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This study examines the impact of several experience and
education determinants on exposure judgment accuracy. The
study used desktop assessments performed on several different
tasks with different exposure profiles to identify correlations
between determinants and judgment accuracy using logistic
regression models. The exposure judgments were elicited from
industrial hygienists with varying levels of experience, edu-
cation, and training. Videos and written and oral information
about the exposure tasks were presented to all participants
as they documented a series of qualitative and quantitative
exposure judgment probabilities in four exposure categories.
Participants (n = 77) first documented their qualitative and
then their quantitative exposure assessments after receiving
the series of sampling data points. Data interpretation tests
and training in simple rules-of-thumb for data interpretation
were also given to each participant to investigate the impact
of data interpretation skills on exposure judgment accuracy.
Logistic regression analysis indicated “years of exposure as-
sessment experience” (p < 0.05), “highest EHS degree” (p
< 0.05), and a participant’s “data interpretation test score”
(p < 0.05) directly impacted qualitative exposure judgment
accuracy. Logistic regression models of quantitative judgment
accuracy showed positive correlation with “greater than 10
years of exposure assessment experience” (p < 0.05), “highest
EHS degree” (p < 0.05), a participant’s “data interpretation
test score” (p < 0.001), rules-of-thumb data interpretation
training (p < 0.001), and the number of sample data points
available for a judgment (p < 0.005). Analyzing judgments in
subsets for participants with less or more than 10 years’ experi-
ence indicated additional correlations with Certified Industrial
Hygienist and Certified Safety Professional certifications, total
number of task exposure assessments, and career number of
air surveys. The correlation of qualitative and quantitative
exposure judgment accuracy with “greater than 10 years ex-
perience” supports similar research findings from other fields.
The results of this study indicate that several determinants of
experience, education, and training, in addition to the avail-
ability of sampling data, significantly impact the accuracy
of exposure assessments. The findings also suggest methods
for enhancing exposure judgment accuracy through statistical
tools, mathematical exposure modeling, and specific training.
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INTRODUCTION

Exposure assessments provide the foundation for deter-
mining whether occupational and environmental exposure

risks are efficiently and effectively managed.(1) Occupational
hygienists utilize available information on agents, work force,
equipment, materials, work practices, existing exposure con-
trols, and their professional judgment to quantify the expo-
sure risk by arriving at an exposure assessment or judgment.
Exposure judgments are commonly used in a wide range of
situations, including retrospective exposure assessments for
epidemiology studies, and current and prospective exposure
assessments for managing exposures related to consumer use
and manufacturing operations.(2–6) When there are limited
or no sampling data, occupational hygienists routinely use
professional judgment to assess the acceptability of expo-
sures for managing engineering controls, medical surveillance,
hazard communication, and personal protective equipment
programs.(1)

Professional judgment in the context of exposure assess-
ment can be considered “the capacity of an experienced pro-
fessional to draw correct inferences from incomplete data”
based on their “knowledge gained from formal education,
experience, experimentation, inferences and analogy” and “the
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capacity of an experienced professional to draw correct infer-
ences from incomplete quantitative data, frequently on the
basis of observation, analogy, and intuition.”(1) However, the
accuracy of the exposure assessment’s underlying decisions
and performance of a given exposure assessment strategy used
are not often studied formally and published.(7)

A considerable number of diverse chemical agents can exist
in occupational environments where workers may have a wide
distribution of exposure over time. Much of this variability
can be introduced due to a diverse number of agents, exposure
tasks, frequency and duration of tasks performed, and specific
work practices used by individuals.(8) This complexity high-
lights the need for a well-designed comprehensive exposure
assessment strategy and effective tools to efficiently arrive at
accurate judgments for managing exposure risks. A Strategy
for Assessing and Managing Occupational Exposures, from
AIHA R©, is a well-known strategy that provides a simple yet el-
egant framework used for performing and managing exposure
assessments.(1) The framework utilizes an efficient method
to select exposure control categories defined by fractions or
multiples of a selected agent’s health-based or compliance-
based exposure limit to classify a given exposure judgment
(Table I). Qualitative and quantitative exposure assessments
are performed after a thorough review of available information
and data related to the workplace tasks performed, materials,
exposure limits, work practices, engineering controls, and
protective equipment. A comprehensive and flexible strategy
facilitates refinement of exposure assessments when new in-
formation or data become available.(7)

Studies suggest that exposure judgments are routinely made
using “professional judgment” to arrive at a qualitative ex-
posure assessment when sampling data are not available by
using available information coupled with the assessor’s expe-
rience.(2–10) Referring to published research, one may conclude
that qualitative exposure judgments are difficult, highly vari-
able, and require specific “experience” to be accurate. Several
recent publications(10,11) have suggested using a categorical-
based exposure assessment framework to facilitate understand-
ing experience, education, and training that effect exposure

assessment accuracy. Quantitative exposure judgments using
sampling data would also require relevant experience and,
specifically, the experience with using statistical concepts and
tools when interpreting the data. “Experience” can be specific
to types of operations, jobs, tasks, or chemicals, and it can also
be general, based on total time or total number of assessments,
not specific to a given task or chemical.

