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ABSTRACT
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viscoelastic properties with respect to time post ejacu-
lation and frequency of ejaculation.
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The present study concerns the theological character-
ization of the coagulation-liquefaction process of hu-
man semen. Results obtained using a multiple point
capillary viscometer reveal marked variations in the
elasticity and viscosity of an individual's semen with
time immediately following ejaculation and frequency
of ejaculation. Similarity among all cases examined
for each material property is revealed by relating times
post ejaculation to semen liquefaction time, thereby
coupling liquefaction time with specific material prop-
erty values. Further, the final state of liquefied semen
is found to be characterized by Newtonian behavior
(mean absolute viscosity = 3.37 centipoise). The
semen’s liquefaction time and ejaculate volume are
determined to be functions of the frequency of ejacula-
tion. Steady state ejaculate volume is found to decrease
linearly with increasing ejaculation frequency, thereby
providing a measure of glandular secretory rate, When
collectively considered, these findings provide possible
means for monitoring an individual’s glandular behav-
ior aver an extended period of time and comparing
such behavior to established standards,

INTRODUCTION
The sine qua non role of semen in mammals as

a milieu for spermatozoa during the initial post

T Present address: Engineering Division, Argonne Na-
tional I.aboratory, Argonne, IL 60439,

ejaculation period has been elucidated in recent
years. Experiments have cstablished that this
admixture of glandular secretions with sperma-
tozoa may serve functionally during the im-
mediate moments following ejaculation in its
coagulated form as a mechanism for sperni
transport en masse (1, 2, 3). In addition, se-
men is found to possess buffers (4) which
protect the freshly ejaculated spermatozoa from
the acidic vaginal environment (5) that im-
mobilizes spermatozoa (6), and to contain
nutrients which provide the energy required for
the sperm to remain motile (7). Other studies
demonstrate that several proteolytic enzymes in
human seminal plasma facilitate spermatozoan
migration by hydrolyzing the cervical mucus
and thereby decreasing its viscosity (8, 9).
Further attention has also been focused on
the coagulation—liquefaction phenomena of
human semen and its relation to fertility and to
an abnormality in or the dysfunction of a con-
tributing secretory gland. Investigations note
a possible correlation between the degree of
coagulation—Iliquefaction and fertility (10).
Tests suggest a direct proportionality between
the absolute viscosity of semen and spermato-
z0a count for subfertile cases (11). Moreover,
studies report the lack of the highly viscous
coagulate state of semen as a manifestation of
congenital bilateral absence of the vas deferens
(12), increased semen viscosity as a charac-
teristic of prostate dysfunction (13), and ab-
normal variations in the degree of coagulation
—liquefaction of an individual’'s semen as a
possible portent of prostate carcinoma (14).
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Clearly then, an analysis of the rheological
properties of human semen during the process
of coagulation—liquefaction would contribute
substantially, not only in coupling specific
material property values at times post ejucu-
lation with the status of underlying enzymatic
reactions but also in establishing a novel diag-
nostic tool for evaluating certain glandular
pathologies. It was in this light that the present
investigation was undertaken.

MATERIAL AND METHODS

Analysis was performed on the semen obtained from a
healthy subject (age 26) over a period of eight months,
whose semen exhibited a “normal® (13) coagulation
immediately following ejaculation and complete lique-
faction within 20 minutes thereafter.

Possible influencing environmental faclors were con-
trolled since the semen composition of an individual
can be “influenced by factors such as light, tempera-
ture, season, state of nutrition, etc.” (5). Experiments
were conducted in a 4m X 6m X 6m room maintained
at 36°C (£1°C) with lighting provided by overhead
fluorescent lamps. A diet meeting all Recommended
Dietary Allowances was administered under the super-
vision of a Registered Dietitian one month prior to and
during experiment.

Viscoelastic analysis tests were performed on initial
semen samples collected after 5 days of ejaculatory
abstinence to allow for the contributing secretory
glands to attain a constant stable capacity (15, 16).
Successive samples were procurred at 4 hour intervals.
Additional test series were conducted following another
5 day continence period. After a 4 month interim,
more tests were conducted to reconfirm previous re-
sults and to explore possible relations between lique-
faction time, ejaculate volume, ejaculation frequency
and material property variations. Here, the initial
tests, which followed after 3 days abstinence, were
followed by tests conducted at 6, 12, 24, 48 and 72
hour intervals.

Measurements of semen viscosity and elasticity were
obtained using a multiple point capillary viscometer
designed specifically for the determination of the mate-
rial properties of highly time-dependent viscoelastic
liquids. The details of viscometer design and operation
along with analytical techniques for property deter-
mination are elucidated elsewhere (17).

