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A B S T R A C T

In response to concerns raised by communities surrounding the New Bedford Harbor Superfund site, we com-
pleted a field and modeling study that concluded the harbor is the primary source of polychlorinated biphenyls
(PCBs) in air around the harbor. The follow-up question from residents was whether the PCBs measured in
air pose a risk to their health. The US Environmental Protection Agency focuses their site-specific, risk-based
decisions for site clean-up on cancers. We focused our assessment on the non-cancer effects on the thyroid
based on the congener specific patterns and concentrations of PCBs measured in air near and distant to the
harbor. Human and animal studies of PCB-induced effects on the thyroid provide evidence to support our
analysis. Drawing from the published toxicological data, we used a Margin of Exposure (MOE) approach to
derive a human-equivalent concentration in air associated with human health effects on the thyroid. Based on
the MOEs calculated herein, evaluation of the MOE indicates that changes in thyroid hormone levels are pos-
sible among people living adjacent to the Harbor. Changes in thyroid hormone levels are more likely among
people who live near the harbor compared to residents living in areas distant from the harbor. This risk assess-
ment documents potential health risks associated with proximity to a marine Superfund Site using site-specific
ambient air PCB congener data.

© 2018.

1. Introduction

New Bedford Harbor (NBH), located in southeastern Massachu-
setts, is surrounded by the towns of Acushnet, Dartmouth, Fairhaven,
and the city of New Bedford, which have a combined population of
approximately 150,000 (Census Bureau, 2015). In 1982, the US En-
vironmental Protection Agency (EPA) placed the 18,000-acre harbor
on the National Priorities List due to high concentrations of PCBs
and metals measured in the water and sediments. The PCBs in New
Bedford Harbor originated from two electronic capacitor manufactur-
ers—Aerovox Corporation and Cornell Dublier. The companies dis-
charged PCB-containing waste into the harbor and local sewer sys-
tem beginning in the early 1940s (Pesch et al., 2001). Since becom-
ing a Superfund site, the harbor has undergone multiple federal and
state dredging operations, including “hot spot” clean-up for the most
contaminated sediments in the 1990s and the current hydraulic dredg-
ing that began in 2004, with major removal operations in 2016–2018
(U.S. Environmental Protection Agency, 2014). These dredging ac-
tivities involve moving contaminated sediment from the bottom of
the harbor to disposal facilities, including the on-site confined aquatic
disposal (CAD) cells located in the inner harbor. Dredging activities
introduce the potential for increased release of airborne PCBs and

⁎ Corresponding author.
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subsequent exposure through inhalation of ambient PCBs (Vorhees et
al., 1997; Wilson, 2015). For this reason, EPA has been monitoring air
concentrations of total PCBs near the harbor since 2004 and compar-
ing these levels to EPA-derived screening levels based on cancer risks.
As of April 2018, the EPA reports that all of their monitored concen-
trations have been below the risk-based screening levels (U.S. EPA,
2017). However, the EPA screening levels are not based on the con-
geners measured in the air and the monitoring methods do not report
congener-specific data. Rather, EPA reports data for groups of PCBs
known as homologues following 24-hour air monitoring, reflecting
the groups, but not individual congeners. Furthermore, until 2016, the
EPA air monitors were located for convenience or where concentra-
tions were anticipated to be highest. These locations were not neces-
sarily reflective of where people are likely to spend time or be ex-
posed. Beginning in late 2016 and extending through late 2017, EPA
placed air monitors in locations closer to where people spend time.

People living and working near New Bedford Harbor are poten-
tially exposed to PCBs through contact with water and sediments in
the harbor, air around the harbor, indoor air and indoor dust, and con-
sumption of seafood caught from the harbor. Cancer risks associated
with seafood consumption are relatively well-characterized and have
been the basis for closures of areas to fishing and fish consumption
(Basra et al., 2018). We assessed inhalation of PCBs in ambient air by
NBH-area residents, both adults and children. The primary exposure

https://doi.org/10.1016/j.scitotenv.2019.135576
0048-9697/ © 2018.
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medium is the surface water of New Bedford Harbor, from which PCB
congeners are volatilized (present in gas phase) or aerosolized (sus-
pended in water droplets or with particulate matter) into the surround-
ing air. While there are other sources of ambient PCBs around New
Bedford Harbor, our field and modeling study showed that the harbor
is the primary source of PCBs in air around the harbor (Martinez et al.,
2017).

We are now able to estimate residential exposures and health risk
for residents of the towns and cities surrounding New Bedford Har-
bor: Acushnet, Dartmouth, Fairhaven and New Bedford. We initially
sought to assess risk using the approach used by regulatory authorities
for decision-making, which would allow for comparison of risk from
consumption of PCB-contaminated fish with inhalation of PCBs in air.

