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ABSTRACT 
In the last 150 years, healthcare has become a large scale multidisciplinary 
human activity that involves the interaction of social, technological, legal, 
political, and economical issues. To be highlighted, healthcare may 
represent 4.6% to 8.5% of worldwide greenhouse gas emissions. 
Extracorporeal organ support, one of the most life-saving interventions in 
emergency and critical care medicine, represents a sustainability challenge 
because of the amount of resources needed for every single patient and 
the increasing number of expected cases in the years to come. 
Given that the conservation of essential resources for human life relies on 
the sustainability of each and all of the human activities, the development 
of greener healthcare policies regarding extracorporeal life support has 
been recognized to be of utmost importance. 
Systematic, organized research should be implemented in order to 
establish evidence based standardized, large scale guidelines and 
procedures aimed not only improve survival of patients, but to ensure 
sustainability. Of note, the place and window of opportunity that 
extracorporeal organ support represent towards a greener global 
healthcare remains to be fully described. 
Most probably, within the following years, extracorporeal organ support 
will represent an inflexion point into diminishing the use of further 
healthcare resources (i.e. early home-based ultrafiltration may preventing 
recurrent hospital admissions because of decompensated hearth failure). 
The present manuscript is aimed to summarize the importance, challenges 
and current perspectives on the way to achieve sustainability of 
extracorporeal organ support. 
Keywords: Extracorporeal Organ support, multiorgan failure, 
sustainability, public healthcare, environmental ethics.  
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1. Introduction 
Historically, medical interventions belonged to a private, 
personal space between the patient and their physician, 
with the rise in life expectancy and world population 
initiated in 1700 rather attributable to economic and 
social changes than medical advances itself, as stated by 
the Thomas McKeown analysis.1 However, it should be 
taken into account that such advances were given also 
because of the parallel existence of redistributive social 
philosophy and large scale public health policies.2  

 
With the advent of industrial revolution, technological 
boost gave place to a giant step in medical knowledge, 
and a bidirectional effect of industrialization on human 
health was established:3  
1. The development of new insights in chemistry and 

engineering led to the invention of machines, new 
energy sources, materials and factory systems 
allowing medical science to advance, developing 
medical instruments, biochemical markers of health, 
pharmacology and public health policies.  

2. At the same time, overcrowding, pollution, trauma 
and large scale healthcare policies creation delay 
gave place to an increase in mortality. 

 
Within this framework, it is important to notice that 
increase in mortality associated with infectious disease, 
occupational hazards, poor housing and pollution were 
not inevitable consequences of large scale 
industrialization, but rather a reflect of the lacking of 
public health policies that regulates logical consequences 
of industrial development. 4  

 

Ever since the industrial revolution, every new medical 
advance has posed a special challenge regarding 
sustainability policies: from protective equipment after 
the discovery of X rays to reasonable antibiotic regimens 
to avoid widespread antibiotic resistance: from security 
measures after the invention of anesthetic gases to 
recycling policies after the invention of plastics.  

 
Being a complex, “high resource consumption” medical 
intervention, the diagnostic-therapeutic approach to the 
patient with extracorporeal organ support (ECOS), may 
include nearly every described medical maneuver, from 
medical-grade plastics use to bedside surgical 
procedures.  

 
Plus, the historical framework in which ECOS is involved, 
in which global warming is already a global emergency, 
makes the development of sustainable ECOS practices a 
multidimensional challenge and bioethical duty to be 
taken as a priority in terms of clinical medicine, public 
healthcare, economy and engineering.5,6  

 

3. Definition and Bioethics of Sustainability 
Being the “do no harm” (nonmaleficence) principle a 
cornerstone in the medical practice, to ensure the 
conservation of the natural resources for human life 
should be one of the primary considerations in the 
everyday practice. For instance, ensuring preservation of 
natural resources has become an everyday ethical duty 
of healthcare personnel, from rationale use of water to 
avoiding medical futility and therapeutic obstinacy. 7 8  

When it comes to larger scale decision making, however, 
clinical guidelines and public health policy design implies 
special ethical considerations. Being access to healthcare 
an essential, universal human right, ensuring equitable 
access to healthcare to all of the present generation, as 
well as generational commitment to sustainability as per 
the Brundtland Report in 1987, essential questions must 
be considered regarding ECOS, an intense resource 
consuming therapeutic option, including, but not limited to: 
9, 10, 11  

1. Which variables should be used as a surrogate 
marker of sustainability? 

2. Which variables should be chosen (or designed) 
to measure the ecological cost/effect? 

3. Which environmental/public health policies 
should be implemented to minimize/retribute the 
ecological cost? 

4. Which prospective economical measures should 
be used to ensure the access to ECOS in the 
context of a large scale increase in ECOS need 
(i.e. global pandemics)? 

