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Relative force of human epididymal sperm*

Edilberto Araujo Jr., M.D.t
Yona Tadir, M.D.t%
Pasquale Patrizio, M.D.}

Teri Ord

Sherman Silber, M.D.§
Michael W. Berns, Ph.D.}
Ricardo H. Asch, M.D.t

University of California, Irvine; Beckman Laser Institute and Medical Clinic, Orange, California;
and St. Luke’s Hospital, St. Louis, Missouri

Objective: To assess the relative escape force of human epididymal sperm using a laser gener-
ated optical trap and compare it with that of human ejaculated sperm.

Design: Evaluation of the relative force generated by epididymal and ejaculated sperm using an
800-nm laser-generated optical trap system (titanium-sapphire, model 899-01; Coherent Innova,
Palo Alto, CA).

Setting: University-based facility at the Beckman Laser Institute and Medical Clinic and
Center for Reproductive Health, University of California, Irvine.

Interventions: A total of 2,720 sperm from 28 samples were randomly analyzed. Fifteen were
ejaculated samples (1,650 sperm) obtained from men with proven fertilization, and 13 were epididy-
mal samples (1,070 sperm) aspirated microsurgically from patients with obstructive azoospermia.
An optical trap equipped with the 100X Neofluar objective was used to analyze an average of 100
sperm per patient.

Main Outcome Measures: Determination of mean relative escape force values in milliwatts for
epididymal and ejaculated sperm samples.

Results: The mean relative escape force for epididymal sperm was 32.4 mW, significantly lower
than ejaculated sperm, which was 85.1 mW . By correlating epididymal sperm relative force with
fertilization in vitro at an arbitrary cutoff value of 30 mW, it was found that no fertilization
occurred if a sample had <13% of sperm at that value.

Conclusions: [1] The average relative escape force of the epididymal sperm was found to be 60%
weaker than that of ejaculated sperm. [2] It is demonstrated that the noncontact laser optical trap
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is a sensitive tool that can evaluate single sperm force as a new physiological parameter.
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The development of the microsurgical epididy-
mal sperm aspiration technique associated with
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IVF offers hope for those cases of male infertility
because of obstructive azoospermia secondary to
congenital absence of the vas deferens, as demon-
strated by live births (1-3). However, a frustrating
factor of the microsurgical epididymal sperm aspira-
tion technique and IVF procedure is represented by

| Reprint requests: Ricardo H. Asch, M.D., Division of Re-
productive Endocrinology and Infertility, Department of Obstet-
rics and Gynecology, Infertility, University of California Irvine
Medical Center, 101 The City Drive, Orange, California 92668
(FAX: 714-456-7180).
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Figure 1 Schematic diagram of the optical trap. The micro-
scope is represented by the objective lens and ray diagram (left)
depicting the basic principles of the optical trap measurements
of sperm force. A near infrared laser beam at a wavelength of 800
nm was selected from the tunable titanium sapphire tube (700 to
1,000 nm). The beam was directed through an objective lens and
focused above the sperm. Refraction of the rays R1 and R2 gener-
ates a transverse force F2 when the sperm is not centered in the
trap, opposite in direction to the force F1 generated by the
sperm. The sperm escapes from the trap when F1 > F2.

the low (<20%) and unpredictable fertilization rate
of epididymal sperm. Many studies have been per-
formed to understand the reasons for such poor IVF
performance (4-7). Unfortunately, none has proved
to be conclusive.

In 1989, Tadir et al. (8) first applied a single beam
gradient optical trap generated by a neodymium:yt-
trium aluminum garnet laser to trap sperm. In a
second study (9), the relative escape force gener-
ated by normal human sperm was measured. The
force generated by each individual sperm that re-
sults in forward progression is a function of flagel-
lar beat kinematics, sperm morphology, and surface
properties. The amount of force generated by each
spermatozoa is provided in a very accurate way. At
the threshold level where a sperm can swim out of
the trap, the force generated by the sperm is equal
to the force exerted by the optical trap, which
is proportional to the power of the laser beam.
This parameter is defined as relative escape force
(Fig. 1).

We therefore decided to apply the laser-gener-
ated optical trap to the epididymal sperm to assess
the relative escape force of human epididymal
sperm from patients with congenital absence of the
vas deferens and compare it with that of human
ejaculated sperm. In addition, a possible correlation
between the relative escape force threshold and fer-
tilization of human eggs in vitro was studied.

