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ABSTRACT: Recent studies have implemented a calculated
additive toxicity (CAT) approach that sums measured disinfection
byproduct (DBP) concentrations weighted by their respective in
vitro bioassay potencies to estimate their associated risk in
disinfected waters. In this study, the CAT approach was used to
systematically investigate 21 regulated and unregulated DBPs
measured in drinking water at the household level. Water samples
from the tap were collected from over 120 randomly selected
participants supplied by eight public water systems using four
distinct source water types, two types of disinfection processes, and
across two seasons. The purpose of this study was to compare
CAT using multiple biological end points, examine household
variability, identify DBPs driving toxicity, and assess if current
regulated DBPs are adequate predictors of unregulated DBPs. Our results support the significance of unregulated DBPs, particularly
haloacetonitriles and iodoacetic acid, as drivers of toxicity. Simple linear models between regulated versus unregulated
concentrations and CAT were overall weak with 67% considered poor (r2 < 0.3). These results reveal that current regulatory
monitoring approaches may not be adequately capturing true household exposure due to higher contribution of unregulated DBPs to
CAT and poor predictability between regulated and unregulated DBP-mediated CAT.
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■ INTRODUCTION
Drinking water disinfection is notably recognized as one of the
greatest public health achievements of the 20th century,
significantly reducing waterborne pathogens responsible for
disease outbreaks including typhoid, cholera, and salmonello-
sis.1 Although disinfection has successfully controlled water-
borne diseases and increased overall life expectancy, an
unintended consequence includes the formation of toxic and
carcinogenic compounds known as disinfection byproducts
(DBPs). DBPs are formed when chemical disinfectants react
with natural organic matter (NOM; e.g., humic and fulvic
acids), other organic compounds, bromide, iodide, and
nitrogen in the source water.
Currently 11 disinfection byproducts are regulated in the

U.S. under the EPA Stage 2 Disinfectants and Disinfection
Byproducts Rule (DBPR) including four trihalomethanes
(THM4), five haloacetic acids (HAA5), bromate, and chlorite.2

Under the Stage 2 DBPR, community water systems must
conduct an initial distribution system evaluation (IDSE) to
identify locations with the highest DBP concentrations. These
locations are then used as monitoring sites where compliance is
based on the locational running annual average (LRAA) for
each site. However, DBPs are known to have considerable
variability throughout a distribution system. Such variability

may be related to the nature of the distribution system
(changes in demand, storage tank fill and empty, varying water
ages); nature of the pipelines (pipe failures, leaching of pipe
material, presence of biofilms); and transformations (biode-
gradation, volatilization).3 Other studies have observed the
high variability of both regulated and unregulated DBPs within
a given distribution system.4−9 While only 11 compounds are
regulated in the US, more than 700 DBPs have been identified
but only ∼100 have been studied for their occurrence, toxicity,
and associated health effects.10

Exposure to disinfection byproducts in drinking water has
been correlated with numerous adverse health effects in
epidemiologic and in vivo studies. These studies are limited in
their ability to establish causality because of variability in
genetic factors, health status, diets, and lifestyles across studied
populations, and difficulty of extrapolating from observed
animal to predicted human response.11 A further difficulty is
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that, although regulated compounds are typically used as
surrogates to represent overall DBP toxicity and health
outcomes, studies using in vitro mammalian cell bioassays
have revealed that emerging unregulated compounds, partic-
ularly nitrogenous and iodinated DBPs, can be significantly
more toxic.12−19

