feeling
of irritation of the upper respiratory tract, and tightness in the chest. Pulmonary function studies
conducted 12-14 hours afier the accident showed values within normal ranges. However, tests done -

1 month later showed a significant increase in measurements of volumes, suggesting that there had been
an acute reduction of lung volumes after the exposure. Ploysongsang et al. (1982) concluded that
exposure to chlorine had produced an insignificant and inconsistent obst@lg@gm large airways. Agabiti
et al. (2001) reported the effects of accidental inhalation of chlorine-fomes among a total of 282 subjects

altending a pool. Cough and shortness of breath were common acute symptoms after the accident and
27% reported some respiratory symptoms 15-30 days after exposure. Lung function measurements at
that time revealed a tendency to lower levels among those with the highest perceived exposure, but only a

decrease in FEV, was significant. The study also found that among children (approximately half the
— =
sample), the incidences of all symptoms tended to be higher among thos had a history of chronj

respiratory disease, among those who were engaged in physical exercise when the accident occurred,

among those who were slow to evacuate the pool, and among those who reported higher exposure (as
judged by eye irmitation). Also, incidences were higher among smokers and former smokers than among

never smokers. A recent study of 18 children exposed to chlorine in a swimming pool accident found that

a biomarker of pulmonary inflammation, Jeukotriene B,, was still significantly increased in exhaled

e T — I
breath condensate 2 months afier exposure, long after pulmonary function parameters had returned to

nc;-n-n?l values {Bonetto et al. 2006). Immediately after exposure, the children had experienced dyspnea
and burning of the throat and spirometry tests done within the first 24 hours showed reduced forced vital
capacity (FVC) and FEV,. The authors also found that hours after exposure a Clara cell-specific protein,
CC16, was significantly elevated in serum compared to healthy children, suggesting that damage had
occwrted to the epithelial permeability barrier.

Controlled Low-level Exposure of Volunteers. Anglen (1981) exposed up to 29 male and female
volunteersto 0, 0.5, 1, 0r 2 pprﬂ chlorine {or either 4 or 8 hours. Sensations were recorded before and

during exposure and pulmonary funclion was monitored by measuring FVC and FEV, before and at
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various times during exposure. Iiching and buming of the throat were the highest responses and were
B

most prevalent by the end of an 8-hour exposure to 1 ppm chlorine. Responses for sensations of ilching

or burning of the nose and eyes were also prevalent at 1 ppm chlorine, In general, males provided
or e =

stronger irritation responses than females, Exposure to 1 or 2 ppm chlorine for 8 hours produced

. significant changes in pulmonary function but similar exposures to 0.5 ppm did not. Exposure to 2 ppm

for up to 30 minutes produced no increasé in subjective irritation and exposure to 2 ppm for 2 hours did
not alter pulmonary function. A follow-up study was conducted in eight healthy male volunteers exposed %C,e
to target concenlrations of 0, 0.5, or 1 ppm chlorine (Rotman et al. 1983). Pulmonary tests were (s

conducted before exposure, after a 4- and 8-hour exposure period and again 2 and 24 hours after exposure
ceased. During exposure, the subjects exercised on a treadmill for 15 minutes of each hour to simulate
light-to-moderate work that raised the heart rate to 100 beats per minute. Specific respiratory parameters
measured included FVC, FEV), forced expired volume in 1 second as percent FVC (FEV,%), peak
cxpirator'y flow rate (PEFR), FEFs and FEFzs, TLC, expiratory reserve volume (ERV), functional
residual capacity (FRC), residual volume, airway resistance (Raw), single-breath DLy, closing volume,
and difference in nitrogen concentrations between 750 and 1,250 mL of inhaled vital capacity (AN;).
Exposure to | ppm chlorine caused runny nose and mild burning in the throat, but no such effects were
reported at 0.5 ppm. Significant changes in pulmonary function tests were mostly restricted to the 1 ppm
exposure level and were evident after 4 hours of exposure, Changes were observed in FEV,, PEFR,
FEFs0, FEFs, TLC, Raw, and AN,. Greater changes in some of these paramelers were seen after 8 hours
of exposure. Few changes were still evident 24 hours after exposure, but most parameters had returmed to

pre-exposure values by that time. It should be noted that one volunteer who was atopic experienced

severe distress during exposure lo 1 ppm and was forced to exit the chamber before the full 8-hour period

due to shortness of breath and wheezing.

D’ Alessandrg et al. (1996) evaluated pulmonary function in subjects with (n=10) and without (n=5}

S ——

airway hyperreactivity (HR, defined by baseline methacholine hyperresponsiveness). The HR subjects
were exposed 10 0.4 or 1.0 ppm chlorine, whereas the healthy subjects were exposed to 1.0 ppm chlorine.

All exposures lasted 60 minutes. Airflow and airway resistance were measured immediately before and
immediately after exposure. Also, lung volumes, airflow, diffusing capacity, airway resistance, and

responsiveness o methacholine were measured 24 hours before and 24 hours after exposure. Exposure of
=4 hours be % howrs an :

the HR group to 0.4 ppm chlorine resulted in no significant change in airflow or resistance either

immediately or 24 hours after exposure. Exposure to 1.0 ppm chlorine resulted in an immediate decrease

in FEV, and FEF,s 45y, and increase in airway resistance among normal and HR subjects, but the

;nagnitude of the effects among HR subjects was significantly greater than in healthy subjects. Twenty-
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four hours after exposure, there were no significant changes for healthy or HR subjects in airflow, lung

volumes, diffusing capacity, resistance, or methacholine responsiveness. Comparing relative changes
from baseline immediately after exposure between normal and HR subjects showed that HR subjects had

much greater changes in pulmonary function tests.

