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Her research combines environmental and medical 
science to assess the climate and environmental 
impact of intensive and perioperative care in Sweden. 

Life cycle assessment is used to compare the impact of single use and reusable 
products used in the intensive care unit and surgical theatres, as well as to find 
modifiable hot spots that can be targeted to reduce the overall climate impact 
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Populärvetenskaplig sammanfattning 

Klimatförändringarna är nutidens största hot mot människors hälsa. Samtidigt står 
sjukvården för cirka 5 procent av de globala utsläppen av växthusgaser och därför 
kan klimatkrisen ses som en sjukvårdskris.  

Intensivvård och kirurgi är särskilt resurskrävande både vad gäller 
materialanvändning och energiförbrukning. Syftet med denna avhandling var att 
undersöka klimat- och miljöpåverkan från kirurgi och intensivvård, samt att utforska 
hur miljöeffekter och dess osäkerheter kan utvärderas inom ramen för en klinisk 
studie. Genomgående har klimatpåverkan (kg CO2eq), alltså utsläpp av 
växthusgaser varit i fokus. 

En metod kallad livscykelanalys (LCA) användes för att modellera och beräkna 
klimat- och miljöpåverkan genom hela livscykel för olika produkter och 
interventioner. LCA användes för att jämföra påverkan på resursanvändning, 
klimatförändringar, ekosystem och mänsklig hälsa av att använda engångs- och 
flergångsprodukter. Dels jämfördes engångs- och flergångsinstrument för 
titthålskirurgi, dels engångs- och flergångsinstrument som används inom 
intensivvården vid inläggning av centrala ven katetrar. LCA användes också för att 
uppskatta den totala klimatpåverkan av att vårda en patient på en svensk 
intensivvårdsavdelning under ett dygn. LCA användes även för att beräkna och 
jämföra påverkan på 18 olika miljöpåverkanskategorier för två 
behandlingsalternativ som jämförts i en klinisk studie. Syftet var att testa och 
jämföra två statistiska metoder för att avgöra om det fanns en skillnad mellan 
grupperna. Skillnad mellan grupperna analyserades därför med en enklare statistisk 
metod, och därefter med en mer avancerad metod som även tog hänsyn till 
osäkerheter i LCA-modellen. 

Sammantaget så hade flergångsprodukterna 45–95% lägre klimat- och 
miljöpåverkan än motsvarande engångsprodukter. Dessutom var 
flergångsalternativen betydligt billigare. Den genomsnittliga klimatpåverkan från 
ett vårddygn på en svensk intensivvårdsavdelning uppskattades till 30 kg CO2eq, 
och ökade till 126 kg CO2eq vid användning av fossila energikällor. De olika 
statistiska analysmetoderna visade på i stort sett samma skillnader mellan de två 
grupperna i den kliniska studien för de flesta av miljöpåverkanskategorierna, oavsett 
om osäkerheter i LCA-modellen inkluderades eller inte. 
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I Sverige finns en stor potential att minska klimatpåverkan från kirurgi och 
intensivvård genom att ersätta engångsprodukter med flergångsalternativ. Samtidigt 
är tillgång till förnybar energi avgörande för att minska vårdens klimatpåverkan 
globalt. Resultaten tyder också på att en enklare statistisk metod kan räcka för att 
utvärdera miljöeffekter och associerade osäkerheter i kliniska studier. 
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Abbreviations 

API Active pharmaceutical ingredient 

CFC Chlorofluorocarbon 

CVC Central venous catheter 

CI Confidence interval 

DCB Dichlorobenzene 

GHG Greenhouse gases 

EQUATOR  Enhancing the QUAlity and Transparency Of health Research 

ICU Intensive care unit 

ISO International Organization for Standardization 

HVAC Heat ventilation and air conditioning 

LCA Life cycle assessment 

LCC Life cycle costing 

LCI Life cycle inventory 

LCIA Life cycle impact assessment 

LMIC Low- and middle-income countries 

PM Particulate Matter 
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TEG Triethylene glycol 
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Abstract 

Background: Climate change is the greatest threat to human health in the 21st 
century and healthcare contribute to approximately 5% of global greenhouse gas 
emissions. Intensive and perioperative care are particularly resource intensive. This 
thesis aimed to assess the climate and environmental impacts of perioperative and 
intensive care (Papers I–III) and to explore how environmental outcomes and 
associated uncertainties can be evaluated in a clinical trial context (Paper IV). 

Methods: Life cycle assessment (LCA) was applied in all four papers to quantify 
environmental impacts across the life cycle of healthcare products and activities. 
Papers I and II combined LCA with life cycle costing to compare single-use, 
reusable, and mixed systems for laparoscopic surgery and central venous catheter 
(CVC) insertions in a Swedish setting, and the impact on resource use, climate 
change, ecosystem quality and human health was assessed. Paper III applied LCA 
to estimate the total climate impact per inpatient day in a Swedish intensive care 
unit (ICU). In Paper IV, LCA was applied to compare  the impact of an intervention 
and comparator in a clinical trial assessing fluid administration on 18 environmental 
outcomes, climate impact (kg CO₂eq) was the primary outcome. Group differences 
were analysed using a general linear model and a hierarchical mixed-effects model 
that incorporated LCA uncertainty. 

Results: Reusable trocar systems and CVC insertion kits had 45–95% lower impact 
than the single-use alternatives on all environmental impact categories and was 
about half as expensive. The median climate impact of one ICU inpatient day was 
estimated at 30 kg CO₂eq, increasing to 126 kg CO₂eq with a high-impact energy 
mix. In Paper IV, results were consistent for most outcomes, with minimal 
differences between the statistical approaches. 

Conclusions: In Sweden, replacing single-use items with reusable alternatives 
offers the greatest potential to reduce the climate impact of intensive and 
perioperative care, while renewable energy remains essential as a mitigating 
strategy globally. Simpler statistical approaches appear sufficient for evaluating 
environmental outcomes in clinical trials. 
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Preface1 

First do no harm… 

 

… is the guiding principle of healthcare workers all over the world and in an era of 
climate crises, biodiversity loss and other environmental challenges it can be 
regarded as quite a paradox that healthcare, which is intended to do no harm account 
for about five percent of the global emission of greenhouse gases (GHG), 
contributing to said crisis, regarded as the single largest threat to human health in 
the 21st century.  

Up until now, or at least a few decades ago, the resource demanding activities of 
healthcare has been justified by the aim of saving lives. This raises a fundamental 
question – how do we reconcile the conflicting goals of high-quality individual care 
for all human beings with the collective need for a sustainable use of the planet’s 
resources? 

Not only do high-quality care in developed countries disproportionally drive 
emissions of GHG, but the need for better care globally would require an even 
higher demand of resources, increasing global environmental harm. Here in lies a 
clear conflict, to ensure equitable access to high-quality healthcare globally, the 
environmental pressures would likely be exacerbated unless profound systemic 
changes are made. The question is then how such change can be achieved? 

 
1 This preface has been adapted from the author’s contribution to the book Through the kaleidoscope 

of sustainability – 25 essays, written by the PhD students and alumni in the Agenda 2030 
Graduate School, Lund University. 
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Aims 

The purpose of this thesis has been to broaden health care’s guiding principle of 
“first do no harm”, expanding it beyond the individual patients to guide actions that 
help save the planet, a prerequisite for life and the health and wellbeing of present 
and future generations. 

The aim was to assess the climate and environmental impacts from perioperative 
and intensive care, to identifying modifiable elements that can be targeted to reduce 
the overall climate and environmental impacts from healthcare activities, and to 
contribute to the methodological development needed to provide such insights. 

Specific aims 
The specific aim in Paper 

I. was to estimate and compare the environmental and economic impacts of 
using single use and reusable trocars in laparoscopic surgery 

II. was to estimate and compare the environmental and economic impacts of 
using single use and reusable items in central venous catheter (CVC) 
insertion kits 

III. was to estimate the total climate impact of Swedish intensive care and to 
identify modifiable elements 

IV. was to explore how different types of uncertainties in clinical trial LCAs 
could be assessed. 
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Introduction 

Healthy planet, healthy people 
In 2009 a framework that defines safe limits for human pressure on nine critical 
environmental processes needed for enabling a stable and resilient earth system was 
developed, called the planetary boundaries (1). Already then three out of nine 
boundaries were crossed, and today seven out of nine boundaries have been 
transgressed (Figure 1). For each boundary crossed, the risk for large-scale abrupt 
or irreversible environmental changes increases, leading to an increased risk of 
adverse effects on human health and ecosystems (2). The nine boundaries are 
interrelated, and the transgression of one boundary has the potential to create a ripple 
effect on the other boundaries (2). 

The transgression of the planetary boundaries marks the end of the Holocene, the 
time era which has described the earth system and its environment since the end of 
the last ice age about 10 000 years ago. Instead, we are entering the Anthropocene, 
an era which is characterized by the impact human activity has on the earth and our 
surrounding environment (1). 

Although the boundaries can’t be considered in isolation from one another, climate 
change is probably the boundary which people are most familiar with. The 
environmental mechanism of climate change, or global warming, is explained by 
the greenhouse effect. In principle the amount of incoming solar radiation and the 
energy leaving the earth’s atmosphere through reflection or as infrared radiation 
should be in balance. However, GHGs absorb the infrared radiation and traps it in 
the atmosphere, causing an imbalance of radiation entering and leaving the 
atmosphere. This explains why the temperature increase with a higher content of 
atmospheric GHGs (3). The increased concentration of GHGs in the atmosphere, 
superseding the internationally agreed limit set in the 2015 Paris Agreement, could 
lead to extreme impacts on the earth system and human health (2). 

In fact, climate change already adversely affects human health (4), the rise of 
atmospheric and ocean temperatures has led to an increased frequency of weather-
based natural disasters such as droughts, floods and wildfires, increased frequency 
of heat waves, changes in infectious disease vectors and negative impact on 
agriculture crop yields (5-7). Climate change is associated with an increased risk for 
several diseases such as acute infection-related respiratory and intestinal diseases, 
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exacerbation of pre-existing pulmonary lesions, heat-related dehydration, cerebral 
insults, myocardial infarctions, and acute kidney dagame during heat waves (8). The 
World Health Organization (WHO) has estimated that climate change will lead to 
about 250 000 additional deaths annually between year 2030 and 2050 (9).  

 

 
Figure 1. The 2025 update to the planetary boundaries.  
The planetary boundaries that define safe limits for human pressure on the earth system. Two 
boundaries remain within a safe operating space (green) while seven boundaries have been 
transgressed (orange/red). Credit: Azote for Stockholm Resilience Centre, based on analysis in 
Sakschewski and Caesar et al. 2025 (10). 
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Healthcare’s climate impact 
Climate change is the greatest threat to human health in the 21st century. And whilst 
the guiding principle of healthcare is do no harm, healthcare activities account for 
almost 5% of the global net emissions of GHG (11), ranging from 4% to 10% of 
national GHG emissions (12-16). About 70% of the total emissions can be attributed 
to indirect emissions that origin primarily from the healthcare supply chain and 
about 30% can be attributed to direct emissions that is related to healthcare 
operational emissions, transports, and energy consumption (11). As a response to 
the climate crisis and the realisations of healthcare’s own contribution to the global 
emission of GHG, voices have been raised by both healthcare professionals and 
patients to find sustainable healthcare pathways (17, 18). The number of studies that 
assess climate and environmentally friendly healthcare pathways has increased 
exponentially over the last couple of decades. 

Life cycle assessment (LCA) 
LCA is a popular method used to estimate the environmental impact of a product or 
system. The idea of LCA was conceived in the 1960’s as part of the environmental 
movement and the recognition of humans’ excessive use of non-renewable 
resources. But it wasn’t until the 1990s that the method got real traction within the 
scientific community, culminating with the International Organization for 
Standardization’s (ISO) release of the ISO14040 and ISO14044 standards by the 
end of that decade (19). Today the application and reporting of LCA is guided by 
an updated version of the standards established by ISO in 2006 (20, 21). LCA is a 
method that quantify environmental impacts of a product or system, by including 
the needed exchanges between the biosphere and technosphere throughout all life 
cycle phases: raw material extraction; production; use phase; waste management; 
and all transportation  (19) (Figure 2).  
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Figure 2. LCA schematic 
The exchange pathways between the biosphere (green) and technosphere (brown) throughout all life 
cycle phases: raw material extraction, production, transportation, use, and waste management. 

Information on impacts from different materials and processes is commonly 
collected from large databases (22). Products or systems are modelled in special 
software developed for LCA, using data from the databases. The software then 
summarises the environmental impacts from the model. Beside climate impact, 
LCA can be used to estimate the impact on a range of categories such as impact 
from air pollution, impacts connected to resource use, and impact on ecosystems. 

Healthcare LCAs 
The number of studies using LCA to estimate the environmental impact of 
healthcare activities has increased rapidly during the last decade. From early 2000 
until 2010 only a couple of articles were published each year. Today almost 400 
articles have been reported in the HealthcareLCA Database, an online repository of 
published, peer reviewed healthcare LCAs (23). Most studies included in the 
database is on medical equipment and products, representing 35%, or on procedures, 
medical interventions and investigations, representing 30% (Figure 3). 

Most of the studies used a cradle to grave approach, meaning that impacts 
throughout the entire life cycle was included in the analyses, from raw material 
extraction to waste management. 
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Figure 3. Cumulative data sources within the HealthcareLCA database 
This chart summarizes the cumulative number of data sources that are currently included in the 
HealthcareLCA database and breaks them down into different categories. Credit: HealthcareLCA, 2021 
(24). 

High-resource healthcare 
Intensive and perioperative care are two of the most resource intensive medical 
specialties at the hospital due to their excessive use of disposables, requirement of 
sterilised instruments and the units’ high energy demand to run heat ventilation and 
air conditioning (HVAC) and all electronic equipment and lighting.  

The high resource turnover in these units and interest of their environmental impact 
is also reflected in the number of published articles focusing on these two 
specialties, representing about 35% of the total amount of published articles 
included in the HealthcareLCA database (23). 

LCA studies on medical equipment and products used in intensive care include 
studies on, laryngoscopes (25, 26), laryngeal mask airways (25, 27), CVC insertion 
kits (28), anaesthetic drug trays (29, 30), and pulse oximeters (31). LCA studies on 
intensive care interventions include an assessment of the climate impact of treating 
patient with septic shock (32), and an assessment of the environmental impact of 
open versus closed endotracheal suctioning in invasively ventilated critically ill 
patients (33). 

LCA studies on medical equipment and products used in perioperative care include 
studies on laparoscopic instruments (34, 35), endotracheal tubes (36), instruments 
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for robotic surgery (37), and cardiopulmonary bypass devices (38). LCA studies on 
surgical interventions include assessments of cardiac surgery (39, 40), carpal tunnel 
release (41), liver transplantation (42), and care pathways for anastomotic leaks 
(43). There is also a study which estimated the total climate impact from surgery in 
Canada, USA and the United Kingdom (44). 

Clinical trial LCAs 
For clinical trials, LCA has primarily been used to estimate the climate impact of 
the trials themselves and the trial related activities (45, 46). A few clinical trials have 
also included environmental impacts as outcomes (47, 48). Since comparative LCAs 
are increasingly applied in medicine, a need for future clinical trials to compare not 
only clinical outcomes, but also the environmental impacts of the interventions have 
been raised (49). There is currently a project registered with the Enhancing the 
QUAlity and Transparency Of health Research (EQUATOR) Network that aim to 
develop extensions for the Recommendations for Interventional Trials 2025 
(SPIRIT 2025) and Consolidated Standards of Reporting Trials 2025 (CONSORT 
2025) that include climate and environmental impacts as outcomes when reporting 
the result of a clinical trial (50, 51). The extensions are called SPIRIT-Implementing 
Climate and Environmental outcomes in clinical trials (SPIRIT-ICE) and 
CONSORT-ICE. 

Uncertainties in healthcare LCAs 
Information on the impacts from different material and process is available in large 
databases. The impacts of materials and processes in these databases are often given 
with a measure of uncertainty. For example, the climate impact from transporting a 
certain weight by lorry in Europe has been calculated for different vehicles, loads, 
and fuels, allowing the estimated average climate effect per kilometre, and the 
associated variation, to be entered into the database. The uncertainty of the 
environmental impacts of the entire system can then be assessed using Monte Carlo 
simulations, which utilizes randomly sampled data for all identified materials and 
processes in the system to generate a point estimate with a 95% reference interval. 
Monte Carlo simulations have been the most common way of estimating the 
uncertainty of LCA results across scientific fields, and several LCA software tools 
have Monte Carlo simulations as a built-in feature (52). 

In a clinical trial setting, LCA data is a combination of database data with known 
uncertainties and independent data collected during the trial for which uncertainties 
are unknown. There is currently no consensus on how the difference between 
environmental impacts in such context should be assessed, and the subject has 
received surprisingly little attention. This is perhaps because many environmental 
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scientists regard LCA as a method to explore systems and to identify hotspots rather 
than to assess the differences between different processes. 

When comparing different processes, one school of thought is that inferential 
statistics, as is commonly used in medicine, can be used to compare Monte Carlo 
simulation data from the two systems (53-55). In contrast, some argue that such an 
approach is flawed because it violates the requirement of independent observations 
and because the P value will be inflated by an increased number of Monte Carlo 
simulations without additional data entering the system (56). 

Rationale for this thesis 
With climate change being the greatest threat to human health in the 21st century 
and the transgression of seven out of nine planetary boundaries, the rational and aim 
of this thesis has been to identify modifiable elements that can be targeted to reduce 
the climate and overall environmental impact from healthcare. This thesis has 
focused on the resource intensive specialties intensive an perioperative care, and the 
results are intended for clinicians, personnel working with procurement of medical 
equipment, and for policy makers. The aim was also to explore how uncertainties in 
the LCA model can be assessed in a clinical trial context, to be able to contribute to 
the methodological development needed for the inclusion of environmental impacts 
as outcomes in clinical trials. 
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Environmental impacts beyond 
climate change 

As outlined in the introduction human life on earth is threatened not only by climate 
change but by the transgression of several planetary boundaries. Most impact 
categories assessed in LCA are related to the boundaries in the planetary boundary 
framework (Figure 4). Below follows a short description of the most common 
environmental impacts assessed with LCA and how they affect human health. 

Categories with a direct effect on human health 
Fine particulate matter formation 
The environmental mechanism of fine particulate matter formation refers to a 
change in the ambient concentration of particulate matter (PM) after the emission 
of precursor substances, most common are Ammonia (NH3), Nitrogen Oxides 
(NOx), and Sulphur Dioxides (SO2) (57). 

Fine particulate matter formation refers to the emission of household and ambient 
air pollutants which is harmful to human health. Ambient air pollution caused over 
4 million deaths in 2019 (58) and was estimated to cause over 100 million lost years 
of healthy life in 2015 (59). Exposure to PM is also associated with chronic and 
acute respiratory diseases, lung cancer, diabetes and adverse birth outcomes (57). It 
has further been shown that exposure to ambient air pollution before admission to 
intensive care prolong the duration of artificial ventilations in intensive care patients 
(60). The emission of fine particulate matter has negative effects also from a 
planetary health perspective since it leads to crop damage and forest degradation as 
well as reinforces both global warming and acidification (1). 

