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Abstract 
This research applies aggregate and cumulative risk assessment considerations to intakes of com- 
pounds acting through the sodium-iodide symporter mechanism to produce iodide uptake inhibi-
tion into the thyroid. Four approaches to setting regulatory limits considered here based on 
NOELs/LOELs yield the following estimates of the safe levels of perchlorate in water (when per-
chlorate in water is the sole intake) or total goitrogens (PEC) acting through the same mechanism: 
1) Approach 1: 18 µg/L; 2) Approach 2: 400 µg/L (50% required inhibition) or 38 µg/L (5% re-
quired inhibition); 3) Approach 3: 338 µg/L (without serum half-life correction) or 573 µg/L (with 
serum half-life correction); 4) Approach 4: 737 µg/L (without serum half-life correction) or 973 
µg/L (with serum half-life correction) for 50% required inhibition; 375 µg/L (without half-life) or 
735 µg/L (with half-life) for 5% required inhibition. Where water is not the sole route of exposure 
and perchlorate is not the sole goitrogen acting through the sodium-iodide symporter mechanism, 
the results of Approaches 3 and 4 can be applied to mixtures of compounds that produce these 
values as PECs. Results of the analysis suggest that compound-by-compound regulatory limits may 
be better dealt with through a change to risk-based management strategies that are built around 
the concept of focusing limited regulatory resources on the main contributors to risks induced by 
the mechanism considered here. 
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1. Introduction 
Regulatory decisions must eventually consider how to treat cases of intakes of contaminants through multiple 
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pathways and to a mixture of contaminants. The issue arises because the first step in establishing a safe level of 
exposure to a contaminant has historically been to consider it as a single contaminant (e.g., perchlorate) in a sin-
gle medium (e.g., water), and then to ask: What is the highest level of exposure to that contaminant in that me-
dium that would, by itself, produce an acceptable level of risk? 

Regulatory limits have built-in margins of safety, introduced in the form of uncertainty factors, upper confi-
dence bounds on risk coefficients, maximally plausible scenarios of exposure, etc. The assumption has been that 
an individual might be exposed to several contaminants via several pathways, but that the overall risk (as dis-
cussed in Crawford-Brown and Crawford-Brown [1] although the concept has been in the regulatory community 
for decades) would still be acceptable due to the presence of the margins of safety. 

With the environmental justice movement in the US [2], it was recognized that there were populations ex-
posed to dozens of contaminants, each at levels deemed safe individually, but which together would cause the 
aggregate risk to be unacceptable, especially in cases where cumulative risk was also considered. The concept of 
Relative Source Contribution (RSC) was introduced several decades ago in part to deal with the issue of aggre-
gate risk, which quantified the percentage of exposure through any single route, and adjusted the regulatory limit 
on that single route accordingly. The challenge faced by regulators under these conditions was that there was an 
understandable desire to have limits on exposure that applied nationally and would be protective of public health 
even at the extremes where a single individual was exposed at the regulatory limit in each of several environ-
mental media. Otherwise, limits on exposure in any one medium (such as water) might need to differ in different 
geographic regions and for different individuals due to differences in the contributions of other exposure routes. 
To do so would appear to raise many of the issues that were found in environmental justice of unequal treat-
ments under the law. 

It was recognized that the approach of using RSCs as a way of dealing with aggregate risk was infeasible for 
cumulative risk because there were too many combinations of contaminants to which individuals in a population 
might be exposed. To deal with this, the regulatory community first introduced the concept of Hazard Index (HI), 
which was equal to the sum of the Hazard Quotients (HQ) across all applicable contaminants with the same 
mode and/or mechanism of action (hereafter, “mechanism”). The HQ is the ratio of the actual ADRI (average 
daily rate of intake) for an individual, expressed in units of the Reference Dose (RfD, in for example mg/kg-day) 
divided by the RfD itself. The regulatory reasoning was that individuals should not have a total exposure by all 
routes and to all contaminants with the same mechanism that produced an HI above 1. 