A similar study was conducted in eight volunteers exposed to chlorine 6 hours/day on 3 consecutive days
to each of the four exposure conditions, 0, 0.1, 0.3, and 0.5 ppm chlorine (Schins et al. 2000). Pulmoenary
function including effort-dependent parameters and effort-independent parameters were evaluated before

and after exposures. In addition, nasal lavage measurements were performed before and after each

exposure and I and 4 days after each exposure. The nasal lavage fluid was examined for total cells,
epithelial cells, neutrophils, lymphocytes, eosinophils, monocytes, albumin (an indicator of epithelial
permeability), and interleukin-8 (indicator of inflammatory response). Subjective complaints by thc

subjects were Judged to be € not treatment-related. Examination of the nasal lavages gave no mdlcatmn of
an inflammatory response or irritant cff:c-ts (-m_ the nasal epithelium. The results of the pulmonary
function tests showed that the only significant effect related 1o chiorine exposure was a difference in
maximal mid expiratory flow (MMEF) between 0 and 0.5 ppm exposure; however, this was attributed to
an unexplained shift in baseline values during control exposure (0 ppm). LRI UC :
«Snus"'ﬂ?maq et ol 2002
Shusterman et al. (2003b) measured nasal airway resistance in 52 healthy adults (24 males and
28 females) before and after exposure to 0 or 1 ppm chlorine for 15 minutes, Subjects were stratified on
age (18-34, 35-51, 5269 years), gender, and allergic rhinitis status (27 were positive). Nasal airway
resistance was measured by active posterior rhinomanometry. Exposures to air and chlonne were a week
apart. Subjects with allergic rhinitis showed a significantly greater increase in nasal ai:waj resislan.ce
(49% increase from baseline) than healthy subjects (10% increase from baseline) 15 minutes after
exposure. The increase in nasal airway resistance was most pronounced in older subjects and least

pronounced in the youngest group. No significant differences were seen between males and females.

As a whole, these studies indicate that acute-duration exposures to 1 ppm chlorine can induce upper
respiratory tract irritation and transient alterations in parameters of respiratory function and exposure
concentrations of 0.5 ppm are generally devoid of such effects and, therefore, 0.5 ppm can be considered
an acute (1-8 hours) NOAEL for sensory irmitation and pulmonary function; The studies also show that

individuals with compromised respiratory function constitute a susceptible group for exposure to chlorine.
The NOAEL of 0.5 ppm and LOAEL of 1 ppm from these studies as a group, serve as the basis for

derivation of an acute-duration inhalation MRL for chlorine.
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Long-term, Low-level Occupational Exposures. Relatively few studics have examined the effects of
long-term exposure to low levels of chlorine in humans, and the ones that have done so have not provided

conclusive answers largely because of study limitations.

Patil et al. (1970) studied the health effects of chlorine in 600 workers from 25 plants producing chlorine
in North America. A group of 382 workers not considered to be routinely exposed to chlorine served as

controls. The average duration of exposure was 11.9 years. Each worker received one physical o NG > N

examination that included evaluation of medical and occupational histories, blood and urine tests, D SR®
pulmonary function tests and electrocardiogram (EKG). Tobacco and alcohol use were also monitored. G\’.(’
The concentration of chlorine was monitored in each plant every 2 months over a period of | year in

several representative areas, but otherwise unspecified. Exposure data were available for 332 workers

and showed a time-weighted average (TWA) 8-hour mean of 0.15+0.29 ppm (range, 0.006-1.42 ppm). It qw}ﬂ Q\
also showed that almost all workers were exposed to <1 ppm chlonne 94% were exposed to <0.5 ppm, A o 2y o

X
and 70% were exposed to <0.2 ppm. Evaluation of the 332 workers who had exposure data showed that UJW"( Pﬂe

none of the end points examined (those subjected to recall or measured) showed a dose-response ' ’,hé.f; L7
refationship. The mean concentration of 0.15 ppm may be considered a NOAEL for the study, but there 50~
are limitations such as unclear analytical methodology, no clear definilion of the case/control populations,

and insufficient detail regarding the method of analysis that render the NOAEL questionable; thus, it is

not included in Table 3-1.

Ferris et al. (1967) examined the prevalence of chronic respiratory disease among 147 workers in a pulp
mill and 124 controls who worked in a paper mill and found no significant differences in respiratory

—

symptoms or in tests for FVC and FEV, (tests were conducted without a nose clip) between the two

groups. Duration of exposure was not provided. Chlorine levels were measured on three different
occasions in 3 years.,_;'n :)Eccasmn, the mean was 7.4 ppm and only traces were reported in the other
two occasions. The limit of detection of the method was 1 ppm. Examination of the same cohort

10 years later did not reveal any increased mortality or increased specific cause of death (Ferris et al.

1979). Evaluation of 200 men seen at both times did not reveal any differences in respiratory symptoms

or chronic nonspecific respiratory discase.

Enarson el al. (1984) vated respiratory effects and pulmonary function in a group of 392 male pulp
-___-___‘——-

mill workers exposed orine, sulfur dioxide, hydrogen sulfide, and methylmercaptan, in addition to @
various particulates (i.e., wood dust, ash, lime dusl).!for a mean duration of 10].5486.6 months. A
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contro}, unexposed group, consisted of 310 male rail rail yard we workers who lwed in the same community and
who performed similar manual labor. End points examined inciuded prevalence of respiratory symptoms
{usual cough, usual phlegm, wheezing without a cold, dyspnea when burrying, chest tightness, and chest
illness). Pulmonary function tests conducted included FEC, FEV,, FEFas.95%, and FEV,/FYC ratio.
Chlorine was the main contaminant in two areas of the pulp mill, the bleach plant and the machine room
(mean 8-hour TWA 0.18 and 0.02 ppm, respectively). Overall, pulp mill workers complained more
Erequeml'y of usual phlegm, wheeze without cold, and chestl iliness than rail workers. However, the mosl
significant finding was that among bieach workers (n=15) and méchille room workers (n=22),
nonsmokers (n=4) had a significantly lower FEF;5_7sy, and FEV/FVC ratio tha.n_mil yard workers. Given

the small number of workers involved, the possibility of exposure to multiple chemicals, and the lack of
information on chlorine peak exposure levels, the validity of the 0.18 ppm as an effect level is

questionable.

e T
A study at a chlorine plant in Sweden compared the changes in vital capacity (VC) and FEV that Le

occurred between measurements separated by 10 years among 44 workers exposed to chlorine and
33 white-collar workers matched for age and smoking status (Hyback 1999). The author stated that the

concentration of chlorine was measured continuously over the years and, in principle, was always below

0.5 ppm. The results of the tests showed that in fact, over the years, VC and FEV, declined more in

white-collar workers (significantly for FEWV;) than in the workers exposed to chlorine. Hyback (1999)

- =
speculated that perhaps the low concentrations of chlorine gas may protect workers from contracting

respiratory infections that over time contribule to a decline in respiratory function.

The limited information available does not suggest that long-lerm exposure to low levels of chlorine gas

affects respiratory function, but additional, better-conducted studies are necessary Lo confirm this view.