MATERIALS AND METHODS

A total of 2,720 normal appearing and motile
sperm from 28 different sperm samples were ran-
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domly selected for optical trapping and relative
escape force analysis. Fifteen were ejaculated sam-
ples (1,650 sperm) obtained from men with normal
sperm parameters (as defined in our center as fol-
lows: sperm count >20 X 10%/mL, motility > 40%,
normal forms > 30% as per methylene-blue stain-
ing), and 13 were epididymal sperm samples (1,070
sperm) obtained by microsurgical aspiration of the
epididymis of patients with obstructive azoosper-
mia undergoing our microsurgical epididymal
sperm aspiration technique and IVF program. The
details of the surgical procedure are described in a
previous report (3).

All samples were diluted in HEPES-buffered hu-
man tubal fluid (HTF; Irvine Scientific, Irvine, CA)
supplemented with 0.5% human serum albumin.
The samples were centrifuged once at 200 X g for 10
minutes, and the resulting pellets were resuspended
in 0.2 to 0.5 mL of culture media (HEPES-HTF).
For both types of sperm (ejaculated and epididy-
mal), the aliquots analyzed by the laser-generated
optical trap were obtained from the same sample
used for the oocyte insemination. All the samples
were analyzed within 2 to 3 hours from sperm col-
lection.

The laser beam gradient force optical trap em-
ployed in the study was a titanium-sapphire laser
(model 899-01; Coherent Innova, Palo Alto, CA),
operating continuous wave, at a infrared wave-
length of 800 nm and with a power ranging from 0
to 300 mW. The beam was directed into a Zeiss
photomicroscope (Zeiss, Thornwood, NY) and fo-
cused into the field of view using a 100X Neofluar
objective (Fig. 1). A variable attenuator (model 930;
Newport Corp., Fountain Valley, CA) was used to
control the laser power and was measuredtobe 1 W
at minimum attenuation. A beam polarizer (Melles
Griot; Glen Thompson, Irvine, CA) was also used to
obtain a linear calibration curve. The spot diameter
at the focal plane was in the range of 2 to 3 um. A
motorized X-Y microscope stage was employed to
hold the sperm confined in the optical trap while
the trapping power was gradually attenuated until
the sperm could swim away. Remote real-time
viewing of the sperm in the trap was performed us-
ing a video camera (Series 68, Dage-MT1I; Michigan
City, IN) collinear with the path of the trapping
beam. A dichroic mirror was used to separate the
trapping beam from the image projected onto the
video camera and then recorded on a videotape. A
photodiode and a calorimeter were used to calibrate
the optical trap.

The wives of the 28 men included in the study
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Table 1 Sperm Parameters of Each Patient in the Epididymal Sperm Group (Pretreatment)

Patient Sperm Progression Normal Total motile
no. count Motility (0 to 4) form count
x10%/mL % %
Epididymal sperm
1 89 30 1to 2 26 27
2 25 20 1to 2 12 5
3 34 5 1 24 1.7
4 68 30 1to 2 14 20.5
5 120 30 1to 2 24 36
6 100 30 1to2 12 30
7 45 20 1 20 8.9
8 11 30 1to 2 24 3.3
9 52 40 1to2 21 21
10 79 30 1to 2 20 24
11 124 20 1to2 36 24.8
12 528 30 1to 2 32 159
13 57 30 1to2 48 17.2
Overall mean = SEM 102.5 + 40.1* 26.5 + 2.41 1.0 +0.1f 24.4 + 2.8§ 29.1 + 11.2]|
Ejaculated sperm
14 94 40 2 30 97
15 76 50 2to3 40 110
16 122 40 2to3 35 54
17 56 50 2 42 90
18 143 40 2to3 34 132
19 134 40 2to3 36 134
20 87 40 1to2 48 320
21 492 40 2to3 42 649
22 366 40 2 29 292
23 170 40 3to4 36 68
24 50 40 1to2 30 86
25 134 40 2to3 31 187
26 95 50 2 30 133
27 30 40 1to2 36 47
28 46 40 1to2 30 69
Overall mean + SEM 139.7 + 32.4* 41.3 + 1.6% 2.0 + 0.2% 35.3 + 1.58§ 171 + 39.3|
* P = not significant. § P = 0.001.
T P = 0.00001. | P =0.003.
i P =0.001.

underwent controlled ovarian hyperstimulation
(COH) for IVF. It consisted of leuprolide acetate
(Lupron; TAP Pharmaceuticals, Chicago, IL), FSH
(Metrodin; Serono Laboratories, Randolph, MA),
and hMG (Pergonal; Serono Laboratories, Ran-
dolph, MA). The details of the COH and oocyte
retrieval have been described elsewhere (3).

