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Existing data concerning the effects of x-irradiation on
spermatogenesis in man were analyzed and the results
were compared to published data on the mouse. Tes-
ticular x-irradiation produced a transient, but substan-
tial, suppression of sperm counts in man, with an EDj,
near 11 rad. The length of time to recovery was pro-
portional to the irradiation dose. The EDj; for suppres-
sion of type A spermatogonia following radiation ex-
posure in man was similar (9.7 rad), although the re-
sponse curves for spermatogonia and sperm count were
not parallel. The effect of irradiation on type A sper-
matogonia in the mouse was parallel to that found in
man, but with an EDj; of 30.0 rad. These results suggest
that, compared to the mouse, spermatogenesis in man
is approximately 3.1 times more sensitive to ionizing
irradiation.
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It has become apparent over the last several
years that environmental factors can exert pro-
found effects on human reproductive capacity.
The recent example of dibromochloropropane
(DBCP) toxicity in factory and agricultural workers
demonstrates the ability of environmental toxins
to induce complete reproductive failure in men
who are otherwise apparently well (Whorten et al,
1977; Glass et al, 1979).

Because of obvious ethical constraints, few ex-
perimental data are available relating the effects of
potential toxins to human reproductive function.
Therefore, most studies of the pathologic effects of
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toxin exposure must be conducted in experimental
animals, and risk assessment for human beings
must be based on inference and extrapolation.
There is, however, a dearth of formalized infor-
mation about how to translate animal data to man.

One factor known to have profound effects on
reproduction is high energy irradiation. In the
1960s, the Atomic Energy Commission sponsored
two independent studies of the effects of x-irradia-
tion on testicular function in normal men. Al-
though a large volume of data was collected in
each of these studies, most of the information has
never been published. The investigators who con-
ducted these studies have kindly made their data
available for our analysis. We have assembled and
analyzed data concerning sperm counts and testic-
ular histology from these studies. We have com-
pared these results to published reports of similar
work using the mouse (Oakberg, 1959) and have
calculated an estimate of the relative sensitivity of
the two species to testicular irradiation.

Materials and Methods

Data Sources

Raw data on the effects of x-irradiation on human tes-
ticular function were obtained from the principal inves-
tigators of two independent research projects sponsored
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by the Atomic Energy Commission (AEC). These two
projects will be referred to here as Study A (AEC con-
tracts AT(45-1)-1781 and AT(45-1)-2225) and Study B
(AEC contract AT(45-1)-1780).

Study A was conducted at the Washington State Pen-
itentary (Paulsen, 1973). The subjects were healthy vol-
unteers from the prison population, ranging in age from
22 to 50 years (mean = 33.7, SD = 7.4) at the time of
exposure to radiation. Before volunteering for the study,
each man had decided that he wanted a vasectomy. The
vasectomies were performed at the end of the study.
Before being allowed to participate in the project, each
subject was fully informed and signed a detailed in-
formed consent form. In the case of married volunteers,
the wife’s consent was also obtained.

The study consisted of a preirradiation control period
followed by a postirradiation recovery period. The
length of the control and recovery periods varied con-
siderably from individual to individual, ranging from
several weeks to several years. Each subject received
exposures of 0 (n = 4),7.5(n = 5),15(n = 8),30(n =
5), 50 (n = 8), 100 (n = 23), or 400 (n = 7) rad of x-
radiation to the testis from a 250 KVP source with a
Thoreus II filter and a 10 x 10 cm cone. The half value
layer was 2.5 mm copper, and the FSD was 75 cm.

Sperm counts were measured by hemocytometer and
Coulter counter (Gordon et al, 1967) in seminal fluid
samples that were collected at one-week intervals during
both the pre- and postirradiation periods. Biopsies were
performed (Tjioe et al, 1967) at various times throughout
the course of the study. The number and timing of the
biopsies differed for each subject. Most individuals had
at least one biopsy before treatment and one at the com-
pletion of the study. Each biopsy specimen was pro-
cessed histologically, and the number of spermatogonia
per Sertoli cell was quantified (Barr et al, 1971).

Study B was conducted at the Oregon State Peninten-
tary and was very similar to Study A, the major excep-
tion being the dosages used. In this study, exposures of
8n=2),10n=2),15(n=1),20(n =7),0r25(n
=1),50(n = 4),77 (n = 6), 100 (n = 7), 200 (n = 8),
235 (m = 1), 300 (n = 2), 400 (n = 4), and 600 (n = 6)
rad were given. Details concerning the subject popula-
tion, recruitment procedures, and experimental design
have been published previously (Rowley et al, 1974).

