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data from disease registries or plant medical
records, though they can be very expensive when
the amount of information to be collected increases
beyond what is readily available. Cohort studies
rarely involve personal interviews, but could include
surveys that quickly add to the cost of a study. Some
health researchers use cohort studies to generate
hypotheses for further study using a case-control
study design. The work environment described in
Example Scenario 3: Noise lends itself to a cohort
study. Hearing loss is not rare, the occupational
exposure is limited to those that worked with the
machines, and an unexposed population should be
relatively easy to find. Obtaining information about
genetics or behaviors is not necessary as long as the
controls are selected from a similar population.
Taking Example Scenario 3 a little further, if the
exposed workers are mostly high school graduates
that work in the industrial trades, a suitable control
group might be engineering technicians or the
administrative staff for the company. The control
group should share any behaviors that are associat-
ed with the workers’ sociceconomic groups, thus
canceling out their contribution to the risk for hear-
ing loss, and leaving the exposure to the machines
as the primary risk. In this situation, it might be
advisable to conduct a baseline noise survey to doc-
ument the conditions near the end of the study peri-
od if exposure measurement data for the study are
sparse. Obtaining current quantitative measures
also assists in setting exposure groups more realisti-
cally instead of relying on somewhat arbitrary cut-
points like the Action Level, and it could encourage
the current workers and management to be more
actively involved in the study.

Conversely, the findings of the cohort study has
limited utility if the purpose of the study was to
determine the risk of disease associated with a spe-
cific exposure because we have no information on
other risk factors. This is particularly true for the
unexposed and those without the disease of interest.

Cohort studies are also limited when the outcome
is rare. To reach a level of reasonable significance,
the size of the cohort may need to be very large
(many people, years, or sites) to get enough cases
(power) to actually conduct any meaningful analysis.
(Study power is discussed later in this chapter)

Some diseases take years to develop (the time
between disease initiation to disease detection is
called the latency period). Changing work conditions
over the years make it difficult to generalize and
apply study results to other populations. Because we
rarely know when the disease process begins, we
typically select the time the first exposure occurs as
the beginning of the latency peried.

Case-Control Studies

Case-control studies are always retrospective — the
exposures always precede the health outcome or
disease. A case is a person in the study who has
been diagnosed with the disease of interest. A con-
trol is free of the disease of interest during the study
period. The study is designed to determine the
impact that certain factors, especially exposure to
occupational agents, had on the risk for developing
the outcome of interest for each study member. To
get detailed exposure information for an entire
cohort would be very time-consuming and expen-
sive. A case-control study is smaller in scope, per-
mitting more resources to go towards information
gathering. Additionally, desirable information on
environmental, co-morbid risk factors, behavioral,
and genetic risk factors may be gathered.

Case-control studies are particularly useful when
studying rare disease outcomes that would not be
feasible to examine using a cohort study. All of the
cases of the disease of interest identified in the
cohort analysis can be used with select controls as
needed. For example, chronic beryllium disease is
rare and it may not be until 20 years after the first
exposure to see the first cases. Because a case-con-
trol study uses available cases, cases may be able to
be pooled from other locations or time periods if
they share the same exposure of interest. In
Example Scenario 1: Beryllium, the bicycle shop may
only have 1 or 2 cases even if exposure to beryllium
was significantly higher than the occupational expo-
sure limit. By conducting a case control study using
other bicycle manufacturers who use the same
materials, more cases can be pooled to improve the
study power. In national-level case-control studies,
cases are obtained from disease registries and con-
trols from other, comparable registers. The exposure
reconstruction for these types of studies can be very
complicated as detailed information about the occu-
pational exposures for all study participants must be
gathered and validated, usually from phone inter-
views or questionnaires.

The key to a good case-conirol study is selecting
an appropriate control group. The better the selec-
tion, the fewer adjustments will need to be made to
the study. An ideal control group for a study would
be workers who share the same demographic pro-
file, socioeconomic background and geographic
conditions (i.e., drinking water, residential breathing
air, food sources, etc.) but do not have the disease
of interest. In addition, for cancer studies,
researchers often compare the case prevalence to
the general population, though that must be done
cautiously because workers tend to be healthier
than the general population.



The information and the process to gather infor-
mation for cases and controls must be identical to
avoid biasing the study fowards one group. Thus in
exposure reconstruction, the method that is devel-
oped must be applied equally to both groups. This
can be accomplished by keeping the industrial
hygienist or epidemiologist blind to the disease sta-
tus of the study subjects o avoid differential collec-
tion and assessment of the daota.

The ability to generalize study findings will be lim-
ited to people with similar exposures when compared
to the control group. For Example Scenario 2, the
study may desire to construct a dose-response rela-
tionship for exposure to trichloroethylene and renal
cell carcinoma. Based on how the study was
designed, the conclusions may be limited to only spe-
cific workers. For example, if the entfire study popula-
tion was over 50 years of age, then the study results
may not apply to those younger than 50 years.

Study Design Issues
Study Power and Size

When o study is designed, its power should be ade-
quate to detect an increased risk if it were truly
present. This is basically controlled by the study
sample size. Many studies fail to be conclusive
because they lacked enough study participants for
the effect to be observed to a significant degree.
There are several factors to consider when doing a
study size calculation:

* Literature review. During the planning stage, a
literature review should be done to estimate the
inherent risk in the unexposed population. This
is then compared to the risk estimated in the
exposed population. If the true difference
between these groups is 3 times more risk for
the exposed, the sample size can be much
smaller than if there is only a 1.2 times more
(i.e., only 20 percent more) risk in the exposed
group.

* Study power. Study power is the probability that
the study will detect a significant difference in
risk at the level set in the study design. For
example, if the IH wants to be 90 percent sure
that the study will be able to detect a doubling
of the risk for liver cancer in the exposed
population when compared to unexposed
population. The “90 percent” is the study power.