Professional certifications, such as the Certified Industrial
Hygienist (CIH),(12) Certified Safety Professional (CSP),(13)

or other related certifications could be considered a broad
combination of experience, training, and education due to
their comprehensive scope. Intuitively, most would expect that
the more training and education an exposure assessor accu-
mulates, the more accurate their judgments will become. In
general, various links between training and specific education
with performance has been well established in other fields of
study.(14,15)

Recent work by Logan et al.(10) used the AIHA strategy for
making exposure assessments to indicate that specific train-
ing and sampling data interpretation skills can significantly
increase a hygienist’s ability to make accurate quantitative
exposure judgments. The study discussed possible heuristics
or mechanisms that may be used for performing exposure
judgments, and the biases that could result from their use.
In addition, the authors discussed methods for specific data
interpretation training to further increase quantitative exposure
judgment accuracy based on study observations and literature
reviews from other scientific research.(14–20) Logan et al. intro-
duced simple data interpretation training that was specifically
designed for use with limited sample data sets and the AIHA
strategy (Appendix 1 in Ref. 10). The training, administered to
participants in their study, significantly impacted the accuracy
of quantitative exposure judgments made without the use of
statistical tools. However, the specific data interpretation train-
ing did not increase qualitative exposure assessment accuracy.

In summary, the study recommended further work to better
understand the relationships between various types of expe-
rience, education, or training with exposure assessment ac-
curacy. This study aims to begin investigating a larger set of

TABLE I. AIHA Exposure Category Rating Scheme

AIHA Exposure
Rating

Proposed Control Zone
Description General Description

AIHA-Recommended
Statistical Interpretation

1 Highly Controlled (HC) 95th percentile of exposures rarely
exceeds 10% of the limit

X0.95 ≤ 0.10 OEL

2 Well Controlled (WC) 95th percentile of exposures rarely
exceeds 50% of the limit

0.10 OEL < X0.95 ≤ 0.5 OEL

3 Controlled (C) 95th percentile of exposures rarely
exceeds the limit

0.5 OEL < X0.95 ≤ OEL

4 Poorly Controlled (PC) 95th percentile of exposures exceeds the
limit

OEL < X0.95

Note: A SEG is assigned an exposure rating by comparing the 95th percentile exposure distribution (X0.95) with the full-shift, time-weighted average (TWA),
occupational exposure limit (OEL), or short-term exposure limit (STEL) to determine in which category it most likely falls.(1)
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experience, training, and education determinants for signif-
icant correlations with qualitative and quantitative exposure
assessment accuracy.

BACKGROUND

Over the past several decades, investigators across various
fields have studied factors that contribute to high perfor-

mance and identified common mechanisms that contribute to
poor performance.(14–18) Improvements in performance asso-
ciated with experience and well-designed training appear to
occur in a wide variety of professions, including physicians,
athletes, military officers, musicians, lawyers, engineers, chess
players, and students.(12–19) These studies suggest updating the
old saying “practice makes perfect” to “well-designed practice
makes perfect,” meaning that education and training should
be carefully designed to enhance the specific skills that most
drive overall performance. This probably seems intuitive to
anyone familiar with training routines of professional athletes
or musicians. However, it may not seem obvious for complex
cognitive skills based on education, training, and experience
used in making a medical diagnosis or an exposure judgment.

Decisions or judgments are made using a complex blend
of cognitive rules and beliefs combined with emotional and
unconscious mechanisms.(16,21,22) Biases resulting from the
unconscious elements of common heuristics can significantly
impact the accuracy of various judgments.(14,16,18,19) The com-
binations of emotional or unconscious mechanisms are some-
times categorized as intuition or heuristics and can be influ-
enced and even calibrated by deliberate practice.(15,17) This
finding appears to hold across many areas of science, including
exposure assessment.(16,23) A handful of studies related to
accuracy or agreement of occupational and environmental
exposure judgment have been published over the past few
decades.(2–8) In general, these studies indicate that judgments
improve with more information and data, well-designed strate-
gies can increase effectiveness and efficiency, and professional
judgment is often better than random chance. A few studies
suggest that the common cognitive biases found in many fields
have the potential to impact the accuracy of exposure judg-
ments as well.(10,24,25) To identify methods and mechanisms for
improvement, research recommends the need for further study
of determinants and heuristics impacting judgment accuracy.
These determinants can be defined as representing various
elements of education, training, and experience. Education can
be defined formally, such as degrees obtained from a university
or more specific education domains obtained in particular pro-
fessional development courses available through conferences
and associations. Training can be represented in general or very
specific areas and targeted to address specific biases that are
common to many people. Experience can be defined broadly in
terms of time or specifically in terms of numbers of activities
related to the outcome being studied.(26,27) As training, edu-
cation, and experience determinants of judgment accuracy are
better understood, studies can be designed to better understand
underlying judgment algorithms or heuristics and help define

effective training and education that enhances professional
judgment performance.

It is also important to consider that, for complex, cogni-
tive tasks, conscious decision-making algorithms are usually
more accurate but typically slower than intuitive or emotional
decision making.(19) Researchers(28–31) find that these complex
decision-making processes can become much faster through
prolonged, proper training and ultimately lead to better per-
formance. Studies of professional athletes have reported that
specifically designed activities contribute more to elite status
than general experience within the domain of a particular
sport or activity.(15,32) Proper experience is needed to achieve
“expert” status regardless of talent in a wide variety of fields.
This supports the notion that specialized skills require contin-
uous maintenance and can take many years to develop.(15,32,33)

Specifically, research(23,33) suggests that it takes 10 or more
years to accumulate enough hours of “deliberate practice” for
mastering a particular domain. Intuitive processes or heuristics
are much more efficient than cognitive processes, and through
many hours of training, most professionals or experts have
developed a broader set of heuristics specific to their domain
of practice. As a result, experts have been shown to make faster
and more accurate decisions than novices.