Mouse Studies. Data on the effects of radiation on
mouse type A spermatogonia were obtained from the
literature (Oakberg, 1959). The mice received either 20
R gamma-ray or 100, 300, or 600 R X-ray whole or partial
body irradiation.

Data Analysis

To minimize the variability that is inherent in sperm
count data, the results from each man were subjected
to several processing steps. Because biopsies have been
shown to depress sperm counts in some men (Gordon
et al, 1965; Rowley et al, 1969), all of the sperm counts
taken within 16 weeks after a biopsy procedure were
deleted. All remaining sperm count values were log
transformed (values less than 0.5 x 10° were treated as
0.5 x 10%). The sperm count values for each individual
were normalized with respect to the average of his preir-
radiation counts. A five-week moving average was used
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to represent the sperm count value at each time point
(ie, the value for week 3 was set equal to the average
sperm count for weeks 1 through 5, the value for week
4 was set equal to the average sperm count for weeks 2
through 6, and so forth). For each dose group, the av-
erage sperm count across all the individuals within the
group was evaluated at each time point from one year
before radiation to two years after. These procedures
were performed independently for Study A and Study
B. To maximize the number of subjects in the Study B
dose groups, the 8- and 10-rad groups and the 20- and
25-rad groups were combined into 8- and 20-rad groups,
respectively.

Information on type A spermatogonia (both A dark
and A pale) from both human studies were pooled. The
data from each man at various times after irradiation
were normalized with respect to his average pre-expo-
sure biopsy values. Normalization of the mouse data
was done by dividing the number of type A spermato-
gonia at each time point by the control value.

Both the minimum sperm count and minimum
number of type A spermatogonia following radiation ex-
posure were calculated by first fitting a quadratic curve
to the log value of the normalized data over a limited
time segment for each dose group. The quadratic regres-
sion was a weighted least-squares fit that was forced
through 100% at time t = 0. The time segments that
were used were 0 to 50 weeks for human sperm counts,
and 0 to 300 days for human spermatogonia, and 0 to
seven days for mouse spermatogonia. The nadir of the
quadratic curve was used as the minimum value for that
dose.

Dose-response curves were constructed for minimum
sperm counts and minimum number of spermatogonia
as a function of radiation dose. There were not enough
points on any of the curves to fit adequately a multiple
exponential to the data, as required by the two-com-
ponent model (Wideroe, 1971), and the fit to a single
exponential curve was poor, expecially for the human
data. However, we found that all of the data could be
fit by a straight line following a log-logit transformation.

Results

The effects of radiation on human sperm counts
are shown in Fig. 1 for Study A and Fig. 2 for
Study B. There were clear dose-related effects on
sperm production, in terms of both the magnitude
and the duration of sperm count suppression. No
clear effect on sperm count was noted at exposures
of 8 rad or less. Transient suppression of sperm
counts was noted following doses of 15 rad or
greater. Sperm counts in all 11 individuals re-
ceiving 40 rad dropped below 1 X 10° for at least
one week between 15 and 47 weeks after exposure.
The overall length of the suppression was dose
related, with the 400 rad dose causing a complete
inhibition of sperm counts in four of five individ-
uals for at least 40 weeks. Sperm counts returned
to control levels in all individuals for whom ade-
quate follow-up data were available. Following the
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600 rad dose, however, one individual became
azoospermic and did not recover within two years,
after which he was lost to follow-up.
Dose-response curves for the minimum mean
sperm counts produced by each radiation dose are
shown in Fig. 3 for both human studies (A and B).
The results for the two studies were very similar.
The EDsg, as determined by the two studies, and
10.4 and 11.6 rad, respectively. The overall EDs,,
based on a weighted regression was 10.6 rad.
Figure 4 illustrates the grouped biopsy results
from both human studies. Type A spermatogonia
were suppressed to about 20% of control values by
20 rad and less than 1% by 400 and 600 rad. The
maximum suppression occurred between 100 and
250 days for all groups, with the lower dose groups
recovering sooner than those with higher doses.
The dose-response relationships for Type A

spermatogonia for both mouse and man are shown
in Fig. 5. The two lines are parallel (slopes =
—0.820 and -0.857 for human and mouse, re-
spectively), however the EDj5, is 30.0 rad for the
mouse and 9.7 rad for the human. This suggests
that human type A spermatogonia are about 3.1
times more sensitive to radiation than those of the
mouse. Comparing Fig. 3 with Fig. 5, it is clear
that, although the EDs; values for human sperm
counts and human type A spermatogonia are sim-
ilar (10.6 vs 9.7 rad), the slopes are quite different
(—0.356 vs —0.820). Sperm counts appear to be
less sensitive to low doses and more sensitive to
high doses than type A spermatogonia.

