Check for
updates

The Canary and the Bone: A Darwinian
Lecture on Erectile Dysfunction

Tarek A. Hassan, Shivani Ohri Vignesh, Andrea Sansone,
Tommaso B. Jannini, Susanna Dolci, Chunlin Zhang,
Yan Zhang, and Emmanuele A. Jannini

Abstract

Erectile dysfunction (ED) is one of the most common impairments in sexual
function seen in males. The pathogenesis of ED is commonly attributed to a
complex interaction of biological, psychological and social factors. The high
prevalence of ED and its impact on male sexual function require further explana-
tion from an evolutionary perspective, as one might expect the forces of natural
selection to reduce ED frequency over generations. This chapter explores the
Darwinian perspective of ED and highlights the importance of sexual selection

T. A. Hassan
Viatris Inc, Canonsburg, PA, USA

S. O. Vignesh
Mylan Pharmaceuticals Pvt Ltd, Viatris Company, Hyderabad, Telangana, India

A. Sansone - E. A. Jannini (P<)
Chair of Endocrinology and Medical Sexology (ENDOSEX), Department of Systems
Medicine, University of Rome Tor Vergata, Rome, Italy

T. B. Jannini
Department of Experimental Medicine, Tor Vergata University of Rome, Rome, Italy

S. Dolci
Chair of Anatomy, Department of Biomedicine and Prevention,
University of Rome Tor Vergata, Rome, Italy

C. Zhang
Chair of Endocrinology and Medical Sexology (ENDOSEX), Department of Systems
Medicine, University of Rome Tor Vergata, Rome, Italy

Department of Infertility and Sexual Medicine, The Third Affiliated Hospital
of Sun Yat-sen University, Guangzhou, China

Y. Zhang
Department of Infertility and Sexual Medicine, The Third Affiliated Hospital
of Sun Yat-sen University, Guangzhou, China

© The Author(s) 2026 1
E. A. Jannini (ed.), The Canary in the Coalmine, Trends in Andrology and Sexual
Medicine, https://doi.org/10.1007/978-3-031-98580-5_1


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-031-98580-5_1&domain=pdf
https://doi.org/10.1007/978-3-031-98580-5_1#DOI

2 T. A.Hassan et al.

and the loss of the penile bone, the baculum, as contributing to the presence and
persistence of ED in human males. This chapter unravels the complexity of the
evolutionary basis of ED, examining the hypothesis that the loss of baculum has
generated ED, which serves, like the canary in the coalmine, as an early marker
of general health. Thus, the inability to achieve and/or maintain an erection ade-
quate for the fulfillment of sexual intercourse might act as a “fuse” for species
preservation. Similarly to how fuses burn in a car to prevent more extensive dam-
age, ED would develop in men who harbor other concurrent conditions, or
exposed to accumulation of several risk factors of various origin, as a measure to
prevent “damage” to the species as a whole. This mechanism would favor repro-
duction of healthier men, while at the same time reducing the risk of transmission
of harmful genes to subsequent generations. The implications of this hypothesis
are explored, as well as the importance of modern medicines targeting the phos-
phodiesterase 5 enzyme in overcoming the evolutionary handicap of ED.
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1.1 Introduction: Dissecting Erectile Failures

Erectile dysfunction (ED) is defined as the recurrent and persistent inability to
achieve or maintain an erection firm enough for satisfactory sexual intercourse in
the presence of proper erotic stimuli [1]. According to the recent Italian Society of
Andrology and Sexual Medicine (SIAMS) guidelines on ED, the condition may be
classified based on the severity of symptoms (subclinical, mild, moderate, and
severe) [2]. Subclinical ED (SED), identified through strict and well-defined major
and minor criteria, is the pathological burden of men who are not affected by ‘clini-
cal’ ED but experience inconsistent, situation-, partner-, and mood-related difficul-
ties with erection or reduced penile hardness, which can inconstantly interfere with
penetration [3]. When these definitions are considered, the prevalence of ED and
SED is high among the male population. Analyses of the global epidemiology of
ED show that the condition is prevalent across countries [4, 5]. While SED has been
recently observed in 4.4% of 11,200 patients attending an outpatient andrological
centre [6], the overall estimated prevalence of ED varies considerably, depending on
the study and the methods used to define ED and to measure this phenomenon, with
estimates ranging from 3% to 76.5% [7]. A summary of the prevalence of ED across
nations is presented in Table 1.1.

It is thought that cases of ED are increasing over time, reflecting a growing bur-
den of the condition in modern society [9]. Incidence increases have been noted in
the literature, particularly in recent decades, which may reflect changes in the rec-
ognition of ED following the introduction of successful pharmacological options to
manage this condition in the late 1990s [10]. Rising ED rates may reflect a genuine
growth in male sexual dysfunction cases over time, as well as increased public
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Table 1.1 Prevalence of ED across eight nations in men aged 18 years or older and 40-70 years
of age [8]

Nation Population Prevalence of ED (%)
Brazil >18 years 37.2
40-70 years 42.1
China >18 years 41.6
40-70 years 474
France >18 years 44.9
40-70 years 47.8
Germany >18 years 44.9
40-70 years 46.1
Italy >18 years 43.6
40-70 years 522
United Kingdom >18 years 42.6
40-70 years 42.6
United States >18 years 42.0
40-70 years 46.1

awareness of these issues [9]. However, the global burden (i.e. the total number of
patients with SED and ED) is expected to increase considerably with time due to the
ageing population and the rise in the rates of ED seen across nations, where popula-
tion growth and lifestyle factors linked to ED are notable, such as in China [11].

One of the key trends in the prevalence of ED is its association with age [12],
with a considerable increase in men older than 40 years. The Massachusetts Male
Aging Study [13] found that the self-reported prevalence of ED in men aged
40-70 years was 52% (17.2% mild, 25.2% moderate and 9.6% severe), while within
this age group, there was a threefold increase in prevalence between men aged 40
and 70 years. A follow-up in this population over an average of 8.8 years found that
the annual incidence of ED increased by decade, with 12.4 cases per 1000 man-
years in those aged 40—49 years, 29.8 for men aged 50-59 years and 46.4 for men
aged 60-69 years [14]. Another large survey conducted in a German cohort of 8000
men aged 30-80 years reported an overall prevalence of ED at 19.2%, increasing
from 2.3% at 30 years of age to 53.4% at 80 years of age [15]. These findings are
supported by more recent data on the association between age and ED [16, 17].

