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Abstract

Development of a pooled-sample framework for a large-scale human biomonitoring program
using urinary phthalate data from NHANES

By Wen-Li Wang

Background: Biomonitoring is an approach to assess human exposure to a chemical via its
metabolite or reaction product in human tissues. To assess chemical exposure among a specific
population, biological samples must be strategically taken from a sufficient number of subjects.
However, not all studies can afford to measure levels of compounds in hundreds or thousands of
subjects. Additionally, some samples may be below the limit of detection (LOD) due to
extremely low exposure levels or insufficient quantity of biological samples. The pooled sample
approach may be useful to address both problems above. However, one of the key considerations
is the ambiguous pooled samples formulation strategy. The goal of this study is to investigate an
optimal pooled sample framework that could be used for a large-scale human biomonitoring
program aiming to assess exposure to phthalates.

Methods: We developed algorithms to address our pooled sample designs to achieve two aims:
1) recommend the number of samples per pool needed to obtain a grand mean phthalate
metabolite concentration that is comparable to the average concentration of individual samples in
the pools. 2) recommend a minimum sample size that can produce consistent grand mean
concentrations of each phthalate metabolite.

Results: There was no significant differences in arithmetic mean (AM) concentrations between
individual and pooled samples for all phthalate metabolites in each pool type. Majority of the
pooled phthalate metabolites have no significant differences in the AMs across different pool
types. The AMs, SDs, and corresponding CVs for all pooled phthalate metabolite concentrations
are similar across sample sizes regardless of the pool type.

Conclusions: Our study suggests that using pooled urinary phthalate metabolite samples is a
feasible approach for large-scale human biomonitoring to obtain the AM concentrations of
individual urinary phthalates, regardless of the number of samples per pool. Taking into account
the cost and time constraints, we recommend a minimum sample size of approximately 1500 to
produce consistent AM and GM concentrations for MCPP, MEP, MiBP, and MEHP. For MBzP
and MBP, a minimum sample size of approximately 1000 is recommended to produce consistent
AM and GM concentrations.
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Development of a pooled-sample framework for a large-scale human biomonitoring

program using urinary phthalate data from NHANES

1. Background and significance

1.1. Phthalates

Phthalates are a ubiquitous group of man-made chemicals mainly used as plasticizers and
additives in various consumer products (Shin et al., 2020). Low-molecular-weight phthalates,
such as di-ethyl phthalate (DEP), di-n-butyl phthalate (DnBP), and di-isobutyl phthalate (DiBP)
are found in personal care products including cosmetics, fragrances, nail polish personal care
products, while high-molecular-weight phthalates, such as Di(2-ethylhexyl) phthalate (DEHP),
di-n-octyl phthalate (DnOP), and benzylbutyl phthalate (BzBP) are applied in food packaging,
shower curtains, and polyvinyl chloride flooring (Bastiaensen et al., 2020). The widespread use
of phthalate-containing products, combined with the substantial evidence of their potential
toxicity to humans and endocrine-disrupting potential, emphasizes the importance of
understanding the exposure pattern of these chemicals (Wang et al., 2019).

1.2. Biomonitoring

Biomonitoring is an approach used to assess human exposure to a chemical through its
metabolite or reaction product (biomarker) in human tissues and fluids, such as blood, urine,
breast milk, or hair (biomatrix) (Needham et al., 2007). With the growing concerns regarding the
adverse health effects of exposure to emerging contaminants, there is an increasing need for the
establishment of national or regional biomonitoring databases. Biomonitoring data provides a
comprehensive perspective of all potential sources of exposure to a chemical, and as such, it is

one of the key elements in epidemiological studies aimed at investigating whether exposure to a



chemical is associated with a given health outcome in humans. Although biomonitoring is useful
in assessing both population-based and individual chemical exposures, several key challenges
remain for this tool.

To assess chemical exposure among a specific population, biological samples must be
strategically taken from a sufficient number of subjects. However, conducting studies to measure
levels of compounds in hundreds or thousands of subjects is not always feasible due to cost
constraints. Certain compounds can be expensive to measure, and the expense tends to rise as the
accuracy of the assessment increases (Li et al., 2014). The cost of biomonitoring can become
prohibitively high when analyzing large communities or populations. Biomonitoring programs
for assessing environmental chemicals generally have lower concentrations compared to clinical
and toxicology studies, which creates an additional challenge in characterizing exposure due to
the potential for biological samples to be below the limit of detection (LOD) (Albertini et al.,
2006). Despite continued improvements in analytical techniques, there is an increased percentage
of results not detected by the instrumentation as the exposure level decreases or when the
biological sample volume is limited, resulting in reporting biases (Caudill et al., 2007). The
pooled sample approach may be useful to address the problems regarding results below the LOD,
the cost of laboratory analysis, and limited biological sample volume.

1.3. Pooled sample approach

The pooled sample method is an approach that combines multiple individual biological samples
into a single sample based on a set of grouping criteria such as age, sex, and race/ethnicity
(Caudill, 2010). Pooling samples reduces the number of measurements required and, ultimately,
decreases the overall expense of biomonitoring. Additionally, pooled samples often have a larger

volume, lowering the likelihood of encountering LODs and may detect unexpected exposure



patterns. The use of pooled samples provides a grand mean concentration estimate of population
exposure over time and eliminates the ethical and societal considerations surrounding the report
of individual results. The benefits of the pooled sample approach have led to its application in
biomonitoring programs.

In Australia, the National Research Centre for Environmental Toxicology (Entox) at the
University of Queensland has measured certain persistent organic pollutants (POPs), polycyclic
aromatic hydrocarbons (PAHs), and parabens in the general Australian population by pooling
biological samples (Aylward et al., 2014; Heffernan et al., 2015; Thai et al., 2016). In the US, the
National Health and Nutrition Examination Survey (NHANES) has begun pooling serum
samples in 2005 to increase the detection frequencies for dioxins, furans, polychlorinated
biphenyls (PCBs), organochlorine pesticides and metabolites, and brominated flame retardants
(MacDonald et al., 2022).

While the pooled sample method has its advantages, there are some potential concerns and
limitations exist. Although the concentration of pooled samples is similar to the arithmetic mean
concentration obtained from the individual samples making up the pools, the population
geometric mean, median, and variance cannot be directly calculated using data from pooled
samples (Heffernan et al., 2014). However, pooled sample concentration can be used to estimate
the variability of exposures in a population when taking into account three statistical factors
including measurement error and variation in pooled sample measurements, pooling error, and
the shape of the underlying population’s distribution (Heffernan et al., 2014). To estimate
population variance and percentiles, Caudill used NHANES data and statistical approaches under
the assumption of log-normality. The study analyzed multiple pools to estimate variance and

repeated more analytic batches of each pool to measure error (Caudill, 2010). Pooling error



occurs when mistakes are made in extracting and transferring precise volumes of individual
samples into pools. The greater the number of individual samples that are pooled, the higher the
likelihood of error. Although pooling a larger number of samples can result in a more accurate
estimation of the actual mean and reduce variance, it is important to balance the number of
samples in each pool to accurately describe variance while avoiding errors that may arise from
pooling a large number of individual specimens (Heffernan et al., 2014).

1.4. Pooled sample framework

The goal of this study is to investigate an optimal pooled sample framework that could be used
for a large-scale human biomonitoring program aiming to assess exposure to phthalates. We
selected urinary phthalate metabolites data from the NHANES 2017-2018 cycle to investigate
the sufficient number of samples per pool (pool types) required to produce a grand mean
concentration similar to the average concentration of the individual samples that make up the
pools. Additionally, we randomly selected a variety of fixed sample sizes to explore the
minimum sample size needed to have a consistent grand mean concentration for each phthalate
metabolite. These research gaps are currently unknown and may depend on the exposure
magnitudes (Heffernan et al., 2014).

2. Methods

2.1. Target analytes

The study focused on the six phthalates that are commonly found in the general population,
including DnOP, DEP, DiBP, DBP, BzBP, and DEHP. We examined 2762 participants from
NHANES 2017-2018 cycle who had available data for the six urinary phthalate metabolites.
These metabolites listed in Table 1 is served as biomarkers for assessing exposure to the six

selected phthalates. NHANES is an ongoing program designed to assess the health and



nutritional status of the non-institutionalized US population, which is conducted by the National
Center for Health Statistics (NCHS) of the Centers for Disease Control and Prevention (CDC).
The 2017-2018 cycle represents the US general population aged 2 years and older, and the
participation rates of this cycle was 90.9% (Centers for Disease Control and Prevention, 2023).