While this is possible for assessment of cancer risk, it is not pos-
sible for non-cancer risk due to the lack of a reference concentration
(RfC) (U.S. Environmental Protection Agency, 1994). EPA defines
the RfC as the concentration of PCBs in air that sensitive populations
can breathe all day of every day and not expect to experience ill health
related to PCB exposure. The need for a PCB RfC has been docu-
mented, along with the acknowledgement of need for more research to
form the scientific foundation of a RfC (Lehmann et al., 2015).

There is strong evidence supporting the thyroid as a target of PCB
toxicity. We relied on the existing toxicological literature from which
we derived a human equivalent concentration (HEC) of the airborne
PCBs associated with adverse effects in rodent studies. We then com-
pared the HEC with the ambient air concentrations of PCBs measured
near homes around NBH to estimate a Margin of Exposure (MOE)
for inhalation to PCBs at the Superfund Site. Rather than establishing
a concentration deemed acceptable, such as a RfC, the MOE tells us
about the likelihood of exposure to cause “unreasonable” risk (U.S.
Environmental Protection Agency, 2012). It is a ratio of the toxicity
effect level to the estimated exposure dose. The specific objectives of
this analysis were as follows:

➢ Determine which PCB congeners are prevalent in ambient air mea-
sured around NBH and assess exposure to residents of surrounding
communities (exposure assessment)

➢ Provide evidence for the thyroid as a target organ for PCB toxic-
ity for the most prevalent congeners and two relevant Aroclors in
the NBH region and/or lower-chlorinated, inhaled PCB congeners
(hazard assessment)

➢ Calculate Margin of Exposure for residents (risk assessment).

2. Materials and methods

2.1. Exposure assessment

In response to requests from residents to monitor the air closer
to where they work and live, the Boston University Superfund Re-
search Program (BUSRP) and our Community Engagement Core part-
ner Toxics Action Center worked with the Iowa Superfund Research
Program (ISRP) and residents to identify locations and design a mon-
itoring program to assess congener-specific ambient PCB concentra-
tions in the air around New Bedford Harbor (Fig. S1). While EPA
monitors airborne PCBs using high volume sampling for 24hour peri-
ods, we used passive air samplers that integrate air concentrations over
four to six weeks. We conducted four rounds of air monitoring in 2015
and 2016, one of which occurred during a period of hydraulic dredg-
ing and has not been previously reported. Details on sampling, analy-
sis and community engagement methods are described elsewhere (BU
Superfund Research Program, 2015; Martinez et al., 2017; Tomsho et

al., 2018). Our measurements show that concentrations did not dif-
fer significantly across sampling events. Congener-specific concentra-
tions can be found in the Supporting Information. The full PCB con-
gener dataset with associated metadata is available in a freely acces-
sible data repository at https://doi.pangaea.de/10.1594/PANGAEA.
902925 (Martinez et al., 2019).

2.2. Hazard assessment

The Margin-of Exposure analysis is based on changes in thyroid
hormone levels as a function of exposure to PCB congeners around
NBH, therefore, in the hazard assessment we support the basis for se-
lection of the thyroid as a target of PCB toxicity. We provide evi-
dence from the epidemiology literature and reviewed studies of oral
exposure to PCBs relevant to NBH to assess the overall weight of ev-
idence supporting a connection between PCB exposure and the health
effects. We then identified key studies that rely on inhalation expo-
sures to PCBs, especially those congeners most abundant in the air
around NBH. From this literature, we selected the key studies from
which a Point of Departure (POD) air concentration could be taken.

2.3. Margin of Exposure determination

Using the published toxicological literature, we evaluated the
dose-response relationship between PCB congeners and thyroid-re-
lated adverse health effects and identified a Point of Departure (POD)
from which we derive a human-equivalent concentration (PODHEC)
in air. The POD is defined as the point on a dose-response curve es-
tablished from toxicological or epidemiologic data that corresponds
to an estimated low effect level or no effect level, marking the be-
ginning of extrapolation to a relevant human dose or concentration.
The principal studies used to develop the dose-response curve for
POD determination were selected using an approach similar to that
described in Methods for Derivation of Inhalation Reference Concen-
trations and Application of Inhalation Dosimetry (Canter et al., 1998;
U.S. Environmental Protection Agency, 1994). Using EPA default as-
sumptions, we convert the rodent-based POD to the human equivalent
concentration (PODHEC). The Margin of Exposure (MOE) (U.S. EPA,
2012) is then calculated as the ratio of the PODHEC to the geometric
mean of the measured ambient airborne PCB concentrations surround-
ing NBH.

