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Background: Non-malignant respiratory disease (NMRD) cases have occurred among

rubber manufacturing workers. We examined exposure to rubber manufacturing

emissions as a risk factor for NMRD.

Methods: From a systematic literature review, we identified case reports and assessed

cross-sectional and mortality studies for strength of evidence of positive association

(strong, intermediate, non-significant positive association, none) between exposure to

rubber manufacturing emissions and NMRD-related morbidity and mortality, and

conducted two meta-analyses.

Results: We analyzed 62 articles. We identified 11 cases of NMRD. Nine (30%) of 30

cross-sectional studies and one (4%) of 26 mortality studies had strong evidence. The

summary odds ratio and SMR for the cross-sectional andmortalitymeta-analyseswere

3.83 (95% confidence interval [CI], 2.28-6.51) and 0.90 (95%CI, 0.82-0.99),

respectively.

Conclusion: Available evidence supports rubber manufacturing emissions as a

potential risk factor for NMRD-related morbidity. Further investigations with longer

follow-up periods and inclusion of short-tenuredworkers could further define risks for

NMRD and identify prevention strategies.
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chronic bronchitis, chronic obstructive pulmonary diseases, emphysema, eosinophilia, non-

malignant respiratory disease, occupational asthma, occupational lung disease, rubber

1 | INTRODUCTION

Several published case reports and cross-sectional epidemiologic

studies have reported the occurrence of upper and lower respiratory

symptoms and non-malignant respiratory diseases (NMRD) including

asthma, bronchitis, emphysema, and chronic obstructive pulmonary

disease (COPD) among workers in the rubber manufacturing indus-

try.1–7 An estimated 725 000 persons are employed in the U.S. plastics

and rubber manufacturing industry and potentially exposed to

emissions released during rubber manufacturing.8

Rubber manufacturing is a complex process that includes mixing

and milling, extrusion, molding, and finishing.9 Approximately 500

ingredients are combined to produce various types of rubber.5,9,10

During rubber manufacturing, workers are potentially exposed to
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Institute for Occupational Safety and Health (NIOSH), Centers for Disease Control and

Prevention (CDC), Morgantown, WV.
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feedstock materials and reaction products released in the forms of

gases, vapors, dusts, mists, and ultrafine particles, collectively referred

as rubber manufacturing emissions.11–13

Occupational exposure to rubber manufacturing emissions occurs

through inhalation or skin contact during the manufacturing pro-

cess.7,9,11,14,15 Rubber manufacturing emissions can contain known

human carcinogens such as aromatic amines, nitrosamines, and

polycyclic aromatic hydrocarbons (PAH), and are associated with an

increased risk of cancer among rubber workers.5,9,16,17 However, the

association between exposure to rubber manufacturing emissions and

development of NMRD is less clear. A single animal study demon-

strated pathologic lung lesions and significant increase in lung mast

cells in guinea pigs following inhalation exposure to high concentration

of rubber vulcanization fumes;18 indicating an association between

exposure to rubber manufacturing emissions and NMRD.

Work-related respiratory disease is common. Approximately

17% of all adult-onset asthma cases and 15% of COPD cases are

attributable to occupational exposures.19,20 These work-related

respiratory diseases have a substantial economic impact related to

healthcare cost, absenteeism, and disability.21 Many of the

compounds used in rubber manufacturing are known respiratory

hazards (bronchoirritants or sensitizers) that can cause acute or

chronic respiratory symptoms.4,5,15 However, only a small propor-

tion of the numerous chemicals found in rubber manufacturing have

occupational exposure limits including: Occupational Safety and

Health Administration (OSHA) permissible exposure limits (PELs),

NIOSH recommended exposure limits (RELs), American Conference

of Governmental Industrial Hygienists (ACGIH®) Threshold Limit

Values (TLV®s), or American Industrial Hygiene Association (AIHA)

workplace environmental exposure limits (WEEL®s). Additionally,

the combination of chemicals and ultrafine particles could alter the

expected health effects.22

Epidemiologic investigations focusing on the carcinogenic risk

associated with rubber manufacturing have been well-docu-

mented.9,23,24 However, to our knowledge, a comprehensive literature

review of NMRD-related morbidity and mortality among rubber

manufacturing workers has not been conducted. A thorough review of

existing literature is essential to developing a better understanding of

the non-carcinogenic respiratory hazards associated with rubber

manufacturing. The purpose of this study was to systematically review

the published scientific literature and summarize the evidence for

associations between occupational exposure to rubber manufacturing

emissions and NMRD-related morbidity and mortality.

2 | MATERIALS AND METHODS

We used the steps Hempel et al recommended for conducting a

systematic review of occupational safety and health questions.25 We

conducted a search of Scopus (January 1, 1969 to June 15, 2017),

Medline (January 1, 1970 to June 15, 2017), and Embase (January 1,

1970 to June 15, 2017),a for the purpose of identifying published

studies involving respiratory symptoms, impaired lung function, or

NMRD among rubber manufacturing workers.

A total of 1337 unique citations were retrieved (Figure 1). Eleven

duplicates were identified and excluded. Additional citations were

eliminated because of lack of relevancy following review of title

(n = 1193) and abstract (n = 32) by three authors (NT, SET, and RJN).

