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ABSTRACT

According to a recent hypothesis, menstruation evolved to protect the uterus and oviducts from
sperm-borne pathogens by dislodging infected endometrial tissue and delivering immune cells to
the uterine cavity. This hypothesis predicts the following: (1) uterine pathogens should be more
prevalent before menses than after menses, (2) in the life histories of females, the timing of menstru-
ation should track pathogen burden, and (3) in primates, the copiousness of menstruation should
increase with the promiscuity of the breeding system. I tested these predictions and they were not
upheld by the evidence.

1 propose the alternative hypothesis that the uterine endometrium is shed/resorbed whenever
implantation fails because cyclical regression and renewal is energetically less costly than main-
taining the endometrium in the metabolically active state required for implantation. In the re-
gressed state, oxygen consumption (per mg protein/h) in human endometria declines nearly sev-
enfold. The cyclicity in endometrial oxygen consumption is one component of the whole body
cyclicity in metabolic rate caused by the action of the ovarian steroids on both endometrial and
nonendometrial tissue. Metabolic rate is at least 7% lower, on average, during the follicular
phase than during the luteal phase in women, which signifies an estimated energy savings of 53
MJ over four cycles, or nearly six days worth of food. Thus, the menstrual cycle revs up and
revs down, economizing on the energy costs of reproduction. This economy is greatest during the
nonbreeding season and other periods of amenorrhea when the endometrium remains in a regressed
state and ovarian cycling is absent for a prolonged period of time. Twelve months of amenorrhea
save an estimated 130 MJ, or the energy required by one woman for nearly half a month. By helping
Sfemales to maintain body mass, energy economy will promote female fitness in any environment in
which fecundity and survivorship is constrained by the food supply. Endometrial economy may
be of ancient evolutionary origin because similar reproductive structures, such as the oviducts of
lizards, also regress when a fertilized egg is unlikely to be present.

Regression of the endometrium is usually accompanied by reabsorption, but in some species as
much as one third of the endometrial and vascular tissue is shed as the menses. Rather than
having an adaptive basis in ecology or behavior, variation in the degree of menstrual bleeding in
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primates shows a striking correlation with phylogeny. The endometrial microvasculature is de-
signed to provide the blood supply to the endometrium and the placenta, and external bleeding
appears to be a side effect of endometrial regression that arises when there is too much blood and
other tissue for complete reabsorption. The copious bleeding of humans and chimps can be attrib-
uted to the large size of the uterus relative to adult female body size and to the design of the

microvasculature in catarrhines.
INTRODUCTION

HE FUNCTION of menstruation is a cen-

tral enigma of mammalian, and espe-
cially primate, reproductive physiology. Each
cycle the uterus builds a glandular epithelium
with ahigh secretory capacity and an elaborate
microvasculature, only to reabsorb or void it
with the menses if implantation does not oc-
cur. Why does the endometrium not maintain
a steady state of readiness for implantation by
the blastocyst? What is the selective advantage
of cyclical regeneration and regression?

A recent answer proposed by Profet (1993)
is that menstruation protects the uterus and
oviducts from colonization by pathogens
transported by sperm. According to Profet
(1993), menstrual blood dislodges infected
endometrial tissue and delivers immune cells
to the uterine cavity to combat pathogens.
Aside from brief remarks (Ravenholt 1966; Al-
exander 1979:167; Shaw and Roche 1985;
Finn 1987; Garey 1990; Worthman et al. 1992;
Haig 1993), Profet’s antipathogen hypothesis
is the first explanation for the evolution of a
phenomenon that previously had been ex-
plained only in terms of proximate mecha-
nisms (e.g., Baird and Michie 1985; Johnson
and Everitt 1988; Ferin etal. 1993). The poten-
tial medical implications of the antipathogen
hypothesis have received wide publicity in the
popular media. These implications include
Profet’s argument that contraceptives that
suppress menstruation may promote uterine
infection, and her suggestion that curtailing
uterine bleeding at times of infection may un-
dermine the body’s natural defenses. In view
of the wide publicity generated by these clini-
cal recommendations, it is important that the
antipathogen hypothesis be rigorously tested.

In the first part of this article, I briefly sum-
marize the cyclic changes that occur in the
uterus during the menstrual cycle in Old
World primates. These cyclic changes are im-
portantbecause, to understand menstruation,
we need to examine the entire cycle of which

menstruation is only the end point. In the sec-
ond part, I test the following three predictions
from the antipathogen hypothesis: (1) uterine
pathogens are more prevalent before menses
than after menses, (2) the timing of menstrua-
tion tracks pathogen burden, and (3) in pri-
mates, the copiousness of menstruation in-
creases with the promiscuity of the breeding
system (see Profet 1993:345, 370, 360). In the
third part, I suggest that the functional signifi-
cance of endometrial regression is metabolic
economy, and that menstrual bleeding is
merely a side effect that occurs when there is
too much blood for complete reabsorption. I
also discuss three alternative hypotheses that
focus on endometrial neoplasia (Ravenholt
1966), the advertisement of fertility (Worth-
man et al. 1992), and endometrial deciduali-
zation (Finn 1987, 1994).

UTERINE CycLICITY IN OLD WORLD PRIMATES

Uterine cyclicity primarily involves the en-
dometrium (Figure 1), which is the mucosa
that lines the uterine cavity. The endome-
trium is served by a microvascular blood sup-
ply, and has a superficial layer of columnar
epithelial cells above a vascularized stroma
made of connective tissue. For the reviews that
provide the basis for this summary, see Ferin
etal. (1993), Johnson and Everitt (1988), and
Padykula (1988).

Proliferative Phase. During the latter half of
the follicular phase of the ovarian cycle, estra-
diol stimulates DNA synthesis and mitotic ac-
tivity in the endometrium. As a result, the mu-
cosa doubles in thickness, and the tubular
glands—invaginations of the epithelium that
penetrate the stroma—become greatly en-
larged (Figure 1).

Secretory Phase. After ovulation, the endome-
trium enters the secretory phase which corre-
sponds to the luteal phase of the ovarian cycle
(Figure 1). The estrogen-primed endome-
trium binds progesterone, which stimulates
the glands to secrete a rich mixture of glyco-
protein, sugars, and amino acids. Glandular
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FIGURE 1. REGRESSION AND RENEWAL OF THE

HuMaN ENDOMETRIUM AND
ASSOCIATED STEROID
HorMONE CHANGES
Note the brief period of endometrial receptivity
indicated by the black bar (after Johnson M H and
Everitt B J, Essential Reproduction, 3rd ed, Blackwell
Scientific Publications, 1988).

secretion peaks in humans at the midpoint of
the secretory phase, approximately seven days
postovulation. If fertilization has occurred, it
coincides with the time of implantation by the
blastocyst. Progesterone also causes the enlarge-
ment of stromal cells and the expression of an
array of genes that code for proteins believed
to be important for successful implantation
(Ferin et al. 1993). Within the stromal tissue,
progesterone causes the microvasculature to
complete its development. The superficial
stromal cells surrounding the spiral arterioles
enlarge and begin to differentiate into decid-
ual cells which, after implantation, are a major
source of nourishment for the embryo. The
decidual tissue contains lipids, carbohydrates,
nucleic acids, and proteins and has been com-
pared to the yolk reservoir of birds’ eggs
(Johnson and Everitt 1988:234). Aside from
nourishing the embryo, the decidua may pro-
tect it against immunologic rejection; the de-
cidua may also protect maternal tissue against
uncontrolled invasion by the trophoblast
(Riddick et al. 1983:238; Haig 1993).
Menstruation. If implantation does not oc-
cur, then ovarian steroid levels fall, triggering
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the collapse of the elaborate microvasculature
and, ultimately, the secretory epithelium. In
most mammals, endometrial tissue is digested
by lysosomal lytic enzymes and extracellular
proteases and reabsorbed without external
bleeding. In menstruating primates, however,
about a third of the endometrial tissue is shed
as the menses together with blood from the
ruptured microvasculature (Nalbandov 1976;
Johnson and Everitt 1988; Kaiserman-Abra-
mofand Padykula 1989; Ferin etal. 1993). The
first day of menstrual bleeding is customarily
defined as day one of the menstrual cycle.

THE ANTIPATHOGEN HYPOTHESIS

Prediction: Uterine pathogens are more preva-
lent before menses than after menses.

If the function of menstruation is cyclically
to destroy the pathogens that infect the endo-
metrium, then uterine pathogens should de-
crease after menses. This is probably the most
direct prediction from the antipathogen hy-
pothesis but, according to Profet (1993:345),
cyclical variation in endometrial pathogen
load has not been studied. Hemsell et al.
(1989), however, tested for an association be-
tween phase of the menstrual cycle and bacte-
ria in the uterine endometrium in 33 asymp-
tomatic women (age 18 to 44 years) who were
normal upon pelvic examination and who had
no history of pelvic infection. Twenty-four of
the women were not practicing any form of
contraception, and nine had an intrauterine
device (IUD) (Hemsell, personal communica-
tion). None of the women in the analysis were
using barrier methods of contraception or
oral contraceptives. This is significant because
these modes of contraception reduce the pos-
sibility of endometrial infection by preventing
sperm from getting past the cervix; in the case
of oral contraceptives this is achieved by alter-
ations in the cervical mucus (Ferin et al. 1993:
189). Hemsell et al.’s conclusion is that phase
of the menstrual cycle was not associated with
the number of bacterial species recovered
(Hemsell et al. 1989). Although Hemsell etal.
(1989) provide data that are contradictory to
her hypothesis, Profet (1993:344) only men-
tions their finding that fewer bacterial species
were cultured from the endometrium than
the endocervix, evidence which she uses to un-
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derscore the ability of the uterus to rapidly
clear bacteria.

Bollinger (1964) provides data on phase of
the menstrual cycle and the presence or ab-
sence of bacteria in endometrial cultures of
173 indigent women who were free of any sig-
nificant pelvic abnormalities. Bollinger does
not describe contraceptive use in his sample,
but pathogenic bacteria were present in 41.6%
of the cultures, suggesting that contraception
had not sealed off the upper reproductive
tract. Approximately the same percentages of
cultures were positive as negative at each
phase of the menstrual cycle (day 1 to 7, 15 to
21, 22 to 28, and day 29 to 35) except for days
8 to 14 when 51 (65%) of cultures were posi-
tive and 28 (35%) were negative. Thus neither
Hemsell et al. nor Bollinger found a decrease
in bacteria after menses.

In both studies only one endometrial sam-
ple was collected per woman so the problem
remains that differences in endometrial bacte-
ria among women might have masked changes
occurring within women over the course of
the cycle. Further studies are therefore
needed in which individual women are sam-
pled repeatedly. The endometrial flora can be
sampled transcervically using a cotton-tipped
swab or a double lumen catheter with a brush;
both are quick office procedures (Martens et
al. 1989).

The prediction that uterine pathogens “are
more prevalent before menses than after men-
ses” is actually stated by Profet (1993:345) as
“.. . more prevalent before menses than they
are between the end of menses and the first
postmenstrual copulation.” Data are not avail-
able on women who were sampled after men-
ses but before the first postmenstrual copula-
tion. However, if a single postmenstrual
copulation is enough to bring the endome-
trial pathogen load up to premenstrual levels,
then menstruation is not an effective defense
against pathogens. If menstruation is a patho-
gen defense, then fewer pathogens should be
recovered early in the cycle, soon after men-
struation, than late in the cycle because: (1)
bacterial populations reduced by menstrua-
tion will have had alonger time to recover, (2)
later in the cycle more acts of intercourse will
have occurred since menstruation (in some
cases sexual partners might also accumulate),
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and (3) the cervical mucus is most penetrable
to sperm around ovulation, which means that
it is at midcycle that sperm-borne pathogens
are most likely to be transmitted (Chretien
and David 1978; Wolfetal. 1978). In summary,
the antipathogen hypothesis predicts that
more pathogens should be recovered just be-
fore menses than earlier in the cycle, but cur-
rent data do not support this prediction (Hem-
sell et al. 1989; Bollinger 1964).

If the immune agents in menstrual blood
are effective in combating pathogens, then
they should depress not only uterine but also
vaginal pathogens after menses. Profet (1993:
343) states that fluctuations in vaginal bacteria
counts should be small because the “. . .vagina
is constantly reexposed to and colonized by
bacteria in the external environment. . . .”
However, the bacterial flora of the vagina is
at least as similar, and in some respects more
similar, to the flora of the cervix than it is to
the flora of the vulva (Domingue et al. 1991).
Thus, colonization of the cervix by vaginal bac-
teria is probably at least as prevalent as coloni-
zation of the vagina by vulvar organisms. This
implication is important because cervical in-
fections in humans may ascend to the uterine
mucosa and thence to the oviducts (Mardh et
al. 1981). Inert substances placed in the cervix
before hysterectomy have been isolated from
the endometrium during surgery (Keith et al.
1984), and the standard way to infect the uterus
in laboratory animals is to infect the vagina.

To find out if menstrual blood helps rid the
vagina of pathogens, I reviewed the data on
the bacteriology of the vagina over the course
of the menstrual cycle in healthy, asymptom-
atic women. On the basis of a qualitative study
of cultures obtained serially from 89 women
at four-day intervals, Mehta (1982) concluded
that stage of the menstrual cycle was not corre-
lated with the prevalence of aerobic or anaero-
bic bacteria. Furthermore, bacterial growth in
premenopausal and menopausal women did
not differ qualitatively from that found in
menstruating women. In a quantitative study
of ten women who were sampled at weeKkly in-
tervals, Wilks and Tabaqchali (1987) repli-
cated the finding that there are no major
changes in the vaginal bacterial flora during
the menstrual cycle. Some minor changes
were found and these imply, if anything, that
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pathogen burden is lowest just prior to men-
ses. Specifically, the mean number of species
isolated per specimen decreased significantly
(< 0.05) from a mean of 4.6 in the first week
after menses to 2.9 in the fourth week after
menses. A low pathogen burden prior to men-
ses was also reported by Bartlett et al. (1977)
who quantified the bacteria in 35 samples of
vaginal secretions taken serially from five
women at intervals of three to five days. They
found no significant differences in the con-
centrations of anaerobic bacteria over the
menstrual cycle, but concentrations of aerobic
bacteria were 100-fold higher (<< 0.05) in the
first week after the onset of menses than in the
week before. Johnson et al. (1985) obtained
serial vaginal cultures from 34 women over the
menstrual cycle. They recovered a mean of 4.8
aerobic species during menses compared with
3.5 in the intermenstrual cultures (p < 0.0005)
and 5.6 anaerobic species during menses com-
pared with 4.10 in the intermenstrual cultures
(p < 0.05). A quantitative analysis showed no
significant difference in the total number of
bacteria in the menstrual and intermenstrual
cultures (Johnson et al. 1985). In summary,
menstrual blood does not cleanse the vagina
of pathogens.

Phase of the menstrual cycle is correlated
with the prevalence of sexually transmitted or-
ganisms—but not in the direction predicted
by the antipathogen hypothesis. For example,
as Profet (1993:347, 365) herself reports, nu-
merous studies demonstrate that Neisseria go-
norrhoeae—a major cause of infections of the
endometrium (endometritis) and oviducts
(salpingitis)—is more prevalent in endocervi-
cal cultures obtained during and shortly after
menses (e.g., Johnson et al. 1969; Holmes et
al. 1971; James and Swanson 1978; McCor-
mack etal. 1982; Sweet et al. 1986). In a study
of women (N = 42) with acute gonococcal in-
fection, the onset of salpingitis occurred one
week after the onset of menses in 55% and two
weeks after the onset of menses in 81% of the
women (Sweet et al. 1986). Exogenous iron
promotes the growth and virulence of N. go-
norrhoeae (Payne and Finkelstein 1978), which
may explain the association between N. gonorr-
hoeae and menstrual bleeding.

Data on the relationship between Chlamydia
trachomatis and the menstrual cycle are less
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clear cut. According to Sweet et al. (1986), C.
trachomatis varies with the menstrual cycle in
the same way as N. gonorrhoeae. In a sample of
28 women with chlamydial infections, the on-
setof acute salpingitis occurred one week after
the onset of menses in 57% and two weeks
after the onset in 82% of the women. Rosen-
thal and Landefeld (1990), however, found
that women sampled late in the menstrual cy-
cle had slightly more chlamydial infections
than women sampled earlier. Specifically, 13%
of 86 women sampled on days 22 to 35 of the
menstrual cycle had chlamydial infections,
compared to only 1.6% of the 252 women sam-
pled on cycle days 1 to 21. Although the sam-
ple sizes of infected women were small (11 and
4, respectively), the results were significant (p <
0.001). An earlier study found no relationship
between phase of the menstrual cycle and
chlamydial infection (Tait et al. 1980). Mardh
et al. (1981) and Ingerslev et al. (1982) con-
clude that cyclical shedding of the endome-
trium is inadequate for ridding the mucosa of
N. gonorrhoeae and C. trachomatis because these
organisms infect the endometrial crypts, which
are deep in the mucosa and are not shed.

The concentration of Trichomonas vaginalis,
a protozoan parasite of the human urogenital
system, has also been charted in relation to
the menstrual cycle. Specifically, Demes et al.
(1988) reported that in 21 of 30 patients the
concentration of parasites in vaginal washes
was reduced by a mean of 68% (range 7% to
100%) during menstruation compared with
extramenstrually. However, the beneficial ef-
fect of menstruation was transient and per-
tained primarily to the first two days of bleed-
ing. During the final days of bleeding, and
immediately afterwards, parasite numbers re-
bounded to premenstrual levels. Thus men-
struation had no sustainable impact.