3. Results

3.1. Exposure assessment

PCB concentration measurements were averaged over the four
rounds of sampling to determine an exposure metric for each sampling
location. Over the study period at the 18 sampling locations, total PCB
air concentrations ranged from 0.4ng/m3 to 38.6ng/m3 with an aver-
age across sampling locations of 7.0ng/m3 (standard deviation: 9.3ng/
m3) and a geometric mean of 3.1ng/m3. Using non-parametric statis-
tical tests, we concluded that the median concentration of total PCBs
at each site and overall was not significantly different (p< 0.05) across
the four rounds of testing. Therefore, the four rounds were combined
for the risk estimate calculations.

As the distance from the harbor increases, total ambient airborne
PCB concentrations decrease out to 625m (Fig. 1). The pattern illus-
trates exponential decrease due to dispersion. The arithmetic and geo-
metric mean of the 11 sampling locations within 625m of the harbor
are 10.9ng/m3 and 8.1ng/m3, respectively. We consider a distance fur-
ther than 625m to be background concentrations of total PCBs since
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Fig. 1. Relationship between total PCB ambient air concentrations (ng/m3) and distance (m) from New Bedford Harbor.

concentrations remain relatively flat between 625 and 4000m. The
arithmetic and geometric means of the seven sampling locations fur-
ther than 625m from NBH are 0.7ng/m3. We observed a decrease of
the 12 most present congeners in the air, from “near” to “distant” sites,
whereas PCB11 increased in the air (Fig. 2).

Our previous analysis of data collected in the first three rounds of
this study found that the PCB concentrations measured at all 18 lo-
cations had a very strong Aroclor 1242/1016 signal (Martinez et al.,
2017). This is consistent with the historical use of these two Aro-
clor mixtures in the vicinity The analysis also found that the Aro-
clor 1242/1016 signal was the most pronounced at locations clos-
est to the harbor across all sampling rounds. Although all congeners
were measured, we identified twelve dominant PCB congeners or con-
gener groupings in air surrounding NBH. PCBs 4, 6, 8, 17, 18+ 30,
20+ 28, 25, 26+ 29, 31, 44+ 47+ 65, 49+ 69 and 52 account for, on
average, 63% of the total PCB ambient air exposure at NBH (54%
minimum, 71% maximum). The relationship between dominant con-
geners and distance to the shoreline of NBH is shown in Fig. 3. Over-
all there does not appear to be a relationship between dominant con-
geners/congener groupings as percent of total PCBs, and distance to
the shoreline of NBH. There is very little spatial variation in relative
abundance of PCBs between sampling locations, suggesting that all

twelve of these congeners/congener groupings are important contrib-
utors. It is noteworthy that the relative contribution of PCB11 to total
PCBs increases with distance from NBH unlike the other congeners
shown. Subsequent drops and spikes in the percent of PCB11 to to-
tal PCBs results in relative increases and decreases of the other twelve
congeners/congener groupings. The presence of PCB11 at these dis-
tances may be due to its presence in, and volatilization from, modern
paint pigment (Hu et al., 2008; Jahnke & Hornbuckle, 2019). NBH
does not appear to be a source of PCB11. These findings provide ev-
idence that these twelve congeners or congener groupings are impor-
tant tracers of PCBs released from NBH, and may also be tracers of
PCBs associated with production and use of electronic capacitors, the
original source of PCBs in NBH.

Analysis of the air monitoring data suggest that PCBs are corre-
lated with distance to the harbor and that concentrations significantly
leveled off, reaching background levels, at approximately 625m from
the harbor. Therefore, we conducted the risk assessment with two sep-
arate exposure areas, dividing the sampling locations into those near
to the harbor (<625 m from the harbor) and those distant to the harbor
(>625 m from the harbor). Separate risk calculations were conducted
for these two areas, based on the geometric means and are referred to
as “near” and “distant”.

Fig. 2. Comparison of most dominant congeners/congener groupings as percentage of total PCBs at “near” and “distant” locations from New Bedford Harbor.
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Fig. 3. Relationship between most dominant congeners/congener groupings as percent of total PCBs and distance from New Bedford Harbor.

3.2. Hazard assessment

To derive a relevant Point of Departure (POD) from which to es-
timate health risk, we identified evidence from the epidemiology and
toxicological studies that support the thyroid as a target organ of PCB
toxicity, with a focus on PCB congeners or mixtures relevant to those
measured in the air at NBH. The availability of toxicological studies
that are conducted with human-relevant mixtures of PCBs in air is lim-
ited, although there are multiple in vivo oral exposure and human epi-
demiological studies that are used to provide supporting evidence of
an association between PCB exposure and adverse health effects.

