1duosnue Joyiny 1duosnuep Joyiny 1duasnuen Joyiny

1duasnuen Joyiny

Author manuscript
Chemosphere. Author manuscript; available in PMC 2016 September 01.

-, HHS Public Access
«

Published in final edited form as:
Chemosphere. 2015 September ; 135: 427-435. doi:10.1016/j.chemosphere.2014.11.015.

Persistent Organic Pollutants and Semen Quality: The LIFE
Study

Sunni L. Mumford@, Sungduk Kim?, Zhen Chen?, Robert E. Gore-Langton®, Dana Boyd
Barr®, and Germaine M. Buck Louis?

Sunni L. Mumford: mumfords@mail.nih.gov; Sungduk Kim: kims2@mail.nih.gov; Zhen Chen: chenzhe@mail.nih.gov;
Robert E. Gore-Langton: rlangton@emmes.com; Dana Boyd Barr: dbbarr@emory.edu; Germaine M. Buck Louis:
louisg@mail.nih.gov

aDivision of Intramural Population Health Research, Eunice Kennedy Shriver National Institute of
Child Health and Human Development, 6100 Executive Blvd, 7B03, Rockville, MD, 20852, United
States. (schistee@mail.nih.gov; sundaramr2@mail.nih.gov) °The EMMES Corporation, Rockville,
Maryland °Rollins School of Public Health, Emory University, Atlanta, GA, United States

Abstract

Growing evidence suggests that persistent environmental chemicals such as polychlorinated
biphenyls may adversely affect human fecundity. The purpose of this study was to evaluate
associations between persistent environmental chemicals and semen quality among 501 male
partners of couples discontinuing contraception for purposes of becoming pregnant. Men provided
a blood specimen and two fresh semen samples collected approximately a month apart that
underwent next day analysis for 35 semen quality endpoints. Serum samples were analyzed for 36
polychlorinated biphenyls (congeners #18, 28, 44, 49, 52, 66, 74, 87, 99, 101, 114, 118, 128, 138,
146, 149, 151, 153, 156, 157, 167, 170, 172, 177, 178, 180, 183, 187, 189, 194, 195, 196, 201,
206, 209); 1 polybrominated biphenyl (#153); 9 organochlorine pesticides; and 10 polybrominated
diphenyl ethers (congeners #17, 28, 47, 66, 85, 99, 100, 153, 154, 183) using high resolution mass
spectrometry. To estimate the effect of chemicals on semen quality, we regressed each semen
marker on each chemical while adjusting for research site, age, body mass index, serum lipids, and
cotinine levels. Males with chemical concentrations in the fourth quartile, as compared to the first
quartile, showed significant associations for several individual chemicals in each chemical class
and type of semen quality parameter indicating negative and positive associations with semen
quality. Polybrominated diphenyl ethers in particular were associated with several measures of
increased abnormal morphology. These exploratory results highlight the role of environmental
influences on male fecundity, and are of particular interest given the ubiquitous exposures to these
compounds.
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1. INTRODUCTION

Growing evidence suggests that persistent environmental chemicals such as polychlorinated
biphenyls (PCBs) may adversely affect human fecundity, though few prospective couple-
based cohort studies have been conducted. Much concern has been raised regarding the
reproductive health consequences of exposure to persistent organochlorine pollutants (POPs)
as PCBs and dichloro-diphenyltrichloroethane (DDT) in particular have been associated
with reduced sperm motility,1~3 and concentration,* as well as reduced couple fecundity.®
Moreover, these chemicals have been shown to readily penetrate the blood-testis barrier,®
which may alter endocrine homeostasis and impact testicular function. Although these
chemicals have also been quantified in seminal fluids, little information has been reported
on what these chemical concentrations may mean for reproductive function. Studies relating
serum chemical concentrations and semen quality have been limited, however, in that they
typically only evaluate a select number of PCBs with a basic semen analysis that focuses
only on sperm count, motility, and morphology, and in some cases DNA fragmentation,
despite modern technology to evaluate additional functional measures that have been related
to fecundity.

