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1 Introduction

The first sketch of ectogenesis appears in alchemical writings attributed to the

Swiss philosopher, alchemist, physician, and theologian Paracelsus. Whilst his

work on toxicology was highly influential on later developments in medicine,

the model of ex utero gestation Paracelsus described in his De natura rerum is

unlikely to have passed muster in any clinical trial:

Let the semen of a man putrefy by itself in a sealed cucurbite with the highest
putrefaction of the venter equinus [horsemanure] for forty days, or until it begins
at last to live, move, and be agitated, which can easily be seen . . . If now, after
this, it is everyday nourished and fed cautiously and prudentlywith [an] arcanum
of human blood . . . it becomes, thenceforth, a true and living infant, having all
the members of a child that is born from a woman, but much smaller.1

It is unclear whether Paracelsus ever tried to grow himself a little homunculus in

this manner – his writings on this subject are all methodology and no results.

However, this manuscript stands out as one of the only musings on gestation

outside the body in a catalogue of developmental biology stretching over

several thousand years. Is this because nobody was interested, or because the

idea was so far-fetched as to be dismissed as straightforwardly impossible?

Fast-forward to the present day: the artificial womb has been a renewed subject

of interest and concern among bioethicists in recent years. Increasingly successful

proof-of-principle trials using mid-to-late-gestational stage animal foetuses have

been carried out in a number of countries, giving a factual basis to previously

abstract notions familiar from mythology and science fiction. These develop-

ments have prompted new metaphysical and ethical questions about this hypo-

thetical technology, as well as reinvigorating old debates. Authors have vied with

one another to define the moral status and properties of the entity being gestated.

Is it legally a child once removed from the womb? What if it was never in the

(biological) womb to begin with, but began its existence in an artificial environ-

ment? Should we call it a foetus, a premature newborn, a gestateling? Similarly,

we are faced with debates over the correct terminology to use to describe the

process of development in an artificial environment: ectogenesis, ectogestation,

and incubation. For now, we will start with the term ectogenesis:

Strictly speaking, the roots of the words “ecto” (outside) and “genesis”
(development), suggests that this literally means “development outside” –
i.e. outside the body. But since that is the norm in most of the biological
world, the focus in practice is on the development of placental mammals –
specifically humans – outside the maternal body, where this development
would normally happen inside.2

1The Artificial Womb on Trial
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The term first appeared in writing a century ago, in a lecture on the science of the

future presented by JohnHaldane in Cambridge. In his lecture, Haldane described

a future society inwhich fewer than a third of childrenwould be ‘born ofwomen’,

and the rest produced through artificial means. This society would be one in

which only a small number of individuals, deemed sufficiently superior to their

peers, would be ‘selected as ancestors’ for the following generation. Haldane

imagined the view from the year 2074: ‘Had it not been for ectogenesis there can

be little doubt that civilization would have collapsed within a measurable time

owing to the greater fertility of the less desirable members of the population in

almost all countries’.3 Less than a decade later, Haldane’s contemporary Aldous

Huxley published Brave New World.4 In his satirical vision of the twenty-sixth

century, ectogenesis is the ultimate in state reproductive and social control:

human beings come into being in the Central Hatchery, pre-programmed for

their role in society by the artificial wombs in which they grow. In both writers’

visions of the future, the artificial womb (alongside other reproductive technolo-

gies, such as cloning) offers its users vastly improved control of foetal develop-

ment, and by extension, of human progeny.

Complete ectogenesis is (of course) yet to be achieved: we cannot replace

mammalian reproductive processes with artificial stand-ins from start to finish.

Even if we wanted to attempt this, legal regulations prohibiting the cultivation of

human embryos in vitro beyond a certain point of development would cut off such

experimentation very early in the process. Ectogenic research must therefore be

divided, at least for the time being, into work on early human development

(fertilisation, implantation, organogenesis, etc.) and on partial ectogestation:

interventions for the benefit of preterm foetuses in established pregnancies.

Ectogestation – foetal development in an artificial environment, following

removal from a biological womb – is not simply another kind of incubator. As

Elselijn Kingma and Suki Finn explain, a crucial defining characteristic of

ectogestation is ‘development after being “born-by-location-change” but before

being “born-by-physiology-change”: i.e. development outside the maternal body

that prevents the physiological transformation from foetus to neonate’.5 They

outline some of the key differences between foetal and neonatal physiology:

Most obviously, foetuses do not breathe but oxygenate their blood via the
placenta. This results in different normal arterial and venous oxygen tensions
compared to neonates; requires a different kind of haemoglobin; and so on. It
also necessitates a completely different cardiovascular set-up: the foetal heart
functions as a single (rather than, in neonates, a double) pump; and the cardio-
vascular system in foetuses compared to neonates has multiple shunts, different
flow rates and blood pressures in different parts of the system, and so on.6

2 Bioethics and Neuroethics
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In Sections 2–5 of this Element, I give an overview of the stories that people

tell about ectogenesis. Some of these offer moral, scientific and political

rationales for developing and using artificial womb technology; some warn

that this would have adverse outcomes, and that we should therefore avoid it.

In Section 6, I focus on a particular idea put forward by a number of bioethi-

cists in the last few decades, which I refer to as the Convergence Argument.

This is a hypothesis that purports to avoid some of the ethical problems

associated with the development of complete ectogenesis, by suggesting that

this technology could be developed almost coincidentally through the conver-

gence of the two branches of scientific research differentiated earlier. In

the second half of this Element, I aim to show that this Convergence

Argument – like many of the stories told about ectogenesis by bioethicists,

legal scholars, feminist activists and others over the last half-century – is

divorced in important ways from the actual state of biomedical science in this

field.

Sections 7–10 therefore focus on this research: I examine developments in

embryology, in reproductive interventions, neonatal intensive care, and animal

ectogestation, outlining key developments over the last century. In Sections 11–

13, I turn my attention to the most cutting-edge developments in ectogestation

and the possibility of first-in-human trials of this technology. I highlight the

practical and ethical questions that such a prospect demands to be addressed.

Finally, in Sections 14–16, I consider some of the presuppositions upon which

the Convergence Argument rests with regard to the extension of in vitro culture

of embryonic/foetal research subjects. Drawing comparisons with the develop-

ment of technologies such as in vitro fertilisation (IVF) and mitochondrial DNA

(mtDNA) transfer, I consider the circumstances under which it may be ethically

permissible to bring children into the world for the purposes of research. Is it

ethical to create life to show that it can be done?

2 Beyond Barbarism

Here is one story that people tell about ectogenesis: ‘Pregnancy is dreadful.

Really dreadful, it plays havoc with your body – what, yes, and childbirth too,

even worse! The things it does to people. My wife/ colleague/ sister-in-law/

neighbour had an emergency caesarean/ pre-eclampsia/ post-partum depres-

sion. Pregnancy comes for women’s appetites, their moods, their libidos, their

energy – and then childbirth finishes them off! These natural processes are

barbaric. But artificial wombs would rescue us from this torture. No one would

ever have to go through this again’.

3The Artificial Womb on Trial
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Much of this might sound like hyperbole, but such attitudes are founded on

real enough problems. Although some people have relatively comfortable

pregnancies and deliver their children without complications, those complica-

tions are common. One study found that nearly half of all pregnant women in the

United States experienced at least one unexpected complication.7 Even when

women were divided by risk group, unexpected complications occurred in

29 per cent of low-risk pregnancies. During pregnancy, 70–80 per cent of

women experience nausea and vomiting (‘morning sickness’), which in turn

has significant impacts on daily functioning, emotional well-being, vitality, and

mental health.8 Eighty-five per cent of women experience perineal injury during

childbirth, with spontaneous perineal laceration (tearing) occurring in one-third

of births.9 About one in four children in the United Kingdom are delivered

through caesarean section (‘C-section’), which, although it may spare a woman

the ‘trial’ of vaginal delivery, is nonetheless itself a major abdominal surgery

carrying a number of health risks and requiring a lengthy recovery period. This

recovery period will often not be granted to the postnatal patient, who is

normally expected to care for her infant, even whilst still on the ward.10 In

some cases, C-section is carried out as an elective operation; in others, it is

recommended due a foetus’ breech position, or due to maternal conditions such

as placenta praevia (in which the placenta is partially or totally covering the

cervix) or pre-eclampsia (high blood pressure which, if left untreated, can result

in life-threatening fits called eclampsia). C-section rates have been rising

steadily in the United Kingdom, and are already significantly higher (and

continuing to rise) in a number of countries including Brazil, Turkey, Cyprus,

China, Italy, and Mexico.11 However, the global upward trend in C-sections has

beenmet with concern from some, given its strong correlation with non-medical

factors such as economic gain on the part of hospitals, fear of litigation on the

part of healthcare providers, and fear of vaginal delivery on the part of

mothers.12

The last few decades have seen growing concern regarding the extent and

manner of medical intervention in obstetrics. For example, the overuse of

interventions such as C-section and episiotomy in the absence of medical

indication has been described as a symptom of the ‘over-medicalisation’ of

childbirth.13 Research points to trends of ‘too much too soon’ treatment,

including ‘unnecessary use of non-evidence-based interventions, as well as

use of interventions that can be life-saving when used appropriately, but

harmful when applied routinely or overused’.14 We must also acknowledge

the growing corpus of work demonstrating a substantial undercurrent of

misogyny, coercion and control in reproductive and obstetric care.

Individual activists, non-governmental organisation, and researchers have

4 Bioethics and Neuroethics
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brought to light widespread failures to seek or respect normal standards of

informed consent in obstetric care.15 One global review found that women

across low-, middle-, and high-income countries reported experiences

of physical and verbal abuse by healthcare providers during childbirth; it

further found that women ‘overwhelmingly felt “removed” from decisions

about their childbirth, and that health workers were coercive and rushed

through their deliveries in an attempt to reduce them to dependent, disem-

powered, and passive patients’.16 The intersection of racism and misogyny in

medicine has resulted in further burdens on black women, whose rates of

maternal mortality are disproportionately high in the United Kingdom, United

States, and other developed countries.17 Finally, normative stereotypes of

maternity and what constitutes ‘good’ childbirth result in psychological bar-

riers to women’s own advocacy for their needs. As Evie Kendal observes,

‘Although it would seem unreasonable to expect someone suffering the

debilitating cramps associated with appendicitis to forego pain relief,

women still report feelings of guilt when requesting analgesia during

labour’.18

We should be clear that there are several different (albeit connected)

problems here. One is the mistreatment of women in reproductive healthcare;

this was recently recognised by the United Nations Special Rapporteur on

Violence Against Women as ‘part of a continuum of the violations that occur

in the wider context of structural inequality, discrimination and patriarchy’.19

The other problem is the over-medicalisation of pregnancy and labour,

together with widespread failures to respect ordinary medical standards of

patient autonomy and informed consent. Finally, we have what appears to be

the basic problem that biology has dealt humans – like other mammals – an

unfortunate card when it comes to reproduction. In particular, nature has been

rather cruel to the female half of the mammalian population, on whommost of

the burdens fall.

Only the most evangelical stick to the old narratives about Eve’s curse; there

are various evolutionary explanations for the painful and dangerous mode by

which we make new humans.20 The difficulties women face in pregnancy and

childbirth have often been characterised in a way that suggests this is a uniquely

human problem, with reference to the ‘obstetrical dilemma’ hypothesis: walk-

ing upright on two legs makes a narrow pelvis most efficient, whereas giving

birth (safely) to babies with large brains demands a wide pelvis. This is,

however, a hypothesis that has been challenged on various empirical and

theoretical grounds in recent years.21 Although the few observations available

indicate that childbirth generally takes more time and work in humans than in

some non-human primates, there are few comparative studies of labour and

5The Artificial Womb on Trial
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delivery in these primates, and therefore little data to substantiate the view that

humans are alone in problematic parturition.22 The hypothesis also does not

bear up against comparison with some other mammals with whom we live in

close proximity, and in whom our greater economic vested interest has driven

some (albeit still limited) data collection: livestock. The results of a number of

Australian publications, summarised in 2014, conclude that an average of 20–

30 per cent of lambs die prior to weaning, with dystocia (a long and difficult

birth demanding assistance) listed as one of the major causes of mortality.23

Annual ewe mortality ‘has been estimated at 2–10 per cent in New Zealand and

Australia, with higher susceptibility in multiple-bearing ewes’.24

However academically interesting these comparisons might be, they pro-

vide little comfort for those who are currently suffering with pregnancy or

birth-related conditions, or who live with lingering health problems or trauma

from previous births. Whatever the reason that pregnancy and childbirth came

to be this way, the myriad risks and burdens they represent have not yet been

solved by modern medicine. These problems are tightly connected – not just to

each other, but also to the wider structures and narratives within which we find

the mythology of ectogenesis taking shape. We will come back to these later –

for now, suffice it to say that biological reproduction is a risky business. One

story says: that artificial wombs would let us avoid all of these problems,

either by allowing a biological pregnancy to be transferred to an artificial

womb when things go wrong (partial ectogestation – see Section 6) or by

sidestepping the body altogether and using the artificial womb from start to

finish (complete ectogenesis).25 But once we imagine that we can replace the

‘brutality’ of biological gestation with a technological alternative, further

motivations follow. For one thing, as I discuss in the next section, many

authors have raised the point that it is not only women who could benefit

from the ‘mother machine’.

3 Mother Machines

The rationale for developing ectogenesis appears to branch at this point: we

can make a distinction between ectogestation as medical treatment and ecto-

genesis as (re)productive facility. The former would allow us to step in when

an existing pregnancy begins to ‘go wrong’, ending the biological pregnancy

but continuing to gestate the foetus. Here, depending on how we understand

the metaphysics and ethics of pregnancy, we either have one patient, the

pregnant woman; or (if we recognise the foetus as a distinct patient) we

have two patients.26 Either way, there are specific and identifiable health

interests that can guide and justify medical intervention; we come back to

6 Bioethics and Neuroethics
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this point in more detail in Section 12. The latter – ectogenesis as

a reproductive facility – would not intervene in or assist with an existing

human pregnancy and childbirth, but would replace these processes from ‘day

one’, as an alternative to biological baby-making.

This distinction can be slotted into a larger debate about assisted repro-

duction. In the surrogacy industry, we already find a blurring of lines between

bodily function, human labour, and social role, with the production of

children entirely detached from their rearing. We might think that this is

a pathway leading naturally, inevitably, towards the pursuit of artificial womb

technology. Writing for The Guardian in 2002, social theorist Jeremy Rifkin

espouses precisely this view: ‘Thousands of surrogate mothers’ wombs have

already been used to gestate someone else’s fertilised embryos. The artificial

womb seems the next logical step in a process that has increasingly removed

reproduction from traditional maternity and made of it a laboratory

process’.27 Of course, it is quite a leap from surrogate pregnancy to ectogen-

esis. The former (which is, after all, simply ‘normal’ biological pregnancy

with a donated egg or embryo) may remove reproduction from traditional

maternity, but the latter removes reproduction from the human body.

Separating social roles from biological processes is, it is fair to assume,

a sight easier than separating biological processes from the biological organ-

ism. But technological difficulties aside, we can understand ectogenesis as

reproductive facility as part of the same story as surrogacy: one in which we

are not necessarily talking in terms of medical treatment and patient interests,

but in terms of social roles, prospective parents, the desire for a child of one’s

own.

