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Background: Toluene Diisocyanate (TDI) is a known respiratory sensitizer linked to
occupational asthma (OA). To better manage worker risks, an appropriate characteri-
zation of the TDI-OA dose-risk relationship is needed.

Methods: The literature was reviewed for data suitable for dose-response modeling.
Previous study data were fit to models to derive prospective occupational exposure
limits (OELs), using benchmark dose (BMD) and low-dose extrapolation approaches.
Results: Data on eight TDI-exposed populations were suitable for analysis. There were
118 OA cases in a population contributing 13 590 person-years. The BMD-based OEL
was 0.4 ppb. The OEL based on low-dose extrapolation to working lifetime extra risk of
1/1000 was 0.3 ppb.

Conclusions: This study synthesized epidemiologic data to characterize the TDI-OA
dose-risk relationship. This approach yielded prospective OEL estimates below recent
recommendations by the American Conference of Governmental Industrial Hygienists,

but given significant study limitations, this should be interpreted with caution.
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1 | INTRODUCTION

Asthma is a complex heterogeneous respiratory disease characterized
by variable airflow limitation and/or airway hyperresponsiveness.! The
disease is among the most common chronic illnesses in the human
experience, affecting about 300 million people worldwide.? The
incidence of new-onset adult asthma appears on the rise in
industrialized countries, with estimates ranging from <1 to 11 cases
per 1000 person-year among published reports,®=® but settling on
about 2 per 1000 person-years among persons aged 20-50 years in
large prospective studies.” The broad category of work-related asthma

comprises adult onset asthma cases that are either caused by
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workplace exposures (ie, occupational asthma) or are a preexisting
disease that is worsened by work factors (work-exacerbated asthma).®
Estimates of the fraction of adult asthma that is work-related have
widely varied, but typically range between 10 and 25% in industrialized
countries.”" 11

De novo occupational asthma (OA) is induced via sensitization to a
specific substance in the workplace, or by exposure to an inhaled
irritant at work.2 There are over 300 causal agents for OA, which are
broadly separated into proteinaceous substances (eg, natural rubber
latex, enzymes, and animal-derived antigens), and low-molecular
weight (LMW) chemicals (eg, isocyanates and acid anhydrides).1%13
Among known LMW agents, isocyanates, such as methylene diphenyl
diisocyanate (MDI), hexamethylene diisocyanate (HDI), and toluene
diisocyanate (TDI), are widely used in the manufacture of flexible and
rigid polyurethane (PUR) foams, sealants, elastomers, adhesives,
and coatings. In particular, TDI (usually a mixture of toluene-2,

4-diisocyanate and toluene-2,6-diisocyanate) is a highly volatile and
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reactive chemical long recognized as a potent respiratory sensitizer and
irritant.** Given its volatility, inhalation is a major exposure pathway.'*
Longitudinal studies of TDI-exposed workers have reported annual OA
incidence of around 1% related to average airborne TDI concentrations
less than 5 ppb.1>~1? In 2016, the American Conference of Governmen-
tal Industrial Hygienists (ACGIH) lowered its recommended 8h
Threshold Limit Value Time Weighted Average (TLV-TWA) for TDI
from 5.0 to 1.0 ppb.2° The ACGIH recommendation was based primarily
on a qualitative synthesis of human data, with supporting evidence from
toxicologic studies, to protect against TDI respiratory sensitization. The
current study extends this analysis using quantitative risk assessment
methods to derive a set of alternative occupational exposure limits
(OELs) on TDI inhalation exposure. These prospective OELs add to the

body of information informing TDI risk management decisions.

2 | MATERIALS AND METHODS

2.1 | Database search strategy

The aim of the research was to combine existing epidemiologic data on the
association between OA and TDI inhalation exposure for dose-response
analyses supporting prospective OEL estimates. To construct the database,
the English literature was searched for reports on epidemiologic studies of
occupational asthma in TDIl-exposed working populations that were
published from January 1, 1950 to September 11, 2017. The search was
conducted using keyword searches of public domain citation databases (eg,
PubMed, Medline, Embase, and Scopus), using terms such as: “toluene

»

diisocyanate,” “TDI,” “occupational asthma,” “work-related asthma,” “asth-

» o« n o« » o«

magen,” “diisocyanate,” “occupational exposure,” “sensitization,” “sensi-
tizer,” and others. Abstracts were reviewed to determine the applicability of
articles under consideration. Citations within informative articles and
reviews were also considered to uncover studies that may have been missed
in database searches. Study authors were not contacted.

Studies judged suitable for dose-response analyses were those
reporting data sufficient to estimate three key variables for dose-
response modeling: i) the number of potential OA incidence cases;
ii) the average TDI airborne exposure level over the observation
period; and iii) the number of person-years at risk. In the absence of
reported person-years (eg, cross-sectional data), estimates were
derived from the population size and average employment duration.
Data sources were limited to study populations exposed to average
TDI concentrations below 20 ppb. Greater average workplace con-
centrations may be indicative of poorer workplace conditions that may
influence employment and increase the potential for selection bias. In
addition, exposure to higher TDI levels may result in irritation
symptoms that appear similar to those from low-dose sensitization;

therefore, the potential for errors in case ascertainment is increased.

