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Semen parameters are variable within individuals, but it is unclear whether 1 semen sample could represent a
man’s long-term average values in epidemiologic studies. Between 2005 and 2014, a total of 329 men from a fertil-
ity clinic in Boston, Massachusetts, provided 768 semen samples as part of the Environment and Reproductive
Health (EARTH) Study. Total sperm count, sperm concentration, morphology, motility, and ejaculate volume were
assessed. We used linear mixed models to compare values from men’s first semen samples with their long-term
averages and to calculate intraclass correlation coefficients for each parameter. We calculated positive predictive
values (PPVs) and negative predictive values (NPVs) by comparing agreement in classification according to World
Health Organization reference limits. There were no differences in mean semen parameters between men’s first
samples and the remaining replicates. Intraclass correlation coefficients ranged from 0.61 for morphology to 0.75
for concentration, indicating consistently greater between-man variability than within-man variability. Nevertheless,
using 1 sample alone resulted in high NPVs but low PPVs (range, 43%—91%). The average of 2 samples was
needed to achieve high PPVs (range, 86%—-100%) and NPVs (range, 91%—-100%). We conclude that 1 semen
sample may suffice for studies aimed at identifying average differences in semen quality between individuals. Stud-
ies aimed at classifying men based on World Health Organization reference limits may benefit from collection of 2

or more samples.

diagnosis; infertility; male factor infertility; reproducibility; semen parameters; semen samples; variability

Abbreviations: EARTH, Environment and Reproductive Health; ICC, intraclass correlation coefficient; NPV, negative predictive
value; PPV, positive predictive value; WHO, World Health Organization.

Infertility is estimated to affect approximately 10%—15%
of couples attempting to conceive in their reproductive life-
time (1, 2), and a male factor is identified in 40%—-60% of
couples evaluated for infertility (3). The cornerstone of clini-
cal evaluation of male infertility is the analysis of semen
parameters, which also serves as a proxy for male fertility
potential in epidemiologic studies designed to identify risk
factors for male factor infertility (4-6).

It is well known that semen parameters are subject to
inherent within-person variability over time (7-10). As a
result, in clinical settings, the results of at least 2 semen sam-
ples are used for diagnosis of male factor infertility in order

to minimize false-discovery and false-omission rates. None-
theless, in clinical practice, a second diagnostic semen sam-
ple is usually requested only when the results of the first
analysis fall below the World Health Organization (WHO)
reference limits (11, 12). The extent to which this practice
may result in underdiagnosis of male factor infertility is
unclear.

In research applications, on the other hand, investigators
face the challenge of making the most efficient allocation of
a fixed budget in order to maximize the amount of informa-
tion obtained. Specifically, investigators often face the deci-
sion of whether to obtain 2 or more semen samples per man,
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mirroring clinical practice, or obtain a single sample per man
in order to maximize sample size. The optimal conclusion
for research purposes continues to be a matter of debate. Pre-
vious work among healthy individuals has found no differ-
ences, on average, between semen parameters obtained from
duplicate samples (13). Nevertheless, since within-man vari-
ability in semen quality may be higher among subfertile men
than among healthy men or donors (9), it is unclear whether
study findings for fertile men are applicable to men recruited
at fertility centers. In the present study, we sought to address
the relative benefits of obtaining more than 1 semen sample
per man in research settings, in a cohort of men in subfertile
couples seeking evaluation and treatment at an academic fer-
tility center.

METHODS
Study population

Study participants were male partners in subfertile couples
enrolled in the Environment and Reproductive Health (EARTH)
Study, an ongoing prospective cohort study of couples seeking
infertility evaluation and treatment at the Massachusetts General
Hospital Fertility Center (14). Men were eligible if they were
between ages 18 and 55 years, had no history of vasectomy,
and were partners in couples using their own gametes for
intrauterine insemination or assisted reproduction (4). A total
of 329 men provided 768 semen samples (range, 1-9 sam-
ples per subject) between January 2005 and August 2014. At
enrollment, participants completed a general health question-
naire on demographic factors, lifestyle factors, and reproduc-
tive history. Clinical information was abstracted from electronic
medical records. The study was approved by the human sub-
jects committees of the Harvard T.H. Chan School of Public
Health and Massachusetts General Hospital. Signed informed
consent was provided by all participants before joining the
study.