The basic experimental scheme was as follows: sub-
sequent to sample deposition into a 20 ml glass beaker
and measurement of ejaculate volume, a homogeneous
portion of the specimen was placed in a glass tube
open at both ends. The remaining portion was stored
in a covered beaker maintained at 36°C (£1°C) dur-
ing the course of experiment and the liquefaction time
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Fig. 1. Shear modulus versus time post ejaculation

for initial and second samples.

was noted (15 sec). The sample was then introduced
at the capillary tube inlet of the viscometer by applica-~
tion of constant suction. After the fluid had advanced
a sufficient distance to achieve steady state, pictures of
the meniscus were taken in succession as the fluid con-
tinued to advance. Since pressure gradient decreased
with increasing length of specimen inside the capillary
tube, a large number of pressure gradient versus flow
rate data were obtained simply by noting applied suc-
tion pressure and meniscal position as a function of
time. The fluid’s viscous properties were found using
known reduction procedures (18). In addition, the
suction was periodically and suddenly removed and the
meniscal recoil distance was measured, The fluid’s
elastic properties were then obtained from the resultant
stress-strain curve (18).

RESULTS

For all cases examined (n = 9), analysis of the
viscoelastic properties [for details, see (17)]
revealed semen to be best described within the
limits of experimental error as a Maxwell fluid
with a linear elastic component characterized
by a shear modulus G, and a power-law viscous
component characterized by a consistency k
and power “a” [shear stress = k (rate of shear




W0
|
-
|
1§
— g ———
28 INo.5 * g
g |8 s |
o i
o
o
X
a1}
*
&
*
* .
L hd
ot ; . ) . .
o] 2000 4000
t{sec.)
Fig. 2. Semi-log plot of apparent consistency versus

time post ejaculation for initial and second samples.

strain)'/*]. An example set of results are shown
in Figs. 1-3. For means of comparison, the
apparent consistency, k,,,, is presented in lieu
of the consistency, k. Here, one observes a
substantial variation of all semen viscoelastic
properties with respect to time post ejaculation.

Figure 1 illustrates a comparison of shear
moduli versus time post ejaculation between an
initial sample (No. 5) and a second sample
(No. 6) obtained 4 hours later. One observes
that the shear modulus for the second sample
approached large values of G in a shorter time
period than its initial counterpart. For the
second sample, recoil distances became im-
measurably small at about 3,000 sec, implying
negligible elastic behavior, whereas for the
initial sample this did not occur until about
4,100 sec. These shear moduli differences
between initial and second samples were sub-
stantiated in all other cases subject to identical
experimental conditions. Specifically, the shear
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Fig. 3. Inverse of viscous component power versus
time post ejaculation for initial and second samples.

moduli values for second samples always ap-
proached large values of G in a shorter time
period than initial samples. In addition, for all
cases examined, an observed decrease in semen
liquefaction time from initial to second samples
was noted.

Likewise, the apparent consistencies for
second samples were found to attain constant
values with respect to time post ejaculation in
a shorter time period than their initial counter-
parts, as exhibited by samples Nos. 5 and 6 in
Fig. 2. In addition, no characteristic trend of
final apparent consistency values with respect
to sample order was discerned. An average of
final apparent consistency values yielded a
mean absolute viscosity of 3.37 centipoise
(standard deviation = 0.63 for n = 7) at a
mean temperature of 33.2°C (£0.2°C).

Further, as shown in Fig. 3 for sample Nos.
5 and 6, a rapid increase in values of “l/a”
occurred, as in all cases examined, at an earlier
time post ejaculation for second samples than
for initial samples.

In order to investigate a possible similarity
among all cases, G, k,;,, and inverse viscous
component power, 1/a, were plotted versus a
nondimensional time, t* (= t/t,), formed by
the ratio of time post ejaculation over t.., the
time at which all properties attained values
consonant with final state Newtonian behavior
(& = 1, kupy = const., G = «). Here, t,, was
most easily determined for each case as the time
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nondimensional time post ejaculation.

at which the shear modulus reached an experi-
mentally immeasurable value (namely when
elastic behavior ceased to exist). The results are
presented in Figs. 4, 5 and 6 for initial samples
{Nos. 5 and 7), second samples {(Nos. 6 and 8)
obtained 4 hours later and a third sample (No.
9) obtained 24 hours following the procure-
ment of the initial sample. Similarity was mani-
fested especially in shear modulus and apparent
consistency results. Most strikingly, however,
was the close (within 4%) agreement of the
nondimensional liquefaction time t,* = t,/t,, =
0.13. Similarity curves for “I1/a” did not ex-
hibit such coherence. Here, points outside a
single similarity curve yield errors on the order
of 10%. 1Tt is noted though that this variance
was still well within the inherently large experi-
mental error involved in the measurement of
“a” (~40%).