2.2 | Exposure

Data on the appropriate exposure index for dose-response modeling are
uncertain.?1"2% |t remains unclear whether TDI-induced asthma is a

consequence of low cumulative exposure, exposure intensity, or some
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combination that also accounts for time ordering of intermittent
exposure. “Cumulative exposure” is the product of intensity and
duration, while “intensity” is measured as the time-weighted average
TDI concentration or intermittent, peak exposure.?*2 The current
study uses intensity as the exposure metric because itis largely believed
to be more relevant to the development of OA than cumulative
exposure.?® Average exposure is often used to describe exposure
intensity in health-effect studies because time-specific data needed to
assess peak exposures is generally lacking.?* This was observed in
existing TDI studies, which provided sparse information on the
magnitude, time-order, and frequency of short-term exposures. For
this study, it is assumed that the risk of TDI sensitization is related to
average exposure, which may also be a correlate of peak
exposures.18:21:27

Where feasible, average TDI concentration values were abstracted
precisely from study reports. Three eligible studies did not report
average exposure directly, but sufficient data were available to estimate
average TDI concentrations using either weighted averages (n = 2) or
statistical methods assuming exposures were lognormally distributed.
Data on exposure modifiers, such as measurement techniques, control
technology, and respiratory protection, were inconsistently reported;

therefore, were not considered in exposure estimates.

2.3 | Statistical approach

Mathematical models were developed to estimate prospective OELs.
These OELs follow the two forms of health- and risk-based, as posited
by the Scientific Committee on Occupational Exposure Limits.?®
A “health-based” OEL is defined as an OEL that is applied to an agent
that has an exposure level below which the excess risk of the adverse
effect is considered negligible (ie, a threshold). Some agents may not
have an exposure-response threshold; therefore, there is an associated
risk for any exposure. In this case, a “risk-based” OEL can be derived
under a condition of “targetrisk,” which is a level of residual risk chosen
to initiate risk management. For this study, the target risk was defined
as an extra risk of one case per 1000 workers who are continuously
exposed to TDI over a 45-year working lifetime. The health-based OEL
used a standard benchmark dose approach and applied the EPA
Benchmark Dose Software (BMDS), Version 2.6.0.1 (Build 88, June 15,
2015).2? Modeling for low-dose risk extrapolation was conducted by
Poisson regression using SAS software, Version 9.4 (2002-2012).%°
For the health-based OEL, the analysis assumed that a practical
population-averaged threshold resides below the observable range in
epidemiologic data, and applying uncertainty factors to an estimate of
some point of departure (PoD) in the observable range is a reasonable
approach for estimating a safe level of exposure.3* A benchmark
dose approach was used to identify a PoD based on a benchmark
response (BMR) of 1% extra risk, as determined by parametric dose-
response modeling. The BMR value was selected a priori based on
evidence from existing studies, the range of data available for analysis,
and to achieve reasonable statistical power in the low dose range (ie, TDI
concentrations <5 ppb). A clear advantage of one model over several
biologically-plausible models was not apparent a priori; therefore, data
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were fitted to a suite of non-threshold binomial regression models,
comprising: quantal-linear, log-probit, gamma, log-logistic, Weibull,
probit, linear-quadratic (LQ), and logistic forms. Additionally, a no-
intercept LQ model was fit to examine the dose-response curve under
an assumption that the data contained no background asthma cases. The
adequacy of model fit was judged by likelihood goodness-of-fit using a
critical value of 0.1. Reasonable agreement in estimates among the set of
models suggested little model dependence; therefore, the “best” model
was selected based on the minimum Akaike Information Criterion
(AIC).22 To account for sample variance, the 95% lower confidence limit
on the average TDI concentration at the BMD (ie, BMDL) was selected
as the PoD. The OEL was estimated by dividing the BMDL by an
uncertainty factor to account for variation in human sensitivity (UF).
The default value UF = 10 was used given disease severity and in lieu of
specific information on human toxicokinetics or toxicodynamics.3%34
For low-dose extrapolation, general relative rate models were fit
using Poisson regression. Two rate functions were assumed. First, a
linear no-threshold (ie, LNT) response was assumed given its frequent
use in risk assessment. The model follows the form:
Y|t, d ~ Poisson (Ag[1 + Bd]t), where, OA incidence counts, Y, are
conditional on person-time, 1, and the average TDI concentration
(dose, d) where, the slope parameter, B, is the excess relative rate (ERR)
at unit dose. The variable Ag represents the baseline rate. The failure
T and d is

probability of OA conditional on given by:

P(d,T) =1 —e o +Bd Extra risk was calculated by:
% =1 — e %™ Similarly, models were fit assuming that the

incidence rate was quadratic in dose, based on its superior fit among
binomial models specified for the health-based OEL.