Semen analysis

All semen samples were obtained on-site by masturbation
into a sterile plastic cup. Men were instructed to abstain from
ejaculation for at least 48 hours, but no more than 5 days,
before semen sample collection and to report the specific
time of last ejaculation. Of 768 semen samples, 78 samples
(from 75 men) did not have information provided on absti-
nence time. Analysis was initiated after completion of lique-
faction at 37°C and within 30 minutes after ejaculation.
Ejaculate volume was measured with a graduated serological
pipette. To measure both sperm concentration and motility,
5 pL of semen from each sample was placed into a prewarmed
(37°C) Makler counting chamber (Sefi Medical Instruments
Ltd., Haifa, Israel). A minimum of 200 spermatozoa from at
least 4 different fields were analyzed from each specimen.
Sperm concentration and motility were assessed by means of
computer-aided semen analysis (IVOS 11, version 14; Hamilton
Thorne, Beverly, Massachusetts). Percentage of motile sperm
was classified in terms of progressive motility (i.e., percentage
of progressively motile spermatozoa) and total motility
(i.e., percentage of progressively plus nonprogressively motile
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spermatozoa) (10). Sperm morphology was assessed manu-
ally under high-resolution oil immersion microscope optics
according to the strict criteria of Kruger et al. (15). For quality
control purposes, the laboratory conducted weekly monitoring
of sperm morphology smears and reevaluated any slides when
reports deviated from acceptable ranges of variation. In addi-
tion, the laboratory performed a quarterly competency evalua-
tion of all technicians and conducted proficiency testing every
6 months using an outside evaluator.

Total sperm count was calculated as (sperm concentration) X
(ejaculate volume). Total motile sperm count was defined as
(concentration) X (ejaculate volume) X (% total motility) and
total normal count as (concentration) X (ejaculate volume) X
(% morphologically normal). In addition, we dichotomized
semen parameters according to the WHO’s lower reference
limits: 39 million per ejaculate for total sperm count, 15 million
per mL for sperm concentration, 40% for total sperm motility,
32% for progressive motility, 4% morphologically normal
sperm for morphology, and 1.5 mL for ejaculate volume (10).
We defined good-semen-quality samples as those in which all
semen parameters were above the WHO lower reference
limits.

Statistical analyses

All statistical analyses were conducted using SAS 9.4
(SAS Institute, Inc., Cary, North Carolina). We classified
participants into 3 groups according to the total number of
semen samples provided (1, 2, or >3 samples), calculated
descriptive statistics, and tested for differences between
groups using Kruskal-Wallis and Fisher’s exact tests for
continuous and categorical variables, respectively. Approx-
imately 10% of the samples (n = 78 samples) had missing
data on abstinence time. To increase power and reduce bias,
we used multiple imputation (PROC MI in SAS) to generate
10 imputed data sets. We used linear mixed models to evalu-
ate whether the mean value of men’s first samples differed
systematically from the average of the remaining samples
among 197 men who provided at least 2 semen samples (n =
636 samples). Specifically, mean semen quality in the popula-
tion for the first sample and that for the remaining replicates
was estimated in each imputed data set. The mean difference
between men’s first sample results and the average of the re-
maining samples was estimated by introducing an indicator for
first sample into the regression model. The final estimates and
associated 95% confidence intervals were computed using
PROC MIANALYZE in SAS. Model-data agreement was
assessed by means of conditional Studentized residuals for
normality and homoscedasticity and by Cook’s distance for
influential outliers. No influential observation was identified
using a rule of thumb with a Cook’s distance value over 1.0 (16).

To improve normality and homoscedasticity, we log-
transformed data on sperm concentration, sperm count, total
motile sperm count, and total normal count and square-root-
transformed data on ejaculate volume, progressive motility,
and morphology. We also calculated intraclass correlation coef-
ficients (ICCs) based on the estimates of within- and between-
man variance obtained from the mixed-effects regression models.
The models adjusted for age (<35 years, >35 years) and absti-
nence time (<2 days, 2-2.9 days, 3-3.9 days, or >4 days)
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corresponding to each sample. Analyses of total motility and
progressive motility were additionally adjusted for time between
semen collection and the start of semen analysis. We also cre-
ated spaghetti plots for men who had provided 7 or more sam-
ples (n = 12) for each of the semen quality parameters to
visualize within-man and between-man variation over time.