High-level Occupational Exposure. Schwariz et al. (1990} studied a group of 20 workers who were
e
briefly (minutes) exposed in a pulp mill to chlorine gas when liquid chlorine Jeaked from a tank and

evaporated. Acute symptoms included burning of the nose and throat, and dry cough with chest tightness.
Pulmonary tests were conducted within 24 hours of exposure and several times over the next 12 years.
The most significant findings were a high prevalence of airflow obstruction (FEV,/VC ratio <65%) that
persisted over the observation peﬁod:nd a prevalence of low residual volume (RV) that increased during
the follow-up period. Schwartz et al. (1990) also found that 5 of 13 subjects tested at year 12 had

increased airway reactivity to inhaled methacholine. While the findings were suggestive of long-lerm

pulmonary complication, the investigators acknowledged that without pre-exposure pulmonary function,
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tests and individual measures of exposure, it is difficult to determine whether the changes were due to

chlorine exposure,

Moulick et al. (1992} evaluated 82 patients exposed to approximately 66 ppm chlorine that leaked from a
storage tank at a chemical factory in Bombay, India. Acute symptoms of exposure included dyspnea,
cough, and irritation of the throat. Pulmonary tests performed in 62 cases within 48 hours of exposure

indicated obstruction in 17 cases, restriction in 2 ¢cases, and a mixed paftern in 33 cases. Also,
e —————— o

i)ronchoscopy showed tracheobronchial mucosal congestion and hemorrhagic spots. Four out of
16 patients who were followed for 1 year showed persistent cough 4-6 weeks after exposure, but after

1 year, there were no residual symploms and x-ray.aad pulmonary function tests were normal. Evaluation

of five nonsmoking patients 3 years afle

function tests were normal.

Lemiére et al. (1997) reported the case of a nonsmoking worker at a water-filtration plant man who was

exposed to chlorine levels high cnoﬁlo induce immediate bumning of the nose and throat and
retrosternal buming and wheezing. Five years earlier, he experienced similar symptoms after chlorine
inhalation, but the symptoms had been transient. Two days after exposure, FEV, was significantly
reduced (66% of predicted) and the response to methacholine provocation was slightly abnormal. A
bronchial biopsy showed almost complete replacement of the epithelium by a fibrinohemorrhagic
exudate. Subsequent biopsies taken over a 5-month period showed considerable epithelial desquamation
15 days afier exposure followed by signs of regeneration 5 weeks after exposure and conﬁiderabie

improvement 5 months afier exposure, although an inflammatory infiltrate was still present. The

bronchial responsiveness to methacholine paralleled the inflammatory changes, but could be significantly
improved by inhaled steroids. '

Kowitz et al. (1967) described the effects of chlorine exposure that occurred when a cylinder containing
chlorine that was_b;'ng unloaded from a freighter leaked. Neither exposure concentration nor exposure

duration was available. At least 150 men were involved and almost all experienced acute symptoms.
Eleven of 17 subjects who were admitted to a hospital were evaluated over a 3-year period. All showed
respiratory distress on admission; other common signs included rales, wheeze, or rhonchi, or both, and
pulmonary edema, Pulmonary lesting conducted over the 3-year evaluation period showed a persistent
decrease in lung volume and diffusing capacity and increased airway resistance. According to Kowitz et

al. {(1967), these alterations were coh:lpatﬂ:le with an alveolo-capillary injury.
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More recently, studies in rodents have confirmed the earlier observations regarding high exposures and

have provided valuable information regarding the irritant properties of chlorine.

Acute exposurc to Jow-10-moderate concentrations of chlorine induces a reduction in the respiratory rate,

a protective reflex response mediated by stimulation of trigeminal nerve endings in the nasal mucosa,
The concentration of the chemical that induces & 50% in respiratory rate is termed RDso. For example,
RDy values of 9.3 and 3.5 ppm were determined in mice exposed for 10 and 60 minutes, respectively

(Barrow et al. 1977; Gagnaire et al. 1994). An RDy, of 25 ppm was determined in male Fischer 344 rats

AT

exposed to chlorine for 10 minutes (Barrow and Steinhagen 1982). This study also demonstrated the ?"_,/-"
gf_vclﬂamgll_l_ of tolerance to chlorine since in rats pre-exposed to chlorine at 1, 5, or 10 ppm'fﬁl);-); NT W}{

values were 90, 71, and 454 ppm, respectively. Barrow and Steinhagen (1982) speculated that the
mechanism of tolerance may involve reactions of chlorine with sulfydryl proups in the receptors or that
chlorine exposure may damage the free nerve endings in the respiratory nasal mucosa. Rats pre-exposed
1o chlorine also developed cross-tolerance to formaldehyde {Chang and Barrow 1984). Interestingly, rals
pre-exposed to 15 ppm formaldehyde did not de;lo;to_l:rance to formaldehyde, but did develop cross-
tolerance to chlorine, which suggested the existence of different reactive siles for the two gases (Chang

and Barrow 1984).

A study by the same group of investigators examined the effects of chlorine on lung -SH content and on
the enzymes that maintain non-protein -SH levels, glucose-6-phosphate dehydrogenase (GOPD) and
glutathione reductase (GSSG-RED}) in rats exposed to 0 or 12 ppm chlorine for up to 2 weeks and
sacrificed at various times after cessation of exposure (Dodd et al. 1980). The results showed no
sigtificant alterations in lung protein -SH, non-protein -SH, G6PD, or GSSG-RED in rats sacrificed
immediately after 1, 5, or 10 days of exposure. Rats sacrificed 3 or 6 days after exposure showed an
increase in lung -SH, G6PD, and GSSG-RED. T—L_e_sc parameters retwmned to control values after 10 days

of recovery. The investigators concluded that the increase in lung -SH and enzymatic activities observed

during the recovery periods may reflect reparative processes subsequent to damage induced by chlorine.
A different study by the same group showed that exposures to up to 10 ppm chiorine for 12 hours did not
alter the tota] sulfydry] content (TSH) of the olfactory mucosa but lower concentrations did reduce TSH
in the respiratory mucosa, suggesting thal inhaled chlorine can oxidize tissue sulfydryl groups at the point
of entry, but not at deeper regions of the respiratory tract (McNulty et al. 1983). McNulty et al. (1983)
also found that exposure to 5 ppm for 6 hours or 10 ppm for 3 hours (concentration times exposure=30)
produced similar reductions in TSH, but exposure to 2.5 ppm for up to 12 hours did not sipnificantly
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affect TSH content. The investigators speculated thai a threshold concentration may be needed to
overwhelm the prolective mechanism in the respiratory mucosa (perhaps the mucociliary flow) allowing

chlorine to penetrate deeper into the underlying tissue.
Acute studies also have examined respiratory function in animals.