It is important to consider that the prevalence of ED may be underestimated in
available literature due to factors such as male privacy, reluctance to discuss the
condition or social and cultural beliefs influencing attitudes towards sexual function
and behaviour [4]. In addition, while age is strongly associated with ED, the condi-
tion also occurs in younger age groups of men [18]. Although not demonstrated yet,
SED could be expected to more typically affect young populations, being a bona
fide prodromic stage of clinical ED [3]. Hence, while age is likely to have an impor-
tant influence on erectile function, one must consider that with increasing age, there
is also a higher likelihood of health risk factors, chronic conditions and comorbidi-
ties that may influence the potential for ED, which may also be present in a smaller
proportion of younger men [4, 16]. Indeed, it has been noted that the risk of ED
sharply increases with the accumulation of comorbidities [16]. The risk factors
underlying SED and ED will be considered later in this chapter.
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Due to the high prevalence of ED, this condition is one of the most commonly
managed impairments of sexual function in clinical practice. Indeed, the impact of
ED on sexual performance is widely recognised [19]. Erectile function is essential
for successful copulation, and the development of ED may lead to poor sexual per-
formance [20]. In addition, ED can have profound effects beyond its biological
impact on sexual performance, influencing psychological health, social well-being
and other important outcomes from a holistic care perspective [21]. Indeed, it has
been noted that patients with ED experience a greater burden of psychological and
relational symptoms than the healthy population, along with lower health-related
quality of life and impairments in daily activities and occupational function [21].
These consequences are noted in Fig. 1.1. Men with ED need treatment approaches
that take into account their personal experiences and preferences [22]. Hence, it is
important that this highly prevalent condition, which is associated with a range of
challenges and needs, should be considered a key focus of sexual medicine.

1.2  Erectile Dysfunction from the Bio-Psycho-Social Model
to the Systems Sexology and the Darwinian Perspective

To better understand the major clinical aspects of ED, a new concept needs to be
introduced to amplify and extend the well-known bio-psycho-social (BPS) model
[24] into a more complex one we call systems sexology (SS), mimicking the well-
known paradigm of systems medicine (SM) [25]. As an SM, SS takes into account
two major aspects: the first is the role of lifestyle in the developmental origins of
health and diseases [26, 27]. The second is the ability to understand the deep inter-
actions between the four systems that shape sexual health in general and erectile
health in particular: the system of the mind, the system of experience, the system of
political and economic choices and, last but definitely not least, the system of the
body [28]. Interestingly, these systems must be considered, not necessarily as ED
aetiologies, since a direct causative relationship is not always demonstrable in medi-
cine based on evidence, but rather as risk factors for both subclinical and clinical
erectile failure.

It is a typical way of reasoning in the light of the SS to admit an inverse butterfly
effect as that occurring between the political lack of adherence to the green econ-
omy, the consequent increase of pollution, the presence of microplastics and endo-
crine disruptors in the environment, and, finally, reproductive and sexual
consequences such as hypogonadism, morphological genital alteration, and ED in a
single individual [29]. Similarly, states and political and religious powers support-
ing negationists and anti-vaccine groups, thus hastening the spread of the virus,
could be considered risk factors for the sexual long-COVID, peculiarly represented
as ED, occurring during and after complex COVID diseases [30, 31]. Finally, it is a
typical lesson from SS to admit that the large majority of ED risk factors are related
to behaviours, acted out, or endured, producing various degrees of inflammation at
tissue level which may produce endothelial dysfunction as seen in virtually all cases
of ED [32]. More insights on the new SS model can be found in the Chap. 7 of
this book.
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Fig. 1.1 Impact of ED on patients, considering biological, psychological and social risk factors
[21, 23]

Having represented some aspects of the complexity of the ED mechanisms, it is
now time to introduce another unusual way to understand this frequent and multi-
faceted sexual symptom: the Darwinian perspective. One of the most striking fea-
tures of the high prevalence of ED is how contradictory this may be seen within the
context of evolutionary biology. Charles Darwin’s by natural selection [33] empha-
sises the survival of the fittest within a species, with fitness denoting the probability
that a characteristic will be reproduced. How do we reconcile the high prevalence of
ED with the evolutionary imperative of survival of the fittest according to the
Darwinian dogma? Moreover, in species that sexually reproduce through copula-
tion, coitus should be particularly protected to increase the chance of reproduction,
which is more important for the survival of the selfish gene than for the survival of
the individual itself [34, 35]. But, apparently, this does not seem to be the case for
humans. The next paragraphs of this chapter seek to explore this issue by analysing
the evolutionary basis of sexual functioning, drawing an evaluation of ED through
an evolutionary lens with an unusual focus on the loss of the penis bone as a key
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factor in ED prevalence in humans, thus attempting an evolutionary explanation for
ED risk factors, and finally proposing the implications of a neo-Darwinian perspec-
tive of ED for its prevention and effective treatment.

1.3  Evolutionary Basis of Sexual Functioning

It is accepted that both human and animal anatomy and physiology are influenced
by the mechanism of survival of the fittest or, in other words, by the natural selec-
tion [36]. The underlying principle of natural selection is that the survival and
reproduction of individuals and, thus, of species depend on the differences in phe-
notype [33]. Traits that are linked to anatomical, biological, physiological and
behavioural phenotypes may be selected over generations when they facilitate indi-
vidual advantages and individual survival or those of the species. Typically, the
selection of traits is more likely when species are adapted to their environments
[36]. However, other important traits may also be selected based on the particular
preference of mating partners.

Sexual traits (frequently also identified as ‘sexual ornaments’) are often subject
to an ontogenetic force that is at least comparable to that of the mentioned natural
selection: sexual selection, a form of selection that is representative of the repro-
ductive success of individuals and of the final survival of species [37]. While natural
selection is linked to the overall struggle for survival and includes elements of
reproduction, sexual selection is focused on mate choices and strategies, successful
copulation, the production of offspring, and reproductive advantage, which are key
drivers of selection, even where no physical advantage is apparently evident.