Therefore, the objective of this study was to explore potential associations between multiple
POPs in serum including polybromated biphenyl (PBB), organochlorine pesticides (OCPs),
polybrominated diphenyl ethers (PBDEs), and PCBs, and a comprehensive semen quality
assessment in a population based prospective cohort study. These hypotheses are of great
interest given the widespread exposure to environmental chemicals and the need for human
research at environmentally relevant doses.

2. MATERIALS AND METHODS
2.1 Design and Study Population

The LIFE Study was a prospective cohort study designed to investigate environmental
influences on human fecundity and fertility, and its design and methods were described
previously in detail.” In brief, 501 male partners of couples discontinuing contraception for
the purposes of becoming pregnant were recruited from 16 counties in Michigan and Texas
from 2005-2009 using sampling frameworks tailored for each State allowing for the
identification of couples planning pregnancy in the near future. Eligible men were aged 18+
years in a committed relationship; were able to communicate in English or Spanish; and
were not surgically or medically sterile. Full human subjects’ approval was granted from all
participating institutions prior to obtaining informed consent from all participants.

2.2 Data Collection

Upon enrollment, in-person interviews were conducted with each male partner to ascertain
health, demographic, and reproductive histories. All data and biospecimens were collected
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in the home, and baseline interviews were followed by a standardized anthropometric
assessment for determination of body mass index (BMI) conducted by research nurses.8 The
research nurse obtained non-fasting blood (~10 mL) for quantification of serum chemicals
and lipids using equipment determined to be free of the contaminants under study. Samples
were transported on ice to the site laboratories for processing, and remained frozen at -20°C
or colder until shipment on ice to the laboratory.

2.3 Serum POP Measurements

All analyses were conducted by the Division of Laboratory Sciences, National Center for
Environmental Health, Centers for Disease Control and Prevention, using established
protocols for the quantification of POPs in serum. Chemicals included a) 1 PBB (PBB 153);
b) 9 OCPs [hexachlorobenzene (HCB), p-hexachlorocyclohexane (B-HCH), v-
hexachlorocyclohexane (y-HCH), oxychlordane, trans-nonachlor, mirex, p,p’-
dichlorodiphenyltrichloroethane (p,p’-DDT) and its metabolites p,p’-
dichlorodiphenyldichloroethylene (p,p’-DDE) and o,p’-DDT]; and c) 10 PBDEs (congeners
17, 28, 47, 66, 85, 99, 100, 153, 154, and 183); d) 36 PCBs (congeners 28, 44, 49, 52, 66,
74, 87,99, 101, 105, 110, 114, 118, 128, 138, 146, 149, 151, 153, 156, 157, 167, 170, 172,
177,178, 180, 183, 187, 189, 194, 195, 196, 201, 206, and 209). Serum concentrations are
reported in nanograms per gram of serum (ppb) and were measured using isotope dilution
gas chromatography-high-resolution mass spectrometry using previously published
procedures.®19 We did not substitute by any constant for concentrations below the limit of
detection or perform lipid standardization in order to minimize bias associated with these
approaches when interested in estimating health effects.12-13 Serum levels of cotinine were
quantified using liquid chromatography-isotope dilution tandem mass spectrometry4 for
assessment of baseline exposure to smoking with cut-points based on previous
literature.1516 Serum lipids were quantified using commercially available enzymatic
methods,1” and reported as total serum lipids (nanograms per gram of serum) using
established calculation methods using individual components.18