Tablel Phthalates and their main metabolites used as biomarkers of exposure

Parent chemical Metabolite

Di-n-octyl phthalate (DnOP) Mono-(3-carboxypropyl) phthalate (MCPP)
Di-ethyl phthalate (DEP) Mono-ethyl phthalate (MEP)

Di-isobutyl phthalate (DiBP) Mono-isobutyl phthalate (MiBP)
Di-n-butyl phthalate (DnBP) Mono-n-butyl phthalate (MBP)
Benzylbutyl phthalate (BzBP) Monobenzyl phthalate (MBzP)
Di(2-ethylhexyl) phthalate (DEHP) | Mono(2-ethylhexyl) phthalate (MEHP)

2.2. Pooled sample designs

2.2.1. Design 1

The aim of this design is to suggest a number of samples per pool required to produce a grand
mean phthalate metabolite concentration that is similar to the average concentration of individual
samples in the pools (Figurel). An algorithm was developed for each of the six phthalate
metabolites to randomly pool individual samples into 20, 30, 40, or 50 samples per pool (pool
types). The random pooling algorithm was replicated ten times for each pool type to reduce the
potential impact of random variation in the pooling procedure and ensure the reliability and
consistency of the results. These pool types are denoted by pooled 5%, where s represents

“samples per pool”, and x represents the sample count per pool. We decided to use a fixed



sample count instead of relying on the algorithm to randomly determine the number of samples
to be pooled, due to practical considerations. In theory, pooling more than 50 samples per pool
can improve accuracy in estimates. However, we must also take into account pooling error. This
design provided clear suggestions on the number of samples to be pooled, avoiding ambiguity
and uncertainty in the pooling procedure.

Figurel Pooled sample design 1

P1 P2 P137 | P138 S=20
NHANES 2017-2018
individual phthalate P1 P2 P91 P92 S=30
individual metabolites
(N=2762) P1 P2 P68 P69 S=40
P1 P2 P50 P55 S=50

Note: N= sample size; S= samples per pool; P= pool count
2.2.2. Design 2
The aim of this design is to suggest a minimum sample size that would produce consistent grand
mean concentrations of each phthalate metabolite (Figure2). An algorithm was developed to
randomly select sample sizes of 500, 1000, 1500, 2000, and 2500 from the total sample size and
replicate the process 10 times for each sample size. For each subset, the individual samples of the
six phthalate metabolites were randomly pooled into 20 and 50 samples per pool. The naming
convention for this pooled design is pooledn %, where N represents the sample size, s represents

as “samples per pool”, and x represents the sample count per pool.



Figure2 Pooled sample design 2

— P1 | P2 | .. | P24 | P25 | S=20

N= 500
{ Pt | P2 | .. | P9 | P10 | S=50
— P1 | P2 | .. | P49 | P50 | S=20

N= 1000
{ P1 [ P2 | .. | P19 | P20 | S=50

NHANES 2017-2018

—{ P1L | P2 [ .. | P74 [ P75 | S=20

individual metabolites N= 1500
{ P1 | P2 | .. | P29 | P30 | S=50

(N=2762)

— P1 | P2 | .. | P99 | P100 | S=20

N= 2000
{ P1 | P2 | .. | P39 | P40 | S=50
— P1 | P2 | .. |P124 |P125| S=20

N= 2500
{ P1 [ P2 | .. | P49 | P50 | S=50

Note: N= sample size; S= samples per pool; P=pool count
2.3. Statistical analysis
Descriptive analyses were conducted on the six individual phthalate metabolites, including their
detection frequencies, geometric means (GMs), geometric standard deviations (GSDs),
arithmetic means (AMs), standard deviations (SDs), and distribution percentiles. Phthalate
metabolite values that fell below the LODs were imputed by dividing the LOD value by the
square root of two(Hornung & Reed, 1990). T-tests were used to compare the difference in AM
concentrations of the six individual phthalate metabolites between males and females.
Under pooled sample design 1, GMs, AMs, and distribution percentiles were calculated for the
concentration of the six pooled phthalate metabolites. T-tests were conducted to compare the
differences in AM concentrations between the six individual and pooled phthalate metabolites.

ANOVA was conducted to compare the differences in the AMs and GMs of the six pooled



phthalate metabolite concentrations among the different pool types. Further analysis was
conducted using Tukey’s Studentized Range Test to identify the pairs that contributed to the
significant differences.

Under pooled sample design 2, GMs, GSDs, AMs, SDs , and coefficient of variations (CVs)
were calculated for the six pooled phthalate metabolite concentrations. The consistency of the
geometric and arithmetic means of the six pooled phthalate metabolite concentrations across the
10 replicates of each sample sizes was examined using GSDs, SDs, and CVs. All data analyses
were performed using R (version 3.6.1).

3. Results

3.1. Individual phthalate metabolites

Descriptive statistics and t-test results for individual MCPP, MEP, MiBP, MBP, MBzP, and
MEHP concentrations stratified by gender are presented in Table 2. MCPP, MEP, MiBP, MBP,
and MBzP were detected at high frequencies (83—99%), except for MEHP, which has a lower
detection frequency (56%). Outliers are observed in all phthalate metabolites, such as MEP,
where the maximum concentration (102452 ng/mL) in females is approximately 270 times
greater than the 95th percentile value (378 ng/mL). Although the MEP maximum concentration
for females is over 10 times that of males (9029 ng/mL), the GM, GSD, and distribution
percentiles are similar between genders. This pattern is consistent across other phthalate
metabolites as well. The t-test results showed no statistically significant difference in all six of

the AM phthalate metabolite concentrations by gender (p-values > 0.05).



Table2 Distribution of the individual phthalate metabolite concentrations (ng/mL)

% > AMP SD GM GSD Min P25 P50 P75 P95 Max
n LOD Conc. Conc.
MCPP* N 2762 83.16 3.09 42.00 1.15  2.75 0.28 0.60 1.10 2.20 6.10 2170.00
F 1399 7949 3.95 58.66 1.09 2.88 0.28 0.50 1.10 2.00 6.51 2170.00
M 1363 86.94 2.21 6.50 1.22 2.6l 0.28 0.60 1.20 2.30 5.80 185.00
MEP* N 2762 99.53 149.00 2015.8 28.72 4.24 0.85 11.00 264 64.7 378.10 102452.00
F 1399 9930 192.00 2803.67 29.07 4.41 0.85 10.70  27.1  70.65 378.36 102452.00
M 1363 99.80 104.86 406.36  28.37 4.06 0.85 1145 255 59.35 372.07 9029.40
MiBP* N 2762 97.83 14.67 27.23 8.10 290 0.57 4.20 830 1640 42.78 513.60
F 1399 97.50 13.83 22.67 7.64  3.00 0.57 3.75 8.10 1640 40.13 431.70
M 1363 98.17 15.54 31.21 8.61 2.79 0.57 4.60 8.80 16.30 44.10 513.60
MBP* N 2762 99.31 16.86 26.04 9.91 2.89 0.28 520 10.80 20.00 49.30 649.10
F 1399 99.14 16.99 24.86 9.60 3.07 0.28 4.70 10.6  20.65 50.33 487.00
M 1363 9949 16.72 27.21 10.25 2.71 0.28 5.70 10.9 1940 47.96 649.10
MBzP* N 2762 96.20 9.12 18.68 3.74  3.81 0.21 1.50 3.70 9.20 34.10 307.20
F 1399 9490 9.28 19.89 3.50 4.07 0.21 1.30 3.50 9.30 36.24 307.20
M 1363 97.60 8.96 17.36 4.00 3.54 0.21 1.80 3.90 9.10 33.00 303.00
MEHP* N 2762 56.23 1.82 3.37 1.17  2.26 0.57 0.57 1.00 2.00 5.69 115.90
F 1399 52.60 1.72 2.65 1.12 225 0.57 0.57 0.90 1.90 5.80 57.30
M 1363 59.94 1.93 3.98 1.22 228 0.57 0.57 1.10 2.10 5.60 115.90

Note: N= sample size; F= female; M= male; n = sample count; LOD = limits of detection; AM= arithmetic mean; SD = standard
deviation; GM= geometric mean; GSD= geometric standard deviation; Min Conc.= minimum concentration; P25 = the 25
percentile; Max Conc.= maximum concentration.

2 The values below LODs were replaced by LOD//2.

b T-test examines the differences in mean concentrations of each phthalate metabolite between genders. *p-value < 0.05.
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3.2. Pooled phthalate metabolites

3.2.1. Sample design 1

Descriptive statistics, t-test, and ANOVA results for pooled MCPP, MEP, MiBP, MBP, MBzP,
and MEHP concentrations are presented in Table 3 through Table 8, respectively.

