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Statistical analyses in an occupational health study

Domyung Paek!), Jung-Keun Choi, Mi-A Son.

1. Abstract

The health status of workers in a foundry was analyzed in a study which
consisted of evaluations of respiratory health together with environmental
measurements.

The results from environmental measurements showed values exceeding
permissible exposure limits. A t-test was done with log transformed and
untransformed data to examine the statistical significance for the noncompliance
with exposure standards. For the analysis of categorical health outcomes, X—square
test with 2X2 tables and logistic regression analysis were employed. For
continuous variables, multiple linear regression was done against assessed risk
factors.

Pros and cons of different parameters in the compliance (or noncompliance)
testing were presented. Respiratory function did not show any relation with
occupational exposures, which may be due to the healthy worker effects.
Strategies for controlling time dependent covariates were discussed in relation to
the healthy worker effect.

The scope of statistical analysis in occupational health studies is still limited in
Korea without a suitable extermal comparison group such as credible vital
statistics for the whole nation. Intemal comparisons between different exposure
status often result in unstable estimates of effect, and proportional morbidity study
is discussed as an alternative potential research tool.

2. Introduction

A study was conducted in a steel roll manufacturing foundry where cases of silicosis had
been previously reported 15 years prior to this report (Straub and Rostrand 1976). The
specific objectives of the study were 1) to assess the exposure status of workers in relation
to promulgated standards; and 2) to examine the respiratory health status of workers and
to determine the causes of their health impairment.

Based on the presentation and comments received during the Symposium of Health
Statistics, this paper reports statistical analysis strategies in answering specific questions
posed in the study. The problems inherent in the analysis of occupational health data and
specific limitations of analysis in Korea are also presented.
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3. Methods

The study consisted of a self administered questionnaire, spirometry, and chest x-ray
examination as well as environmental measurements.

The questionnaire was adopted from the British MRC (Medical Research Council)
questionnaire and IUAT (International Union Against Tuberculosis) questionnaire.
Respiratory symptoms including cough, phlegm, and wheezing were investigated along with
questions about previous medical and family histories and occupational exposures. Smoking
habits, hobbies and other personal and residential risk factors for respiratory illness were
also asked.

Lung function testing was done according to 1987 American Thoracic Society Guidelines.
Workers performed the tests at least five times on an Ohio Medical Model 87 dry seal
spirometer attached to an HF4 dedicated computer. The flow-volume curve data were
stored on magnetic tape and later retrieved to calculate Forced Vital Capacity (FVC),
Forced Expiratory Volume in 1 sec (FEV1), ratio of FEV1 over FVC (FEVI/FVC), Forced
Expiratory Flow at 25-75% of Vital Capacity (FEF 25-75%), and Peak Expiratory Flow
Rate (PEFR).

Chest x-rays were taken on a full-size (11x4 inch) film and read independently by two
NIOSH-certified B-readers for any presence of reticulo-nodular changes using the 1980
International Labor Organization (ILO) classification system. All the films which were
categorized as having any pneumoconiotic changes by either of the two B-readers were
re-read by a third B-reader.

Environmental samples were collected during typical working shifts (day, evening, night)
in the foundry in an attempt to evaluate the workers’ exposures to total particulate,
respirable silica, metals, isopropyl alcohol, carbon monoxide and sulfur dioxide. Personal
breathing zone samples were obtained on a number of foundry occupations, including
molding, furnace tending, and maintenance. Area samples were also placed throughout the
foundry near jobs thought to have excessive exposures.

4. Analysis

1. Compliance determination

All air samples were analyzed for respirable dusts and total respirable crystalline free
silica (alpha quartz, tridymite and cristobalite). Respirable dust content was analyzed
gravimetrically according to NIOSH Method 0500, and respirable crystalline silica dust
content was analyzed by NIOSH Method 7500 using X-ray diffraction. Samples for the
estimation of sulfur dioxide were collected using Dréger long-term diffusion indicator tubes.

The range of measurements of each airborne contaminant (f) was examined to determine
the compliance with workplace exposure standard (Std) after considering the measurement
errors (CVt: coefficient of variation in repeated measurements) as below.