In vitro bioassay tests have emerged as a useful tool to assess
the relative toxicity of chemicals such as disinfection
byproducts in drinking water.20 The use of in vitro bioassay
tests allows systematic testing of chemicals with reproducible
cell lines and a range of biological end points. The largest
database for DBP bioassay potencies to date is based on the
Chinese hamster ovary (CHO) cell for cytotoxicity and
genotoxicity end points with the inclusion of 103 regulated and
unregulated emerging DBPs.21 The most potent DBPs to the
CHO cell consist predominately of unregulated DBPs with
haloacetonitriles (HANs), haloacetamides, iodo-HAAs, and
haloacetaldehydes as the most potent groups.21 The TIC-TOX
approach sums measured DBP concentrations weighted by
their individual CHO cell LC50 values to estimate DBP-
mediated toxicity in disinfected waters.12 This calculated
additive toxicity (CAT) approach has recently been validated
for the CHO cytotoxicity end point.22 Another study has
found that CHO genotoxicity is antagonistic rather than
additive, where calculated toxicity was higher than the
observed bioassay response.23 While the authors suggest that
CAT may provide an upper-limit or worst-case scenario,
quantitative analyses are recommended for the genotoxicity
end point.23

A study of 50 DBPs using nine different bioassays
representative of different toxicity pathways and biological
end points found that DBPs are more toxic through oxidative
stress induction or enzyme inhibition rather than direct cell
damage.24 The AREc32 assay, which is indicative of oxidative
stress induction and based on the MCF7 human breast cancer
cell line, was the most responsive bioassay to DBPs with
HANs, haloketones, mono-HAAs, and haloacetamides as the
most potent groups.24 Another study validated the CAT
approach in DBP mixtures with equipotent concentrations for
the AREc32 bioassay, two other bioassays based on human
cancer cell lines (ARE-bla and p53-bla), and one bacterial
assay (Microtox).25

There are some limitations and research gaps concerning the
CAT approach including bias with the inclusion or omission of
specific DBPs,26 influence of unknown DBPs,26 and role of
metabolic activity for DBP toxicity.25 However, measuring all
unregulated DBPs (likely more than 1000 compounds) and
their toxicological potencies is likely impracticable in the
immediate future.26 The CAT approach provides a useful tool
for identifying DBP drivers of toxicity and prioritizing them for
future research and risk assessments.
In this study, the CAT approach was implemented for 21

regulated and unregulated DBPs measured in California
household drinking water collected from over 120 participants
supplied by eight different public water systems using four
distinct source water types, two types of disinfection processes,
and across two seasons. The objectives of the research were to
(1) compare CAT across the five validated biological end
points including ARE-bla oxidative stress, AREc32 oxidative
stress, p53-bla adaptive stress, Microtox cytotoxicity, and CHO
cytotoxicity, (2) examine household seasonal and intra-
distribution system variability in CAT, (3) identify DBP

compounds driving toxicity, and (4) assess the adequacy of
regulated DBPs as surrogates for unregulated DBPs.

■ METHODS
Methodological Limitations. This study was part of a

larger research project that aimed to systematically investigate
compounds in California household tap water that may be
contributing to breast cancer risks. This research involved
targeted analysis of a broad suite of chemical classes including
disinfection byproducts (DBPs) as well as nontargeted
chemical analysis. Due to the extensive nature of this larger
research project, there were some methodological limitations
in the analysis of DBPs, including the inability to use a
dechlorinating agent during sample preparation, extended
holding times during sample processing, instances where
extrapolation of chloroform concentrations were required, and
the inclusion of a limited range of unregulated DBPs. These
methodological limitations and their implications are further
addressed in Section S2.1.

Water Systems Studied. Eight public water systems in
California were chosen for study including East Bay Municipal
Utility District (EB), California Water Services San Mateo
(SM), Weaverville CSD (WV), Yurok Tribal Environmental
Department (YT), Irvine Ranch Water District (IR), Los
Angeles Water and Power (LA), City of Merced (MC), and
City of Madera (MD). Systems were selected to include
different water source types (large surface water, small surface
water, mixed water, and groundwater); disinfection processes
(chlorination and chloramination); and distribution system
characteristics (population and geographic area served). A map
of studied public water systems and their corresponding water
sources is shown in Figure S1. Additional information for each
region is presented in Section S1.

Household Selection and Participation. For each public
water system, the California Public Water Supply Systems
Search Tool (Drinking Water Watch) was used to select
neighborhoods within service areas and (CalEnviroScreen 3.0)
was used to select neighborhoods with the greatest economic
diversity. After collaboration with advocacy partners and a
recruiting process, 15 households from each water system were
selected for participation. Selected household sampling
locations within each distribution system are shown in Figure
S2.