Barrow and Smith (1975) evaluated inspiratory-cxpiratory flow rate ratios (Vi/Ve) and volume-pressure

relationships (lung compliance) in rabbits exposed to 0, 50, 100, and 200 ppm chlorine for 10 minutes.

——

The tests were conducted 0.5 howrs after exposure and afier 3, 14, and 60 days without exposure_.—Aﬂer
the last test, the rabbits were killed and the lungs were removed for gross and microscopic examination.

Rabbits exposed to 50 ppm showed mild pneumonitis, which was also observed in control animals; this

exposure level did not induce significant changes in air fow ratids, but transiently decreased lung

compliance. Exposure to 100 or 200 ppm induced transient conceniration related increases in Vi/Ve and
T

a decrease, followed by an increase, in pulmonary compliance; these changes are related to gross signs of

pulmonary edema and microscopic changes characterized by chronic pneumonitis and anatomic

emphysema. Rabbits allowed to recover for 14 or 60 days showed no specific airway pathology. Pulwylaﬁ7

In another study, mice exposed for 15 minutes {o 0. 8 2, 3.1, or 3.8 ppm chlorine showed concentration-

related decre.ases in respiratory frequency and increases in specific airway resistance (Morris et al. 2005).

Pretreatment with atropine did not aiter the increase in airway resistance, suggesting that this response

does not involve parasympathetic cholinergic endings. However, pretreatment with capsaicin, a sensory

nerve toxin, dramatically reduced respiratory irritation and the obstructive response, suggesting the
involvement of sensory nerves. Mice exposed to much higher concentrations of chlorine (100800 ppm)

for 15 minutes showed increased airways resistance and increased responsiveness to methacholine and
———————-— f —

microscopic examination of the lungs showed flattening of the epithelium and epithelial cell loss and
changes associated with oxidalive stress (Martin et al. 2003). Since the mcrcascd responsiveness to

— et mm— e w—

mcLhacholme could be prevented by inhibition of nitric oxide symhase it appcared that itric oxide (NO)

productlon may have contributed to the airway damage.

Jiang et al, (1983) studied the time course of the histopathological alterations in the respiratory tract of
rats and mice exposed to the RDsp of 9.1 ppm chlorine 6 hours/day for 1-5 days. The animals were killed
immediately after the Jast exposure and the nose, larynx, trachea, and lungs were processed for
microscopic examination. In both species, lesions were seen in the nasal passages with less severe

changes in the nasopharynx, larynx, trachea, and lungs. The lesions in the nasal passages involved both
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females. The nasal turbinates showed mucopurulent inflammation with secretory material and erosions of
the mucosal epithelium. Changes in the trachea and bronchi consisted mostly of hyperplasia of the
— —_——
epithelial lining and inflammatory reactions. The alveolar sacs contained macrophages and secretory
material and epithelial cells showed necrosis, hypertrophy and hyperplasia. Alterations in rats exposed to
1 and 3 ppm were Jess extensive and were limited to focal mucopurulent inflammation of the nasal
turbinates in females. Males exposed to 1 or 3 ppm showed deeper pulmonary changes consisting of
slight to moderate inflammatory reaction around the respiratory bronchioles and alveolar ducts, increased
alveolar macrophages, and isolated areas of atelectasis (incomplete expansion). A LOAEL of | ppm for
respiratory effects can be defined in this stud-y based on the presence of inflammatory changes in the nasal

turbinates of females and in the lungs of males; no NOAEL was established.

A similar study examined clinical signs, lung funclion, and histopathology of the nasal turbinates and

lungs from Fischer 344 r_:.a_tg_cxposcd to 0, 0.5, 1.5, or 5 ppm chlorine 6 hours/day, 5 days/week for

62 days (Kutzman 1983). Pulmonary function tests (plemysmograph—bas'cd assessment of multiple end
mmding lung and tidal volumes, breathing frequency, transpulmonary pressure, lung compliance, >
N; washout, diffusing capacity f -@ aximum expiratory flow volume, peak expiratory flow and C.-C‘) .
airway resistance) were conducted in 21-24 anesthetized males 6 hours after the last exposure.
Respiratory tissues from these rats were prepared for histopathology. The lungs from some of these rals
were also examined for collagen, elastin, total protein, and DNA. Exposure to 5 ppm cause severe upper
respiratory irmitation; exposure to 1.5 ppm showed occasionally less severe signs of irritation, whereas
exposure to 0.5 ppm caused ne obvious signs of irritation or discomfort. The tests of pulmonary funclion
did not reveal marked abnormalities. The most significant effect was a reduction in airflow at 25% vital
capacity in all exposed groups, indicating sorydegrce of small airway involvement. There were no_
histopathological alterations in the lungs and nasal turbinates, but there was a tendency in the trachea for “u Dr,,,
loss of cilia and epithelium at 0.5 and 5 ppm chlorine. The lung biochemistry only showed an increased - % ‘15 2
collagen concentration at 1.5 and 5 ppm. Based on upper respiratory irritation and loss of cilia and

epithelium in the trachea, the exposure level of 0.5 ppm can be defined as a LOAEL for respiratory
effects; no NOAEL was defined in this study. This study was used as the basis for derivation of an
intermediate-duration inhalation MRL for chlorine.

Two studies have examined the effects of‘Ehrom'c exposure %) chlorine on respiratory parameters in
animals. . _
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3.2.1.4 Neurological Effects

Symptoms effects such as headache, dizziness, anxiety, and syncope are commonly reported following blp ('(
acute high exposures to chlorine and are thought to be due, at least in part, to anoxic anoxia induced by U’Z \0\ ﬁD

chlorine. l E _ ' -7\'@;!_

In a case of high exposure to chlorine that resulied in the death of the patient, postmortermn examination

showed a swollen brain with flattening of convolutions and subarachnoid hemorrhage (Adelson and
Kaufman 1971). The investigators speculated that the lesions could have been caused by hypoxia that
resulted from the severe pulmonary effects. In another case report, a 60-year-old man who accidentally

inhaled chlorine gas in a swimming pool accident had a magnetic resonance scan of the head conducted

2 years after the accident that showed multiple areas of decreased signal in the periventricular white
matter (Levy et al. 1986). Other neurological tests showed no evidence of cranial nerve abnormalities or
sensory deficits. This brief communication does not mention what might have prompted the subject to

-undergo the scan.