One example of sexual selection can be seen in the peacock’s tail feathers (train),
where extravagant displays of eyespot feathers play a role in attracting a mate. As
Darwin—probably the greatest proto-sexologist ever—genially hypothesised in his
second book, The Descent of Man [37], the evolution of the peacock’s train occurred
as a result of female preference to mate with males with this phenotype. It was not
until more than a century later, in 1991, that evidence supporting this theory emerged
in scientific literature, showing that females approach multiple males prior to mat-
ing but invariably select the male with the greatest number of eyespots on his train
[38]. Further evidence showed that mating success was associated with the presence
of these eyespots (when removed, mating success was reduced) [39]. The peacock’s
tail is a typical sexual ornament used for intersexual competition, i.e. typically in
the heterosexual setting, to obtain the sexual attention of certain individuals [40].

The question remains as to why a female should choose a male based on this
phenotypic trait when it does not necessarily confer any direct advantage from a
reproductive standpoint. Indeed, the peacock’s train does not contribute towards
protection from predation, paternal care or any other physical benefit that may have
a practical advantage for survival. Conversely, the larger the train of the peacock,
the more likely that the male is vulnerable to predation [41]. As with most sexual
traits, the peacock’s train size is an evident handicap that should have disappeared
according to natural selection if another driver, sexual selection, does not support its
maintenance and development in the species. The Theory of Handicap, based on



1 The Canary and the Bone: A Darwinian Lecture on Erectile Dysfunction 7

the Handicap Principle, postulates that sexual traits are, in the majority of cases,
handicaps that represent a phenotypic condition, which may provide support for
sexual selection (Box 1.1).

Box 1.1: The Handicap Principle

The handicap principle is the disputed but robust hypothesis proposed by the
Israeli biologist Amotz Zahavi in 1975 [42—44]. Key elements of the theory
are noted below. Interestingly, the theory was later supported by game theory
models and successfully applied to several human contexts [45].

1. Secondary sexual characteristics are costly signals.

2. Sexual traits must be reliable as they cost the signaller resources that indi-
viduals with less of a particular trait could not afford.

3. Individuals of greater biological fitness signal this through handicapping
behaviours or morphological traits that lower overall fitness.

4. Sexual traits selected through Darwinian sexual selection work as con-
spicuous consumption, signalling the ability to afford to squander a
resource.

5. The receivers select signals indicating quality because inferior-quality sig-
nallers are unable to produce such wastefully extravagant signals.

6. A sexual signal is reliable if the cost to the signaller of producing it is
proportionately lower for higher-quality signallers than for lower-
quality ones.

7. A handicapping sexual trait delivers the hidden message that the carrier or
signaller survived despite the handicap, thus showing great fitness and,
finally, better genes.

Phenotypic strength or quality is a key factor that infers genetic quality, which
should be favoured in a mate according to the selective pressures of evolution [46].
In this example, it is hypothesised that the peacock’s train may be an honest signal
of phenotypic quality: peacocks with the highest phenotypic individual quality can
survive the physical imposition of a large train, but those with low phenotypic qual-
ity cannot [41]. Therefore, the peacock’s tail is potentially an important phenotypic
signal of genetic quality; only the fittest (or the strongest, smartest or luckiest,
according to different perspectives) can afford to maintain an elaborate train for
attracting females. In other words, if a certain peacock survived despite the evident
handicap of his long and coloured tail, which makes the individual more prone to
predation, the individual is likely to carry better genes compared to others with a
humbler (and safer) tail.

The potential for traits/ornaments that are prone to sexual selection to signal
underlying phenotypes is an important concept when applied to other facets of sex-
ual functioning, including ED. Erectile function may be considered an important
phenotypic trait that not only facilitates successful reproduction but may also signal
wider attributes of the male. The ability to maintain an erection is crucial to sexual
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Fig. 1.2 Conceptual diagram of male-mating strategies from an evolutionary perspective. This
figure illustrates how male-mating strategies, such as the peacock train and erectile function in
humans, necessitate the fitness of the males due to the potential vulnerability imposed by these
mating strategies

reproduction, and this is compromised in patients affected by ED. Importantly, ED
is more common in those with a range of health conditions and with a high risk of
future conditions that may be indicative of poor phenotypic quality [47]. Therefore,
ED may be defined as a condition-dependent phenotypic trait, whose expres-
sion is linked to the health of the individual [48] (Fig. 1.2).

To further explore this hypothesis, the remainder of this chapter considers how
ED may be viewed through an evolutionary lens in relation to the loss of the bacu-
lum and the risk factors that underlie the development of ED in humans.

1.4  Understanding Erectile Dysfunction Through
an Evolutionary Lens: The Baculum

The baculum, or os penis, is a penile bone found within the distal half of the penis
in the vast majority of mammals (Fig. 1.3) [49]. The baculum is formed through the
ossification of the distal region of the corpora cavernosa and is located above the
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Fig. 1.3 Baculi from
different mammals (EAJ’s
collection). The ruler is in
centimetres. Note the
difference in dimension
and shape. (Figure
reproduced with
permission from EAJ)

urethra [50]. The baculum has been described across numerous mammalian orders,
including in primates [51]. However, it is notably absent in humans, but chimpan-
zees, our closest relative, still possess a baculum [52]. In many species, the baculum
is hypothesised to play an important role in reproductive success [53].

The baculum, in animals where it is present, i.e. the majority of mammals, is
governed by a voluntary skeletal, muscular apparatus known as the retractor penis
[54]. In Fig. 1.3, the insertional groove can be easily identified in the penis bones.
The mechanism through which the baculum operates reflects a key role in providing
a simple and affordable supportive structure for erection, rather than relying on the
rigidity of the soft tissue of a reproductive organ, governed by a complex and alea-
tory psychoneuroendocrine and vascular mechanism. When required during sexual
activity, muscular contraction facilitates the protrusion of the baculum into the
penile sheath [49]. This leads to the stiffening of the erect penis and facilitates copu-
lation. The baculum may be beneficial in a reproductive context, not only in helping
the rigidity of the erection during penetrative intercourse but also in maintaining
and supporting erection during sexual performance, particularly in species with pro-
longed intromission [53, 55]. In addition, the baculum has been hypothesised to
play a role in reducing sperm competition, with the morphology and length of the
baculum correlated with paternity in some species [53, 56]. It has also been sug-
gested that the baculum may serve to orient the female towards a specific male
partner and, at the same time, cause damage to the female reproductive tract to
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prevent subsequent mating with another potential partner [53, 57]. It may also stim-
ulate female ovulation or implantation in some species, with baculum length tend-
ing to increase in species with induced ovulation [57]. The baculum may also be
seen as a signal of male quality, with morphology and length providing a phenotypic
marker of fitness [53], perhaps—we can hypothesise—useful for intrasex and/or
intersex competition.