Toxicity 
The environmental mechanism of toxicity is divided into four steps. First the 
increase in chemical concentration in a given environment is estimated. Then the 
bioavailability of that chemical is quantified. The amount of available chemicals is 
then related to the effect on the ecosystem, and lastly the effect on ecosystem is 
translated into impact on human health or in terms of changed biodiversity over time 
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and space (57). The emission of chemicals into the environment or from chemical 
ingredients used in products released in the production phase, during use, or as part 
of the waste management process adversely affect human health by increasing the 
risk of both carcinogenic and non-carcinogenic diseases, and through its negative 
effect on terrestrial, freshwater, marine, and aerial ecosystem (57). 

 

 
Figure 4. Connection between planetary boundaries and impact categories assessed in LCA. 
The connection between the planetary boundaries (inner circle) and environmental impact categories 
assessed in LCA (outer circle). 
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Photochemical ozone formation  
The environmental mechanism of photochemical ozone formation is complex since 
there are an abundance of different substances that affects it. Briefly, the compounds 
are formed as secondary contaminants by the oxidisation of primary contaminants 
such as volatile organic compounds (VOC), non-methane VOC (NMVOC), or 
carbon monoxide (CO) in the presence of nitrogen oxides (NOx) (57). 

The reactive nature with photochemically generated pollutants causes organic 
molecules to oxides in exposed surfaces in the vegetation and on man-made 
surfaces. When ozone and other reactive oxygen compounds which are formed in 
the process is inhaled it has a negative effect on human health since it harms the 
tissues in the respiratory tracts, causing respiratory diseases (57). 

Stratospheric ozone depletion 
The environmental mechanism behind stratospheric ozone depletion is that the 
ozone is destroyed by the emissions of chemicals, primarily chlorofluorocarbons 
(CFC) which are used as refrigerants, foam blowing agents, solvents, and halons 
which are used as fire extinguishing agents. Since ozone absorbs UV radiation, the 
depletion of stratospheric ozone reduces the atmosphere’s ability to absorb the 
incoming UV radiation. The main concern is the increased exposure to UV-B which 
impact on human health are suspected to increase the risk of skin cancer, cataracts, 
sun burns and immune system diseases (57). 

Abiotic resource use 
Abiotic resources are natural resources with a functional value to society, such as 
fossil fuels, minerals and metals. The environmental mechanisms of abiotic resource 
use are connected to the energy consumption and cost of the raw material extraction. 
It is assumed that easily accessible and cheap resources are extracted first, leaving 
future generations with low value resources that are harder to extract, increasing the 
energy requirements and cost per kg extracted material (57). The most prominent 
health issue with abiotic resource use is the impact that fossil resources used as fuels 
cause through the combustion process and the emitted air pollutions (57). 

Ionising radiation 
The environmental mechanism of ionising radiation refers to the emission of a 
radionuclide, most often from the use of nuclear power (57). It has adverse effect 
on human health since it increases the risk of cancer and hereditary diseases (61). 
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Categories with an indirect effect on human health 
Eutrophication 
The environmental mechanism of eutrophication refers to the degrading condition 
of aquatic environments because of the enrichment of nutrient salts, which primarily 
has to do with humans’ increased use of compounds containing either phosphorus 
(P) or nitrogen (N), such as in the manufacturing of fertilizers used in food 
production (1). Eutrophication primarily effects the planetary health since human 
activity led emissions of P and N perturb the global cycles of these elements, 
reducing the resilience of the earth system (1). The degradation of water quality, the 
altered composition of species, and in the long term the transition of lakes into 
swamps, grasslands and forests also has a negative effect on human health due to 
the decreased access to freshwater and its negative effect on fishery (57). 

Acidification 
The environmental mechanism of acidification is connected to the ecosystems’ 
capacity to neutralise acid. Acidification occurs naturally over time but increases 
with man-made input of hydrogen ions to the soil and freshwater aquatic 
ecosystems. The main source is air-borne emissions from gases that release 
hydrogen when degraded in the atmosphere or after deposition to soil and water. 
The main compounds contributing to terrestrial and freshwater acidification is 
sulphur oxides (SOx) and nitrogen oxides (NOx). The main effect of acidification is 
forest declines and acidic lakes. (57). Ocean acidification rather occurs as a result 
of the increase in CO2 emissions since the addition of CO2 to the ocean increases 
the acidity of the surface water (1). The ocean serves as a CO2 sink, removing 
roughly 25% of human CO2 emission from the atmosphere. The planetary boundary 
for ocean acidification was recently transgressed, the trend is worsening and the 
oceans’ capacity to hold CO2 is limited (2), meaning that acidification and global 
warming negatively reinforce each other (1). Ocean acidification therefore mainly 
affects human health through its reinforcement of global warming. 

Water use 
The environmental mechanisms driving water use include factors such as different 
types of water use, the source of water, water availability, and status of watersheds. 
Although water is a renewable resource, the availability of water is limited, meaning 
that water consumption upstream will lead to water deprivation for downstream 
users (57). Only 1% of water from precipitation is used by humans. Despite the 
abundance of water, bad management and highly populated areas have led to water 
scarcity in many areas around the world. Water availability and climate change also 
negatively reinforce each other. The global manipulation of freshwater effects 
ecological abilities such as natural carbon capture and storage, climate regulation, 
as well as undermining the resilience of local ecosystems (1). In turn, climate change 
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cause both droughts and floods which negatively affect human health through for 
example changes in infectious disease vectors (57).  

Land use 
The environmental mechanism for land use is the physical and chemical effect that 
land transformation and land occupation have on the soil surface disposition and on 
altered species composition and reduced habitat sizes (57). Soil is a finite resource 
and the competition between resource users drives a continuous change in land use. 
The expansion of croplands, pastures, urban areas and other human land-use-
intensive activities that are needed for food, fibre, settlement, and transport 
infrastructure comes at the cost of biodiversity loss and adverse impact on human 
quality of life (1, 57). 
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Methods 

This section first describes the framework and foundation of LCA together with 
general methodological choices consistent throughout all papers. Then methods 
used to assess uncertainties are described. Lastly, details on the application of LCA 
in the respective papers is presented. 

Life cycle assessment 
LCA is the central method applied in all four papers. LCA is a quantitative method 
used to measure the environmental impact of a product or system, throughout its 
entire life. It is an iterative method comprised by four steps, (i) goal and scope, (ii) 
life cycle inventory (LCI), (iii) life cycle impact assessment (LCIA), and (iv) 
interpretation of results (20, 21). Figure 5 illustrates the general framework of an 
LCA.  

In the first two studies, we combined LCA with life cycle costing (LCC) to considers 
the financial costs of the analysed systems alongside their environmental impacts. 
LCC follows the same four steps as an LCA and include both direct and hidden costs 
associated with the product or system throughout the life cycle (62). 

 

 
Figure 5. LCA framework  
Schematic presentation of the four steps in an LCA: goal and scope; life cycle inventory; life cycle 
impact assessment; and interpretation. Adapted from the framework in ISO 14040 (20).  
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Goal and scope 
The first step of an LCA is to elaborately define and describe the goal and scope of 
the study. The goal definition should contain a description of the intended 
application of the results as well as for what context and which audience the results 
are intended for (63). The scope of the LCA is then outlined to determine what 
should be assessed and what the system boundaries for the analysis are. The scope 
definition should further describe the functional unit and reference flows to be used 
in the LCA. Functional unit is defined based on the qualitative and quantitative 
aspects that a product or system needs to meet, which is especially important when 
different systems are compared. The functional unit can be derived by asking the 
questions: what? where? how much? for how long? and how well? The reference 
flows are then what is used to define how much of a product or system that is needed 
to fulfil the functional unit (63). The goal and scope is described separately for each 
paper. 

Life cycle inventory (LCI) 
The second step of an LCA is to conduct an inventory of all material and processes 
needed to model the studied system based on the system boundaries (64). Hospital 
staff and manufacturers was consulted in all four papers to collect real-world data 
concerning materials, production processes, mode of transport, usage, potential 
laundry and sterilization, and waste management.  

The LCA software SimaPro was used to create the LCA models in all papers, using 
material and process data from the ecoinvent database (65) (Table 1). 

Table 1. Software and database versions used in Paper I-IV 
Version of SimaPro software and the ecoinvent databased used in the respective papers. 

 Paper I Paper II Paper III Paper IV 
SimaPro 9.1.1.1 9.2.0.2 9.2.0.2 10.2.0.3 
Ecoinvent 3.6 3.6 3.6 3.10 

 

The ecoinvent database cover tens of thousands of materials and processes with 
information regarding their associated emissions. A schematic example on the 
interaction between biosphere and technosphere with associated emissions is 
provided in Figure 6. 

An attributional, process-based LCA approach was used in all four papers, meaning 
that the models were based on physical material and process flows. 

In Paper I and Paper II the weight of products was measured on site at the hospitals 
using a scale with ± 1 g precision. In Paper III and Paper IV KERN KB-N, KB 
6500-1N balance, ± 0.1 g precision scale was used. 
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Transportation distances were estimated using Google Maps, assuming use of the 
fastest route in Paper I, Paper II, and Paper III. 

The energy mix used to model energy consumption in the primary analyses in all 
four papers was specific for Sweden and consisted of approximately 40% nuclear 
power, 40% hydro power, 10% wind power, and 10% thermal power (66). 

 

 
Figure 6. Interaction between biosphere and technosphere 
A schematic figure showing on the exchanges between the biosphere and technosphere for each 
material and process throughout the life cycle. 

Data management 
Excel was used to file and organise all collected real-world data including weight, 
units, materials, production processes, information regarding the use, potential 
laundry and sterilisation, and sources of information. The material and processes 
selected in the ecoinvent database to create the model was stored in the same file 
together with any assumptions made to be able to replicate the model. 

Life cycle impact assessment (LCIA) 
The impact assessment is the third step of an LCA, and it is a largely automated 
process conducted in the LCA software to characterise the impact from all material 
and process flows identified during the inventory into one or more impact categories 
(57). Impact categories are either estimated at midpoint, meaning the absolute value 
of emissions, or at endpoint, meaning the downstream effect that these emissions 
have. A schematic example of the characterisation process is provided in Figure 7.  
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Figure 7. Example of the characterization process. 
The amount of emitted GHG is characterised based on the global warming potential (GWP) of each 
GHG relative to that of 1 kg of carbon dioxide (CO2), summarised and expressed as carbon dioxide 
equivalents (CO2eq). CH4 = methane. N2O = Nitrous oxide. GWP based on the ReCiPe 2016 Midpoint 
(H) LCIA method (61). 

In Paper I and Paper II, the IMPACT 2002+ LCIA method was used to assess the 
climate and environmental impact on fifteen impact categories at midpoint, 
presented as their downstream effect on four endpoints (Figure 8, Table 2) (67).  

 

 
Figure 8. Impact pathways in IMPACT 2002 + LCIA method.  
Impact categories and pathways, linking LCI via midpoint categories to endpoint categories covered by 
the IMPACT 2002+ LCIA method. Dashed lines represent uncertain pathways. Credit: Jolliet et al. 2003 
(67), reproduced and adapted with permission from Springer Nature. 
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In Paper III and Paper IV, the ReCiPe 2016 Midpoint (H) LCIA method (61) was 
used to assess and present the climate and environmental impacts on eighteen impact 
categories at midpoint (Table 2), with global warming as the primary outcome. 

Table 2. Midpoint impact categories covered by IMPACT 2002 + and ReCiPe 2016 Midpoint (H) 
Impact categories, LCIA method(s), characterisation factor(s) and unit(s). 

Impact category LCIA method Characterisation factor Unit 

Climate change/ 
Global warming 

IMPACT 2002+ The ratio of the cumulated radiative forcing 
over 100 years of a given GHG to that of 
carbon dioxide (CO2) 

kg CO2-eq 
ReCiPe 2016 

Eutrophication 

IMPACT 2002+ Eutrophication potential of emissions into P-
limited water relative to phosphate (PO4) kg PO4 P-lim. 

ReCiPe 2016 a 
Impact on freshwater ecosystems relative to 
that of phosphorus (P) and on marine 
ecosystem relative to nitrogen (N) 

kg P-eq /  
kg N-eq 

Ecotoxicity 
IMPACT 2002+b Toxicity of a chemical emitted into soil and 

water relative to triethylene glycol (TEG) 
kg TEG soil 
kg TEG water 

ReCiPe 2016 c Toxicity of a chemical emitted into ecosystems 
relative to 1,4-dichlorobenzene (DCB) 1,4-DCB 

Human toxicity 
IMPACT 2002+d Human toxicity of an emission relative to 

chloroethylene (C2H3Cl) emitted into air kg C2H3Cl eq 

ReCiPe 2016 d Human toxicity of a chemical emitted into the 
ecosystem relative to 1,4-dichlorobenzene 1,4-DCB 

Acidification 
IMPACT 2002+ Acidification potential of an emitted substance 

relative to Sulphur Dioxide (SO2) SO2 eq 
ReCiPe 2016 

Photochemical 
ozone formation 

IMPACT 2002+ Ozone formation potential of an emission 
relative to ethylene (C2H4) emitted into air kg C2H4 eq 

ReCiPe 2016 e Ozone formation potential of an emission 
relative to nitrogen oxides (NOx) NOx eq 

Fine particulate 
matter formation 

IMPACT 2002+ Formation of PM with a particle diameter of 2.5 
microns or less PM2.5 eq 

ReCiPe 2016 
Stratospheric 
ozone depletion 

IMPACT 2002+ Ozone depletion potential of a certain chemical 
relative to that of chlorofluorocarbons (CFCs) kg CFC-11 eq 

ReCiPe 2016 
Abiotic resource 
use, minerals 
and metals 

IMPACT 2002+ The inherent properties of a resources as well 
as its consumption in relation to its availability 
relative to energy content (MJ) or copper (Cu) 

MJ surplus 

ReCiPe 2016 kg Cu eq 

Abiotic resource 
use, fossil fuels 

IMPACT 2002+ The potential of a certain fossil fuel resource to 
carry energy 

MJ Primary 
ReCiPe 2016 Kg oil-eq 

Ionising radiation 
IMPACT 2002+ Ionising radiation potential relative to that of 

either Cobalt-60 (Co-60) or Carbon-14 (C-14) 
Bq C-14 eq 

ReCiPe 2016 kBq Co-60 eq 

Water use ReCiPe 2016 m3 of water consumed per m3 of water 
extracted m3 

Land use ReCiPe 2016 
Species loss caused by transformation of 
natural land to used land, including the time it 
takes to back-transform it to natural land 

m2*yr eq 

a reported as two categories for marine and freshwater eutrophication respectively. b reported as two 
categories for soil and water ecosystems respectively. c reported as three categories for terrestrial, 
freshwater and marine ecosystems respectively. d reported as two categories for carcinogenic and non-
carcinogenic human toxicity respectively. e reported as two categories for impact on human health and 
terrestrial ecosystems respectively. 
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Interpretation 
The fourth step of an LCA is the interpretation of the results from the three previous 
steps taken together and analysed in the light of uncertainties and the assumptions 
that have been made and documented during the studies (68). A common aspect of 
the interpretation is contribution analyses, which are used to assess different life 
cycle phases relative contribution to the total impact of the product or system 
analysed. Contribution analyses were used in Paper I, Paper II, and Paper III. 

Uncertainties and statistics 
LCA is not exempted from uncertainties, and two main sources of uncertainty in 
LCA are model uncertainty and parameter uncertainty. Model uncertainties are 
connected to the assumptions made by the researchers upon which the model is built. 
Parameter uncertainties are associated with the input data used to create the model 
(52). 

Model uncertainty 
To handle model uncertainties, sensitivity analyses was used to test the robustness 
of the results in Paper I, Paper II, and Paper III. The sensitivity analyses in each 
paper are described later but an example of a sensitivity analysis which was used in 
all three papers was a change from a Swedish, low-climate-impact, energy mix to a 
high-climate-impact energy mix which is primarily based on fossil energy sources 
such as hard coal, lignite or oil. Many countries use energy mixes with a higher 
climate impact than Sweden and the change in the model let us assess the robustness 
and the impact that such change had on our results. 

Parameter uncertainty 
Monte Carlo simulations were used to assess parameter uncertainties in the process 
and material data used to create the LCA models. As described earlier Monte Carlos 
simulation is an uncertainty propagation method which model calculation 
repetitions (iterations) based on the probability distribution of each included input 
parameter (52). The probability distribution is, if possible, based on the variation in 
sample data and otherwise on a simplified standard procedure used by the ecoinvent 
database (69). 

Monte Carlo simulations were performed in Paper I, Paper II, and Paper III to 
simulate the median with a 95% reference interval (2.5 – 97.5 percentiles), using 
1000 iterations for each reference flow and impact category.  



36 

In Paper I and Paper II dependent (paired) Monte Carlo simulations was used to 
assess the certainty of differences between the compared reference flows, presented 
as the median difference with a 95% reference interval (2.5 – 97.5 percentiles). 
Reference intervals that did not cross zero were considered to reflect a true 
difference between the compared systems.  

In Paper IV Monte Carlo simulations were used to randomly sample data within 
the uncertainty range for each data point in the LCA model to provide 100 repeated 
measures per patient and outcome to be used in a mixed-effects model, described in 
further detail in the next section about clinical uncertainty. 

All Monte Carlo simulations were performed using the SimaPro software. 

Clinical uncertainty 
The LCAs in the Paper I, Paper II, and Paper III focused on products or processes 
and then Monte Carlo simulations were appropriate to use to assess the uncertainty 
in the input parameters used to model the products and processes. In Paper IV, 
rather than only looking at products or processes we compared the environmental 
impact of interventions in a clinical trial. In such setting some of the input 
parameters will be based on clinical data, for which inferential statistics are more 
appropriate. Thus, we explored two different statistical approaches to assess 
differences in environmental impacts between a specific intervention and a control 
comparator. We analysed trial data using a general linear model to compare groups, 
in which only the uncertainty in the intervention effect was included in the analysis, 
meaning using the point estimate per patient and outcome provided by the LCIA. In 
comparison, we used a hierarchical (mixed effects) model to compare groups in 
which the uncertainty in the clinical intervention and the uncertainty of the 
environmental parameters in the LCA models were included, utilising Monte Carlo 
simulations (Figure 9). The statistical approaches are described in detail later in this 
chapter. 
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Figure 9. Schematic figure presenting sources of uncertainty and statistical approaches. 
Environmental parameter uncertainty from LCA assessed with Monte Carlo simulation (Paper I-III), and 
clinical uncertainty from intervention effect assessed with a general linear model or a combination of 
environmental parameter and clinical uncertainties assessed using a mixed model (Paper IV). 