As I have argued elsewhere, although childlessness may be deeply distress-

ing, it is not itself a disease.28 Infertility may sometimes be the result of some

identifiable pathology, of course, but IVF and surrogacy do not resolve the

cause of infertility to allow reproduction; rather, they circumvent the cause to

provide couples or individuals with a child. The artificial womb as

a reproductive facility, just as in the case of surrogacy, is differentiated from

a curative or preventive project like those discussed in the last section. Recent

work in bioethics has also pointed to the reproductive opportunities that

ectogenic technology might bring: to LGBTQ+ individuals and couples for

whom family-making with their chosen partners presents practical challenges,

and to single men and infertile couples who would otherwise seek to have

a child through surrogacy. This has been highlighted by some as a significant

motivation for the pursuit of ectogenesis as an alternative route to

parenthood.29

7The Artificial Womb on Trial
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Another motivation, however, is the desire for parenthood without the more

particular social burdens associated with pregnancy and childbirth in patriarchal

societies. Shulamith Firestone famously held up the artificial womb as a crucial

step in liberating women from patriarchy, arguing that women’s political equal-

ity rests on ‘the freeing of women from the tyranny of their reproductive biology

by every means available’.30 Such views have been carried forward in more

recent work: some scholars have argued fervently that ectogenesis would end

the traditional association of female embodiment with motherhood and child-

rearing, bringing parents of all genders onto a level playing ground. Anna

Smajdor argues that it is ‘a prima facie injustice’ that women must ‘curb their

other interests and aspirations in order to have children at biologically and

socially optimal times’; that they must individually absorb the risks of repro-

duction while society at large profits from their sacrifices.31 Given the myriad

health risks associated with pregnancy and childbirth, doctors would presum-

ably warn against pregnancy as a general rule if it did not lead to children –

a benefit not only for individuals who wish to be parents but also for societies

who wish to have farmers, doctors, teachers, caregivers, builders, and other

service-providers in future.32 Evie Kendal – in making the case for state-

sponsored ectogenesis as a step towards equal opportunity for women – argues

similarly that pronatalist social attitudes create undue pressures on women to

take on childbearing at the cost of other aspirations.33 Her target is not only the

actual costs of pregnancy and childbirth, but all manner of other potential

projects women are prevented from considering seriously, as a result of ‘cultural

indoctrination regarding the desirability and normalcy of procreation, and

attempted concealment of the negative aspects of pregnancy, childbirth, and

parenthood’.34

However, others have balked at the idea that artificial womb technology would

clearly serve feminist interests. They argue that the introduction of ectogenesis

could reinforce pronatalist and geneticist attitudes, lead to greater scrutiny and

criticism of women who choose natural pregnancy and childbirth, and reproduce

the traditionally ‘masculine’ life pattern as the default to which all should aspire,

further denigrating female reproductive capacities. Although in favour of the

pursuit of artificial womb technology to support premature babies, Rosemarie

Tong argues against the development of complete ectogenesis as a substitute for

the biological womb: ‘To recommend such a substitution spells the repudiation of

the body, and with it everything, at least in Western culture, associated with the

body, including woman herself’.35 Kendal, despite arguing that ectogenesis

would be beneficial in the long-term, nevertheless foresees negative conse-

quences in the short-term: ‘reproductive biotechnologies have not caused prona-

talist dogma, but they do have the power to reinforce it’.36 Firestone’s insistence
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that the artificial womb is necessary to the end of sexist oppression should

likewise not be mistaken as a claim that this technology would be sufficient for

that goal. She warns against precisely that kind of thinking: ‘Though the sex class

system may have originated in fundamental biological conditions, this does not

guarantee that once the biological basis of their oppression has been swept away

that women and children will be freed. On the contrary, the new technology,

especially fertility control, may be used against them to reinforce the entrenched

system of exploitation’.37

The narratives by which advances in reproductive technology are often

motivated continue to have serious normative implications, as Gregory Stock

wryly observes: ‘With a little marketing by IVF clinics, traditional reproduction

may begin to seem antiquated, if not downright irresponsible. One day, people

may view sex as essentially recreational, and conception as something best done

in the laboratory’.38 This captures perfectly one concern voiced by some

feminist critics of ectogenesis: if ectogenesis can be shown to produce superior

results than natural gestation, will those women and couples who choose natural

pregnancy be subject to moral judgement? Might they be accused of reckless-

ness, negligence, or even abuse? As we have already seen, pregnant women

(and indeed those who are seen as ‘potentially pregnant’ or ‘pre-pregnant’)

already face significant normative pressures.39 Their behaviour during preg-

nancy is taken as a reflection of their suitability for parenthood, often through

the lens of exaggerated ideals of responsibility and self-sacrifice. It is not

difficult – or unreasonable – to imagine such attitudes being extended to the

choice of pregnancy over ectogenesis, if the latter is widely seen as superior. In

Anne Donchin’s words, ‘if extrauterine gestation were to become an established

practice, would not manywomen be pressured to adopt it – “for the good of their

baby?”’40

A related worry concerns the implications of ectogenesis for social inequal-

ity, especially in the early stages of its public appearance. It is highly plausible

that ectogenic technologies, when first perfected and made available to the

general public, would be affordable only for the wealthiest members of society.

The same conclusions can be extended to global comparisons, where we can

reasonably assume that existing disparities in access to assisted reproductive

technologies between different countries would likewise apply.41 If ectogenic

technologies were indeed to give rise to superior antenatal outcomes, existing

class divisions would be not only economically but biologically entrenched,

with further-improved life chances for the children of the rich.42 Of course, we

should not simply assume the worst of new technologies. As Amel Alghrani

notes, ‘if ectogenic technology comes to fruition, the benefits and drawbacks

surrounding the technology will all depend on the specific context in which it is
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used and how this novel technology is governed’.43 We can imagine that

governments particularly dedicated to egalitarian principles might licence the

technology under strict conditions of equal access through national health

systems, perhaps instituting a lottery of some form. But as we have seen with

interventions like IVF and surrogacy (and, more recently, with prenatal genetic

diagnosis, foetal surgery, and mtDNA replacement), global markets have con-

sistently allowed the wealthy privileged access to new technologies as long as

they are willing to travel. Only serious and sustained efforts to close borders to

reproductive tourists – not to mention international agreement on the need to do

so –would prevent the same wealth-related inequality of access being extended

to ectogenesis.

4 The ‘Stranded Mountain Climber’

Just as ectogenesis has been held up as an answer to maternal injury and death,

its potential benefits for foetal outcomes have been a repeated refrain. This

leads us to a further story put forward over the last half-century as a rationale

for the development of artificial womb technology. Although the explicitly

eugenic motivations behind early support for ectogenesis lost their popularity,

the technology has been represented as enabling great steps forward for

society through the elimination of certain kinds of disability, closer observa-

tion and control of the foetal environment, and easier access for purposes of

foetal surgery. Likewise, the development of partial ectogestation has often

been held up as the answer to our limited capacity to support very preterm

neonates at the border of viability. Currently, the incubation of premature

neonates is constrained by foetal lung development, among other things: the

neonate delivered too early simply cannot breathe either independently or

with the help of ventilation. As Chloe Romanis observes: ‘Conventional

incubators, therefore, will never be capable of facilitating ectogenesis even

as they improve because, in requiring a preterm to use their lungs, the

continued development of the lungs is precluded’.44 In order to remove the

foetus from the womb earlier while ensuring its survival and continued

development, we have to be able to prevent the transition from foetal physi-

ology to neonatal physiology.

But such technological possibilities may have other bioethical consequences

too; as Jennifer Bard observes, ‘It seems a short leap from the ability to continue

a pregnancy in an artificial womb to the requirement that every unwanted

pregnancy must be completed in an artificial womb’.45 This brings us to another

narrative: ectogestation as foetal safety net. A significant proportion of recent

literature on ectogenesis has focused on the consequences of this technology for
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abortion: its regulation, its accessibility, and its permissibility.46 Indeed, in

a recent review, Seppe Segers and Chloe Romanis observe that: ‘It is noticeable

that there is more literature on the impact of this technology on abortion than on

any other issue surrounding the development of this technology’.47 Bioethicists

and legal scholars have long debated whether the pregnant woman’s right to

terminate a pregnancy can be separated from the death of the foetus; ectogenesis

would seem to be the wedge between the two. In her 1971 defence of a woman’s

right to choose abortion, Judith Jarvis Thomson argues that the right to termin-

ate a pregnancy is separable from the right to terminate the life of the foetus,

concluding that ‘the desire for the child’s death is not one which anybody may

gratify, should it turn out to be possible to detach the child alive’.48 Her

argument is based on the premise that no person has the right to use another

person’s body to stay alive against the will of the latter. Letting someone survive

through dependency on your bodywould be (Thomson argues) a generous act of

charity rather than a straightforward duty. If we find ourselves in a situation

where someone or something is dependent on our body for survival, we have the

right to detach them. But if they stay alive post-detachment – for example, by

being transplanted into an artificial womb – we have no further right to ensure

their death.

But of course, accepting Thomson’s argument does not imply (let alone

entail) an obligation to undergo ‘ectogestational abortion’ – that is, terminating

a pregnancy by transferring one’s foetus to an artificial womb – in place of an

ordinary abortion. Assuming that appropriate ectogestational technology exists,

the survival of the foetus would only be compatible with pregnancy termination

in the case that the pregnant woman agrees to a specific kind of detachment.

Writing in the aftermath of Roe v Wade, American medical doctor and political

activist Bernard Nathanson imagined the difference that this technology would

make to abortion; he muses about the development of an instrument of ‘suffi-

cient delicacy’ to ‘pluck [the foetus] off the wall of the uterus like a helicopter

rescuing a stranded mountain climber’.49 However, the vast majority of abor-

tions are carried out early in pregnancy (over 90 per cent being performed at 12

weeks or less), and by non-invasive methods: government statistics for England

andWales show that 87 per cent of abortions carried out in 2021 were medically

induced. Allowing even a ‘delicate’ instrument access to the womb – even by

means of keyhole surgery, for example – in order to physically remove the

foetus would quite clearly be far more invasive and carry greater risks to the

woman seeking abortion. The patient’s right to refuse consent to any specific

medical intervention would thus seem clearly to preclude forced ectogestational

abortion. As Christine Overall puts it,
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respect for the woman’s bodily autonomy requires that she both be entitled to
choose how her pregnancy termination is performed (within the boundaries
of what is medically reasonable for her own optimal healthcare), and be
entitled not to have healthcare workers remove something from her body,
against her will, with the goal of keeping it alive for purposes that are not her
own.50

The debate over ectogestational abortion (much like abortion ethics more

generally) has been pored over at length elsewhere, and I will not go into further

detail here. What is more interesting for our purposes now is that where the

artificial womb appears in the context of abortion ethics, it is not imagined as

a complete replacement for conception, gestation, and childbirth. Instead, it is

envisioned as the backup plan, the foetal safety net, ‘taking over’ an unwanted

pregnancy. This subset of the literature therefore has much in common with

bioethical narratives in which artificial womb technology is represented as the

natural successor to the neonatal incubator.51 Here, this technology represents

a ‘rescue strategy’ in circumstances where continued gestation in utero poses

a threat to the foetus and/or to the pregnant woman. In both spheres, what is at

stake is an intervention in an existing pregnancy allowing the foetus to be safely

moved from the biological womb to the artificial.

Partial ectogestation would potentially allow the resolution of certain kinds

of maternal-foetal conflict. Specifically, this would be instances where it is no

longer in the best interests of mother and/or foetus to continue with biological

gestation, but where the gestation of the foetus to term is still desired. This

might include cases where the best treatment for a pregnant woman’s own

illness would threaten the healthy development of the foetus, or those in

which foetal surgery is needed. As long as the foetus is a part of the maternal

body, the prospects of both are tied to one another. Foetal surgery followed by

transfer to an artificial womb would likely enable greater observation of the

foetus without requiring invasive tests or constraining the mother’s movement

(e.g. through the use of foetal heart-rate monitors). This transfer would also

allow the mother to focus on her own recovery from the surgery, rather than on

being an ‘optimal environment’ for the post-op foetus.

This kind of technology might also allow foetuses to be maintained, and to

continue gestating to term, in circumstances in which they would currently be

spontaneously aborted (‘miscarried’). This would rely not only on the develop-

ment of suitable ectogestation technologies, but also on technologies that would

recognise indications and early warning signs. However, such a prospect may be

both less likely and less desirable, for a number of reasons. First: the majority of

miscarriages occur early in pregnancy (and often before a woman knows that

she is in fact pregnant), and so the routine use of partial ectogestation as a foetal

12 Bioethics and Neuroethics
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safety net would require far more regular and invasive testing and observation

of pregnant (or ‘potentially pregnant’) women.52 Second: a large proportion of

early miscarriages are prompted by chromosomal abnormalities in the embryo.

The recourse to ectogestation to prevent miscarriage would, in such cases,

circumvent a natural filtering system which has evolved to eject those embryos

likely to develop poorly.53 However, in the case of later-stage foetuses, partial

ectogestation would (it seems) simply allow us to move the boundary a little

further in our capacity to save premature neonates and their mothers in the face

of complications.

5 Spare Parts

There is another story used to justify the development of ectogenesis, but

(perhaps for obvious reasons) it has received relatively scant attention in recent

decades. It is an idea that Peter Singer and Deane Wells explore in their

important 1984 investigation into the bioethics of new reproductive technolo-

gies, written shortly after the introduction of IVF. As well as critically examin-

ing that recent development, they make a variety of predictions, not only about

future reproductive possibilities but about concomitant bioethical dilemmas.

Ectogenesis, they argue, may follow naturally from developments in both the

incubation of premature neonates and advancements in our ability to sustain

embryos in vitro: ‘the present gap of a little over five months during which the

natural womb is absolutely essential will certainly be reduced, andmay well end

up being eliminated altogether’.54 As well as positing that this might well

happen (albeit ‘by accident’ – an idea we examine in Section 6), Singer and

Wells argue in its favour, putting forward the case for ectogenesis for a number

of directions. We have already been acquainted with some of their arguments:

benefits for pregnant women and premature neonates in the case of pregnancy

complications; reconciliation of the abortion debate; and a less ethically com-

plex alternative for surrogate pregnancy. However, they also imagine a use for

ectogenic technology that departs from these more familiar ideas: to create

a source of human tissue and organs for transplant.

It is indisputable that society as a whole would benefit from a reliable supply

of transplant materials. Despite recent improvements in the availability of

organs (as a result of the shift from an ‘opt in’ to an ‘opt out’ system for

donor registration) several hundred people in the United Kingdom still die

each year while on the transplant waiting list. For Singer and Wells, partial

ectogenesis – through which surplus embryos could be grown only partly to

term, in a man-made environment, and harvested for transplant organs, blood,

and stem cells – would represent a life-saving opportunity at little moral cost.

13The Artificial Womb on Trial
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These foetuses would not be allowed to develop to the point at which they might

experience pain or sentience and thus would have no moral standing.55 There is,

of course, a clear tension between this idea and the belief that ectogenesis would

provide a solution to the abortion debate, since the purported need for a solution

to the abortion debate generally presupposes that foetuses have some moral

standing.56 But let us put this concern aside for now and consider the key

bioethical concerns that might arise for a ‘spare parts’ project, even if we accept

that the early foetus has no moral status at all. Singer and Wells nonetheless

suggest that this idea is one that ‘will enthuse some and be utterly repugnant to

others’.57 Is this a repugnance we should simply swallow, or is such moral

squeamishness a response to some fundamental ethical wrong here?

Producing foetuses designed for use as a medical resource – although that

way of phrasing things may strike some as deeply uncomfortable – is not

particularly far-removed from another important topic of bioethical debate.

This is the use of pre-implantation genetic diagnosis (PGD) to produce ‘saviour

siblings’: parents of a severely ill child in need of a stem cell transplant may use

PGD select an embryo who would be a match for the existing child. The embryo

is implanted and gestated, and the child who is born is a ready-made donor for

their sick sibling. Although this is by no means ethically uncontentious, it is

a legally permitted and regulated practice in several countries. In the United

Kingdom, for example, PGD for the purpose of saviour sibling creation is

permitted in the case that the existing child has one of the blood disorders listed

by the Human Fertilisation and Embryology Authority. So the question is: if we

can take cord blood from an infant, selected and gestated with that aim in mind,

why can we not take tissues or even organs from foetuses grown for that

purpose? Many of the predominant arguments levied against the use of saviour

siblings simply do not apply to the early foetus grown for harvest through partial

ectogenesis (i.e. ectogenesis from the embryo stage up to some defined point

short of full-term).58 For example, some scholars have objected to the practice

on the grounds that the saviour sibling may be called upon as a donor later in life

(should their sibling relapse); or that the saviour sibling may feel unloved, or

loved only instrumentally if they find out about their origins. Such fears cannot

apply to the foetuses in the project imagined by Singer andWells: such foetuses

would not be allowed to develop to the point of sentience, let alone to be born

and become a child questioning its origins. At the same time, the utilitarian

arguments made in favour of saviour siblings – primarily, that the opportunity to

save the sick child’s life outweighs any potential social or psychological costs –

seem also to apply to the ‘spare parts’ project. On the other hand, a similar

utilitarian argument would justify forced posthumous organ donation, as

opposed to the opt-out or opt-in systems used by most countries (in many of
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which, the relatives of the deceased may still exercise veto power).59 Utilitarian

ethics clearly does not translate consistently into policy.

There is, of course, a practical issue for the ‘spare parts’ idea: foetal organs

are not fully developed until late in gestation, at which point it is almost certain

that they have the capacity to experience pain and/or sentience. However,

Singer and Wells present a possible solution to this problem, positing that –

rather than limiting this project to the use of early foetuses – scientists might

inhibit the development of the part(s) of the foetal brain responsible for sen-

tience and for pain.60 These foetuses could thus be sustained far longer in

a partial ectogenic environment, allowing more mature organs and other tissues

to be harvested for transplant. Those familiar withMargaret Atwood’sOryx and

Crake might feel a twinge of recognition here: Atwood imagines the develop-

ment of ‘gene-spliced’ chickens, engineered to grow with no brain or eyes.61

This – alongside the other ‘transgenic organisms’ on which society is imagined

to rely in the year 2050 – is a purported answer to both the moral qualms and

efficiency problems of animal farming. A chicken that cannot experience

anything can be factory-farmed, and can be genetically modified to over-

produce meat, without concerns about its suffering. Nonetheless, main charac-

ter Jimmy is unnerved and repulsed by the sight of the headless organisms.

