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Comparison of Self-Assessment of Solvent
Exposure With Measurement and Professional

Assessment for Female Petrochemical
Workers in China
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Hiroshi Watanabe, mp,® and David C. Christiani, mp'

Objective The primary objective of this paper is to examine the validity of self-
assessment of solvent exposure by comparing it with professional assessment and actual
measurements.

Methods Self-assessment of exposures to benzene, toluene, styrene, and xylene was
obtained from 132 female workers. The exposures were also estimated by an occupational
hygienist and by actual measurement. Self-assessment, professional assessment, and
measurement were then compared with each other.

Results Fair to good agreement was found between self-assessment, professional
assessment, and measurement for benzene, styrene, and xylene. The agreement between
self-assessment and measurement was poor for toluene, whereas the agreement between
self-assessment and professional assessment was good. The latter was caused by a biased
professional assessment.

Conclusions Workers’ self-assessment and professional assessment provided useful
information for benzene, styrene, and xylene exposure, but not for toluene exposure. False
agreement can be obtained when professional assessment was used as reference in
validity study. Am. J. Ind. Med. 41:483-489, 2002. © 2002 Wiley-Liss, Inc.

KEY WORDS: validity; sensitivity; specificity; overall proportion of agreement;

Cohen’s kappa

1Department of Environmental Health, Harvard School of Public Health, Huntington
Avenue, Boston, Massachusetts

2pepartment of Environmental Sciences, School of Public Health, Beijing Medical Univer-
sity, Beijing, China

3Information System Department, University of Occupational and Environmental Health,
Japan

This work was performed at Department of Environmental Health, Harvard School of
Public Health, 665 Huntington Avenue, Boston, MA 02115

Contract grant sponsor: NIOSH; Contract grant number: OH03027; Contract grant
sponsor: NIH; Contract grant number: ES00002.

*Correspondence to: Ye A. Hu, Analytical and Chemical Sciences, Research Triangle
Institute, 3040 Cornwallis Road, Research Triangle Park, NC 27709. E-mail: yhu @rti.org

Accepted 20 November 2001
DOI10.1002/ajim.10069. Published online in Wiley InterScience
(www.intersciencewiley.com)

© 2002 Wiley-Liss, Inc.

INTRODUCTION

In epidemiologic studies, self-assessed exposure is a
widely used, inexpensive approach for exposure assessment.
However, the validity of self-assessed exposure has not
been well evaluated, especially for exposures to organic
solvents. The major hurdle is that the “gold standard,”
measurement data, is not available in most cases and when it
is, the data is of limited scope. Therefore, attempts made to
investigate the validity of self-assessed exposure were
mainly indirect evaluations made by comparing self-
assessed exposures with professional assessment, which
were based upon employer’s record [Rosenstock et al.,
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1984, 1987; Eskenazi and Pearson, 1988; Ahlborg, 1990;
Libscomb et al., 1991; Birdsong et al., 1992]. Indirect
evaluation can be potentially unreliable because profes-
sional assessment itself can be biased or inaccurate. For
example, in a study of agreement between professional
assessment and measurement, the R? value ranges from O to
0.67, indicating a wide range of no agreement to good
agreement [Kromhout et al., 1987].

Another problem for evaluation of the self-assess-
ment is that the statistical measures for validity study are
less developed. Although sensitivity and specificity are
regarded as most appropriate [Maclure and Willett,
1987; Armstrong et al., 1994], many researchers chose not
to use them because they are not summary measures.
Instead, the overall proportion of agreement (also called
“per cent agreement”) and Cohen’s kappa, which were
developed for studies of intramethod reliability or repro-
ducibility, have been used [Maclure and Willett, 1987].
Cohen’s kappa was meant to be an improvement to the
overall proportion of agreement because it discounts
the proportion of agreement that is expected by chance
alone. However, because the interpretation of the result is
not straightforward and Cohen’s kappa is influenced by
the prevalence of the investigated criterion [Li et al., 1996;
Steinijans et al., 1997], many studies still opted for
the simple overall proportion of agreement as a measure
for validity [Galasso et al., 1994; Riordan and Koehn,
1997; Grant et al., 1998]. Occasionally, contradictory
results may be reached when different statistical measures
are used.

Our prospective reproductive study in Beijing Yanshan
Petrochemical Corporation (BYPC) offered an excellent
opportunity to study the association between self-assessed
exposure status, measurement, and professional assessment.
Personal air samples were collected for 132 subjects to
quantitatively assess their exposure to benzene, toluene,
styrene, and xylene. Exposure questionnaires regarding
their occupational exposures were also completed by the
subjects. This enabled a comparison between self-asses-
sed exposure and measurement data. In addition, plant
area maps and process flow charts were collected for
professional assessment of the subjects’ exposures, which
made it possible to examine the validity of the professional
assessment.

