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Abstract

OBJECTIVES—The purpose of this study is to determine the trajectory of lung function change
after exposure cessation to occupational organic dust exposure, and to identify factors that modify
improvement.

METHODS—The Shanghai Textile Worker Study is a longitudinal study of 447 cotton workers
exposed to endotoxin-containing dust and 472 silk workers exposed to non-endotoxin-containing
dust. Spirometry was performed at 5 year intervals. Air sampling was performed to estimate
individual cumulative exposures. The effect of work cessation on FEV4 was modeled using
generalized additive mixed effects models to identify the trajectory of FEVy recovery. Linear
mixed effects models incorporating interaction terms were used to identify modifiers of FEV,
recovery. Loss to follow-up was accounted for with inverse probability of censoring weights.

RESULTS—74.2% of the original cohort still alive participated in 2011. Generalized additive
mixed models identified a non-linear improvement in FEV for all workers after exposure
cessation, with no plateau noted 25 years after retirement. Linear mixed effects models
incorporating interaction terms identified prior endotoxin exposure (p=0.01) and male gender
(p=0.002) as risk factors for impaired FEV, improvement after exposure cessation. After adjusting
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for gender, smoking delayed the onset of FEV gain but did not affect the overall magnitude of

CONCLUSIONS—Lung function improvement after cessation of exposure to organic dust is
sustained. Endotoxin exposure and male gender are risk factors for less FEV improvement.

cotton; endotoxin; FEV1; recovery of function; occupational diseases; gender

INTRODUCTION

Chronic obstructive pulmonary disease (COPD) is projected to be the fourth leading cause
of death worldwide.[1] Although tobacco smoke is most commonly identified as the main
environmental exposure associated with COPD development, occupational exposures are
thought to contribute 15% of the population attributable risk of COPD,[2] with estimates as
high as 30% in non-smokers.[3] However, the vast majority of studies on occupational
exposures focus on lung function changes during active exposure; few are available to
describe lung function after exposure cessation due to worker retirement. Whether lung
function recovers after removal from an occupational exposure is not well understood.

Exposure to endotoxin-containing cotton dust has been associated with the development of
chronic lung disease. During early exposure, the disease is asthma-like, with airway hyper-
reactivity and reversible airflow obstruction, while later disease resembles COPD, with fixed
airflow obstruction and more prominently, an accelerated decline in forced expiratory
volume in one second (FEV1). Autopsy series suggest airways disease and emphysema as
the primary pathologic lesions.[4] Human studies have affirmed that it is the amount of
endotoxin rather than the amount of dust in cotton exposure that determines both acute[5]
and chronic[6] declines in FEV4. While endotoxin is a common occupational exposure,[7] it
is also a common environmental exposure, and is present at high concentrations in urban
school,[8] homes burning biomass fuel,[9] and tobacco smoke.[10]

The Shanghai Textile Worker Study is the longest active longitudinal study of cotton and
silk textile workers. While cotton dust contains high levels of endotoxin, silk dust contains
near-undetectable levels of endotoxin, creating a natural experiment in which to study the
long term effects of exposure to endotoxin-containing organic dust. Our primary goal was to
evaluate whether the transient FEV, improvement noted after cessation of occupational dust
exposure due to worker retirement in the 25-year follow-up of [11] this study was sustained
given further follow-up and use of more flexible modelling techniques. Our secondary goal
was to determine whether prior occupational endotoxin exposure, smoking, and gender
modify FEV; improvement.

METHODS

Study population and study design

919 workers from two cotton and one silk textile mill in the same industrial sector in
Shanghai, China were recruited in 1981 (study schema in Supplemental Figure 1). The
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main inclusion criterion was at least two years of work in the identified mills in order to
ensure a stable study population. The main exclusion criterion was a history of prior
respiratory disease. The study population represented 90% of eligible workers in the yarn
preparation areas of the three mills.[12] Cotton and silk workers were comparable in 1981 at
the start of the study with respect to income, place of residence, and other socio-economic
factors due to the hiring practices of the Shanghai Textile Bureau. Surveys were performed
in 1981, 1986, 1992, 1996, 2001, 2006, and 2011, with eligibility for retesting based on
presence in the baseline 1981 survey. Pre-bronchodilator spirometry, physical exam,
modified American Thoracic Society symptom, work history, and smoking questionnaires,
and exposure assessment (in the period prior to worker retirement) was performed at each
survey. Forced expiratory maneuvers (up to seven trials to produce three acceptable curves)
according to American Thoracic Society guidelines were performed under the direction of a
trained technician on calibrated 8L water-sealed field spirometers (W E Collins, Braintree,
Massachusetts, USA), and spirometric curves were manually read by the same trained
expert. The highest values for forced expiratory volume in one second (FEV1) were used
given that they were technically acceptable tests. A total of four spirometers, all of the same
make and from the same manufacturer, were used for all field surveys from 1981 to 2011.
Informed consent was obtained from all subjects and the study was approved by the
Institutional Review Boards at the Harvard School of Public Health and the Shanghai Putuo
District People's Hospital.

