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Abstract

Lactation has long been recognized as a major determinant of interbirth intervals. The temporal
pattern of nursing has been proposed as the mechanism behind lactational amenorrhea. We present
a new model of the dynamic regulation of lactational amenorrhea that identifies maternal energy
availability as the main determinant of ovarian resumption. Variation in the intensity of lactation
remains a component of the model as a determinant of the absolute energetic cost of milk
production. But maternal energy supply determines net energy availability; a larger energy supply
leaves a greater net energy surplus than a smaller energy supply (lactation costs being equal).

We characterize the hormonal postpartum profile of 70 lactating Toba women of Argentina. We
use C-peptide, which reflects maternal insulin production, as a measure of energy availability.
Initially low, insulin production rises as the postpartum period progresses, reflecting the declining
metabolic load of lactation. A short period of supernormal insulin production precedes menstrual
resumption. The high levels of insulin may play a role in stimulating the resumption of ovarian
activity, which in turn may help to resolve the transient period of insulin resistance. The dynamics
of insulin sensitivity during lactation would aid in synchronizing the resumption of ovarian
function with a reduction in the energy demands of milk production. This hypothesis is supported
by the sustained weight gain experienced by lactating women during the months preceding the
first postpartum menses. The link between fecundity and energy balance could serve as a
mechanism for adjusting the duration of lactational amenorrhea to the relative metabolic load of
lactation.

Introduction

The pacing of births is a key element of human life history strategies and a major regulator
of female reproductive success. Human life history traits are characterized by shorter inter-
birth intervals, earlier weaning times, and a higher total fertility rate relative to extant non-
human primates (Hill, 1993; Mace, 2000; Robson and Wood, 2008). From an adaptive
perspective, the ability to modulate the duration of interbirth intervals is crucial for the
mother’s current and future offspring survival and, thus, for her lifetime reproductive
success. Closely spaced births, i.e. less than 2 years apart, lead to an increased rate of infant
mortality, not only of the first born child in a sequence but also of the second (Hobcraft et
al., 1983; Mozumder et al., 2000). The mother’s energy supply may be severely affected by
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IMarmosets and tamarins may be an exception, since they ovulate shortly after giving birth (to twins, most of the time) and lactating
(Howie PW, McNeilly AS, Houston MJ, Cook a, Boyle H. 1981. Effect of supplementary food on suckling patterns and ovarian
activity during lactation. Br Med J 283(757-759).. However, even in these species, nursing one or two offspring does have an impact
on the duration of the (short) postpartum anovulation period (Ziegler et al., 1990)
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closely spaced births as well. A lactating woman who becomes pregnant while her infant is
still young is burdened with the task of metabolizing for three, at least until the infant is
completely weaned. Particularly notorious in developing countries where poor nutritional
states and high female workloads are the norm, the “maternal depletion syndrome” (Jelliffe
and Maddocks, 1964; Tracer, 1991) compromises maternal health and overall total fertility.
On the other hand, spacing births too far apart represents lost opportunity and may reduce
the mother’s lifetime fertility. Having such an important impact on female life history
structure, the mechanisms underlying the duration of interbirth intervals are candidates for
intense selective pressure (Sellen, 2006). After several decades of research, at different
levels of analysis (from molecular to physiological to demographic) we are beginning to
obtain a more focused picture of what those mechanisms are. The purpose of this work is to
present a model that explains the transition to full postpartum ovarian functioning, and thus,
of the pace of childbearing, as the result of maternal metabolic energy allocation decisions.

Being the most variable component of the interbirth interval (Wood, 1994), the period of
postpartum amenorrhea is intrinsically associated with lactation practices. Lactation has long
been recognized as a major determinant of postpartum fertility (Henry, 1961). Across
different populations, regardless of subsistence patterns, women who do not breastfeed
resume menstruation earlier than women who do breastfeed. As a result, natural fertility
populations, in which long periods of lactation are the norm, are characterized by relatively
long inter-birth intervals. The functional explanation for the birth-spacing role of lactation is
the presumed need for mothers to spread out the metabolic demands of intense milk
production and pregnancy. But what is the link between the physiology of lactation and
postpartum ovarian function?