If maximum of £/Std < 1 - 1.645 CVt then compliant,
otherwise noncompliant. ———----- (Strategy 1)
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Environmental measurements are variable over time (t) and area(a). When multiple
measurements are made, probability of its maximum being greater than a certain fixed
value increase with repeated measurements and the above logic is not practical (Rappaport
1984). More realistic approach will be determining probabilities (P) as follows.

If P( fra/Std > 1) < 0.05 then compliant,
otherwise noncompliant. ———--——- (Strategy 2)

The distribution of environmental measurements was then examined with histogram and
goodness of fit test was done. Two parameters, median and mean, were examined with
t-test to determine the statistical significance of difference from exposure limits.

2. Health outcome quantification

Chronic bronchitis and asthma were defined based on the answers to the symptom
questionnaire: chronic bronchitis if chronic cough and/or chronic phlegm production have
been present for at least 3 months a year for 2 or more years; asthma if any symptoms of
wheezing, attacks of shortness of breath, chest tightness, or nocturnal cough/breathlessness
are present together with an indication of repeated or continuous breathing trouble as
opposed to never or rarely having trouble.

Predicted lung function values based on race, age and height for a normal unexposed
population were calculated (Knudson et al. 1983). For each lung function test, the 95
percentile lower limit of normal is the value below which less than 5% of normal subjects
show results. The lower limit of normal values from Knudson et al. (1983) were applied to
determine abnormal lung functions as follows: restrictive changes if the FVC is below the
lower limit of normal, but the ratio of FEVy/FVC is within normal; obstructive changes if
the ratio of FEV/FVC is below normal, but the FVC is within normal; combined changes
if both FVC and the ratio of FEV/FVC are below normal limits.

According to the 1980 ILQO classification, the profusion of pneumoconiotic changes of the
lung is graded on a 12 point scale, from 0/- to 3/3. The presence of pneumoconiosis on
chest x-ray was determined if two or more readers out of three reported the presence of
reticulo-nodular opacities with profusion 1/0 or greater on a 12-point scale. Report of
reticulo-nodular changes with profusion 0/1 was considered as minimal pneumoconiotic
change. The minimal pneumoconiotic changes were included in the analysis if reported by
two or more B-readers.

3. Risk factor quantification

Tobacco use was quantified as pack-years. This was calculated for each worker by
multiplying the average packs of cigarettes smoked per day by the number of years of
active smoking. For non—-smokers, zero pack-years was assigned.

The mean of environmental measurements was calculated for each job, and assigned as a
measured exposure level for each worker. Cumulative occupational exposure was estimated
from the tenure of employment.
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The exposure level of air contaminants varies with repeated measurements and the
measured value retains measurement errors. In this study, environmental measurement and
health outcome assessment were carried independently, and the measurement errors should
be random. To avoid the diluting effect of random measurement errors on the exposure
outcome relationship, every job title was classified into high or low exposure categories for
both silica dust and SO: gas by industrial hygienists based on their knowledge of work
process at this particular study site and published findings of exposures in typical foundries
(Karava et al. 1976, NIOSH 1985, Landrigan et al. 1986). These a priori classifications were
used as exposure status when measured exposure level showed significant relationships
with health outcomes.

4. Statistical analysis

Lung function test results were separately analyzed using multiple linear regression to
test the association with age, height, smoking, tenure, and measured exposure level (or a
priori occupational exposure status) of silica and SOz .

Categorical health outcomes (respiratory symptoms, abnormal lung function patterns and
the presence of pneumoconiotic changes on chest x-ray) were analyzed for their relation to
the measured exposure level and tenure using t-test. Other categorical risk factors were
examined in 2X2 tables, and the chi-square statistic was calculated. Other risk factors
examined include smoking status, history of allergy in the worker or his family, history of
other respiratory diseases, such as tuberculosis or pneumonia, in the worker or his family,
type of residential heating source (classified into vented versus unvented), and presence of
any dusty or hazardous hobbies. Those statistically important (p value less than 0.05) risk
factors were further examined in stratified tables, and a Mantel -Haenszel test was done if
necessary.

Step-wise logistic regression analysis was also done to assess the effects of risk factors,
including a priori occupational exposure status (high versus low exposure to silica and
S02), on the categorical health ocutcomes while controlling the effects of competing risk
factors simultaneously. The pack-years of smoking, tenure and age were examined together

with other risk factors in this logistic regression analysis. The results of both 2X2 table

and logistic regression analyses for risk factors gave similar results and they are discussed
together.