The objectives of this paper are: (1) to examine the
validity of self-assessed exposure using measurements of
benzene, toluene, styrene, and xylene exposures as the gold
standard; (2) to examine the validity of self-assessed
exposure using an occupational hygienist’s assessment of
benzene, toluene, styrene, and xylene exposures as the gold
standard; (3) to examine the validity of the occupational
hygienist’s assessed exposures relative to measured expo-
sures; and (4) to compare the statistical measures used to
assess the validity.

MATERIALS AND METHODS

General Description of the
Study and the Population

One hundred thirty-two female subjects (age 20—40
years) who obtained birth permission from the family
planning administration between February 1994 and August
1996 were recruited BYPC. The exposures of primary
concern were benzene, toluene, styrene, and xylene. The
adverse health outcomes included irregularities of menstrual
cycle, prolonged time to pregnancy, spontaneous abortion,
infertility, still birth, low birth weight, and birth defects
[Cho et al., 2001]. All the subjects were of childbearing age.
Before being employed in the plant, all the subjects were
trained in the company-operated trade school for 2 years
after senior high school as chemical plant operators, tech-
nicians, etc. Some job titles such as engineer require college
or junior college degrees in petrochemical engineering. In
general, this was a population with a reasonable knowledge
of petrochemical operations.

Data collection on exposure consisted of three parts: (1)
upon enrollment, each subject was interviewed using a
questionnaire to access occupational exposure in their
workplace; (2) a full-shift personal air sample was collected
for each subject upon enrollment; and (3) work area maps
and flow charts for the manufacturing processes were
collected for industrial hygiene assessment of the exposures.

Worker’s Self-Assessed Exposure

Information on self-assessed exposure to benzene,
toluene, styrene, and xylene was obtained by questionnaires
administered to the subjects upon enrollment in the study by a
doctor of occupational medicine from Beijing Medical
University. The wording of the questions was, “Are you ex-
posed to any of the listed chemicals in your current job? If yes,
what are they?”” For the chemicals identified by the subjects,
we gave a “yes’ to the exposure as the self-assessed exposure
status. For those not mentioned by the subjects, we gave a
“no” to the exposure as the self-assessed exposure status.

Quantitative Exposure Assessment

Quantitative exposure assessment was made by actual
measurement of each subject’s full-shift exposure. A full
shift (6 hr) active air sample was collected from each subject
using Gilair (Gilian™) personal sampling pumps and SKC™
50/100 charcoal tubes upon enrollment into the study. A
small portion of subjects were sampled again after the
pregnancy was confirmed. The samples were analyzed for
aromatic solvents by the NIOSH 1500 method [NIOSH,
1994a]. A priori homogenous exposure zones [Corn and
Esman, 1979], in which subjects were presumed to have



similar exposures, were established based upon the subjects’
job activities and work area. The arithmetic mean of the
exposures of the zone was assigned to all the members in the
same zone as their estimate of exposure, based upon Corn
and Esman method [Corn and Esman, 1979].

To make the comparisons compatible, the quantitative
measurements were converted into a binary variable. Mea-
surement results greater or equal to the limit of detection
(0.004 ppm for benzene, 0.003 ppm for toluene, styrene, and
xylene) were regarded as ‘“‘exposed’” whereas those under
the limit of detection were regarded as ‘“‘not exposed.”

Professional Assessment

Professional assessment of exposure was based mainly
on a subject’s job activities and production processes
without knowledge of the measurement results or self-
assessed exposure status. In order to understand the produc-
tion processes and work activities, each subject was inter-
viewed to describe her job. In addition, process flow charts
and work area layout maps of the facilities were obtained for
each of the subject’s work area.

The production processes that had sources for benzene,
toluene, styrene, and/or xylene exposures were compiled by
an industrial hygienist on the research team. In workshops
where benzene, toluene, styrene, and xylene were present as
the raw material or end products, all the subjects’ exposures
were rated as “‘yes.” Examples of these workshops were
Benzene Workshop in Chemical Plant #1, and the Dewaxing
Workshop in the Refinery. A “yes” was also given to the
subjects in workshops where benzene, toluene, styrene, and
xylene were present in the mixture of the materials the
subjects were handling. Examples were: Wastewater Treat-
ment Plant, and Catalytic Cracking Process in the Refinery.
Job titles such as equipment people who have uncertain
working areas but who would definitely go to the exposed
areas were also assigned a “‘yes.”