Evidence is accumulating for a thyroid-dependent mechanism for
effects of PCBs on the developing hypothalamic neuroendocrine sys-
tems (reviewed in Gauger et al., 2007 and Gore et al., 2019). Epidemi-
ologic studies provide evidence of association between reduced thy-
roid hormone levels, or impaired thyroid hormone action, in infants
and children as a result of prenatal or early life exposure (Curtis et
al., 2019; Dallaire et al., 2008, 2009a, 2009b; Dirinck et al., 2016). As
previously stated, EPA-derived screening levels used to assess PCBs
near NBH are based on cancer risks. However, adverse health ef-
fects of PCB exposures, in addition to cancers have been extensively
studied and evidence is available for outcomes that are influenced by
thyroid hormone physiology, including impaired neurodevelopment
(Forns et al., 2018; Grandjean et al., 2001; Sagiv et al., 2012; Verner
et al., 2015), increase in metabolic diseases (Aminov et al., 2016b;
Zani et al., 2019) and decreased birthweight (Govarts et al., 2012).
Commonly observed health outcomes in epidemiologic studies, in-
cluding those in which inhalation is a documented route of exposure to
mixtures of PCBs, support endocrine-related outcomes including dia-
betes (Aminov et al., 2016a; Jorgensen et al., 2008; Lee et al., 2010;
Philibert et al., 2009; Rylander et al., 2015; Wang et al., 2008), and
altered thyroid volume and function (Alvarez-Pedrerol et al., 2008;
Darnerud et al., 2010; Langer et al., 2007, 2008; Leijs et al., 2012;
Sandau et al., 2002; Turyk et al., 2006). A number of these toxicants
may also interfere with the hypothalamic–pituitary–thyroid regulatory
axis and be associated with a reduced serum thyroxine (T4 or T3) con-
centration, but with a normal range of thyroid stimulating hormone
(TSH). Animal and epidemiologic studies that examine brain develop-
ment, indicate the potential for more subtle disruption of local thyroid
hormone production or action that may be difficult to detect based on
circulating thyroid hormone levels (Brent, 2010). The thyroid is a tar-
get organ of PCB toxicity, as documented by an expanding body of
evidence that demonstrates that PCBs and other organochlorines influ-
ence thyroid function.

There is also a body of literature providing evidence that several
environmental toxicants including PCBs can interfere with thyroid
hormone, resulting in elevation in serum TSH or a reduction in serum
T4 or T3 in animal models (Bansal and Zoeller, 2008; Lau et al., 2017;
Martin and Klaassen, 2010). A number of these toxicants may also in-
terfere with the hypothalamic–pituitary–thyroid regulatory axis and be
associated with a reduced serum T3 or T4 concentration, but with a
normal range of TSH.

Most of the animal studies of lower chlorinated congeners and thy-
roid effects have been conducted through oral administration of Aro-
clors. Of the twelve most dominant congeners in NBH air samples,
only PCB congeners 28 and 52 have been studied in the context of thy-
roid effects. Most relevant oral exposure studies have been conducted
using mixtures of lower chlorinated PCBs: Aroclor 1016, Aroclor
1221, and Aroclor 1242 and we present some of the evidence for PCBs
effects on thyroid here. Of the papers that examined changes in thy-
roid hormone levels, only one examined thyroid stimulating hormone
(TSH), a biologically relevant measure of thyroid function (Martin
and Klaassen, 2010). Mayes et al. (1998) administered Aroclors 1016,
1242, 1254, and 1260 for 24months to male and female Sprague-Daw-
ley rats. Aroclors were suspended in hexane, combined with a small
amount of diet (the “premix”). The hexane was evaporated, and the
premix was blended with diet to achieve the desired final PCB con-
centrations ranging from 25 to 200ppm. The authors report that the
thyroid glands of male animals receiving Aroclors 1242, 1254, and
1260 were enlarged in a non-dose-related manner. This study showed
a dose-dependent incidence of thyroid gland follicular cell adenomas
in males for Aroclors 1242, 1254, and 1260, with the incidence being
uniform across dose groups and Aroclor mixtures. While the authors
report that the neoplasms are likely due to hypersecretion of TSH, they
do not discuss the possibility that changes in circulating levels of thy-
roid hormones may occur as a direct effect of the PCBs administered.

Crofton et al. (2005) dosed 23-day old female Long Evans rats
by oral gavage for four consecutive days with 12 individual PCBs,
including PCB-126, PCB-153, NBH-relevant PCB-28 and PCB-52,
as well as mixtures of the 12. Serum total T4 was measured via ra-
dioimmunoassay in samples collected 24h after the last dose. Doses
of individual chemicals were associated with a 30% thyroid hor-
mone decrease from control (ED30). In particular, both PCB-126
and PCB-153 demonstrated dose-dependent decreases in total T4, al-
though PCB-126 was able to do this at a lower dose than PCB-153 and
the mixture was shown to cause decreases in T4 concentrations.