5. Result
Study Subjects

Among a total of 183 eligible workers, 129 (70.5%) participated. When company records
were examined, there were no significant differences between participants and
non-participants in age, tenure, and race (Table 1). Mean age of the participants and
non-participants was 426 and 42.7 in years, tenure was 166 and 16.7 years respectively,
and 92% of the participants and 94% of the non-participants were white. All the workers
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were male. Among the participants, there were 32 (25%) non-smokers, 41 (32%)
ex-smokers, and 55 (43%) current smokers. Current smokers had an average of 31
pack-years of smoking, ranging up to 96 pack-years.

Table 1.

Characteristics of Participants and
Non-Participants

Participants |[Non-Participants
Number 129 (70.5%) 54 (29.5%)
{ 6: injured
5: vacation
15: laid off)
Age 42.618.0 42.7+8. 4
Tenure 16.615.8 16.7:6.9
Race
¥hite | 119 (92%) 51 (94%)
Black | 10 (8%) 3 (6%)

Exposure status and compliance assessment

The environmental results indicated that the primary health hazard to workers at the
foundry was exposure to free crystalline silica. To summarize, 13 (23%) of all (personal
and area) samples collected exceeded the Permissible Exposure Limit (PEL) of 100 ug/m®
for respirable quartz. The overall mean value of quartz in the personal samples was 106
ug/m® with maximum of 280.1 ug/m’. Three samples of sulfur dioxide exceeded PEL of 2
ppm Time Weighted Average (TWA) exposure. Concentrations of sulfur dioxide ranged
from 0.40 to slightly above 7 ppm.

The overall precision as expressed by the coefficient of variation in sampling and
analysis of quartz in a typlcal laboratory is less than 10%. The maximum quartz
concentration of 280.1 ug/m® divided by the exposure limit of 100 ug/m® is over
(1-1.645+0.1), and non-compliance could be declared following the strategy 1. For sulfur
dioxide, the maximum is also far over the exposure lLimit.

The distributions of quartz measurements and their log-transformed values were
examined with Shapiro-Wilk statistic for normality. Each distribution was significantly
different from the normal distribution (p < 0.05). When area and personal measurements
were treated separately, only the distribution of personal measurements was not
significantly different from normal distribution. When the mean value of personal exposure
measurements was compared to the exposure limit with t-test, the mean was not
significantly lower than the permissible exposure limit, and non-compliance could be
declared also following the strategy 2.

Respiratory health and its relation to risk factors

In the multiple linear regression analysis of lung function tests, age, height and
pack-years of smoking explained most of the findings (Table 3). Tenure and current
occupational exposure levels were not significantly associated with the lung function test
results in this analysis.
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Table 2.
Exposure Measurements
Sample No of Range Mean + SD
Type Measurements
Respirable | Personal 18 0.1-1.3mg/m3 | 0.4610. 34
Bu Area 38 0.01-2.8mg/m3 | 0.3010.21
Quartz Personal 18 ND-280ug/m3 106+79
Area 38 ND-199ug/m3 37149
. Sul fur Personal 5 1.1-3. 6ppm 1.641.1
Dioxide Area 23 0.3-7. 1ppm 1.3z1.4
Isopropyl Personal 1 708ppm
Alcohol Area 6 18-136ppm 61.2+40
Aluminum Personal 10 0-0.07mg/m3 0.02+0,02
Area 25 0-0. 07mg/m3 0.01+0.01
Calcium Personal 10 0-0.21mg/m3 0.07+0. 06
Area 25 0-0. 08mg/m3 0.02+0. 02
Chromium Personal 10 0-0. 04mg/m3 0.01+0.01
Area 25 0-0. 02mg/m3 0.002
Copper Personal 10 0-0.0lmg/m3 0.003
Area 25 0-0. 0lmg/m3 0. 0005
Iron Personal 10 0.1-2.15mg/m3| 0.69+0. 62
Area 25 0-1. 56mg/m3 0.24+0.35
Magnesium Personal 10 0-0. 08mg/m3 0.0310.03
Area 25 0-0, 21mg/m3 0.03+0.05
Magnanese Personal 10 0-0.12mg/m3 0.03+0.04
Area 25 0-0. 04mg/m3 0. 007
Molybedenum| Personal 10 0-0. 02mg/m3 0. 005
Area 25 0-0. 15mg/m3 0. 007
Sodium Personal 10 0-0. 09mg/m3 0.03:0. 03
Area 25 0-0. 06mg/m3 0.009
Nickel Personal 10 0-0. 05mg/m3 0.01+0.01
Area 25 0-0. 04mg/m3 0.006
Phosphorus | Personal 10 0-0. 02wg/m3 0.002
Area 25 0
Lead Personal 10 0-0. 02mg/m3 0.007
Area 25 0-0.21ng/m3 0.01+0.04
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Table 3.
Multiple Linear Regression Analysis
of the Lung Function Test Results.