We then assessed how well each man’s first sample classified
him according to the WHO 2010 values in a subset of men who
provided at least 3 semen samples (n = 104 men and 450 sam-
ples) (10). To assess the discordance between the first and sec-
ond samples, we calculated the conditional probability of the
second-sample results given the first-sample results, focusing on
the probability of discordant findings. We estimated sensitivity,
specificity, positive predictive value (PPV), negative predictive
value (NPV), false-discovery rate, and false-omission rate by
comparing the agreement of the classification based on the first
sample only and the classification based on each man’s long-
term average, defined as the average of the first to Nth samples
for each man. We also compared the agreement between the
classification based on the average of the first and second sam-
ples and the classification based on the average of the first to
Nth samples for each man. These metrics were also calculated
when the average of all of the semen samples was considered as
the gold standard. Two-sided P values less than 0.05 were con-
sidered significant.

RESULTS

Characteristics of the EARTH study participants are summa-
rized in Table 1. The median number of samples per man was 2
(range, 1-9), and the median amount of time between the collec-
tion of each man’s first and last samples was 156 days (range,
6-2,239). There were no appreciable differences in demographic
and reproductive characteristics by the number of samples given
(1,2, 0r >3) (Table 1).

As has been reported by others (9, 17-20), visual evaluation
of the results of semen analyses over time suggested consid-
erable within-man variability (Figure 1). Nevertheless, there
were no significant differences between the mean value of the
men’s first samples and the mean of their remaining samples
(Table 2). Furthermore, when variability was quantified,
between-man variability was consistently larger than within-
man variability, as reflected in the ICCs. The ICCs across all
semen parameters ranged from 0.61 for morphology to 0.75
for sperm concentration. The results were consistent when the
analysis was restricted to men who had at least 1 abnormal
semen parameter based on their long-term average. All results
were nearly identical when we included men who provided
only 1 semen sample in the analysis in order to improve the
estimation of between-man variability (see Web Table 1,
available at https://academic.oup.com/aje).

We then calculated how much statistical power would be
gained when taking 2 samples from each man versus 1 sam-
ple from each man at any given sample size. When the num-
ber of men in each group was fixed, additional samples
improved power (Web Figure 1). Obtaining replicates was
noticeably better for power for a parameter with a lower ICC
compared with one with a higher ICC, especially when the
sample size was low. Nonetheless, when the total number of

semen samples was fixed, power decreased with increasing
number of replicates per man (Web Figure 2).

When the results of semen analysis were dichotomized ac-
cording to the WHO lower reference limits, 27% of men had
discordant results between their first 2 samples. Specifically,
among men with at least 1 parameter below the reference
limits in their first sample, 8.5% had all semen parameters
above the WHO reference limits in their second sample. On
the other hand, among men with all semen parameters above
the WHO reference limits in their first sample, 51% had at
least 1 semen parameter below the WHO reference limits in
their second sample.

We also evaluated the accuracy of the first sample to classify
aman according to the WHO lower reference limits by compar-
ing it with the classification obtained from each man’s long-
term average. The population prevalence of at least 1 semen
parameter below WHO reference values based on each man’s
first sample was slightly lower than that based on each man’s
long-term average values (56.7% vs. 67.3%; Table 3). When
we assessed the accuracy of classification at the individual
level, classification based on the first semen sample alone had
high NPVs but low PPVs for all semen quality parameters, with
the exception of total and progressive motility (Table 3). The
average of 2 semen samples was necessary to accurately clas-
sify men on all semen parameters with high sensitivity (range,
91%-100%), specificity (range, 89%—-100%), PPV (range,
86%—100%), and NPV (range, 91%—-100%) (Table 4).

Lastly, we estimated the frequency of false-discovery and
false-omission classification of male factor infertility using
the results from the first semen sample compared with those
from the first 2 samples. As Table 3 shows, 6.8% of men with at
least 1 abnormal semen parameter would have been classified as
normal if only 1 semen sample had been considered. The false
discovery rate was reduced to 2.9% when the first 2 samples
were considered (Table 4). On the other hand, 33.3% of men
classified as having a normal semen analysis on the basis of their
first sample had at least 1 semen parameter below WHO refer-
ence limits when they were classified on the basis of long-term
averages (Table 3). The results of a second sample improved
classification: 8.6% of men were misclassified as normal when
the results of their first 2 semen samples were considered relative
to their average values from all of the samples.