If the function of menstruation is pathogen
defense, then rates of organism recovery upon
culture should be lower after menses. This
prediction was directly refuted by the serial
cultures of vaginal bacteria which show that
if menstruation has any effect at all, it is to
promote bacterial growth. In the case of infec-
tions of N. gonorrhoeae, menstruation is clearly
exacerbatory. Current data provide no evi-
dence for an association between phase of the
menstrual cycle and endometrial bacteria.
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The relationship between chlamydial infec-
tion and the menstrual cycle remains ambigu-
ous, while the menstrual decline in 7. vaginalis
attenuates even before the cessation of bleed-
ing. In conclusion, data presently available do
not support the argument that menstruation
has a role in controlling the microbial flora
of any part of the female reproductive system
(uterus, oviducts, cervix, vagina).

On the contrary, menstruation may aggra-
vate the growth of microbial flora because
blood is an excellent culture medium for bac-
teria (Johnson et al. 1985; Eschenbach 1976).
It contains not only iron, but also amino acids,
proteins, and sugars thatare needed for bacte-
rial growth. Serum is therefore the most com-
mon nutrient in cell culture media. Mucosal
and cutaneous barriers ordinarily exclude mi-
croorganisms from the blood vessels, but when
these barriers are breached, infectious organ-
isms enter the bloodstream (Campos et al.
1994). Circulating antibodies and other pro-
teins usually destroy bacteria, but as soon as
the blood leaves the vessels these immune de-
fenses are overwhelmed (see Bollinger 1964;
Masur and Fauci 1991:465; Campos et al.
1994). The potential for blood to worsen in-
fections was demonstrated by Weinstein et al.
(1974) who reported that when fresh blood
was added to a bacterial inoculum introduced
into the pelvic region of rats, mortality was
higher than in control rats who received the
inoculum alone. Staphylococcus aureus, the or-
ganism associated with Toxic Shock Syn-
drome (TSS), becomes more virulent when
the iron in its culture medium is enhanced
(Payne and Finkelstein 1978). Because blood
is a source of exogenous iron, it is not surpris-
ing that in a study of women with TSS, 75% of
cases involved some form of bleeding. Fifty-
five per cent involved menstrual bleeding and
25% involved bleeding from surgical or non-
surgical wounds (Reingold 1991).

Prediction: Menstruation tracks pathogen burden.

Profet suggests that there is an adaptive fit
between the problem (pathogen defense) and
the proposed mechanism by which the prob-
lem is solved (menstruation). If there is an
adaptive fit, then the timing of menses in the
life histories of females should correlate with
pathogen burden. Menstruation should be ei-
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ther: (1) afacultative phenomenon occurring
in response to pathogen load or (2) linked to
some other phenomenon that is a good pre-
dictor of pathogen load. The first of these pos-
sibilities need scarcely be refuted. Rather than
being a facultative event, menstruation is tied
to the ovarian cycle: it happens at the end of
the luteal phase in response to progesterone
or estradiol withdrawal (Nalbandov 1976:140;
Ferin et al. 1993:67). Profet (1993:370-371)
emphasizes the second possibility: “The tim-
ing of menstruation indicates that it is de-
signed to occur in response to sperm-borne
pathogens. Menstruation tracks sexual activ-
ity. ... Since copulation in mammals is usually
tied to ovarian cyclicity, and since copulation
entails the transmission of some pathogens to
the uterus, ovarian cyclicity and menstruation
should be inextricably linked.”

Humans, however, do not fit this argument
because sexual activity may be present, but
menstruation is absent during pregnancy, post-
partum amenorrhea, and the postmenopausal
years (Clarke 1994; Finn 1994; Strassmann
1994). Menstruation is relatively copious in
humans, which makes this contradiction par-
ticularly problematic. To resolve this discrep-
ancy, Profet proposes that ancestral hunter-
gatherers may have abstained from sexual in-
tercourse during middle and late pregnancy,
during lactation, and after menopause. To
evaluate the possibility of such pervasive absti-
nence, it is helpful to consider data on prein-
dustrial societies. In a majority of societies, in-
tercourse during pregnancy is reported during
the first two trimesters and people resume sex-
ual relations prior to the end of postpartum
amenorrhea (Nag 1983). For example, among
the Dogon of Mali, the postpartum abstinence
taboo is generally respected for only a month
or two while the median duration of postpar-
tum amenorrhea is twenty months. The fre-
quency of sexual intercourse appears to de-
cline with marital duration (Goldman et al.
1987), but it does not cease abruptly at meno-
pause (Leidy 1993). Thus, in both modern
and preindustrial societies, menstruation does
not track sexual activity and is therefore un-
likely to have evolved as a defense against
sperm-borne pathogens.

Profet suggests that menstruation is adap-
tively designed for a role complementary to
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that of the cervical mucus which helps bar
sperm passage during times of infecundity.
Cervical mucus does show steroid-dependent
changes that help to keep sperm out of the
upper reproductive tract except during the six
or seven days around ovulation in cycling
women (Chretien and David 1978; Wolf et al.
1978). Cervical secretions also help occlude
the cervical canal during at least the first seven
months of pregnancy and during menopause,
usually creating a highly effective barrier to
sperm (Chretien 1978). Vigil et al. (1991) re-
ported that the cervix is a less reliable barrier
to sperm passage during lactational infertility.
He tested sperm migration in cervical mucus
collected from fully breast-feeding, amenorr-
hoeic women at 30, 60, 90, 120, 150, and 180
days postpartum. Although sperm migration
was notas effective as in periovulatory samples
(itoccurred in 39% of the postpartum cervical
mucus samples and 100% of periovulatory
samples), some samples from each interval
did allow sperm migration, and there was no
significant change with time postpartum. These
results suggest that although some sperm do
get past the cervix, this organ plays a major
role in regulating the access of microorgan-
isms to the uterine cavity (Chretien 1978; Chre-
tien and David 1978). As numerous gynecolo-
gists have noted, however, menstrual bleeding
dissipates the cervical mucus—which makes it
easier, not harder, for sperm-borne pathogens
to ascend to the uterus (Eschenbach 1976).
Menstruation occurs during cycling, and is
absent during pregnancy and amenorrhea,
butitis doubtful that this timing is due to com-
plementarity with the cervical mucus. In a
later section of this article, I provide evidence
for an alternative reason why menstrual bleed-
ing is associated with cycling. In brief, the mi-
crovasculature that bleeds during menstrua-
tion also provides the blood supply to the
placenta in the event of pregnancy. During
menopause and amenorrhea there is no possi-
bility of implantation and at these times only
a rudimentary microvasculature is present;
thus, it is not surprising that it does not bleed.
In claiming an adaptive fit between pathogen
defense and menstruation, Profet (1993:370)
states: “Periodic bleeding of the reproductive
tract occurs asymmetrically between the sexes
because these vectors [sperm-borne pathogens]
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are transmitted unidirectionally.” A simple, al-
ternative reason why males do not menstruate
is that they do not have the endometrial mi-
crovasculature that is required for implanta-
tion and pregnancy.

Profet’s claim for an adaptive fit between
pathogen defense and menstruation, is also
challenged by the rarity of menstruation (among
healthy women of reproductive age) in the ab-
sence of contraception. For example, Dogon
women (N = 39) aged 20 through 34 years
had a median of only two menses each during
a two-year period. They spent 15% of the time
in menstrual cycling, 29% of the time preg-
nant, and 56% in postpartum amenorrhea
(Strassmann 1992). These data are not subject
to reporting bias because they are based on
women’s visits to menstrual huts and are cor-
roborated by hormonal data (Strassmann
1996). Assuming that menstruation was also a
rare event over human evolutionary history,
then it is doubtful that it evolved as a defense
against pathogens (Clarke 1994; Strassmann
1994).

According to Profet (1993:335, 348-350),
other forms of normal uterine bleeding, in-
cluding implantation bleeding, postpartum
bleeding, and proestrous bleeding, also serve
an antipathogen function. However, she does
not consider alternative explanations for these
phenomena. Implantation bleeding is usually
regarded as a side effect of invasive implanta-
tion that occurs when a conceptus penetrates
the uterine epithelium and pervades the un-
derlying stroma. In humans it leads to the ero-
sion of blood vessel walls and hence, bleeding
(Johnson and Everitt 1988). Implantation bleed-
ing is a one-time occurrence (Ferin et al.
1993) that cannot protect against pathogens
transmitted later in pregnancy. Thus, the ar-
gument that itisa consequence of invasive im-
plantation appears sufficient to account for it.

Postpartum bleeding is caused by the tear-
ing of maternal tissue upon parturition and is
inevitable when the placenta forms an intimate
connection between fetal and maternal tissues
(Nalbandov 1976:256). It is also a one-time
event and is unlikely to protect against patho-
gens introduced during lactational amenor-
rhea. Furthermore, postpartum bleeding is as-
sociated with an increase in bacteria that
appear to thrive on the nutrients in blood, lo-
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chia, and necrotic tissue (Johnson etal. 1985).
Severe cases of postpartum infection are known
as puerperal sepsis (Wood 1995).

Profet’s view that proestrous bleeding de-
fends against sperm-borne pathogens has al-
ready been aptly critiqued (Finn 1994; Clarke
1994). In particular, Finn notes that proestrus
bleeding in dogs occurs prior to copulation.
Hence, it could only rid the uterus of bacteria
from the prior estrus, an event which probably
took place several months earlier. Rather than
delaying the attack on sperm-borne patho-
gens for several months, it is more plausible
thatselection has fashioned another, more ex-
peditious, means of protecting the uterus:
namely, the mucosal immune system.

In summary, proestrus, postpartum, and
implantation bleeding are unlikely to have a
role in pathogen defense. Menstruation in hu-
mans is a rare event that dissipates the cervical
mucus and does not track sexual activity—a
conclusion that directly contradicts the argu-
ment that there is an adaptive fit between the
problem (pathogen defense) and the pro-
posed solution (menstruation).

Prediction: The copiousness of menstruation in-
creases with the promiscuity of the breeding system.

According to Profet, the degree of menstru-
ation should increase with the sexually trans-
mitted pathogen load. She suggests that
pathogen load varies with the breeding system
in order of descending risk, as follows: multi-
male breeding systems, polyandry, breeding
systems of solitary mammals, harems, and mo-
nogamy (Profet 1993:354-355). To help eval-
uate this prediction she provides an appendix
with data from a literature review on the dura-
tion and amount of menstrual flow, female
body mass, and breeding system in primates
and a few other mammals. She does not ana-
lyze the data statistically because in her view
the studies did not employ “systematic meth-
odology,” comment on menstruation only “in-
cidentally,” did not use “objective” measures
of menstrual blood loss, and are “incompara-
ble.” Furthermore, she states, “. .. dataon uter-
ine bleeding are lacking in most species of wild
mammal” (Profet 1993:360). In spite of these
limitations in the data, she concludes that the
following results provide “considerable sup-
port” for the antipathogen hypothesis: (1) hu-
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mans and chimps have more profuse menses
than gorillas and orangutans, (2) a black gib-
bon (Hylobates concolor) (N = 1individual) had
more profuse menses than members of two
other species of gibbon, and (3) five species
of New World monkeys in the family Cebidae
had “slight” menses while two species had “co-
vert” menses (Profet 1993:360-361, 384). Pro-
fet requires three variables to explain these
results: breeding system, overall body size, and
presence or absence of continuous sexual re-
ceptivity. She concludes: “Although the non-
human menstruation data currently available
are sparse, they support the antipathogen hy-
pothesis” (Profet 1993:361).

This conclusion is tenuous in view of the
anecdotal nature of the evidence. To better
evaluate the prediction, a quantitative test is
needed with a reasonably large sample size of
species. This test will require accurate data on
variation in the degree of menstrual bleeding
within and between species. Although such
data are difficult to gather and may be unavail-
able for a long time, it is possible to demon-
strate that Profet’s conclusion is not warranted
by the data now in hand.

For this demonstration, I used data on men-
strual flow in primates from reviews by Profet
(1993:384-386) and Hrdy and Whitten (1986:
372-378). As shown in the appendix, these
two sources are in close agreement on most
species. Where minor discrepancies occur I as-
signed priority to Hrdy and Whitten (1986)
because their characterizations were “blind”
with respect to the hypotheses in question. By
combining data from these two sources I was
able to increase the sample size: Profet largely
omits the prosimians while Hrdy and Whit-
ten’s review lacks data on most species of New
World monkeys. I used Harcourt (1991) for
data on breeding system (see appendix). He
classifies primates into two groups: those in
which females typically mate with only one
male per cycle (promiscuity = low), and those
in which females typically mate with more
than one male per cycle (promiscuity = high).
When Harcourt (1991) regressed testis mass
(g) against body mass (kg) (both Log), he
showed that the genera in the high promiscu-
ity group were above or on the regression line,
and the genera in the low promiscuity group
were below the regression line. This result im-
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TABLE 1
Promiscuity of the breeding system and copiousness of menstruation
Absent/Covert Slight Overt
Low Promiscuity Varecia Theropathecus Erythrocebus
Callithrix Pongo Papio
Aotus Gorilla Presbytas
Hylobates
Homo
High Promiscuity Galago Alouatta Macaca
Saguinus Ateles Papro
Saimin Lagothrix Pan
Cebus
Cercocebus
Cercopithecus
Macaca
Colobus

Fisher’s Exact Probability Test, Two-Tail, p = 0.31, N = 25. If the polymorphic genera Macaca and Pagro are excluded,
then p = 0.21, N = 21. Data on promiscuity are from Harcourt (1991). Data on menstruation are from Hrdy and

Whitten (1986) and Profet (1993).

plies thathis classification is sound. When pro-
miscuity is high, the ratio of testis mass to body
mass should increase on account of sperm
competition (Short 1979; Harcourt 1991).

In Table 1, I tabulate the degree of promis-
cuity (low, high) against the degree of men-
struation (absent/covert, slight, overt). Fol-
lowing Profet’s (1993:359) definitions,
menstruation is covert when blood is not ex-
ternally detectable, slight when blood is exter-
nally detectable, and overt when blood is ex-
ternally obvious. The results of the tabulation
provide no evidence for an association be-
tween promiscuity and the copiousness of
menstruation in primates (Fisher’s Exact
Probability Test, Two-Tail, p = 0.31, N = 25).
Five genera with low promiscuity have overt
menses and three genera with high promiscu-
ity have overt menses. Three genera with low
promiscuity and three genera with high pro-
miscuity have covert menses. Macaques (Ma-
caca) have a multi-male breeding system and
high promiscuity, but some species have slight
menses and others have overt menses. Ba-
boons (Papio) have overt menstruation re-
gardless of whether promiscuity is high or low
in a particular species. Macaca and Papio each
occur in two cells of the table because these
generaare dimorphic with respect to menstru-
ation, but if they are omitted altogether the
results remain nonsignificant (Fisher’s Exact

Probability Test, Two-Tail, p = 0.21, N = 21).
The absence of a relationship between pro-
miscuity and menstruation calls into question
the “preliminary but illuminating” results and
“considerable support” for the antipathogen
hypothesis that Profet derives from an analysis
of three subsamples of this data set (Homi-
noidea, N = 4 species; Hylobatidae, N = 3 spe-
cies; Cebidae, N = 7 species). Moreover, these
results falsify Profet’s claim that no taxa are
anomalous with respect to the predictions of
the antipathogen hypothesis.

The foregoing tabular analysis treats differ-
ent genera as independent data points and
does not take into consideration the phyloge-
netic histories of the different genera. This ap-
proach can be criticized for failure to control
for the confounding influence of phylogeny
(Pagel and Harvey 1988; Harvey and Purvis
1991; Maddison 1994). I therefore repeated
the analysis using a phylogenetic method
which identified independent instances of
evolutionary change in the two characters:
menstruation and promiscuity. The goal of
this analysis was to find out whether copious
menstruation was more likely to evolve in the
presence of high promiscuity.

The first step in this analysis was to identify
an appropriate phylogenetic tree for the pri-
mates. I used the suprageneric phylogeny of
Fleagle (1988) with modifications in the Papi-
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onini from Disotell (1994) and in the Cheiro-
galeidae from Yoder (1994). I then used the
computer program MacClade 3 (Maddison
and Maddison 1992) to map menstruation
and promiscuity onto the phylogeny in a fash-
ion thatwas parsimonious (i.e., minimized the
number of transitions required to generate
the character states observed in extant pri-
mates). The results are shown in Figures 2
and 3.

To find out whether copious menstruation
was more likely to evolve in the presence of
high promiscuity, I used Maddison’s (1990)
concentrated changes test. This test deter-
mines whether phylogenetic changes in the
dependent variable (e.g., gains or losses in
menstruation) are more or less concentrated
in the presence of a particular character state
for the independent variable (e.g., high pro-
miscuity). The key advantage of this test is that
it takes into account the phylogenetic distribu-
tion of both the dependent and the indepen-
dentvariables. When the concentrated changes
test is run in MacClade, the program calcu-
lates the number of different ways of having
the observed number of gains and losses in
the dependentvariable, in the brancheswith a
particular character state for the independent
variable, given the observed number of gains
and losses of the dependent variable over the
entire tree. MacClade also calculates the num-
ber of different ways there are to have the ob-
served number of gains and losses in the de-
pendent variable over the entire tree, without
regard to the character state for the indepen-
dent variable. The ratio of the two numbers is
the probability (under the random model) of
obtaining the observed number of transitions
in the dependent variable on the designated
branches (Maddison 1990; Maddison and
Maddison 1992:307).
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Because the concentrated changes test re-
quires binary data, I categorized menstruation
as: absent/covert/slight versus overt (Figure
4). Under this categorization scheme, there
are two ways to interpret the character state
transitions: (a) either overt menstruation was
gained at least seven times and was lost at least
two times, or (b) overt menstruation was
gained at least two times and was lost at least
seven times. The results of the concentrated
changes test are shown in Table 2. If we as-
sume possibility (a), then in the presence of
low promiscuity, overt menstruation was gained
at least four times (p < 0.01); in the presence
of high promiscuity, overt menstruation was
gained at least two times and was lost at least
two times (p < 0.01). If we assume possibility
(b), then gains and losses in menstruation
were not correlated with promiscuity (p values
ranged from 0.13 to 0.22).