Until quite recently, the pituitary hormone prolactin was believed to be responsible for the
suppressive effects of lactation on postpartum fecundity. Prolactin is released in response to
nipple stimulation during breastfeeding and it promotes milk production by the mammary
gland. Tyson (1977) found that nursing frequency is positively correlated with prolactin
levels: within minutes of the infant latching on to the nipple, prolactin levels increase
dramatically. Then, soon after the infant stops nursing, prolactin levels slowly drop. It was
also well known by that time that hyperprolactenemia was usually associated with ovarian
dysfunction. Tyson’s data suggested that the temporal pattern of suckling could be of
importance in unmasking the link between lactation and ovarian function.

The pattern of nursing appeared to be so crucial that it served as the basis for a major
hypothesis aimed at explaining the fertility-reducing effects of lactation. This hypothesis
proposes that the “intensity” of nursing is the primary regulator of the duration of lactational
amenorrhea (McNeilly, 1993; McNeilly, 2001; McNeilly et al., 1994). According to the
nursing intensity hypothesis, variation in the duration of lactational infecundity reflects the
diversity in nursing behavior across populations: the more intensive the breastfeeding, the
longer the impact on fertility. Women in developing countries, showing intense prolonged
breast feeding patterns, would have longer periods of lactational amenorrhea than women in
industrialized societies where breast feeding, if practiced at all, was much more structured.
Data from many field studies of natural fertility populations around the world appeared to
support the nursing intensity hypothesis (Jones, 1989; Panter-Brick, 1991; Vitzthum, 1989;
Wood et al., 1985; Konner & Worthman, 1980). While this hypothesis goes far in
integrating these observations with the theoretical framework of life history theory, it does
not explicitly incorporate energy allocation concepts. There are also numerous instances,
both from field and clinical settings, in which variation in the duration of lactational
amenorrhea could not be accounted for by the variation in nursing intensity patterns nor with
variation in prolactin levels (Fink et al., 1992; Peng et al., 1998; Rahman et al., 2002; Tay et
al., 1996; Worthman et al., 1993). These studies point to various aspects of maternal energy
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availability (e.g., maternal nutritional status, maternal body composition, introduction of
solid food) as mediators in the return to postpartum fecundity.

Metabolic load model

We present a new model of the dynamic regulation of lactational amenorrhea that explicitly
incorporates maternal energy allocation. The metabolic load model (Ellison, 1994a; Ellison,
2001; Valeggia and Ellison, 2001a; Valeggia and Ellison, 2004) proposes that the major
determinant of postpartum ovarian function is maternal energy availability. Producing the
same amount of milk would represent a higher relative metabolic load for women on
negative energy balance than for women on a positive energy balance, even when nursing
intensity is the same. Under our model, nursing intensity is still considered one key
component of the duration of lactational amenorrhea because it serves as a proxy for the
absolute cost of milk production. Thus, the relative metabolic load model subsumes many of
the same observations thought to support the nursing intensity hypothesis while generating
additional predictions. For example, the costs of lactation being equal, a woman with a
higher energy supply (higher calorie intake and/or lower energy output) will transition to
ovarian cyclicity sooner than a woman with a more limited energy supply. The introduction
of supplements to the infant’s or to the mother’s diet is interpreted as a reduction in the
relative metabolic load of producing milk. Therefore, as has been observed in numerous
studies (Lunn et al., 1980; Lunn et al., 1984; Rahman et al., 2002; Simondon et al., 2003;
Tay et al., 1996), supplementation leads to shorter periods of lactational amenorrhea.