LCA applied in in Paper I 

Goal and scope 
We assessed the environmental impacts of three trocar systems used for 
laparoscopic cholecystectomies at three hospitals in Southern Sweden. For one 
procedure four trocars are needed, two small and two large (Figure 10). 

One system consisted only of reusable trocars (Landskrona Hospital), one system 
was a mix of reusable and single use trocars (Helsingborg Hospital) and one system 
consisted only of single use trocars (Skåne University Hospital, Lund).  

Landskrona Hospital was used as the index hospital in the analysis, meaning that all 
hospital related data, such as product storage information, the model of autoclave 
and washer disinfector, and waste treatment practice was collected from this 
institution. At Landskrona Hospital one large reusable trocar is used approximately 
500 times during its lifetime, thus 500 laparoscopic cholecystectomies were used as 
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the functional unit in the LCA. The small trocars could be used up to 100 times 
during its lifetime. 

Thus, the reference flow for 500 procedures were: 

• 2 large and 10 small reusable trocars for the reusable system 
• 1000 large and 1000 small single use trocars in the single use system 
• 1 large and 10 small reusable trocars, and 500 large single use trocars in the 

mixed system 

 

 
Figure 10. Trocars used for laparoscopic cholecystectomies. 
(a) Placement of trocars for the procedure. Each trocar consists of (b) an obturator and (c) a cannula. 

System boundaries for both single use and reusable trocars were set to include raw 
material and fibre production, for both the production of trocars and the production 
of their packaging. Waste scenarios and energy savings due to the recycling of 
packaging materials were included in the assessment. Similarly, transports from the 
manufacturer to the hospital and from hospital to waste management facilities were 
included. 

In the sterilization process, trocars in the reusable system represented 2% of a fully 
loaded autoclave and about 8% of a fully loaded washer-disinfector, and model 
inputs were allocated based on the trocars share of a fully loaded machine. In the 
mixed system the reusable trocars represented 1.5% of a fully loaded autoclave and 
around 6% of a fully loaded washer-disinfector. 



39 

Inventory 
Transport from the manufacturers in Ireland, Great Britain, the Netherlands and 
Germany, to Landskrona hospital in Sweden was modelled as a lorry weighing 16–
32 metric tons with a Euro Class 5 engine for road transport and transport by boat 
was modelled as freight by sea on ferry. 

The individual trocar package for new trocars was modelled based on data from the 
manufacturer of the trocars in the reusable trocar system. The sterilization wrap, 
used in the sterilization process and for the storage of the reusable trocars in between 
surgeries was modelled based on information from Landskrona hospital. 

Based on information from Getinge AB, the manufacturer of the sterilization 
machines, the sterilization process was modelled with water from well (tap water), 
deionized water, detergent (alkylbenzene sulfonate), and average wastewater 
treatment for Europe. 

For waste treatment, all trocars were assumed to be incinerated whereas paper and 
plastics from instrument packaging and sterilization wraps were assumed to be 
recycled. 

Sensitivity analyses 
As reusable trocars can break and have a shorter lifetime, or, in some cases be used 
more than 500 times two sensitivity analyses were performed where the functional 
unit was changed to 250 and 750 surgeries. 

Data on some of the plastic materials was neither provided by the manufacturer nor 
included in the ecoinvent database. To assess the impact of our assumptions 
concerning these materials we performed two sensitivity analyses in which all 
plastic materials were changed to either polycarbonate or high-density polyethylene. 

One of the manufacturers had air freight as an alternative and we therefore 
performed a sensitivity analysis using air freight as main mode of transportation. 

To assess a situation in which the machines were not fully loaded two sensitivity 
analyses was performed in which we increased the allocation by two and five times 
the allocation in the primary analysis. 

To test the model’s sensitivity to the choice of electricity mix in the sterilization 
process two sensitivity analyses were performed. One with a high-climate-impact 
electricity mix exemplified by country specific data for Poland (76% hard coal and 
lignite, 14% renewable, 8% thermal gas, 2% nuclear) and one with a European 
average electricity mix (39% fossil fuel, 35% renewable energy, 26% nuclear) (65, 
70). 
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LCA applied in Paper II 

Goal and scope 
We compared single use and reusable items used for CVC insertions, including 
scissor, needle holder, haemostatic forceps, bowl, gown and drape. 

The functional unit for comparison was set to one CVC insertion and input data was 
primarily gathered from Helsingborg Hospital in southern Sweden. Three CVC kits 
were included in the analysis. The first kit consisted of both reusable instruments 
and textiles, the second kit of reusable instruments and single use textiles, and the 
third kit consisted of both single use instruments and textiles (Figure 11). 

 

 
Figure 11 The CVC kits 
The instruments (scissors, needle holder, haemostatic forceps, bowl) and the textiles (gown and drape) 
in the kit containing reusable metal items and reusable textiles (green), the kit containing reusable 
metal items and single use textiles (green / brown), and the kit containing single use metal and plastic 
items and single use textiles (brown). 

In clinical practice, several additional items are used for CVC insertion but for the 
purpose of this analysis we only included items for which both single use and 
reusable alternatives were available. 

The lifespan of reusable metal items was assumed to be 300 uses, based on 
information provided by the staff at Helsingborg Hospital. The reusable metal bowl 
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included in the set is virtually indestructible but for the purposes of the analysis it 
was assumed to have the same life span as the other reusable metal objects. The 
lifespan of the reusable sterile surgical gown and reusable sterile surgical drape were 
assumed to have a life span of 70 cycles based on information from the hospital’s 
textile and laundry service. 

LCC was performed to assess the direct financial costs of each system. The financial 
comparison, like the environmental assessment, only included the items that differ 
between the three kits. Costs for purchase and disposal of the items were included 
in the analysis and for the reusable items costs of laundry and sterilization was also 
included. Since repair of reusable instruments occurs after approximately 100-750 
cycles (28, 71) repair costs were assumed to be negligible and therefore excluded 
from the analysis. 

Inventory 
The single use instruments and textiles as well as the reusable instruments were 
modelled based on information provided by the suppliers. 

After use, the reusable scissors, needle holder, haemostatic forceps, and bowl were 
prewashed and transported to the sterile technical unit for subsequent sterilization. 
Energy and water consumption in the sterilization process was modelled based on 
information provided by the manufacturer of the autoclave and washer disinfector. 
Allocations in the sterilisation process was made based on that the reusable items 
used for one CVC insertion takes up 1.7% of the space in the autoclave and 6.7% of 
the space in the washer disinfector. 

Since Helsingborg Hospital does not use any sterile reusable textiles, the model was 
based on information collected from the neighbouring county, Region Västra 
Götaland. Data concerning the energy and water consumption in the laundry process 
was obtained from the closest laundry capable of washing sterile textiles, located in 
Alingsås, Sweden. Transport to the laundry facility and back to Helsingborg 
Hospital was included in the analysis. 

Waste treatment was modelled as incineration, including transport from 
Helsingborg hospital to the local waste disposal facility. 

Sensitivity analyses 
As single use scissors made from metal has previously been suggested to have a 
higher impact than comparable single use scissors made from plastic (71), we 
performed a sensitivity analysis to test the results robustness when using a single 
use scissor and needle holder made from plastic instead of metal.  
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To test the model’s sensitivity to the choice of electricity mix in the sterilization and 
laundry process of the reusable metal items and textiles, two sensitivity analyses 
were performed. One with a high-climate-impact electricity mix exemplified by 
country specific data for Poland and one with a European average electricity mix 
(65, 70). 

We performed a sensitivity analysis where the reusable metal items were sterilized 
at a remote location, using the same distance as for the transportation of textiles to 
the laundry facility, 520km.  

We performed a sensitivity analysis in which we increased the allocation of water 
and electricity used in the sterilization process by 50% to simulate a model which 
includes standby time and accessory loads (72, 73). 

We performed a sensitivity analysis where the reusable surgical textiles were 
modelled using a 50/50 cotton-polyester blend as this is an alternative to the 100% 
polyester used in our primary analysis. 

In previous LCAs possible reuses of reusable metal instruments have varied 
between 300 and 3500 reuses (28, 71, 74) and possible reuses of surgical textiles 
has varied between 50-127 reuses (75), we therefor performed a sensitivity analysis 
that simulated 3500 reuses of metal instruments and 127 reuses of surgical textiles. 
We performed a second analysis with 100 reuses of metal instruments and 25 reuses 
of surgical textiles to model a scenario where items get misplaced. For these 
scenarios sensitivity analyses was performed also for the LCC. 

Finally, we performed a sensitivity analysis to test the LCC results robustness to 
fluctuations in electricity prices, increasing the price per kWh 5-fold. 

LCA applied in Paper III 

Goal and scope 
The aim was to estimate the climate impact per inpatient day of an ICU in Sweden. 
An additional aim was to identify modifiable elements that healthcare professionals 
and administrative staff can target to reduce the climate impact of intensive care. 

The analysis included single use items, reusable instruments and textiles, 
pharmaceuticals and fluids, medical gases, diagnostic imaging, and energy 
consumption for HVAC, electronic equipment, and lighting. Patient food services 
were excluded from the analysis since ICU patients in Sweden rarely eat solid food 
and instead receive enteral or intravenous nutrition. Active Pharmaceutical 
Ingredients (APIs) were excluded from the primary analysis. See Figure 12 for 
system boundaries. 
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Figure 12. System boundaries for the LCA in Paper III 
System boundaries showing material and processes included (within the dashed lines) and excluded 
(outside the dashed lines) in the analysis. Arrows show on physical flow directions. 

Inventory 
Input data were collected from January 1 to December 31, 2022, from the ICU at 
Helsingborg Hospital in southern Sweden. Information on patient demographics 
was retrieved from the Swedish Intensive Care Registry (76). 

Quantities of single use items, reusable instruments, and pharmaceuticals and fluids 
were retrieved from procurement records. Materials and production processes were 
assumed to be identical to those for similar products for items without such 
information. Only the primary material and associated processes of each item or 
service were included in the analysis. Thus, if a product’s weight could be attributed 
primarily to a certain type of plastic, we included only that plastic in our inventory. 
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Data needed to model the sterilisation process of reusable items was provided by 
the sterile technical unit at the hospital. 

Quantities of reusable textiles were based on data from the unit’s administrative 
records and physical inventory in the unit’s storage. Data needed to model the 
production of textiles as well as the laundry process was provided by the hospital’s 
textile and laundry service. 

Waste generated at the ICU is generally treated as hazardous waste and incinerated 
and all waste management was therefore modelled as municipal incineration. 

Inventory of medical gas consumption was based on the number of hours of each 
included respiratory support mode (76), and data needed to model the production of 
medical gases was provided by the hospital’s engineers. 

Data on the unit’s energy consumption for electricity and HVAC was also provided 
by hospital engineers. The energy consumption for electronic equipment and 
lighting was modelled with an average Swedish electricity mix (66). The same 
electricity mix was used to model the sterilisation and laundry process of reusable 
textiles and instruments. The energy requirement for HVAC was modelled as 
Swedish cogeneration with biogas (biowaste, sewage sludge) (65). 

The type and number of diagnostic imaging procedures were retrieved from the 
unit’s administrative records, and the data needed to model diagnostic imaging were 
based on a previous study (77), adapted to a Swedish setting. 

Sensitivity analyses 
We performed a sensitivity analysis to assess the impact of using high-climate-
impact energy sources. A Polish electricity mix (65) was used to model the unit’s 
electricity consumption for electronic equipment and lighting, liquid oxygen 
production, diagnostic imaging, and the sterilisation and laundry of reusable textiles 
and instruments. Polish cogeneration with hard coal (65) was used to model the 
energy requirement for HVAC in this analysis. 

Because the climate impact of pharmaceuticals that are used in the ICU is complex, 
laborious to model, and rarely known, we excluded them from our primary analysis. 
To assess the effects of this omission, we performed a sensitivity analysis using 
previously published data on the climate impact of commonly used APIs (78). 
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LCA applied in Paper IV 

Input data 
We used input data from the protocolized REDUction of non-resuscitation fluid 
versus usual care in SEptic shock patients (REDUSE) Feasibility Trial. It was an 
investigator-initiated, multicentre, parallel-group randomized trial which included 
sepsis patients between March 7 and September 13, 2022. The trial compared 
protocolized reduction of non-resuscitation fluids (intervention) to usual care 
(control) during the first three days after inclusion (79). The trial included a total of 
98 patients, of which 49 were allocated to the intervention, and 49 were allocated to 
usual care. Fluid data was available for 44 and 48 participants in the intervention 
and control group, respectively, and these data were used in the LCA. 

Goal and scope 
The functional unit for the assessment was the total volume of intravenous solutions 
of sodium chloride, Ringer-acetate and glucose solutions given per patient during 
the first 3 days in the ICU after inclusion in the trial. The analysis included 0.9% 
sodium chloride, Ringer-acetate, and glucose solutions (25g, 50g, 100g, 200g, and 
300g/L), including packaging. All other types of fluids and materials was outside 
the boundaries of this LCA (Figure 13). 

Inventory 
Real-life data on material and processes was collected from hospitals and 
manufacturers. We modelled 1 ml of each fluid including packaging modelled as 
the weight of packaging per ml fluid, to be able to create a model for each patient 
included in the trial. 

Statistical analyses Paper IV 
Prior to the analysis of data, we published a statistical analysis plan (Appendix). 
Analyses were performed in SAS Studio (v. 9.4) (80). 

Analysis of environmental effects in the two groups using conventional medical 
statistics 
For each patient, we used the point estimate for respective outcome as calculated in 
the LCIA. We analysed each of the 18 continuous outcomes using a general linear 
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model adjusted for site (six levels) as a fixed effect factor, which is common for 
multicentre clinical trials. For each outcome, the model included: the follow-up 
score as the dependent variable and treatment group as the primary independent 
variable, while adjusting for clinical site as a categorical factor. Estimated between-
group differences is reported as the contrast between the predicted (adjusted) group 
means, expressed as least squares means (also known as marginal means). For each 
outcome, we present the adjusted mean for each group with standard error (SE), the 
adjusted mean difference, the corresponding 95% confidence interval (CI), and the 
two-sided p-value. 

 

 
Figure 13. System boundaries for the LCA in Paper IV. 
System boundaries showing material and processes included (within the dashed lines) and excluded 
(outside the dashed lines) in the analysis. Arrows show on physical flow directions. 

Analysis of environmental effects in the two groups using a mixed model 
To incorporate the uncertainty of the LCA alongside the uncertainty of the 
intervention effect, we analysed the Monte Carlo–generated repeated datasets 
within a mixed-effects framework. The outcomes were analysed using a linear 
mixed-effects model to compare the experimental intervention with the control 
comparator while explicitly accounting for uncertainty arising from the LCA. For 
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each participant, 100 Monte Carlo–derived LCA realizations were available and 
treated as repeated observations. The model included treatment group and study site 
as fixed effects, with a participant-specific random intercept to account for within-
participant correlation. Repeated Monte Carlo samples were modelled within 
participants using a compound symmetry covariance structure, reflecting equal 
correlation across LCA realisations for a given individual. Models were estimated 
using restricted maximum likelihood (REML), and inference for fixed effects was 
based on the Kenward–Roger small-sample degrees-of-freedom approximation. 

Adjusted group means and between-group differences were obtained from model-
based least squares means, with corresponding 95% CI. The primary estimand was 
the adjusted mean difference in environmental impact between intervention and 
control groups. For each outcome, we present the adjusted mean for each group with 
SE, the adjusted mean difference, the corresponding 95% CI, and the two-sided p-
value. 

Comparison of the two statistical approaches 
To evaluate the effect of the two statistical approaches on the resulting treatment 
effect, we compared whether the adjusted mean differences differed across methods. 
Each of the 18 outcomes yielded two independent sets of estimates: one from the 
conventional general linear model and one from the mixed-effects model. These 
estimates were compared using the adjusted mean difference between groups with 
95% CI and two-sided p-values to enable direct comparison. Following the general 
framework described by Altman & Bland, comparisons focused on whether the two 
treatment effect estimates differ beyond what would be expected from their 
respective uncertainties (81). Concordant estimates – similar point estimates with 
overlapping confidence intervals – support robustness of the main effect 
independent of the method used. Conversely, meaningful divergence between the 
two estimates (e.g., non-overlapping confidence intervals or relevant shifts in 
magnitude) indicate that incorporating LCA-related uncertainty affects inference. 
The results for the comparison between methods are expressed as adjusted group 
differences derived from the marginal (least squares) means to ensure 
interpretability and comparability across modelling approaches. 
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Results 

Paper I 
We compared environmental impacts of using single use and reusable trocars for 
laparoscopic cholecystectomies. 

LCIA results 
The reusable system had the lowest impact on all endpoint categories, whereas the 
single use system had the highest impact on all endpoints (Table 3). 

Table 3. LCIA endpoint category results in Paper I 
Environmental impact of the single use, mixed and reusable trocar systems used for 500 laparoscopic 
cholecystectomies on the endpoint categories resource use, climate change, ecosystem quality, and 
human health. 

Endpoint category Unit Single use system Mixed system Reusable system 

Resource use MJ primary 8,015 7,573 2,870 

Climate change kg CO2 eq 564 508 118 

Ecosystem quality PDF*m2*yr 168 135 93 

Human health DALY 0.00034 0.0003 0.0001 

Compared to the single-use system, the reusable system had a 64% lower impact on 
resource use [median difference (∆) 5,160 MJ primary (95%-reference interval: 4,400–
5,770)], a 79% lower impact on climate change [∆ 446 kg CO 2 eq (413–483)], a 45% 
lower impact on ecosystem quality [∆ 79 PDF/m2*yr (24–112)], and a 71% lower 
impact on human health [∆ 2.4x10 DALY/person/yr (1.3x10-4-7-4x10-5)]. 

Each life cycle phase’s contribution to the respective system’s impact on all 
endpoints is presented in Figure 14. Briefly, the production of trocars and their 
packaging contributed by 70–95% of the impact on the resource use and human 
health endpoints for all product systems. Similarly, production were the largest 
contributor to the climate change endpoint for all product systems, representing 60–
70% of the total impact. The production phase represented 90% of the single use 
system’s impact, 65% of the mixed system’s impact, and 35% of the reusable 
system’s impact on the ecosystem quality endpoint. The sterilization process 
contributed to 35% of the mixed system’s impact and 65% of the reusable system’s 
impact on the ecosystem quality endpoint. 
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Figure 14. Contribution analysis for endpoint category results in Paper I.  
The contribution from production, transportation, sterilization, waste, and recycling to the product 
systems’ total impact on each endpoint category. 

LCC results 

The result of the LCC showed that the cost for the single use trocar system was 
37,567 euros for 500 procedures, which is about twice as expensive as the financial 
costs for the reusable and mixed trocar systems (Table 4). 

Table 4. LCC results in Paper I 
Total cost for the single use, mixed, and reusable trocar systems used for 500 procedures, for the primary 
analysis and the four sensitivity analyses. 

