
Temporal Trends in Exposures to Six Phthalates from 
Biomonitoring Data: Implications for Cumulative Risk

Jeanette M. Reyes1, Paul S. Price2,*

1Oak Ridge Institute for Science and Education (ORISE) Research Participation Program, hosted 
at U.S. Environmental Protection Agency, Research Triangle Park, North Carolina 27711, United 
States

2Office of Research and Development, National Exposure Research Laboratory, U.S. 
Environmental Protection Agency, Research Triangle Park, North Carolina 27711, United States

Abstract

Phthalates are used in a wide range of consumer goods, resulting in exposures to specific 

phthalates that vary over time in accordance with changes in product use and how phthalates 

are utilized. We investigated trends in estimates of daily intake dose and several cumulative risk 

metrics, including the Hazard Quotient (HQ), Hazard Index (HI), and Maximum Cumulative Ratio 

(MCR) for six phthalates from 2005 to 2014 using metabolite biomonitoring data collected from 

spot urine samples under the National Health and Nutrition Examination Survey (NHANES). Over 

this period, there was a 2.2-fold decrease in the mean HI (0.34 to 0.15) and a 7.2-fold decrease 

in the percentage of participants with an HI > 1 (5.7% to 0.8%), indicating an overall decrease 

in combined exposure to these phthalates. Children (aged 6–11 years) had higher mean HI values 

than either adolescents (aged 12–19 years) or adults (aged 20+ years) during this period. MCR 

values were generally low and inversely correlated with HI. This indicated that a single phthalate 

usually drove the hazards for highly exposed individuals. However, the average value of MCR 

increased 1.2-fold (1.7–2.1) over this period indicating an increasing need to consider exposures to 

multiple phthalates in this group.
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Introduction

Phthalates (esters of phthalic acid) are used as plasticizers in a wide range of consumer 

goods including vinyl flooring, food packaging, the outer coatings of pills, cosmetics, food 

containers, and pipes and tubing.(1) Phthalates are not strongly bound to the polymers they 

plasticize and leaching of the compounds can occur in many of these products.(2,3) Over 

time, various phthalates gain or lose market share as a function of changes in product 

design, costs of production, and regulatory concerns. Such changes can result in statistically 

significant temporal changes in exposures to phthalates in the U.S. population.(4,5) In 2008 

the National Research Council concluded that phthalates met the conditions to warrant a 

cumulative risk approach due to the general population’s exposure to multiple phthalates 

that may contribute to common adverse health outcomes including the disruption of male 

reproductive development.(1,6–10) It is important to explore these trends to inform changes 

in risk management needs. In addition, the interpretation of historical epidemiologic studies 

requires an understanding of the exposures that existed when the study population was 

investigated.(11)

The Hazard Index (HI) and Maximum Cumulative Ratio (MCR) metrics are a means to 

understanding risks and hazards from exposures. The HI is a measure that provides a 

straightforward method for quantifying cumulative risks to an individual by relating the 

individual’s intake of substances to the substances’ Reference Values (RfVs) assuming 

dose addition.(1,12–15) Examples of RfVs for oral exposures include the United States 

Environmental Protection Agency’s (USEPA’s) Reference Dose (RfD) and the European 

Union’s Tolerable Daily Intake (TDI). The application of the HI technique to individuals 

has been previously demonstrated in the literature.(16,17) An HI > 1 indicates that an 

individual’s combined exposures are potentially a concern. MCR is a measure of the relative 

contribution of the most dominant chemical to the risks posed by a participant’s cumulative 

exposures to multiple chemicals. The MCR metric has been applied to biomonitoring data of 

mixtures of dioxin-like chemicals,(18) exposures to mixtures of chemicals in water,(19–22) 

and mixtures in residential indoor air.(23) The MCR along with measures of cumulative 

exposures can inform risk management decisions and help identify specific combinations of 

chemicals that result in elevated cumulative risks.
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Over the last several years, a number of researchers have investigated combined exposures 

to phthalates using various metrics. Many of these studies have used the biomonitoring 

data of phthalate metabolites in urine collected from the National Health and Nutrition 

Examination Survey (NHANES).(24–32) Because phthalates are nonpersistent in humans, 

biomonitoring data reflect phthalate exposures in surveyed participants at the time of 

sample collection. Data generated by continuous surveys such as NHANES can be used 

to characterize the temporal changes in phthalate exposures. While NHANES does not 

track specific participants over time, it provides snapshots of the population distribution of 

exposures for specific time periods.

