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We thank Drs Travis, Clewell III, Campbell Jr., and
Hinderliter for providing insightful comments on our paper
entitled BPBPK/PD assessment for Parkinson’s disease risk
posed by airborne pesticide paraquat exposure^ (Cheng et al.
2018). Here, we would like to provide some explanations and
clarifications based on the section titles: Hazard assessment,
Exposure assessment, and Risk assessment.

Hazard assessment

Dr Travis and co-workers argued that paraquat (PQ) as a risk
factor of inducing Parkinson’s disease (PD) is a hypothesis
and Bnothing^ in the paper proved it. However, it should be
cautiously noted that the risk assessment framework in this
study was constructed by following the procedure in an emi-
nent textbook describing principles of risk assessment. We
have evaluated potential PD risks based on a probabilistic risk
assessment approach by linking internal PQ dosimetry using a
physiologically-based pharmacokinetic (PBPK) modeling
framework with well-established dose-response relationships

based upon in vitro assay and epidemiological causal study
investigating the proportion of PQ-induced PD. The overall
risk assessment framework was based on the rigorous risk
assessment guidelines.

Although the dose-response data was derived from in vitro
analysis, our aim was to construct a dose-response relation-
ship between PQ exposure concentrations and neurotoxic ef-
fects. Due to the lack of in vivo dose-response data investigat-
ing dopaminergic effects resulted from PQ inhalation, we
agree that the limited data source is the limitation of this study.
We also mentioned this limitation in the section of discussion
by describing that the constructed dose-response relationship
could be improved by assessing in vivo chronic effects when
more comprehensive dose-response data are investigated and
available.

Exposure assessment

Among pesticides used in Taiwan, PQ ranks the second
and third in sales volume and amount in non-selective
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herbicides, respectively, of 1.82 × 106 kg and ~ 5 million
US dollars, in 2013 (Fang 2014). In addition, 2500 tons of
PQ are used on farmland annually, and the herbicide is
applied at least once per year on about 800,000 ha of land.
In Taiwan, the application of PQ is allowed to be used with
mist blower repeatedly on the same land after a fallow
period and is often extensively used by farmers who grow
rice, oranges, tangerines, and sugar cane. PQ is also widely
used in Malaysian plantation and field crops by a mist
blower mounted on a tractor or carried by workers
(Morshed et al. 2010; Wibawa et al. 2009).

The agricultural community lives close by the farm-
land; thus, farmers and other people live nearby have
higher probability to be exposed to PQ without wearing
personal protective equipment when farmers apply the
PQ. Travis et al. argued that according to this study, the
entire population in Taiwan is assumed to be exposed
with PQ. In fact, this study only considered people living
in the agricultural land area where are highly likely to be
posed by PQ toxicity. The agricultural land region was
approximately 22% of the total land area ranging from
8.1 to 8.3 × 103 km2 in the period from 2005 to 2011
(Council of Agriculture 2014).

Several studies in developing countries have reported
evidence of PQ exposures. A study related to banana plan-
tations in Costa Rica (Van Wendel de Joode et al. 1996)
measured exposure of diluted PQ (0.1–0.2%) to11 spray
applicators. Results showed that urinary levels (detected
in 2 of 28 samples) ranged from 0.03–0.24 mg L−1.
Respiratory exposure was 0–0.043 mg/L. They found that
hazardous exposure presents continually due to poor work-
ing conditions. Seiber et al. (1983) reported that PQ resi-
dues in cotton plants for 4 weeks after application gave rise
to PQ concentrations in air ranging from 0.47–1.2 pg m−3.
It was also observed that the maximum exposure by inha-
lation was 16.3 pg day−1 (based on an average breathing
rate of 1.7 m3 h−1 for light work and an 8-h working day)
(Seiber et al. 1983). The upper level of airborne PQ con-
centrations was corresponding to 43.5% of the acceptable
operator exposure level (AOEL), for a worker weighing
75 kg with 70% of the airborne PQ in dust had respirable
size (Seiber et al. 1983).

Airborne PQ was measured in PQ users (knapsack) and
non-users working in coffee, banana, and oil palm plantations
in Costa Rica (Lee et al. 2009). The measured inhalable dust
was 218.86 ± 253.50 μg m−3 (mean ± SD), whereas the air-
borne PQ exposure was 6.07 ± 4.77 μg m−3. Based on these
results we described above, we assumed a worst case scenario
based on very conservative assumption to address the possible
risk of PD induced by PQ exposure.