While there are several hypotheses over the exact benefits of the baculum and the
mechanisms through which it facilitates reproductive success, it is evident that spe-
cies with a baculum have this structure as an aid to reproduction and do not rely
solely on the engorgement of the penis with blood to allow erectile function.
However, the evolutionary profile of the baculum’s morphology and function sug-
gests that the penile bone may have undergone variations and adaptations corre-
sponding to environmental and sexual selection pressures. These pressures may
have impacted its morphology as well as its presence.

The evolutionary history of the baculum in primates suggests that this structure
has been gained and lost over many lineages [53, 58, 59]. It has been suggested that
the baculum has been gained at least nine times and lost at least ten times through-
out mammalian evolution [53]. As with genital morphology, it has been suggested
that the shape of the baculum is dependent on sexual selection [49]. Notably, the
evolutionary history of the baculum also reveals considerable variation in the mor-
phological characteristics of this bone [58]. Experimental data have also supported
the role of sexual selection in the determination of baculum morphology. For
instance, the modification of the sexual selection processes in populations of house
mice led to changes in baculum morphology. Specifically, when post-copulatory
sexual selection pressure was artificially increased, after 27 generations, mice
showed significant thickening of the baculum compared to those in populations
where enforced monogamy was established (thereby reducing sexual selection pres-
sure) [58].

These findings support the idea that sexual selection and associated pressures
may influence the evolution of the baculum. The assumption follows that popula-
tions where sexual selection pressure is high, including those with seasonal mating
and in polygamous systems, will be subject to stronger evolutionary forces [49].
Conversely, where sexual selection pressures are low and monogamy prevails, evo-
Iutionary forces may be less relevant in influencing baculum morphology and pres-
ervation. This explanation is not entirely applicable to humans, a species we might
define as monogamous-unfaithful. Indeed, monogamy gives humans the enor-
mous adaptive advantage of being able to support fragile and immature children.
These advantages may have the same specific adaptive weight as those produced by
renewed genetic opportunities obtained from extra-pair mating. As a result, since
the vector of monogamy is equally and oppositely powerful to that of infidelity,
humans are the only animals fully endowed with free will in their sexual choices,
despite being largely influenced in these by the four systems explored by the SS, the
systems of the mind, experience, society, and, of course, the body. Moreover, in
humans, the substantial loss of oestrus and the concealment of ovulation—two
critical and specific sexual functions—have shaped human sexual behaviour as it
appears nowadays [60].
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Between primates, humans are almost unique in having lost the baculum during
differentiation from common ancestors. The exception seems to be the Ateles, a
genus of New World monkeys (platyrrhines) that also lack a baculum [61]. The
absence of the baculum in Afeles represents a separate evolutionary path from
humans, who are Old World primates (catarrhines). This implies that baculum loss
occurred in a few primate lineages, not only in the human lineage, allowing us to
suggest that platyrrhines are perfect animal models to study ED and male peripheral
reactions instead of rodents, which are unfortunately largely used in the scientific
literature for both erection and ejaculation studies.

A few theories have been proposed to explain the loss of the baculum in humans
as a result of sexual selection. Some of these posit that the loss of the baculum is a
means for females to evaluate male health [35] and that it may have occurred in
response to decreased post-copulatory competition and increased monogamy, which
require shorter intromission [62]. Additionally, the tactile stimulation hypothesis
proposes that the female choice for tactile stimulation and the possibility of enjoy-
ing a larger range of copulatory positions facilitated a boneless penis [63]. Other
theories hypothesised the advantage in preventing the risk of penile blunt trauma
associated with upright posture and a possible role in intrasex competition [52].
These theories are summarised in Fig. 1.4.

Collectively, these theories provide a basis for explaining how changes in mating
systems may have reduced the need for the baculum while also highlighting how
sexual selection processes may be influenced by baculum loss.

The presence of baculum in ancestral primates suggested that the os penis first
arose at the time of the split of non-placental/placental mammals and the most
recent common ancestor of primates and carnivores [49]. Examining the symplesi-
omorphy—i.e. how an ancestral characteristic is shared by all members of a clade,
including both genders of a species—early analyses showed that the female

Lovo./‘ Unhealthy males may
Common ancestor vulnerability to ;
X g reproduce, also in a
with baculum erectile ; :
[] - hostile environment
dysfunction

Easier for females to evaluate
male systemic vascular health
(Dawkins, 1976)

Easier for females to evaluate

male response to stress
(Zahavi and Zahavi, 1997)

Unnecessary due to
monogamy and reduced

competition

(Brindle and Opie, 2016) PY Increased Healthy males are
Absence of vulnerability to facilitated to
T baculum in humans erectile reproduce, in a non-
dysfunction hostile environment

Fig. 1.4 Overview of theories for baculum loss in humans, with supporting evidence/studies and
with the modified Dawkins’s adaptive theory. (Adapted from Smith and Hechtel [62])
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Fig. 1.5 The Jannini theory of baubellum-baculum. For the ontogenesis of virtually all male
dimorphic genital tissues, an undifferentiated/female template is needed. Just as the clitoris is the
anatomical and functional model on which the penis is formed during prenatal ontogenesis, so the
baubellum is be considered the template of the baculum. Nevertheless, being apparently non-
essential to reproduction, the baubellum has been lost in some primates. The random disappear-
ance of the baubellum’s template caused the loss of the baculum, which generated unexpected
advantages in some species, like humans

counterpart of the baculum, the os clitoris or baubellum, has been lost more fre-
quently during evolution. In particular, among 163 studied species, apparently 29
have a baculum but not a well-developed baubellum [64]. However, a more recent
phylogenetic analysis, confirming the baculum/baubellum homology, found that for
each baubellum, a baculum was invariably present [61].