 
Single use 
system 

Mixed 
system 

Reusable 
system 

Primary analysis 37,567 € 18,560 € 17,359 € 

250 procedures 18,783 € 10,624 € 10,643 € 

750 procedures 56,350 € 27,663 € 24,076 € 

2-times allocation in sterilization 
process 

37,567 € a 22,400 € 19,692 € 

5-times allocation in sterilization 
process 

37,567 € a 29,398 € 26,690 € 

a Based on the primary analysis since sterilization is not part of the single-use trocar system’s life cycle. 

The purchase cost was the major cost for all systems. Purchase represented over 
99% of the total cost of the single use system, 73% of the total cost of the mixed 
trocar system, of which most could be referred to the purchase of single use trocars, 
and 63% of the total cost of the reusable trocar system, of which most could be 
referred to the purchase of single use membranes. For the reusable and mixed trocar 



50 

systems labour costs and the allocated costs of purchase and service of the 
autoclaves and washer-disinfectors contributed by 8-15% of the total cost  

Sensitivity analyses 
The single use trocar system continued to be the most expensive trocar system in all 
sensitivity analyses (Table 4). 

The larger impact of the single use system on climate change and on human health 
compared to the reusable system remained in all sensitivity analyses. In contrast, 
the difference between these two systems regarding effects on the resource endpoint 
was no longer apparent when using a high-climate-impact electricity mix in the 
sterilization process (Figure 15). 

 

 
Figure 15. Median difference between the single-use and reusable trocar systems in the primary 
and sensitivity analyses. 
The median differences of primary analysis (blue) compared to sensitivity analyses (pink)  Data are 
presented as median and the 2.5th to 97.5th percentiles. There is a difference between the two 
alternatives if the 2.5th percentile is ≥ 0 or the 97.5th percentile is ≤ 0. A positive value indicate that the 
single-use system had a higher impact. 
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Similarly, there were no difference between these systems on the ecosystem quality 
endpoint when using a high-climate-impact electricity mix in the sterilization 
process, reduced number of reuses, or with an increased allocation in the 
sterilization process. With a five-fold allocation in the sterilization process the 
reusable system got a higher impact than the single use system on the ecosystem 
quality endpoint (Figure 15). 

The larger impact of the mixed system on climate change, human health and 
resource use compared to the reusable system remained in all sensitivity analyses. 
There was however no difference between the impact of the mixed system and 
reusable system on the ecosystem quality endpoint when using an increased 
allocation in the sterilization process. 

Paper II 
We compared environmental impacts of using single use and reusable items and 
sterile textiles in kits used for CVC insertions. 

LCIA results 
The CVC kit with reusable items and textile had the lowest impact on all endpoint 
categories, whereas the single use kit had the highest impact on all endpoints (Table 
5). 

Table 5. LCIA results in Paper II. 
Environmental impact of the single use, mixed and reusable CVC kits used for one procedure on the 
endpoint categories resource use, climate change, ecosystem quality, and human health. 

Endpoint category Unit Single use kit Mixed kit Reusable kit 

Resource use MJ primary 41 34 14 

Climate change kg CO2 eq 2.3 1.7 0.2 

Ecosystem quality PDF*m2*yr 3.5 0.9 0.5 

Human health DALY 6x10-6 1,6x10-6 3.1x10-7 

 

Compared to the single use kit, the kit with reusable instruments and reusable 
textiles had a 65% lower impact on resource use [∆: 27 MJ primary (19–33)], a 90% 
lower impact on climate change [∆: 2.1 kg- CO2eq (1.9–2.5)], an 85% lower impact 
on ecosystem quality [∆: 3 PDF*m2*yr (1.6–4.5)], and a 95% lower impact on 
human health [∆: 5.8×10–6 DALY/person/yr (4.8×10–6-7.1×10–6)]. 

Each life cycle phase’s contribution to the respective system’s impact is reported in 
detail in Figure 16. The production phase contributed the most to the total impact 
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from the single use and the mixed kit on all endpoints. Sterilization and laundry 
contributed the most to the total impact from the reusable kit on the resource use 
and ecosystem quality endpoints, all life cycle phases could be attributed about the 
same share of the reusable kit’s total impact on climate change and human health. 

 

 
Figure 16 Contribution analysis for endpoint category results in Paper II.  
The contribution from production, transportation, sterilization, waste, and laundry to the CVC kits’ total 
impact on each endpoint category. 

LCC results 
The single use kit and mixed kit had similar costs and were about 60% more 
expensive compared to the reusable kit (Table 6). 

Table 6. LCC results 
Cost comparison. Total cost for each of the kits for the primary model and sensitivity analyses. 

 
Single use kit Mixed kit Reusable kit 

Primary model 9.2 € 9.1 € 5.7 € 
100 / 25 reuses of reusable items and textiles 9.2 € 10.1 € 6.7 € 

3500 / 127 reuses of reusable items and textiles 9.2 € 8.6 € 5.2 € 

5-fold electricity price 9.2 € 9.3 € 6.1 € 
Conversion of the prices in Swedish krona to Euro was based on exchange rates on the 30th of mars 
2022 (1sek = €0.097). 

Sensitivity analyses 
The lower impact of the reusable kit on all endpoints compared to the single use kit 
and the mixed kit remained in all sensitivity analyses. 
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The sensitivity analyses in the LCC showed that the reusable kit continued to be the 
cheapest in all sensitivity analyses. The mixed kit was more expensive than the 
single use kit when using fewer number of reuses or when using a 5-fold electricity 
price (Table 6). 

Paper III 
We estimated the total climate impact per inpatient day from an intensive care unit 
in southern Sweden, including energy requirement, single use products, reusable 
items and textiles, pharmaceuticals, and medical gases. 

Demographics 
The ICU at Helsingborg Hospital cares primarily for adult medical and surgical 
patients and has 4 treatment rooms with 8 beds. In 2022, 539 patients were treated 
for 1779 inpatient days. Thus, 0.056% (1/1779) of all items and resources that were 
included in the analysis were allocated to one inpatient day. Patient characteristics 
and treatment intensity are presented in Table 7. 

Table 7. Patient characteristics and treatment intensity at the Helsingborg Hospital ICU, 2022. 
Data are presented as median and interquartile range (IQR) or n (%) as appropriate. 

Number of admissions 539  
Number of patients  495  
Number of inpatient days 1,779  
Postoperative patients 66  (12.2%) 
Length of ICU stay in hours 34  (15–87) 
Number of patients receiving invasive ventilation 270  (50%) 
Total time with invasive ventilation (h) 22,506  
Number of patients receiving non-invasive ventilation 101  (19%) 
Total time with non-invasive ventilation (h) 2,421  
Number of patients receiving high-flow oxygen 108  (20%) 
Total time with high-flow oxygen (h) 10,248  
Number of patients receiving CRRT 41  (8%) 
Total time with CRRT (h) 3,679  

CRRT = continuous renal replacement therapy. 

Inventory 
A total of 98 types of single use items and 13 types of reusable instruments were 
included in the analysis. A total of 0.6 washer-disinfector runs in the ICU were 
attributed to each inpatient day to wash reusable instruments. A total of 0.09 washer-
disinfector runs and 0.009 autoclave runs in the sterilisation unit were attributed to 
each inpatient day. A total of 10 types of reusable textiles were included in the 
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analysis, and 5.4 kg of textiles was attributed to each inpatient day. The laundry of 
textiles required 43 litres of water and wastewater treatment, 111 km of transport, 
and 7.1 kWh of electricity per inpatient day. A total of 45 pharmaceutical products 
and fluids were included in the analysis. The main excipient in most products was 
ultrapure water. 

Medical air was produced on site at the hospital, and liquid oxygen was produced 
off-site in Sweden and delivered to the hospital by lorry. An average of 5.8 hours of 
high-flow oxygen therapy (8641 litres of medical air, 8641 litres of oxygen), 1.4 
hours of non-invasive ventilator treatment (735 litres of medical air, 490 litres of 
oxygen), and 12.6 hours of invasive ventilator treatment (4554 litres of medical air, 
3036 litres of oxygen) were attributed to each inpatient day. 

The ICU's HVAC consumed an average of 74.1 kWh per inpatient day, and 
electronic equipment and lighting consumed an average of 48.6 kWh per inpatient 
day. 

An average of 0.12 CTs, 0.02 MRIs, 0.51 X-rays, and 0.02 ultrasound examinations 
were ordered by the ICU and performed by the Department of Radiology per 
inpatient day. 

LCIA results 
The median climate impact from one inpatient day was 30 kg CO2eq (95%-reference 
interval: 27–31) (Table 8). 

Table 8. Climate impact per inpatient day for the primary and sensitivity analyses in Paper III. 
Primary analysis with low-climate-impact energy sources. Sensitivity analysis with high-climate-impact 
energy sources. Result presented as median, 95% reference interval, percentage of the total climate 
impact in each analysis, and the increased impact between the primary and sensitivity analyses. 

Categories Primary analysis (low-
climate-impact energy 
sources) 

Sensitivity analysis 
(high-climate-impact 
energy sources) 

Increase in 
climate impact 

 kg CO2eq per 
inpatient day 

% of 
total 

kg CO2eq per 
inpatient day 

% of 
total 

 

Single use items 19 (18–20)  63% 19 (18–20) 15% - 
Electricity 3 (2.3–3.9)  10% 50 (37–67) 39% +1567% 
HVAC 2.5 (2–3)  9% 16 (14–20) 13% +540% 
Pharmaceuticals and 
fluids 

1.9 (1.7–2.2)  7% 1.9 (1.7–2.2) 2% - 

Medical gases 1.5 (1.2–1.9)  5% 24 (18–33) 19% +1500% 
Reusable textiles 0.78 (0.7–0.9)  3% 7.7 (5.7–10) 6% +887% 
Diagnostic imaging a 0.63  2% 2.5 2% +297% 
Reusable instruments 0.5 (0.4–0.6)  2% 5.1 (3.9–6.8) 4% +920% 
Total b 30 (27–31)  126.5 (103–154)  +322% 

a Results adapted from a previous study [15], no uncertainty is available. b Uncertainty range does not 
cover diagnostic imaging. 
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The contribution analysis showed that single use items represented 63% of the total 
impact, followed by the energy consumption for electric equipment and lighting 
(10%) and HVAC (9%), pharmaceuticals and fluids (7%), medical gases (5%), 
reusable textiles (3%), diagnostic imaging (2%), and reusable instruments (2%) 
(Figure 17, Table 8). The contribution analysis showed that most of the single use 
items’ climate impact was generated by 5 items. Aprons accounted for 14% of the 
single use items’ total climate impact, followed by gloves and syringes accounting 
for 12% each, woven gauze 11%, and wash wipes 8% (Figure 17). 

The production of liquid oxygen represented nearly all the impact from medical 
gases, of which over 70% was used for high-flow oxygen therapy. The production 
of packaging represented nearly all impact of pharmaceuticals and fluids. 

 

 
Figure 17. Contribution analysis for the primary and sensitivity analyses in Paper III 
Contribution analysis showing the impact from various activities in the ICU, based on results from the 
(a) primary analysis using a low-climate-impact energy mix, including (b) the single use items that 
contributed to ≥ 5% of the total impact from single use items, and the (c) sensitivity analysis using a 
high-climate-impact energy mix in the model. HVAC = heat, ventilation, and air conditioning. 

Sensitivity analyses 
Our sensitivity analysis using a high-climate-impact energy mix increased the 
climate impact by 322% compared to the primary analysis, to a median of 126.5 kg 
CO2eq (103-154) per inpatient day (Table 8). This increase could primarily be 
explained by an increased impact from electricity, HVAC, and medical gases. 

To assess the effects of excluding APIs in our primary analysis, we performed a 
sensitivity analysis using previously published data on the climate impact of 12 
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common APIs used in the ICU. The analysis only marginally increased the climate 
impact per inpatient day, by 0.05 kg CO2eq or 0.1%. 

Paper IV 
We estimated the climate and environmental impacts of two treatments compared 
in a clinical trial and compared two statistical approaches to assess the difference 
between the treatment groups. 

Life cycle inventory 
The intervention group received a median of 2,326 ml (IQR: 1,340 – 4,039) of fluid 
per patient and the control group received a median of 5,531 ml (IQR: 3,977 – 7,374) 
of fluid per patient, in the first three days after inclusion (Table 9). The median of 
sodium chloride, Ringer-acetate, and the glucose solutions administered per patient 
to the intervention and control group, as well as the median difference between the 
groups are presented in Table 9. 

Table 9. Intervention data included in the LCA. 
Data are presented as median (IQR). 

Volume (ml) Intervention 
(N=44) 

Control 
(N=48) 

Difference between 
medians 

   Ringer-acetat 950 (140 ; 2000) 1,000 (217 ; 2,478) 50 (77 ; 478) 
   Sodium chloride 9g/L 685 (271 ; 1356) 1,342 (620 ; 2,295) 658 (349 ; 939) 
   Glucose 25g/L 0 (0 ; 0) 0 (0 ; 0) 
   Glucose 50g/L 162 (0 ; 346) 427 (0 ; 1,204) 265 (0 ; 858) 
   Glucose 100g/L 0 (0 ; 0) 1,540 (0 ; 2,568) 1,540 (0 ; 2,568) 
   Glucose 200g/L 0 (0 ; 137) 0 (0 ; 0) 0 (0 ; 137) 
   Glucose 300g/L 0 (0 ; 0) 0 (0 ; 0) 0 (0 ; 0) 
Total amount of fluids first 3 
days after inclusion 

2,326 (1,340 ; 4,039) 5,531 (3,977 ; 7,374) 3,205 (2,638 ; 3,336) 

Life cycle impact assessment 
When using a general linear model, the marginal mean for the primary outcome, 
global warming, was 2.71 kg CO2eq per patient (SE: ± 0.38 ) in the intervention group 
and 6.15 kg CO2eq per patient (± 0.37) in the control group, with a mean difference 
of 3.45 kg CO2eq per patient (95% CI: 2.50 to 4.39, P= <.0001) (Figure 18). 

When using a mixed model, the marginal mean was 2.72 kg CO2eq per patient  (± 
0.38) in the intervention group and 6.14 kg CO2eq per patient (± 0.38) in the control 
group, with a mean difference of 3.42 kg CO2eq per patient (95% CI: 2.47 to 4.37, 
P= <.0001) (Figure 18). 

Results for the exploratory outcomes are presented in Table 10. 
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Figure 18. Difference between groups using the two statistical approaches compared in Paper IV 
Marginal mean difference per patient between the control group and the intervention group with 95% CI 
on the global warming outcome using a general linear model and a mixed model. 

Comparison between statistical methods 
The adjusted mean difference between the methods was 0.03 kg CO2eq per patient 
(95% CI: -1.45 to 1.51), meaning that the outcome of the models was similar, with 
almost no difference in results regardless of which method was used (Table 10). 

The results were concordant also for 14 of the exploratory outcomes: fine particulate 
matter formation, fossil resource scarcity, freshwater ecotoxicity, freshwater 
eutrophication, human carcinogenic toxicity, human non-carcinogenic toxicity, 
ionizing radiation, land use, marine ecotoxicity, marine eutrophication, mineral 
resource scarcity, ozone formation ecosystem, terrestrial acidification, and 
terrestrial ecotoxicity (Table 10). 

For the exploratory outcomes stratospheric ozone depletion, ozone formation 
human health, and water consumption the mixed model did not converge, meaning 
that only results from the general linear model was provided and no comparison 
between methods could be made (Table 10), 
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Ethical considerations 

In Paper I, Paper II, and Paper III, no personal data was used and therefore 
applications to the ethical review board were not required. In Paper IV, we used 
anonymised data from the REDUSE-feasibility trial including information on study 
site and fluid volumes given to each of the enrolled patients. The original trial 
protocol was approved by the Swedish ethics review authority (#2020-06594, 08 
August 2021) and followed the ethical standards of the 1964 Helsinki declaration 
and its later amendments. 

Although no personal data was used in Paper I, Paper II, and Paper III there are 
other important ethical consideration that has been considered throughout the 
conduct and writing of the included papers and this thesis. One aspect has to do with 
the balancing of the clinical effects on the patient level and the indirect effects that 
the clinical decisions have on public health in terms of environmental impacts. In a 
situation in which the clinical effect on the patient level does not differ between 
compared interventions or products, the choice with the lowest climate- and 
environmental impact should be chosen. As an example, in both Paper I and Paper 
II, no evidence was found that supported the use of either single use or reusable 
items. With the reusable alternatives having both lower environmental impacts as 
well as financial costs the ethical choice would be to use reusable instruments in a 
setting comparable to the one modelled in the two papers. However, in a situation 
in which an intervention has a beneficial effect on a patient level and detrimental 
effect on public heath a potential ethical conflict arises. This potential conflict is 
compounded by the fact that the clinical effect on a patient level is often relatively 
certain whereas environmental effects on public health are less certain. 

Another ethical conflict can arise if LCA results that compare two systems show on 
environmentally beneficial results for both systems but for different impact 
categories. The results in Paper I, Paper II, and Paper IV, which was comparative 
LCAs, show on concordant results across impact categories, favouring the use of 
the reusable systems and of the intervention. An example of how a conflict can arise 
would be if one system is favourable in terms of climate impact whereas the 
compared system is favourable in terms of water use. To add another layer of 
complexity to this conflict, different geographical areas might be affected 
differently by the same type of impact. Healthcare systems in Western countries, as 
major contributors to GHG emissions, have a moral responsibility to consider the 
global consequences of their practices. Many products that are used in high income 
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countries are produced in low- and middle-income countries (LMIC), that are both 
disproportionally affected by climate change as well as more vulnerable to other 
types of environmental hazards such as water scarcity or the emission of toxic 
pollutants near manufacturing sites. Future medical advancements in wealthier 
nations should not come at the cost of the health and well-being of poorer 
communities. Healthcare interventions, particularly those with substantial 
environmental footprints, risk exacerbating existing inequalities by 
disproportionately harming vulnerable populations and fostering an unjust 
allocation of healthcare resources. 

Prioritizing interventions that reduce GHG emissions often aligns with more 
efficient resource use, addressing both environmental and social justice concerns. 
Although that might be true in most cases, environmental impacts beyond climate 
change should not be neglected without proper consideration of what the different 
contexts are throughout the life cycle of the system or product assessed in the LCA, 
and how these contexts might be affected differently. 
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Discussion 

Compared to other environmental assessments 
The results from Paper I and Paper II suggest that using reusable instruments and 
textiles are both environmentally and financially beneficial. 

The finding that the single use trocar system and CVC kit had higher environmental 
impacts compared to that of the reusable alternatives aligns with a growing body of 
literature suggesting that the environmental impact of reusable products used 
perioperatively is lower than that of single use alternatives. Reusable scissors (71), 
laryngeal masks (27), laryngoscope blades and handles (26), laparotomy pads (82), 
anaesthetic drug trays (30), gowns and drapes (75), and sharps containers (83) have 
all been suggested to have a lower environmental impact compared to single use 
alternatives. 