I then categorized menstruation as absent/
covert versus slight/overt (Figure 5). Under
this categorization scheme, there were at least
three independent transitions to slight/overt
menstruation and no reversals to absent/co-
vert menstruation. The transitions to slight/
overt menstruation occurred in the presence
of high promiscuity, but this association was
not significant (p values ranged from 0.31 to
0.49) (Table 2). In summary, regardless of
how menstruation is dichotomized, the results
of the concentrated changes test do not sug-
gest that high promiscuity was a predisposing
factor for the evolution of copious menstrua-
tion.

This conclusion is not contingent on the
resolution of the subgeneric polytomies (mul-
tiple nodes) in the phylogeny. The concentrated
changes test cannot be applied to polytomous
trees; therefore I resolved the phylogeny so
that the branching was dichotomous. The sub-

FIGURE 2. PHYLOGENY OF THE PRIMATES SHOWING THE DISTRIBUTION OF THE TRICHOTOMOUS
CHARACTER MENSTRUATION (ABSENT/COVERT, SLIGHT, OVERT) AMONG EXTANT
TAXA AND THE INFERRED ANCESTRAL STATES IN EACH LINEAGE
Suprageneric relationships in the tree are based on Fleagle (1988) with modifications in the Papionini
from Disotell (1994) and Yoder (1994). Subgeneric relationships are in some cases not well established,
but have been arbitrarily resolved in order to perform the concentrated changes test (see text). Data
on menstrual copiousness are from Hrdy and Whitten (1986) and Profet (1993) (see appendix). A
minimum of twelve evolutionary steps are required to account for the distribution of menstrual copious-

ness among extant taxa.
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generic polytomies are heavily debated, but
alternative resolutions did not alter the con-
clusion. The character states for some branches
could not be resolved; therefore I assigned
these equivocal branches all to one character
state or all to another. These alternative deci-
sion rules also did not affect the conclusion.

In summary, I tested three predictions from
the antipathogen hypothesis and the results
are as follows: (1) microbes (including patho-
genic species) in the reproductive system of
human females do not appear to decrease
after menses, (2) the timing of menses in the
life histories of females does not imply an
adaptive fit between the problem (sperm-
borne pathogens) and the proposed solution
(menstruation), and (3) copious menstrua-
tion was not more likely to evolve in the pres-
ence of high promiscuity. Thus, none of the
three predictions of the antipathogen hypoth-
esis were supported.

MENSTRUAL BLEEDING AS A SIDE EFFECT OF
ENDOMETRIAL REGRESSION

According to the classical interpretation of
menstrual bleeding in primates, the endome-
trial arterioles that bleed during menses did
not evolve primarily for that purpose. These
arterioles emanate from arteries in the uterine
myometrium and form part of an endometrial
microvasculature that services the endome-
trial tissue by nourishing it and providing for
respiratory exchange. During the menstrual
cycle, the superficial lining of the endome-
trium, the transient functionalis, proliferates
in preparation for implantation. The micro-
vasculature grows in concert so that no cell is
too far from its vascular support. Thus, the first
function of the endometrial arterioles is to
provide the blood supply for the endome-
trium. If implantation occurs, then the endo-
metrial arterioles assume a second important
function: they become the conduits through
which the maternal blood reaches the pla-
centa (Kaiserman-Abramof and Padykula 1989).
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In humans, there is one artery for each placen-
tal chamber (Blum 1986:293).

Ifimplantation does not occur, then the en-
dometrium actually erodes and its injured vas-
culature bleeds into the uterine cavity (Chris-
tiaens et al. 1985; Shaw and Roche 1985).
Bleeding is stopped by the occlusion of vessels
with haemostatic plugs and by vasoconstric-
tion (van Eijkeren et al. 1991). Blood and
other cellular debris must be either reab-
sorbed or shed, otherwise the uterine cavity
would eventually be occluded (Shaw and
Roche 1985). The low coagulability of men-
strual blood can be explained as a mechanism
to clear it from the endometrium (Shaw and
Roche 1985; Rybo et al. 1985). Blood and ne-
crotic tissue provide nutrients for bacterial
growth, so it would be particularly disadvanta-
geous for them to accumulate.

The chief difference between this interpre-
tation of menstrual bleeding and that of Pro-
fet is that she regards pathogens as “. . . the
main selection pressure that shaped the ma-
chinery of menstruation” (Profet 1993:371).
Her discussion of the “machinery of menstrua-
tion” focuses on the endometrial arteries and
arterioles—especially those with a spiral con-
figuration (Profet 1993:339-340). If these ves-
sels are primarily designed for menstruation,
however, then their role as conduits of blood
for the endometrium and the placenta might
be misconstrued as secondary or incidental.
Here I'will present three lines of evidence that
suggest that it is menstrual bleeding that is in-
cidental, and that the endometrial microvas-
culature is primarily designed to provide the
blood supply for the endometrium and the
placenta.

First, if the endometrial arteries were pri-
marily designed to bleed so as to defend against
pathogens, then one would expect them to be-
long to alarger class of arteries that protect the
entire reproductive tract by bleeding during
menstruation. In particular, the vagina and
cervix should bleed because they have a much

FiGUrRe 3. DISTRIBUTION OF HiGH AND Low PROMISCUITY IN EXTANT TAXA AND THE INFERRED
ANCESTRAL STATES FOR THIS CHARACTER IN EACH LINEAGE USING THE SAME

PHYLOGENY AS IN FIGURE 2

Data on female promiscuity are from Harcourt (1991). A minimum of nine evolutionary steps are required.
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higher pathogen load than the endometrium
(Nelson and Nichols 1986; Hemsell et al.
1989). Bleeding would destroy organisms that
mightascend to the uterus and oviducts. How-
ever, the vagina and cervix do not bleed. A
likely reason is that they do not need to vascu-
larize to support a secretory epithelium that
will be the site of implantation and they do not
need to provide the arterial blood supply for
the placenta. In the Transvaal elephant shrew
(Elephantulus myurus), menstruation is overt
but is restricted to the menstrual polyp, the
small area of the uterus that is the site of im-
plantation (van der Horst 1941, 1955). The
restriction of menstruation to the site of im-
plantation cannot be explained by the anti-
pathogen hypothesis. Pathogens that were re-
moved from the polyp by menstruation would
soon recolonize it from other areas of the
uterus.

Second, if the endometrium bleeds so as to
defend against pathogens, then it is the only
tissue in the entire body that evolved this de-
fense. In other tissues the blood is always main-
tained within the vessels even during times of
acute infection. For example, when the eye
contracts conjunctivitis, the capillaries vasodi-
late, which brings increased quantities of im-
mune agents to the area through enhanced
blood flow. Only these agents actually leave
the vessels; the erythrocytes remain inside.
The lungs are exposed to numerous airborne
pathogens such as Preumoccocus, but bleeding
is not part of the alveolar defense. Similarly,
the digestive tract does not bleed adaptively in
response to gastrointestinal pathogens, al-
though it sometimes does bleed pathologi-
cally. According to Profet (1993:348), the
uterus bleeds “. . . because it is the only truly
internal organ that is regularly exposed to vec-
tors of disease.” She regards the lungs and gut
as “. . . essentially extensions of external or-
gans, because they function to filter sub-
stances directly from the external environ-
ment.” She also states that only the uterus
functions episodically and can afford “time
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out.” These speculations on why only the
uterus bleeds do not contradict the fact that
no other mammalian tissue fights pathogens
by bleeding.

Third, although many animals have inter-
nal fertilization (e.g., reptiles, birds, insects),
no other class in the animal kingdom bleeds
from the reproductive system to fight patho-
gens (Finn 1994; Strassmann 1994). Some of
these animals store sperm for long periods of
time and have evolved spermathecae specifi-
cally for this purpose. Evidently, if pathogen
defense is the function of menstrual bleeding,
then it is peculiar that menstruation is found
only in mammals. If, however, menstrual bleed-
ing is a consequence of endometrial vasculari-
zation in preparation for implantation, then
the reason for its exclusive occurrence in
mammals is obvious.

DISTRIBUTION OF MENSTRUAL BLEEDING
IN MAMMALS

Although menstrual bleeding is unique to
mammals, it has only been reported in a mi-
nority of species. Profet (1993:335) nonethe-
less predicts that menstrual bleeding is univer-
sal, or nearly so, because all mammals have
internal fertilization and share the problem of
sperm-borne pathogens. However, menstrual
bleeding is not normal in rats and mice al-
though these animals have the best studied
mammalian reproductive systems. Many sources
on comparative reproductive physiology re-
port that menstrual bleeding accompanies en-
dometrial regression only in primates—espe-
cially humans, apes, and Old World monkeys
—and notin other mammals (e.g., Nalbandov
1976; Blum 1986; Johnson and Everitt 1988).
The same opinion seems to prevail among
anatomists who study the endometrium. For
example, Padykula (1980) concludes that in
most mammals endometrial regression is ac-
complished through a “bloodless” catabolism.

These generalizations probably overlook a
few exceptions, and Profet (1993:382-386)
lists those she could identify in an appendix.

FIGURE 4. SAME AS FIGURE 1 EXCEPT THE CHARACTER, MENSTRUAL COPIOUSNESS, WAS DICHOTOMIZED
AS ABSENT/COVERT/SLIGHT VERSUS OVERT
A minimum of nine evolutionary steps were required by this phylogeny.
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TABLE 2
Number of gains and losses in menstrual copiousness in the presence of high and low promiscuity

(absent/covert + slight) to (overt)

(absent/covert)
to (slight + overt)

7 gains 2 losses*

2 gains 7 losses* 3 gains

Low Promiscuity
High Promiscuity

4 gains (p < 0.01)
2 gains + 2 losses (p < 0.01)

2 losses (NS)

1 gain + 5 losses (NS) 3 gains (NS)

* One gain occurred on a branch for which the character state for promiscuity was equivocal. For simplicity, this gain

is not included in the table.

Her list includes 48 primates plus the follow-
ing nonprimates: the marsupial cat (Dasyurus
viverrinus); the northern coyote (Canis la-
trans); four species of bat (Carollia perspicillata,
Desmodus rotundus, Glossophaga soricina, Molos-
sus ater); the Malayan flying lemur (Cynocepha-
lus variegatus); ten species of insectivores in
the genera Elephantulus, Erinaceus, Tana, and
Tupaia; and the African elephant (Loxodonta
africana). The data for Canis and Loxodonta,
however, are dubious because they are based
on single individuals.

If the customary definition of menstruation
is broadened to include the microscopic pres-
ence of small numbers of erythrocytes in the
uterine cavity upon progesterone withdrawal,
then more species can probably be added to
the list of covert menstruators. Species with
overt menstruation, by contrast, should rarely
have been overlooked if they have been ob-
served in captivity. In Profet’s table, all the
overt menstruators are catarrhines (Old
World monkeys, apes, humans) and shrews,
which is consistent with the usual assertion
that menstruation is largely a primate phe-
nomenon. But what about the variation in the
degree of bleeding within the primates?

MENSTRUAL BLEEDING IN PRIMATES!:
A PHYLOGENETIC APPROACH

As shown in Figure 2, and more dramati-
cally in Figure 5, the degree of menstrual
bleeding in primates relates to phylogeny:
prosimians have absent or covert menses; New

World monkeys (platyrrhines) have covert or
slight menses; and Old World monkeys, apes,
and humans (catarrhines) have slight or overt
menses. This result is also shown in Table 3
and is highly significant (Fisher’s Exact Proba-
bility Test, Two-Tail, p << 0.001). Thus phy-
logeny is a useful predictor of the degree of
menstrual bleeding in primates. To under-
stand the basis for this correlation, I examined
the following aspects of anatomy and physiol-
ogy: endometrial microvasculature, placen-
tation, endometrial thickness and depth of
shedding, body mass, litter mass, and the ratio
of litter mass to body mass.

Endometrial microvasculature. Because it is
the endometrial microvasculature that bleeds
during menstruation, differences in this vas-
culature may explain the variation in bleeding
across primates. Blood loss should depend on
the number of endometrial vessels and their
resistance to blood flow, which will in turn de-
pend on the length and radius of the vessels
(Folkow and Neil 1971), and how long they
are unconstricted after they are injured dur-
ing endometiral regression. These features of
the endometrial microvasculature of primates
have not been systematically measured across
species. They may, however, correlate with the
presence of spiral arterioles. Kaiser (1947a,b)
conducted histological studies of primate en-
dometria, and concluded that catarrhines
(Macaca, Papio, Hylobates, Pan,and Homo) have
spiral arterioles and gross external bleeding,
and platyrrhines (Alouatta, Ateles, and Cebus)

FIGURE 5. SAME AS FIGURE 1 EXCEPT THE CHARACTER, MENSTRUAL COPIOUSNESS, WAS DICHOTOMIZED
AS ABSENT/COVERT VERSUS SLIGHT/OVERT
A minimum of three evolutionary steps are required by this phylogeny.
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W Cercocebus aterrimus
W Cercocebus torquatus
;g Cercocebus albigena
W Theropithecus gelada
W Papio leucophaeus

W Papio hamadryas

W Papio c. anubis

W Papio c. papio

B Papio c. ursinus

W Papio c. cynocephalus
W Macaca sylvanus

W Macaca arctoides

m Macaca assamensis

W Macaca sinica

W Macaca radiata

W Macaca fascicularis

@ Macaca cyclopis

W Macaca mulatta

W Macaca fuscata

W Macaca silenus

il Macaca nemestrina

M Erythrocebus patas

@ Cercopithecus talapoin
| Cercopithecus ascanius
W Cercopithecus mitis

B Cercopithecus aethiops
W Hylobates lar

| Hylobates hoolock

| Hylobates concolor

W Pongo pygmaeus

m Gorilla g. beringei

m Gorilla g. gorilla

B Pan troglodytes

@ Homo sapiens
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TABLE 3
Phylogeny and copiousness of menstruation
Absent/Covert Slight Overt

PROSIMIANS
Lemuroidea

Lorisoidea

Tarsioidea

Chewrogaleus (0.2 kg)
Proputhecus (3.5 kg)
Lemur (2.5 kg)
Varecia (3.1 kg)

Galago (0.2 kg)
Arctocebus (0.3 kg)
Perodacticus (1.1 kg)
Nyctrcebus (1.2 kg)
Lons (0.3 kg)

Tarswus (0.2 kg)

NEW WORLD MONKEYS
Ceboidea

Callithrix (0.3 kg)
Saguimus (0.5 kg)
Saimiri (0.6 kg)
Aotus (1.0 kg)

Alouatta (5.7 kg)
Ateles (5.8 kg)
Lagothrix (5.8 kg)
Cebus (2.4 kg)

OLD WORLD MONKEYS
Cercopithecoidea

Cercocebus (6.0 kg)
Cercopathecus (3.6 kg)
Macaca (7.9 kg)

Papro (10.0 kg)
Theropathecus (13.6 kg)

Cercopathecus (1.1 kg)
Erythrocebus (5.6 kg)
Macaca (5.5 kg)
Papio (9.4 kg)
Presbytis (11.4 kg)

Colobus (5.8 kg)

APES and HUMANS
Hominoidea

Pongo (37.0 kg)
Gonlla (93.0 kg)

Hylobates (5.9 kg)
Pan (31.1 kg)
Homo (40.1 kg)

Numbers in parentheses refer to female body weight. Fisher’s Exact Probability Test, Two-Tail, p = 0.0000008, N =
34. If the polymorphic genera Cercopithecus, Macaca, and Papio are excluded, then p = 0.00001. Data are from Smuts
et al. (1986, phylogeny), Hrdy and Whitten (1986, menstruation), Profet (1993, menstruation), and Harvey et al.

(1986, female body size).

have relatively straight arterioles and only mi-
croscopic bleeding. To understand the differ-
ences in the design of the endometrial micro-
vasculature among primates, further studies
are needed on the role of the microvascula-
ture in providing the blood supply to the pla-
centa. The copious menstrual bleeding of cat-
arrhines is probably not adaptive, but is
instead a side effect of the design of the micro-
vasculature for its major function: nourishing
the tissue that supports implantation and, ulti-
mately, the fetus itself. As a result of this de-
sign, catarrhines appear to have too much
blood for efficient reabsorbtion, and copious
bleeding is the consequence.

Placentation. Kleine (1931:470) associated

the occurrence of menstruation in anthro-
poids with hemochorial villous placentation,
which means that the trophoblast and chorio-
allantoic villi are in immediate contact with
maternal blood. This is a promising lead, but
Kleine did not explain why we should expect
species with hemochorial villous placentation
to menstruate. With the possible exception of
the family Hyaenidae (aardwolves and hyenas),
hemochorial villous placentation is found
only in catarrhines (Mossman 1987), which is
consistent with a possible relationship be-
tween this type of placentation and copious
menstruation. However, the nonprimate
mammals that menstruate have hemochorial
labyrinthine or endotheliochorial labyrin-
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thine placentation (Mossman 1987; Profet
1993:336). Clearly placentation type isa crude
way of capturing the enormous degree of pla-
cental variation, so it would be desirable for a
comparative zoologist to investigate this mat-
ter further. Probably the relevant factor is not
placentation type per se, but rather the design
of the endometrial arterioles that service the
placenta.