Heterogeneity in data among studies could substantively influence
estimates. To account for heterogeneity, scaled residuals and plots of
dose-response curves were examined for outlying data. Studies with
scaled residuals >2.0 were considered outlying and effects on model
estimates were examined by series removal of suspect studies. Final
model estimates were obtained using study data excluding studies
judged as outlying. In addition to removing outliers, leave-one-out
analyses were conducted on the reduced set of studies to examine the
influence of any one remaining study. Random effects models were also
fit to examine heterogeneity and Poisson assumption validity.

Analyses were conducted using data restricted to: i) longitudinal
studies to examine the effects of combining cross-sectional and
longitudinal data; and ii) naive populations to examine the potential for
healthy worker selection effects. Naive populations comprise workers
who are first exposed at or after the beginning of observation in
longitudinal studies, or time of survey for cross-sectional studies. To
examine the effects from limiting exposure levels, models were fit that

included the next available study with average exposure of 20 ppb or more.

3 | RESULTS

3.1 | Literature review

There were 29 reports providing information on the association
between TDI exposure and OA. Of these, 13 lacked sufficient data for

dose-response modeling and five were excluded for reporting average
exposures 220 ppb (Supplementary Table S1). Among studies ineligible
for dose-response analyses, four were longitudinal designs. Thus, 11
(41%) reports contributed to the current study by providing
information on eight TDI-exposed populations that was suitable for
quantitative analysis (Table 1). Most eligible workers were employed in
TDI production or PUR foam manufacturing. There were 118 OA cases
in the combined cohort contributing 13 590 person-years, resulting in
a crude aggregate incidence rate of about 0.9% per year. The
observation period ranged over three decades from 1971 to 1999.
There were three cross-sectional studies with sufficient temporal
information to estimate OA incidence, the remaining studies were
longitudinal designs. Average TDI exposures ranged from 0.23 to
4.2 ppb, providing a person-time weighted average of 2.2 ppb. All but
one study reported data from 8 h TWA measurements. Information on
individual studies is provided below and in Table 1.

There were several reports on a longitudinal study of 1462 TDI
workers from 12 plants within the flexible foam manufacturing
industry in the United Kingdom.t>3°=37 Initial followup was from 1981
through 1986 and data from this period was used in the current study.
TDI respiratory sensitization was defined by self-report of recurrent
work-related symptoms. Personal air sampling provided estimates of
TDI 8 h TWA concentrations, although the mean of these values was
not reported. For the current study, the average exposure concentra-
tion (2.1 ppb) was calculated from the daily dose distribution data (in
ppb-hours) among exposed workers, as reported by Bugler et al'®
assuming exposure data were lognormally distributed. About 19% of
8h TWA exposures contained short-term peak concentrations in
excess of 20 ppb, with about 9% of peaks exceeding the upper limit of
detection of 40 ppb. The authors stated that respiratory protection
was worn frequently, but not always, when these short-term
concentrations occurred. Data analyses were restricted to process
workers known to be exposed (n = 946). The exposed group included
694 workers who could not be verified unexposed prior to
enrollment.3¢ About 70% of workers were employed at study facilities
prior to observation. During the observation period, workers accrued
3874 person-years and 43 cases of respiratory sensitization were
observed. There were seven cases reporting symptoms prior to
observation that were excluded from the current study. Among 36
incidence cases, 9 (25%) presented only with minimal upper respiratory
symptoms.

There were multiple reports from a longitudinal study following
277 U.S. TDI production workers from April 1973 to October
1978173839 |nformation was mostly abstracted from the comprehen-
sive report by Weill et al.}” There were nine data collection visits made
over the course of the study, during which 71 workers were
permanently lost to followup. Data on the reasons for leaving
employment were not available. The cohort contributed 1200
person-years and included process workers with continuous expo-
sures, maintenance, and support personnel with intermittent expo-
sures, and persons assigned to unexposed jobs; however, data
separated by exposure groups were not available. TDI TWA exposures
were assessed by personal monitoring of 143 participants from 1975
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TABLE 1 Study data

Exposure

ID Description Study design period

1 PUR foam workers Cross-sectional ~ 1986-1999  Survivors
employed at one US

production facility

2 Japanese male Cross-sectional ~ 1980-1982  Survivors
workers employed

at four TDI

production plants

(n=87) and two

research facilities

(n=19)

3 Swedish PUR foam
workers

Cross-sectional ~ 1972-1979  Naive

4 PUR foam workers 1981-1986  Survivors
employed at 12 UK

facilities

Longitudinal

5 PUR foam workers 1982-1987  Survivors

at two US facilities

Longitudinal

6 US TDI production
workers at one US
facility

Longitudinal 1973-1978  Naive

7 TDI production
workers at one US
facility

Longitudinal 1967-1992  Naive

8 TDI production 1971-1997  Naive
workers at one US

facility

Longitudinal

PUR, polyurethane; TDI, toluene diisocyanate.