The latter evidence may not help solve the conundrum. The baubellum may be
hypo- or non-functional with respect to reproduction itself and thus randomly lost
over time, but why is the baculum also lost despite its important role in protecting
the erection needed for the survival of species? As with other genital tissues, the
baculum is the modification of the baubellum occurring during ontogenesis in the
presence of masculinity-driving genes and hormones. The absence of a clear-cut
utility in non-matriarchal species (where clitoral exhibition may help gain an alpha
rank) may have led to the disappearance of the baubellum, which in turn drove the
loss of the baculum. Interestingly, this generated gender-specific consequences
(Fig. 1.5).

We may hypothesise here that the loss of the baubellum in women may have
increased the chances of having a female orgasm, a function poorly studied and
perhaps rarely and questionably observed in animals. Although in some species the
baubellum seems related to the stimulus of ovulation [65], the coitus for several
female animals is frequently painful instead of pleasurable. The absence of the bone
in the human clitoris, coupled with the replacement of a potentially painful baculum



1 The Canary and the Bone: A Darwinian Lecture on Erectile Dysfunction 13

by softer tissues, may have facilitated the emergence of the human clitoral
orgasm [66].

However, a major adaptive advantage of the disappearance of the baculum could
be hypothesised in the males of our species. We may theorise that this mutation
played and plays an important feature not only in how females evaluate the fitness
of males from an evolutionary perspective, as suggested by Dawkins [35], but also
in producing an efficient and powerful adaptive mechanism that makes copulation
possible only for psychologically, relationally and physically healthy individuals
acting in a non-stressing environment. In fact, after losing the baculum during evo-
lution, human male erectile function was no longer a voluntary action [2]. The piv-
otal machinery for developing and sustaining an erection in humans relies on factors
such as the presence of an efficient tunica albuginea, the activity of a healthy endo-
thelium, and the relaxation of smooth muscle cells within the cavernous tissue,
allowing for an increased input and a decreased output of blood to and from the
corpora cavernosa, leading to increased blood pressure in the penis [67]. While
Dawkins put forth the handicap theory of baculum loss, which allows females to
evaluate males’ fitness, specifically for vascular health, it is important to add here
that, in humans, reproduction is not only based on female choices and that erectile
function does not only represent a vasculogenic process nor just a physical one.
Erectile function in humans is influenced by a complex interplay of factors, includ-
ing environmental, psychological, relational, endocrinological, neurological and
vascular [2]. The voluntary control of erectile function, if any is maintained at all,
may have a greater negative influence on function rather than a positive one [48].
Therefore, understanding ED as a signal of health and male response to stress—
both related to health and environmental factors—may be a more rigorous hypoth-
esis, reflecting the diverse factors that influence erectile function.

The core of our hypothesis is that the loss of the “useless” baubellum and, con-
sequently, of the baculum, has generated a mating strategy according to which the
healthiest individuals (not necessarily and exclusively those selected by the part-
ners) are facilitated in reproduction, consistent with the principle of the reproduc-
tion of the fittest (healthiest), and finally solving the Darwinian paradox of the loss
of a very strong support to the reproductive power, such as is the penile bone. The
absence of the baculum produces a detrimental effect on an individual (as an unfit-
ting person may fail to reproduce), but it may also possibly confer an overall great
advantage by accelerating the evolution of the human species. This is exactly what
happens in animal societies dominated by alpha females and/or males (wolves,
lions, deer, etc.), where (almost) only the alpha individual reproduces while all other
animals with lower individual characteristics are condemned to being unable to pass
on their genes to future generations [68, 69]. In the case of these intrasexual (i.e.
agaist the individuals of the same sex) competitions, the selection for reproduction
of more fitting individual characteristics compared to others weaker is probably
lower with respect to that expressed by the modulation obtained with a more com-
prehensive selection generated by the ‘absolute’ environmental, intrapsychic, rela-
tional and biological health (Fig. 1.6).
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Fig. 1.6 Comparison between two prezygotic selection strategies. Ethologically, an animal soci-
ety is based on a dominant hierarchy (a), where members interact to create a ranking system, in
which a dominant higher-ranking individual is called the ‘alpha’ and submissive, lower-ranking
individuals are referred to as ‘beta’. One of the advantages of these hierarchies is that rather than
fighting each time they meet, individuals of the same sex establish a relative rank, with alpha indi-
viduals often having the right to mate. This strategy should select for good genes, but in reality, it
is potentially effective only in relation to another individual (in this case, the loser in the sexual
tournament). The disadvantage is that a very large number of individuals do not reproduce.
Conversely, in baculum-less societies (b), reproduction is possible and easy in several healthy
individuals within a healthy environment. While the first strategy is ‘relatively’ efficient, the sec-
ond one is ‘absolutely’ more efficient for selecting more fitting individuals and healthier pups

This hypothesis can be further supported by evaluating the role of evolution in
relation to risk factors for ED, illustrating the importance of baculum loss as a
mechanism through which erectile function serves as a signal for phenotypic quality.

1.5  Evolutionary Explanations for ED Risk Factors

The development of ED and the risk factors associated with this condition have
been extensively studied across populations [23, 70, 71]. Risk factors for ED may
be categorised to align with the complex aetiological drivers of the condition,
including systemic biological factors and relational and intrapsychic factors [2].
A summary of the key risk factors for ED is presented in Table 1.2.

From a biological perspective, risk factors for ED tend to reflect advancing age,
the influence of lifestyle factors or the presence of a hostile environment, producing
distress in individuals [2]. Advancing age is one of the clearest risk factors for ED,
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Table 1.2 Summary of key risk factors for ED

Category/type of risk factor ~ Risk factors

Lifestyle Smoking
Obesity
Physical inactivity
Excessive alcohol and drug consumption

Systemic Organ and system insufficiency and failure (lung, kidney, etc.)
Cancer
Other systemic diseases (e.g. genetic and autoimmune diseases,
infections, etc.)