Singer andWells likewise appeal to the intuitive repugnance of the idea as a key

reason not to pursue such a course of action: this would go too far. They admit

that there is no logical reason to consider the practice morally problematic: ‘If

all feelings are put aside, it has to be granted that there is no difference in the

moral status of the pre-sentient embryo and the embryo with its capacity for

sentience removed’.62 Nonetheless, they argue that accepting this practice

would require us to override the natural psychological inclination we have to

protect young infants, and that ‘for the sake of the welfare of all our children, the

basic attitude of care and protection for infants is one we must not imperil’.63

There is one thing that this discussion, and the other debates discussed in this

Element, have in common: they generally presuppose completely functional

ectogenic technology and focus on its moral implications. Many researchers

have discussed what these implications would be – for the legality of abortion,

for the life-chances of preterm foetuses or those needing surgery, for the rights

of women, for equality of family-making – if ectogenesis were to be developed,

perfected, and made accessible. These are, of course, incredibly important

questions. Bioethics as a field has always had its work cut out for it in trying

to stay ahead of scientific advances, and even more so in our current age of rapid

technological developments. We should certainly have an idea of how – and

whether – it would be ethical to deploy ectogenesis, if the technology comes

about. But whether we should attempt to develop it at all is a distinct question,
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and one which has received scant attention; the ethics of the research process

itself have generally been overlooked. How would we develop and validate

ectogenesis? What tests and trials would such a project require? It is these

questions that drive the remainder of this Element.

6 The Convergence Argument

Although many writers have expressed enthusiastic support for complete ecto-

genesis in principle, there is a widespread uneasiness with the idea of deliber-

ately working towards an artificial replacement for gestation. There is

understandable disquiet over the idea of placing healthy embryos into a novel

ectogenic system and gestating them as long as possible to see if it works. This

technology, by its prototypic nature, would be far from likely to yield good

outcomes in early trials, even if the process had been tested robustly using

animal subjects. Not only would this approach entail attempting to create new

humans primarily for the purposes of research, but it would predictably expose

them to significant risks, to which they naturally cannot consent. Similar

objections have been raised by some bioethicists to other kinds of research,

such as experimental germline gene-editing using healthy embryos.64 In both

cases, objections are based on the expectation that these embryos (and the future

persons who will develop from them) have little to gain and much to lose from

the experiment.65 Accordingly, Claire Horn observes that public responses to

ectogenic research have differed quite dramatically depending on how research

was presented and described: scientists carrying out ectogestation research are

lauded when they express only a limited aim of helping to rescue and support

premature infants. However, a scientist carrying out research to create an

artificial endometrium, who explicitly stated that her aim was to create an

artificial womb, was ‘hounded with accusatory phone calls and letters’ and

eventually abandoned her research project altogether.66

Nonetheless, it has been suggested that ectogenic and ectogestational

research is chipping away slowly at the time period during which an embryo

or foetus might be dependent upon the biological womb for survival. Complete

ectogenesis could thus (it has been suggested) be achieved at some point by

simply cobbling together our technological mastery of these processes at either

end of human development. Joseph Fletcher, for example, posited shortly after

the development of ECMO (see Section 10) that artificial wombs would soon

follow: ‘The glass womb is after all nothing more than an extension of the

“extracorporeal membrane oxygenator”, the incubator which already feeds

“preemies” and babies with hyaline membrane disease’.67 Peter Singer and

Deane Wells argue similarly that complete ectogenesis ‘will occur almost by
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accident’ through advances in research at either end of gestation.68 We find the

same optimistic prediction repeated by bioethicists in more recent years. Amel

Alghrani argues that ‘research into complete ectogenesis is likely to be dis-

covered by default through the convergence of research in IVF and treatment of

extremely premature babies’.69 Anna Smajdor likewise notes that both

advances in premature neonatal care and the ability of scientists to cultivate

embryos in the laboratory are reducing the number of weeks in which the womb

is strictly necessary for foetal survival: ‘Restrictions on this timeframe have

been due to legal and ethical cutoff points rather than technical problems. Thus,

the window of time required for pregnancy is shrinking and could feasibly

become redundant’.70 Stephen Coleman similarly posits that complete ectogen-

esis will likely be developed ‘through indirect research’: by intervening to

rescue increasingly premature neonates, we may discover ectogenesis ‘almost

by default, without the necessity of any possibly unethical research on the

unborn’.71

The idea of convergence of these two spheres of research has predominated

as the solution for some ethical concerns surrounding the pursuit of complete

ectogenesis. I refer to such claims collectively as the Convergence Argument

(CA). The CA has a clear attraction in seemingly allowing us to circumvent

some of these more morally dubious elements of artificial womb development.

The CA soothingly suggests that instead, complete ectogenesis could be devel-

oped as a kind of ‘side effect’ of independently permissible work: we can get

there on the back of the ethical justifications currently given for embryological

research and for ectogestation research. As Singer and Wells put it, ‘the ability

to keep the immature foetus alive outside the womb will not be developed by

researchers deliberately seeking to make ectogenesis possible, but rather by

doctors attempting to save the lives of premature babies’.72 The claim that

experimental use of ectogestation technology could be justified by its life-

saving potential allows us – in theory – to avoid accusations of Frankenstein-

like imposition of risk on innocent research subjects for the sake of scientific

curiosity.

The CA therefore relies on a set of moral presuppositions and a set of

practical presuppositions. We can begin with the practical. For the CA to be

plausible, we must reasonably expect to be able to reach some point at which

ectogenic research has allowed embryos to be implanted in an artificial envir-

onment and successfully cultivated until some gestational age x (or later); and at

which ectogestation research has allowed premature foetuses at this age x (or

earlier) to be successfully removed from the biological womb and transplanted

into an artificial womb (AW) or artificial placenta and amnion (AP) setup.

Furthermore, though this presupposition has not been made explicit by
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bioethicists espousing the CA, we must expect that removal from the biological

womb and transfer to the AW/AP is a procedure that could be translated

straightforwardly to transfer of the foetus from the artificial environment in

which it was implanted and developed for the first x weeks gestation.

Somewhere in the region of x, then, the foetus could plausibly be removed

from the artificial environment in which it began to develop and transferred to

the AW/AP in the same way as a foetus being transferred to the AW/AP from

a biological womb.73 This is the hypothetical state of affairs to which Alghrani,

Coleman, Smajdor, and others allude when they suggest that complete ectogen-

esis might be discovered ‘by default’ or ‘accidentally’. In Sections 10–13,

I demonstrate that some of the practical presuppositions upon which the CA

relies are not currently borne out by the relevant scientific facts.

We also have to consider the fundamental moral presupposition that the relevant

research could justifiably be carried out on either side of this potential convergence.

The two spheres of research are currently motivated by different sets of interests,

and work is carried out using very different research subjects – and with very

different ethical problems at play. The goal of AW/AP development is ‘to devise an

ameliorated alternative to present-day standards of neonatal care for extremely

preterm infants’.74 This research is therefore at least partly motivated by the

interests of a specific clinical population that could benefit from this technology,

once it exists.75 Research into early embryonic development, whether using natural

embryos or embryo models, has been motivated by a wider range of potential

benefits. For example, this kind of research might help to elucidate the causes of

earlymiscarriage; it may also shine new light on the causes of (and potential means

of treating) infertility and early embryonic developmental disorders. Advancing

our understanding of stem cell differentiation and self-organisation through

embryological research might one day allow us to produce synthetic tissues and

organs for transplant. Research into fertilisation and embryonic development is

thus aimed towards the production of generalisable knowledge and understanding,

some of which might prove instrumentally useful in our response to a range of

human illnesses and ailments – and not just those pertaining to reproduction.

In Sections 7–11, I explore both pathways of ectogenic research highlighted

in Section 1: research into fertilisation, implantation, and early embryonic

development on the one hand, and interventions in neonatal and foetal support

on the other hand. Since complete ectogenesis is neither a scientific reality nor

a current research aim, I will henceforth refer to the former as ectogenic/

ectogenesis research, and the latter as ectogestation/ectogestational research.

This discussion will take us from the first forays into reproductive intervention

to contemporary embryology. We then move on to the latter branch of research:

ectogestation, interventions (attempting) to allow the continued development of
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the foetus outside the biological womb. Here, we explore the history of this

field, sketching a path from the first animal experiments conducted in the 1950s

to the cutting-edge research being carried out at various institutions around the

world today. These two research pathways have a similar background and are

motivated by many of the same (real and perceived) imperatives, but there is

also a multitude of differences in their clinical justification, their legal regula-

tion, and the ethical problems to which they give rise. I will discuss some of the

key bioethical questions pertaining to these two scientific fields, their subjects,

and their possibilities for progress and extension. Even assuming that the

relevant work in ectogenic and ectogestation research could be independently

justified, I argue that the CA cannot circumvent all the ethical issues represented

by the quest for complete ectogenesis. I expand upon my earlier work to argue

that in order to determine that ectogenic technology could indeed provide

a complete substitute for the biological womb, human subject trials from

fertilisation to full term would still be required.76 Whether this could ever be

ethically permissible depends on a number of ethical variables. Considering

these will in turn lead us to cast a critical eye on broader trends in reproductive

science and concomitant conversations in ethics.

7 Life in the Petri Dish

The Enlightenment period and the Western industrial revolution saw the first

forms of intervention in conception, and concomitantly, important advances in

embryology and developmental biology. Lazzaro Spallanzini performed the

first recorded artificial insemination of an animal in 1784, successfully impreg-

nating a dog that gave birth to three puppies. The first report of this technique in

human patients was published by English doctor John Hunter a few years later,

in 1790: he advised his patient to catch sperm that escaped during sexual

intercourse and to introduce this to the vagina using a warmed syringe.77

Ernst von Bauer produced the first detailed microscopic descriptions of the

mammalian ovum in 1827, and Edouard Van Beneden published observations

of early development in the fertilised egg through the 1870s and 1880s.78

A decade later, in 1890, Walter Heape flushed two fertilised ova from the

womb of an Angora doe rabbit (these having been fertilised by an Angora

buck rabbit) and transferred them to the upper fallopian tube of a Belgian hare

rabbit (this animal’s own eggs having been fertilised by another Belgian hare).

The Belgian hare doe – the first mammalian gestational ‘surrogate’ mother –

eventually gave birth to six young, two of which ‘were undoubted Angoras’.79

Van Beneden’s student Albert Brachet would go on to found the Brussels

School of Embryology. When he arrived in Brussels in 1904 (recruited by the
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Medical School of the Université Libre de Bruxelles as an anatomy professor)

he was considered an expert in descriptive embryology; however, at this time he

began to develop a new discipline of experimental embryology, to which he

gave the name causal embryology.80 In a ground-breaking 1912 experimental

study, Brachet attempted to culture a rabbit blastocyst in vitro and was able to

maintain the blastocyst for forty-eight hours. By the end of the next decade, the

development of the blastocyst from the initial cleavage stage had not only been

observed but had been captured on film.81 Improvements in culture conditions

continue to advance, and were vastly improved by the mid twentieth century. By

this time, scientists were able to remove embryos from the fallopian tubes of

mice, cultivate these in vitro, and return them successfully to the biological

womb, with live offspring resulting.82 Ayear later, in 1959, the first documented

instance of IVF was reported: rabbit ova were incubated with sperm for four

hours, resulting in fertilisation, and the resulting embryos were transferred to

the wombs of female rabbits.83

In 1966, Robert Edwards published his early attempts to replicate the fertil-

isation process using human eggs, positing that since rabbit and pig eggs could

be fertilised in vitro, presumably the same could be achieved using human eggs

grown in culture. However, he added a caveat that, ‘obviously it would not be

permissible to implant them in a human recipient’.84 This was an ethical

boundary that Edwards evidently reconsidered in the following years, going

on to co-develop IVF treatment with colleagues Edward Steptoe and Jean Purdy

(an achievement for which Edwards would come to be awarded the Nobel Prize

in Physiology or Medicine in 2010). The first human IVF pregnancy was

reported in Australia in 1973, but ended in early miscarriage. The first human

baby conceived through IVF and surviving to term – Louise Brown – was born

in the United Kingdom just five years later. It was at this point that public

debates regarding research into human reproduction sparked to new life. Even at

this early stage, some scholars raised concerns regarding the possibility that

scientific advancements in IVFmight inspire more dubious attempts to create an

artificial womb. For example, a 1974 letter by scientist and Nature editor

Miranda Robertson warned that the stated aims of IVF scientists should con-

strain any further research; these aims could not, she argued, justify ‘the

development at vast expense of an elaborate surrogate uterus’:

The human uterus is still irreplaceable between six days and 24 weeks of
gestation, which includes the most critical developmental period – that of
differentiation, when the foetus is at its most susceptible to teratogenic
influences. Not only are the problems inherent in the creation of an artificial
womb during this period enormous, but none of the stated aims of current
research on human embryos in vitro would be served by it.85
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As Amel Alghrani observes, the birth of Louise Brown ‘gave rise to a wave of

public concern surrounding the possible harms, risks, and ethical dilemmas

associated with the use of new artificial reproductive technologies to create

children’.86 A few years later, in 1982, the UK government commissioned an

inquiry into the social, ethical, and legal implications of recent and potential

future developments in biomedical research in human fertilisation and embry-

ology. This inquiry was headed up by Baroness Mary Warnock, and the report

the committee later produced – outlining their proposals for the regulation of

assisted reproductive technology (ART) – would come to be known as the

Warnock Report. These proposals underpinned the Human Fertilisation and

Embryology Act 1990 and the workings of the Human Fertilisation and

Embryology Authority (established a year later with the task of carrying out

this regulation). Among the key recommendations to be encoded in law were

the requirement that no human embryos would be used in research that could

reasonably be substituted with non-human animal materials, and the 14-day

rule, which prohibits culture of human embryos in vitro beyond the emergence

of the primitive streak (a precursor of the brain and spinal cord). The same limit

has been encoded in law in at least a dozen other countries, and endorsed in

guidelines for embryo and fertilisation research in several countries that have no

similar legal regulatory framework.87

During the consultation process, some groups had recommended to the

Warnock Committee that embryos should not be used for research beyond the

end of the implantation stage (around 13 days); others suggested a limit of 17

days, this reflecting the beginning of neural development. The development of

the primitive streak, around 14 or 15 days, lies roughly in the middle of this

range, and marks the beginning of gastrulation. At this point, the cells forming

the inner embryo begin to differentiate; this corresponds ‘to the last point in

which the embryo could cleave into twins (i.e. twinning) or in which two

embryos could merge into one (e.g. tetragametic chimerism)’.88 Some have

suggested that this stage therefore represents the beginning of the embryo’s

existence as an individual organism, or on some accounts, person.89 The

Warnock Committee noted that one objection to embryological research is

that ‘each [embryo] is a potential human being’, and so the emergence of the

primitive streak marked a useful reference point: ‘the beginning of individual

development of the embryo’.90 Their report nonetheless admits that any limit

would be arbitrary to some extent, since ‘once the process has begun, there is no

particular part of the developmental process that is more important than

another’; biologically speaking, therefore, ‘there is no one single identifiable

stage in the development of the embryo beyond which the in vitro embryo

should not be kept alive’.91
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The Warnock Committee did consider the possibility of scientific advances

allowing for embryos to be developed outside the womb for ‘progressively

longer periods’ but suggested that ‘such developments are well into the future,

certainly beyond the time horizon within which this Inquiry feels it can

predict’.92 The HFEA 1990 was amended in 2008 (to reflect not only scientific

advances but certain shifts in social norms) but the 14-day limit was left

unchanged. We have, however, arrived at that unforeseen time horizon: in

2016, researchers in the Zernicka-Goetz research group were able to maintain

embryos in culture up to the legal boundary line, terminating their experiment

at day 13 in line with this legal rule.93 In response, a number of scholars have

pushed for the limit to be extended.94 Some of those calling for revision argue

that the 14-day rule does not reflect any ‘ethical tenet grounded in biological

facts’; but rather, that it was established for pragmatic reasons, as ‘a public

policy tool designed to carve out a space for scientific inquiry and simultan-

eously show respect for the diverse views on human embryo research’.95 At the

same time, as long as the same respect is valuable, it seems reasonable to

maintain that putatively ethical boundaries should not in general simply be

shifted to accommodate growth in scientific capacity and curiosity. This holds

even if those responsible for the original limit were influenced by doubts that

scientists could ever surpass that limit in practice. It may not be possible to

determine any objective moral boundary delimiting permissible and impermis-

sible research using embryos, but given that ethical considerations played an

important role in the creation of the original limit, any redefinition of the limit

should likewise take these considerations into account. Until this happens,

progress in the field of in vivo embryology relies on finding some other way

of doing the relevant research.