Exposure assessment

Exposure assessment was performed as previously described[13 14]. Multiple area samples
were collected from each of the 6 different work areas in the two cotton mills using vertical
elutriators to collect respirable fractions of cotton dust, with sampling times ranging from 3
to 7 hours. Filters were subsequently transported to a single laboratory at the National
Institute of Occupational Safety and Health for endotoxin analysis. Endotoxin from
collected filters was measured using a Limulus amebocyte lysate gel test (Pyrostat-50), and
values for each filter were summed and converted from ng/ml to ug/m?3 based on sampling
time and air flow rates of each sampler. Exposure measurements collected in the first survey
were used to estimate pre-1981 samples. 6 full-shift samples in the silk mills had near-
undetectable levels of endotoxin (0.001 EU/m3) in vertical elutriator samples; thus silk
workers were considered unexposed to occupational endotoxin. Individual endotoxin
exposure was calculated using geometric means of endotoxin measured in each work area
multiplied by years of work in each work area, resulting in a lifetime cumulative index of
occupational exposure measured in endotoxin units/meters3-years (EU/m3-yrs), with an
interpretation analogous to that of pack-years for smoking. At each survey, a detailed work
history was obtained to identify the date of textile work cessation as well as job descriptions
post retirement.

Statistical Analysis

The primary outcome of interest was change in FEV; associated with work cessation.
However, in order to adjust for the potential bias from loss to follow-up using inverse
probability of censoring weights, in our statistical models, FEV; rather than changein FEV,
was used as the primary outcome measure. Covariates for the outcome models included age,
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gender, height, smoking status (defined as lifetime never, current or former), and cumulative
pack-years. Exposure was modelled as either cotton vs. silk textile work, or as log-
transformed measured cumulative occupational endotoxin exposure.

We modelled FEV; using a generalized additive mixed effects model (GAMM)[15] with a
penalized spline term for the number of years since work cessation. Such use of a GAMM
allows the data to identify the functional form of the relationship between exposure
cessation and FEV4 change, rather than constraining the relationship based on modeling
decisions. Our secondary research question focused on whether lung function recovery was
modified by prior occupational endotoxin exposure, smoking, or gender. The significance of
an interaction between a categorical variable (i.e. cotton vs. silk) and a smoothed term
(penalized spline term for work cessation-years) cannot be estimated in a generalized
additive mixed model. Therefore the final outcome model was a linear mixed model with
both linear and quadratic terms for work cessation as suggested by the GAMM (see
Supplement for details).

As mentioned, FEV; rather than change in FEV; was used as the outcome measure in our
statistical models. Therefore the main effect of group represents baseline differences in
FEV1, whereas a group*time interaction represents the change in FEV; associated with that
grouping variable in a longitudinal study.[16] Interaction terms between work cessation
years and occupational exposure, smoking, and gender were included in all models in order
to determine whether changes in FEV1 were modified by these variables. Models with
random intercept and slope to account for within subject correlation over time were used.

Despite the high rate of participation at our 30 year survey, it is possible that loss to follow-
up may lead to bias if missing data is not accounted for. For observations with a monotone
pattern of missingness (ie the subject never participated in another survey after the first
missed survey), it was assumed that the missing data mechanism was missing at random
(MAR). This mechanism implies that missingness can be explained by observed variables
such as older age, presence of respiratory symptoms, or occupational exposure. To adjust for
the possibility that loss to follow-up differed by case history, stabilized inverse probability
of censoring weights[17] were used in the final models. The denominator of the weights was
based on a logistic model predicting that the outcome was uncensored, i.e. a technically
acceptable FEV1 measurement was present. Predictors were cotton vs. silk exposure, age,
gender, work cessation-years, years worked in the textile industry, and both presence of
respiratory symptoms and FEV at the preceding survey. The numerator of the weights was
based on a logistic model for the same outcome, but included only exposure (cotton vs. silk
work) as the predictor.

