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Purpose: Currently it is thought to take 60 to 70 days to produce and ejaculate human sperm. This estimate is derived
mainly from a single older, descriptive, kinetic analysis of spermatogenesis. We developed a noninvasive method to assess
germ cell turnover time accurately in vivo using stable isotope labeling and gas chromatography/mass spectrometry analyses.
We confirmed the postulated length of a normal cycle of spermatogenesis.
Materials and Methods: A total of 11 men with normal sperm concentrations ingested 2H2O daily for 3 weeks. Semen
samples were collected every 2 weeks for up to 90 days. Label incorporation into sperm DNA was quantified by gas
chromatography/mass spectrometry, allowing calculation of the percent of new cells present. A cycle of sperm production was
determined as the lag time until labeled sperm appeared in the ejaculate.
Results: Labeled sperm were detected after a mean � SD of 64 � 8 days (range 42 to 76). In 1 subject the time lag was 42
days but it was at least 60 in all other subjects. In most subjects plateau labeling in sperm was not attained. In 2 subjects
the rise and fall of the labeling curve was steep and reached greater than 85% new cells, suggesting rapid washout of old
sperm in the epididymal reservoir.
Conclusions: This direct kinetic assessment confirms a course of spermatogenesis that is on the shorter side of traditional
estimates based on prior analyses. In addition, the variability observed in healthy men suggests that characteristics such as
the epididymal reservoir effect may influence the modeling of in vivo spermatogenesis.
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M
ammalian spermatogenesis consists of 3 stages,
namely 1) the proliferation of spermatogonia to give
rise to diploid spermatocytes, 2) meiotic division,

which gives rise to haploid cells, called spermatids and 3)
cytological transformation, which leads to mature sperma-
tozoa. In addition, fully developed spermatozoa must transit
through the epididymis before ejaculation. Although mor-
phometric studies of testis biopsies have been done to assess
age related changes in sperm production in humans, data
regarding the time frame for actual sperm production and
ejaculation are sparse.1,2 The length of a human cycle of
spermatogenesis has been estimated to be 64 days.3 Human
epididymal transit time has been estimated to be 5.5 days.4

These estimates are derived mainly from an older kinetic
study performed in vivo.2,5,6 Based on this analysis the
production of spermatocytes from spermatogonia during
spermatogenesis is estimated to take 16 days in man and the
duration of all 3 phases of spermatogenesis is estimated to
be 64 days.7 Thus, it is currently believed that the time from
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production to ejaculation of human sperm is approximately
70 days. These data form the foundation for the general
belief that human spermatogenesis requires 2 to 3 months to
complete and they guide the time lines proposed for im-
provement or recovery in countless infertile couples under-
going male infertility treatment.

In addition to human studies, a limited number of kinetic
studies of spermatogenesis have been performed in animals
to examine the time frame of spermatogenesis. These stud-
ies have generally used 1 of 2 methods. One method involves
radiographic analysis of sequential biopsies after testes
have been injected with radiographic tracers, such as 3H-
thymidine or bromodeoxyurdine.2 A second method involves
exposing testes to irradiation, which results in the progres-
sive disappearance of spermatocytes and spermatids from
the seminiferous epithelium. The rate at which cells disap-
pear is then translated into a rate of spermatogenesis.7

Neither of these approaches is readily applicable to human
subjects.

The single novel radioisotope study performed in 1963 in
humans to assess spermatogenesis kinetics is unrepeat-
able.5 Seven men who had undergone previous vasectomy
were injected intratesticularly with 3H-thymidine radioiso-
topes and then followed with serial testicular biopsies. This
study may have accurately assessed the time frame of sper-
matogenesis but it did not include epididymal transit time.
In addition, this kind of study is not well suited to further

application in humans due to toxicity and the invasive sam-
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pling procedure. A noninvasive and nontoxic method for
accurately measuring spermatogenesis kinetics in vivo
would have significant value for basic research and clinical
applications. Indeed, this technology might allow the assess-
ment of the effects of infertility treatments in the form of
surgery or medications4 and the effects of environmental
agents or gonadotoxins on testicular function,6 and it could
potentially distinguish azoospermia due to obstruction from
that due to testis failure.

We describe a nontoxic, noninvasive in vivo method for
measuring spermatogenesis in man. It involves use of stable
isotope labeling with 2H2O and analysis of DNA isotopic
enrichment in ejaculated sperm by GC/MS. We further char-
acterized and confirmed the kinetics of human spermatogen-
esis in healthy men in vivo.