Sampling Process. Each household was sampled twice,
once in the winter (January-April 2020) and once in the
summer (July-October 2020). Sampling kits were shipped to
all selected households within a region and then collected on a
single day, transported back, and processed on the day
received. Regions were sampled consecutively each week in the
following order: San Mateo, East Bay, Weaverville, Yurok, Los
Angeles, Irvine, Madera, and Merced. Participants were
instructed to collect water directly from the household kitchen
sink faucet and remove any point of use filters or devices prior.
Household samples were collected in 2.5 L amber glass bottles
and participants were instructed to fill bottles completely to the
top to avoid volatilization during transport. The collected
sample bottle was then placed in a cooler with 3 ice packs.
Coolers were picked up from each household and transported
to the laboratory via Rapidus courier service.

Analytical Methods. DBPs examined in this study are
presented in Table S1 and include THM4 (TCM, BDCM,
DBCM, TBM); HAA5 (CAA, DCAA, TCAA, BAA, DBAA);
HANs (BAN, BCAN, DBAN, IAN); unregulated HAAs
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(BCAA, CDBAA, BDCAA, TBAA, CIAA, IAA); and
unregulated THMs (BCIM and CDIM). Upon arrival at the
laboratory, samples were aliquoted into 40 mL glass vials for
HAAs extraction and 50 mL glass vials for THMs and HANs
extraction. Aliquots were filled to the top to avoid
volatilization, stored at 4 °C, and extracted within 14 days.
All HAAs were extracted using methods outlined in Section

S2.3 including liquid−liquid extraction (LLE) and GC−ECD
instrumentation. HAA extraction methods were derived from
EPA Method 552.3, however a dechlorinating agent was not
used.27 All remaining compounds including THMs and HANs
were extracted using methods outlined in Section S2.3
including thin-film solid-phase microextraction (TF−SPME)
and GS−MS instrumentation paired with an automated
thermal desorption system. The limits of detection, limits of
quantification, quality control recoveries, and calibration curve
accuracies for both methods are discussed in Section S2.6.

Calculated Additive Toxicity (CAT). In this study, the
calculated additive toxicity (CAT) approach was implemented
using toxicity potencies for the five biological end points that
have been previously validated for this approach. These include
the ARE-bla oxidative stress, AREc32 oxidative stress, p53-bla
adaptive stress, Microtox cytotoxicity, and CHO cytotoxicity
end points. Toxicity potencies for individual DBPs for the
CHO end point were used from the study published by
Wagner and Plewa21 and toxicity potencies for all other end
points were used from the study published by Stalter et al.24

The CAT for each sample and biological end point was
calculated using eqs 1−5:

M
ARE bla Oxidative Stress

DBP 10
EC

6

w IR1.5
= [ ] ×

× (1)

M
AREc32 Oxidative Stress

DBP 10
EC

6

w IR1.5
= [ ] ×

× (2)

M
p53 bla Adaptive Stress

DBP 10
EC

6

w IR1.5
= [ ] ×

× (3)

M
Microtox Cytotoxicity

DBP 10
EC

6

w 50
= [ ] ×

× (4)

M
CHO Cytotoxicity

DBP 10
LC

6

w 50
= [ ] ×

× (5)

Where [DBP] is the concentration of each compound in (g/
L), Mw is the molecular weight of the compound (g/mol),
ECIR1.5 is the ARE-bla, AREc32, and p53-bla effect
concentration (mol/L), EC50 is the Microtox effect concen-
tration (mol/L), LC50 is the CHO lethal concentration (mol/
L), and 106 is a normalization factor. For compounds where no
effect (n.e.) was observed, the highest concentration tested was
used. ECIR1.5/EC50/LC50 values used for each compound are
summarized in Table S6.