8 Animal Research and Human Embryoids

An alternative to research using human embryos – as the snapshot of scientific

history mentioned previously makes clear – has been the use of non-human

animal embryos. These do not provide a perfect model for human embryonic

development, but are generally cheaper to source and give rise to fewer ethical

problems. Recent years have seen further advances in extended embryo culture

using animal subjects: in 2021, researchers at theWeizmann Institute of Science

were able to remove mouse embryos from the maternal uterus on day 5 post-

fertilisation and culture them in vitro until day 11, through to late

organogenesis.96 (The full gestation period for mice is around 20 days.)

At day 11, the foetal mice were too large – at around a centimetre long – to

take up nutrients from the growth medium by diffusion, and died at this point.
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The longest in vitro culture of primate embryos was achieved in 2023 using

cynomolgus macaque monkey embryos (full gestation period 153–179 days).

These developed, albeit with some defects, to 25 days, at which point the

embryos collapsed.97

Animal embryos are not the only means by which scientists have endeav-

oured to expand our understanding of embryonic development whilst circum-

venting the 14-day rule. This brings us to another recent development: embryo

models, sometimes also called embryoids or synthetic embryos. These are self-

organising, embryo-like structures cultured from stem cells. Various kinds of

embryo models have been produced, differing in the types of cells used to create

them, their developmental potential, and the aspects of development that they

can be used to model. One key distinction is that between non-integrated and

integrated embryo models. The former mimic some aspects of early embryonic

development, such as gastrulation (when the embryo reorganises itself from

a single layer of cells to a multidimensional structure defining the axes of the

body). However, these non-integrated embryo models cannot develop further,

since they usually lack extra-embryonic cells, which regulate implantation and

the nutrition of the embryo. Integrated embryo models, however, are designed

to resemble natural embryos more completely. Naive embryonic stem cells are

primed using chemicals that ‘program’ them to begin differentiating into the

four types of cell (epiblast, trophoblast, hypoblast, and extra-embryonic meso-

derm) that make up the early embryo. These cells then spontaneously organise

themselves into an embryo-like structure, something resembling the ‘normal’

embryo in properties and behaviour. Blastoids, for example, are integrated

embryo models that behave in the same way as the natural embryo in the final

stage of development prior to implantation.

Integrated embryo models have also recently been created that resemble

natural embryos in their post-implantation development. In 2022, researchers

cultured mouse embryo models to completed gastrulation and the beginning of

organogenesis, with a heartbeat established as the heart began to form. Whilst

a number of defects were present (as a result of which, the embryo models failed

after eight days) the models also bore important similarities to natural embryos.

For example, comparison with a natural embryo at the same stage of develop-

ment showed that the structures developing in the embryo model ‘were very

similar to the natural embryo heart’.98 A Weizmann Institute of Science team

produced similar findings using mouse embryonic stem cells99 and then used

naive stem cells to produce a human embryo model. This model developed in

ways resembling ‘key hallmarks’ of post-implantation natural embryonic devel-

opment up to 13–14 days following fertilisation.100 In other words, we have

a synthetic model for the human embryo: something that develops, behaves, and
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reacts enough like an embryo for the purpose of many scientific investigations.

The 14-day limit does not apply to synthetic embryo models, and so these

models could potentially be used to allow further research into the mechanics of

slightly later-stage embryogenesis, the causes of early miscarriage, the effects

of certain drugs on embryonic development, and so on.

However, it must be said that without a synthetic placenta, there are still

natural limits on the examination of embryo models in culture. We must also

acknowledge that the embryo models give rise to their own biological, ethical,

and legal problems. If we cannot legally culture natural embryos in vitro beyond

14 days, we will have little to compare embryo models with if we culture these

for longer. (The live embryo developing in the womb is simply not accessible to

observers in a way that allows for this kind of comparison.) We cannot be sure

that embryo model development beyond this boundary would resemble that of

age-matched natural embryo development. But moreover, if the embryo model

has similar enough biological properties to the natural human embryo for such

research to be enlightening vis-á-vis the latter, it is not clear that the embryo

model should not have the same moral status and legal protection. As Nicolas

et al. and others have observed, there is a Catch-22-style problem before us in

determining the moral status of the embryo model: ‘human embryo models are

designed to avoid experiments on human embryos, but more research on human

embryos is needed to knowwhether embryoids are just a paradigm or more than

a model’.101

Ectogenic research in early development is therefore constrained at this point

in time by both legal regulations and the technology available to biomedical

research. Progress in this arena may also depend on advances in the develop-

ment of an artificial endometrium and placenta. However, if we cannot imagine

the extension of embryo culture beyond 14 days, there is very little point in

continuing with this Element. As demonstrated in greater detail next, in

Sections 10–11, there is realistically very little hope for the development of

complete ectogenesis (at least in the manner supposed by advocates for the CA)

without quite significantly stretching the laboratory life of the embryo and early

foetus. One consequence of this stretching, however, would be that the subject

of this research changes.

I noted earlier that embryo research, although subject to very particular

regulations, is not treated as human-subject research. A vital question for the

progress of ectogenic research is therefore: at what point does embryological

research become human subject research? And what should happen to those

human subjects at any given stage of development? I will return to these

questions in Sections 14–15. In the meantime, we turn to ectogestation research:

the removal of the foetus from the biological womb and its continued
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development in an artificial setting. This is not only development outside the

womb, but specifically gestational development, operating on ‘a foetal physio-

logical blue-print, which is (normally) entirely dependent on and integrated in

maternal physiology’.102 The clinical rationale for the production of ectogesta-

tion technology has been to improve survival chances for these very premature

neonates, but also to provide an alternative to current, more invasive respiratory

support technologies (these carrying a significant risk of injury to under-

developed organs).

9 Prematurity and the Placenta Problem

Neonatal care saw significant developments through the course of the nineteenth

century, with the first incubators appearing in 1835 and providing stable, hygienic

environments for infants born before 37 weeks gestational age.103 Models of

incubators developed in the decades that followed used double-walled metal

vessels warmedwith hot water, and awood-and-glass box insulatedwith sawdust.

The growth of neonatal incubationwas initially limited by the widespread attitude

that premature babies were simply doomed. However, French physician Pierre

Budin came up with a new strategy to acquire funding for incubators: he

displayed neonates in incubators at the 1896 World’s Fair in Berlin, where this

curiosity drew significant attention (and inspired copies, such as the 1903 exhibit

organised by German Martin Couney at the Coney Island amusement park in

New York). Budin saw the incubator as representing a revolutionary benefit for

premature infants, declaring: ‘All, poor and rich, will be able to conserve their

little ones and enjoy the sweet joys of the heart without experiencing its sadness,

all of which promotes the great beneficence of the Patrie, which needs all its

children’.104 But as we saw in Section 1, advances in the incubation of premature

infants are limited by an important difference between foetal and neonatal

physiology: foetal blood is oxygenated by the placenta, and neonatal blood is

oxygenated by the lungs. Currently, neonates can only survive outside the womb

after the point at which their lungs have developed enough not to collapse

immediately after this ‘switch’ from foetal to neonatal physiology. A respirator

cannot breathe for the neonate if the lungs are not suitably developed, but the

neonate cannot be returned to a fluid environment – the shift from foetal to

neonatal physiology is irreversible. Keeping the extra-premature foetus alive

therefore requires some way of maintaining foetal physiology long enough to

connect the foetus to an artificial placenta (or some alternative to that).

Here, it is worth an aside to note that all mammals are placental – they all

have this organ, and in all of them this organ is responsible for maternal-foetal

exchange – but placentation functions differently in different mammals. Let us
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therefore take a moment to look at the human placenta in a little more detail.

This is an organ that ‘belongs’ to both the pregnant person and the foetus,

growing out of both and composed of both maternal and foetal cells.105

Although we have so far focused on the placenta’s role in oxygenating the

foetal blood, the placenta does not only play the role of ‘lung’: it also performs

the roles that will later be taken over by the endocrine glands, and organs such as

the liver and kidneys. The placenta will grow throughout the pregnancy (weigh-

ing roughly 450–500 g by the time of birth) and will also act on the maternal

body in such ways as to facilitate transfer of materials to and from the foetus –

for example, by ‘remodelling of the maternal uterine arteries that supply the

placenta to ensure optimal perfusion’.106 But how does this perfusion work?

Foetal and maternal blood do not simply mingle together in one big bowl and

then separate; nor can the maternal blood simply ‘shed’ useful molecules to be

picked up by the foetus later. To fully understand the placenta problem for

ectogestation research, we should examine the process in a little more detail.

For the first ten weeks or so of biological gestation, the foetal circulation

relies primarily on gas exchange through the yolk sac – a small membranous sac

that develops early in gestation and attaches to the embryo to allow the

exchange of gases, nutrients, and waste products between mother and foetus.

During this time, the placenta forms, and around the tenth week, the foetal

circulation transitions to being placenta-dominant.107 The placenta itself is disc-

shaped, with two large surfaces: one adjacent to the maternal endometrium (the

wall of the womb) and the other adjacent to the umbilical cord. In between these

surfaces is a space. From the maternal side, blood flows into this cavity. The

maternal arteries bring in oxygenated blood, rich in various nutrients and other

molecules; the blood floods this space in order to allow perfusion, and then exits

again, ‘draining’ out into the uterine veins. Now we look to the other side of the

placental cavity. From the umbilical cord, through the surface of the placenta,

and into that internal cavity, reaches a structure that looks like a tree (and is

indeed called the villous tree), with a thicker trunk-like stem branching into

smaller and smaller branching structures called villi. These branches reach all

the way across the internal space of the placenta, with some of the smallest

branches – the terminal villi – reaching the maternal surface. These have

a massive total surface area and develop and extend a vast foetal capillary

network. These capillaries are blood vessels carrying foetal blood. These blood

vessels are separated, by an incredibly thin membrane, from epithelial cells,

which form a continuous layer across the surface of villous trees. The epithelial

cells are in direct contact with the maternal blood, which has filled the placental

cavity and is percolating between the tree-like branches. The epithelial cells on

the outside of those branches facilitate the transfer of materials between the
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maternal blood and foetal blood. They allow the free diffusion of molecules

such as oxygen and carbon dioxide in and out of the foetal blood in the

capillaries, along a concentration gradient.108 At the same time, they prevent

the transfer of some other chemicals across the membrane, and actively mediate

the transfer of still others by ‘dragging’ them in or out of the foetal capillaries

against the concentration gradient.

Ectogestation research directed at intervention in an existing pregnancy, for

the sake of an existing foetus, therefore needs to solve the problem of how to

transfer specific molecules in and out of foetal blood circulation; there can be no

artificial womb without an artificial placenta. The synthetic placenta cannot

simply provide a space for diffusion, but has to provide active and incredibly

precise transport. Early commentators were sceptical about the possibility that

an artificial system could deliver the correct nutrients in the correct quantities at

just the right moments:

To provide these one either has to push fresh blood into the system at just the
rate the foetus uses up what the blood contains, or one has to dose the system
with these chemicals, as if one were spicing a sauce. The first approach is
impracticable for long – where would all the donors of just the right type
come from? As for the second, we are just nowhere near knowing what the
right recipe. Until we do know – precisely – the foetus is bound before long to
be poisoned to death or serious malfunctioning.109

But figuring out the delicate balance of nutrients in and out of foetal circulation

could come second. There was little sense in honing this ‘recipe’ until a method

for introducing the relevant nutrients into the foetal circulatory system could be

developed; for the time being, then, ectogestation research focused on perfusion.

10 Preterm Survival and the Foetal Sheep

Early experiments conducted in the 1950s and 1960s worked on the supposition

that one could replace the biological ‘vessel’ with an artificial one, as long as it

was supplied with the right kinds of chemicals. That might be achieved by

attaching supply tubes to the umbilical cord, to perfuse the foetal blood with the

necessary nutrients. In other cases, the chosen strategy was to saturate the fluid

foetal environment with these nutrients. In 1958, Björn Westin and his col-

leagues published the results of an experiment on seven pre-viable human

foetuses: the umbilical vessels of these foetuses were cannulated (i.e. thin

tubes were inserted into them) and exposed to a countercurrent of oxygen, in

order to oxygenate the foetal blood. The foetuses were kept alive for between

five and twelve hours in this way.110 A few years later, Robert Goodlin sub-

merged foetal mice, newborn mice, and spontaneously aborted human foetuses
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of various gestational ages (from 9 to 24 weeks) in saline in a high-pressure

chamber; this ‘womb’ was fed with nutrients and oxygen.111 The longest

(human foetal) survival in this experiment was 23 hours. Goodlin suggested

that cutaneous respiration, through which oxygen is forced through the foetus’

skin by the high pressure, ‘appears to be a promising mechanism to maintain the

oxygen supply of an extrauterine foetus’.112

Another experiment, published a few years later by Earl Maynes and John

Callaghan, used a different approach. Rather than oxygenating the foetal blood

directly (which, they observed after earlier studies, led to blood damage), they

set up a set of chambers separated by porous membranes, sending the foetal

blood through a central chamber, with the blood of a donor animal flowing

through the chambers on either side.113 Foetal oxygenation thus took place by

diffusion along the concentration gradient, as in the biological placenta. In

1964, a lamb survived for 21 hours in this structure and survived removal;

a technician on the project, Jean Fortin, reported that the animal had been named

John Glenn after the first American to orbit the earth.114

Further experiments were carried out by other groups during this period,

mostly using foetal pigs and sheep. Some systems were powered by the foetal

heart, while others used an external pressure source. Many (like Callaghan and

his colleagues) used gravity as an aid by raising the blood reservoir above the

foetus to facilitate circulation.115 One group succeeded in keeping a foetal

lamb alive on an artificial placenta for over two days.116 But although these

early studies were groundbreaking, and established an important foundation

for later work, ‘their success was limited by the technology available at the

time – thick-walled metal cannulae, rudimentary bubble oxygenators, and

high-pressure roller pumps’.117 Further progress would depend on more

general advances in medical technology. The surge of interest in the artificial

placenta seen in the 1950s and 1960s faded away; it would return only two

decades later, following a series of major advances in extracorporeal mem-

brane oxygenation (ECMO).

ECMO was developed and tested in the late 1970s and early 1980s, and

involves pumping blood outside the body to a heart-lung machine that removes

carbon dioxide and introduces oxygen.118 In a seminal study, this technique was

used by Robert Bartlett and his colleagues to treat forty-five newborns suffering

from respiratory failure, with a 50 per cent survival rate. Unlike a supportive

respirator, which can damage the lung, this method ‘provides life support while

allowing the lung to “rest”’.119 Of course, this still applies only to neonates or

infants with fully or near-fully developed lungs – there is a difference between

lungs that need rest and lungs that have not been fully built yet. Here, we must

recall a crucial distinction: between supporting the premature neonate and
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‘finishing off’ the foetus still in need of continued gestation. Nonetheless, these

advances – coupled with progress in the development of more sophisticated

medical technologies – gave a second wind to research into ectogestation.

Arguably the most significant next step forward in this field came in 1987,

with the publication of a series of studies by Japanese researchers Yoshinori

Kuwabara and Nobuya Unno. They had developed ‘a new extrauterine incuba-

tion system’ using ECMO via the umbilical vessels, by means of which they

supported 14 foetal goats for various periods of time – up to 165 hours.120 Two

years later, they re-attempted their experiment with a modified system and an

improved method of catheterisation. Of the nine foetal goats used, six were

successfully incubated, with a mean survival time of 146.5 hours and a max-

imum of 236 hours.121 Five years later, they had more than doubled the

maximum survival time: in an experiment using two foetal goats, the team

supported these foetuses for 494 hours and 543 hours respectively, or roughly

three weeks. Following this, the foetal goats were removed from the incubator

and the transition to neonatal physiology – that is, breathing using the lungs –

was stimulated. Supported with a ventilator, ‘both animals maintained stable

blood-gas exchange and survived for more than one week’.122 These experi-

ments therefore represented important progress in ectogestation; but problems

remained with regard to the animals’ prospects following removal from venti-

lation support. Mechanical ventilation had to be initiated in both goats in the

absence of a strong respiratory drive.123 These experiments had required foetal

movement and swallowing to be restricted using the infusion of sedatives, as

movement appeared to result in catheter disturbance and circulatory deterior-

ation. The authors theorised that the animals’ failed efforts to stand up and

inhibited spontaneous breathing might have been the result of muscular weak-

ness, itself ‘due to long-term immobilization or toxic disturbances’.124 Before

such a system could be trialled in humans, they noted that numerous problems –

including organ maturation – would need to be resolved.