Endometrial thickness and depth of shedding.
Differencesin endometrial thickness may con-
tribute to the amount of blood and other tis-
sue shed with the menses. This argument is
supported by the observation that platyrrhines
have relatively thin endometria and scant
bleeding, whereas catarrhines have relatively
thick endometria and copious bleeding (Kai-
ser 1947b). In no primate is the endometrium
entirely shed with the menses. Instead, part is
shed (the transient functionalis) and part is
reabsorbed (the germinal basalis). In many
catarrhines, the upper third of the microvas-
culature and the surrounding stromal and
glandular tissue is shed (Kaiserman-Abrah-
mof and Padykula 1989), but across primates
the differences in the depth of shedding have
not been well characterized (Padykula 1980).
It is not clear how these differences relate to
implantation and placentation, but whatever
their origin, they are likely to contribute to
differences in the degree of bleeding.

Body mass. The blood supply to the uterus
should increase with the size of the uterus. For
a given depth of endometrial shedding (e.g.,
one-third of the endometrium), one might
therefore expecta larger endometrial volume
to result in more copious bleeding. Data on
endometrial volume in most primates are un-
available, but female body mass might be a
good proxy variable. Does female body mass
contribute to the correlation between degree
of bleeding and phylogeny? I addressed this
question by testing for an association between
degree of bleeding and body mass after con-
trolling for phylogeny. To control for phylog-
eny, I used phylogenetically independent con-
trastsin the MacIntosh program, Comparative
Analysis by Independent Contrasts (CAIC)
(Purvis and Rambaut 1994). A contrast is dia-
gramed as a path linking two or more species
in a phylogenetic tree. Contrasts whose paths
do not intersect at any point are phylogeneti-
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cally independent (Burt 1989; Purvis and
Rambaut 1994). The CAIC program extracts
a set of independent contrasts from a phylog-
eny; the contrasts can then be tested for a con-
sistent association between changes in the de-
pendent and independent variables.

I tested the null hypothesis that the evolu-
tion of menstruation in primates is unrelated
to the evolution of body mass. This null hy-
pothesis predicts that half of the contrasts in
the continuous variable, body mass, should be
positive and half negative, and the mean value
of the contrasts should be zero. Under the al-
ternative hypothesis that the evolution of copi-
ous menstruation is correlated with the evolu-
tion of higher body mass, one expects a
significant bias towards positive values for the
contrasts, and the mean of the contrasts
should be significantly greater than zero. I
used the primate phylogeny shown in Figures
2 through 5 and assumed that each branch in
the phylogeny is the same length. Body mass
data are from Harvey et al. (1986) and were
log transformed to comply with the assump-
tions of the model (Purvis and Rambaut
1994).

The results are shown in Table 4. When
menstruation is dichotomized as absent/co-
vert versus slight/overt, then only three inde-
pendent contrasts are possible, all of which are
positive, but the sample size is too small to
draw any firm conclusions (sign test, two-
tailed, p = 0.25). When menstruation is di-
chotomized as absent/covert/slight versus
overt, then three of nine contrasts are positive
and six are negative (sign test, two-tailed, p =
0.51), which means we cannot reject the null
hypothesis of no correlation between the evo-
lution of menstruation and the evolution of
body mass. In summary, this analysis does not
support Profet’s (1993:357) statements that
“Mammalian body size should influence the
likelihood and degree of menstruation. . . .”
and that large mammals “. . . can afford to
menstruate a larger volume of blood relative
to body size.”

If one compares the body mass and taxo-
nomic status for extant generain Table 3, then
the results of the analysis of independent con-
trasts make intuitive sense. All the prosimians
have absent or covert menses regardless of
body size which ranges from 0.2 kg to 3.5 kg.
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TABLE 4
Phylogenetically independent contrasts between high and low menstruators
with respect to body mass, litter mass, and the ratio of litter mass to body mass

Continuous 2 3 Sign test
Variable Menstruation* Species Contrasts Mean SD Sign two-tailed p
log body mass 1v.2+3 52 3 0.345 0.08 +++ NS
log body mass 1+2v.3 52 9 —-0.063 0.162 —+—-———+-—+ NS
log litter mass 1v.2+3 38 3 0.205 0.146 +++ NS
log litter mass 1+2v.3 38 6 -0.042 0.115 —+—-—+— NS
log (litter mass/

body mass) 1v.2+3 38 3 —0.135 0.092 ——-— NS
log (litter mass/

body mass) 1+2v.3 38 6 0.11 0.054 ++++++ 0.03

*1 = absent/covert; 2 = slight; 3 = overt

The catarrhines with overt menstruation tend
to be no larger than those with slight menstru-
ation (for example, in Table 3 see Cercopi-
thecus, Macaca, Papio, and the hominoids).
New World monkeys are the only taxon in
which the genera with large body size also ap-
pear to have more copious menstruation
(slight instead of covert). However, menstrua-
tion in most New World monkeys was coded
only by Profet—not by Hrdy and Whitten—
and the coding was not “blind” to the possibil-
ity of a body size effect. Moreover, three of
the four genera of New World monkeys that
Profet coded as having “slight” menstruation
are elsewhere (Kaiser 1947b) reported to have
only microscopic bleeding (i.e., covert men-
ses). In the mammals as a whole, body size is
not a good predictor of the copiousness of
menstruation because many large mammals
have never been reported to menstruate, so if
they bleed at all it is probably covert. Thus,
current data do notsupportthe argument that
the degree of menstrual bleeding increases
with female body size, independent of phy-
logeny.

Litter mass. Average litter mass (from Harvey
etal. 1986) mightbe a better proxyvariable for
uterine volume than adult female body mass.
However, when the method of independent
contrasts was used to control for phylogeny, it
was not possible to reject the null hypothesis
that the evolution of litter mass was unrelated
to the evolution of menstruation (Table 4).
Regardless of how menstruation was dichoto-
mized, the results were nonsignificant (sign
test, two-tailed, p = 0.25 and p = 0.41).

Litter mass/body mass. If two species have the
same size uterus and equal volumes of men-
strual blood loss, but one species has a much
larger body mass, then its menses may be less
visible to human observers. It might be re-
ported to have slight menses while the smaller
species is reported to have overt menses, even
though blood loss is the same. Another possi-
bility is that the larger species also has a larger
vagina and actually reabsorbs the menstrual
blood more completely. Both of these possibil-
ities predict that the species reported to have
overt menstruation have a higher ratio of litter
mass to body mass. I tested this prediction us-
ing phylogentically independent contrasts
(Table 4). When menstruation is dichoto-
mized as absent/covert/slight versus overt,
then all six contrasts are positive (sign test,
two-tailed, p = 0.03), which supports the pre-
diction that the evolution of “overt” menstrua-
tion correlated with the evolution of higher
ratios of litter mass to body mass. If we assume
that the assumptions of the t-test are satisfied
(which appears to be true within the limits of
the small sample size available to evaluate this
issue), then the power of the test can be in-
creased (t = 5.01, 5 df, two-tailed p < 0.005).

The six independent contrasts in the above
analysis are all within the catarrhine clade be-
cause, in primates, only catarrhines have overt
menstruation. It is convenient that this analy-
sis is confined to the catarrhines because all
catarrhines have spiral arterioles, and this con-
founding variable is thereby controlled for.
The results suggest that in species that have
spiral arterioles, bleeding is overtif the ratio of



JunE 1996

litter mass to body mass is high, and bleeding is
slight if this ratio is low. For example, in the
hominoid clade (which generated two of the
six contrasts), the ratio of litter mass to body
mass is higher in Homo sapiens (0.06 to 0.08)
and in Pan troglodytes (0.06), than in Pongo pyg-
maeus (0.05) and Gorilla gorilla (0.02). Note
that H. sapiens and P. troglodytes have overt
menstruation, whereas P. pygmaeus and G. go-
rilla have slight menstruation.

When menstruation is dichotomized as
absent/covert versus slight/overt, then only
three contrasts are obtained, all of which are
negative. This result is in the opposite direc-
tion from the prediction, but is nonsignificant
(sign test, two-tailed, p = 0.25). Caution is re-
quired here because of the small sample size
involved. Moreover, two of the three contrasts
involve New World monkeys and, as stated pre-
viously, the coding in this clade is question-
able. However, perhaps the ratio of litter mass
to body mass is not useful for distinguishing
absent/covertversus slight/overt bleeding be-
cause this distinction depends on the pres-
ence or absence of spiral arterioles.

In summary, to explore the basis for the cor-
relation between degree of menstrual bleed-
ing and phylogeny, I considered the following
aspects of anatomy and physiology: endome-
trial microvasculature, placentation, endome-
trial thickness and depth of shedding, body
mass, litter mass, and the ratio of litter mass
to body mass. These variables are interrelated
and several may be important simultaneously.
Anew finding of particular interest is that the
ratio of litter mass to body mass distinguished
the catarrhines with slight menstruation from
the catarrhines with overt menstruation. Cat-
arrhines with higher ratios of litter mass to
body mass reabsorb the menstrual blood less
completely, or in these species blood loss may
simply be more noticeable. These results are
consistent with the hypothesis that menstrual
bleeding is a functionless side effect of endo-
metrial regression.

If menstrual bleeding were functional, one
might expect differences in the degree of
bleeding among primates to relate to differ-
ences in ecology and behavior. However, pri-
mates that have the same degree of bleeding
(see appendix), vary markedly from each
other with respect to ecology (e.g., habitat
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types, diet) and behavior (e.g., nocturnal/di-
urnal, mating system, solitary/social) (see
Smuts et al. 1986). Furthermore, species be-
longing to different superfamilies may resem-
ble each other in terms of major features of
ecology and behavior, but it does not follow
that they are similar in regard to menstrual
bleeding. Therefore, it appears unlikely that
ecological and behavioral differences can ex-
plain the variation in menstrual bleeding
among primates. If a candidate difference
emerges, however, it should be quantitatively
tested using the methods employed above.

INTRASPECIFIC VARIATION IN BLEEDING

To evaluate the hypothesis that menstrual
bleeding is a functionless side effect of endo-
metrial regression, it would be helpful to un-
derstand not only interspecific but also intra-
specific variation in bleeding. In women,
blood loss increases with parity, which can be
attributed to increased uterine size and vascu-
larity with successive births (Cole et al. 1971;
Woessner and Brewer 1963; Rybo and Hall-
berg 1966). Increased blood loss in taller
women and in women whose previous chil-
dren had a relatively high birthweight, can
also be explained by uterine size and blood
flow (Cole et al. 1971). Depth of endometrial
shedding can influence menstrual blood
losses. Shedding is more profound in some
women than in others and, in a given woman,
some areas of the endometrium are reab-
sorbed without shedding (Shaw and Roche
1985). Age (15 to 45 years) does not correlate
with blood loss until the perimenopause (age
50) when confounding variables such as uter-
ine fibroids cannot be excluded (Shaw and
Roche 1985). Overall, the within-woman varia-
tion in blood loss is significantly less than the
between-women variation. This result applies
to the population as a whole and to dizygotic
twins, but not to monozygotic twins, implying
a heritable component to blood loss (Rybo et
al. 1985). Although a great deal remains to
be learned about the causes of intraspecific
variation in menstrual bleeding, current
data—in particular, the increase in blood flow
with parity, maternal height, and birthweight
—are compatible with the hypothesis that
menstrual bleeding is merely a by-product of
endometrial regression.
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THE FUNCTION OF ENDOMETRIAL REGRESSION

Although menstrual bleeding occurs in
only some taxa, cyclical endometrial regres-
sion and renewal is universal in mammals
(Nalbandov 1976; Padykula 1980; Johnson
and Everitt 1988; cf. Profet 1993). In all spe-
cies, endometrial cyclicity is linked to ovarian
cyclicity and reflects changes in steroid hor-
mones over time. Due to the close coordina-
tion between the endometrium and the ova-
ries, the endometrium is able to sustain
implantation by the blastocyst only for the
brief period during which a blastocyst is actu-
ally present and available to implant (Figure
1). In humans, the duration of endometrial
receptivity is probably about three days per cy-
cle (Ferin et al. 1993). Selection to extend en-
dometrial receptivity beyond this time should
be nonexistent because in the absence of a
blastocyst higher rates of implantation would
not result.

Following birth, both the ovaries and the
endometrium enter a prolonged period of qui-
escence before cycling again resumes. During
this postpartum interval, the endometrium re-
mains in a regressed state and menstruation is
absent. What prevents the endometrium from
becoming active during the postpartum inter-
val? A possible answer is that maintenance of
the elaborate secretory endometrium that is
able to sustain implantation is a significant en-
ergy expense that is spared until ovarian cy-
cling resumes. Upon the resumption of cy-
cling, the endometrium builds up again
because the blastocyst cannot implant success-
fully in denuded tissue. But why does the en-
dometrium cyclically regress after each failure
of implantation, instead of being maintained
throughout episodes of ovarian cycling?

COST OF MENSTRUAL BLEEDING

According to Profet, endometrial regres-
sion at the end of each ovarian cycle is a nutri-
tional expense and must have an adaptive ad-
vantage to offset the costs. In support of her
argument, she states that some women lose
enough blood to significantly decrease their
iron stores. However, the mean blood loss in
healthy West European women is about 40 ml,
and only 9% to 14% of women lose more than
80 ml; the threshold for iron deficiency in
women who cycle repeatedly (Christiaens et
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al. 1985). In populations that do not practice
contraception, menstruation is a relatively
rare event among women of reproductive age
(Short 1976; Strassmann 1992). Menstruation
must have been similarly rare over human evo-
lutionary history, and the iron lost through
menses trivial relative to dietary intake. Ane-
mia would have been especially unlikely
among hunter-gatherers whose diets con-
tained significant quantities of meat.

The protein lost in menstrual blood and tis-
sue can be measured from its nitrogen content
(1 g of nitrogen = 6.25 g protein). In a study
of sixteen menses in six women, nitrogen loss
per menstruation ranged from 0.43 gto 2.5 g
and the requirement for nitrogen intake over
the entire menstrual cycle averaged 73 = 20
mg/kg (Calloway and Kurzer 1982). In a 55
kg woman, the nitrogen lost during menses
should therefore comprise 0.01% to 0.06% of
the required intake. Clearly, the protein lost
during menses is negligible relative to the re-
quired protein intake over one cycle. Men-
strual protein loss is also minor compared to
fecal protein loss over one cycle (Finn 1994).
In the six subjects, fecal protein loss was 0.746
+ 0.325 g/day and crude digestibility was
about 87% (Calloway and Kurzer 1982).

The idea that menstruation is nutritionally
costly also does not fit data on nonhuman
mammals. In a majority of species endome-
trial regression involves either no bleeding or
covert bleeding (see above). In covert men-
struators all of the endometrial tissue is reab-
sorbed and detection of erythrocytes in the
uterine cavity requires microscopic examina-
tion.

COST OF MAINTAINING THE ENDOMETRIUM

The nutritional cost of menstruation itself
is trivial, but what about the cost of not men-
struating? The elaborate secretory endome-
trium that is able to sustain implantation is
temporally restricted in its utility, so the ques-
tion arises: Is it more costly to maintain the
endometrium when it is not needed, or to re-
generate it each cycle? I propose that the ener-
getic costs of maintenance exceed the ener-
getic costs of renewal and that this disparity
has a role in endometrial cyclicity. This hy-
pothesis is suggested by the following well-
known aspects of the luteal phase: (1) in-
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creased metabolic activity in the endome-
trium including glandular secretion of glyco-
protein, sugars, and amino acids; (2)
increased uterine mass relative to the follicu-
lar phase; and (3) a progesterone induced rise
in basal body temperature of 0.2 to 0.8°C (Lan-
dau 1973; Ferin et al. 1993).

METABOLIC RATE AND FOOD INTAKE
DURING CYCLING

To evaluate the above hypothesis, I re-
viewed the literature on energy expenditure
and the menstrual cycle (Table 5). Soloman
et al. (1982) is the earliest study conducted
under controlled conditions using appro-
priate statistical methodology, therefore I will
disregard the older literature. Soloman et al.
(1982) analysed the relationship between
basal metabolic rate (BMR) and the menstrual
cycle in six women who were confined to a
metabolic unit under carefully controlled
conditions for 92 days. In five subjects BMR
decreased from the onset of menses until ap-
proximately one week before ovulation and
then increased until the beginning of menses.
The average difference in BMR from nadir to
zenith was 1503 kJ/day which, according to
Prentice and Whitehead (1987), is an ampli-
tude of up to 10% (note: one kJ equals 0.24
kcal). Bisdee et al. (1989) studied eight
women who were confined to a metabolic
ward for one menstrual cycle. The mean meta-
bolic rate during sleep increased by 412 kJ/d
from the late follicular to the late luteal phase,
a change of 7.1% (p < 0.001). Meijer et al.
(1992) measured metabolic rate during sleep
in sixteen women who spent two nights in a
respiration chamber in opposite phases of the
menstrual cycle. Metabolic rate increased by a
mean of 446 kJ/day, which is a difference of
7.7% from the follicular to the luteal phase (p
< 0.001). Webb (1986) measured 24-h energy
expenditure by direct calorimetry in ten
women over the menstrual cycle. Mean 24-h
expenditure increased by 613 k] /day or 8.7%
from the follicular to the luteal phase (p <
0.00002).