No local adverse effects of irradiation were
noted, including no harmful effects on the scrotal
skin. There have been no known late adverse con-
sequences of these studies.
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Discussion

These results confirm the profound effect of x-

irradiation on testicular function (Oakberg, 1975;
Bardin and Paulsen, 1981). Although the two
studies in men were performed somewhat differ-
ently, the results are remarkably consistent, both
in terms of sperm production and of testicular his-

tology. A marked suppression of sperm produc-
tion was evident with dosages as low as 15 rad,
and sperm production was transiently eliminated
in most men following dosages of 50 rad. Higher
dosages led to more prolonged periods of sperm
count suppression, presumably due to having
eliminated the rapidly dividing pool of germinal
cells (Oakberg and Clark, 1963).
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Fig. 5. Dose-response curves for minimum number of Type
A spermatogonia in man and mouse following x-irradiation.
Lines were fit using log-logit regression.

returned fully to control levels following the
higher radiation dosages. A longer period of
follow-up would have been necessary to provide
clear information in this regard, since sperm
counts were frequently still rising at the end of the
study.

An extremely small proportion (less than 1%) of
the originally present type A spermatogonia per-
sisted at 20 to 30 weeks after the higher radiation
dosages (Fig. 4). Despite the very small numbers
of remaining stem cells, sperm production even-
tually returned to a remarkable degree. The slow-
ness in return of sperm production may have been
because the relatively radioresistant spermato-
gonia remaining after high dose irradiation have a
very slow replication time (Oakberg and Clark,
1963).

There was striking parallelism of the dose-re-
sponse curves for the effect of radiation on type A
spermatogonia in the human and mouse studies.
This parallelism was used to calculate the EDs, for
each species and the relative sensitivity of mouse
and human testicular tissue to irradiation. This
parallelism occurred despite the lack of certainty
that the cells called ““type A spermatogonia’ are
precisely analogous in men and mice and the
markedly shorter time required to reach minimum
cell counts in mice compared to men. The fact that
the dose-response curves for human spermato-
gonia and ejaculated sperm counts were not par-
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allel underscores the importance of using the same
measured variables when making cross-species
comparisons.

In addition to the Oakberg data used here, other
investigators have published dose- response data
for radiation effects on mouse testicular function.
Bateman and Bond (1964) reported EDsgs for
mouse spermatogonia of 27.7 and 40.5 rad in two
different experiments using ®°Co gamma radiation.
They also presented a set of data from Oakberg
(different from the one used here) showing an
ED; of 21.7 rad for mouse spermatogonia fol-
lowing ®Co irradiation. The reason for so much
variability in data from within the same laboratory
is unclear, especially since the data from the two
independent human studies presented here were
in good agreement. Nevertheless, the range of
values reported by Bateman and Bond (21.7 to 40.5
rad) brackets the value (30.0 rad) we have calcu-
lated from the original Oakberg (1959) paper.

Data on ejaculated spermatozoa following irra-
diation are not available for the mouse, so a direct
inter-species comparison was not possible for that
variable. Mian et al (1977) have measured testicular
sperm-head counts 29 days after exposure to 13’Cs
radiation and found an EDs; of 53 rads. These data
also suggest that the mouse testis is less sensitive
to radiation than the human testis. Complete dose-
response studies, in which prolonged follow-up
data were collected, are not available for other spe-
cies, making more general comparisons impossible
at this time.

Despite these deficiencies in available informa-
tion, the present data demonstrate the feasibility
of making quantitative comparisons of the sensi-
tivity of various species to a testicular toxin. Other
classes of toxins for which extensive human and
animal data are available for comparison include
hormonal steroids such as testosterone and che-
motherapeutic agents. Potentially, the develop-
ment of such quantitative estimates of sensitivity
for a variety of toxins may allow more confidence
to be placed in human risk assessments based on
animal studies of new toxins as they appear in the
environment or the workplace.
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