The results of both the environmental and financial assessment in Paper I further 
align with the results from an early economic an environmental comparison between 
single use and reusable instruments for laparoscopic cholecystectomies (84), as well 
as a recent study that estimated the environmental impact of single use and hybrid 
trocars (35). 

However, there are studies in which reusable instruments have been suggested to 
have larger environmental impacts than their single use alternatives. Sets of 
instruments for spinal fusion surgery (85) and CVC insertions (28) with reusable 
components have been suggested to have greater environmental impacts than their 
single use alternatives. In both studies this result could be explained by factors 
related to the sterilization process. In one of the studies the reusable alternative 
included long transportation distances between each surgery and the sterilization 
facility (85), and in the other study high-climate-impact energy sources was used to 
model the electricity consumption (28). Although reusable options have lower 
environmental impacts than their single use alternatives in most settings, it is 
important to note that results cannot be generalized without careful consideration of 
the local context upon which the model is based. 

In contrast to the study where reusable CVC insertion kits were shown to have a 
larger environmental impact than the single use alternative (28), we found that the 
reusable kit was associated with a lower climate impact than the single use and 
mixed kits in Paper II. This is mainly explained by the inclusion of sterile textiles 
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in our analysis, but the low-climate-impact electricity mix and lower energy use in 
our primary analysis also contributed to the reversed results. In our sensitivity 
analysis using an average European electricity mix, the climate impact of the 
reusable kit approached that of the reusable kit in the previous study (28). 

A major finding in Paper II was that the change from single use to reusable textiles 
during CVC insertions dramatically reduced the environmental impact on the 
resource use and climate change endpoints. The textile production represented about 
65% of the total climate impact for the single use and mixed kits. Reusable sterile 
textile has previously been shown to have a lower climate impact compared to single 
use alternatives (75), highlighting an area which could be targeted to reduce the 
environmental impact of not only CVC insertions, but also of other procedures 
requiring sterile textiles 

In Paper III the principal finding was that one inpatient day at an ICU in Sweden 
had a climate impact of 30 kg CO2 eq. Over 60% of the total climate impact could 
be attributed to using single use items, followed by the energy consumption for 
electric equipment, lighting, and HVAC (roughly 20%). A sensitivity analysis 
showed that a high-climate-impact energy mix increased the climate impact by 
322% to 126.5 kg CO2 eq. 

Our results suggest that the total climate impact of an inpatient day at a Swedish 
ICU is much lower than the 88 kg and 178 kg CO2 eq that have been reported for 
treating septic patients at an ICU in Australian and the US, respectively (32), and 
lower than the 138 kg CO2 eq that has been reported per inpatient day for treating 
medical ICU patients in the US (86). As suggested by our sensitivity analysis with 
a high-climate-impact energy mix, the difference in results is explained by the fact 
that Sweden mainly uses a low-climate-impact energy mix. Our sensitivity analysis 
showed that energy consumption and single use items contributed approximately to 
80% and 15% of the total climate impact, respectively, when using a high-climate-
impact energy mix. This aligns with the contribution reported for treating septic 
patients in Australian and the US (32). In contrast, the relative contribution of 
energy was lower in the medical ICU in the US, at 30%, and that of single use items 
was higher, at roughly 30% (86). A hybrid LCA approach and the inclusion of the 
production of electronic equipment, staff travel, and patient food within the system 
boundaries could explain the differing results of the latter study. 

Methodological considerations 
System boundaries and generalizability 
Setting the goal and scope is the first step of an LCA and one of the key aspects is 
to define the system boundaries for the analysis, meaning that decisions on what to 
include and exclude from the analysis must be made (63, 87). 
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As an example, only the trocars and their packaging was included in Paper I, 
excluding all other instruments and materials needed to perform the surgery from 
the analysis. The impact of the surgery would therefore be much higher than the 
impact that we presented in our paper. This is showcased by comparing our LCA to 
the study where single use and hybrid trocars were assessed. While the relative 
differences between the single use systems and hybrid or reusable systems are 
similar in the two studies, the magnitude of the difference in absolute figures was 
up to 5 times as high in the previous study (35). They included complementary 
instruments such as the storage tray, longer transportation distances, and a different 
source of electricity which is most likely the reason why the impact in absolute 
figures were higher than in our study. 

An LCA is a model that will never truly reflect reality, different system boundaries 
in studies assessing similar products or systems are thus a consequence of the natural 
variation in the real world. The system boundaries used in Paper III is a great 
example of this. Patient characteristics and the type of care that is delivered by an 
ICU differ between countries and even across ICUs within a country, which 
naturally leads to a limitation of the results’ external validity. In contrast to Swedish 
ICUs where oral feeding is unusual, it might be common in other settings. In the 
hybrid LCA on the medical ICU in the US, patient food contributed to more than 
10% of the total climate impact (86). In such settings, mitigating strategies targeting 
impacts associated with food preparation as well as hospital food waste are 
warranted (88). 

Taken together, the above emphasize the need to consider both scope and local 
context when interpreting LCA results and illustrates that modelling parameters are 
of great importance in the assessment of the absolute effect of any given process. 

Data collection and allocation 
In the second step of an LCA, the inventory phase, the sources of data and the 
method used to allocate multifunctional processes will affect the results (64). 
Multifunctional processes are processes used within a system which is utilised by 
other systems as well. Taking the sterilisation process in Paper II as an example. 
Besides the instruments in the reusable CVC kit, the autoclave and washer 
disinfector are used to sterilise other products as well. Meaning that we needed to 
allocate the share of the total amount of water and energy used by the machines for 
the sterilization of the CVC kit. Allocation can be made in multiple ways. The 
allocation should if possible be made based on causal physical relationships between 
processes and emissions. However, it can often be hard to establish the exact 
relationships, and then representative parameters can be used instead, such as 
allocating based on volume or weight (87). In Paper II allocation was based on the 
loading capacity of the respective machines. Using information on how many 
program-runs it would take to sterilize the instruments in the reusable CVC kit used 
during a year for the procedure assessed in our study and dividing it by the total 
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number of program-runs performed by the autoclave and washer disinfector during 
the same year, further divided by the number of CVC insertions performed during 
the year, made it possible to allocate the amount of water and electricity needed to 
sterilise the instruments in one reusable CVC kit. In the study by McGain et al. (28), 
the autoclaves and washer–disinfectors had different loading capacities meaning 
that they used a different allocation and that the share of the total amount of water 
and electricity used in the sterilisation process differed between the studies. 

The sterilisation process in Paper II can also be used as an example on the influence 
that data sources have on the results. We used consumption data provided by the 
manufacturer for the washer-disinfector and autoclave, meaning that standby time 
and test runs was excluded from our analysis. These components were included in 
the previous study on CVC insertion kits since they used site-specific data (28) and 
the implication of this was that the sterilisation process generated a higher climate 
impact in their analysis compared to ours. 

Another example of how the source of information may influence the results can be 
showcased by Paper I. Due to the lack of information on regional and hospital 
specific wastewater treatment, we used an average European process. Since the 
average wastewater treatment in Europe can be assumed to have a different 
composition of pollutants compared to the wastewater treatment used by Swedish 
hospitals, the accuracy of the results can thus be questioned. 

Allocation is not only affected by the assumption made by the LCA practitioner, but 
it is also affected by the selected database. The ecoinvent databases has four 
different system models, or allocation approaches available. The first three 
approaches are attributional, meaning that impact of a product or system is estimated 
in isolation from the surrounding technosphere (87, 89). The first approach includes 
recyclable material and is called allocation at point of substitution (APOS), meaning 
that any burden or credits from recycling is shared between the producer and 
subsequent user. The second and third approach is cut-off approaches where the 
impact from primary production of materials always is allocated to the primary user 
of a material and if any material is recycled, the primary producer does not receive 
any credit for the provision of this material. Meaning that recyclable materials are 
available burden-free to recycling processes and that recycled materials only 
generate impacts from the recycling processes at the end of the life cycle (69, 89, 
90). The fourth approach is a consequential approach, where multifunctional 
processes in contrast to the attributional approaches is handled by system expansion, 
meaning that a products or system’s consequence on the surrounding technosphere 
is considered (87). We used an attributional approach in all four papers, since we 
were interested in knowing what impact that could be attributed to the assessed 
products and systems. In Paper I, the benefit of recycling was included in the 
assessment whereas a cut-off approach was used in Paper II, Paper III, and Paper 
IV. The change between the first and second paper had to do with a better
understanding of what the implication of using the different system models were. I
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initially thought that to be able to model recycling the APOS approach had to be 
used. Later on, I realised that the selected allocation approach only dictated who 
were given credits and burdens of recycled content. Since no recycled material was 
used in the production phase in either of the studies, and only packaging was 
modelled with recycling at end of life, the cut-off approach was deemed more 
appropriate for the latter studies. 

The choice of LCIA method 
Two LCIA methods was used to characterise the impact of the products and systems 
analysed in the respective papers in this thesis. We used IMPACT 2002+ in Paper 
I and Paper II, presenting results at endpoint. In Paper III and Paper IV, ReCiPe 
2016 Midpoint (H) was used, and results were presented at midpoint. The reason for 
using IMPACT 2002+ in the first two papers had to do with its geographical 
representativeness for Europe. We changed to ReCiPe 2016 which has a global 
coverage since IMPACT 2002+ became out of date, and due to the realisation that 
Sweden was only the setting in which the use phase and waste management took 
place, whereas most of the raw material extraction, production and transportation 
was located outside of not only Sweden but also outside of Europe. 

The selection of LCIA method will influence the results. Different impact 
assessment methods compile data and characterize midpoint and endpoint 
categories differently, using different characterisation factors and different units 
(57). The characterization process was exemplified in Figure 7 (p.33). A study 
which assessed the uncertainty caused by the selection of LCIA method found that 
for most impact categories, the maximum value was 10,000 times higher than the 
minimum value depending on which LCIA method that was used. The only category 
which got consistent results across LCIA methods was global warming (91). There 
are several reasons for this discrepancy. First, the associated characterisations 
values, or emissions, of a certain substance vary substantially across methods. 
Second, different methods have different coverage, meaning that the number of 
substances covered by the LCIA methods differ. Although the characterisation 
factors were the same across methods for global warming, the coverage differed in 
terms of how many substances the different methods covered for each GHG, 
resulting in different GWP for the same GHG across LCIA methods (91). 

As previously stated, LCA is merely a model of reality, and the assumptions made 
in the goal and scope phase often lead to some sort of simplifications, due to how 
system boundaries are set and how allocation has been made. The characterisation 
process in the LCIA add to this simplification since no LCIA method cover all 
substances available in the inventory databases (91). Using endpoints often add 
another abstraction step to the process, when midpoints are characterised into 
endpoints. As a brief reminder, midpoint is impact in terms of the quantity of 
emissions whereas endpoint is the damage that these emissions cause (57). The 
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amount of information kept throughout an LCA therefore decreases with each step 
throughout the life cycle (Figure 19). 

The question is then, why we should present endpoint impact, when a lot of 
information seems to be lost in the process. The main reason is due to its 
interpretability by non-LCA practitioners (92). Take stratospheric ozone depletion, 
by IMPACT 2002+, as an example. At midpoint the impact is presented as kg of 
chlorofluorocarbon equivalents (kg CFC-11 eq) which to most people doesn’t mean 
much in terms of understanding the consequence of the impact. However, when 
further characterised into the human health endpoint, it is measured in disease-
adjusted-life-years (DALY), which is easier to interpret by decision makers and, in 
the context of healthcare, clinicians. Reporting environmental impacts in units only 
known to sustainability-experts is meaningless unless the absolute impact is 
translated to equivalents and put into a context which clinicians and healthcare staff 
can understand (93). This is probably one of the reasons for why most health care 
LCAs choose to report climate impact, it is commonly known and easy to compare 
to everyday life activities such as driving a car or flying roundtrips between two 
cities. 

Figure 19. Schematic presentation of information loss throughout the steps in an LCA. 
Basic differences between the midpoint (pink swinging arrows) and the endpoint approach (blue 
swinging arrows). The small arrows represent added information in a cause-effect framework. The 
question marks indicate information that was available but could not be further modelled, such as 
unmeasured emissions, unconsidered types of releases, and substances where characterisation 
factors, midpoint or endpoint models have still to be established. Credit: Bare JC et al. 2000 (92), 
reproduced and adapted with permission from Springer Nature. 
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Normalisation and weighting 
In Figure 19, the last step is called valued score, since the figure is reproduced from 
an old figure, one could instead talk about normalisation and weighting of results. 
These are optional steps in an LCA (57). Normalisation is a process where all impact 
categories are put on a common scale to be able to compare the size of impact across 
impact categories. The impacts are thus compared to a reference system, for 
example a country or an industrial sector. Meaning that the impact is presented as 
share of total impact by the reference system rather than in absolute values. 
Weighting is taking normalisation one step further, prioritising the different impact 
categories by applying different or equal weights to each category (57). While 
normalisation is useful to be able to provide an impression of the relative magnitude 
of the environmental impact from each category, weighted results are more useful 
for communicating results in a way that prioritise underlying ethical values. It 
should be noted that weighting is purely subjective, based on the choice of an 
individual or a group of individuals (57). 

Normalisation and weighting were not applied in any of the papers included in this 
thesis. We thought that the information given by presenting endpoint results in 
Paper I and Paper II provided enough, and interpretable, information without 
being further normalised. In Paper III and Paper IV, the primary outcome was 
global warming which, as recently stated, already is a well-known unit also outside 
the LCA and environmental science communities. Thus, further characterisation, 
normalisation and weighting was deemed unnecessary especially due to the 
potential loss of information and increased abstraction that each step potentially 
contribute to. 

Uncertainties in healthcare LCAs 
As described in the method section, there are two main types of uncertainties in an 
LCA, model uncertainty and parameter uncertainty. Model uncertainty, is best 
handled by sensitivity analyses and this has commonly been used within healthcare 
LCA. About 40% of all studies included in the HealthcareLCA Database use some 
sort of sensitivity or scenario analysis (23). 

Parameter uncertainty on the other hand has rarely been assessed in healthcare 
LCAs. Monte Carlo simulation is the most common method to assess uncertainty of 
LCA results but only a few healthcare LCAs has utilised it to assess the 
environmental parameter uncertainty of their results (28, 31, 38, 94-97). We used 
Monte Carlo simulations in all four papers.  

In Paper I and Paper II we extended the use of Monte Carlo simulations to assess 
the certainty of difference between the product systems, utilising paired Monte 
Carlo simulations. We presented results as the median difference with a 95% 
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reference interval. This enabled us to provide an estimate of the precision that 
suggested that differences between the systems were robust in both studies since 
none of the reference intervals crossed zero in the primary analyses. The reference 
interval did however cross zero in some of the comparisons in the sensitivity 
analyses in Paper I (Figure 15, p.50). This type of comparison, using paired Monte 
Carlo simulations, has to my knowledge not been done in any other healthcare LCA. 
An alternative approach which is similar to paired Monte Carlo simulations is 
discernibility analysis, then the difference is presented as the share of iterations in a 
Monte Carlo simulation were one product or system gets a higher impact than the 
compared alternative (98). Discernability analysis was used in an LCA that 
compared single use and reprocessing of face masks during the Covid-19 pandemic 
(94). 

Uncertainties in clinical trial LCAs 
In Paper IV we wanted to explore how LCA uncertainties can be assessed when 
interventions in a clinical trial are compared. Then the intervention effect adds 
another layer of uncertainty to the LCA. In clinical trial analyses, measurement error 
is typically not explicitly modelled under the assumption that such errors are similar 
between treatment groups and therefore cancel out in comparative analyses. One 
could argue that ignoring uncertainties in environmental parameters when applying 
standard statistical methods to LCA results is similar to this practice. However, this 
argument only holds if the underlying LCA models are identical between groups. In 
Paper IV, although the same types of fluid were modelled for both treatment 
groups, differences in administered volumes resulted in different LCA models for 
each patient. Under such conditions, uncertainties in environmental parameters may 
affect the groups differently. This distinction aligns with LCA methodological 
guidance emphasising that uncertainty should be explicitly addressed when model 
configurations differ between compared alternatives (52) and provides a rationale 
for assessing environmental parameter uncertainty rather than assuming 
equivalence. 

In Paper IV, the differences between groups were similar even when the uncertainty 
in the LCA model was included in the analysis. That the mixed model did not 
converge for three of the exploratory outcomes illustrated that the added complexity 
of this approach may result in loss of robustness. Since the added complexity of the 
mixed model did not meaningfully influence the point estimates and conclusions for 
most impact categories, a general linear model which are less complex, more robust 
and more familiar to trialist and medical statisticians appear appropriate to use when 
differences in environmental impact between interventions are assessed.  

The 95% CI did however increase for the difference between the intervention and 
control group for two of the exploratory outcomes in the mixed model compared to 
the general linear model. This suggests that for some outcomes, large uncertainties 
in environmental parameters may influence statistical power and alter results. For 
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such outcomes the mixed model approach offered additional information compared 
to the general linear model, which might be useful for clinicians and decision 
makers. 

Strengths and limitations 
The main strength in all four papers, especially in Paper I and Paper II that 
compared single use and reusable products, was that our LCA models were based 
on products and processes used in clinical practice, meaning that we can suppose 
clinical equipoise. 

In Paper III another key strength is that we performed an exclusively process-based 
LCA and we included pharmaceuticals, fluids, and diagnostic imaging, which are 
components of ICU care that have not been considered in previously. We gained 
novel insights into the relative contributions of these components, which 
represented 8% of the total climate impact per inpatient day. The contribution is 
sizable and that these components represent potential targets for climate impact 
mitigation efforts. 

The prepublication of the statistical analysis plan for Paper IV is a strength. As 
described earlier only a few clinical trials has included environmental impacts as 
outcomes. The exploration of statistical approaches in Paper IV contributes with 
insights important for the methodological development required for the inclusion of 
environmental outcomes in clinical trials, and insights on how to systematically 
assess the certainty in clinical trial LCAs. 

A limitation in all four papers concerns data management and the potential of 
systematic errors. I am the only one in the author groups with experience of 
performing LCA in SimaPro, meaning that the LCA model in SimaPro has not been 
validated by someone else. To the best of my ability, the risk of introducing 
systematic errors when creating the LCA models has been mitigated by using a 
built-in-feature in SimaPro that allow you to trace the status for each modelled 
product including the statuses: none, temporary; draft; to be revised; to be reviewed; 
and finished, meaning that each model aspect has been checked at least six times. 

Another limitation concerns the scope of the analyses and the selected system 
boundaries. In Paper I and Paper II, we only included one or some of the products 
needed to perform the procedures, meaning that the relative difference between the 
single use and reusable alternatives would be a lot smaller if all other material and 
processes needed to perform the procedures were included. In Paper III, we only 
included single use items of which more than 1000 had been ordered during the 
year, meaning that we might have overlooked heavy items with a potentially high 
climate impact, of which few were procured. In Paper IV we only included the 
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fluids and their packaging. An important consideration in trial-based LCAs is the 
potential health effects of the intervention. If an intervention leads to reduced ICU 
or hospital length of stay, the resulting environmental benefits could be substantial. 
Excluding inpatient bed days from the system boundaries in Paper IV is thus a 
limitation, in terms of estimating the true environmental difference between 
interventions but also in assessing how uncertainty propagates through more 
comprehensive healthcare LCAs. Including ICU or hospital stay in Paper IV would 
also have increased the proportion of the LCA model shared between treatment 
groups. Under such circumstances, the relative influence of uncertainty in 
environmental parameters on between-group differences would likely be reduced. 
The exclusion of intervention-related health effects is therefore a limitation not only 
of the LCA results themselves but also of the comparison between statistical 
approaches. 