Statistical Measures for Agreement

The agreement was measured by an overall proportion
of agreement, Cohen’s kappa, sensitivity, and specificity,
which are defined as follows.

Measurement or
professional assessment

Reported exposed or
professional assessment
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The sensitivity and specificity assumes asymmetry
between the two estimates [Maclure and Willett, 1987]. In
other words, it assumes that among the exposure estimates
to be compared, one is closer to the ‘““truth’ than another.
When self-report or professional assessment was compared
with the actual measurement, the actual measurement was
assumed to be the “truth” or “gold standard.” When self-
report was compared with professional assessment, the
professional assessment was assumed to be the “gold
standard.” For an ideal method, both sensitivity and
specificity should be equal to 1.0, i.e., the method absolutely
agrees with the truth and the misclassification items b and ¢
are equal to 0. In reality, however, the ideal situation is very
unlikely to happen. For a method to be considered as a good
measure for exposure, the sum of sensitivity and specificity
should be equal or greater than 1 [Armstrong et al., 1994].

The overall proportion of agreement and Kappa,
however, make no such hierarchic assumptions. Originally,
proposed as measures of agreement between two observers
[Fleiss, 1981], the overall proportion of agreement and
Kappa assume that self-report, professional assessment, and
measurement are of equal validity to estimate a person’s true
exposure status. The overall proportion of agreement or
Kappa emphasize on the agreement. Cohen’s kappa can
range from —1 to 1. If the agreement is greater than chance,
kappa is greater than 0. To interpret the kappa value,
“benchmarks” were suggested by Landis and Koch [1977]:
0.00 (poor), 0.00-0.20 (slight), 0.20—0.40 (fair), 0.40-0.60
(moderate), 0.60—0.80 (substantial), and 0.81—-1.00 (almost
perfect).

RESULTS

Agreement Between Self-Assessed
Exposure and Measurement Results

Table I shows the measures of agreement between self-
assessed exposure status and actual measurements. Except
for toluene, the overall proportion of agreement between
self-assessed exposure and measurement was fair (> 60%).
The sensitivity of the self-assessed exposure on toluene,

TABLE . Agreement Between Self Assessed Exposure Status and
Measurement on Benzene, Toluene, Styrene, and Xylene, in Female
Petrochemical Workers in China

Yes No
Yes a b Overall proportion Cohen’s
No [ d agreement Sensitivity  Specificity kappa
Sensitivity = a/(a + ¢) Benzene 0.68 0.70 062 0.28
Specificity = d/(b + d) Toluene 0.06 0.02 0.83 —0.01
Overall proportion of agreement (P,) =a/(a+b+c+d)+d/(a+b+c+d) Styrene 0.85 0.39 094 0.38
Kappa = (Py —Po)/(1 — P), where Xylene 062 037 0.81 020

P.=(a+b)a+c)a+b+c+d?+(c+d)b+dya+b+c+d?
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xylene, and styrene was very low (0.024) while the
sensitivity of self-assessment of benzene exposure was
good (0.70). By definition, the sensitivity is the proportion
of subjects who thought they were exposed among the
“truly” exposed subjects (i.e., those with detectable toluene
exposures). A low sensitivity for toluene indicates that in
this population, a significant portion of the subjects under-
reported their exposures to toluene and xylene. The
specificity, on the other hand, was relatively high for the
four chemicals, ranging from 0.62 to 0.94. This implies that
in this population, subjects who were not exposed to
benzene, toluene, styrene, and xylene tended to regard
themselves as ‘“‘not exposed.”

The results also demonstrated that when self-report was
compared to measurement, the statistical measures of agree-
ment agreed with each other. All of the measures indicated
that except for toluene, self-assessment for benzene, styrene,
and xylene exposure agreed fairly well with the measure-
ment results.

Agreement Between Self-Assessed
Exposure and Professional Assessment

Table II shows the agreement between self-assessed
exposure and professionally assessed exposure. Interest-
ingly, the overall proportion of agreement for all the four
chemicals were good, ranging from 0.58 to 0.91; whereas
other measures of validity, sensitivity, specificity, and
Cohen’s kappa indicated that the agreement between self-
report and professional assessment was poor for toluene
exposure. Compared to the agreement between self-assess-
ment and measurement shown in Table I, the overall
proportion of agreement between self-assessed toluene
exposure and professional assessed toluene exposure was
much higher (0.68). This implies that if professional
assessment were used as ‘‘gold standard” and overall
proportion of agreement were used as the measure for
validity, we would conclude that self-assessment on toluene
exposure was ‘“‘good.” However, if we judge from sensi-
tivity, specificity, and Cohen’s kappa, we would conclude
that the agreement between self-assessment and profes-
sional assessment was poor.

