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environmentally sustainable change is a priority. Reliable quantitative data on emissions
remain limited, which may hinder informed decision-making on surgical sustainability. The
aim of this study is to develop and validate an easily accessible and user-friendly calculator
to quantitatively estimate procedure-related carbon dioxide equivalent (CO,-eq) emissions
of minimally invasive cholecystectomy across a range of countries, hospital volumes, and
healthcare settings. The ECOMIS project follows a multiphase, stepwise design. The present
study will focus on minimally invasive cholecystectomies. The calculator variables will be
selected based on a systematic literature review of factors influencing CO,-eq emissions, with
life cycle assessment (LCA) considered an established and comprehensive methodology
for assessing CO,-eq emissions. The project will generate a comprehensive quantitative
overview of the environmental impact associated with key variables involved in minimally
invasive surgery. This tool has the potential to facilitate tailor-made and evidence-based
decision-making and promote more sustainable surgical practices.

Keywords: minimally invasive surgery; environmental impact; calculator; tailor-made
advice

1. Introduction

One of the greatest threats to public health in the 21st century is anthropogenic climate
change. Healthcare is estimated to contribute a significant 4.9% of the global carbon dioxide
emissions, which exceeds that of the aviation and shipping sectors [1,2]. Operating rooms
generally generate 21-33% of all hospital waste and energy, making them the most resource-
intensive areas within hospitals [3-8].

Recent studies show growing interest in and motivation for sustainable decision-
making among surgeons [9]. However, there are a number of barriers to sustainable surgery
including lack of information, lack of guidance and support, lack of engagement by surgical
teams, absence of a sustainability lead and perceived cost of implementation of green
surgery initiatives [9].

Despite the growing body of literature on the environmental impact of minimally
invasive surgery (MIS), this has not resulted in quantitative and objective data that can be
translated into impactful decision-making for different hospitals, countries, treatments, and
guidelines particularly in MIS [6,10]. Life cycle assessments (LCAs) are considered the
most robust method of assessing environmental impact; however, their complexity, resource
requirements, and dependence on local conditions limit their broader applicability and
routine use.

There is currently no comprehensive analysis in the literature which can assist the
surgical healthcare community to make decisions based on quantifiable data in minimally
invasive surgery. Therefore, the aim of this study is to develop and validate an accessible,
user-friendly calculator to estimate CO,-eq emissions for minimally invasive cholecystec-
tomy, as it is one of the most frequently performed surgical procedures worldwide. The
calculator is intended to be accessible and applicable across a range of countries, hospital
volumes, and healthcare settings, subject to confirmation during external validation. This
quantitative assessment could support understanding of MIS-associated CO,-eq emissions,
national and international benchmarking, research standardization, progress monitoring,
and hospital-specific advice on potential improvements.
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2. Materials and Methods

This study will follow a multiphase, stepwise approach to develop a sustainability
calculator for minimally invasive cholecystectomy (MIC). The calculator is part of the
Environmental Impact Calculator for Minimally Invasive Surgery (ECOMIS) project. The
study protocol was developed in accordance with the PRISMA-P guidelines for literature
reviews, ACCORD guidelines for consensus studies, and SPIRIT-Outcomes guidelines
for reporting study outcomes [11-13]. The present study consists of three main phases:
calculator development, expert Delphi consensus survey, and external validation (Figure 1).
Substantial amendments to the systematic review protocol will be documented, including
their date and rationale.

PHASE I

Calculator development

PHASE II

Delphi expert consensus

PHASE III

External validation

1. Inclusion

* LCA studies reporting CO2-eq on
(aspects of) minimally invasive surgery
« Focus on cholecystectomy

« Databases: HealthcareLCA, Embase,
PubMed, Google Scholar

1. Expert Steering Committee

. Multicenter external validation

« International multidisciplinary experts
in surgery, environmental sciences and
healthcare sustainability

« CAREFREE collaboration
+ Academic & non-academic hospitals
* Multiple European healthcare systems

2. Data extraction

* CO:-eq per procedure, use-case or
time-dependent outcome

* LCA methodology assessed for
comparability

and heterogeneity

2. Delphi Round 1
2. Reference data

« Electronic questionnaire [* ="
* Domains: feasibility, user-friendliness, * LCA-derived CO:-¢q data from minimally
comprehension, constraints invasive cholecystectomies

l 3. Feedback analysis l

3. Selection of variables based on:

1) Magnitude of environmental impact

2) Potential modifiability in clinical practice

3. Apply ECOMIS calculator

* Thematic analysis

« Calculator revision « Estimate COz-¢q for the same procedures

4. Statistical validation

4. Develop preliminary ECOMIS calculator F=--

« Incorporate selected variables

4. Round 2 (+ additional rounds)

« Test validity
« Calibration
« Sensitivity analyses

« Iterative process if needed

5. Internal testing

« Feasibility
« Data completeness
« Usability

5. Consensus achieved

+ >80% agreement and stability in
susequent round

Figure 1. Schematic overview of project phases. ECOMIS, Environmental Impact Calculator for Mini-
mally Invasive Surgery; LCA, life cycle assessment; CO,-eq, carbon dioxide equivalents; CAREFREE,
Creating A healthieR Environment for FutuRE patiEnts.