This paper considers different interpretations of the underlying data on perchlorate and other goitrogens that 
act through the sodium-iodide symporter mechanism in the case of the Greer et al. [3] study using the concepts 
of cumulative (firstly) and aggregate (secondly) risk, leading to a range of estimates of the safe level of exposure 
to perchlorate in water and/or total intake of three selected compounds acting at least in part through this me-
chanism; “safe” here means reasonable confidence that the exposure limit avoids an unacceptably large risk in a 
substantial fraction of the population, including consideration of the precautionary principle [4] [5]. The analysis 
considers only the action of compounds through the sodium-iodide symporter mechanism, as this has been the 
interpretation of the original Greer et al. [3] results in proposing potential regulatory limits on perchlorate expo-
sure. 

Before proceeding with the analysis, several caveats must be mentioned to isolate what this analysis is and is 
not. Significant scientific advances have been made in both physiologically based pharmacokinetic and biologi-
cally based dose-response models, in addition to probabilistic risk assessment (for example, the extensive dis-
cussions and analyses that took place in the USEPA NexGen program; see the descriptions of the program at: 
www.epa.gov/riskassessment/nexgen). Some of these advances are recommended for the case of perchlorate 
specifically in a recent EPA White Paper [6], albeit not applied to the case of cumulative risk in that particular 
paper. These advances allow for greater use of biological data to resolve issues such as aggregate and cumula-
tive risk, and have been called for by scientific advisory bodies. They have also been applied in some cases to 
develop the Dose Modifying Factors as a subset of Uncertainty Factors, which is at least a partial application of 
their methodologies. When those advances have been mainstreamed into risk-based policy decisions, analyses 
such as the one presented here will be supplanted by these advanced modes of analysis. The present analysis 
considers an incremental advance in regulatory decisions on perchlorate in the interim, providing a sensitivity 
analysis of potential regulatory limits on perchlorate exposure when the study of Greer et al. [3] is retained as 
the primary data set on effects, and where the mechanism of action is the sodium-iodide symporter mechanism, 
and where PBPK and BBDR models are not applied to the estimates of cumulative risk. 

http://www.epa.gov/riskassessment/nexgen
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2. The Methodology of Protecting Public Health through Regulatory Limits on 
Exposure 

In the following calculations for this study, the concepts of HQ and HI are retained as fundamental to traditional 
regulatory practice, including risk management decisions. If there are two compounds to which a population is 
exposed simultaneously, their individual ADRI values will be shown as ADRI1 and ARDI2. Their respective 
RfD values will be RfD1 and RfD2. Their HQ values are then HQ1 = ADRI1/RfD1 and HQ2 = ADRI2/RfD2. 
The HI value is then: 

                         HI = HQ1 + HQ2 = ADRI1/RfD1 + ADRI2/RfD2                     (1) 
Assuming the two compounds act by the same mechanism (technically a requirement for applying the concept 

of HI), the equation above reduces to: 
HI = (ADRI1 + ADRI2)/RfD                                (2) 

where there is now no subscript on RfD since the RfD value is the same for all compounds acting through this 
shared mechanism, assuming ADRI has been calculated for each compound using a Toxicity Equivalency Factor 
(in perchlorate risk assessment, the TEF is replaced by the Perchlorate Equivalent Concentration or PEC). While 
additivity has not been fully explored for goitrogens acting through the sodium-iodide symporter mechanism, it 
has been shown to hold for Thyroid Disrupting Chemicals more broadly [7] and so is a reasonable assumption 
here. Following the caveats at the end of Section 1, this assumption eventually will be replaced by more biolog-
ically based dose-response models as those come to play a more prominent role in aggregate and cumulative risk 
assessment for classes of compounds acting through the mechanism of perchlorate effects. 

A key consideration of this issue in the discussion of Section 3 is that this same summation of exposures must 
be carried through the analysis of all primary data used to calculate the RfD (often requiring re-analysis of those 
data). 