Ferraro et al. (1992) found no significant
differences in energy expenditure (adjusted
for body composition, age, and activity levels)
in 28 postmenopausal women and 30 follicu-
lar-phase women who spent 23 hours in a res-
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piration chamber. After pooling these women
to form a “nonluteal” group (N = 58), they
were compared with 12 luteal phase women.
Basal metabolic rate, metabolic rate during
sleep, and 24-hour energy expenditure were
higher in the luteal phase by 833 * 222 kJ/d
(p <0.001), 452 + 176 kJ/d (p < 0.02), and
444 * 163 kJ/d (p < 0.01), respectively. In
summary, the expectation that metabolic en-
ergy expenditure is higher in the luteal than
in the follicular phase was strongly supported
(Table 5).

Future research should attempt to quantify
the uterine and nonuterine components of cy-
clical variation in metabolic rate through com-
parison of hysterectomized and nonhysterec-
tomized women. If the ovaries are left intact,
then hysterectomy should not alter the secre-
tion of ovarian steroids, and it should be possi-
ble to measure the collective metabolic effects
of steroids on nonuterine targets. Through
such a controlled study, one could assess the
fraction of the luteal phase increase in meta-
bolic energy expenditure that is due to
changes in the endometrium and other uter-
ine tissues.

Data on the relationship between metabolic
rate and the estrous cycles of nonhuman mam-
mals are surprisingly scarce and this is another
area in which further research is needed. Sev-
eral studies, however, report increased food
consumption during the luteal phase in pri-
mates such as rhesus macaques (Czaja 1978)
and chacma baboons (Billboard and Busse
1983). Rats treated with progesterone in-
crease their food intake so long as they have
been pretreated with estradiol, which in-
creases the concentration of progestin recep-
tors (Shimizu and Bray 1993; Guyard et al.
1991). Increased food intake also occurs dur-
ing the luteal phase in humans, when proges-
terone levels are high. For example, voluntary
food intake in eight free-living women was
2110 kJ/day higher (p < 0.0004), on average,
during the ten days before menses compared
with the ten days after menses (Dalvit 1981)
(Table 5). Food intake in these eight women
was an average of 2076 kJ/day (p < 0.008)
higher during the ten premenstrual days in a
second cycle (Dalvit 1981). Similarly, Mano-
cha et al. (1986) found a mean increase of

1325 kJ/day (p < 0.05) and 1275 k] /day (p <
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0.01) from the ten days after menses to the ten
days before menses in eleven women whose
intake was monitored for two cycles. Gong et
al. (1989) reported that voluntary food intake
by seven women over one menstrual cycle was
867 kJ/d greater during the luteal phase than
during the follicular phase and 1185 kJ/d
greater during the luteal phase than during
the periovulatory phase (p < 0.05). Pliner and
Fleming (1983) reported that consumption
increased by a mean of 935 kJ/d (p < 0.05)
from the follicular to the luteal phase in 22 of
33 subjects. Tarasuk and Beaton (1991) found
an increase in mean food intake of only 377
kJ/d (p<0.05) in 14 subjects, but they suggest
that their results may have been dampened by
the wider age range in their sample or inaccu-
rate reporting of the onset of menses. Finally,
Johnson et al. (1994) reported that energy in-
take increased by a mean of 686 kJ/d (p <
0.05) from the follicular/ovulatory to the lu-
teal phase in 26 subjects (Table 5).

SIGNIFICANCE OF THE WHOLE BODY
ENERGY SAVINGS

Cycling. It is helpful to compare the magni-
tude of the increase in daily energy expendi-
ture during the luteal phase to the average
daily energy requirement over the entire cy-
cle. Age, physical activity, body size, and other
factors contribute to the average daily energy
requirement (NRC 1989), so a single value
cannot represent the requirement for all
women. Therefore, I calculated the signifi-
cance of the cyclical change in energy metabo-
lism for women of a given energy require-
ment, 9.2 MJ/d (2,200 kcal/d). In particular,
I asked: How substantial is the energy savings
of the follicular phase over four cycles? Energy
Savings = (2 cycles) - (2 follicular days per
cycle) - (luteal to follicular difference in en-
ergy metabolism). The World Health Organi-
zation (WHO 1982) reported a mean of 15.7
*+ 0.57 days for the follicular phase with a
range of 11 to 25 days and a mean of 12.8 =
0.72 days for the luteal phase with a range of
8 to 19 days. Given a 16 day follicular phase,
and a luteal increase in BMR of 833 k] /d (Fer-
raro et al. 1992), then over four cycles the sav-
ings is 53.3 MJ. Assuming a daily energy re-
quirement of 9.2 MJ /d, this translates into 5.8
days worth of food.
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Over human evolutionary history, an en-
ergy savings worth nearly six days of food over
four months could have been advantageous
for fertility and survivorship during times of
food stress. The idea that fertility is related to
the food supply was noted by Darwin (1898)
and extended to humans in pioneering work
by Frisch (e.g., 1978). Numerous physiologi-
cal studies have demonstrated that energy
availability constrains reproductive function-
ing in humans (for reviews see Warren 1983;
Ellison et al. 1993) and other mammals (for
review see Wade and Schneider 1991). In de-
mographic studies of human populations the
effects of chronic malnutrition on fertility can
be small and difficult to measure (Wood
1995:522-529), but even a positive selection
coefficient of 1% signifies an importantfitness
advantage over the long term (Fischer 1958;
Trivers 1985). In many human populations
adequate nutrition is a persistent problem, so
we should expect ongoing selection for the
ability to resist the hunger season with fat de-
posits. Furthermore, epidemiological data
suggest that both acute and chronic malnutri-
tion are associated with an elevated risk of
mortality (Pelletier et al. 1993). A metabolism
that slows down during part of the menstrual
cycle should help women to maintain body
mass. Thus, the coupling of female reproduc-
tive cycling to metabolic cycling is unlikely to
be fortuitous. The menstrual/ovarian cycle
revs up and revs down, economizing on the
energy costs of reproduction.

Amenorrhea. The magnitude of the meta-
bolic economy achieved by foregoing the lu-
teal phase is especially great during amenor-
rhea; a time when women are likely to be
nutritionally stressed and/or lactating. To ap-
preciate the magnitude of the savings, con-
sider a woman who has 13 luteal days per
month when she is cycling and who expends
833 k]/d more energy during the luteal phase.
If she foregoes the higher energy cost of the
luteal phase during amenorrhea, then over 12
months she saves 130 MJ according to the fol-
lowing equation: Energy Savings = (%
months) - (3 luteal days per month) - (luteal
to follicular difference in energy metabolism).
If her mean daily energy requirement is 9.2
M]/day, then she saves 14 days worth of food
annually. This value would be higher in



206

women with a lower daily energy requirement
and lower in women for whom the luteal phase
is less costly relative to the follicular phase. For
example, if a woman expends only an addi-
tional 446 k] /d during the luteal phase [as re-
ported by Meijer etal. (1992) for sleeping met-
abolic rate], then she saves about 70 MJ or
eight days worth of food.

Ferraro etal. (1992) estimated that the loss
of periodic luteal phase increases in metabolic
rate reduces the annual metabolic rate of post-
menopausal females by ~15,000 to 20,000
kcal which is 63 to 84 MJ. They suggested that
this energy savings may contribute to post-
menopausal weight gains. Ferraro etal. do not
explain how they arrived at their estimate, so
itis unclear why it is lower than my own calcu-
lation of 130 MJ based on their data. Refining
the estimate of the cost of the luteal phase is
a worthwhile task for the future. We should
also try to calculate a value for the energy sav-
ings of amenorrhea that does not equate
amenorrhea with the follicular phase. The fol-
licular phase is energetically cheaper in kJ/d
than the luteal phase, butamenorrhea is ener-
getically even cheaper. Finally, although meta-
bolic rate is higher on average during the lu-
teal phase than during the follicular phase,
ambiguity remains in regard to the cycle
day(s) of peak metabolic expenditure.

Although the energy spared by amenorrhea
is not yet precisely quantifiable, it is already
widely recognized that amenorrhea is adap-
tive because it spares energy (Warren 1983;
Myerson et al. 1991; Bonen 1994). Empirical
support for this argument includes evidence
that oxygen consumption at rest is lower in
amenorrheic women than in eumenorrheic
women (Graham et al. 1989). Moreover, de-
spite similar caloric intake, resting metabolic
rate is significantly lower in amenorrheic high
mileage runners than in eumenorrheic high
mileage runners (4667 = 184 Kk]/d versus 55659 *
239 kJ/d), and the latter is significantly lower
than resting metabolic rate in sedentary women
(6166+184 kJ/d) (Myerson et al. 1991). A
shortage of metabolic fuels is sufficient to
cause amenorrhea in menstruating primates
(including women) and anestrus (cessation of
cycling) in laboratory and domestic animals
(Wade and Schneider 1992). Amenorrhea is
adaptive not only because it spares energy, but
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also because it allows reproductive effort to be
postponed to more favorable conditions
(Frisch 1978; Van der Walt et al. 1978; Ellison
1990; cf. Wood 1995:523-529).

ENERGY SAVINGS AND THE ENDOMETRIUM

The proximate mechanisms that generate
the relationship between the menstrual cycle
and metabolic rate involve the ovarian ste-
roids estradiol and progesterone. Receptor
concentrations for these hormones are partic-
ulary high in reproductive organs including
the uterus, ovary, and mammaries, as well as
the hypothalamic pituitary unit (Ferin et al.
1993). The action of the ovarian steriods on all
the target tissues is responsible for the luteal
phase increase in metabolic rate. Although
the increase in metabolism in any single tissue
may be small, the combined effect of the ovar-
ian steroids on all the target tissues is substan-
tial. The role of the endometrium has been
particularly well studied. In animals as dispa-
rate asratsand humans, it has been shown that
the ovarian hormones stimulate endometrial
metabolism (Roberts and Szego 1953; Clark
and Yochim 1971; Wynn and Jollie 1989:314).
It would be interesting to know how the meta-
bolic effects of the ovarian steroids are parti-
tioned between the endometrium and other
uterine and nonuterine tissues, but data on
this topic are lacking. To assess the role of the
endometrium, it is therefore useful to con-
sider data on endometrial oxygen uptake over
the course of the menstrual cycle.

The earliest studies of endometrial metabo-
lism over the menstrual cycle employed the
Warburg method, which gave conflicting re-
sults (e.g., Raab 1929; Stuermer and Stein 1952;
Hagerman and Villee 1953). More recently,
Okagaki and Richart (1970) measured endo-
metrial oxygen consumption in vitro (N =
43), using an oxygen electrode, a more sensi-
tive technique. Oxygen uptake was at a nadir
in the early proliferative phase (0.646 * 0.226
ul/mg of dry mass/h), increased during the
late proliferative phase (0.880 wl/mg of dry
mass/h; SE not indicated), reached a zenith
in the early secretory phase (1.387 pl/mg of
dry mass/h; SE not indicated), and declined
in the late secretory phase (1.332 * 0.112
pl/mg of dry mass/h). The increase in oxygen
consumption from the proliferative to the se-
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cretory phase was statistically significant (p <
0.01). This cyclic change in oxygen consump-
tion by human endometria parallels the cyclic
change in oxidizing enzymes found by previ-
ous authors (Steuermer and Stein 1952;
McKay et al. 1956).

Price et al. (1981) reported that Okagaki
and Richart (1970) probably underestimated
endometrial oxygen uptake because they used
minced endometrial tissue: a procedure that
reduced oxygen uptake by more than 30% (p <
0.01). Price et al. therefore used an oxygen
electrode to measure the in vitro oxygen con-
sumption of intact endometrial strips. Oxygen
consumption (ul oxygen/mg protein/h) was
lowest in the early proliferative stage, increased
almost sevenfold until around ovulation, and
declined nearly threefold during the secretory
phase (Figure 4a in air phase in Price et al.
1981). Although Price etal. reported an ovula-
tory peak in oxygen consumption, their data
do not appear adequate to distinguish between
an ovulatory and early secretory peak because
they did not have data on the timing of ovula-
tion. As noted by these investigators, ovulation
is not histologically observable in the endome-
trium until 24 to 36 hours after it takes place,
and some of the “ovulatory” endometrial strips
may have been misclassified. Nonetheless, the
study by Price et al. shows an almost sevenfold
increase in oxygen consumption during the
proliferative phase, which implies a nearly sev-
enfold energy savings (per mg protein/h) for
the endometrium in the regressed state. More-
over, since endometrial oxygen consumption
is greater during the ovulatory/luteal phase
than during the proliferative phase, rebuild-
ing the endometrium after it has regressed is
cheaper than maintaining it. Profet empha-
sized the nutritional content of the menstrual
flow. However, according to the data on oxy-
gen consumption, it is cheaper to lose blood
and other tissue during menstruation, than to
waste additional energy by providing the met-
abolic support required to sustain this tissue
when it is not needed.

The evidence that regressed endometria
consume less oxygen corroborates the results
of earlier studies that employed the Warburg
method. For example, Abe (1961) reported
that oxygen uptake is higher in normal uteri
than in amenorrheic uteri, and Hagerman
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and Villee (1953) reported that oxygen con-
sumption was depressed in endometrial sam-
ples from menopausal women. Hackl (1968)
compared oxygen uptake in 42 endometrial
biopsies from control women and 32 biopsies
from women on combination oral contracep-
tives. The endometria from the oral contra-
ceptive users were less well developed and con-
sumed only about half as much oxygen (Hackl
1968, 1973).

To evaluate the significance of endometrial
regression, one should consider what might
happen if the endometrium did not regress
upon the failure of implantation. During epi-
sodes of amenorrhea cause by negative energy
balance or stress, the endometrium would re-
main primed for long periods before ovula-
tion resumed. Clearly, maintenance of the en-
dometrium in the absence of ovulation would
be a waste of energy.

ENDOMETRIAL BLOOD FLOW

Blood flow to the uterus varies over wide
limits and is influenced in a major way by ovar-
ian steroid hormones during both cycling and
pregnancy (Finn and Porter 1975; Greiss and
Rose 1989). Variation in uterine blood flow
provides an indirect measure of variation in
endometrial oxygen consumption in species
for which direct measures are unavailable. In
ewes, cows, and sows, uterine blood flow
peaked with the onset of estrus and was associ-
ated with a high estrogen:progesterone ratio
in systemic blood (Greiss and Rose 1989). In
rabbits, however, the blood content of the
whole uterus was twofold higher under pro-
gesterone domination than under estrogen
domination (Kao and Gams 1961). In rats, the
combined action of estrogen and progester-
one is known to stimulate endometrial vascu-
larization, blood flow, and oxygen consump-
tion (Mitchell and Yochim 1968). Under the
influence of estrogen and progesterone, the
postovulatory primate endometrium experi-
ences a rapid growth of the coiled arterioles
and other components of an increasingly dif-
ferentiated microvasculature (Kaiserman-Ab-
ramof and Padykula 1989). In humans, the di-
ameter of the endometrial arterioles increased
from 28 p in the proliferative phase to 45.5 p
in the secretory phase, implying a concomi-
tant increase in blood flow (Salvatore 1968).
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This result was confirmed by doppler ultra-
sound studies of the uterine artery, which
showed that blood flow to the uterus increased
with rising levels of plasma estradiol and pro-
gesterone (Goswamy and Steptoe 1988).

OTHER EXAMPLES OF METABOLIC ECONOMY

The hypothesis that the capacity to adjust
the quantity of metabolically active tissue is an
adaptation for saving energy is new with re-
spect to endometrial regression during cy-
cling, but is implicit in explanations for
changes in tissue mass elsewhere in the mam-
malian body.

Lactation. During lactation, breast tissue
mass increases by about 500 g (Hytten and
Leitch 1971). This increase is temporary and
the regression of mammary tissue after lacta-
tion presumably spares energy. From esti-
mates of the increase in metabolically active
mammary tissue and the cost of milk synthesis
during lactation, Prentice and Whitehead
(1987) calculate that BMR should theoreti-
cally increase above the nonpregnant, nonlac-
tating state by 12%, 10%, and 9% at 0 to 6, 6
to 12, and 12 to 24 months postpartum. More
recent research has evaluated these theoreti-
cal estimates with empirical data from longitu-
dinal studies. Specifically, Goldberg et al.
(1991) measured the BMR of each of 10 lactat-
ing British women at 36 weeks of gestation,
after 4, 8, and 12 weeks of lactation, and in the
nonpregnant and nonlactating (NPNL) state
at 3 months postweaning. At 36 weeks gesta-
tion, BMR was an average of 24.8 * 8.3%
higher than in the NPNL state (p < 0.001).
Throughout lactation, however, BMR remained
surprisingly constant and was not significantly
different from the NPNL value. Goldberg et
al. calculated the metabolic costs of milk syn-
thesis to be 445 k] /d in their study population;
this costshould lead to a concomitantincrease
in BMR above the NPNL state. The lack of ele-
vation in BMR during lactation implies the
suppression of one or more components of
maternal metabolism. One possibility is that
maternal maintenance metabolism (e.g., pro-
tein turnover) might be suppressed in lactat-
ing women and, although potentially detri-
mental to long-term health, such suppression
may be an adaptation for meeting the immedi-
ate energy demands of reproduction (Pren-
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tice and Whitehead 1987; Goldberg etal. 1991).
Thus, if endometrial regression evolved to
lower energy costs and balance the energy
budget, it is not greatly different from either
the adaptive lowering of BMR that occurs dur-
ing lactation, or the regression of mammary
tissue after lactation.

Pregnancy. Theoretical estimates of oxygen
consumption by the fetus and associated tis-
sues suggest that BMR should increase in the
four quarters of pregnancy by an average of
3%, 7%, 11%, and 17% above the pre-
pregnant value (Hytten and Leitch 1971; see
also Prentice and Whitehead 1987). At term
the predicted increase is 22% which is only
triple the conservative estimate that BMR in-
creases by 7% from the follicular to the luteal
phase of the menstrual cycle.