2.4 Semen Collection and Analysis

A baseline semen sample was obtained followed by a second sample approximately one
month apart irrespective of couples’ pregnancy status. Men collected semen samples
through masturbation without the use of any lubricant following a recommended two days of
abstinence using home collection kits (actual abstinence time: median 3.0 days, mean 4.1
days).1920 At collection, a glass capillary tube was placed into the semen, and each subject
recorded the duration of abstinence, time of semen collection and any information regarding
sample collection loss or spillage. Semen samples were shipped via Federal Express
overnight to the study’s andrology laboratory at the National Institute for Occupational
Health and Safety for analysis representing next-day analysis. Semen delivered to a central
andrology laboratory by overnight mail in insulated mailing kits have been successful in
maintaining specimens for other studies.1?:21.22 Semen analysis after home collection has
been reported to be reliable for all semen parameters with the exception of motility
parameters.23.24 A percentage of sperm are alive after 24 hours and a next-day motility
assessment still can be made and may provide important information on sperm function and
survivability.24
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We quantified 35 semen parameters including five reflecting general characteristics
(volume, straw distance, sperm concentration, total sperm count, hypo-osmotic swollen),
eight motility measures, 12 morphometry measures, 8 morphology measures, and two sperm
chromatin stability assay measures, using established laboratory protocols inclusive of
ongoing quality assurance and control procedures (American Society of Andrology, 1996).
Of note is that some parameters are a compilation of other parameters. Specifically, sperm
concentration is equal to total sperm count divided by volume, and sperm head area,
perimeter, and elongation factor are functions of sperm head length and width. In addition,
percent linearity is a function of the straight-line and curvilinear velocity, and percent
straightness is a function of straight-line and average path velocity. Both of these composite
measures provide overall assessment of sperm motility.

The initial sample evaluation consisted of recording the temperature, turbidity, color,
liquefaction, and volume of the semen upon arrival at the laboratory. A temperature logging
monitor (Maxim Integrated, San Jose, CA, USA) placed on the collection jar determined the
temperatures to which the semen had been exposed since collection. Motility assessments,
viability estimates, sperm concentrations, the preparation of slides, and preservation of
seminal plasma were conducted at this time. Semen volume was measured to the nearest 0.1
ml. An aliquot of semen was heated to 37°C, placed in a 20 micron deep chamber, and
sperm motility was assessed using the HTM-1VOS (Hamilton Thorne Biosciences, Beverly,
MA) computer assisted semen analysis system (CASA). Sperm concentration was measured
using the 1VOS system and the IDENT™ stain.2> Sperm viability was conducted by hypo-
osmotic swelling (HOS assay).26 The HOS assay determines the structural and functional
integrity of the cell membrane. An aliquot of the whole semen was diluted in TNE buffer
with glycerol and frozen for SCSA® analysis.

Sperm morphology was determined on a fixed, stained semen smear. Sperm morphology
was classified by the two widely accepted classification systems; WHO 3" Edition
(traditional morphology) and WHO 5t Edition (strict morphology).2728 The main
difference between these classification systems is how they classify a “borderline normal”
sperm: normal with the traditional scheme and abnormal with the strict scheme.29
Morphometric analyses were conducted by HTM-1VVOS CASA (Hamilton Thorne
Biosciences, Beverly, MA) and provided objective assessments of individual sperm head
size and shape.

Progressive sperm motility was assessed by placing a flat capillary tube filled with
hyaluronic acid placed into the fresh ejaculate and the progression of the vanguard sperm
was measured when the specimen arrived at the laboratory the next day as a marker of
motile sperm at collection (straw distance).20 SCSA® was assayed according to the methods
of Evenson, as modified by Breitenstein. 100ul of whole semen were diluted into 500ul TNE
buffer and kept frozen at —=70°C until analysis.3%-32 The SCSA® procedure was conducted
on a Coulter Epics Elite Flow Cytometer using the SCSA® program (SCSA diagnostics,
Brookings, SD).

The second sample was assessed for a second global fecundity assessment, and was limited
to exclusively measurement of volume, concentration, and motility.
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2.5 Statistical Analysis

Five men (1 %) were found to be azoospermic on both samples and were excluded from this
analysis and were referred to clinical care. Descriptive analysis included the inspection of
missing data and influential observations. The study cohort was assessed by select
characteristics for male partners by categories of age. Differences in characteristics between
age groups were assessed using ANOVA and Fisher’s exact test. The distribution of each
chemical was assessed, and the 5t, 25t 50t 75t and 95t percentiles reported.