2.1. Phase I: Literature Review and Variable Selection

A systematic literature review will be conducted to identify factors contributing to
the CO,-eq of minimally invasive surgery. The review will investigate which procedural,
equipment-related, and organizational factors contribute to CO,-eq emissions in minimally
invasive surgery and how these contributions vary across healthcare settings. The sys-
tematic review protocol has not been prospectively registered. The review will follow the
Preferred Reporting Items for Systematic Review and Meta-Analysis Protocols (PRISMA-P)
guidelines [14]. The primary search will be performed in the Healthcare Life Cycle Assess-
ment (HealthcareLCA) database, a comprehensive and globally recognized repository for
LCA studies in healthcare [15].

A complementary literature review will be performed in Embase, PubMed and Google
Scholar to identify potentially relevant studies not indexed in the HealthcareLCA database.
The complementary strategies will combine controlled vocabulary and free-text terms re-
lating to life cycle assessment, carbon footprinting, greenhouse gas emissions and carbon

https://doi.org/10.3390/healthcare14213622


https://doi.org/10.3390/healthcare14213622

Healthcare 2026, 14, 3622

40f12

dioxide equivalents with terms for laparoscopic cholecystectomy, (minimally invasive)
surgery, healthcare and operating-theatre practice. A targeted cholecystectomy search will
be supplemented by broader LCA searches covering surgery, healthcare and perioperative
care. Detailed contributors, including anesthesia, instruments, reusable and single-use
equipment, sterilization, waste, energy, transport and operative processes, will be catego-
rized during screening and data extraction rather than used as separate search concepts.
The full search strategy will be provided as supplementary material (see Supplementary
Part S1).

After deduplication, titles and abstracts will be screened independently by two review-
ers, followed by independent full-text assessment of potentially eligible studies. Disagree-
ments will be resolved by consensus or, if necessary, by consultation with a third reviewer.
Data extraction will be performed independently by two reviewers using a standardized
form. Records retrieved from all databases will be exported to reference management
software for deduplication and screening. Screening decisions and extracted data will be
documented using standardized electronic forms to ensure transparency and reproducibil-
ity. The methodological quality and reporting transparency of included LCA studies will
be assessed independently by two reviewers using a predefined LCA-specific appraisal
framework covering functional units, system boundaries, data sources, allocation methods,
assumptions, and uncertainty analysis. Any disagreements will be resolved by consensus.

The database searches will be conducted in November—December 2026, covering stud-
ies published from 1 January 2000 up to 31 October 2026. Inclusion criteria comprise original
studies performing an LCA of healthcare-related interventions, procedures, logistics, or
equipment, reporting greenhouse gas emissions as kilograms of carbon dioxide equivalents
(CO,-eq). For the purposes of this study, the calculator outcome is defined as CO,-eq
emissions [5]. Studies focusing on cholecystectomy-related procedures or equipment will
be prioritized. Reference lists and forward citations of eligible studies will also be examined.
Exclusion criteria include LCAs of non-medical interventions, non-human studies, studies
lacking a clear LCA methodology, or studies not reporting emissions per defined unit
(e.g., per procedure or per use case). Only peer-reviewed full-text articles published in En-
glish will be included. Conference abstracts and unpublished studies will be excluded. The
primary outcome will be CO,-eq emissions per procedure or defined use-case. Secondary
outcomes will include the contributions of individual emission sources and their potential
modifiability in clinical practice.

LCA results depend on methodological and contextual factors, including system bound-
aries, energy sources, waste management, transport, and sterilization processes [16]. These
differences will be considered when assessing study comparability and selecting variables
for the calculator. Variables contributing to CO,-eq emissions will be extracted and evalu-
ated according to their environmental impact and potential modifiability in clinical practice,
with both criteria given equal importance. The ECOMIS study team will select the prelimi-
nary variables by consensus, retaining high-impact but less modifiable factors relevant for
benchmarking. The selection will subsequently be reviewed during the Delphi process.