The relative metabolic load model implies presumably direct channels of communication
between energy metabolism and reproductive function. Considerable evidence is
accumulating towards the existence of these channels at different endocrine and neuronal
levels and at various sites along the hypothalamus-pituitary-gonadal (HPG) axis (Mircea et
al., 2007; Schneider, 2004). Furthermore, some investigations propose that proper function
of the HPG axis is “gated (italics added) by metabolic and nutritional factors” (Fernandez-
Fernandez et al., 2006). Although the precise neuroendocrine circuits and molecular signals
behind this regulation are only now beginning to be elucidated, it appears that the
coordination of several pathways inform the body about energy allocation needs (Mircea et
al., 2007). Hormones well known for their action on energy metabolism are among the usual
suspects: thyroid hormones, cortisol, and insulin have all been shown to have direct effect
on reproductive function. Low T3 and T4 levels influence ovarian function by decreasing
levels of sex-hormone-binding globulin and increasing the secretion of prolactin (Poppe et
al., 2008). Chronic high levels of cortisol, a catabolic hormone, have been associated with
altered GnRH secretion and lower LH surges (Charmandari et al., 2004; Chrousos et al.,
1998) and with low midluteal progesterone levels (Nepomnaschy et al., 2004). Insulin, an
anabolic hormone synthesized by the pancreas, deserves a closer look because of its direct
role in the regulation of glucose (i.e., metabolic energy) availability.

The role of insulin and insulin-like growth factors (IGFs) on reproductive function has been
known for some time (Poretsky et al., 1999; Poretsky and Kalin, 1987). Briefly, insulin is
necessary for the production of ovarian hormones. Acting both alone or in conjunction with
gonadotropins, insulin stimulates the ovary to produce oestrogen and progesterone (Greisen
etal., 2001; Willis et al., 1996). This is achieved through insulin signaling pathways that
enhance the expression of genes and enzymes that are crucial for ovarian endocrine activity.
Malfunction of these signaling pathways has been associated, for example, with polycystic
ovarian syndrome, which is characterized by insulin resistance and ovarian disorders,
including anovulation (Diamanti-Kandarakis et al., 2008; Greisen et al., 2001). Insulin
sensing in the brain seems to be required for normal reproduction. Insulin receptors are
expressed in the arcuate nucleus of the hypothalamus, which has been associated with the
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regulation of energy balance. Furthermore, insulin receptors are differentially expressed in
the medial portion of the arcuate nucleus, the region that controls the release of neuropeptide
Y, one of the proposed modulators of GnRH release (Hill et al. 2008). Although still an
unsettled question, there is also evidence showing that hypothalamic GnRH-producing
neurons have insulin receptors (Salvi et al. 2006) pointing to the sensitivity of the GnRH
pulse generator to energetic stress.

Leptin, a peptide hormone produced by adipose cells, has received plenty of attention
regarding its effects on reproduction (Barash et al., 1996; Conway and Jacobs, 1997;
Cunningham et al., 1999; Holness et al., 1999; Matkovic et al., 1997; Schneider et al., 2000;
Woodside et al. 2000). After several years of controversy about the true role of leptin, it is
now commonly accepted that it functions as a modulator of reproduction rather than a direct
actor (Schneider, 2004). Leptin seems to facilitate reproductive function via its ability to
increase fuel oxidation (i.e., energy availability).

Among the recently discovered mediators for relaying the state of energy availability to
hypothalamic centers governing reproduction, several studies have identified both peripheral
gastric hormones such as ghrelin (Fernandez-Fernandez et al., 2006; Gambineri et al., 2005;
Tena-Sempere, 2005), CCK (Perera et al., 1993), and polypeptide YY (Fernandez-
Fernandez et al., 2006), and central mediators such as the hypothalamic Kisspeptins
(Castellano et al., 2006; Smith, 2008; Tena-Sempere, 2006) and neuropeptide Y (Woodside
et al. 2002; Toufexis et al. 2002). Overall, these studies show that when energy is in short
supply, several hormonal factors synergize to divert processes away from luxurious
activities (e.g., reproduction) and towards energy conservation and survival.