Researchers historically have used a range of approaches for analyzing NHANES data. Zota 

et al. and others have looked at patterns of urinary metabolites of phthalates for one or 

multiple time periods.(28,31–33) Specifically, Zota et al. explored metabolites of multiple 

phthalate concentrations from 2001 to 2010 presented by age, race/ethnicity, gender, and 

household income.(31) Others have used reverse dosimetry models to estimate the daily 

intake of phthalates associated with observed levels of urinary metabolites. Christensen et 

al. and Søeborg et al. used the HI to assess cumulative exposures to phthalates.(17,30) 

Varshavsky et al. used a potency-weighted approach to assess combined exposures.(25) 

Specifically, Varshavsky et al. explored the toxicological equivalent of di-n-butyl phthalate 

from a group of androgen disrupting phthalates for data collected between 2001 and 2012.

(25)

This work used the same approach as Reyes and Price(34) to investigate the changes in HI 

and the MCR on a group of six phthalates using biomonitoring data from NHANES between 

the years 2005–2014. Temporal trends in these values were determined population-wide and 

presented by different demographic groups defined by age, race/ethnicity, and gender using 

multivariate regression analyses. The resulting estimates of individual and cumulative risks 

were assessed using the MCR and related approaches.

Materials and Methods

NHANES Data Set from 2005 to 2014

Phthalate biomarker data came from five consecutive cycles of NHANES spanning 10 years 

from 2005 to 2014.(35) NHANES is a continuous, ongoing nationwide survey conducted 

by the National Center for Health Statistics (NCHS) of the Centers for Disease Control 

and Prevention (CDC) and is representative of the general, noninstitutionalized, civilian 

population in the United States. NHANES categorizes its data in two-year increments known 

as a “cycle”, with the specific number of participants varying from cycle to cycle. Spot 

samples of urine were collected from participants six years and older.(36) A subset of these 

samples were analyzed for a number of phthalate metabolites. The number of sampled 

participants ranged from 2527 to 2755 for the five most recent, available cycles (Supporting 

Information (SI), Table S2).

The six parent phthalates included in this analysis each inferred from one or more 

metabolites were di-n-butyl phthalate (DBP), diisobutyl phthalate (DIBP), butyl benzyl 

phthalate (BBP), di(2-ethylhexyl) phthalate (DEHP), diisononyl phthalate (DINP), and 
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diisodecyl phthalate (DIDP) originating from 10 metabolites total (Table S3). All metabolite 

concentrations below the limit of detection (LOD) were set to LOD/ 2, allowing the 

mean and associated standard deviation to have an acceptable level of bias.(37) The set 

of phthalates selected included all available phthalates from NHANES with four or more 

carbon side chains(38) and those phthalates associated with the “phthalate syndrome” 

measured in the five most recent cycles.(39–41) The metabolite mono (3-carboxypropyl) 

phthalate (MCPP) was not evaluated because it is a secondary metabolite of both DBP and 

DOP. A copy of the data used in this study is provided in the SI.

Unless indicated otherwise, counts, frequencies, and percentages of participants were 

not adjusted using NHANES survey weights; however, cycle-specific, population-wide 

measures (e.g., means, quantiles, confidence intervals, etc.) were adjusted. All analyses 

and visualizations were conducted in R (version 3.2.2) using the packages ggplot2 (version 

2.2.0) and survey (version 3.31).

Daily Intake Dose and Maximum Cumulative Ratio

Daily Intake (DI) doses of phthalates for NHANES participants were calculated using 

metabolite concentrations in the urine, information about the metabolite and parent 

phthalate,(42,43) and creatinine excretion using demographic information about the 

participant scaled to their body weight(44,45) as described in Reyes and Price.(34) A 

summary of the methodology is provided in SI. The Hazard Quotient (HQ) is calculated 

as the ratio of an individual’s estimated exposure level to the RfV for that chemical. The 

chemical-specific HQs are then summed to give an individual’s HI.