In order to determine the effects of individual PCB congeners on
serum T3, T4 and TSH, Martin and Klaassen (2010) administered
Aroclor 1254 or 1242, PCB-95, PCB-99, PCB-118 or PCB-126 in
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corn oil via oral gavage to male Sprague-Dawley rats for seven con-
secutive days. Rats were necropsied 24h after the last dose. Serum to-
tal T4 and free T4 hormone levels were evaluated by radioimmunoas-
say and both were dramatically reduced in response to each of the
seven treatments in a dose-dependent manner. Marked T4 reductions
occurred in response to Aroclor 1254, PCB-99, and PCB-118. Serum
TSH was not significantly affected by any of the compounds adminis-
tered.

Martin et al. (2012) examined the effects of oral administration of
32mg/kg-day of Aroclor 1242 to male Sprague-Dawley rats. Aroclor
was administered via corn oil solution through oral gavage for seven
consecutive days. Effects documented in the treated groups included
decreases in serum thyroid hormones T4 and T3, although TSH was
not measured.

Four in vivo rat inhalation studies evaluated Aroclor mixtures of
direct relevance to NBH communities. One examined the uptake and
elimination of Aroclor 1242 (Hu et al., 2010). Another (Casey et al.,
1999), compared the adverse outcomes of inhalation versus inges-
tion of Aroclor 1242. The third, Hu et al. (2012), exposed female
Sprague-Dawley rats via nose-only inhalation to a mixture of Aroclors
1242/1254 and PCB11 at an average air concentration of 520± 10μg/
m3. The final inhalation-relevant study examined the difference in ad-
verse outcomes of whole body exposure as compared to nose-only ex-
posure to an Aroclor 1242/1254+ PCB11 mixture (Hu et al., 2015). Of
the 12 most dominant congeners in NBH air samples, only PCB con-
geners 28 and 52 have associated toxicology studies.

Casey et al. (1999) compared whole body-inhalation of 0.9μg/
m3 and oral administration of 0.436ppm of Aroclor 1242 to male
Sprague-Dawley rats over 30days and examined the impacts on thy-
roid hormones and behavioral outcomes. Both exposure groups dis-
played decreases in rearing activity and ambulation and increases in
T4 and T3 as compared with the control group, with the group ex-
posed via inhalation showing larger increases as compared to the oral
exposure group. Additionally, the group exposed via inhalation dis-
played an increase in intracellular vacuolization of follicular epithe-
lial cells in the thyroid gland. TSH was not measured. Casey et al.
(1999), reported elevated T3 and T4 accompanied by increased intra-
cellular vacuolization of follicular epithelial cells of thyroid gland af-
ter inhalation exposure to 0.9μg/m3 volatilized Aroclor 1242. Casey et
al. (1999) does not adequately describe exposure information includ-
ing breathing zone concentrations and evidence supporting a uniform
distribution of chemical within the exposure chamber. Furthermore,
control animals were not exposed to air under the same conditions as
animals exposed to PCBs by inhalation. Compared to animals in the
control group, inhalation-exposed animals lived with reduced air flow
(three changes of chamber air/h for exposed animals compared to fif-
teen for control animals) as well as increased humidity and tempera-
ture. These factors could all potentially contribute to differences in the
baseline level of stress experienced by animals in these two groups,
which could translate into differences in thyroid hormone levels and
behavioral outcomes beyond those related to the PCB exposure. It is
important to note that the animals may very well have been exposed
to higher levels of PCBs than are reported by the study and may have
been exposed not only by inhalation, but also by oral exposure as a re-
sult of grooming after PCB deposition on their fur.

In a short-term study intended to determine pharmacokinetic data
for inhaled PCBs, Hu et al. (2010) administered Aroclor 1242 to male
Sprague-Dawley rats in a nose-only inhalation system at 2.4mg/m3 for
2h or at 8.2mg/m3 for 2h each of 10 consecutive days. Pulmonary
immune markers and PCB tissue levels were measured and demon-
strated that the airborne PCB mixture contributed significantly to the

body burden of lower-chlorinated congeners. Rats exposed in the
multi-day study gained significantly less weight over the 10-day expo-
sure period compared to sham-exposed animals. However, there were
no significant changes observed in pulmonary immune markers. PCB
levels were similar in lung, liver, and adipose tissue, lower in brain,
and lowest in blood.