Statistical Analysis. To compare results across multiple
variables, Tukey’s Honest Significant Difference (Tukey HSD)
tests were conducted at a 95% confidence interval. Results are
presented as the compact letter display (cld) where variables
with the same letters indicate that there is no statistically
significant difference. To compare results between only two
variables, Student’s t-Tests were conducted at a 95%
confidence interval. Results are presented with the p-value
(P) and degrees of freedom (df). Linear models between
system variables were developed in RStudio using analysis of

Figure 1. Regulated and unregulated measured concentrations (μg/L) by region and source water type. Values represent the regional average across
both seasons and error bars represent the standard error.

ACS ES&T Water pubs.acs.org/estwater Article

https://doi.org/10.1021/acsestwater.4c00392
ACS EST Water 2024, 4, 3532−3539

3534

https://pubs.acs.org/doi/suppl/10.1021/acsestwater.4c00392/suppl_file/ew4c00392_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsestwater.4c00392/suppl_file/ew4c00392_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsestwater.4c00392/suppl_file/ew4c00392_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsestwater.4c00392/suppl_file/ew4c00392_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsestwater.4c00392/suppl_file/ew4c00392_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsestwater.4c00392?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsestwater.4c00392?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsestwater.4c00392?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsestwater.4c00392?fig=fig1&ref=pdf
pubs.acs.org/estwater?ref=pdf
https://doi.org/10.1021/acsestwater.4c00392?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


variance (ANOVA) lm() and aov() functions. Coefficients of
determination (r2) indicate model strength or predictability
power between independent and dependent variables.

■ RESULTS AND DISCUSSION
Measured DBP Concentrations. Detection frequencies

for all compounds and regions are presented in Table S7 and
represent the percentage of samples within each region that
have compounds detected above the LOD. The regulated and
unregulated DBP concentrations measured within each region
are presented in Figure 1 and discussed in the following
sections. Regions with similar source water type had
comparable DBP concentrations and speciation. Observed
similarities and results by grouped regions are further discussed
in Section S3.2.
Regulated. The measured and corresponding water utility

reported regional averages for THM4 and HAA5 are discussed
in Section S3.1 and presented in Table S8. Overall, measured
concentrations of regulated DBPs were comparable to values
reported in water utility consumer confidence reports (CCR)
with no statistical difference for either THM4 (P = 0.10, df =
7) or HAA5 (P = 0.19, df = 6). Comparable values between
reported and measured regulated concentrations support the
validity of the methods used in this study despite deviations
from standard procedure imposed by the overall study design
including the absence of a dechlorinating agent, extended
reaction times, and incidences of TCM extrapolation. Highest
regulated compound concentrations by source water type
included large surface water ≈ small surface water (cld = c) >
mixed water (cld = b) > groundwater (cld = a).
Unregulated. The five highest measured unregulated DBPs

in decreasing rank order included BCAA, BDCAA, DBAN,
BCAN, and CDBAA, which together accounted for ∼91% of
total unregulated concentrations. Highest unregulated concen-
trations by source water type included mixed water (cld = c) >
large surface water ≈ small surface water (cld = b) >
groundwater (cld = a). HANs, which have been identified as
major forcing agents of DBP associated toxicity in disinfected
waters,12,28,29 were highest in the mixed water sources ranging
from 0.6 to 7.4 μg/L, with a few nondetects.

Comparison of CAT across Different Validated Bio-
logical End Points. A Tukey HSD test revealed that there
was no statistical difference in CAT between the ARE-bla, p53-
bla, Microtox, and CHO end points across all samples (P >
0.05, df = 1185). However, the AREc32 end point was
statistically different (P < 0.05, df = 1185) and had the overall
highest CAT which was primarily due to increased sensitivity
to BCAN and DBAN. Tukey HSD tests across system variables
(i.e., season, region, disinfection type, and source water type)
generally confirmed the statistically insignificant differences
among ARE-bla, p53-bla, Microtox, CHO and the statistical
separation of AREc32 from other end points. The compact
letter displays (cld) of these Tukey HSD tests are summarized
in Figure S3. Boxplots of CAT across all biological end points
and each system variable are shown in Figures S4−S8.
It should be noted that out of the 21 compounds included in