LCA methodology will be extracted to assess comparability and heterogeneity between
articles. Where feasible, environmental impact data will be harmonized to a common
reporting unit, preferably kg CO,-eq per procedure or per defined use-case. Methodolog-
ical characteristics including system boundaries, functional units, energy sources, waste
treatment, transport assumptions, and sterilization processes will be extracted and used to
assess comparability between studies. Results from LCAs with substantially different or
non-comparable methodological frameworks will not be directly pooled or averaged, but
will be considered separately during variable selection and, where applicable, in sensitivity
analyses. A narrative synthesis will summarize the identified emission contributors and
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CO,-eq values. Quantitative comparisons will be limited to methodologically compara-
ble LCA studies. Potential publication and reporting bias will be assessed qualitatively.
Confidence in the evidence will be assessed qualitatively based on methodological quality,
consistency, and comparability across LCA studies. To balance comprehensiveness and
usability, approximately ten of the most relevant variables will be selected as an initial target
for inclusion in the sustainability calculator. The final number of variables may be adjusted
following internal testing and Delphi consensus. A preliminary version of the calculator
will be developed by incorporating these variables. Internal testing will be conducted in five
hospitals affiliated with the ECOMIS Research Sandpit group, using approximately 50 la-
paroscopic cholecystectomy cases (10 per center). As reference LCA data are unavailable
from these centers, testing will focus on the feasibility of collecting the selected variables,
data completeness, and usability. Feedback will be used to refine the calculator before
Delphi consensus. Formal accuracy validation will be performed independently using
CAREFREE LCA data in Phase III.

2.2. Phase II: Delphi Study Within the ECOMIS Expert Steering Committee

Phase II aims to optimize the applicability, usability, and clinical relevance of the calcu-
lator through expert consensus, following the ACCORD and CREDES recommendations for
consensus studies [12]. A modified Delphi methodology will be used to ensure anonymity
and iterative feedback [17]. The process will consist of two predefined electronic survey
rounds, with the possibility of up to two additional rounds if consensus is not achieved.
Surveys will be administered using Castor Electronic Data Capture (EDC), and all responses
will be collected anonymously.

An international expert Steering Committee will be convened, consisting of recognized
experts in hepatopancreatobiliary surgery, general surgery, environmental sciences, and
healthcare sustainability. Experts will be recruited through professional networks within
the European Association for Endoscopic Surgery (EAES) and the Society of American Gas-
trointestinal and Endoscopic Surgeons (SAGES). Invitations will be issued by the ECOMIS
study team.

The Delphi panel aims to include 25 international experts representing general and
minimally invasive surgery, anesthesiology, life cycle assessment, environmental sciences,
and healthcare sustainability, with geographical diversity across participating countries.
Eligible participants will have demonstrated clinical, scientific, or professional expertise in
these fields, as evidenced by relevant publications, research involvement, or professional
experience. An initial response rate of at least 70% will be targeted. Participants completing
the first round will be invited to subsequent rounds, with attrition documented at each
stage. Anonymized aggregated results and feedback will be provided between rounds.
Experts may propose additional items during the first round, which will be reviewed by
the ECOMIS study team for potential inclusion in subsequent rounds.

The Delphi questionnaire will be structured across four predefined domains:
(1) feasibility, (2) user-friendliness, (3) comprehension, and (4) constraints. Depend-
ing on item characteristics, responses will include five-point Likert scales (ranging from
strongly agree to strongly disagree), dichotomous responses (agree/disagree), numerical
inputs, and free-text comments. The questionnaire will be developed in English. The
complete survey tool is provided in Appendix A.

After each round, quantitative responses and free-text comments will be reviewed
and thematically analyzed by the ECOMIS study team. Suggested modifications will be
incorporated into subsequent rounds where appropriate.
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Consensus will be defined a priori as >80% agreement among participating experts,
a threshold commonly applied in Delphi studies [17]. To ensure result stability, items
reaching consensus must retain consensus in a subsequent round following any revisions.

Cronbach’s alpha (x) will be calculated, where appropriate, to assess the internal
consistency of multi-item domains. It will not be used as a measure of Delphi consensus.
Likert-scale responses will be summarized using frequencies, percentages, medians, and
interquartile ranges (IQR). Box plots will be used to visualize the distribution of Likert-scale
responses across Delphi rounds. All analyses will be performed using R (version 3.6.1
or higher).

2.3. Phase III: External Validation of the Calculator

Phase III will consist of a multicenter external validation study to assess the general-
izability, accuracy, and clinical utility of the calculator. Participating centers will include
academic and non-academic hospitals performing minimally invasive cholecystectomy
across different healthcare systems. For the external validation, the ECOMIS project will
collaborate with the Creating A healthieR Environment for FutuRE patiEnts (CAREFREE)
project [18,19].