This development of effective heuristics is most often
achieved by well-designed deliberate practice of cognitive,
conscious decision-making skills that evolve into heuristics
or intuitive decision-making mechanisms.(16,23) Though there
are variations in what is considered deliberate practice, in
general, it is made up of (1) well-designed education and train-
ing plans with clear goals, (2) repeated practice experiences
designed to improve core skills and functions, and (3) feed-
back mechanisms measuring the quality of each attempt and
overall performance. There appears to be significant research
published(16,21–23,26,30,32) supporting the idea that expertise in
any domain is driven mostly by deliberate practice regardless
of field. Since occupational hygiene judgment can require
many sources of information and complex logic, it is expected
that the concept of increased performance through deliberate
practice also applies to making accurate and efficient exposure
judgments.

METHODS

The judgments in this study were elicited from self-selected
groups of industrial hygienists who attended sessions

where informed consent was obtained (n = 77). Notification of
recruitment for the study was distributed through e-mail, flyers,
and word of mouth prior to and during the 2004 American
Industrial Hygiene Conference and Exposition and the 2005
Professional Conference of Industrial Hygiene. The hygienists
who decided to participate in the study had varying levels of
experience, education, and related determinants for a group
of common tasks found in industry. All determinants were
documented on paper by each participant prior to exposure
judgment elicitations. Videos and written and oral informa-
tion were presented to all participants for each scenario as
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they documented exposure judgment probabilities in the four
AIHA exposure control categories while sampling data were
presented in a serial manner (Table I). Each of the tasks had
sampling data sets ranging from 6 to 10 samples.

Data interpretation tests (DITs) and training in simple rule-
of-thumb exposure data interpretation were also given to in-
vestigate the impact of data interpretation skills on exposure
judgment accuracy. Since four exposure categories were used
for both exposure judgments and DIT datasets, the random
probability of selecting the correct category for each was 0.25,
or 25%. A DIT was administered prior to collecting exposure
judgments for videotaped tasks and again directly after the
simple Rule-of-thumb data interpretation training. A DIT Score
was calculated for each participant’s data interpretation test
using Eq. 1.

DIT Score = (number correct judgments)/(8 datasets) (1)

Since data used in the DITs were not related in any way
with the actual sampling data used in any scenario, the DIT
Score could be used as a determinant and compared to exposure
judgment accuracy through regression or graphical summaries
of data. Detailed descriptions of a DIT and the simple rule-of-
thumb were previously published by Logan et al.(10) Summary
statistics for each experience, education, and related deter-
minants are listed in Tables II and III for all participants
in the study. Table II lists general education and experience
descriptions and Table III lists experience specific to agents or
jobs selected in the study.

The education and experience determinants could have
only a few possible responses in the given categories. For
analysis, all of the education and experience determinant vari-
ables are considered binary or ordinal since the possible cat-
egories for the determinants ranged from two to five possible
selections. The qualitative and quantitative judgments were
constructed into binary data described by a 0 or 1 for incorrect
and correct judgments, respectively. To analyze the effect of
the education and experience determinants on the exposure
judgments, binary logistic regression modeling methods were
used. Analysis of all determinants was done using a binary
logistic regression(34) function on qualitative and quantitative
exposure judgment variables using Minitab software (version
15; Minitab Inc., State College, Pa.). An analysis of correlation
was performed between various combinations of determinant
variables to support the most relevant selection of model vari-
ables by calculating the Pearson product moment correlation
coefficients.

To strengthen the overall regression model and applicability
of results to general practice, selections of a variable between
two highly correlated variables were made based on which
variable was most relevant for interpretation. If two highly
correlated variables represented different aspects of education
or experience, an interaction term from both variables was
created to construct more accurate and relevant logistic re-
gression models. An interaction variable denoted CIH&CSP
for the CIH and CSP certification determinants was created
to account for significant correlation between these variables

FIGURE 1. Percentage of participants with CIH certification for
each education level category.

throughout the data set. Significant correlation between Rule-
of-thumb training and DIT Score was accounted for using an
additional interaction variable in each model.

RESULTS

More than half the participants had a master’s degree,
almost a quarter of participants had a bachelor’s degree,

and only two participants had a doctorate (Figure 1). Almost
half of the total participants had both a master’s degree in
a science-related field and had a CIH certification. Approxi-
mately 44% of participants had more than 10 years’ exposure
assessment experience and also held a CIH certification. Par-
ticipants with increasing years of experience were also more
likely to have a CIH certification (Figure 2). All participants
with more than 10 years’ exposure assessment experience held
a CIH certification, while less than 10% of participants with
less than 5 years’ exposure assessment experience held a CIH
certification.