METHODS

Human subjects. This protocol was approved by the Uni-
versity of California, San Francisco Committee on Human
Research. Written informed consent was obtained from all
subjects prior to study participation. A total of 11 healthy
adult men were recruited by advertisement. Inclusion crite-
ria were a normal baseline sperm concentration (greater
than 20 million sperm per ml) by WHO standards.8 Subjects
of varying ages, ethnicities and socioeconomic status were
included. Average age � SD was 39.7 � 9.0 years (range 25
to 50). Men with a history of infertility, testicular or hor-
monal abnormalities and those reporting life-style factors
that might impact fertility (recent fevers, tobacco use, hot
tubs, anabolic steroids, etc) were excluded from study.

Study design. 2H2O Labeling: Subjects received individual
doses of 2H2O (70% enriched heavy water) in vials to take
home. They were instructed to ingest a 50 ml dose of 70%
2H2O 3 times daily (total of 150 ml daily) for week 1 to
achieve a body water enrichment of approximately 1.5% and
then a 40 ml dose of 70% 2H2O twice daily (total of 80 ml
daily) to maintain enrichment through day 21. This dosing
schedule was selected based on prior clinical experience.9

Body water enrichment has been shown to achieve approx-
imately 1.5% to 2.0% after 1 week of 150 ml daily and the
maintenance dose of 80 ml daily maintains body water en-
richment stable at this level.9,10 This level of body water
enrichment has been previously shown to provide sufficient
label incorporation for reproducible analysis of DNA synthe-
sis by this methodology.9,10

Collection of Semen Samples: Subjects provided a semen
sample on site for baseline semen analysis. Samples were
analyzed for semen volume, sperm concentration and motil-
ity within 2 hours of collection.8 Approximately every 2
weeks after the start of the 2H2O labeling period subjects
provided an additional semen sample collected at home for
the assessment of sperm labeling. These samples were sent
to the laboratory for processing within 2 hours of delivery.
Subjects were asked to abstain from ejaculation for 48 hours
before semen collection. A subset of 5 men also completed
exit semen analyses, which were analyzed similarly to base-
line semen analysis.

Blood Collection: Blood (5 ml) was collected from the an-
tecubital vein after 4 weeks of heavy water intake. Mono-
cytes were isolated and enrichment for isotope label

assessed in this cell population for 2 reasons. 1) Monocytes
have a rapid mitotic turnover rate appropriate for compari-
son to sperm, as described. 2) Monocyte enrichment was
used to gauge subject compliance, as described.

Analytical methods. Sperm Isolation by Gradient Centrif-
ugation: Sperm were isolated from the semen by gradient
centrifugation and assessed by cytology for purity. Greater
than 95% sperm cells in the preparation were deemed suf-
ficient for further analysis. Briefly, SpermPrep™ Viscolytic
System enzymes were resuspended in 1 ml SpermPrep™
Medium and added to semen to decrease viscosity and re-
lease sperm from the mucinous seminal fluid. Enzymatically
treated semen was allowed to incubate at 35C for 15 to 30
minutes until the seminal fluid was watery in appearance.
Hanks balanced salt solution (1 �) was used to rinse the
cells, which were then pelleted by centrifugation at 500 �
gravity. Cell pellets were resuspended in phosphate buffered
solution and filtered through a 35 � mesh. Filtered cell
suspension was layered on top of a continuous Percoll gra-
dient, prepared by centrifuging 55% Medium 199, 4.3% 10 �
Hanks balanced salt solution and 45% Percoll at 21,000 �
gravity for 1 hour. Cell separation was achieved with cen-
trifugation at 800 � gravity at room temperature for 15
minutes. The upper 75% of gradient volume containing
other cell types was removed, leaving behind the bottom
fraction containing sperm. Sperm cells were rinsed in ap-
proximately 3 times the volume of phosphate buffered sa-
line.

Blood Monocyte Isolation: Monocytes were isolated as
CD14 expressing cells by the immunomagnetic bead method
(Milteni, Auburn, California) after initial separation from
blood by density gradient centrifugation using Vacutainer®
CPT™ cell preparation tubes. Blood monocytes achieved
asymptotic isotopic enrichment values within 7 to 14 days of
labeling in humans.10 They can be used as comparison cells
representing completely replaced cells in an individual for
calculating the fractional replacement of more slowly replac-
ing cell types, such as sperm.10