The CAREFREE project currently investigates the carbon footprint of minimally inva-
sive cholecystectomies in various European centers using LCA. CAREFREE uses a standard-
ized LCA methodology across participating centers, with common functional units and
predefined system boundaries. Center-specific factors will be considered when interpret-
ing agreement between calculator estimates and reference LCA values. Criterion validity
will be assessed by comparing calculator-estimated emissions with reference LCA-derived
emissions. Calibration will be an assessment of systematic over- or underestimation across
emission ranges.

External validation will use independent data from the multicenter CAREFREE project.
All eligible laparoscopic cholecystectomy cases with available LCA data will be included.
The final number of hospitals and procedures will depend on data availability. Agree-
ment between calculator estimates and reference LCA values will be assessed using a
two-way mixed-effects, absolute-agreement intraclass correlation coefficient (ICC) and
Bland-Altman analysis, including mean differences and 95% limits of agreement. Sample
adequacy will be evaluated based on the precision of the ICC and Bland-Altman estimates,
assessed through the width of their 95% confidence intervals, as well as the number and
distribution of procedures across participating hospitals. Bland—-Altman results will be
interpreted against acceptable error margins defined before examining the validation re-
sults, considering the intended use of the calculator and the uncertainty of reference LCA
estimates. Limited precision or insufficient representation of participating centers will be
acknowledged as limitations.

Calibration will be evaluated using regression analysis and calibration plots. Where
sufficient data are available, exploratory analyses will assess calculator performance across
different healthcare settings included in the CAREFREE project. Acceptable error thresholds
will be defined before examining the validation results. Missing data will be reported as
counts and percentages by variable and participating center. Validation will primarily be
based on complete cases. The extent and distribution of missing data will be assessed
to determine whether additional sensitivity analyses are warranted. The study will use
existing CAREFREE data, and the original data collection method will be reported.

2.4. Storage and Access

The sustainability calculator will be hosted on a dedicated website, which has been
purchased for a 5-year access period using funds from the EAES grant. The website will
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be secured and regularly maintained to ensure accessibility and functionality during the
study and beyond. The ECOMIS research team will retain ownership and responsibility for
the calculator, including its maintenance, governance, and periodic updates of emission
factors. Emission factors will be derived from the LCA studies identified during Phase
I. A standardized set of emission factors will be used to ensure comparability between
hospitals. However, geographical and institutional differences, including variations in
healthcare infrastructure, resource availability, energy sources, sterilization practices, and
waste management, may influence the environmental impact of surgical procedures. There-
fore, comparisons between hospitals, particularly across different healthcare systems, will
be interpreted with caution. Where sulfficient data are available, exploratory analyses will
assess the influence of geographical and institutional characteristics on LCA outcomes
and identify potential variables for future incorporation into the calculator to improve its
applicability across different healthcare settings. Emission factors will be reviewed peri-
odically and updated when new relevant evidence becomes available. Continued website
maintenance beyond the initial five-year funding period will depend on available resources.
All data entered into the calculator will be stored on secure servers in compliance with
relevant data protection regulations, ensuring privacy and confidentiality for all involved
participants. The calculator will collect only non-identifiable procedural and institutional
information; no patient-identifying data will be required.

2.5. Stakeholders /Users

The primary users of the ECOMIS calculator include surgeons, anesthetists, and operat-
ing theatre teams performing minimally invasive cholecystectomy. Secondary stakeholders
include hospital administrators, sustainability leads, and procurement teams who may use
the calculator for benchmarking and quality improvement.

3. Expected Outcomes

The ECOMIS project aims to develop and validate a user-friendly calculator for esti-
mating procedure-related CO,-eq emissions associated with laparoscopic cholecystectomy,
using key variables such as anesthesia type, waste generation, instrument use (single-use
vs. reusable), and operative time.

A major anticipated outcome is the establishment of benchmark values for the CO,-eq
emissions associated with minimally invasive surgery, starting with laparoscopic chole-
cystectomy. By creating a standardized framework for CO,-eq analysis, the calculator
will help institutions identify areas where sustainable practices can be implemented and
improved, ultimately guiding hospital policies and procurement strategies toward more
environmentally friendly and sustainable choices.

Internal testing will assess the feasibility of collecting the selected variables, data
completeness, and usability. Subsequent external validation using CAREFREE data will
evaluate the calculator’s accuracy and performance across different healthcare settings,
helping to identify potential context-dependent limitations.