The epididymal sperm preparation for oocyte in-
semination was performed by using the mini-Per-
coll method (10), and the number of sperm used
varied between 500,000 and 1 X 108 per pooled oo-
cytes (11). For the ejaculated sperm, however, the
regular Percoll technique was used (12). The fertil-
ization rates were then correlated to the results of
relative sperm force.

Statistical analysis was performed by using the
Student’s t-test to compare the overall mean and
SEM of the two groups considered in the study. The
x” test was used to compare the two groups in terms
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of number of sperm with >30 mW of relative escape
force as well as to compare their fertilization rate.

RESULTS

Both groups of patients (ejaculated and epididy-
mal sperm) were homogeneous for age and number
of oocytes collected. Table 1 shows the sperm pa-
rameters for each of the sperm samples in both
groups. The sperm count was low in only one sperm
sample (no.8) of the epididymal sperm group. Four
of 13 samples had <30% motility, but in all, the
progression was never >2 (scale 0 to 4). Three of the
13 epididymal sperm samples had >30% normal
morphology, and the total motile count was <20
X 10%in 5 of 13 samples. The mean and SEM of the
sperm count was not different between the two
groups (102.5 + 40.1 X 10%/mL and 139.7 + 32.4
X 10%/mL, respectively). In contrast, the difference
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Table 2 Summary of the Relative Escape Force
of Epididymal and Ejaculated Sperm Samples

Patient no. Epididymal Patient no. Ejaculated
1 64.8 + 3.8* 14 106.8 + 6.9
2 25.8 + 2.3 15 121.8 + 6.9
3 254 + 1.7 16 95.5 + 6.0
4 174 £ 1.1 17 108.4 + 6.6
5 30.2 + 25 18 48.1+ 29
6 372+ 85 19 106.7 + 39.8
7 275+ 35 20 383+ 1.9
8 6.1 +1.5 21 749 + 39
9 35.0 + 2.5 22 78.6 + 3.0

10 272+ 22 23 61.8+ 2.6
11 19.0 £ 1.5 24 919+ 2.7
12 152 + 1.2 25 85.7+ 2.7
13 19.8 + 2.0 26 103.4 + 3.3
27 776 + 3.5
28 78.7 + 29.1
All 324 + 1.0t 85.1 + 1.2t

* Values are means + SEM of mW.
T P < 0.0001.

in motility (26.5% versus 41.3%), progression (1.0
versus 2.0), normal morphology (24.4% versus
35.3%), and total motile count (29.1 X 108/mL ver-
sus 171 X 10%/mL) between epididymal sperm and
ejaculated sperm were statistically significant as
shown in Table 1.

Table 2 summarizes the mean relative escape
force of each sperm sample expressed by the mean
and SEM of the 13 epididymal samples of sperm
and 15 of ejaculated sperm. The overall mean rela-
tive escape force of the epididymal sperm was 32.4
mW (+ 0.98 SEM), significantly lower than that of
ejaculated sperm, which was 85.1 + 1.2 mW (P
< 0.0001).

Table 3 compares the fertilization of the 13 epi-
didymal sperm samples and that of the 15 ejacu-
lated sperm. The overall epididymal sperm fertiliza-
tion rate was 5.5% (16/293) as opposed to 87.7%
(186/212) for the ejaculated sperm.

In trying to correlate epididymal sperm relative
escape force with fertilization in vitro, we were not
able to draw any definitive conclusions because of
the small number of samples. However, by choosing
30 mW as an arbitrary cutoff of relative escape
force, it was observed that in a sample when <13%
of the total population of epididymal sperm showed
a force = 30 mW, no fertilization occurred.