Recruitment
at inception®

INDUSTRIAL MEDI El

Average Study
Ascertainment Asthma Person- TDl level reference
method® cases years (ppb) no.
1 20 1482 0.23 42
3 6 954 0.7 41
2 3 288 1.8 40
2 36 3874 21 15, 35-37
2and 3 12 1930 2 16
2 and 3 12 1200 3.5 17, 38
2and 3 19 1779 4.2 18
2 10 2083 2.3 19

#Inception” refers to the beginning of observation in longitudinal studies and time of survey for cross-sectional studies. “Survivors” are those workers who
were actively employed and exposed prior to inception while “Naive” refers to those workers first exposed at or after inception.

bCase decision based on: i) self-reported symptoms; ii) decision rendered by occupational medicine clinician based on symptoms; and iii) OA diagnoses
supported by one or more clinical tests (eg, pulmonary function, immunologic, and TDI challenge tests). An assignment of “2 and 3" indicates that not all cases

were confirmed by clinical tests.

to study end. The overall average 8 h TWA from 1949 samples was
3.5 ppb. The average percentage of time spent above 5 and 20 ppb
was 14.6 and 3%, respectively. There were 12 cases defined from self-
report of respiratory signs and symptoms. Cases included workers who
presented with minimal upper respiratory symptoms. Half of the cases
had been involved in TDI spills or equipment malfunction resulting in
significant short-term peak TDI exposure. A fourth of the cases were
diagnosed atopic. All but one case worked in process areas. Of six cases
given a TDI challenge, two reacted to levels below 20 ppb.

Jones et al*® examined 386 PUR foam workers employed in one of
two U.S. plants and who agreed to one or more of four interviews
between 1982 and 1987 (88.7% of eligible workers). Details on losses
to followup were not available; however, the authors acknowledged
more lost from exam refusal than leaving work. Study participants
included workers with potential exposure prior to observation. Time at
risk (n = 1930 person-years) was set equal to the product of the cohort
size and study period. There were 12 sensitization cases identified by
clinical assessment of self-reported symptoms; however, the authors

stated that a loss of medical services during the study period might
have led to missed cases. There was no distinction made between new
onset and prevalent cases. Case definitions were unclear; however,
half were confirmed by TDI challenge test. Exposures were assessed as
8 h TWA concentrations using personal monitoring data. The weighted
average TWA from 4845 samples was 2 ppb. Short-term (12-min) peak
concentrations exceeded 5 and 20 ppb in about 9 and 1% of samples,
respectively.

Bodner et al'” examined U.S. TDI production workers ever
employed for at least three consecutive months in TDI-related
departments from January 1, 1971 (beginning of production), through
September 18, 1997. During this period, the average followup was
7.8 years. Of 305 eligible workers, 267 (87.5%) completed at least one
medical examination within the observation period and contributed
2083 person-years. There were 17 asthma cases diagnosed; however,
seven cases identified at baseline were excluded. The case definition
was unclear; but the decision on case status appeared rendered by a
charts that

clinician based on a review or medical included
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self-reported symptoms and spirometry. TDI exposures were deter-
mined by 8h TWAs using 449 samples collected from personal
monitoring. At last observation, the average and maximum TDI
concentrations were 2.3 and 5.2 ppb, respectively. The average dose
was reported as 96.9 ppb-months and the average duration of
exposure was 46 months. According to plant occupational physicians,
there were no instances of transferring workers out of exposed jobs
because of sensitization. Bodner et al examined the potential for
selection bias by conducted analyses restricted to 3 years from initial
TDI exposure and found no potential for strong bias.

Ott et al*® conducted a longitudinal study of workers employed in
a U.S. TDI production facility for at least 3 months from 1967 (plant
startup) to 1992. Followup was through 1996 and accrued 1779
person-years (average 5.7 years). The cohort comprised process
workers, supervision, and maintenance personnel, but excluded
clerical and administrative staff. OA case ascertainment (n = 19) was
accomplished by review of site physicians' assessments recorded in
company medical charts available for 297 eligible workers (94.9%).
These assessments were primarily based on symptomology (n = 13);
however, a single occurrence of symptoms was generally insufficient
to diagnose OA. It was also noted that assessments might have
considered available information from immunologic and pulmonary
tests. Cases were not confirmed by specific inhalation challenge test,
and bronchial hyperresponsiveness was not evaluated. The reported
average 8h TWA concentration from personal monitoring was
4.2 ppb. Co-exposures to phosgene was possible. The average 8 h
phosgene concentration between 1977 and 1988 was 7 ppb; however,
incident levels in excess of 10 ppm-min were reported. Among OA
cases, 5 (26%) were linked to previous incidents of acute phosgene
exposure.

A 1979 cross-sectional study, Belin et al*® also reported
longitudinal data on workers who were employed in TDI PUR foam
operations that began in 1972. Work practices required exclusion of
workers with a medical history of “strong atopy” or respiratory
dysfunction from TDI work. During this 6-year period, three workers
were transferred to other jobs because of asthma-like symptoms,
presumably on a physician's recommendation. These data were
preliminary to a cross-sectional survey of the same workforce;
however, it is not clear whether the previously identified cases were
also among subjects surveyed, who were absent of clinically identified
OA cases. Coexposures to the amines N-methylmorpholine and
triethylenediamine (1,4-diazabicyclo-[2,2,2] octane) were likely. Work
area airborne concentrations were determined by sparse ambient air
monitoring in three work areas. Using all available sample data,
weighted average concentrations for total TDI, triethylenediamine,
and N-methylmorpholine were about 1.85 ppb (n =12), 79 ppb (n = 7),
and 7 ppm (n = 7), respectively.