Cardiovascular Hypertension

Cardiovascular disease
Metabolic Type 2 diabetes mellitus, gout, etc.
Hormonal/endocrine Hypogonadism

Hyperprolactinemia and other pituitary disorders
Hyperthyroidism and hypothyroidism
Cortisol disorders

Neurological Spinal cord injury
Epilepsy
Specific neurological conditions (multiple sclerosis, Parkinson’s
disease)

Urological Lower urinary tract symptoms (LUTS) and chronic prostatitis

Induratio penis plastica
Penile structural abnormalities
Iatrogenic Drugs interfering with testosterone activity and metabolism
Anti-psychotics or antidepressants
Pelvic surgery
Psychiatric, psychological Affective disorders (depression, anxiety, etc.)
and relational Psychoses
Negative education and experiences
Low self-esteem or confidence
Relational difficulties (poor communication, impaired couple
fitness)
Sexual Hypoactive sexual desire disorder
Ejaculatory disorders (LCEE, loss of control of erection and
ejaculation)
Partner sexual disorders
Infertility (infertosex syndrome)
Couplepause/doublepause

Note that the anti-erectile mechanism of action of these risk factors is, in the large majority of
cases, acute or subacute inflammation and that the specific lesion of the endothelium, in general,
and that of the corpora cavernosa, in particular, is a consequence of inflammation [2, 72]

with an increase in the prevalence of ED seen in older men [23]. It could be noted
here that having an older father in a wild environment may reduce the chances of
offspring survival. Indeed, it is to be noted that the majority of ED risk factors accu-
mulate with time or are more likely to affect older men. In fact, particularly in older
populations, the development of chronic disease or comorbidities can lead to an
increased risk of ill health, suggesting that there are advantages to reducing repro-
duction in these older age groups to ensure the genetic fitness of future generations.
However, as noted previously, age alone may not be the full story in explaining the



16 T. A.Hassan et al.

increased likelihood of ED with advancing years. Indeed, lifestyle-related risk fac-
tors accumulate over time and become more likely in age groups where ED is com-
mon [2]. These lifestyle factors are diverse and include smoking, obesity, physical
inactivity and the consequences of disease processes, such as hypertension, meta-
bolic syndrome, diabetes mellitus and psychiatric neurological, endocrine, cardio-
vascular, toxicological and systemic conditions (e.g. respiratory and oncological
diseases)—all meeting the definition of chronic non-communicable diseases
(NCDs) [2]. Interestingly, parasites, viruses and bacteria may also be linked, directly
or indirectly, to ED. A common factor seen in communicable diseases and NCDs is
inflammation, the mechanism of action of endothelial failure, which is considered
the most frequent reason for erectile weakness or impairment [73]. In other words,
the loss of the baculum has favoured the survival of species with the best fitness,
where only healthy individuals can successfully and reliably achieve an erection
and thus, by means of copulation, reproduce.

Intrapsychic and relational risk factors have also been identified in relation to
ED [2]. Intrapsychic factors underscore the proposed importance of the link between
biological and psychological functions during sexual performance. Specifically,
negative attitudes or experiences related to sexual performance may interfere with
cues for sexual arousal, linking psychological/cognitive processes impacting bio-
logical mechanisms [23]. Low self-esteem, sexophobic education, negative experi-
ences, egodystonic sexual orientation, gender issues in homo—/bi—/transphobic
environments, depression, anxiety and psychoses may all potentially contribute
towards negative perceptions of sexual performance, failure prevision, avoidance of
sexual activity and loss of sexual intimacy, finally resulting in ED [72, 74]. In other
words, only individuals psychologically and psychiatrically healthy may copulate
and reproduce, thanks to the loss of the baculum. Interestingly, relational dynamics
may also contribute to the negative cycle of psychological influence on erectile
function, with partner expectations, judgment, lack of communication or relation-
ship satisfaction potentially contributing to ED [75]. When there are existing physi-
ological risk factors for ED, this may heighten the potential for intra-psychic and
relational risk factors to influence future sexual performance [23]. In other words,
only individuals in a fitting relationship (i.e. in a congruous erotic setting) may be
facilitated to copulate and reproduce, again thanks to the loss of the baculum.

This hypothesis is made—apparently—fragile by the possible (although unlikely)
presence of an erection in, for example: (i) gender violence (i.e. in the absence of
relational health), (ii) in depressed/anxious/psychotic people (i.e. in the absence of
intrapsychic health), (iii) in highly stressful conditions, such as famine, epidemy, or
war (i.e. in the absence of environmental health), (iv) in initial stages of performing
wrong and unhealthy lifestyles (i.e. in absence of correct behaviours), (v) in the
initial stages of communicable or NCDs (i.e. in the absence of full biological
health). However, it should be considered a biological and reproductive advantage
should never work in 100% of the cases. It has been, in fact, demonstrated that mate
preference tends to a steady state, or equilibrium, when the benefits of mate choice
are sufficiently large relative to the cost of choice [76]. Furthermore, we have to
note that in all of the above-mentioned extreme situations, achieving an erection is
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much more difficult than under normal, healthy conditions and that the hypothe-
sised mechanisms, to properly work, should just (strongly) favour more fitting indi-
viduals and settings.

One could also argue, against this explanation, that ED appears to be associated
with diseases characteristic of modern society [52]. But this argument seems frag-
ile, given that virtually all diseases, even those that characterize archaic human life,
such as infections and trauma, can be important risk factors for ED. Vice versa, the
handicap (working as an advantage) of the loss of the baculum increased its
selective power with the rise of more complex diseases, related to modern lifestyles,
such as NCDs, bona fide much less present in primitive societies.