The following equations were used to determine the values of HQ, HI, and MCR for 

participant iand phthalate j for N phthalates:

HQi, j = DIi, j/TDIj (1)

HQM, i = max
jϵ 1, …, N

HQi, j (2)

HIi = ∑
j = 1

N
HQi, j (3)

There were six phthalates used in this analysis (i.e., N = 6) and HQM quantifies the 

maximum HQ among the six phthalates for participant i. The TDIs used in this study are in 

line with previous works (Table S3).(30) The value of MCR for an individual i in an exposed 

population is defined as

MCRi = HIi/HQM, i (4)

The values of HI and the MCR can be used to evaluate cumulative exposures in several 

ways. A negative correlation (i.e., MCR – 1 declines as HI increases) indicates that the 
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individuals most at risk from cumulative exposures received the majority of their risks from 

a single chemical.(34)

The values of HI and MCR also enable categorization of the surveyed participants into 

three groups (Table S4).(46,47) Group I is comprised of those participants having one or 

more phthalate doses which have HQ values greater than 1. Group II includes participants 

with values of HI ≤ 1. The remaining participants would not have been flagged under a 

single-chemical assessment but have HI > 1, making their combined exposures a potential 

concern. These participants are identified as Group III. Group III can be divided into two 

subgroups. Group IIIA includes those participants with an MCR < 2, whereas Group IIIB 

includes those with an MCR ≥ 2, indicating that a potential risk is driven by exposure to 

multiple chemicals.

Statistical Analyses of Demographic Groups

In line with the methodology presented in Zota et al.,(31) we calculated the association of 

the least squares geometric means (LSGMs) of the population-wide HI by overall NHANES 

cycle and by the demographic groups for age, race/ethnicity, and gender after adjusting for 

given covariates. Age categories include children (6–11 years of age), adolescents (12–19 

years of age), and adults (20+ years of age). We explored three race/ethnicity categories 

(i.e., Mexican American, non-Hispanic White, and non-Hispanic Black) and gender (i.e., 

female and male). The category of “Other Hispanic” was excluded from the linear regression 

analysis because oversampling of “Other Hispanic” began in the 2007–2008 cycle and 

such a change prevents a comparison across the five cycles.(48) Differences in the LSGM 

HIs between overall cycles and within each of the three demographic groups (i.e., age, 

race/ethnicity, and gender) were also investigated. Depending on the interaction term, each 

regression was adjusted for gender, race, number of fasting hours, and poverty income ratio 

(PIR). PIR is a ratio which indicates by how much a participant’s household income is above 

or below the poverty guidelines. This varies as a function of year, location, and number of 

persons in a household.(49) PIR was treated as a categorical variable (i.e., PIR < 1, PIR 

∈ [1,3], and PIR > 3). “Fasting hour” is the number of whole hours between when the 

participant last ate or drank and the time when the biomonitoring sample was taken. The full 

regression models can be found in the SI (Table S5). For the regression analysis, phthalate 

metabolite concentrations below the LOD across NHANES cycles were set to max LOD / 2
(Table S6).

A separate analysis was made on the proportion of participants with HI > 1 within (1) 

a demographic group for a fixed NHANES cycle and (2) a given demographic subgroup 

across NHANES cycles. The analyses used χ2 tests and took into account the NHANES 

survey weights.

Determination of Critical Combinations of Phthalates

MCR analyses can aid in identifying which combinations of chemicals are most important 

to investigate for possible toxicity interactions. The critical pairs were determined by 

identifying the phthalates which produced the top two largest HQs for the individuals with 

HI > 1 in each of the five cycles. These phthalates will have the largest exposures relative 
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to their toxicity end points and thus are likely to have an increased potential for interactions. 