Omae et al*!

conducted a cross-sectional study of 106 male
workers employed in four TDI-producing plants (n=87) and two
research laboratories (n=19) in Japan.** The average employment
duration among these workers was 9 years. The time-at-risk was
estimated as the product of study size and employment duration

(954 person-years). Information on losses to followup was not

available. Case definitions were unclear; however, six workers were
found to be in “latent or subclinical states” of OA, which was
ascertained at time of survey based on symptoms and pulmonary
function tests. The authors also stated that none of these workers
suffered from asthmatic reactions under observed working conditions
between the initial survey in 1980 and a followup survey in 1982.
There was some effort to exclude cases (n=2) thought not to be
related to TDI exposure. The reported average among 8h TWA
concentrations from 165 air samples collected in 1980 was 0.7 ppb,
with values twice exceeding 20 ppb. Short-term peak concentrations
exceeded 20 ppb in 15 samples (0.9%). Potential coexposures varied
by facility and included irritants such as phosgene, amines, chlorine,
nitric acid, sulfuric acid, and other isocyanates.

Daftarian et al*? reported findings from a 1999 cross-sectional
study of workers employed in the manufacture of PUR foam cushions
for automobile seats. The study was commissioned on behalf of labor
representatives based on worker safety concerns. Participation was
voluntary and only 39% of workers available at time of survey
completed the questionnaire. OA cases (n = 20) were identified using a
self-administered questionnaire to distinguish respiratory symptoms
that improved on non-workdays. Of these cases, two were observed in
non-production workers. The incidence rate was estimated by dividing
the number of prevalent cases by product of average employment
duration (n = 13 years) and study population (n = 114). TDI exposures
were assessed as 8 h TWA concentrations by personal monitoring of
104 study participants. The reported average and maximum total TDI
concentrations were 0.23 and 1.15 ppb, respectively. The authors
reported that a delay in processing samples might have led to instability
in some samples, which suggested a systematic underestimation in the
range of 12-14%. Primary coexposures for this cohort included
formaldehyde, solvents, and Bis (2-dimethylaminoethyl) ether
(DMAEE).

3.2 | Statistical modeling

In fitting binomial models for BMD, none of the models met the
goodness-of-fit criteria when using all study data (eg, P-values < 0.1 for
all models). Inspection of the scaled residuals and dose-response plots
revealed that the study by Daftarian et al was outlying, with a scaled
residual under the best fitting model of 2.23. Removal of this study
significantly improved model fit for all models, with goodness-of-fit
P-values ranging from 0.30 to 0.44 (Table 2). Within the suite of models
fitted to the reduced dataset, the AIC was lowest for the LQ model
with an intercept (Figure 1), which had resolved to a simple quadratic
form with a positive but not statistically significant dose parameter
(B2=2.44%x107%95% Cl: -8.86 x 107>, 5.77 x 10"%) and a BMDL value
of 4.3 ppb. There was negligible fit differences observed between the
quadratic, logistic, probit, and quantal-linear forms, all reporting similar
BMDL results with a positive, but not statistically significant dose-
response (Table 3). The no-intercept LQ model fit had the greatest AIC
value and the largest scaled residual at the lowest observed dose. The
quadratic term (B,) in this model was statistically significant and
negative (8, = -6.8x 10™% 95% Cl: -1.3x 107, -6.2 x 107).
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TABLE 2 Benchmark dose modeling results (BMR = 0.01) from final
study selection (n=7)

TDI (ppb)
Goodness of

Model BMD BMDL® fit (P-value) AIC

Quadratic 6.42 4.32 0.44 1140.97
Logistic 6.66 411 0.44 1141.02
Probit 6.78 4.09 0.44 1141.03
Quantal-linear 7.99 3.75 043 1141.11
Gamma 6.03 3.81 0.30 1142.96
Log-logistic 5.99 2.75 0.30 1142.96
Log-probit 6.15 2.75 0.30 1142.96
Weibull 5.98 3.81 0.30 1142.96
No intercept, LQ  3.74 2.30 0.17 1143.68

BMD, benchmark dose (in this case annual average TDI concentration);
BMDL, lower 95% confidence interval on the benchmark dose; LQ, linear-
quadratic.
295% lower confidence level on dose for a 1% change in response level
(ie, BMD).

Except for the no-intercept LQ model, excluding cross-sectional
studies (n = 3) did not change the order of model fit (Supplementary
Table S2). The fit of the no-intercept LQ was markedly improved
without cross-sectional data, resulting in the fifth lowest AIC value.
The quadratic term remained negative but was no longer statistically
significant. All models met goodness-of-fit, with P-values ranging from
0.11 to 0.22. The BMD and BMDL values from the quadratic model

INDUSTRIAL MEDI El

without cross-sectional data were 6.3 and 4.2 ppb, respectively. The
quadratic model slope factor increased by about 3%. Similar results
were observed when restricting analyses to naive populations (n = 4),
although BMD and BMDL estimates were lower compared to
estimates in main analyses (Supplementary Table S3). Again, a simple
quadratic model fit best (P-value = 0.32), with BMD and BMDL values
of 5.0 and 3.6 ppb, respectively. The relative change in slope factor was
about +66%. However, after applying UFy and rounding, prospective
health-based OELs from models restricted to either longitudinal or
naive studies did not differ from main analyses.