Arithmetic means (AMs)

The t-test results indicated no significant differences in AM concentrations between individual
and pooled samples for all phthalate metabolites in each pool type (p-values > 0.05). The
ANOVA results indicated that, except for MCPP, there were no significant differences in the
AMs of the other five pooled phthalate metabolite concentrations across different pool types.
Post hoc analysis was conducted to explore which pool types contributed to the AM difference in
MCPP. The results revealed that only pooled 5° had a significant difference compared to the
other pool types (p-value < 0.05), while the other pairs of pool types did not show significant
differences (p-values > 0.05).

Geometric means (GMs)

The ANOVA results indicate a significant difference between the GMs of all pooled phthalate
metabolite concentrations across different pool types, suggesting that at least one pool type has a
different GM compared to the others. Post hoc analysis was conducted for all pooled phthalate
metabolites, revealing that for MCPP, MEP, MiBP, and MEHP, all pool types show significant
differences from each other (p-values < 0.05). As for MBP and MBzP, the pair of pooled s*° and
pooled % did not show significant differences, while the other pool type pairs showed

significant differences.



Table3 Distribution of pooled MCPP concentrations (ng/mL) by pool types

11

MCPP AM' GM  Min P25 P50 P75 P95 Max
Conc. Conc.
Individual 3.09 115 028  0.60 1.10 2.20 6.10 2170.00
Replication
| 3.09 206  0.90 1.44 1.85 2.42 5.65 110.34
2 3.09 203 0.73 1.49 1.81 237 5.58 110.80
. 3 3.09 206 096 1.51 1.83 2.38 5.83 110.39
20 subjects 4 3.09 207 0.79 1.53 1.82 231 5.92 109.80
p(esrzg‘(’)‘)’l 5 3.09 205 092 148 185 238 5.69 113.96
o 6 3.09 205 0.0 1.48 1.83 2.30 6.29 110.19
138 pools 7 3.09 204 097 1.45 1.88 2.38 6.03 109.98
(P=138) 8 3.09 203 0.99 1.49 1.88 232 5.25 114.44
9 3.09 203 082 1.44 1.79 2.29 6.81 109.76
10 3.09 205 097 1.49 1.83 230 6.16 110.58
Average! 3.000 205 (.89 1.48 184 234 5.92 111.02
1 3.00 216 0.95 154 1.96 234 5.42 74.03
2 3.09 215 1.17 1.57 1.87 231 5.19 74.30
, 3 3.09 216 098 1.63 1.88 2.29 5.03 74.03
30 subjects 4 3.09 214 101 1.53 1.89 252 5.15 73.83
per pool . . . . . . . .
(S=30) 5 3.09 214 118 1.53 1.83 2.39 5.64 74.36
and 6 3.09 2.13 1.10 1.62 1.95 237 5.77 77.33
92 pools 7 3.09 2.13 1.03 1.53 1.92 2.33 5.95 73.76
(P=92) 8 3.09 211 1.04 1.60 1.85 2.26 4.89 78.76
9 3.09 217 1.07 1.62 1.99 2.40 5.49 73.56
10 3.09 210  1.00 1.56 1.93 237 430 84.59
Average 3.000 214 1.05 1.57 1.91 236 5.8 75.85
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1 3.09 219 121 167 191 224 5.25 56.08
2 3.09 222 134 159 1.89 2.45 5.26 56.06

. 3 3.09 2.23 120 1.65 1.97 2.52 5.01 56.23

40 S“bleclts 4 3.09 221 1.10 164  1.94 2.56 5.72 55.70
F(S40) 5 300 218 103 160 190 2.3 5.84 56.29
and 6 3.09 218 112 1.57 1.94 2.41 5.36 58.47

69 pools 7 3.09 218 106 1.53 1.96 2.49 6.33 56.09
(P=69) 8 3.09 2.20 1.15 1.65 1.86 2.39 5.28 55.95

9 3.09 225 108 177 1.93 2.42 5.18 55.77

10 3.09 215 121 1.63 1.87 2.44 441 63.96

Average! 3.000 2204 115 1.63 1.92 2.43 5.36 57.06

1 3.10 226 122 167 194 233 5.10 44.86

2 3.10 227 123 1.67 1.91 2.67 5.08 45.17

_ 3 3.10 228 122 176 198 252 5.27 45.29

50 S“bleclts 4 3.10 224 1.1 1.59 1.96 2.57 5.88 44.98
F(5=50) 5 300 223 L17 163 198 249 5.47 45.97
and 6 3.10 226 127 172 1.93 234 4.99 45.19

55 pools 7 3.10 223 104 160 184 257 5.54 45.26
(P=55) 8 3.10 2.21 1.17 1.59 1.91 2.30 5.25 47.97

9 3.10 228 113 1.73 1.99 231 4.88 45.96

10 3.10 220 131 1,65 1.98 2.49 410 51.40

Average! 3.10¢ 225 119  1.66 1.94 2.46 5.15 4621

Note: S= samples per pool; P= pool count; AM= arithmetic mean; GM= geometric mean; Min Conc.= minimum concentration;

P25 = the 25" percentile; Max Conc.= maximum concentration.
T T-test examines the mean differences in MCPP concentrations between individual and pooled samples. *p-value < 0.05.

¥ ANOVA compares the mean differences in MCPP concentrations among each pool type. Tukey’s Studentized Range Test for
multiple comparisons among each pool type.



Table4 Distribution of pooled MEP concentrations (ng/mL) by pool types
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MEP AM' GM Min P25 P50 P75 P95 Max
Conc. Conc.
Individual 149.00 2872 085  11.00 264 64.7 378.10  102452.00
Replication
1 14906 8770 2553 5272 7395 12179 311.76 5160.71
2 149.10 8395 2286  52.67 7230 10539  344.16 5182.19
. 3 149.07 8575  29.18 5213  71.04 11636  376.95 5374.25
20 subjects 4 149.08 8751 2138 5528 7537  122.05  301.63 5176.22
pesrzg‘(’)"l 5 149.00 8694  17.45 5407 8022 12447  303.66 520339
( and ) 6 149.09 8727  27.00 4827  79.09 12348  294.44 5160.00
138 pools 7 14865 8381  21.04 4796 7484 11221  432.38 5398.52
(P=138) 8 149.10 8795 2077 5351  79.10  132.86  331.75 5195.79
9 14903 8760  17.81 5038 8051  130.00  300.79 5152.82
10 149.00 8557 1453 5154 7750  118.83  361.07 5195.27
Average! 149.03®  864® 2175 51.85 7639 12074  335.86 5219.91
1 149.03  93.09 2566 6031 8393 12685  338.60 346831
2 149.06 9632 3124 6181 8328 13036 34571 3458.86
, 3 14728 9276 3232 5947 8295 12935  316.04 3456.50
30 subjects
per pool 4 14910 9591  21.62 6500  83.68 13352  319.82 3463.35
(S=30) 5 149.09  91.94 2561 5528  81.14 13601  374.63 347535
and 6 149.07 9154 3126 5844 8152 11324  380.36 3580.29
92 pools 7 149.08 96.38 33.32 63.61 84.20 124.50 315.86 3555.52
(P=92) 8 149.07 9357 2815 5997 7997 12691  354.98 3551.33
9 149.10 9421 2576 5890  81.44 12852  306.20 3513.31
10 14909 9441  30.12 5852 8711 12687  344.01 354422
Average! 148.90®  94.01c 2850  60.13 8292  127.61  339.62 3506.70
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1 149.03 9587 2532 6499 8680 13044 39450  2633.92
2 149.06  100.15 3868 6668 8642 13031 33841 263485

. 3 14728 9853 3223 6596 9023 12380  311.05 261027

40 S“bleclts 4 14910 10132 29.63  70.81  89.95  137.18  305.68  2606.15
péiﬂﬁ;’ 5 149.09 9831 2665 6087  90.09 13059 36321  2616.74
and 6 14907 9559 3321 6054 8523 11835 32822  2705.98

69 pools 7 14908 9975 2897 6578  83.55 13994  317.53  2684.37
(P=69) 8 149.07 98.74 3380  60.21 85.20 133.61 375.52 2671.98

9 14910 10087 3395 6409 9495 14970 28843  2652.53

10 14909 9784 3146 6852 9190  119.65 28178  2932.88

Average! 14890  9870¢ 3139 6484 8843 13136 33043  2674.97

1 14929  99.68 2488 6587 9275 13483 32374 211835

2 14812 10245 41.03 6993  87.94 12290 29972  2105.79

_ 3 14762 10222 3602 6901  93.65  127.05  302.65  2095.83

50 S“bleclts 4 149.45 10426 3564  70.16 9557  130.96  278.65  2109.77
pgzg‘(’,‘)’ 5 14952 10378 3653 6626 10404  130.19  318.00  2097.77
and 6 14957 10035 4537 6242 8271 12789 30478  2191.65

55 pools 7 14933 10096 40.06  68.10 8721  137.04  291.14  2155.8
(P=55) 8 149.05  101.07 33.81 7048  90.99  137.69 31440  2155.59

9 14935 10545 4371 6727 9680 13640 26490  2138.66

10 14953 10225 3644 6846 8594 14191 29827  2174.95

Average! 149.08  10225° 3735 6779 9176  132.69  299.63 213437

Note: S= samples per pool; P= pool count; AM= arithmetic mean; GM= geometric mean; Min Conc.= minimum concentration;

P25 = the 25" percentile; Max Conc.= maximum concentration.
T T-test examines the mean differences in MEP concentrations between individual and pooled samples. *p-value < 0.05.