Linear mixed effects models were used to estimate associations between chemical
concentrations and semen quality parameters. Mixed modeling techniques were used to
incorporate the inter-sample correlations with random effects for all semen quality endpoints
measured in both samples (volume, concentration, next day motility, and sperm head
morphology). Quartiles of each chemical were considered with the lowest quartile as the
referent group. For chemicals with large numbers of very low levels, tertiles or dichotomous
variables were used for comparisons as indicated in the table footnotes. Models were
adjusted for age (years), BMI (kg/m?2), cotinine (> 40.35 ng/ml), research site, total serum
lipids (mg/dl), and fish consumption (more versus less than once per week). Models were
also adjusted for abstinence time and sample age, though adjustment for these factors did not
appreciably change the results and were not included in the final models for parsimony and
because these factors are not confounders of the chemical-semen quality association though
these factors are correlated with semen quality.

As a sensitivity analysis, semen quality parameters were also considered with Box-Cox
transformation to achieve normality in the linear mixed models. Following Handelsman,33
we found the optimal transformation parameter (A ranging 0 to 1) using the Shapiro-Wilk W
statistic for each semen quality outcome, and reran the analyses to determine whether the
obtained results were different from the primary analyses. Given the exploratory nature of
this study, and to reduce the overall number of comparisons to preserve our type | error rate,
our primary analyses focus on untransformed semen quality with transformed results used as
a sensitivity analysis.

3. RESULTS

The LIFE Study cohort comprised 501 male partners of couples attempting to become
pregnant, among whom 347 (69%) achieved pregnancy. A total of 468 men had measured
chemical concentrations and semen quality and were included in the analysis. The average
age of male partners was 31.8 (SD 4.8) years, with an average BMI of 29.9 (SD 5.6). The
majority of men were college educated (92%) and self-identified as non-Hispanic white
(81%). Men <25 years of age were less likely to be non-Hispanic white, a college graduate,
and to ever have fathered a pregnancy prior to study entry (Table 1). Characteristics of the
men who did not provide a sample were for the most part similar, though we did observe
that they tended to report lower incomes and education and a larger percentage were of
Hispanic or other self-identified race/ethnicity. The distribution of exposure for each
chemical, and the corresponding sample size, is shown in Table 2.
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Males with chemical concentrations in the fourth quartile, as compared to the first quartile,
showed significant associations at the 0.05 level for several individual POPs and semen
quality parameters (Figures 1-2, with details regarding significant associations at the 0.01
level in Table 3). Though the majority of comparisons were null, we did observe
associations between each chemical class and each type of semen quality parameter, with
results indicating both positive and negative associations with semen quality. Specifically,
OCPs were associated with multiple semen quality parameters (Figure 1, Table 3). Of note,
B-HCH, was associated with increased values of all motility parameters, increased percent
sperm head with acrosome, decreased percent round, and high DNA stainability, as well as
increased percent cytoplasmic droplet. In addition, p,p’-DDT, o,p’-DDT, p,p’-DDE, were all
associated with increased percent motility. o,p’-DDT, in particular, was also associated with
multiple motility, morphometry, and morphology parameters. PBB 153 was associated with
increased sperm concentration, and select morphometry (increased elongation factor,
decreased sperm head length, decreased percent round) and morphology (decreased percent
amorphous, increased % strict criteria) parameters (Figure 1, Table 3). Select PBDEs were
also associated with semen quality, with most associations indicating adverse effects on
semen quality, specifically increased percentages of abnormal morphology (increased
percent bicephalic, number of immature sperm, percent tapered). However, PBDE 153 was
associated with increased sperm concentration. Multiple PCBs were associated with overall
increases in semen volume, decreased percent with high DNA stainability, and select
motility parameters, most commonly increased percent linearity (Figure 2, Table 3).

Sensitivity analysis was used to evaluate the effects under the Box-Cox family of
transformations and results were similar, though more significant associations were
observed with sperm concentration in the transformed analyses (data not shown).

4. DISCUSSION

Overall, in this exploratory study we observed associations between each class of POPs and
semen quality parameters among men from the general population in a prospective cohort of
male partners of couples enrolled prior to conception and seeking pregnancy. Associations
were suggestive of both positive and negative beneficial associations with semen quality,
and were observed at environmentally relevant exposure levels. These results highlight the
role of environmental influences on male fecundity, and should be of concern given the
ubiquitous exposures to these compounds. This is the first study to evaluate a
comprehensive panel of chemical exposures with a detailed semen analysis, and additional
research is needed in this area to confirm these findings.