FIGURE 2. Percent of participants with CIH certification for each
years of exposure assessment experience category.
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TABLE II. Participant-Specific Determinant Variables and Descriptions of Selections

Participant-Specific Determinant Variable Levels of Determinant Variable Count Percent (%)

Highest EHS or Science Degree Achieved 1 = Associate degree or no degree 10 13
High EHS Degree 2 = Undergraduate degree 19 24

3 = Master’s degree 46 60
4 = Advanced degree (PhD, ScD, or other) 2 3

CIH Certification 0 = No 29 38
CIH 1 = Yes 48 62

CSP Certification 0 = No 55 71
CSP 1 = Yes 22 29

CIH and CSP Certifications 0 = No 58 75
CIH&CSP 1 = Yes 19 25

Number of years making exposure judgments 1 = <1 12 16
Years EA 2 = 1–3 6 8

3 = 3–5 10 13
4 = 5–10 15 19
5 = >10 34 44

Estimate of the Total Number of Job-task
Exposure Assessments Documented Using
AIHA Strategy

1 = <10 23 30

AIHA EA Cat 2 = 11 to 100 14 18
3 = 101 to 1000 27 35
4 = 1001 to 5000 8 10
5 = > 5000 5 6

Experience in Mathematical Modeling of
Exposures

1 = Never used a mathematical exposure model 17 22

ModelExp 2 = Used only simple exposure model (i.e.,
saturation vapor pressure) a few times

29 38

3 = Some experience using different exposure
models

29 38

4 = Frequently use exposure models 1 1
5 = Have designed mathematical exposure

models
1 1

Experience in Exposure Assessment-related
Statistics

1 = Do not have a good understanding of
normal and lognormal statistics

10 13

StatsExp 2 = Can do basic lognormal statistical
calculations (GM, GSD)

37 48

3 = Familiar with calculating point estimate of
arithmetic mean and 95%tile

11 14

4 = Familiar with calculating exceedance
fractions and tolerance limits

19 25

Career Air Sampling Survey Experience 1 = <3 7 9
CareerAirSurveys 2 = 4 to 20 9 12

3 = 21 to 100 11 14
4 = 101 to 200 19 25
5 = >200 31 40

Qualitative Judgments
Qualitative judgment accuracy appears to increase with

level of education, shown in Figure 3, while a slight in-
crease in judgment accuracy can also be seen for participants
with greater than 10 years’ exposure assessment experience in

Figure 4. Figure 5 shows that qualitative exposure judgment
accuracy generally increased with increasing DIT Score. Each
Data Interpretation Test had eight datasets, which allows for
nine possible discrete values of DIT Score ranging from 0.00
to 1.00.
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TABLE III. Task- or Chemical-Specific Experience Determinant Variables for All Participants on Each of the
Tasks They Performed Judgments

Task- or Chemical-Specific Determinant Variable Levels of Determinant Variable Count Percent (%)

Years Experience with Exposure Assessments on This Type
of TaskA

1 = Never 225 42

TaskYearExp 2 = 1 to 2 years 127 24
3 = 3 to 5 years 57 11
4 = 6 to 10 years 60 11
5 = >10 years 61 12

Approximate Number of Exposure Assessments on This
ChemicalB

1 = 0 275 52

TaskNumEAs 2 = 1 to 2 84 16
3 = 3 to 5 51 10
4 = 6 to 10 47 9
5 = >10 73 14

Experience in Sampling Specific Chemical AgentC 1 = Never sampled it 302 57
NumAirSurveysChem 2 = Observed sampling 20 4

3 = Collected 1 to 2 surveys on agent 79 15
4 = Collected 3 to 10 surveys on agent 65 12
5 = Collected >10 surveys on agent 63 12

AThis determinant includes a participant’s experience with a given task and how many task judgments they made in each years of experience category. Each
participant made judgments across multiple tasks (n = 530).
BThis determinant includes a participant’s experience making exposure assessments on a specific chemical into each years of experience category. Each participant
had different experience for the different chemical agents (n = 530).
CThis determinant includes a participant’s experience conducting air sampling surveys for a specific chemical on a given task. Each participant had different
sampling experience for the different chemical agents (n = 529).

Tables IV and V represent the statistically significant de-
terminants (p < 0.05) from the logistic regression models for
analysis of qualitative exposure judgments. Years of exposure
assessment experience or Years EA (Tables IV and V) is a cat-
egorical variable included in Analysis 1, while the 10 or more
years of EA experience variable is the binary representation
for the Years EA (Analysis 2, Table IV). In both models, the

FIGURE 3. Qualitative exposure judgments accuracy as a per-
centage within each High EHS Degree for all participants.

continuous variable DIT Score was found to correlate with
accuracy of qualitative exposure assessment, along with years
exposure assessment experience (Analysis 1, Table IV). Data
interpretation or rule-of-thumb training was not statistically
significant in predicting qualitative judgment accuracy for any
of the models. Logistic regression of participants with less
than 10 years’ experience in Analysis 3 did show a significant

FIGURE 4. Qualitative exposure judgments percent correct for
≤10 and >10 years of exposure assessment experience for all
participants.
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FIGURE 5. Histogram of qualitative exposure judgments percent
correct for each Data Interpretation Test Score or DIT Score.

correlation between High EHS Degree, TaskNumEAs, and
DIT Score for qualitative exposure assessment accuracy (Anal-
ysis 3, Table V). None of the education and experience deter-
minants was significantly correlated with qualitative judgment
accuracy for participants with more than 10 years of exposure
assessment experience (Analysis 4, Table V).