These citations were further classified into case reports, cross-

sectional studies, or mortality studies. Articles describing mortality

FIGURE 1 Flow diagram illustrating process for inclusion of studies analyzing the association between occupational exposure to rubber
manufacturing emissions and non-malignant respiratory disease. NMRD, non-malignant respiratory disease; SMR, standardized mortality ratio



THAPA ET AL. | 3369

T
A
B
L
E
1

C
ri
te
ri
a
us
ed

fo
r
ev

al
ua

ti
ng

st
re
ng

th
o
f
ev

id
en

ce
fo
r
a
p
o
si
ti
ve

as
so
ci
at
io
n
b
et
w
ee

n
ex

p
o
su
re

to
ru
b
b
er

m
an

uf
ac
tu
ri
ng

em
is
si
o
ns

an
d
N
M
R
D
-r
el
at
ed

m
o
rb
id
it
y
o
r
m
o
rt
al
it
y

St
ro
ng

(+
+
+
)

In
te
rm

ed
ia
te

(+
+
)

N
o
n-
si
gn

if
ic
an

t
p
o
si
ti
ve

(+
)

C
ro
ss
-s
ec

ti
o
na

ls
tu
d
ie
s

(1
)
In
cl
us
io
n
o
f
ru
b
b
er

m
an

uf
ac
tu
ri
ng

em
is
si
o
ns

ex
p
o
se
d
an

d
co

m
p
ar
is
o
n

gr
o
up

sa
,A

N
D

(1
)
In
cl
us
io
n
o
f
ru
b
b
er

m
an

uf
ac
tu
ri
ng

em
is
si
o
ns

ex
p
o
se
d
an

d
co

m
p
ar
is
o
n
gr
o
up

sa
,A

N
D

(1
)
In
cl
us
io
n
o
f
ru
b
b
er

m
an

uf
ac
tu
ri
ng

em
is
si
o
ns

ex
p
o
se
d
an

d
co

m
p
ar
is
o
n

gr
o
up

sa
an

d
no

n-
st
at
is
ti
ca
lly

si
gn

if
ic
an

tl
yb

hi
gh

er
p
re
va

le
nc

e
o
f
≥
1

re
sp
ir
at
o
ry

sy
m
p
to
m
sc

o
r
≥
1
N
M
R
D
,o

r
ai
rf
lo
w

lim
it
at
io
n
o
n
sp
ir
o
m
et
ry
,

O
R

(2
)
E
xp

o
se
d
gr
o
up

ha
d
st
at
is
ti
ca
lly

si
gn

if
ic
an

tl
yb

hi
gh

er
p
re
va

le
nc

e
o
f
≥
1

re
sp
ir
at
o
ry

sy
m
p
to
m
sc

o
r
≥
1
N
M
R
D
,

A
N
D

(2
)E

xp
o
se
d
gr
o
up

ha
d
st
at
is
ti
ca
lly

si
gn

if
ic
an

tb
hi
gh

er

p
re
va

le
nc

e
o
f
≥
1
re
sp
ir
at
o
ry

sy
m
p
to
m
sc

o
r
≥
1

N
M
R
D
,
o
r
ai
rf
lo
w

lim
it
at
io
n
o
n
sp
ir
o
m
et
ry

(2
)
N
o
co

m
p
ar
is
o
n
gr
o
up

sa
an

d
p
re
se
nc

e
o
f
ex

p
o
se
d
w
o
rk
er
s
w
it
h

re
sp
ir
at
o
ry

sy
m
p
to
m
sc

o
r
≥
1
N
M
R
D
,o

r
ai
rf
lo
w

lim
it
at
io
n
o
n
sp
ir
o
m
et
ry

(3
)
E
xp

o
se
d
gr
o
up

ha
d
st
at
is
ti
ca
lly

si
gn

if
ic
an

tl
yb

hi
gh

er
p
re
va

le
nc

e
o
f

ai
rf
lo
w

lim
it
at
io
n
o
n
sp
ir
o
m
et
ry

M
o
rt
al
it
y
st
ud

ie
s

(1
)
A
na

ly
si
s
o
f
w
o
rk
er
s
b
y
le
ve

l
o
f
ru
b
b
er

m
an

uf
ac
tu
ri
ng

em
is
si
o
ns

ex
p
o
su
re
,

A
N
D

(1
)A

ll
w
o
rk
er
s
o
r
a
su
b
se
t
o
f
w
o
rk
er
s
ha

d
st
at
is
ti
ca
lly

si
gn

if
ic
an

tl
yb

hi
gh

er
SM

R
fo
r
≥
1
N
M
R
D

(1
)
A
ll
w
o
rk
er
s
o
r
a
su
b
se
t
o
f
w
o
rk
er
s
ha

d
no

n-
st
at
is
ti
ca
lly

si
gn

if
ic
an

tl
yb

hi
gh

er
SM

R
fo
r
≥
1
N
M
R
D

(2
)
W

o
rk
er
s
w
it
h
hi
gh

er
ex

p
o
su
re

ha
d

st
at
is
ti
ca
lly

si
gn

if
ic
an

tl
yb

hi
gh

er
SM

R
fo
r

≥
1
N
M
R
D

N
M
R
D
,n

o
n-
m
al
ig
na

nt
re
sp
ir
at
o
ry

d
is
ea

se
;
SM

R
,s
ta
nd

ar
d
iz
ed

m
o
rt
al
it
y
ra
ti
o
.

a C
o
m
p
ar
is
o
n
gr
o
up

s
d
et
er
m
in
ed

b
y
en

vi
ro
nm

en
ta
le

xp
o
su
re

d
at
a
at

fa
ct
o
ri
es

an
d
in
cl
ud

e
gr
o
up

s
w
it
h
ei
th
er

no
o
r
co

m
p
ar
at
iv
el
y
lo
w
er

ex
p
o
su
re

to
ru
b
b
er

m
an

uf
ac
tu
ri
ng

em
is
si
o
ns
.

b
P
<
0
.0
5
.

c U
p
p
er

an
d
lo
w
er

re
sp
ir
at
o
ry

sy
m
p
to
m
s.