In sum, there seems to be solid evidence for the proximate mechanisms underlying the
energy management trade-offs implied in the metabolic load model. However, these findings
do not necessarily help us differentiating the metabolic load model from the most frequently
cited nursing intensity models. Under most circumstances, nursing intensity is a strong
predictor of relative metabolic load. Hence, the principal explanatory variables are often
confounded. Available data come mainly from two different settings: clinical studies and
field studies. The clinical studies provided information on the response of mainly well-
nourished women practicing some form of scheduled nursing (Diaz et al. 1988; Heinig et al.
1994). In these women, the mean duration of lactational amenorrhea is relatively short (6.3
months). The explanation provided by the nursing intensity hypothesis seems satisfactory:
there is an early resumption of ovarian activity because nursing frequency is low and/or the
intervals between nursing bouts are long. The metabolic load model would also explain
satisfactorily these findings since the shorter period of amenorrhea might be the result of a
lesser energetic stress that lactation implies for women in good nutritional status. Studies
conducted among traditional societies (see Ellison, 1995 for a review) usually show the
other extreme, i.e. the period of lactational amenorrhea in poorly nourished women
practicing intense nursing is relatively long (mean = 20 months). Again, both models explain
the results equally well.

Most studies of the determinants of postpartum fecundity published to date focused on
breastfeeding women that were either 1) well-nourished with low nursing intensity (clinical
studies), or 2) undernourished with high nursing intensity (field studies). We were able to
test the predictions of the current models in a population of women for which both nursing
intensity and energy availability are high. Thus, the two main confounding variables,
nursing intensity and energy balance, would hypothetically not be working in conjunction
with each other, but actually in opposite directions.

Am J Hum Biol. Author manuscript; available in PMC 2012 March 16.
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Testing the metabolic load model among lactating Toba women

The Toba are one of the three main indigenous groups living in the province of Formosa, in
the border with Paraguay (Miller, 1999). Originally hunter-gatherers, most groups are now
settled in “barrios” on the outskirts of larger towns. Our study was conducted in the barrio
Namgom, which has a population of approximately 2800 people. Women’s activities include
household chores, children caretaking, and basket weaving. A few women are employed
temporarily as cooks, teaching assistants, or health agents while others go to the city once or
twice a week to sell their weavings door to door.

Toba women are well-nourished and typically breastfeed their infants for 2-3 years, or until
their next pregnancy is visibly recognizable (Valeggia and Ellison, 2003). In this population,
semisolid and solid supplements are usually introduced around six months of age. The use of
commercial formula and artificial contraception is infrequent.

We collected monthly interview data and anthropometric measurements (height and body
mass) from 70 lactating women. In addition, we collected detailed behavioral data every
other week. During these home visits, we recorded breastfeeding behavior, food intake, and
duration and type of daily activities. We used noninvasive measures of ovarian function and
metabolic energy availability to characterize progress from complete postpartum
amenorrhea to fully competent cyclicity. Urinary C-peptide levels, reflecting maternal
insulin production, and cortisol levels were used as a measure of maternal energy
management and availability. Ovarian function was characterized by measuring urinary
estrogen and progesterone metabolites (E1C and PdG). For a more detailed explanation of
our methods see (Valeggia and Ellison, 2004).

Toba women experienced a relatively short period of lactational amenorrhea (10.2 months +
4.3). The resumption of post-partum menses was not associated with nursing behavior either
taken as a summary index per woman or taken as a time-dependent variable. The body mass
index (BMI) is a static measure of nutritional status, i.e. it represents a snapshot of the
current nutritional status of a person. Interestingly, BMI was not a good predictor of
duration of lactational amenorrhea either. However, when anthropometrics were analyzed as
time-dependent variables, there was an association between those measures and time to
resumption of menses (Figure 1). When we analyzed the women’s individual profiles for
BMI changes over the postpartum period, we identified a conspicuous trend: lactating
women tended to be in a sustained period of positive energy balance by the time they
resume postpartum menses. We therefore calculated ABMI, a dynamic measure of
nutritional status, as BMIy) — BMI (1.1), i.e. the BMI corresponding to a given month minus
the BMI corresponding to the month befor. There was a significant correlation between
ABMI and time to resumption of menses. Figure 1 shows mean ABMI values as lactating
women approach time of first postpartum menses.