In leave-one-out sensitivity analyses, excluding Studies 2, 3, or 4 did
not change the rank order of models. Excluding any of the remaining
studies changed the rank order; however, the quadratic model always fit
best compared to the linear model. Model convergence and fit
acceptance was achieved for the no-intercept LQ model only on
removal of Studies 5 and 8. The BMDLs among best-fitting models (n = 7)
ranged from 2.7 (excluding Study 7) to 4.3 ppb (excluding Study 6). The
BMDLs from all alternative models that met fit criteria (n = 58) ranged
from 1.8 to 4.3 ppb, which was only slightly different from the range from
the suite of models fit to all seven studies (2.3-4.1 ppb).

The first study excluded based on high average exposure was a
cross-sectional examination of TDI production workers whose average
exposure was 20.3 ppb.*® Including these data resulted in a best-fit
linear model with a statistically significant positive slope, (1.33 x 107%;
95%Cl: 2.67 x 107>, 2.62 x 1073), with no change observed in the
prospective OEL (BMD = 7.6 ppb, BMDL = 4.0 ppb).

Annualized results from the Poisson excess relative rate models

were essentially identical to those from corresponding binomial
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FIGURE 1 Occupational asthma (OA) incidence (per person-year) per ppb TDI. Quadratic model with benchmark dose (BMD) and its
95% lower confidence limit (BMDL) shown for a benchmark response (BMR) of 1% extra risk. The squares represent individual study
responses. The whiskers represent the 95% confidence interval on the response
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TABLE 3 Dose-response modeling parameter estimates from select binomial models used in BMD modeling

Parameter estimates (95%Cl)

Model Intercept

Quadratic 6.4x107° (3.8x107% 9.0x107%)
Logistic -5.2 (-5.8, -4.6)

Probit -2.5(-2.8, -2.3)

Quantal-linear

NILQ NA

NILQ, no-intercept linear-quadratic (2nd order polynomial).

models used in BMD software (results not shown). There was no
evidence of study heterogeneity in models including random effects.
As before, the quadratic model provided a slightly better fit to the data.
For low-dose extrapolation of lifetime risk, the LNT model yielded a
risk-based OEL estimate of 0.018 ppb, corresponding to 0.1% excess
risk. The 95% lower bound on this estimate was 0.008 ppb. Assuming
the response is quadratic in dose (ie, the best fitting dose-response
model), the risk-based OEL increased to 0.3 ppb, with alower bound of
0.2 ppb. The number of estimated OA cases at various lifetime
exposure levels are shown for each rate function in Table 4.

4 | DISCUSSION

Using a BMD approach based on a synthesis of existing epidemiologic
data, the estimated health-based OEL was equivalent to an 8 h TWA
concentration of about 0.4 ppb, which is less than half that currently
recommended by the ACGIH. This method assumed that keeping
average workplace concentrations below this level is sufficient to avert
sensitization. There is some evidence of a safe level corresponding to
an average workplace TDI level that is <1 ppb.3”*4 For example, there
were no OA cases reported in the 12-year extended followup of 251
UK foam workers.?” The average airborne TDI concentration during
the observation period was less than 1 ppb, with only 1.3% of all 8 h
TWAs (n=1004) in excess of 5ppb. Similarly, no OA cases were
diagnosed in a 1-year prospective study of 49 new hires at a recently
constructed PUR foam factory in Eastern Europe.** The average TDI
concentration was well below 0.1 ppb; however, short-term (18-min)
concentrations reached 10 ppb. No 8 h TWA concentration exceeded

TABLE 4 Excess risk of sensitization from continuous TDI exposure
over a 45-year working lifetime

Extra risk (cases per 1000 persons)

Average TDI

exposure (ppb) Linear rate function Quadratic rate function
5 245 238

1 55 10

0.1 6 <1

0.01 <1 <1

50x1073(8.2x 1074 9.2x1073)

Dose

24x107* (-8.9x107°, 5.8x107%)
0.16 (-0.046, 0.36)

0.057 (-0.017, 0.13)

1.3x107% (-4.4x 107, 3.0x107%)

B1=5.3%x1073(32x107% 7.2x107%)
Br=-6.8x10"%(-1.3x 1073, -6.2x107°)

5 ppb. The results of this study are tempered by its small size and short
followup period.