It should be acknowledged that Sweden, a high income country, was used as setting 
in all four papers. The results’ generalisability to LMIC are therefore limited, 
necessitating additional studies to assess hotspots that could be targeted for 
adaptation and mitigation in such countries. 

Sustainability is three-fold, including environment, economic and social 
sustainability. This thesis has focused mainly on the environmental aspects, and to 
some extent the economic aspects of sustainability. Social sustainability is however 
not covered in this thesis and that presents a potential limitation connected to the 
exclusion of LMIC since much of the production of medical items are located in 
these countries, where work and living conditions often are characterized by high 
levels of informal employment, poor occupational safety, and significant economic 
vulnerability. 

Mitigation strategies 
Based on the results in Paper I, Paper II, and Paper III, Swedish healthcare and 
healthcare systems similar to that in Sweden should focus on reducing the use of 
single use items to mitigate climate and environmental impacts form intensive and 
perioperative care. In paper III, the results showed that five products contributed 
to about 60% of the total impact from single use items. These items included aprons, 
gloves, woven gauze, syringes, and wash wipes. This finding aligned with results 
from a previous study that estimated the climate impact from disposables used at an 
ICU in the Netherlands (99). Collectively, the results suggest that such products 
constitute robust targets for climate impact mitigation strategies.  

Notably, a previous report indicates that non-sterile gloves are overused and 
misused up to 40% of the time, leading to unnecessary use of resources and an 
increased risk of cross-contamination (100). Thus, educating staff about the benefits 
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of adhering to recommendations on proper glove use is an opportunity to reduce 
both the environmental impacts and the risk of cross-contamination (100). 

Reducing the use of single use items could also be achieved by switching to reusable 
alternatives with similar clinical performance whenever available. In Paper II 
reusable textiles was found to have approximately one-sixth of the climate impact 
compared to the single use option. We are unaware of any evidence that show on 
clinical benefits with either single use or reusable aprons, meaning that considerable 
reductions in climate impact could be achieved by replacing single use aprons with 
reusable aprons, without compromising the quality of care. Other mitigating 
strategies to reduce climate impact is to extend the use of infusion sets from four to 
seven days, which can be safely done without jeopardizing patient safety (101). 
Between 12-44% of pathology tests are performed without clinical indication (102), 
meaning that adhering to the principle of testing wisely would lead to both climate 
impact reductions as well as reducing the risk of negative health effects and financial 
cost (103, 104). 

The foremost opportunity for countries that are dependent on high-climate-impact 
energy sources is to accelerate the transition to renewable energy alternatives. 
Reducing the overall energy consumption by limiting the number of hours that 
electronic equipment is on standby, upgrading old equipment to newer more energy-
efficient models, and restricting the use of equipment with high energy requirements 
whenever possible is also an important strategy for mitigating climate impact in 
these countries, as well as for countries using low-climate-impact energy sources. 

Clinical trials are the cornerstone of healthcare, providing evidence on which 
interventions and pharmaceuticals that should be given to a patient to generate the 
best potential outcome and to reduce the risk for adverse side effects or potentially 
death. With considerable improvements within medical research, an increased level 
of standard care, and technological developments only marginal benefits might be 
seen in new treatments. As a consequence, non-inferiority trials have become a 
common practice, where the aim is to show that a new treatment is not worse than 
the existing one rather than showing on superiority (105). A lot of clinical trials thus 
show on similar clinical outcomes across treatment options. In such settings, 
including environmental outcomes as part of the clinical trials represents a great 
opportunity to provide additional information for decisionmakers to choose 
treatment options wisely both in terms of patient safety and in terms of 
environmental impact. 
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Future research 
Which environmental impact categories to include in an LCA should generally 
depend on geographical, temporal, and technical considerations (57), meaning that 
one must consider what and where raw materials are extracted, which production 
processes that are used and where the production is located as well as what and 
where emissions connected to use and waste management take place. In addition, it 
has been argued that the selection of an impact category should depend on its 
relevance for health care and human health (93). In the second chapter in this thesis, 
different impact categories, their relation to the planetary boundaries, and their 
effect on human health was presented. Future research should explore which impact 
categories that should be assessed in healthcare LCAs based on their geographical, 
temporal, and technological relevance as well as their relevance for human health, 
and explore potential human health trade-offs. One option would be to explore the 
planetary boundary framework as a potential tool to support impact category 
selection in healthcare LCA, choosing impact categories based on the level of 
transgression and the potential detrimental effect that each boundary has or might 
lead to. 

One of the limitations with this thesis is that all four paper are in a high-income 
country setting. Future studies should assess environmental impacts form intensive 
and perioperative care in LMIC countries, to be able to show on the environmental 
impacts of and to find modifiable hotspots from these units in such countries. 

In trials where the intervention and control rely on substantially different materials 
or processes compared to the trial used for input in Paper IV, LCA model 
uncertainty may play a larger role. Materials and processes in LCA databases are 
associated with different levels of uncertainty meaning that the magnitude and 
structure of uncertainty can vary substantially across product systems and impact 
categories (61). The two statistical approaches evaluated in Paper IV might yield 
less concordant results when input from other trials are used. It is therefore 
imperative that the effect of LCA model uncertainty on environmental impact 
results in clinical trials is assessed in more data sets to test the robustness of our 
results. It has previously been argued that there is need for literature that provide 
guidance on how LCA uncertainties should be handled in different contexts, to 
support practitioners to implement uncertainty analyses regardless of their level of 
expertise (106). Demonstrating when simpler statistical approaches is sufficient and 
when more complex modelling are warranted, could offer guidance for researchers 
and decision-makers seeking to balance methodological rigor with analytical 
feasibility. The process of generating the data to be analysed in the mixed model in 
Paper IV was time consuming and alternative, less complex and more time efficient 
approaches should also be explored. Artificial Intelligence and automated processes 
to be used in the generation of environmental parameter uncertainty data is a 
potential area for future research to explore. 
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Conclusion 

In Sweden, the main opportunity to reduce the climate and environmental impacts 
from intensive and perioperative care is to limit the use of single use items. In Paper 
III single use items was found to represent over 60% of the total climate impact 
from intensive care. The results in Paper I and Paper II provided concrete 
examples of the benefit of using reusable items, the use of reusable alternatives were 
shown to offer robust opportunities to reduce the environmental impacts compared 
to using single use options, even when sterilisation and laundry in between uses was 
accounted for.  

In countries which are dependent on high-climate-impact energy sources, 
transitioning to low-climate-impact energy sources or lowering the energy 
consumption is the foremost opportunity to reduce the climate impact of intensive 
care. 

The inclusion of environmental outcomes in clinical trials is unavoidable, and we 
need to make sure that clinical trials provide information on the climate and 
environmental  impact of assessed interventions that can be provided to clinicians 
and decision makers. Although further studies are required to assess robustness of 
the results in Paper IV, particularly when underlying LCA models differ 
substantially between treatment groups, our results suggest that the more complex 
mixed model were less robust and that a parsimonious two-group analysis using 
aggregated data appear sufficient for most environmental outcomes in trial data 
similar to ours, making uncertainty analyses of environmental clinical trial data 
simpler and more accessible to trialists and researchers. 



75 



76 

Acknowledgement 

This thesis would not have been possible to write without the help and motivation 
of a big group of people. 

I would first like to send thanks to my main supervisor, Peter. His vision and 
relentless work for a more sustainable healthcare is what made this PhD project 
possible to begin with. I send thanks also to my co-supervisor Jagdeep, my 
environmental science anchor with whom I’ve had the opportunity to reflect on all 
topics but medicine. I would also like to show my gratitude to Niklas which been 
part of this dynamic supervising trio.  

To my healthcare LCA colleague Adrien, thank you for sharing the LCA learning 
experience with me. 

Special thanks to the nurses Camilla, Helena and Kristina for answering questions 
and gathering information on all thing’s surgery related at Helsingborg, Landskrona 
and Lund hospitals. And thank you to all the nurses at the intensive care unit in 
Helsingborg that have shown a genuine interest in my work and who answered all 
the endless questions that I’ve had about the day-to-day work in an intensive care 
unit. I would also like to send thanks to the engineers at Helsingborg hospital who 
have helped me understand hospital infrastructure and for gathering information. 

I’m an environmental scientist at the medical faculty and in times of doubt regarding 
my belonging I’ve always felt welcomed and valued by my colleagues at the Agenda 
2030 Graduate School. Thank you to all the PhD students as well as to the office for 
the support and all the opportunities that being part of this organization has brought 
me. 

To my closest friends, who have been with me through this journey, for listening to 
all my complaints when things felt impossible and for celebrating all the victories 
along the way, thank you! 

I would not be where I am today without the life-long support from my mum and 
dad. You have always believed in me, whatever path I’ve followed and regardless 
of how the journey has changed. Thank you, love you! 

This thesis wouldn’t exist if it wasn’t for a special meet cute. I hated going to the 
doctors and all things hospital related, until I met a certain surgeon at the après-ski 
in the French alps ten years ago. I was eventually impressed by your work but 



77 

appalled by all the waste it generated. To my husband Anders, thank you for all your 
support and motivation. I love you! 

Lastly, to our son William and our expected daughter, this thesis is a testament of if 
there is a will there is a way and that anything you want to achieve is within reach. 
I love you both! 

Linn ♥



78 

References 

1. Rockström J, Steffen W, Noone K, Persson Å, Chapin FS, Lambin EF, et al. A safe
operating space for humanity. Nature. 2009;461(7263):472–475.

2. Richardson K, Steffen W, Lucht W, Bendtsen J, Cornell SE, Donges JF, et al. Earth
beyond six of nine planetary boundaries. Sci Adv. 2023;9(37):eadh2458.

3. Arrhenius S. On the Influence of Carbonic Acid in the Air upon the Temperature of
the Ground. Philosophical Magazine and Journal of Science. 1896;41:237–276.

4. Ebi KL, Ogden NH, Semenza JC, Woodward A. Detecting and Attributing Health
Burdens to Climate Change. Environ Health Perspect. 2017;125(8):085004.

5. Romanello M, Walawender M, Hsu SC, Moskeland A, Palmeiro-Silva Y, Scamman
D, et al. The 2024 report of the Lancet Countdown on health and climate change:
facing record-breaking threats from delayed action. Lancet. 2024;404(10465):1847–
1896.

6. Haines A, Ebi K. The Imperative for Climate Action to Protect Health. N Engl J Med.
2019;380(3):263–273.

7. Mitchell D, Heaviside C, Vardoulakis S, Huntingford C, Masato G, Guillod BP, et al.
Attributing human mortality during extreme heat waves to anthropogenic climate
change. Environmental Research Letters. 2016;11(7):074006.

8. Bein T, Karagiannidis C, Gründling M, Quintel M. New challenges for intensive care
medicine due to climate change and global warming. Anaesthesist. 2020;69(7):463–
469.

9. World Health Organization. Quantitative Risk Assessment of the Effects of Climate
Change on Selected Causes of Death, 2030s and 2050s. Geneva: World Health
Organization; 2014.

10. Planetary Boundary Science (PBScience). Planetary Health Check 2025. Potsdam,
Germany: Potsdam Institute for Climate Impact Research (PIK); 2025.

11. Healthcare Without Harm. Health care's climate footprint. 2019. [cited: 2024-07-18].
Available from: https://global.noharm.org/resources/health-care-climate-footprint-
report

12. Malik A, Lenzen M, McAlister S, McGain F. The carbon footprint of Australian
health care. Lancet Planet Health. 2018;2(1):e27–e35.

13. Zhao H, Liao W, Fu L, Zhao M, Zhang S, Wu J, et al. Carbon footprint of China's
healthcare system from a global perspective: A multi-dimensional hotspot
assessment. Sustainable Production and Consumption. 2025;59:218–228.



79 

14. Nansai K, Fry J, Malik A, Takayanagi W, Kondo N. Carbon footprint of Japanese
health care services from 2011 to 2015. Resources, Conservation and Recycling.
2020;152:104525.

15. Eckelman M, Sherman J. Environmental Impacts of the US Health Care System and
Effects on Public Health. PLoS One. 2016;11(6):e0157014.

16. Eckelman M, Sherman J, MacNeill A. Life cycle environmental emissions and health
damages from the Canadian healthcare system: An economic-environmental-
epidemiological analysis. PLoS Medicine. 2018;15(7):e1002623.

17. Hantel A, Senay E, Hlubocky FJ, Walsh TP, Johnston H, Cronin A, et al. The ethics
of climate change and health-care delivery: a national survey of US-based physicians.
Lancet Planet Health. 2025;9(8):101289.

18. Hantel A, Senay E, Richie C, Revette A, Nava-Coulter B, Hlubocky FJ, et al. A focus
group study of ethical issues during climate-informed health decision-making. Nature
Climate Change. 2024;14(10):1040–1046.

19. Bjørn A, Owsianiak M, Molin C, Hauschild MZL. LCA History. In: Hauschild MZ,
Rosenbaum RK, Irving Olsen S, editors. Life Cycle Assessment: Theory and
Practice. Cham: Springer; 2018. p. 17–30.

20. International Organization for Standardization. ISO 14040:2006 Environmental
management - Life cycle assessment - Principles and Frameworks. Geneva: ISO;
2006.

21. International Organization for Standardization. ISO 14044:2006 Environmental
management - Life cycle assessment - Requirements and guidelines. Geneva: ISO;
2006.

22. Bjørn A, Laurent A, Owsianiak M, Olsen SI. Main Characteristics of LCA. In:
Hauschild MZ, Rosenbaum RK, Olsen SI, editors. Life Cycle Assessment: Theory
and Practice. Cham: Springer; 2018.

23. Drew J, Rizan C. [Internet]. HealthcareLCA Database; 2022. [cited: 2025-12-17].
Available from: healthcarelca.com/database.

24. Healthcare LCA. [Internet]. Cumulative data sources within the HealthcareLCA
database disaggregated by scale of analysis [Figure]; 2021. [cited: 2025-09-14].
Available from: www.healthcarelca.com/cumulative-data-sources-within-the-
healthcarelca-database-disaggregated-by-scale-of-analysis

25. McGain F, Story D, Lim T, McAlister S. Financial and environmental costs of
reusable and single-use anaesthetic equipment. Br J Anaesth. 2017;118(6):862–869.

26. Sherman JD, Raibley LA 4th, Eckelman MJ. Life Cycle Assessment and Costing
Methods for Device Procurement: Comparing Reusable and Single-Use Disposable
Laryngoscopes. Anesth Analg. 2018;127(2):434–443.

27. Eckelman M, Mosher M, Gonzalez A, Sherman J. Comparative life cycle assessment
of disposable and reusable laryngeal mask airways. Anesth Analg. 2012;114(5):1067–
1072.

28. McGain F, McAlister S, McGavin A, Story D. A Life Cycle Assessment of Reusable
and Single-Use Central Venous Catheter Insertion Kits. Anesth Analg.
2012;114(5):1073–1080.



80 

29. Lightfoot SJ, Grant T, Boyden A, McAlister S. Single-use synthetic plastic and 
natural fibre anaesthetic drug trays: a comparative life cycle assessment of 
environmental impacts. Br J Anaesth. 2024;133(6):1465–1477. 

30. McGain F, McAlister S, McGavin A, Story D. The financial and environmental costs 
of reusable and single-use plastic anaesthetic drug trays. Anaesth Intensive Care. 
2010;38(3):538–544. 

31. Duffy J, Slutzman JE, Thiel CL, Landes M. Sustainable Purchasing Practices: A 
Comparison of Single-use and Reusable Pulse Oximeters in the Emergency 
Department. West J Emerg Med. 2023;24(6):1034–1042. 

32. McGain F, Burnham J, Lau R, Aye L, Kollef M, McAlister S. The carbon footprint of 
treating patients with septic shock in the intensive care unit. Critical Care and 
Resuscitation. 2018;20(4):304-312. 

33. Stilma W, Esmeijer A, Paulus F, Frenzel T, Touw H, Stobernack T. Open Versus 
Closed Suctioning in Invasively Ventilated Critically Ill Patients for Sustainability of 
ICU Care: A Life-Cycle Assessment Comparison. Respir Care. 2024;69(2):218–221. 

34. Labib PL, Ford B, Winfield M, Douie WJ, Kanwar A, Sanders G. Revising a 
laparoscopic appendicectomy set to reduce reliance on disposable surgical 
instruments: supporting the transition to sustainable surgical practice. Ann R Coll 
Surg Engl. 2024;106(2):167–172. 

35. Rizan C, Bhutta MF. Environmental impact and life cycle financial cost of hybrid 
(reusable/single-use) instruments versus single-use equivalents in laparoscopic 
cholecystectomy. Surg Endosc. 2022;36(6):4067–4078. 

36. Sørensen BL, Larsen S, Andersen C. A review of environmental and economic 
aspects of medical devices, illustrated with a comparative study of double-lumen 
tubes used for one-lung ventilation. Environment, Development and Sustainability. 
2023;25(11):13219–13252. 

37. Rizan C. Environmental impact of hybrid (reusable/single-use) ports versus single-
use equivalents in robotic surgery. J Robot Surg. 2024;18(1):155. 

38. Nikkhah H, Beykal B, Stuber MD. Comparative life cycle assessment of single-use 
cardiopulmonary bypass devices. Journal of Cleaner Production. 2023;425:138815. 

39. Grinberg D, Buzzi R, Pozzi M, Schweizer R, Capsal JF, Thinot B, et al. Eco-audit of 
conventional heart surgery procedures. Eur J Cardiothorac Surg. 2021;60(6):1325–
1331. 

40. van Bree EM, Stobernack T, Boom T, Geene K, Kooistra EJ, Li W, et al. Assessing 
the environmental impact of coronary artery bypass grafting to decrease its footprint. 
Eur J Cardiothorac Surg. 2025;67(2):ezaf054. 

41. Zhang D, Dyer GSM, Blazar P, Earp BE. The Environmental Impact of Open Versus 
Endoscopic Carpal Tunnel Release. J Hand Surg Am. 2023;48(1):46–52. 

42. De Simone P, Lai Q, Ducci J, Campani D, Biancofiore G. The carbon footprint and 
energy consumption of liver transplantation. Front Transplant. 2024;3:1441928. 

43. Bischofberger S, Adshead F, Moore K, Kocaman M, Casali G, Tong C, et al. 
Assessing the environmental impact of an anastomotic leak care pathway. Surg Open 
Sci. 2023;14:81–86. 