11 Size Matters

This brings us to the turn of the century, and a new wave of research in

ectogestation. At present, there are three key sites with long-running ectogesta-

tion projects: the University of Michigan; the Children’s Hospital of

Philadelphia; and on the other side of the globe, a joint project running between

the University of Western Australia and Tokohu University. In their review of

clinical translation milestones for this field, Brianna Spencer and George

Mychaliska observe two main approaches in research over the last two

decades.125 One approach has focused on the development of the ‘artificial
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placenta’ (AP) based on venovenous ECMO (removing blood from, and reintro-

ducing it into, the animal’s venous system, and providing exchange of oxygen

and carbon dioxide). The other has focused on the development of an artificial

womb (AW), based on arterial venous ECMO – this drains blood from the

arterial system, usually at the umbilical artery, and reinfuses into the venous

system.126 AW and AP systems also maintain fluid-filled lungs in different

ways: AW systems immerse the entire foetus in a fluid-filled bag (often referred

to as a bio-bag) and AP systems intubate the foetus and fill the lungs with

a special fluid – perfluorocarbons – that carries a lot of oxygen. The pressure

exerted by this fluid maintains lung pressure at the correct level, preventing

them from collapsing or compressing. Reflection on the human placenta’s

function (described earlier) suggests that there is some irony in the term ‘artifi-

cial placenta’, given how differently the AP functions from its purported

counterpart. Nonetheless, recent experiments using both approaches have dem-

onstrated major advances in the capacity to support late-term foetal sheep

outside the biological womb, and then to wean them off the AP/AW system.

In several recent trials, both lung function and brain development of premature

sheep weaned from these systems onto ventilatory support have been found

comparable to gestational-age-matched controls – foetal sheep that had con-

tinued developing in utero for the same period.127 Ectogestation research has

thus come leaps and bounds in the last decade. However, a challenge remains

for contemporary ectogestation projects: size.

The premature foetal sheep used in recent trials of AP systems, aged around

95–100 days gestation, are roughly equivalent in terms of lung development

stage to the target clinical population (premature human neonates at around 22–

23 weeks gestation). However, the animal’s phase of lung development is

arguably far less important than other variables – indeed, Haruo Usuda et al

describe it as ‘of little or no relevance to AP maintenance studies’ given that the

aim of AW/AP systems is to allow lung development to continue bymaintaining

placental (or rather, placenta-style) gas exchange.128 The sheep’s full gesta-

tional age is 145 days; at 95 days, foetal sheep are therefore around two-thirds of

the way through their normal gestational term, and thus equivalent on this

metric to a 28–32 week human foetus.129 These foetal sheep are also signifi-

cantly larger, weighing around three-and-a-half times more than human foe-

tuses in the target clinical population. The blood vessels to be cannulated are

simpler wider and have thicker walls. The current experimental subject, then, is

a ‘more robust animal with an elevated circulatory volume and larger vessels

able to accommodate wider catheters’.130

But miniaturisation in this field is not simply a matter of making smaller

catheters (although of course, the technical difficulty of safely cannulating an
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incredibly narrow and fragile blood vessel should not be overstated). Nor is it

only a matter of overcoming the problem that – unlike the natural placenta,

umbilicus, and blood vessels that grow together – a fixed catheter will not grow

along with the foetus on AP support. The greater challenge is one of pressure,

resistance, and blood flow. Usuda et al explain:

The Hagen-Poiseuille law states that resistance in a fluid circuit is inversely
proportional to the fourth power of the radius of a vessel. As such, compar-
ably small decreases in the internal diameter of fetal vessels, and the catheters
used to connect them to the AP system, have a profound impact on circuit
resistance. Simultaneously, the capacity of the fetal heart to generate the
pressure necessary to overcome this increasing resistance diminishes with
increasing prematurity, along with the circulation volume available to dis-
place across the AP circuit.131

In simpler terms: resistance is lower if the tube through which liquid flows is

wider, and vice versa. Halving the diameter of a tube (for example) will increase

resistance sixteen-fold, making it significantly harder for fluid to flow through

the tube, and requiring far greater pressure to maintain the same flow rate – that

is, the volume of fluid passing through the tube in a given amount of time. The

smaller and less-developed the foetal heart, the more it will struggle to pump

blood at the same flow with the force needed to overcome this increased

resistance. Here, it is important to note a number of things. First, the foetal

circulation in humans operates under a very low pressure, and is shielded from

shifts in blood pressure by the placenta, which can regulate blood vessel

resistance (and therefore blood flow) in response to changes in the maternal

and foetal circulation. Second, cardiac output (the volume of blood that the heart

pumps in a minute) is largely reliant on the foetal heart rate, which is high in the

resting foetus. For example, at 20 weeks gestational age, the foetal heart beats at

an average of 155 beats per minute – in comparison, an adult’s resting heart rate

ranges from 60–100 beats per minute.

What does all of this mean? In summary: the small and relatively under-

developed heart can maintain the foetal circulation early in gestation because

the circuit is small, has evolved to be very low-resistance, and all parts of the

system grow together as required (including the blood volume, which is ‘topped

up’ from the maternal supply allowing the volume to circuit size to pressure

ratios to stay consistent).132 In an AW/AP system, the foetal heart would have to

maintain blood flow across a far larger external circulation immediately. The

AW/AP circuits developed in the last decade are ‘pumpless’ systems (i.e. those

where circulation is maintained by the foetal heart, rather than a mechanical

pump); this has been considered preferable by researchers for a number of

reasons, including the minimisation of risks of brain embolism or of blood
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trauma from mechanical pumps, labour- and cost-effectiveness, and greater

similarity to the function of the biological placenta.133 However, a pumpless

system will necessarily be limited by the capacities of the foetal heart. This

suggests that not only complete ectogenesis but also early ectogestation would

depend upon radical advances in the technology available to scientists in this

field. As we’ve seen already, this is nothing new: progress in ectogestation

research plateaued between the 1960s and 1980s and was renewed by the

development of ECMO; the field experienced a similar interruption between

the late 1990s and the 2010s, prior to the current new wave of research into

pumpless AW/AP systems. However, for now, the scope of possible advances in

ectogestation is clearly bounded. This brings us to the important question of

how – and indeed, whether – the two branches of ectogenic research examined

here can ever meet, as proponents of the CA suppose.

12 Candidates for Experimental Ectogestation

As we saw in the foregoing sections, the last decade has seen impressive

advances in ectogestation research using animals. It is undeniable, however,

that there would be significant risks involved in translation from animal subject

trials to human subjects – this kind of translation is by no means a perfect art.

Even if the use of AW/AP technologies with foetal animals were perfected, we

could not guarantee success in early attempts to use these technologies with

human foetuses. Possible benefits and risks to this population must therefore be

balanced against each other when considering the ethics of ectogestation trials

using human subjects.

Physical risks to pregnant patients must also be included in our considerations,

since a preterm C-section would be required in order to transfer the premature

foetus to an ectogestation setting. We can consistently hold that pregnant patients

are generally capable of giving informed consent and that medical professionals

have a duty of care that restricts the kinds of treatment options that can be

reasonably offered. Given the complexities of experimental ectogestation and

the weak clinical basis to expect success in early attempts, it seems ethically

cavalier to present the risks of early C-section in exchange for a very small

possibility of the child’s survival and the very high probability of any survival

being concomitant with morbidity. This procedure carries risks even under

normal circumstances, as Spencer andMychaliska observe: ‘Caesarean deliveries

at 24–25 weeks EGA are associated with a 63.5 per cent risk of maternal

intraoperative adverse events compared to less than half that at 26–27 weeks

EGA. Furthermore, future pregnancies for these mothers would be at risk, with
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these women experiencing uterine rupture five times more often in subsequent

pregnancies than women who underwent their initial caesarean at full term’.134

Ethical considerations must also extend beyond the ‘mere’ physiological

risks carried by this surgery. As has been observed in detail elsewhere, pregnant

women are already subject to demanding pressures: the self-sacrificial model of

idealised motherhood is an omnipresent spectre in discussions of maternal-

foetal surgery and other obstetric interventions carried out for the sake of

perceived foetal need.135 Although a number of authors have argued that we

may reasonably presuppose that many women would consent to such interven-

tions out of love, we should consider whether the offer of experimental ecto-

gestation might further entrench the expectation that mothers should be willing

to do anything and everything for their children. We have (I hope) come a long

way since Gerald Leach’s 1970 dismissal of the risks of this kind of interven-

tion: ‘There is the trauma for the mother and the cost to consider, but no mothers

or societies would have serious objections about that’.136

Animal subject trials naturally use healthy and robust research subjects, in

order to maximise the chance that the foetal animal will survive; but it seems

ethically uncontroversial that the foetuses used in preliminary human subject

trials should not be healthy foetuses developing in healthy biological pregnan-

cies (i.e. pregnancies progressing normally without significant risk to either

foetus or mother) since these subjects would be exposed to a significant risk of

adverse outcomes without any countervailing benefit. As I have argued in more

detail elsewhere, early trials of transfer from the womb and ectogestation

through AW/AP technologies are – given their experimental nature – more

likely than not to produce adverse outcomes.137 Of course, there are many cases

in which healthy subjects volunteer for experimental trials and take on a risk to

their own well-being for the sake of benefit to future generations and scientific

understanding. For example, the first phase of almost every clinical trial is the

testing of the new product on a small number of healthy volunteers, to test for

any possible serious adverse effects; it is only after this stage that a drug can be

tested on (more vulnerable) people with the relevant illness. Generally speak-

ing, then, the participation of healthy volunteers in early-stage trials is crucial in

medical research and development. However, this does not apply equally in the

case of clinical research involving minor subjects. In the case of children below

the age of consent, multiple codes of medical ethics state explicitly that parents

cannot give proxy consent for the child to participate in research that offers only

risk, and no clear benefit.138

Real or potential harms to test subjects are generally considered to be

acceptable where the benefit to future generations of developing a drug, inter-

vention or technology is sufficiently likely and sufficiently large. As Alghrani
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points out succinctly: ‘If scientific research were deemed unethical because of

concerns around safety, scientific progress would never be made’.139 This is, of

course, entirely true – but concerns about safety, and the relevant ethical

constraints, exist on a spectrum. The Declaration of Helsinki (a statement of

ethical principles for medical research involving human subjects, including

research on identifiable human material and data) states that incompetent

participants must not be included in research from which they are not likely to

benefit ‘unless it is intended to promote the health of the group represented by

the potential subject, the research cannot instead be performed with persons

capable of providing informed consent, and the research entails only minimal

risk and minimal burden’.140 The stated aims of scientists working on ectoges-

tation (and of the bioethicists defending such work) are, by and large, that the

resulting technology would promote the health of extremely preterm neonates

in the future, and so this first criterion can be ticked off. There is certainly no

possibility to perform such experiments with adults, and so the second criterion

is likewise met. However, the risks and burdens represented by experimental

ectogestation seem to be anything but minimal given the likelihood of negative

outcomes in early trials, and the invasiveness of transfer to the AW/AP.

Julian Savulescu and Peter Singer argue that the requirement that research on

incompetent subjects ‘entails only minimal risk and minimal burden’ is most

plausibly interpreted as minimal overall risk or burden, where expected benefits

match or outweigh expected harms’.141 There are possible preterm subjects –

specifically, those too premature to have any reasonable chance of survival

through existing clinical support systems – for whom even a small chance of

survival might match or outweigh the risk of death or physiological damage in

experimental ectogestation. Here, it is important to consider current survival

rates for preterm foetuses using these existing support systems: specialist

neonatology centres in countries such as Sweden, Japan and the US routinely

care for neonates born at 22–23 weeks gestation, reporting a 50 per cent survival

rate of live births at 22 weeks.142 In Germany, a study of 43 neonatal intensive

care units (NICUs) found that between 2014 and 2016, the lowest average

survival rate for neonates born at 22 weeks was 50 per cent, while NICUs

with high survival rates averaged at 75 per cent survival rates for neonates born

at the same gestational age.143 Accordingly, as Haruo Usuda et al argue, ‘it

seems most likely that the “patient zero” for AP technology will be either a very

rare 24–28-week fetus with an abnormality that entirely prevents the use of

ventilator technology or, more likely, a very compromised (i.e. growth

restricted, intrauterine infection) 21- or 22-week fetus with essentially no

chance of survival using pulmonary ventilation’.144
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It has been argued that the interests of these foetuses in survival might justify

experimental use of AW/AP intervention when that time comes, if this repre-

sents a possibility of rescue from an (otherwise almost complete) certainty of

death. For Joyce Raskin and Nadav Mazor, the only situations in which such

experiments would be ethically justified are those in which ‘despite the high

risk, is that using the technology is the only chance to save the fetus’s life’.145

Is this ‘patient zero’ a research subject, or could we consider them a medical

patient? This is itself an important distinction. Experimental treatment is an

intervention that deviates from accepted practice but is provided to a patient as

part of their clinical care rather than as part of a controlled study.146 Research

subjects are considered by some to be more vulnerable and in need of greater

regulatory protections than medical patients receiving experimental treatment

because the primary object of such research is the production of generalisable

knowledge in the interests of future patients, or scientific knowledge more

broadly. In contrast, the justification of any medical intervention (whether

experimental or standard) should be in the best interests of the given patient.

As a result, as Chloe Romanis observes, ‘research is subject to a higher level of

ethical oversight than the normal ethical constraints of medical practice (treat-

ment in the patient’s best interests) to protect the research subject’.147 So what

would it mean to treat the individual preterm foetus not as a research subject, but

as a medical patient? In the next section, I consider the plausibility of this

pathway as compared to the research framing of first-in-human ectogestation.

13 Trials and Treatments

In theory, each instance of experimental ectogestation as medical treatment

would be individually justified by the interests of a given foetal patient; these

cases would then contribute over time to a body of knowledge, allowing the

gradual improvement of the technology, without the need for human subject

research trials. This approach would be directly comparable to the development

of maternal-foetal surgery to correct foetal physiological anomalies, which was

likewise characterised as an experimental treatment when first introduced.

However, not everyone agrees that ectogestation could be considered experi-

mental medical treatment. Romanis argues that the use of prototype AW/AP

systems in human ectogestation would always count as research; in order to

characterise it as medical treatment, there must be ‘some clinical basis for

believing that the patient will experience a direct benefit’.148 Despite the

success of some recent animal trials in ectogestation, she argues that these

data do not ground a reasonable expectation of that kind of clinical benefit,

given the physiological differences between human foetuses and the animals
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used in these trials. The same conclusion has been drawn by some scientific

practitioners in the field, who state that, ‘There is no animal system that

provides a perfect correlation between human and animal model size, weight,

lung development, circulatory volume, cardiac capacity/stability, and the toler-

ance of the fetal brain to AP therapy’.149

A further problem for framing ectogestation as an experimental medical

treatment is that of sheer uncertainty: in order to justify the use of entirely new

technology, it must be clear that the foetus has little to no chance of survival

through NICU care. As Romanis notes, experimental treatment must be justified

by the best interests of the patient; for foetuses near the border of viability, ‘the

reasonable course of action would be to provide conventional therapies known to

have some success rather than to trial a device with uncertain outcomes as an

alternative’.150 It is important to note here that gestational age alone does not

determine the efficacy of these support technologies – some neonates will fare

much better or worse than others the same age in the same NICU.151 We do not

have the same mass of data regarding NICU survival rates for neonates born <22

weeks largely because active treatment (as opposed to palliative care) for such

preterm neonates is generally not within hospital policy.152 This does not mean,

however, that we can assume that a twenty-one-week neonate automatically has

a 0 per cent chance of survival if resuscitated using existing NICU technologies

(relative to which any chance of survival using ectogestation could potentially be

in their interest). Nor can we say with any certainty that experimental ectogesta-

tionwould reduce the risk ofmorbidity comparedwith incubation. Theremight of

course be cases beyond the blurry border of viability, in which practitioners could

say with certainty that a foetus/neonate really would be too preterm to stand any

chance of survival in the NICU. However, as we saw in Section 11, there are

likewise strong reasons to doubt that such a preterm foetus could withstand

ectogestation – and especially early, experimental ectogestation – given the

limited capacity of the foetal heart to maintain circulation in an extended circuit,

and without the protective ‘buffer’ provided by the biological placenta.

The difficulty of establishing whether experimental ectogestation could be in

a foetus/neonate’s best interests can be made even clearer through comparison

with ongoing debates regarding the ethics of decision-making regarding pallia-

tive versus active treatment for very preterm neonates: specifically, those born

in the periviability interval (roughly 22–25 weeks in industrialised countries).

Determining the ‘best interests’ of such a preterm neonate is already

a contentious matter, and such neonates are currently subject to different

policies and guidelines setting thresholds for active treatment, depending on

the country – and even on the hospital – in which they are born.153 There are

likewise significant differences in countries’ approaches to parental discretion
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in this ‘grey zone’. Such variation cannot be surprising, given the uncertainties

at play. As Alex Vidaeff and Joseph Kaempf observe:

Both parents and physicians have a moral duty to act in the best interest of the
infant. But this “best interest” and its associated value judgements are ill-
defined and understood differently by different individuals. An extremely
premature infant’s best interest is inherently ambiguous, an incoherent, even
unknowable standard. When is the “best interest” of any newborn death?
When is the infant’s “best interest” life, but with significant chronic health
problems and impaired neurodevelopment?154

This prompts a further reflection on the view, mentioned towards the end of the

last section, that experimental ectogestation might be permissible only where

this offers a chance of survival for a foetus that might otherwise die. This

principle relies on the assumption that mere survival can be considered

a benefit; but of course, as the literature on periviability demonstrates, it is

deeply contentious whether a ‘rescue’ from certain death is necessarily benefi-

cial where this rescue is concomitant with significant physiological and/or

neurodevelopmental issues.155

A final point to raise here is that although experimental medicine should in

theory be driven by the best interests of the patient, we cannot assume that this

will always straightforwardly be the case. In one study of healthcare practi-

tioners, examining decision-making at the border of viability, the authors

observe that: ‘The neonatal nurses saw themselves as the infant’s advocate,

but they also had concerns about doctors letting the prestige of saving the most

immature infant precede the child’s best interest. The midwives also pointed out

research interests as competing with the best interest of the child’.156 It would be

needlessly cynical to paint all practitioners and researchers as driven by the

possibilities of fame and funding; nonetheless, it would be a significant over-

sight to assume that only medical research is affected by such incentives.