 

2. ECOS Sustainability within Healthcare. 
In order to achieve ECOS sustainability, the abstract 
concept, operational definition and applicability of 
sustainability itself must be stated. Defined as the ability 
to maintain or support a process continuously over time, 
sustainability has 3 pillars: environmental, social and 
economic, and the internal structure of sustainability 
includes policies, procedures, and oversight structures that 
ensures sustainability goals. 12-15 
 
Thus, the core of sustainability of ECOS itself remains in 
the implementation of Evidence based interventions (EBIs) 
in every step related to it, from prevention of ECOS need 
to ensuring access to ECOS to the future generations. 12-

15 
 
Of note, long term sustainability of ECOS should not be 
limited to medical/technical issues, such as diminishing 
waste generation or water usage, but ensuring a 
multidimensional perspective that includes the 4 P’s of 
sustainability: people (the impact on all of the persons 
involved) planet (the impact on ecology) profit (i.e. 
economic efficiency, quality-adjusted life years) and 
purpose15-18  
 
Just as any other human activity, healthcare has an 
important environmental impact, that paradoxically 
contribute to the adverse clinical consequences for human 
health; Climate change has been described to be 
responsible for 400,000 additional deaths yearly, and it 
is prospected to reach 700,000 deaths each year by 
2030. 19 
 
Changes in climate patterns lead to more frequent and 
more extreme weather events, natural, and 
socioeconomic disasters that increase health care 
resources need, leading to health systems overload.20 

Climate hazards, amplified by socioeconomic 
vulnerability can give place adverse public health 
scenarios.21 
 
In continuous with what it was noticed since the very 
beginning of the industrial revolution, the mechanisms by 
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which climate change leads to adverse health outcomes 
include increased risk of metabolic, respiratory, 
endocrine, neurological and oncologic diseases related to 
air pollution,22 and increased risk of infectious disease 
due to changes in the environmental factors affecting 
biological vectors and microbial change. 23 
  
In order to objectively measure and compare the 
ecological impact of a given process, standardized 
methods have been developed, including life cycle 
assessment and carbon footprint.  
 
Life cycle assessment (LCA) measures the environmental 
impact of a product from production to waste or recycling 
(cradle-to-grave) across five phases: Raw material 
extraction, manufacturing/processing, transportation, 
usage/retail and waste/disposal. 24, 25  
 
Carbon footprint is defined as the total amount of 
greenhouse gas (GHG) emissions directly and indirectly 
caused by the activities of an entity, either human or 
organization, and its calculated as the sum of resources 
involved including: 26 
1. Transport 
2. Food and household 
3. Phone and internet 
4. Recycling 
5. Electricity  
6. Water 
7. Waste 
8. Gas: (H2O, CFCs, CO2, N2O, CH4) 

 
Thus, carbon footprint has become an important issue to 
take into account when planning medical programs, as 
healthcare is described to contribute with 4- 4.4% of 
worldwide GHG emissions and similar fractions of toxic 
air pollutants. 27 

 
Described strategies to reduce carbon footprint 
applicable to any human action include the well-known 
“reduce, reuse, recycle” formula that may include, when 
applied to healthcare (Table 1): 28 

1. Diminishing electricity usage, such as the air 
conditioner of rooms, unplugging electrical device 
non in usage and using as much as natural light as 
possible. 

2. Reducing the need for transportation. 
3. Reduce on-paper printing, as well as preferring 

automatic two sided printing. 
4. Reducing the waste, including diminishing usage of 

single-use plastic use and single- use items. 