this study, two compounds (BAN and IAN) did not have a
potency value for the ARE-bla, AREc32, p53-bla, or Microtox
end points.24 However, this only affected BAN concentrations
in LA in the summer, which ranged from 0.1−0.8 μg/L. The
CHO end point had potency values available for all
compounds included in this study. Due to the CHO end
point’s statistically insignificant difference from multiple other

end points, the following sections focus only on calculated
CHO cytotoxicity and AREc32 oxidative stress. The DBPs
measured in this study account for 21% of the DBPs in the
CHO database published by Wagner and Plewa,21 and include
four of the top ten most potent compounds (DBAN, IAA,
BAN, and IAN). Similarly, the DBPs measured in this study
account for 38% of the DBPs in the database published by
Stalter et al.,24 and include three of the top ten most potent
compounds (DBAN, BCAN, IAA).

Variability of CAT at the Household Level. Regional
CAT Averages. The average CAT values for regulated and
unregulated DBPs within each region are shown in Figure 2.

Unregulated DBPs dominated in all regions when averaging
across the winter and summer seasons and contributed 91.3%
of total CHO cytotoxicity and 98.9% of total AREc32 oxidative
stress. Considering that only 13% of known unregulated DBPs
with toxicological data were included in this study, the
magnitude of total unregulated compound contributions to
CAT are likely to be even higher. For the DBPs included in
this study, the highest CAT by source water type for both end
points included mixed water (cld = b) > large surface water ≈
small surface water ≈ groundwater (cld = a). However, it
should be noted that this ranking may be altered with the
inclusion of other known and unknown DBPs.26

Variability between Seasons. The boxplots in Figure 3
show the seasonal variability of CAT within each region where
scattered data points represent each individual household’s
CAT value. There was a statistical difference (P < 0.05)
between the winter and summer regional averages for all
regions except SM and MD. CHO cytotoxicity was 9 ± 5 times
higher in the summer for four regions (EB, WV, YT, MC) and
3 ± 1 times higher in the winter for two regions (IR, LA).
AREc32 oxidative stress was 15 ± 16 times higher in the
summer for four regions (EB, WV, YT, MC) and 8 ± 2 times
higher in the winter for two regions (IR, LA).

For each household, CAT in the summer season was divided
by CAT in the winter season to determine seasonal variability
within each household. The interquartile range (IQR) for
CHO cytotoxicity ranged from 44 to 862% and AREc32
oxidative stress ranged from 24 to 779%. These results provide
strong evidence that CAT can have high seasonal variability

Figure 2. Regional CAT averages. Plotted values represent the regional
average CAT for the CHO and AREc32 end points across seasons. Error
bars represent the standard error.
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both within a given household and across the entirety of a
system. The AREc32 end point had higher seasonal variance
due to its increased sensitivity and higher overall CAT,
however seasonal trends were comparable across both
biological end points.
Variability between Households within a Region. To

evaluate intradistribution system variability, the interquartile
range to median ratio (IQR/M) was determined which
represents the spread of CAT around the median or the
difference between the third and first quartiles divided by the
median. There was no statistical difference in IQR/M ratios
between the AREc32 and CHO end points (P = 0.65, df = 22).

Madera (MD) had the highest IQR/M ratios which ranged
from 108 to 168% across both end points. This was driven
primarily by high variability in measured DBAN concen-
trations which ranged from ND-5.0 (μg/L). The other regions
had lower variability with IQR/M ratios ranging from 6 to
91%. IQR/M ratios for each season and within each region are
presented in Figure 4.

When considering variability across both seasons, all regional
IQR/M ratios increased ranging from 34 to 567% as shown in
Figure 4. This reveals that the largest variability in CAT is
attributed to seasonal/temporal differences rather than intra-
distribution system variability. Under the Stage 2 DBPR,

Figure 3. Variability in CAT between seasons. Asterisks (*) next to region name indicate statistical dif ferences in regional average CAT between winter
and summer seasons (P < 0.05).

Figure 4. Interquartile range to median ratios (IQR/M) of CAT within each region.