* ANOVA compares the mean differences in MEP concentrations among each pool type. Tukey’s Studentized Range Test for
multiple comparisons among each pool type.



TableS Distribution of pooled MiBP concentrations (ng/mL) by pool types
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MiBP AM' GM Min P25 P50 P75 P95 Max
Conc. Conc.
Individual 14.67 8.10 0.57 4.20 8.30 16.40 42.78 513.60
Replication
1 14.68 1372 768 1071 1285  16.08 29.04 41.24
2 14.65 1371 643 1081 1326 1634 25.84 48.12
. 3 14.68 13.64 686 1063 1299  16.73 26.60 52.09
20 subjects 4 14.68 1365 638 1088 1313 1638 28.19 38.43
pesrzg‘(’)"l 5 1468 1379  7.63 1086  13.01  17.16 2538 39.45
( nd ) 6 14.67 1376 663 1082 1325  16.11 27.93 40.32
138 pools 7 14.67 1370 672 1068 1294  16.63 28.61 37.36
(P=138) 8 14.68 1374 6.51 1097 1329  16.10 26.79 39.56
9 14.68 1373 573 1086  13.41 16.66 25.66 37.51
10 14.68 13.66 732 1084 1332 1581 26.82 61.76
Average! 14.67°  1371® 679 1081  13.14  16.40 27.09 43.58
1 14.67 1404 754 1167 13.66  16.19 26.13 32.32
2 14.67 1403 803 1159  13.41 16.42 24.29 35.33
, 3 14.67 13.93 795 1124 1330  16.23 26.08 34.40
30 subjects
per pool 4 14.68 13.97 624 1151 1324 1636 25.66 32.36
(S=30) 5 14.67 13.89 790  11.15 1333 1558 25.65 43.08
and 6 14.68 13.97 818 1164 1332  17.16 24.19 47.39
92 pools 7 14.68 13.98 7.99 11.15 13.50 16.97 2421 32.48
(P=92) 8 14.68 13.92 646 1119 1372  16.00 25.14 42.40
9 14.68 1402 626 1170 1380  16.38 26.10 30.28
10 14.68 1409 843 1118  13.83  16.52 23.63 29.93
Average! 14.68° 1398 750 1140  13.51 16.38 25.11 36.00
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1 1467 1418 767 1207 1372 16.12 23.22 25.20
2 14.67 1423 909 1219 1382  16.66 21.92 28.73

. 3 14.67 1417 869 1183 1382  16.60 22.93 26.07

40 S“bleclts 4 14.68 14.20 9.18 1192 1343 16.02 23.79 26.64
p&iﬂg;’ 5 1467 1407 856 1214 1311 1532 24.01 34.92
and 6 14.68 1417 807 1231 1371  15.93 22.42 37.74

69 pools 7 14.68 1406 891 1161 1307 1656 23.48 29.58
(P=69) 8 14.68 14.09 8.68 11.87 13.17 16.22 24.58 33.67

9 1468 1416  7.69 1166 1396  16.18 23.98 27.40

10 14.68 1417 811  11.80 1339  17.01 22 64 29.80

Average! 14680 14150 846 1194 1352 1626 2330 29.97

1 1468 1423 928 1190 1350  16.09 22.64 25.44

2 14.68 1434 1088  11.89 1379  16.49 20.69 25.25

. 3 1468 1428 972 1218 1389  16.79 21.48 24.40

50 subjects 4 14.68 1424 913 1156 1359  16.56 21.90 24.23
p(esrzgz‘)’l 5 1469 1411 941 1181 1349 1546 23.25 31.30
and 6 14.69 1436 869  12.65 1435  16.04 20.62 23.95

55 pools 7 14.68 1417 864 1134 1389  17.02 2276 26.08
(P=55) 8 14.70 14.17 8.80 12.07 13.36 15.89 21.91 31.68

9 1466 1428 850 1256 1394  16.73 21.85 23.84

10 14.68 1427 851 1225  13.64 1681 2125 25.94

Average! 14680  1424° 916  12.02 1374 1639 21.84 2621

Note: S= samples per pool; P= pool count; AM= arithmetic mean; GM= geometric mean; Min Conc.= minimum concentration;

P25 = the 25" percentile; Max Conc.= maximum concentration.
T T-test examines the mean differences in MiBP concentrations between individual and pooled samples. *p-value < 0.05.

¥ ANOVA compares the mean differences in MiBP concentrations among each pool type. Tukey’s Studentized Range Test for
multiple comparisons among each pool type.



Table6 Distribution of pooled MBP concentrations (ng/mL) by pool types
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MBP AM' GM Min P25 P50 P75 P95 Max
Conc. Conc.
Individual 16.86 9.91 0.28 520  10.80  20.00 49.30 649.10
Replication
1 16.63 1605 873 1375 1593  18.53 25.28 38.10
2 16.86 1614 750 1340 1554  19.06 26.87 43.10
. 3 16.86 1603  7.83 1298 1585  18.94 26.43 44.23
20 subjects 4 16.86 1608 876  12.89 1610  19.74 26.46 45.13
pesrzg‘(’)"l 5 1685 1603 747 1336 1533 17.92 30.15 50.58
( nd ) 6 16.85 1606 930  13.17 1584 1837 26.77 45.99
138 pools 7 16.86 1603 739 1313 1589  18.84 26.14 49.05
(P=138) 8 16.86 1603 894 1300 1573  19.32 26.95 46.75
9 16.86 1598 818 1327  16.01 18.71 25.74 57.75
10 16.86 1614 949 1357 1539  18.24 27.39 57.95
Average! 1684  16.06° 836 1325 1576  18.77 26.82 47.86
1 16.86 1626 840  13.85 1545  18.68 28.00 34.67
2 16.86 1637 1057 1393 1583 1833 24.19 33.32
, 3 16.85 1628  9.67  13.69 1605  19.78 24.54 36.01
30 subjects
per pool 4 16.86 1625 931 1351 1558  19.12 25.70 36.54
(S=30) 5 16.84 1620 1014 13.19  16.11 18.71 24.84 45.95
and 6 16.87 1633 1038 1378  15.68 1881 25.48 35.44
92 pools 7 16.86 16.32 9.87 13.88 15.84 18.49 25.28 36.95
(P=92) 8 16.86 1626 781 1364 1556 1836 26.28 41.45
9 16.86 1625 917  13.96 1604  18.42 23.82 43.62
10 16.85 1639 919 1414 1614 1845 24.10 34.87
Average! 1686 16299 945 1376 1583  18.71 25.22 37.88
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1 1686 1642  9.69 1407 1595  18.42 25.84 31.78
2 1686 1643  11.19 1441 1578  18.61 2421 34.07

. 3 1685 1641 977 1453 1615  19.01 24.26 29.96

40 S“blecl‘s 4 1686 1641 1145 1374 1549  18.78 25.61 31.80
p&iﬂg;’ 5 1684 1633 911 1434 1612  18.04 26.24 36.07
and 6 1687 1645  9.63 1474 1606 1839 24.79 29.57

69 pools 7 1686 1647 1073 1437 1607 1850 22.58 39.41
(P=69) 8 16.86 16.51 10.61 1456  16.06 18.29 23.79 33.87

9 1686 1636 997  13.83 1604 1874 24.10 3821

10 1685 1647 947 1437 1651 1859 24.24 29.83

Average! 1686  1643%® 10.16 1430 1602  18.54 24.57 33.46

1 1687 1648  11.09 1463 1594 1847 25.28 2821

2 1684 1647 1178 1416 1568  19.01 22.58 29.13

. 3 1685 1647 1026 1417 1603  19.11 23.10 26.82

S0 S“bleclts 4 16.85 1645 1226 1379 1578 1832 26.34 2721
pgzg‘(’,‘)’ 5 1685 1644 1046 1439 1578  17.97 24.53 30.00
and 6 1689 1655 1050 1447 1619  19.00 24.24 26.10

55 pools 7 1687 1647 1142 1425 1591  18.54 2251 34.00
(P=55) 8 16.87 1649  10.61 1406  16.73 18.54 25.08 28.49

9 1679 1639 1067 1429 1626  18.52 24.29 30.55

10 1686 1653 970 1477 1640  18.11 22.40 28.95

Average! 16.85° 1648 1088 1430 1607  18.56 24.03 28.94

Note: S= samples per pool; P= pool count; AM= arithmetic mean; GM= geometric mean; Min Conc.= minimum concentration;

P25 = the 25" percentile; Max Conc.= maximum concentration.
T T-test examines the mean differences in MBP concentrations between individual and pooled samples. *p-value < 0.05.