81 

44. MacNeill A, Lillywhite R, Brown C. The impact of surgery on global climate: a
carbon footprinting study of operating theatres in three health systems. Lancet Planet
Health. 2017(9): e381-e388.

45. Mackillop N, Shah J, Collins M, Costelloe T, Öhman D. Carbon footprint of
industry-sponsored late-stage clinical trials. BMJ Open. 2023;13(8):e072491.

46. LaRoche JK, Alvarenga R, Collins M, Costelloe T, De Soete W, Faludi J, et al.
Climate footprint of industry-sponsored clinical research: an analysis of a phase-1
randomised clinical study and discussion of opportunities to reduce its impact. BMJ
Open. 2024;14(1):e077129.

47. Field RR, Calderon MC, Ronilo SM, Ma M, Maxwell H, Mensah P, et al.
Environmental and Economic Impact of Using a Higher Efficiency Ventilator and
Vaporizer During Surgery Under General Anesthesia: A Randomized Controlled
Prospective Cohort. Cureus. 2023;15(5):e39534.

48. Nguyen CD, Panganiban HP, Fazio T, Karahalios A, Ankravs MJ, MacIsaac CM, et
al. A Randomized Noninferiority Trial to Compare Enteral to Parenteral Phosphate
Replacement on Biochemistry, Waste, and Environmental Impact and Healthcare
Cost in Critically Ill Patients With Mild to Moderate Hypophosphatemia. Critical
Care Medicine. 2024;52(7):1054-1064.

49. Petersen JJ, Hemberg L, Thabane L, Hopewell S, Chan A-W, Hróbjartsson A, et al.
Integrating environmental outcomes in randomised clinical trials: a call to action.
Lancet. 2025;405(10477):446–448.

50. The EQUATOR Network. Reporting Guideline for Environmental Outcomes in
Clinical Trials: CONSORT Extension [Internet]. The EQUATOR Network; 2024.
[cited: 2026-01-12]. Available from: https://www.equator-
network.org/library/reporting-guidelines-under-development/reporting-guidelines-
under-development-for-clinical-trials/#ENVIRONC.

51. The EQUATOR. Network Reporting Guideline for Environmental Outcomes in
Clinical Trials: SPIRIT Extension [Internet]. The EQUATOR Network; 2024. [cited:
2026-01-12]. Available from: https://www.equator-network.org/library/reporting-
guidelines-under-development/reporting-guidelines-under-development-for-clinical-
trials-protocols/#ENVIRONS.

52. Rosenbaum RK, Georgiadis S, Fantke P. Uncertainty Management and Sensitivity
Analysis. In: Hauschild MZ, Rosenbaum RK, Irving Olsen S, editors. Life Cycle
Assessment: Theory and Practice. Cham: Springer; 2018. p. 271–321.

53. Heijungs R. On the number of Monte Carlo runs in comparative probabilistic LCA.
Int J Life Cycle Assess. 2020;25(2):394–402.

54. Henriksson P, Heijungs R, Dao H, Phan L, de Snoo G, Guinée J. Product Carbon
Footprints and Their Uncertainties in Comparative Decision Contexts. PLoS One.
2015;10(3):e0121221.

55. Mendoza Beltran A, Prado V, Font Vivanco D, Henriksson PJG, Guinée JB, Heijungs
R. Quantified Uncertainties in Comparative Life Cycle Assessment: What Can Be
Concluded? Environ Sci Technol. 2018;52(4):2152–2161.



82 

56. von Brömssen C, Röös E. Why statistical testing and confidence intervals should not 
be used in comparative life cycle assessments based on Monte Carlo simulations. Int 
J Life Cycle Assess. 2020;25(11):2101–2105. 

57. Rosenbaum RK, Hauschild MZ, Boulay A, Fantke P, Laurent A, Núñez M, et al. Life 
Cycle Impact Assessment. In: Hauschild MZ, Rosenbaum RK, Irving Olsen S, 
editors. Life Cycle Assessment: Theory and Practice. Cham: Springer; 2018. 

58. World Health Organization. Ambient (outdoor) air pollution: World Health 
Organization [Internet]. 2024. [cited: 2025-05-15]. Available from: 
https://www.who.int/news-room/fact-sheets/detail/ambient-(outdoor)-air-quality-and-
health 

59. Cohen A, Brauer M, Burnett R, Anderson H, Frostad J, Estep K, et al. Estimates and 
25-year trends of the global burden of disease attributable to ambient air pollution: an 
analysis of data from the Global Burden of Diseases Study 2015. Lancet. 
2017;389(10082):1907-1918. 

60. De Weerdt A, Janssen BG, Cox B, Bijnens EM, Vanpoucke C, Lefebvre W, et al. 
Pre-admission air pollution exposure prolongs the duration of ventilation in intensive 
care patients. Intensive Care Med. 2020;46(6):1204–1212. 

61. Huijbregts MAJ, Steinmann ZJN, Elshout PMF, Stam G, Verones F, Vieira M, et al. 
ReCiPe2016: a harmonised life cycle impact assessment method at midpoint and 
endpoint level. Int J Life Cycle Assess. 2017;22(2):138–147. 

62. Rödger JM, Laumann KL, Pagoropoulos A. Life cycle costing: an introduction. In: 
Hauschild MZ, Rosenbaum RK, Irving Olsen S, editors. Life Cycle Assessment: 
Theory and Practice. Cham: Springer; 2018. p. 373–400. 

63. Bjørn A, Laurent A, Owsianiak M, Olsen SI. Goal Definition. In: Hauschild MZ, 
Rosenbaum RK, Irving Olsen S, editors. Life Cycle Assessment: Theory and 
Practice. Cham: Springer; 2018. p. 67–74. 

64. Bjørn A, Moltesen A, Laurent A, Owsianiak M, Corona A, Birkved M, et al. Life 
Cycle Inventory Analysis. In: Hauschild MZ, Rosenbaum RK, Irving Olsen S, 
editors. Life Cycle Assessment: Theory and Practice. Cham: Springer; 2018. p. 117–
165. 

65. Wernet G, Bauer C, Steubing B, Reinhard J, Moreno-Ruiz E, Weidema B. The 
ecoinvent database version 3 (part I): overview and methodology. The Int J Life 
Cycle Assess. 2016;21(9):1218–1230. 

66. Statistikmyndigheten SCB. Electricity supply and use 2001-2020 (GWh) [Internet]. 
Örebro: Statistikmyndigheten SCB; 2020. [cited: 2021-11-07]. Available from: 
https://www.scb.se/en/finding-statistics/statistics-by-subject-area/energy/energy-
supply-and-use/annual-energy-statistics-electricity-gas-and-district-
heating/pong/tables-and-graphs/electricity-supply-and-use-20012020-gwh/. 

67. Jolliet O, Margni M, Charles R, Humbert S, Payet J, Rebitzer G, et al. IMPACT 
2002+: A new life cycle impact assessment methodology. Int J  Life Cycle Assess. 
2003;8(6):324–330. 

68. Hauschild MZ, Bonou A, Olsen SI. Life Cycle Interpretation. In: Hauschild MZ, 
Rosenbaum RK, Irving Olsen S, editors. Life Cycle Assessment: Theory and 
Practice. Cham: Springer; 2018. p. 323–334. 



83 

69. Weideman B, Bauer C, Hischier R, Mutel C, Nemecek T, Reinhard J. Overview and
methodology. Data quality guideline for the ecoinvent database version 3. St Gallen:
Swiss Centre for Life Cycle Inventories; 2013. Ecoinvent Report 1(v3).

70. International Energy Agency. Energy system of Europe [Internet]. International
Energy Agency. [cited: 2022-01-05]. Available from:
https://www.iea.org/regions/europe

71. Ibbotson S, Dettmer T, Kara S, Herrmann C. Eco-efficiency of disposable and
reusable surgical instruments-a scissors case. Int J Life Cycle Assess.
2013;18(5):1137-1148.

72. McGain F, Moore G, Black J. Steam sterilisation's energy and water footprint. Aust
Health Rev. 2017;41(1):26–32.

73. McGain F, Moore G, Black J. Hospital steam sterilizer usage: could we switch off to
save electricity and water? J Health Serv Res Policy. 2016;21(3):166–171.

74. Campion N, Thiel CL, DeBlois J, Woods NC, Landis AE, Bilec MM. Life cycle
assessment perspectives on delivering an infant in the US. Sci Total Environ.
2012;425:191–198.

75. Overcash M. A comparison of reusable and disposable perioperative textiles:
sustainability state-of-the-art 2012. Anesth Analg. 2012;114(5):1055–66.

76. Data portal for the Swedish intensive care registry [Internet]. The Swedish intensive
care registry; 2001 [cited: 2024-03-17]. Available from: https://www.icuregswe.org

77. McAlister S, McGain F, Petersen M, Story D, Charlesworth K, Ison G, et al. The
carbon footprint of hospital diagnostic imaging in Australia. Lancet Reg Health West
Pac. 2022;24:100459.

78. Parvatker A, Tunceroglu H, Sherman J, Coish P, Anastas P, Zimmerman J, et al.
Cradle-to-Gate Greenhouse Gas Emissions for Twenty Anesthetic Active
Pharmaceutical Ingredients Based on Process Scale-Up and Process Design
Calculations. Acs Sustain Chem Eng. 2019;7(7):6580-6591.

79. Lindén A, Spångfors M, Olsen MH, Fisher J, Lilja G, Sjövall F, et al. Protocolized
reduction of non-resuscitation fluids versus usual care in septic shock patients
(REDUSE): a randomized multicentre feasibility trial. Crit Care. 2024;28(1):166.

80. SAS Institute Inc. SAS/STAT® 15.3 User’s Guide. Cary, NC: SAS Institute Inc;
2023.

81. Altman DG, Bland JM. Interaction revisited: the difference between two estimates.
BMJ. 2003;326(7382):219.

82. Kummerer K, Dettenkofer M, Scherrer M. Comparison of reusable and disposable
laparatomy pads. Int J Life Cycle Assess. 1996;1(2):67-73.

83. McPherson B, Sharip M, Grimmond T. The impact on life cycle carbon footprint of
converting from disposable to reusable sharps containers in a large US hospital
geographically distant from manufacturing and processing facilities. PeerJ.
2019;7:e6204.

84. Adler S, Scherrer M, Rückauer K, Daschner F. Comparison of economic and
environmental impacts between disposable and reusable instruments used for
laparoscopic cholecystectomy. Surg Endosc. 2005;19(2):268-272.



84 

85. Leiden A, Cerdas F, Noriega D, Beyerlein J, Herrmann C. Life cycle assessment of a
disposable and a reusable surgery instrument set for spinal fusion surgeries.
Resources Conservation and Recycling. 2020;156:104704.

86. Prasad P, Joshi D, Lighter J, Agins J, Allen R, Collins M, et al. Environmental
footprint of regular and intensive inpatient care in a large US hospital. Int J Life Cycle
Assess. 2022;27(1):38-49.

87. Bjørn A, Owsianiak M, Laurent A, Olsen SI, Corona A, Hauschild MZ. Scope
Definition. In: Hauschild MZ, Rosenbaum RK, Irving Olsen S, editors. Life Cycle
Assessment: Theory and Practice. Cham: Springer; 2018. p. 75–116.

88. Bux C, Zizzo G, Amicarelli V. A combined evaluation of energy efficiency, customer
satisfaction and food waste in the healthcare sector by comparing cook-hold and
cook-chill catering. J Clean Prod. 2023;429:139594.

89. ecoinvent. System Models: Four different system models are offered and explained in
detail in this article [Internet]. Zurich: ecoinvent; 2024 [updated 2024-02-14; cited
2026-01-10]. Available from: https://support.ecoinvent.org/system-models.

90. Moreno Ruiz E, Lévová T, Reinhard J, Valsasina L, Bourgault G, G W.
Documentation of changes implemented in the ecoinvent database version 3.3.
Zurich: ecoinvent; 2016.

91. Chen X, Matthews HS, Griffin WM. Uncertainty caused by life cycle impact
assessment methods: Case studies in process-based LCI databases. Resources
Conservation and Recycling. 2021;172:105678.

92. Bare JC, Hofstetter P, Pennington DW, de Haes HAU. Midpoints versus endpoints:
The sacrifices and benefits. Int J Life Cycle Assess. 2000;5(6):319–326.

93. Eckelman MJ, Weisz U, Pichler PP, Sherman JD, Weisz H. Guiding principles for the
next generation of health-care sustainability metrics. Lancet Planet Health.
2024;8(8):e603–e609.

94. van Straten B, Ligtelijn S, Droog L, Putman E, Dankelman J, Weiland NHS, et al. A
life cycle assessment of reprocessing face masks during the Covid-19 pandemic. Sci
Rep. 2021;11(1):17680.

95. McGain F, Wickramarachchi K, Aye L, Chan BG, Sheridan N, Tran P, et al. The
carbon footprint of total knee replacements. Aust Health Rev. 2024;48(6):664-672.

96. Baboudjian M, Pradere B, Martin N, Gondran-Tellier B, Angerri O, Boucheron T, et
al. Life Cycle Assessment of Reusable and Disposable Cystoscopes: A Path to
Greener Urological Procedures. Eur Urol Focus. 2023;9(4):681–687.

97. Ait Taleb S, Francois N, Tehhani BE, Perez T. Reusable vs. single use cystoscope:
economic & environmental assessment. World J Urol. 2025;43(1):323.

98. Heijungs R. Probability, Statistics and Life Cycle Assessment: Guidance for Dealing
with Uncertainty and Sensitivity. Cham: Springer Nature Switzerland AG; 2024.
1144 p.

99. Hunfeld N, Diehl J, Timmermann M, van Exter P, Bouwens J, Browne-Wilkinson S,
et al. Circular material flow in the intensive care unit-environmental effects and
identification of hotspots. Intensive Care Med. 2023;49(1):65-74.



85 

100. Loveday H, Lynam S, Singleton J, Wilson J. Clinical glove use: healthcare workers' 
actions and perceptions. J Hosp Infect. 2014;86(2):110-116. 

101. Rickard C, Marsh N, Larsen E, McGrail M, Graves N, Runnegar N, et al. Effect of 
infusion set replacement intervals on catheter-related bloodstream infections (RSVP): 
a randomised, controlled, equivalence (central venous access device)-non-inferiority 
(peripheral arterial catheter) trial. Lancet. 2021;397(10283):1447-1458. 

102. Zhi M, Ding EL, Theisen-Toupal J, Whelan J, Arnaout R. The landscape of 
inappropriate laboratory testing: a 15-year meta-analysis. PLoS One. 
2013;8(11):e78962. 

103. McAlister S, Barratt A, Bell K, McGain F. The carbon footprint of pathology testing. 
Med J Aust. 2020;212(8):377-382. 

104. Ostermann M, De Waele J, Schefold J. The environmental impact of laboratory 
measurements in high-resource ICUs. Intensive Care Med. 2024;50(3):449-452. 

105. Hahn S. Understanding noninferiority trials. Korean J Pediatr. 2012;55(11):403–407. 
106. Igos E, Benetto E, Meyer R, Baustert P, Othoniel B. How to treat uncertainties in life 

cycle assessment studies? Int J Life Cycle Assess. 2019;24(4):794–807. 

  



86 



87 

Appendix 





1 
 
   

STATISTICAL ANALYSIS PLAN 

Assessing uncertainty of environmental  
outcomes in a clinical trial: 

An applied example, using data from the protocolized REDUction of non-resuscitation 
fluid versus usual care in SEptic shock patients (REDUSE) Feasibility Trial 

 
Linn Hemberg1,2, *, Markus Harboe Olsen3,4, Johanne Juul Petersen3, Per Werner Möller5, 
Janus Christian Jakobsen4,6, Robin Christensen6,7,8, Peter Bentzer1 

 

1 Anaesthesia and Intensive Care, Department of Clinical Sciences Malmö, Lund University, Lund, Sweden 
2 Lund University Agenda 2030 Graduate School, Lund University, Lund, Sweden. 
3 Copenhagen Trial Unit, Centre for Clinical Intervention Research, Copenhagen University Hospital Rigshospi-
talet, Tagensvej 22, DK-2200 Copenhagen, Denmark. 
4 Department of Neuroanaesthesiology, The Neuroscience Centre, Copenhagen University Hospital – Rigshospi-
talet, Copenhagen, Denmark. 
5 Department of Anaesthesia, SV Hospital Group, Institute of Clinical Sciences at the Sahlgrenska Academy, 
University of Gothenburg, Gothenburg. 
6 Cochrane Denmark and Centre for Evidence-Based Medicine Odense (CEBMO), Department of Clinical Re-
search, University of Southern Denmark, Denmark. 
7 Section for Biostatistics and Evidence-Based Research, the Parker Institute, Bispebjerg and Frederiksberg Hos-
pital, Copenhagen, Denmark. 
8 Research Unit of Rheumatology, Department of Clinical Research, University of Southern Denmark, Odense 
University Hospital, Denmark. 
 

*Corresponding author: Linn Hemberg, linn.hemberg@med.lu.se 

 

Administrative Information 
Registration: Open Science Framework 
SAP version: 2.0 (2025-dec-12)



2 
 
   

INTRODUCTION 
Rationale for this study 
The environmental impacts of products or processes have been estimated using the Life Cycle 
Assessment (LCA) methodology for over 30 years (1). LCA is a quantitative method that 
summarises the environmental impact from processes and materials used within a system, from 
cradle to grave (2). Information on impacts from materials and production processes is 
commonly collected from large databases. The researcher surveys the system to get input data 
such as materials, weights, production processes, and transportation distances, which are used 
to calculate the associated environmental impacts using data from these databases (2). The 
impacts of materials and processes in the databases are given with a measure of uncertainty. 
For example, the climate impact from transporting a certain weight by lorry in Europe has been 
calculated for different vehicles, loads, and fuels, allowing the estimated average climate effect 
per kilometre, and the associated variation, to be entered into the database. The uncertainty of 
the environmental impact of the entire system can then be assessed using a Monte Carlo 
simulation, which utilizes randomly sampled data for all identified processes in the system to 
generate a point estimate with a 95% reference interval. Monte Carlo simulations have been the 
most common way of estimating the uncertainty of LCA results across scientific fields, and 
several LCA software tools have Monte Carlo simulations as a built-in feature (3). 
 
Comparative LCAs are increasingly applied in medicine, and we envision that future clinical 
trials will compare not only clinical outcomes, but also the environmental impacts of the 
interventions (4). However, there is currently no consensus on how to assess the difference 
between environmental impacts, and the subject has received surprisingly little attention. This 
is perhaps because many environmental scientists regard LCA as a method to explore systems 
and to identify hotspots rather than to assess the differences between different processes. When 
comparing processes, one school of thought is that inferential statistics, as is commonly used 
in medicine, can be used to compare Monte Carlo simulation data from the two systems (5-7). 
In contrast, some argue that such an approach is flawed because it violates the requirement of 
independent observations and because the P value will be inflated by increased number of 
Monte Carlo simulations without additional data entering the system (8). In a clinical trial 
setting, LCA data will be a combination of database data with known uncertainties and 
independent data collected during the trial. For example, in a trial assessing two strategies for 
administering fluid, the environmental impact per litre of fluid is known before the trial 
commences, but the effect of the interventions on the volume of fluid at the patient level is 
unknown and independent.  
 