Actual measures of BMR show that there is
substantial interindividual variation in re-
sponse to pregnancy. For example, in a study
of twelve British women, six subjects showed
an immediate and progressive increase in
BMR in line with the predicted increases, but
the other six subjects experienced an initial
decrease in BMR—or a negligible increase—
which was not followed by a substantial in-
crease until late in pregnancy (Goldberg et al.
1993). The group mean (*SD) change in
BMR over the NPNL state was 2.8 = 6.7% at
12 weeks, 9.5 = 11.2% at 24 weeks, and 24.9
+ 11.8% at 36 weeks (p < 0.001). At 36 weeks
the increase in BMR in the 12 women ranged
from 10% to 50%.

Poppitt et al. (1993) tested the hypothesis
that energy sparing decreases in BMR may en-
able women to maintain the positive energy
balances needed to protect fetuses from
growth retardation when maternal energy in-
take is low. Their subjects were twenty chroni-
cally undernourished Gambian women. Six
showed steady increases in BMR from concep-
tion onward that were in line with the pre-
dicted increases, while the other fourteen
showed a significant decline in BMR during
early gestation. The cumulative maintenance
expenditure of the twenty Gambian women
was well below that of well-nourished Western
women, and enabled a savings of 345 k] /d dur-
ing pregnancy. This savings may have been ac-
complished through significant reductions in
maternal metabolism. The change in BMR
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per kg of lean body mass ranged from —15.4%
to +17.1% at 36 weeks gestation. The best pre-
dictors of a woman’s metabolic response to
pregnancy were her gain in mass, lean body
mass, and fat mass during pregnancy, rather
than her nutritional status before pregnancy
(Poppitt et al. 1993). Although the mecha-
nisms that limit increases in BMR during lacta-
tion and pregnancy are not yet understood, it
is evident that selection has acted on BMR,
preventing increases that might lead to nega-
tive energy balances and reproductive failure.
Food Stress. Energy sparing reductions in
BMR are also caused by food restriction in the
absence of pregnancy or lactation (Henry
1992). In a study of humans who were se-
mistarved for 168 days, basal metabolic rate
dropped 85% from 6510 kJ/d to 953 KkJ/d
(Keys et al. 1950). Anorexia nervosa is associ-
atedwitha 19% to 39% reduction in basal met-
abolic rate (Forbes et al. 1984). For example,
in a study of six patients, BMR was 4170 kJ/d
compared with 5520 kJ/d in six control sub-
jects matched for age and height (Casper et
al. 1991). Resting metabolic rate (per kilo-
gram of lean body mass) was 13.8 % lower in
chronically undernourished Indian laborers
than in sedentary controls (Shetty 1984).

ENERGY SPARING MECHANISMS IN
OTHER VERTEBRATES

Metabolism is also suppressed during en-
ergy restriction in hibernating mammals (Ho-
chachka and Guppy 1987:100) and is often ac-
companied by gonadal regression (see Wade
and Schneider 1992) and atrophy of the mu-
cosal lining of the small intestine (Carey 1990).
Absence of food also causes energy sparing re-
ductions in intestinal mucosal mass in nonhi-
bernating vertebrates such as rats (Carey 1990;
McBurney 1993). Mucosal up regulation and
down regulation is particularly dramatic in the
Burmese python (Python molurus), a species
that saves considerable energy by not main-
taining a functional intestinal mucosa during
the long periods of fasting between meals
(Secor and Diamond 1995).

Seasonal breeding is a strategy for keeping
the energy costs of reproductions in check be-
cause it concentrates these costs in the sea-
son(s) when reproductive success is most
likely and curtails these costs at other times.
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In seasonal breeders, the gonads commonly
regress in the nonbreeding season in both
males and females (Nalbandov 1976). For ex-
ample, the mean ovary mass in starlings is
about 8 mg in early winter, but just prior to
the onset of egg laying in mid-April, the mean
ovary mass increases to 220 mg (Witschi
1956:34). This is nearly a thirtyfold increase
beyond the ovary mass in the inactive season.
Moreover, yolk is synthesized for maturing oo-
cytes only a few days before ovulation and no
yolk is synthesized in the nonbreeding season
(Follett 1984). The cessation of vitellogenesis
isan obvious energy economy because alaying
female requires 20% to 70% more energy than
at other times (King 1973). Selection to spare
energy via seasonal reproduction in birds is
directly comparable to selection to spare en-
ergy via metabolic cycling in women.

The origin of endometrial regression as an
energy sparing mechanism may predate the
evolution of the mammals because comparable
energy sparing processes occur in other verte-
brates. The uterus of viviparous mammals
probably evolved from the glandular region
of the oviduct of oviparous species (Mossman
1987:98). Furthermore, the uterine endome-
trium in mammals is similar to the epithelium
of the oviducts in extant reptiles. Both are se-
cretory linings that transfer nutrients from
mother to embryo. Outside the breeding sea-
son, reptilian oviducts are thin and straight
but, as vitellogenesis begins in the ovarian fol-
licles, the oviducts undergo a dramatic in-
crease in mass due to hypertrophy of the epi-
thelium and associated glands. The growth of
the oviducts is associated with an increase in
biochemical activity (Licht 1984:231). Thus
reptilian oviducts change in mass in relation
to the ovarian cycle in a fashion that is compa-
rable to the changes in the mammalian endo-
metrium. Both structures have secretory activ-
ity only when a fertilized ovum or embryo is
likely to be present. If this similarity between
mammals and reptiles reflects homology not
analogy, then endometrial regression is of an-
cient origin. I suggest that a major selective
pressure for both the origin and continued
maintenance of oviducal/endometrial cyclic-
ity is energy limitation. This hypothesis is com-
patible with a substantial body of data, but
what about alternative hypotheses other than
that of Profet?
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MENSTRUATION AS A DEFENSE
AGAINST NEOPLASM

Ravenholt (1966) observed that endome-
trial regression rids the uterus of endometrial
neoplasia, which raises the question: could
menstruation have evolved for this purpose?
Rapid cellular reproduction leads to neopla-
sia by increasing the chances that unrepaired
DNA lesions will be replicated. Malignant neo-
plasia are not a problem with adult neurons
because neurons do not reproduce, but itis a
relatively common occurrence in mitotically
active tissue such as skin, breasts, and bones.
The uterus might be prone to neoplasms if
mutated cells were not cyclically deleted (Ra-
venholt 1966), because estrogen stimulates
mitotic proliferation of the endometrium.

If endometrial regression did not occur at
the end of the luteal phase, however, then
there would be no need for the extensive mi-
totic proliferation of the follicular phase. In
the absence of mitotic proliferation during
the follicular phase, there would be no prob-
lem of neoplasia. Moreover, if mitotic prolifer-
ation during the follicular phase is somehow
indispensable, then we need not invoke neo-
plasia to explain regression at the end of the
luteal phase. Successive rounds of mitotic pro-
liferation would eventually fill the uterine cav-
ity and prevent implantation and pregnancy.
Endometrial regression would then be a ne-
cessity.

MENSTRUATION AS A SIGNAL OF FERTILITY

Worthman et al. (1992) propose that copi-
ous menstruation evolved in humans as a sig-
nal of potential fertility. In particular, they sug-
gest that it has the advantage of disclosing
female reproductive status without giving
away the exact timing of ovulation. Previous
empirical data support the argument that
menstruation reveals female reproductive sta-
tus (cycling, pregnant, amenorrheic), and
that menstrual taboos can be imposed on fe-
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males to force them to signal their menses
(Strassmann 1990, 1992). However, the idea
that copious menstruation itself evolved as a
signal does not yet have empirical support. In
an earlier article (Strassmann 1992) I argued
against this possibility, but since it has not
been tested with data on primates, I will do
so here.

If copious menstruation evolved as a signal
of female reproductive status, then it should
be present in humans because ovulation is
concealed and it should be absent in species
with conspicuous sexual swellings. This pre-
diction is based on the expectations that: (1)
if ovulation is concealed, then information
about the timing of menses is potentially more
useful, and (2) if estrus is already advertised
by swellings, then menstruation cannot add
further information. To evaluate this predic-
tion, I tabulated data on menstrual flow (from
Hrdy and Whitten 1986, and Profet 1993)
against data on visual cues of female receptiv-
ity (from Hrdy and Whitten 1986).

As shown in Table 6, there is no apparent
relationship between the copiousness of men-
struation and the presence of sexual swellings
(Fisher’s Exact Probability Test, Two-Tail, p =
0.15, N = 33). In contradiction to the predic-
tion, several species in the genera Macaca, Cer-
copithecus, Papio, and Pan have overt menses
despite the presence of obvious swellings.
Chimpanzees (Pan) are particularly at odds
with the hypothesis of Worthman et al. be-
cause they have unusually profuse menses, yet
they also have dramatic sexual swellings.
Therefore, copious menstruation in chimpan-
zees must have evolved for a reason other than
advertisement of fertility. Although it could be
argued that menstruation in humans is a dif-
ferent phenomenon from menstruation in
chimps, this possibility is weak because hu-
mans and chimps share a recent common an-
cestor and menstruate through similar, if not
identical, mechanisms.

Using a phylogenetic approach, I tested the

FIGURE 6. DISTRIBUTION OF THE TRICHOTOMOUS CHARACTER (SEXUAL SWELLINGS) MAPPED ONTO THE
SAME PRIMATE PHYLOGENY AS IN FIGURE 2
Data on sexual swellings are from Hrdy and Whitten (1986). A minimum of sixteen evolutionary steps
were required to account for the distribution of sexual swellings among extant taxa.
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TABLE 6
Copiousness of menstruation and conspicuousness of sexual swellings
Menstruation Sexual Swellings
Absent Subtle Obvious
Absent/Covert Saguinus Chewrogaleus Tarsius
Propithecus
Lemur
Varecia
Galago
Peroducticus
Lons
Callithrix
Savmiri
Slight Cercoputhecus Alouatta Cercocebus
Macaca Cebus Cercoputhecus
Macaca Macaca
Theropithecus Papro
Gorilla Colobus
Overt Macaca Erythrocebus Cercopithecus
Presbytis Macaca Macaca
Homo Hylobates Papro
Pan

Fisher’s Exact Probability Test, Two-Tail, p = 0.15, N = 33. If the polymorphic genera Cercopithecus, Macaca, and Papro
are excluded then p = 0.26, N = 22. Data on sexual swellings are from Hrdy and Whitten (1986). Data on menstruation

are from Hrdy and Whitten (1986) and Profet (1993).

prediction that copious menstruation was
more likely to evolve in the absence of sexual
swellings. Figure 6 shows how the MacIntosh
program, MacClade 3, maps sexual swellings
onto the phylogeny in accordance with the
principle of parsimony. Regardless of how the
characters menstruation and sexual swellings
are dichotomized, the concentrated changes
test (Maddison 1990; Maddison and Maddi-
son 1992) gave nonsignificant results (pvalues
ranged from 0.09 to 0.83 with a median of
0.35), suggesting that the absence of sexual
swellings was not a predisposing factor for the
evolution of copious menstruation. Thus,
whether I simply tabulated extant genera, or
based the analysis on independent evolution-
ary events, I found no correlation between the
copiousness of menstruation and the degree
of sexual swellings. It therefore appears un-
likely that menstruation evolved as a signal
of fertility.

MENSTRUATION AND
ENDOMETRIAL DECIDUALIZATION
Finn (1987, 1994) observes that, in women,
endometrial decidualization occurs even in
the absence of a blastocyst, whereas in many

other mammals decidualization either does
not occur at all or requires a stimulus from a
blastocyst. Finn hypothesizes that this differ-
ence is the reason for menstruation in women.
However, other primates also have overt men-
struation even though they only undergo de-
cidualization in the presence of a blastocyst or
in response to trauma (Enders 1991; Profet
1993:336). Finn also suggests that early decid-
ualization in menstruating species results in
irreversible differentiation of the endome-
trium such that it must be discarded. As an
explanation for endometrial regression, this
argument has three drawbacks: (1) if endome-
trial differentiation is “irreversible” in some
species, then this may be a consequence of en-
dometrial regression (since the tissue will be
destroyed anyway) rather than a cause, (2)
many tissues—including gut, muscles, and
breasts—regress when they are not needed
even though they have merely grown and not
differentiated (e.g., McBurney 1994), and (3)
endometrial regression occurs in all mammals
(Nalbandov 1976; Padykula 1980; Johnson
and Everitt 1988) regardless of whether decid-
ualization occurs early, late or not at all.
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CONCLUSION

The endometrial cycle is coupled to the
ovarian cycle. When ovarian steroid hormone
levels fall, the endometrium regresses, re-
sulting in cellular debris that must be either
shed or reabsorbed. One advantage of cyclical
regression that has not previously been con-
sidered is reduction in energy expenditure.
When a blastocyst is unavailable for implanta-
tion, the secretory endometrium becomes a
liability. If it is maintained, it requires continu-
ous metabolic support, but if it regresses, this
extra energy expense can be spared. In
women, endometrial regression permits a
nearly sevenfold reduction in endometrial ox-
ygen consumption (per mg protein/h). Endo-
metrial cyclicity is linked to the whole body
cyclicity in metabolic rate caused by the action
of the ovarian steroids. In women, metabolic
rate is atleast 7% lower, on average, during the
follicular phase than during the luteal phase,
which translates into an estimated energy sav-
ings of 53 M]J over four cycles. This is the equiv-
alent of nearly six days worth of food. By help-
ing women to maintain body mass, this
economy of energy has beneficial implications
for both fecundity and survivorship.

Maintenance of the endometrium in the
metabolically active state required for implan-
tation would be particularly disadvantageous
during the nonbreeding season and other epi-
sodes of amenorrhea when ovulation is absent
for a prolonged period of time. Twelve
months of amenorrhea save an estimated 130
M], which would meet a woman’s energy
needs for nearly half a month. Endometrial
regression is similar (and perhaps homolo-
gous) to the hypotrophy of reptilian oviducts
in the nonbreeding season and its origins may
predate the mammals. Energy sparing limita-
tions of metabolic rate occur during lactation,
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pregnancy, and food stress, and are compara-
ble to the whole body reduction in metabolic
rate that occurs during menstrual cycling.

Regression of the endometrium necessarily
includes the endometrial microvasculature.
In most species blood from the microvascula-
ture is entirely reabsorbed, but in Old World
primates and a few other mammals, blood and
other tissue that is not reabsorbed is shed with
the menses. Differences in the degree of men-
strual bleeding correlate with phylogeny
rather than with any conspicuous differences
in ecology or behavior. Relatively copious
bleeding is found in catarrhines and is associ-
ated with the presence of spiral arterioles in
the endometrium. The design of these arteri-
oles probably relates to their major function,
which is to provide the blood supply to the
placenta. External bleeding can be interpre-
ted as a side effect of endometrial regression
and is probably caused by the presence of too
much blood and other tissue for efficient reab-
sorption. This hypothesis can account for the
increase in blood loss with parity in women,
since previous pregnancies increase uterine
vascularity. It also successfully predicted that
catarrhines with overt menstruation have
higher ratios of litter mass to body mass. Thus,
the unusually profuse bleeding in humans
and chimps may be due to the large size of
their uteri relative to adult female body size
and to the design of the microvasculature in
these and other catarrhines.

ACKNOWLEDGMENTS

I thank Tracey Crummett for valuable assistance
in applying the comparative method to the primate
data and Sarah Hrdy for useful suggestions. The
following individuals offered helpful comments on
the manuscript: R D Alexander, K Brandt, R Con-
nor, B Crespi, W R Dawson, W Holmes, T M Lee,
H Manson, ] Mitani, R M Nesse, M Profet, N E Re-
ame, B H Smith, B B Smuts, C Vincenz, and an
anonymous reviewer.

REFERENCES

Abe T. 1961. New methods of laboratory testing for
the sensitivity of the uterus to ovarian hormones.
Tohoku Journal of Experimental Medicine 74:390—
404.

Alexander R D. 1979. Darwinism and Human Affairs.
Seattle: University of Washington Press.

Baird D T, Michie E A, editors. 1985. Mechanism of
Menstrual Bleeding. New York: Raven Press.

Bartlett ] G, Onderdonk A B, Drude E, Goldstein
C, AnderkaM, Alpert S, McCormack W M. 1977.
Quantitative bacteriology of the vaginal flora.
Journal of Infectious Diseases 136:271-277.

Billboard C, Busse C. 1983. Influences of ovarian
hormones on the food intake and feeding of
captive and wild female chacma baboons (Papio
ursinus). Physiology & Behavior 30:103-111.



214

Bisdee J T, James W P T, Shaw M A. 1989. Changes
in energy expenditure during the menstrual cy-
cle. British Journal of Nutrition 61:187-199.

Blum V. 1986. Vertebrate Reproduction: A Textbook.
Berlin: Springer-Verlag.

Bollinger C C. 1964. Bacterial flora of the nonpreg-
nant uterus: a new culture technic. Obstetrics and
Gynecology 23:251-255.

Bonen A. 1994. Exercise-induced menstrual cycle
changes: a functional, temporary adaptation to
metabolic stress. Sports Medicine 17:373-392.

Burt A. 1989. Comparative methods using phyloge-
netically independent contrasts. Oxford Survey of
Evolutionary Biology 6:33-53.

Calloway D H, Kurzer M S. 1982. Menstrual cycle
and protein requirements of women. Journal of
Nutrition 112:356-366.