« Case-to-control ratio. In case-control studies,
study power can be increased by increasing the
case-fo-control ratio, i.e., the number of controls
per case. While electronic databases make
matching cases and controls quite easy, there is
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a diminished return on power when the ratio is
greater than 1:4.(1)

The size of a study refers to the number of sub-
jects. Once the size of the study is determined (using
the sample size calculations), there must be enough
cases to analyze the impact of the study covariates
(i.e., risk factors) on the outcome. The occupational
physician or epidemiologist as part of the study pro-
tocol typically selects the study covariates. Study
covariates must be determined during the design
phase of the study and not after the data are col-
lected and analyzed. Introducing new risk factors
after the data are collected jeopardizes the integrity
of the study as these data were collected to answer
a specific question using a specific exposure-disease
model. To continue with “Example Scenario 2:
Trichloroethylene”, the literature review reveals that
impaired liver function was also associated with
older age, tobacco use, alcohol use, and a sibling or
parent with the disease (family history) in the gener-
al population. The study must be able fo estimate
how these other factors contribute to the overall
risk. To obtain stafistically stable results (a relatively
narrow confidence interval), there will need to be
enough cases (and controls) so that the distribution
of these risk factors is sufficient to accommodote the
analysis. A simple rule of thumb is 5-10 cases for
each risk factor in the analysis.

There are many web sites that have online study
power and sample size calculators with one compre-
hensive listed at: hitp://statpages.org/.

Bias

Bias is a type of systematic error that, when left
unrecognized or uncontrolled, may cause incorrect
interpretation of the study findings. Bias is best con-
trolled during the study design phase. The most
common types of bias are separated into two groups
— bias associated with exposure and bias associat-
ed with the outcome.

Exposure Biases

* Selection bias. While case selection is based on
the case illness or disease definition, the method
used for selecting centrols can introduce bias.
Ideally, the controls should be chosen from the
same population as the cases. This reduces some
of the bias that can be introduced by behaviors
and environmental exposures that may also
contribute to the risk for disease. Using Example
Scenario 2 for trichloroethylene and risk of liver
cancer from workplace exposure in specific shop
workers, unexposed office workers from the same
plant might be selected as controls. Unbeknownst






Ovutcome Biases

» Confounders. Age by itself is a risk factor for
cancer. If the study is looking at liver cancer in
trichloroethylene workers and cumulative
exposure (exposure summed over a period of
time) is used as the exposure variable, then the
older study members will have more exposure.
At the same time, just getting older increases
their risk for liver cancer. Uncontrolled
confounding can either falsely increase or
decrease the observed risk. While controlling
bias usually limits the ability to generalize the
study results, it reduces the impact of the bias
on the study findings. Matching the age of the
controls with the age at which the case became
a case reduces the confounding introduced by
age. Other potential confounders include
gender, smoking, ethnicity, and socio-economic
status. If cases and controls are matched on too
many variables, the control pool will need to be
much larger to obtain a sufficient number of
controls. When cases and controls are matched
on a risk factor, the level of risk attributable to
that factor cannot be measured. So, matching is
usually only done when confounding is
suspected. While there are statistical tests that
can be done to identify confounders, the
literature review will usually provide a list.

* Effect modifiers. An effect modifier is a risk
factor that makes a study member more
susceptible or protected from the effect of
exposure on the outcome. It is unrelated to the
risk of exposure and should not be confused
with confounding. An example of an effect
modifier is diabetes. Diabetics are more
susceptible to the effects of air pollution than
those without diabetes and diabetes does not
cause air pollution or lung cancer. Some studies
have shown the effect of noise on hearing is
modified in those that smoke tobacco or use
solvents. One way to identify effect modifiers in
the analysis is to stratify on the suspected factor
to see if the risk measure changes for both the
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exposed and unexposed groups. If a difference
is observed in the stratified groups, then an
effect modification may be involved. Those
subjects with the effect modifier may be
removed from the study or a separate analysis
of this subgroup may be conducted.

* Dealing with biases. The best way to deal with
bias is to spend some time carefully designing
the study based on literature reviews, selecting
an appropriate comparison group, matching
cases and controls on potential confounders,
collecting data independent of case and
exposure status, testing the data for evidence of
bias, controlling for confounding and effect
modification, and ensuring that the
interpretation of the results is within the
limitations of the study design.

Level of Detail

For the purposes of using exposure information in
an epidemiologic study, the level of detail is dictated
by the quantity and quality of the data available to
both the industrial hygienist and the epidemiologist.
Detailed work histories, job titles, and locations can
be used to adjust individual exposure assignments
and improve the specificity of the exposure-to-out-
come model. There are two schools of thought on
the way to approach the level of detail during the
analysis of exposure. One might start with dividing
groups into exposed and unexposed and then
increasing the number of levels in the exposed
group to see if a dose-response relationship can be
established. The other approach is to treat exposure
as a continuous variable first and, if the results are
not significant, collapse into exposure categories
that can accommodate the number of exposed indi-
viduals. For example, if there are 10 cases, individu-
als may only be classified as “exposed” and “unex-
posed.” If there are 30 cases, then exposure might
be categorized as “Low,” “Medium,” and “High” pro-
vided that each category has at least 5 cases,
preferably more. (See Chapters 3 and 6 for further
discussion of exposure metrics.)
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agent of interest, or confound associations with a
particular disease. For example, in assessing expo-
sure to TCE, it may be important to also identify
other chlorinated solvents to which subjects may
have been exposed. The exposure of interest may
also be present in various physical or chemical
forms and in different solubility states. The same
exposure can be present as a dust, fume, powder,
liguid, or combined with other chemicals with differ-
ent solubility characteristics within the body.

In situations where a disease cluster has
occurred in a group of workers and the cause is
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unknown, it can be useful to attempt to identify an
agent or set of agents to which the cases may have
been exposed. Biological plausibility should be con-
sidered in suspect agent identification. Interviews
can be conducted to obtain detailed information on
their work environment, the timing and location of
job tasks, and the materials and equipment used
from which a list of possible factors can be com-
piled. Even though a specific etiologic agent may
rarely be identified, this type of investigation can
lead to the identification of preventive measures.
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for a decision meets defined quality standards.
Quality confrol (QC) is a system for ensuring the
maintenance of proper standards used in exposure
reconstruction including periodic random inspection
of the exposure reconstruction process. Components
of a QA/QC program may involve dual coders, dual
data entry, validation studies, blinding and evalua-
tion of professional judgment.