Percent predicted FEV; was calculated based on prediction equations derived from Chinese
populations.[18] Statistical analyses were performed using R 3.1.0 with the packages Ime4,
[19] mgcv,[15] and ipw.[20]
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RESULTS

919 workers (447 cotton and 472 control silk workers) were recruited in 1981 to participate
in the Shanghai Textile Worker Study (Supplemental Figure 1). The median number of
FEV1 measurements obtained was 6 [interquartile range 4-7] per subject. The cotton and silk
textile workers were overall quite comparable in both 1981 and 2011 (Table 1) although a
higher proportion of cotton workers smoked compared to silk workers in 1981. Very few
females smoked (one silk, ten cotton workers in 1981; one silk, three cotton workers in
2011). In 1981, when all of the workers were actively working, cotton textile workers had
more respiratory symptoms compared to silk textile workers. At the most recent survey in
2011, there were no significant differences in the proportion of cotton vs. silk workers with
respiratory symptoms. In 2011, the average duration of retirement was 18 years for both
cotton and silk workers. Most of the textile workers retired between 1992 and 2001, with
only three (two silk, one cotton) still active in textile work in 2011. There were no
significant differences in follow-up rates between cotton and silk workers, with a similar
average duration of follow-up in cotton compared to silk workers. Lifetime cumulative
occupational endotoxin exposure was on average 38,928 [interquartile range 17,30-65,204]
EU/m3-years for cotton workers in 2011, whereas it was assumed to be negligible for silk
workers based on a limited number of full shift samples taken in silk mills which
demonstrated near undetectable levels of endotoxin.

Individual unadjusted FEV1 and percent predicted FEV trajectories with age are depicted in
Supplemental Figures 2 and 3. FEV trajectories differ between each strata of smoking and
occupational exposure, with cotton smokers having the steepest decline over time.

The adjusted effect of work cessation-years on FEVq based on the GAMM model is
depicted in Figure 1 and Table 2. Several observations can be made from these predictions.
First, the effect of work cessation on FEV is non-linear, with no plateau in FEV
improvement noted up to 25 years after work cessation in all strata. Second, the greatest
improvements in FEV after work cessation are seen in non-smoking silk > non-smoking
cotton > smoking silk > smoking cotton textile workers over the observation period for both
men and women. Third, for smokers, a gain in FEV1 with work cessation as compared to
active textile work was not seen immediately at the time of work cessation. In males, at 5
years of work cessation, a gain in FEV for non-smokers was 28.7 [-14.5, 71.9] mL for silk
and 15.6 [-28.3, 59.4] mL for cotton workers, whereas for smokers there was no gain in
FEV with average predicted changes being —2.3 [-35.5, 30.9] mL for silk and -76.8
[-113.4, -40.2] mL for cotton smokers (Table 2). Given the low number of female smokers
in our cohort, we cannot rule out that the same phenomenon may occur in women as well.

To determine whether occupational endotoxin exposure, smoking, or gender modifies FEV4
recovery after work cessation, interaction terms were added to the mixed effects models
(Table 3). Ten years of work cessation was associated with an average 168.5 mL
improvement in FEVy in all textile workers. Cotton workers had 25.8 mL less improvement
compared to silk workers (p=0.02), and men had 4.9 mL (p=0.003) less improvement
compared to women. Current smokers had 15.4 mL less improvement compared to non-
smokers (p=0.63) although the relationship was not statistically significant. Although few

Occup Environ Med. Author manuscript; available in PMC 2016 August 01.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Lai et al.

Page 6

female textile workers were smokers, the effect of gender was not due solely to the effect of
smoking. When the analysis was restricted to lifetime non-smokers, the gender*cessation
interaction term remained statistically significant (p-value = 0.002).

When occupational exposure was modelled as a log-transformed measure of cumulative
endotoxin exposure (Table 4), the interaction between work cessation-years and endotoxin
remained significant (p=0.01), indicating a dose-dependent relationship between prior
occupational endotoxin exposure and less FEV1 improvement.