Campos | M, McNamara A M, Howard B J. 1994.
Specimen collection and processing. In Howard
B]J, Keiser J F, Weissfeld A S, Smith T F, Tilton
R G, editors. Clinical and Pathogenic Microbiology.
Second Edition. St. Louis: Mosby. pp 213-242.

Carey HV.1990. Seasonal changes in mucosal struc-
ture and function in ground squirrel intestine.
American Journal of Physiology 259:R385-392.

Casper R C, Schoeller D A, Kushner R, Hnilicka ],
Gold S T. 1991. Total daily energy expenditure
and activity level in anorexia nervosa. American
Journal of Clinical Nutrition 53:1143-1150.

Chretien F C. 1978. Ultrastructure and variations of
humans cervical mucus during pregnancy and
the menopause. Acta Obstetricia et Gynecologica
Scandinavica 57:337-348.

Chretien F C, David G. 1978. Temporary obstruc-
tive effect of human cervical mucus on sperma-
tozoa throughout reproductive life: a scanning
electron microscopic study. European Journal of
Obstetritics and Gynecology 8:307-321.

Christiaens G C M L, Sixma ] J, Haspels A A. 1985.
Vascular and haemostatic changes in menstrual
endometrium. In Baird D T, Michie E A, editors.
Mechanism of Menstrual Bleeding. New York: Ra-
ven Press. pp 27-34.

Clarke J. 1994. The meaning of menstruation in the
elimination of abnormal embryos. Human Repro-
duction 9:1204-1207.

Clark SW,Yochim J M. 1971. Lactic dehydrogenase
in the rat uterus during progestation, its relation
to intrauterine oxygen tension and the regula-
tion of glycolysis. Biological Reproduction 5:152—
160.

Czaja] A. 1978. Ovarian influences on primate food
intake: assessment of progesterone actions. Phys-
iological Behavior 21:923-928.

Dalvit S P. 1981. The effect of the menstrual cycle
on patterns of food intake. American Journal of
Clinical Nutriton 34:1811-1815.

Darwin C. 1898. The Variation of Animals and Plants

THE QUARTERLY REVIEW OF BIOLOGY

VoLuME 71

Under Domestication. Second Edition. Volume 2.
New York: Appelton.

Demes P, Gombosova A, Valent M, Fabusova H, Ja-
noska A. 1988. Fewer Trichomonas vaginalis or-
ganisms in vaginas of infected women during
menstruation. Genitourinary Medicine 64:22—24.

Disotell T R. 1994. Generic level relationships of the
Papionini (Cercopithecoidea). American Journal
of Physical Anthropology 94:47-57.

Domingue P A G, Sadhu K, Costerton J W, Bartlett
K, Chow A W. 1991. The human vagina: normal
flora considered as an in situ tissue-associated,
adherent biofilm. Genitourinary Medicine 67:
226-231.

Ellison P T. 1990. Human ovarian function and re-
productive ecology: new hypotheses. American
Anthropologist 92:933-952.

Ellison P T, Panter-Brick G, Lipson S F, O’'Rourke
M T. 1993. The ecological context of human
ovarian function. Human Reproduction 8:2248-
2258.

Enders A C. 1991. Current topic: structural re-
sponses of the primate endometrium to implan-
tation. Placenta 12:309-325.

Eschenbach D. 1976. Acute pelvic inflammatory dis-
ease: etiology, risk factors and pathogenesis.
Clinical Obstetrics and Gynecology 19:147-169.

Ferin M, Jewelewicz R, Warren M. 1993. The Men-
strual Cycle: Physiology, Reproductive Disorders, and
Infertility. New York: Oxford University Press.

Ferraro R, Lillioja S, Fontvieille A —M, Rising R,
Bogardus C, Ravussin E. 1992. Lower sedentary
metabolic rate in women compared with men.
Journal of Clinical Investigation 90:780-784.

Finn C A. 1987. Why do women and some other
primates menstruate? Perspectives in Biology and
Medicine 30:566-574.

Finn C A. 1994. The meaning of menstruation. Hu-
man Reproduction 9:1202-1203.

Finn C A, Porter D G. 1975. The Uterus. Reproduc-
tive Biology Handbooks, Volume I. Acton: Pub-
lishing Sciences Group.

Fisher R A. 1958. The Genetical Theory of Natural Selec-
tion. Second Edition. New York: Dover.

Fleagle J G. 1988. Primate Adaptation and Evolution.
New York: Academic Press.

Follett B K. 1984. Birds. In Lamming G E, editor.
Marshall’s Physiology of Reproduction. Fourth Edi-
tion. Volume I. New York: Churchill Living-
stone. pp 283-350.

Forbes G B, Kreipe R E, Lipinski B A, Hodgman
C H. 1984. Body composition changes during
recovery from anorexia nervosa: comparison of
two dietary regimes. American Journal of Clinical
Nutrition 40:1137-1145.

Folkow B, Neil E. 1971. Circulation. New York: Ox-
ford University Press.



JuNE 1996

Frisch RE. 1978. Population, food intake, and fertil-
ity. Science 199:22-30.

Garey ] D. 1990. Phytoestrogens and the evolution-
ary significance of menstruation. American Jour-
nal of Physical Anthropology 81:225-226 (abstract).

Goldberg G R, Prentice A M, Coward W A, Davies
H L, Murgatroyd P R, Sawyer M B, Ashford J,
Black A E. 1991. Longitudinal assessment of the
components of energy balance in well-nour-
ished lactating women. American Journal of Clini-
cal Nutrition 54:788-798.

Goldberg G R, Prentice A M, Coward W A, Davies
H L, Murgatroyd P R, Wensing C, Black A E,
Harding M, Sawyer M. 1993. Longitudinal as-
sessment of energy expenditure in pregnancy by
the doubly labeled water method. American Jour-
nal of Clinical Nutrition 57:494-505.

Goldman N, Westoff C F, Paul L E. 1987. Variations
in natural fertility: the effect of lactation and
other determinants. Population Studies41:127-146.

Gong E J, Garrel D, Calloway D H. 1989. Menstrual
cycle and voluntary food intake. American Journal
of Clinical Nutrition 49:252-258.

Goswamy R K, Steptoe P C. 1988. Doppler ultra-
sound studies of the uterine artery in spontane-
ous ovarian cycles. Human Reproduction 3:721-726.

Graham T E, Viswanathan M, Van Dijk J P, Bonen
A, George J C. 1989. Thermal and metabolic re-
sponses to cold by men and by eumenorrheic
and amenorrheic women. Journal of Applied Phys-
iology 67:282-290.

Greiss F C, Rose J C. 1989. Vascular physiology of
the nonpregnant uterus. In Wynn R M, Jollie WP,
editors. Biology of the Uterus. Second Edition. New
York: Plenum Medical Book Company. pp 69-87.

Guyard B, Fricker J, Brigant L, Betoulle D, Apfel-
baum M. 1991. Effects of ovarian steroids on en-
ergy balance in rats fed a highly palatable diet.
Metabolism 40:529-533.

Hackl H. 1968. Der effekt peroraler antikonzepti-
onsmittel auf den in vitro-glucosestoffwechsel
des endometrium. Archiv fiir Gynaekologie 205:
398-409.

Hackl H. 1973. Metabolism of glucose in the human
endometrium with special reference to fertility
and contraception. Acta Obstetricia et Gynecologica
Scandinavica 52:135-140.

Hagerman D D, Villee CA. 1953. Effects of the men-
strual cycle on the metabolism of human endo-
metrium. Endocrinology 53:667-673.

Haig D. 1993. Genetic conflicts in human preg-
nancy. Quarterly Review of Biology 68:495-531.
Harcourt A H. 1991. Sperm competition and the
evolution of nonfertilizing sperm in mammals.

Evolution 45:314-328.

Harvey P H, Martin R D, Clutton-Brock T H. 1986.
Life histories in comparative perspective. In
Smuts B B, Cheney D L, Seyfarth R M, Wran-

ENDOMETRIAL CYCLES AND MENSTRUATION

215

gham RW, Struhsaker R T, editors. Primate Socie-
ties. Chicago: University of Chicago Press. pp
181-196.

Harvey P H, Purvis A. 1991. Comparative methods
for explaining adaptations. Nature 351:619-624.

Hemsell D L, Obregon V L, Heard M C, Nobles B
J. 1989. Endometrial bacteria in asymptomatic,
nonpregnant women. Journal of Reproductive
Medicine 34:872-874.

Henry CJ K. 1992. Estimates of metabolic adapta-
tion in women living in developing countries:
technical limitations. Journal of Biosocial Science
24:347-353.

Hochachka P W, Guppy M. 1987. Metabolic Arrest
and the Control of Biological Time. Cambridge: Har-
vard University Press.

Holmes KK, Counts GW, Beaty HN. 1971. Dissem-
inated gonococcal infection. Annales of Internal
Medicine 74:979-993.

Hrdy S B, Whitten P L. 1986. Patterning of sexual
activity. In Smuts BB, Cheney D L, Seyfarth RM,
Wrangham R W, Struhsaker R'T, editors. Primate
Societies. Chicago: University of Chicago Press.
pp 370-384.

Hytten F E, Leitch 1. 1971. The Physiology of Human
Pregnancy. Second Edition. Oxford: Blackwell
Scientific Publications.

Ingerslev H J, Moller B R, Mardh P —A. 1982. Chla-
mydia trachomatis in acute and chronic endome-
tritis. Scandinavian Journal of Infectious Diseases
(Supplement) 32:59-63.

James J F, Swanson J. 1978. Studies on gonococcus
infection. XIII. Occurrence of color/opacity co-
lonial variants in clinical cultures. Infection and
Immunology 19:332-340.

Johnson D W, Holmes K K, Kvale P A, Halverson
CW, Hirsch W P. 1969. An evaluation of gonor-
rhea case finding in the chronically infected fe-
male. American Journal of Epidemiology 90:438—448.

Johnson M H, Everitt B J. 1988. Essential Reproduc-
tion. Third Edition. Oxford: Blackwell Scien-
tific Publications.

Johnson SR, Petzold CR, Galask R P. 1985. Qualita-
tive and quantitative changes of the vaginal mi-
crobial flora during the menstrual cycle. Ameri-
can Journal of Reproductive Immunology and
Microbiology 9:1-5.

Johnson W G, Corrigan SA, Lemmon CR, Begeron
KB, Crusco A H. 1994. Energy regulation over
the menstrual cycle. Physiology & Behavior 56:
523-527.

Kaiser I H. 1947a. Histological appearance of coiled
arterioles in the endometrium of rhesus mon-
key, baboon, chimpanzee and gibbon. Anatomi-
cal Record 99:199-213.

Kaiser I H. 1947b. Absence of coiled arterioles in
the endometrium of mensturating new world
monkeys. Anatomical Record 99:353-367.



216

Kaiserman-Abramof I R, Padykula H A. 1989. Angi-
ogenesis in the postovulatory primate endome-
trium: the coiled arteriolar system. Anatomical
Record 224:479-489.

Kao CY, Gams R S. 1961. Blood content of uterus
and isolated myometrium under estrogen and
progesterone domination. American Journal of
Physiology 201:714-716.

Keith L G, Berger G S, Edelman D A. 1984. On the
causation of pelvic inflammatory disease. Ameri-
can_Journal of Obstetrics and Gynecology 149:215.

Keys A, Brozeck J, Henschel A, Mickelson O, Taylor
H L. 1950. The Biology of Human Starvation. Min-
neapolis: University of Minnesota Press.

KingJ R. 1973. Energetics of reproduction in birds.
In Farner D S, editor. Breeding Biology of Birds.
Washington DC: National Academy of Science.

p 78-107.

Kleine H O. 1931. Zur Systematik der Pathologie
der sog. Durchdringungszone. Archiv fiir Gynae-
kologie 145:459-473.

Landau R L. 1973. The metabolic influence of pro-
gesterone. In Greep R O, editor. Handbook of
Physiology. Section 3, Volume II, Part 1, Female
Reproductive System. Washington DC: Ameri-
can Physiological Society. pp 573-589.

Leidy L E. 1993. The practice of terminal absti-
nence in Nigeria and Cameroon. American Jour-
nal of Human Biology 5:565-573.

Licht P. 1984. Reptiles. In Lamming G E, editor.
Marshall’s Physiology of Reproduction. Fourth Edi-
tion. Volume I. New York: Churchill Living-
stone. pp 206-282.

Maddison D R. 1994. Phylogenetic methods for in-
ferring the evolutionary history and processes of
change in discreetly valued characters. Annual
Review of Entomology 39:267-292.

Maddison W P. 1990. A method for testing the cor-
related evolution of two binary characters: are
gains and losses concentrated on certain
branches of a phylogenetic tree? Evolution
44:539-557.

Maddison W P, Maddison D R. 1992. MacClade (Ver-
sion 3): Analysis of Phylogeny and Character Evolu-
tion. Sunderland (MA): Sinauer Associates.

Manocha S, Choudhuri G, Tandon B N. 1986. A
study of dietary intake in pre- and post-men-
strual period. Human Nutrition Applied Nutrition
40A:213-216.

Mardh P —A, Moller B T, Ingerselv H J, Nussler E,
Westrom L, Wolner-Hansen P. 1981. Endome-
tritis caused by Chlamydia trachomatis. British Jour-
nal of Veneral Disease 57:191-195.

Martens M G, Faro S, Hammill H, Phillips L E, Rid-
dle G D. 1989. Comparison of two endometiral
sampling devices. Journal of Reproductive Medi-
cine 34:875-879.

THE QUARTERLY REVIEW OF BIOLOGY

VOLUME 71

Masur H, Fauci A S. 1991. Infections in the compro-
mised host. In Wilson ] D, editor. Harrison’s Prin-
ciples of Internal Medicine. Twelfth Edition. Vol-
ume 1. New York: McGraw-Hill. pp 464-468.

McBurney M 1. 1994. The gut: central organ in nu-
trient requirements and metabolism. Canadian
Journal of Physiology and Pharmacology 72:260-265.

McCormack W M, Reynolds G H, The Cooperative
Study Group. 1982. Effect of menstrual cycle
and method of contraception on recovery of
Neisseria gonorrhoeae. Journal of the American
Medical Association 247:1292-1294.

McKay D G, Hertig AT, Bardawil W A, Velardo J T.
1956. Histochemical observations on the endo-
metrium. I. Normal endometrium. Obstetrics and

Gynecology 8:22-39.

Mehta P V. 1982. Vaginal flora: a dynamic ecosys-
tem. Journal of Reproductive Medicine 27:455-458.

Meijer G A L, Westerterp K R, Saris W H M, ten
Hoor F. 1992. Sleeping metabolic rate in rela-
tion to body composition and the menstrual cycle.
American _Journal of Clinical Nutrition 55:637-640.

Mitchell J A, Yochim J M. 1968. Measurement of
intrauterine oxygen tension in the rat and its
regulation by ovarian steroid hormones. Endocri-
nology 83:701-705.

Mossman HW. 1987. Vertebrate Fetal Membranes. New
Brunswick: Rutgers University Press.

Myerson M, Gutin B, Warren M P, May M T, Con-
tento I, Lee M, Pi-Sunyer F X, Pierson R N,
Brooks-Gunn J. 1991. Resting metabolic rate
and energy balance in amenorrheic and eumen-
orrheic runners. Medicine in Science Sports Exer-
cise 23:15-22.

Nag M. 1983. The impact of sociocultural factors
on breastfeeding and sexual behavior. In Bula-
tao R, Lee R, editors. Determinants of Fertility in
Developing Countries. Volume 1. New York: Aca-
demic Press. pp 163-198.

Nalbandov A'V. 1976. Reproductive Physiology of Mam-
mals and Birds. Third Edition. San Francisco:
W. H. Freeman.

Nelson L H, Nichols S B. 1986. Effectiveness of the
Isaacs cell sampler for endometrial cultures.

Journal of Reproductive Medicine 31:473-4717.

[NRC] National Research Council, Subcommitttee
on the Tenth Edition of the RDAs. 1989. Recom-
mended Dietary Allowances. Washington DC: Na-
tional Academy Press.

Okagaki T, Richart R M. 1970. Oxygen consump-
tion of human endometrium during the men-
strual cycle. Fertility and Sterility 21:595-598.

Padykula H. 1980. Uteryﬁllrbiolo gy and phyloge-
netic considerations: an interpretation. In Kim-
ball F A, editor. The Endometrium. New York:
Spectrum Publications. pp 25—42.



JunNE 1996

Padykula H. 1988. The female reproductive system.
In Weiss L, editor. Cell and Tissue Biology: A Text-
book of Histology. Sixth Edition. Baltimore: Urban
and Schwarzenberg. pp 853-878.

Pagel M D, Harvey P H. 1988. Recent developments
in the analysis of comparative data. Quarterly Re-
view of Biology 63:413-440.

Payne S M, Finkelstein R A. 1978. The critical role
of iron in host-bacterial interactions. Journal of
Clinical Investigation 61:1428-1440.

Pelletier D L, Frongillo E A, Habicht J —P. 1993.
Epidemiologic evidence for a potentiating ef-
fect of malnutrition on child mortality. American
Journal of Public Health 83:1130-1133.

Pliner P, Fleming A S. 1983. Food intake, body
weight, and sweetness preferences over the men-
strual cycle in humans. Physiology & Behavior
30: 663-666.

Poppitt S D, Prentice A M, Jequier E, Schutz Y,
Whitehead R G. 1993. Evidence of energy spar-
ing in Gambian women during pregnancy:alon-
gitudinal study using whole-body calorimetry.
American Journal of Clinical Nutrition 57:353-364.