¥ ANOVA compares the mean differences in MBP concentrations among each pool type. Tukey’s Studentized Range Test for
multiple comparisons among each pool type.



Table7 Distribution of pooled MBzP concentrations (ng/mL) by pool types
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MBzP AM' GM Min P25 P50 P75 P95 Max
Conc. Conc.
Individual 9.12 3.74 0.21 150 3.0 9.20 34.10 307.20
Replication

| 9.13 8.38 3.59 618 803 1073  16.15 29.24
2 9.12 8.26 2.98 614 805 1092  17.32 30.71
. 3 9.13 8.22 2.97 606 781 1083 1887 25.95
20 subjects 4 9.12 8.28 281 613 798 1086  18.01 24.78
pes":g‘(’)"l 5 9.13 840 332 664 814 1053 1541 35.97
(and) 6 9.12 8.35 2.84 649 807 1111  17.00 2331
138 pools 7 9.13 8.34 3.50 616 814 1136  16.11 27.41
(P=138) 8 9.10 8.34 2.54 656 849 1042  17.16 2636
9 9.13 8.33 2.63 6.64 798  11.08  16.18 31.31
10 9.13 8.29 3.22 638 827 1087  18.04 25.62
Average! 9.12% 832  3.04 634 810 1087  17.03 28.06
1 9.13 8.55 3.73 659 875 1078 1428 28.96
2 9.13 8.56 4.04 674 850 1134  15.50 23.74
_ 3 9.12 8.58 4.13 675 852 1072 1472 22.48
30 subjects 4 9.13 854 270 672 875 1089 1634 19.19

per pool . . . . . . . .
(S=30) 5 9.13 8.44 4.00 608 854 1138  17.18 20.99
and 6 9.13 8.59 3.79 715 859 1000  15.72 22.90
92 pools 7 9.13 8.50 4.18 6.67 8.25 10.89 15.15 27.82
(P=92) 8 9.13 8.61 3.20 715 8.40 9.75 16.87 25.40
9 9.13 8.61 4.02 682 860 1062 1572 23.87
10 9.11 8.64 4.64 684 858 1024 1587 2325
Average? 9.12% 8560  3.84 675 855 1066 1574 23.86
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1 9.13 8.62 3.96 689 881 1041 14.04 28.03
2 9.13 8.71 4.55 715 837 1059  14.85 17.25

. 3 9.12 8.60 4.80 6.64 825 1096 1625 18.57
4‘1’):;“[’){)?1‘5 4 9.13 8.65 4.07 702 867 1086 1498 17.87
(S=40) 5 9.13 8.60 3.98 688 870 1038  15.88 18.56
and 6 9.13 8.72 4.85 709 845 1034  15.49 18.97

69 pools 7 9.13 8.75 4.49 763 848 1024  12.94 23.04
(P=69) 8 9.13 8.80 5.09 7.41 8.91 10.26 14.75 15.53

9 9.13 8.80 472 725 892 1070  13.56 19.17

10 9.11 8.72 437 735  8.46 9.84 15.32 18.41

Average? 9.126  870® 449 713 860 1046 1481 19.54

1 9.14 8.74 4.63 753 886 1010  13.83 22.19

2 9.13 8.75 5.46 698 845 1056 1471 17.04

. 3 9.09 8.71 5.03 705 808 1143 1423 14.88

50 s“bleclts 4 9.12 8.73 4.52 709 814 1081 14.17 19.70
F(S=50) 5 9.1 858 403 694 850 1072 1603 20.66
and 6 9.14 8.84 4.88 746 863 1019  13.96 16.57

55 pools 7 9.12 8.75 5.30 718 836 1017  14.84 19.92
(P=55) 8 9.09 8.72 4.69 7.26 8.36 9.81 14.99 17.95

9 9.12 8.79 4.88 726 873 1052 1331 16.82

10 9.13 8.82 471 744 841 10.01 13.69 16.10

Average 9,128 874 481 722 845 1043 1438 18.18

Note: S= samples per pool; P= pool count; AM= arithmetic mean; GM= geometric mean; Min Conc.= minimum concentration;

P25 = the 25™ percentile; Max Conc.= maximum concentration.
T T-test examines the mean differences in MBzP concentrations between individual and pooled samples. *p-value < 0.05.

* ANOVA compares the mean differences in MBzP concentrations among each pool type. Tukey’s Studentized Range Test for
multiple comparisons among each pool type.



Table8 Distribution of pooled MEHP concentrations (ng/mL) by pool types

21

MEHP AM' GM  Min P25 P50 P75 P95 Max

Conc. Conc.

Individual 1.82 117 057 057 1.00 2.00 5.69 115.90

Replication

| 1.82 172 0091 138 1.69 2.04 2.96 7.24
2 1.82 171 082 130 1.66 2.16 2.80 7.50
. 3 1.82 171 075 1.36 1.65 2.15 2.96 7.03
20 subjects 4 1.82 170 082 1.34 1.62 2.04 3.22 8.37
pesrzg‘(’)"l 5 1.82 172 081 139 165 2.06 3.05 6.99
(and) 6 1.82 171 082 1.39 1.64 2.01 291 8.26
138 pools 7 1.82 173 065 1.43 1.68 2.01 2.94 7.15
(P=138) 8 1.82 172 086 1.38 1.68 2.08 281 7.71
9 1.82 174 088 1.41 1.70 2.09 2.63 6.87
10 1.82 172 067 140  1.68 1.96 3.03 7.14
Average! 1820 1720 080 138 1.66 2.06 293 7.43
1 1.82 174 1.01 1.42 1.67 2.06 2.80 6.08
2 1.82 177 1.05 1.49 1.73 2.02 261 478
20 sub 3 1.82 1.75 111 1.44 1.65 2.09 2.75 5.7
p:'r"l’)f:lts 4 1.82 175 1.03 1.45 1.74 2.07 252 5.69
(S=30) 5 1.82 176 097 1.46 1.70 2.08 257 5.32
and 6 1.82 175 088 144 175 2.03 2.88 5.25
92 pools 7 1.82 1.75 1.00 1.46 1.68 1.95 2.71 5.81
(P=92) 8 1.82 175 0.95 1.46 1.69 2.00 2.62 5.82
9 1.82 175 098 1.46 1.68 2.00 2.84 5.89
10 1.82 175 1.02 1.46 1.72 1.96 2.64 6.34
Average .§2ab 175 1.00 1.46 1.70 2.03 2.69 5.63
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1 1.82 176 109 147 172 1.95 272 5.10
2 1.82 177 114 154 172 1.91 2.70 4.04

. 3 1.82 177 113 152 171 2.12 2.44 4.58

40 S“bleclts 4 1.82 176 107 149 172 1.99 2.48 5.15
p&iﬂg;’ 5 1.82 177 108 149 167 2.09 2.47 4.11
and 6 1.82 176 108 151 1.69 1.97 2.78 4.52

69 pools 7 1.82 176 105 150  1.65 1.98 2.84 4.65
(P=69) 8 1.82 1.76 1.09 1.49 1.70 2.02 2.60 4.96

9 1.82 177 103 153 172 1.92 2.62 4.95

10 1.82 176 108 149 172 1.96 236 537

Average 182 176 109 150  1.70 1.99 2.60 4.74

1 1.83 177 119 150  1.72 2.06 2.63 431

2 1.82 178 122 154 1.69 1.96 2.62 3.45

. 3 1.82 178 127 152 1.74 2.00 2.49 3.91

50 S“bleclts 4 1.83 177 115 1.49 1.81 2.06 2.48 4.24
pgzg‘(’,‘)’ 5 1.82 178 109 155 174 2.03 2.34 3.51
and 6 1.83 177 119 150 175 2.05 2.61 3.65

55 pools 7 1.82 177 127 150  1.69 1.90 2.74 4.44
(P=55) 8 1.83 1.78 0.97 1.54 1.78 2.02 2.44 422

9 1.83 178 107 159 174 1.91 2.69 3.67

10 1.83 177 122 148 170 2.05 233 428

Average® 182 178 116 152 174 2.00 2.54 3.97

Note: S= samples per pool; P= pool count; AM= arithmetic mean; GM= geometric mean; Min Conc.= minimum concentration;

P25 = the 25" percentile; Max Conc.= maximum concentration.
T T-test examines the mean differences in MEHP concentrations between individual and pooled samples. *p-value < 0.05.