Coefficients of Significant (p<0.05) Explanatory Variables

COEFFICIENTS

Age Height Pack-Year Current  Intercept Rx

(/year) (/inch) (/pack-year) Smoking
FVC ~0.0215 0.0199 -0.0060 -7.6535 0.75
FEV1 -0.0219 0.1345 -0.0110 -4, 2647 0.71
FEV1/FVC -0.1655 79. 3663 0.46
FEF 25-75%-0.0259 0.0746 -0.0255 -0. 1667 0.54
PEFR 0.2267 -0. 8249 0.43

¥ R value of linear regression

As mentioned, the 2X2 table and logistic regression analyses of health outcomes and
risk factors showed the same result. Risk factors with statistical significance are
summarized in Table 4. Silica dust exposure categories significantly explained chronic
phlegm, chronic bronchitis and especially hemoptysis. The current smoking status explained
significantly the occurrence of chronic cough and chronic phlegm. While current smokers
had a lower risk of wheezing, increase in tenure was associated with more wheezing
symptoms. Asthma was associated with past medical history of allergy, suggesting the
importance of atopic status in association with asthmatic symptoms. Neither silica nor SO2
exposure categories significantly explained the presence of asthmatic symptoms as defined
in this study. The occurrence of obstructive lung function changes was most significantly
explained by pack-years of smoking, but occupational exposures, including tenure, were not
significant. When the presence of suggestive pneumoconiosis on x-rays including minimal
pneumoconiotic changes was examined in the logistic regression analyses for the association
with risk factors including age, tenure, exposure level to silica dust and SO; gas, smoking
status, and pack-years, only job tenure was significantly associated with the radiologic
changes. Other risk factors were not significant. Among workers in this study, every 10
years of tenure at the foundry was associated with a 1.8 fold and 2.7 fold increased risk of
having wheezing symptoms and pneumoconiotic changes on x-rays respectively. The
prevalence of suggestive pneumoconiotic findings was plotted for different tenure categories
to further examine the relationship with tenure (Figure 1).
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Table

4.

Logistic Regression Analysis
for the Occurrence of Respiratory Symptoms,
Abnormal Lung Function Patterns, and X-ray Findings

Respiratory Symptoms Risk Factorsx Odds Ratio
chronic cough current smoker 4.5
for more than 2 years
chronic phlegnm current smoker 4.5
for more than 2 years silica dust 3.1
family history of resp dis 3.1
chronic bronchitis current smoker 4.4
silica dust 2.4
hemoptysis silica dust 13.4
family history of resp dis 4.8
chest tightness or family history of resp dis 2.7
difficult breathing
wheezing current smoker 0.3
tenure #
(#: parameter estimate in logistic regression - 0.0635/year)
asthma past history of allergy 2.7
Abnormal Lung Function Patterns Risk Factorsx
obstructive lung function pack-year of smoking #
(#: parameter estimate in logistic regression - 0,0245/pack-year)
X-ray findings Risk Factors%
Pneumoconiotic changes tenure #
(#: parameter estimate in logistic regression - 0.1003/year)

% Risk factors of statistical significance with p value less than 0,05
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Figure 1.
Prevalence of Suggestive Pneumoconiotic Changes
on X-ray for Different Tenures

6. Discussion

Distribution of exposure determination

Compliance determination is one of the major area of occupational health study. However,
few, often only one, measurements are made in Korea and either the mean or maximum
value is directly compared to the exposure limits without considering variabilities inherent
in environmental measurements. The decision logic can be expressed as follows.