They are also the phthalates where deviation from additivity will have the greatest impact on 

HI values.(13)

Sensitivity Analysis

To evaluate the robustness of these findings we investigated two alternative approaches: 

the urinary flow rate (UFR) methodology for estimating dose and Varshavsky et al. potency-

weighting approach for assessing combined exposures.(25,50) Details on these alternative 

analyses are contained in the SI. Data on UFRs were not collected before 2009, therefore 

this method can only be applied to the three most recent NHANES cycles. The Varshavsky 

et al. approach allows for the integration of multiple phthalate exposures into a single metric 

using Benchmark Doses (BMDs). BMDs due to androgen disruption for the phthalates were 

obtained from the literature.(1)DBP was used as the reference because it has the lowest 

BMD. The relative potency factor (RPF) of each of the six phthalates were calculated using 

the formula RPFj = BMDreference/BMDj for phthalate j (Table S9). The potency-weighted 

dose (PWD) was calculated using the formula DIPWD,i = ∑j = 1
NRPFj × DIi,j for participant i 

and phthalate j using N number of phthalates. This alternative method was used to calculate 

MCR and explore the relationship between MCR and the PWD. Varshavsky et al. does not 

provide an acceptable level of the PWDs.(25) This limits the ability of the approach to 

determine if the values of PWD generated here are a concern and prevents the assignment of 

individuals into the three Groups.

Results and Discussion

Temporal Trends in HI and HQ Values

Population estimates of the mean and quantiles of HI declined overall across the five cycles. 

The mean (median) values declined from 0.34 to 0.15 (0.17 to 0.10). The interquartile range 

(IQR) of HI also declined from 0.21 to 0.10, indicating a reduction in the interindividual 

variation of HI values. The 95th percentile of HI estimated for the surveyed population 

declined from 1.1 to 0.44. During this period, only a minority of the survey participants had 

values of HI > 1, declining from 5.7% to 0.8%. The percentages of participants with HI 

> 1 for the five cycles were statistically different and a downward trend is observed in the 

population-wide HI values calculated from the six selected phthalates over time (Figure 1).

Figure 1 presents the temporal trends in the phthalate-specific HQ values. The decrease 

in HI values can mostly be attributed to decreases in HQ values from DEHP and DBP. 

HQs of BBP also decreased during this period; however, this compound contributed less 

to the overall HI declines compared to DEHP and DBP. The mean and median HQs of 

DIBP and DIDP remained fairly consistent over this time period. Increases in DIBP are in 

line with previous works(25,31) but overall contributed minimally to the HI when scaled 

by its TDI. DINP was the only phthalate whose HQ values notably increased during this 

period; however, the magnitude of the increase in HQ for DINP was mostly smaller than the 

corresponding magnitude of decrease of DEHP, leading to an overall decrease in HI.
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The HQM was produced by one the six phthalates selected in this work. The HQM can be 

calculated for all participants and the frequencies of the phthalates that produced the HQM 

can be tabulated (Table S1; Figure 2). This tabulation can be subset to only participants with 

HI > 1 (Figure 2). There was a consistent temporal decrease in the frequency of participants 

whose HQMwas produced by DEHP (declining from 1517 to 717 for all participants and 

from 123 to 5 for participants with HI > 1). This was offset by an increase in frequency 

of HQM produced by DINP (increasing from 37 to 961 for all participants and from 1 to 

16 for participants with HI > 1). This shift in dominance of DEHP and DINP has been 

demonstrated in other works for specific NHANES cycles.(28,30) The frequency of HQM 

produced by DBP was consistent across the past five cycles except for a decline in the most 

recently available NHANES cycle (i.e., the 2013–2014 cycle).

