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Response to Letter to the Editor

Response to Goodman et al.

We thank the Journal for providing us the opportunity to
respond to the letter from Goodman et al. [2017] regarding
the conclusions of our mortality study among toluene
diisocyanate (TDI)-exposed workers [Pinkerton et al., 2016].

Goodman et al. [2017] point out that exposure
measurement error can result in a bias towards the null or
away from the null. We agree and did not assert otherwise.
Rather, in our paper, we pointed out that exposure
measurement error is among several possible explanations
for the lack of an observed positive association of cumulative
TDI exposure, based on inhalation, with lung and larynx
cancer [Pinkerton et al., 2016].

Goodman et al. [2017] also raise the possibility of
positive confounding by smoking because our risk estimate
for other smoking-related cancers in the overall cohort is
imprecise and chronic obstructive pulmonary disease
(COPD) mortality, which is more strongly related to
smoking, was elevated in the cohort compared to the general
population. The standardized mortality ratio for other
smoking-related cancers was 1.06 (95% confidence interval,
0.85-1.31), which is evidence against large differences in
smoking patterns between the cohort and general population.
Although Goodman et al. [2017] state that even slight
differences could account for an elevated number of
respiratory deaths, other data indicate that smoking is
unlikely to fully explain our findings [Siemiatycki et al.,
1988]. We caution against using the findings for COPD
mortality to assess potential differences in smoking between
the cohort and general population because other investigators
have reported associations of TDI exposure with chronic
bronchitis [Jones et al., 1992] and decline in pulmonary
function [Diem et al., 1982].

Goodman et al. [2017] also raise the possibility of
positive confounding by socioeconomic status because of
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elevated rates of death from violence and suicide.
However, data exist suggesting that socioeconomic status
results in relatively little bias (confounding bias factor
<1.20) in lung cancer risk estimates [Siemiatycki et al.,
1988]. Thus, it also seems unlikely that confounding by
socioeconomic status fully explains the lung and laryngeal
cancer results.

Goodman et al. [2017] question the biological plausi-
bility of respiratory cancers from dermal exposure, espe-
cially when inhalation exposure does not appear to increase
risk. The lack of an association with inhalational exposure
could be related to differences in TDI metabolism by route of
entry [Timchalk et al., 1994] or study limitations. Goodman
et al. [2017] also claim that dermal absorption of TDI is
likely to be very low due to its high reactivity. It is not clear
what constitutes very low dermal absorption, especially with
respect to a highly biologically active compound like TDI.
Using radiolabeled 14C-TDI, Hoffmann et al. [2010] found
that dermal absorption of TDI in rats was <1% of the applied
dose. However, 6-17% (on average) of the applied dose
could not be washed from skin at the application site and
another 15-18% (on average) was found in the adjacent skin.
This suggests that a significant portion of the applied dose of
TDI penetrated the skin and/or was bound to macro-
molecules in the skin, due in part to its high reactivity.

However, the reactivity of TDI does not negate its
toxicity. In fact, TDI-adducts are recognized by the human
body as immunogenic haptens and may have an important
role in the mechanism leading to respiratory sensitization
[Karol, 1983; Botham et al., 1988; Nakashima et al., 2002].
Given their ability to interact with the respiratory system,
TDI-adducts may also play a role in the development of lung
cancer. In addition, skin absorption of TDI, even at <1%,
may be toxicologically relevant. Yeh et al. (2008) found
increasing urinary excretion of toluenediamine (TDA) in rats
for up to 6 days following topical exposure to TDI,
suggesting a sustained body burden. Austin [2007] found
that workers who directly handled freshly produced foam
had higher post-shift urinary TDA levels than those who did
not have dermal contact with the foam, even though both sets
of workers had similar inhalation exposures. This provides
further evidence that handling freshly produced foam can
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contribute to the systemic dose of TDI. Residual TDI in foam
could also react with moisture to form TDA, which is
absorbed (24% penetration) by human skin [Marzulli et al.,
1981] and is a known animal carcinogen [NTP, 2016]. We
agree that specific mechanisms explaining lung cancer from
dermal exposure to TDI remain unclear. Additional research
is needed to elucidate these mechanisms, if they exist, or to
provide compelling evidence against the carcinogenicity of
dermal absorption.

Finally, Goodman et al. [2017] assert that, if dermal
exposure to TDI increases lung cancer, a positive association
of lung cancer with employment duration in finishing jobs
involving cutting and similar activities would be expected
because cumulative dermal exposure would increase with
increasing employment duration in these jobs. However, we
would expect cumulative dermal exposure to also depend on
changes in personal protective equipment use and automa-
tion over time as well as dermal exposure from other
finishing jobs. As a result, there may not be a clear relation
between cumulative dermal exposure and employment
duration in finishing jobs involving cutting and similar
activities. Thus, we disagree with Goodman et al.’s assertion
that the observed negative association of lung cancer with
employment duration in these jobs contradicts our
conclusions.

Goodman et al. [2017] conclude that our study does not
provide support for the carcinogenicity of TDI. We
acknowledge that proof of a causal association between
occupational exposure and cancer cannot be achieved by our
study. Nonetheless, we contend that our findings add to a
growing body of evidence of a causal association between
TDI exposure and cancer and that dermal exposures could
play an important role.
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