Kilburn (1995, 2000, 2003b) published a series of reports describing long-lasting neurological effects in

subjects accidéntally exposed to high concentrations chlorine gas under various scenarios. The earliest

study (Kilburn 1995) reported that six subjects exposed to an undetermined concentration of chlorine for

3 minutes to 5 hours had difficulty concentrating and sleeping, dizziness, loss of balance, excessive

fatigue, loss of strength, depression, and irritability during a period of 1-3 years after the accident.

Neurobehavioral tests were conducted 15-50 months after exposure and the results were compared to a
control group matched for sex, age, and education. ‘It should be noted that the testers were aware of the
exposure status of the subjects. The results showed impaired balance with the eyes closed and hearing
loss in all of the exposed subjects. Five had decreased viBratioa sensitivity, color discrimination, and
verbal recall; four had prolonged blink reflex latency; three had prolonged siﬁxpl'e and choice reaction
times, and three had nerve defects or constricted visual fields. Ina subsequént study, 22 patients exposed
briefly (the reports mentions seconds to a few minutes in one section and minutes to a few hours in
another section) to chlorine gas were evaluated with a battery of tests 7-48 months after exposure. A
total of 296 unexposed subjects served as controls. The results showed si@iﬁcant impairment among the
exposed group in a number of areas including balance, reaction time, color identification, visual field
performance, blink latency, cognition, verbal recall, and making trails. A similar study was conducted
with subjects exposed to chlorine as & result of a train derailment (see Agency for Toxic Substances and
Disease Registry [1998] under Respiratory Effects) (Kilburn 2003b). Ninety-seven subjects were tested
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damage to the upper gastroinlestinal tract. Pike et al. (1963) reviewed 129 cases of children who ingested
Clorox® and reported that no complications of consequences were found. Sixty-five cases were examined
by esophagoscopy within 96 hours of the ingestion and only 2 showed evidence of esophageal injury.
The children were between 12 month and 7 years old and the amounts of bleach ingested ranged from
“% ounce to 1 cup.” Landau and Sanders (1964) state that among 393 children who ingested bleach and
were seen at a hospital, there were no esophageal strictures or perforations, and aboul 50% of he patients
received no treatment. Hook and Lowry {1974) reported that among 23 definite cases of children who
ingested Clorox®, severe irritation of the esophageal mucosa was observed in only 1 case. Minor
transient irritation was observed in some of the patients. A report from the German literature of
23 children who accidentally ingested 3-5% sodium hypochlorite indicates that there was only 1 case
with signs of superficial bums in the esophagus, which had disappeared 2 weeks later when controlled by
esophagoscopy (Mithlendahl et al. 1978). Liquid bleach is a strong emetic, which helps reduce the time
of Exdence in the stomach but on lhe other hand, it increases the potential for aspiration.

S e e e . e ——— e e e

Examination of fatal cases following ingestion of unknown quantities has revealed esophageal and gastric
mucosal erosions, perforations at the gastroesophageal junction, and extensive necrosis of adjacent soft
tissue (Ross and Spiller 1991). In a fatal case of a child who drank 4.5% sodium hypochlorite in an
atkaline solution (pH 12), severe gross lesions were seen in the mouth, tongue, glottis, epiglottis,
esophagus, and stomach (Jakobsson etal. 1991). Glottic and subglottic edema was described by Babl et
al. (1998) in a child who drank household bleach from a cup. '

In some earlier studies in animals, cornmercial bleach was administered through a tube directly into the
esophagus and, in some cases, the distal end of the esophagus was artificially occluded to prolong and
control the contact time between the solution and the mucosa (Hook and Lowry 1974; Landau and 1__;0\‘-' v 63
Saunders 1964; Strange et al. 1951; Yarington 1970}. For example, co ial b inthe

esophagus of 151 dogs for several minutes caused the immediate death]8 dogs from perforations into their

pleurat cavities (Landau and Sanders 1964). Necropsy performed 3 months later on the seven dogs that

survived revealed no abnormalities. Yarington (1970) reported that, in dogs, the minimum amount of

bleach that caused a bum in the esophagus was 10 ¢m’ applied over a 5-minute period. A volume of |

30 cm’ applied for 2 minutes cansed minimal edema of the esophagus.

Few more recent studies are available. Gross and microscopic examination of multiple levels of the
gastrointestinal tract of Sprague-Dawley rats that drank water that provided up to 24.9 mg Cl/kg/day for

90 days did not reveal any significant gross or microscopic alterations (Daniel et al. 1990). The same
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opening and average day of observed vaginal patency were unaltered in pups evaluated at age 28 and
40 days. The developmental NOAEL of 3.4 mg Cl/kg/day is listed in Table 3-3 and plotted in Figure 3-2.

3.2.2,7 Cancer

Studies of the carcinogenicity of trihalomethanes or other organic chemicals that form in water as a result
of the chlorination of drinking water are nol discussed in this section since these studies were not intended
to assess whether chlorine itself is responsible for cancer. For reviews on this issue, the reader is referred

to IJARC (1991}, Koivusalo and Vartienen (1997), and EPA (1994b).

Cancer bioassays of chl.orine in drinking water have been conducted in ra'ts and mice. Inthe NTP (1992}
bioassay, Fischer-344 rats (70/sex/dose group) were exposed to 0, 70, 140, or 275 ppm sodium_
hypochlorite in the drinking water for 103104 weeks. This provided doses 0f0, 4.2, 7.3, or 13.6 mg
E@day to;;les and 0, 4.2, 7.8, or 4.4 mg Cl/kg/day to females. The water used in the study was
deionized charcoal-filtered water. Inlerim sacrifices (10 rats/sex/dose) were conducted at 14 and

66 weeks. The only significant finding was an increased incidence of leukemia in female rats. The
incidences were: 8/50, 7/50/, 19/51, and 16/50 in the control, low-, mid-, and high-dose females,
respectively. Pair-wise comparison showed a slatistically significant difference between controls and the
mid-dose (p=0.014) and a rend test was also significant (p=0.037). In males, the respective incidences
were 25/51, 25/51, 27/50, and 29/51. These results lédl\!T_P (}2_92) to conclude that there was equivocal
evidence Q_f; car_c_:ino_g_,g_q_icilz_i_n female rats t based on the fact (hat there was no clear dose-related response
or reduced latency, did not occ;in ‘r-l;a.les, and the incidence in concwrrent controls (16%) was
significantly lower than in historical controls (25%). Ina similar study, Hasegawa et al. {1986)
administered sodium hypochlorite in distilled water to groups of Fischer-344 rats (50/sex/dose) In
concentrations of 0, 500, or 1,000 ppm to males and 0, 1,000, or 2,000 ppm to females for 104 weeks; this"
was followed by aperiod of 8 weeks of drinking untreated water. This corresponds to doses of
approximately 0, 33, or 67 mg Cl/kg/day for males and 0, 67, or 133 mg Cl/kg/day for females. The

results showed no significant treatment-related increased incidence of neoplasms or alterations in latency

of neoplasms.