Early postpartum lactation was characterized by low insulin production and low C-peptide
levels (Ellison and Valeggia, 2003). With time postpartum, average C-peptide levels tended
to increase quite steadily. When C-peptide levels were realigned using month of resumption
of menses as the anchor, a telling pattern emerged: there was a transient, but sharp increase
in insulin production in the months immediately preceding menstrual resumption (Figure 2).
Insulin levels then returned to normal after the first postpartum menses.

Urinary cortisol levels tend to increase until the fourth or fifth month before resumption of
menses, when they seem to stabilize (Figure 3). Early lactation cortisol values were, on
average, 60% of the values reached at the plateau and run parallel to those of urinary C-
peptide until around the 51 month before resumption.

Am J Hum Biol. Author manuscript; available in PMC 2012 March 16.
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How do these findings fit in the model we set out to test? Lactation imposes a considerable
energetic burden on the mother (Butte et al., 2001; Dewey, 1997). Furthermore, milk
production is a significantly conserved process. During lactation, mechanisms are employed
to ensure a preferential partitioning of nutrients to the mammary gland regardless of the
nutritional status of the mother (Butte et al., 1999). Prolactin, for example, circulating at
high levels early in the postpartum period, directs the allocation of energy towards milk
production by up-regulating insulin receptors in the breast. The initially low C-peptide and
insulin levels observed in lactating Toba during the early postpartum period likely reflect
elevated carbohydrate utilization for milk production in lactating mothers. Low peripheral
insulin concentration during early lactation has been also reported for other populations
(Butte et al., 1999; Maliqueo et al., 2001; Tigas et al., 2002).

For our Toba population, we were able to monitor the progress of energy allocation during
lactation beyond the first few weeks postpartum. Insulin production increased as the
postpartum period progressed, reflecting a declining metabolic load of lactation. Rising C-
peptide and insulin levels and falling glucose:insulin ratios would be consistent with the
attenuation of this demand, particularly as supplemental foods are introduced into the baby’s
diet, and by an increasing need for insulin secretion to maintain maternal glucose
homeostasis. Superimposed to this mechanism, increasing levels of cortisol, a catabolic
hormone, may help direct glucose away from storage and towards the mammary gland
during the early postpartum period. As the infant grows and starts receiving supplements,
other downstream metabolic mediators (see above) synergize to inform the mother’s
reproductive axis of increasing levels of energy availability.

Particularly notable is the short period of supernormal insulin production (insulin resistance)
that characterizes the months immediately preceding menstrual resumption. As mentioned
before, insulin has been shown to stimulate ovarian hormonal production. The high levels of
insulin during the insulin resistant phase in lactating women may play a role in stimulating
the resumption of ovarian activity. Increasing levels of ovarian steroids, in turn, may help
resolve the transient period of insulin resistance and restore peripheral insulin sensitivity.

Metabolic load model in context

The link between energy balance and reproduction has received considerable attention in
non-human animal research. Models that assign a leading role to maternal nutrition in
postpartum fecundity have become a staple in dairy cattle and other domestic animal
literature (Chagas et al., 2007; Kiyma et al., 2004; Leroy et al., 2008a; Leroy et al., 2008b;
Robinson et al., 2006). Numerous findings from this field have pointed to severe negative
energy balance during the postpartum period as the primary cause of a delay in resumption
of normal estrous cyclicity in high-yielding dairy cows. In these cases, lactation is very
intense and there is concern about bringing the high-yielding dairy animals back into
estrous. Furthermore, several studies have identified insulin and other energy management
metabolites as key regulators of postpartum fecundity in several animal species (Leroy et al.
2008b). In ewes, for example, significant changes in circulating insulin, ghrelin, and glucose
preceded restoration of pulsatile secretion of LH (Szymanski et al. 2007). These studies
illustrate the trade-offs mammals' have evolved to optimize during the postpartum period.
Humans may be no exception. Our findings show that regardless of the intensity of nursing
or the nutritional status of the mother, postpartum ovarian activity seems to be responding to
metabolic signals that inform of a sustained period of positive energy balance.