2 | THAPA ET AL.370

studies were excluded (n = 34) when NMRD-related mortality was not

assessed. One article was excluded because the publication was

unavailable. Two additional articles were included following a

bibliography review of the included studies and review of the author's

manuscript collection. During the review process, the authors

excluded one article describing an animal study, one article describing

non-respiratory symptoms, two articles including non-rubber

manufacturing facilities, and two articles describing mortality studies

that did not calculate standardizedmortality ratios [SMR] for NMRD. A

total of 62 articles met the inclusion criteria of the study having an

assessment for the presence of respiratory symptoms, impaired lung

function, or NMRD among rubber manufacturing workers. During

analysis, four articles were combined and analyzed as two cross-

sectional studies because the authors described respiratory symptoms

and lung function abnormalities for the same cohorts in separate

publications.26–29 One article was considered both as a case series and

cross-sectional study.30 Mortality studies assessing the same cohort

during different time periods were grouped together and assigned a

corresponding alphabet letter (Table 4). Confidence intervals (CI) not

reported in mortality studies were calculated using OpenEpi.31

We summarized the study findings regarding exposure to rubber

manufacturing emissions, respiratory symptoms or signs, lung function

abnormalities, and NMRD diagnoses as defined by the original study.

Cross-sectional studies (n = 30) and mortality studies (n = 26) were

evaluated using a grading rubric developed a priori by the authors

(Table 1). Each cross-sectional and mortality study was assessed for

evidence of association between exposure to rubber manufacturing

emissions and NMRD-related morbidity or mortality by three authors

(NT, SET, and RJN) and strength of association was characterized as

strong, intermediate, non-significant positive, or no association.b

We conducted a meta-analysis to analyze the association

between exposure to rubber manufacturing emissions and develop-

ment of respiratory symptoms or NMRD for the cross-sectional and

mortality studies using a data analysis guide produced by Neyeloff

et al.32 We modified the guide spreadsheet to account for the use of

SMRs and odds ratios. Heterogeneity was evaluated using the I2

value described by Higgins et al.33 For the cross-sectional meta-

analysis, we included cross-sectional studies that provided odds

ratios with confidence intervals for respiratory symptoms, NMRD

diagnoses, or sufficient data to calculate odds ratios and confidence

intervals. If more than one odds ratio was reported in a study, we

chose a lower respiratory outcome with the highest odds ratio.

Among the 30 cross-sectional studies, six studies were included in

the meta-analysis and 24 were excluded. For the mortality meta-

analysis, we included studies that reported overall SMRs for diseases

of the respiratory system (ICD code: 427-527) in males. Nineteen

mortality studies were included in the meta-analysis and six studies

were excluded. For both meta-analyses, each study's weight was

calculated by the inverse of the study variance plus the between-

studies variance.32 In the forest plots, each study's weight was

represented as a percentage of the sum of the weights. The results

of this study were presented at the American Thoracic Society 2018

International Conference.34

3 | RESULTS

3.1 | Case reports

Table 2 summarizes five articles describing 11 cases of respiratory

illness occurring among workers exposed to rubber manufacturing

emissions at five facilities located in the United States (n = 2), Canada

(1), Korea (1), and Ethiopia (1).1,2,30,35,36,37 Ten of the cases occurred

among males. Of the 10 cases with known age, the median age was

36.5 (range: 21-57) years. Of the 10 cases that reported symptom

onset times, the median time from first exposure to symptom onset

was 7 weeks (range: 2 weeks-4 years). Five of the 11 workers with

respiratory illness used tobacco. Among these 11 cases, symptoms and

conditions included rhinorrhea (n = 1), nasal congestion (1), sinusitis (1),

rhinitis (1), hoarseness (2), chronic laryngitis (1), breathlessness (1),

dyspnea (6), wheezing (4), chest congestion (1), cough (4), sputum

production (2), chest pain (1), chest tightness (2), early pneumonia (1),

pneumonic infiltrates (1), pneumonitis (1), interstitial fibrosis (1),

bilateral interstitial infiltrates (1), acute respiratory distress (1),asthma

symptoms (1), nasolaryngotracheobronchitis (1), and chronic bronchi-

tis (2). One case of occupational asthma and one case of acute

eosinophilic pneumonia were also identified. Work roles included

press operators in the thermo-injection process (n = 5), cushion mill

operator (1), working in the heat press process (1), tire curing process

(1), passenger tire builder (1), and calender operators (2). Six workers

had respiratory conditions and eosinophilia; the eosinophil count for

five workers was not reported. Nine workers were hospitalized and no

workers died.

Bascom et al described five workers who worked as press

operators in the thermo-injection process at a single facility.1 The

workers were exposed to heated chloroprene-based rubber that was

injected into the metal molds. The onset of respiratory symptoms for

all workers occurred 2-6 weeks after an increase in production that

resulted in an increase in rubber manufacturing emissions. Two and

five workers experienced upper and lower respiratory symptoms,

respectively. Two had abnormal spirometry (obstruction = 1; restric-

tion = 1) and one had a decrease in diffusing capacity. Eosinophilia was

observed for each press operator. All five workers returned to work

after treatment and were transferred to other work areas within the

facility.

An article byKato and Leki reported one case in a 31-year-oldmale

who had the task of pouring raw materials into molds and a heat

press.35 His symptoms began twomonths after exposure and included

dyspnea and fever. He also had bilateral diffuse infiltrates on chest

radiographs and eosinophilia. He was diagnosed with acute eosino-

philic pneumonia and hospitalized. He was discharged following

treatmentwith oral steroids, at which time he returned toworkwith no

subsequent recurrence of acute eosinophilic pneumonia.

The Korean Occupational Safety and Health Research Institute

described a tire curing machine operator in his 30s who developed

asthma symptoms after four years of work in a tire manufacturing

facility.36,37 With exposure to rubber manufacturing emissions that

ranged from 0.18 to 0.80mg/m3, theworker's average peak expiratory
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flow decreased from 417.1 L/min on a rest day to 361.7 L/min on

working day.

Another article by Tarlo reported a case in a 55-year-old male who

worked at a rubber tire manufacturing facility as a cushion mill

operator where his task was to apply hot rubber coating to rubber

strips.2 His symptoms of rhinitis started one year after exposure to a

newly introduced chemical (crude tall oil, heated to 100°C) at the

workplace. Three months later, he was hospitalized for asthma. While

away fromwork, his symptoms resolved and lung function results were

normal. Following his return towork, he experienced a reoccurrence of

respiratory symptoms and a decline in peak expiratory flows. A single-

patient blinded specific inhalation challenge was conducted using tall

oil resin, with molasses as a control substance. Lung function remained

stable following an inhalation challenge with molasses. However,

following an inhalation challenge to tall oil resin for 65min he became

dyspneic with a 60% decrease in forced expiratory volume in one

second (FEV1), resulting in a diagnosis of occupational asthma.