Our results are in line with other studies that have noted associations with POPs, specifically
PCBs, and semen quality parameters, particularly reduced sperm motility.1~4:34-37 Other
studies have looked at PCB 153 and p,p’-DDE in particular and observed associations with
reduced sperm motility,1=3 concentration,# and total count.3 In our study we observed that
PCB153 was associated with increased semen volume, increased straw distance, and
decreased percent high DNA stainability, but not associated with motility, and that p,p’-
DDE was associated with increased percent motility. These results may suggest
improvements in semen quality, though these differences may also be a result of our next-
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day motility assessment which would increase the variability in measurement, or that the
levels of concentrations tended to be slightly lower in the present study, although we
observed associations with several other congeners and reductions in measures of motility.
Previous studies have been limited in their assessment of select PCB congeners and OCPs,
and general semen quality parameters. Our study expands on previous work to evaluate a
broad spectrum of individual chemicals. Interestingly, we observed that several OCPs and
PCBs were associated with increases in sperm concentration and volume, though were also
associated with both increases and decreases in percent hypoosmatic swollen, a marker of a
functional and intact plasma membrane.38 It is possible that these findings may be indicative
of healthier men with better semen quality characteristics and higher fish consumption and
chemical exposure, though our results were adjusted for fish consumption. It is important to
note that what generally might be interpreted as improvements in individual semen quality
parameters (e.g., increases in volume, concentration, or motility) are difficult to interpret
overall, as these changes may still collectively indicate disturbances in normal function and
may or may not have beneficial effects on fecundity.

There are fewer prior studies evaluating the role of PBDEs and semen quality, with one
study in particular among 52 adult men recruited from an infertility clinic.34 These authors
observed that semen mobility was associated with PBDEs 47 and 100. Although we did not
observe associations with these specific congeners, our results highlight that there are many
potential chemical signals that may influence male fecundity and semen quality that require
further study. In particular, we observed that PBDE 17, 28, and 153, were all associated with
increased immature sperm, and PBDE28 was associated with reduced percent motility.
These results are suggestive of declines in semen quality and increased abnormal
morphology.

Several potential mechanisms have been hypothesized to explain associations between POPs
and semen quality, though exact mechanisms are unknown. These chemicals are known for
their endocrine-disrupting qualities, and PCBs in particular have potential estrogenic,
antiestrogenic or anti-androgenic effects depending on the congener, with DDT and its
metabolites also acting as estrogen receptor agonists and androgen receptor antagonists.3%-41
In addition, these PCBs have been shown to readily penetrate the blood-testis barrier, and
may thus have direct effects on spermatogenesis.6 Others have hypothesized that effects may
be due to increasing gonadotropin-releasing hormone, which would have downstream
effects on luteinizing hormone production and release.*2 A range of effects, as was observed
in our study, is plausible given the varying modes of action and varying biologic activity of
the chemicals of interest.

This study has several strengths, including a large number of participants recruited
irrespective of exposure or pregnancy outcome and for whom serum chemicals were
individually quantified. The presented results are adjusted for measured BMI and lipid
concentrations given the strong associations between BMI and semen quality and that these
are lipophilic chemicals.#3 This exploratory study offers a comprehensive and hypothesis
generating picture of potential associations between multiple POPs and a comprehensive
semen quality assessment, though we cannot rule out that some of the associations may be a
result of multiple comparisons. We were limited in our assessment of next-day motility.
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However, we were able to globally assess the presence of motile sperm at collection through
the glass straw methods described above. Though the variability in measurement is
increased (reducing efficiency), there is no evidence to support that the use of the next day
analysis introduces bias. We recognize that the next day analysis is not suitable for clinical
purposes, but is utilized here for large population-based studies in designing work
responsive to studying environmental chemicals in populations not seeking clinical care for
either infertility or pregnancy. In addition, no differences were observed between various
semen endpoints (excluding motility) between samples collected at home the night before
compared to samples analyzed within 1.5 hours.21:22 Moreover, men in the LIFE study had
chemical exposures that were comparable to adult men in the National Health and Nutrition
Examination Survey (NHANES) representing the US population, though geometric mean
levels were lower for most chemicals measured (PBB 153: LIFE 1.74 (95% confidence
interval 1.58, 1.91), NHANES 2.76 (95% confidence interval 2.21, 3.45); p,p’DDE: LIFE
111 (95% confidence interval 106, 116), NHANES 235 (95% confidence interval 193, 288))
possibly given the younger age distribution in our study cohort than NHANES. .44