While mean HQ for DINP has increased from 2005 to 2014, mean HI has decreased over 

the same time period due mainly to decreases in DEHP and DBP. Decreases in mean HQs 

across cycles among some of the phthalates may be attributed to regulatory or substitution 

strategies. In 2008, the Consumer Product Safety Commission (CPSC) banned DEHP, DBP, 

and BBP in children’s toys in concentrations greater than 0.1%.(51) This list was expanded 

in 2017 to include five additional phthalates including DINP and DIBP at the same percent 

concentrations.(52) Decreases in DEHP may be attributed to replacement strategies with 

higher molecular weight phthalates such as DINP and DIDP.(53) Changes in exposures to 

DEHP and DBP would have a greater impact on the HI compared to changes in exposures to 

DINP and DIBP because of DEHP and DBP’s lower TDIs. NHANES only offers a snapshot 

of population-wide exposures and does not collect samples from the same participants from 

cycle to cycle. Phthalate-specific HQs are determined from current TDIs and may be subject 

to change if TDIs are updated in the future.

Changes in HI Values in Different Demographic Groups Across Cycles

In general, the same temporal changes seen in the total population were mirrored in the 

demographic groups presented by age, race/ethnicity, and gender. Figure 3 shows the 

population-wide LSGM of HI values for NHANES participants across each cycle presented 

overall and by different demographic groups. Values were adjusted for selected covariates, 

as presented in a previous work(31) (Table S5). There was a statistically significant decrease 

in LSGM HI overall (Wald test, p < 0.001) and a decrease in LSGM HI in the three 

demographic groups over the ten years.

Differences in LSGM HI were explored within demographic groups for fixed NHANES 

cycles using pairwise Bonferroni comparisons (Table S7). Age was the only demographic 

group explored that had a consistent difference in LSGM HI across all five cycles. Children 

had a higher LSGM HI compared to adolescents and adults given a fixed NHANES cycle (p 
< 0.01 for all pairings). Adolescents had a slightly higher LSGM HI compared with adults; 

however, the difference was only statistically significant for the last NHANES cycle (p < 

0.05). Elevated phthalate levels at younger ages were consistent with earlier findings. This 

may be due to the amount of food consumption per body weight and different metabolisms 

and behaviors of children compared with adults.(31,54) Currently, NHANES does not take 
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urine samples from children under the age of six. Thus, these results may not be applicable 

for younger children.

There were statistically significant differences in LSGM HI values for race/ethnicity in the 

2005–2006 cycle and for gender in the 2007–2008 cycle. These differences decreased over 

time and were not statistically significant in subsequent cycles. These results were similar 

to previous findings of minimal differences in exposures with race/ethnicity(25) but differ 

from previous findings of statistically significant gender differences as observed in Parlett et 

al.(55) However, when examining gender differences, Parlett et al. explored a different set of 

phthalates and dietary sources were outside the scope of their study.

Temporal and cycle-specific changes in the fraction of individuals with HI > 1 were 

also investigated. The χ2 test of proportions of individuals with HI > 1 were subset to 

slightly different categories than those used in the LSGM analysis.(31) Namely, all races/

ethnicities were considered (including “Other Hispanic” and “Other”) and participants were 

not removed from the χ2testing if they had missing PIR values. The temporal changes in 

the proportion of individuals with HI > 1 in various demographic groups followed the same 

trend as the total population (Table 1). In all demographic subgroups, these trends were 

found to be statistically significant across cycles using a χ2 test, with the exception of the 

“Other” race/ethnicity subgroup. For a given fixed NHANES cycle, differences between the 

proportion of individuals with HI > 1 within a given demographic group were found to be 

statistically significant only for gender and race/ethnicity in the 2005–2006 cycle.

Temporal Trends in MCR and Its Relationship to HI

The MCR values were calculated for each participant across the five cycles. The relative 

frequency of participants falling in the Groups (i.e., I, II, IIIA, and IIIB) along with the 

ranges of HI for each Group can provide additional insight into patterns of exposure. 

Plotting the values of log(MCR – 1) versus log(HI) for the surveyed participants results in 

the three groups falling into contiguous regions (Figure 4).(22,46,47) Figure 4 shows that 

for all five cycles, MCR and HI values were negatively correlated and participants with the 

largest values of HI have values of MCR that were typically less than 1.5 (i.e., log(MCR 

– 1) values were typically less than −0.30). The 2005–2006 cycle contained the highest 

frequency of participants in Group I and III with 113 and 30 participants, respectively (Table 

S1; Figure 4). While mean HI values decreased over time, mean MCR values have increased 

from 1.7 to 2.1. Figure 4 and Table S10 also include a characterization of the relationship 

between MCR and HI by defining a simple linear regression between log(HI) and log(MCR 

– 1) in each of the five cycles. There was a consistent inverse relationship between HI 

and MCR; however, there was a decrease in the magnitude of the relationship over time as 

measured by the slope of the regression line.