One cross-sectional study by doPico et al. described three case

reports that occurred among one passenger tire builder and two

calender operators.30 All three workers had worked in the plant for an

average of 26 years (range: 15-34 years) and each of them developed

upper and lower respiratory symptoms 1-2months following exposure

to the newly introduced thermosetting resin at the workplace. Two of

the workers returned to work despite having a chronic productive

cough, intermittent wheezing, mild dyspnea, and nasolaryngotracheo-

bronchitis; one calender operator was unable to continue working

because of chronic laryngitis and severe bronchitis.

3.2 | Cross-sectional studies

Table 3 summarizes 32 articles describing 30 cross-sectional studies

evaluating the presence of respiratory symptoms and NMRD among

workers exposed to rubber manufacturing emisssions.3–7,10–

12,14,15,21,26–30,38–53 Occupational cohorts (n = 10 896 workers in

total) across studies varied from 34 to 1820 workers, and included

facilities from the United States (n = 14), Sweden (6), India (3), Iran (3),

Italy (1), Netherlands (1), Poland (1), and Turkey (1). Nineteen studies

evaluated both respiratory symptoms/diagnoses and spirometry

measurements, eight respiratory symptoms/diagnoses only, and three

spirometry measurements only.

All of the 30 cross-sectional studies had non-significant positive or

higher evidence of association between exposure to rubber

manufacturing emissions and respiratorymorbidity. Nine (30%) studies

had strong evidence, nine (30%) intermediate, and 12 (40%) non-

significant positive association. Compared with controls, exposed

workers in 15 (52%), 11 (38%), and 3 (10%) cross-sectional studies had

a statistically significant higher prevalence of respiratory symptoms,

airflow limitation, or NMRD, respectively. Respiratory symptoms

reported among the exposed workers included nosebleed, nasal

congestion, shortness of breath, cough, sputum production, dyspnea,

wheeze, chest tightness, chest irritation, and chest pain. NMRD

diagnoses included sinusitis, pharyngitis, chronic bronchitis, emphy-

sema, COPD, and asthma. Twenty-two studies conducted spirometry

measurements; of these, reductions were reported in FEV1 (n = 6),

forced vital capacity (FVC) (6), vital capacity (VC) (1), FEV1/FVC (8),

forced expiratory flow (FEF) at 75% of FVC (1), FEF at 50% of FVC (1),

and FEF at 25% of FVC (1).

Workers included in the cross-sectional studies had known

exposures to rubbermanufacturing emissions that included suspended

dusts, organic and inorganic vapors, respirable and inhalable talc dust,

napthalene-diisocyanate (NDI) fumes, respirable particulate matter,

polycyclic aromatic hydrocarbons (including benzo(a)pyrene), sul-

phates, nitrates, thermosetting resin, or carbon black. Twenty-six

(87%) of the cross-sectional studies assessed for tobacco use among

workers; 19 (63%) of those studies reported respiratory symptoms or

lung function associated with smoking. For example, one study

described prevalence of lung impairment among exposed non-smokers

(odds ratio = 3.45, 95%CI, 1.76-9.50), exposed smokers (12.12, 3.35-

37.87), and non-exposed smokers (3.48, 1.42-8.33) compared with

non-exposed non-smokers.14

For the meta-analysis of cross-sectional studies, odds ratios with

confidence intervals from six cross-sectional studies were analyzed

using a random effects model (Figure 2). We selected the random

effects model because of the moderate-to-high I2 value (67.6%)33 and

the perceived heterogeneity observed during the formal review. The

overall odds ratio for the cross-sectional meta-analysis was 3.83 (95%

CI, 2.28-6.51).

3.3 | Mortality studies

Table 4 summarizes 26 articles describing 26 mortality studies of 14

occupational cohorts involving 270,408 workers (range: 327-

40 867).16,17,23,54–76 These mortality studies included workers from

facilities in the United States (n = 13), Germany (4), United Kingdom (4),

Italy (2), Sweden (2), and one study included facilities from five

European countries (Germany, Italy, Poland, Sweden, and United

Kingdom).

The primary focus of these mortality studies was cancer. For the

purpose of our review, NMRD-related mortality was caused by

diseases of the respiratory system other than cancer including asthma,

bronchitis, chronic airway obstruction, COPD, emphysema, and

pneumonia. Median required work tenure was one year (range: 1

day-5 years). Twenty (77%) studies excluded workers with work

tenure <1 year and therefore were not designed to assess the

relationship between mortality from NMRD and these short-term

exposures.

Of the 26 studies addressing NMRD mortality, one (4%) had

strong, four (15%) had intermediate, 10 (39%) had non-significant

positive association, and 11 (42%) had no evidence of association

between exposure to rubber manufacturing emissions and NMRD-

related mortality. A mortality study among curing workers, which have

a higher exposure to curing fumes compared with other workers,9 had

strong association for NMRD-related mortality; the SMR for

pneumonia was 2.2 (95%CI, 1.37-3.38).61

Among the four studies demonstrating intermediate association,

one reported elevated mortality for COPD (SMR = 1.22, 95%CI, 1.01-
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1.46) among retiredworkers in the German rubber industry.16 Another

identified elevated mortality among retired U.S. male rubber

manufacturing workers aged 40-64 years from bronchitis, emphy-

sema, and asthma (SMR = 1.84, 95%CI, 1.43-2.40) and other

respiratory diseases (SMR = 3.09, 95%CI, 1.8-5.08).55 A third study

among tire manufacturing workers with different work tenures (range:

<6 months-10 years) described various NMRD-related mortalities

among workers with tenure <6 months, 6 month-2.5 years, >2.5-10

years, and >10 years (SMR = 2.06, 95%CI, 1.36-3.00; 1.92, 1.23-2.85;