¥ ANOVA compares the mean differences in MEHP concentrations among each pool type. Tukey’s Studentized Range Test for
multiple comparisons among each pool type.
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3.2.2. Sample design 2

Descriptive statistics for pooled MCPP, MEP, MiBP, MBP, MBzP, and MEHP concentrations
are presented in Table 9 through Table 14, respectively. Ideally, as the sample size gets larger,
we would expect to observe a trend of increasing GMs and AMs, as well as decreasing SDs,
GSDs, and CVs.

Arithmetic means (AMs) related statistics

The AMs, SDs, and corresponding CVs for all pooled phthalate metabolite concentrations are
similar across sample sizes regardless of the pool type (pooledn 52° & pooledn ). The trend of
increasing AMs and decreasing SDs as sample size gets larger is consistent for pooled MCPP
and MEP, but not for pooled MiBP, MBP, MBzP, and MEHP. However, the trend of decreasing
CVs as the sample size gets larger is consistent for pooled MCPP, MEP, MiBP, MBP, and
MBZzP, except for pooled MEHP.

Geometric means (GMs) related statistics

The GMs, GSDs, and corresponding CVs values for all pooled phthalate metabolites vary across
sample sizes and pool types. There is no consistent trend observed for GMs as the sample size
increases for all pooled phthalate metabolites. However, there is a consistent trend of decreasing
GSDs and CVs as the sample size gets larger for pooled MCPP, MEP, MBzP, and MEHP, but

not for pooled MiBP and MBP.



Table9 Distribution of pooled MCPP concentrations (ng/mL) by sample size types

24

MCPP N=500 N= 1000 N=1500 N=2000 N=2500
Replication AM GM AM GM AM GM AM GM AM GM

1 2.04 1.84 2.20 1.89 232 1.95 2.35 1.96 3.22 2.09

2 1.74 1.67 1.96 1.79 3.73 2.06 2.30 1.99 3.12 2.07

3 2.07 1.87 2.13 1.87 3.56 1.96 2.36 2.00 3.13 2.02

20 4 2.11 1.85 433 2.08 2.53 2.13 2.32 2.01 3.15 2.05
S‘;’;’Jegff‘l 5 1.89 1.72 1.99 1.83 2.48 2.10 3.49 2.10 3.13 2.04
p(SJ;O) 6 2.20 1.83 2.56 2.08 2.04 1.98 3.49 2.13 3.10 2.02
7 6.39 2.27 2.40 1.98 3.73 2.11 2.23 1.94 3.17 2.01

8 2.26 2.03 430 2.00 3.78 2.11 3.19 1.92 3.22 2.07

9 2.08 1.92 2.20 1.91 2.00 1.84 324 201 3.19 2.07

10 2.67 2.14 4.8 2.04 2.37 2.00 3.53 2.14 3.20 2.05

Average 2.54 1.92 2.84 1.95 2.87 2.03 2.85 2.02 3.16 2.05

SDorGSD 137 1.10 1.03 1.06 0.73 1.05 0.58 1.04 0.04 1.01

CcV 5402 948 3623 543 2533 475 2026 3.6 138 1.23

1 2.04 1.95 2.20 2.01 2.32 2.10 2.35 2.12 3.22 2.30

2 1.74 1.71 1.96 1.86 3.73 2.33 2.30 2.15 3.12 2.26

50 3 2.07 1.98 2.13 1.99 356  2.19 2.36 2.11 3.13 2.4
subjects 4 2.11 1.97 433 2.38 2.53 2.32 2.32 2.14 3.15 2.23
per pool 5 1.89 1.77 1.99 1.91 2.48 225 3.49 2.35 3.13 2.22
(S=50) 6 2.20 1.97 2.56 231 224 207 3.49 2.38 3.10 2.23
7 6.39 2.83 2.40 2.19 3.73 2.35 2.23 2.08 3.17 2.04

8 2.26 2.16 4.30 2.27 3.78 237 3.19 2.13 3.22 2.29

9 2.08 2.01 2.20 2.04 2.00 1.93 324 219 3.19 2.22

10 267 2.41 428 236 237 2.17 353 2.39 3.20 2.8

Average 2.54 2.08 2.84 2.13 2.87 221 2.85 2.20 3.16 2.25

SDorGSD 137 1.16 1.03 1.10 0.73 1.07 0.58 1.05 0.04 1.01

CcvV 5402 1476 3623 9.3 2533 654 2026 534 138 1.39

Note: N= sample size; S= samples per pool; AM= arithmetic mean; GM= geometric mean; SD = standard deviation; GSD=
geometric standard deviation; CV= coefficient of variation.



Tablel0 Distribution of pooled MEP concentrations (ng/mL) by sample size types
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MEP N=500 N= 1000 N=1500 N=2000 N=2500
Replication AM GM AM GM AM GM AM GM AM GM
1 106.74 8228 119.92 8247 11331 88.10 164.66 90.69 150.94 87.44
2 348.08  98.60 102.63 80.99 10021 7691  159.63 8624  154.67  86.99
3 11686 80.89 101.80 81.82  200.57 9891 111.16 8035 15275 86.24
20 4 10233 73.54 22418 10455 18562 90.63 15553 8497 15679  89.30
S‘;’;’Jegff‘l 5 96.80  77.66 104.00 7520 16898 82.10 17191 9292  148.05 87.38
p(SJ;O) 6 7336 67.64 208.69 8538 17552 9228 111.06 82.67 15506  87.93
7 32251 11398 193.64  79.11 12602 89.76 10121 7720 11507  85.30
8 10831 92.81 11297 81.86 181.58 8938 17131 8893  151.60 89.44
9 0478 7541 21854 9472 18583 9631  172.63 9285 153.09  88.81
10 10959 8382 12133 8880 17455 8231 16650 91.80 15230  83.68
Average 14794 8466 15077 8549 16122 88.67 14856 86.86 149.03  87.25
SDorGSD  99.62  1.17 5304 110 3474 108 2876 107 1217  1.02
CcV 6734 1547 3518 961 2155 767 1936 645 8.17 2.09
1 10674 9652 11992 9922 11331 10097 164.66 107.50 150.94 101.61
2 348.08 153.15 102.63 9462 10021 86.00 159.63 102.87 15467 103.74
50 3 116.86 103.60 101.80 89.20  200.57 121.62 111.16 92.00 152.75 101.00
subjects 4 10233 8148 22418 122.69 18562 11079 15553 101.64 156.79 101.14
per pool 5 96.80 8391 10400 86.69 16898 97.66 17191 107.28 148.05 100.25
(S=50) 6 7336 7012 208.69 10254 17552 107.18 111.06 9572  155.06 105.14
7 32251 139.92 193.64 9197 12602 10032 10121 87.74 11507  97.56
8 10831 102.40 11297 91.67 181.58 107.06 17131 107.89 151.60 106.38
9 0478  83.59 21854 121.96 185.83 115.19 172.63 108.77 153.09 105.80
10 109.59 9473 12133 10230 17455 9896 16650 112.40 15230  100.30
Average 147.94  100.94 15077 10029 16122 10457 14856 10238 149.03 102.29
SDorGSD  99.62 127 5304 113 3474 1.0 2876 108 1217  1.03
CcvV 6734 2458 3518 1222 2155 976 1936  8.14 8.17 2.79

Note: N= sample size; S= samples per pool; AM= arithmetic mean; GM= geometric mean; SD = standard deviation; GSD=
geometric standard deviation; CV= coefficient of variation.