3. Application to Perchlorate and Goitrogens Acting through the Sodium-Iodide 
Symporter Mechanism 

The debate over regulation of perchlorate revolves around the following issues: 
 The underlying study by Greer et al. [3] used iodide uptake inhibition as the measure of effect. Iodide uptake 

inhibition, however, is not an adverse effect in and of itself; it is a precursor to an adverse effect (changes in 
hormonal levels leading in turn to developmental and metabolic alterations). This allows establishment of a 
NOEL but not a NOAEL. From this point forward, the paper refers to the NOEL rather than the NOAEL. In 
addition, more recent research on modeling of serum levels suggests that iodide uptake inhibition may not be 
the only mechanism through which perchlorate induces adverse effects [8]. If that is demonstrated to be the 
case, the adoption of the PEC values later in the current paper may need to be adjusted. In the interim, this 
paper considers only actions through the sodium-iodide symporter mechanism. 

 Perchlorate is a member of the class of goitrogens that exert at least part of their effect through competitive 
inhibition of iodide uptake into the thyroid by the sodium-iodide symporter, which includes a wide range of 
compounds such as nitrates, perchlorates, chlorates and thiocyanates [9]. 

 The study of Greer et al. [3] uses a bolus dose regime for the study subjects. Application of such results to 
the case of environmental exposures at much lower levels ignores the significant body of scientific evidence 
concerning the dose rate effect [10]. This issue is significant here because the study subjects in the study of 
Greer et al. [3] are administered perchlorate concentrations of at least 180 ppb, which is a factor of 18 (180 
ppb divided by a typical maximum concentration of 10 ppb in water outside hotspots) to 1800 (180 ppb di-
vided by a typical average concentration of 0.1 ppb in water outside hotspots) higher than environmental le-
vels found in the large majority of water systems. In these cases, the rapid upswing of serum concentration 
would be large compared to the more sustained concentrations of recirculating perchlorate as well as the ex-
ternal and endogenous contributions of the other compounds considered later in this paper. 

 The individuals in the Greer et al. [3] study were exposed to each of the three compounds considered in the 
current study simultaneously through their diet because there was no control on these additional compounds 
and routes of exposure; hence the NOEL and the RfD as developed using only the administered doses in the 
study of Greer et al. [3] understates the magnitude of the exposures to goitrogens acting through the sodium- 
iodide symporter mechanism which presumably leads to this NOEL or RfD. 
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 If a RSC value is then applied to the RfD, this is “double counting” the treatment of cumulative/aggregate 
risk. The double counting exists because the study of Greer et al. [3] already reflects exposure by all path-
ways to all goitrogens acting through the sodium-iodide symporter mechanism. The analysis conducted here 
assumes the exposures to other compounds acting through this mechanism are the same as in the general US 
population because there was no control on these exposures in the original study. 

 Reduction of iodide uptake into the thyroid produces the “downstream” (adverse) effects only at significant 
levels of decrease, estimated by the US National Research Council [11] to be above 70%; again, this indi-
cates that the mere presence of inhibition of iodide uptake to the thyroid as a basis for a NOEL, and then 
treating it as if it were a NOAEL, already includes a margin of safety. By contrast, FAO/WHO/JEFCA [12] 
set the threshold value for inhibition at 50%, and California OEHHA set it at 5% (see 
www.oehha.ca.gov/water/phg/pdf/PerchloratePHGFeb2015.pdf). 

 Control of perchlorate in either water or food should be seen within the context of aggregate and cumulative 
risk assessment, and a decision taken as to whether control of perchlorate in water is either the most effective 
(in the sense of protecting public health) or cost effective (in the sense of wisest expenditure of regulatory 
resources) means of protecting the public against cumulative/aggregate risks from compounds acting by this 
mechanism. 