In addition to providing a quantitative assessment, the ECOMIS calculator aims to
identify modifiable factors that contribute to the environmental impact of surgery. By
analyzing key contributors such as anesthetic gas choices, disposable instrument usage,
and waste management practices, the calculator will offer data-driven insights into areas
where CO,-eq emissions can be reduced. This will enable hospitals to implement targeted
interventions, such as increasing the use of reusable instruments, optimizing anesthesia
protocols, and improving surgical waste management.

In the long term, the calculator is expected to be integrated into routine surgical practice,
providing an accessible, web-based platform for ongoing environmental assessments. By
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making the calculator available for widespread use, the study aims to contribute to broader
sustainability efforts within surgery. Additionally, the framework established through this
project could be expanded to evaluate the environmental impact of other minimally invasive
procedures. Ultimately, the ECOMIS calculator has the potential to influence institutional
policies, surgical education, and industry standards, promoting a more sustainable approach
to surgical care.

4. Discussion

The ECOMIS project addresses the current lack of quantitative and objective data
that can be translated into impactful decision-making for different hospitals, countries,
treatments, and guidelines in minimally invasive surgery. Although the environmental
impact of surgery has been increasingly investigated, differences in healthcare system
income, procedural volume, institutional protocols, waste-processing logistics, and general
logistics make it difficult to standardize decision-making or offer a universal step-by-step
approach to reducing the environmental impact of minimally invasive surgery [6,9,10].

The context-specific nature of sustainable surgery is also reflected in the different
priorities reported across healthcare systems. The same study identified different priorities
in low-income and high-income countries [9]. The top three priorities in low-income
countries involve introduction of reusable surgical devices, reduction of consumables and
reduction of use of anesthetic gases, while the high-income countries prioritized recycling,
reduction of anesthesia waste and reuse of clinical waste [20]. These differences support
the need for a tool that can be applied across different countries, hospital volumes, and
hospital income settings, while still allowing for locally relevant interpretation.

The current and most easily implemented efforts in environmental sustainability are
mostly aimed at waste recycling in operating rooms. Previous studies have reported that
up to 30% of waste may be recyclable and that recycling may contribute to reducing the
carbon footprint by 6% [21]. However, recycling scores low in the 10R impact ladder, since
its effect on reducing the production of new products is only marginal [22]. The ECOMIS
calculator may therefore help distinguish between highly visible sustainability measures and
interventions with greater potential to reduce resource use, waste, and COz-eq emissions.

LCA is widely used as a comprehensive methodology for assessing environmental
impacts and CO,-eq emissions. The most methodologically complete LCA involves analysis
of the cradle-to-grave impact of individual items, including raw material extraction and
production, transport, use, and end-of-life processes such as cleaning, sterilization, and
waste disposal [3,16]. However, LCAs are highly context-dependent (source of energy,
waste processing, and efficacy of hospital logistics), thus hindering adequate comparison.
Moreover, LCAs are time-consuming, resource-intensive and costly, limiting reproducibility
and broader applicability. The ECOMIS calculator is therefore intended to provide an acces-
sible and broadly applicable assessment of environmental impact rather than to replace a
comprehensive institution-specific LCA. It is intended primarily as a practical benchmarking
and decision-support tool. It will provide a standardized estimate of procedure-related
CO,-eq based on a limited number of selected variables and should not be interpreted as
an exact carbon footprint of an individual surgical procedure. By integrating the most
relevant and potentially modifiable variables, the calculator could support sustainable
decision-making and suggest environmental improvements that may reduce costs, resource
use, and waste without compromising healthcare outcomes.

A major strength of the ECOMIS project is its multiphase, stepwise design. The
combination of literature-based variable selection, internal testing, international expert
consensus, and multicenter external validation is expected to improve the applicability,
usability, accuracy, and clinical relevance of the calculator. Limiting the tool to approximately
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ten relevant variables may help maintain usability and accessibility, although the final
number will depend on feasibility testing and Delphi consensus.

The study has several limitations. First, the reliability of the calculator will depend on
the quality, comparability, and transparency of the underlying LCA literature. Existing evi-
dence shows substantial heterogeneity in system boundaries, functional units, assumptions,
and reporting methods. Second, restricting the calculator to a limited number of variables
may improve accessibility but reduce completeness. Third, emission factors may change
over time as energy production, manufacturing processes, sterilization technologies, and
waste-management systems evolve. A standardized set of emission factors will be used
across centers to ensure comparability and will be reviewed periodically. Geographical
variability will be acknowledged as a limitation. Regular updating and recalibration will
therefore be required. The ECOMIS calculator should be interpreted as a decision-support
and benchmarking tool rather than as a source of prescriptive recommendations. Any
sustainability-oriented modification of surgical practice should remain compatible with
patient safety, infection prevention, clinical effectiveness, regulatory requirements, and
economic feasibility.