Quantitative Judgments
Accuracy of all quantitative exposure judgments generally

appears to increase across each level of degree as shown in
Figure 6. Exposure assessors with both a CIH certification and
>10 years of experience had >50% accuracy, while the other
combinations of experience and CIH certification were <50%

TABLE IV. Binary Logistic Regression Model Re-
sults for All Qualitative Exposure Judgments for
Education and Experience Determinants That Were
Statistically Significant (p < 0.05)

Analysis 1 All
Qualitative

Judgments Using
Years EA

Analysis 2 All
Qualitative

Judgments Using
10 Years EA

Z value p value Z value p value

High EHS Degree A >0.05 2.03 0.043
Years EA 2.21 0.027 B B

10 Years EA B B A >0.05
DIT Score 2.10 0.036 2.10 0.036

Note: Analysis #1 used a categorical Years EA variable for experience, while
Analysis 2 used a binary variable of 10 Years EA in the logistic regression
model.
AVariable was not statistically significant in the logistic regression model (p
> 0.05).
BNot analyzed since Years EA and 10 Years EA are categorical and binary
representations of the same variable which cannot be included in the same
regression analysis.

FIGURE 6. Quantitative exposure judgments percent correct for
each High EHS Degree education determinant.

in each group (Figure 7). Quantitative exposure assessments
made after the data interpretation or rule-of-thumb training
were, as a whole, >50% accurate, while judgments made
before training were <50% accurate (Figure 8). Quantitative
exposure assessment accuracy tended to increase with increas-
ing DIT Score (Figure 9), which was also seen with qualitative
judgments.

Tables VI and VII represent the statistically significant
variables (p < 0.05) from the logistic regression model for
analysis of quantitative exposure judgments. Logistic regres-
sion models of quantitative judgment accuracy showed positive
correlation with greater than 10 years of exposure assessment
experience, High EHS Degree, DIT Score, Rule-of-thumb data
interpretation training, and the number of sample data points
available for a judgment as shown in Tables VI and VII. Partic-
ipants with less than 10 years’ experience indicated negative

FIGURE 7. Quantitative exposure judgments percent correct
within each category for CIH and Years of Exposure Assessment
experience < and > 10 years (n = 3772).
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TABLE V. Binary Logistic Regression Output of Qualitative Exposure Judgments Made by Participants with
Less than 10 Years’ Exposure Assessment Experience for Education and Experience Determinants That Were
Statistically Significant (p < 0.05) EA Experience

Analysis 3 Qualitative Judgments for
Participant’s with <10 Years’ EA Experience

Analysis 4 Qualitative Judgments for
Participant’s with >10 Years’ EA Experience

Z value p value Z value p value

High EHS Degree 2.15 0.031 A >0.05
TaskNumEAs 2.42 0.015 A >0.05
DIT Score 2.16 0.03 A >0.05

AVariable was not statistically significant in the logistic regression model (p > 0.05).

individual correlations with CIH and CSP certifications and
career number of air surveys. Participants with both CIH and
CSP certifications (“CIH&CSP”) and less than 10 years’ expe-
rience showed positive correlation with quantitative judgment
accuracy, while greater than 10 years’ experience showed a
negative correlation (Table VII). In all quantitative judgment
regression models, a DIT Score and Rule-of-thumb interaction
variable showed strong negative correlation (Tables VI and
VII).

DISCUSSION

Understanding and identifying the experience, education,
and training determinants that impact exposure judgment

accuracy and bias can be an important step to designing de-
liberate training practices to raise exposure assessment com-
petence. The participants in this study had a wide range of
exposure assessment experience, ranging from less than 1 year
to greater than 30 years. The majority of study participants
had at least a master’s degree in a science field (∼63%) or a
Certified Industrial Hygienist (CIH) certification (∼62%) or
more than 5 years’ exposure assessment experience (∼63%)

FIGURE 8. Quantitative exposure judgments percent correct for
pre and post data interpretation Rule-of-thumb training.

as illustrated in Table II and Figures 1 and 2. Binary logistic
regression models were constructed to analyze the correla-
tion between the various determinants and exposure judgment
accuracy.

The education and experience determinants found to posi-
tively correlate with both qualitative and quantitative judgment
accuracy were High EHS Degree, >10 Years EA, and DIT
Score (Tables IV–VII). These and other subsequent statistical
correlations indicate that several aspects of education, experi-
ence, and training can significantly impact the accuracy of ex-
posure judgments. In general, these findings related to experi-
ence and specific skills agree with studies in other fields, show-
ing that properly designed training, experience, and education
can significantly impact expert performance.(17–19,23,26,32)

Experience
Several experience determinants were collected to look for

specific elements that may increase accuracy of exposure judg-
ments. Self-reported experience ranged from general aspects,
such as total years of experience documenting exposure assess-
ments and the total number of sampling surveys conducted, to
more specific experience determinants of assessing a given

FIGURE 9. Quantitative exposure judgments percent correct for
participants across each possible DIT Score.
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TABLE VI. Binary Logistic Regression Model Re-
sults for Quantitative Exposure Judgments with
Education and Experience Determinants That Were
Statistically Significant (p < 0.05)