Insight into the path forward to establishing a regulatory limit on perchlorate under the traditional regulatory 
assessment approach can be gained from the National Research Council [13] report. That study produced a 
NOEL of 0.007 mg/kg-day based on the study of Greer et al. [3]. The NRC further recommended a total uncer-
tainty factor of 10 for intraspecies extrapolation (the data were from humans generally, not from pregnant 
women and/or their fetuses, who might represent the sensitive subpopulation), resulting in a suggested RfD of: 

RfD = 0.007/10 = 0.0007 mg/kg-day or 0.7 µg/kg-day                    (3) 

This RfD value would, for the case where populations are exposed solely to perchlorate as the inhibitor of 
iodide uptake, yield a lower bound on the regulatory limit (Reference Concentration or RfC in US EPA regula-
tory terminology) of 18 µg/L, assuming 2 L/day consumption of water by a woman weighing 50 kg (chosen here 
as a health conservative assumption as it is in the lower 25% of body weights). This calculation uses the upper 
bound estimate of the ratio of water intake rate per unit body weight. The value is 24.5 µg/L if 70 kg body 
weight is used instead. The value of 18 µg/L is retained in the following discussion. 

However, the above discussion fails to reflect the issue of cumulative exposure to goitrogens acting by the 
mechanism considered in the present paper in interpreting the study of Greer et al. [3]. Four alternative ap-
proaches to establishing exposure limits on perchlorate are discussed in Section 4, each reflecting different 
treatments of cumulative/aggregate risk. For each of these, a description is given of the approach and results 
provided for both perchlorate alone and for PEC. 

4. Four Approaches to Regulatory Control of Risks from Perchlorate and 
Goitrogens 

The following discussion is rooted in Equation (2). Expanding Equation (2) to be more explicit: 
HI = (ADRIf, p + ADRIf, np + ADRIw, p + ADRIw, np)/RfD         (2 revised) 

where ADRIf,p is the ADRI of perchlorate (p) from food (f); ADRIf, np is the ADRI of non-perchlorate com-
pounds (np) from food acting through the sodium-iodide symporter mechanism to inhibit iodide uptake as 
measured in the study of Greer et al. [3]; ADRIw, p is the ADRI of perchlorate (p) from water (w); and ADRIw, 
np is the ADRI of non-perchlorate compounds (np) from water, again acting through the sodium-iodide sym-
porter mechanism. The value of RfD is identical for the four components, albeit calculated differently for the 
four approaches summarised below. This requires calculating the ADRI values using PEC rather than the direct 
mass concentration in the environmental media. 

For those PEC values, the summary of results by Tonacchera et al. [14] is used firstly based on four studies 
(cited in their paper), in which they find ratios of perchlorate: thiocyanate: nitrate of 1:20:240, 1:10:300, 
1:20:400 and 1:20:500, each of which is based on circulating serum molar concentration [15] [16]. Converting 
to effectiveness of inhibition per unit serum concentration, they recommend ratios of 1:8.8:150. This means a 
direct mass concentration of 1 unit of perchlorate is equivalent to 8.8 units of thiocyanate and 150 units of ni-
trate on the basis of equivalent serum concentration. When circulation half-lives in serum are included, the result 

http://www.oehha.ca.gov/water/phg/pdf/PerchloratePHGFeb2015.pdf
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is ratios of 1:0.5:240 on the basis of ingested quantity (the unit of interest here). The two values for PEC calcu-
lations above (1:8.8:150 and 1:0.5:240) are used here as upper and lower bounding estimates for the calculations 
that follow; when detailed PBPK and BBDR models are available for the three compounds considered here, 
these PEC values are likely to change. 

For typical background estimates of the various components to Equation (2) revised, the results are as follows 
based on a central tendency US diet; the choice to use a US diet is because the study population of Greer et al. 
[3] is represented by this diet, and hence it is this diet that is relevant in calculating non-perchlorate and non- 
water exposures. 
 For perchlorate in water, the ADRI is 0.004 µg/kg-day [17]; 
 For perchlorate in food, the ADRI is 0.1 µg/kg-day [18]; 
 For nitrate in water, the ADRI is 0.075 (11.3/150) µg/kg-day [16] without half-life correction, and 0.05 