Tablel1 Distribution of pooled MiBP concentrations (ng/mL) by sample size types
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MiBP N=500 N= 1000 N=1500 N=2000 N=2500
Replication AM GM AM GM AM GM AM GM AM GM

1 17.15 1591 1475  13.62 1485 13.82 1459 1352 1452  13.49

2 13.90 1332 1444 1345 1467 13.60 1480  13.87 1441  13.48

3 14.13 1333 1504 1386 1418 1340 1481 1379 1473  13.85

20 4 13.19 1274 1449  13.63 1475 1374 1487 1375 1479  13.95
S‘;’;’Jegff‘l 5 1577 1484 1356 1311 1412 1337 1476 1381 1477  13.75
p(SJ;O) 6 13.18  12.08 1485 1401 1491 1410 1463 1372 1476  13.78
7 1412 13.62 1346 1288 1476 1374 1531 1401 1469  13.72

8 1402  13.08 1528 1411 1429 1345 1488 1373 1482  13.84

9 13.48  13.04 1422 1330 1470 1375 1448 1354 1478  13.80

10 1439 1391 1447 1359 1458 1361 1491  13.83 1465  13.79

Average 1433 1359 1446  13.55 1458  13.66 1480 1376 1469  13.75

SDorGSD 124 1.08 0.59 1.03 0.28 1.02 0.23 1.01 0.13 1.01

CcV 8.63 7.83 4.07 2.86 1.94 1.62 1.53 1.06 0.90 1.10

1 17.15 1645 1475 1433 1485 1436 1459 1419 1452 1401

2 13.90  13.67 1444 1395 1467 1405 1480 1440 1441  14.02

50 3 1413 1359 1504 1444 1418 1373 1481 1429 1473 1431
subjects 4 13.19  13.01 1449 1419 1475 1415 1487 1434 1479 1442
per pool 5 1577 1544 1356 1336 1412  13.86 1476 1439 1477 1435
(S=50) 6 13.18  12.82 1485 1450 1491 1440 1463 1416 1476 1426
7 1412 13.83 1346 1327 1476 1438 1531 1467 1469  14.14

8 1402 1389 1528 1483 1429 1397 1488 1415 1482 1433

9 13.48 1326 1422 1374 1470  14.13 1448 1405 1478 1420

10 1439 1420 1447 1416 1458  14.16 1491 1426 1465 1433

Average 1433 14.02 1446 1408 1458  14.12 1480 1429 1469  14.24

SDorGSD 124 1.08 0.59 1.04 0.28 1.02 0.23 1.01 0.13 1.01

CcvV 8.63 773 4.07 3.59 1.94 1.59 1.53 1.22 0.90 0.99

Note: N= sample size; S= samples per pool; AM= arithmetic mean; GM= geometric mean; SD = standard deviation; GSD=
geometric standard deviation; CV= coefficient of variation.
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MBP N=500 N= 1000 N=1500 N=2000 N=2500
Replication AM GM AM GM AM GM AM GM AM GM
1 1627 1581 1563 1524 1683 1633 17.04 1619 1699  16.18
2 1572 1524 1674 1599 1778 1671 1699 1623 1670  16.03
3 17.54 1651 1652 1597 1616 1540 1692 1604 1696  16.09
20 4 1771 1588 1640 1559 1746 1664 1692 1609 1687  16.13
S‘;';’Jegf)sl 5 1753 1652 1646 1576  17.13 1626 1693 1638 1688  16.10
p(SJ;O) 6 1490 1461  17.89  17.08  17.02  16.10 1692 1607 1677  16.02
7 1653 1554 1675 1608  17.06 16.13 1678 1599 1657  15.76
8 1724 1642 1651 1566 1650 1578  16.69 1578  17.05  16.30
9 1533 1496 1676 1593 1696 16.19 1690 1598 1670  16.04
10 1725 1681 1681 1589 1645 1569 1697 1609 1689  16.16
Average 16.60 1583 1665 1592 1694 16.12 1691 1608 1684  16.08
SDorGSD  1.01 1.05 0.55 1.03 0.48 1.03 0.10 1.01 0.15 1.01
CcV 609 472 3.33 2.94 2.85 2.55 0.60 1.00 0.90 0.87
1 1627 1605 1563 1548 1683 1668 17.04 1673 1699  16.60
2 1572 1548 1674 1644 1778 1736 1699 1654 1670  16.43
50 3 1754 1695 1652 1636 1616 1581 1692 1646 1696  16.61
subjects 4 1771 1685 1640 1596  17.46 17.12 1692 1657 1687  16.48
per pool 5 1753 1723 1646 1619 17.13 1682 1693 1670 1688  16.48
(S=50) 6 1490 1471  17.89 1748  17.02 1668 1692 1648 1677  16.29
7 1653 1608 1675 1651  17.06 1666 1678 1643 1657  16.17
8 1724 1694 1651 1602 1650 1608 1669 1624 1705  16.80
9 1533 1519 1676 1637 1696 1657 1690 1632 1670  16.41
10 1725 1715 1681 1649 1645 1613 1697 1670 1689  16.59
Average 16.60 1626 1665 1633 1694 1659 1691 1652 1684  16.48
SDorGSD  1.01 1.06 0.55 1.03 0.48 1.03 0.10 1.01 0.15 1.01
CcvV 6.09 5.60 3.33 3.11 2.85 2.87 0.60 1.00 0.90 1.07

Note: N= sample size; S= samples per pool; AM= arithmetic mean; GM= geometric mean; SD = standard deviation; GSD=
geometric standard deviation; CV= coefficient of variation.



Tablel3 Distribution of pooled MBzP concentrations (ng/mL) by sample size types
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MBzP N=500 N= 1000 N=1500 N=2000 N=2500
Replication AM GM AM GM AM GM AM GM AM GM

1 9.52 8.74 9.13 8.38 9.81 9.04 9.63 8.89 9.23 8.55

2 7.58 7.07 8.24 7.60 9.24 8.34 9.20 8.46 8.99 8.37

3 8.19 7.63 9.30 8.47 8.67 8.05 9.01 8.22 8.88 8.15

20 4 8.55 7.76 8.60 7.60 9.47 8.74 8.92 8.04 9.10 8.38
S‘;’;’Jegff‘l 5 9.39 8.74 8.46 8.01 9.12 8.40 9.25 8.49 9.27 8.52
P(S;;O) 6 9.27 8.50 9.58 8.63 8.88 8.25 9.14 8.40 9.12 8.32
7 8.27 7.65 8.73 8.08 9.40 8.53 9.12 8.44 8.94 8.23

8 9.15 8.17 8.79 7.94 8.37 7.69 8.72 8.06 9.30 8.51

9 8.52 8.11 9.20 8.48 9.19 8.37 8.89 8.16 9.12 8.27

10 9.43 8.94 8.97 8.19 854 798 9.07 8.30 9.17 8.33

Average 8.79 8.13 8.90 8.14 9.07 8.34 9.10 8.35 9.11 8.36

SDorGSD  0.66 1.08 0.41 1.05 0.45 1.05 0.25 1.03 0.14 1.02

CcV 751 752 462 4.46 497 462 2.72 3.00 1.53 1.61

1 9.52 9.24 9.13 8.69 9.81 9.46 9.63 9.32 9.23 8.95

2 7.58 7.53 8.24 7.97 9.24 8.75 9.20 8.93 8.99 8.69

50 3 8.19 8.06 9.30 9.02 8.67 8.43 9.01 8.63 8.88 8.57
subjects 4 8.55 8.27 8.60 8.13 9.47 9.26 8.92 8.54 9.10 8.74
per pool 5 9.39 8.98 8.46 8.29 9.12 8.80 9.25 8.94 9.27 8.84
(S=50) 6 9.27 9.00 9.58 9.13 8.88 8.62 9.14 8.78 9.12 8.75
7 8.27 8.06 8.73 8.50 9.40 8.97 9.12 8.76 8.94 8.64

8 9.15 8.65 8.79 8.33 8.37 7.90 8.72 8.51 9.30 9.02

9 8.52 8.37 9.20 9.02 9.19 8.82 8.89 8.59 9.12 8.74

10 9.43 931 8.97 8.63 8.54 8.39 9.07 8.73 9.17 8.87

Average 8.79 8.55 8.90 8.57 9.07 8.74 9.10 8.77 9.11 8.78

SDorGSD  0.66 1.07 0.41 1.05 0.45 1.05 0.25 1.03 0.14 1.02

CcvV 751 6.91 4.62 4.65 4.97 5.16 272 274 1.53 1.58

Note: N= sample size; S= samples per pool; AM= arithmetic mean; GM= geometric mean; SD = standard deviation; GSD=
geometric standard deviation; CV= coefficient of variation.