TABLEIl. Agreement Between Self Assessment and Professional
Assessed Exposure on Benzene, Toluene, Styrene, and Xylene, in Female
Petrochemical Workers in China

Overall proportion Cohen’s
agreement Sensitivity  Specificity kappa
Benzene 058 0.75 047 0.20
Toluene 068 003 097 —010
Styrene 091 0.58 096 0.60
Xylene 0.67 040 0.79 019

TABLE lIl. Agreement Between Professional Assessment and
Measurement on Benzene, Toluene, Styrene, and Xylene, in Female
Petrochemical Workers in China

Overall proportion Cohen’s
agreement Sensitivity  Specificity kappa
Benzene 0.55 047 0.76 017
Toluene 0.31 0.30 0.67 —0.004
Styrene 0.89 0.60 095 0.60
Xylene 061 057 064 0.21

Agreement Between Professional
Assessment and Measurement Results

To understand the puzzling contradiction on toluene
exposure, we examined the validity of the professional
assessment. Table III lists the measures of the agreement
between professional assessment and measurement results.
The results indicated fair to good agreement between
professional assessment and measurement for benzene,
styrene, and xylene exposures. However, all the measures
for agreement indicated a poor agreement between profes-
sional assessment and measurement of toluene exposure.

Table IV is a closer examination of the relationship
between self-assessment, professional assessment, and
actual measurement of the toluene exposure. A substantial
number of false negative (122) was found when self-
assessment was compared with actual measurements.
Meanwhile, the false negative was equally significant (88)
when professional assessment was compared with actual
measurements. In other word, both professional assessment
and the self-assessment on toluene were biased towards the
same direction (underestimate). Therefore, when a biased
estimate (self-assessment) was compared with a biased
“reference” (professional assessment), we would obtain a
misleading overall proportion of agreement.

DISCUSSION
Validity of Self-Assessment

Several previous studies by other researchers examined
the validity of self-assessment on dust exposure and
concluded the usefulness of self-assessment [diPico, 1982;
Rom et al., 1983; Fonn et al., 1993]. However, few studies
have investigated the validity of self-assessment of chemical
exposures. Because the dust exposure can be easily “‘seen”
whereas solvent exposure cannot, it is interesting to know
the validity of self-assessment of solvent exposures. Such
information is important for epidemiologic studies, because
in most industrial settings that involve solvent exposures,
workers tend to be exposed to several solvents simulta-
neously. Because making actual measurement for each
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TABLE IV. Comparisonof 2 x 2 Tables of Self Assessment Vs. Professional Assessment Vs. Measurement onToluene
Self Measured exposure Self IH assessed exposure Measured exposure
assessed assessed IH assessed
exposure Exposed Unexposed exposure Exposed Unexposed exposure Exposed Unexposed
Exposed 3 1 Exposed 1 3 Exposed 37 2
Unexposed 122 5 Unexposed 39 88 Unexposed 88 4

solvent is costly and difficult, self-administered question-
naires often become the method of choice for comprehen-
sive exposure assessment.

This study demonstrated that most workers with
reasonable knowledge of production processes could pro-
vide valid information on their exposures to benzene,
styrene, and xylene. However, under-reporting of exposure
appeared to be a major problem in self-assessed exposure
status. The proportion of subjects who under-reported their
exposure to benzene, styrene, and xylene were 12, 6, and
18%, respectively. The under-reporting rate was very higher
(92%) for toluene.

Underestimation has been observed as a problem in
studies where self-assessment of exposures was used to
obtain data on activities that are not socially acceptable
such as smoking or alcohol abuse [Wagenknechet et al.,
1992; Crook et al.,, 1998]. Our results indicated that
underestimation of exposure was also a problem for self-
reported solvent exposures. A similar trend was also ob-
served in studies that used self-assessment for chemical
exposures [Ahlborg, 1990; Lindbohm et al., 1990]. In a
study of validity of self-assessed exposure to varies
categories of chemical exposures, Fritschi et al. [1996]
found relatively low sensitivity for self-assessment on
solvent exposures, which also implied a potential problem
for underestimating of self-assessed exposure status.

Because non-differential underestimation of exposure
can lead to a bias towards or away from the null-value
[Verkerk and Buitendijk, 1992], care should be taken when
self-assessed exposure is used in epidemiologic studies.