(11.3/240) µg/kg-day with half-life correction; 
 For nitrate in food, the ADRI is 6.82 (1023/150) µg/kg-day based on the data in the 1994-1998 CSFII data of 

the USDA available in 2010; 
 For endogenous (END) nitrate production, the estimate is 45% of total nitrate exposure (END + NONEND) 

is via this component [11], and therefore the endogenous contribution would be (0.075 + 6.82) * 0.82 = 5.65 
µg/kg-day; in this calculation, the equality 0.45 = END/(END+NONEND) is solved, so END = (0.45/0.55) × 
NONEND = 0.82 × NONEND; 

 For thiocyanates in food (using the USDA CFSII data), the ADRI is 0.86 (7.5/8.8) µg/kg-day or 15 μg/kg- 
day (with half-life correction). Intakes from water are negligible. The NHANES urinary data suggest this to 
be an underestimate of thiocyanate exposure in the bloodstream, probably due to endogenous production. 

Again, the values above are in units of PEC. To summarize, background ADRI values (in PEC units) corres-
ponding to the components of Equation (2) (revised) are: 
 Perchlorate in water: 0.004 µg/kg-day; 
 Total goitrogens (acting through the sodium-iodide symporter mechanism) in water: 0.075 + 0.004 = 0.079 

µg/kg-day without half-life correction, and 0.05 + 0.004 = 0.054 µg/kg-day with half-life correction; 
 Total goitrogens (acting through the sodium-iodide symporter mechanism) in food: 0.1 + 6.82 + 5.65 + 0.86 

= 13.42 µg/kg-day without half-life correction, and 0.1 + 4.2 + 3.5 + 15 = 22.8 µg/kg-day with half-life cor-
rection. 

4.1. Approach 1 
The approach here is to use the study of Greer et al. [3] in the procedure typically followed in regulatory deci-
sions in establishing exposure limits by a single pathway to a single contaminant. The NOEL is then 0.007 
mg/kg-day. The RfD is 0.007/10 = 0.0007 mg/kg-day or 0.7 µg/kg-day, with the Uncertainty Factor of 10 ac-
counting for intraspecies variability to reflect a concern for pregnant women and their fetuses, but with no need 
for further uncertainty factors since this RfD already contains a margin of safety due to the use of a precursor to 
adverse effect rather than using an adverse effect itself. No RSC value should be applied both because it falls 
below the 10% - 20% guideline (for example, using average values for water and non-water, this fraction is 
0.004/0.1004 = 0.038 = 3.8%) considered by the US EPA as justifiable and because non-water exposures are al-
ready present in the Greer et al. [3] study. 

Resulting allowed concentration for perchlorate in water: 18 µg/L in water for a water intake rate of 2 L/day 
(the regulatory default) and a body weight of 50 kg. This uses the equation Concentration (µg/L water) = 0.7 
(µg/kg-day) × 50 (kg)/2 (L water/day) = 18 µg/L. 

Resulting allowed concentrations for goitrogens (PEC) in water: Approach 1 does not consider total goitro-
gens in water acting through the sodium-iodide symporter mechanism because it considers only the incremental 
exposure to perchlorate, without reference to any specific mechanism. The same concentration of 18 µg/L can, 
however, be used for the sum of all goitrogens (PEC; again, considering only those acting through the sodium- 
iodide symporter mechanism) in water so long as this intake refers to the increment above the background ex-
posures to these compounds. 

4.2. Approach 2 
The approach here is to use the study of Greer et al. [3] to produce an exposure-response relationship for iodide 
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uptake inhibition via the sodium-iodide symporter mechanism, coupled to the current best scientific estimates of 
the percentage inhibition necessary to produce a down-stream adverse effect (5% or 50% as described previous-
ly). This is equivalent to Equations 1A-1D in the paper of Greer et al. [3] (see page 931 of that paper). These 
equations are valid only for the region of doses in the study (0.007 mg/kg-day and above). 