5. Conclusions

The ECOMIS project provides a structured, multiphase framework for the development
and validation of an environmental impact calculator for minimally invasive cholecystec-
tomy. By integrating literature-based variable selection, expert consensus, internal testing,
and multicenter external validation, the calculator aims to provide an accessible and stan-
dardized method for estimating procedure-related CO,-eq emissions. The proposed tool
may support benchmarking, identification of modifiable environmental contributors, and
tailor-made, evidence-based decision-making in surgical practice. Following successful
validation, the ECOMIS framework may also provide a basis for environmental assessment
of other minimally invasive procedures. Whether implementation of the calculator leads
to changes in clinical practice or measurable reductions in CO,-eq emissions will require
further evaluation.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/healthcare14213622/s1: Supplementary Part S1. ECOMIS Search
Strategy; Supplementary Part S2. PRISMA-P 2015 Checklist.
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Abbreviations

The following abbreviations are used in this manuscript:

CAREFREE Creating A healthieR Environment for FutuRE patiEnts project
CO,-eq Carbon dioxide equivalents

EAES European Association for Endoscopic Surgery

ECOMIS Environmental Impact Calculator for Minimally Invasive Surgery
EDC Electronic Data Capture

HealthcareLCA  Healthcare Life Cycle Assessment

IOR Interquartile range

LCA Life Cycle Assessment

MIC Minimally invasive cholecystectomy

PRISMA-P Preferred Reporting Items for Systematic review and Meta-Analysis Protocols
SAGES Society of American Gastrointestinal and Endoscopic Surgeons

Appendix A. ECOMIS Delphi—Questionnaire
DOMAIN 1—Feasibility

1. The calculator is easy to use in its current format. (1-5 Likert)
The data required are easily obtainable in a typical OR workflow. (1-5 Likert)

3. The calculator is feasible for use across various hospital settings, including low-resource
environments. (1-5 Likert)

4. Are there any settings where using the calculator is not feasible? (Free text)

DOMAIN 2—User-friendliness

1. Completing the calculator would take an acceptable amount of time. (1-5 Likert)
How long did it take to complete the calculator? (Time in minutes)

DOMAIN 3—Comprehension

1. The ECOMIS calculator measures the key contributors to the CO,-eq of minimally
invasive cholecystectomy. (1-5 Likert)

2. The calculator covers the most relevant domains of environmental impact (anesthesia,
instruments, waste, operative time). (1-5 Likert)

3. The environmental impact variables selected from the literature are appropriately
selected based on changeability. (1-5 Likert)
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4. The output of the calculator (CO,-eq) is interpretable. (1-5 Likert)

5. The calculator can realistically support sustainability initiatives in operating theatres.
(1-5 Likert)

6.  The calculator should remain globally standardized rather than customized per country.
(1-5 Likert)

DOMAIN 4—Constraints

1.  What is one thing you would change or improve in the calculator? (Free text)

2. What is one thing you think absolutely must stay the same? (Free text)

3. Do you foresee any barriers in implementing/using this calculator in your institution?
(Free text)

4. Any additional comments? (Free text)

References

1. World Health Organization. WHO Guidance for Climate-Resilient and Environmentally Sustainable Health Care Facilities.
Available online: https://www.who.int/publications/i/item /9789240012226 (accessed on 6 August 2026).

2. Eckelman, M.J.; Sherman, J. Environmental impacts of the U.S. health care system and effects on public health. PLoS ONE 2016,
11, e0157014. [CrossRef] [PubMed ]

3. Rizan, C.; Bhutta, M.F. Environmental impact and life cycle financial cost of hybrid (reusable/single-use) instruments versus
single-use equivalents in laparoscopic cholecystectomy. Surg. Endosc. 2022, 36, 4067-4078. [ CrossRef] [PubMed ]

4. Lee, B.K,; Ellenbecker, M.].; Moure-Eraso, R. Analyses of the recycling potential of medical plastic wastes. Waste Manag. 2002, 22,
461-470. [CrossRef] [PubMed]

5. Rizan, C.; Steinbach, I.; Nicholson, R.; Lillywhite, R.; Reed, M.; Bhutta, M.F. The carbon footprint of surgical operations: A
systematic review. Ann. Surg. 2020, 272, 986-995. [CrossRef] [PubMed ]