Data against a safe level <1 ppb was provided by Daftarian et al
who reported 20 OA cases among 114 workers exposed to an average
TDI concentration of about 0.2 ppb. Interestingly, this study was
deemed outlying in the current study, reporting an unusually high
incidence rate (IR) per unit dose (IR per ppb =59 per 1000 person-
years). There are several noteworthy limitations supporting its
exclusion. First, participation in the study was voluntary and was
exceptionally low (39% of eligible workers), prompting the authors'
acknowledgement that volunteers may be more likely to report
asthma-related symptoms compared to those not participating.
Second, ascertainment was by self-report of symptoms and was not
confirmed by clinical diagnosis, this may have led to ascertainment
bias. Third, the study was cross-sectional and prevalence is likely to be
a poor proxy for OA incidence given sparse information on the
observation period and evidence that nearly half (46%) of participants
reported TDI exposure elsewhere. Fourth, OA cases were nearly twice
as likely to present with dermal symptoms compared to non-cases,
stemming from significant cutaneous exposure in production work-
ers.* Given existing evidence of respiratory sensitization via skin
contact,***¢*” dermal exposures in this study may have significantly
contributed to OA risk and may explain the outlying response
observed. Lastly, there was some evidence of a potential issue with
air sampling methods that may have led to an underestimation of
airborne TDI concentrations.

Despite large uncertainty in the mechanisms of chemical
respiratory sensitization, available mechanistic data suggest that a
sensitization threshold plausibly exists for low molecular weight
chemicals, including TDI.*8%° Nevertheless, data on a practical
threshold are equivocal. An alternative assumption is that a risk-free
level of exposure does not exist. Assuming a target extra risk of 107°
over a working lifetime of 45 years, the corresponding OELs are
0.02 ppb using LNT extrapolation and 0.3 ppb assuming the response
is quadratic in dose. Of course, the target risk was arbitrarily set and is
arguably overly conservative for managing TDI-induced OA. At 1%
lifetime risk, the OEL increased to 0.2 and 1.0 ppb for linear and
quadratic rate functions, respectively.

The current study found that a quadratic model had a slightly
improved fit compared to LNT, which is supportive of nonlinear or
threshold effects at low doses. If the true association between TDI
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inhalation and OA results from the frequency of overexposure, then
curvature in the dose-response would be expected in lower dose range
regardless of a threshold. This is consistent with longitudinal study by
Diem et al®® who reported average times spent above 20 ppb per 8 h
shift of 1.3, 8.6, and 28.2 min corresponding to 8 h TWA concen-
trations of 1.6, 3.2, and 6.8 ppb, respectively. Assuming that the true
dose-response is quadratic, the health-based OEL (0.4 ppb) lies
between estimates based on 0.1% (0.3 ppb) and 1% (1.0 ppb) excess

lifetime risk.

4.1 | Other risk assessments

Meredith et al*® conducted a case-control study of workers employed in
TDI manufacture and examined the dose-response using conditional
logistic regression while treating exposure as a continuous variable.
Among cases (n = 27), the mean 8 h TWA exposure to TDI was 1.5 ppb.
Controls (n = 51) were selected from the same population, matched on
work area, start, and duration of employment, sex, and age. The authors
reported an adjusted odds ratio (OR) of 1.07 (95% Cl: 0.99, 1.16) for a
0.1 ppb increase in the 8 h TWA. This estimate was greater than the
current study's estimate of the relative risk at 0.1 ppb using the linear
model (1.02; 95%Cl: 0.96, 1.09). Nevertheless, it is difficult to reconcile
differences between estimates given many dissimilarities in study design.

151 conducted a risk assessment of environmental

Arnold et a
exposure to TDI from flexible PUR foam. Based on their synthesis of
the human observational data, the authors derived a no observable
adverse effect level (NOAEL) for TDI respiratory sensitization in
workers of 5.0 ppb. In their risk analysis, Arnold et al assumed UF = 2;
therefore, the adjusted benchmark toxicity value (for workers) was
2.5ppb compared to 0.4 ppb in the current study. However, the
NOAEL was comparable to the BMDL (4.3 ppb) in the current study,
thus the disparity in OELs is attributable mainly to the differing UFy
values used between the two studies.

Pauluhn®? examined elicitation by TDI inhalation in skin-sensitized
Brown Norway rats. The aim of the study was to estimate an elicitation
threshold dose in rats that could be extrapolated to humans. His data
suggested an 8h time-adjusted asthma-related human-equivalent
threshold for elicitation of about 3 ppb. In this case, the estimate is
remarkably similar to the unadjusted BMDL in the current study;
however, an elicitation dose is thought to be much lower in magnitude
compared to that required for sensitization. The similarities in
estimates may be caused by errors in ascertainment in the epidemio-
logic studies used to calculate the BMD given uncertainty in separating
cases of elicitation from sensitization. There is evidence of elicited
asthmatic reactions at exposures as low as 1 ppb in subjects confirmed

with OA caused by isocyanates.”®

4.2 | Limitations

There are a number of noteworthy limitations. First, there was a
general lack of high quality data on person-time, outcome, and
exposure. For example, case ascertainment methods varied widely
among contributing studies with differing objectives, with only three