In conclusion, our findings demonstrate that select persistent environmental chemicals in
each of the four classes evaluated were observed to be associated with markers of semen
quality and male fecundity, indicating positive and negative effects on semen quality. The
exact mechanisms remain elusive, but effects on sperm quality warrant additional study
given widespread exposure and possible male mediated effects on couple fecundity.

Acknowledgments

This work was supported by the Intramural Research Program of the Eunice Kennedy Shriver National Institute of
Child Health and Human Development (NICHD) (contracts #N01-HD-3-3355, NO1-HD-3-3356 and NO1-
HD-3-3358). We acknowledge the Reproductive Health Assessment Team, Biomonitoring and Health Assessment
Branch, National Institute for Occupational Health and Safety (NIOSH) for the analysis of semen samples under a
Memo of Understanding with the NICHD. We also acknowledge Andreas Sjodin, John T. Bernert and Pam Olive
for analysis of chemical and lipid concentrations in serum.

Abbreviations

B-HCH
DDE

DDT
y-HCH
HCB

LIFE Study
LOD

OCPs

PBB
PBDEs

B-hexachlorocyclohexane
1,1-dichloro-2,2-bis(p-chlorophenyl)ethylene
1,1,1-trichloro-2,2-bis(p-chlorophenyl)ethane
v-hexachlorocyclohexane

hexachlorobenzene

Longitudinal Investigation of Fertility and the Environment Study
Limit of Detection

organochlorine pesticides
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Figure 1.

Significant associations (p<0.05) between organochlorine pesticides (OCPs), polybromated

biphenyl (PBB) and polybrominated diphenyl ethers (PBDESs), and semen quality
parameters, with | and 1 indicating significant negative and positive associations between
the fourth quartile for each chemical concentration compared to the first quartile unless
otherwise indicated. Associations shaded in red are thought to be generally associated with
diminished semen quality, whereas associations shaded in green are thought to be associated
with improvements in semen quality parameters.
3-hexachlorocyclohexane (B-HCH), hexachlorobenzene (HCB), y-hexachlorocyclohexane

(y-HCH), p,p’-dichlorodiphenyltrichloroethane (p,p’-DDT) and its metabolites p,p’-

dichlorodiphenyldichloroethylene (p,p’-DDE) and o,p’-DDT; organochlorine pesticides
(OCPs); PBB, polybromated biphenyl; PBDEs, polybrominated diphenyl ethers
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Figure 2.

Significant associations (p<0.05) between polychlorinated biphenyls (PCBs) and semen
quality parameters with | and 1 indicating significant negative and positive associations

between the fourth quartile for each chemical concentration compared to the first quartile

unless otherwise indicated. Associations shaded in red are thought to be generally associated

with diminished semen quality, whereas associations shaded in green are thought to be

associated with improvements in semen quality parameters.
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*Q2 versus Q1; **Q3 versus Q1; PCBs, polychlorinated biphenyls
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Significant associations at the a=0.01 level between organochlorine pesticides (OCPs), polybromated

Table 3

Page 21

biphenyl (PBB), polybrominated diphenyl ethers (PBDES), polychlorinated biphenyls (PCBs) and semen
quality parameters, the LIFE Study, 2005-2009.