DISCUSSION

To our knowledge, this is the first study that
measured the relative escape force of human epidid-
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ymal sperm and compared it with that of ejaculated
sperm. The laser-generated optical trap allows accu-
rate measurements of this parameter in each indi-
vidual sperm. From the data presented, it appears
that epididymal sperm retrieved from men with ob-
structive azoospermia are objectively weaker in
generating forward progression than normally ejac-
ulated sperm. Their relative escape force was 32.4
+ 0.98 mW compared with 85.1 + 1.2 mW found in
the ejaculated sperm (P < 0.0001). It should be
mentioned that sperm relative escape force and pro-
gression are not the same. Progression represents
the speed or velocity of the sperm, whereas relative
escape force is the result of the combination of fla-
gellar beat kinematics, sperm morphology, and sur-
face properties. By comparing average sperm pa-
rameters, one may find similar count, average
motility, progression, and morphology among speci-
mens within the same group; however, the mean
relative escape force can be significantly different,
as shown in Tables 1 and 2 (see patients 1 versus 4
of the epididymal group).

The epididymal sperm parameters found are
consistent with those of previously published data
(11). The overall clinical fertilization rate of the
epididymal sperm used in this study was very low
(5.5%); one possible explanation might be the pres-
ence of very weak forward progressive sperm as
demonstrated by the laser optical trap. This is par-
ticularly evident in three patients (nos. 4, 8, and 12)

Table 3 Comparison of IVF Results Between Epididymal
Sperm and Ejaculated Sperm

Epididymal Ejaculated
Patient No. embryos/ Patient No. embryos/
no. eggs no. eggs
1 2/32 14 13/15
2 1/27 15 20/20
3 0/14 16 9/10
4 0/8 17 25/28
5 7/39 18 12/13
6 0/19 19 34/36
7 2/19 20 2/2
8 0/27 21 9/9
9 1/7 22 24/27
10 1/17 23 5/5
11 1/29 24 12/24
12 0/12 25 1/2
13 1/43 26 2/2
— 27 15/15
— 28 3/4
Total no. 16/293* 186/212*
Overall
fertilization
rate (%) 5.5 87.7
* P < 0.001.
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in which the mean relative escape force was ex-
tremely low, and none of them achieved fertiliza-
tion (Table 3).

Several hypotheses can be postulated to explain
the low relative escape force of human epididymal
sperm. The first is the assumption that the majority
of sperm do not acquire the potential to fertilize
because of the lack of epididymal transit. This is
based on previous animal experiments (13, 14)
showing that sperm must pass through a certain
length of the epididymis to mature, gain progressive
motility, and become capable of fertilization. Con-
tributing to this idea, there are other animal studies
(15, 16) showing that sperm from surgically ob-
structed epididymis have only rarely shown fertil-
ization. However, Johnson and Varner (17) demon-
strated that the storage capacity of the human
epididymis is extremely limited in time and that, in
some cases, sperm are transported through the en-
tire epididymis in approximately 2 days. Their find-
ings demonstrate the possibility that human sperm
may not require the same degree of epididymal mat-
uration necessary in many animals.

The second hypothesis is that epididymal sperm
from men with congenital absence of the vas defer-
ens or with other obstructive lesions have been re-
tained for a long time in their excurrent pathway
and, therefore, there are mixtures of sperm popula-
tions in different stage of senescence and maturity.

The third hypothesis is related to the recent dis-
covery that congenital absence of the vas deferens
is a congenital abnormality related to cystic fibrosis
(CF) disease (18), inherited as an autosomal reces-
sive condition in sons of carriers for different CF
mutations. Different CF mutations have been
shown to play an important role in the fertilization
capacity of epididymal sperm (19). Biochemical al-
terations of sperm membranes to chloride ions
might be negatively reflected in the lower relative
escape force value of these sperm. To confirm this
hypothesis, however, a comparative study between
obstructed azoospermia because of congenital ab-
sence of the vas deferens and obstructed azoosper-
mia due to other causes (i.e., vasectomized patients)
is necessary. A study is in progress in our laborato-
ries to compare the relative escape force and fertili-
zability of these sperm with that of normal ejacu-
lated sperm.

Although there might be a correlation between
mean relative escape force and the fertilizing capac-
ity of epididymal sperm in vitro, current trends in
IVF suggest that such sperm may offer better fertil-
ization rates if injected into the egg cytoplasm, and
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as such, relative escape force may not be clinically
useful as a predictive parameter. In conclusion, the
data gathered from this study offer relevant basic
information on sperm physiology at the level of the
human epididymis.
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