Figure 5. DBP compounds driving CAT.
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compliance is based on 2−20 sampling locations measured
either annually or quarterly, depending on the source water
type and population size served.2 While this study only
included 2 seasons, these results provide strong evidence that
DBP-associated CAT can vary significantly in season/time.
Future research with the inclusion of more time points
throughout the year may help elucidate whether current
regulatory methods provide an accurate snapshot of DBP
exposure considering this observed high seasonal variability.

DBP Compounds Driving CAT. BCAN, DBAN, and IAA
were the main drivers of CAT, accounting for 87.3% of total
CHO cytotoxicity and 98.6% of total AREc32 oxidative stress.
Compounds driving toxicity were comparable in regions that
had similar water source types as shown in Figure 5. IAA ( )
dominated CAT in the regions that use surface water sources
and both chlorination and chloramination. This may be due to
elevated iodide levels in surface waters.30 HANs ( , )
dominated CAT in the mixed water and groundwater sources.
Irvine (IR) and Los Angeles (LA) regions both rely on
complex water sources including high salinity water, brackish
groundwater, and direct or indirect potable reuse of recycled
water which may explain the role of nitrogenous DBPs as
toxicity drivers. Elevated unregulated DBPs, particularly N-
DBPs, have also been identified as drivers of cytotoxicity in
drinking water from heavily wastewater-impacted sources.30

Madera (MD) and Merced (MC) are among the top dairy
farming counties in California which may explain the
dominance of nitrogenous DBPs. Future research on source
water quality and DBP formation could help to elucidate the
role played by each water source in producing the observed
DBP speciation in these regions.

Utility of Regulated DBPs as Predictors of Unregu-
lated Concentrations and CAT. Regulated vs Unregulated
Concentrations. THMs were found to only explain ∼30% (r2
∼ 0.3) of the variance in HANs in a study that included an
EPA data set of over 9500 measurements across 248 public
water systems in the U.S.31 In our study, THM4 explained 2%
of the variance in HANs (r2 = 0.02, df = 164) and HAA5
explained 3% of the variance in HANs (r2 = 0.03, df = 164).
Total regulated concentrations or the sum of THM4 and HAA5
explained <1% of the variance in total unregulated concen-
trations (r2 = 0.009, df = 236). These results support other
study findings that current DBPs measured for regulation are
not proportional to unregulated DBP concentrations, partic-
ularly toxicity-driving HANs, which can result in exposure
misclassification bias in epidemiologic studies.31

When considering all system variables (i.e., season, region,
disinfection type, and source water type), coefficients of
determination ranged from r2 < 0.01 to r2 = 0.71 as
summarized in Table S9 and shown in Figures S10−S17.
Overall, 60% of the models were considered poor (r2 < 0.3),
38% were considered fair (0.3 < r2 < 0.7), and only 2% were
strong (r2 > 0.7). The strongest relationships between
regulated and unregulated concentrations were observed
when the data was grouped by season and source water type
as shown in Figure S9.
Regulated vs Unregulated CAT. While poor predictability

between regulated and unregulated concentrations have been
observed, the question remains: does regulated CAT accurately
predict unregulated CAT? THM4 explained 3% of the variance
in HANs-mediated CHO cytotoxicity (r2 = 0.03, df = 164) and
HAA5 explained 43% of the variance in HANs-mediated CHO
cytotoxicity (r2 = 0.43, df = 164). The AREc32 end point was

analogous to these results within ±3% of variance explained.
Multiple linear regression revealed that the higher predict-
ability power of HAA5 was attributed primarily to BAA and
DBAA, which are the most potent regulated DBPs.