1.23, 0.71-1.96 and, 0.59, 0.27-1.12, respectively).69 Mortality related

to NMRD and chronic airway obstruction among workers with 10

years latency was also elevated (SMR = 1.46, 95%CI, 1.15-1.83; 1.67,

1.17-2.31, respectively). Finally, a fourth study reported mortality for

bronchitis, emphysema, and asthma (SMR = 1.82, 95%CI, 1.06-2.94)

amongworkers in different sectors (sponge rubber, rubberwith plastic,

crepe rubber, etc.) of the rubber and cable making industry.76

For the meta-analysis of mortality studies, SMRs with confidence

intervals from19mortality studieswere analyzed for the association of

rubber manufacturing emissions and NMRD-related mortality (Figure

3). Because I2 was moderate-to-high (63.2%) and a high heterogeneity

was perceived during the formal review,33 the random effect model

was used for the meta-analysis. The overall SMR for the mortality

studies meta-analysis was 0.90 (95%CI, 0.82-0.99).

4 | DISCUSSION

This systematic review identified some evidence that exposure to

rubber manufacturing emissions is positively associated with NMRD.

Available evidence included: (1) 11 case reports of respiratory

conditions occurring amongworkers in rubbermanufacturing facilities,

including one case report of occupational asthma that included a

positive specific inhalation challenge and one case of acute

eosinophilic pneumonia; (2) all 30 cross-sectional studies provided

at least non-significant positive association between exposure to

rubber manufacturing emissions and development of respiratory

symptoms, lung function abnormalities, or NMRD, including nine

studies that had strong evidence of association; and (3) the meta-

analysis among the six cross-sectional studies that calculated an odds

ratio indicated a significant positive association between rubber

manufacturing emissions and respiratory symptoms or NMRD.

Although 15 of 26 mortality studies had at least non-significant

positive association between exposure to rubber manufacturing

emissions and NMRD-related mortality, the mortality study meta-

analysis found no association. However, one mortality study did

indicate strong evidence of association between rubbermanufacturing

emissions and NMRD-related mortality.

The majority of the cross-sectional and mortality studies included

in this review did not conduct a comprehensive exposure analysis.

Among the cross-sectional studies, only nine discussed exposure to

specific chemicals (Napthalene-diisocyanate, talc dust, hexamethy-

lenetetramine-resorcinol resin, benzo(a)pyrene, carbon disulfide, and

carbon black dust) while the other 21 described general rubber

manufacturing emissions exposure. Rubber manufacturing workers

are exposed to a multitude of natural or anthropogenic chemicals and

high concentrations of ultrafine particles through inhalation routes.9

Evidence has indicated that mixing natural or anthropogenic chemicals

with combustion-produced fine and ultrafine particles might increase

transfer of chemicals into the respiratory cells; thus, increasing

respiratory morbidity and mortality.22,77 The complexity of rubber

manufacturing exposures makes completing an accurate exposure

analysis and determining the role rubber manufacturing emissions

exposure plays in the development of NMRD difficult.9 Because of the

challenges in attributing specific exposures to health outcomes, animal

studies of rubber manufacturing emissions could contribute to a better

understanding of the potential respiratory toxicity that occurs from

working in rubber manufacturing.

Work-related asthma is characterized by asthma symptoms that

occur in a previously healthy worker (occupational asthma) or a worker

previously diagnosed with asthma whose symptoms are made worse

by the workplace (work-exacerbated asthma).78 There are over 300

known respiratory irritants and sensitizers that can lead to the

development of work-related asthma and many are found in dusts,

fumes, and vapors from rubber manufacturing.4,5,15,79,80 Several

studies and case reports identified during this systematic review

described cases of work-related asthma including a confirmed case of

FIGURE 2 Forest plot of cross-sectional studiesc for the association between occupational exposure to rubber manufacturing emissions
and development of respiratory symptoms or non-malignant respiratory disease. aCaluculated odds ratios and CI from values reported in
manuscripts. bStudy included multiple odds ratio values so selected highest odds ratio value for a lower respiratory symptom. cCross-
sectional studies included in the meta-analysis were studies that reported odds ratios with CI for respiratory symptoms or NMRDs, or
reported data to calculate odds ratios and CI. CI, Confidence Interval; NMRD, non-malignant respiratory disease



2 | THAPA ET AL.378

TABLE 4 Non-malignant respiratory disease-related mortality among rubber manufacturing cohorts

Cohort and
reference

No. of
workers Required tenure Findings

Strength
of
evidencea

A—Andjelkovich
et al. [1978]54

1649 Employed or
retired

(i) White females, 40-84 years age category, 1964-1973; (ii) pneumoniab,
SMR, 0.66 (95%CI, 0.24-1.47); (iii) bronchitis, emphysema, and asthma,

SMR, 1.05 (95%CI, 0.26-2.86); (iv) NMRD, SMR, 1.96 (95%CI, 0.50-5.40)

+

A—Andjelkovich

et al. [1976]55
2373 Employed or

retired

(i) White males, retired group, 40-64 years age category, 1964-1973; (ii)

pneumoniab, SMR, 0.88 (95%CI, 0.22-2.40) (iii) bronchitis, asthma, and
emphysema, SMR, 1.84 (95%CI, 1.43-2.40); (iv) NMRD, SMR, 3.09 (95%CI,
1.80-5.08)

++

A—McMichael
et al. [1974]56

6678 Employed or
retired

(i) White males, 40-64 years age category, 1964-1972; (ii) chronic respiratory
diseases, SMR, 0.96 (95%CI, 0.53-1.59)

NA

B—Beall et al.
[2007]57

3425 ≥1 year (i) Total employees hired in or after 1962; (ii) NMRD, SMR, 0.51 (95%CI,
0.30-0.80) (total employees) and 0.52 (95%CI, 0.31-0.83) (male)