Energy allocation decisions lie at the core of life history theory (Hill, 1993; Stearns, 1992).
However, there are few examples on how these decisions can be actually exerted at a
proximate, mechanistic level. Fortunately, there are several lines of research exploring the

Am J Hum Biol. Author manuscript; available in PMC 2012 March 16.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Valeggia and Ellison

Page 7

interface between energy metabolism and life history traits at a molecular and physiological
level in several species of animals, including humans. The challenge is to build an
integrative framework for understanding the implied trade-offs. The metabolic load model
of lactational amenorrhea provides a good example of how this can be accomplished.
Furthermore, it can be extended to other life history transitions, such as pubertal activation
of ovarian functioning (Ellison, 2002; and more developed in Ellison, 2007). Interestingly,
human girls go through a period of insulin resistance before menarche, which resembles the
one observed in Toba women prior to the postpartum resumption of menses (Caprio, 1999;
Travers et al., 1995). This parallelism between life history transitions brings about another
layer that a robust integrative approach should incorporate: the role of early environmental
influences on developmental trajectories, particularly those that shape the responses of the
reproductive axis. Although developmental trajectories and responses have been a focus of
scientific attention for quite some time, evidence has been accumulating relatively rapidly
that shows that early life conditions (i.e. prenatal and early postnatal life) affect later
physiological responses and health in general (Barker, 1994; Bateson et al., 2004; Gluckman
et al., 2005). In fact, the association between early developmental influences, particularly
nutrition, and adult trajectories has been extended to reproductive function and reproductive
strategies in females (Kuzawa, 2007). The response of female reproductive physiology to
energy availability (in most reproductive statuses and transitions: puberty, ovarian cycles,
pregnancy, and postpartum amenorrhea) may be programmed early during development.
Jasienska et al.(Jasienska et al., 2006a; Jasienska et al., 2006b), for example, have found that
ponderal index, an index of energy availability in utero, predicts both adult estradiol levels
and the response of the ovarian function to suppressive effects of negative energy balance.
Furthermore, in a study of Bangladeshi migrants to the United Kingdom, Ndfiez-de la Mora
et al. (2007) elegantly showed that the developmental window for shaping reproductive
function seems to be before mid-childhood. In this study, women who migrated before 8
years of age had higher luteal progesterone than those who migrated after that age. The
common theme of current models addressing how early development cues may affect life
history strategies (including timing and tempo of reproduction) is the concept of energy-
sensitive set points that can be modified during prenatal and early postnatal development
(Gluckman and Beedle, 2007; Lipson, 2001; Vitzthum and Spielvogel, 2003). Energetic
conditions in utero and during early childhood, mediated by metabolic gatekeepers such as
insulin, leptin and other adiponectins, may determine the sensitivity of reproductive function
to energy availability during puberty and adulthood. Chronically unfavorable environments
would activate a cascade of metabolic mechanisms that optimize energy management and
directly affect life history trade-offs, including growth and reproduction (Kuzawa, 2007).
These developmental norm of reaction setting models would help explain, for example, an
apparent paradox observed in human populations: women in developing countries, who
endure long hardworking days in the field and/or a marginal nutritional status, are still able
to average a total fertility rate of 7 or more live births (Vitzthum, 2001). Women in these
populations tend to have later ages at menarche (Ellison, 1994b; Gluckman and Hanson,
2006), lower ovarian hormone levels (Ellison, 1994a and b; Jasienska and Jasienski, 2008;
Vitzthum et al., 2002), and a more dramatic response to energetic constraints (Jasienska et
al., 2006a). Still, they are able to conceive and have live births, even if at a slower pace.
These life history characteristics can be seen as adaptive energy allocation responses to the
local environment (Lipson, 2001). Furthermore, the programming that occurs during
development (i.e., the organizational effect) would be superimposed with mechanisms that
deal with acute (or short-term) fluctuations in energy balance (i.e., activational effects),
resulting in optimal allocation strategies.