DISCUSSION

We evaluated the long-term variability in semen parameters
among men visiting a fertility center in the EARTH Study. As
previously reported (9, 17-20), graphical evaluation of variability
over time suggested substantial within-man variability. Neverthe-
less, we found that between-man variability for each of the para-
meters investigated was consistently larger than within-man
variability. In addition, the mean value of men’s first samples
was not significantly different from the mean of multiple semen
samples. On the other hand, when semen parameters were
dichotomized, a second sample was necessary to estimate the
prevalence of below-WHO-reference values at population lev-
els and to achieve adequate classification of all parameters for
an individual man. In fact, our findings suggest that not collect-
ing a second semen sample when the results of the first one are
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Table 1.
Boston, Massachusetts, 20052014

Characteristics of Participants According to Total Number of Semen Samples Provided, Environment and Reproductive Health Study,

No. of Semen Samples Provided

Total (n = 329 1(n=132 2(n=93 >3°(n =104
Characteristic Subjects, n = 768 Subjects, n = 132 Subjects, n = 186 Subjects, n = 450 P Value?®
Samples) Samples) Samples) Samples)
Median(IQR) % Median(IQR) % Median(IQR) %  Median(IQR) %
Time metrics
Time between first and last samples, days 182 (87-331) 88 (53-147) 292 (186-473) <0.0001
Time between subsequent samples, days 91 (57-150) 88 (53-147) 98 (57-165) 0.31
Abstinence time before first sample, hours 60 (48-79) 60 (48-74) 58 (48-85) 61 (49-83) 0.79
Demographic characteristics
Age, years 36 (33-39) 36 (33-39) 35 (33-39) 36 (33-39) 0.44
Race/ethnicity 0.83
White, not Hispanic 88 89 86 88
Black 3 4 2
Asian 6 5 8
Hispanic or Latino 4 3 5 3
Current smoker 6 5 11 5 0.16
Body mass index® 27 (24-30) 27 (24-30) 27 (25-29) 27 (24-30) 0.91
Quality of first semen sample
Ejaculate volume, mL 3(2-4) 3(2-4) 3(2-4) 3(2-4) 0.50
Sperm concentration, millions/mL 63 (30—-106) 65 (29-113) 64 (32-96) 61(28-116) 0.91
Total sperm count, millions 156 (81-266) 168 (93-263) 163 (71-266) 121 (77-276) 0.63
Total motility, % 48 (28-63) 51 (30-65) 44 (24-59) 48 (28-67) 0.22
Progressive motility, % 26 (15-37) 27 (16-38) 22 (13-34) 29 (16-39) 0.19
Normal morphology, % 6 (4-8) 6 (4-10) 5(3-8) 6 (4-8) 0.18
Self-reported reproductive history
Diagnosis of male factor infertility® 35 34 40 33 055
Undescended testes 8 3 2 0.10
Varicocele 9 6 12 9 0.25
Reproductive surgery® 20 22 14 22 0.26

Abbreviation: IQR, interquartile range.

@ Kruskal-Wallis test for continuous variables; 3 test for categorical variables.

® The maximum number of samples was 9.
°Weight (kg)/height (m)>2.

9Based on Society for Assisted Reproductive Technology diagnoses.
© Report of any of the following: orchidopexy, varicocelectomy, hydrocelectomy, hernia repair, urethral repair, hypospadias repair, sympathec-

tomy, bladder neck surgery, or other reproductive surgery.

normal could potentially lead to underdiagnosis of male factor
infertility. These findings support the collection of 2 or more
semen samples, regardless of the results of the first one, when
the goal is to classify individual men according to relevant cut-
offs, as is the case with clinical evaluation of men in subfertile
couples and certain research settings. Nevertheless, they also
suggest that in research settings where semen quality parameters
are treated as continuous variables—that is, when the aim of the
study is to identify average differences between groups of men—
obtaining more than 1 sample per man does not offer any appre-
ciable advantage over obtaining a single sample.