DNA Isolation, Hydrolysis to Nucleosides and Derivatiza-
tion for GC/MS Analysis: Cell (sperm and blood monocyte)
DNA was isolated using a QIAamp™ DNA Minikit. DNA
was enzymatically hydrolyzed using nuclease P1 (Roche,
Indianapolis, Indiana), DNAse I, snake venom phosphodies-
terase I and alkaline phosphatase (Sigma-Aldrich, St. Louis,
Missouri), as previously described in detail.11 Purine deoxy-
ribonucleotides (deoxyadenosine and deoxyguanine) were
acid hydrolyzed to deoxyribose and derivatized to the per-
fluorotetraacetate derivative.12

GC/MS Analysis: An Hewlett Packard® Model 5971 or
5973 MS with 5890 GC and autosampler (Agilent, Palo Alto,
California) were used. The abundance of ions at a mass-to-
charge ratio of 435 and 436 was quantified for the perfluo-
rotetraacetate derivative using negative chemical ionization
under the selected ion recording mode. The background iso-
topic abundance of unlabeled DNA standards run concur-
rently with samples was subtracted from labeled samples to
calculate isotopic enrichment. The EM1 enrichment of
sperm was divided by monocyte EM1 enrichment in the
same subject to determine the fraction of new cells
present.13

Calculations: The percent of new sperm present in ejacu-
late after 2H O labeling was calculated based on the precur-
2

sor-product relationship.14-16 The isotopic enrichment of
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monocytes (fully turned over cells) was used as a measure of
the asymptotic enrichment of sperm. We used the equation,
percent of new cells (f) � [dR enrichment (EM1), sperm/dR
enrichment (EM1), monocytes] � 100.

Statistics: Results are reported as the average � SD.

RESULTS

The table shows the results of baseline and exit semen
analysis in 11 and 5 subjects, respectively. Three subjects
ended participation before the end of the 90-day study. Their
spermatogenesis data are included in this analysis. Post-
study semen quality was unchanged in the 5 men who pro-
vided intake and exit semen analyses. Average monocyte

Semen analysis results in 11 patients

Mean Baseline � SD
(range)

Mean Exit � SD
(range)

Vol (ml) 3.3 � 2.5 (0.5–8.0) 5.1 � 2.5 (3.0–8.0)
Sperm count (millions/ml):

Overall 124 � 119 (46–451) 87 � 36 (38–118)
Without outlier* 88 � 32 (46–130)

% Motility 42 � 14 (23–63) 45 � 5 (37–51)

* Outlier value 451 million sperm per ml.

FIG. 1. Individual spermatocyte labeling curves for 11 subjects with

daily for 3 weeks. Semen samples were collected every 2 weeks for 90 day
by GC/MS and compared to that of fully turned over cell (monocyte) to
enrichment was 3.9% � 1.1%. Figure 1 shows individual
sperm labeling curves in the 11 men. Figure 2 shows label-
ing curves for all subjects combined.

All men had negligible new sperm in the ejaculate (less
than 10%) 4 weeks after labeling began. All except 1 man
continued to have negligible new sperm in the ejaculate
after 47 days. Overall the mean time to detection of labeled
sperm in the ejaculate was 64 � 8 days (range 42 to 76). In
1 subject the time lag was 42 days with greater than 33% of
new sperm at this time point but it was at least 60 days in
all other subjects. By day 90 all subjects had achieved
greater than 70% new sperm in the ejaculate. In most sub-
jects plateau labeling in sperm was not attained. In 2 sub-
jects a short plateau was attained at 87% and 93% new cells,
respectively, but the rise and fall of the labeling curve was
steep, suggesting rapid washout of old sperm in the epidid-
ymal reservoir. These individuals subsequently demon-
strated rapid dilution of labeled sperm by unlabeled sperm
after the 2H2O labeling period had ended (fig. 1).

DISCUSSION

This study represents the first time in 4 decades that a
direct kinetic measurement of spermatogenesis and time
to sperm ejaculation has been done in human subjects.

al semen analyses. Cases were labeled with 50 ml 70% 2H2O twice
2

norm

s from start on H2O. Spermatocyte DNA enrichment was measured
calculate percentage of new cells present.
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The 1963 study of Heller and Clermont is the only other
study that directly measured the kinetics of human sper-
matogenesis in normal men.5 Based on sequential biopsy
and radiography in men who underwent testicular injec-
tions of the radioisotope 3H-thymidine they estimated
that spermatogenesis takes approximately 64 days, a
value exclusive of epididymal transit time. We observed
that the appearance of new sperm in ejaculated semen
occurs at a mean of 64 days but this value includes epi-
didymal transit time. These findings are relatively consis-
tent, although sperm was assessed in the testis in 1 study
and in the ejaculate in our study.