Another comparison with the female counterpart may help thrust the hidden ben-
efits of baculum loss, further supporting our hypothesis. This can be achieved by
comparing the mechanisms that regulate oogenesis in human females and those that
produce ED in males [77]. For instance, females are born with a finite number of
oocytes, which are typically released during monthly ovulatory cycles, from puberty
to menopause. Consequently, once oocytes are depleted, the age at which a female
can reproduce is naturally determined, avoiding risks of pregnancy and childbirth in
older age groups. The prevalence of ED in men without a baculum is dramatically
age-dependent; this characteristic reduces the menace of high-risk pregnancies with
increased prevalence of dangerous mutations and also reduces the possibility of a
too late parenthood for effective care of the typically immature offsprings of the
human species. In other words, since men do not experience the same mechanisms
as menopause, which exerts a highly effective pre-gametic blockade, the decline in
testosterone and the difficulty in achieving and maintaining an erection, typical of
the so-called andropause, counteract the aforementioned (over)production of sper-
matozoa throughout a man’s life through a mechanism we might define as pre-
copulatory. But there is more. When focusing on the monthly ovulatory cycle, it is
notable that successful ovulation depends on the environment and health, with envi-
ronmental stressors and ill health potentially causing ovulation to cease. This may
be further viewed as an efficacious protective mechanism (again, far from acting
100% of the time) against reproduction during periods of distress in the environ-
ment or during poor individual/couple/species health conditions. Having to target
only one egg cell per month, this gear is particularly effective in reducing, if not
inhibiting, ovulation, fertilization, implantation, pregnancy and even puerperium in
the presence of hostile or risky environments and psychological, relational and
physical problems. However, it cannot have the same efficiency in males, who are
capable of continuously producing a huge amount of sperm from puberty through to
old age [78]. In other words, as above mentioned, blocking one single egg per month
(or interrupting a fragile pregnancy or puerperium) is much easier than blocking
millions of spermatozoa produced by the testes. Therefore, both pre- and post-
zygotic interference-from the environment and from psycho-relational and physical
events-on females, aims at facilitating reproduction under optimal conditions, a
strategy which cannot be applied to males with the same efficiency. A completely
pre-zygotic and pre-coital selection mechanism is required, as provided by the loss
of the baculum (Fig. 1.7).
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duces two strong effects in females (from anovulation to abortion) and males (erectile dysfunc-
tion), with two mechanisms quite efficient in blocking reproduction, as the arrow sizes indicate.
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affected by distress-induced female sexual dysfunction (FSD) and by the effect on
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One may argue that psychological and physical diseases, environmental toxins
and distress also affect spermatogenesis. This is true as the same mechanisms act
very negatively on females by producing several female sexual dysfunctions (FSDs).
However, both pathological processes are characterised by low efficiency in
blocking the reproductive output. Distress-induced, communicable-disease-induced
and NCD-induced complete azoospermia is rare, or non-existent (in contrast to
oligospermia) [79], and distress-induced, communicable disease-induced and
NCD-induced FSDs certainly produce a barrier to reproduction [80], but no one is
per se able to efficiently fully block it [81]. Anovulation/abortion and non-baculum-
dependent ED, as on-off systems, appear much more efficient.

1.6  Other Advantages of the Loss of the Baculum

When considering the ancestral versus the modern environment, it is important to
note how priorities in sexual performance and the need for the baculum may differ
in modern men compared with ancestors and other species. For instance, the need
for a quick erectile and ejaculatory process is recognised as important in ancestral
hominids and in other species, and the baculum may facilitate a quick ejaculation
(coitus citus. Lat: coitus as fast as possible) [82]. This reflects the advantage of
speed in depositing semen to impregnate the mate, thus achieving the potential for
reproduction [83]. This may be particularly advantageous where pressures exist in
the environment, such as sexual selection pressures (other mates) or the risk of pre-
dation, which favours a reduction in the time spent copulating [83].
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In contrast, bonds and relationships from the prehistory of homo sapiens reflect
different values and approaches to mating than the behaviours seen in polygamous
species with high sexual selection pressure [84]. This echoes changes over time and
within the species, such as long-term mating strategies, female choice and empow-
erment in partner selection, value placed on monogamy, and low sexual selection
pressure from other mates in the post-copulatory period [84]. Furthermore, the need
for rapid ejaculation following the initiation of sexual intercourse is no longer con-
sidered essential or favourable. This reflects the aim of human sexuality as one ori-
ented toward pursuing pleasure and heightening the enjoyment of the partner,
requiring men to control their ejaculation [83]. Hence, cultural forces have reduced
the importance of speed during reproduction, which may also reflect evolutionary
adaptations to human relationships and society over time.

1.7  Implications for Treatment and Prevention: Inhibiting
Type 5 Phosphodiesterase as the New Baculum

A range of factors contribute to the development of ED in humans, including bio-
logical, environmental, relational and intra-psychic. This constellation of factors
may be seen, to varying degrees, in all patients presenting with ED, highlighting the
multifactorial nature of this clinical condition. An understanding of these factors
and how they relate to lifestyle choices provides an opportunity for the prevention
of ED as well as the targeted management of the condition when it presents.

The prevention of ED at the population level is vital from a public health per-
spective. The consequences of ED on individuals and partners/relationships can be
profound and can impact not only sexual performance but also wider well-being.
However, it is particularly important to consider the prevention of ED as being justi-
fied, considering that ED can be an early signal of poor health. Preventative strate-
gies targeting lifestyle risk factors have the potential to not only reduce the likelihood
of ED but may also confer wider benefits for human health, including reduction in
cardiovascular risk, as explored in Chaps. 2 and 5. The importance of ED prevention
and treatment in the context of ‘diabesity’ (Chap. 3), psychological conditions
(Chap. 4) and endocrine disorders (Chap. 6) will also be considered.

Once ED presents, effective treatment is crucial to minimise the impact of the
sexual symptom. Historically, treatment options for ED were limited to and relied
mainly on aphrodisiacs or alchemical practices, with psychotherapy later intro-
duced as a therapeutic approach in the early twentieth century [4]. In the 1970s, an
alternative to psychotherapy was the use of exogenous androgen therapy [85]. In
the 1980s, malleable penile implants and inflatable prostheses were introduced
[86]. While these devices and prostheses remain in use today, non-invasive strate-
gies remain more desirable for the majority of men affected by ED. It was only in
1998 that the first approved pharmacological approach to managing ED was intro-
duced to practice in the form of oral tablets of sildenafil citrate, a powerful and
well-tolerated phosphodiesterase type 5 (PDES) inhibitor [87, 88]. Consequent to
their introduction in practice, PDES inhibitors (PDES5i) have become the most com-
mon intervention for ED and are recommended as first-line therapy, regardless of
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the underlying cause, when the removal of the contributing risk factor is impossible
or insufficient to restore erectile function [2, 89]. An overview of contemporary
treatment options for ED is presented in Table 1.3.