(RU8)E2 = (−0.374) log10D + (0.209)  [Equation 1A in Greer et al.]        (4) 

  (RU24)E2 = (−0.373) log10D + (0.202)  [Equation 1B in Greer et al.]        (5) 

  (RU8)E14 = (−0.337) log10D + (0.229)  [Equation 1C in Greer et al.]        (6) 

  (RU24)E14 = (−0.359) log10D + (0.213)  [Equation 1D in Greer et al.]        (7) 

where D is the excess intake of perchlorate during the experiment (i.e., not the total intake of perchlorate or of 
other compounds included in aggregate and cumulative exposure) in units of ADRI (mg/kg-day); RU8 is the re-
duction in iodide uptake at 8 hours; RU24 is the reduction in iodide uptake at 24 hours; and E2 and E14 are the 
two sets of cases.  

For Approaches 2 and 4, the estimated exposure-response function (percent inhibition) for iodide uptake at 24 
hours following exposure to perchlorate in the study of Greer et al. [3] or other goitrogens acting through the 
sodium-iodide symporter mechanism is employed. If used for cases of cumulative risk, the value of ADRI must 
reflect the PEC of each compound relative to perchlorate (hence perchlorate has a PEC value of 1). 

From these results, the change in response is zero at doses below approximately 0.01 mg/kg-day, indicating 
that homeostatic mechanisms are fully operational at these low doses. 

Using the Equations for E2 and E14 and averaging over the two sets of cases, the value of ADRI correspond-
ing to a 50% decline in iodide uptake relative to the Baseline Visit value is 0.16 mg/kg-day (160 µg/kg-day). 
With a 10 fold uncertainty factor applied to the increment of dose above background, the resulting RfD for a 50% 
decline required to induce the specified levels of iodide uptake inhibition is 0.016 mg/kg-day (or 16 µg/kg-day). 
Note that the resulting RfC is a factor of 23 (16/0.7) above that from Approach 1. The value of ADRI corres-
ponding to a 5% decline in iodide uptake relative to the Baseline Visit value is approximately 0.015 mg/kg-day 
(15 µg/kg-day). With a 10 fold uncertainty factor applied to the increment of dose above background, the re-
sulting RfD required to induce the specified levels of iodide uptake inhibition is 0.0015 mg/kg-day (or 1.5 
µg/kg-day). 

Note that in this Approach, the measured effect (iodide uptake inhibition) remains a precursor to adverse ef-
fects rather than an adverse effect itself, but the level of inhibition is high enough to correlate well with the 
eventual down-stream production of adverse effects. 

Resulting allowed concentration for perchlorate in water (50% decline in iodide uptake required): 400 
µg/L for a water intake rate of 2 L/day (the regulatory default) and a body weight of 50 kg using the same cal-
culation as in Approach 1 but with the higher RfD. This uses the equation Concentration (µg/L water) = 16 
(µg/kg-day) × 50 (kg)/2 (L water/day) = 400 µg/L. 

Resulting allowed concentration for perchlorate in water (5% decline in iodide uptake required): 38 µg/L 
for a water intake rate of 2 L/day (the regulatory default) and a body weight of 50 kg using the same calculation 
as in Approach 1. This uses the equation Concentration (µg/L water) = 1.5 (µg/kg-day) × 50 (kg)/2 (L water/day) 
= 38 µg/L. 

Resulting allowed concentration for goitrogens (PEC) in water: The same concentrations of 400 µg/L (50% 
inhibition) or 38 µg/L (5% inhibition) can be used for the sum of all goitrogens (PEC) acting through the so-
dium-iodide symporter mechanism in water so long as this intake refers to the increment above the background 
exposures. 

4.3. Approach 3 
The approach here is to use the Greer et al. [3] NOEL of 0.007 mg/kg-day, but recognize the contribution of the 
other compounds (nitrates and thiocyantes here) to the total intake of compounds acting through the so-
dium-iodide symporter mechanism in that study. In other words, the NOEL from that study is not a NOEL asso-
ciated solely with perchlorate intakes during the study, but a NOEL reflecting the combined effect of all com-
pounds with the same mechanism of action present in the diet of the study subjects. The approach is to deter-
mine the actual intake rate of perchlorate and the other two compounds from all routes of exposure for the pop-
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ulation of Greer et al. [3] with application of a PEC factor to each of the compounds as was specified in Equa-
tion 2. The x-axis on the exposure-response relationship is adjusted accordingly. This new graph is then used to 
establish the NOEL reflecting cumulative and aggregate risk. 