Increasing MCR values and decreasing (in magnitude) slope between MCR and HI, along 

with the declining HI values, indicated a change in the pattern of cumulative exposures to 

phthalates over time. As discussed above, the combined impacts of this set of phthalates 

declined. This decline was most sizable among the participants with the larger exposures. 

This leads to a reduction in the variation of participants’ HQ values, such that the HI values 

have become less dominated by a single chemical. These changes increased the impacts 
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of combined exposures.(20) This trend was reflected in the increase in the percentage of 

participants with HI > 1 that fell into Group III over the five cycles (a more than doubling 

from 21% to 43%). This trend, however, was not sufficient to change the inverse relationship 

between MCR and HI. Notably, in the most recent cycle the participants with the largest 

values of HI still had MCR values less than two. This indicates that although mean MCR 

has increased over time, those with the highest cumulative exposures were most likely 

consistently and primarily driven by one chemical within the mixture.(34)

Christensen et al. calculated the HQ and HI for a mixture of phthalates from NHANES, 

but did not investigate temporal trends.(30) Zota et al. investigated trends in urinary 

concentration of phthalate metabolites and looked at trends in various demographic groups. 

Varshavsky et al. examined temporal trends in the general population and in various 

demographic groups using a potency-weighted approach but did not determine estimates 

of hazard.(25) All of these previous works determined changes in phthalate exposures over 

multiple years. This work demonstrates that the trends presented from previous cycles of 

NHANES continued in the most recent cycle for which there were available phthalate data 

(i.e., the 2013–2014 cycle). Likewise, this is the first work to investigate population-wide 

temporal trends of phthalates using the hazard index. Lastly, this is the first work to 

investigate the relative contributions of phthalates to a mixture over time as seen through 

the MCR metric and the quantification of the frequency at which particular phthalates 

contributed to HQM within a given mixture.

Between 2005 and 2014 for the six phthalates selected in this work, NHANES data showed 

a population-wide push from exposure to phthalates with lower TDI values (i.e., phthalates 

which were more toxic) to phthalates with higher TDI values (i.e., phthalates which were 

less toxic), resulting in declines in estimates of aggregate screening risks over this period. 

Mean HI values decreased 2.2-fold, and the proportion of NHANES participants with HI 

> 1 decreased 7.2-fold. While these measures of cumulative risk declined, there is an 

increased need for cumulative exposure assessments to accurately characterize risk. In the 

most recent cycle, 43% of individuals with HI > 1 would have been missed by performing 

separate assessments of each phthalate. If the individual exposures from phthalates continue 

to decline, the collection and analysis of biomonitoring data for cumulative exposures from 

these compounds will become increasingly more important. Researchers should continue 

to monitor changes in population exposures and track the entry of new phthalates and 

plasticizers into the market.

Temporal Trends in Participants’ Top Two Maximum HQs

An individual with MCR < 2 indicates that a pair of phthalates were responsible for the 

majority of a given HI value; therefore, when investigating interactions of phthalates, the 

focus should be on this pair. The frequency at which the phthalates that produced the top 

two HQs in each of the participants with HI > 1 across the five consecutive cycles of 

NHANES were determined (Table 2). While there are 15 unique pairs of phthalates, only 

seven pairs occurred in the participants and the frequency of occurrence of the pairs changed 

over time. The most notable temporal decrease in pairings were in the pairs DEHP/DBP 

and DEHP/DIDP. DEHP/DINP constitute both a consistent and high frequency of pairs. 
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The largest increase of pairs was for DIDP/DINP. This change in frequency of pairs may 

speak to the substitution of DEHP with DINP over time.(11,56) DINP was in 21 (15%) 

pairs in the earliest cycle and 18 (86%) in the most recent cycle, whereas DIDP was in 

6 (4.2%) pairs in the earliest cycle and 7 (33%) in the most recent cycle. This analysis 

implies that toxicological investigation of DEHP/DINP pairing continues to be important 

and that the DIDP/DINP pairing may be important going forward. Exploring the frequencies 

of the phthalates which produced the top two HQM among participants with HI > 1 allow 

researchers to prioritize the toxicological interactions of phthalates in a mixtures analysis. 