Consider the following quote from Albert Rosenfeld: ‘“If I can carry a baby

all the way through to birth in vitro,” says an American scientist who wants his

anonymity protected, “I certainly plan to do it – though obviously, I am not

going to succeed on the first attempt, or even the twentieth”’.157

Categorising experimental ectogestation as research does not automatically

rule out such experiments being ethically permissible, any more than applying

an experimental medicine framework automatically rules them in. Either way,

specific and stringent ethical (and legal) standards would then apply. On the

ethical side, justifying such trials requires us to work out the answers to

a difficult and subjective calculation, weighing the potential harm to the foe-

tus/neonate and pregnant person against the likelihood of neonatal survival.

37The Artificial Womb on Trial

ht
tp

s:
//

do
i.o

rg
/1

0.
10

17
/9

78
10

09
54

44
74

 P
ub

lis
he

d 
on

lin
e 

by
 C

am
br

id
ge

 U
ni

ve
rs

ity
 P

re
ss

https://doi.org/10.1017/9781009544474


However, it may also require us to provide answers to moral questions that go

beyond utilitarian calculations. Restricting the possible population of candi-

dates for experimental ectogestation – specifically, only to preterm foetuses in

dire straits, who have little to no chance of survival in NICU – brings with it

independent ethical issues surrounding decision-making, caring practice, and

consent. Enrolment in such a trial could only be offered to prospective parents

who had just received the distressing news that a wanted pregnancy was in

grave jeopardy. If offered even a marginal chance to save their very preterm

foetus, some parents might well consent out of loving desperation – but this may

not necessarily justify making such a suggestion.

I leave open the possibility that for some parents, the actual balance of risks,

burdens, and benefits might potentially justify enrolment of their preterm foetus

in a first-in-human ectogestation trial. However, there are important ethical issues

that must still be addressed. Given the novelty and complexity of experimental

AW or AP interventions, we should carefully question whether the consent

provided by parents in such cases could be genuinely informed, meaningful,

and legitimate. It is also not immediately clear that it would be morally permis-

sible for scientists and medical practitioners to raise this possibility and place the

decision on the shoulders of said parents. Given the tight focus of this Element,

I will not unpick this problem in detail; however, further fruitful comparison

might be drawn with the ongoing debates regarding decision-making regarding

active or palliative care in periviability (mentioned earlier). A widespread view

expressed by practitioners in many countries over recent years is that not only are

parents not in a position to make a reason-based decision regarding the treatment

of their extremely preterm neonate, but they should be shielded by healthcare staff

from having to bear the responsibility of that decision.158 Following similar

reasoning in the case of experimental ectogestation, it may simply be uncaring

of researchers and medical practitioners to play on the hopes of parents at

a moment of great vulnerability, when the most likely outcome is one in which

their grief is extended, disrupted, and thrown onto the stage of scientific scrutiny.

The problem of care and consent is, of course, not restricted to ectogestation. It

has been, and continues to be, a complex ethical issue for other interventions in

pregnancy (including maternal-foetal surgery) and for experimental treatments

for older children, whose bodies are no longer intertwined with that of their

gestational mother. It is nevertheless one of the many problems raised in the

foregoing sections which must be addressed in order to validate the moral and

practical presuppositions onwhich this part of the CA is based.Wemay note here

that the ethics of experimental human ectogestation – as a medical intervention

for the benefit of extremely preterm foetuses and/or gestational mothers – can and

should be addressed independently. Whether or not the CA survives this analysis,
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many of the questions highlighted in the foregoing will still be relevant and

pressing. Research in ectogestation is not fundamentally dependent on a vision of

complete ectogenesis for motivation or justification, and (if the open questions

raised here are answered) may yet represent the promise of revolutionary

advances in obstetric and neonatal care. For the remainder of this Element,

however, we will keep our focus on the CA. In the next section, I move away

from ectogestation and return to the other side of the CA equation to consider

some of the moral and practical issues for advances in ectogenic research. How

far can we extend our culture of the embryo or early foetus outside the body?

14 Absolute (De)termination

Let us pause to take a quick recap here. The CA appears to offer an answer to

some of the ethical problems raised by setting out deliberately to develop an

artificial womb capable of replacing biological pregnancy (complete ectogen-

esis). These problems include the instrumentalisation of human research sub-

jects brought into existence for the purpose of this development, who would

likely experience serious adverse outcomes prior to the technology being

perfected. The CA suggests that we can circumvent such ethical problems and

happen upon complete ectogenesis as a ‘side effect’ of advances in two inde-

pendently morally justifiable strands of research: the extended cultivation of

embryos ex utero for study purposes, and interventions in biological pregnan-

cies aiming to rescue the premature foetal patient by means of ectogestation.

Ectogestation, as we saw in the foregoing sections, aims to offer a chance of

rescue for the struggling preterm foetus, who might then owe their survival to

scientific endeavour but would not have been called into being for the sake of

research. Ectogenic embryo research (according to current definitions) also

does not depend on bringing anyone into existence for the purposes of research.

Although the Warnock report granted that the embryo has a ‘special’ status, it

does not have any legal status per se, and certainly not that of a person. Research

into fertilisation and embryology, within the bounds of the 14-day limit, is

therefore not considered human subject research in the ordinary sense.

However, as shown previously, there are natural and technological limits on

the extension of ectogestation research. These limits suggest that the develop-

ment of complete ectogenesis through convergence would require that embryos

be supported ex utero beyond 14 days – and probably quite a long time beyond

14 days. There are several reasons for this. One, as argued earlier, is that the

capacity of ectogestational interventions to support existing preterm foetuses

will be limited not only by the available scientific technology and tools, but also

by the diminishing capacity of the foetal heart to maintain circulation in an
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extended circuit at earlier and earlier stages of development. Another is the

simpler fact that most foetal abnormalities are detected 11–13 weeks into

gestation at the earliest.159 Assuming that the justification for earlier and earlier

ectogestational interventions would still be the presence of physiological abnor-

malities or a maternal condition contraindicating continued foetal development

in utero, such interventions would depend upon this contraindication being

identified in an existing pregnancy.160 So, let us consider how the ethics and

legal regulation of extended embryo culture might be approached.

We have strong ethical and social reasons not to consider simply replacing the

‘special status’ of the embryo or foetus with the status of a person, that is, to

apply the same rules to embryological research as currently regulate human

subject research. We also have legal reasons against this: an overhaul of the

HFEA in this direction would risk directly contradicting the longstanding

principle that the embryo/foetus is not a person in UK law.161 Many other

countries would face similar legal and social conflicts if they embarked upon

such a project. However, it is implausible to consider pushing in the other

direction entirely and treating the embryo or foetus in the same way as somatic

tissue or stem cells used in research. The potential of the embryo/early foetus to

develop into a human being with the status of a person remains morally relevant,

and this is particularly so in the case of ectogenic research, where – after all –

enabling this development is a central ambition. Finally, one of the moral

assumptions that motivates the CA to begin with is that it would not be

permissible to try and bring new people into being through entirely experimen-

tal methods. But we might look to the example of animal research to find

a middle ground.

Were policymakers to consider an overhaul of current regulations, including

by throwing out the 14-day rule, one could argue that they have a ready-made

model in the Animals (Scientific Procedures) Act 2012 (ASPA).162 The ASPA

regulates any scientific research or individual scientific procedure involving

a protected animal – this covers all living vertebrates other than humans, and

any living cephalopod. Crucially, for our purposes, an animal is not legally

considered a protected animal until it has reached or surpassed the age of two-

thirds standard gestation for that species, and as long as it will not be allowed to

reach that gestational age. For example, the standard gestation time for sheep is

roughly 145 days. A foetal sheep with a gestational age younger than 97 days

(two-thirds that standard gestation time) is therefore not legally counted as

a protected animal, and the ASPA does not apply to research or scientific

procedures using that foetal sheep. That all changes, however, if the foetal

sheep in question will be kept alive beyond that gestational age of 97 days. In
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this sense, an embryo or foetus used in research can be counted as a protected

animal for the purpose of the ASPA if it is a future protected animal.

As I have observed elsewhere, similar logic can be found in the arguments of

some ethicists with regard to abortion and antenatal injury: they reason that the

foetus has moral status, or interests that ground moral status, only if it has an

actual future as a person.163 On such accounts, a pregnant patient should have

no qualms over taking medication proven to cause foetal abnormalities if she is

going to have an abortion – the foetus in question will never become a being

with morally important interests that should be taken into account. Conversely,

they argue, if that foetus is going to be gestated to term, then the pregnant patient

(as well as her family, employer, andmedical service providers) has duties to the

future child. Thus, T.D. Campbell and A.J.M. McKay argue, ‘it is quite consist-

ent to hold that in normal cases we have a duty to see that the foetus is not

harmed but that we have no duty to see that it survives’.164 In the case that

a foetus is to be carried to term, then we have duties concerning the foetus, but if

we fail in these duties (resulting in damage to the health of the future child) then,

they suggest ‘we shall be guilty of the same sort of offence as when we pollute

the environment in which future generations will have to live, or use up all the

raw materials they will need to survive’.165

Applying an ASPA-like framework to human embryology would, then, grant

no special protected status to the embryo or early foetus in scientific procedures

as long as it was established that no such research subject would be allowed to

develop beyond a specific gestational age. Such an approach also has a parallel

in the suggestion presented by Singer and Wells, discussed in Section 5: that

ectogenic foetuses could justifiably be used as a source of donor tissue, blood, or

organs as long as this was prior to the point of development at which they

acquire moral standing. However, other authors explicitly reject any difference

in moral value or status between foetuses used in science and those created for

reproduction. Raskin and Mazor, for example, argue that: ‘The moral status of

an embryo implanted in an [artificial womb] must not depend on the purpose of

the implanters. We believe that this approach to determine moral status is highly

dangerous because it implies that we would actually classify life, not on the

basis of development, but on the purpose we assign to the unborn entity’.166 For

the sake of argument, however, let us suppose that the moral logic underpinning

the ASPA were accepted as applying to human research subjects. In the next

section, I consider some of the practical and ethical implications of such

a framework and argue that this does not offer an answer to the missing research

‘bridge’ upon which the CA depends.
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15 The Experimental Child

Under an ASPA-style approach for human research, the embryo or early foetus

would be considered a protected being (and the procedure in question therefore

subject to the relevant regulations) only if scientists intended to gestate the

foetus beyond the given time limit. Of course, we could not simply copy and

paste animal subject research regulations to create equivalent rules for human

embryos and foetuses in research. For one thing, as I have observed elsewhere,

a threshold of two-thirds gestational age would not be appropriate for research

involving human foetal subjects, since this would put them at over 26weeks; the

limit for legal elective abortions in the United Kingdom (and in many other

jurisdictions) falls well before that gestational age, and premature neonates

regularly survive when born at this point.167 However, imagining a cut-off

placed at (for example) 16 weeks could still lend some credence to the CA.

This is still a fortnight younger than the very earliest premature foetuses

targeted for future ectogestational support; it might nonetheless create a space

for ex utero implantation and early-stage ectogenic foetal development without

implausible dependence on the unlimited advancement of ectogestational inter-

ventions. Furthermore, although the hypothetical 16-week threshold here is

chosen relatively arbitrarily for the sake of hypothesis, we should assume that

any new limit would be established by carefully taking into account morally and

biologically relevant facts, such as the capacity of the early foetus to suffer and

its symbolic value to progenitors and the public at large. But whatever cut-off

point is chosen, an ASPA-style approach still seems to give rise to a new

problem later in time.

To justify experimental ectogenic development for some extended period, as

described earlier, there would need to be a scientific goal in mind; we have to

imagine that there will be a point at which that research could be considered

a success. Success would presumably look like the capacity to implant an

embryo in an artificial environment and have it develop normally up until the

point at which it must be terminated or else be considered a human research

subject regarding whom far more stringent ethical constraints apply. Assuming

that we can agree on some definition of suitably ‘normal’ development for this

purpose, then ectogenesis could at some point be declared no longer experi-

mental, but rather a reliable method of growing healthy foetuses outside the

womb from implantation up to 15 weeks plus 6 days. However reliable this

ectogenic process became, maintaining the foetus in that artificial environment

for longer, or transferring it to a different artificial environment, would still be

scientifically uncharted territory. Thus, even if we accepted an ASPA-style

research ethics framework for the use of human embryos/foetuses in scientific
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research, this further step would be territory into which we could not venture

without meeting far more stringent ethical demands. Far from providing a neat

workaround, it seems that the CA ends up back where it started: with the need to

justify experimental ex utero gestation of a foetus with the full moral and legal

status of a human research subject. This brings us back to one of the moral

objections that the CA purports to let us circumvent: call this the ‘experimental

child’ objection. Put concisely, this is the view that we cannot permissibly bring

a person into existence through experimental means, exposing them to risks for

the purposes of research.

In the foregoing sections, I have focused on a number of the practical and

moral presuppositions that undergird the CA – in particular, that the expansion

of ectogenesis and ectogestation research at either end of human development to

some overlapping point could be both morally justified and practically

achieved. But the mere theoretical possibility that both spheres of research

‘converge’ at some gestational age x does not entail that actual convergence

would be ethical or desirable, as Singer andWells observe: ‘having stumbled on

ectogenesis in this manner, we shall then have to decide whether to make use of

the possibility thus created’.168 The final step of the CA presupposes that, at

some point, we bridge the gap between ectogenesis and ectogestation. How can

this be achieved, except by creating ectogenic foetuses with the intention of then

bringing them to full term through ectogestation in order to see if this works? In

earlier work, I have examined and rejected the notion that one could justify such

an attempt by appeal to the interests of the foetus created through ectogenesis

(there referred to as a ‘gestateling’, following Romanis):

Once we establish to some reasonable degree that ectogenesis works for the
first part of gestation, one could argue that the continued development of
a healthy gestateling in the ectogenic prototype or its transfer to ectogesta-
tional environment would be a therapeutic intervention justified by the
interests of that gestateling, much like ‘backwards ’interventions in ectoges-
tation for existing foetuses. However, it seems clearly unreasonable to appeal
to the gestateling’s interests to justify the use of experimental procedures (in
this case, continued ectogenesis) having brought that gestateling into exist-
ence in the knowledge that its survival would depend on the use of said
procedures.169

On a purely biological level, of course, the same interests in survival that might

justify an ectogestational intervention to save a foetus in the womb would

presumably justify the same intervention to save an ectogenic ‘research foetus’.

In addition, intention is not destiny, and the designation of an ectogenic foetus as

a research subject without the moral status of a human research subject does not

change its more inherent characteristics. However, we cannot in good faith
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claim to be ‘rescuing’ the research subject if creating that subject and maintain-

ing it to some gestational age x is ethically contingent on its not being main-

tained beyond x. We cannot at that point claim to bestow full moral status upon

the research subject and thus justify experimental transfer to an AW/AP system

by appealing to its interests as a human research subject; to do so would make it

the case that the ectogenic foetus had been a human research subject all along,

undermining the very conditions that had made experimental ectogenesis ethic-

ally permissible.

Recall, however, that on an ASPA-style framework, moral and legal status

(and attendant constraints on research) would be dependent on the ‘actual

future’ of the foetus: whether it will be supported beyond a specific develop-

mental cut-off point. On such a framework, one can declare that a specific

embryo will be maintained beyond whatever threshold x has been agreed, and

that it therefore should be treated as a human research subject to begin with.

This does not mean that research cannot be conducted, but only that a higher and

more particular ethical standard must be met for the procedure to be justifiable.

A final defence for proponents of the CA might therefore be to argue that once

a human foetus can be safely grown ex utero to gestational age x, and can also be

removed from the womb at x and transferred safely to an ectogestation (AW/

AP) system, joining these two processes would be a sufficiently low-risk

experiment that it could be permissible, even using human research subjects.

Here we may reflect again on Robert Ewards’ commentary on the possibility of

fertilising human ova in culture, and his caveat that ‘obviously it would not be

permissible to implant them in a human recipient’.170 We may assume that his

ethical assessment of this notion changed once IVF had been perfected and the

resulting embryos appeared to be healthy.