Analysis 5 All
Quantitative

Judgments Using
Years EA

Analysis 6 All
Quantitative

Judgments Using
10 Years EA

Z value p value Z value p value

High EHS Degree 2.12 0.034 2.24 0.025
Years EA A >0.05 B B

10 Years EA B B 2.68 0.007
DP (number of

sampling data
points)

2.90 0.004 2.90 0.004

DIT Score 13.01 < 0.001 12.88 < 0.001
Rule-of-Thumb

training
6.47 < 0.001 6.46 < 0.001

DIT Score and
Rule-of-thumb
interaction variable

−7.02 < 0.001 −7.08 < 0.001

Note: Analysis 5 used a categorical Years EA variable for experience, while
Analysis 6 used a binary variable of 10 Years EA in the logistic regression
model.
AVariable was not statistically significant in the logistic regression model (p
> 0.05).
BNot analyzed since Years EA and 10 Years EA are categorical and binary
representations of the same variable and therefore cannot be included in the
same analysis. Analysis 5 used Years EA and CIH in the binary logistic
regression model and neither were found to be significant.

task or chemical (Tables II and III). An attempt was also
made to collect a determinant “years since making exposure
assessments” to account for hygienists who may have not been
actively performing exposure assessments many years and as
a result become less accurate. It is possible that this lack of
recent practice for participants with many years’ experience
could reduce or obscure actual correlations between years
of experience and exposure assessment accuracy. However,
a significant group of participants misinterpreted the question,
requiring the determinant to be excluded from the models.
Even though it appeared that some participants had not actively
engaged in exposure assessments for many years, self-reported
total years of experience documenting exposure judgments
was still found to be significant with qualitative exposure
judgments (Tables IV and VI).

Further analyzing years of experience did produce an inter-
esting finding also seen in other studies. Simon and Chase(33)

proposed what is referred to as the “10-Year Rule” based on
studies that suggested it takes a minimum of 10 years for
a chess player to become an international chess master or
grandmaster.(15,33) This finding was further supported by stud-
ies(15,32) across many fields of expertise, including competitive
swimming, music, mathematics, tennis, and long-distance run-
ning. Studies have shown that most fields require a significant
accumulation of deliberate practice to achieve a high level of
competence regardless of field or domain. In this study of expo-
sure judgment accuracy, 44% of participants had more than 10
years of experience, allowing for analysis of the 10-Year-Rule
on exposure judgment accuracy. When years of experience was
analyzed as a binary variable with 10 years as the cut point,
more than 10 years’ experience was significantly correlated for
both qualitative and quantitative exposure judgment accuracy

TABLE VII. Binary Logistic Regression Model Results for Quantitative Exposure Judgments with Education
and Experience Determinants That Were Statistically Significant (p < 0.05) for Participants with Less than or
Greater than 10 Years’ EA Experience

Analysis 7 Quantitative Judgments
Participant’s EA Experience <10 Years

Analysis 8 Quantitative Judgments
Participant’s EA Experience >10 Years

Z value P value Z value p value

CIH −4.04 < 0.001 A A

CSP −2.01 0.045 B B

CIH&CSP 3.80 < 0.001 −2.53 0.011
High EHS Degree 2.01 0.045 4.55 <0.001
CareerAirSurveys −2.26 0.024 C >0.05
DP (number of sampling data points) 2.42 0.016 C >0.05
DIT Score 9.67 < 0.001 7.88 <0.001
Rule-of-thumb training 6.16 < 0.001 C >0.05
DIT Score and Rule-of-thumb

interaction variable
−6.67 < 0.001 −2.03 0.042

AAll participants with >10 years’ EA experience had CIH certifications; therefore “CIH” was not added to model.
BCSP was not analyzed in model since all participants with >10 years’ EA with a CSP certification also had a CIH certification.
CVariable was not statistically significant in the logistic regression model (p > 0.05). added to model.
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(Tables IV and VI and Figures 4 and 7). When all qualitative
and quantitative exposure judgments made by participants with
less than 10 years of experience were analyzed across the four
categories listed in Table II, years of experience was not sig-
nificant for both judgments, offering further support to the 10-
Year-Rule finding (Table V Analysis 3, Table VII Analysis 6).

Specific experience with collecting air samples or perform-
ing exposure assessments on a specific agent or task were
collected from participants. In most cases these determinants
were not found to be specific in any of the models, with
two exceptions. The number of exposure assessments on a
given task or TaskNumEAs was positively correlated with
qualitative judgment accuracy for hygienists with less than
10 years of experience (Table V Analysis 3). The variable
CareerAirSurveys was collected to represent a hygienist’s total
experience collecting air samples was found to have a negative
correlation for the group of participants with less than 10 years
of experience in the quantitative regression model (Table VII
Analysis 7).

Intuitively, it may seem that experience with a particular
task or chemical would help enhance exposure judgment ac-
curacy. However, recall of this type of specific information
for a given task or chemical is likely to be more difficult than
estimating the number of years of experience making exposure
judgments. Effects from memory and framing have been seen
in other studies more formally in a variety of other fields.(26,35)

Introducing more objective methods for collecting in these
specific experience determinants not prone to memory bias
would increase likelihood of detecting actual correlations in
the binary logistic regression models. More robust methods
for defining specific experience than self-reporting should be
investigated to further study specific experience determinants
on exposure judgment accuracy.