* Dual coders means that more than one person
compile and analyze the same information
which is then compared to assure consistency.
The goal is that the exposure reconstruction
should be independent of the individuals
conducting the reconstruction.

* Dual data entry is used to minimize inadvertent
data entry errors. All the data are recorded by
each data entry person. Computer programs are
then used to compare the dual entered data to
identify inconsistencies. Any inconsistencies are
resolved by reference to source documents or
other resources. The premise with dual data
entry is entry errors are likely random and there
is a low probability that @ random error will
occur at the same point in the entry process. If
data agrees, it is assumed to be correct, if the
data does not agree, the disagreement is
resolved.

* Validation studies are used to evaluate the
various techniques used fo estimate exposures.
For example, if significant quantitative
measurement data is available, a portion, such
as 20% of the measurement data, is put aside
and not used in the development of exposure
predictive models. Once the models have been
developed with 80% of the data, the 20% of the
data held in reserve are used to assess the
performance of the predictive models.

* Blinding is used in many studies to assure that
the same level of rigor is used for all data no
mater if affected individual has or do not have
an adverse health outcome. One form of
blinding is that the exposure reconstruction team
completes the entire exposure reconstruction
prior to any analysis of the potential of an
adverse health cutcome.

* Professional judgment is the application and
appropriate use of knowledge gained from
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formal education, experience, experimentation,
inference, and analogy. The capacity of an
experienced professional to draw correct
inferences from incomplete quantitative data,
frequently on the basis of observations, analogy,
and intuition has been demonstrated.4) The
ability to draw “correct inferences” implies that
professional judgment can be measured. An
example of how professional judgment can be
measured is the case where an assessor is asked
to review the impact, on worker exposure, of a
series of changes in engineering controls
implemented over time. If the assessor is
unaware that the series of changes reviewed
included some changes with quantitative data,
their ability to correctly predict exposure in these
cases could be used as an indication of how well
they correctly predicted exposures when
gquontitative measurements are not available. An
example of professional opinion is where an
assessor states his belief if an operation is safe
or unsafe. This statement is a function of the
criteria an individual assessor uses to make o
decision and the weight used on each criterion.
Professional judgments between assessors
should converse to some point with some level
of variability where professional opinions may
not converge.

Many times at the start of exposure reconstruc-
tions, sufficient information is not available to pre-
pare a detailed protocol because the scope and
quality of the data is not known or there is no infor-
mation on the level of reconstruction will be practi-
cal considering available resources (documentation,
financial and human), or the time frame in which
the reconstruction must be completed. For example,
with the case of a health complaint, some level of
exposure reconstruction may be needed within a
period of days to weeks and in an epidemiology
study, the timing may be several years. Pilot studies
are often conducted to obtain information on the
quantity and quality of potential exposure related
information available along with and the likely
resources necessary to extract and compile the infor-
mation and complete the exposure reconstruction.
The results of the pilot study are then used to pre-
pare the final exposure reconstruction protocol.









that specific individuals worked at a site, These
records are usually available for each quarter of o
colendar year. It should be noted that these records
usually do not indicate where an individual worked
in a facility, but rather that they worked at the facility.

Following is the type of workplace, work force
and work practice information that may be useful in
an exposure reconstruction.

Workplace Characterization

The workplace characterization involves the recon-
struction of the process history of the site, including
any information and data that may be useful to esti-
mate exposure either directly or as determinants of
exposure. For workplace characterization, the types
of information that may be important include:

* Physical layout of the site;

* Location of each process unit;

* Buildings within the process units;

* Description of the process;

* Description of the chemistry;

« Design and actual production rates;
* Operating conditions, and

* Points and quantity of emissions.

It is also important to note how the workplace
characterization changed throughout the time peri-
od of interest. For example, a process may have
been moved to a different facility or o substitution
may have occurred, eliminating exposure of interest
from a process and replacing it with a non-haz-
ardous one.

Sources of this information may include the fol-
lowing:

* Facility map, blueprints, or photographs

*  Written process description (including process
chemistry, raw materials, major intermediates,
catalysts, etc.)

» Effective dates associated with the processes
such as unit startup and or termination, or dates
of significant changes in the unit or process that
could have modulated exposures

* Process flow diagrams

*+ Process and instrumentation diagrams (P&IDs)

= Types of equipment (containers, vessels, pumps,
tanks, etc.) and the size of the equipment

* Process conditions (e.g. temperature, pressure)

= Engineering and/or process controls that could
offect exposure potential

* Quality control and quality assurance records

* Auxiliary operations descriptions (e.g.
maintenance, utilities, laboratory, wastewater
treatment, etc.)
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* List of stressors by process or area including the
dates when the stressor(s) were used

* Composition of chemical stressors

* Raw materials, support materials and products
delivery, storage or shipping procedures for the
facility (rail car, tank truck, drums, containers,
etc.)

* Location of effluent drains and ditches

* Production rates

*  Quantity of raw materials or support materials
(such as catalysts, solvents, etc.) used for each
specific time period of inferest

* Proximity to other processes that cause exposure
fo stressors not associated with the process

* Accidents (including fires, spills, leaks, failures in
engineering controls such as ventilation, etc)

* Routine preventative maintenance or scheduled
shutdowns of processes or equipment

Workforce Characterization

The workforce characterizations attempts fo identify
where individuals worked and how long they
worked there. Additionally, the characterization con-
siders specific tasks or activities performed, the fre-
quency and duration of these tasks. The goal is to
identify, for each individual, all the possible expo-
sure scenarios worked over the study period of
interest. Sources of information pertinent to specific
individuals or groups of individuals include the fol-
lowing:

* Personnel records

* Organization charts

* List of job titles

* Job descriptions

* Job assignments

+ Task descriptions

« Shift Schedules

= Job/task rotation schedule

*  Worker rosters (i.e. company, union) over time
by classifications such as craft, job code, process
area, department, union roster, etc.