The development of PDESi for use in managing ED is one of the most widely
known instances of serendipitous discovery in modern times. This class of drugs
was initially developed to treat angina by promoting smooth muscle relaxation, but
patients were observed to develop nocturnal and spontaneous erections during eval-
uation [90]. These effects led to a change in focus towards the use of PDES5i in
sexual medicine and the management of ED. The mechanism of action of PDESi
involves the amplification of the nitric oxide (NO) - cyclic guanosine monophos-
phate (cGMP) pathway [91, 92]. This pathway includes the production of NO in
nerve endings and vascular endothelial cells in response to physiological sexual
stimulation. NO is, in turn, responsible for increasing cGMP, a regulatory of cal-
cium channels, leading to the closure of these channels and a decrease in intracel-
lular calcium. This results in smooth muscle relaxation and the vasodilation of the

Table 1.3 Overview of the treatment options for ED [2]

Therapeutic intervention Details
Aetiological approaches
Lifestyle modification Healthy diet/Mediterranean diet to prevent or manage obesity,
metabolic syndrome, and diabetes mellitus

Physical activity to reduce weight or prevent obesity and diabesity
Smoking and other drug cessation

Moderation in drinking alcohol

Addressing or reducing the sexual impact of the underlying risk
factor (e.g. curing cancer or renal failure, etc.)

Testosterone replacement therapy in hypogonadism

Targeted management of pituitary, thyroid and adrenal
dysfunctions

Counselling

Psychoanalysis to be considered where other approaches have

failed

Aetiological therapies

Hormonal therapies for
endocrine conditions

Psychological therapies

Symptomatic approaches

Oral pharmacological
agents

Psychotherapies
Intra-urethral or intra-
cavernosal administration

of vasoactive substances
Physical therapies

Surgical therapies

Oral PDES5i as a first-line option for managing ED in all eligible
patients, both in the traditional film-coated pills or in the newer
orodispersible films that specifically respect patient intimacy

Sex therapy (e.g. cognitive-behavioural therapy to be integrated
with other psychotherapeutic interventions and lifestyle changes)
Alprostadil in men where PDES inhibitors are contraindicated, not
tolerated or ineffective

Vacuum devices may be considered where pharmacological
options are contraindicated or not effective

Low-intensity shockwaves

Penile prostheses must be considered where other options are
contraindicated or not effective

Note the distinction between aetiological (when the underlying risk factor is specifically addressed
and possibly cured) and symptomatic (when the therapy aims to reduce the impact of the symptom
on the sexual and relational quality of life of the couple) approaches
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arteries in the penis, leading to the engorgement of the corpus cavernosa with blood,
i.e. the erection. The PDES5i specifically act by competitively inhibiting the “erec-
tolytic” PDES enzyme, which is responsible for the breakdown of cGMP into
GMP. Sildenafil thus promotes erection and penile hardness stabilizing the effects
of cGMP, such as smooth muscle relaxation and enhanced penile blood flow [90].

1.8  Conclusion: The Loss of the Baculum and the Canary
in the Coal Mine

The genial neo-Darwinian scientist John Burdon Sanderson Haldane (1892-1964)
first intuited that thalassemia (and, later, sickle cell anaemia), a severe genetic blood
disease, was much more prevalent where malaria was also present, prompting the
hypothesis that mutations in carrier families likely persisted because they offered
some protection against malaria in these malaria-endemic geographies [93]. In this
case, a severe individual handicap (i.e. the genetic disease leading to various acute
and chronic complications, several of which have a high mortality rate) remains in
the population because it confers an immediate advantage in the survival to a
mosquito-borne, lethal infectious disease such as malaria.

Similarly, the persistent and sexually selected disappearance of the baculum,
despite the evident handicap affecting the ability to copulate and thus to reproduce,
produced the advantage of selecting more healthy carriers of genes in a healthier
environment coupled with a more fitting partner, which may have powerfully
boosted human evolution. This perfectly fits the criteria of the handicap theory men-
tioned above.

We suggest here that ED is a signal of poor phenotypic quality and, as such,
reflects the pressures of evolutionary sexual selection in humans. The development
of ED may be a sensitive and early marker of wider disease processes and vulnera-
bilities that are less desirable in mates and subsequent offspring. The loss of the
baculum gave rise to ED, a symptom that is probably rare, if not virtually unknown,
in the animal kingdom and transformed ED itself into the best biomarker able to
early predict, as this book largely demonstrates, virtually all external and internal
factors discouraging reproduction. We can easily infer here that the loss of the bacu-
lum played a major and unique role in accelerating the entire process of human
evolution by facilitating and selecting, through a strong and efficient pre-zygotic
mechanism, the reproduction of individuals displaying vascular, endocrine, neuro-
logical, immunological, oncological, systemic, toxicological, psychiatric, environ-
mental, intrapsychic and relational health. No one human symptom could be
considered as powerful as ED as an early biomarker of general and environmental
health—hence the perfect canary in the coalmine.

The growing role of lifestyle factors in the population’s overall health and well-
being, including their key contribution to the development of communicable- and
NCDs, may be linked to the rising prevalence of ED. It could be, therefore, imag-
ined that a “prehistoric” or at least “pre-industrial” life might have been advanta-
geous from a sexual and reproductive perspective. However, this is not the case,
because there is another aspect to consider. Thanks to advances in modern
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medicine, humans fortunate enough to live in affluent regions of the planet now
enjoy better overall health than ever before. At the same time, they enjoy an incred-
ible ability to address sexual symptoms (in the case of men, primarily thanks to the
Viagra Revolution), despite the growing burden of chronic diseases in society, par-
ticularly impacting older age groups. Thus, recent advances in healthcare have
enabled better management of the negative effects of modern lifestyle risk factors,
just as they have led to an increase in the average human lifespan and associated
expectations of health and well-being in old age, including sexual function.

The burden of ED largely affects older populations as a result and imposes fragil-
ity on the male sexual physiology in this age group. There is a need to consider
expectations of sexual function and pleasure in patients affected by ED, indepen-
dent of age, to support the delivery of individualised and holistic care according to
the lesson of the new SS model (Chap. 7). The treatment of ED is therefore crucial,
and there is a need for PDESi to overcome the “advantageous” fragility of male
sexual physiology, which is, after the loss of the baculum, a major sexually selected
impediment to reproduction. These drugs are invaluable in improving erectile func-
tion and overcoming this evolutionary obstacle [48].

But all these achievements would not be possible without the loss of a little
penile bone thousands of years ago and the serendipitous discovery of revolutionary
pharmacological support just 30 years ago.
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