Dr Travis and co-workers mentioned that the equation of
converting PQ application rate to the resulting airborne concen-
tration of PQ droplets is unclear. We derived a simple liner

equation in our work based on Morshed et al. (2010). Dr
Travis and co-workers also were concerned about the inaccura-
cy of applied equations used in the PBPKmodel. The equations
to determine bodyweight, tidal volume, and respiration frequen-
cy as a function of age were adopted from ICRP (ICRP 2002)
and Altman and Dittmer (1962). The equations were also cited
from the European projects 2FUN (FP6) to develop a life-stage
PBPKmodel (Beaudouin et al. 2010). We have double-checked
and confirmed the accuracy of equations applied in the PBPK
model. However, some equations used to estimate physiological
parameters for PQ-human PBPK modeling in our work are
needed to be revised in order to reach unit consistency. Dr
Travis and co-workers mentioned that the fecal excretion rate
is ten times faster than the urinary excretion rate. Due to the lack
of experimental data describing the partition coefficient of PQ,
we used the parameters derived from near-lethal dose in animal
(Murray and Gibson 1974) and a fetal human poisoning case
(Arys et al. 2000). We agree that the clearance rate used in the
PBPKmodel is low; however, this is due to the estimation based
upon limited experimental data. These are the model limitation
and uncertainty in the PQ-PBPK model as well.

Dr Travis and co-workers addressed that the estimated hu-
man brain concentration of PQ was extremely higher than that
of the study from Dr Travis’ group (Breckenridge et al. 2013,
2016). Breckenridge et al. (2013) systematically evaluated the
neurotoxicity of PQ for sporadic Parkinson’s disease in one
widely used genotype of mice (C57BL/6J). However, there
are several key differences between results of Breckenridge
et al. (2013) and our assumptions. Firstly, we noticed that the
groups tested were type of inbredmouse strain at 2 months-of-
age (equal to the mid-teens in humans), whereas our evalua-
tion was focused on different age groups, especially for the
elderly group. Several animal models have reported a signif-
icantly higher PQ-related neurotoxicity in older animals as
well (Li et al. 2005; Jiao et al. 2012; Yin et al. 2011).
Secondly, Dr Travis’ group estimates the maximum brain
PQ concentration of 2.2 μM in animal model based on acute
exposure (1 week) with intraperitoneal injection of PQ in the
mouse model.

However, the results obtained from acute exposure should
be carefully compared to the results of chronic exposure study.
Previous study has shown that PQ could cumulate in a linear
fashion depending on the dose treatment and had a prolonged
retention in brain (Prasad et al. 2007). It has been suggested
that subtle, chronic exposure to PQ might be associated with
specific injury to SNpc (Dinis-Oliveira et al. 2006). Based
upon these concerns about the possible long-term cumulative
dose of PQ, we assumed the worst case scenario to estimate
the cumulative PQ concentrations in human brain using the
PBPKmodel. Due to the limited related data, the current study
was not able to validate our simulated results but provided
reasonable prediction of PD risks under the worst case scenar-
io. Overall, we entirely agree with the points and concerns
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addressed by Dr Travis and co-workers; however, future study
is needed to address the possible association between chronic
low-dose exposures to PQ and parkinsonian syndromes, and
differences between acute and chronic neurotoxicity of PQ.

Risk assessment

Dr Travis and co-workers argued that this study equated ef-
fects of PQ on dopaminergic cells to the causing of PD.
Although this study only applied an in vitro experiment to
perform a dose-response modeling due to limitations in find-
ing a more appropriate literature describing the dose-response
relationship, results derived from the risk assessment frame-
work in this study could still give implications for the potential
neurotoxic risks of PQ. There is also a vision set by the
Committee on Toxicity Testing and Assessment of
Environmental Agents of the National Research Council for
toxicity testing moving from testing in whole organism to-
ward in vitro assays performed in human cells (Crump et al.
2010; NRC (National Research Council) 2007). The possibil-
ity of employing in vitro analyses to investigate dose-response
of key biomarkers should be considered as a potential tool in
the current study and the future risk assessment framework.

Dr Travis and co-workers mentioned that they had a prob-
lem finding which data were based on Liou et al. (1997). We
adopted the data of odds ratio (OR) and proportion of PD
cases given PQ exposure (θ) from Liou et al. (1997) and ap-
plied the data to estimate relative risk (RR) based on a well-
defined equation for converting OR into RR. Deduction of the
PAF-based population dose-response model was described in
detail in the BMaterials and methods^ section of our work.
Overall, our study provides reasonable prediction of PQ
exposure-induced PD risks under the worst case scenario
based on a well-developed probabilistic risk assessment
framework by linking the PQ-PBPK model with the well-
established dose-response relationships of in vitro assays and
epidemiology causal study.
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