Hu et al. (2012) exposed female Sprague-Dawley rats via
nose-only inhalation to a mixture of Aroclors 1242/1254 and PCB11
at an average air concentration of 520± 10μg/m3. The rats were ex-
posed 2h per day for the first week of exposure, and then 1.5h per day
for weeks 2–4. The dose was estimated to be 134μg total PCBs per rat
(reported as 446μg/kg-day by Hu et al., 2015). The rats did not display
any difference in their overall growth rate as compared to controls, nor
an increase in enzymes that metabolize PCBs in the livers of the ex-
posed animals, nor an increase in enzymes that metabolize PCBs in the
livers of the exposed animals, nor a change in plasma thyroid hormone
levels (as reported by Hu et al., 2015). In the 2012 study by Hu et al.,
female rats exposed to a dose of 446μg/kg-b.w. were found to have no
changes in weight gain or plasma thyroid hormone levels compared
with control, although the authors. Reduced glutathione (GSH) is con-
sidered to be one of the most important scavengers of reactive oxygen
species and its ratio with oxidized glutathione (GSSG) may be used as
a marker of oxidative stress. The GSSG/GSH ratio was slightly ele-
vated in the exposed group as compared to the controls, and the total
hepatic glutathione was decreased (Hu et al., 2012).

Hu et al. (2015) exposed 11week old female Sprague-Dawley
rats through whole body and nose-only inhalation to a mixture of
Aroclor 1242 and Aroclor 1254 supplemented with PCB 11
(64.0%:34.5%:1.5%, w/w). Nose-only exposed rats gained signifi-
cantly less weight over the 28-day exposure period compared to con-
trols. Plasma total thyroxine (T4) levels were significantly reduced
in exposed animals compared to controls (p = 0.0006) and compared
to both sham- and PCB-exposed female Sprague−Dawley rats. No
change of free T4, total triiodothyronine (T3) or free T3 was observed.
TSH levels were not measured. The nose-only group exposure was es-
timated at 1980μg/kg-day and also displayed an increase in the forma-
tion of malondialdehyde (MDA) in the liver. The whole-body expo-
sure was estimated at 1320μg/kg-day and displayed paler cytoplasm
in centrilobular hepatocytes as compared to the periportal hepatocytes
compared with the nose-only exposures (Hu et al., 2015).

Most studies are limited in scope to toxicodynamics and few ex-
amine both toxicokinetics and toxicodynamics of PCB mixtures. This
is an important distinction when attempting to understand the interac-
tion of PCBs with the multiple components of the thyroid signaling
pathways. Of the relevant toxicological literature, only four of the in
vivo animal studies administered the PCBs via inhalation (Casey et al.,
1999; Hu et al., 2010, 2012, 2015). Of the relevant congeners in NBH
air, those most studied were PCB 28 and PCB 52, both of which are
considered to be indicator PCBs because of their prevalence in both
environmental samples and human biospecimens (Boalt et al., 2013).
We conclude that changes in thyroid hormone levels in response to
PCBs reported in the inhalation studies are supported by observations
made in epidemiologic studies and in toxicological studies of oral ex-
posure, which identify the thyroid gland as a target organ for PCB tox-
icity.

3.3. Margin of Exposure estimates

We used a Margin of Exposure approach to determine the health
risk to humans exposed to airborne PCBs from NBH. This margin re-
lates the range of concentrations shown to cause adverse effects in
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animal models with airborne PCB concentrations measured in the
“near” and “distant” areas surrounding New Bedford Harbor. MOEs
are calculated as the ratio of a POD (e.g., Lowest Observable Adverse
Effect Level) to an exposure concentration (e.g., a representative con-
centration of airborne PCBs surrounding NBH). Large MOEs, those
that are several orders of magnitude of difference between the POD
and the exposure concentrations indicate less concern that current ex-
posure levels may be causing adverse health effects in the exposed
population. Smaller MOEs indicate a greater level of concern that ad-
verse effects may occur.

Using an approach similar to that described in Methods for De-
rivation of Inhalation Reference Concentrations and Application of
Inhalation Dosimetry (Canter et al., 1998; U.S. Environmental
Protection Agency, 1994), we identified the POD based on the princi-
pal studies relevant to airborne PCB exposure and adverse effects on
the thyroid, which included Casey et al. (1999), Hu et al. (2012), and
Hu et al. (2015). Effects on thyroid hormone levels were found to be
the most consistent in inhalation studies and were well-supported by
the results of oral exposure studies; thus, PODs based on changes in
thyroid hormone levels were used to estimate the MOEs. While each
of these studies has limitations (discussed above and in the Discussion
section), nevertheless, all three studies identified changes to the thy-
roid, which supports the thyroid as sensitive to disruption by airborne
PCBs.