If maximum or mean of f/Std < 1 then compliant,
otherwise noncompliant.

Variabilities in measurements stem from two major sources, measurement errors,
including those in the analysis of samples, and changes in air contaminant concentration
with time and space. When measurement and analysis errors are considered (CVt,

coefficient of variation in repeated measurements), the above expression becomes the one in
strategy 1.
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If maximum or mean of £/Std < 1 - 1645 CVt then
compliant, otherwise noncompliant.

The magnitude of error in measurements as expressed by the coefficient of variation in
repeated measurements is usually less than 10% (Leidel et al. 1977). When compared to the
variability with time and space which may be more than 10 folds, the measurement errors
are small and can be neglected as in the following expression of strategy 2.

If P(f/Std > 1) < 0.05 then compliant,
otherwise noncompliant.

To determine the probability in the above expression, one should know the distribution of*
the underlying population. Environmental measurements are often described as log—normally
distributed (First 1989). They should be greater than 0, but the maximum is not bounded
by any condition. The log-normal distribution has been demonstrated when multiple
measurements are made in a day for one worker, when daily averages are determined over
a period for one worker, or when daily average is determined for group of workers.

In this study, the distribution of environmental measurements conformed to neither
normal nor log-normal distribution. Small sample size and non-random sampling such as
selective sampling of potentially dusty jobs and areas may have contributed the problem,
which is a common practice of industrial hygiene measurements. Non~parametric test, such
as signed rank test, can be employed to determine the probability, but low efficiency will
require a larger sample size than parametric tests (Hawkins et al. 1991).

Under the log—normal distribution, one way of determining the probability is to determine
whether the geometric mean is significantly lower than the exposure limit. Even though
this approach has an intuitive strength of being statistically appropriate, geometric mean of
exposures may not bear any biological (or toxicological) relevances.

When the exposure response relationship can be expressed as a linear function, the
parameter that should be used to indicate the response probability is the mean, not the
median of exposure measurements. This is especially true for chronic diseases such as
pneumoconiosis as in this study, for which exposure variability dampens inside the body
and should be integrated over time to reflect the cumulating response (Roach 1966,
Rappaport and Spear 1988). In this regard, another approach is to test whether the mean,
not the geometric mean, is significantly lower than the exposure limit as in the following
expressions (Rappaport and Selvin 1987).

x1= ZInx)/n s?=2(In(x;) - %)%/ (n-1)
xc=expl x1+05s3] ,  s’5.=(PEL)*(s}+05s1)/(n-2)
p(tlt= ( x1- In(PEL))/s1)
p(tt2( xc-PEL)/s3)
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Exposure measurement errors and strategies for the control

In the exposure measurements, a group of errors can arise from calibration of sample
collecting device, measurement of collection time, sample analysis and calculations among
others. On the other hand, the level of air contaminants fluctuates with time and place, and
exposure level measured in the breathing zone of a worker varies accordingly. These
variations together result in errors in the estimation of true exposure and consequently
dilution of exposure response relationships.

Different approaches have been utilized to combat these diluting effects One of the
approaches, which was adopted in this study, is to group continuous exposure values into
several categories, employing a priori categorical classification of exposure levels which
should not be biased by the exposure measurement itself. If the a priori categories are free
from bias, the errors in the measurements are random and the average value for each
category should be close to the true mean. The dose response relationships based on these
a priori categories will be steeper than those based on all observed measurements, but the
number of observations becomes smaller resulting in much less efficiency.

Another approach is using the analysis of variance technique to separate the within
subject from the between subject variance and to evaluate the potential bias in calculating
the slope of association with the observed exposure measurements. If more than one
measurement are available per subject, the relative magnitude of intraindividual and
interindividual variability can be estimated (Liu et al. 1978). The intraindividual variance
reflects the error variance in a subject and interindividual variance reflects the true variance
between subjects, and the variance ratio (A) can be used to assess the magnitude of the
bias in regression and correlation coefficients, with the following equations:

b=B (1 +1)?
=R(@+1)%

where b and B are observed and true regression coefficients and r and R are observed and
true correlation coefficients, respectively.