Charnley [15] reviewed both the exposure and effects data through 2008. She concludes: “Based on data from 
27 foods, the US FDA has made a preliminary estimate of average daily perchlorate intake in the US of 0.053 
µg/kg/day [19], similar to that estimated on the basis of urinary perchlorate measurements, 0.066 µg/kg/day 
[17]”. Intakes of perchlorate through the diet in the population of Greer et al. [3] are evidently significantly 
smaller than the perchlorate consumed at the NOEL (7 µg/kg-day). As shown below, however, this preliminary 
estimate is significantly lower than what one obtains when more complete data (provided below) are considered. 

In addition, the concern for goitrogens acting through the sodium-iodide symporter mechanism is not domi-
nated by perchlorate. Of direct interest here is the daily intake rate of other compounds such as those listed at the 
beginning of Section 3 above. The calculations here are based on the results of Tonacchera et al. [13] using PEC 
ratios of 1:15:240 or 1:8.8:150 for ClO4-:SCN-:NO3- on the molar- and weight-based ratios respectively. Again, 
these ratios are 1:0.5:240 on the basis of ingested quantity when a serum half-life correction is applied. 

As shown earlier, total background ADRI (using PEC) for perchlorate, nitrates and thiocyanates is approx-
imately 0.004 + 0.075 + 13.42 = 13.5 µg/kg-day without serum half-life corrections or 0.004 + 0.05 + 22.8 = 
22.9 µg/kg-day if half-life corrections are included. This in turn suggests (even if only these two additional 
compounds are considered) that the NOEL of 0.007 mg/kg-day from the Greer et al. [3] study is associated with 
a total PEC intake rate of 13.5 µg/kg-day (without half-life) or 22.9 µg/kg-day (with half-life). 

Resulting allowed concentration for perchlorate in water: 338 µg/L (without serum half-life correction) or 
573 µg/L (with serum half-life correction) for a water intake rate of 2 L/day (the regulatory default) and a body 
weight of 50 kg using the same calculation as in Approach 1 but with the higher RfD. These values use the equ-
ation Concentration (µg/L water) = 13.5 (µg/kg-day) × 50 (kg)/2 (L/day) = 338 µg/L (without serum half-life 
correction) or 22.9 µg/kg-day × 50 (kg)/2 (L/day) = 573 µg/L (with serum half-life correction). This calculation 
presumes perchlorate is the sole contributor to the cumulative risk from goitrogens acting through the so-
dium-iodide symporter mechanism.  

Resulting allowed concentration for goitrogens (PEC) in water: The same concentration of 338 µg/L (with-
out serum half-life correction) or 573 µg/L (with serum half-life correction) can be used for the sum of all com-
pounds (PEC) acting through the sodium-iodide symporter mechanism in water. 

4.4. Approach 4 
The approach here is to use the study of Greer et al. [3] to produce an exposure-response relationship for iodide 
uptake inhibition through the sodium-iodide symporter mechanism, coupled to a range of estimates of the per-
centage inhibition necessary to produce a down-stream adverse effect. As in Approach 2, a 50% inhibition is 
associated with an ADRI of 16 µg/kg-day (administered intake from water in the Greer et al. [3] study) + 13.5 
µg/kg-day (background) = 29.5 µg/kg-day (without serum half-life correction), or 16 µg/kg-day (administered 
intake from water in the study of Greer et al. [3]) + 22.9 µg/kg-day (background) = 38.9 µg/kg-day (with serum 
half-life correction). And again as in Approach 2, a 5% inhibition is associated with an ADRI of 1.5 µg/kg-day 
(administered intake from water in the Greer et al. [3] study) + 13.5 µg/kg-day (background) = 15 µg/kg-day 
(without serum half-life correction), or 1.5 µg/kg-day (administered intake from water in the Greer et al. [3] 
study) + 22.9 µg/kg-day (background) = 24.4 µg/kg-day (with serum half-life correction). 