As observed earlier, risks to experimental subjects are sometimes considered

an acceptable price to pay in research that promises benefits for future gener-

ations – and as a reflection on the development of IVFmakes clear, convergence

trials in ectogenesis would not represent the first time that science has demanded

the creation of experimental children. Other advances in reproductive science,

such as the development of mtDNA replacement, have likewise required such

a leap of faith as well as the (pro)creation of their own research subjects.

Although many scholars expressed concerns and objections to the development

of these technologies at the cost of risks borne by unconsenting future people,

some also argued explicitly that the balance still tipped in favour of scientific

progress. For example, although Mark Cohen and J.D. Candidate published an

argument in 1978 holding a child’s parents and scientific researchers jointly

liable for severe defects attributable to the use of IVF, they also suggested that
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‘the amount of recoverable monetary damages be limited in order to prevent the

imposition of strict liability from chilling the development of IVF’.171

This is not to say that there would not still be practical and ethical problems to

address when planning ‘convergence trials’ – for example, regarding the care of

any resulting child, what to do in the case that developmental abnormalities

appear at a later gestational age, and who would have discretion regarding

termination in such cases.172 However, dismissing the ‘experimental child’

objection may remove one of the most significant ethical hurdles for the pursuit

of complete ectogenesis. In the next section, I argue that we cannot dismiss this

objection, even if this means that we have to draw some uncomfortable conclu-

sions about the ethics of scientific research in decades past. The decisions taken

by Edwards and his colleagues seem to have been legitimated by the outcomes

of their experiments, including the safe and healthy birth of Louise Brown. It is

worth considering, however, whether this decision would have been accepted

and lauded from so many directions (and whether it would have set the same

kind of ethical precedent for future work in reproductive science) if early trials

had produced poorer outcomes. This line of thought highlights questions for

reproductive science more broadly: how far are we willing to go, and what are

we willing to risk, for the sake of scientific and procreative ambitions?

16 Ambitions, Outcomes, and Non-identity

In Helen Sedgwick’s sci-fi novel The Growing Season, human reproduction has

been revolutionised through the development and widespread uptake of artificial

wombs in the form of wearable pouches.173 These can be carried by men and

women alike, whether the prospective parents or their friends, who can develop

kinship ties with the future child by taking turns at wearing the pouch. The pouch

can then be hung up safely out of the way to accommodate pregnancy-unfriendly

activities – or just for comfort. But growing fears unfold along with the story, as it

seems that the corporation that sells the pouches has been less than transparent

about its research, and previously unknown consequences of using the pouches

appear only in later generations of the children born from them. A central theme

of the novel is risk: what kind of risks are acceptable? Uponwhomwe can impose

risks? And are ‘natural’ risks preferable to the risks presented by technological

interventions? Another theme is that of uncertainty: when problems arise for the

third generation of pouch-born children, it may be easy for the novel’s characters

(and the reader) to form retrospective judgements, but it is unclear who can, or

should, carry moral blame. These themes contain echoes of early bioethical

critiques of IVF research, but also of more recent literature on the ethics of
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newer reproductive techniques.174 In this section, I briefly consider the relation-

ship between risk, harm, and identity.

As may be clear from the foregoing sections, discussions of risks to future

children through experimental reproductive technologies are concerned largely

with health problems or physiological abnormalities that might result in suffering

for the future child.175 At the same time, there is an extensive ethical literature

concerned with reproduction and the non-identity problem: the difficulty in

explaining how it can be the case that a child has been harmed by something

that was necessary for their existence. The non-identity problem is a problem

because the standard ways of defining harm tend to be counterfactual – that is,

they point to the way that a person was prior to x, or could have been in the

absence of x, to show that x has made that personworse off than theywere before,

or than they would have been otherwise.176 But if a child is born with a genetic

mutation that causes cystic fibrosis, then, despite her suffering from the condition,

we cannot (it seems) say that she has been harmed.We cannot say that, by being

conceived, she has been made worse off than she would otherwise have been,

since shewould not have been. In theory, this problem gives rise to difficulties for

ethical criticisms of (metaphysically) identity-fixing interventions such as IVF:

even if their use resulted in negative outcomes for the children they brought into

being, we could not say that those children were harmed by the intervention.

Let us consider a recent application: mtDNA replacement. Two techniques

(maternal spindle transfer and pronuclear transfer) were approved by the HFEA

for use in the United Kingdom in 2016, and the first licence for its use was

approved in 2017. The goal of these procedures is to allow a woman to have

a genetically related child without passing down her mtDNA and, by extension,

certain mitochondrial diseases. However, on all currently available methods, traces

of mtDNAwill unavoidably be left behind in the resulting egg or embryo.177What

are the implications of this? The truth is that, for now, we cannot know for sure –

there could be no research into the long-term effects of mtDNA replacement

because embryos used in research developing and testing this technique had to

be destroyed after 14 days (as per the regulations discussed in Section 8). But this

means that the small number of children brought into theworld using this technique

in the last decade are themselves the only long-term trial subjects. One recent

follow-up study observed six children born as a result of mtDNA replacement,

whose maternal mtDNA levels were placed at 0.8 per cent at the blastocyst stage.

ThemtDNA found in five of those children at birth was almost exclusively derived

from the donor; for one child, however, ‘maternal mtDNA carryover levels,

initially measured at <1% at the blastocyst stage, showed a dramatic increase,

reaching 30% to 60% (depending on the tissue analyzed) at birth’.178 Studies

carried out using in vitro embryonic stem cell lines have ‘indicated the possibility
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that this relatively low quantity of maternal mtDNA may increase dramatically,

leading to a reversal of the mitochondrial haplotype (detected in approximately

15% of the cell lines studied)’.179

This brings us back to non-identity. In the case that a child conceived through

mtDNA replacement did develop a mitochondrial disease due to haplotype

reversal, the non-identity problem means that we could not say the child had

been harmed. There are similar problems with framing such discussions not in

terms of ‘harm’ but in terms of the ‘best interests’ of the child that might be

produced by some or other intervention. As John Harris observes: ‘If future

children may be said to have interests at all, then it is palpably in the interests of

any child whose life will likely be worth living overall, that the threshold is

crossed bringing it into being. It is, after all, that child’s (“the child who may be

born as a result of the treatment”) only chance of existing at all’.180 It nonethe-

less seems strongly intuitive that some reproductive risk-taking is unreasonably

reckless and unethical. We may not be able to say that a child has been made

worse off, but there is nevertheless something clearly wrong with playing fast

and loose with reproduction. A similar view underpins some prominent ethical

responses to the non-identity problem – for example, Seana Shiffrin’s appeal to

a sense of ‘procreative responsibility’ as a response to the clash of intuitions that

seem to arise in ‘wrongful life’ cases. If a child’s life is worth living, but they

nevertheless suffer as a result of a congenital condition, Shiffrin argues that

(depending on the circumstances) one may still make a case that the child has

been wronged. On this reasoning, scientists and parents might be liable for

a child’s (identity-linked) suffering in cases of ‘negligence, recklessness, or

maliciousness toward the risks of creating a significantly burdened child’.181

Of course, we cannot draw universal generalisations from this small handful

of studies, but their results should give us pause for thought: how much risk are

we comfortable with, and how much evidence of an intervention’s ‘safety’ is

needed to justify its use? Even if the results of the mtDNA follow-up study did

prove to be representative, we might ask whether a roughly 15 per cent (or one

in six) chance of reversal would really be ‘too risky’ in comparison to the risks

represented by natural conception or by standard IVF. One moral of Sedgwick’s

The Growing Season is that it is simply impossible to discover the true range of

possible outcomes for children created through some novel procedure or tech-

nology – or indeed, for their children – except by, eventually, using it. If we are

determined to develop a specific reproductive technology, we have to identify

a point at which we have gathered enough evidence to ‘let go’. This inevitably

means accepting some uncertain level of (likewise uncertain) risk, in the

knowledge that the risk will be borne by somebody else. In a 1972 critique of

the pursuit of IVF, Marc Lappé muses: ‘As a laboratory student, I could have
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afforded to make mistakes with “my” mice, even taken the chance of severely

damaging a developing embryo. The first physician attempting embryo trans-

fers in human beings cannot take these risks; it is neither “his” embryo nor

anyone else’s. Or can he?’182

Let us come back, then, to experiments in ectogenesis. The non-identity problem

is not necessarily relevant to discussions about ectogenic or ectogestational

research ethics: unlike IVF and mtDNA, ectogenesis is not a (metaphysically)

identity-affecting intervention. The same healthy embryo that is placed in an

artificial womb could instead be implanted into a biological womb; the future

child’s existence is therefore not inherently dependent on the use of an experimen-

tal intervention. However, questions of recklessness, responsibility, entitlement,

and ambition apply to the pursuit of complete ectogenesis just as to any other new

reproductive process or technology. The ethics of artificial womb research do not

simply come down to a careful utilitarian balancing of negative versus positive

outcomes –we have to ask larger andmore uncomfortable questions about whatwe

are willing to do to create the children that we want, how we understand the

responsibilitywe take for that act of creation, and themoral limits to ourentitlement

to such creation. Consider again the case of mtDNA replacement. This procedure

involves two established interventions – egg donation and IVF – that can already be

used to allow an individual woman or a couple to have a child. The impetus for

mtDNA replacement comes from the further desire to have a child that is also

genetically the child of the woman in question, without passing on mitochondrial

disease. As has been persuasively argued elsewhere, mtDNA replacement cannot

be justified by appealing to the health interests of the future child – they do not exist

to have needs or interests prior to the intervention.183 Even if the (limited) findings

of the studies discussed earlier are representative, then mtDNA replacement may

represent a significantly lower risk of having a child with the relevant disease –

however, it still represents a far higher risk than simply using a donor egg and IVF.

Parenthood of a genetically related child is a widely shared ambition, and it is

understandably distressing for many to find that this is an ambition that might not

be realisable. However, if some reproductive endeavours are riskier than others,

and if those risks are imposed unilaterally upon the future child, then we have an

ethical imperative to critically examine the weight we grant this ambition.

In the case of complete ectogenesis, we must likewise consider whether the

ambitions behind this particular scientific quest justify the risks it would

necessitate imposing on as-yet non-existent children If we choose to bring

them into the world in this way – perhaps to fulfil the deepest desires of

prospective parents, but perhaps also to show that it can be done – we make

ourselves accountable to them for that choice. In her account of parental

obligation, Lindsey Porter argues that those causally responsible for children’s
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existence (‘makers’) acquire moral responsibility through the action of choos-

ing for. What is crucial, on this account, ‘is not that one has caused harm, or that

one has caused the potential for harm; but rather, that one has acted without the

child’s consent. The makers of the child choose, for the child, that it exists. And

this obliges them to make existence, as best they can, a good choice’.184 The

category of ‘makers’ is not restricted to the child’s parents – Porter includes

others who have an important causal role in bringing the child into being, such

as IVF clinicians. It seems reasonable to assume researchers designing conver-

gence trials would therefore fall quite comfortably into the category of ‘maker’.

The question these makers must ask, following Porter, is whether – having

chosen, for some child, that she will exist – they are making a good choice.

17 Conclusions

In Sections 2 and 3, we saw some of the main arguments motivating the develop-

ment of complete ectogenesis (as opposed to partial ectogenesis or ectogestation).

If achieved, complete ectogenesis could potentially offer an alternative to bio-

logical gestation, freeing some women from the physical challenges and traumas

of pregnancy and childbirth, and allowing people to have genetically related

children even in the absence of a willing (gestational) co-procreator. However,

the crucial phrase there is ‘if achieved’. The research processes required in order to

develop and perfect complete ectogenesis, such that it could genuinely be offered

as a reproductive facility, give rise to a wealth of ethical challenges. I have argued

that the CA fails to show that complete ectogenesis could be developed ‘acciden-

tally’ as a side-effect of other, independently justifiable research in ectogenesis

and ectogestation. I have also highlighted standalone ethical and practical prob-

lems that lie in the path of both these branches. In order to develop ectogestational

support systems to allow us to save the lives of extremely premature foetuses by

continuing gestation ex utero, science must not only overcome the practical

problems posed by size, but also important ethical concerns surrounding parental

consent and the best interests of the resulting child. The same size-based limita-

tions on developments in ectogestation indicate strongly that any genuine possi-

bility of ‘convergence’ depends upon a significant extension of the ex utero life of

the embryo and early foetus in research. The current 14-day limit on human

embryo culture is the subject of ongoing debate, and might indeed be extended,

but it is highly unlikely to be extended to the point at which convergence could

realistically be feasible. If it were, then perhaps current approaches to the use of

embryonic and foetal animals in researchmight provide amodel for this– but even

then, numerous ethical issues remain regarding the treatment of the ‘research

foetus’. Furthermore, it is unclear how one would justify the ex utero ectogenic
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cultivation of a human foetus up until the convergence threshold independently of

the goal of eventually developing complete ectogenesis via convergence. This is

not to say that neither ectogenic nor ectogestational research is currently, or

possibly, justifiable. I have, however, argued that some of the key presuppositions

upon which the CA is founded stand up to neither ethical nor scientific scrutiny.

If we cannot entirely circumvent the problem of ‘experimental children’ by

appeal to the CA, then we must acknowledge that the pursuit of complete

ectogenesis would at some point demand that we carry out human subject trials

in which the human subjects in question are brought into being through experi-

mental means. In other words, we will simply have to create children in an

artificial womb to demonstrate that this can be done. Perhaps it can be done, but

the history of scientific experimentation teaches us not to expect perfect results

on the first try. In whose interests would such an experiment be? It is possible

that prospective parents would benefit from the opportunity to have a child

through experimental ectogenesis. It is almost certain that whatever research

group first succeeded in developing a functional artificial womb would be

inundated with praise and acclaim. It is possible that the benefit to future

generations would outweigh any negative outcomes for children brought into

the world in early trials, but it is widely accepted that research ethics cannot be

reduced to utilitarian calculations (and even if they could, the data needed to

conduct such calculations are generally available only in retrospect). And

finally, it is possible that the children produced through these trials would

benefit from existence, though – as Section 16 suggests – the power of non-

identity arguments is limited in the context of artificial womb development.

When we ask what desires motivate this new means of making children – and

indeed other novel endeavours in reproductive science – we have to consider not

only whether they justify the animal, human and economic costs of the research

process as a whole, but also whether they can justify the individual choices we

make along the way. In particular, I have in mind the particular instances of

begetting. Usually, this word refers only to the act of conception, but here,

I followMara van der Lugt in imbuing the word with a richer moral connotation:

‘To ask the question of begetting is to ask, “What does it mean to bring a new

creature into the world?” It is to ask, “What does it mean to decide to perform an

act of creation?What does it mean tomake the decision that life is worth living on

behalf of a person who cannot be consulted?”’.185 These are questions, van der

Lugt argues, that are so frequently neglected by thosewho procreate, orwho do so

for inadequate reasons – for example, out of deference to social norms, out of fear

of missing out, or to please a partner with stronger parental instincts than oneself.
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I suggest that taking begetting seriously, in the way that van der Lugt says, is

a responsibility that should be attended to not only by individuals and couples

considering procreative endeavours, but also by the scientific world. This ‘will

mean posing ourselves, as well as, hypothetically, the future child, a certain

question: “With what right do I decide to create you?”’.186

51The Artificial Womb on Trial

ht
tp

s:
//

do
i.o

rg
/1

0.
10

17
/9

78
10

09
54

44
74

 P
ub

lis
he

d 
on

lin
e 

by
 C

am
br

id
ge

 U
ni

ve
rs

ity
 P

re
ss

https://doi.org/10.1017/9781009544474


Notes

1. 1537, quoted in Grafton 1999, 328–29.
2. Kingma and Finn 2020, 3.
3. Haldane 1923.
4. Huxley 1946.
5. Kingma and Finn 2020, 7.
6. Kingma and Finn 2020, 5.
7. Danilack et al. 2015.
8. Heitmann et al. 2017, 75.
9. Bączek et al. 2022, 7653.

10. Many thanks to Rebecca Brione for this point.
11. Betrán et al. 2016; Betran et al. 2021.
12. Ghosh and James 2010, 21.
13. Johanson et al. 2002, 892; Diniz and Chacham 2004; Pietras and Folake

Taiwo, 2012.
14. Miller et al. 2016, 2176.
15. Begley et al. 2018, 198; Stohl, 2018; van der Pijl et al. 2020.
16. Bohren et al. 2015, 18.
17. Lister et al. 2019.
18. Kendal 2015, 4. Kendal goes on further to note that even when pain relief is

administered, it may fail; she cites a British study of C-section patients
finding ‘failure rates of 32% for thoracic and 27% for lumbar epidural’ (see
Hermanides et al. 2012).