This work found that the mean HI was cut by over half during a 10-year time period. This 

speaks to how quickly replacement strategies and population-wide exposures can change. 

The size of the observed changes suggests that effects of the phthalates in the general 

population could have changed over this time period. Epidemiologic studies of the effects 

of phthalates should take care to use measures of exposures that are concurrent to observed 

effects and the application of epidemiologic findings to current and future populations 

should take into account temporal changes in phthalate exposures.

The results of the sensitivity analyses indicated that while alternative approaches changed 

the specific values of the results, the above findings were robust when considering 

alternative methods of dose reconstruction and combined hazards. The treatment of below-

detects of metabolites did not measurably influence the magnitude of corresponding 

phthalate estimates (Figure S1). The work presented here calculated DI values using a 

creatinine correction methodology (eq S1) due to the missingness of UFR in earlier cycles.

(30) However, there were several notable limitations to calculating DI. Phthalates have short 

half-lives and maximum urinary concentration of a phthalate metabolite likely occurs a 

few hours after exposure.(29) This concern was partially addressed by adjusting the HI by 

“fasting hour” in the LSGM regression analysis. However, this would only address dietary 

exposures. An alternative to the creatinine correction method of estimating DI is to use 

measures of UFR (eq S3). There are limitations to the creatinine-correction approach and 

the UFR may be preferable in certain scenarios.(57,58) However, because reporting of UFR 

began in the 2009–2010 cycle, creatinine-correction was the primary method used in this 

work. UFR was only available for a subset of participants due to missingness (92%, 94%, 

and 90%, for the three cycles, respectively). Mean HIs across the three available NHANES 

cycles for UFR (creatinine correction) were 0.25, 0.18, and 0.14 (0.27, 0.19, and 0.15), 

respectively (Figure S2). Although the mean HI for UFR was generally lower than the 

creatinine correction methods, there was only a statistically significant difference between 

mean HI in the 2009–2010 cycle (p < 0.01). The UFR generally produced more participants 

with HI > 1 in the three cycles: 61, 55, and 35 compared with 62, 35, and 19 (Table S8), 

respectively. Using a χ2test, there was a difference in the proportion of participants with HI 

> 1 across the three most recent cycles using the creatinine correction method (p < 0.01), 

but not the UFR method (p ≥ 0.05). The majority of participants still fell into Group I (Table 

S8). It was notable that the differences between the two methods changed as a function of 

quantile of HI (Figure S3).

MCR based on the total potency-weighted dose for a participant was an alternative to the 

calculation that used HI (Table S9).(25) The log of total potency-weighted doses plotted 

against log(MCR – 1) from the five cycles showed similar trends as the plot of log(HI) 
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versus log(MCR – 1) (Figure S4). The slopes for the potency-weighted approach were 

generally larger in magnitude compared to the HI approach and the mean MCR across the 

five cycles for the potency-weighted approach was slightly but consistently lower compared 

to the HI approach (Table S10). The alternative approaches confirmed that there was an 

increasing dominance of a single phthalate for participants with elevated measures of hazard.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Population-wide boxplots of the log transform of phthalate-specific hazard quotients (HQs) 

and the hazard index (HI) of the surveyed NHANES population presented by cycle spanning 

from 2005 to 2014 and adjusted for the NHANES survey weighting factors. The boxplot is 

marked by the median, first and third quartile, and ±1.5 × IQR (inter-quartile range). The 

logarithm of the arithmetic means is identified with an “X”. The dashed, horizontal, red line 

indicates HI = 1 (i.e., log(HI) = 0).
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Figure 2. 
Stacked bar graph displaying the frequency at which each of the six phthalates produced 