 
Within the frame of healthcare, sustainability can be 
defined as the practice of providing health care 
excellence while reducing its environmental impact, being 
its principles sustainable prevention and pathways (i.e. 
streamlining systems that avoid duplication of care), 
being community-focused, eco-friendly and cost-
efficient.29, 30  

 

3. Challenges Towards ECOS Sustainability 
Being one of the most life-saving interventions in 
emergency and critical care, ECOS has developed 
rapidly in the last 100 years: Based on the theories from 
Graham, RRT has become available since the 1950’s, 

with intermittent modalities for chronic patients available 
from the 1960’s, the treatment of fluid overload via 
ultrafiltration and continuous renal replacement therapy 
(CRRT) from the 1970’s and slow extended daily dialysis 
(SLEDD) since the 1990’s. 32 
 
Gibbon used artificial oxygenation and perfusion 
support for the first successful open-heart surgery in 
1953, and in the 1960’s, Kolobow designed an alveolar 
membrane artificial heart lung, settling the basis for 
extracorporeal membrane oxygenation (ECMO), first 
used by Hill in 1972. Based on the aforementioned 
technology, liver-support albumin-based dialysis was 
proposed, and CO2 removal devices employing 
membrane oxygenators and sorbent therapies became 
available.32  

 
Even when designed in parallel, but not initially intended 
to work in a single patient at the same time, later on it 
became clearer that an organ failure is rarely a single 
organ failure. Considering multiple interactions between 
native organs ("crosstalk"), combined and/or integrated 
extracorporeal organ support (ECOS) devices were 
designed, with the concept of multiple organ support 
therapy (MOST) being described by Ronco and Bellomo. 

33, 34 
 
Being renal replacement therapy (RRT) principles the 
foundation of subsequent forms of ECOS, many of the 
challenges towards ECOS sustainability have already 
been approached within the frame of RRT and/or other 
critical care medicine scenarios. 35-38 
 

The priority of reducing the incidence of organ failure 
cases needing ECOS, may be best understood in the 
scope of the epidemiological trends: 
1. Overt organ dysfunction affects up to 70% of 

patients during their ICU stay. 39-41  
2. As much as 50-60% of patients admitted to the ICU, 

42-43 will develop AKI, and among them 10-15% will 
require RRT 44-45. Moreover, about 30% of patients 
with AKI may require chronic dialysis after discharge. 
46, 47 

3. On the other hand, the difficulties developing a 
sustainable program were highlighted in the course 
of both 2009 influenza and 2019 COVID-19 
pandemics, as stated by the American Hospital 
Associations. 48  

4. The expectable amount of human, economic and 
material resources expected to be needed can be 
understood when getting in perspective than, in less 
than 100 years, ECOS has evolved from anecdotal 
cases of a single kind of therapy to worldwide use of 
multiple techniques including ultrafiltration, 
extracorporeal carbon dioxide removal, 
extracorporeal membrane oxygenation, 
hemodialysis, albumin techniques, plasma exchange, 
hemoadsoption, plasma exchange and bioartificial 
systems. Moreover, in the years to come extended 
number of indications and worldwide peaks on its 
usage are expected in the years to come. 

 

Efforts to assess and improve the ecological impact of 
ECOS already in progress include to find standardized 
methods to measure and compare the ecological impact 
of ECOS:  
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1. The described carbon emissions from ICU range 
between 88-178 kg CO2e/patient/day being the 
predominant sources of carbon emissions electricity, 
gas use, as consumables. The described waste 
production ranges from 1.1 to 13.7 kg/patient/day. 
49 

2. The carbon footprint of Hemodialysis per year is 3.8 
-10.2 tons CO2e ; 50 

3. Recently, a metric called “Mortality Cost of Carbon” 
has been developed to measure the impact of carbon 
emissions in the form of excess deaths.50 

 
In 2023 European Society of Anaesthesiology and 
Intensive Care (ESAIC) adopted the Glasgow Declaration 
and stated forward recommendations in four main areas: 
direct emissions, energy, supply chain and waste 
management, as well as psychological and self-care of 
healthcare professionals.51 Recommendations included 
the use of very low fresh gas flow, choice of anaesthetic 
drug, energy and water saving. 51  
 
Even if when all of the different indications, scenarios and 
ECOS modalities belongs to very different clinical 
entities, when it comes to assessing sustainability, common 
strategies, perspectives, approaches and policies may be 
applied. 
 
Optimizing waste management is one of the main areas 
of opportunity in the way to ECOS worldwide 
sustainability. Just as the Law of conservation of mass in 
the nature ensure circular cycles regarding organic 
matter, cradle-to-cradle design for technological assets 
must be rethought in the sight of developing easy to 
reuse, reduce and recycle equipment. 52 

 
In a yearly ICU material flow analysis (MFA) performed 
in 2019, it was reported the generation of a material 
mass inflow of 247,000 kg, out of which 50,000 kg were 
incinerated as hazardous hospital waste, with an 
environmental impact per patient of 17 kg of mass, 12 
kg of CO2 equivalents 300 L of water usage and 4 
meter2 of agricultural land occupation daily. 53 