DISCUSSION

In this report, we demonstrate that retirement from work and therefore cessation of exposure
to organic dust results in a sustained improvement in FEV. The effect of exposure
cessation, however, had a complex, non-linear relationship with FEV4. Importantly,
recovery was adversely modified by prior occupational endotoxin exposure and male
gender. After adjusting for gender, smoking was not associated with a statistically
significant impact on FEV change after work cessation, although it appeared to impact the
trajectory of improvement. To our knowledge, this is the first report to address whether lung
function recovery is transient or sustained after occupational organic dust exposure, and also
the first to identify prior occupational endotoxin exposure and gender as risk factors for
decreased FEV; recovery.

Whether FEV4 improves after exposure cessation in workers exposed to endotoxin-
containing organic dust has been controversial. In the earliest longitudinal study to evaluate
the effect of retirement, retired hemp workers had more respiratory symptoms and greater
(but not statistically significant) annual declines in FEVq (53.3 vs. 47.1 mL/year) at 9 year
follow-up.[21] A subsequent 6-year study of cotton textile workers also found more
respiratory symptoms and greater annual decline in FEV in retired compared to active
workers.[22] Studies in retired grain elevator workers, another group with occupational
exposure to endotoxin-containing organic dust, found no improvement with retirement.[23]
One study looking at removal from exposure to endotoxin in a bacterial single cell protein
factory found that FEV improved by 210 mL one year after exposure cessation in workers
exposed to low levels of endotoxin, but no improvement in those exposed to high endotoxin
levels.[24] Our own early studies on cessation did not find a significant association between
work cessation and FEV4 improvement,[6] and it was only at 25-year follow-up[11] that we
first reported FEV, improvement after cessation of textile work, although we reported that
improvement plateaued, with a trend towards greatest improvement in smoking cotton
workers. In the present analysis, we clarify that improvement is sustained, male cotton
workers improve the least over time, and further identify prior occupational exposure and
gender as important modifiers of FEVq recovery. There are several major differences
between this and our prior work that may explain the apparent inconsistencies. First, we
have an additional 5 years of follow-up. Second, our prior analysis did not allow for
complex non-linearity. Third, we previously restricted our analysis to only subjects who
participated at every survey since 1981; here we used all available data from all subjects
while adjusting for loss to follow-up. Of particular interest is the observed lag between
exposure cessation and an overall gain in FEV; in smokers. This delayed recovery may
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provide an explanation for the negative results of studies with less than 10 years of follow-
up, where both smokers and men comprise a significant proportion of the population
studied, and highlights the importance of both long-term follow-up and use of advanced
regression techniques when studying the recovery of lung function after exposure to a toxic
environmental exposure.

The mechanism of lung function improvement after occupational dust exposure is unclear.
Animal studies of repeated endotoxin exposure suggest that there are exposure-related
structural changes such as epithelial and mesenchymal fibroproliferation[25] along with
emphysema.[26] This implies that some component of endotoxin-related chronic lung
disease is irreversible. Other studies demonstrate that repeated endotoxin exposure is
associated with an expansion in the pro-inflammatory dendritic cell subsets in the lung.[27]
It is possible that with exposure cessation, there is slow resolution of the inflammatory
process. In preliminary studies, we have noted persistent changes in lung density on high
resolution chest imaging in cotton workers that may represent ongoing inflammation
decades after exposure cessation[28]. Future biomarker studies to identify the underlying
basis for persistent effects of occupational endotoxin exposure decades after exposure
cessation may be informative.

Furthermore, it is not clear why there are gender differences in recovery. A meta-analysis of
person-level data pooled from 12 cross-sectional studies of workers exposed to organic dust
found that women were less likely than men to experience lower respiratory symptoms
within the same industry, although this study did not include exposure assessment and so
was unable to exclude differences in gender specific workplace exposures as the
explanation.[29] We have previously reported in our cohort that endotoxin exposed men are
at higher risk than women of developing reduced lung function and mortality due to all
causes of death combined.[30] Animal studies demonstrating an augmented response to
endotoxin related to male sex hormones[31] provide a potential biological explanation.
However, gender differences in FEV; recovery were also noted among silk workers. Job
descriptions after retirement were manually reviewed to determine whether workers
remained in an environment with high endotoxin exposure; however, beyond job
descriptions, further exposure assessment was not performed. Additional gender specific
differences in exposure may have existed after worker retirement, or alternatively, gender
may have a biological effect on FEV recovery.