We found no significant differences between the mean
value of men’s first semen samples and the mean value of the
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remaining replicates. These findings are in agreement with
those of previous studies (13, 21). In a multicenter study of
615 fertile men, Stokes-Riner et al. (13) showed that semen
parameters were not significantly different between the first
and second samples after adjusting for abstinence time, time
from ejaculation to the start of the analysis, and study center.
Similarly, Bae et al. (21) reported no significant differences
in semen parameters between the first and second semen
samples among 227 male partners with a singleton baby. On
the other hand, 2 studies have found significant differences
in certain semen parameters between 2 samples (19, 20).
Francavilla et al. (19) found that only volume and combined
parameters including volume (total sperm count and total
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Variation in semen parameters over time among 12 men who provided 7 or more semen samples in the Environment and Reproductive

Health Study, Boston, Massachusetts, 2005-2014. The figure shows variation in total sperm count (A), sperm concentration (B), progressive motil-
ity (C), and morphology (D) over time among men who provided 7—-9 samples (total number of samples = 92). ID, identification.

motile sperm count) were significantly lower in a repeat sam-
ple obtained after 1 day of abstinence. These results are not
directly comparable to our findings, given that samples ob-
tained on consecutive days are expected to be systematically
different, especially for semen volume and sperm concentra-
tion, which are the parameters most influenced by an insuffi-
cient abstinence interval (22-24). Secondly, in a study of
5,240 subfertile men from 2 medical centers in the Nether-
lands, Leushuis et al. (20) found a small but statistically sig-
nificant difference between 2 semen analyses for ejaculate
volume (—0.04 mL, 95% confidence interval: —0.07, 0) and
progressive motility (—2.10%, 95% confidence interval: —2.62,
—1.57) but not for other semen parameters, including concentra-
tion, morphology, and total motile sperm count. Nonetheless, in
contrast with the present report and those of Bae et al. (21) and
Stokes-Riner et al. (13), the results of the Leushuis et al.
study were not adjusted for duration of abstinence, time
from ejaculation to the start of analysis, and study center,
which may explain the small differences between the 2 semen
analyses (20). In addition, the magnitude of the differences

identified, while statistically significant, may not be clinically
relevant.

In agreement with previous studies by other investigators
evaluating the relative contributions of between- and within-
man variation in semen parameters (9, 19, 20), we too found
that between-man variability was consistently larger than
within-man variability and that results of semen analyses
were highly reproducible. In our study, sperm concentration
had the highest reproducibility (ICC = 0.75), whereas pro-
gressive motility and sperm morphology had the lowest
(ICC =0.63 and ICC = 0.61, respectively). Similar to our
findings, Leushuis et al. reported the highest ICCs for sperm
concentration (ICC = 0.89) and lower ICCs for motility (ICC =
0.58) and morphology (ICC = 0.60) among subfertile men
(20). Another study consisting of men whose partners were
undergoing intrauterine insemination also showed a higher
ICC for sperm concentration (ICC = 0.92) and a lower ICC
for rapid motility (ICC = 0.78) (19). Higher ICCs for sperm
count and sperm concentration and a lower ICC for motility
were also reported in the studies conducted among healthy
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Table2. Comparison of Mean Values® for Semen Parameters Between the First Semen Sample and the Long-Term Average of Other Samples
Among 197 Men Who Provided 2 or More Samples (n = 636 Samples), Environment and Reproductive Health Study, Boston, Massachusetts,

2005-2014
Difference® Between
First Sample Remaining Samples First Sample and ICC
Semen Parameter Remaining Samples
Mean 95% Cl Mean 95% Cl Mean 95% ClI Mean 95% Cl