 
Regarding waste production in the ICU , 5 hotspots have 
been identified: non sterile gloves, isolation gows, bed 
liners, surgical mask and syringes, thus personal 
protective equipment, syringes with packaging, sterile 
water and bedliners are responsible for 20% of the ICU 
material use. Of interest, the packaging of tissues and 
compresses has a very high product/package 
relationship. From this data, one of the main factors to be 
taken home is that improving the human process linked to 
the generation of waste may be one of the keys to 
sustainable ECOS.53 

 
During each HD session, up to 1.5 to 8 Kg of mainly 
plastic waste, are generated, corresponding to an annual 
worldwide production of 1.2 million tons;44 For infectious 
waste, almost entirely managed by incineration, it is 
desirable for the use of polyvinyl chloride (PVC) to be 
replaced by chlorine-free polymers; this reduces the 
formation of dioxins and furans, which are generated at 
insufficiently high temperatures.54 

 
Also, optimizing hemofilters by adding a coating agent 
to haemofilters may reduce the incidence of thrombosis 

of the haemofilter, subsequently reducing the number of 
filters wasted.55 

 
Many manufacturers have optimized the device design to 
make it more eco-friendly. Modifications include 
reduction of disposable weight by implementing an all-
in-one cassette system that unifies all the components of 
the extracorporeal circuit. 56 

 
The use of lighter material, such as polyolefines reduces 
the weight of the unused disposable. Performing on-line 
priming and rinsing in the set-up phase, and on-line 
infusions and reinfusion at the end of the session, instead 
of applying saline from an extra bag, reduces 
disposable weight generated at every session: this 
highlight the importance of optimizing human process in 
order to improve sustainability.57  
 
Increasing the recyclability (defined as the ability of a 
material or product to be collected, processed, and 
reused) has also been studied as a mean to improve the 
sustainability of ECOS: from achieving the maximum 
catalytic efficiency to the employment of specific 
materials to the development of green functionalized 
nanomaterials, including bioplastics to green 
functionalized nanomaterials designed specially to be 
renewable, eco-friendly and energetically efficient. 
Expected benefits of green nanotechnology 
include increased energy efficiency, reduced waste and 
GHG, and minimized consumption of nonrenewable raw 
materials. 58  
 
Very importantly, the definition and search for “best 
available technique” for a given episode (i.e. the one that 
gets the maximum clinical benefit at the lowest ecological 
cost), from choosing between two similar techniques (i.e. 
Mars vs. Prometheus)59 , to combining different techniques 
in a single patient (i.e. Peritoneal dialysis and HD, as 
described for Japanese elderly people)60 to the 
development of bioartificial organs.61,62 
 

Among the few described options for water saving in 
ECOS, water used for dialysis, pretreated with reverse 
osmosis, could be used for flushing toilets, washing or 
even soil fertilization, since nearly 100% of phosphate 
and 25% of ammonia can be recovered from this 
wastewater.63  

 

Additionally, a reduction of Qd from 500 to 400 mL/min 
could save about 24 L of water during 4-h standard 
hemodialysis session, that implies the saving of 3744 liters 
yearly. On a world scale, it would mean conserving 24 
billions liters of water daily. Even if this change cannot be 
made to a greater scale, but on a case-by case decision 
making, in order to preserve KT/V, a Qd reduction to 
400mL/min may not affect dialysis efficacy. 64-65 

 
Of note, among the three options for dialysate in the 
market (liquid concentrated delivered in plastic 
containers, and powder for dilution) significant 
differences in ecological exist, being the powder or 
semidry concentrate the most ecological option, as it 
implies less transportation cost, less plastic waste and less 
storage space needed. 66Ecological analysis of 
consumables option should be done on the everyday 
basis for ECO options. 
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Utilizing renewable energy sources including solar 
panels, geothermal energies and eolic energy, and 
diminishing as much as possible both thermal and 
electrical requirements of HD facilities. Described 
strategies for diminishing energy consumption include use 

of technologies to manage electrical loads (i.e. variable 
intensity drives), infrastructural measures such as thermal 
insulation and energy monitoring systems, and training 
both patients and medical personnel in energy-saving 
strategies. 67-69 
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Discussion 
Global warming is an urgent reality nowadays, 
especially if the increase rate in human population is 
taken into account; in 1800, the world population was 1 
billion people, and the global population today 
surpasses 8 billions.70,71 This increase is not only related 
to increase birth rate, both, from the 19th century, the 
infant mortality reduction and extended life spam. 
 