Our study has several strengths. First, most studies on the effect of exposure cessation are
cross-sectional with matched population controls, or are longitudinal studies of shorter
duration. Our study spans 30 years, with little loss to follow-up, high participation, and large
number of FEV{ measurements per subject. Second, while a long duration of follow-up is
desirable, an improvement in lung function over time might be attributed to a survivor bias
if loss to follow-up was not accounted for. Third, exposure assessment was performed[13
14] rather than reliance on a surrogate such as number of years worked. Finally, a large
number of non-smoking men participated, allowing us to demonstrate that gender has effects
on FEV1 recovery independent from smoking.
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We acknowledge limitations to our study. First, although control silk workers were not
exposed to endotoxin in the workplace, they were exposed to other organic dust and this
likely explains why there was FEV recovery after leaving the workplace. Others have
demonstrated that silk dust can have adverse respiratory effects.[32] However, measured
endotoxin and dust levels in the cotton mills were not well correlated (correlation 0.38), and
endotoxin levels in the cotton mills were significantly higher than in silk mills (836 vs.
0.001 EU/m3); thus it is unlikely that the exposure response relationship we observed with
endotoxin is spurious. While the effect of occupational endotoxin exposure on recovery may
appear small, the magnitude is comparable to that observed for tobacco smoke in our study.
Second, there may be limited generalizability. Our study population is composed entirely of
Han Chinese subjects; population differences in the prevalence of genetic polymorphisms
known to confer differences in risk[33] from endotoxin may exist. Common in occupational
studies is the presence of the healthy worker survivor effect, which may be more prominent
in cotton textile workers.[34 35] We selected for cotton and silk workers who were free of
respiratory disease after two years of work in the textile workforce; thus, the most
susceptible workers were probably excluded from this study and may explain why few
subjects ultimately met criteria for COPD. It is likely that in a less healthy population, the
effect of endotoxin exposure on lung function would be larger than that seen in our study.
While exposure misclassification is possible as we used area samplers in combination with
job histories to estimate individual exposures, misclassification would be expected to be
non-differential, and use of area samplers to estimate individual endotoxin exposure has
been shown to be a reasonable surrogate.[36] Finally, while we used endotoxin to estimate
exposure to gram-negative bacteria, it is clear that this surrogate of microbial load does not
capture the complexity of exposures present in organic dust. Cotton dust contains a diverse
variety of bacteria[37] as well as fungi[38]. Recent studies of environmental microbial
exposures using high-throughput sequencing to identify microbial type have shown that it
may be the presence of specific microbes,[39] or the diversity of microbial exposure,[40]
that determines whether the ultimate effect on health is protective or harmful. We do not
have residual organic dust to further refine the specific microbial exposures (of which
endotoxin may be a marker of) that is associated with decreased lung function recovery. The
identification of specific microbes that are harmful using sequencing techniques may
represent exciting future areas of research.

In summary, this study is the first to demonstrate that FEV; improvement is sustained long
after cessation of workplace exposure to organic textile dust. However, the FEVq
improvement with exposure cessation is delayed in some subgroups, suggesting that studies
of recovery of lung function after cessation of an environmental exposure needs to be of a
sufficiently long duration. While lung function recovery is sustained, male gender adversely
affects recovery, suggesting that men may represent a sub-population that would benefit
from early screening for respiratory disease. Despite exposure cessation, past exposure to
occupational endotoxin has an exposure-dependent relationship with decreased FEV
recovery, affirming the importance of workplace limits on not just the amount of organic
dust, but also the amount of endotoxin.
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Figure 1. Adjusted effect of work cessation on FEV1, stratified by gender, occupational
exposure, and smoking status based on a generalized additive mixed model

Predictions are for eight hypothetical workers with different gender, smoking, and
occupational (cotton vs. silk) exposures. Predictions assume that these workers have the
same age, height, pack-year history (zero if non-smokers, the average number of pack-years
if smokers) at each value of work cessation-years. Rug plot (bottom) indicates values of
cessation-years for which an observation was present. No plateau is seen in FEV;
improvement after work cessation. For both men and women, FEV; improvement is greatest
in non-smoking silk > non-smoking cotton > smoking silk > smoking cotton workers.
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