NA

C—Delzell and
Monson
[1982a]58

2666 ≥2 years (i) White males, processing workers, 1940-1971; (ii) NMRD, SMR, 0.84 (95%
CI, 0.64-1.08); (iii) emphysema, SMR, 1.18 (95%CI, 0.75-1.77)

+

C— Delzell and
Monson
[1982b]59

327 ≥2 years (i) White males, exposed to acrylonitrile, 1940-1971; (ii) NMRD, SMR, 1.04
(95%CI, 0.30–2.40)

+

C—Delzell and
Monson
[1984]60

3161 ≥2 years (i)) White males, aerospace workers, 1940-1971; (ii) NMRD, SMR, 0.80 (95%
CI, 0.60-1.00)

NA

C—Delzell and
Monson

[1985a]61

1790 ≥2 years (i) White males, reclaim division workers, 1940-1971; (ii) NMRD, SMR, 0.90
(95%CI, 0.60-1.30); (iii) emphysema, SMR, 1.30 (95%CI, 0.60-2.40)

+

C—Delzell and

Monson
[1985b]62

1152 ≥2 years (i) White males, curing workers, 1940-1971;(ii) emphysema, SMR, 0.80 (95%

CI, 0.30-1.70); (iii) NMRD, SMR, 1.10 (95%CI, 0.80-1.60); (iii) pneumonia
(curing workers compared to non-curing workers), SMR, 2.20 (95%CI,
1.37-3.38)

+++

C—Monson and
Nakano
[1976]63

13571 ≥5 years (i) White males, 1940-1974; (ii) NMRD, SMR, 0.68 (0.59-0.77); (iii) asthma,
SMR, 1.60 (95%CI, 0.82-2.73); (iv) pneumonia, SMR, 1.60 (95%CI, 0.84-
2.64)

+

D—Dost et al.
[2007]64

8651 ≥1 year (i) Total employees, 1983-2004; (ii) NMRD, SMR, 1.24 (95%CI, 0.82-1.79)
(male) and 1.70 (95%CI, 0.55-3.97) (female)

+

D—Straughan and
Sorahan
[2000]65

8651 ≥1 year (i) Total employees, 1983-1998; (ii) NMRD, SMR, 1.12 (95%CI, 0.60-1.80)
(male) and 0.81 (95%CI, 0.04-4.01) (female)

+

E—Pira et al.
[2012]66

6251 ≥6 months (i) Males, 1954-2008; (ii) COPD, SMR, 0.63 (95%CI, 0.39-0.95) NA

F—Sathiakumar
et al. [1998]67

15649 ≥1 year (i) Males, 1943-1991; (ii) NMRD, SMR, 0.71, (95%CI, 0.62-0.81) NA

F— Sathiakumar
and Delzell

[2009]68

4863 ≥1 year (i) Females, 1943-2003; (ii) NMRD, SMR, 0.97, (95%CI, 0.79-1.18) NA

G—Weiland et al.

[1996]16
11663 ≥1 year (i) Males, 1981-1991; retired and employed workers; (ii) NMRD, SMR, 0.97

(95%CI, 0.83-1.13) (combined), 1.03 (95%CI, 0.87-1.21) (retired), and 0.72
(95%CI, 0.46-1.08) (employed) (ii) COPD, SMR, 1.15 (95%CI, 0.96-1.35)
(combined), 1.22 (95%CI, 1.01-1.46) (retired), and 0.85 (95%CI, 0.52-1.31)
(employed)

++

G—Straif et al.
[2000]23

8933 ≥1 year (i) Males, 1981-1991 (ii) NMRD, SMR, 0.99 (95%CI, 0.80-1.22) NA

G—Vlaanderen
et al. [2013]17

13395 ≥1 year (i) Total employees, 1981-2000 (ii) NMRD, SMR, 0.97 (95%CI, 0.86-1.08)
(male) and 1.13 (95%CI, 0.65-1.83) (female)

+

H—Wingren 5745 >1 month (i) Males, 1958-2001; (ii) NMRD, SMR, 2.06, (95%CI, 1.36-3.00) (< 6 months ++

(Continues)
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TABLE 4 (Continued)

Cohort and
reference

No. of
workers Required tenure Findings

Strength
of
evidencea

[2006]69 tenure), 1.92 (95%CI, 1.23-2.85) (6 months—2.5 years tenure), 1.23 (95%
CI, 0.71-1.96) (>2.5-10 years tenure), 0.59 (95%CI, 0.27-1.12) (>10 years

tenure), and 1.46 (95%CI, 1.15-1.83) (10 years latency); (iii) pneumoniab,
SMR, 1.23 (95%CI, 0.83-1.75) (10 years latency); (iv) chronic airway
obstruction, SMR, 1.67 (95%CI, 1.17-2.31) (10 years latency)

I—Delzell et al.
[1981]70

1792 ≥2 years (i) Males, 1954-1976; (ii) NMRD, SMR, 0.94 (95%CI, 0.51-1.57) NA

J—Boniol et al.
[2016]71

38457 ≥1 year (i) Total employees, working since 1975; (ii) Respiratory diseases excluding
pneumonia, SMR, 0.93 (95%CI, 0.72-1.19) (male), 0.74 (95%CI, 0.38-1.42)
(female), and 0.90 (95%CI, 0.71-1.13) (combined)

NA

K— Mirabelli et al.
[2012]72

9501 Observation
started at the
date of hire

(i) Total employees, 1962-2000; (ii) NMRD, SMR, 0.67 (95%CI, 0.41-1.02)
(male)

NA

L— Gustavsson
et al. [1986]73

8734 ≥1 year (i) Total employees, 1952-1981; (ii) NMRD, SMR, 1.15 (95%CI, 0.79-1.60)
(male); (iii) asthma, bronchitis, and emphysema, SMR, 1.26 (95%CI, 0.72-
2.04) (male)