* Training records that could indicate the types of
jobs or tasks specific workers were qualified to
perform

* Payroll records

* Human resource records

* Social security records (identify the years an
individuals is employed at a site)

= Interviews with worker or family surrogate

Some of the workplace and workforce categories
may be redundant, but sometimes the choice of
words and examples given can help trigger recollec-
tion and guide the investigators to the right persons
and segments of the organization. Records of these






the tasks must be understood to estimate time-
weighted shift exposure, as well as to estimate long-
term average exposure.

Sampling and analytical methods may have
changed over time, and the impact of the changes
may be considerable. Thus, it is important to estab-
lish the validity, specificity, sensitivity, and accuracy
of each of the sampling and analytical approaches
used. Instrument calibration records are part of this,
as is knowledge of laboratory proficiency as estab-
lished by QA/QC reviews and proficiency analytical
testing (PAT) round robin testing results.

The limit of detection (LOD) can change over
time due to improvements in analytical methods. For
example, the LOD for an analytical method could
have decreased from 5 milligrams per cubic meter
(mg/m?3) to 0.5 micrograms per cubic meter
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(mg/m3) over the study period. Therefore, non-
detect samples (samples that have no detectable
amount of the analyte on the sample) for the early
portion of the study may be given a quantitative
exposure assessment value in loter years simply due
to improvements in sampling and chemical analysis
technology. Data at or below the LOD is referred to

" os censored data.
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Several different approaches have been proposed
in the literature regarding how to incorporate cen-
sored data into the interpretation of quantitative data.
Depending on the data set, you may find it simple to
try the different LOD replacement values fo determine
whether the resulting differences really matter. More
discussion of the techniques available to interpret
LOD data can be found in Attachment A (Finkelstein
2001, Hornung 1990, Anonymous 1994).












ed psychosocial stressors. This determination of
exposure can either be time-specific (i.e. by year,
five-year, or decade) or can be determined for the
entire period of the study.

A qualitative assessment would identify scenar-
ios under which exposure would have been reason-
ably likely to occur, and then determine whether any
of these scenarios are applicable to the subjects of
interest. A definitive yes or no response is not
always possible. Therefore, the results of a qualita-
tive assessment can sometimes be expressed in
terms of the “probability” of exposure on an ordinal
scale, such as high, medium or low. The yes/no or
ever/never assignment can also be given a confi-
dence level such as high, medium, or low in another
method to estimate the likelihood of exposure.

Qualitative exposure metrics can range from
dichotomous categorizations, i.e. Yes/No or
Ever/Never, fo various durations of employment or
rankings of jobs/tasks based upon potential for
exposure. Duration of employment is based upon
work history information and is based upon the
number of days or years a worker spent in a job
that had a potential for exposure. Kubale et al. used
duration of employment to assess a confounding
exposure when no exposure assessment data was
available for a study examining the relationship
between leukemia and ionizing radiation.(®)

Exposure Metrics

The exposure reconstruction process ultimately

results in one or more exposure metrics. These met-

rics can be applied to the main exposure of concern,

potential confounders, and/or effect modifiers.
Possible Exposure Metrics include:

+ Ever/Never Exposed
*  Yes/No
* High, Medium, Low, None
* Ever employed in an exposed job
* Ever employed in the industry
* Job or Task Rankings
* Highest potential for exposure to lowest
* Duration of Exposure
* Length of Employment in an exposed job or
task
- Days or Years Exposed
* Intensity or Average Exposure
* Time Weighted Averages
* Average radiation exposure
* Average decibel level
» Tosked-based averages
* Frequency (full time, part time, seasonal)
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» Lifetime Average Exposure (including unexposed
jobs)
* Average parts per million (ppm)
* "Average milligrams per cubic meter (mg/m?2)
* Lifetime Cumulative Exposure (Duration x

Intensity)
* Total Years in an Exposed Job (Person Years
Exposed)

¢ Cumulative Exposure/Years (PPM-years or
mg/m3-years)
* Duration of exposure above a specified
intensity (i.e. Years above 0.5 OEL)
* Peok Exposure Levels
* Highest average exposed job
* Highest exposure ever received
* Peak Exposure Frequency
* Peak exposure per day, week, or year
* Internal exposure (received or retained dose)
* Confidence Ratings (High, Medium, Low)

Ever Exposed, Never Exposed

This dichotomous exposure metric is one of the most
basic exposure metrics applied in reconstructing
occupational exposures. This metric simply deter-
mines if a worker or job title was “ever” exposed to
a chemical/physical/biological agent or other expo-
sure of concern. This method is commonly used
when there is no exposure data available, and is
most often used in establish whether an occupation
relationship exists between a hazard and a health
outcome,

The first step in applying this methed is fo define
“ever.” Most exposure assessors will define “ever” as
having a significant likelihood to have been working
with the exposure of concern or working nearby the
exposure of concern for some set period of time
such as once per week or once per month. If the
worker would have handled, worked with, been in
the vicinity of, or any other number of factors the
worker or job title would receive a positive score
(normally Yes) for the exposure of concern. If the
worker’s job title or tasks indicate that they would
have not been exposed fo the exposure of concern,
then they would receive a negative score (normally
No). Ever can alse be defined as a fraction or per-
centage of an occupational exposure level, i.e.
aobove 10% of the OEL would be classified as “ever”
and below 10% of the OEL would be classified as
“never.” For some exposures, the range between
low occupational exposure and non-occupational
exposure (hobbies, consumer products, and environ-
mental media) can begin to blur and will require cri-
teria for decisions to be consistent. Table 6.1 illus-
trates an example of this type of metric.












the value “as is” with no modifications. Despite the
short duration of the sample, ranging from a few
minutes to a few hours, this thought process is that
the sample accurately represents the peak exposure
for that job tasks.

Other schools of thought attenuate these peak
values, arguing that the absolute peak value only
represents a very small portion of exposure. If the
exposure pattern is viewed as a normal (or bell)
curve, then this peak value would be on the extreme
far right of the exposure curve. A percentage of the
peak value, such as 20 or 95 percent of the peak,
can be used to represent the peak exposure that
would occur more often in a job task as opposed to
strictly using the peak exposure point at face value.
This represents another scenario where a sensitivity
analysis in the epidemiological analysis could be
explored if the exposure data permits.