These studies were selected because they are most relevant to
community inhalation of PCBs in ambient air at NBH. The con-
centrations (in air) used in these studies range from [(0.9μg/m3) to
(520 ± 10μg/m3–533μg/m3)] and reflect LOAELs as the PODs since
effects on the thyroid in exposed versus unexposed animals were ob-
served at all experimental airborne PCB concentrations (except in
Hu et al., 2012). We derived a range of human equivalent PODs
(PODHEC) from the PODs identified in the animal studies, as shown in
Table S2. These range from 0.9μg/m3 as the minimum PODHEC (POD
HEC 1) to the maximum PODHEC (POD HEC 2) of 76μg/m3. Addition-
ally, we chose not to rely on data from Hu et al. (2010) because this
study used high doses of PCBs and very short exposure periods, nei-
ther of which are representative of airborne PCBs surrounding NBH.

The Margin of Exposure (MOE) is determined by dividing a Point
of Departure (POD), derived from dose–response data by human ex

posure concentrations using the following equation:

As human exposure concentration declines, MOEs become larger,
likewise, as human exposure concentration increases, MOEs become
smaller. The “near” and “distant” designations are described previ-
ously and reflect the concentrations of total PCBs measured in air as
a function of geographic distance from NBH. The MOEs generated
for the lower and upper values from the ranges of PODHECs and expo-
sure concentrations for the “near” and “distant” areas at New Bedford
Harbor are presented in Fig. 4 to provide a range of risks posed to hu-
mans exposed to airborne PCBs from NBH. As the PODHEC increases,
the MOE increases yet as the exposure concentration increases, the
MOE decreases. The minimum PODHEC (PODHEC 1) with the maxi-
mum PCB concentration measured shows an MOE of 20, just over one
order of magnitude higher relative to “1”. Additionally, the maximum
PODHEC (PODHEC 2) compared with the minimum PCB concentration
measured shows an MOE of 10,000.

4. Discussion

Based on the concentrations of airborne PCBs measured around
NBH, decreases in thyroid hormone levels are possible in people liv-
ing adjacent to the harbor, particularly in “near” harbor locations. Thy-
roid hormones are essential for normal behavioral, intellectual, and
neurologic development and inadequate levels of these hormones has
a negative effect on brain development. In a cohort of children born
to mothers residing adjacent to NBH, moderate associations between
PCB and p,p′-DDE levels and Activity Deficit Hypertension Disorder
(ADHD)-like behaviors have been reported (Sagiv et al., 2010). Our
findings are based on: (1) robust, empirically-measured exposure con-
centrations and (2) less certain toxicological evidence from published
studies. We compared measured concentrations of PCBs in air around
NBH with estimated concentrations of PCBs that are associated with
adverse outcomes in previously published literature. The scientific ev-
idence to date strongly supports changes to thyroid hormone levels
as an important mode of action by which these (and the more heav-
ily chlorinated) PCBs act on mammalian systems (Miller et al., 2009).
While a more detailed evaluation of the adverse outcome pathway(s)
for inhaled PCBs is warranted, it is beyond the scope of this paper.

Fig. 4. Margin of Exposure (MOE) at “near” and “distant” locations. Left panel: PODHEC 1 and right panel: PODHEC 2.
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The dose-response calculations were subject to key limitations that
contribute uncertainty to the MOEs. The most important limitation is
the selected toxicological studies. While the study by Hu et al. (2012)
is methodologically stronger than the study by Casey et al. (1999)
it did not identify changes in thyroid hormones levels. Casey et al.
(1999) demonstrate an increase in T3 and T4 levels in adolescent rats,
rather than a decrease as has been reported in the other studies. Ele-
vation in these hormone levels may be transient, as suggested by the
authors. Had TSH been measured, more information about the thyroid
hormone regulation could have been determined. The implications of
elevated thyroid hormones would be borne out in observed rates of
hyperthyroidism, or transient increases in T3/T4 and may not be as
severe in the developing fetus or child. In contrast, Hu et al. (2015)
does identify decreases in T4 levels compared with controls, suggest-
ing that the reduction in T4 level may be associated with a PCB dose
level between the doses of 446 and 1320μg/kg body weight. All of
the studies rely on limited dose ranges and durations that may be less
accurate than reported. We used a default dosimetric adjustment fac-
tor for respiratory tract region for a complex mixture that may be an
aerosol, rather than a gas. By using the default adjustment factor, we
may have over-estimated the PODHEC, resulting in an overestimation
of the MOE. In addition, the PCB concentration reported by Hu et
al. (2012) may have been underestimated, in which case the resultant
PODHEC would be lower, resulting in a lower MOE. The lowest POD
identified may in fact not be a LOAEL, but a NOAEL, because the
dose at which this occurs did not result in a change in plasma thyroid
hormone levels and the POD from Hu et al. (2015) has less uncertainty
associated with it. In all cases, the implication would be that risk is
over-estimated. Our straight-forward approach to derivation provides
a starting point for a more data-driven POD that could be based on a
Benchmark Dose or one that uses pharmacokinetic data to better esti-
mate a POD. In addition, existing body burdens of PCBs should also
be considered as an on-going source of internal exposure, as should
consumption of foods contaminated with PCBs. Human exposures to
PCBs in air occur through inhalation and dermal contact (Weschler
and Nazaroff, 2012) and PCBs are absorbed through the skin (Garner
and Matthews, 1998). It is beyond the scope of this analysis to eval-
uate the predicted uptake through skin based on simple pharmacoki-
netic models, but the total uptake of PCBs from the ambient air may
be under-estimated for people living adjacent to NBH for decades.