Energy allocation models also allow for the consideration of the effects of social, political,
and cultural practices on fertility regulation. For example, infant feeding practices vary
considerably across cultures affecting maternal energy availability and, thus, interbirth
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intervals. Women in societies in which supplementation of breast milk starts soon after birth,
provided that they have enough calorie intake, can see her fertility return earlier than those
in societies in which breastfeeding is exclusive for many months. Similarly, populations
differ greatly in their patterns of postpartum physical activity, this being influenced by
subsistence activities, cultural practices, and socioeconomic situation of the lactating
mother. Furthermore, development programs that attempt to increase nutritional status of
women may have dramatic fertility consequences (Valeggia and Ellison, 2001b). In rural
Ethiopia, for instance, a program was initiated that aimed at improving women’s nutritional
status by providing tap water, thus lessening the energetic expense of fetching water for
women. An analysis done by Gibson and Mace (2002, 2006) eloquently shows that not only
the energy-saving technology failed at improving maternal nutritional status, but it was also
associated with increased birth rates and child malnutrition. The same appears to have
occurred among the Xculoc Maya of the Yucatan Peninsula in Mexico. In this case, the
introduction of a water pump and a maize mill was followed by a reduction in the age at first
birth and an increase in fertility measures (Kramer and McMillan, 1999). The surplus of
energy provided by the reduction in energy expenditure was not channeled to energy storage
but rather to investment in more children.

Conclusion

Our research supports the idea that the return to postpartum fecundity is an energy allocation
problem: for a lactating mother, where is energy more optimally allocated, to an already
born offspring through lactation or to future offspring, through resumption of ovulation? The
relative metabolic load model proposes that the answer to this depends on how large the
energy budget is compared to the cost of lactation. Although this model is gaining increasing
empirical support, the original appeal of the nursing intensity model seems to persist. It
should be stressed that the metabolic load model does not negate the importance of the
suckling stimulus; it actually incorporates nursing intensity into the model. In fact, when the
breastfeeding woman’s energetic budget of the woman is limited, e.g. under malnutrition or
under high energetic output, the intensity of lactation can be taken as a proxy for the relative
cost of lactation for that woman.

At a functional level, a reliance on the temporal pattern of nursing for the regulation of
postpartum fecundity seems to be rather unlikely. Given the vast variation in nursing
behavior across populations, from different work schedules, cultural attitudes towards
breastfeeding, presence of other children, and individual maternal temperament, temporal
nursing patterns may be a poor signal for the optimal resumption of postpartum fecundity.
Nor does it incorporate any information about the mother’s energetic condition. If we take
into account that pregnancy and lactation represent high energy investments for women, it
makes more sense, from an evolutionary standpoint, for a woman to monitor her own energy
availability rather than an imperfect proxy for infant demand in making the decision to
embark on a new reproductive enterprise.

At a more mechanistic level, the dynamics of insulin sensitivity during lactation, as well as
other metabolic mediators, may aid in synchronizing the resumption of ovarian function
with a reduction in the energy demands of milk production. A better understanding on the
regulation of postpartum fecundity will come with further research into the interface
between energy metabolism and reproductive physiology.
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Figure 1.

Changes in energy balance, as estimated using the change in body mass index (ABMI), in
breastfeeding women as they approach their first postpartum menses (time 0).
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Mean (x SE) values of individually normalized C-peptide values relative to month of
menstrual resumption for all study subjects. Normalized C-peptide values are expressed as a
percentage of the post-resumption mean valued for each subject (see text).
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Figure 3.

Mean (+ SE) values of individually normalized cortisol values relative to month of
menstrual resumption. Normalized cortisol values are expressed as a percentage of the post-
resumption mean valued for each subject.
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