INDUSTRIAL MEDI El

studies relying on clinical diagnoses. Challenges of accurately
ascertaining  OA with or without clinical diagnoses are well
known.>®54-5¢ There is no simple diagnostic test for OA. Moreover,
asthma and many respiratory symptoms without asthma are common
conditions; therefore, onset coincidental to or exacerbated by work
cannot be ruled out. This may partly explain the poor fit of the zero
intercept LQ model compared to other model forms that allowed for a
background OA incidence. Similarly, exposure measurement error is
likely from sparse information on TDI concentrations from measure-
ment techniques that have differed greatly among studies and over
time. Contributing to this error is the uncertainty in the appropriate
exposure metric for dose-response analysis. Although, cumulative
exposure appears appropriate for most chronic illnesses, peak
exposures might contribute disproportionately to disease when
effects are nonlinear.2#?> Moreover, Esmen proposed that the time-
ordering of fractionated exposure may have an important role in the
dose-response for TDI sensitization.?® Data on peak exposures were
sparse among eligible studies; therefore, analyses were limited to
exposure intensity measured by average exposure. Finally, analyses
lack statistical power, caused in part by limiting eligibility to studies
with average exposures <20 ppb. Marked improvement in estimate
precision was achieved by including data from one study having
average exposure of about 20 ppb. Interestingly, including these data
did not appreciably change the dose-response slope; therefore, there
is no evidence of strong bias from low power in the current study.
Additional longitudinal studies with sufficient power, a well-defined
OA definition, and adequate personal exposure monitoring at low
doses are needed to confirm results.

Another study weakness is the potential for selection bias from
asthma or asthma symptoms that influence recruitment (selection in)
and retention (selection out) of study participants. For example, cross-
sectional studies examine a population at a point in time; therefore,
persons enrolled have survived to the time of survey and may represent
a healthier group compared to all workers ever exposed. Longitudinal
studies recruiting persons employed in TDI-jobs prior to cohort
inception (ie, prevalent hires) may also be subject to this bias.>”*® The
potential for these effects is reduced in study populations that are
unexposed and disease free at the beginning of observation (ie, naive
participants), as in studies with cohort inception at plant startup. In
studies enrolling survivors, the potential for selection effects can be
examined by comparing risks between survivors and naive participants.
For example, albeit slightly increased, there was no statistical difference
in the risk among new hires compared to prevalent hires in the UK Foam
Workers Study.'® This finding supports the notion that effects from
selection into this cohort have a limited potential to bias risk estimates.
Sensitivity analyses restricted to longitudinal data or naive populations
provided some evidence of healthy worker effects. Most notably, the
dose-response slope increased by nearly 70% in the quadratic model
restricted to naive populations.

Selection bias in longitudinal studies can occur from study
participants who become sick and leave before they are ascertained
as a case. Again, a healthier group is retained resulting in a downward
bias in risk estimates. The potential for this bias is reduced by improved
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followup (eg, frequent examinations during observation), and investi-
gating causes for losses to followup. For example, detailed surveys of
participants in the UK Foam Workers Study reported that only 2.3% of
persons leaving employment did so because of respiratory illness.®”
Survivor effects are likely to increase with increasing exposure, which
would attenuate the observed dose-response in the high dose region.
Interestingly, the no-intercept LQ model resulted in a negative
quadratic term, suggesting this attenuation. However, this finding is
tempered by the model's poor fit compared to other models.

Effects on study findings from unmeasured lifestyle factors (eg,
alcohol use, smoking, and obesity), co-exposure to other respiratory
irritants and sensitizers (eg, amines), co-morbidities (eg, atopy and
bronchial hyperresponsiveness), and other known or suspect risk
factors for adult-onset asthma cannot be ruled out.>*° Many of
these factors have not been considered in the set of studies
examined, or in data used in dose-response models. For example, the
lack of accounting for risks associated with unmeasured dermal
exposure may have distorted dose-response estimates for inhaled
TDI. Additional research is needed to better understand the
potential effects on the TDI-OA dose-response association that
result from other risk factors, including effects from dermal exposure
to TDI.

Last, eligible studies were limited mostly to working populations
from TDI production and PUR foam industries operating prior to 2000.
The characteristics of contemporary exposures, such as fraction of
dermal exposure and frequency of TDI incidents, may greatly differ
today, especially in other industry settings (eg, automotive body, paint
and interior repair and maintenance, building insulation, and furniture
manufacture). New efforts are needed to characterize current

exposures to TDI workers.

5 | CONCLUSIONS

TDl is a chemical in wide industrial use that is also a known respiratory
sensitizer and irritant that is causally linked to OA. An appropriate
characterization of the dose-risk relationship between TDI and OA is
needed to manage worker risks. Previous examinations have reported
on dose-response trends between TDI and OA; however, these
analyses have been largely qualitative.2%27:%° The current study used a
quantitative approach to synthesize existing epidemiologic data and
characterize the TDI-OA dose-response. Positive, but not statistically
significant, dose-responses were observed in several models that
allowed for estimates of candidate health and risk-based OELs. These
prospective OELs were consistently below current recommendations.
For example, the ACGIH TLV-TWA for TDI is over twice that of the
health-based OEL reported in the current study. This discordance is
likely explained, at least in part, by differences in the qualitative
approach used by ACGIH and the quantitative synthesis reported
herein. Nevertheless, the available data were limited and risk estimates
supporting prospective OELs were largely uncertain. This uncertainty
should factor into decisions regarding the applicability of the OELs in
risk management practices, which is beyond the scope of this report.
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