Another variable of peak exposure is the fre-
quency of peak exposure. Again, the definition of
“peak” is of paramount importance. Once this is
determined, the frequency of peak exposure can be
characterized as the number of peak exposures per
day, week, year, or any time period desired. Wong
et al. used the number of peak exposures per day
when examining the relationship between petroleum
worker exposure to gasoline and multiple myeloma,
kidney cancer, and leukemia.(13

Determining Set Points for Exposure
Metrics

Qualitative ranges and semi-quantitative ranges are
perhaps easier to set if anchor points are considered.
For example, even though data is too limited to
firmly set the boundaries, “no exposure” might be.
thought of as population background. These are the
workers that you would not expect to have any
exposure, for example, @ member of the administra-
tive staff that never spends time in a production
area. The background group can then be set at a
nominal determinant, such as less than 1% of the
occupational exposure limit (OEL). The next expo-
sure group would then be characterized as the
“Low"” group with exposures between 1 to 10% of
the OEL. Workers who have moderate exposures
would be classified into the “Medium” category set
at 10 to 100% of the OEL, and workers who have
potential to be exposed at greater than the OEL
would be receive a “"High"” exposure assessment
assignment. Many studies have used categorical
exposure ranges, for example Stewart et al.('4) and
Schubauer-Berigan et al.(19)
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Multiple Exposure Metrics

Multiple exposure metrics can be chosen when
determining which metric is most appropriate for the
exposure assessment being undertaken. However, it
is not uncommon fo design an exposure assessment
strategy with multiple exposure metrics included for
the same exposure of interest. For many health out-
comes, the key exposure metric may not be known,
so an evaluation of many different metrics may be
needed to properly evaluate the relationship
between exposure and disease. It is not a foregone
conclusion that chronic diseases are always associated
with long term exposures, nor acute diseases are
always associated with short term exposures.(16) In
epidemiological studies, the JEM is often composed
of a number of these exposure mefrics and the epi-
demiological analysis uses each metric differently.

In general, an average exposure is assigned for
each combination of job title (or collapsed job title)
and year in the study period. A peak value can also
be assigned for each combination if the appropriate
exposure data is available. Once an exposure
assignment (average, peak, qualitative assignment,
etc) has been made for each combination of job and
year, then the JEM is complete and ready to be
linked to each worker in the cohort.

An example of multiple exposure metrics is
given in Table 6.7 that illustrates quantitative expo-
sure assessments for three years. The example con-
tains four exposure metrics. For each job and year
combination, an average exposure is calculated
from a number of TWA samples taken during the
respective years. The arithmetic mean of the three
years for each job title is calculated providing a life-
time average for each job. The peak is determined
as the highest average TWA and is then determined
for each job. And finally, a cumulative exposure is
calculated by summing the average exposure for
each job across the study period (only three years in
this hypothetical example) and providing the final
exposure metric of ppm-years or a lifetime cumula-
tive exposure.

By providing multiple exposure metrics in the
JEM, the epidemiologic analysis can evaluate each
variable and its relationship or non-relationship with
the health outcome. Multiple independent exposure
metric variables could be used in the epidemiologi-
cal analysis fo gain insight into relationships
between variables, which exposure variable is a bet-
ter predictor of health outcomes, or if no variable
was predictive. However, the JEM should only con-
tain exposure metrics that can be appropriately sup-
ported by the exposure data available.
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mation is likely necessary for quantitative JEM con-
struction. For some materials, for example hydrocar-
bon solvents, general reviews and compilations may
exist to help guide the JEM formation. Thus, you might
find a wealth of useful information from a thorough
literature search for what others published for the
industry, jobs, or exposures of inferest.

Obviously, not all people assigned to a JEM cell
had the same actual exposure, which is a well-rec-
ognized issue with traditional JEMs where there is
no differentiation of those assigned fo the same job
cell. For example, in the beryllium-using bicycle fac-
tory, some work groups have no direct exposure.
However, with a factory-level JEM design, it may be
that all people who worked in any job in a factory
known to use beryllium would be assigned to the
“exposed” cell. A possible enhancement on this
might simply be sorting out “likely unexposed” jobs
with clerical or managerial titles. Assignment of indi-
viduals with infrequent exposure in a job or specific
task to the same exposure category as those fre-
quently exposed can result in misclassification of
exposure, and may compromise the studies’ find-
ings. In the beryllium example, assigning the super-
visor who spent roughly 10% of his time at fill-in
production work to the same level as those exposed
full-time could be problematic. Quantitative and
semi-quantitative JEMs should also consider differ-
ent cells for a given job to reflect the likelihood of
long-term changes in exposure.

Task-based exposure matrices (TEM) may better
define exposures for individual subjects, if informa-
tion on the frequency and duration of the tasks for
the jobs to be assessed is available. A task-based
exposure matrix may also employ standard task defi-
nitions, with the number of tasks and their specificity
depending on the study design and supporting
information. Alternatively, a JEM may be modified to
better fit job differences based on questionnaires or
other sources of information about exposure modi-
fiers for individuals. :

When information is available to support the
details, time periods for the exposure estimates
should be driven from known changes in processes,
exposure conirols, and other factors that modified
exposures. Arbitrary divisions, such as 5-year periods,
or decades, if associated with differences in exposure,
nevertheless may be better than keeping estimates
flat over decades where changes were likely.

Ever Exposed, Never Exposed

By this, it usually means that people had opportuni-
ty for occupational exposure, or did not have jobs
that could have led to exposure to the hazards of
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concern. Note that for very low exposures, criteria
must be defined for exposed versus non-exposed
(see Chapter 6). This (ever exposed, never exposed)
type of exposure reconstruction is most often used
to establish whether a relationship exists between a
hazard and a health outcome. Ever/never exposed
designs do not give data for quantitative risk
assessment, and do not help define a dose-
response relationship, which limits the utility for
setting quantitative risk-based limits. A simple
combination with the years in the possibly exposed
jobs gives the metric duration exposed.