Another interesting observation in our series is the sig-
nificant biological variability in the time needed to produce
and ejaculate sperm in normal men. This contradicts cur-
rent the current belief that spermatogenesis requires ap-
proximately 60 days, which is a duration that does not
appear to vary among individuals. The time to new sperm in
the ejaculate in our subjects was 42 to 76 days, representing
significant interindividual variation. Although this varia-
tion might represent true biological variation, it may also be
partly due to study artifact. Our ability to pinpoint the exact
time to the appearance of new sperm in the ejaculate was
limited, in that semen collections were prescribed at 2-week
intervals. Future studies in normal men may need to include
semen sampling at more frequent intervals (between 50 and
90 days) to more precisely characterize the labeling curves
and fully delineate this biological variable.

The results presented are also consistent with the fact
that spermatogenesis is a biological process that occurs
asynchronously in normal men. At first glance sperm enrich-
ment does not depict perfect synchronicity since an increase
from 0% to 100% of new cells was not observed in any
individual. However, the stepwise increases in enrichment
that we observed can be explained by changes in isotope
dilution. Since sperm made during the initial period of body
water 2H2O enrichment would not have been as highly en-
riched as those made after body water attained a stable
asymptotic enrichment of 2H2O,10 a stepwise increase in
sperm enrichment was an expected physiological outcome of
labeling. Monocytes sampled at 1 month were an average of
3.9% � 1.1% enriched (percent EM1) (range 2.0% to 6.0%).
Subject monocyte enrichments confirmed subject compliance

FIG. 2. Combined spermatocyte labeling curves (see fig. 1 for indi-
vidual curves) for 11 subjects with normal semen analyses. There is
considerable inter-individual variability between normal subjects.
with the labeling protocol. Since monocytes are fully turned
over in 7 to 13 days,10 monocyte enrichment represents the
labeling of newly made cells during the final 1 or 2 weeks of
labeling. Theoretically this isotope method could be applied
in men suspected of having abnormal spermatogenesis to
determine if a loss of spermatogenic synchronicity repre-
sents the underlying pathological problem.

These data also suggest that in normal men sperm re-
leased from the seminiferous epithelium enters the epidid-
ymis in a coordinated manner with little mixing of old and
new sperm before subsequent ejaculation. It has been sug-
gested that because of mixing, in any segment of the epidid-
ymal duct the population of sperm is heterogeneous in age
and biological status. Although this may be true with regard
to biological status, the sharp increase and subsequent steep
decrease in sperm enrichment in the men with complete
labeling curves available suggests that sperm age is not
heterogeneous. If significant mixing of young and old sperm
had occurred, the slope of the delabeling curve would have
been far more gradual. These kinetic data suggest that the
epididymal reservoir is purged of old sperm fairly rapidly
and completely in normal men.

Because the regulation, volume and rate of cell turnover
during spermatogenesis can now be investigated directly, we
believe that this new method has scientific and clinical
value. This method may be a novel tool for studying the
pathological states of the testis commonly associated with
male infertility, including excurrent ductal blockages and
spermatogenic failure. Further study using this new method
may also benefit infertile couples with male factor infertility
because an accurate characterization of the relationship be-
tween spermatogenesis and semen quality has never been
thoroughly investigated. By offering more information than
sperm count and motility measures alone this methodology
might aid in developing drugs for infertility and male birth
control, and in measuring the effects of environmental ex-
posure on spermatogenesis.
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Abbreviations and Acronyms

EM1 � excess mass � 1 abundance over
background

GC/MS � gas chromatography/mass spectrometry
2H2O � deuterated (heavy) water
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EDITORIAL COMMENT

The authors used an innovative and noninvasive technique
to determine that the length of a normal cycle of human
spermatogenesis is shorter than previously thought. Study
subjects ingested deuterated water, a nontoxic isotope, and
time to the appearance of label in ejaculated sperm DNA
was measured using mass spectrometry.

The authors found that the time from the initiation of
spermatogenesis to appearance in the ejaculate is approxi-
mately 64 days, significantly shorter than the previously
suspected 70 to 80-day period. This information has impor-
tant translational impact, particularly in regard to assess-
ing the male patient responses to various treatment
modalities for infertility. Specifically couples may be able to
save valuable time for determining whether a particular
intervention has been effective in the male. Perhaps more
importantly the authors have demonstrated that the
thoughtful application of technology from 1 field to another
can help clarify an important biological process.
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