6. Tee, N.C.H,; Yeo, ].A,; Choolani, M.; Poh, K.K.; Ang, T.L. Healthcare in the era of climate change and the need for environmental
sustainability. Singap. Med. ]. 2024, 65, 204-210. [CrossRef] [PubMed ]

7. Shoham, M.A.; Baker, N.M.; Peterson, M.E.; Fox, P. The environmental impact of surgery: A systematic review. Surgery 2022, 172,
897-905. [CrossRef] [PubMed]

8. Mubarak, ES. Sustainable healthcare to provide quality care in the surgical industry in the United Kingdom. Cureus 2023, 15,
€38156. [CrossRef] [PubMed ]

9. Sathe, T.S.; Alseidi, A.; Bellato, V.; Ganjouei, A.A.; Foroutani, L.; Hall, R.P;; Potapov, O.; Bello, R.]J.; Johnson, S.M.; Marconi, S.; et al.
Perspectives on sustainability among surgeons: Findings from the SAGES-EAES Sustainability in Surgical Practice Task Force
survey. Surg. Endosc. 2024, 38, 5803-5814. [CrossRef] [PubMed ]

10. MacNeill, AJ,; Lillywhite, R.; Brown, C.J. The impact of surgery on global climate: A carbon footprinting study of operating
theatres in three health systems. Lancet Planet. Health 2017, 1, e381-e388. [CrossRef] [PubMed ]

11.  Shamseer, L.; Moher, D.; Clarke, M.; Ghersi, D.; Liberati, A.; Petticrew, M.; Shekelle, P.; Stewart, L.A.; PRISMA-P Group. Preferred
reporting items for systematic review and meta-analysis protocols (PRISMA-P) 2015: Elaboration and explanation. BM]J 2015,
350, g7647. [CrossRef] [PubMed]

12.  Gattrell, W.T.; Logullo, P.; van Zuuren, E.J.; Price, A.; Hughes, E.L.; Blazey, P.; Winchester, C.C.; Tovey, D.; Goldman, K.; Hungin,
AP;etal. ACCORD (ACcurate COnsensus Reporting Document): A reporting guideline for consensus methods in biomedicine
developed via a modified Delphi. PLoS Med. 2024, 21, e1004326. [CrossRef] [PubMed ]

13.  Butcher, N.J.; Monsour, A.; Mew, E.J.; Chan, A.W.; Moher, D.; Mayo-Wilson, E.; Terwee, C.B.; Chee-A-Tow, A.; Baba, A.; Gavin, F;
et al. Guidelines for reporting outcomes in trial protocols: The SPIRIT-Outcomes 2022 extension. JAMA 2022, 328, 2345-2356.
[CrossRef] [PubMed ]

14. Moher, D.; Shamseer, L.; Clarke, M.; Ghersi, D.; Liberati, A.; Petticrew, M.; Shekelle, P; Stewart, L.A. Preferred reporting items for
systematic review and meta-analysis protocols (PRISMA-P) 2015 statement. Syst. Rev. 2015, 4, 1. [CrossRef] [PubMed]

15. HealthcareLCA. HealthcareLCA Database. Available online: https://healthcarelca.com/database (accessed on 6 August 2026).

16. Keil, M.; Viere, T.; Helms, K.; Rogowski, W. The impact of switching from single-use to reusable healthcare products: A
transparency checklist and systematic review of life-cycle assessments. Eur. J. Public Health 2023, 33, 56-63. [CrossRef] [PubMed ]

17.  Diamond, LR.; Grant, R.C.; Feldman, B.M.; Pencharz, P.B.; Ling, 5S.C.; Moore, A.M.; Wales, PW. Defining consensus: A systematic
review recommends methodologic criteria for reporting of Delphi studies. J. Clin. Epidemiol. 2014, 67, 401-409. [CrossRef]
[PubMed]

18. Comes, D.J.; Bluiminck, S.; Kooistra, E.J.; de Nes, L.; van Workum, ET.W.E.; Touw, H.; Eussen, M.M.M.; Bouvy, N.D.; Stobernack,