Ejaculate volume®, mL 2.7 25,29 2.6 24,28 0.02 —-0.02,0.06 0.71 0.65,0.76
Sperm concentration® x108/mL, % 54.1 48.0,61.1 52.4 46.3,59.3 3 -5,13 0.75 0.70,0.80
Total sperm count® x108, % 128 113,144 135 119,153 6 -5,17 0.64 0.57,0.70
Total motility®,% 44 .4 40.6,48.2 43.3 39.6,47.0 1.12 -1.31,3.55 0.66 0.59,0.72
Progressive motility®®, % 223 19.6,25.1 21.6 19.2,24.1 0.08 -0.11,0.26 0.63 0.56,0.70
Normal morphology®, % 5.5 5.0,6.1 5.7 5.3,6.2 -0.04 -0.11,0.04 0.61 0.54,0.68
Total motile sperm count® x10°, % 51.4 42.0,62.7 46.5 38.0,56.9 10 -5,29 0.71 0.65,0.76
Total normal sperm count® x106, % 6.6 5.5,8.0 6.5 5.4,7.8 2 11,17 0.71 0.65,0.76

Abbreviations: Cl, confidence interval; ICC, intraclass correlation coefficient.

@ Adjusted for age (<35 years, >35 years) and abstinence time (<2 days, 2-2.9 days, 3-3.9 days, or >4 days).

b Relative differences (%) are presented for total sperm count, sperm concentration, total motile sperm count, and total normal sperm count;
absolute differences (unit for corresponding semen parameters) are presented for other semen parameters. For ejaculate volume, progressive
motility, and morphology, data are presented as the difference between square roots of the mean value. Estimates were obtained from linear mixed
models comparing the mean value of men’s first samples with the mean of the other samples while accounting for within-man variation.

° Data on ejaculate volume, progressive motility, and morphology were square-root-transformed, and back-transformed mean values are pre-

sented on the original scale.

9 Data on these semen parameters were log-transformed, and back-transformed mean values are presented on the original scale.
© Additionally adjusted for time between semen collection and semen analysis (<30 minutes, >30 minutes).

men (17, 25). Collectively, the findings from studies evaluat-
ing average differences between first and subsequent sam-
ples and the findings from studies evaluating reproducibility
over time suggest that a single semen sample can adequately
represent a man’s average semen quality in studies aimed at

identifying average differences in semen quality between
groups of men.

In research settings, although using a single sample pro-
vides an unbiased estimate of the population mean, it pro-
vides a larger variance estimate than what would be obtained

Table 3. Accuracy in Classification (%) of Dichotomized Semen Parameters (Based on World Health Organization 2010 Reference Values) From
the First Semen Sample Among 104 Men Who Provided 3 or More Samples (n = 450 Samples), Environment and Reproductive Health Study,

Boston, Massachusetts, 2005-2014

Semen Parameter
(Dichotomized Based on
WHO Reference Values)

First Sample Below WHO Average of All Samples Below e e g a a a a
Reference Limits WHO Reference Limits Sensitivity” Specificity” PPV® NPV® FDR® FOR

Ejaculate volume <1.5 mL 14.4
Concentration <15 million/mL 7.7
Total sperm count <39 million 6.7
Total motility <40% motile 39.4
Progressive motility <32% 52.9
motile
Morphology <4% normal 221
Good-semen-quality samples® 43.3
At least 1 parameter fell below 56.7

WHO reference limits

125 61.5 92.3 533 944 46.7 56
6.7 71.4 96.9 625 979 375 21
5.8 50.0 95.9 429 969 571 3.1

45.2 78.7 93.0 90.2 84.1 9.8 159

65.4 73.5 86.1 909 633 9.1 36.7

20.2 76.2 91.6 69.6 93.8 304 6.2

32.7 88.2 78.6 66.7 93.2 333 6.8

67.3 78.6 88.2 93.2 66.7 6.8 33.3

Abbreviations: FDR, false-discovery rate; FOR, false-omission rate; NPV, negative predictive value; PPV, positive predictive value; WHO, World

Health Organization.

& The gold standard was based on the average of values from the first to Nth semen samples.
b Good-semen-quality samples were defined as those having all evaluated semen parameters above the WHO reference values.

Am J Epidemiol. 2017;186(8):918-926
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Table 4. Accuracy in Classification (%) of Dichotomized Semen Parameters (Based on World Health Organization 2010 Reference Values) From
the First 2 Semen Samples Among 104 Men Who Provided 3 or More Samples (n = 450 Samples), Environment and Reproductive Health Study,

Boston, Massachusetts, 20052014

Semen Parameter

(Dichotomized Based on Below WHO Reference

Average of First 2 Samples Average of All Samples
Below WHO Reference Sensitivity? Specificity” PPV® NPV?® FDR® FOR?