We have shown the relevance of non-cancer outcomes for PCBs,
and yet we are unable to assess risk using EPA methodologies be-
cause there is no non-cancer toxicity value (RfC) published by the
US EPA for inhalation of PCBs. The exposure calculations in this
risk assessment were subject to key limitations that contribute uncer-
tainty to the estimates. First, the exposure calculations are based on
the assumption that concentrations of ambient PCBs around New Bed-
ford Harbor are constant over time. However, if concentrations de-
crease over time as a result of clean-up of the harbor, the risk esti-
mates in this assessment will be overestimates. Conversely, if reme-
diation activities create additional exposures, these will be underes-
timates. There is evidence of the former, but not the latter. Active
dredging does not appear to affect airborne PCBs emitted from NBH.
We measured airborne PCBs were measured during active dredging
during the fourth four-week sampling period (July–August 2016) and
they were not statistically different from those measured in air sam-
ples collected during the previous three sampling periods (July–No-
vember 2015). This finding begins to address community concerns
about air emissions during this period of dredging (Tomsho et al.,
2018). Our modeling studies indicate that removal of contaminated

sediment over the last ten years has actually reduced emissions of air-
borne PCBs (Martinez et al., 2017).

Exposure estimates for individuals living farther than 2700m from
the harbor are not assessed in this risk assessment. However, the risk
for these individuals (based on exposure to PCBs from the harbor
alone) is unlikely to be greater than the estimates described for people
living near the harbor given the concentrations of PCBs reported pre-
viously (Martinez et al., 2017). While most individuals spend approxi-
mately 80–90% of their day indoors (U.S. EPA, 2011), we assume that
people were exposed to outdoor air concentrations every day for 24h
each day. However, this assumption is not necessarily an overestimate
of exposure, since indoor and ambient air exchange is highly variable
and difficult to predict (Weschler and Nazaroff, 2008; Yamamoto et
al., 2010). We recognize that this assessment is not a cumulative risk
assessment as described by Payne-Sturges et al. (2015) and therefore
does not evaluate the full suite of stressors impacting the residents liv-
ing and working in this Environmental Justice community adjacent to
the harbor.

A major gap in the assessment of risk posed by PCBs is the lack
of a RfC used for evaluation of non-cancer outcomes from inhalation
of PCBs. In lieu of the RfC, we calculated the MOE for people living
near NBH. While this risk assessment is limited in scope, we have at-
tempted to use a site-specific, data-driven approach to calculating our
MOE. The strengths of the calculated MOEs includes the relevance
and study design of the critical studies on which the PODHECs are
based and the data-driven exposure assessment. Notably, we incorpo-
rated previously unavailable ambient air concentrations of PCB con-
geners and used longer duration of residence reflective of many local
residents. Our analysis focused on the subset of PCB congeners most
prevalent in air samples collected from around NBH. However, preva-
lence by weight does not necessarily mean that potential health im-
pacts are limited to these congeners. This is especially relevant since
existing body burdens of bioaccumulated PCBs and ongoing expo-
sures through diet may play an integral role in the physiological re-
sponse to additional inhalation exposure to PCBs. Despite these lim-
itations, we show that non-cancer outcomes, specifically changes in
thyroid hormone levels are possible in people who reside closest to the
harbor. As NBH clean-up continues and the major source of PCBs is
removed, it is expected that exposures to PCBs in ambient air will de-
crease with time.

5. Conclusion

Residents living near New Bedford Harbor are exposed to PCBs
through multiple pathways, including consumption of fish and shell-
fish caught from the harbor, inhalation of volatile PCB congeners in
ambient (outdoor) air, and possibly via indoor air. This risk assess-
ment estimates the health risk to people living around New Bedford
Harbor with a focus on ambient air exposures (Martinez et al., 2017).
Specifically, PCB congeners that are present in ambient air in NBH
communities may result in thyroid hormone level changes in response
to inhaled PCBs. The estimated MOEs closest to NBH indicate the
potential for a community at risk of thyroid mediated outcomes. This
finding is consistent with observations made in previously published
epidemiologic studies, which identify the thyroid as a target organ for
PCB toxicity.
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