Resulting allowed concentration for perchlorate in water (50% decline in iodide uptake required): 737 
µg/L for a water intake rate of 2 L/day (the regulatory default) and a body weight of 50 kg using the same cal-
culation as in Approach 1 but with the higher RfD (without serum half-life correction) or 973 µg/L (with serum 
half-life correction). This uses the equation Concentration (µg/L water) = 29.5 (µg/kg-day) × 50 (kg)/2 (L wa-
ter/day) = 737 µg/L (without serum half-life correction) or 38.9 (µg/kg-day) × 50 (kg)/2 (L/day) = 973 µg/L 
(with serum half-life correction). This calculation presumes perchlorate is the sole contributor to the cumulative 
risk from goitrogens acting through the sodium-iodide symporter mechanism. 

Resulting allowed concentration for perchlorate in water (5% decline in iodide uptake required): 375 µg/L 
for a water intake rate of 2 L/day (the regulatory default) and a body weight of 50 kg using the same calculation 
as in Approach 1 but with the higher RfD (with no serum half-life correction), or 635 µg/L (with no serum 
half-life correction). This uses the equation Concentration (µg/L water) = 15 (µg/kg-day) × 50 (kg)/2 (L wa-
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ter/day) = 375 µg/L (without serum half-life correction) or 25.4 (µg/kg-day) × 50 (kg)/2 (L/day) = 635 µg/L 
(with serum half-life correction). This calculation presumes perchlorate is the sole contributor to the cumulative 
risk from goitrogens acting through the sodium-iodide symporter mechanism. 

Resulting allowed concentration for goitrogens (PEC) in water: The concentration of 737 µg/L (without se-
rum half-life correction) or 973 µg/L (with serum half-life correction) can be used for the sum of all goitrogens 
(PEC) in water for an assumed inhibition threshold of 50%. The concentration of 375 µg/L (without serum 
half-life correction) or 635 µg/L (with serum half-life correction) can be used for the sum of all goitrogens (PEC) 
in water for an assumed inhibition threshold of 5%. 

5. Conclusions 
The analyses of Section 4 suggest that regulatory limits on perchlorate exposures in water are protective of pub-
lic health at somewhere between 18 µg/L and 973 µg/L, with the value dependent on the approach taken to in-
corporate cumulative risk into regulatory risk assessment, on the inclusion or not of serum half-life correction, 
and the non-perchlorate exposures to compounds acting by this mechanism. The four approaches considered 
here yield the following estimates of the safe levels in water of perchlorate (when perchlorate in water is the sole 
intake of goitrogens) or total goitrogens (PEC; where there are multiple goitrogens present in the water but again 
where water is the sole route of exposure): 
 Approach 1: 18 µg/L; 
 Approach 2: 400 µg/L (50% required inhibition) or 38 µg/L (5% required inhibition);  
 Approach 3: 338 µg/L (without serum half-life correction) or 573 µg/L (with serum half-life correction); 
 Approach 4: 737 µg/L (without serum half-life correction) or 973 µg/L (with serum half-life correction) for 

50% required inhibition; 375 µg/L (without half-life) or 735 µg/L (with half-life) for 5% required inhibition. 
Finally, it is noted that the science of both effects of perchlorate and goitrogen is expanding rapidly. The cur-

rent paper has considered only assessments performed within the traditional regulatory framework rooted in 
NOELs, LOELs, etc. There are significant advances in both the PBPK and BBDR models of perchlorate [20] 
[21] which will move the regulatory community towards a more biologically based approach to establishing 
benchmark doses rather than developing NOELs or LOELs. This includes better understanding of the role of 
endogenously produced goitrogens, such as nitrates and thiocyanates, although the models are not yet well de-
veloped for application to cumulative risk assessment. 

When these scientific advances are reflected in analyses, the establishment of a benchmark dose associated 
with each goitrogen and the interactions between the goitrogens reflected in calculation of PEC will change. As 
mentioned briefly earlier, this increased understanding may include secondary modes or mechanisms of action 
by at least perchlorate and quantified contributions to levels of inhibition by routes such as smoking [22] [23]. 
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