In the NTP {1992) study, B6C3F, rr_l.i_r._:EQO!sexfdose group) drank water with 0, 70, 140, or 275 ppm
sodium hypochlorite for 103—104 weeks. This corresponds to doses of approximately 0, 7.4, 14, or 24 mg
Cl/kg/day for males and 0, 7.6, 14.2, or 24.2 mg CUkg/day for females. The water used in the study was
deionized charcoal-filtered water. Interim sacrifices (10 mice/sex/dose) were conducted at 15 and
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Ocular Effects. Very limited information was located regarding ocular effects of direct contact of the
eye with hypochlorite solutions. In their text Toxicology of the Eye, Grant and Schuman (1993) state that
“because most accidental splashes in the eye have been with the relatively weak 5% household solutions
of sodium hypochlorite, very few human eye injuries have been reported, and recovery has been rapid and

complete,”

Experiments conducted in male and female New Zealand albino rabbits showed that instillation of 0.1 mL
of household bleach directly to the central comeal surface and followed over a 21-day period produced
moderate irritation (Griffith et al. 1980). The median day lo clear was 7 days. In a review of the
literature, Racioppi et al, (1994) mention unpublished data indicating that in rabbits, 0.1 mL of an 8%
solution of sodium hypochlorite (without rinsing). caused moderate irrilation and that the recovery time
was 7 days; under similar conditions, 0.01 mL of the same solution had low irritation potential and the

recovery time was 3 days.

3.2.2.3 Immunological and Lymphoreticular Effects

Although sodium hypochlorite generally is not considered a contact sensitizer, several cases of allergic
contact dermatitis have been reported, Osmundsen (1978) reported that case of a woman had a strong
reaction Lo patch testing with 0.5% sodium hypochlorite in water years after having had dermal contact
with chloramine. Further tests showed positive reactions to sodium hypochlorite in 3 out of 225 patients.
Habets et al, (1986) reported two cases of hand dermatitis related to sodium hypochlorite allergy, as
diagnosed by patch tests. Both patients showed a positive reaction to sodium hypochlorite upTo a

. concentration of 0.1%. Van Joost et al. (1987) reported one additional case among 40 housewives who

apparently had used bleaching agents for long periods. Eun et al. (1984) also reported a case of allergic

conlact dermatitis in a veterinarian who occasionally washed his hands with a commercial solution

containing 4-6% sodium hypochlorite. Ao o T.Cp

No information was located regarding immunological and lymphoreticular effects in animals following

dermal exposure to aqueous chlorine,

No studies were located regarding the following effects in humans or animals after dermal exposure to

aqueous chlorine:
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There is limited information regarding the in vivo genotoxicity of aqueous chlorine. A study in which
male B6C3F, mice were administered chlorine in the drinking waler as sodium hypochlorite or
hypochlorous acid for 5 days and that provided doses of up to 8 mg Cl/kg/day found no evidence of
increased incidences of chromosomal aberrations or micronuclei in bone marrow (Meier et al. 1985). In
another study, administration of a single intraperitoneal dose of up to 2,500 mg/kg sodium hypochlorite
(1,175 mg Clkg/day) 10 male dd¥Y mice did not increase the incidence of micronuclei in bone marrow
evaluated 24 hours after dosing (Hayashi et al. 1988). Exposure of newt larvae to sodium hypochlorite in
the surrounding water (0.12 or 0.25 pg/mL) for 12 days increased the frequency of micronuclei in blood
erythrocytes (Le Curieux et al. 1993). However, the study did not specify in what type of water the larvae
were kept. If the larvae were kept in lap water, it is possible that chlorination byproducts rather than
chlorine or the hypochlorite anion were the clastogenic agents. Table 3-5 summarizes the genotoxicity of
sodium hypochlorite in vive, Studies of the genotoxicity of sodium hypochlorite in vitro are summarized
in Table 3-6. As the table shows, the results have been mixed and no general statements can be made.

The variability of the resulis may be due to differences in the experimental protocols used.

~

3.4 TOXICOKINETICS

3.4.1 Absorption

3.4.1.1 Inhalation Exposure

nose or through the mouth. By comparing mass lra;'lsfcr pelers, the investigators also determined
that total absorption rates for the mouth and nose were similar. When the peak concentration in the nasal
breathing experiments was increased from 0.5 to 3 ppm, the mass transfer parameters remained
unchanged, indicating that the dissolution, diffusion, and chemical reactions goveming the absorption of
the gas by the nasal mucosa are all linear processes. In other words, over the 0.5-3 ppm concentration

range, absorption appeared to be In a separate experimerntal series, the

investigators determined the longifﬁdina] distribution of a bolus of 3 ppm chlorine as a function of the
m;(ﬂ(obm‘ )
82 <p
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3.10 POPULATIONS THAT ARE UNUSUALLY SUSCEPTIBLE

A susceptible population will exhibit a different or enkanced response to chlorine than will most
persons exposed to the same level of chlorine in the environment. Reasons may include genetic
makeup, age, health and nutritional status, and exposnre to other toxic substances (e.g., cigarette
smoke), These parameters result in reduced detoxification or excretion of chlorine, or

compromised fanction of organs affected by chlorine. Populations who 2re at greater risk due to

T

)

S

: -t.iblc to chlorine gas exposure include individuals with respiratory conditions

their unusually high exposure to chlerine are discussed in Section 6.7, Populations with Pptentially

Populations unus 3
such as astk a, hay fever, gnd chronic bronchitis, heavy smokers, and children. Rotman et al. (1983)

described the case o atopic individual who experienced severe distress during exposure to | ppm
chlorine, a concentration that wa§ tolerated by healthy subjects. D’ Alessandro et al. (1996) also reported
that subjccts with airway hyperreactivity to methacholine exhibited a much more pronounced decrease in
FEV, and FEF;;.5% than healthy subjects during exposure to 1 ppm chlorine, Following an accidental
leak of chlorine, individuals who had a more prevent history of smoking and asthma exhibited more
hypoxernia and were more likely to have tachypnea, crackles, and wheezes during examination than
subjects without asthma and/or who smoked less (Hasan et al. 1983). In the former, signs and symptoms
of chlorine intoxication resolved more slowly reduced and flow rates and lung volumes were still evident
2 weeks after acute exposure to chlorine. Similar observations regarding smokers have been made in
studies of workers who have experienced occasional high exposures or “gassing” episodes (Chester et al.