Chemical Semen Quality Parameter Beta SE
B-HCH Motility Amplitude of Lateral Head Displacement (um)  0.52  0.19
Avg. Path Velocity (um/sec) 6.19 181

Curvilinear Velocity (um/sec) 993 3.10

Linearity (%) 6.16  1.82

Straightness (%) 9.05 282

Straight-Line Velocity (um/sec) 498 1.48

Morphology Cytoplasmic Droplet (%) 222 085

Sperm Chromatin Stability ~ High DNA Stainability (%) -2.20 0.77

oxychlordane Overall Sperm Concentration (*10°6/ml) 2621 9.22
Sperm Chromatin Stability ~ High DNA Stainability (%) -2.58 0.86

trans-nonachlor  Overall Distance Sperm Traveled in Straw (mm) 305 1.12
Sperm Chromatin Stability ~ High DNA Stainability (%) -3.17 084

p,p’-DDT Motility Percent Motility (%) 530 1.87
o,p-DDT Morphology Strict Criteria (%) 418 1.33
WHO Normal (%) 505 1.67

p,p’-DDE Motility Percent Motility (%) 557 192
mirex Overall Sperm Concentration (*10°6/ml) 2597 9.93
Hypo-osmotic swollen (%) 451 1.66

PBDE 17 Morphometry Coiled tail (%) -4.05 153
Morphology Immature Sperm (#immature) 6.47 242

PBDE 28 Morphology Bicephalic (%) 069 0.26
PCB 74 Morphometry Sperm Head with Acrosome (%) 208 0.75
PCB 99 Sperm Chromatin Stability =~ High DNA Stainability (%) -3.48 0.82
PCB 118 Morphometry Sperm Head with Acrosome (%) 233 0.75
Sperm Chromatin Stability ~ High DNA Stainability (%) -2.58 0.83

PCB 128" Morphology Strict Criteria (%) 556  1.89
WHO Normal (%) 6.99 236

PCB 138 Sperm Chromatin Stability =~ High DNA Stainability (%) -2.80 0.86
PCB 146 Motility Avg. Path Velocity (um/sec) 6.78  2.09
Linearity (%) 828 210
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Chemical Semen Quality Parameter Beta SE

Percent Motility (%) 525 1.95

Straightness (%) 11.00 3.26

Straight-Line Velocity (um/sec) 562 1.71

Morphometry Sperm Head with Acrosome (%) 237 0.80

Sperm Chromatin Stability =~ High DNA Stainability (%) -2.39 0.88

PCB 153 Overall Distance Sperm Traveled in Straw (mm) 365 1.22

Sperm Chromatin Stability ~ High DNA Stainability (%) -2.41 0.90

PCB 157 Motility Linearity (%) 6.41 191

Straightness (%) 9.34 2,96

Straight-Line Velocity (um/sec) 409 156

PCB 172 Motility Avg. Path Velocity (um/sec) 497 1.88

Linearity (%) 502 1.89

Straight-Line Velocity (um/sec) 469 153

PCB 177 Motility Linearity (%) 525 201

PCB 178 Motility Linearity (%) 6.37 207

PCB 183 Motility Linearity (%) 514 1.97

Percent Motility (%) 549 1.86

Straight-Line Velocity (um/sec) 461 1.60

Sperm Chromatin Stability =~ High DNA Stainability (%) -2.40 0.82

PCB 189" Overall Hypo-osmotic swollen (%) 310 1.19

Motility Percent Motility (%) 482 148

PCB 196 Motility Linearity (%) 6.00 2.26

*
Q2 versus Q1
* %
Q3 versus Q1

Page 22

f-hexachlorocyclohexane (B-HCH), hexachlorobenzene (HCB), y-hexachlorocyclohexane (y-HCH), p,p’-dichlorodiphenyltrichloroethane (p,p’-
DDT) and its metabolites p,p’-dichlorodiphenyldichloroethylene (p,p’-DDE) and o,p’-DDT; organochlorine pesticides (OCPs); PBB, polybromated
biphenyl; PBDEs, polybrominated diphenyl ethers; PCBs, polychlorinated biphenyls; SE, standard error;

Semen outcomes are not transformed. Mixed effects model (for volume, concentration, next day motility, and sperm head morphology) and linear

regression model (for the others) were used, and adjusted for age (years), BMI (kg/ mz), study site (Texas/Michigan), cotinine (> 40.35 ng/ml),
total lipids (ng/g), and fish consumption (more or less than once a week). Results presented are for the fourth quartile compared to the first quartile
unless otherwise indicated.
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