As worldwide population increases, the development of 
human activities without a sustainability perspective 
deteriorates the global environment by breaking the 
“circular economy” of natural ecosystems and, 
consequently, deteriorates human life. These phenomena 
have been already anticipated by academics focused on 
the process of evolution, species development, symbiosis 
an economic development, including Darwin, Spencer, 
Kropotkin and Malthus. From this perspective, any human 
activity could adversely affect the ecological balance. 
 

Healthcare has become a multidisciplinary system that 
involves technological, social, legal political, and 
economical interactions. Recently, it has been recognized 
that healthcare ecological and environmental interactions 
are also crucial, since the conservation of essential 
resources and adequate media for human life relies on 
the sustainability of each and all of the human activities, 
including healthcare itself. 72 Furthermore, it has been 
proposed that “health is a state of complete physical, 
mental, social and ecological well-being and not merely 
the absence of disease—personal health involves 
planetary health”. 73 
 

As every large scale human activity, health care 
contributes to global warming, representing as much as 
4-4.4% of worldwide GHG and toxic air pollutants.74 
Among the different therapeutic interventions, ECOS 
deserve special attention because of its expected benefit 
as a therapeutic maneuver, high resource need and the e 
expected increase in need for ECOS as human survival 
increases. 
 

On the way of reducing environmental impact, the use of 
standardized measures, including Life cycle assessment, 
Carbon footprint and Mortality Cost of Carbon may be 
useful to assess and compare the impact of different 
strategies aimed to improve sustainability of RRT. As 
carbon footprint of CKD care increases as GFR 
diminished, strategies aimed focused on primary, 
secondary and tertiary prevention may improve the RRT 
burden. 
 

Just as in any other process, modifications focused on 
sustainability are based on the “reduce, recycle, reuse” 
approach in order to attain a nearly perfect “circular 
economy” or a zero carbon print in the process of a given 
medical interventions.  
 

Most importantly, until now, sustainability approaches to 
ECOS have been based on a “damage limit/lesser harm” 
politics, but the main place of ECOS within global 

healthcare sustainability may be the creation of an 
inflexion point, preventing further health related resource 
consumption, creating a “golden gap” in terms of 
diminishing the prospected use of health resources within 
an individual lifespan. 
 
For doing so, a “greater good” bioethics approach must 
be added to the overall ECOS sustainability analysis, as 
it is not mutually excluding, but complementary with a 
“damage limiting” perspective. For doing so, important 
questions remains to be routinely made: 
1. Does a given ECOS option is significantly greener 

than other, for a given clinical benefit? 
2. Does ECOS may prevent for health related expenses 

(i.e. UF preventing hospital admission for 
decompensated heart failure)? 

3. Does ECOS as a bridge to transplant may prevent 
an individual to became chronically critically ill? 

4. Does early ECOS may prevent organ failure 
progress? Can it prevent a single organ failure 
progress to multiple organ failure?  

 
Within the years to come, standardized clinical outcomes 
and trials may be designed to answer this questions. 
Additionally, the technological progress may allow not 
only greener, but also earlier approaches to organ 
failure support, making ECOS more of an organ 
preserving/ future resource saving therapy. 
 

4. Conclusions  
As the complexity of medical cases increases (along with 
the increased life expectancy and increased survival 
from previously considered lethal diseases), intensive 
care medicine, particularly ECOS has become a nearly 
everyday part of the medical practice in specialized 
medical facilities, making the creation of ECOS 
sustainability policies that involves social, economical, 
human and environmental issues a priority. 
 
Primary and secondary prevention of organ failure in the 
outpatient setting and medical algorithms for early 
detection of organic failure within the context of in-
hospital care are key components for attaining long term 
sustainability of ECOS, as it decreases incidence of ECOS 
need. 
 
Until now, improving the everyday medical care 
practices, water reuse, efficient use of plastics and 
selection of the most cost/effective ECOS strategy within 
a single patient are the key components to reduce social, 
economic an environmental impact of ECOS therapy. 
 
Future directions towards ECOS sustainability includes the 
creation of new biomaterials, bioartificial organs,75 
miniaturization and simplification of ECOS equipment in 
order to achieve easier, ambulatory supervised (and 
possibly artificial intelligence assisted) patient-operable 
long-term ECOS. 76 Of note, the addition of a “greater 
good” bioethical approach to ECOS use may allow it to 
become a healthcare resource saving therapy.
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