1969, Gautrin et al. 1999; Henneberger et al. 1996).

In a swimming pool acciden! involving 126 adult and 134 children, among both children and adults, the
incidences of all symptoms (cye, nose, and throat irritation) and respiratory problems (shortness of breath,
wheezing, cough) were higher among those who had a history of chronic respiratory disease than among
healthy people {Agabili et al. 2001). In addition, in adults, incidences were higher among smokers and

former smokers than among never smokers,

Some reports in which adults and children were accidentally exposed to high concentrations of chlorine
have suggested thal children might be more susceptible to the effects of chlorine than adults. For
example, in a case involving 106 individuals, 60 of whom were children and adolescents <18 years old, of
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be avoided following ingestion of chlorine bleach. However, dilution with water or milk is
recommended, but the dilution amount should be small to aveid inducing vomiting, In case of exposure
of the skin to aqueous chlorine, flushing with copious amounts of plain tepid water is recommended. In

case of exposure of the eyes, imigation with saline or Ringer’s lactate is recommended.

3.11.2 Reducing Body Burden Ve &d'5 ot H’l 7

There are no standard methods for reducing chiorj ciy burden. Studies in humans have shown that

under low exposure conditions (<5 ppm), >95% of the inspired chlorine is absorbed in the upper airways
and <5% is delivered to the lower airwg#s (Nodelman and Ultman 1999a, 1999b), Chlorine that is
absorbed into the mucosa of the upger respiratory airways eventually joins the pool of chloride ions in the
Mm animals also hz/l-vc shown that most of the chlorine ingested as hypochlorous acid is

transformed and eliminated as chloride {Abdel-Rahman et al. 1983).-

3.11.3 Interfering with the Mechanism of Action for Toxic Effects

The toxic effects of chlorine gas are due to its oxidant properties and also to the added tissue damage
caused by the hypochlorous and hydrochloric acids that result from the reaction of chlorine with water.
There are no established methods to interfere with the oxidant properties of chlorine, but nebulized

sodium bicarbonate has been used to neutralize the acid (Bosse 1994; Douidar 1997).

The treatment of exposure to chlorine gas is symptomatic, exposure to low concentrations may require
only treatment for sensory irritation, but cprsu:e to high concentrations may cause serious respiratory
symptoms including pulmonary edema and respiratory failure and death. The information below has been
extracted from the texts listed above and also from Baxter et al. (1989).

Before any treatment, the patient should be assessed for signs of corrosive injury {o mucous membrane,
eyes, and skin, The assessment should also include a check for lung sounds, peak flow, and vital signs.
Patients heavily exposed who show breathing difficulties at rest should undergo baseline x-ray
examipation. The initial treatment consists of irrigation with waler or saline and vasoconstrictive
ophthalmic solutions for eye irmitation, but eye damage may require referral to a health care facility.
Nausea may be treated with Phenergan® and administration of clear liquids, whereas sore throat can be
treated with throat Jozenges or spray or a humidifier, Decongestants are recommended for rhinitis and
antitussive agents for the treatment of cough. Skin bums should be treated as thermat burns. Patients
exhibiting respiratory effects should receive 100% humidified oxygen, unless it is contraindicated by the
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medical history. As mentioned above, 5% nebulized bicarbonate has been used in patient with respiratory
effects with favorable responses in at least some patients (Bosse 1994; Douidar 1997). Nebulized
salbutamol or terbutaline may be used to treat bronchospasm. Therapy with corticosteroids has not been

proved to produce improvement in chlorine gas poisoning. Monitoring of respiratory function and arterial
S

blood gases in important because pulmonary edema may occur up to 24 hours after exposure. If

_ pulmonary edema occurs, administration of 60% humidified oxygen by face mask or mechanically is

recommended and if pO: cannot be maintained above 50 mmHg, the patient may need to be intubated for
positive end expiratory pressure ventilation. Caution should be exercised with the administration of
intravenous fluids and because fiuid overload is extremely dangerous in such patients. If fluid overload

occurs, diuretics such as furosemide may be useful as indicated, Survivors of high chlorine exposure

should be monitored periodically to determine possible persistent loss of pulmonary function.
‘-.._,_...—-—-—-—-—-—--—-—-..______L

3.12 ADEQUACY OF THE DATABASE :EVIW M A

Section 104{T)(5) of CERCLA, as amended, directs the Administrator of ATSDR (in consultation
with the Administrator of EPA and agencies and programs of the Public Health Service) to assess

whether adequate information on the health effects of chlorine is available. Where adequate
information is not available, ATSDR, in conjunction with the National Toxicology Program (NTP),
is required to assure the initiation of a program of research designed to determine thc health effects

{and techniques for developing methods to determine such health effects) of chlorime.

The following categories of possible -data needs have been identified by a joint team of scientists
from ATSDR, NTP, and EPA. They are defined zs substance-specific informational necds that if
met would reduce the uncertainties of human health assessment. This definition should not be
interpreted to mean that all data needs discussed in this section must be filled. In the future, the
identified data necds will be evaluated and prioritized, and a substance-specific research agenda

will be proposed,

3.12.1 Existing Information on Health Effects of Chlorine

The existing data on i:ealth effects of inhalation, oral, and dermal exposure of humans and animals
to chlorine gas and aquecus chlorine are summarized in Figures 3-4 and 3-5, respectively. The
purpose of these figures is to illustrate the existing information concerning the health effects of
chlorine. Each dot in the figure indicates that one or more studies provide information associated

with that particular effect. The dot does not necessarily imply anything about ¢the guality of the
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monitor the contact time between the solution and the mucosa (Hook and Lowry 1974; Landau and
Saunders 1964; Strange et al. 1951; Yarington 1970). These studies are inadequate for quantitative risk
assessment. Two more recent studies were of very limited scope (Cunningham 1980) or reported
ambiguous results (Meier et al. 1985); therefore, could not be used for derivation of an acute-duration oral
MRL for aqueous chlorine. Additional acute~duration oral studies are necessary to define dose-response

relationships for aqueous chlorine.