T.; de Reuver, PR. The carbon footprint of a laparoscopic cholecystectomy. Br. J. Surg. 2024, 111, znae225. [CrossRef] [PubMed ]

https://doi.org/10.3390/healthcare14213622


https://www.who.int/publications/i/item/9789240012226
https://doi.org/10.1371/journal.pone.0157014
https://www.ncbi.nlm.nih.gov/pubmed/27280706
https://doi.org/10.1007/s00464-021-08728-z
https://www.ncbi.nlm.nih.gov/pubmed/34559257
https://doi.org/10.1016/S0956-053X(02)00006-5
https://www.ncbi.nlm.nih.gov/pubmed/12092754
https://doi.org/10.1097/SLA.0000000000003951
https://www.ncbi.nlm.nih.gov/pubmed/32516230
https://doi.org/10.4103/singaporemedj.SMJ-2024-035
https://www.ncbi.nlm.nih.gov/pubmed/38650058
https://doi.org/10.1016/j.surg.2022.04.010
https://www.ncbi.nlm.nih.gov/pubmed/35788282
https://doi.org/10.7759/cureus.38156
https://www.ncbi.nlm.nih.gov/pubmed/37252547
https://doi.org/10.1007/s00464-024-11137-7
https://www.ncbi.nlm.nih.gov/pubmed/39160314
https://doi.org/10.1016/S2542-5196(17)30162-6
https://www.ncbi.nlm.nih.gov/pubmed/29851650
https://doi.org/10.1136/bmj.g7647
https://www.ncbi.nlm.nih.gov/pubmed/25555855
https://doi.org/10.1371/journal.pmed.1004326
https://www.ncbi.nlm.nih.gov/pubmed/38261576
https://doi.org/10.1001/jama.2022.21243
https://www.ncbi.nlm.nih.gov/pubmed/36512367
https://doi.org/10.1186/2046-4053-4-1
https://www.ncbi.nlm.nih.gov/pubmed/25554246
https://healthcarelca.com/database
https://doi.org/10.1093/eurpub/ckac174
https://www.ncbi.nlm.nih.gov/pubmed/36433787
https://doi.org/10.1016/j.jclinepi.2013.12.002
https://www.ncbi.nlm.nih.gov/pubmed/24581294
https://doi.org/10.1093/bjs/znae225
https://www.ncbi.nlm.nih.gov/pubmed/39291674
https://doi.org/10.3390/healthcare14213622

Healthcare 2026, 14, 3622 12 of 12

19.

20.

21.

22.

23.

Bouvy, N.D.; Davidson, M.D.; Bijlmakers, L.A.; Stobernack, T.; Eussen, M.M.M.; Chambon, M.; Rafi, S.; Pogrebnyak, R.; Wellens,
L.M.; van Bree, EM.; et al. CAREFREE—Creating A healthieR Environment for FutuRE patiEnts. NWO Project Database.
Available online: https://www.nwo.nl/en/projects/kich1mv0222017 (accessed on 6 August 2026).

National Institute for Health and Care Research Global Health Research Unit on Global Surgery. Reducing the environmental
impact of surgery on a global scale: Systematic review and co-prioritization with healthcare workers in 132 countries. Br. J. Surg.
2023, 110, 804-817. [CrossRef] [PubMed ]

Romano, L.; Giuliani, A.; Muselli, M.; Lupi, E.; Iacomino, E.; De Nardji, P.; Vistoli, F. Toward environmentally sustainable surgery:
Waste recycling in the general surgery operating room. A preliminary cognitive audit. World J. Surg. 2024, 48, 2637-2643.
[CrossRef] [PubMed ]

Voukkali, I.; Papamichael, I; Loizia, P.; Lekkas, D.F.; Rodriguez-Espinosa, T.; Navarro-Pedrefio, J.; Zorpas, A.A. Waste metrics in
the framework of circular economy. Waste Manag. Res. 2023, 41, 1741-1753. [CrossRef] [PubMed]

European Association for Endoscopic Surgery. EAES Research Sandpit: Winning Projects 2024. Available online:
https://eaes.eu/research-sandpit/winning-projects-2024/ (accessed on 6 August 2026).

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury
to people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/healthcare14213622


https://www.nwo.nl/en/projects/kich1mv0222017
https://doi.org/10.1093/bjs/znad092
https://www.ncbi.nlm.nih.gov/pubmed/37079880
https://doi.org/10.1002/wjs.12237
https://www.ncbi.nlm.nih.gov/pubmed/38809181
https://doi.org/10.1177/0734242X231190794
https://www.ncbi.nlm.nih.gov/pubmed/37602734
https://eaes.eu/research-sandpit/winning-projects-2024/
https://doi.org/10.3390/healthcare14213622

	Introduction 
	Materials and Methods 
	Phase I: Literature Review and Variable Selection 
	Phase II: Delphi Study Within the ECOMIS Expert Steering Committee 
	Phase III: External Validation of the Calculator 
	Storage and Access 
	Stakeholders/Users 

	Expected Outcomes 
	Discussion 
	Conclusions 
	Appendix A. ECOMIS Delphi—Questionnaire 
	References