+

M— Taeger et al.
[2007]74

9597 ≥1 year (i) Total employees, 1981-2000; (ii) NMRD, SMR, 1.06 (95%CI, 0.22-3.11)
(male); (ii) COPD, SMR, 1.37 (95%CI, 0.17-4.93) (male)

+

N— Fox et al.
[1974]75

40867 ≥1 year (i) Males, 1968-1971; (ii) NMRD, SMR, 0.84 (95%CI, 0.73-0.96) (all sectors)
and 0.55 (95%CI, 0.35-0.80) (tire sector); (ii) bronchitis, SMR, 0.86 (95%CI,

0.72-1.02) (all sectors) and bronchitis and emphysema, SMR, 0.82 (95%CI,
0.60-1.09) (tire sector)

NA

N—Fox and
collier. [1976]76

40867 ≥1 year (i) Males, 1972-1974; (ii) NMRD, SMR, 1.02 (95%CI, 0.89-1.15) (all sectors)
and 1.51 (95%CI, 0.98-2.23) (sector: sponge rubber, rubber with plastic,
crepe rubber, etc) (ii) bronchitis, SMR, 1.14 (95%CI, 0.96-1.34) (all sectors)
and bronchitis, emphysema, and asthma, SMR, 1.82 (95%CI, 1.06-2.94)
(sector: sponge rubber, rubber with plastic, crepe rubber, etc)

++

CI, confidence interval; COPD, chronic obstructive pulmonary disease; NA, no association; NMRD, non-malignant respiratory diseases; SMR, standardized
mortality ratio.
aStrength of evidence for positive association: +++, strong; ++, intermediate; +, non-significant positive association; definitions located in Table 1.
bSMR for pneumonia includes deaths from influenza as well.

FIGURE 3 Forest plot of mortality studiesa for the association between occupational exposure to rubber manufacturing emissions and
NMRD-related mortality. aMortality studies that reported summary standardized mortality ratios for male employees who died of NMRDs
(ICD code: 427-527). CI, Confidence Interval; NMRD, non-malignant respiratory disease
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occupational asthma diagnosed following a positive specific inhalation

challenge.2 Additionally, six cross-sectional studies reported a higher

prevalence of asthma, a significantly higher number of respiratory

symptoms, and a reduction in lung function amongworkerswith higher

exposures to rubber manufacturing emissions compared with con-

trols.7,15,21,26,40,41 Furthermore, four mortality studies that were

focused on malignant disease-related mortality reported SMRs for

asthma, bronchitis, and emphysema including two with statistically

significant SMRs55,76 and two with a non-significant positive associa-

tion.54,73 Finally, another mortality study reported a non-significant

positive SMR for asthma.63 Because of the possibility of work-related

asthma occurring among rubber manufacturing workers, symptom

surveillance, and improving clinician awareness of work-related

asthma risks among rubber manufacturing workers might help identify

asthma caused by rubber manufacturing emissions sooner.

Six of the 11 case reports included in this review described

workers from two rubber manufacturing facilities who had respiratory

conditions and eosinophilia.1,35 Eosinophilia with airway inflammation

occurs in a number of respiratory conditions including allergic rhinitis,

asthma, bronchitis, and COPD.81 Allergic airway sensitivity has been

associated with inhalational exposure to combustion products,82,83

and occupational exposures have been associated with eosinophil

production.81 A recent study among professional firefighters who had

chronic and prolonged exposure to smoke and numerous ultrafine

particulates reported statistically significantly higher percentage of

eosinophils on induced sputum and bronchoalveolar lavage fluid

testing compared with healthy subjects or firefighter trainees, and

demonstrated a significant correlation between the percentage of

sputum eosinophils and years of service.84 Identification of eosino-

philic asthma versus non-eosinophilic asthma has important implica-

tions for identification of potential causes and for selecting appropriate

treatments.85 Although sputum eosinophilia is the gold standard of

diagnosis for eosinophilic asthma, persons with blood eosinophil

counts of more than 400 cells/μL can be expected to have increased

sputum eosinophils.85 Therefore, the use of blood eosinophil counts

among rubber manufacturing workers who experience respiratory

symptoms and the use of non-invasive biomarkers, such as fraction of

exhaled nitric oxide (FeNO) that can predict the presence of sputum

eosinophilia, can help identify cases of eosinophilic asthma.86

The cross-sectional studies included in this review likely under-

estimated the prevalence of NMRD-relatedmorbidity. Cross-sectional

studies are subject to healthy worker bias because ill workers leave the

workplace resulting in a healthier workforce.87 Even so, each of the 30

cross-sectional studies had at least a non-significant positive associa-

tion between exposure to rubber manufacturing emissions and

NMRD-related morbidity. In addition, a meta-analysis of six cross-

sectional studies demonstrated a significant positive association of

rubber manufacturing emissions and respiratory symptoms or NMRD.

Among the 30 cross-sectional studies, 22 incorporated only spirome-

try to assess lung function changes among rubber manufacturing

workers. Although spirometry is commonly used to identify work-

related NMRD, baseline lung function testing that includes spirometry

combined with other non-traditional testing methods such as impulse

oscillometry or FeNO might improve NMRD testing sensitivity.

Spirometry, as a single lung function test, has a poor sensitivity for

work-related asthma.88 Identifying work-related asthma in a cross-

sectional study includes establishing a relationship between symptoms

and work through a medical questionnaire and lung function

testing.89,90 To improve detection of asthma and other work-related

lung conditions among rubber manufacturing workers during future

cross-sectional studies, consideration should be given to completion of

comprehensive studies that includemedical questionnaire, spirometry,

and other non-traditional testing methods that can aid in the

identification of asthma and other airway diseases.86,91,92 Additionally,

repeating these comprehensive studies could help identify rubber

manufacturing workers with excessive declines in lung function at

earlier stages of NMRD.93,94

Although 15 of the 26 mortality studies indicated at least a non-

significant positive association, the meta-analysis for the mortality

studies demonstrated no association between rubber manufacturing

emissions and NMRD-related mortality. However, the mortality

studies included in this review were likely limited in their ability to

detect work-related NMRD-related mortality for multiple reasons.