Dermal effects have been reported in a few cases of direct acute contact of the skin with high

concentrations of chlorine gas in humans (Agency for Toxic Substances and Disease Registry 1998;
Joyner and Durel 1962; NIOSH 1995), and eye ancre reported in volunteers exposed to
1 ppm chiorine for up to 8 hours (Anglen 1981; Rotman et al. 1983). Information on dose-response for
sensory irritation was used along with Eata_on‘pﬁimonary effects 1o"derive the acute-duration inhalation
MRL for chlorine. Additional studies of sensory irritation with chlorine gas do not appear necessary at
this time. Chlorine gas is not absorbed through the skin, so systemic effects due to contact of the skin
with chlorine are not expected to occur. Dermal effects of hypochlorite bleach have been reported in
humans and in animals (Habets et al. 1986; Hostynek et al, 1985, 1990; Nixon et al. 1975; Strange et al.

1951); therefore, additional dermal studies do not seem necessary at this time.

Intermediate-Duration Exposure. No studies of humans exposed specifically for intermediate
duration to chlorine gas were located. However, it is likely that in many of the occupational studies
available, some workers were exposed for intermediate durations. Only two intermediate-duration studies
in animals are available (Barrow et al. 1979; Kutzman 1983). Both studies utilized rats and in both
studies, the most sensitive target for chlorine exposure was the respiratory tract. Barrow et al. (1979)
described inflammation of the nasal turbinates in rats exposed to =1 ppm chlorine, whereas loss of cilia
and epithelium in the trachea was seen in rats exposed to 20.5 ppm in the Kutzman (1983) study. The
Kutzman (1983) study was selected as the principal study for derivation of an intermediate-duration
inhalation MRL for chlorine. Additional intermediate-duration inhalation studies in animals do not seem

necessary at this time.

Few inlermediate-duration studies in animals were located that examined a wide range of end points
following exposure to hypochlorite. These studies showed that the main effect of exposure to solutions of
hypochlorous acid or sodium hypochlorite, particularly at the higher concentrations levels, is a reduction

of water intake that is due to taste aversion. The available intermediate-duration oral studies evaluated

systemic toxicity (Abdel-Rahman et al. 1984; Cunningham 1980; Daniel et al, 1990, 1991) and also
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drinking water. The highest level of chlorine allowed in drinking water is 4 ppm (EPA 2006a), which is
considerably lower than the maximal concentration of chlorine used in long-term studies (275 ppm
available chlorine) in rats and mice (NTP 1992), which caused no significant toxicity. Therefore, it seems
unlikely that free chlorine in drinking water will represent a health concern for humans, It should be
noted, however, that chlorinated waler contains a variety of ch]on'nated byproducts whose biological

effects continue to-be studied.
Biomarkers of Exposure and Effect.

Exposure. There are no specific biomarkers of exposure for chlorine. Chlorine gas that enters the

airways or chlorine ingested as sodium hypochlorite eventually joins the chloride pool in the body.

Effect. There are no biomarkers of effect specific for chlorine. The sensory irmitation and respiratory

alterations caused by exposure to chlorine gas or the esophageal irritation caused by ingestion of
hypochlorite bleach can also be caused by other chemicals. . W % P,

on. The only information regarding

Absorption, Distribution, Metabolism, and Ex
pharmacokinetics of chlorine gas is that from exp€riments in volunteers conducted by Nodelman and
Ultman (199%a, 1999b) that showed that alpfost all (>95%) of a bolus dose of chlorine gas inhaled
through the mouth or the nose is absorbed in the upper respiratory tract and none reaches the lungs. This
was observed over a 0.5-3 ppm exposure range. The methodology used to generate the bolus and to
monitor the concentrations of chlorine in the airways could probably be adapted to studies in animals,
particularly monkeys, to lest a wider range of concentrations and to correlale internal concentrations of

chlorine with lesions in the respiratory tract,

There is only one study of the pharmacokinetics of aqueous chlorine, the study by Abdel-Rahman et al.
{1983) that evaluated absorption, metabolism, distribution, and excretion of chlorine in rats following
gavage doses or radiolabeled (*°C1) hypochlorous acid. Additional studies may be useful to confirm or
refute the findings of Abdel-Rahman et al. (1983). On the other hand, as Scully ct al. {1988) pointed out,
because aqueous chlorine is a potent oxidant, pharmacokinetic studies of radiolabeled hypﬁclﬂorous acid
(**Cl) in animals do not reveal what happens to the parent compound, but rather to the product of the

reactions of these compounds in vive. Therefore, the usefulness of additional studies is questionable.
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EPA (IRIS 2007) has established an oral reference dose (RfD) for chlorine of 0.1 mg/kg/day based on a
NOAEL of 14.4 mg/kp/day for sysiemic effects in Fischer-344/N rats exposed to chlorine in the dninking
water for 2 years (NTP 1992). The uncertainty factor used in this assessment was 100 (10 for interspecies

extrapolation and 10 for the protection of sensitive human subpopulations).
EPA has not derived an inhalation reference concentration (RfC) for chlorine gas.

The Interational Agency for Research on Cancer (LARC), the National Toxicology Program (NTP), and
EPA has not classified chlorine, sodium hypochlorite, or hypochlorous acid for human carcinogenicity
(LARC 2006; IRIS 2007; NTP 2005). The American Conference of Governmental Industrial Hygienists
(ACGIH) has classified chlorine as an A4 carcinogen (not classifiable as a human carcinogen) (ACGIH
2006).

OSHA has required employers of workers who are occupationally exposed to chlorine to institute
engineering controls and work practices to reduce and maintain employee exposure at or below
permissible exposure limits (PELs) (OSHA 2006c¢). The employer must use engineering and work

practice controls to reduce exposures to or below an 8-hour time-weighted average (TWA) of | ppm for

chlorine (OSHA 2006c¢). Cz : éz >

EPA has designated chlorine as a hazardous air pollulant (HAP) under the Clean Air Act (CAA) (EPA
2007b). Chlorine and sodium hypochlorite are on the list of chemicals appearing in “Toxic Chemicals
Subject to Section 313 of the Emergency Planning and Community Right-to-Know Act of 1986" and has

been assigned a reportable quantity (RQ) limit of 10 and 1 pounds, respectively (EPA 2007¢). Chlorine is
also considered lo be an extremely hazardous substance (EPA 2007f). The RQ represents the amount of a
designated hazardous substance which, when released to the environment, must be reported to the

appropriate authority.

Under the Federal Inseclictde, Fungicide, and Rodenticide Act (FIFRA), chlorine gas is exempt from the
requirement of a tolerance for peéticide: chemicals in food when used as pre- or postharvest in solution on
all aw agricultural commodities (EPA 2007h) and sodium hypochlorite is exempt from the requirement
of atolerance for residues in food (EPA 2007k).
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