Some studies had added a “probability” of
exposure with the ever exposed, never exposed
design. In some of the studies, the probability was
based on an assessment of the prevalence of expo-
sure of personnel in an industry. The NIOSH
NOES(?) has been used to set the exposure preva-
lence. Probability for a group can give substantial
exposure misclassification, because the prevalence
for a group may not represent an individual accu-
rately. Subjective probability scores assigned by
expert opinion might also be used with an
ever/never exposed design. The probability rating
scale should be defined in advance with the inves-
tigative lead team. Criteria should be clear to help
guide consistent application. Such probability ratings
can be used in sensitivity analyses where the out-
come associations are checked by first including all
subjects, then selectively dropping out those with
lower probability scores, to see if the results remain
or attenuate.

Semi-Quantitative and Ordinal Scales

Quualitative ranges (e.g., no, low, medium or high
exposure) and semi-quantitative ranges are per-
haps easier to set if anchor points are considered,
as suggested by Stewart.(23) These “anchor points”
of relatively robustly assessed jobs and exposure
levels can strengthen the relative ranking of other
jobs in an industry or job category in a gqualitative
or semi-quantitative scale JEM or TEM. A main
goal of this ordinal scale or semi-quantitative
approach is rating the jobs correct relative to the
other jobs in the study. That is, can the IH be sure
that the high jobs are the most exposed, with
medium exposed lower, but above the low expo-
sure jobs? If data is too limited to firmly set the
boundaries on the categories, one might think of
“no exposure” as population background (<1% of
the OEL), low as 1 to 10% of the OEL, medium as
10 to 100% of the OEL, and high as > 100% of
the OEL. Many studies have used categorical
exposure ranges.



Exposure Reconstructions with
Quantitative Exposure Measurements

Exposure reconstructions based on exposure measure-
ments need to consider how well the measurements
cover the relevant jobs, tasks, and relevant years for
the study population. There are many other considera-
tions in the use of measured data as well. The follow-
ing applies fo air concentration measurements prima-
rily, but may alse apply to valid biological exposure
indicators, such as ACGIH® BEIs®. Note that not all
biomarkers of exposure relate well quantitatively to
past exposures, but may indicate rather that an expo-
sure to an indeterminate quantity had occurred.

The extent of the available data and the extent
of documentation for the data are fundamental
aspects in exposure reconstruction, and determine
the possible apportioning of the total data into sub-
sets by time, or job/task. The data quality depends
on the original survey strategy, its documentation,
and on the validity of the sampling and analytical
methods, and for laboratory analyses, on the labo-
ratory’s proficiency. For data sets extending over
considerable years, the data quality and other
details may have changed. If so, and if possible, a
translation/correction table may help improve the
use of the “lesser quality” data. Statistical compar-
isons of the different segments may also have a role
in determining if changes over time are significant.
A detailed discussion of the statistical analysis is
beyond the scope of this chapter. As a starting point,
it is suggested that the reader consult the statistical
discussions of the AIHA books in Attachment A. For
extensive, high-quality data sets, it may be possible
to define intra- and inter-individual variability. For
any project considering new surveys, these intra-
and inter-individual difference may also be impor-
tant investigational considerations. For additional
information on the intra- and inter-individual inves-
tigation design considerations, see Atachment A
References, Rappaport et al. 1995 and Kromhout et
al. 1993, The discussions on data analyses within
those publications cover many of the aspects men-
tioned briefly here.

Data Quality, Types, Summaries

Earlier in the project, the IH established what data is
available. Now, when faced with using the quantita-
tive exposure measurement data, some additional
questions and review may be in order. Did methods
change over time? Do differences in the results
need to be considered? Do all the methods directly
measure the hazard of concern, or do some of them
represent a surrogate measure, such as total
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chromium when the hazard to investigate is hexava-
lent chromium? Were different sompling periods
used, such as one-minute grab samples, task-length
TWAs or full-shift TWAs2 What survey strategies
were applied — random, targeted, convenience?
Were any of the data already stratified by Similar
Exposure Groups (SEGs)2 If the data were trans-
ferred from original records, such as into a comput-
erized database, what processes were used to
assure accurate transfer of the results? An EPA doc-
ument24) provides a good, general discussion on
classifying occupational exposure data into different
classes so that reliable data are identified and used
as the primary quantitative basis.

An experienced industrial hygienist would prob-
ably understand how variable occupational expo-
sures can be. That variability can arise from both
within-worker and between-worker differences. Both
can be important in quantitative exposure recon-
structions, and may be considered if the data set
provides enough well-described samples. Often,
though, the IH will face trade-offs between specifici-
ty of the measured data to the worker and the job
versus statistically robust numbers of samples.

Summary statistics for the data should include as
much as possible, including AM, GM, GSD, n, confi-
dence intervals (particularly for the AM) and dura-
tion of the samples (such as short term versus full
shift). Other summary statistics may include infer-
quartile ranges, upper and lower 95th (or 90th,
99th) percentiles of the data distribution, and confi-
dence intervals on these parameters. The variability
of the data can be used to estimate the frequency of
exposures above the average, or above a selected
upper limit, such as the OEL. However, for such
inferential statistics, the nature of the data's statisti-
cal distribution should be verified, such as normal,
log-normal, or neither. If neither, it may represent
mixed distributions, or yet another type of data dis-
tribution. Non-parametric methods may alse have a
role in such situations. If the statistical complexities
get to the point of contending with mixed distribu-
tiens, or truncated distributions such as with preva-
lent limit of detection entries, the advice of a statisti-
cian with experience in these topics may be needed.

Summarizing the available data can help with
the data’s use and also helps document the infor-
mation. A table (see example on the next page) can
help organize the data.

If much data is obtained over time, graphing the
data sorted by time may give insights on trends to
evaluate further.

Data available for operations of interest may
include short-term grab samples, 15-minute sam-
ples to evaluate STEL compliance, fractional shift or






* Selection of experts, and assuring or building
their expertise

* Calibration of the experts with any available
information on exposures and changes over
time

* Evaluating and resolving differences by different
experts. Kappa and weighted kappa statistics(30)
can help evaluate the differences between
scores given by different experts.