19. Simonovic 2019, 5.
20. Pavličev et al. 2020.
21. Huseynov et al. 2016; Haeusler et al. 2021.
22. Hirata et al. 2011.
23. Jacobson et al. 2020, 1.
24. Jacobson et al. 2020, 2.
25. It is ironic to note that even in Haldane’s spectacular vision of the future, the

options afforded to women by medicine are restricted. In the society he
imagines, medicine can replace the entire process of fertilisation,
implantation, gestation and birth with mechanical processes (and with
superior results to nature). Yet, in this imagined utopia, ‘the process of
becoming an ectogenetic mother of the next generation involves an
operation which is somewhat unpleasant, though now no longer
disfiguring or dangerous, and never physiologically injurious, and is
therefore an honour but by no means a pleasure.’ (Haldane 1923). Suffice
to say that this is not quite how modern advocates for ectogenesis market
the idea.

26. Kingma 2019; Robinson 2023.
27. Rifkin 2002.

ht
tp

s:
//

do
i.o

rg
/1

0.
10

17
/9

78
10

09
54

44
74

 P
ub

lis
he

d 
on

lin
e 

by
 C

am
br

id
ge

 U
ni

ve
rs

ity
 P

re
ss

https://doi.org/10.1017/9781009544474


28. Baron 2023.
29. Indeed, some scholars have defended ectogenesis specifically as an

alternative to surrogacy, arguing that this would eliminate concerns about
exploitation of surrogate mothers, fears about broken agreements, and the
worry that surrogate mothers may not always be suitably motivated to
safeguard foetal development. The hypothetical artificial womb cannot be
exploited; it cannot claim competing parental rights over the child; and it
can be programmed to maintain an optimal environment for the foetus (see
for example Singer and Wells 1984; Tong 2006; Alghrani 2018).

30. Firestone 1970, 206.
31. Smajdor 2007, 336.
32. This is not to deny that there are some women who straightforwardly enjoy

pregnancy (and indeed, this is a motivation that some surrogate mothers
cite for taking on that role), but as we have seen, this experience is
unfortunately not a common one.

33. Kendal 2015, 10.
34. Kendal 2015, 10.
35. Tong 2006, 73.
36. Kendal 2015, 13.
37. Firestone 1970, 10.
38. Stock 2002, 55.
39. See for example Purdy 1990; Bordo 2003; Kukla 2005.
40. Donchin 1989, 144.
41. Nachtigall 2006.
42. Silver (1998) outlines similar concerns with regard to future possible

genetic enhancement technologies.
43. Alghrani 2018, 115.
44. Romanis 2020, 396.
45. Bard 2006, 152.
46. See for example Bard 2006; Overall, 2015; Cohen 2017; Di Stefano et al.

2020; Segers and Romanis 2022.
47. Segers and Romanis 2022, 2214.
48. Thomson 1971, 66.
49. Nathanson and Ostling 1979, 282.
50. Overall 2015, 130–31.
51. Though perhaps ‘predecessor’ would be more accurate, since what we’re

looking for here is a tool that would allow us to remove and sustain the
foetus outside the maternal womb from an earlier stage than neonatal
incubation enables.

52. That might not necessarily be off-putting for those women or couples with a
particularly strong desire for a child, but should give us pause for thought in
a culture with existing problems of over-zealous ‘pregnancy policing’ (see
Kukla 2005).

53. Whilst this outcome would be welcomed by some, particularly those who
believe that the foetus has independent moral status and/or a right to life,
others have argued that (as long as abortion is morally and legally

Notes to Pages 7–13 53

ht
tp

s:
//

do
i.o

rg
/1

0.
10

17
/9

78
10

09
54

44
74

 P
ub

lis
he

d 
on

lin
e 

by
 C

am
br

id
ge

 U
ni

ve
rs

ity
 P

re
ss

https://doi.org/10.1017/9781009544474


acceptable), we should be wary of expanding foetal rescue strategies
indiscriminately. Leach expresses a similar concern about foetal surgery,
worrying that this ‘will probably spread to salvaging foetuses – perhaps
earlier and earlier in pregnancy – that might be better left unsalvaged and
aborted instead’ (1970, 148). A similar debate concerns the ethics of
reproductive technologies such pre-implantation genetic diagnosis and
selective termination following in utero diagnosis of disability; some
scholars argue fervently that the use of these technologies contradicts the
attitude of ‘unconditional welcome’ that should characterise the parental
project, whilst others argue that responsible procreation requires us to
produce the children we believe have the best chance of a good life.

54. Singer and Wells 1984, 133.
55. Singer andWells 1984, 147–48. There are practical issues to consider here,

of course. Whilst spare embryos might well be available for use in this kind
of project, these are not quite as abundant as one might hope. Their
availability is currently a constraining factor for various forms of
research (for example, stem cell research), since the process of egg
harvesting is lengthy and uncomfortable, and so willing donors are not
thick on the ground; couples and individuals who have gone through IVF
are also not universally disposed to donate their surplus embryos to science.
On the other hand, it might be argued that it is still far easier to motivate
gamete donation than it is to acquire donor organs for transplant. Another
practical question might be whether the organs grown in foetuses would be
large enough to be suitable for transplant into adults, or even into older
children. If foetal development were indeed limited to the early gestational
period (to avoid moral concerns about sentience) it may be unreasonable to
expect that their organs would be well-developed enough to be useful. But
an answer here might point to other scientific advances that we might
expect to be concomitant with ectogenesis: kidneys, hearts, and so on.
could perhaps be removed from the foetuses and grown to ‘full size’ on
an artificial frame, in the same way as laboratory-grown meat.

56. The exception to this is the argument for ectogenic abortion on the basis of a
genetic father’s rights to the foetus’ continued gestation and birth (see
Romanis 2021 for detailed discussion).

57. Singer and Wells 1984, 138.
58. For a summary of these debates, see Baron and Cowley 2024, 78–81.
59. Delgado et al. 2019.
60. Singer and Wells 1984, 148.
61. Atwood 2003.
62. Singer and Wells 1984, 48.
63. Singer and Wells 1984, 49.
64. Savulescu 2019.
65. See Section 4 for discussion of the non-identity problem and its relation to

this claim.
66. Horn 2023, 55.
67. Fletcher 1974, 164–65.

54 Notes to Pages 13–16

ht
tp

s:
//

do
i.o

rg
/1

0.
10

17
/9

78
10

09
54

44
74

 P
ub

lis
he

d 
on

lin
e 

by
 C

am
br

id
ge

 U
ni

ve
rs

ity
 P

re
ss

https://doi.org/10.1017/9781009544474


68. Singer and Wells 1984, 153.
69. Alghrani 2018, n. 3.
70. Smajdor 2007, 339.
71. Coleman 2004, 45–46.
72. Singer and Wells 1984, 153.
73. Why must the foetus be transferred from one artificial womb to another in

this hypothetical? Because otherwise, we cannot appeal to convergence;
instead, we have to find a separate justification for keeping the growing
foetus in the artificial womb in which it was implanted, and thus try to
bring a new person into existence experimentally.

74. Segers and Romanis 2022, 2208.
75. There are, of course, other identifiable clinical populations who would

also benefit from the availability of such technology, as we saw earlier in
this Element. Artificial amnion and placenta technology would (for
example) allow foetal surgery to be carried out more directly, and would
also allow the foetus to be removed without terminating it in cases in
which the mother’s own medical treatment would risk healthy foetal
development. However, the life-saving potential of this technology for
seriously premature foetuses is generally posited as the primary objective
of this research.

76. Baron 2021.
77. Ombelet and Van Robays, 2015.
78. Alexandre 2001, 458.
79. Biggers 1991, 174.
80. Mulnard 1992, 17.
81. Lewis and Gregory 1929.
82. McLaren and Biggers 1958.
83. Chang 1959.
84. Edwards 1966, 80.
85. Robertson 1974, 368.
86. Alghrani 2018, 22.
87. Hyun et al. 2016, 170.
88. Cavaliere 2017, 3.
89. See for example Anscombe 1984; Smith and Brogaard 2003; Blackshaw

and Rodger 2021.
90. Department of Health and Social Security 1984, 66.
91. Department of Health and Social Security 1984, 65.
92. Department of Health and Social Security 1984, 71–72.
93. Shahbazi et al. 2016.
94. See e.g. Williams and Johnson, 2020; McCully 2021.
95. Hyun et al. 2016, 170.
96. Aguilera-Castrejon et al. 2021.
97. Gong et al. 2023; Zhai et al. 2023.
98. Amadei et al. 2022, 148.
99. Tarazi et al. 2022.

100. Oldak et al. 2023.

Notes to Pages 17–23 55

ht
tp

s:
//

do
i.o

rg
/1

0.
10

17
/9

78
10

09
54

44
74

 P
ub

lis
he

d 
on

lin
e 

by
 C

am
br

id
ge

 U
ni

ve
rs

ity
 P

re
ss

https://doi.org/10.1017/9781009544474


101. Nicolas et al. 2021, 574.
102. Kingma and Finn 2020, 7.
103. Kelsey 2017.
104. Baker 1996, 43.
105. Both organisms also detach from this organ some time after birth takes

place. The foetus is originally connected to the placenta by the umbilical
cord, which naturally dries and falls away in the course of one-to-three
weeks following birth (although it is customary in most Western countries
to clamp and cut the umbilicus away much sooner). The mother will birth
the placenta shortly following the birth of the infant, but this is a more
‘violent’ detachment: the placenta (previously growing into the wall of the
uterus) leaves a wound behind as it is detached, and strong continued
uterine contractions are necessary to keep the mother from losing blood
from this wound before the blood vessels that had supplied the placenta
close off.

106. Burton and Fowden 2015, 1.
107. Tan and Lewandowski 2019.
108. Unless prevented from doing so, molecules will always diffuse across a

permeable membrane from an area of higher concentration to an area of
lower concentration. The maternal blood arrives in the placenta rich in
oxygen: this oxygen then diffuses freely across the epithelium into the
oxygen-poor foetal blood.

109. Leach 1970, 152–53.
110. Westin et al. 1958.
111. Goodlin 1963.
112. Goodlin 1963, 571.
113. Maynes and Callaghan 1963; Callaghan et al. 1965.
114. Robertson 2011.
115. Lawn and Mccance, 1964; Alexander et al. 1968.
116. Zapol et al. 1969.
117. Fallon and Mychaliska 2021.
118. This technique is also sometimes called Extracorporeal Life Support, and

some relevant literature therefore uses the acronym ECLS; in this
Element, I use ECMO throughout.

119. Bartlett et al. 1982, 425.
120. Kuwabara et al. 1987.
121. Kuwabara et al. 1989.
122. Unno et al. 1993, 996.
123. Unno et al. 1993, 1001.
124. Unno et al. 1993, 1002.
125. Spencer and Mychaliska 2022, 2.
126. Both the Philadelphia and Australia-Japan projects use an arterial venous

ECMO model. Although the artificial placenta system currently being
developed at the University of Michigan is based on a venovenous
ECMO, this research group also began their project using a venoarterial
model. In early experiments, however, they were unable to achieve the

56 Notes to Pages 24–30

ht
tp

s:
//

do
i.o

rg
/1

0.
10

17
/9

78
10

09
54

44
74

 P
ub

lis
he

d 
on

lin
e 

by
 C

am
br

id
ge

 U
ni

ve
rs

ity
 P

re
ss

https://doi.org/10.1017/9781009544474


sheep placental blood flow rate needed for life-sustaining levels of
oxygenation; umbilical artery vasospasm (a narrowing of the arteries as
a result of persistent contraction) led to persistent hypotension and
progressive decline in cardiac function (Reoma et al. 2009).

127. Partridge et al. 2017; Church et al. 2018; Church et al. 2018; McGovern
et al. 2020.

128. Usuda et al. 2022, 4.
129. Partridge et al. 2017, 12.
130. Usuda et al. 2022, 4.
131. Usuda et al. 2022, 6.
132. Many thanks to Dr Michael Baron for advising on this section.
133. Reoma et al. 2009, 56–57.
134. Spencer and Mychaliska 2022, 5. (EGA stands for ‘estimated gestational

age.’)
135. Baron 2019
136. Leach 1970, 148.
137. Baron 2021.
138. See for example Medical Research Council, and Economic and Social

Research Council 2021; Graham et al. 2015.
139. Alghrani 2018, 120.
140. Declaration of Helsinki. Ethical principles for medical research involving

human subjects, para. 28.
141. Savulescu and Singer 2019, 221.
142. Rysavy et al. 2021.
143. Humberg et al. 2020.
144. Usuda et al. 2022, 14. Depending on gestational age, there is perhaps also

a case to be made for including those foetuses that would otherwise be
terminated for the sake of maternal health.

145. Raskin and Mazor 2006, 172.
146. In some literature, this distinction has been described using the term

‘innovative treatment’; however, there are many innovative treatments
that have been trialled extensively but are used in a new capacity.
‘Innovative’ therefore does not accurately capture the un-tested nature
of first-in-human ectogestation. ‘Experimental treatment’ may be a more
accurate term.

147. Romanis 2020, 393.
148. Romanis 2020, 396.
149. Usuda et al. 2022, 4.
150. Romanis 2020, 397.
151. Further, as Vidaeff and Kaempf observe, ‘reported gestational age is

mostly an estimate in the absence of assisted fertilization, and not more
accurate than ±4–7 days at best’ (2024, 1).

152. Hendriks and Lantos 2018.
153. Gallagher et al. 2014; Guillén et al. 2015.
154. Vidaeff and Kaempf 2024, 2.
155. Many thanks to Rebecca Brione for raising this point.

Notes to Pages 30–37 57

ht
tp

s:
//

do
i.o

rg
/1

0.
10

17
/9

78
10

09
54

44
74

 P
ub

lis
he

d 
on

lin
e 

by
 C

am
br

id
ge

 U
ni

ve
rs

ity
 P

re
ss

https://doi.org/10.1017/9781009544474


156. Ursin and Syltern 2018, 570.
157. Rosenfeld 1969, 117.
158. Ursin and Syltern 2018, 569; Vidaeff and Kaempf 2024, 3.
159. Yimei et al. 2021.
160. This also presupposes that the risks, to both mother and foetus, of these

increasingly preterm ectogestation attempts – as opposed to termination of
the pregnancy – would continue to be both ethically justifiable and an
appropriate use of medical resources.

161. The foetus ‘cannot, in English law, in my view, have a right of its own at
least until it is born and has a separate existence from its mother. That
permeates the whole of the civil law of this country’ (Paton v British
Pregnancy Advisory Service Trustees [1979] QB 276). This principle has
been reaffirmed in various linguistic forms through the years. However,
since many such affirmations (like that of Sir George Baker in this
particular quote) refer to the status of ‘being born’ and of foetal
separation from the mother, one might argue that granting the foetus
gestating ex utero a different legal status need not threaten maternal
autonomy or the right to abortion in normal pregnancy. For a detailed
discussion, see Romanis 2020.

162. See Alghrani 2018, 119–20 for discussion of the ASPA in relation to the
use of animal subjects in ectogestation and ectogenic research. I also
discuss the ASPA elsewhere in relation to the use of human subjects in
ectogestation trials (see Baron 2021, 411–12).

163. See for example Campbell and McKay 1978; Harman 1999.
164. Campbell and McKay 1978, 24.
165. Campbell and McKay 1978, 23–24.
166. Raskin and Mazor 2006, 177. Of course, whilst concerns regarding the

basis of moral and legal distinctions are shared by many ethicists, it is
worth noting that current scientific practice is regulated according to a
(widely accepted) distinction between the status of embryos growing in
vitro and those growing in the womb. One of the many questions that
would need to be resolved to justify any change to current regulations
would therefore be whether implantation itself changes the moral status of
an embryo.

167. Baron 2021, 412.
168. Singer and Wells 1984, 153.
169. Baron 2021, 411.
170. Edwards 1966, 80.
171. Cohen and Candidate 1978, 321.
172. Baron 2021, 412.
173. Sedgwick 2017.
174. For examples, see Kass 1971; Lappé 1972; Ramsey 1972; Lamphier et al.

2015; Jans et al. 2020.
175. It is important to note that a significant literature in disability ethics has

pushed back against characterising certain conditions as inherently
harmful or negative. For example, the disability rights critique of
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techniques such as preimplantation genetic testing and prenatal screening
suggests that the routinization of such procedures may further entrench
stigma and prejudices against disabled people. (For an overview of these
discussions, see Kukla et al. 2024.) With one eye on the contention
surrounding these terms, we must nonetheless acknowledge that many
of the relevant debates in reproductive ethics and in research ethics
depend upon the presupposition that some outcomes for the future child
can be described as negative outcomes.

176. Parfit 1986.
177. Yamada et al. 2016, 753.
178. Costa-Borges et al. 2023, 971.
179. Costa-Borges et al. 2023, 965.
180. Harris 2000, 29.
181. Shiffrin 1999, 118.
182. Lappé 1972, 1.
183. See for example Rulli 2017; Cavaliere and Palacios-González 2018.
184. Porter 2014, 196.
185. Lugt 2024, 2.
186. Lugt 2024, 217.
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