Confounding factors in occupational health studies and strategies for the control

Occupational health studies which compare workers with the general population often
show results of better health status among workers even under hazardous exposures. On
other occasions, workers with poor health are often removed to unexposed jobs, while
workers with good health are continuously exposed, resulting in poorer health status in
lower (cumulative) exposure groups. ‘Healthy worker effect’ has been named to encompass
such study results as above.

In this study, when the lung function of nonsmoking foundry workers was compared to
the expected values, there was a significant difference. However, in the internal
comparisons among the foundry workers, we did not find any association with different
jobs. Neither the current exposures to dust or gases nor tenure was significant. The same
finding of no association was reported in other studies of foundry workers. (Karava et al
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1976, Landrigan et al. 1986, Myers et al. 1987). This may be related to the cross-sectional
design of the studies and the fact that only the healthiest workers can work continuously
in adverse conditions, so called ‘healthy worker effect’. It has been reported that workers
who left a foundry had more health problems and more bronchitis and diagnosed lung
diseases than current workers (Karava et al. 1976).

If exposure is a risk factor for poor health, and change of employment status due to poor
health is a risk factor for further poor health, then change of employment status is an
intermediate risk factor. Because change of employment status is associated with further
exposure, it is also a confounder on the exposure-disease relationship.

The traditional approach of stratifying with the confounding variable will result in
lowering the risk of poor health from exposure in the case of healthy worker effect
mediated through employment status, because it will also result in controlling the
intermediate variable even though we are interested in the overall risk of those who were:
exposed compared to never-exposed. Analysis strategy of controlling time-dependent
covariate which is simultaneously a confounder and an intermediate variable on the causal
pathway from exposure to disease has been proposed for the longitudinal studies in which
data on exposure, covariate, and disease outcome are obtained at several points in time
(Robins 1987). The prerequisite for this analysis is that the time interval between exposure
measurements has to be sufficiently short that the number of subjects who change their
exposure status between measurements is negligible, which may not be satisfied in many
occupational health studies.

Health outcome - Standardized mortality ratio (SMR) and proportionate mortality ratio
(PMR) analysis

When disease incidence rate is known for the control population, the rate of disease
among study subjects can be compared after standardizing the stratum specific
characteristics of control and study population. The standardized mortality ratio is the ratio
of observed number of diseases over expected number that is calculated by applying the
stratum specific rate among general population to the number of subjects in the specific
stratum of study population. When the control population is large as in the national vital
statistics, the expected number is very stable. Assuming the denominator to be a constant,
an approximate confidence interval can be estimated for the SMR. The formula for the
lower and upper limits of an SMR can be given as below (Checkoway et al. 1989).

SMR= 0bs[1-1/(90bs) - (Z/3)(¥ 1/0bs)13/Exp

SMR=(0bs+1)[1-1/8(0bs+1)+(Z/3)(V1/(Obs+1))1*/Exp

The above SMR calculation has been utilized in many occupational studies to explore the
potential risks of occupational exposures by characterizing the disease occurrence in specific
occupations. However, it is impossible without having a large stable base population
statistics, which is not yet available in Korea. On the other hand, information is often
lacking about the characteristics of the base population from which the study population
originate, and the denominator for the rate may not be available as in the data of
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compensated occupational cases or cancer registry. Under these circumstances, only the
proportion of specific disease of the study group can be compared to the proportion of
corresponding disease of the total population.

In Korea, workers’ health examination program routinely collects data on easily
identifiable diseases such as viral hepatitis, diabetes, and hypertension among general
population, as well as specific occupational diseases such as pneumoconiosis, noise-induced
hearing loss, and lead poisoning among specifically exposed population. Even in specific
medical examinations, all workers exposed to occupational hazards are included, and total
population covered entails wide spectrum of exposures, from dangerously high level to
negligibly safe level. Therefore, occurrence of a certain disease or laboratory test results in
a specific occupation or workplace can be assessed by computing the ratio of proportion of
outcome of interest among study subjects over the one among total covered subjects. When
the observed and expected numbers of diseases are greater than five, then Mantel-Haenszel
x* test can be employed to test the significance. Otherwise statistical tests based on
Poisson distribution can be employed with approximation that the proportion of disease of
interest is small in each stratum (O'Brien et al. 1991). If this approximation is
inappropriate, p-values and confidence limits can be calculated using the noncentral
hypergeometric distribution.
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