First, the mortality studies were designed to detect cancer-related

mortality. Consequently, the studies assessed cumulative exposures

over long periods and the majority of studies excluded short-tenured

workers, which likely limited the identification of respiratory mortality

associated with short-term higher exposures to rubber manufacturing

emissions. For example, the case reports included in this study had a

median time from exposure to symptomonset of sevenweeks. Eight of

the 11 mortality studies with no evidence of association between

exposure to rubber manufacturing emissions and NMRD-related

mortality excluded workers with tenure <1 year. One study of tire

manufacturing workers demonstrated a higher mortality for diseases

of the respiratory system among workers with a tenure <6 months

(SMR = 2.06, 95%CI, 1.36-3.00) compared with workers with tenure 6

months-2.5 years tenure (SMR = 1.92, 95%CI, 1.23-2.85), >2.5-10

years tenure (SMR = 1.23, 95%CI, 0.71-1.96), and >10 years tenure

(SMR = 0.59, 95%CI, 0.27-1.12).69 Second, death certificates are not

sensitive for detecting occupational lung diseases,95 and classification

of causes of death reported in death certificates is often inaccurate

with frequent discordance with clinical and autopsy information.96

Third, work-related COPD mortalities might be falsely attributed to

tobacco-related mortalities because of the strong causal association

with tobacco smoking and the late onset of disease.97 To improve

detection of work-related respiratory disease mortality, future

mortality studies of rubber manufacturing worker cohorts should

include: NMRD cause of death codes, longer follow-up periods, short-

tenured workers, and methods to adjust for confounding of tobacco

use such as standardized rate ratios.98

This study is subject to several limitations. First, systematic

reviews are subject to publication bias of the articles reviewed, which

might bias the findings towards a positive association between

exposure to rubber manufacturing emissions and development of

NMRD-related morbidity or mortality. However, in general, the

mortality studies were designed to detect cancer-related mortality
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and negative findings of NMRD-related mortality would not have

precluded their publication. Second, the mortality studies did not

assess for a history of tobacco use. Therefore, if the rubber

manufacturing workers used tobacco at a higher rate than the general

population, the studies might be skewed toward a positive association

between employment at a rubber manufacturing facility and NMRD-

related mortality. Third, the majority of cross-sectional and mortality

studies were lacking detailed exposure information, which limited the

ability to compare exposures across studies. Fourth, this review

included rubber manufacturing emissions studies from over a span of

42 years. During this period, substantial changes in rubbermanufactur-

ing work practices have occurred,13 which potentially affected the

comparability or contemporary relevance of some of the results and

conclusions. Finally, our review was restricted to published studies

written in the English language, which might have underestimated the

occurrence of NMRD among rubber workers and the systematic

review results.

In summary, a systematic review of available case reports, cross-

sectional studies, and mortality studies provided some evidence that

working in rubbermanufacturing is potentially associatedwithNMRD-

related morbidity and mortality, with more evidence for association

with morbidity. Conducting detailed exposure assessments during

cross-sectional studies that also include traditional (eg, spirometry) and

non-traditional testingmodalities (eg, FeNO and impulse oscillometry),

and associating specific exposures to health outcomes, could help to

further describe the association between exposure to rubber

manufacturing emissions and respiratory morbidity. Furthermore,

future studies assessing mortality among rubber manufacturing

workers should include short-tenured workers and use statistical

methods that adjust for confounding from tobacco use. Finally,

conducting animal studies involving individual and mixed exposures of

the predominant chemicals used in rubber manufacturing could help

public health professionals better understand the potential respiratory

toxicity associated with rubber manufacturing.
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ENDNOTES

a Search strategy and keywords: SCOPUS: TITLE-ABS-KEY (rubber OR
“ethylene propylene diene monomer” OR epdm OR neoprene OR
polychloroprene OR elastomer* OR “styrene butadiene” OR polybutadi-

ene) AND TITLE-ABS-KEY (“threshold limit value” OR employee* OR
facilities OR facility OR industry* OR manufactur* OR “maximum
allowable concentration” OR occupation* OR worker* OR workplace*)
AND TITLE-ABS-KEY (airway* OR alveol* OR asthma* OR bronch* OR

(bronchiolit*W/2oblit*) OR chestOR respirat*ORexpiratoryOR fev1OR
(hypersensit*W/2 pneumon*) OR inhal* OR laryng* OR lung OR lungsOR
pneumo* OR pulmon* OR respirato* OR spiromet*) AND LANGUAGE
(english) AND PUBYEAR>1969 AND NOT TITLE-ABS-KEY (mouse OR
mice OR murine OR rats OR swine).MEDLINE and EMBASE: TITLE-ABS-
KEY (rubber OR “ethylene propylene diene monomer” OR epdm OR
neopreneOR polychloropreneOR elastomer*OR “styrene butadiene”OR
polybutadiene) AND TITLE-ABS-KEY (“threshold limit values” OR
maximum allowable concentration* OR employee* OR worker* OR
workplace* OR occupational OR (facility or facilities) OR (industry or

industries or industrial) OR manufactur* AND TITLE-ABS-KEY (Respira-
tory Tract Diseases OR Respiratory system OR Diagnostic Techniques,
Respiratory SystemOR airway* Alveolar Epithelial CellsORMacrophages,
Alveolar OR Pulmonary Alveoli OR (alveolar or alveoli) OR asthma* OR
bronchial OR bronchitis OR bronch* OR bronchiolit* adj oblit* OR thorax

OR chest OR expiratory OR fev1 OR (hypersensit* adj pneumon*) OR
inhalation OR inhal* OR laryng* OR lung* OR pneumo* OR pulmon* OR
respirat* OR spiromet* AND LANGUAGE (english) and yr = “1970-
Current” AND NOT TITLE-ABS-KEY (mouse OR mice OR murine OR

rats OR swine).
b Assigned to studies that did not meet the criteria for the other categories
of strength of association.
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