Prentice AM, Whitehead R G. 1987. The energetics
of human reproduction. In Loudon A S I, Racey
P A, editors. Reproductive Energetics in Mammals.
Oxford: Clarendon Press. pp 275-304.

Price P N, Duncan S L B, Levin R J. 1981. Oxygen
consumption of human endometrium during
the menstrual cycle measured in vitro using an
oxygen electrode. Journal of Reproductive Fertility
63:185-192.

Profet M. 1993. Menstruation as a defense against
pathogens transported by sperm. Quarterly Re-
view of Biology 68:335-386.

Purvis A, Rambaut A. 1994. Comparative analysis by
independent contrasts (CAIC). Version 2. Oxford:
Oxford University.

Raab E. 1929. Der Stoffwechsel der uberlebenden
uterusschleimhaut. Archiv fiir Gynaekologie 138:
726-738.

Ravenholt R T. 1966. Malignant cellular evolution:
an analysis of the causation and prevention of
cancer. Lancet 1(436):523-526.

Reingold A L. 1991. Toxic shock syndrome: an up-
date. American Journal of Obstetrics and Gynecology
165:1236-1239.

Riddick D H, Daly D C, Rosenberg S M, Maslar I A.
1983. In Bardin C W, Milgrom E, Mauvais-Jarvis
P, editors. Progesterone and Progestins. New York:
Raven Press.

Roberts S, Szego C M. 1953. The influence of ste-
roids on uterine respiration and glycolysis. Jour
nal of Biological Chemistry 201:21-30.

Rosenthal G E, Landefeld C S. 1990. The relation
of chlamydial infection of the cervix to time
elapsed from the onset of menses. Journal of Clin-
ical Epidemiology 43:14-20.

ENDOMETRIAL CYCLES AND MENSTRUATION

217

Rybo G, Leman J, Tibblin E. 1985. Epidemiology of
menstrual blood loss. In Baird D T, Michie E
A, editors. Mechanism of Menstrual Bleeding. New
York: Raven Press. pp 181-193.

Secor S M, Diamond J. 1995. Adaptive responses to
feeding in Burmese pythons: pay before pump-
ing. Journal of Experimental Biology 198:1313-1325.

Salvatore C A. 1968. Alteriole alteration in normal
and hyperplastic endometrium. American Jour-
nal of Obstetrics and Gynecology 102:493-500.

Shaw S T, Jr, Roche P C. 1985. The endometrial
cycle: aspects of hemostasis. In Baird D T, Mi-
chie E A, editors. Mechanism of Menstrual Bleed-
ing. New York: Raven Press. pp 7-26.

Shetty P S. 1984. Adaptive changes in basal meta-
bolic rate and lean body mass in chronic under-
nutrition. Human Nutrition 38C:443-451.

Shimizu H, Bray G A. 1993. Effects of castration,
estrogen replacement and estrus cycle on mono-
amine metabolism in the nucleus accumbens,
measured by microdialysis. Brain Research 621:
200-206.

ShortRV. 1976. The evolution of human reproduc-
tion. Proceedings of the Royal Society of London, B
195:3-24.

Short R V. 1979. Sexual selection and its compo-
nent parts, somatic and genital selection, asillus-
trated by man and the great apes. Advances in the
Study of Behavior 9:131-158.

Smuts B B, Cheney D L, Seyfarth R M, Wrangham
RW, Struhsaker R T, editors. 1986. Primate Socie-
ties. Chicago: University of Chicago Press.

Solomon SJ, Kurzer M S, Calloway D H. 1982. Men-
strual cycle and basal metabolic rate in women.
American Journal of Clinical Nutrition 36:611-616.

Strassmann B L. 1990. The Reproductive Ecology of the
Dogon of Mali. [PhD dissertation]. Ann Arbor:
University of Michigan.

Strassmann B 1. 1992. The function of menstrual
taboos among the Dogon: defense against cuck-
oldry? Human Nature 3:89-131.

Strassmann B 1. 1994. The Evolution of Menstruation.
Paper presented at the annual meetings of the
Human Behavior and Evolution Society, 15-19
June 1994. Ann Arbor: University of Michigan.

Strassmann B L. 1996. Menstrual hut visits by Dogon
women: a hormonal test distinguishes deceit from-
honest signaling. Behavioral Ecology 7.

Stuermer VM, SteinR]J. 1952. Cytodynamic proper-
ties of the human endometrium. V. Metabolism
and the enzymatic activity of the human endo-
metrium during the menstrual cycle. American
Journal of Obstetrics and Gynecology 63:359-370.

Sweet R L, Blankfort-Doyle M, Robbie M O,
Schacter J. 1986. The occurrence of chlamydial
and gonococcal salpingitis during the menstrual
cycle. Journal of the Amerian Medical Association
255:2062-2064.



218

Tait L, Rees E, Hobson D, Byng R E, Tweedie M C
K. 1980. Chlamydial infection of the cervix in
contacts of men with nongonococcal urethritis.
British_Jowrnal of Veneral Disease 56:37-45.

Tarasuk V, Beaton G H. 1991. Menstrual-cycle pat-
ternsin energy and macronutrientintake. Ameri-
can Journal of Clinical Nutrition 53:442—447.

Trivers R. 1985. Social Evolution. Menlo Park: Benja-
min/Cummings.

van der Horst CJ. 1941. The menstrual cycle in Ele-
phantulus. South African Journl of Medical Science
6:27-47.

van der Horst CJ. 1955. Elephantulus going into an-
oestrus; menstruation and abortion. Philosophi-
cal Transactions of the Royal Society of London, B
238:27-61.

Van der Walt L A, Wilmsen E N, Jenkins T. 1978.
Unusual sex hormone patterns among desert-
dwelling hunter-gatherers. Journal of Clinical En-
docrinology and Metabolism 46:658-663.

van Eijkeren M A, Christiaens G C M L, Geuze |
J, Haspels A A, Sixma ] J. 1991. Morphology of
menstrual hemostasis in essential menorrhagia.
Laboratory Investigations 64:284—-294.

Vigil P, Perez A, Neira J, Morales P. 1991. Post-par-
tum cervical mucus: biological and rheological
properties. Human Reproduction (Oxford) 6:475—
479.

Wade G N, Schneider J E. 1992. Metabolic fuels and
reproduction in female mammals. Neuroscience
and Biobehavioral Reviews 16:235~272.

Warren M P. 1983. Effects of undernutrition on re-
productive function in the human. Endocrine Re-
views 4:363-377.

Webb P. 1986. Twenty-four hour energy expendi-

THE QUARTERLY REVIEW OF BIOLOGY

VoLuME 71

ture and the menstrual cycle. American Journal of
Clinical Nutrition 44:614-619.

Weinstein WM, Onderdonk A B, Bartlett ] G, Gor-
bach S L. 1974. Experimental intra-abdominal
abscesses in rats: development of an experimen-
tal model. Infection and Immunology 10:1250-
1255.

[WHO] World Health Organization Task Force on
Methods for the Determination of the Fertile Pe-
riod. 1982. The measurement of urinary steroid
glucuronides as indices of the fertile period in
women. Journal of Steroid Biochemisty 17:695-702.

Wilks M, Tabaqchali S. 1987. Quantitative bacteriol-
ogy of the vaginal flora during the menstrual cy-
cle. Journal of Medical Microbiology 24:241-245.

Witschi E. 1956. Development of Vertebrates. London:
Saunders.

WolfD P, Blasco L, Khan M A, Litt M. 1978. Human
cervical mucus. IV. Viscoelasticity and sperm
penetrability during the ovulatory menstrual cy-
cle. Fertility and Sterility 30:163-169.

Wood ] W. 1995. Dynamics of Human Reproduction:
Biology, Biometry, Demography. New York: Aldine
de Gruyter.

Worthman C M, Smith E O, Weil E J. 1992. Why Do
Women Menstruate? Ninety-first Annual Meeting,
San Francisco, California. Washington DC:
American Anthropological Association.

Wynn R M, Jollie W P, editors. 1989. Biology of the
Uterus. Second Edition. New York: Plenum Med-
ical Book Company.

Yoder AD. 1994. Relative position of the Cheiroga-
leidae in strepsirhine phylogeny: a comparison
of morphological and molecular methods and
results. American Journal of Physical Anthropology
94:25-46.



219

ENDOMETRIAL CYCLES AND MENSTRUATION

JunEe 1996

d 0%0 0v'y I ¢ g 119409 /1y skep 31 JON Aoxuow anpg st snaaydosis))
3 1€°0 95°6 € 4 g 902403 /1481 skep 9°'¢ JON Aquow 108197 sdovyiow snoydoria)
%6 ¢ 0G'G [ 4 skep § TON AaqeSuewr pare[od-oIYm snypnbioy snqasooisr)
%6 é é é G % 91980 /1yS1[s é AsqeSuewr yoerg SNULUIID SNGII0IUTT)
4 70 0¥9 S 4 1ySys AON AoqeSuewr payasys-fern DUITIGID SNGI02477)
aepwaydodssan

eaprodaydoda)
SADINOW ATIOM 10
1 (1) 00T d 1 119400 ¢ Aoyyuour WySIN snyp3unuy snjoy
4 080 840 4 1 119400 & UI3S IAIN] Aoxuour (axxmbg SNAATNIS UIUIDS
4 G50 01'g é 4 g1 YSns AAdd urgonded umoxg vypadv sngap
é 660 09'¢ G G 1y81s é uryonded paruoLy-arym suofiqm snqga)
4 v'0 089 d 4 ¢ WSs ‘ Aoxyuowr A[joom uowrwron) vyouyodo) xuyiodvy
4 ¢h0 08°G ¢ 4 ¥-¢ W3S é Aovuour xoprds papuey-yoeIg o4ff0a3 sajoy
4 8%°0 0L'¢ é 4 1y 3ys AAId JII[MOY PIIUey viwyd vywNOY
JepIqa)
[ 800 19°0 I I 119402 ¢ utreure) dojuonon) sndipao snuindog
I 90°0 620 4 I 119400 9[qeIdIIP JON 19SOWLIEWI UOUIUIO)) snyoovl Xy
JepryoLnfEe)

e3p1oqa)
SADINOW ATIOM MAN
é d é S I é SUON 191818, SNIDUDG STUSID ],
é $0°0 060 é 1 119400 ¢ Io18IB], wnigoads smasiv
oepuste],

eaproisIey,
d 600 96°0 4 1 112400 QuoN SLIO[ I9pUD[S SNPVASIPAD] SUO0T
é G500 03’1 e 1 ¢ SuoN SLIO] MO[S UOWIWIOY) Suvmos snganyolnr
é G0°0 80'T é I é QUON onog 03104 snoyapossg
d $0°0 16°0 d I d UON oqnuemSuy SISUIUDGDIDI SNGIIOWUY
4 600 18°0 & 1 d QUON Aqeqysnq 19ss9] sisuadouas 05vwo
%6 d d 4 1 ¢ QuUON Aqequsnq 191€919) wgound 0Svwe)
Jepisuo]

BIpIOSLIO]
I 660 0r'¢ é I é QUON INwI| pagny vwSnuvn vwUvA
d 0r°0 096 G 1 é QUON Inwa| Yoerg 09VIVDUL AMUWSTT
4 7o 096 4 I é QuON Inurd| pajrel-Sury DI AN
epLmuway
d 110 09'¢ é I é QUON eYeyIs MYM XNV SNIFYRGOLT
aeprpuy
1 3070 81°0 4 1 ¢ QuoN INWS[ JIEMP PI[Iel-Ie] UISISIM snapaus snawdonayr)
aeproedonay)

eapromuIa|
SNVINISOYd
L 9 < ¥ € 4 1 JwieN UOWWO)) QureN JJNulg

DIDP ADUUT
XIANAddY



VorLuME 71

‘umoyun = ¢ ojoym € se snudd oYy 10§ wshs Jurpaaiq Ay Jo uoneuSIsap §IIMODIBH UO PIseq y ¢ (3[4 1ad S[ew U0 URY) JIOUW PIM e Areord4s sorewray) ySy = g
‘(aphd 1ad Srewr suo A[uo ym rewr A[eddA sareway) Mo = [ :(1661) MNOdIEH £q parzodou se wasds Surpaaiq a3 Jo Lmdstword (£ +(9861) ‘T8 32 Koare] woyy 9z1s 1N sown SY ut JySom
2Teu09N] (9 £(9861) “Te 32 Loatey] Aq partodar se Sy ur 1yStom Apoq s[ewray 3Py (g ! (YsHIse ue asey sSurp[oms SNOAqO WM s1ads ‘USNIYM pue APIH UI) SNOUGO = ¢ O[S = g YUISqe = |
1(8L6-GLE9861) USNIYM pue Apay 4q parrodox se s3ui[ams [enxag (F 1940 = ¢ YB1[s = g 119400 1O JUISQE = | :I[INI. SIY) Ul PIsn IpOd UORENNSUIIN (¢ ‘mopj [ennsusw Jo uoneImp = skep
‘SO0 A[[BUINXD POO[q = 130 ‘9[qeIIANP Areu)xa poojq = YIS ‘9[qeIdNop A[reu121xa 10U pooyq = 11402 :(98¢-H8E:¢661) 12J01d 4q parrodar se uonennsud]y (g ‘Mof [ennsudu jo
uoneInp = skep ‘A[[euIaIxa snouqo = JO “A[[EUI3IX3 SNOWQO 10U = FON ‘A[[BUISIXS J[qISIA Apaxex ing 9uasaxd = JANJ (846-3LE:9861) UNIYM Pue Apay 4q parrodai se uonennsudy (I $9ION

THE QUARTERLY REVIEW OF BIOLOGY

220

! 08¢ (1)N(114 1 g £-1 asnyoxd ‘11940 skep g-g 4O suewInp{ sungvs owogy
FepIUIUIOR]
I 11 00'56 g 4 G¢ 11910,/1431[s AON [0S pUE[MOT )03 pjpuad vpp0D
I é é 4 4 é JON euI08 ureyunop 128uriaq ojuos vyuo
4 9.1 or'1g [ g -1 9snjoxd 11940 skep ¢ 7O sozuedurryd wowrwo)) sailpopdosy uvg
I SL1 00°LS é 3 1y31s skep ¢ JON uenguei) snavudld oSuog
ovpiuog
1 170 0€'q 3 13 ¢-1 11250,/1y31s skep -3 1O uoqq8 re 1m) soqoICE]
*1 d 099 d S $- 11940 /1ySys : uoqqi8 o000 30J00Yy SADGOIEET
® d 089 d g ¢-1 ¢asngoxd 1280 ¢ uoqqi3 yoerg 40)09u00 SaqOLE
aepneqoldH

eapIOUrOL]
SNVINNH ANV SddV
< d d d é aySis ¢ 1m3ue| pasou-qnus UIP[OD avujpaxos snoayngouryy
I 6%°0 09’9 4 d skep ¢-g ¢ Aoxyuow yes| AysnQq 0un2sqo S1kqsaLg
1 é o1l 1 [ ¢-T 11940 /1Yy31[s skep $-g 4O mSuey Lero snyjopua sukqsasd
4 d 08'G g é é AON snqojod pay snapnq sNqojon
1 9¥'0 09'61 4 4 wySs A0ON uooqeq EpeRD) vpwpad snoayndouszy],
¢ 09°0 0911 € é sdep g-1 é [upue xuyds odog
¢ ¢ 00°0T € 4 ¢ AON nma snavydoonay oufvg
1 e 07’6 [ [ ¢ skep ¢ 7O uooqeq sedrpewre souppuny odvg
4 d 0891 ¢ g skep /-1 skep ¢ 40 uooqeq BuRY)) snuisin snypydasouls ogvg
é d 00°¢T g g skep /-5 skep ¢ 10O uooqeq eauImns owdvd snppydasoud odog
é (1 0031 [ [ d skep ¢ 4O uooqeq A signu snypydarould ougng
4 G8'0 00°GT $ $ é skep ¢ 4O uooqeq MO[[PX snyoydaoous snppydasou odvg
%6 d é g g ¥ 11280 skep ¢ 4O onbesew uBSOWLIOY s1gogalo vovIvpy
s 050 01’6 4 g 11940 skep G'¢ 4O onboewr asouedef vwosnf VIV
*6 é ¢ 1 4 1y 3rys ¢ anbeorw Isouressy SISUSUDSSD DIDIDI]
4 6%°0 008 % 4 ¢ S skep $-g JON anboew paprer-dumg SaP10§94D DIDIDIAT
é 870 00'¢ 3 [ ¥ 91980 skep 9°g 4O onbesew snsaqy DyVIIU DIDIVIAT
% G680 oLy k4 [ ¢ 13950 skep /- AO onboew Sunea-qer) suppnasyf VIV
[ L¥'0 08'L 6 4 d JON onbesewr payre1Sig DUUISIUIU DIDIDIA]
%6 d 009 3 2 G'gg M40 skep ¢'g IO anbesewr pajrel-uory SNUIIS VIVIDI
4 0%°0 0L'S 3 3 skep /-g skep 01 IO anbeseur 1ouuog DIIPDL DIDIVI
4 é ov's 1 g skep -1 4O onbeoew anboy, DRULS VIDIDI
%6 é 0001 [ g é skep ¢ 4O onbeoews Areqreg snupayls DI
I ¢ 099 g ¢ 138 skep ¢ 40 Aoxuow sereg sojvg snqaooungfuy
é 81°0 01’1 3 § é skep 9-g 4O urodee], wiodowy snoayndosisy)
d é 066 1 ¢ é JON Aoyyuowr [re3pay SnaUDISY SNITYNG2437)
L 9 9 ¥ 3 4 1 SureN UOWO)) swreN Jnudg

panuuos xipuaddy