WHO Reference Values) Limits Limits
Ejaculate volume <1.5 mL 115 125 92.3 100 100 989 O 1.1
Concentration <15 million/mL 6.7 6.7 100 100 100 100 0 0
Total sperm count <39 million 5.8 5.8 100 100 100 100 0 0
Total motility <40% motile 46.2 45.2 95.7 94.7 938 964 6.2 3.6
Progressive motility <32% motile 66.4 65.4 95.6 88.9 942 914 58 86
Morphology <4% normal 21.2 20.2 90.5 96.4 864 976 136 24
Good-semen-quality samples® 33.7 32.7 94.1 95.7 914 971 86 29
At least 1 parameter fell below 66.4 67.3 95.7 94 1 971 914 29 86

WHO reference limits

Abbreviations: FDR, false-discovery rate; FOR, false-omission rate; NPV, negative predictive value; PPV, positive predictive value; WHO, World

Health Organization.

@ The gold standard was based on the average of values from the first to Nth semen samples.
b Good-semen-quality samples were defined as those having all evaluated semen parameters above the WHO reference values.

from taking multiple samples from each subject. Therefore, taking
additional semen samples from each man will still be helpful to
improve study precision. It is interesting that when the ICC is
low, obtaining replicates is noticeably better for statistical power,
especially when the sample size is low. On the other hand, if the
ICC is high, adding replicate samples has minimal benefits for
power. However, when an investigator must further consider the
optimal allocation of resources on a fixed budget (leading to a
fixed number of samples), taking a single sample from as many
men as possible is the most efficient strategy.

The WHO recommends that characterizing a man’s base-
line semen quality in relation to the WHO 2010 lower refer-
ence limits requires considering the results of at least 2
semen samples (10, 26). Consistent with this recommenda-
tion, we found that using a single sample resulted in low
PPVs (range, 43% for total sperm count to 91% for progres-
sive motility) and NPVs (range, 63% for progressive motility
to 98% for sperm concentration) for some parameters. In order
to achieve acceptable classification levels, the average of 2
samples was necessary (PPV range, 86%—100%; NPV range,
91%—-100%). The recommendation to assess at least 2 semen
samples does not exactly reflect the management of infertility
work-up in clinical practice. For example, the clinical guidelines
from the American Society for Reproductive Medicine recom-
mend that a repeat confirmatory test be performed if the initial
evaluation is abnormal, implying that clinicians may stop at
1 semen analysis if the results of the first sample are normal
(12). Our data reveal a pitfall of this practice, potentially re-
sulting in underdiagnosis of male factor infertility. In addi-
tion, our study showed that 27% of men had discordant results
between their first 2 samples and that the probability of having
discordant findings was higher among men whose first sample
was normal than among men whose first sample had abnormal
values. Taken together, our findings suggest that for studies
aimed at classifying men according to WHO reference lim-
its, collecting 2 or more samples would be recommended.

Strengths of this study include its prospective design, the
large number of repeated semen analysis results available per
man, and the use of a single laboratory, reducing the possibil-
ity of interlaboratory variation (27). A potential limitation of
the study is that the majority of study participants were non-
Hispanic whites, and thus the findings may not be generalizable
to minority men. Similarly, because the study is restricted to
men visiting a fertility center and their average semen quality
was lower than that of men in the general population (13, 21,
28), we cannot be certain that results will be generalizable to
men with untested fertility or fertile men. However, the consis-
tency of our findings with previous work carried out among fer-
tile men (13, 21) decreases concern about this issue. Lastly,
while the analysis of discrimination ability based on the WHO
lower reference limits provided insights into the strengths and
pitfalls of diagnostic strategies for male factor infertility, it is
well known that classifying men according to these cutoffs does
not provide accurate prediction of fertility in natural settings or
among couples undergoing infertility treatment (29, 30).

In conclusion, our results show that the usefulness of a single
semen sample depends on the intended goal. Using the results of
a single semen sample per man may be the most efficient alloca-
tion of resources for studies aimed at identifying average differ-
ences in semen quality between groups of men. Nevertheless,
for clinical diagnosis or studies where the goal is to classify an
individual according to the WHO reference limits, at least 2
samples per man should be collected, regardless of the results
of the first sample.
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