In this analysis, we will explore two statistical approaches to assess environmental impacts of 
interventions in clinal trials. We will analyse trial data using conventional medical statistics, in 
which only the uncertainty in the intervention effect is included in the analysis. In addition, we 
will use a mixed model in which both the uncertainty in the clinical intervention and the 
underlying uncertainty in the life cycle impact for each patient are assessed. For this purpose, 
we will use input data from the REDUction of non-resuscitation fluid in SEptic shock 
(REDUSE) Feasibility Trial (9). 
 
 
Rationale for the SAP 
This Statistical Analysis Plan (SAP) was finalized before the analysis of data to ensure 
transparency, objectivity, and reproducibility of the analyses. Pre-specifying the statistical 
methods minimizes the risk of data-driven decisions and selective reporting, thereby reducing 
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bias and enhancing the credibility of results. This aligns with ICH E9 guidance and international 
best practice, which emphasize that key analytic principles must be determined a priori (10). 
By defining in advance how primary and secondary outcomes will be analysed, the SAP 
provides confidence that conclusions are based on robust, pre-planned methods rather than post 
hoc choices influenced by observed data. To further strengthen transparency, the SAP also 
includes an anticipated manuscript outline in the form of mock-ups of figures and tables, 
presented in the expected order of appearance. 
 
Objectives 
To compare two approaches for assessing differences in environmental impact data using 
aggregated point estimates for environmental impact of each patient in a trial (conventional 
medical statistics), or, using a mixed model (based on 100 repeated samples for each individual 
and all outcomes) in which both the uncertainty of the LCA and the effect of the clinical 
intervention in each patient is assessed. 
 
Hypothesis  
The null hypothesis is that the two approaches to the comparison of clinical trial data will result 
in similar interpretations.  
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METHODS 
Input data 
The REDUSE feasibility trial was an investigator-initiated, multicentre, parallel-group 
randomized trial which included sepsis patients between 7 March and 13 September 2022. 
Adult patients (≥18 years of age) with septic shock (suspected/confirmed infection, plasma 
lactate>2 mmol/l and infusion of vasopressor to maintain MAP>65 mmHg after adequate fluid 
resuscitation) and ongoing vasopressor therapy were eligible for inclusion within 12 h of ICU 
admission. The exclusion criterion was suspected or confirmed pregnancy. The trial compared 
protocolized reduction of non-resuscitation fluids (intervention) to usual care (control). The 
trial included a total of 98 patients of which 49 were allocated to the intervention, and 49 were 
allocated to usual care (9). Fluid data was available for 44 and 48 participants in the intervention 
and control group, respectively and these data were used in this analysis. 
 
Analysis - Life cycle assessment 
Goal and scope 
The functional unit for the assessment will be volume of sodium chloride, glucose and Ringer-
acetate given to sepsis patients during the first three days in the ICU after inclusion in the trial. 
The analysis will include 0.9% sodium chloride, Ringer-acetate, and glucose solutions (25g, 
50g, 100g, 200g, and 300g/L) given during the first three days (D0-D3) (suggested presentation 
in Table 1). In addition, the analysis will include packaging, modelled as weight of packaging 
per ml fluid administrated. All other types of fluids and materials will be outside the boundaries 
of this LCA (Figure 1). 
 
Table 1. Intervention data included in the LCA 

 Intervention 
(N=??) 

Control 
(N=??) 

Difference between 
medians (95% CI) 

   Volume Ringer-acetat xx (xx-xx) xx (xx-xx) xx (xx-xx) 
   Volume Sodium chloride 9g/L xx (xx-xx) xx (xx-xx) xx (xx-xx) 
   Volume glucose 25g/L xx (xx-xx) xx (xx-xx) xx (xx-xx) 
   Volume glucose 50g/L xx (xx-xx) xx (xx-xx) xx (xx-xx) 
   Volume glucose 100g/L xx (xx-xx) xx (xx-xx) xx (xx-xx) 
   Volume glucose 200g/L xx (xx-xx) xx (xx-xx) xx (xx-xx) 
   Volume glucose 300g/L xx (xx-xx) xx (xx-xx) xx (xx-xx) 
Total volume of fluids first 3 days after inclusion xx (xx-xx) xx (xx-xx) xx (xx-xx) 

Data are presented as median (IQR).  
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Figure 1. System boundary of the LCA. 
 
Life cycle inventory 
Real-life data on material and processes will be collected from hospitals and manufacturers to 
create a model for each patient included in the trial using the LCA software SimaPro v.10.2.0.3 
(PRé Sustainability, Amersfoort, The Netherlands) and the ecoinvent 3.10 database (11). The 
database covers tens of thousands of materials and processes with information regarding their 
associated environmental impacts. The ecoinvent database provides an uncertainty range for 
each data point, which is based on variation in sample data when possible and otherwise based 
on a simplified standard procedure to estimate the uncertainty of data, based on a single source 
of information (12). 
 
Life cycle impact assessment (LCIA) – environmental outcomes 
Life cycle impact assessment will be used to estimate the environmental impact per patient on 
the 18 environmental outcomes, listed below. We will use the ReCiPe 2016 impact assessment 
method (13) to characterize the life cycle impact of the fluids provided to each patient. The 
point estimate per patient, is the sum of the impacts from all materials and processes used to 
model the volume of fluids administered to the patient. We will present data for the primary 
outcome in the main manuscript and other environmental outcomes will primarily be presented 
as Supplementary Material. All outcomes are continuous. Definitions and units for the different 
outcomes are presented in Table 2. 
 
Primary outcome:  

• Global warming (kg CO2 eq) 
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Exploratory outcomes: 
• Fine particulate matter formation (PM2.5 eq) 
• Fossil resource scarcity (kg oil eq) 
• Freshwater ecotoxicity (kg 1.4-DCB eq) 
• Freshwater eutrophication (kg P eq) 
• Human carcinogenic toxicity (kg 1.4-DCB eq) 
• Human non-carcinogenic toxicity (kg 1.4-DCB eq) 
• Ionizing radiation (kBq Co-60 eq) 
• Land use (m2/a crop eq) 
• Marine ecotoxicity (kg 1.4-DCB eq) 
• Marine eutrophication (kg N eq) 
• Mineral resource scarcity (kg Cu eq) 
• Ozone formation - Human health (kg NOx eq) 
• Ozone formation - Terrestrial ecosystem (kg NOx eq) 
• Stratospheric ozone depletion (kg CFC-11 eq) 
• Terrestrial acidification (kg SO2 eq) 
• Terrestrial ecotoxicity (kg 1.4-DCB eq) 
• Water consumption (m3) 

 
Repeated measures - Monte Carlo simulations 
Monte Carlo simulation will be used to randomly sample data within the uncertainty range for 
each data point in the LCA model to provide 100 repeated measures per patient and outcome. 

 

Table 2. ReCiPe 2016+ life cycle impact assessment impact categories. 
Impact category Definition Unit 
Global warming Global warming potential of carbon dioxide equivalents 

over a 100-year period 
kg CO2 eq 

Fine particulate matter 
formation 

Human population intake of fine particulate matter 
formation (PM2.5), due to change in ambient concentration 
of PM2.5 after the emission of different precursors, i.e. 
Ammonia, Nitrogen Oxides, Sulphur Dioxides, expressed 
as PM2.5 equivalents. 

PM2.5 eq 

Water use m3 of water consumed per m3 of water extracted m3 
Land use The annual relative species loss caused by specific land use 

(i.e. annual crops, permanent crops, mosaic agriculture, 
forestry, urban land, pasture) types in human-made land 
covers, expressed as m2 of annual crop equivalents. 

m2/a crop eq 

Fossil resource scarcity The ratio between the higher heating value of different 
fossil resources and the energy content of crude oil, 
expressed as oil equivalents. 

kg oil eq 

Mineral resource scarcity The decrease in ore resource concentration leading to an 
increase in the ore produced per kg of mineral resource 
extracted, expressed as copper equivalents 

kg Cu eq 

Ionizing radiation The collective dose of ionizing radiation resulting from 
radionuclide emissions, expressed as cobalt-60 equivalents. 

kBq Co-60 eq 

Stratospheric ozone 
depletion 

A decrease in stratospheric ozone concentration over an 
infinite time horizon, expressed as Trichlorofluoromethanes 
equivalents. 

kg CFC-11 eq 

Freshwater eutrophication Increase in phosphorus (P) in freshwater kg P eq 
Marine eutrophication Increase in Nitrogen (N) in marine water Kg N eq 
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Terrestrial acidification  Change in acid deposition in natural soils, expressed as 
Sulphur Dioxide equivalents. 

kg SO2 eq 

Photochemical ozone 
formation, ecosystem 

Tropospheric ozone increase, expressed as nitrogen oxides 
(NOx) equivalents 

kg NOx eq 

Photochemical ozone 
formation, human health 

Human intake of ozone after being exposed to NOx or non-
methane volatile organic compounds (NMVOC) emissions 
expressed as NOx equivalents. 

kg NOx eq 

Human carcinogenic 
toxicity 

Risk-increase of cancer disease incidence, expressed as 1,4-
Dichlorobenzene equivalents. 

kg 1.4-DCB eq 

Human non-carcinogenic 
toxicity 

Risk-increase of non-cancer disease incidence, expressed as 
1,4-Dichlorobenzene equivalents. 

kg 1.4-DCB eq 

Terrestrial ecotoxicity   The fate and effect of chemical emissions, expressed as 1,4-
Dichlorobenzene equivalents. 

kg 1.4-DCB eq 

Marine ecotoxicity The fate and effect of chemical emissions, expressed as 1,4-
Dichlorobenzene equivalents. 

kg 1.4-DCB eq 

Freshwater ecotoxicity  The fate and effect of chemical emissions, expressed as 1,4-
Dichlorobenzene equivalents. 

kg 1.4-DCB eq 

Categories, definitions, and units adapted from Huijbregts et al. (13). 
 
 
 
Statistical analyses 
An overview of the two statistical approaches described below is presented in Figure 2. In this 
study, missing data are assumed to be Missing Completely At Random (MCAR) because of the 
secondary nature these findings and the few missing values arise solely from stochastic features 
of the Monte Carlo simulation process rather than from patient characteristics or outcome 
severity (14). Under MCAR, the probability of missingness is unrelated to both observed and 
unobserved data, making it the only missing-data mechanism that can be safely ignored without 
introducing bias. This aligns with published guidance that MCAR represents the rare situation 
in which likelihood-based mixed-effects models yield unbiased estimates without requiring 
imputation. Accordingly, the analysis proceeds using all available observations under a 
defensible MCAR assumption (14). 
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Figure 2. Schematic figure presenting the sources of uncertainty and statistical approaches 

 

Analysis of environmental effects in the two groups using conventional medical statistics: 
For each patient we will use the point estimate for respective outcome as calculated in the LCIA. 
We will analyse each of the 18 continuous outcomes using general linear model while adjusting 
for site (n = 6). For each outcome, the model will include: the follow-up score as the dependent 
variable and treatment group as the primary independent variable, while adjusting for clinical 
site as a factor. Estimated between-group differences will be reported as the contrast between 
the predicted (adjusted) group means, expressed as Least Squares Means (also known as 
marginal means). For each outcome, we will present the adjusted mean for each group, the 
adjusted mean difference, the corresponding 95% confidence interval (CI), and the two-sided 
p-value. 

 

Analysis of environmental effects in the two groups using a mixed model  
To incorporate the uncertainty of the LCA alongside the uncertainty of the intervention effect, 
we will analyse the Monte Carlo–generated repeated datasets within a mixed-effects 
framework. Each of the 18 continuous outcomes will be modelled using a linear mixed-effects 
model with the repeated draws (100 samples per participant) as the dependent observations. 
The model will include a fixed effect for treatment group, a patient-specific random intercept 
to account for within-participant correlation across samples, and a fixed effect for clinical site. 
Models will be estimated by Restricted Maximum Likelihood (REML), applying the Kenward–
Roger small-sample degrees-of-freedom approximation for inference on fixed effects, with the 
Satterthwaite method used where Kenward–Roger is not supported. The within-participant 
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residual covariance will be modelled parsimoniously, e.g. First order autoregressive (AR(1)), 
and the final structure will be selected using model fit criteria to avoid over-parameterisation. 

Estimand and reporting. The primary estimand is the marginal (least squares) mean difference 
between groups, interpreted as the average treatment effect across the repeated-measure 
simulation window. Time (iteration index) will be included as a fixed effect to adjust for secular 
trends, but no group-by-time interaction will be estimated; a constant treatment effect across 
iterations is assumed. For each outcome, we will report adjusted marginal means for each group, 
the adjusted mean difference with 95% CIs, and two-sided p-values. This mixed-effects linear 
model framework appropriately accounts for within-patient clustering and for uncertainty 
propagated through repeated sampling. All outcomes are continuous and will be summarised 
using model-based marginal means with corresponding uncertainty estimates.  

 

Comparison of the two statistical approaches 

To evaluate the effect of the two statistical approaches on the resulting treatment effect, we will 
compare whether the adjusted mean differences differ across methods. As schematically 
illustrated in Figure 3, each of the 18 outcomes will yield two independent estimates: one from 
the conventional general linear model and one from the mixed-effects model. These estimates 
will be placed on a common scale (adjusted mean difference between groups with 95% 
confidence intervals and two-sided p-values) to enable direct comparison (suggested 
presentation in Table 3). The general linear model provides a single-patient, single-
measurement estimate reflecting only between-patient variability, whereas the mixed-effects 
model incorporates additional uncertainty arising from the LCA process and its Monte Carlo 
simulations (100 iterations per participant), while adjusting for within-patient correlation. 

Following the general framework described by Altman & Bland, comparisons will focus on 
whether the two treatment-effect estimates differ beyond what would be expected from their 
respective uncertainties (15). Concordant estimates - similar point estimates with overlapping 
confidence intervals - will support robustness of the main effect independent of the method 
used. Conversely, meaningful divergence between the two estimates (e.g., non-overlapping 
confidence intervals or relevant shifts in magnitude) will indicate that incorporating LCA-
related uncertainty affects inference. All results will be expressed as adjusted group differences 
derived from marginal (least squares) means to ensure interpretability and comparability across 
modelling approaches. 
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Figure 3: Schematic illustration of how the mean difference between groups and 95% CI on 
the climate impact endpoint using conventional medical statistics and mixed model will be 
presented.  
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Table 3: Outcomes using conventional statistics and a mixed model 

 Conventional medical statistics Mixed Model Contrast between 
Models 

 Intervention: 
Mean (SE) 

Control: 
Mean (SE) 

Difference 
(95%CI) 

Intervention: 
Mean (SE) 

Control: 
Mean (SE) 

Difference 
(95%CI) 

Difference between 
differences (95%CI) 

 Primary outcome   
Global warming  
(kg CO2 eq) 

xx (xx) xx (xx) xx (xx) xx (xx) xx (xx) xx (xx) xx (xx-xx) 

 Secondary outcomes   
Fine particulate matter 
formation (PM2.5 eq) 

xx (xx) xx (xx) xx (xx) xx (xx) xx (xx) xx (xx) xx (xx-xx) 

Fossil resource scarcity  
(kg oil eq) 

xx (xx) xx (xx) xx (xx) xx (xx) xx (xx) xx (xx) xx (xx-xx) 

Freshwater ecotoxicity  
(kg 1.4-DCB eq) 

xx (xx) xx (xx) xx (xx) xx (xx) xx (xx) xx (xx) xx (xx-xx) 

Freshwater eutrophication  
(kg P eq) 

xx (xx) xx (xx) xx (xx) xx (xx) xx (xx) xx (xx) xx (xx-xx) 

Human carcinogenic 
toxicity (kg 1.4-DCB eq) 

xx (xx) xx (xx) xx (xx) xx (xx) xx (xx) xx (xx) xx (xx-xx) 

Human non-carcinogenic 
toxicity (kg 1.4-DCB eq) 

xx (xx) xx (xx) xx (xx) xx (xx) xx (xx) xx (xx) xx (xx-xx) 

Ionizing radiation  
(kBq Co-60 eq) 

xx (xx) xx (xx) xx (xx) xx (xx) xx (xx) xx (xx) xx (xx-xx) 

Land use  
(m2/a crop eq) 

xx (xx) xx (xx) xx (xx) xx (xx) xx (xx) xx (xx) xx (xx-xx) 

Marine ecotoxicity  
(kg 1.4-DCB eq) 

xx (xx) xx (xx) xx (xx) xx (xx) xx (xx) xx (xx) xx (xx-xx) 

Marine eutrophication  
(kg N eq) 

xx (xx) xx (xx) xx (xx) xx (xx) xx (xx) xx (xx) xx (xx-xx) 

Mineral resource scarcity  
(kg Cu eq) 

xx (xx) xx (xx) xx (xx) xx (xx) xx (xx) xx (xx) xx (xx-xx) 

Ozone formation, human 
health (kg NOx eq) 

xx (xx) xx (xx) xx (xx) xx (xx) xx (xx) xx (xx) xx (xx-xx) 

Ozone formation, 
ecosystem (kg NOx eq) 

xx (xx) xx (xx) xx (xx) xx (xx) xx (xx) xx (xx) xx (xx-xx) 

Stratospheric ozone 
depletion (kg CFC-11 eq) 

xx (xx) xx (xx) xx (xx) xx (xx) xx (xx) xx (xx) xx (xx-xx) 

Terrestrial acidification  
(kg SO2 eq) 

xx (xx) xx (xx) xx (xx) xx (xx) xx (xx) xx (xx) xx (xx-xx) 

Terrestrial ecotoxicity  
(kg 1.4-DCB eq) 

xx (xx) xx (xx) xx (xx) xx (xx) xx (xx) xx (xx) xx (xx-xx) 

Water consumption  
(m3) 

xx (xx) xx (xx) xx (xx) xx (xx) xx (xx) xx (xx) xx (xx-xx) 
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Discussion 

The aim of this statistical analysis plan is to ensure transparency, objectivity, and 
reproducibility of the analyses. It describes the characteristics of the clinical trial that will be 
used as input data in the LCA. Assumptions and methodological choices concerning the LCA 
are described.  

This statistical analysis plan has several strengths. It describes the planned methodology and 
analyses. The primary and secondary outcomes are defined, and states which results will be 
presented in the main manuscript. The statistical analyses as well as the comparison between 
the statistical approaches are described in detail to avoid data-driven analyses and risk of 
outcome reporting biases. 

There are limitations with this study. For example, we will only use data from one clinical trial 
using one set of parameters in our LCA model. This may limit the generalizability of the results 
to other types of clinical trials in which uncertainties regarding the intervention effect as well 
as the processes and uncertainties in the underlying LCA models are different. 
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