Education
Formal post secondary education was reported by partici-

pants as High EHS Degree, shown in Table II and
Figure 1. This determinant was meant to capture the highest
degree attained in environmental, health and safety (EHS) or
science for each participant. Chemistry, biology, biochemistry,
engineering, and geology were the science degrees reported
by participants who did not have a degree that may be di-
rectly considered EHS. The High EHS Degree determinant
was significant across all binary logistic regression models
for qualitative and quantitative exposure judgments (Tables
IV–VII). Participants’ wide ranges of education levels in this
study may have helped illuminate significance of the High EHS
Degree correlation with accuracy in the regression analysis.
This finding may seem intuitive; however, a few studies in
other fields have indicated that training in mathematics and
sciences does not always translate well into domain-specific
decision-making processes.(17) The studies indicated that this
type of finding could be due to the complexity and framing
of the decision-making process being tested and therefore will
not apply uniformly in all cases.

Training
Most would agree that well-designed training increases

performance in many domains. It is likely why we see formal
certification with training integrated through education and
experience in most professional fields such as medicine, en-
gineering, law, and accounting.(16,23) If a gap within a domain
is identified for a profession, specific training and feedback
loops can be designed to address the shortcomings of practi-
tioners.(16,17–19,23) This study focused specifically on exposure
judgments, which require a finite but somewhat unknown set of
skills to be proficient across many diverse exposure scenarios.
The data interpretation rule-of-thumb training in this study
focused on a simple heuristic designed to help participants
better predict into which AIHA exposure category the 95th
percentile fell given a small set of air samples. This data inter-
pretation rule-of-thumb training has been previously shown to
significantly increase accuracy of quantitative exposure judg-
ments but without directly considering other education and
experience determinants.(10) The data interpretation training
was not significant for qualitative exposure judgment accuracy,
which seems reasonable as the training focused only on how
to interpret data for small data sets independent of any basic
characterization information.

As mentioned earlier, for training to be effective it must
be focused on the key elements that drive a specific outcome.
Qualitative judgments most likely rely on other factors, such as
exposure modeling and more specific elements of experience
not captured in this study.(36) Additional studies should be
designed to better study predictors of qualitative judgment
accuracy from models with varying levels of sophistication
including mathematical modeling based on chemical and phys-
ical properties, deterministic modeling, and rules of thumb
derived from scientific principles.

A Data Interpretation Test (DIT) was designed to provide
feedback to participants and provide a simple measure of data
interpretation skills for prospective exposure judgments. A
DIT Score was calculated for each DIT based on the number
of correct judgments out of the total judgments on the test.
Because the DIT Score provides some insight into a hygienist’s
ability to accurately interpret sampling data from a lognormal
distribution, it was also used as a determinant in the model
prediction for both qualitative and quantitative judgments.
The training was highly significant for quantitative exposure
judgments and for DIT Score, which supports earlier findings
from Logan et al.,(10) using different statistical methods. The
DIT Score is not a perfect measure but might be analogous
to predicting an athlete’s performance in real games after
studying their performance in practice games.

A somewhat surprising finding was that DIT Score showed
positive correlation with qualitative judgment accuracy (Table
IV and Figure 5) even though these qualitative judgments were
made without sampling data. Is it possible that improving
DIT Score will increase qualitative EA accuracy? Industrial
hygienists with a higher DIT Score may have a better under-
standing of lognormal distributions and upper tail estimations
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that would lead to more accurate exposure judgments in this
context.

Additional studies are needed to better understand the rela-
tionship between DIT Score and qualitative judgment accuracy.
For all quantitative exposure assessment models, DIT Score
was highly correlated with accurate judgments, having levels
of statistical significance above all other determinants in the
logistic regression models (Tables VI and VII). This indicates
that DIT Score, which appears to be a representation of a
participant’s ability to interpret sampling data, could be used as
an important element in training and calibrating occupational
hygiene professionals.

When the binary logistic regression analysis was run against
quantitative judgments with DIT Score or Rule-of-thumb in
the model including all other variables, both DIT Score and
Rule-of-thumb were independently found to be significant (p
< 0.01). However, when both were added to the model at the
same time, DIT Score was significant while Rule-of-thumb
was not significant. A separate analysis showed that DIT
Score and Rule-of-thumb were highly correlated. Because the
Rule-of-thumb training was designed to influence quantitative
exposure judgment skills, it is not a surprise that DIT Score also
increased significantly and, therefore, was highly correlated
with Rule-of-thumb. A solution was implemented to create an
interaction variable by multiplying the binary variable Rule-of-
thumb with the continuous variable DIT Score to account for
effects of the correlation between both variables.(34) When the
DIT Score and Rule-of-thumb interaction variable was included
in the analysis, both DIT Score and Rule-of-thumb became
highly significant (p < 0.001) as a negative correlation shown
in Table VI and Table VII. This negative correlation with
the interaction variable is due to a much stronger correlation
between DIT Score and a participant’s judgments before the
Rule-of-thumb training versus after training. This was verified
from an additional logistic regression model showing DIT
Score was highly correlated with accuracy for judgments made
before Rule-of-thumb training. The same regression model run
on judgments made after Rule-of-thumb training did not show
a correlation between DIT Score and quantitative judgment
accuracy.