To substantiate these findings further and to
explore the possible dependence of the lique-
faction time on the frequency of ejaculation
additional experiments were performed. Fol-
lowing three days of ejaculatory abstinence a
number of samples were obtained, for a test
series, at fixed time intervals, T, between ejacu-
lations. Different test series were performed
for intervals of 4 (two series), 6, 12, 24, 48
and 72 hours. For each series, the liquefaction
time, t;, was nondimensionalized with respect
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Fig. 7a.  Liquefaction time ratio versus time for vari-
ous ejaculatory time intervals.

b. Ejaculate volume ratio versus time for vari-
ous ejaculatory time intervals.

to its value for the initial sample t;,. The results
are shown in Fig. 7a. [t is evident that for all
cases examined the liquefaction time of the
second and successive samples is less than its
initial counterpart. This supports the findings
reported earlier in this communication. Exam-
ination of the limiting values of t;/t,, reveals
that small time intervals (4 hours) between
ejaculations yielded a substantial reduction in
liquefaction time whereas large time intervals
(72 hours) produced no appreciable effect.
For intermediate time intervals (6, 12, 24
hours), liquefaction times attained a steady
state, with the time required to reach this state
being longer for increasing time intervals.
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Fig. 8. Steady siate ejaculate volume versus ejacula-
tory time interval (correlation coefficient — 1.00,
standard error = 0.03).

To understand the reasons for the depen-
dence of liquefaction time on the frequency of
ejaculation, the ejaculate volume, &, nondimen-
sionalized with respect to its initial sample
value, &, was plotted (Fig. 7b). It is seen that
for each interval between ejaculations, the
ejaculate volume attained a steady state after
a certain number of ejaculations. Both the time
required to reach steady state and the ejaculate
volume were found to increase with increasing
T. Also contained in Fig. 7b are the results of
Eliasson (16) averaged for 11 “normal” sub-
jects at ejaculatory intervals of 24 and 72 hours.
A surprisingly close (within 10%) agreement
was revealed.

These findings suggest further consideration
of the dependency of the steady state ejaculate
volume on T. When our results are plotted in
the manner shown in Fig. 8, it is seen that the
steady state ejaculate volume, ., is linearly
related (via a least-squares fit of the data) to
the interval T by:

by (Ml) = 1.81 + 0.04T (hr). (1)

This relation is valid for all time intervals less
than or equal to the interval (here, 72 hours)
during which a constant stable capacity can be
maintained by the contributing secretory glands
(15, 16).

The physiological implication of such a re-
lation is that, above some minimum amount
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which could always be delivered upon ejacu-
lation (here, 1.81 m/) the volume of contribut-
ing glandular secretions produced per unit time
(here, 0.04 m/ hr), remained constant for a
“normal” individual over extended periods of
time (here, at least 8§ months).

DISCUSSION

The results presented herein identify the coagu-
lation-liquefaction of semen to be a highly
dynamic process in which viscoelastic material
properties are altered one hundred-fold over a
period of 15 minutes. To date, there have been
no reported studies on the measurement of the
viscoelastic properties characteristic of the
coagulation-liquefaction process of human se-
men. At present, the results of this study can
only be compared to previous studies concerned
with semen analyses performed hours after
ejaculation.

The similarity found among all cases for each
material property suggests the contraction or
expansion of the time scale of the same under-
lying chemical behavior. For example, assum-
ing observed liquefaction time to approximate
the completion of the first lytic reaction of the
coagulate, using simple chemical kinetics for a
first approximation, one can argue that lique-
faction time should be directly proportional to
substrate ‘enzyme concentration ratio and in-
versely proportional to enzymatic activity (17).
Therefore, changes in liquefaction time with
ejaculation frequency can be interpreted as man-
ifestations of alterations in substrate /enzyme
concentration ratio and/or enzymatic activity
of the primary liquefaction reaction.

Studies on the composition of human semen
(16, 19), however, have reported that the
relative concentrations of constituents remain
“constant” for an individual, independent of
semen volume and frequency of ejaculation.
Further, Harvey (20) has ascertained the fibri-
nolytic activity in human semen by mixing a
fixed volume of oxalated blood plasma with
varying amounts of semen and has found it to
be independent of volume. The above studies
have demonstrated also that the relative con-
centrations and activities are “constant” for and
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characteristic of a given individual, despite a
wide range of distribution in concentrations and
activities among individuals (21).