* Validation of the results

The expert panel may assess the exposures for
the various designs (ever/never, ordinal scale, quan-
titative, etc.) given sufficient information and time.
Validation of an expert panel’s assignments can be
made by comparing the assignments to available
data. For more detail on validation, see Chapter 8,

Self-Reported Exposures

An industrial hygienist has special training and
experience in recognizing, evaluating (and control-
ling) exposures. If someone was conducting a study
on industrial hygienist’'s exposures, their self-report-
ed exposure assessments may (or may not) be more
valid than the many exposure assessments studies
conducted that rely on self-reported exposures of
workers or members of the general public, The liter-
ature on self-reported exposures is somewhat dif-
fuse and does not give a clear and universally appli-
cable direction to maximize validity. Some studies
suggest that industrial hygienist’s assessments are
not better than and sometimes not os good as self-
reported exposures. Other reports suggest industrial
hygienists, when assessing operations in their area
of experience may perform adequately. With respect
to self-reported exposures, generally, study subjects
may reliably recall when they worked, where they
worked, and might describe the industry. Some
workers might know the common names of sub-
stances with which they have worked but may not
know the chemical names of substances. Hazard
communication and Right to Know regulations do
not guarantee the workers know exactly what they
worked with, or what their exposure levels were.
Even so, recalling such information accurately from
years ago can be difficult.

McGuirel®1) suggests spending more interview
efforts on understanding the jobs and tasks, and
less on the specific exposures since the latter is often
less than well known by the subjects. There have
been concerns raised that workers who suffer the
potential consequences of the exposure might be
more likely to recall exposures in greater detail than
those who don't (i.e. recall bias). On the other hand,
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workers who do not suffer those potential conse-
quences might underreport exposures. These two
issues would result in exaggerated risk estimates.
However, Teschke2?) cites three investigations that
suggested that differential recall by cases compared
to controls has not been an issue.

Contending With Gaps in the Data —
Surrogates

In exposure reconstruction, assessors almost always
lack the ideal data. Given that, the IH needs to do
what he or she can with the information available,
and at times find creative solutions to bridge gaps in
data. Surrogate measures may help fill data gaps if
direct measures of the exposure concern are miss-
ing. Other exposures which likely co-varied with the
exposure of concern, and for which data is available
are considered surrogates. For example, if the early
data on beryllium operations has some total dust
measurements, it might be useful if the ratio of
beryllium to total dust in the operations is estab-
lished. The IH must be careful to check and com-
ment on the relationship as valid and stable (or not)
for the relevant periods.

Surrogate operations may also be informative.
That is, an older facility which is still operating may
give insights into the types and magnitudes of expo-
sures in a study facility that has closed or undergone
major changes. This does depend on the relative
equivalency of the operations, because if the one is
not an adequately accurate good surrogate, the find-
ings may be misleading. Even the equivalency of
feedstocks and additives in the process might need
to be evaluated, since modern materials may change
the nature of exposures, even if the operating equip-
ment is similar to that used in the more historic oper-
ations you are attempting to understand.

Contending with Gaps in the Data —
Simulations of Past Jobs, Tasks

The IH may encounter situations where there is no
available relevant exposure data, for the exposure
of concern or for suitable surrogates. An option, but
not one to undertake lightly, is recreating (simulat-
ing) past situations and measuring the resulting
exposure potential. A number of issues need to be
addressed including:

= The ability to accurately establish the workplace
conditions (size, ventilation, process technology,
other materials)












Exposure Assessment Examples

i

Ever exposed/never exposed. Using this method,
Joe, Sam and Phil are all assessed as “exposed.”
The assessor may break the work histories into
“unexposed” prior to 1982 as a simple
refinement.
Qualitative Scale. For the first part of this
example, let us assume we do not have the
quantitative data from the table above. All we
know is from the work histories, and a general
knowledge on the history of beryllium at the
factory. You also know from general reading that
grinding, polishing, and welding caused higher
exposures than threading.

Prior to 1982 all “no exposure”

Joe. Between 1982 and 1987, his exposure was
lower than post-1987, due to the lower volume
of work with beryllium. Without measurement
data, this is difficult to assign with certainty, but
it is o lower exposure than for Sam.

Sam. Between 1982 and 1990, Sam had
significant exposure as a welder. Post 1990, his
exposure was lower than previously.
Uncontrolled welding resulted in excessive
exposure, above the OELs of the period. So, the
period from 1982 to 1990 can be rated as
“high” and post-1990 as “moderate”.

Phil. Since Phil worked as a supervisor, the first
thought might be to rate Phil as “no exposure.”
However, the notes that say he did production
work at some significantly exposed tasks about
10% of his time. The decision is to rate his
exposure as “moderate” since it is about 10% of
that of the full-time workers in the jobs Phil did
part-time.

Quantitative Scale. For this part, one has access
to all of the data shown in the table. Obviously,
there are some significant gaps, but this is what
exists. All in all, most industrial hygienists who
have done exposure reconstruction might call
this a remarkably complete record.

Joe. Although there are only 3 measurements in
1982 to 1987, they confirm the reading of the
literature from other investigations of beryllium
machining that threading was a low exposure
job. Further, the survey reports say the samples
were all from normal operating periods, when
working with beryllium. This job was steady
during the day, between setup and cleanup.
There is no reason to think the operations were
different between 1987 and 1995, when Joe
retired. The somples are short term exposure
limits (STEL) (15 minute samples), and should be
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the same. However, Joe's TWA went up with the
change to full-time work with beryllium in 1987.

1982 to 1987, STEL 0.005 ug/m3, TWA 7/8 x
1/4 x 0.005 = 0.001 ug/m?3

1987 to 1995, STEL 0.005 ug/m?3, TWA 7/8 x
0.005 = 0.0044 ug/m?

The three samples do not give a good measure
of the GSD, so directly calculating the
confidence intervals is problematic. One might
consider pooling the GSD estimates from other
samples in other operations for use in
estimating the confidence interval for threading.