Table14 Distribution of pooled MEHP concentrations (ng/mL) by sample size types

MEHP N=500 N= 1000 N=1500 N=2000 N=2500

Replication AM GM AM GM AM GM AM GM AM GM

1 1.88 1.69 1.90 1.74 1.90 1.77 1.86 1.73 1.83 1.72

2 1.81 1.72 1.93 1.74 1.90 1.78 1.75 1.67 1.79 1.71

3 1.96 1.75 1.72 1.65 1.84 1.70 1.76 1.69 1.83 1.72

20 4 1.95 1.82 1.89 1.76 1.87 1.75 1.80 1.67 1.83 1.74
subjects

per pool 5 1.75 1.68 1.72 1.65 1.79 1.68 1.83 1.73 1.83 1.73

(85=20) 6 1.67 1.62 1.98 1.85 1.82 1.71 1.88 1.78 1.82 1.71

7 1.83 1.74 1.84 1.70 1.89 1.80 1.74 1.68 1.81 1.70

8 1.89 1.79 1.69 1.65 1.86 1.73 1.85 1.74 1.83 1.72

9 1.61 1.55 1.81 1.70 1.81 1.70 1.81 1.69 1.77 1.68

10 1.76 1.72 1.92 1.77 1.82 1.72 1.83 1.73 1.85 1.74

Average 1.81 1.71 1.84 1.72 1.85 1.73 1.81 1.71 1.82 1.72

SDorGSD  0.11 1.05  0.10 1.04  0.04 1.02 0.05 .02 0.02 1.01

CcvV 633  4.65 543 370 209 228 266  2.06 1.24 1.00

1 1.88 1.77 1.90 1.84 1.90 1.85 1.86 1.80 1.83 1.77

2 1.81 1.79 1.93 1.83 1.90 1.84 1.75 1.72 1.79 1.75

50 3 1.96 1.84 1.72 1.69 1.84 1.77 1.76 1.73 1.83 1.78

subjects 4 1.95 1.87 1.89 1.83 1.87 1.81 1.80 1.73 1.83 1.79

per pool 5 1.75 1.72 1.72 1.69 1.79 1.74 1.83 1.79 1.83 1.78

(S=50) 6 1.67 1.64 1.98 1.93 1.82 1.76 1.88 1.84 1.82 1.77

7 1.83 1.79 1.84 1.77 1.89 1.84 1.74 1.71 1.81 1.76

8 1.89 1.84 1.69 1.68 1.86 1.80 1.85 1.80 1.83 1.77

9 1.61 1.59 1.81 1.75 1.81 1.76 1.81 1.75 1.77 1.73

10 1.76 1.75 1.92 1.83 1.82 1.78 1.83 1.78 1.85 1.80

Average 1.81 1.76 1.84 1.78 1.85 1.79 1.81 1.77 1.82 1.77

SDorGSD  0.11 1.05  0.10 1.05 0.04 .02 0.05 .02 0.02 1.01

CcvV 6.33 510 543 457 209 208 266 245 1.24 1.11

Note: N= sample size; S= samples per pool; AM= arithmetic mean; GM= geometric mean; SD = standard deviation; GSD=
geometric standard deviation; CV= coefficient of variation.
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4. Discussions

4.1. Individual phthalate metabolites

This is the first study to explore different pooled sample designs for measuring urinary phthalate
metabolite concentrations using the NHANES data. Initially, we considered pooling by gender,
but Table 2 revealed no significant difference in the six individual phthalate metabolite
concentrations between genders, rendering pooling by gender uninformative. Due to the scope of
the study, we solely focused on overall phthalate metabolite levels without further stratification
by other variables.

4.2. Pooled sample design 1

4.2.1. Individual vs. Pooled

The results from the pooled sample design 1 (Table 3 —Table 8) support that the measured value
of a pooled sample is comparable to the AM concentration of the individual samples that make
up the pool (Caudill, 2010). We observed no significant difference in AM concentrations
between individual and pooled samples for any of the six phthalate metabolites, regardless of the
type of pool used. The GM concentrations and most of the distribution percentiles of the six
pooled phthalate metabolites were not comparable to those of the individual samples for all types
of pools. This result was expected since pooled sample data allows for the measurement of only
the AM, and additional statistical descriptors such as the GM or median of a population cannot
be calculated (Heffernan et al., 2014). However, the 75th percentile (P75) values of the pooled
and individual MCPP, MiBP, MBP, MBzP, and MEHP are similar, except for MEP, where the
95th percentile (P95) value is closer. As MEP has the greatest outliers among all phthalate
metabolites, we attempted to remove them and observe whether the similar values between

pooled and individual phthalate metabolites move toward P75. However, the trend remained the
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same. Further exploration, such as observing the distribution pattern, is needed to investigate the
reason for the similar P75 values between most of the pooled and individual phthalates.

4.2.2. Pool types

When comparing the AM concentrations of MEP, MiBP, MBP, MBzP, and MEHP across pool
types, no differences were found, except for MCPP. However, there were significant differences
in the geometric mean (GM) concentrations of all pooled phthalate metabolites. It is important to
note that there were only 10 data points (10 replications) for each pool type among each pooled
phthalate metabolite, indicating low variability in the data. Therefore, even small differences
between groups may be statistically significant. For instance, although the pair differences were
only about 0.1, the pooled 5°° had a significant difference with other pooled types in the AM
concentrations of MCPP. Overall, the findings suggest that the choice of pooled ™ does not have
a significant impact on AM values. However, there appears to be a trend where larger pooled 5™
values result in larger GM values.

4.3. Pooled sample design 2

We will suggest a minimum sample size needed to produce consistent AMs and GMs
concentrations for each pooled phthalate metabolite by observing SDs, GSDs, and CVs. It is
important to note that the acceptable level of variability in the data depends on the purpose of the
analysis and the required level of precision. As a result, there is no standard criterion to
determine whether SDs, GSDs and CVs are small enough. In general, pooled n=2500 5™ provides
the most consistent AMs and GMs for each pooled phthalate metabolite. However, due to cost
and resource constraints, we will suggest a minimum sample size that is acceptable for each
phthalate metabolite based on the results from Table 9 —Table 14 and the trend observation

described in the result section. The findings suggest that pooled n=1500 ™ produce a consistent
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AM and GM concentrations for MCPP, MEP, MiBP, MEHP. Morecover, Pooled n=1000 5™
produce a consistent AM and GM concentrations for MBzP, MBP.

4.4. Limitations and Strengths

Our study provides novel insights into the different pooled sample designs using NHANES, one
of the largest biomonitoring programs globally. While the large sample size offers significant
advantages, we acknowledge certain limitations of our study. Only six among the nineteen
phthalate metabolites with relatively high frequency of detection from the dataset are selected for
analysis. Additionally, not stratifying age, race/ethnicity, and other demographic variables by
phthalate metabolites may result in biased estimates if there are systematic differences in
phthalate exposure among subgroups. Another limitation of the study is that we only replicated
each algorithm 10 times. However, the optimal number of replications required to obtain reliable
and accurate standard deviation values for this study remains unknown. Last but not least, we did
not test the sufficient number of pool (pool counts) required to produce a grand mean
concentration comparable to the average concentration of the individual samples within each
pool. This aspect of the pooled sample design may yield interesting patterns and warrants further
investigation.

4.5 Future study recommendations

In addition to the limitations mentioned previously, we suggest addressing several other aspects
in future studies. Firstly, the pooled sample approach yields only the AM as a reliable statistic for
comparison with individual sample statistics. Therefore, we can only draw conclusions based on
the AM for our finding in pooled sample design 1, which indicates that varying the number of
samples per pool does not result in differences in the AM concentrations between individual and

pooled samples for any of the six phthalate metabolites. In future studies aiming to suggest a
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number of samples per pool required to produce a GM phthalate metabolite concentration similar
to the GM concentration of individual samples in the pools, it is recommended to use the pooled
sample estimated geometric mean method described by Caudill et al., 2007. This method can
provide a reliable estimate of the GM from pooled samples and may help address this question
more accurately. Additionally, there is no standard criterion to decide what level of consistency
is acceptable for AMs and GMs concentrations of phthalate metabolites for different sample
sizes. In future studies, we will need to test and validate the suggested minimum sample size for
each phthalate metabolite on other datasets.

5. Conclusions

Our study suggests that using pooled urinary phthalate metabolite samples is a feasible approach
for large-scale human biomonitoring to obtain the AM concentrations of individual urinary
phthalates, regardless of the number of samples per pool. Taking into account the cost and time
constraints, we recommend a minimum sample size of approximately 1500 to produce consistent
AM and GM concentrations for MCPP, MEP, MiBP, and MEHP. For MBzP and MBP, a
minimum sample size of approximately 1000 is recommended to produce consistent AM and
GM concentrations.

5.1. Public Health significances

This study may improve the accuracy of the pooled-sample method by providing guidance on the
pooled-sample formulation. This work is crucial as it will assist countries with limited financial
and laboratory resources to implement large-scale human biomonitoring programs to assess
exposure to environmental toxicants among their populations. Furthermore, since the populations
of middle- and low-income countries are often facing with high magnitude of environmental

chemical exposure due to either the lack of or ineffective control plans, biomonitoring studies
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will provide valuable data leading to the development of effective control measures and

prevention of health burdens associated with chemical exposure.
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