Certifications
Professional certifications such as Certified Industrial Hy-

gienist (CIH) and Certified Safety Professional (CSP) require
relevant education, experience, and acceptable competency as
measured by an examination. One may expect that having
these certifications may increase exposure judgment accuracy.
However, CIH and CSP certifications individually were not
found to correlate with qualitative exposure judgment accu-
racy (Tables IV and V). Each certification individually was
negatively correlated with quantitative judgment accuracy for
participants with less than 10 years’ experience (Table VII
Analysis 7).

Participants with both certification and more than 10 years’
experience also showed negative correlation with quantitative
judgment accuracy (Table VII Analysis 8). However, partici-

pants with less than 10 years’ exposure assessment experience
and both CIH and CSP certifications showed a positive correla-
tion with quantitative judgment accuracy (Table VII Analysis
7). The negative correlations between professional certifica-
tions and quantitative judgment accuracy may suggest that
more specific content related to exposure judgments and data
interpretation could be added to the exams and study materials.
It is important to consider that CIH and CSP cover a broad set
of occupational hygiene skills; therefore, exposure assessment
represents only a very small fraction of competency assessed
by each certification.

This study had several limitations that should be addressed
in subsequent studies. Participants were self-selected in this
study, and all active occupational hygienists were not made
aware or available to participate in this study. This type of
selection bias is common to professional judgment elicita-
tion and can sometimes be addressed with adequate funding
and improved strategies.(26) The experience and education
determinants were ordinal or binary, and subsequent studies
should better capture participant information in continuous
variables possibly creating more robust regression models. A
final limitation to mention was introduced from selecting the
correct exposure category or “truth” using the available 10 to
14 samples for each of the tasks. This assumes the sample data
were representative of the true exposure profile for each task
and could introduce bias due to limited sample sizes for each
of the tasks selected for this study.

The regression modeling methods used assume linear re-
lationships between the education, experience, and training
determinants and exposure judgment accuracy. This linear
model may not accurately represent a hygienist’s exposure
judgment abilities over time. The relationship between years
of experience most likely follows a more polynomial shaped
line with accuracy because all “experience” is not the same as it
is relative in time rather than absolute in time (Figure 10). Not

FIGURE 10. Hypothetical illustration of a non-linear relationship
between exposure judgment performance and total years in the
industrial hygiene profession for three different hygienists.
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all hygienists are fully engaged in making exposure judgments
on a daily basis throughout their career as they change jobs and
organizations. A given hygienist could have a very challenging
and rich experience depending on the specific job at any point
in their career.

Considering the idea of “deliberate practice” discussed
earlier, a different representation for recent and total exposure
judgment experience may provide a better correlation. It is
important to remember that many skills may diminish if not
used or practiced routinely, which is easily seen in athletes
where performance is easily measured. Future studies should
investigate other methods accounting for current and total
exposure judgment experience.

CONCLUSIONS AND RECOMMENDATIONS

This study supports the thesis that formal elements of
professional judgment including education, relevant ex-

perience, and specialized training contribute significantly to
exposure judgment accuracy. Strengthening professional judg-
ment in exposure assessment, both individually and collec-
tively, may be one of the most important opportunities to
ensure the protection of worker health. Implementing well-
designed “deliberate practice” mechanisms should support
further professional development for occupational and envi-
ronmental hygienists. Specific training related to exposure
assessment techniques, such as the data interpretation test
and relevant statistical tools, can influence data interpretation
skills and quantitative exposure judgments. The DIT Score,
analogous to batting practice for professional baseball players,
or a similar type of data interpretation metric could become a
valuable element in training occupational hygienists. It could
be coupled with formal education in science, consistent use of
statistical tools, and well-designed field experience to signifi-
cantly enhance professional practice.

Since statistical tools are readily available to hygienists,
they should always be used when analyzing data, even with
small data sets. The statistical training implemented in this
study did not appear to increase the accuracy of qualitative
judgments. The availability and use of mathematical models
as well as rules of thumb based on understanding of exposure
determinants and physico-chemical properties of contaminants
may become important tools for better understanding qualita-
tive exposure judgments.(37,38) Studies should be designed to
better understand how available exposure models can impact
both accuracy and bias of qualitative exposure judgments.

Efforts should be made in the hygiene profession to con-
tinue identifying methods for creating feedback loops and
training that further enhance professional practice. A feedback
loop can be implemented by all hygienists who systematically
document qualitative and quantitative exposure judgments and
use available statistical tools to test the accuracy of selected
exposure judgments. As with many other fields, active coach-
ing and mentoring should be considered by all hygienists to
strengthen their own skills regardless of education or experi-

ence levels and pass on knowledge to the next generation of
hygienists. Hygienists who are most interested in enhancing
their exposure judgment skills will likely seek every possible
opportunity to obtain valuable experience, training, education,
and mentoring.

This study represents findings from a non-randomly se-
lected group of industrial hygiene professionals, representing
approximately 1% of the total profession in the United States.
The associations between education, experience, and judgment
accuracy reported in this study in some ways may apply to the
profession as a whole, although they may not apply directly
to a specific hygienist. Larger-scale studies of this type could
better address issues identified in this study and provide for
better applicability and more direct interpretation for active
occupational hygienists around the world.
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