This apparent incongruity is reconciled when
one notes that variations of approximately 12%
(well within the “constant” state variances of
approximately 25% in the cited studies) are
sufficient to produce the changes in liquefaction
time observed herein. Consider, for example,
the limiting case of a decrease in substrate
concentration accompanied by an increase in
enzyme concentration and activity of 12% from
initial to second samples. This would allow
for approximately a 30% decrease in liquefac-
tion time from initial to second samples (17).
Thus, it appears quite reasonable that the prob-
able chemical basis of this observed decrease
in liquefaction time is some combination of a
reduction in substrate/enzyme concentration
ratio and/or an increase in enzymatic activity.
Possibly, a slight difference in the glandular
production rates of the prostate to replenish its
fibrinolytic enzymes or the seminal vesicles to
produce the gelatinous substrate could account
for such a decrease.

Further, notwithstanding the complexity of
the chemical processes involved in the lique-
faction of semen, the following chronology of
material property representations of the under-
lying lytic reactions can be postulated. First,
the coagulated state is characterized by large
apparent consistencies (~1-10 poise), small
shear moduli (~1-20 dynes/cm*) and high
viscous component powers (~4-9) displayed
during the initial times post ejaculation corre-
sponding to t* ~< 0.05. Then, liquefaction
proceeds to the time at which the semen clot is
observed to dissolve completely, at t* = 0.13.
At this time, (denoted by t,* in the Figs.),
the shear modulus departs from a constant
value, the apparent consistency approaches a
final value, and the inverse viscous component
power markedly increases toward a value of 1.
It is noted, however, that this time probably
may not be the exact time of fibrinolysis com-
pletion. Rather, over some short time period
thereafter, the remainder of the fibrin-like clot,
not visible under casual observation, undergoes




dissociation. During this period, also, the initial
strands of lysed fibrin are subjected to further
dissolution by a second enzymatic reaction.
The time of the probable completion of the
first reaction and predominance of the second
reaction corresponds to t* = 0.52 (denoted by
to* in the Figs.). After t,*, shear modulus
values rapidly increase, apparent consistency
values become constant and inverse viscous
component power values become approxi-
mately constant. The second enzymatic reac-
tion reaches completion on the order of 1 hour
as manifested by the accumulation of non-
protein nitrogen, free amino acids, and at a
somewhat later state, free ammonia (22, 23).
This final, steady state is marked by the attain-
ment of Newtonian behavior of the semen,
where the shear modulus becomes immeasur-
ably high, the apparent consistency maintains a
constant value (in this case, 3.37 centipoise)
and the viscous component power becomes
equal to a value of 1.

Comparisons of the results obtained in the
present study with those of other investigators
tend to support the “normal” status of the data
presented herein. The mean absolute viscosity
of 3.37 centipoise compares well with that ob-
tained by Tjioe and Oentoeng (11), using a
Hellige capillary viscometer. The mean vis-
cosity determined from a total of 1,111 semen
samples examined within the second hour post
ejaculation was 3.92 centipoise (range of 1.3
23.3 centipoise). Agreement to within 10% of
the ejaculate volume versus T findings with
those of Eliasson (16) further tend to support
normalcy. A consequence of such close agree-
ment would be the establishment of a “normal”
standard to which a subject’s glandular secretion
rate could be characterized and evaluated.

When considered in toto, this study provides
unique means to characterize an individual’s
glandular behavior and his coagulation-lique-
faction process. An initial series of one visco-
elastic and two ejaculate volume versus fre-
quency tests could be used for characterization
of coagulation-liquefaction and glandular pro-
duction rate. Then, monitoring could be ex-
tended over a period of months (in this study,
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8 months) simply by measuring ejaculate vol-
ume for a prescribed ejaculate frequency at any
future instance,

In conclusion, the variations in the visco-
elastic property values characteristic of the
coagulation-liquefaction process of an individ-
ual’s semen for various ejaculation frequencies
manifest similarity when post ejaculation times
are considered in relation to semen liquefaction
time. This similarity suggests that each change
in liquefaction time with ejaculation frequency
can be interpreted as an alteration in substrate /
enzyme concentration ratio and/or enzymatic
activity. By considering ejaculate volume as a
function of ejaculation frequency, an individ-
ual’s glandular production rate can be iden-
tified. This fact, when used in conjunction with
the viscoelastic property analysis of the coagu-
lation-liquefaction process, could provide the
means to monitor indirectly an individual’s
semen’s material property behavior over an
extended period of time. This would be of
significance since most clinical semen analyses
cannot be readily conducted in the period im-
mediately following ejaculation during which
liquefaction occurs.
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