the maximum hazard quotient (HQM) among the NHANES participants across the cycles 

spanning from 2005 to 2014. The top panel presents all participants and the bottom panel 

subsets to participants whose hazard index (HI) is greater than one with a table inset 

quantifying the subset, stacked bar graph.
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Figure 3. 
Population least squares geometric mean (LSGM) with 95% confidence intervals of the 

hazard index (HI) of the surveyed NHANES population from six phthalates by cycle 

spanning from 2005 to 2014 presented overall (top left), by gender (top right), by race/

ethnicity (bottom left), and by age (bottom right) adjusting for covariates and the NHANES 

survey weighting factors.
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Figure 4. 
Plot of log Hazard Index (HI) versus log(MCR – 1) (with HQM/HI) for all participants 

from the five NHANES cycles spanning from 2005 to 2014. Regions corresponding to 

Groups I, II, IIIA, and IIIB and linear regression between log HI with log(MCR – 1) with 

95% confidence interval are presented. Regressions for cycles 2009–2010 and 2013–2014 

overlap.
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Table 1.

Frequency (% in Each Subgroup) Of Participants with HI > 1 Presented by Demographic Groups of Age, 

Race/Ethnicity, and Gender Across NHANES Cycles Spanning from 2005–2014

Demographics 2005–2006 2007–2008 2009–2010 2011–2012 2013–2014

Total Participants with HI>1 143 (5.7) 103 (4.0) 69 (2.5) 39 (1.6) 21 (0.79)

Gender Male 81 (6.4) 49 (3.8) 40 (2.9) 19 (1.5) 10 (0.79)

Female 62 (4.9) 54 (4.2) 29 (2.2) 20 (1.7) 11 (0.79)

Race/Ethnicity Mexican American 31 (4.9) 24 (4.6) 15 (2.7) 3 (0.96) 2 (0.46)

Non-Hispanic White 54 (5.2) 35 (3.3) 28 (2.4) 12 (1.5) 8 (0.82)

Non-Hispanic Black 47 (7.0) 23 (3.9) 12 (2.3) 9 (1.4) 4 (0.66)

Other Hispanic 2 (2.8) 15 (5) 6 (2) 4 (1.6) 1 (0.4)

Other 9 (7.3) 6 (6.2) 8 (4.8) 11 (2.5) 6 (1.5)

Age 6–11 years 26 (7.3) 27 (7.0) 11 (2.7) 5 (1.3) 6 (1.5)

12–19 years 41 (5.9) 16 (4.0) 10 (2.4) 5 (1.3) 7 (1.5)

20+ years 76 (5.1) 60 (3.3) 48 (2.5) 29 (1.7) 8 (0.45)
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Table 2.

Frequency of Pairs of Phthalates That Produced the Top Two Hazard Quotients among the Participants with HI 

> 1 across NHANES Cycles Spanning from 2005–2014

2005–2006 2007–2008 2009–2010 2011–2012 2013–2014

DEHP DBP 115 78 35 13 1

DEHP DINP 21 17 32 17 12

DEHP DIDP 6 5 2 1 2

DBP BBP 1 0 0 0 0

DBP DIDP 0 2 0 0 0

DBP DINP 0 1 0 4 1

DIDP DINP 0 0 0 4 5

Environ Sci Technol. Author manuscript; available in PMC 2022 February 22.


	Abstract
	Graphical Abstract
	Introduction
	Materials and Methods
	NHANES Data Set from 2005 to 2014
	Daily Intake Dose and Maximum Cumulative Ratio
	Statistical Analyses of Demographic Groups
	Determination of Critical Combinations of Phthalates
	Sensitivity Analysis

	Results and Discussion
	Temporal Trends in HI and HQ Values
	Changes in HI Values in Different Demographic Groups Across Cycles
	Temporal Trends in MCR and Its Relationship to HI
	Temporal Trends in Participants’ Top Two Maximum HQs

	References
	Figure 1.
	Figure 2.
	Figure 3.
	Figure 4.
	Table 1.
	Table 2.