Factors Influencing Validity
of Self-Assessed Exposure

It is possible that the validity of self-assessed exposure
was influenced by the odor and the odor threshold of the
substances. Among these four substances, styrene has a
characteristic sharp, unpleasant penetrating odor while
benzene, toluene, and xylene have mild hydrocarbon odors.
The odor thresholds for benzene, toluene, styrene, and
xylene are 1.5-4.7 ppm [ATSDR, 1991], 8 ppm [ATSDR,
1994], 0.017-1.9 ppm [NIOSH, 1994b], and 1 ppm
[NIOSH, 1994b], respectively. With a distinct odor and
lowest odor threshold, it is not surprising that styrene
achieved the best self-assessment. By the same token, the

poor performance of self-assessment on toluene may not
merely caused by chance alone, given the fact that its odor
threshold is the highest among the four.

Another important factor that influenced the validity of
self-assessed exposure may be the worker’s awareness of the
toxicity of the solvents. Among these four solvents, benzene
is a carcinogen classified by International Agency for
Research on Cancer [1982]. Precaution in handling benzene
was a part of safety training for the workers in BYPC. As a
result, the subjects might be more alert to its exposure.
Furthermore, when benzene was the primary agent in the
process, it was named in the area or process, such as the
benzene workshop, which might also alert the workers of
potential exposures.

Validity of Professional Assessment

When measurement is not available, professional
assessment is widely used in epidemiologic studies and as
the “gold standard” in validity studies of self-assessed
exposure status. Because professional assessment was nor-
mally based upon production processes and job histories
provided by the employer, the assessment can be affected by
many factors such as quality of the reported information,
rater’s familiarity with the job and industry, the chemical
properties of the substances and the actual setting of the
exposure environment [Post et al., 1991; Stewart and
Steward, 1994]. Our study found that the Cohen’s kappa
between professional assessment and measurement ranged
from —0.005 to 0.60, indicating that the misclassification for
professional assessment of exposure can be substantial for
some chemicals. This result agrees with the study by
Kromhout et al. [1987], in which the R? between profe-
ssional assessment and measurements ranged from 0 to
0.67, indicating no to substantial agreement. Because the
professional assessment can be biased, false validity can be
achieved when self-assessed exposure is compared with a
professional assessment that is biased towards the same
direction. We, therefore, caution the use of professional
assessment as ““‘gold standard” in validity studied.

Another point worth mentioning is that contrary to self-
assessment which was biased because of underestimation,
the disagreement between professional assessment and
measurement in this study was caused by either under-
estimation or overestimation. While the disagreement for
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benzene, toluene, and styrene was caused by underestima-
tion, the disagreement for xylene was caused by over-
estimation of the exposures.

Choice of Measures to
Quantify Agreement

There are two kinds of reliability studies: intramethod
reliability studies that examine the reproducibility of a
method, and the intermethod reliability studies that compare
two different methods. When one of the methods is assumed
to be close to the “truth,” the intermethod reliability study is
also referred to as a validity study [Armstrong et al., 1994].
The study of the validity of self-assessment of exposure
belongs to the later type. Unfortunately, less work has been
done on the interpretation of intermethod reliability studies.
In this paper, we calculated four different statistical mea-
sures for validity or reproducibility. In most of the cases, the
conclusions obtained from these measures were consistent
with each other. However, when self-assessed exposure
status was compared with professionally assessed expo-
sure status, a contradictory conclusion was reached by these
measures. While Cohen’s kappa, sensitivity, and specificity
indicated that the agreement between self-assessed exposure
status and professionally assessed exposure status were
poor, good agreement was indicated by the overall pro-
portion of agreement for toluene.

This is a classic case of fallacy of overall proportion of
agreement. Because it does not account for the percent
of agreement expected by chance, the overall proportion of
agreement does not perform well when the prevalence of
investigated criterion is small [Fleiss, 1981]. In our case, the
prevalence of toluene exposure reported by the workers
themselves was low (only 4), a large portion of the agree-
ment was caused by the agreement on negatives. High
prevalence of the criterion of interest can also cause similar
contradictions [Steinijans et al., 1997].

Cohen’s kappa, on the other hand, discounts the
agreement caused by chance. Therefore, it performs better
when the prevalence of the investigated criterion are small.
However, interpretation of the result is not straightforward
compared to the overall proportion of agreement. To com-
pensate the disadvantages of each measure, we recommend
using multiple statistical measures for a validity study,
including overall proportion agreement, Cohen’s kappa,
sensitivity, and specificity.
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