Sam. Sam’s exposure would appear steady from
1982 to 1990. There is information that says the
controls improved in 1990 and reduced welding
exposures from then on. The data for 1990 to
1992 is mixed in with some prior years’ dataq,
and the row data are not available, In this
instance, you note the 1992 to 1997 data are
lower, and decide to use them back to 1990.
Although not included in the IH survey reports,
you have other information that suggests the
actual welding time was limited to about 5
hours a day.

1982 to 1990. STEL 0.2 ug/m3, TWA 5/8 x 0.2
= 0.13 ug/m3

1990 to 1996. STEL 0.1 ug/m3, TWA 5/8 x 0.1
= 0.06 ug/m?

Phil. He became a supervisor in 1982, and held
that job until retirement in 1997. His work was
10% grinding, shaping and polishing for those
15 years between 1982 and 1997. For grinding,
the gap in the data for 1987 to 1992 might be
better handled by a simple average of the date
before and after, or 1.1 ug/m3. Without further
information on what changed and when it
changed, this “average the before and ofter”
levels may be all that one can reasonably do.
The STEL assessment, if needed, becomes more
complicated, since Phil had STEL exposures and
all of these jobs, The assessor may choose to
report the average, with the lower and higher
jobs as ranges on the job. Phil’s long term TWA
exposure may be divided into the three time
periods. By time period:

1982-1987, [(0.09 +2 +0.4)/3] x 1/10 =
0.083 ug/m?3

1987-1992, [(0.06 + 1.1 + 0.4)/3] x 1/10 =
0.052 ug/m?3

1992-1997, [(0.04 + 0.12 + 0.4)/3] x 1/10 =
0.019 ug/m?3












Developing an understanding of an exposure
assessment’s uncertainties has long been part of
industrial hygiene practice. Typically, this analysis
guides decisions on continuing an investigation, pro-
ceeding with exposure controls, or concluding that
the situation is adequately controlled, Results from
uncertainty assessments should be used to defer-
mine the benefits of collecting additional informa-
tion to reduce uncertainty. In addition, the uncer-
tainty of the exposure outlines specific limitations of
the final conclusions of any exposure reconstruction.

This section provides a general framework for
reviewing the uncertainties in information available
for the exposure assessment, including questionnaires
and quantitative exposure data. It includes a work-
sheet for reviewing issues and documenting the rea-
sons behind particular decisions and directions in
the exposure assessment.

An "uncertainty analysis” may reflect the main
considerations that an experienced industrial
hygienist would apply in deciding the next stage to
take in improving the exposure assessment. This
may or may not lead to additional investigation —
other actions may be more relevant, or the IH may
have reached the feasible end, where further work
could be mostly futile. That is, some uncertainties
may be irresolvable. This understanding of the deci-
sion factors will support the confidence ratings.

When exposure assessments have significant
uncertainty, as most retrospective assessments likely
have, an analysis of the nature and impact of the
uncertainties should be developed. The analysis will
help guide decisions on whether or not to initiate
any further investigations o reduce uncertainties.

Initial information review » Uncertainty analysis
» Resolution plan » Residual uncertainties »
Exposure assessment » Confidence ratings

Inputs to the uncertainty analysis include all
available information and the assessment team'’s
knowledge/experience with the operations and expo-
sures involved. This means the information basis may
vary in quality and certainty from subject to subject.
In some cases, the assessment has meager qualita-
tive information about an operation, and you may
have little o no experience with such operations and
materials. In other situations, the assessment may
hove extensive high quality measured exposure data
about the operations, and someone that has exten-
sive first-hand experience with such operations has
summarized them. The uncertainties and any priori-
ties for resolution may then differ substantially.

Efficient information gathering should resolve
the controlling and the most prevalent uncertainties
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in logical order, with feasibility considering technical
aspects, budget, and time as factors.

The Nature of the Uncertainty Affects the
Resolution Strategy and Priority

There are a number of sources for uncertainty in an
assessment. The uncertainty can shift perceived
exposure ... and consequently evaluations of the
subject’s risk ... either up or down from the “true”
risk. The different uncertainties may need different
methods for resolution. Air concentration measure-
ments would be a great solution in many cases, but
these may not be feasible, and if work history
details are lacking, may not resolve the core uncer-
tainties. An optimum approach resolves the main
uncertainties before the lesser uncertainties. Which
uncertainties are the main ones to resolve first will
usually vary from situation to situation. Main cate-
gories of uncertainty include:

* Knowledge about the particular operations and
materials in the subject’s exposure profile. This
may be general knowledge of the industry or the
type of work involved. Or, it may be specific
knowledge about the specific worksite, or specific
details about what the worker did in his job.

*= Background information, from the subject’s or
co-worker interviews or other records about the
materials used, tasks, work methods, or other
operations.

* Basis of a quantitative assessment. Generally,
measured personal data (M) are better than
area samples (A), which in turn may or may not
be better than qualitative (Q) assessments. For
M and A, the extent of and relevance of past
monitoring (including measurements) of the
operations must be good. If only very uncertain
data is available, an experienced industrial
hygienist’s Q rating may be more reliable and
certain than an M or A would yield in a less
experienced |H's assessment.

= Stability of the operations. Operating stability
may show high, moderate or low potential for
change over time, due to process changes, work
method changes, or exposure control changes.
Low potential for change operations may need
little further consideration, whereas high
potential for change situations may need much
further investigation, or will result in less
confidence in the assessment.

* Variability of the exposures. Exposure profiles
that indicate substantial variability from day to
day and week to week may cause much
uncertainty with respect to average exposure
since it is then difficult to estimate typical
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The focus is on the industrial hygienist’s role and integration
with other contributors in exposure reconstruction projects.
To maintain this focus the guideline presents current good
practices in the development of efficient, yet thorough,

procedures for any exposure reconstruction project. It
addresses alternative approaches, data source considerations,
exposure metrics, quality assurance, and appropriate
documentation for possible future retrospective exposure
data needs. Provided checklists will help ensure the
collection of necessary information needed for later
exposure assessment work and data analysis.
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