Total regulated CAT explained 39% of the variance in total
unregulated CAT for both biological end points (r2 = 0.39, df
= 236). When considering all system variables, model strengths
for the CHO and AREc32 end point were not statistically
different (P = 0.12, df = 43). Coefficients of determination for
both end points ranged from r2 < 0.01 to r2 = 0.71 as
summarized in Section S3.6. Overall, models for regulated
versus unregulated CAT were weak with 71% considered poor
(r2 < 0.3), 27% considered fair (0.3 < r2 < 0.7), and only 2%
considered strong (r2 > 0.7). Linear models were strongest
when the data was grouped and modeled by season and source
water type. CHO cytotoxicity models across season and source
water type are shown in Figure 6. While their results are

analogous, AREc32 oxidative stress models by season and
source water type are presented in Figure S19. Overall, these
results reveal that regulated CAT poorly predicts unregulated
CAT across all samples, across both CHO and AREc32 end
points, and when grouped by season, region, disinfection type,
source water type, and multiple variable interactions.

■ CONCLUSIONS
The aim of this study was to investigate 21 disinfection
byproducts (DBPs) in California household drinking water
across different public water systems, source water types,
disinfection types, and seasons. To assess variability in
household level risk, the calculated additive toxicity (CAT)
approach was implemented using previously published in vitro
bioassay toxicity potencies for five biological end points that
have been validated for additive bioassay response. Our results
reveal that there was generally no statistical difference in CAT
between the ARE-bla, p53-bla, Microtox, and CHO end points.
AREc32 oxidative stress CAT was statistically different than
the others but yielded similar seasonal variability, intra-
distribution system variability, DBPs driving toxicity, and
models strengths between regulated versus unregulated DBPs
as CHO cytotoxicity CAT. These results provide strong
evidence that using potencies indicative of different biological
end points and toxicity pathways produce comparable results

Figure 6. Regulated vs unregulated CHO Cytotoxicity. Data points
not encompassed within their respective shaded polygons indicate outliers
that were determined using Q-Q plots. These outliers were excluded f rom
the linear regression models. Coef f icients of determination (r2) represent
winter followed by summer season model strengths.
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when assessing DBP-associated risk in disinfected drinking
water.
While DBP concentrations and speciation are known to have

high seasonal variability and high variability within a given
distribution system,4−9 our results indicate that this also
translates to highly variable CAT. The interquartile range to
median ratios (IQR/M) within each distribution system
ranged from 6 to 168% and seasonal ratios ranged from 34
to 567%. This revealed that seasonal variability was greater
than intradistribution system variability. While regulatory
compliance is currently based on annual or quarterly
monitoring, future work using the CAT approach and more
extensive DBP temporal data may help elucidate if this limited
sampling schedule provides an adequate snapshot of household
DBP-associated risk.
Studies implementing the CAT approach have identified

unregulated DBPs, particularly HANs, as drivers of toxicity in
disinfected waters.22,32−36 A recent study investigated 70 DBPs
and identified HANs, particularly dihaloacetonitriles, and IAA
as drivers of cytotoxicity in water utilities across the United
States.30 While these studies assessed DBPs at the water utility
or treatment level, our results support the role of
haloacetronitriles, particularly DBAN, and IAA as drivers of
toxicity in drinking water at the household level. HANs and IAA
alone accounted for ∼87% of CHO cytotoxicity CAT and
∼99% of AREc32 oxidative stress CAT across all samples.
While we did not analyze haloacetamides or haloacetaldehydes
in this study, it should be noted that the inclusion of these
equally potent compounds could affect the precent contribu-
tions of HANs and IAA.26 Nonetheless, we support the
prioritization of HANs and IAA for future research and
consideration for regulation.30 The addition of dihaloacetoni-
triles and iodoacetic acids to pre-existing EPA methods would
be inexpensive and relatively simple to implement, yet would
provide valuable data that could be used for future
epidemiological studies.30

Our results also support findings that unregulated
concentrations, particularly HANs, are not proportional to
regulated concentrations.31 Additionally, we show that
unregulated CAT is also not proportional to regulated CAT
across all samples and system variables (i.e., season, region,
disinfection type, and source water type) where 67% of all
models were considered poor (r2 < 0.3). Overall, current
regulatory methods may not be accurately capturing household
DBP exposure due to high contribution of unregulated DBPs
to CAT, high seasonal variability of CAT, and poor predictive
models between regulated and unregulated DBPs.
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